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A series of tricarbonyl rhenacarboranes {[M][Re(CO)s(RR'C,BgHq)]} (M = Na, K) were synthesized in water using
microwave radiation with reaction times of less than 15 min. The novel complexes were isolated in good yields
(57-94%) as either 3,1,2-(R = H: R" = CH,Pyr 6; R" = CH,Cy, 20) or 2,1,8-(R = H: R" =H, 4; R" = CH,PyrMe
12; R" = CH,PyrH, 13; R" = Pyr, 15; R" = Ph, 17; R = R’ = Bn, 19) metallacarboranes and characterized by
multinuclear (*H, B, 3C) and NOE NMR spectroscopy, IR spectroscopy, mass spectrometry, and X-ray
crystallography in the case of compounds 12 and 13. Carborane cage isomerization from the original 1,2 configuration
to the 1,7 orientation occurred in cases where significant steric crowding was present at the metal center. Incorporation
of a methylene spacer between the carborane cage and the six-membered ring as in 7 and 20 decreased steric
strain such that the 3,1,2 configuration was maintained. Conversion of the 3,1,2 complex 6 to the 2,1,8 isomers 12
and 13 takes place at room temperature upon methylation or protonation of the pyridyl ring, indicating that electronic
effects also play a significant role in the isomerization process.

Introduction ways are the diamonresquare-diamond and triangular face
rotation “mechanisms”, but these are best considered
schematic representations of the process rather than true
reaction mechanisms. Furthermore, the +;21,7 isomer-
ization process appears to vary from system to system. For
example, in situ NMR studies have shown that the platina-

isomer? Numerous transition metal complexes of substituted carborane [1-Ph-3,3-(PMen)-3,1,2¢losoPtGBsH,] is
converted directly from the 3,1,2 species to its 2,1,8 isomers

ortho carboranes have since been preptwdtere it has been . ) : :
P (Scheme 1§.In this instance, no intermediate is observed,

observed that the introduction of sterically demanding L .

substituents on the carborane carbon atoms decreases th%nd migration of e|ther.carbor_ane. ¢ atom can occur. n
barrier to isomerization so that the more thermally stable contrast, an analogqus isomerization to yield the rhodium
2,1,8-metallacarboranes are obtained at much lower temper_complex [2.2-(2.3,87):(5,647)-C7H:CH;)-1,8-(4-MeCiHa)z-

atures® ) — —
. . . . . (4) For arecent review, see Corsini, M.; de Biani, F. F.; ZanellG§dard.
Despite substantial documentation of their occurrence, little Chem. Re. 2006 250, 1351-1372.

remains known regarding the mechanism of these carborane (5) l\S/IeeF, ch>r te:amglﬁ, @ ga(lf;giti‘:lig,?’l\/lzigKl-;&L V\Llligizer?g, \Fliv. JI.;hHaL\wt?orne,
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cage isomerization reactions. Two widely disseminated path- Weller, A. S.J. Chem. Soc. Dalton. Trand997 1205-1212. ()
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The synthesis ofrtho-closadicarbadodecaborane®;oHi»
from acetylene and decaborane was first reported in 1963.
The same year, the thermally induced conversion of this
molecule from thertho isomer tometacarborane at ca. 500
°C was describedfurther heating (618C) yielded thepara
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Scheme 1. Carborane Cage Isomerization of a Platinacarborane energy to overcome the activation energy barrier to afford
CompleX isomerization. Notably, the incorporation of a methylene
spacer between the carborane cage and the phenyl ring
decreased steric strain at the bonding face of the carborane
ligand such that the mono-benzyl spedifs$][3,3,3-(CO)-
1-Bn-3,1,2¢elosaReGBgH1g)} (Bn = CH,CeHs) displayed
the expected 3,1,2 conformation, with the two carborane C
atoms adjacent to one another on th&£bonding face of
the cage. Prior to this, carborane cage isomerization had not
Scheme 2. Microwave-Assisted Formation ¢fNa][2,2,2-(CO}-8- been reported for rhenacarborane Complexes.
PhOH-1-R-2,1,&losoReGBgHg]} (R = H, PhOH)? This microwave-assisted methodology has proven amen-
able to working with®™Tc at the tracer level however, in
the synthesis of clinically relevant species, it is imperative
to be able to accurately predict which isomer of a given
carborane complex will form. The vast majority of the
metallacarboranes known to undergo #;21,7 carborane
cage isomerization contain either phenylpstolyl substit-
uents on the carborane C atoPso investigation of the
amount of steric bulk required to induce isomerization has
yet been conducted. An additional factor which may affect
2,1,8€loscRhCGBgHg] proceeds via a stable pseudimso the isomerization barrier is the electronic character of the
intermediate; X-ray crystallography revealed that the two substituent(s) on the carborane cage. In order to further our
carborane C atoms of this species remain adjacent but notunderstanding of the isomerization process of these com-
bonded to one anothedC:+-C = 2.539(7) A)? plexes, we report here the synthesis of a series of tricar-
Our research interests involve the synthesis of [RegC0)  bonyl rhenium carboranes, wherein the carborane cage has
carborane complexes and their radioact& ¢ counterparts  been mono- or disubstituted with a variety of moieties. For
as synthons for preparing molecular imaging and therapy simplicity, the structures discussed here are compiled in
agents. Preparative scale syntheses are done with rheniunChart 1.
in order to develop a synthetic methodology for reactions )
with technetium, which does not possess a non-radioactiveExperimental
isotope. The rhenium congeners also serve as characterization Reagents and General ProceduresDecaborane andloso
(HPLC) standards for tracer level work witf'Tc. We have  ortho-carboranel were purchased from Katchem LtéBuLi (2.5
recently reporte®! the aqueous synthesis of rhenacarbo- M, 1.6 M solutions in hexanes), 3-cyclohexyl-1-propyne, KF,
ranes and thei®®Tc congeners which is a significant MeSQCF;, and HSQCF; were purchased from Sigma-Aldrich and
advance over the traditional anhydrous reaction conditions used without further purification. Benzyl chloride (Baker) and NaF
that were formerly thought to be required for the synthesis (EM Science) were also purchased. Compounds prepared according
of these complexes. However, the long reaction times of 18 1 literature procedll.sxres were [Re(G(®}.0)|Br,* [11§H2C5H4N'
h to 7 days are not suitable f8#Tc syntheses due to the C:OSOCZBNHH] @), | [1'CSH4N'C|050hC251do|}|11] (14):I é"“d Ejl'.P:'
relatively short half-life ., = 6.02 h) of that isotope. closaC,B1gH14].t Solvents were purchased from Caledon, dried over

. oo . . calcium hydride (CHCI,, CH3sCN, and toluene) or Na/benzophe-
As microwave heating is capable of decreasing reaction ;o (E40), and freshly distilled prior to use.

times significantly;* we investigated its use in the preparation |nstrumentation. Multi-NMR spectra were recorded on a Bruker

of metallacarborane complexes and demonstrated that itprx-500 spectrometer with chemical shifts reported in ppm relative
results in decreased reaction times of ca. 15 min, as well asto the residual proton signal of the deuterated solvatNMR)

substantial improvements in product yield©ver the course  or the carbon signal of the solverl¢ NMR). Boron-11 NMR

of this work, it was observed that the reaction of [Re(¢O) spectra were referenced externally to ;HF,0. Proton NOE
(H20)3]Br with mono- or bis-phenol-carborane resulted in experiments were conducted on a Bruker AV-600 NMR spectrom-
the exclusive formation of the 2,1,8 isomdiNa][2,2,2- eter. Infrared spectra were acquired using a BioRad FTS-_40 FT-IR
(CO)-8-PhOH-1-R-2,1,810s0ReGBsHg]} (R =H, PhOH, spectrometer. All spectra were recorded at@2A Blotage |I’]Itlat0!’ ‘
Scheme 2), as the high pressure (20 atm) and temperaturé'Xty Microwave Reactor was employed for reactions requiring

o . . . . .. microwave radiation. Thin layer chromatograms (Mergk; Eilica
(200°C) attained in the microwave reactor provide sufficient gel on aluminum plates) were visualized using 0.1% RECB M

HCl,q) and/or UV light. Purification of all products was effected

(9) Safronov, A. V.; Dolgushin, F. M.; Petrovskii, P. V.; Chizhevsky, I.
T. Organometallics2005 24, 2964-2970.
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9574-9584. (b) Sogbein, O. O.; Green, A. E. C.; Valliant, Jirfarg. 2004 7, 1023-1027.
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CRC Press: Boca Raton, FL, 2005. A.H.;Wade, K.J. Organomet. Chenl993 462 19-29.
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Chart 1.  Structures of Compounds Discussed (Shaded Circle Represents BH)

either by flash chromatography using Ultrapure Silica Gel from 20 min. An additional portion of [Re(C@H-0)3]Br (0.0605 g,
Silicycle (70-230 mesh), or by using a Biotage SP1 autopurification 0.150 mmol) was added, and the reaction mixture was heated at
system. Low-resolution mass spectra were obtained on a Waters/200°C for 40 min, resulting in a clear yellow solution with a small
micromass GCT-ToF spectrometer using electron impact ionization amount of black precipitate. The solvent was removed by rotary
or a Waters/Micromass Quattro Ultima spectrometer using elec- evaporation; the product was isolated as a tan semisolid (0.1429 g,
trospray ionization. High-resolution mass spectra were obtained on0.323 mmol, 87%) by silica gel chromatography using an automated
a Waters/Micromass Q-ToF Ultima Global spectrometer. purification system and a solvent gradient of 3% MeOH in
Preparation of {[K][2,2,2-(CO)3z-2,1,8€loscReC,BoH11]} (4). CH,Cl,. '"H NMR (ds-methanol®): 2.12 (br, 1 H, CH), 1.58 (br,
The potassium salt of [7,8ido-H,C,BgH1] (2) (0.0636 g, 0.369 1 H, CH). B{'H} NMR (ds-methanol,0): —7.4,-8.1,—-10.7,
mmol) and [Re(CO)H.0)3)Br (0.1765 g, 0.437 mmol) were  —11.2,—11.6,—14.7,—18.8,—20.2,—21.6 (all resonances equal
weighed into a microwave vial (5 mL) and dissolved in aqueous in intensity).13C{1H} NMR (d,-methanolg): 200.58 (G=0), 37.13
ethanol (10%, 4 mL). The vial was crimp-sealed, and the opaque (br, CH), 29.12 (br, CH). IR (neat): 2555 (brg—n) 2001 ('c—0),
reaction mixture was heated in a microwave reactor at°ZDér 1894 cmt (br, vc—o). TLC (20% MeOH/CHCIL,): R = 0.37.
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HRMS (ES’) m/z for CsH1;03BoRe: calcd 402.1163, observed
402.1146 [M1].

Preparation of {[Na][3,3,3-(CO)-1-CH,CsH4N-3,1,2¢closc
ReC,BgH 1]} (6). Method A. The closccarborane7 (19.1 mg,
0.0812 mmol) was combined with KF (44.9 mg, 0.773 mmol) in a
microwave vial (5 mL) and mixed with aqueous ethanol (10%, 4

5.18 (br, 1 H, Charoran, 4.67 (S, 3 H, Ch), 4.57 (s, 2 H, CH).
UB{1H} NMR (ds-acetonep): —2.2 (1 B),—4.5 (1 B),—8.7 (2
B), —11.4 (3 B),—12.1 (3 B).13C{H} NMR (ds-acetone,o):
152.38, 149.19, 147.15, 133.36, 128.915,JC72.40 (Garborangs
64.79 (CHarboranh, 47.92 (CH), 39.15 (CH). IR(neat): 30474c 1),
2594 (br, vg—p), 1262 cm! (vs—g). HRMS (ES) mvz for

mL); the vial was crimp-sealed. The resulting suspension was heatedCoH20NB1o: calcd 250.2604, observed 250.2625M

in a microwave reactor at 198C for 12 min to form thenido-
carboranes in situ. [Re(CO)(H,0)3]Br (42.9 mg, 0.106 mmol)
was added, and the reaction mixture heated for 15 min atC90

Preparation of {2,2,2-(CO}-8-[(N-Me)CH,CsH4N]-2,1,8closc
ReC,BgH 10} (12). Method A. The closacarboranell (47.0 mg,
0.118 mmol) was combined with NaF (32.3 mg, 0.767 mmol) and

The solvent was removed by rotary evaporation, and the productaqueous ethanol (10%, 3 mL) in a crimp-sealed microwave vial (5
isolated (36.5 mg, 0.0685 mmol, 84%) via silica gel chromatography mL). The resulting suspension was heated for 8 min at°I®Hh

using an automated purification system with a gradient-e33%
MeOH in CHCl,.

Method B. The potassium salt & (23.8 mg, 0.101 mmol) was
combined with KF (40.6 mg, mmol) and [Re(C{H.0)3]Br (51.7
mg, 0.128 mmol) in a microwave vial (5 mL). Aqueous ethanol

a microwave reactor, resulting in a clear solution with a dense white
precipitate. A solution of [Re(CQH.O)s]Br (54.6 mg, 0.135
mmol) in aqueous ethanol (10%, 1 mL) was added, and the reac-
tion mixture was heated for 15 min at 19G; a second aliquot of
[Re(COX(H.0)3]Br (27.3 mg, 0.067 mmol) in EtOf, (10%, 0.5

(10%, 4 mL) was added, the vial crimp-sealed, and the reaction mL) was added, and the reaction mixture was heated for an

mixture was heated at 19€ for 15 min in a microwave reactor.

additional 5 min at 190C. The solvent was removed via rotary

The solvent was removed by rotary evaporation, and the product evaporation, and the produt? isolated as a yellow oil (56.2 mg,
isolated (37.5 mg, 0.0704 mmol, 87%) via silica gel chromatography 0.110 mmol, 93%) by silica gel chromatography using an automated

using an automated purification system with a gradient-e83%
MeOH in CHCI,. Spectroscopic data were consistent with those
reported previously!a

Preparation of [1-Bn-closo-C,B1oH14] (8) and [1,2-Brny-closo
C2Bi0H1q] (9). Closaortho-carboranel (1.0865 g, 7.544 mmol)
was dissolved in BEO (40 mL) and cooled te-78 °C under an
inert (nitrogen) atmospheréBuLi (9.4 mL, 15.0 mmol) was added,
and the resulting white slurry was stirred for 50 min prior to addition
of benzyl chloride (1.3 mL, 1.43 g, 11.3 mmol). After 3 h, the
reaction mixture was warmed slowly to 2ZC; stirring was
continued for an additional 18 h. The yellow slurry was washed
with water (3x 20 mL), then dried over N&O, prior to removal
of the solvent by rotary evaporation. The two products were

purification system and a gradient 0of-20% MeOH in CHCI,.
Method B. The potassium salt o6 (37.5 mg, 0.0704 mmol)
was dissolved in CkCl, (10 mL) under an inert (nitrogen)
atmosphere. A freshly prepared solution of MeS6; in CH,Cl,
(5% v/v, 0.16 mL, 0.0707 mmol) was added to the reaction mixture,
which was stirred for 18 h. The reaction mixture was washed with
water (3x 8 mL), then dried over N&O, prior to removal of the
solvent by rotary evaporation, leaving the prod@@tas a pale
yellow solid (28.0 mg, 0.0548 mmol, 78%). X-ray quality crystals
were grown from CHCly/hexanes (ca. 1:2}H NMR (ds-acetone,
0): 9.04 (d, 1 H, Pyr), 8.64 (t, 1 H, Pyr), 8.11 (t, 1 H, Pyr), 8.04
(d, 1 H, Pyr), 4.55 (s, 3 H, C¥), 3.82 [AA, 2 H, CH;,, A6 AA’
46.0 Hz,2J (*H—H) = 15 Hz], 1.84 (br, s, 1 H, CHrboran}- 1'B-

separated by silica gel chromatography using an automated{!H} NMR (ds-acetoneg): —5.4 (1 B),—8.5 (2 B),—9.0 (1 B),

purification system with a gradient 0=20% CH.CI, in hexanes.

[1-Bn-closaC,B;0H11] (8). Colorless crystals (0.2484 g, 1.06
mmol). 'H NMR (ds-acetoneg): 7.37 (m, 3 H, CH,), 7.28 (m, 2
H, CHar), 4.49 (br, 1 H, Charborands 3.69 (s, 2 H, CH). 'B{*H}
NMR (ds-acetoneg): —1.6 (1 B),—4.8 (1 B),—8.4 (2 B),—10.1
(2 B), —10.9 (2 B),—11.8 (2 B).13C{H} NMR (ds-acetoney):
136.47, 131.02, 129.54, 128.93 77.15 (br, Garborand, 62.76
(br, CHamorany, 43.92 (CH). IR (neat): 3066 #c—p), 2594 cnrt
(br, vg—n). TLC (10% CHCly/hexanes):R = 0.27. HRMS (ET)
m/z for CgH1gB10: calcd 234.2416, observed 234.2412M

[1,2-Bn,-closoC,B1oH10] (9). White powder (0.2153 g, 0.660
mmol). *H NMR (CDCls, 6): 7.37 (m, 3 H, CH,), 7.23 (m, 2 H,
CHyy), 3.64 (s, 2 H, CH). 11B{1H} NMR (CDCls, 8): —3.9 (2 B),
—9.5 (4 B), —10.2 (4 B).3C{'H} NMR (CDCl;, 9): 135.18,
130.59, 128.80, 128.29 (g, 79.57 (br, Garoran, 41.59 (CH).
IR (neat): 3070 %c-p), 3030 @c—n), 2583 cmit (br, vg—p).
TLC (10% CHCly/hexanes): R = 0.18. HRMS (Ef) m/z for
CieH24B10: calcd 326.2809, observed 326.2810M

Preparation of {[1-(N-Me)CH,CsH4N-closaC,B;H15][0sSCH]}
(11). The closocarborane7 (96.2 mg, 0.409 mmol) was dis-
solved in CHCI, (15 mL) under an inert (nitrogen) atmosphere,
yielding a clear colorless solution. A freshly prepared solution of
MeSQ,CF; in CH,Cl; (5% v/v, 0.92 mL, 0.406 mmol) was added
to the reaction mixture. After 18 h, the solvent was removed from
the clear pale yellow solution leavinhl as a yellow oil which
solidified to a fine yellow powder (0.1301 g, 0.326 mmol, 80%)
upon standing for 12 itH NMR (de-acetoneg): 9.21 (d, 1 H,
CHar), 8.77 (t, 1L H, CH,), 8.34 (d, 1 H, CH,), 8.24 (t, 1 H, CH,),

—11.0 (1 B),—11.7 (1 B),—18.0 (1 B),—19.7 (1 B),—20.0 (1 B).

13C{1H} NMR (ds-acetoned): 199.58 (G=0), 156.10, 147.50,
145.84, 133.10, 127.59 {9, 49.36 (Garborand, 47.51 (CH), 42.85

(CHy). IR (neat): 2549 (bryg_p), 2000 ¢c—0), 1890 cn1t (br,

Vc=0). TLC (10% MeOH in CHCI,): R = 0.41.

Preparation of {2,2,2-(CO}-8-[(N-H)CH ,CsH4N]-2,1,8<closc
ReC,BgH 10} (13). The sodium salt of compour@l(57.7 mg, 0.112
mmol) was combined with CKCI, (15 mL) under an inert (nitrogen)
atmosphere, resulting in a cloudy light yellow liquid. A freshly
prepared solution of HS{GF; in CH,CI; (5% v/v, 0.20 mL, 0.113
mmol) was added to the reaction mixture. After 15 min, a white
solid had formed while the supernatant liquid was now clear. After
13 h, the reaction mixture was washed with watex(30 mL) to
remove the dense white solid. The organic phase was dried over
N&SQO, prior to removal of the solvent by rotary evaporation,
leaving the producii3 as a pale yellow solid (44.8 mg, 0.0909
mmol, 81%). X-ray quality crystals were grown from MeOH/
CH,Cl,/hexanes (ca. 1:5:10JH NMR (ds-acetonep): 11.6 (br,
NH), 9.03 (d, 1 H, Pyr), 8.77 (t of d, 1 H, Pyr), 8.20 (t, 1 H, Pyr),
8.10 (d, 1 H, Pyr), 3.71 [AA 2 H, CH,, A0 AA’ = 59.3 Hz,2J
(*H—1H) = 14.8 Hz], 1.80 (br, s, 1 H, CHmoran)- 1'B{*H} NMR
(ds-acetoneg)): —5.72 (1 B),—8.38 (2 B),—9.35(1B),—11.2 (1
B), —11.86 (1 B),—18.06 (1 B),—19.61 (1 B),—19.93 (1 B).
13C{1H} NMR (ds-acetoned): 199.82 (G=0), 154.83, 146.84,
142.88, 130.11, 126.53 4§, 50.38 (Garborany: 44.77 (CH), 29.21
(CHcarborany- IR (neat): 2545 (bryg—p), 2001 ¢c—0), 1902 cnrt
(br, vc=0). TLC (20% MeOH in CHCI,): R;= 0.25. HRMS (ES)
m/zfor C;1H;6BoOsNRe: calcd 494.1581, observed 494.1591 M

Inorganic Chemistry, Vol. 46, No. 6, 2007 2151



Preparation of {[K][2,2,2-(CO)3-8-CsH4N-2,1,8¢loso-
ReOZBngo]} (15) [1-C5H4N-C|OSO-C2810H11] 14 (180 mg, 0.0813
mmol) was combined with KF (51.2 mg, 0.881 mmol) and
[Re(CO}(H20)3]Br (38.0 mg, 0.0941 mmol) in a microwave vial
(5 mL). Aqueous ethanol (10%, 4 mL) was added to the crimp-

sealed vial, and the resulting suspension was heated for 15 min ata, A

200 °C in a microwave reactor. A second portion of [Re(GO)
(H.0O)3]Br (31.0 mg, 0.0767 mmol) was added, and the reaction
mixture was heated for an additional 10 min at 280 The solvent

was removed via rotary evaporation, and the product isolated (39.7 y, deg
mg, 0.0764 mmol, 94%) by silica gel chromatography using an M

automated purification system and a gradient-e88% MeOH in
CH,Cl,. *H NMR (ds,-methanol,d): 8.28 (d, 1 H, Pyr), 7.64 (t of
d, 1 H, Pyr), 7.57 (d, 1 H, Pyr), 7.19 (t, 1 H, Pyr), 1.81 (br, s, 1 H,
CHearborand- *'B{*H} NMR (ds-methanold): —4.2 (1 B),—6.4 (1
B), —7.0 (2 B),—10.8 (1 B),—11.6 (1 B),—17.4 (1 B),—18.7 (2
B). 18C{H} NMR (ds-methanol,d): 200.14 (G=0), 161.41,
148.03, 138.11, 124.72, 123.09 & 57.73 (Garborand, 28.82
(CHcarborand- IR (neat): 2555 (bryg_n), 2011 fc—0), 1904 cnrt
(br, ve—o). TLC (15% MeOH in CHCL,): R = 0.09. HRMS (ES)
m/z for C;.H,3BsOsNRe: calcd 480.1425, observed 480.1413 M
Preparation of {[K][2,2,2-(CO)s-1,8-Bn,-2,1,8€loseReC,BgH]}
(29). [1,2-Bny-closeC;B10H1g) 9 (24.9 mg, 0.0767 mmol) was
combined with KF (51.1 mg, 0.879 mmol) and [Re(GE)L0)]-
Br (35.7 mg, 0.0883 mmol) in aqueous ethanol (10%, 4 mL) in a
microwave vial (5 mL). The reaction mixture was sealed and heated
at 200°C for 15 min in a microwave reactor. A second portion of
[Re(COX(H20)3]Br (15.0 mg, 0.0371 mmol) was added, and the
reaction mixture was heated at 280 for 10 min; a third (10 min)
and fourth (15 min) heating with additional [Re(G(),0);]Br
(15.0 mg, 0.0371 mmol; 34.4 mg, 0.0851 mmol) was required for
complete consumption (BYB NMR) of the carborane ligand. The
solvent was removed via rotary evaporator, and the protiRiatas
isolated (27.2 mg, 0.0437 mmol, 57%) using an automated
purification system and a gradient 0of30% MeOH in CHCI,.
IH NMR (ds-methanoly): 7.24-6.98 overlapping (m, 10 H, CH),
3.05 [AA, 2 H, CHy, A6 AA' = 26.0 Hz,2J (*H—1H) = 14 Hz],
2.93 [AA', 2 H, CHy, 2J (*H—1H) = 15 Hz]. “B{'H} NMR (ds-
methanol,0): —5.5 (2 B),—8.1 (2 B),—9.1 (1 B),—11.8 (1 B),
—15.7 (1 B),—17.5 (2 B).:3C{H} NMR (ds,-methanolg): 201.07
(CO), 142.41, 140.92, 131.28, 131.26, 128.46, 128.20, 127.18,
126.90 (G,), 60.15 (br, Garboran), 57.01 (br, Carborany, 51.11 (CH),
48.08 (CH). IR (neat): 2534 1g—n), 1999 @c—0), 1904 @ c—0),
1870 cn1? (UC=O)- HRMS (ES) m/z for CygH»3BgOsRe: calcd
583.2101, observed 583.2098 {M
Preparation of [1-CH,Cy-closcC,B10H11] (20). Decaborane
(0.6545 g, 5.355 mmol) was dissolved in a mixture of acetonitrile
(5.5 mL) and toluene (25 mL) and brought to reflux under an inert
(nitrogen) atmosphere. After 1 h, 3-cyclohexyl-1-propyne (0.85 mL,
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Table 1. Crystallographic Data

parameter 11 12 13
formula ClonoNOgSFng ReQ2H19N03Bg R8Q2H21NBQO4
fw 388.63 508.79 526.79
space group P2(1) P2(L)lc P2(1)lh

6.8158(6) 7.4000(2) 9.4919(2)
b, A 10.9599(9) 15.4930(4) 12.8949(3)
c, A 12.8039(10) 15.3055(4) 15.9481(4)
o, deg 90 90 90
p, deg 95.531(5) 92.328(2) 96.7330(10)
90 90 90
V, A3 952.00(14) 1753.30(8) 1938.54(8)
2 4 4
T,K 173(2) 173(2) 173(2)
2 A 1.54178 0.71073 0.71073
deatcs g M3 1.356 1.928 1.805
u, mm-1 1.685 6.942 6.285
F(000 408 968 1008
Ra 0.0417 0.0265 0.0463
R.P 0.1121 0.0477 0.0586

aR = [S||Fol — IFIJ[SIFol] for reflections withl > 2.005(1). Ry =
{[ZW(F? — FAF/[SwW(FA)?} Y2 for all reflections.

Preparation of {[K][3,3,3-(CO)3s-1-CH,Cy)-closcReC,BgH 1]}
(21). [1-CH,Cy-closa-C,B10H11] 20 (20.1 mg, 0.0832 mmol) was
combined with KF (47.6 mg, 0.819 mmol) and [Re(G®)0)s]-
Br (40.9 mg, 0.101 mmol) in aqueous ethanol (10%, 4 mL) in a
microwave vial (5 mL). The reaction mixture was crimp-sealed
and heated at 20TC for 15 min in a microwave reactor. A second
portion of [Re(CO)(H0)3]Br (34.8 mg, 0.0861 mmol) was added,
and the reaction mixture was heated at 2@for 10 min. The
resulting colorless solution was evaporated to dryness under a
stream of Ng). The produc®21 was isolated as a light brown oil
(31.4 mg, 0.0583 mmol, 70%) by silica gel chromatography using
an automated purification system and a gradient-e33% MeOH
in CH,Cl,. 'H NMR (ds-methanol,®): 1.78 (br, t, 2 H, Cy), 1.67
(t, 2 H, Cearborans~CHa, 3 = 5.5 Hz], 1.63 (br, s, 1 H, Bearborands
1.61 (m, 2 H, Cy), 1.38 (m, 2 H, Cy), 1.26 (m, 2 H, Cy), 1.12 (m,
2 H, Cy), 0.77 (br, g, 2 H, Cy)}*B{*H} NMR (d;-methanol,d):
—5.2 (1 B),—7.7 (2 B),—10.4 (1 B),—11.9 (2 B),—14.8 (1 B),
—20.0 (2 B).13C{*H} NMR (ds-methanold): 200.89 (CO), 55.11
(br, Cearborands 39.12 (Garborans CH2), 35.64 (Cy), 29.42 (br,
CHcarborang, 27.51 (Cy), 27.35 (Cy), 27.32 (Cy). IR (neat): 2531
(br, VB*H): 1996 ﬁ/c:o), 1884 cnrt (br, ’Vc=o). TLC (15% MeOH
in CH2C|2): R =0.13. HRMS (ES) m/z for C1oH23BoOsRe: calcd
499.2099, observed 499.2091 {M

X-ray Analyses. Colorless crystals ofll and 12 and a pale
yellow crystal of13 were mounted on glass fibers. Measurements
of 11 were made on a Bruker D8 diffractometer with a SMART6000
CCD detector using Cu & radiation rendered monochromatic via
cross-coupled parallel focusing mirrors. Data i@ and 13 were
collected on a Bruker P4 diffractometer with a SMART1K CCD

0.72 g, 5.9 mmol) was added, and the reaction mixture was heateddetector using graphite-monochromated Ma iKadiation. The

at reflux for an additional 15 h. The solvent was removed by rotary
evaporation; the produd9 was isolated by silica gel chromatog-
raphy (10% CHCI, in hexanes) as a colorless semisolid (0.7512
g, 3.125 mmol, 58%)*H NMR (CDCl, ¢): 3.54 (br, GH), 2.09

[d, 2 H, Cearborans=CH2,2J(*H—1H) = 6 Hz], 1.78 (br, d, 2 H, Cy),
1.64 (m, 2 H, Cy), 1.48 (m, 1 H, Cy), 1.24 (m, 2 H, Cy), 1.15 (m,
2 H, Cy), 0.92 (m, 2 H, Cy)}*B{*H} NMR (CDCls, 6): —1.82 (1

B), —5.22 (1 B),—8.91 (2 B),—10.78 (2 B),~11.35 (2 B),—12.68

(2 B). 13C{H} NMR (CDClz, d): 75.33 Ccarborans~CHy), 62.00
(CH,—CH), 45.93 (CH), 37.93 (Cy), 34.06 (Cy), 30.98 (Ghhorang:
26.00 (Cy). IR (neat): 2930v¢-y), 2857 pc-p), 2590 cmt (br,
vg—p). TLC (10% CHCly/hexanes):R; = 0.41. HRMS (Et) m/z

for CoH24B10: calcd 242.2809, observed 242.2804 M
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program SMART” was used for data collection; data processing
was carried out by use of the program SAINTthe data were
scaled using SADABS$? Data were corrected for absorption using
the multiscan method. Crystallographic data are summarized in
Table 1. The structures were solved by direct methods and refined
by full matrix least-squares using SHELXL-97For 11 and 12,

(17) Sheldrick, G. MSMART, Release 6.4Siemens Energy and Automa-
tion Inc.: Madison, WI, 2003.

(18) Sheldrick, G. MSAINT, Release 6.45iemens Energy and Automa-
tion Inc.: Madison, WI, 2003.

(19) Sheldrick, G. M.SADABS (Siemens Area Detector Absorption
Corrections) Siemens Energy and Automation Inc.: Madison, WI,
2003.
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Scheme 3. Microwave-Assisted Formation of 3,1,2- and 2,1¢8§o
Re(CO)(CngHll)]‘

©__ ]

some hydrogen atoms were located from a difference map, while

the remainder were included at geometrically idealized positions;

for 13, all hydrogen atoms were included at geometrically idealized

positions. Non-hydrogen atoms were refined anisotropically. Com-

pound 13 crystallized with a molecule of MeOH in the lattice.

Thermal ellipsoid plots were created using Mercury 1%4.1. (C)
Discussion

f

Generation of 3 and 4.Closcortho-carboranes are known
to undergo fluoride-mediated deboronation reactions in water
heated to refluX? similarly, heating aqueouslosaortho-
carborane €BigHi2 (1) in a microwave reactor a 190 °C
in the presence of excess MF @ Na, K) results in quanti-
tative conversion of to the corresponding alkali metal salt B)
[M][7,8-nido-C,BgH17] (2) in less than 10 min. Theido-car- —
borane2 is readily differentiated from the starting material
by 1B NMR spectroscopy, as it produces a total of five
resonances, two of which are at significantly higher field
(—33.3,—38.1 ppm) than those df(6 range: —2.0 to—13.2
ppm).

In order to develop a viable set of experimental conditions (A)
for the microwave-assisted synthesis of rhenacarboranes, a .
S?erS of reactions was conducted between the l'InsubStl’[UtF"ﬁiigure 1 11ZIU3{ 1H;NMI; spe:tra osz the Ar:nicroa\/)vave;ssisjtded reaction of
nido-carborane and [Re(COYHO)|Br in aqueous ethanol. 3 ith [Re(COK(H.0)JBr at (A) 120, (B) 180, (C) 200°C, and (D)
The reaction time was fixed at 10 min, while temperatures purified 4.
of 100, 120, 140, 160, 180, and 200 were employed. The
crude reaction mixtures were then dissolvedijimethanol ~ spectrum of3 was recorded when it was originally synthe-
and analyzed by!H and !B NMR spectroscopy. The sized?® the chemical shifts were not reported; however, the
reactions conducted at 100 and FPDwere found to contain  chemical shift range observed was consistent with those of
only unreacted®, which is consistent with our observation Othercloso(tricarbonyl)-rhenacarboranés.
that only ca. 5% conversion @fto the 3,1,2 rhenacarborane The reaction conducted at 200 was expected to contain
3 (Scheme 3) can be accomplished by refluxing in water for a mixture of2 and 3, with a greater proportion 08. In
18 h. When the reaction temperature was increased to 140actuality, the!H NMR spectrum indicated a 1:1:2 mixture
°C, however, an additional albeit mintii NMR resonance  of 2 and 3 and a third compound, which gave rise to two
emerged downfield (2.92 ppm) of that of the starting material broad’H NMR signals (2.21, 1.58 ppm) of equal intensities,
2 (1.74 ppm). At 180°C, this second species constituted and several additiond!B NMR resonances. The reaction
nearly 40% of the material detected by NMR spectroscopy; mixture was also analyzed by electrospray mass spectrom-
an additional set of resonances was now readily distinguishedetry, which revealed that the only anionic species present
in the 1B NMR spectrum (Figure 1), though without the were2 and a peak corresponding to the tricarbonyl rhenium
two high-field peaks (ca—33 and —38 ppm) that are  complex3, both of which exhibit diagnostic isotope patterns
characteristic ofnido-ortho-carboranes. These additional due to the presence of boroWg, 19.9%;''B, 80.1%) and
resonances were attributed to the formation of the 3,1,2-rhenium {8Re, 37.4%;8Re, 62.6%). Taken in concert,
rhenacarboran8 as the'H NMR signal was in agreement these data suggested that the majority of the 3,1,2-rhena-
with the literature valué® Though the M'B{H} NMR carboraned had been converted to the more thermodynami-
cally stable 2,1,8 isome4, which cannot be differentiated

(20) Sheldrick, G. MSHELXTL, Release 6.18iemens Crystallographic from 3 b mass spectromet and dls | ssymmetr Such
Research Systems: Madison, WI, 2000. y P m: playssy y

(21) Mercury 1.4.1 CCDC: Cambridge, UK, 20022005.

(22) Fox, M. A.; MacBride, J. A. H.; Wade. KRolyhedronl997, 16, 2499 (23) Hawthorne, M. F.; Andrews, T. 0. Am. Chem. So&965 87, 2496-
2507. 2496.

Inorganic Chemistry, Vol. 46, No. 6, 2007 2153



Armstrong and Valliant
Scheme 4. Microwave-Assisted Synthesis of 3,1,2-Rhenacarboréresd 10

that two carborane & resonances are expected in it area by revisiting the synthesis of the 3,1,2-rhenacarborane
NMR spectrum. 6. The potassium salt of this anion has been synthesized
In order to confirm these assignments, efforts were made previously by combining the correspondingio-carborane
to isolate each of the two isomeBsand4 by adjusting the 5 with [Re(CO}]* in boiling water over 24 K The
microwave reaction conditions. While it proved possible to Spectroscopic data obtained for the product of the analogous
obtain3 as the major species (ca. 80%), it was not formed microwave-assisted reaction (Scheme 4), including'iBe
exclusively under any conditions, nor was it possible to NMR spectrum, were consistent with those reported6or
separate2, 3, and 4 chromatographically. Experiments indicating that the same isomer formed in both cases.

directed at preparing the purported 2,1,8 isorherere far In order to definitively establish the configuration of the
more successful. Starting either with the crude 3,1,2 isomer carborane cage @& a NOE'H NMR experiment was done

3 prepared as outlined above, or from p@rand [Re(COy wherein the carboraneHCresonance frequency was irradi-
(H20)3]Br, heating in a microwave reactor at 20G for 1 ated in order to enhance the signals due to neighboring
h was found to yield exclusively the 2,1,8 complexvhich protons. A significant enhancement of the signal due to the

was isolated by silica gel chromatography and characterizeddiastereotopic methylene protons (3.38 ppm) was observed
spectroscopically. Thé’C NMR spectrum of4 contained (see Supporting Information), indicating close proximity to
two resonances (37.13, 29.12 ppm) corresponding to the twothe carborane CH. An identical experiment was performed
inequivalent CH units observed in thel NMR spectrum, using theclosacarborane precursd@; and a similar enhance-

as well as a signal at 200.58 ppm due to the three CO ligandsment in the methylene proton signal was observed. This
The presence of these CO units was also confirmed byindicated that the distance between the carborane CH and
infrared spectroscopy, with two broad absorptions centered CH, unit of 7 is comparable to that in the rhenacarboréne

at 2001 and 1894 cm in addition to the B-H stretching and confirmed that the 3,1,2 isomer had indeed been isolated.
vibrations (2555 cmt). A total of nine signals are readily In order to examine what impact, if any, altering the
distinguished in thé'B NMR spectrum due to the decrease electron-withdrawing properties of the carborane substituent
in symmetry of the @By cage upon isomerization. High-  on the carborane cage would have on the isomerization pro-
resolution electrospray mass spectrometry was used tocess, it was decided to prepare the benzyl (Bn,-©EHs)
confirm the identity of the product, with a characteristic analogue of6. This was done by treatingloscortho-
isotope distribution centered at 402.11#& corresponding carboranel with 1.5 equiv of"BuLi at —78 °C, followed

to the molecular anion. by addition of an excess of benzyl chloride or bromide: this

Deriving from these and other experiments a set of reaction produces a mixture oioscbenzyl carboran8 and
conditions that would be generally applicable to the synthesis closadibenzyl carboran®, which can be separated by silica
of tricarbonyl rhenacarboranes was challenging, as thegel chromatography. Further reaction &fwvith [Re(CO)-
temperature at which complexation ofn@o-carborane to  (H.O);]Br in the presence of sodium fluoride yielded the
the [Re(COj]* core occurs is highly dependent upon the 3,1,2 tricarbonyl rhenium compled0 (Scheme 4), as
identity of the substituent(s) attached to the carborane cagedescribed in a preliminary communicati&hThe 'B{'H}

For example, complexation of the pyridyl-derivatizeido- NMR spectrum of10 is essentially identical to that d,
carborané with [Re(CO}(H,0)s]Br is 90% complete after  displaying six signals in the 1:2:1:2:1:2 pattern that we
20 min at 140°C; conversely, only 8% conversion of have found to be characteristic of monosubstituted 3,1,2
nido-phenyl carborane to a rhenacarborane is observedrhenacarboranes including the previously reported spe-
under identical conditions. Ultimately, reaction conditions cies{[Na][3,3,3-(CO}-1-R-3,1,2elosocReGBgH1q} (R =

of 15 min at 200°C were selected as a starting point for CH,CH,COOH, glucose}!? This pattern arises due to
the synthesis of compounds of the type [M][Re(@0O) incidental equivalences in théB NMR signals of three cage
(RRC,BgHy)], as they appear to be more than sufficient for boron atoms, since the molecular point group of these 3,1,2-
effecting the majority of the desired complexation reactions. rhenacarboranes S;.

Pyridyl-Bearing Rhenacarboranes: Electronic Con- Both the 3,1,2 complexe6 and 10 were subjected to
tributions to Isomerization. We are not aware of any studies prolonged heating in the microwave reactdti and B
done to date that have examined the impact of altering the NMR spectra were recorded afterward, but were found not
electron-donating properties of the carborane substituent onto undergo carborane cage isomerization despite the harsh
the barrier to cage isomerization and decided to explore thisconditions (200°C, 20 bar). This finding was slightly
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Scheme 5. Microwave-Assisted Synthesis of the
2,1,8-Rhenacarborarie

andl11lis the average €N bond distance within the pyridyl

ring, which increased from 1.331(4) to 1.428(4) A upon

methylation. The carborane cage-C bond length ofl1l
Figure 2. Thermal ellipsoid plot ofL1 (30% probability ellipsoids); H [1.649(4) A] is also slightly longer than that @f[1.622(4)
atoms omitted. A] due to the inductive electron-withdrawing effect of the
methylated pyridyl ring. The BB distances irl1range from

Table 2. Selected Bond Lengths (A) and Angles (deg) fdr
gths (B) and Angles (deg) 1.755(5) to 1.783(5) A.

ggg:gg)) i;?gg((j)) g((gg(%) 1‘_‘3%% Theclosocarboranel 1 was converted to itsido analogue
C(1)-B(5) 1.711(4)  C(1)}B(6) 1.736(4) in situ by combining it with sodium fluoride and heating
CBI((72));I\E13((11')2) 113733‘;((‘&13)) (I;((?O_)-’\IIB((ll')Z) 11-‘;8825((?) under microwave irradiation at 19& (Scheme 5) prior to
C2)-C(1)-B(3) 115.7(2) B(3)-C(1)-B(5) 113.9(2) addition of the rhenium reagent [Re(G():0)|Br; the
B(4)-C(1)-B(6)  113.4(2) B(3)-C(1)-B(6) 113.6(2) product12 was isolated by silica gel chromatography. The
g(i)—g@)—g@) 104-1(3) 5(3%2(4)—8(2) 108-0(3) H NMR spectrum ofl2 in ds-acetone displayed the expected
5273:35?2;&2,) 183:6&% ngsg)z;cé&o) 182:28 four resonances in the aromatic region, as well as a sharp

singlet at 4.55 ppm due to the methyl group, an' AAttern

surprising in light of the results described for the unsubsti- @ 3.82 ppm due to the diastereotopic protons of the
tuted complexd/4, where isomerization was observed even Methylene unit, and a broad resonance attributed to the
at 170°C. Though in all three case8, (6, and10) the 2,1,8  carborane CH vertex (1.84 ppm). The corresponding signals
isomer is more thermodynamically stable, the activation Were observed in thé*C NMR spectrum, as well as a
energy barrier for a process involving the movement of a esonance at 199.58 ppm, assigned to the three CO ligands.
benzyl or CH—pyridyl substituent is rationalized to be much  Curiously, the!'8 NMR spectrum of the product did not
larger than the corresponding process involving a cage CHdisplay the 1:2:1:2:1:2 pattern that we have found to be

unit: thUS, CompounG isomerizes tm_, but Compound§ characteristic of 3,1,2'rhenacarb0ranes: a total of e|ght
and 10 remain unchanged. distinct signals could be resolved, indicating that the carbo-
To further alter the electronic nature of the carborane "an€ cage of this product had lower symmetry than those of

6 and 10.
In order to assess whether compouriwas in the 3,1,2
or 2,1,8 configuration!H NMR NOE experiments were

substituent, methylation of the pyridyl ring @fwas effected
using methyl triflate, yielding thelosocarboranel 1, which
was characterized both spectroscopically and by X-ray

crystallography. ThéH NMR spectrum ofL1in dg-acetone conducted on both thelosccarboranell and the rhena-
contained four resonances in the aromatic region as well ascarborandZ(see Supporting Information). Irradiation of the
sharp singlets at 4.67 and 4.57 ppm due to the @l CH carborane CH vertex dfl resulted in a distinct enhancement

moieties, respectively; the carborane CH appeared as a broad’ the _methylene signal, and to a lesser extent, of one
peak at 5.18 ppm, which is typical for a monosubstituted aromatic proton and the methyl resonance. However, when

closacarborane. Th&C NMR spectrum was consistent with _the C_:H resonance frequency of the rhenz_icarboﬂzﬁ \was
this, though the anticipated quartet due to the &~ irradiated, no enhancement was observed in methylene signal,

carbon atom remained unresolved: #8 NMR spectrum presumably due to an increase in the distance between those
of 11 was virtually unchanged from, that &t two moieties, suggesting that the 2,1,8 isomer had been

o . o . . obtained.

The product was definitively identified by high-resolution Following recrystallization of the product, confirmation
electrospray mass specirometry W5_1-2587m’2) a_nd of this hypothesis was obtained by single-crystal X-ray
X-ray crystallography. A thermal ellipsoid plot afl, which diffraction. As shown in Figure 3, comple? consists of a
crystallizes in theP2, space group, is shown in Figure 2; ’

all hic dat d pertinent metrical i 1,7 carborane ligand that is coordinated to the [Re¢FO)
crystaflographic data and pertinent metrical parameters are,, o through a CBbonding face. The carborane cage C atom
summarized in Tables 1 and 2, respectively. The solid-state

) ) that is directly bonded to the GHpyridyl substituent has
structure of7 has been determined previoudhgs expected, : . .
the most significant difference between the structureg of migrated out of the bonding face of the ligand. The average

Re—B bond length (see Table 3) iR is 2.317(4) A, while
. the Re-C distance is slightly shorter at 2.301(3) A, consistent
@4 ?'%‘fedg\\,\’grg'Jsf';A?’?(tls.a,\')lg‘é'Bﬁaz'; f%dﬁ"‘.',@;c':k?ﬁr’m’\f{ 'Xf."\',{,ba%%”' with the smaller size of carbon as compared to boron. A
K. Dalton Trans.2003 475-482. ’ Y ' greater range of BB distances [1.7441.814(5) A] is seen
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Scheme 6. Room-Temperature Isomerization 6fto 12 (R = Me)
and13 (R =H)

A ™H NMR NOE experiment was then conducted in which
the carborane CH resonanceld was irradiated. Contrary

to what was seen fo8, no enhancement of the methylene
signal of 13 occurred, indicating that the distance between

Figure 3. Thermal ellipsoid plot ofl2 (50% probability ellipsoids); H the Ct unit and the carborane CH vertex was greatet3n

atoms omitted. than in 6. Final confirmation that isomerization of the
carborane cage had occurred upon protonatiohtofyield
Table 3. Selected Bond Lengths (A) and Angles (deg) 1&r 13 (Scheme 6) was obtained in the form of an X-ray crystal
SE%;RS(Z()Z) 332283 SE?BRs(Z()Z) ;géggi; structure (not shown) which revealed tHa is isostruc-
Re . e . . .
Re(2)-C(®) 1.924(4) C(1rRe(2) 2.301(3) _tural with 6, with the carborane_ cage bonded to the rhgn-
C(1)-B(@3) 1.721(5) C(1}B(6) 1.755(5) ium center through a CBbonding face, and the substi-
B(3)-B(11) 1.791(5)  B(6)B(10) 1.790(6) tuted carborane C vertex removed from the bonding face.
g
E%;JZ_B?G()“) i%;‘((g)) C(YBE) 1.71409) Qorresponding metrigal parameters fb2 and 13 were
C(1)-Re(2-B(10)  75.29(13) C(1YRe(2)-B(3)  44.25(12) in close agreement with one another (see Supporting Infor-
B(3)—Re(2)-B(11)  45.80(13) B(3)Re(2)-B(6)  77.56(13) mation).
&%{ZS@%}E‘&%}) ig;:ggg Eﬁ;ggﬁg% iéé’_gg)) Steric Contributions to Isomerization. As the formation

of the 2,1,8 isomer42 and13 was evidently an electronic

for 12than for11 due to the significantly different electronic ~ effect, we explored the possibility of inducing a similar
environments of the boron atoms on the bonding face of the Process by increasing the steric crowding on the bonding
carborane versus those in the rest of the cluster. face of the carborane ligand: this can be done by eliminating

We were curious regarding the temperature required to the methylene unit between the pyridyl ring and the carborane
induce this isomerization process compared to thed/4f cage.Closopyridyl carboranel4 was prepared according
as the energetic cost associated with movement of theto the literature proceduré,then reacted with [Re(C@)
methylated pyridyl unit was expected to be much larger than (H20)s]Br in a microwave reactor at 200C. Following
the CH unit of3/4. This could potentially be determined by Purification by silica gel chromatography, the rhenacarborane
preparing the 3,1,2 isomer &2, and monitoring its behavior ~ 15 was characterized spectroscopically.
as a function of temperature. To that end, the synthesis of The*H NMR spectrum of15 in d;-methanol contained
the 3,1,2 isomer 0f2 was undertaken via the reaction®f  four resonances of equal intensities in the aromatic region,
with an equivalent of methyl triflate. The reaction mixture as well as a broad singlet at 1.81 ppm. Incidentally, the
was stirred at 22C in dichloromethane, and the product carborane CH of the closely related phenyl-bearing 3,1,2-
characterized by multinuclear NMR spectroscopy. Surpris- rhenacarborant6 resonates at 3.95 ppm, while isomerization
ingly, the spectra obtained for this supposed 3,1,2 isomerto its 2,1,8 analogud? is accompanied by a decrease in
were identical to those obtained &2, indicating that the chemical shift to 1.75 ppm. This observation, combined with
3,1,2 rhenacarborane undergoes isomerization at room temthe B NMR spectrum of15, which did not display the
perature upon methylation (Scheme 6). This result clearly pattern typical of a 3,1,2 rhenacarborane, suggested that the
demonstrates that the electronic nature of the substituent or2,1,8 isomer had in fact been prepared. This was confirmed
the carborane cage is as influential as steric considerationby a*H NMR NOE experiment, in which irradiation of the
in determining the activation energy barrier to carborane cagecarborane CH proton failed to result in any enhancement of
isomerization. the signals of the pyridyl ring.

To confirm that formation of the 2,1,8 isomer was indeed  For comparison with the variable-temperature experiment
caused by the introduction of a positively charged unit onto conducted for the complexation & with the rhenium
the carborane substituent, rather than a result of the increasedricarbonyl core, a similar reaction series was done with the
size of the substituent upon methylation, we sought to preparenido-pyridyl carborane, generated by fluoride-mediated de-
the protyl analogue 0f2 by reactingé with an equivalent boronation of14. All reaction times were 10 min, while
of triflic acid rather than methyl triflate. Notably, théB temperatures of 100, 120, 140, 160, 180, and ZDQvere
NMR spectrum of this reaction produt8was not consistent  employed. Analysis of the crude reaction mixtures'by
with that of 6 as expected for two isostructural compounds. and''B NMR spectroscopy revealed complete consumption
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of the carborane ligand to form the 2,1,8 complEx at removing the bridging hydrogen atom of thiglo-carborane
temperatures of 160C and above. This was somewhat cage, thus assisting in the formation of tiecomplex.
surprising, given that the corresponding reactior2 & not To further probe the amount of steric crowding required

complete even after 15 min at 20Q, and the pyridyl ring to induce carborane cage isomerization, reactions between
at the ligand bonding face would be expected to provide dibenzyl carboran® and [Re(COyH0O)s]Br were under-
enough steric hindrance to slow this reaction considerably taken. We have demonstrated that the presence of one benzyl
relative to that of2. The reaction conducted at 10Q was unit was not sufficient to effect isomerization: the presence
subjected to high-resolution electrospray mass spectrometry 0f a second benzyl substituent will increase steric crowding
which confirmed the presence of tmédo-carborane and  at the ligand bonding face considerably, though not nearly
suggested the second species to be the rhenacarbtfane as much as for bis-phenol carborane (Scheme 2) due to the
However, the'H NMR spectrum of the reaction indicated ~flexibility provided by the methylene spacers. The reagents
that it contained a 1:1 mixture of unreactedo-pyridyl were combined with potassium fluoride and heated in the
carborane and a second species which was inconsistent witinicrowave at 200C; the productl9 was isolated by silica

the I1H NMR spectrum obtained previously fdr5. Most gel chromatography and identified by mass spectrometry
notably, a broad singlet attributable to a carborane CH vertex (583.2098m/z [M7]) and multinuclear NMR spectroscopy.
was observed at 4.21 ppm, rather than the expected resonand@oth the *H and **C NMR spectra clearly indicated the
seen at 1.81 ppm in compoun8. Thel'B NMR spectrum, presence of two inequivalent benzyl substituents: two distinct
though complicated by the presence of two species with Signals (60.15, 57.01 ppm) were also detected in the carbon-
several overlapping signals, did not exhibit the characteristic 13 spectrum due to inequivalent carborane cage C atoms.
peaks ofl5. Bearing in mind that isomerization of the closely 1hus, the dibenzyl rhenacarborat@was determined to be
related phenyl-bearing 3,1,2-rhenacarbora6éo its 2,1,8 in the 2,1,8 configuration that was observed for the sterically

isomer17 is accompanied by a decrease in fie NMR crowded monosubstituted carborarigsand 17. _
chemical shift of the carborane CH from 4.1 to 1.76 ppm, A final compound of interest for the purposes of this study
the data as a whole suggest that the second species preseifaS One with an intermediate amount of steric bulk bet\_/veen
in this reaction is the 3,1,2 analogueld i.e.,{[Na][3,3,3- the 3,1,2 complexes, 10, 12, and13, and the 2,1,8 species

(COY-1-CsHaN-3,1,2¢losoReGBgH1d} (18). 15and17. A logical target molecule was one that retains
the methylene spacer of the 3,1,2 complexes between the

carborane cage and the six-membered ring but possesses a
bulkier, e.g., cyclohexyl, ring after that unit. To that end,

this slight i . ton t t ticient t the novelclosacarboran€0was synthesized via an alkyne
IS slight increase in reaction temperatureé was sutliclent 10 3, 4q i into the boron cage of decaborane and isolated in

overcome the activation energy barrier to isomerization such modest yield (58%) via silica gel chromatography. Com-
that a small amount of8 had been converted to the more pound20 was then reacted with [Re(C@-0):]Br at 200

therrr_lodynam|cally stable _prodlﬂfo. As expected, when the °C; following purification by silica gel chromatography, the
reaction temperature was increased to @0the same three thenacarborang1 was recovered in good yield (70%) and

compounds were present but in a 5:1:3 ratio, based-on characterized spectroscopically. THEl and *C NMR
NMR integra_tions: _that is, _the majority of the material spectrum of21 in dsmethanol contained the expected
present had isomerized to yield. resonances due to the GHCy (Cy = CgH11, cyclohexyl)

An analogous variable-temperature study of the reaction ynit and carborane CH, but gave little indication of the
of nido-phenyl carborane with [Re(C&{H.O)s]Br yielded configuration of the carborane cage.l8 NMR spectrum
no evidence for the initial formation of the 3,1,2 isomer: was subsequently obtained and found to display six reso-
the only species present in the reaction mixtures via@te- nances in a 1:2:1:2:1:2 pattern, indicating that the original
phenyl carborane anti7, indicating that complexation of  ortho geometry of the carborane cage had been retained.
the carborane ligand to the [Re(GJ) core and isomeriza-  Unfortunately, attempts to confirm this utilizing'el NMR
tion of the carborane cage occur simultaneously. Also, in NOE experiment were not successful due to significant
contrast to the experiments done will, no complex overlap of the BH, CH, and cyclohexyl resonances, rendering
formation could be detected at temperatures less than 160t impossible to discern whether enhancement of the cyclo-
°C, while only 50% conversion of theido-carborane td.7 hexyl signals occurred upon irradiation of the carborane CH
was observed at 200C. By analogy with the pyridyt resonance frequency. The identity of the novel rhenacarbo-
carborane complexekb and 18, this temperature is well in ~ rane21was confirmed by high-resolution electrospray mass
excess of that which is expected to be required for isomer- spectrometry (499.209vz [M7)).
ization of the 3,1,2 metallacarborah&to occur and explains
why only the 2,1,8 isomet7 is observed from microwave-
assisted reactions. What remains unclear is the reason for The use of a microwave reactor has facilitated an
the drastic difference in the minimum temperature required investigation of 1,2~ 1,7 carborane cage isomerization in
for formation of the two isosteric rhenacarborari€sand rhenacarborane complexes. For the unsubstituted carborane
18 at a constant reaction time of 10 min. A possible 2, cage isomerization occurs upon heating~at70 °C;
explanation is that the basic pyridyl functionality assists in introduction of a CH—R (R = Ph, Pyr, Cy) unit increases

The reaction conducted at 12 contained a 1:3:5
mixture (by 'H NMR integration) of 15, nido-pyridyl
carborane, and the species identifiedl&sindicating that

Conclusion
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