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I. CARﬁORANES
A. Introduction

A large porportion of carborane chemistry continues to be producéd
by M. F. Hawthorne's research group in the United States, with most
of the effort concentrated on the synthesis of new transition metal
complexes of various sizes of carborane cages. L. I. Zakharkin's
group in the Soviet Union has continued to be highly proddétive, with
emphasis on derivatives of icosahedral carbofanes. W. N. Lipscombﬂ
continues as the chief theoretician of carborane chemistry, Many
others have become interested in the opportunities offered by car-
bqrane chemistry, and the number of workers in the field is continuing
to expand.

Nomenclature problems.and the general methods for converting closo-
carboranes to anions were discussed at the beginning of last year's
Annual Survey (J. Organometal. Chem., 58 (1973) 1) and will not be

repeated here.

B. Metallocarboranes

1. 13-Atom cages and BlQCzlez-. Recent discoveries that the

iCoéahedral carborane cage can be expanded to 13 atoms by way of re-

duction of ByoCzHy 2 to ByoCaHy 22 and subsequent complexing with cobalt

_have cqptinued to lead to new carborane chemistry. “This 'is pethaps the -

least'prediétable and therefore most interesting frontier region of -

gca:borane.reseérch.
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Redﬁ;:tioﬁ, of 1,2-diphenyl-o-carborane with sodium in_‘tetralvlydrofuran B
followed by addition of tetramethylammoniqm chlofide.in water leads. A
to precipitation of MebN+ thczBlOHli-&~ Tolpin.and Lipscoﬁb\have
determined the structure of thls expandéd-cage anlon by X-ray
crystallography (Fig. 1) (1)7.7 It should be noted that molecular orbital
calculations suggest ‘that th_e Ph2C,BioH;0?  anion probably retains the

icosahedral structure until it reacts with an acid. (contrary to the

reviewer's offhand assumption in last year's Annual Survey).

Fig. 1. Stereoview of PhCHB,gH:10oCPh . (From E. I. Tolpin and W. N.
Lipscomb, Inorg. Chem., 12 (1973) 2257).

Fig. 2. A general view of the Me,B;oC,H;;~ anion, showing the 50% -
probability contours .of the thermal ellipsoids of nonhydrogen atoms.
[Hydrogen atoms are shown as artificial spheres of radius 0.10 A1
(From M. R. Churchill and B. G. DeBoer, Inorg. Chem., 12 (1973) 2674, )
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Churchill-and DeBoef have'determinedrthe structure. of the Bloczﬁig—‘
ion (Fig; 2, 3, and &) obtéiuedrfromvréduction‘of o-carborane with

sodium in THF followed by protonation (2).

Fig. 3. The same view of the Me,B;oC,H:, anion
illustrating the 50% probability contours of the
the hydrogen atoms. [Boron and carbon atoms are
radius 0.07 A.] (From M. R. Churchill and B. G.
12 (1973) 2674.)

as in Fig. 2, now
thermal ellipsoids of
shown as spheres of
DeBoer, Inorg. Chem.,

Fig. 4. A view demonstrating the approximate C . symmetry.of the

Me ,B; oCzH;7 anion ‘including the orientation bfsthe*thermalvellipsoids
-of hydrogen atoms. -Nonhydrogen.atoms are shown as spheéres of radius
0.07. A. (From M. R. Churchill and B. G. DeBoer, Inorg. Chem., 12 -
(1973) . 2674.) ° . . o o e



Hawthorne and coworkers have éonvertedlthe B1oCaHy 22 ion‘to
iron, cobalt, nickel, molybdenum, .E}n& wolfram dgx;ivatives. It has
been found that the cyclopentadienylcobalt'cb&rpléx contains a
rearranged carborane cage in which the carbon atoms aré separated by
a boron atom, and which exists as two enant‘;iomers.which undergo
rapid interconversion above -300, presumably by way of a diamond-square-
diamond rearrangement of the cage as illustrated in Fig. 5. Complexes
of the. general formula (B;oC,Hi,),M * 9T =2 pave been obtained with
iron, cobalt, and nickel (Fig. 6) and carbonyls of the formula
B1oC,H; ;M(C0);~ 2 with molybdenum and tungsten (Fig. 7) (3).

Further studies on the prodt.icts' of reduction of o-, m-, and p-
carborane with sodium have been reported by Hawthorme's group (4).
Protonation of the BioC,H,,2 ions yielded (13)-9,11-B1oC,H.3 and
(13)-7,10-B1oC,H;4 , and the 9,11-isomer could be thermally rearranged
to the 7,10-isomer. The structures were assigned on the basis of nmr
evidence, and are not reproduced here because the X-ray studies by
Churchill and DeBoer subsequently showed that significant alteration

of the positions of some of the atoms and bonds in the drawings must
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be made. Pyrolysis of the tetramethylammonium salt of (13)-7,10-ByoCoHy3~

yielded the C-substituted o-carborane Me;N-1-BH,-1,2-B;oC.H;; as well

as the Me;,N+ salt of the protonated dicarbollide ion (12)-7,9-BgC.H;» .

Fig. 5. ProEosed mechanism of the rapid interconversion between the
(-CsHs )YCo L (1-7,9-B10C2Hy ») and (m-CsHs)ColIl-(r7,11-B10CH; ;)
enantiomers showing an intermediate or tramsition-state structure con- -
taining a plane. of symmetry. (From D. F. Dustin, G. B. Dunks, and M.

F. Hawthorne, J. Amer. Chem. Soc., 95 (1973) 1109.) '
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Fig. 6. Proposed structure of the (7-ByoC2H; 2) ; metal complexes.
M is Co(III), Fe(II), or Ni(ZT). (From D. F. Dustin, G. B. Dunks, and
M. F. Hawthorne, J. Amer. Chem. Soc., 95 (1973) 1109.)

- S
®ct OB

Fig. 7. . The p',l.:_opoSed, structure of the m-7,9-B;oC,H; s-molybdenum and
-tungsten: tricarbonyl diaeions. (From-D. F. Dustinm, G. B. Dunks, and,
M. .F. Bawthorne, J. Amer. Chem: Soc., 95 (1973) 1109.) }



Treatment’ of the 13-atom cage compcund (nFCSHS)Cd(n—6,7§BioCiH15) o

with hot alcoholic potassium hydroxide results in an unusual cage
degradation to form'a 9-atom polyhedron Eontaining only one carbon,’

(7-CsHs)Co (T-2-B,CHg)~ (Fig. 8) (5).

Fig. 8. The proposed structure of m-cyclopentadienyl-m-octahydro-2-
carba-nido-octaboratocobaltate(1-), [ (w-CsHs)Colll(r-2-B,CHg)T1.
(From D. F. Dustin and M. F. Hawthorne, Inorg. Chem., 12 (1973) 1380.)

p-Carborane has been obtained under mild conditions, in a mixture
with o- and m-carborane, by CuCl or CuCl; oxidation of the 13-atom
cage complex formed from CoCl, and B;gC,H;,? prepared by alkali metal
reduction of o-carborane (6). The proportion of p-carborane in the
product mixtures reached about i% under the most favorable conditions

found, m-carborane being the major produét.

2. Transition metal complexes. This section covers all of the
carboranes which iﬁclude a transition metal atom iﬁ’the cage, with the
exception of the 13-atom cages discussed in the preceding section.
This is also a rapidly expanding.fr@ntie; of ;arborape_résearch, and -
new and unexpected developments -have continued to arise.
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Sod].um ﬁgphtﬁgi’;de;;g;;uices 1‘,_'7:7'(:_‘2'3,'1{5,‘ 4, 5-C,B;Hy, 1,6-CollgBio;s.
'1,10-C;BeH; 05 and 2,3-CzBsHyy to form anfons (7). Treatment of these.
snions w;tﬁ éqéi;:§? féC12fin;;hé:éfééenqe pf $§diuélcycldﬁganAi;nidé:’

hésfyiéidéd a ﬁariety‘of new metallocarboranes, illustrated"in,Fig.’9e15.

Fig. 9. Proposed structure of CsHsCoC,BgHg. (From W. J. Evans, G.
B. Dunks, and M. F. Hawthorne, J. Amer. Chem. Soc., 95 (1973) 4565.)

Fig. 10. Structure of (CsH5C0),C,BeHs. (From W. J. Evans, G. B..
Dunks; ‘and M. F. Hawthorne, J. Amer. Chem. Soc., 95 (1973) 4565.)
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Fig. 11. Proposed structure of C;HsFeC,BgHg. (From W. J. Evans, G.
B. Dunks, and M. F. Hawthorne, J. Amer. Chem. Soc., 95 (1973) 4565.)

"Fig. 12, Possible structure of C5H5;CoC;B;Hg. - Only one enantiomer
shown. (From W. J. Evans, G. B. Dunks, and M. F. Hawthorme, J. Amer.
Chem. Soc., 95 (1973) 4565.)

References p. 182- .



Fig. 13. Proposed structure of CsH;CoG,BgHs (G,BgHs). = (From W. J.
.Evanss G. B. Dunks, and M. F. Hawthorne, J. Amer. Chém. Soc., 95 (1973)
“4565. ' '

Fig. 14. Possible structure of (GsHsCo),C,BgH;g. (From W. J. Evans,
G. B. Dunks, and M. F. Hawthorne, J. Amer. Chem. Soc., 95 (1973) 4565.)

" Pyridine opens the cage of (r-CsHs)Co(C,BgH;o) 'f:b form a nido-
'cobéltacarborane (Fig. 16) (8).. Analogous results were obtained with
a aicarﬁollide'ligand in place of the cycrlopentadienide ligand on the -
'ébﬁglt. (ki_datioﬁ of the nido co@oﬁnds yielded closo. derivatives-

'b»e‘a‘fin_:g:' la'nr‘rﬁl-gpyrid'yl Subsﬁituéﬁ; on boron (Fig. 17)- . To 'obt.:éixi un-
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‘substituted nido cobaltacarboranés,_bis(dicarbollyl)éobélt(III)5
monoanion, (BgGpHy1),Go™, was degraded with sodium hydroxide.

Protonation.of the degradation product by methanolic HC1 yielded the -

Fig. 15. Possible structure of (Cs5HsC0)2C,BgHio. (From W. J. Evans,
G. B. Dunks, and M. F. Hawthornme, J, Amer. Chem. Soc., 95 (1973) 4565.)

Fig. 16. Formation of a nido-cobaltacarborane from [(g—Csﬁs)-
2,4,1-C,CoBgH; 0] and pyridine. - (From C, J. Jones, J. N. Francis, and
M. F. Hawthorne, J. Amer. Chem. Soc., 95 (1973) 7633.) : :
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Fig, 17. Proposid structure of IV with [1,2,3—Czco_§91{l,l]+ in place

of [(n-CsH5)Col?", V, and VI with [1,2,3-C,CoBgH;;]  in place of
{(o-C5H5)Co]?" and CsHsN in place of CsHigN. Only one enantiomer
"~ is illustrated. (From C. J. Jones;, J. N. Francis, and M, F., Hawthorne,

J. Amer. Chem. Soc., 95 (1973) 7633.)

-

‘Fig. ‘18, - Proposed strycture for VIII or XI with [1,2,3-C2C0B9H]_l]+ in
place of [(T-C3H;)Co]2’, -Only one enantiomer is iliustrated. (From
C, 'J. Jones, -J. N. Francis, and M. F. Hawthorne, J. Amer. Chem. Soc., .

95 (1973) 7633.)



The structure.of Et6N+7BgczﬂilcoCSBzﬁlopy"fhas been determined

by X-ray diffraction (Fig. .19) (9.

Fig. 19. The [(ByC,H;;)Co(BgC,H1opy) ] ion, projected on (001).
(From M. R. Churchill and K. Gold, Inorg. Chem., 12 (1973) 1157.)

Fig. 20, -Prbposéd structure 4for' I.. (From C. J. Jones and M.V‘F;- .
Hawthorne, Inorg. Chem.. 12 (1973) 608.) o o “
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An improved preparation of Gr- CSHS)Co(n-(3) 1,2-3902311) has

: . been reported (10). “As @ b_,'—product, the dicobalt: ccmplex (Cs‘HSCo) ZBBCZHJ_O
’(F1g. 20) was obtalned The maJor product, C5H5C03902Hll, was de—
graded with base and the resultlng am.on reacted with cobaltous

~‘chloride to. form a monoanion contalnlng three cobalt atoms and two

catbotane ("canastide") cages (Flg. 21):

@cH  OsH

Fig. 21. Proposed structure for II. (From C. J. Jones and M. F.
Hawthorne, Inorg. Chem., 12 (1973) 608.)

Thermal'isomefization of dicebalt carborenes such as 2,6,1,10~
(C5H3Co) ,C,BgHg yield products in which the cobalt atoﬁs are nonadjacent
in this case 2,7,1,10—(CSH5C0)zCéEgHg. The compounds with adjacent
cobalt atams are generally green, those with nonadjacent cobalt atoms
ere re&. ‘Several cage sizes were expieréd, inciuding 8,9,10,11, and
12-a£am polyhedra (11).

Reduction of CSHSCOCB7H8 with sodium pnaphthalide followed by
treatment with nickel bromlde and CsHsNa has yielded four lsomers of

the bimetalllc mixed. metal carborane C5H5COIIICB7H3NiIv65H5 (12).



149

Miller and Grimes haveiobtained a number of new byclopentadienyl#
~ cobalt(III) cOmplekes of smallvcarbbranes dériyed from>redu¢ticﬁ of
7 C,BsH; witﬁ sodium naphthalide followed by treatment with Co(ril‘z and
NaCsHs and then air oxidation (Fig. 22) (13). ‘
‘Details of the éynthgéis of several small cyclopentadiehylferracarbdranes
'suchras (1-CsHs )Fe (mC,B,He) have been reported by Grimes and coworkers
(14). The structures were illustrated in last‘yéar'S‘survey (J.
Organometal. Chem., 58 (1973) 11)7 Three new ferracarborane carbqnyls
have been prepared by the reactions of C3BsHg and Czﬁsﬂ7 with Fe(C0)s

vapor. Their structures are illustrated in Fig. 23-25.

Fig. 22.  Proposed structures-of metallocarboranes I-VIII. Solid
circles represent carbon, open circles boron; hydrogen atoms are omitted’
for clarity. (From V. R. Miller and R. N, Grimes, J. Amer. Chem. Soc.,

95 (i973) 2830.)
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-Fig. 23, Proposed structure of (r-2,3-C,B4Hg)Fe(C0),. (From L. G.
Sneddon, D. C. Beer, and R. N. Grimes,. J. Amer. Chem. Soc., 95 (1973)

6623.) " -

. ‘CH OBH ~oH

fig. 24, Established structure of (w-2,3-C,B3H;)Fe (CO);. (From
L. G. Sneddon, D. C. Beer, and R. N. Grimes, J, Amer. Chem. Soc,,

95 (1973) 6623.)



Tr’iplre-de.cked' sandwich éompou_nds having = a C,B;Hs ring as i:hé: middle

-layer h.'ive been »obt:ain'ed from reactions of CoCl, and NaCsHs 'With;thé S

carborane anion derived from. 1,6-C,B4H¢ by reduction ’wj.th sodium °

naphthalide and with the nido anion G.BsH,; (Fig.-26) (15).

Fig. 25. Proposed structure of [rr-(4)-1,8-C,BsH;)]Fe(C0);. (From
L. G. Sneddon, D. C. Beer, and R. N. Grimes, J. Amer. Chem. Soc.,
95 (1973) 6623.) ' ‘

I

Os  @cH
Fig. 26. Schematic side view and numbering system of (ﬁ-(1,7)~
2,4?CzB3H5)C02(ﬂ—C5H5)z,A (ﬁ-(l’7)~2,3-C233H5)C02(C535)2, and {TT—3—

_’15'.

CH3-(1,7)-2,3-C;B3H4)Co0,(CsHs) ;. The relative ring 'orientation--dep:.'_c‘ted;‘

is arbitrary; in each compound the C;Hs protons are onmr equivalent

in solution at. room temperature, and rapid rotation.-of the outer rings

is assumed. (From D. .C. Beer, V. R. Miller, L. G: Sneddon, R. N. Grimes,’

M. Mathew, G.-J..Palenik, J. Amer. Chem. Soc., 95 (1973) 3046.)

Refetences p.182
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.ilsﬁéﬁég;ﬁdrc;%ofke:s hay§ fouhd that dithallium salts of dicar-
>boli:.|'.cil'er ions canbe :ob‘{:aine'd from BgC,H; ; 'Vi'n' aqué_:»ous' a.lkali:né :
) stv:lu'tionrwith T10Ac, and these can be used in the -sy'nthesris,"‘of ir@n,
!véoéait; platinum,rand palladium dicarbollyl.complexés (16). Poly-- -
he&rai exﬁapsion of Elcljg-l,s-lféZCZBgﬂg kvaé also investigated with
Vbis tl,S'—cyclooctadienyl)ni;:lgel and related Ni, Pd, and Pt complexes
to prepare (1,5-CgHi)Ni(BgHyC,Me,) and other dicarbollide complexes
.of the general formula L,M(BgHgC,Me,), where L is a phosphine or
isonitrile ligand and M is Ni, Pd, or Pt.

Improved yields of (7-CsHs)Fe(C,BgH;1) have been obtained by the
use of methénol as solvent in the reaction of C2B9le.- with KOH,
FeCl,, and cyclopentadiene, and by running the reaction at -50% (7).
The conversion of CsHsCoC;BgH;; to (CsHsCo);C,BgHi;o also worked well
under similar conditions.

Rates of electron transfer in the oxidation of (CsHs)Fe (BgCoHi1)™
and Fe(ByC3H;1)22 have been investigated (18).

Stability rules have been derived for metallocarboranes, which
.require that an n-vertex closo-metallocarborane containing one
transition metal atom in the cage have 2n + 14 bonding electfons,
and with two metal atoms, 2n + 26 electrons are required (19).

3. Nontransition metal complexes. The reaction of Gel, with

7,9-ByC,H;1 2" has yielded 3-Ge-1,7-BgC,H;; (Fig. 27) (20). The
analogous tin compound could not be isolated. Ianstead, SnCl, oxidizes
the 7,9-dicarbollide ion to the closocarborame 2,3-BgCyH;; (Fig. 28).
'i‘he stannacarborane 3-Sn-1,2-B,C,H;; is stable (Organometal. Chem.

Rev. B, 6 (1970) 328-330) but can be pyrolyzed to tin and Bgcéﬁll.

The nucleophile becomes a boron-bound ligand in this process, and omr -
evidence indicates that the ligand is bound to a boron away from the :
open face.. This typ-e of cage opening is illustrated in Fig._ 29. The
figures are all,n;.uﬁbérta.d accoréing to the newl& recommended _conve‘ntion,'_

which is totally confusing to anyone- tryihg to follow these reactions’



without the aid of structural fdrmulas, even though it may make sense

from the stgndpoint of the librarian who merely catalogs éompounds.;

Icosahedral carboranes containing germanium together with phosphorus or

arsenic in the cage have been prepared from Gel, and f;S- or 7,9-
HCBgﬂgfz— or the arsenic analogs (21) (Fig. 30). A preliminary study
of the thermal isomerizatioﬁ of 1,2,7-GeByHyCHP has been carried out.
Photochemical reactions of 7,8-BgH;oCHP and the 7,9-isomer with
Fe(CO)s and Mn,(C0);p yields complexes in which a phosphorus-bonded

carboranyl group replaces CO, for example, [7,8-BgH;oCHP-Fe (€Cods1~ (22).

Fig. 27. The proposed structure and numbering convention for 3-
Ge-1,7-BgC,Hy:. Carbon atoms are shaded; all vertices except Ge
actually have exodeltahedral hydrogens attached.. (From V. Chowdhry,
W. R. Pretzer, D. N. Rai, and R. W. Rudolph, J. Amer. Chem. Soc., 95
(1973) 4560.)

26 e (nido) - '- (closo) 24 ¢

Fig. 28. The interconversion of nido and closo ll-atom framewerks
and the numbering conventions for each.. (From V. Chowdhry, W. R.
Pretzer, D. N. Rai, and R. W. Rudolph, J. Amer. Chem. Soec., 95
(1973) 4560.) ’ : ’ .

References p. 182

153



" closo

Fig.- 29. Possible manners for the opening of the 2,3-BgC,Hi;
deltahedron subsequent to nucleophilic attack. Note that the
numbering conventions are not intended to indicate atom rearrange-
ment but merely represent the accepted numbering scheme for each
polyhedron. (From V. Chowdhry, W. R. Pretzer, D. N. Rai, and R. W.
Rudolph, J. Amer. Chem. Soc., 95 (1973) 4560.)

Fig. 30. Proposed structure for 1,2,3-GeBgHoCHE (E = P or As). The
germanium atom in this compound may be "slipped” toward boron atoms
4, 7 and 8. (From D, C. Beer and L. J. Todd, J. Organometal. Chen.,
50 (1973) 93.)

‘Fig. 31. Possible. structure for B;C,H;). As drawn, this molecule
represents one enantiomorph of a d,1 pair,  Note that varying place-
ment ‘of the bridge aad/or -BH, protons -is possiblée. (From R. R.
Rietz and R. Schaeffer, J. Amer. Chem. Soc., 95 (1973) 6254.)
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Infrared and Raman»épgctra of o-, ér, aﬁd.ErHCBiQHLOP and THCBloHloAs,.
show evidence that the CH bond can hydrogen bond to polér moiecules

such as dimethyl'sulfokidéi(ZS).

GC. Small and medium sized carboranes

1. nido-Carboranes and anions. Rietz and Schaeffer have obtained

the nido-carboranes B;C,Hi: (Fig. 31) and BgC,H;, (Fig. 32) from the
reaction of acetylene with BgH;, in diethyl ether (24)..  From ''B nmr
spectré, it appears that B;C,;H;; differs significantly in‘structure
from B,C,Hs(CH3), (Fig. 33). The structure of the latter was obtained
by X-ray crystallography (25). There appears to be no such difference
between BgC,H; , and BgC,H;o(CH3), (Fig. 32). The dimethyl compounds
were obtained by using dimethylacetylene in place of acetylene in the
synthesis.

A pew nido-carborane, BgC,Hy;o (Fig. 34), has been obtained by
Williams and coworkers from the reaction of B,Hg and C,B;H; in a

flow system (26).

Fig. 32. Crystal structure of nido-1,2-B,C,Hg(CH,),.

The molecule is numbered to be consistent with other known bicapped
Archimedian antiprismatic structures. Here the molecule is missing
position 6. The enantiomorph.shown is paired with the other d,1 :
form in the crystalline state. R. R. Rietz and R. Schaeffer, J. Amer, -.
Chem. Soc., 95 (1973) 6254.) e e

References p. 182
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Fig. 33. Proposed structures for BgC,H; » (A) and BgC,H,;o4<CH;), (B).
With such molecules, another 8,1 enanticmorph would exist with cage
carbons in the 6,7 positions. The single bridge pmr resonance
mitigates against varying the placement of the bridge hydrogens.
(From) R. R. Rietz and R. Schaeffer, J. Amer. Chem. Soc., 95 (1973)
6254,

Fig. 34. ‘Eight-vertex nido-carboranes of the C,B¢H;q-BsH; family:
I11, nido-BgH; , tautomers, arachno structures dominant; II, nido
structure; I, nido-GC,BsH;o (bond distances estimated from ADD o
‘theory); ‘arachno structure; II', nido structure. - (From A, J. Gotcher,
J. F. Ditter, and R. E. Williams, J. Amer. Chem. Soc., 95 (1973) 7514.)
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Iodination of the nido carborane C;B;Hg in the presence of AlzI;
yields only 3-IC,B,H; and its enantiomer. Iodination of ﬁhe closo
carborane C,B H¢ is relativeiy‘slcw and yields the griodocarbotane -
2-IC,;B,Hs (only one isomer possible) (27). 7

Tabereaux ‘and Grimes have reported the synthesis of»uAME,SnCszﬁ7
ané the analogous lead compound (XXXX) (Fig. 35) (28). Unlike the
silicon analogs reported previously {(J. Organometal. Chem., 58 (1973) 19),
these tin and lead compounds do not undergo thermal isomerizatien to
the terminally substituted isomers. Details of the work on the silicon
compounds were also presented in this paper.

Cyclohexyl isocyanide and i-B,;gH,, react to form a one-carbon
nido carborane (Fig. 36) (29). Sneath and Todd also prepared several

metal complexes from Blal-lzoz—.

CHj

QOsH @®cH

Fig. 35. Proposed structure of p-(CH;)3MC,B,H; carboranes, with
M = 8Si, Ge, Sn, or Pb. (From A. Tabereaux and R. N.Grimes, Inorg.
Chem., 12 (1973) 792.)

Fig. 36.. Proposed structure of ;7315H§60Nﬂzcaﬁli (R = C¢H3;3). (From. .
R. L. Sneath and L. J. Todd, Inorg. Chem., 12 (1973) 44.)

References p. 182
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: Oxl.dat:.on of B, zHJ.z w:v.th chromlc ac:v.d has y1e1ded t:he dzmeric
_oxzf}atxcm pm&m:rs B;_BC“HH and BlgC;.Hu » which are n:.do-carboranes (30)
'1Degradat10n of _p_—carborane w:_th potass:l.um hydroxide in p:opaned:.ol
EXS 'L'ZQ.O b;a% sielded 3 S-SL;‘%,— 7y &i"}c’? a7 a\ﬁ:&.tf.tczcion gave Z,9-
'7{c2a§al3 (31) Therpal decomposition of 3,6-charhaPn;ag~decaba;a»e2123
;-'y:.elds a mixture of the closg carboranes ‘1, 6- and 1,10-BgCyHip (32).
Heating NaBsCsHy; to 200° yields 1-,2-Bacznlo.and Na,BgC,H; .
It might be expect:éd thaf: the reduction of C[B(OMe),l, and
- relaﬁed compounds would- lead to carboranes; but this turned out to be
exceedingly difficult. A sequence beginning with HC[B(OMe).l;, which
was converted to HC(BCl,); by repeated treatment with BCl; and then
reduced with lithium borohydride, ied to small amounts of unstable
:_ii-cita_ carhoranes. A more promising result was obtained by converting
CH,[B(OMe),], to CH,(BCl,), and reducing it to the dimer of CH,(BH,),,

which is stable (33).

/' \
\/
p

N/

H,C CH,

\ 7/
N4

m\n/
/\

&

2. closo-Carborznes. Wiersema and Hawthorne have studied the

electrochemistry and 80.5 MAz **B nmr spectra of the monocarbon carborane
anions B;:CH;, , Bloc;-zllf, BioCH1s , and ByCHio (34). From the nmr
spectrum, it appears that the B1oCHy, . ion undergoes rapid rearrangement
which ren&érs positions 1, 4, 7, and 8 equivalent, 3, 5, 6,.9, and 11
equivelent, and positicm 1T mzzqrxe, y::eldzug the 4:5:1 integral ratio

of thefllB nmr spectrmn.(l-‘ig. 37). The carbon atom, position 2, is

also unlque, anrl :.ts coordmation number never exceeds five. Oxidaticn

of Bg{,‘ﬁlo : y:r.el&s a. coupIecl prod’uct BJ_BCZH]_S ~ (Pig. 38).




@c:
Fig. 37. Sequence of "dsd" type rearrangements resulting in rotation

of belts in an ll-particle peolyhedron. (From R. J. Wiersemz and M.
F. Hawthorne, Inorg. Chem., 12 {(1973) 785.)

P LD,

8c
[ Yol

Fig. 38. Proposed structure of the B, gCoH 5% ion. (From R. J.
Wiersema and M. F. Hawthorme, Inorg. Chem., 12 (1973} 785.2

From gas-phase electron diffraction measurements, the bond
distances in 1,5-B;GsHs are B-C = 1.556 4, B-B = 1.853 &, C-H = 1.071 &,
and B-H = 1.183 A. For 1,6-B,C,Hg, the dis#ances are B-C = 1.633 ﬂ,
B-B = 1.720 4, C-H = 1.103 &, and B-H = 1.244 & (35). The long B-B
and short B-C distances in B3C,Hs are‘consistent with an essentially
classical structure, it being possible to write an acceptable structure
for this compound having tetravaleat carbon and trivalent boron, and
the bond lengths in B4C;Hy are consistent with the delacalized boudiog
required’ £for tHat structure. fHe sStructure of (;85>Més Has also Deen
determined by electron diffraction (36).

axtdaciar af 1,8-MEa-T,3-0afa® et ccowtc acid yieids «
dihydroxy derivative having the hydroxyl groups on adjacent boron atoms,
1,8-Me -3,7-(HO) ;-1,8-C,BH; (37). '
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; Séveral mercury, tin, and phosphorus derivatives §f 1-Ph-1,6-
and -1,10-C;BgH, ﬁave been prepared (38).

Localized molecular orbitals from self-consistent field calcula-
tioﬁs on Czﬁ4H6 indiéate open three-center B-C-B bonds in the 1,2-
isomer and fractional eyclic three-~center bonds iﬁ the 1,6-isomer (39).

Epstein has described a topological approach to the prediction
of reaction pathways in eléctrophilic and nucleophilic substitutions
on boron hydrides (40). Good correlation with experimental findings
was noted. No numerical calculations are necéssary, and the method
is essentially an extension of the resonance structure approach
familiar to organic chemists, except that the three-center bonds of
the boron compounds add considerable complexity.

The electronic structﬁres of C,B3H;, C,B4Hg, and C,BsH; based on
ab initio calculations and of larger carboranes based on semiempirical
INDC calcuiations and the role of delocalized bonding in these

structures have been discussed from a theoretical point of view (41).

D, Icosahedral carboranes

1. Cage rearrangement. Hart and Lipscomb have published further

studies regarding the mechanism of cage isomerization of icosahedral
boranes (Organometal. Chem. Rev. B, 6.(1970).333-334) (42). The
numbéring.cénventionbfor the icosahedron is shown in Fig.. 39. The

most favored‘patﬁway for the isomerization of o-carborane to gfcarboraﬁe
invoiQes.opening-to a cuboctahedral in;e;mediate, as illustrated in i

Fig. 40. This mechanism'keéps atoms which were opposite (1,12) to each
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other in thé starting materialAstill éppogi;erin the product. Thus,
when 9,12—dichloro-1,Z-dimeéhyl-gfcarborane.rearranges; the chlorine
substituents are opposite the-cérbon atoms in both the starting
material and in the major product, 5,12-dichloro-1,7-dimethyl-m-carborane,
the structure of which hés been determined by X-ray and is illustrated
in Fig. 41. To isomerize m~-and p-carborane réquires a triangle rot#tion
in the cuboctahedral intermediate and a consid:efably higher activation
energy. '

The isomerization of o~ to m- and p-carborane under mild con-
ditions by way of the 13-atom cobalt complex has already been noted

in part B-1.

2. Transition metal g-complexes. Reaction of 1,2-dilithio-o-

carborane with bis(triphenylphosphine)nickel(II) chloride yields an

Fig. 39. Numbering convenﬁion for icosahedral structures. (From
H. V. Hart and W. N. Lipscomb, Inorg. Chem., 12 (1973) 2634.)

Fig. 40. Transformation of o- to m-carborame through the cubocta-

hedral intermediate.. (From H. V. Hart and W.. N..Lipscomb, Inorg.
Chem., 12 (1973) 2644.) '
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Fig. 41. Molecular structure of 5,12-Cl,-m~B;oHsC.(CH,;),; with 50%
. probability thermal ellipsoids. Conventional atom numbers (ref 13)

are preceded by the symbol of the element, B, C, or Cl. Hydrogen

atoms have been eliminated for clarity. (From H. V. Hart and W. N.
" Lipscomb, Inorg. Chem., 12 (1973) 2644.)

Fig. 42, Holek:ul_arstructur’e of [(CeH5)3P],NiC;B1oH 0. (From A, A,
Sayler, ' H. Beall, and J. F. Sieckhaus, J. Amer, Chem. Soc., 95 (1973)
5790.) . L - - o - R i



unusual g-bonded: gickel complex in whiéh the nickel'bridge§ the 1,2-
positions of the carborane (Fig. 42) (43). v

Bis (tﬁalkylphosPhine)plaﬁintm dichlorides react with lithiocar-
boranes to form o-bonded carboranylplatinum compounds (44). The cis-

platinum chlorides form carboranylplatinum chloricdes, but the trans

isomers lose HCl, apparently binding an alkyl group to the phosphine

in a ring to the platinum, and shifting the phosphorus atoms to a cis

relationship in the product.

/Et

Et3P\ /PEt3 Et,P \ / \

Me Pt Me / /

e /c/ e : \c\——;c \cn2
1010 BioHio

from cis dichloride

Reaction of an iridium complex with l-dimethylphosphinocarborane
has yielded iridium substitution on boron in a cyclic complex of in-

complately determined structure (Fig. 43) (45).

from trans dichloride

F”,J”:
\C“: L
L.____“. I P
) o
VS
[ricHICl, +6 ’A\VIA\" S 2 ]
\'_- ? H,c//
He
Ia @M. OO 8H Io L=Jo.b=H
> @:co. O @-es b L:Ip h:zH
¢ @=c. O, c-Lelc, h=H D~t1
T @B 802

Flg. 43,
95 (1973) 4712 )
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VZakﬁarkln and coworkers have reported-a fa1r1y~extens1§e study
) of‘tbe :chemistry of c-bonded carboranyllron compounds, o-. and m—-
RCBioHloC-Fe(CO)z(Csﬂs) (46). The“carbon-irou bond su;vxves under
coﬁ&itiops Suffiéienply_figorous to'brominéte—tﬁe garborané_cag;.
However, meicuric ﬁhlpri&g cleavesv;he éarbon-iron‘bond and yielas
carboranyﬂmeréu;yVgompounds. The carboranyliron compounds‘are made
from RCBloﬁléc—Cocl and NaFe(CO)i(CSHS). Polarogfaphic studies on
,thése carboranyliron compounds were also reported. '

~ 3. Organocarborane chemistry. Icosahedral carboranes can be

attached to a great variety of typical organic functional groups and
side chains. The effects of the carborane substituent as a very bulky,
highly stable, electron-withdrawing group are by now fairly well
explored and the properties of new compounds fairly predictable.
Russian workers continue to publish the majority of the papers in

this area.

Paxson, Callahan, and Hawthorne have described an improved
preparation oﬁ 1,1*-biscarborane. The starting materials are diacetylene
and ByoHy ,(SEt;), (47). Zakharkin and Kovredov have prepared bis-
carboranes in 55-75% yields by the coupling of o-, m-, or p-C-
lithiocarborane with CuCl or CuCl, (48).

The chemistry of ethynylcarborane has been studied in detail by
Callahan and Hawthorne (49). Trimerization in the presence of bis-
'(acrylonitfile)nickel(0) yields 1,2,4-tri-o-carboranylbenzene (Fig. 44).
Réactién of the ethynyl group with dicobalt octacarbonyl leads to thé
éxpected adduct (Fig. 45). Additiﬁn of the ethyqyl group to Vaska'g
complex, trans-IrCl(CO)(PPh;) ., results in fﬁrmgtion of a compound
poqtaining one carﬁdran&lvinyl and one carboran}lethynyl group (Fig. 46).
Coupliﬁg by oxygen in the presence of copper(I) tetramethylethylene-
di;mine'led £o the dicarbéranylbutadiyhe, ﬁioﬂllcz-CEC-CEC-CzBloﬂll.

: Zakharkln and ccworkers have obtalned a Russian patent on the

preparatxon of acecylene-subst1tuted carboranes from diaCECylenes and
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Fig. &44. Proposed structure of II. (From K. P. Callahan and M. F.
Hawthorne, J. Amer. Chem. Soc., 95 (1973) 4574.)

Fig. 45. “Proposed structure of III. (From K. P. Callahan and M. F.
Hawthorne, J. Amer. Chem. Soc., 95 (1973) 4574.)
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Fig. 46. Structure of IV. (From K. P. Callahan and M. F. Hawthorne,
J. Amer. Chem. Soc., 95 (1973) 4574.)

decaborane--Lewis base complexes (50). Decaborane and pentafluoro-
phenylacetylene react to form the expected carborane (51).

Zakharkin and coworkers have reported that the reaction of the 7,9-
dicarbollide ion (made from m-carborane) with CH,=CH-BCl, yields
2-vinyl-m-carborane, m-HCB;oHs (CH=CH,)CH (52). The vinyl group
provides‘a route tc a variety of other B-substituted m-carboranes
by way of ghromic acid oxidation to 2-carboxy-m-carborane, which can
be converted to 2-CO,Me, 2-HOCH,, 2-CH,CO, and 2-NH» by standard
;:rganic methods, and the NH, group has been converted to OH by
diazotizatioh and hydrolysis.

Viﬁylsilicon compounds a1ky1ate o- m-, and p-carboranes on boron
in the'p;esenée of aluminum trichloride at 80-120° (53,54). For
‘exampisa_,‘ﬂqaloulpca and CH,=CHSiCl; yield HCB,oH)o-p (CH,CH,SiC1;),CH,

whefe“ﬁ'?‘I to 3. :
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Pyridine attacks thé cage of ©0~CH3CB; gH; oCCH,Br to form py;idini@-
substituted Bg: compound- (see J. Organometal. Chem., 58 (1973) 13):
With ﬁCBloﬂloCCHzBr the major praduct is that of simple disP;acemeﬁt
of the bromine (55). 1In spite of the steric hindrance present in o-
HCBLOHLOC—CHZBr, diethylamine easily displaces the bromide to form -
g—HCBlQHlQC—CHZﬁEtz, apparently by way of coordination of ‘the amine
with a boron atom. in the cage prior to the displacement step (56).
Brominated o-carboranes form adducts with two molecules of pyridine (57).
It was suggested that the pyridine adds to the boron atoms at positions
3 and 6 without opening the icosahedral cage, forming a structure
analogous to C;ByoH12®". However, the presence of an additional
ligand on boron (both H and C5HsN) makes this doubtful, since
C,B1oH; 22~ loses its presumed icosahedral geometry on complexing with
Lewis acid.

Carboranyltriazenes are easily synthesized and provide a good

route to aminocarboranes (58).

R Li R NH-N=N-Ph R

/ \
\c ¢ Ph-N,. Ne—¢ HC1 c
.~ —_— e MeOH >
BicHio BioHio Byothio .

R = Me or Ph

Perfiuoro—g—carborane has been obtained from the direct fluorination
of m-carborane (59).

A mixture of 1,9- and 1,12-dibromo-o-carborane has been obtained
either by brominating l-bromo-o-carborane or by brominating 9(12)-
bromo-o-carboranyl-l-magnesium bromide (60).

Reaction of Me;NBH,I with o- and m-carboranyllithium has yieided
the corresponding Me;NBH,CB;oH;oCH (61). Degradation of these com- -
pounds by piperidine to form the ﬁrotonateq dicarbollide derivatives-

was also reported

. References p.182 .
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:;:Rgdﬁctiop of i-héiomethYl—gfcarbofépesrQith sodium in 1iQuid>

;a@oﬁia: followed by oxidation.of the anions with KMnOj has yielded .
"ﬁixturesl§f;l—mgfhyi4gfca:$orane3vlfmefhyl-B-éﬁinoﬁg-catboréne; un~-
7 chéngedVhalgmethylca;boréne, lfmetﬁyi—g-carbor#ne, énd uhsubstituted
-.grcarbofane*(GZ).‘ : ' .
ﬁe#afluoroﬁeﬁzene reacts witﬁ o~ or m~MeCB; oH;oCLi to form 1,4~
© - (MeCB, gH; oC) 2C6F4 (63). Chloropentafluorobenzene yields 1-Cl-4-
(MeCB, oH, oC)CeFs. The reaction of o0-MeCByoHyoCLL with MeI or EtI
has beer reported to give MeCByoH;oC-Me or -Et in 98% yield (64).
Because éf ﬁhe electron-withdrawing inductive effect of the
~ carboranyl group, it is possible to add R,NLi to the vinyl group of
1—viﬁyl-2—alky1—g¢carboranes. The products after hydrolysis are
R'-CBj oHy oC-CH,CH,NR, (65).
Lithiocarboranes have been added to the double bond of ¢-mnitro-
olefins (66). Reaction of o-PhGByqH;oCLL With C1,C=CHCHO followed
by treatment with sulfuric acid has yielded PhCB,oH:ioC-CH=CH-CO.H, and
several derivatives were made from the carboxylic acid group (67).

_ Reaction of Hg(GeEt3;), with 0-1-ClHgCB; oH;oCH and related compounds (68).
Reduction of o-PhCB;oH;oCHgCl with liChiumrnaphCQalide yields
(thBLQHLOC)zﬂg, which is cleaved by mercuric chloride back to the
carboranylmercuric chloride only in hot nitrobenzene (69).

Carboranyl-C,C'-bis(phthalic anhydride)s have been prepared by
chromic acid oxidation of dixylylcarborames (70). Some reactions of
PhCB; gH; oC-S02Br with unsaturated compounds to form carboranylsulfones
have been reported (71).

' Soviet pateats have been issued on the radical-initiated addition
of otg#notiﬁ hydrides to the double bond of alkenylcarboranes (72),
hydrorly'si‘srof-E-ROSiMe'2CBloﬂloCSiMe«‘QR to HOSiMe ,CB; oH; oCSiMe ,0H (73);‘
the Hydrblysis of 1,7-bis(dimethylsilyl)-m-carborane to-thé correspoading

-5i (OH)Me , compound (74), the condensation of 1,7-bis(hydroxydimethyl- -
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silyl)-m-carborane with diorgahodiacefoxysilanes (75), and the prepara- -
tion of’l,7-bis(hydroxytetraorganosiloxanyl)—gfcarbotanes (76).

4, Physical measurements. The electronic effects of the 2-m-

carboranyl group (note that the point of attachment is boron “in this

case) have been investigated for a series qf 2-aryl-m-carboranes

by measuring the acidities of the gr-and p~carboxyphenyl compounds

and the *9F-pmr chemical shifts of the fluorophenyl compounds and
estimating the appropriate Hammett and related substituent constants‘(77);
The l-m-carboranyl group has -been found to imcrease the acidity of a

-SiMe ,0H substituent (78). Equilibrium acidities have been determined

for several substituted carboranes in equilibrium with aromatic radical
anions in glyme (79).

Dipole moments of monobromo-o-carboranes have been found to
increase in the order 1-Br<3-Br<4-Br <8-Br<9-Br, that is, with
increasing distance between the carbon atoms and the bromine atom (80).

From NQR measurements on a series of 0-X-CB,oH;oCCH,Cl, it has
been concluded that steric effects tend to dominate in the transmission
of substituent effects from X to Cl in this system (81). The relation-
ship between structure and 199Hg-H coupling constants in.the nmr spectra
of several MezC=CH-Hg—substituted o- and m-carboranes has been in-
vestigated (82). Proton nmr chemical shifts have been determined for
a number of g—halo—g—mei:hylcarboranes (83).

Mass spectral cracking patterns of carboranes substituted at the
1- and prositiohs witﬁ a -CH,CH,SiCl,4 group have been examined, and
it was found that the substituent was cleaved more easily from boron
‘than from carbon (84). Mass spectra of C-hydroxy- and gfacetéxy-
carboraqes have been reported (85).

The kinetics of alkaline cieavage of o, Eprapd p isomers of 1-
Me3én—CBloﬂquH havé' been investigated '(56). The rates are first-

order in substrate and first-order in Oﬂf, and show no significant

Referepceé p. 182
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‘:deutetiumvisdtofe_effé;t; Coordination of OH - with the. tin aﬁam must
. be in;oivedAin thé.g:ahéition-state. 7 : 7
~:Iﬂé pélarographié:re&uction of a number oﬁAorgaﬁogéfcurialé, in-
'cludipg;(Q}RCBIOHLOC-)ZHQ aﬁdrngCBloﬂiOCHgR', where R' is haiide or
methyl, haslsegn studied (87).
VVKingtics of ;ééction of m- and Eécagboranedicarbonyl éhloride
ﬁitﬁ aﬁiline have been measured (88). Rates of hydrogenation of
v carboran&l;subs;ituted unsaturated alcohols over a nickel-chromium
catalyst have been studied (89). Thin-layer chromatography
of icdsahed;al carboranes works well on silica with starch as a binder,

which improves the detectability with iodime vapor (90).

E. Polyhedral boranes

These compounds are "organometallic” if they bear alkyl substituents,
but in geuez;-él this field is "inorganic.” Coverage is therefore in-
complete, and examples are selected for their possible interest to
carborane chemists. 7 ’

The BgHa2~ anion can exist in two forms in solution, a bicapped
trigonal prism having C,, Symmetry and a square antiprism having D,
symmetry, and these do not interconvert rapidly on the nmr time scale

at room temperature (91).

Reaction of BoHy, with BrMn(CO)s in tetrahydrofuran has yielded
(0C)3Mn(BgH,5)” and (0C) ;Ma (ByH; ,THF) (92). Several cyclopenta-
dienylcobalt defiVatives of B, -and By boron hydrides have been pre-
pared (93).

An expoﬁential line-narrowing technique applied to Fourier
transform 1B nmr spectra has resolved previddsly.unobséfvable
splitﬁing in'BA thrbﬁgh Bio boron hydrides (94,55).~ ilg.ilg coqpling
has been obéétvéd'in the double reSqnanée nmr speétrﬁm’qf 6-methyl-

decaborane (14). (96).
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The kinetic%'of benzoylétion of ByoHio? havefbeen”inveStigétedﬁ
by Wegﬁei: and coworkers (97). -

B¢Hio and its derivétives 2-BrBgHy and 2-CH3BgHg exhibi; stereo-
chemical non?igi&ity, the‘sasal hydrogens migrating around the base
of the pyramidal molecule, and the kinetics have been determined by
nmr measurements (98). - Pétassium hydride deprotonates pentaboranes
such as 1-MeBgHs and 2-MeB;HB to the correspbndingvMeB5H7— anions
(apical substituent) to 2-MeBgH, (basal substituent) occurs in a
few minutes at 10° (99).

The preparation of 2-methylhexaborane{(10) and an fmproved pre-
paration of BgH.o have been described (100).

The decomposition of i-BgH,s at -30° under 25 atmospheres of
carbon monoxide yields the carbonyl BgHi3CO (101). The structure of
triborane carbonyl, B3;H,CO, has been determined by X-ray crystallography
(102). )

A sulfur analog of a closo carborane, 1-BgH3S, has been obtained
by pyrolysis of BgH;a.S (103). Reaction of i-BgH;s with BgHj;g has
yielded the new borcn hydride BisHz3 (104). The diazonium ion 1-
BioHgN, , which is potentially very useful for making derivatives of
Bloﬂloz—, has been made by coupling BioH;o? with Aer+ and pyrolyzing

' the product (105).

Onak has reviewed the synthésis and structure of carboranes and
metallocarboranes (106). Hawthorne and Dunks have reviewed metallo-
carboranes (107) and non-icosahedral carboranes (108). Lipscomb has
reviewed three-center bonds in electron-deficient compounds (109).

Gaines has reviewed the chemistry of pentaborane (110).

II. HYDROBORATION
A. The hydroboratién reaction

1. Hydroborating agents. The development of hydroboration as a

- synthetic tool has continued at a rapid pace, led by H. C. Brown and
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?égésrkér§. -Ne§ hydroboratlng ;gents offer spec1a1 propertles. 
_advantageous for certaln types’ of syntheses.‘ Chlotoborane etheratevr~
tlS much more selectlve than diborane in hydroboratlon of olefins (111).
With unsymmetrically substituted olefins, the boron goes ‘at. least

99 5% to the -less substituted carbon. . ‘It was concluded that the
,directiveleffe;t"is largely;glectronlc rather than sgeric.- Chloro-
borane ethe;gté feadily:hydroborates alkynes (112).-

v AIkyl&ichlo;oboraneé are easily prepéred by hydroborating"
‘alkenes with HBCl, CEt; in the presence of BCl,, which displaces
'fféerHBCIZ,from the etherate. (113). The hydroboration of alkynes
with ﬁBClz-dEtz in the presence of BCl; in pentane yields alkenyldi--

- chloroboranes, RCH=CHBCL, (114).

B . Hydroboration of 1,5-hexadiene leads to 7-membered ring boron

compounds . (borepanes) (115).

+ BHj _ GB—(CHZ)G—BO

L O o) i

("Q-BBN")

. B-OMe -




The 7-membered borane obtained from 2 5- dlmethyl-l S—hexadiene
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has been used for the dlhydroboratlon of acetylenes; and the resultlngi“

1,1-diborylalkanes have been converted to‘a—boryl'carbanlons and

alkylated ‘with reactive alkyl halides (116).

HB + R-C3CH ——> R-CHZCHGC;>
_Meli . pcu,Cus L. R'Br o RCH,CH-R!
2. H,0, i

The presence of methyl substituents at the 2 and 4 positions of 1,4-
pentadiene or the 2 and 5 positions of 1,5-hexadiene makes it easier

" to obtain well-defined cyclic derivatives on hydroboration (117).

— H
+ BH; '—-’THF / \ B B
[ \H/

BH,3 ‘

MeOH

B-0CH,

- - _THF _ . .
+ $H3 » etc.
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. ,. rates ef hydroboratlon of several oleflns w1th 4 4 6=
trimethyl-l 3 2 dloxaborlnane have been studled (118).- Thlsereagentw

Vreacts more slowly than dlSlamylborane or - catechol borane.

B (&)

T /

+  RCH=CH, —> RgHZCHzB\
o

2. Mechanistic studies. From a detailed study of the hydro-

boration of allenes with (+)-tetré-3-pinanyldiborane, also known as
diisopinecampheylborane, Moore ard coworkers have proposed some
significant modification of the transition state previously suggested
‘for the asymmetric hydroboration of olefins (Organometal. Chem. Rev. B,
6 (1970) 358-360) (119).

The hydroboration of trans- and cis-2-butene with BD; led to
pure threo- and erythro-2-butan-3-d-ol, respectively, showing that
hydroboration is stereospecifically cis with simple acyclic alkenes
(120).

.Brown and coworkers have published a detailed study of steric
effects in addition te norbornene and 7,7-dimethylnorbormene (121).
H&droboration of the former with 9-BBN yields 99.5% exo attack, and
theriatter yields only 3% exo and 97% endo attack. Hydroboration
has been used as a probe for steric bulk of substituents in syn-7-
substituted norbornenes (122). Studies on the hydroboration of 2-

.aikyl-i;propenes witﬁAdisiamylborane have led to the proposal'of a
new steric substltuent constant scale for the correlatlon of hydro-

boratlon ‘and other reactlons having similar sterie requirements (123)."
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B. lkylboranes in synthesis

1.  Carbon-carbon bond formation. Borinic esters react with -~

ClzCHOCH3,énd LiOCEt3 to form intermediates which are eaSily‘bxidizéd;

to ketones (124).

R,B-OMe XB-0Me

R,BOMe + C1,CH-0-CH, + LiOCEt, =~ | | —_ I
C1,C-OMe R,C-X

X = C1 or OMe

Tertiary carbinols are easily prépared by way of the reaction of

C1,CH~0CH; and Et;COLi with organoborames (125).

RyB + C1,CH-OCH; + Et,COLi ——— R3C-BX, ———> R,C-OH

The reaction of trialkylborames with HCC1lF, and LiOCEt,; leads to an
unusually stable sterically hindered aikylalkoxyfluoroborane intermediate,
which resists alkaline hydrogen peroxide and must be cleaved by methane-

sulfonic or sulfuric acid {126).

/F

RsB + HCCIF, + 2 Li' ™~ OCEt, —> R3C-BL_ MeSO;H -
OCEL, s50°
R;C-B(OH) , _{1_2?_2’ R;C-OH + HOCEt; <+ LiF + ©LiCl
OH :

Reaction of tricyclohexylborane with carbon monoxide in the
presence of sodium followed by the usual oxidative work;up'. has -
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ylelded (Cngl)zCHOH (127) : Brown has patented the - carbonylation of . ':
;.organoboranes in’ the presence of: LlBHg and- LLHAI(QME)a (128)5_J o

' The addztion of chexylmonoalkylboranes to proplollc escers yields
ﬁ borylacrylic esters which: rearrange on: treatment with base tu yield .
a prcduct that can be oxldized and hydrolyzed to- the B—hydroxy car-

boxyllc acid (129)

H— < HC=C-CO,8t ———3 H— < . HeOH

COzEt

R
57
\OH

cn_cnzcozNa —H‘ﬁ&-) R(".:H(_IHZCQZNa

OH

Disiamylborane_hydroborates 1-methyl-l-phenylallene to form an
allylic borane which transfers the allylic group with rearrangement

to the carbbeyl carbon of aldehydes or ketones (130).

R'CH-O-BR,
R213-01512-c1:1=c':-cu3 + R'CHO —> cuz=cn-<|:-c:113
' Ph Ph

Oxygen-initiated addition of trialkylboranes to 3,4-epoxy-1l-

‘butynes leads to allenic alcohols (131).

_-CH,0H

, 0 R CH,-OBR, - R
RyB + HCsC-CH——CH, C o g,

R = cyclopentyl . . - .-



AT
Triéycloalkylbofanes have been added -to crotonaldehyde in the
preésence of pyridine to yield 3-cyclchexylalkylbutanals -(132).
Vlnyloxyboranes, also known as’enol borinétés, can be. prepared
by several routes and are useful synthet1c intermediates. For example,

they,condense with carbonyl compoundsAor nitrlles (133).'

Seh o
R;BSPh + H,C=C=0 ——> H,C=C{ SHoCN, _H20 . 6y,C-CH,-C-SPh
OBR, '
0 GE 0
il ~OBR2 1 pncmo ] L
BB + CH,=CH-C-CH, ——3 R-CHp-CRC{ ~ —=*—"""1> PhCH-CH-C-CH,

CH, 2. H,0 R-bu,

Enol borinates prepared from trialkylboranes and diazo ketones undergo

+ -
Mannich condensations with (CH,;),N=CH, I (134).

0
0-BR, ¥ n _-R
Rs3B + R'COCHN, —3 ______)(cnzl))mgcuz —H20, R CcH
R'-C=CH-R MS S~ CcH,N(CH;) ,

Brown and Yamamoto have reported that N-bromosuccinimide is better
than bromine for the g-bromination and rearrangement of trialkylboranes
and dialkylborinic acids (135). For example, Et,B was converted fo
Et,C(OH)Me in up to 98% yield.

Electrolysis of R3B in methanolic potassium hydroxide has yielded
R-R, where R-is n-octyl or. other ‘alkyl (136).

Dialkylacetylenes are- obtained vhen trialkylborane--lithium

acetylide adducts are treated with fodine (137).
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B c C—R' +:- 1; =2 ReCzc-R* +. RBE 4T

'i Hydroboratlon of a; bromoacetylene w1th a boracyclene follcwed by ’

'-,rearrangement w1th sodlum hydrox1de and 1od1ne 1eads to alky11dene-

" cycloalkanes (138).

e S Bu Br . ‘
BuC=CBr -~ + HB —_—— ;C=c_< —_Naod
- e S 5 B o o

OH .

i

B -
Bu

NaOH Pl

2. Carbon-hetercatom bond formation. Bromination of trans

alkeneboronic acids leads to cis-~1l-bromoalkenes, presumably by an

addition-elimination mechanism (139).

- R H . Br . Br ;PBr
N 7 Br, _,_.B (0H), rotation N, el
P C=C_:\ R\\\\\“C C\ —> R\\\\‘C",c\
H B(0H) , " 4 B(OH) »
-y R Br.
OCH, \\C=C’,
S < g

,rodlne and sodium hydroxlde convert trans alkenylboronlc acids to L

73trans 1odoalkenes (140) The boronic acids are readily available fram:

_fhydroboration of alkynes with' catecbolborane.~,; S
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Re B : R H
' >c=c<' .+ . I + 'NaOH —> -\'Céc<,
BT “B(0H), ' 87 1

Alkylboron dichlorides react with organic azides to form secondary

amines (141).

R
' L - ' ,'R H.0 ~R
R-BCl, + R'-N3 —> Cl-B—N-R! ——> C1,.B-N —_—23 HN
t

Alkyldichloroboranes react stereospecifically with 2-iodoalkyl

azides to form aziridimes (142).

NCH3 ’R
Ns \:\‘H N
RBCl, + A1 C- _— 3 /N
~ t
I Wic Cr,
CHa H_‘ .
cH ¥ s
3

Alkenylboranes formed from acetylenes and disiamylborane lose an .
allylic proton on treatment with lithium 2,2,6,6-tetramethylpiperidide.

The resulting anions have been silylated with trimethylchlorosilane (143).

---------- Me,SiCl

R-CH,-CH=CE-B(Sia), + : ————3 R-CH-CH-CH-B(Sia), ——2=—=—»
M82K Me 5 ’ .
N
Li-
. H,0, .
R—(IIH-CH=CH-B(Sla) —_—i R—?H-CH;CHO

SiMe, SiMe,

Dihydroboratlon of terminal alkynes follawed by treatment with methanol,
mercuric chlor:.de, and then sodium hydroxide 1eads t:o good yields of

the alkane-l l-dlmercurlc chlorides, RCHzCH(H301)z (1&4)
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f_j3;f,H}&toboratioﬁ;oxidaﬁioﬁf »Selective,ﬁydfogenétiqﬁjbffdicyQLQ}},

o peﬁ;éd;éhé_oﬁer’nickel bbride followed by-hydroﬁoration'aﬁd,chréhié
" acid oxidation provides a convenient route to endo-5,6-trimethylene-

v;ﬁoibbfpanfS- and éé—one (145).

"A detailed procedure for the hydroboration—oxidation of a-pinene has

been published in Organic Syntheses (146). Diisopinocampheylborane

has been used for the cptical resolution of 2—pheny1-1fisobutenylidene-
"cyclopropane (147). Hydroboration of diphenylmethylenecyclopropane
leads to the substituted cyclopropanol, but with benzylidenecyclo-
" propane the boron attacks the carboﬁ next to the benzene ring, in
accord with the usual rules of steric control of hydroboration (148).
The rgaction of trioctylborane with a suitably substituted eyclo-
‘pentenone has been used in a synthetic approach to the prostaglandin
gkeleﬁon (149).
- ‘—A’Study'of_the hydroboration of 3-flavenes and the effects. of
' electron-releasing suﬁstituencs on the reaction has been reported (150).

O-Trimethylbrazilin has been prepared by a hydroboration route (151).

OH

1. BHj-ether . ¢
——————————T

2, Ha0;
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Eydroboration of a;suﬁstifutéd bénzopyranone has Eéen,studied as_é’V-
'ﬁodel syé:em ﬁor_the'synthesis of brazilin and hematoxylin (152):
Hydroboration of chromenes; flavenes, and related compounds to-
produce hydroxy derivatives has been reported (153). The hydro-
boratioﬁ of 4-hydroxy—3—methylcoumarin has been reported (154).

The hydroboration of g;ngiggl,3-cyc10decadiehe and gig,gggggf
1,5-cyclodecadiene followed by oﬁidation to cyclodecanedidls, cyclo-
decanone, and cyclodecanol has been studied (155). The hydroboration
of trans-2-benzylidenecyclohexanone and related compounds and the
stereochemistfy leading to 1,3-diols has been investigated (156).
Hydroboration of ethynyl dexrivatives of sugars has been used for
synthetic purposes (157). A Japanese patent has been issued on the
preparation of a fragrant alcohol by way of hydroboration of isoprene
dimer (158). ‘

Reaction of RBCl, in ether with oxygen leads to rapid formation
of the peroxy compound R-0-0-BCl,, presumably as the etherate, which
can be hydrolyzed to form R-0-OH in high yields (i59). Autoxidation
of 1,1-dimethyldiborane under special controlled conditions has led
to a cyclic peroxy derivative, Me,B,0;. The mechanism has been

studied and found to involve Me,B-O-OH as an intermediate (160).

H5C B/O\ CH
- 3
3 \ d?‘

o—

Evidence has been obtained for the formation of Et0’ and Et° radicals
in the autoxidation of Et3B (161).

4. Borohydride anions. Potassium hydride adds to a variety of

hinde;ed botanes to form R;BHTK+, useful as atefeoséléctive reducing
agents (162).i Lithium triethylborohydride, LiHBEt;, is an exceptionally ..

. References p, 182



S1s2
:?good nucleophlle and is’ better than L1A1H4 for carrying out the- con-}
'verSLOn of . RBr to RH (163) The butadiene hydroboratzon product hastw

. been.converted_to a 51ng1y bridged anlonic'SPecies (164).

—_—_— *  { =—~B—H—B—H

The use of boron compounds as sgselective reagents for organic
synthesis has been reviewed (165). Hydroboration and organoborane
‘chemistry have been reviewed (166). A book on organoboranes in organic

synthesis has appeared (167).
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