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I. . CARBORANES -

A. ;-intfoductiqﬁr
. The»raté éf érodﬁdtién of-totally'upexﬁected neW'findiﬁgsjiﬁ-;hié field‘
has élqwed,:éhd 197§fpuﬁlication§ may‘bercharagfefized és fiii‘ng‘in tﬁeAgaps
and,egtgﬁding the kqowﬁ'general principles. Poi&hedral_cages containing tran-
sition ﬁetalAatoms asrﬁellias carbon and boron haﬁé receiyed considerable
attention and will be surveye& first, followed by cayboranes haviﬁg traﬁsiﬁion
metal substituents outside the polyhedral framework. Héwthorne continues to
lead the way, though interest has spread to several other Ame;ican, Euroﬁeau,
and Rgssian.research grouns. One trend of this work is toward cages éontain—
_ing more transition metal atoms and fewer carbomr and boron atoms, hitﬁvcage
rearrangements being of particular interest. Carbon can be dispensed with zl-
together, and although sdch compounds are ndt “organoboron compounds™ by the
usual définitiou, they have been included with the others in this survey,
without detailed discussion or structures. A second area of interest is the
synthesis of various rﬁthenium, rhodium, palladium, iridium, and platinum
derivatives of carboranes, which sometimes show interesting catalytic proper-
ties. Progress has also been made in including nonmetallic heteroatoms, es-—
ﬁecially nitrogen and sulfur, within carborane (and borane) polyhedra.
Theoretical studies of bonding and structure have continued to appear,
with Lipscomb being the leading contributor. These have mostly dealt with the
smaller carboranes and are included in that section. Theoretical studies on
boron hydrides are also mentioned in the same section. There has been some
synthetic activity in tﬁe field of small carboranes. The synthesis of B-
alkylcarboranes by K&ster and coworkers is novel.
A mechanistic study of the formation of the icosahedral carborane cage

has appeared. Zakharkin, Stanko, and other Russian workers have continued to

elaborate the chemistry of the icosahedral carboranes.
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The most common carboranes and metallocarboranes contain a 12-atom®ico-
-sahedral gagéfor an ll-atom icosahedral fragment. A few figures illustrating

such ‘éompounds will be reproduced, but for most examples the reader will be

:eférred to the numbering scheme illustrated in Figure 1. Removal of boron

atom number 3 from the icosahedron (I) leaves the ll-atom fragment (II), in

which'all of the atoms are renumbered according to the official system. Thus,

- . 2-
1,2—CZB10H12 (I) is converted (by treatment with base) to 7,9-CZB9H11 (ID).

Moure 1. MNumbering schemes for the icosahedron (I) and for the ll-atom

fcosahedral fragment (II) formed by removing atom number 3 from the icosahedron.

The numbering system is even more complex than this simplified illustration
suggests. Structure (II) has been numbered in the wrong chiral sense so
that the common 1,2-(I) to 7,8-(II) and 1,7-(I) to 7,9-(II) transformations
might be readily perceived from one illustration. Another numbering problem
related to chirality is that boxon atoms 3 and 6 are-equivalent in 1,2-
CzBloﬂ12 and 2 and 3 are equivalent in the 1,7-isomer. However, until some-—
one reports the optical resolution of a substituted icosahedral carborane
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» For brevity. and conveﬁience, the érivial names o~carborane, Efcarbbrane5
andigrcarﬁoranéiwi11 bé used forithe i,2-, i,7—, and 1,12fiéoﬁers;‘réspectf,

jvely, of dicarba-closo dodecarborane (12).

B. Transition Metal Metallocarboranes

1. Cages Containing Metal Atoms., The diversity of metals included in
various combinations makes this section difficult to arrange in 1ogicai order.
In geuneral, smalier polyhedra will be discussed first, followed by icosahe-

~dral stru;tures and then 13—gtom cages. All of the compounds included here
:have closo structures. 7

Rearrangements of polyhedral cages are of considerable current interest.
Miller and Grimes have described the vavor phase thermal rearrangements of
seyeral cyclopentadienylcobaltacarboranes having 1-3 cobalt atoms and 3-5

boron atoms (Figures 2-6)[1]. Ihtramolecular rearrangements were observed

@cH  (OsH

Figure 2. Thermal réarrangemeut of 1,2,3-(n5—CSH5)CoCZB4H6 to
l,2,4—(n5—C5H5)CoCZB4H6. [Reprinted with permission from V. R.
Miller and R. N. Grimes, J. Amer. Chem. Soc., 97 (1975) 4213.

Copyright by the American Chemical Society.]
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Figure 3. The principal rearrangement sequence for (nS_CSHS)COZCZBSHS‘
isomers. [Reprinted with permission from V. R. Miller and R. N.
Grimes, J. Amer. Chem. Soc., 97 (1975) 4213. Copyright by the

American Chemical Society.]

wlth.CoC2B4, C02C2B3, COZCZBS’ and Co3CZB5 cages, but not with the C°C233’

C0C235, or COZCZB4 cages that were studied. Intermolecular transfer of the
cyclopentadienylcobalt group was observed in all cases except the C02C233
series, noune of the four isomers of which underwent disproportionation.
Hawthorne's rules for predicting the relative stabilities of larger-cage
dicobaltacarﬁoraue isomers [J. Orcanometal. Chem., 93 (1975) 298] alsc appear
to bé applicable to these smaller cages, except that the tendecy of cobalt to

migrate away from carbon in the larger cages was not observed with the small-
er cages.

Mercer, Tribo and Scholer have studied the thermal rearrangement of the
1ll-atom cage cobaltacarborane, 1—(C5H4Co)—2,4—(CH3)2—2,4,—CZBSH8 (Fig. 7),
and fournd that Hawthorne's rules for predicting the directions of rearrange-

ments in icosahedral metallocarboranes apply to the ll-atom cage as well [2].
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Figure 4. Proposed structures of eight—vertex cobaltacarboranes: (a)

5 5 .
3,1f7-(n —CgHg)CoC B H,, (b) 3,5,1,7-(n,-c5H5)2c°2c234H6. [Reprinted
with permission from V. R. Miller and R. N. Grimes, J. Amer. Chem. Soc.,

97 (1975) 4213. Copyright by the American Chemical Society.]

_ Figure 5. Revefsible'réarrangement of 1,7,5,65 and 1,8,5,6-
(ns—C H_),Co.C B.H (cyclopentadienyl rings omitted -for clarity).

: 55727727257 7 , : ) :

[Reprinted with Défmission,from V. R. Miller and R. N. Grimes,

J. Amer. Chem. Soc., 97 (1975) 4213. Copyright by the American

Chemical Society.]



{b)

Figure 6. Structures of (a) 2,3,8,1,6- and (b) 2,3,4,1,10-
5
— i i f 3 d £
(n CSHS)3CO3CZBSH7 (with one cyclopentadienyl ring omitte rom
each drawing). [Reprinted with permission from V. R. Miller and
R. N. Grimes, J. Amer. Chem. Soc., 97 (1975) 4213. Copyright by

the American Chemical Society.]

It.has become something of a challenge to replace as many of the carbor-
ane cage boron atoms as possible by transition metals, and Maxwell and Grimes
have achieved a new higﬁ,metal/boron‘ratio with the synthesis of [Fe(co)3]2—

(CZHSCO)BZ;H&CZ(CHE})Z (Fig. 8)I3].
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Figure 7. Rearrangement of an ll-aztom cage cobaltacarborane,
1—(CSH5)—2,4—He2—1,2,4—CoCZB8H8 (I), to the 10,2,3-isomer (II)

at 110°C and the 1,2,3-isomer (II1) at 125°C. [Reprinted with
permission from G. D. Mercer, M. Tribo, and F. R.'Scholer,_lnorg.

Chem., 14 (1975) 764. Copyright by the American Chemical Society.]

The structure of the "triple-decked sandwich" compognd Z-Mefl,7—(CSH5)2-
-1,7,2,4—C02CZB3Hﬁ has been determined by X—rayrdiffféqtion (Fig. 9)[4].

Hawthorne and coworkers have reported that the reduction of 4,5—CZB7H9
with sodium in THF followed by reaction with NaCSH5 and Feblz'has yiélded a
new diferracarborane, (CSHS)ZFeéCZBGHS’ ﬁh;chris paramaggetic but on stand-
ing at room temperature‘for seyergl weeks in the solid state, pndgrgqgs
rearrangement to &_diamagnetic,isomer. ‘The étructure of the diamagnetic’

isomer has been determined by X-ray cryStallégraphy (Fig-,lo)[S].




Ic QOsv @ct Scve

Figure 8. Proposed structure of [Fe(CO)3]2(C5HSCO)BQHQCZ(CH3)2.
fReprinted with permission from W. M. Maxwell and R. N. Grimes,
J. Chem. Soc., Chem. Commun., (1975) 943. Copyright by the

Chemical Society (London).]

The reaction ‘of BQH].Z—’ N:L(Csﬂs)z, and sodium amalgam has vielded.
CSHSNiBQHQ, which isomerizes at 150°C [6]. The cage rearréugemeut changes
the nickel atom from having five boron neighbors to only four boron neigh-
bors (equatorial to apical migration in the 10-atom cage).

Salentine and Hawthorne have reported details of the rearrangement of
one isomer of (CSHS)ZCONiCB7H8 to three other isomers (Fig. 11), and have
described the unexpected synthesis of a naphthalene cobaltacarborane, 2-
(nb-cloﬂs)—2—Co—1—CBioH11 (Fig. 12), which was obtained during an attempt

to prepare a Co-Ni carborane from (C_H )CoCB ~ by way of reduction with
7 575 10711

sodium naphthalide followed by treatment with Ni(I1)[7].

References p. 45
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. 5
Figure 9. The struc?ure of 2—Me—l,7—(n--C5H5)2—1,7,2,4—C0202B3H4.
. [Reprinted with permission from W. T. Robinson and R. N. Grimes,
Inorg. Chem., 14 (1975) 3056. Copyright by the American Chemical

Society.]

. 5 ~ -
The reaction of 3-(n —CSHS)—3,1,2—uoCZBQHll with Na followed by PhBCl2
did not result in expansion of the carborane cage but instead resulted in

insertion of the PhB group into the cyclopentadiene ring to from the B-
phenylborabenzenecobalt complex (Fig. 13)[8].
A series of icosahedral metallocarboranes of the general formula

2,2—L2—1,7—He2—2,1,7—HC2B9H9 has been reported by Stone and coworkers, where

M is Pt or Ni and L is R4P or M is Pd and L is t-BuNC [9]. (See Fig. 1 for

numbering of icosahedron.) These were prepared by insertion reactions of
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Figure 10. The structure of the diamagnetic diferracarborane,
5 - R
1,6-(n —C5H5)2—1,6,2,3—FeZCZB6H8, showing the numbering system

used. Atoms are shown as 507% probability ellipsoids and hydro-—
gens are omitted for clarity. [Reprinted with permission from
K.”P. Callahan, W. J. Evans, F. Y. Lo, C. E. Strouse, and M. F.
Hawthorne, J. Amer. Chem. Soc., 97 (1975) 296. Copyright by

the American Chemical Society.]

various metal complexes such as Pt(PEt3)3: (E;3P)2Ni(C8H12), etc., with the

l1l-atom closo-carborane 2,3—Me7—2,3-C239H9. Similar insertion of (Et3P)2Pt—~
. . 5

trans-stilbene into 1 (CSHS) 1,2,4 C°C2B8H10 gave 4.4 (Et3P)2—7—(n -CSHS)—

4,7,1,2—PtCoC2B8HlO (See Fig. 1)[9]1.
Siedle has prepared the icosahedral ruthenium complexes 3,3,3—(00)3—
2-

3,1,2-RnCZBgﬁll and 3—(00)—3,3—(Ph3PLf3,l,Z-Ruczﬁgﬂll from 7,8-0289H11

and (OC)SRucl or (PhSP)Z(OC)ZRuClZ, respectively (see Fig. 1)[10]. The

2
rhodium compound 3-C1—3,3—(Ph3P)2—3,1,Z—RhCZBgﬁll was similarly prepared

References p. 45
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Figure 11. The proposed rearrangement scheme for the (CSHS)ZCoNiCB7H8
isomers. (A CSH5 ring has been omitted from IV for clarity.) [Re—
printed with pemissibn from C. G. Salentine and M. F. Hawthorne, J.

Amer. Chem. Soc., 97 (1975) 6382. Copyright by the American Chemi-

cal Society.]

2
911

f:om_?,S-CZB’H ~ and (?h3P)2Rh(CO)C1, and analogs with other ligands on
rhodium were also prepared [10]. ' :

The reaction ofAcisf(PhsP)thclz “iFh'l’szeg‘gfczBloH1o has yielged
the icosahedral platinum compounds 1,2-Me243,3—(Ph3P)2—3;1,2—PtCZBQH§, and:

two analogous compouﬁds have been prepared from 1-Ph-o-carborane and

(R3P)Z?tCl2‘(R:;'EF’ Pr)[11].



Figure 12. The proposed structure of 2—(n6—CloH8)-2—Co—1—CBlOHll.
[Reprinted with permission from C. G. Salentine and M. F. Hawthorne,
J. Amer. Chem. Soc., 97 (1975) 6382. Cobpyright by the American

Chemical Societvy.]

Figure 13. The proposed structure of 3—[1—Ph(n6-BCSH5)]—3,1,2-
»CoC239H11. .[Reprinted with permission from R. N. Leyden and M.

'F. Hawthorne, Inorg. Chem., 14 (1975) 2018. Copyright by the

American Chemical Society.l.

- References p. 45
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Zakharkln and Blkklneev have reported that bromlnatlon of 3 (C Hs)— S
3 1 2 CoC. B Hll ylelds B-bromo derlvatives hav1ng one to three bromlne atomsf'
[12], Several compounds of the class l—R—3 (C 5)—3 l 2~ CoCngﬁlo have been

°5°5

ZMe CF—CFCF ), and the CH2

and the acid [13}. ArMgBr attacks . the cyclopentadlepyl ring of 3‘(C5H5)f,,

'obtalned from C.H_T1, CoC12, and T1 RC BQHIO (R = CHZOH CH—CHZ, QHZCN

co OH side. chaln has been ox1dlzed to .the aldehyde -

3,1 2—000239H11 to ‘form 3—(C H Ar)-3 1 2—CoCngﬂll [14].

The icosahedral nickelaborane (CSHS)NlB ~ has been obtained from the

11 11

reduction of Na2B11H13 with Na-Hg in the presence of Nl(CSHS)Z, and the di-

nickelaborane (CSHS)?_Nl?_BloHlo has been synthesi;ed from BlOHlo and

(c SHSNiCO) 2 [15].

. R . . - R R
Salentine and Hawthorne have reacted L32C2B10H12 with T}Cl to form the

4
bisf13—atomrcage compound Ti(CzBlole)zz_, which was crystallized as the
tetraethylammonium salt. The compound is red—orange; diamagnetic, and mod-
‘erately stable to air in the solid stafe. The C,C-dimethyl homolog is stable
to air for several weeks. Zirconium forms a.similar but less air-stable com-—
pound, and‘vgnadium yields a paramagnetic analog [16]. The structure of
(Me4N+)ZTi(CZB10H10Me2)22— has been determined by X-ray diffraction (Fig. 14)

[17].

0x1dat10n of (C2 10 12)2Co- and other 13-atom-cage metallocarboranes

with CuCl removes the metal atom from the cage to generate 957 o-carborane

2

and 5% m-carborane [18]."

2. Cages Having External Metal Substituents. This section begins with
soﬁé e#;erﬁally metal-substituted icosahedral carboranes and then proceeds to
Eiggrcarboranes and boranes,'including those having a metal atom along the
edge of the open faée.

Hoel and Hawthorne have reported the details of the preparation -of sever-—
al gfiridiﬁmrsﬁbstituted carboranes {19}, 1In fhé first series of experiments,

g:qarboganyldimeﬁhylphosphine reacted with an iridium(I) édmplex,'[Ir(C8H14)2—'
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Figure 14, The structure of 4,4'-Ti(l,6-Me,-1,6-C,BH, n),,2",

a titanacarborane dianion having two 13-atom cages linked at the
titanium atom. [Reprinted with permission from F. Y. Lo, C. E.
Strouse, K. P. Callahan, C. B. Knobler, and M. F. Hawthorne, J.
Amer. Chem. Soc., 97 (1975) 428. Copyright by the American

Chemical Society.]

C1]2, to form a cyclic B-carboranyliridium complex (Fig. 15). To prove that
the iridium is bonded to boron and not carbon, C~carboranyldimethylphosphine
_was prepargd with deuterium labeling at all of the possible substitution
sites (Fig. 16), aqd it was found that -an Ir-D bond was indeed formed. The
pafticular boron to which the iridium is bonded could not be pbsitively iden—

tified,‘but the 3,6~position seems most likely based on other results. It

References p. 45
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Figure 15. The preparation of B-carboranyliridium complexes by
intramolecular oxidative addition. [Reprinted with permission from

E. L. Hoel and M. F. Hawthorne, J. Amer. Chem. Soc., 97 (1975) 6388.

Copyright by the American Chemical Sociéty.]'

was then found p0551ble to react o—éarboraneAw1th [Ir(C8 14) Cl]2 and PPh
or AsPh to form B-lrldlum—substituted carboranes (Flg. 17).A The positlon .
of substltutlon was proved by the use of 3 6—D —o—C2810H10 Simllar derlya;:
tives of E? and Efggrborane,were also Ob;alﬂed‘(Fig. 18),’ bpt ;ields were -

only moderate and excess carboraﬁe was reQuifed;5l'°

The preparatlon of a cyclic palladlum.derlvative of 1—pheny1—o carborane

has been described [20] Several 1-(Ph P) Rh—substltuted o—catboranes, 1—




Figu?ell6. Preparation of l-PMe2—3,4,5,6,7,11—D6—9_.—CZB]_0H5 (50%
labeled). [Reprinted with permission from E. L. Hoel and M. F.
Hawthorne, J. Amer. Chem. Soc., 97 (1975) 6388. Copyright by

the American Chemical Society.]

(Ph3P)3Rh—2-Rr1,2-CzBloﬁlo, have been prepared from the lithiocarboranes and

Y

10810

(PhBP)BRhCI [21]. The reaction of (Ph3P)3 IrCl with 1—L1—2—Me—9:CZBIOH10
has been postulated to proceed by way of an unstable iridium-carborane o-

bbonded complex, which decomposes to form a cyclic o-phenylene-P-Ir deriva-—

tive containing no carborane [22].

Reaction of (CSHS)Fe(CO)2—-cyc10hexene cation with 7,8—C239H12_ has
yiélded 9-[ .(CSHS)Fe(CO)2]—7?8—C239H12, and a related derivative of B10H13—

has also been described [23].
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- &8
Figure 17. The proposed structures and 80.5 MHz 118 MMR spectra of

3-[ (PPh IrHCl]—o-C B.oHi; (III) and the As analog (IV). Spectra

3)2 2710711

b and d are proton decoupled. [Reprinted with permission from E.
L. Hoel and M. F. Hawthorne, J. Amer. Chem. Soc., 97 (1975) 6388

Copyright by the American Chemical Soc1ety 1
/////// \\\\\\\ Top view of 9-[(C Hs)Fe(CO) 1-7,8-
_ C2B9H12 w1th lower- BGHG omitted for
- elarity. (See FPig. 1 for complete
fg\\\ //// . 1l-atom icosahedral fragment:) -

o \H/ Fe(CO) (c ;5')




¥, L=PPh,
VI, L=AsPh,

Figure 18. Proposed structures of E—(LzIrHCI)-E- and -E_—CZBlOHll.
[Reprinted with permission from E. L. Hoel and M. F. Hawthorne,
J. Amer. Chem. Soc., 97 (1975) 6388. Copyright by the American

Chemical Society.]
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Reaction of 2,3—0234H7— with organometallic chlorides LnﬁCl results in

insertion of the metal into an edge of the carborane structure [24].

H:C ————7 C!.1 H\C ('(H
- Cl
e o . O e

N )

(where MPE = AlMe,, GaMe, , Rh(PPha)a, AuPPhg, HgPh)

" References p- 45
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The aluminum derivatlve (ML AlMeZ) is unstable in condensed phases,\but AA»'

.was- pyrolyzed at 100°C in the gas phase to form the closo carborane CH3AlC2 4 65
- Nido-metalloboranes having 11-atum cages have been prepared from BlO 102"
and I.I.PtClz, where L is an arylphosphine ligand [25]. . The 1r1d1um—'boraue .
anion BloﬂlzIr(CO)(PPh3) exchanges boron—bound hydrogen atoms with molecu—
Vlar,Dz [261. An iridlum—substituted pentaborane has been reported [27]
The structure of [(Ph 5P) Cu] 2B1of1o 1nvolves Gu-H-B ﬁridge bonds [28]
C. Nommetal Heterocarboranes

Wong and Lipscomb have investigated the thermal rearrangement of several
B—chloeophosphacarboranes, CHPBlOH9C1 and concluded that the data are in-
copeistent with the usual cuboctahedral intermediate characteristic of
CZB]_OHIZ derivatives or the alternative triangle rotation mechanism, but
favor a mechanism involving the mutual rotation of two opposite pentagonal
pyramids in the icosahedron (Fig. 19) [29].

The phosphacarbollide monoanions 7,8PCBQH11— and 7 9'PCB9H11 have ‘been

alkylated on phosphorus with benzyl, allyl, and cinnamyl bromides and with

ethyl iodide [30]. The resulting R-PCBgH, ¢ are notably malodorous.

R - R ) Top views of 7-R-7,8- and

-7 9—PCBQH12 with BGHG be~

low omitted. (See Fig. 1

N
/

H~-B C-H H-B -
—‘\\H ; ( B-H for complete 1l-atom icosa-~
/ \B/ ' H \ / . hedral fragment.)
IB - N \P.—A c
H H H. )i

Czech [31] and Russian [323'groups have reacted 7,8—C289H12- with nitrous
2acid and obtained mixtures of 10 7,8-NC BBH11 and- NCZBSH13 : The formerrhas been

N-benzylated and the structure of the derlvatlve proved ‘by X—ray dlffraction
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(b}

(c)

Figure 19. (a) Icosahedral rearrangement through the cuboctahedral
intermediate: (b) Triangle rotation; (c) Mutual rotation of two
opposite pentagonal pyramids in the icoszhedron. [Reprinted with
permission from H. S. Wong and W. N. Lipscomb, Inorg. —Chem., 14

(1975)‘ 1350. Copyright by the American Chemical Society.]

[33]. Differing structures were assigned.to NCZB [31,32].- Sodium bisul-

g3

~ to 10,7,8-SC.B_H o [321.

fite converts 7,8—CZBQH 5BgHy

Q712
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\B?“\/

N
H

Preparation of 107(?hCH2)—10 7,8-NC B8H10’ -top- views w1th
BGHG below omitted. (See Fig. 1 for complete 1l-atom ico-
sahedral fragment.) : -

Nitrous acid converts decaborane to 4—NBSH13, the structure of which has

been determined by X-ray diffraction [34].

Icosahedral SBllﬂ11 has been synthesized [35]. The structure of 2,2'-

H S)z has been determined by X-ray diffractiomn [36].

(-BgHg

D.‘ ‘Small and Medium Carboranes

1. Theory and Structure. A number of theoretical calculations and

structure determinations have been reported on a variety of small and medium

closo~ and nido-carboranes and boron hydrides. Boron hydrides often serve as

"simpler‘medels for theoretical predictions regafding carboranes.

LipecombAend coworkers have reported molecular orbital calculations on
open boron hydride; and carboranes, inclﬁding CZB7H13, CZBSHlZ , and C, BlO L3
using the pertial retention of differential overlap approximation [37]. -The
7 8—0289H12—7is of perticular'interest because of the questionvof therlocationr
of,the~twelfthbhydfogen atom, which was found last year by X-ray crystallo-
graphy to occupy:a pesition near éhe'missino vertex of the icoshedroh iJ. Or-
ganometal Chem., 98 (1975) ’21—’24], though it was located closest to the
boron atom in the pentagOnal face farthest from the ‘two adjacent carbon atoms

(boron atcm number 10 1n the off1c1a1 system). The calculatlons predict the

hydrogen to. be 1. 33 A from,thls boron atom, with. only weak bondlng to, the twov'
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adjacent boron atoms. Bonding to the carbon atoms was not mentioned (but is

evidenﬁlj‘negligiﬁle).

g Top view of the bridge-bond hydragen in
N -
- ~— 7,8—C2B9H12 , with six BH groups below
H_B“~.H - c-H omitted for clarity. (See Figure 1 for
// .l // structure of 1l-atom icosahedral fragment.)
B ;] -
H H

It has previously been reported that a calculation of the energy of
prism-shaped (D3h symmetry) CéB4H5 yielded such an unfavorable value that it
appeared unlikei; that this geometry was on the-reaction pathway for isomer-
izing 1,2—0234H6 to 1,6—0234}16 [Organomet. Chem. Rev. B, 8 (1971) 20].
Lipscomb's group has noﬁ developed a new approach to comvouting reaction path-
ways and found that a distorted trigonal prism, "like the sagging of an im-
properly braced sawhorse," has a much more favorable energy than the trigonal
prism itself. The structures involved are illustrated in Fig. 20 [38].

Ab initio molecular orbital calculations (STO-3G and 6-31G* levels) have
been reported for 17 simple borom compounds, ipcluding BH3, HB=BH, HZB—BHZ,
BCH, HB=CH,, and H,B-CH, [59]. Ab initio calculations have been reported for
BHS and B2H7- [40]. Without electron correlation SCF calculations predict

'

BHS to be unstable with respect to BH3'and HZ’ but with correlation it has a
binding energy of -2 kecal/mol in a gs geometry. Ab initio molecular orbital
calculations on C,BjH; and C,B H, have been reported [41].

Extended Hiickel calculations suggest that the isomers of C253H52_, which
are square pyramidal structures analogous to pentaborane, can be interconver-
te@ by relatively open transition states, and that CZBAHGZ_ isomers likewise

have an open face and are interconvertible through open transition states,

in all cases avoiding the closo polyhedral forms characteristic of the neut-
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TP- C, Ba He - DTP-C,BaMg

1,2-C3Ba Hg 1,6-C2 B4 Hg

Figure 20. Possible pathways fﬁr rearrangement of 1,2-C BAH6 to
1,6- C?_B4H6. The atoms are identified throughout b& the numbers of
the positions to which they move in the 1,6-isomer. The intermed-
iate labeled DTP- C254H6 is the one calculated to have low enough
energy to lie on the reaction pathway. [Reprinted with permission
from T. A. Halgren, I. M. Pepperberg, and W. N. Lipscomb, J. Amer.
Chem. Soc., 97 (1975) 1248. Copyright by'the American Cheﬁical

Society.]

ral molecules C,B.H. and C,B;H_ [42]. Extended Hiickel calculations suggest

27375 27476

that a dodecahedron of 18 carbon and 2 boron atoms may be capabie'of exist—

ence [43].

Muetterties, Hawthorne, and coworkers have poted that BSH82~ and B H

as well as thé isoelectronic carboranes, undergo cage rearrangements much '

more easily than do other cage 81z=s, and have prov1ded a theoretlcal dis- -

cussion of the knowmn exDerlmental data [44] Wegner has,pointed_out theA
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;,éimilérity:iﬁ electronic st:ucture of the distorted icosahedral cages of d8

I BT ) - ) _
.-and d:rb}s(dlgarbgllyl)metal complgges to the anions CZBIOH12 and CZBIOH12

2—
énd e#piﬁiﬁéd:ﬁhet“slipned" cage geometry on the basis of filling of antibond-
fihgvmplecﬁléf-A;éi;als [451.

] nThe strucﬁufes of 142—C284H6 and CB5H7 have been determined by gas-phase
Véléctrdnvdif£raction [46]1. The structure of CBSH7 is unusual in having a
‘triply—bridgiﬁg hy&rogen atom which essentially occupies one apex of a 7-atom
cage (Fig. 21). These results are in agreement with the conclusions based on
microwave and NMR spectra which were reported last year [J. Organometal. Chemn.,
98 (1975) 324]. The structures of 2,4—C2B5H7 and 1,6-C2B4H6 have been deter-

mined by electron diffraction [48]. Electron diffraction studies have yield-

O H(12)

Figure 21. Projection of CBSH7 down the pseudo threefold axis
defined by atoms B(2)B(3)B(6). [Reprinted with permission from
E. A. McNeill and F. R. Scholer, Imorg. Chem., 14 (1975) 1081.

Copyright by the American Chemical Society.]
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:ed the boron—carbon bond distances 1. 59; (t 0 005) A for l—methylpentaborane f
. nd 1. 592 (i 0. 005) A for Z—methylpentaborane.i"

Fehlner has concluded that the He(I) photoelectron spectra of 1 5~
CZB3HS, 1, 6—C2 3 6’ 2,4-C BSH7 and l 7-Cc BlOHIZ are consistent w1th loss
of electrons from exo—polyhedral orbitals [50] ' Comptonrscatterlng of v-
rays by decahorane agiees with localized molecular orbital. theory [51].

The 70.6-MHz 113 NMR spectra of 7 9—CngH12 and a series of its der-
ivatives have been measured and the chemical shifts of the various boron
Vatoms elucidated [52]. :Boron-carbon NMMR coupling constants have been det-
ermined for a series of trialkylboranes, alkyldiboranes, and alkylpenta-
boranes, as well as BH3CO and BH3CN- [53]. The llB NMR spectrum of B4H8CO
at —-20°C reveals the presence of two stereoiéomers, probably endo and exo
[54]. The stereochemically nonrigid anions B H s BSH12 > 6H11—’ and B7H12
have been studied by proton and borom-11 NMR spectroscopy [55]-.

2. Synthesis and Reactions. Scholer and coworkers have observed that

the eiectrochemical reduction of a cyclic 4,7—dioxy—2,3—dicar$a—glg§gfundeca—
borane(11) (Fig. 22) is electrochemically reversible in the first step and
gives a stable radical anion, which is detectable by ESR. The second elec—
tron added evidently results in rearrangement, perhaps to a nido anion, and
is electrochemically irreversiblé; but the original closo carborane can be
regenerated by chemical oxidation [56]. The compound studie& and several
analogs were made by reacting glycols with 4,7-(HO) —2 3-Me —L J—CZB6H7,

and by the use of oxygen-18 labeled ethyleme glycol it was shown that the
B-hydroxyl groups of the borane are replaced [57}.

Koste; and coworkers have s?nthesizea #1kylatgd CZB3rcarborénes from the

“reaction of R B-CEEC-R'Vwith (R BH)Z; and also from the conversion of HC[B(O-
Me),l, to HC(BEt,), with BEt, followed by treatment with AlEt3 [58]. The

latter reaction also yielded hexaethylhexaboraadamantane.



Figure 22. The structure of 4,7-[1,2-phenyldivibis(oxy)]-2,3-
dimethyl-2,3-dicarba-closo-undecaborane(11). [Reprinted with
permission from G. D. Mercer, J. Lang, R. Reed, and F. R. Scholer,
Inorg. Chem., 14 (1975) 761. Copyright by the American Cheémical

Society.]
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Flash thermoly51s of 1, 2—(Me Si) H7 yields several silyla ed,small

Vcloso carboranes, includlng 1—SiH3—1 S—CZBBH4’ 14 SlMeHZ—l S—CZB3H4,‘lfSl§3”

-2—Me—1 S—CZB3H3, and also 2— and 4—Me—CBSH6, which equllibrate [50] Fluéf—;

ination of 2 4—CZB5H7 with elemental fluorine at low temmerature has y1e1ded:

‘a2 serles of monofluorlnated and difluor1nated derlvatives as well as the l
_ cage cleavage product FZBCHZBF2 [60]. ‘ .
_ Coupling of 1—Li-1'10'c2 8 wlth CuCl has . yielded HCBSHSC—CBSHSCH.[Gll.
A useful preparatlon of the dlazonium compound ...-BlOHQN2 from BlOH10 . apd
has_been described [62].. _

The synthesis of the nido carborane 6;9—02B8H14 has been reporfed [63].
Reac;ion of 1- and 2—(Me3Si)BSH8 with butyllithium fo11§wéd'by Me,BC1 yields
borénes having-a basal MeZB bridging group in place of a bridge hydrbgen

. [64]. The germanium analogs behave similarly. A néw syathesis of penta-

borane(9) from Bu N B3H " and HBr followed by pvrolysis of the resulting

8

4N B3H7Bt at 100° has been reported [65].

Oxidation of 7 8—C239H12— with chromic aci& haé yielded an anion,

C4318323 » believed to consist of two dicarbollide cages linked by a singie

hydrogen bridge between boron atoms 9 and 9', and -a neutral product CAB18H22’

‘Bu

having two B-H-B linkages betweed'dicarbollide units. Reaction of C4B18H22
with diborane gave a mixture of o-carborane and 4,4'-bis-o-carborane, and
feduction of the cesium salt of C4318H22 with sodium in ammonia gave 9,9'-—

f(7,8-C (See Fig. 1 for the structure and numbering of the ll-atom

2Bof11) 2
icoéahedral‘fragment.) The svnthe51s of B14H18’ ln whlch the decaborane and
hexaborane frameworks share a common edge, has been renorted [67] ,Small

'émounts of-a new boron hydrlde, 14 202 have been prepare@ and the stfucturé
has been determlned by X—ray dlfLractlon fes]. .

7 The reaction of 1 7—d1methy1—m—carborane w1th KOH in ethanol under
pressure at l60°'y1e1ds 3-Etpf7,9-Me2 -7, 9-023939 [69]. Alkylatlpn_og di-

carbollide ion, 7 8—CngH11?_,:with,RX3(g = Me, Ec;:ﬁq,'éilyl;lx = Cl, Br,
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:-Ki) inita_ally ocvcursr at boron nu:mber 9, but leads to cage rearrangement re-—
—'sultlng in formation of 3—R—7 8—021391111 [70]1. (See Flg 1 for numbering
'~"'of the 11—atam J.cosahedral fragnent, or note the considerable similarity

v:between this_structure and the ‘one 1mmed1ately preceding.) Alkylation of
i;?—CZBéHllZ—Aodéurs at anredge boron and is not accompanied by rearrange-—

ment.

1,7-Me,-1,7- C.,BlOHlo

Alkylated beryllium-boron hydride mixtures from MezBe and B4H10 and re-

lated ingredients have been patented as liquid fuels [71]. The fate of

those who breathe the exhaust fumes was not mentioned.

E. Icosahedral Carboranes

1. Mechanism of Cage Formation. The mechanism of carborane formation

from (Me S)2 10 12 andra series of substituted acetylenes has been studied

by Hill, Johnson, and Novak [72]. It was found that (Me S)2 10 12 dissociates
reversibly to Me SB]_OH12 + MeZS, and the rate-determining step is the combina-
tion of MeZSBlOHl2 with R—CEéCH. The rate was found to be first-order in
(Me,)s)2 10 12 and first—-order in acetylene and to be suppressed by excess
MeZS. Good correlation of AH* and AS* with Taft polar substituent constants

was: noted. Electron—-domating substituents on the acetylene lower AH* but

the isokinetic temperature is 12°C, -and accordingly the AS* term dominates
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the relatlve rates in the temperature Lange studled 37—60° C, aO Lhat the ;~

rate 1ncreases sllghtly w1th increa51ng electron—w1thdraw1ng character of

the substltuent.-'

2. Detlvatlve Cﬁemlstry._ keaetipns‘ehiebfceayert icosahedtai earbof—
anes to eages of other slzes or vice vefea Hate.ﬁeen,qotedrin precedingveec;
tions [16, 18, 69]. What follows cen51sts oflgne—Uts; pateat and 18 Rﬁseian
publications, most of them by Zakharkln s groeeg. ‘ A

Stanko and Anorova have reported more studies on the.rearfangement of
the dianion from sodium reduction of B;carboranes te o? and E}carboranes
[731.

Sulfur reacts with E;RCBloﬂlocNa to form EfRCBlo 10CSNa, and several
typical thiol reactions have been carried out with these compounds, includ-
ing oxidation to the sulfonic acids {74]1. The oxidation of dilithio m- and
p-carboranes to Eggf-dihydrexycarbcranes has been patented [75]. C-Lithio-
o-carboranes have been employed in Michael additiens to ethylidenemalonic
and benzylidenemalonic esters [76]. Epoxypropylcarboranes have been pre-
pared from lithiocarboranes and epichlorohydrid [771.. Reaction of an epoxy-
propylcarborane with'dilithiojgfcarborane has led to .a compound having three
carborane cages linked_throegh aliphatic chains. MeCBlOHlOC—CH CHOHCH2
CBloﬂloc ~CH CHOHCH2 CB10H10CMe [781. Epoxide opening reactions of l-epoxy-
isopropyl-o-carborane have been described [79]. 1-Cyclopropyl-o-carborane
has been made from cyclopropylacetylene and decaborane [80].

Mikhailov and Shagova have reported the synthesis of some boracyclo-

pentano-o—carboranes and boracyclopenteno-o-carboranes [81j.
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C—Aminocarboranes have been prepared by reduction of the nitroso com-
pounds and have been formylated and acetylated and converted to Schiff bases
[82]. Reaction of ngCBloﬁloc—CHZX (R = H or Me, X = C1, Br, or I) with EtZNH
in benzene gave good yields of g;RpBIOHIOC—CHZNEtZ, but with piperidine the
major reactions involved the usual removal of a boron atom from the cage. With

ethanolic Me,NH, o-HCB C—-CH,Br gave mostly the substituted dicarbollide

10H10

derivative, [7,8-H039H100—CH2NMe2]‘, which was N-methylated and then reacted

with sodium cyanide to form [7,8—HCBngOC—CH2CN]7 {83]. The acid-catalyzed
cyclotrimerization of p-acteylphenyl-o- and -m-carboranes forms the tris(car—
boranylphenyl)benzenes [84]. Mixtures of B-acetoxycarboranes have been ob-
tained from the oxidation of o~ or m-carborane with KMnOA or CrO3 in acetyl-
ating media [85].

The preparation of disil&lated m-carboranes from dilithio-m—carborane
and MeoéiMezcl or related chlorosilanes hag been reported [86]. Refluxiang

1-RMe Si-m~CB. H. CH in ether with-a catalytic amount of alkali causes dis-

2 10710
proportionatioun to m-carborane and RMeZSi—CBlOHlOC-SiMeZR [87]1. Russian

patents have béen issued for the reaction of lithiocarborames with aryl
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>fcyauates to form C—cyanocarboranes [88], the preparatloniof carboranyl

'substituted aromatlc nltrlles [89], the synthe51s of dlfunctlonal 5111con

derlvatives of m-carborane [90], and o-carboranyl organosl’1con.perox1desi

related to 1ntermed1ates for polymerlzatlon [91].

3.; Phy51cal Organlc Studies. Radicaliintermediates ih'the:gamna—fay

'1nduced polymerlzatlon of alkenylcarboranes have been examined by ESR spectro—
scopy [92]. Russian workers have published ten more papers on" various. phy51-
cal measurements of carborane properties. Chlorlne‘35 NQR data have been :
obtalned on 1-Cl-o-carborane, the meta and p__g 1somers, and their C—chloro— o
C'-methyl homologs [93]. Hydrogen bonding in a series_of;carboranyl—substl—
tuted alcohols hes been examined by infrared spectroseopy [947. Mhss spectra
of 1-vinyl- and 1—(1—methylv1ny1) -1,2- C2 4Hs» —CZBSHG, and —CZB]_OE11 have been
described in detail and interpreted [95]. NHR’spectra of gjtrimethylstannyl—
and Eftrimethylplumhyl—carborenes have been measured and‘interpteted {96].
Electrophilic displicements of mercury from 1,1-bis(2-phenyl-o-carboranyl)-
mercury have been studied [97]. Proton and carbon-13 NMR spectra of i;iso-
Vpropylfgfcarborane and its protonated dicarbollide derivative‘have been
observed and interpreted [98]. Hydrogehrbonding of Q;HCBloclloCCH3 with
vericus'solventS'has been observed by infrared spectroscopy [991. kihetics
of;the reaetions‘of m-carborane-1,7-dicarbonyl and p}carborane-l,lzfdicarbo—
rny; dichloride with aniline in various solvents have been reported [1091.
Kinetics of the reaction of m-carboranecarbonyl chloride with aniline‘have
been.meaeured in several solvents fio1il. Morevevidence fot the electton~ .
withdtawiﬁg‘charactergof the 1fp}carboranyl subetituent_has been gathered
‘and its Taft o constant determined [102]. ' ‘
F. Reviews 7

Muetterties. has edited a book on boron: hydr1de chemlstry with’ chapters

by active workers in the fleld on varlous aspects of carborane, metallocar— -

borane, and nydroboratlon chemlstry [103].
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' several reviews of carborane and metallocarborane chemistry have appear—

:éﬂ [idé%112j; >Aspects of icosahedral carborane chemistry have been reviewed
1nRussian (113, 114] and English [115].
II.A .HYDROBORATION V
Ao Boién'ﬂydride~Reactions
. ?his section deals mainly with the hydroboration reaction itself and
various.reagents and techniques used to éontfol its outcome. Further appli-
_cationé of hydroboration products in synthesis are covered in parts B and C.
Two explosions of bottles of tetrahydrofuran borane have been reported
[116, 117]. The cause is believed-to be gradual buildup of hydrogen press-—
ure during storage.
A convenient technique for hydroboration of gaseous alkenes using auto-

matic gasimetry has been described [11871.

CH, CHgy
l _’I,r‘——ﬁ\ ' IJ
(CH3) ZCH(‘:—BHZ + K/ ) _— - (CH3) ZCH(‘J—BH\/:,
C

CH3 H3
"thexylborane"
Et3N
_ Et3NBH2 + (CHB) 2C=C (CH3) 2
(cu.) cn?cﬂgn + | — = (CHy) CHEHIBBH ' (Ciy)oCmCHCHS
= ~BH~ T
372 éH 2 372 éﬂ )
3 3 )
CH ’ CH
R 3 /CH—CH(CH.3) 2 - CH-CH (CH3) 2 .
~ (cHy) an?———B.\ : . HB . + (CH,4) ,C=C(CHy)
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Brown end coworkers have publlshed detalied accounts of the conver51on:
‘:or thexylborane to - thexylmonoalkylboranes and thelr reactlon w1to trlethylamlne
to form . the amine complexes of monoalkylboranes [119] or thelr reactlon w1th a
second olefln to form.trialkylboranes conta1n1ng three dlfferent alkyl groups
"~ and the dethexylation of these to form d1a1kylboranes,conta;n;ng two differ-
ent alkyl groups [120]. Brown and Gopta have reporoed full &e:ailé-of the use

of catecholborane as a hydroborating agent, which provides a highly useful

route to alkaneboronic and alkeneboronic acids and their derivatives [1211.

o o H,O

72 N
i\ mu + r-cu=cu, p-cucHR  _Z RCH,,CH, B (OH) ,

. NS

2772

H,0 (H0) ,B_ u
\[ BH + R~C=CH -——» - c=c_.
\ :d R

c-c

Pzlter and coworkers have found that RZBSR', readily avai;able from rad-
ical reaction of R3B with R'SH (1959 work by Mikhailov and coworkers), reacts
with bromine to form RzBBr [122]. RzBBr and NaH in the presence of alkenes
yleld mixed trlalkylboranes, RZBR" with negligible redistribution of R aod

' [123].

Potassium hydride édds ﬁo'various hydroboration products from butadiene

to form anionic_eompounds having a single hydiogen bridge between tﬁoibbron:

atoms, an&ithe X-ray structure of one of these has been determined [124].
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Cyclohexenone, cyclopentenone, crotonaldehyde, and cinnamaldehyde are
reduced at the carbonyl group and not hydroborated by 9-BBN -[125].

Reaction of ArHgX, where X is €1, OAc, or Ar, with diborane followed by
aqueous work-up gives good to excellent yields of ArB(OH)2 [126]. Reaction
of ArTl(OZCCF3)2 with diborane followed by hydrolysis also yields ArB(OH)2
[127].

B. Borane Rearrangements

Most of the trialkylboranes used in these rearrangements are prepared by
hydroboration and this area is usually considered to be a part of hydrobora-
tion chemistry, even though the hydroboration process is not truly essential.
The synthetic utility of these reactions is in a period of rapid expansion,
and- hydroboration of alkenes or alkynes followed by various rearrangements

_to form carbon-carbon bonds promises to become a very .important tool in syn-
thetic organic chemistry. H. C. Brown is still a major contributor, and many
of his former students are also developing this field.

The reaction of MeSCH,Li with R_ B followed by methylation of the sulfur

2 3
with methyl iodide results in rearrangement leading to homologation [128].

- = Mel =.
+ —_— +
MeSCH2L1 . BBu3 MéSQHZBBu3 —_— Me2§CH283u3 — BuCHzBBu2 Mezs
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- Acetylenic compounds are partlcularly valuable in hydroboratlo ——rear:

rangement sequences and have been used in a wide variety o :wa

converts R’ B(C"C—R)zf to RrC‘-C C==C—R [129] ; Hydroboratlon of acetylenesi f
with chloroborane followed by treatment of the resulting dlalkenylborou :

Vchlotides w1th methylcopper ylelds (E E)—l 3—d1enes [130]._The reactlon of

B _R  CHCu  R_. _H

R-C=CH -+ BH,CL*Et,0 — R>c=c e —— % = C=C_ H
o 2 2 " .. u 4 :C=C/&
. " .

cl

l1-halo-1-alkynes with dialkylboranes_followed by. treatment with LiBHEt3 or
KBH(s-Bu)3 produces cis—-alkenylboranes. stereoselectively and in high yields:

[131].

Bu I HBR' -Bu BR
BuC=CI + HBR, — Ne=c” — 3 Ne¢” 2
5/ \BR B: 7NN

R = cyclohexyl, -—CH(CE3)CH(CH3)2

The rearrangement of lithium alkynyltrialkylbérates in the presence of
acid occurs in two stages, the first alkyl migration occurring at -78°C and
the second at higher temperatures [132]. Rearrangement cf R,B-CR=CHR in acid

is general, except that R,B-CH=CHR cleaves to H2C=6HR instead. Boranes having

_ HC1 - ) BHCL R G H,0, -
RB-C=C-R* ————> RZB—C—CHR‘ EEELE— _B~C-CH,~R" -—— 5~ HO-C-CH,—R"
-78°c  ° L. B,0 mOT L SIS S

R 2
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‘.4stvx_.;u‘<:t‘uiv:és h’o<t>_ attaina];ile by hydr_pbdfati_on reactions have been.obtained from
“the 'iprot;ohé.tioﬁ-’reéffangementi" of ilinylt_:fialkylborates and alkynyltrialkylbor-
ates [133]. 'PhCEC—BB{;Bf:'trééted with propionic acid rearranges and protode—

+

- ' S+ . ~
R3?—CH—CHZ Li + B —_— RZB-(;:H CH3
R .
= I + (=
R3B-C:CH Li + H RZB ? CHZ
R

borbnates to form PhCH=CHBu that is 74Z cis and 26Z trans. The cis content
ié increased to 98%Z if a thexyl group, —CMe'ZCHMeZ, is used in place of one
of the butyl groups, the butyl group migrating preferentially [134]. Thexyl-
dialky}alkynylborates can be alkylated with methyl sulfate to provide a

stereoselective route to trisubstituted olefins [135].

Bu Me . Bu Me
Bu,B-C=C-Bu + Me,S0, — > =c< —acid , >c=c<
1‘1 BuB Bu B Bu
R

(83% of cis/trans
mixture)
(R = thexyl)

Reactions of R—C‘:‘C—BR'; with epoxides have been reported f136]. Reaction

7 o
— -\ ~0_ H,0 . tu_e Rt
R—CEC—BRé + R"-CH—CH,—> R"-CH I?Ri ! 22— RUCHCH,-CH-C-R
' 3
HZC\ PN —3 Ac RCHOHCH H
C/ RrR! . _QH_, 2\C—C,
1 H =
R ! R R
L = i, -
: "CHOHCH R'
“NaoE R CHORCHEN s
R/ \R'
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Cof- R—C_C—BR3‘ with cu soc1 yields R-C= C—R' [137].‘ Addltlon of He N—CH to

3

:'CH3C CBR3 glves a mlxture of stereolsomers [138].-

+ Me N —> BEt " Me oNCH; Et:

- ] 7 . iy V4
CH,C=CBEt, + Me,N-CH, — 2 12+ , \_C-_/ -
. HZ ~ /C Et : ) H// NG
o c BEE
; 3 PE2
CHy

A rearrangement results when aldehydes react with CH2=CHBR3— [1309].

,’0 \-
RT 5By 0,0
- e ] . 1]
CHZ—CHBR3 + R'CHO » i = . 272 R ?HCHZFHR

OH OH

Lithiation of trans-1,2-dichloroethene followed by reaction with tributyl-
borane, rearrangement with iodine, and workup with hydrogen peroxide has.

vielded 5-decyne [140].

B-C=CBu — Bu—C=C-Bu

ClCH=CHCL + MeLi -+ Bu,B B—C=CC1lLi > Bu
i .

3 = Buy 2
Bu

The mechanism of alkylation of 2-bromocycloalkanones by trialkylboranes
in the presence of a hindered base has been studied in considerable detail,
and the migration of an alkyl grou§ from boron to-carbon has been found to be

the rate-determining étép [1417.
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i
Br
ROCEt, L BEE,
—_— = —_——
-] BBt R
/-‘ -
g /A\\T‘Br‘ slow f Et
. —_— . —— >
k\\’// +Br
OBEt 0
2 il
Et ROH [ Et
—_— s

It has been shown that a compound once supposed to be BuZBCOPh is in

fact BuZBOCHZPh, and the existence of acylboranes as stable monomers has been
questioned [142]. (Acylboranes have been postulated to be intermediates in
the rearrangement of carbonylated trialkylboranes.)

Protonation of RaBCN_ results in migration of two alkyl groups and form-
ation of a cyclic dimer of gzN—CRz—BRCN, which on oxidation yields R,CO [1421.
R,BCL and £-Bu-N=CR'Li (from t-BuNC and R'Li) give an intermediate t-Bu-N=CR'BR,
which rearranges on treatment with mercaptoacetic acid to form a borane which
can bé oxidized to RCOR'. Heating the intermediate borane with sodium hydroxide

results in migration of the second B-alkyl group to form RZR'CB(OH)Z. which

with hydrogen peroxide yields the tertiary alcohol RZR'COH [144 145].

The reaction of R3B with R'N3 to give R_B-NRR' has been patented in

2

Japan [146]. ‘Reactioﬁ of a-azidostyrene with R_B followed by hydrolysis

3
yields PhCOCH,R [1471.

Refefences p. 45
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. -2 3 0 2
; N3 - L o N-BEt + N

v.ph'—?=c£1' + Et B — Ph—c-CH Et s Ph'?:—cu —Et

‘ Reaction of Cl2CHOGH w1th R2BO(IH3 is catalyzed by suitable bases t:o
form RZCClB(OWe)Z, which on solvolysis in -aqueous ethanol and AgNO3 gives

olefins [148].

O — Oy

CH
. ) 3 i - -
(CH3) ZCH-(iI r': ——B(0Me) y —> (CH3) ZCH-IC S rl: —
1
CHy C 7 G,  CHy

+
(Rearrangements via RZCB(OMe)Z)

Aqueous silver nitrate converts 9-BBN to cyclooctanone and a small amount
of cycloqcteng [149]. Chromic acid converts 9—BBN7to éycIooctanone, 10-bora-
bicyclo[4.30]decane ﬁo-cyclononanbne, and 11—boraﬁicyclo[5.301undecane to
ncyclodecanone [150]1. Hydrogen perox1de oxidation of a 9-BBN ate" complex
produces substantial amounts of blcyclooctanol an alkyl migration product
[151]. -

Hydr;boratlon of 2 4—cyclopentad1ene—1—acet1c ester with oétlcally ac—
tive dipinanylborane ylelds a useFul optlcally active 1ntermediate for prost-.

aglandin,synthesis, yhigh has beea patented»[lSZ]. Opglcally active
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_ SR ' o
H . z
\“\)
H
HO,
+

OH

and mirror image derived from

CH,CO0,Me

opposite enantiomer of pinene

(/

14,"

(EtCHHeCHZ)ZBH has been prepared and used to hydroborate butylacetylene. On
rearrangement with iodine and alkali, the product EtCHMeCHZCH=CHBu retained
tﬁe configuration of the original asymmetric center and had the expected cis
double bond. Hydroboration of l-bromohexyme followed by rearrangement with
sodium methoxide and deboronation with propionic acid gave the trans alkene
having otherwise the same structure [153].
C. Hydroboration in Synthesis

Most of the chemistry covered here involves hydroboration followed by
oxidative replacement of the boron, with a few exceptions. Since hydrobor-

ation—--oxidation sequences have become routine procedure, many of these papers

are treated very briefly.
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. New methods of replacement of boron have been disccvered rrlalky;bor-{f

anes react with ferrlc chlorlde in’ aqLeous THF to-ylald alkyl chlorides and .;r’

Vwith ferric thlocyanate to y1e1d alkyl fhiocyanates [154].~ Salen;ug'aioxldajﬁ;i’

'_converts trlalkylboranes to dlalkyl selenldes [155] - “ b' EE

7 Trlmethylamlne oxide dihydrate 1n refluxlng dlglyme is a mild reagent

for converting alkylboranes to alcohols [1561. B '
éydroboration of anti--7 trimethyltin-2-norbornene 1s much faster than ;

hydroboration of the s _zg_lsomer permitting exc1u51ve hydroboratiou——oxida—

tion of -the former in the presence qf the-latter.» However, :he slower hyd-

roboration of the syn isomer does proceed efficiently and surprisingly pro-

duces a little more exo than endo product [157]. Details of the hydrobora-

M
feqSn _ Me,Sn
- 1. BZEG (fast)
N /I 2. H,0,, NaOH / Jou
_ SnMe » SnMe
1. B,H, (slow) 3 el 3
26 . ! &
2. H,0,, NaOH' F :\[ /”‘\
ii/'\DOH + ,, o
o’
(50-60%) . (40-50%)

tion of limonene have been publiéhed [158]. . The borane formed is cyclic and
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-ieads1ste}eeeéecificaliy to a sipéle diol product. Use of an asymmetric hyd-
\_,A.ro'borrat‘mg agent:rl'rxar.e esta'bllshed ‘the absolute conflguratlon of some benzonor-—
frboranenes synthe51zed for use in mechanistic studies [159].
Hydroboration—ellmlnatlon of a silyl enol ether has been shown to pro-
‘ceed with predominant but not exclusive cis elimination of boron and oxygen

{160]. The'hydroboration-—oxidation of cyclohexanone silyl enol ethers has

Ph_ _0SiMe, Ph, | _0SiM
N~ 7 % €3
e -C_\ + RZBrI —— RZB——- —Gnnn-Me

H Me o H
\c c/ + R, B-0SiM
— /// = 2 €3

been patented in Japan [161].

Hydroboration has been investigated as a tool in sesquiterpene synthe-
sis [162, 163]. Hydroboration has been used for the selective functionali-
zation of a terminal olefinic group in polyenes related to terpeneids [164].

The stereochemistry of hydroboration of some t-butyl, trimethylsilyl-,

and trimethylgermyl-cyclohexenes [165] and of several suhstituted methylene-
cyciohexanes has been reported [166].

Direceive effects in the hydroboration of substituted vinylferrocenes
have been studied [167]. The hydroberation of some ellylic ethers with dibutyl-
borane has been reported [168]. VMbre studies of the hydroboration of substi-
tued 'piperideinesrhave been reported [169, 170]. Hydroboration of Mezl\i(CHZ)z—
CHMeCH=CH,, has been reported [171].

Hydroboratlon of a series of methoxy-2-hexynes has been studied and the

References p 45
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- regioselectivity interpreted on the basis of sterlc and 1nduct1ve effects of -
) the methoxyl group [172].7 9_BBN gives the dihydroboration product w1th 7
allene,. R2BCH2CH2CH2BR2, and the‘monohydroboratlon product with 1 1—dimethy1—
allene, (CH3) C=CHCH BR (where RZ is 1 S—cyclooctadiyl) [1731. Hydrobora- 7

o2
tion of a highly hindered methylated octalln has been descrlbed [174]. Hyd—rr
roboration=—oxidation of the Diele—Alder adduct of cyclohexadiene ﬁith'eyclo—.
pentadienevhae been reported [175]. The hfdroboration.qf FCClH—CFz—CH=CH2
has been reported [176]. Hydroboration--oxidation of some steroids has been
patented iﬁ Japan [177]. Hydroboration has been used in tﬁe»preparatioﬁ of
isoflavones [178, 179].

rricyclohexylborane and nitrobenzene yield a mixture of N-cyclohexylan-—
iline and nitrosobenzene [180]. Hydroboration of diphenylacetylene to
PhCH(BH,)CH(BH,)Ph followed by oxidation with CrO, yields trams-stilbene
[181]. Hydroboration of enamines as a method of reduction has been examined
[132]. .

Hydroboration of bicyclo[3.3.1]lnona-2,6-diene with tetraethyldiborane
followed By heating with triethylborane has yielded B-alkylboraadamantanes
[183]. Hydroboration leading to small carborames and a hexaboryladamantane'
has been noted in Sectiom I, Part D-2 [58].

D. Reviews

Brown has written a book on the use of boranes in organic synthesis [184].
Onak has written a book which covers the gemeral field of organoborane chem-
istry [185]. Muetterties' book contains chapters on mechanistic aspects of
hydroboration [103].

~Brown has reviewed some of the history of the development of hydrobora-
tion chemistry [186]. The preparation of orgeﬁoboranes has been reviewed by

Smith [187]. Suzuki [188] and Yamamoto [189] have reviewed organoboraﬁe

chemistry in Japanese.
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