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Abstract: Synthesis and structural studies, employing combined NMR, X-ray crystallographic, and ab initio/IGLO/
NMR methods, of a variety of new subicosahedral carboranes with adjacent cage carbons are reported. Acetonitrile-
induced cage degradation afachne4,5-GB7H;,~ gavenido-4,5-GBgHg™ (17) in nearly quantitative yield, which

can then be protonated to give the neutral carboréahe4,5-GBgH1o (1) in good yield. Both of these nido electron-
count clusters are shown to have an arachno-type geometry, i.e. a six-membered open fatdo-Z5eCBeH10

(1) hydroborated alkenes or alkynes which following deprotonation gade-7-R-4,5-GBgHg~ (2a~—c™) ions.
Bothnido-4,5-GBgHg™ (17) andnido-4,5-GBgH1o (1) serve as useful precursors to other adjacent cage-carbon clusters.
Thus,nido-4,5-GBeHg™ (17) reacted with BH-THF to givearachne5,6-GB7H12~ (37) which a single-crystal X-ray
diffraction study showed is the first carborane to adoptrHfisaHi5 cage geometry. Thermal or chemical degradation

of nido-4,5-GBgH1p (1) gavecloso2,3-GBsH; (5) in good to moderate yields. Thedo-4,5-GBegHge™ (17) was

also found prone to lose a cage boron as evidenced by its reactiongywitg)Co(CO)b and ¢;8-CsMes),RuCl4

which gaveclose3,1,2-¢-CsHs)CoGBsH- (6) andclose3,1,2-¢;5-CsMes) RuGBsH7 (7), respectively. NMR studies
showed thenido-4,5-GBeH10 (1) was converted tarachne4,5-GBeH11~ by reaction with LiEtBH, and an alkyl
derivative,arachne7-CHs-4,5-GBgH1o~ (47), was formed by reacting MeLi withido-4,5-GBgHoe™ (17) followed

by protonation. Theslose2,3-GBsH; (5) was also converted in high yields to the smaller nido carboraioe;
2,3-GB4Hsg, via reaction with TMEDA/HO, and tonido-3,4-GBsHg™ (87) by reaction with LiEtBH.

Introduction Materials. THF, pentane, hexanes, and benzene were dried over

. . . a/benzophenone and freshly distilled before use. Acetonitrile, dried
The small carboranes (subicosahedra) were first synthesize ver CaH, then BOs, and methylene chloride, dried over GaMere

in the early 1960s by high temperature cage growth reactions gistijed before use. Acidification of 1,8-bis(dimethylamino)naphtha-
involving boranes and acetylenesBecause of the lower |ene (Proton Sponge) wita 1 M EtO solution of HCl was used to
stability of adjacent-carbon carboranes relative to isomerization generate the hydrochloride salt. Theachne4,5-GB/His?* (-

to their non-adjacent isomers, the high temperature reactionsCsHs)Co(CO)b,5 and ¢;°-CsMes).RW,Cl, were prepared according to
yielded predominantly non-adjacent carbon products. Likewise, literature methods. All other materials were obtained from Aldrich
the high temperature reactions typically gave low yields and and used as received.

complex mixtures of products that then required extensive Physical Measurements.'H NMR at 200 or 500 MHz;'8 NMR

purification. Gas-phase methods for small carborane synthesisdt 64-2 or 160.5 MHz, and®C NMR at 50.3 or 125.7 MHz were

. ) _ 1
are now giving way to solution based procedures that, becauseObtamed on Bruker AF-200 or Bruker AM-500 spectrometers. ‘4l

LS . . . chemical shifts are referenced to 86(C.Hs), (0.0 ppm) with a
of their milder conditions, generally have much higher yields, negative sign indicating an upfield shift. AH and!3C chemical shifts

selectivities, and easier purification, allowing the isolation of \yere measured relative to internal residual protons or carbons from
kinetic rather than thermodynamic produgts$n this paper we  the lock solvents and then referenced to,816(0.0 ppm). Infrared
report the synthesis and structural studies of a variety of new spectra were obtained on a Perkin-Elmer 1430 spectrophotometer and
subicosahedral adjacent-carbon carboranes via selective cagean be found in Supporting Information.

degradation and insertion reactions. K*nido-4,5-CGBgHg™ (17). A 100-mL three-neck round-bottom flask
equipped with a vacuum stopcock, septum, sidearm addition-funnel,
and stirbar was charged with 1.50 g (13.3 mmol) of freshly prepared
arachnoe4,5-GB7Hi; under a N atmosphere. Following the vacuo
addition of THF £-50 mL), an excess of KH was slowly added via the
sidearm at—50 °C until H, evolution had ceased. The'Krachne

Experimental Section

All manipulations were carried out using standard high vacuum or
inert-atmosphere techniques as described by Shtiver.

TVillanova University.

* University of Pennsylvania.
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4,5-GB7H12~ solution was brought to room temperature and filtered,
and the filtrate was transferred to a 250-mL two-neck round-bottom

Bausch et al.

structure of PSH3~ was established crystallographically with suitable
single crystals obtained by cooling a &E,/Et,O/heptane solution of

flask equipped with a stirbar, vacuum stopcock, and septum. Following PSH"3~ at —25 °C.

vacuum transfer of CECN (~50 mL), the vacuum stopcock was
replaced with a condenser and the solution refluxed under,a N
atmosphere. According t4B NMR spectroscopy, the reaction was
complete within 2436 h. Any insoluble material, if formed, was
removed by filtration. The volatiles were vacuum evaporated leaving
K*nido-4,5-GBeHs™ (17) as a yellow solid, which according to NMR
was contaminated witN,N,N-EtsBsNsHs (0 1B 33.1 ppm). Washing
the solid with two 50-mL portions of benzene afforded 1.76 g (12.8
mmol, 96.6%) of Knido-4,5-GBsHs™ (17) as a pale yellow, slightly
air-sensitive solid.

The BuNT salt ofnido-4,5-GBsHgs™ (17) was prepared by addition
of a THF solution of (-Bu),NBr to a THF solution of Knido-4,5-
C:BgHy™ (17). This mixture was then stirred at room temperature, KBr
was removed by filtration, and toluene was added to the solution until
cloudiness appeared. The solution was cooled’& @ obtain crystals
suitable for crystallographic studies. For Biinido-4,5-GBeHg™
(BusNt17): mp 92-93°C; elemental analyses for B\u1~ gave larger
than normal deviations (Anal. Calcd: C, 63.51; H, 13.32, N, 4.11.
Found: C, 59.73; H, 12.75; N, 4.12) but the structure ofNBUW~ was
determined crystallographically (Supporting Information Tables S2
S7), and exact mass measurements of the protonated Tps@g(below)
are consistent with the proposed formula.

nido-4,5-CG;BsH1o (1). A 250-mL round-bottom flask fitted with a
vacuum stopcock and stirbar was charged with 1.19 g (8.7 mmol) of
K*nido-4,5-GBeHys~ (17) under a N atmosphere. Pentane 35 mL)
was added by vacuum distillation. The pentane suspensionatik
4,5-GBeHy™ (17) was brought to-50 °C, and an excess of HCI gas
was expanded into the vacuum line and allowed to react with the
solution for~2 h. When the HCI addition appeared complete, the
solution was vacuum fractionated through a series-20, —78, and
—196 °C traps. Thenido-4,5-GBgH1o (1) condensed in the-78 °C

NMR Study of Reaction of 1 with LiEtsBH. A 25-mL two-neck
round-bottom flask equipped with a stirbar, vacuum stopcock, and
rubber septum was attached to the vacuum line and 0.15 g (1.52 mmol)
of nido-4,5-GBsH10 (1) followed by~10 mL of CH.CI, were vacuum
transferred into the flask. The flask was maintained-80 °C, and
under nitrogen;-1 equiv (1.6 mL) of a 1.0 M THF solution of LigBH
was added via syringe. When brought to room temperatutg, IMR
spectrum (see Supporting Information) of the solution showed the
arachne4,5-GBgH11~ 8 (~60%) andnido-4,5-GBgsHy™ (17) (~40%)
ions.

NMR Study of Reaction of 1~ with Methyllithium. To a THF
solution of Kfnido-4,5-GBg¢Hy~ (17) in a NMR tube equipped with a
rubber septum was added a slight excess of a 1.4 /@ Eolution of
CHaLi at 0 °C. The solution was heated at 40 for 1 h until its''B
NMR spectrum showed the formation aefachne7-CHs-C,BsHg?~
(4%7), then~1 equiv of PSHCI~ was added to formarachne7-CHs-
4,5-GBgH10™ (47) as shown by'B NMR (see Supporting Information).

close2,3-CBsH7 (5) via Thermal Degradation. A 0.70-g (7.07
mmol) sample ofido-4,5-GBg¢Hio (1) was slowly passed (by keeping
it at —22 °C) through a 350C “hot tube” reactor (a 15 in. Pyrex glass
tube of 1 in. diameter) connected to a vacuum line. The condensable
products were collected in-a196 °C trap, then fractionated through
a 0,—45,—78, and—196°C series of traps. According 6B NMR,
the —78 °C trap contained a 5:1 mixture ofose2,3-GBsH- (5) and
closo1,7-GBeHs, but they could not be further separated using vacuum
fractionation. Based on this ratio the estimated yieldclaiso2,3-
C:BsH7 (5) was 0.33 g (3.8 mmol, 54%). Thel96°C trap contained
closo2,4-GBsH; and BHe. Refractionation of this material gave 0.04
g (0.47 mmol, 6.6%) otlosc2,4-GBsH7 in a —100 °C trap. The 0
and—45 °C traps contained small amounts of larger closo carboranes
(l,6-CzB7H9, l,6-CngH10, m-CgBmng) as shown byllB NMR and

trap as an air- and temperature-sensitive, white crystalline solid in an mass spectroscopy.

optimized yield of 0.601 g (6.17 mmol, 70.0%). Rudo-4,5-GBe¢Hio
(1): mp~ —50°C; exact mass calcd féfC,*'Bg'H10 100.1341, found
100.1349.

PSH"nido-7-(R)-4,5-GBsHs~ (2a —c7). In a typical reaction, a
one-neck vacuum flask fitted with a stirbar was charged wighmmol
of nido-4,5-GBsH10 (1) and an excess of phenyl acetylene, 2-butyne,
or 1-hexene, respectively. The reaction was stirred until completion,

closo2,3-CBsH~ (5) via Thermolysis of 2b. Dry dodecane+{15
mL) was placed in a 50-mL vacuum flask equipped with a stirbar, then
0.15 g (1.52 mmol) ohido-4,5-GBgH1o (1) and a~5-fold excess of
2-butyne were vacuum transferred to the flask. The solution was heated
at 50°C for 1 h atwhich point a*B NMR spectrum showed complete
formation ofnido-7-(cis-2-but-2-enyl)-4,5-@B¢Hsg (2b). The solution
was heated further at 11 for 1.5 h, and &'B NMR spectrum of

then 1.2 equiv of Proton Sponge was added. The precipitated salt wasthis solution showed the presencectifso2,3-GBsH- (5) and a broad

filtered, then washed and/or recrystallized. The yields were as
follows: PSHnido-7-(trans2-phenylethenyl)-4,5-4B¢Hs™ (2a°) (83.2%),
PSHnido-7-(cis-2-but-2-enyl)-4,5-@BeHs ™ (2b™) (77.5%), PSHinido-
7-(n-hexyl)-4,5-GBeHs™ (2¢7) (41.3%). Details are given in the
Supporting Information. To establish the composition2af, in a
separate reaction, after the formation 2& nido-7-(trans-2-phenyl-
ethenyl)-4,5-GBgHq, was observed, the volatiles were then evaporated
in vacuoand the remaining oily material dissolved in €. Exact
mass measurements 8a confirm its composition: exact mass calcd
for 2a, *2Cyo"'Bs'H16 202.1810, found 202.1831. Furthermore, the
similarity of the spectroscopic data @a~ with that of the X-ray
characterized butenyl anal@p~ (below) provides additional structural
confirmation. In a separate experiment carried out in a 5-mm NMR
tube equipped with a Teflon stopcoakido-7-(octyl)-4,5-GBgHs (2d)
carboranes were generated by reactiom~@®.1 mmol of nido-4,5-
C;BeH10 (1) and~0.7 mL of octenes (a mixture of 1- and 2-octenes)
at 60°C for 1 h. *B NMR showed only the formation afido-7-
(octyl)-4,5-GBgHy (2d) carboranes.

arachno5,6-C;B7H12~ (37). A solution of BHTHF (1 mL of a
1.0 M THF) was slowly added via syringe to 0.12 g (0.88 mmol) of
K*nido-4,5-GBeHg™ (17) dissolved in~20 mL of THF at 0°C. After

warming to room temperature, the volatiles were removed to give 0.13

g (0.86 mmol, 97.7%) of Karachna5,6-GB-Hi2~ (37) as a slightly
air-sensitive, pale yellow solid.

The PSHarachne5,6-GB;H1;~ salt (PSH3™) was prepared by
addition of ~10 mL of a CHCI, solution of PSHCI~ (0.22 g, 0.88
mmol) to a~10 mL THF solution of Krarachne5,6-GB7Hi2~ (37)
(0.12 g, 0.79 mmol), followed by10 mL of EO. Filtration removed
the KCI, and addition of heptane then precipitated the PSH The

resonance (65 ppm) in the region typically found for alkyl boranes.
This solution was then fractionated through-20, —50, —78, and
—196°C series of traps. An unoptimized yield of 0.045 g (0.53 mmol,
34.9%) ofcloso2,3-GBsH7 (5) was isolated in the-78 °C trap. Exact
mass calcd fof?C,''Bs'H; 86.1013, found 86.1011. A small amount
of closa1-(butenyl)-2,3-GBsHs condensed in the-50 °C trap together
with dodecane.

close3,1,2-f-CsHs)CoCyBsH7 (6) and close3,1,2-§5-CsMeg)-
RuC,BsH7 (7). In separate reactions, GEl, solutions of {-
CsHs)Co(CO)b (0.684 g) and#5-CsMes),RWCl, (0.342 g) were added
dropwise to 1.53 and 1.02 mmol of *Kido-4,5-GBeHe~ (17),
respectively, dissolved ir20 mL of THF. After stirring overnight,
the mixtures were filtered and separated by column chromatography
to give closo3,1,2-¢-CsHs)CoGBsH7 (6) (20 mg, 6.2% yield) and
closo3,1,2-(°-CsMes)RuGBsH7 (7) (56 mg, 20.5% yield). For the
dark red-orange coloredosa3,1,2-{-CsHs)CoGBsH7 (6): mp 124-7
°C; exact mass calcd féfC/11Bs*°Co'H;, 210.0736, found 210.0742;
Anal. Calcd: C, 40.20; H, 5.78. Found: C, 39.92; H, 5.70. For the
yellow solid closo3,1,2-¢;5-CsMes)RuCGBsH7 (7): mp 150°C dec;
exact mass calcd foPC14Bs!?'RutH,s 350.1465, found 350.1455.
Anal. Calcd: C, 48.25; H, 7.23. Found: C, 47.97; H, 7.32.

NMR Study of Reaction of 5 with LiEtsBH. To a NMR tube
equipped with a Teflon stopcock was vacuum transferr@dl mmol
of close2,3-GBsH; (5) and ~0.7 mL of THF, then via syringe an
excess of a 1.0 M THF solution of LigBH was added. A'B NMR
spectrum (see Supporting Information) showed complete conversion
to nido-3,4-GBsHs~ (87), as evidenced by comparison with the
literature value for nido-3,4-EtC;BsHs~ and the ab initio/IGLO
calculated shifts.
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nido-2,3-G:BsHs. A 25-mL two-neck round-bottom flask equipped (b) B6
with a stirbar, vacuum stopcock, and septum was charged i B3
mL of dodecane and2 mL of tetramethylethylenediamine (TMEDA). B2
Following the vacuum transfer o2 mmol of close2,3-GBsH7 (5) B7 B1

(measured by gas volume), the solution was brought to room temper-
ature. AMB NMR spectrum (Table 1) then showed complete formation
of a TMEDA adduct, presumablgido-6-(TMEDA)-3,4-GBsH7 (9).

The solution was then maintained-al5 °C and~0.5 mL of degassed
H,O was added by syringe. The solution was stirred vigorously while
the volatiles were continuously vacuum fractionated throt@B and
—196 °C traps. After~3 h, 0.012 g (0.154 mmol, 77.0%) ofido-
2,3-GB4Hsg had been trapped at196°C. The product was character- B3,6
ized by comparison of its spectroscopic data with literature vafues. (a)

X-ray Crystallographic Studies. Details of the collection, solution, B7,8
and refinement of the crystallographic data for P@bt and PSH3~
are in the Supporting Information. The structural determination of
PSH1~ is described in the earlier communicatibrend in the B2 B1
Supporting Information.

Computational Methods. The details of the methods employed
have been given elsewhéfe The NMR chemical shifts were calculated
using the IGLO methdd!* employing Huzinaga Gaussian lobe
functions® with specific basic sets described previou<lyB,Hg is the
primary reference for thé&'B NMR chemical shifts and thé values N
were converted to the BFO(C;Hs), scale using the experimental value i 10 5 o0 -5 -10 -156 -20 -25 -30 -35
of 6(B2He) = 16.6 ppm*® 1<C shifts are referenced to the experimental PPM
standard, tetramethylsilane (TMS). Because of the satisfactory agree-gigure 1. Proton spin-decoupled 160.5-MH#B NMR spectra of (a)

ment between the calculated and experimental values, the IGLO nigo 4 5.GBgH,- (1) and (b) nido-7-(trans-2-phenylethenyl)-4,5-
calculated®*C NMR data have been included in Table 2; however, it CzBeH;f (a). '

should be noted that previous studiggindicate the levels of theory

employed in this study may not always be suitable for the accurate

calculation of cage carbons in carboranes. Comparisons of the

calculated and available experimented NMR data have not been

included becaust shifts currently cannot be accurately calculatgd.
The GIAO-MP2 electron correlated chemical shift calculation as arachno-4,5-C,B;H;," + CH;CN A,

implemented by J. Gau¥swvas carried out using the ACESII program nido-4,5-C,BgHg™ +  1/3 Et3B3N3H; (1)

packagé! employing the tzp Ahlrichs basis d&for C and B, which 1

includes one set of d polarization functions. H is described by a

doublef basis set. The cage degradation observed in this reaction is different
than the reaction of C¥N with the isomericarachnc6,8-
C.B7H1,~ anion, which results in the monocarbon cage insertion
The new carborane aniamdo-4,5-GBgHe~ (1°) was pre- productnido-6-CHs-5,6,9-GB7Hg™.2% This difference in reac-

pared in high yields, as described in the Experimental Section, tivity is probably a consequence of the fact that the 4,5-isomer
contains two BH groups while the 6,8-isomer has a single

B8

from the acetonitrile-induced cage degradation reaction of the
conjugate anion oérachne4,5-GB-H;3:

Results and Discussion

6S()%)0) Onak, T.; Drake, R. P.; Dunks, G. Biorg. Chem1964 3, 1686- BH».2* The CHCN appears to cause the base-induced cleavage
1690. r .
(11) Kang, S. O.; Bausch, J. W.; Carroll, P. J.; Sneddon, LJ.G\m. of BHj from one of the BH groups of Fhe 4,5-isomer with
Chem. Soc1992 114 6248-6249. subsequent rearrangement of the resulting@¥BH3 adduct

(12) Bausch, J. W.; Rizzo, R. C.; Sneddon, L. G.; Wille, A. E.; Williams, to 1,3,5-E{B3N3H3.2°
R-(El-,o";g;ge-_C%ft"z-éﬁﬁgg35wl.31;|1e?s5éher U Schindler. M. MMR The B NMR spectrum ofL.~ (Figure 1a) shows four doublet
Principles and ProgressI'DiehI: P.. FIuck,‘E., Guther, H.,’Kosfeld, R’_’ resonances |n_2:1:2:1 ratios, |nd|c§1t_|ng the presence of a cage
Seelig, J., Eds.; Springer-Verlag: Berlin, 1990; Vol. 23, pp4862 and mirror plane, with each boron containing one terminal hydrogen.
references therein. The IH NMR spectrum ofl™ is likewise consistent withCq

(14) For examples of the IGLO method applied to boron compounds,

see footnote 17 in: Diaz, M.; Jaballas, J.; Tran, D.; Lee, H.; Arias, J.; Onak cage symmetry, showmg four-8+, one C-H, and a b”dge-

T. Inorg. Chem.1996 35, 4536-4540. " hydrogen resonances in ratios of 2:2:2:1:1:1. T NMR
(15) Huzinaga, S.Gaussian Basis Sets for Molecular Calculatipns  spectrum ofL~ shows a single resonance at 108.4 ppm (Table
Elsevier: New Y0rI‘<, 1984. . . ) ).
Chgl,g?l%ggké; '1';55’{‘5;; man, H.; Williams, R. E.; Shapiral. [Phys. A C;BgHy~ carborane is an 8-vertex, 20-skeletal-electron,
(17) Bihl, M.; Schleyer, P. v. RJ. Am. Chem. S0d.992 114, 477— nido-cluster system and, on the basis of skeletal electron
491. counting rule€® would be expected to adopt an open-cage

(18) (a) Bihl, M.; Gauss, J.; Hofmann, M.; Schleyer, P. v. R.Am.

Chem. Soc1993 115 12385-12390. (b) Schleyer, P. v. R.. Gauss, J.: structgre based on at_rlcapped trigonal prism missing one high-
Bilhl, M.: Greatrex, R.: Fox, M. AJ. Chem. Soc., Chem. Commaf93 coordinated vertex (Figure 2a). However, the only structurally
1766-1768. characterized 8-vertex nido-cluster with this geometnyidko-

(19) Bihl, M.; Schleyer, P. v. R. liElectron Deficient Boron and Carbon
Clusters Olah, G. A., Wade, K., Williams, R. E., Eds., Wiley: New York, (23) (a) Kang, S. O.; Furst, G. T.; Sneddon, L.I8org. Chem.1989
1991; Chapter 4, pp 113142. 28, 2339-2347. (b) Kang, S. O.; Sneddon, L. G. Hectron Deficient

(20) (a) Gauss, hem. Phys. Letfl992 191, 614-620. (b) Gauss, J. Boron and Carbon Cluster©lah, G. A., Wade, K., Williams, R. E., Eds.;

J. Chem. Physl993 99, 3629-3643. Wiley: New York, 1991; pp 195213.

(21) ACESII: Stanton, J. F.; Gauss, J.; Watts, J. D.; Lauderdale, W. J.;  (24) The structures of tharachne4,5-GBsHi> and arachne6,8-
Bartlett, R. J.Int. J. Quantum Chem., Quantum Chem. Sy§92 26, C;B7H12™ anions, and a possible mechanism for the formationidd-4,5-
879-894. C:BsHo™ (17), will be discussed in a subsequent paper. Bausch, J. W.,

(22) Schiger, A.; Horn, H.; Ahlrichs, RJ. Chem. Physl992 97, 2571~ Sneddon, L. G., unpublished results.

2577. (25) Emelais, H. J.; Wade, KJ. Chem. Socl96Q 2614-2617.
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Table 1. NMR Data

1996 Bausch et al.

compd nucleus o (multiplicity, assignment) (Hz))
nido-4,5-GBgHs~ (1) 11ga 5.0 (d, B7,8,Jen 135),—15.0 (d, B2,Jsn 129),—16.8 (d, B3,6,Jsn 124),—36.1
(d, B1,Jen 157, Jss 20)
1B—-11Bb  crosspeaks: B7,8-B2; B7,8-B3,6; B2-B1; B2-B3,6
1H{1B}¢ 5.5 (C4,5H), 3.9 (B7,8H), 2.1 (B3,6H), 0.8 (B2H}0.3 (B1H),—6.3 (BHB)
13¢d 108.4 (br, C4,5)
nido-4,5-GBeH1o (1) 11ge 7.8 (br, B7,8),~7.3 (d, B1,Jsn 176),—12.4 (d, B3,6Je 143),—26.6 (d, B2 Js 146)
uB—-11Bf  crosspeaks: B7,8-B3,6; B7,8-B2; B1-B3,6; B1-B2; B3,6-B2
IH(B)Y 6.2 (C4,5H), 3.0 (m, B7,8H), 2.6 (B3,6H), 2.0 (B1H), 1.2 (B2H8.4 (br, BHB)
13¢h 120.0 (br, C4,5)
nido-7-(trans-2-phenylethenyl)- ugi 15.5 (br, B7), 3.2 (d, B8Jgn 142),—12.1 (d, B2,Jgn 131),—13.7 (d, B6,Jsn 125),
4,5-GB¢Hs™ (2a") —15.5 (d, B3Jsn 122),—34.1 (d, B1Jen 151)
IH{11B}ik  7.5-7.0 (Ph,=C—H), 6.6 (d,=C—H, Jun 18), 5.7 (CH), 5.65 (CH), 3.6 (BH),
2.0 (BH), 1.9 (BH), 1.2 (BH)~0.3 (BH), —4.8 (B—H—B)
nido-7-(cis-2-but-2-enyl)- ug 17.2 (B7),—1.0 (br, B8),—13.4 (d, B2 Jai; 146),—15.8 (d, B6Jsn 156),
4,5-GBeHg™ (2b) —17.8(d, B3 Jsnn 141),—36.4 (d, B1 Jgy 143)
nido-7-(n-hexyl)-4,5-GBgHs™ (2¢7) ug 19.1 (br, B7),—1.3 (br, B8),—13.0 (d, B2 Jay 153),—15.7 (d, B6,Jsn 161),
—18.1 (d, B3,Jgn 139),—36.3 (d, B1 Jgn 140)
nido-7-(trans-2-phenylethenyl)- gm 40.2 (br, B7),—8.4 (d, B6,Jsn 141),—13.3 (d, B1,Jsn ~ 130),
4,5-GBgHs (29) —16.9 (d, B3,Jgn 156),—23.0 (d, B8,Jsr ~ 160),—25.3 (d, B2 Jgs 145)
nido-7-(cis-2-but-2-enyl)-4,5-GBgHs (2b)  11B" 43.8 (s, B7)~8.2 (d, B6,Jsn 140),—13.7 (d, B1Jgy 176), —16.6 (d, B3,Jsy 154),
—23.3 (d, B8,Jgn 153),—24.7 (d, B2,Jgyy 144)
1B—11Be  crosspeaks: B1-B2; B1-B3; B1-B6; B2-B3; B2-B6; B2-B8; B3-B8; B6-B7
nido-7-(n-hexyl)-4,5-GBgHs (20) 11gp 49.2 (s, B7)~6.4 (d, B6,Jsn 138),—11.7 (d, B1,Jsx 181),—16.3 (d, B3,Jsn 142),
—21.4 (d, B8 Jen 176),—24.2 (d, B2,Jgy 158)
nido-7-(octyl)-4,5-GBgHs (2d) 11ga 49.2 (s, B7),—6.4 (d, B6,Jgn 142),—12.0 (d, B1,Jsn 182),—16.4 (d, B3,Jgn 147),
—21.4 (d, B8 Jen 156),—24.4 (d, B2,Jgy 154)
arachne5,6-GB7Hi,~ (3°) 1gr -1.4 (d, B1,Jgn 126),—7.7 (t, B9,Jen 115),—9.6 (d, B4,7 Jany 129),—43.5
(d, B3,8,Js1 118),—44.7 (d, B2 Ja 157)
11B-11Bs  crosspeaks: B1-B2; B1-B3,8; B1-B4,7; B3,8-B4,7
IH{UB}t 5.5 (C5,6H), 2.5 (B4,7H), 2.3 (nexoBOH, br), 2.1 (s, B1H), 0.7 (EndoBYH, Ji 6),
0.1 (B3,8H),—0.7 (B2H),—1.4 (BHB)
130U 116.2 (br, C5.6)
arachne7-CHs-4,5-GBegH 10~ (4_) 11gv 6.6 (d, B6,JeH 128), 3.4 (d, B3JsH 146),—202 (d, B2,JgH 141),—31.6 (d, B7 JsH 99),
—37.9 (t, B8,Js1; 107),—57.7 (d, B1,Jsn 170)
11B-11Bw crosspeaks: B1-B2; B1-B3; B1-B6; B2-B3; B2-B6; B2-B7; B2-B8; B3-B8; B6-B7
arachnoe7-CHs-4,5-GBsHg?>™ (4%7) 1gx -3.0 (br, B6),—9.6 (br, overlap, B2,B3);-31.5 (br, B7),—45.3 (t, B8,Jgn ~ 90),
—58.9 (d, B1Jsn ~ 120)
closo2,3-GBsHy (5) 11ge 6.9 (d, B4,6 Jsr 172), 3.1 (d, B5Js 157),—17.9 (d, B1,7,Jen 176)
H{1B}Y 6.9 (C2,3H), 4.4 (B4,6H), 3.9 (B5H);0.1 (B1,7H)
132 93.8 (br, C2,3)
closo1-(butenyl)-2,3-GBsHg 11gaa 6.9 (d, B4,6Jsn 154), 2.9 (d, B5,Jsy 160),—6.8 (s, B1),—25.0 (d, B7 Jsn 180)
closo3,1,2-CpCoGBsH- (6) ugf 67.2 (d,Jen 156), 18.2 (d,Jsr 166),—1.3 (d,Jen 177),—8.2 (d,Jay 155)
1H{11B}b> 9.4 (BH), 6.4 (CH), 5.3 (€Hs), 4.3 (BH), 2.8 (BH), 0.7 (BH)
15Cee 86.1 (GHs), 66.8 (cage C, br)
close3,1,2-¢5-CeMeg)RUGBsH; (7) upt 57.7 (d, 148), 13.7 (d, 153);2.6 (d, 172)~11.8 (d, 134)
1Hbb 7.4 (BH), 5.1 (CH), 4.2 (BH), 2.7 (BH), 0.5 (BH) (one peak obscured)
13Cee 102.6 (s, MeCs), 60.4 (br, cage C), 17.4 (MesCs)
nido-3,4-G:BsHg~ (87) 11gx 21.4 (d, B2,Jsn 128), 18.9 (t, B6,Jsn 116), 1.1 (d, B5,7Jsn 110),—34.0 (d, B1,Js 158)
nido-6-(TMEDA)-3,4-G:BsH; (9) 11go 19.6 (d, B2,Jgn 132), 15.7 (d, B6Jsn 139), 4.5 (d, B5,7Jsn 136), —31.7 (d, B1 Jen 169)

2160.5 MHz in THFdg (K™ salt).? 64.2 MHz in THFdg (K* salt).©500 MHz in THFds (K* salt).¢50.3 MHz in THF s (K* salt).© 160.5
MHz in CD,Cl,. F64.2 MHz in CBCl,. 9200 MHz in GDs. "50.3 MHz in GDe. ' 160.5 MHz in CQCN (PSH" salt).) 500 MHz in CD:CN
(PSH" salt). X Peaks for PSHnot included. 64.2 MHz in CHCl, (PSH"). ™64.2 MHz decane? 160.5 MHz in GDe. © 64.2 MHz in GDe. P 64.2
MHz in pentaned64.2 MHz in octenes.160.5 MHz in CBCl, (PSH" salt).$64.2 MHz in CQCl; (BusN™ salt).t 200 MHz in CD.Cl, (BusN™
salt).! 125.7 MHz in CDCl, (BusN™ salt).” 64.2 MHz in CB;CN. ¥ 64.2 MHz in CHCl, (PPN salt).* 64.2 MHz in THF.Y 500 MHz in CD,Cl.
2125.7 MHz in GDe. 264.2 MHz in dodecané® 200 MHz in CDyCN. ¢ 125.7 MHz in CRCN.

(7-CsHs),Co,SBsH7.27 Other crystallographically characterized
isoelectronic clusters, such a&lo-BgH1,,28 nido-(7%-CeMeg)-
FeMeC4B3H3,2° andnido-(57-CsHs) CoPhC4B3H3,3 have struc-

two vertices, which is the same geometry expected for 8-vertex
arachno-clusters (Figure 2b). Thus, the question of which is
the preferred geometry for 8-vertex nido cages has been a

tures based on a 10-vertex bicapped square antiprism missingongstanding problem in cluster chemis#fy:31.32

We previously communicatéta single-crystal X-ray study

(26) (a) Williams, R. Elnorg. Chem1971, 10, 210-214. (b) Wade, K.
Adv. Inorg. Chem. Radiocheml976 18, 1-66. (c) Williams, R. EAdw.
Inorg. Chem. Radiochert976 18, 67—142. (d) Rudolph, R. WAcc. Chem.
Res.1976 9, 446-452. (e) Williams, R. E. IrElectron Deficient Boron
and Carbon ClustersOlah, G. A., Wade, K., Williams, R. E., Eds.;
Wiley: New York, 1991; pp 1+93. (f) Williams, R. E.Chem. Re. 1992

of BusN*tnido-4,5-GBeHg™ (17) (Figure 3 and Supporting

Information) that confirmed the gross arachno-type structure

and this report was the first structural confirmation of this
geometry for a non-metal polyhedral cage system. Theage

92, 177-207.

(27) Zimmerman, G. J.; Sneddon, L. G.Am. Chem. S0d.981 103

1102-1111.

(28) Enrione, R. E.; Boer, F. P.; Lipscomb, W. Morg. Chem.1964

3, 1659-1666.

(29) Micciche, R. P.; Briguglio, J. J.; Sneddon, L. Grganometallics

1984 3, 1396-1402.

(30) Zimmerman, G. J.; Sneddon, L. (Borg. Chem198Q 19, 3650~

3655.

symmetry observed in the solid state is also consistent with the
NMR data discussed above. The carbon atoms occupy adjacent

(31) (a) Grimes, R. NAdv. Inorg. Chem. Radiochem983 26, p 72.
(b) Reference 1d, p 473.

(32) Studies of 8-vertex nido electron count carborane clusters have
indicated that the 6-membered open-face geometry is usually, but not always,
the preferred structure: J. W. Bausch, presentation at Loker Hydrocarbon
Institute Kimbrough Symposium, Los Angeles, CA, December, 1995.
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8-vertex nido

Figure 3. ORTEP drawing of the cage structure of Bldnido-4,5-
C:BsHo™ (17). Selected observed bond distances (A):—&2, 1.749
(7); B1-B3, 1.794 (7); B+-C4, 1.687 (7); B+C5, 1.686 (6); B+
B6, 1.805 (7); B2B3, 1.792 (7); B2B6, 1.833 (7); B2B7, 1.715
(6); B2—B8, 1.710 (7); B3-C4, 1.566 (7); B3B8, 1.699 (7); C4
C5, 1.400 (7); C5B6, 1.562 (7); B6-B7, 1.709 (7); B#B8, 1.666
(7); B7—H78, 1.219 (35); B&H78, 1.294 (35).

10-vertex closo 8-vertex arachno
Figure 2. Derivation of open 8-vertex cage frameworks based upon
geometrical systematics: (a) removal of a high-coordinated vertex from
a 9-vertex tricapped trigonal prism to generate a 5-membered open-
face nido geometry; (b) removal of two high-coordinated vertices from (c)
a 10-vertex bicapped square antiprism to generate a 6-membered open-
face arachno geometry. B7

positions on the puckered 6-membered open face with the single
bridge-hydrogen located at the BB8 edge. The 6-membered
open-face geometry df~ is clearly demonstated by the €4

B8 distance of 2.72 A, and the remaining cage lengths (Figure
3 caption) are within values normally found in carboranes.

The ab initio calculated structure fardo-4,5-GBgHg™ (17) B7
(Supporting Information) and the IGLO calculated shifts and
assignment8 (Table 2) are likewise consistent with the crys-
tallographically observed structure and both the experimental
1B NMR chemical shifts and 2B'B—11B NMR spectrum. A B3,6
variety of input structures containing a 5-membered open face (5)
were employed in the calculations, but each optimized to the
structure with a 6-membered open face (the-B8 distance is
calculated to be 2.74 A at the MP2/6-31G* level of theory).

Onak has recently report&dan isomer ofl-, nido-3,5-

CoBgHo ™, and shown with ab initio/IGLO calculations that it
also has an arachno-type structure, but with the carbons located—— T y y T T v v T
in non-adjacent positions on the 6-membered open face. The 50 40 30 20 P1F9M

3,5-Isomer IS. energetlcall.y favored F)yﬂﬂ’ by 4.5 kcg!/mol Figure 4. Proton spin-decoupled 64.2 MH#B NMR spectra of (a)
(Table 3), which agrees Wlth the empirical rules of W|_II|ai=‘ﬁ$. nido-4,5-GBgHio (1); (b) nido-7-(cis-2-but-2-enyl)-4,5-GBeHs (2b):
The neutral carborangido-4,5-GBeHio (1) was obtained in  and (c)nido-7-(octyl)-4,5-GBeHo (2d). Complete shift assignments are
70% optimized yield by protonation of a pentane suspension given in Table 1.
of 1~ with gaseous HCI at-78 °C to give a colorless, air-
sensitive liquid that slowly decomposes at room temperature. (Table 3). Good agreement of the IGLO calculaté8l NMR
shifts of 1a with the experimental values is obtained by
nido-4,5-C,BgHqq + KCI (2) averaging the shifts of the “static” structure to give the
1 “dynamic” values (Figure 5). A fluxional process which would

interconvert the two enantiomers shown below could involve
1 i 1 1 1R 11
Although thet'B (Figure 4a)!H, 1°C, and 2-D"'B—'B NMR rapid bridge-proton rearrangements across the-B3 B7—

spectra (Tgble 1) Gﬁd(}4’5.'CZBGH1° () suggescslsymmetry, B8, and B6-B7 edges. This would account for both the
the ab initio/IGLO calculations for & symmetry isomerib) apparent mirror plane of symmetry present in the NMR spectra

showed poor agreement with the experimental data (Figure 5)'of 1 and the broad nature of the BB8 resonance
Williams’ empirical ruled®® do not favor structurelb as it '

contains two bridge-hydrogens across 5-coordinated borons
(B3,6). Instead, an asymmetrical arrangement of bridge- °
hydrogens1a) would be favored. The calculations indeed show
lato be significantly lower in energy (28.3 kcal/mol) thab

pentane
-78 °C

K*nido-4,5-C,BgHg  + HCI
1

(33) The value for B2 deviates 8 ppm from the experimental value. This
larger than normal difference may arise because the computational method
does not take into account solvation and counterion effects, which could
be significant in these anions.

(34) Onak, T.; Tseng, J.; Tran, D.; Herrera, S.; Chan, B.; Arias, J.; Diaz, ) .
M. Inorg. Chem.1992 31, 3910-3913. This rearrangement appears to have a low-energy barrier, as
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Table 2. IGLO Data

Bausch et al.

optimized structure

IGLO calculated NMR datd/fiP2/6-31G*)

1B:
15C:
1B:

nido-4,5-GBeHe~ (1°)
112.0 (C3,4)
nido-4,5-G:BeHio (1a)

7.1 (B7,8),—7.2 (B2),—19.5 (B3,6)—37.8 (B1)
37.3(B8),—6.8 (B1),—9.8 (B3),—13.1 (B7),—19.1 (B6),—22.9 (B2)

34.4 (B1), 25.7 (B7,8)-2.5 (B3,6),—22.3 (B2)

13C: 160.4 (C4), 94.4 (C5)
nido-4,5-GBe¢H1o (1b) 11B:

13C: 139.7 (C4,5)
nido-7-CHy-4,5-G:BeHg~ (2€°) ug;

13C:
1B:
13C:

nido-7-CHg-4,5-G:BgHo (26)

nido-8-CHy-4,5-G:BeHo (21) vB:

15C:
arachne5,6-GB7Hi,™ (3°) uB:

13C: 114.2 (C5,6)
arachne5,6-GB7H3 (3a) uB:

15C:

11B:
15C:

arachne5,6-GB7Hi3 (3b)

arachne7-CHs-4,5-GBgHe?~ (427) HB:

15C:
arachne7-CHs-4,5-GBeH1g™ (47) HB:

15C:
close2,3-GBsH7 (5) "

15C: 87.0(C2,3)

closo1-CHs-2,3-GBsHe 11B:

16.9 (B7), 4.0 (B8)~5.0 (B2),—18.4 (B6),—21.0 (B3),—37.8 (B1)
114.2 (C5), 110.5 (C4)-0.9 (Me)

50.6 (B7),~7.6 (B1),—8.7 (B6),—16.8 (B8),—19.2 (B3),—21.6 (B2)
159.6 (C5), 91.0 (C4), 1.3 (Me)

34.9 (B7),~0.9 (B8),—1.0 (B1),—11.7 (B6),—19.0 (B3),—20.3 (B2)
162.4 (C4), 96.1 (C5);-8.3 (Me)

2.0 (B1),—8.2 (B9),—8.8 (B4,7),—44.8 (B3,8),—48.5 (B2)

30.9 (B7), 28.1 (B4), 20.6 (BY), 17.1 (B8)12.7 (B1),—17.1 (B2),—21.1 (B3)
109.7 (C6), 11.7 (C5)

15.4 (B1),—3.2 (B2),—8.6 (B9),—9.0 (B7),—18.5 (B8),—29.7 (B3),—30.1 (B4)
150.4 (C6), 125.8 (C5)

—3.1 (B6),—4.4 (B2),—~7.4 (B3),—35.6 (B7),—45.5 (B8),—62.0 (B1)

96.0 (C5), 92.9 (C4), 8.9 (Me)

9.6 (B6), 6.8 (B3)~21.2 (B2),—30.5 (B7),—36.4 (B8),—59.5 (B1)

92.7 (C5), 91.8 (C4), 2.5 (Me)

8.1 (B4,6), 1.0 (B5)-17.5 (B1,7)

9.0 (B4,6),—-0.4 (B5),—7.0 (B1),—23.9 (B7)
23.5 (B2), 22.7 (B6), 3.2 (B5,7):36.6 (B1)

25.2 (B2), 9.8 (B6), 0.1 (B5,7)-30.9 (B1)

15C: 87.2(C2,3)-8.6 (Me)
nido-3,4-GBsHg™ (87) 1B:

15C: 109.3 (C3,4)
nidO—G-NH3-3,4-CzB5H7 11B:

15C: 125.8 (C3,4)

1B and 'H NMR studies ofl to —90 °C were unable to
sufficiently slow down this process to allow observation of a
static asymmetrical structure.

The NMR spectra for the carbons-apart isom@do-3,6-
C,BgH10,353%0f 1 were originally interpreted as consistent with

substituted B7 borons are sensitive to their exopolyhedral
substituents, with those of the olefinic derivativ@s,and2b,
coming at slightly higher field (40.2 and 43.8 ppm) than those
of the saturated derivative2c and 2d (49.2 and 49.2 ppm).
The IGLO calculated'B shifts for the model compounaido-

either static-arachno or fluxional-nido structures. However, an 7-CHs-4,5-GBgHy (2, Figure 6) correlate well with the

ab initio/IGLO/NMR study” strongly favors a static structure.

experimental data foka—d. Other structures also having the

The 3,6-isomer is energetically favored by 22.5 kcal/mol over C; symmetry which were not excluded by the experimental data

1 (Table 3).
Thenido-4,5-GBgH1p (1) was found® to readily hydroborate

were also computationally investigated. Tiiedo-8-CHs-4,5-
C,BgHy (2f) isomer is calculated to be only 2.2 kcal/mol higher

under mild conditions a variety of alkynes and alkenes, including in energy than the 7-Me isomee (Table 3). However, the
phenyl acetylene, 2-butyne, 1-hexene, and octenes, to givelGLO !B calculated shifts (Table 2) f@&f correlate poorly with

exopolyhedral alkenyl or alkyl B7-substituta@lo-C;BsHg (2a—
d) species:

alkyne
nido-4,5-C,BgHqq +  or
1 alkene

—_—

2a R = (trans-2-phenylethenyl)
2b = (cis-2-but-2-enyl)

2c = (n-hexyl)

2d = (octyl)

The!B NMR spectra foRa—d (see Figure 4 for spectra @b

and 2d) contain resonances at chemical shifts expected for a

“static” nido-4,5-GBgH10 (Figure 5), with five doublets and one
downfield singlet of equal intensity. The chemical shifts of the

(35) Gotcher, A. J.; Ditter, J. F.; Williams, R. B. Am. Chem. Soc.
1973 95, 7514-6.

(36) Reilly, T. J.; Burg, A. Blnorg. Chem.1974 12, 1250.

(37) Bausch, J. W.; Prakash, G. K. S.;iBuM.; Schleyer, P. v. R;;
Williams, R. E.Inorg. Chem.1992 31, 3060-3062.

(38) Presented in part at the Eighth International Meeting of Boron
Chemistry, Knoxville, TN, July, 1993. See: Bausch, J. W.; Carroll, P. J.;
Sneddon, L. G. IrCurrent Topics in the Chemistry of BorpKabalka, G.
W., Ed.; Royal Society of Chemistry: Cambridge, 1994; pp-2227.

the experimental values f@a—d.

As discussed above, the ab initio/IGLO calculations and their
experimental'B NMR spectra are consistent with the structures
proposed for2a—d, but the compounds proved to be too
thermally unstable to allow complete isolation and characteriza-
tion. However, treatment &fa—c with Proton Sponge resulted
in deprotonation to form stable alkyl or alkenyl B7-substituted
nido-4,5-GBgHs™ ions Ra —c™) in moderate to high yields:

5 7 -R _
i
2a-c + Proton Sponge ——= 4C 8 (PSH)™ (4)

1 2
2a” R = (trans-2-phenylethenyl)
2b" = (cis-2-but-2-enyl)
2c® = (n-hexyl)

For example, PSthido-7-(trans-2-phenylethenyl)-4,5-§BsHs™
(2a7) was isolated in 81% yield after treatmentaatwith Proton
Sponge. Thel'B NMR spectra (Table 1) foRa —c™ are
similar, with each containing one singlet and five doublet
resonances in equal ratios, indicatiGg cage symmetry (see
Figure 1b for the spectrum @a~). The resonances also occur
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Table 3. Absolute (-au) and Relative (kcal/mol) Energies of Carboranes Calculated in This Study

J. Am. Chem. Soc., Vol. 118, No. 46l /085

optimized structure sym 6-31G*//6-31G* ZPE (NBV)  EeP MP2/6-31G*//MP2/6-31G Ere®
nido-4,5-GBeHy™ (17) Cs 229.06624 81.58 (0) 9.5 229.93727 4.5
nido-3,5-GBsHgy™ C 229.08139 81.54 (0) 0.0 229.94434 0.0
nido-4,5-GBsH1o (13) C 229.58307 89.58 (0) 33.3 230.45050 22.5
nido-4,5-GBgH1o (1b) Cs 229.54192 88.31 (0) 56.0 230.40348 50.8
nido-3,6-GBeH1" Ca 229.63438 90.58 (0) 0.0 230.48772 0.0
nido-7-CHs-4,5-GBeHs™ (2€7) C 268.10894 100.54 (0) 269.11481
nido-7-CH;-4,5-GB¢Hs (2€) C, 268.62980 108.50 (0) 0.0 269.63637 0.0
nido-8-CHs-4,5-GBgHq (2f) C 268.62760 108.66 (0) 15 269.63304 2.2
arachne5,6-GB7H1z™ (37) Cs 255.47820 103.43 (0) 256.46771
arachne5,6-GB7H3 (38) C 255.97924 112.58 (0) 15.9 256.95331 20.7
arachne5,6-GB7H13 (3h) C 255.95692 111.32 (0) 28.7 256.94044 27.7
arachne4,5-GB7Hi3 C, 256.00663 114.08 (0) 0.0 256.98849 0.0
arachne7-CHs-4,5-GBgHo?™ (4%7) C, 268.51614 103.67 (0) 269.54414
arachne7-CHs-4,5-GBgH1o™ (47) C 269.25029 113.51 (0) 270.26844
closoa2,3-GBsH7 (5) Co 203.21493 67.24 (0) 203.95708
closo1-CHs-2,3-GBsHg Cs 242.26088 86.04 (0) 243.14204
nido-3,4-GBsHs™ (87) Cs 203.79929 71.92 (0) 204.56006
nido-6-NHz-3,4-GBsH7 Cs 259.39771 94.70 (0) 260.32430

aZero-point energy and number of imaginary frequencies in parenttfeRetative energy at the 6-31G*//6-31G¥ ZPE (6-31G*) level; the
zero-point energies have been scaled by 0.89 as recomm&nd&elative energy at the MP2/6-31G*//MP2/6-316*ZPE (6-31G*) level; the
zero-point energies have been scaled by 0.89 as recomm&nddreference 35.

(IGLO data (I1/MP2/6-31G*) ) (1GLO data (17MP2/6-31G")

"static"  “"dynamic" Exp't Expt
B1 -6.8 B1 -6.8 -7.3 2e’ 2a 2b 2c
E% -26.3 B2 -22.9 -26.6 51 -37.8 -34.1 -36.4 -
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nido-7-CHy-4,5-C,BgHy (2€)

Figure 6. (a) Calculated structure and IGLXB NMR data fornido-
7-CHs-4,5-GBeHs™ (2e7): MP2(FULL)/6-31G* optimized geometry
and comparison with the experimental dataZar—c™. (b) Calculated
structure and IGLG'B NMR data fornido-7-CHs-4,5-GBgHg (26):
MP2(FULL)/6-31G* optimized geometries and comparison with the
experimental data foRa—c.

nido-4,5-CzBGH1 0 (1 b)

Figure 5. Calculated structures and IGLEB NMR data fornido-
4,5-GBeH1o (1): MP2(FULL)/6-31G* optimized geometries for the
asymmetric {a8) and symmetricb) isomers and comparison with the
experimental data.

at shifts similar to those ofiido-4,5-GBgHg™ (17) with the
exception that the substituted-B7 resonances are shifted to lowe
field. Strong support for the proposed structu?es—c~ also
comes from the good agreement (Figure 6) of the ab initio/
IGLO calculated shifts on model compoundido-7-CHs-4,5-

'underwent cage expansion by the addition of;BHHF to a
THF solution of1~ giving the new carborane anion"Erachne
5,6-GB-H1;~ (37) in essentially quantitative yiefd. A C,B7H5
RPN ) - carborane is a 9-vertex, 24 skeletal electron, arachno-cluster
CaBeHo™ (2€7) with the experimental data fdta —C. system and, on the basis of skeletal electron counting #éles,
The structure of PSFRb~ was further confirmed by a  \yould be expected to adopt a structure based on a octadeca-
crystallographic study, but because of the poor quality of the nedron missing two vertices. Two frameworks generated using
diffraction data, a satisfactory refinement could not be obtained. tyis method are shown in Figure 7: the “iso” arachno structure
Thus, while the gross cage geometry aydhydroboration of with a 6-membered open face, found i80-BgH15% and the
2-butyne were confirmed, the bond distances and angles are
unreliable. Details 011 the s.truct.ural determlngtlon and an anions, see: () Geanangel. R A Shore, S).Gim. Chem. S0d967
ORTEP plot of PSH2b™ are given in the Supporting Informa-  gg 6771-6772. (b) Remmel, R. J. Johnson, H. D., II; Jaworiwsky, I. S.;
tion. Shore, S. GJ. Am. Chem. So0d.975 97, 5395-5403. (c) Geanangel, R.

i _ i i i _ A.; Johnson, H. D., Il; Shore, S. Gnorg. Chem.1971, 10, 2363-2364.
BOthPldojl’s GBeHio (1) and its conjugate anionjdo-4,5 (40) (a) Dobson, J.; Keller, P. C.; Schaeffer JRAm. Chem. S04965
CoBeHg™ (17), were found to be useful precursors to smaller g7°3525-3523. (b) Dobson, J.; Keller, P. C.; Schaeffer,Iforg. Chem.

and larger cage systems. Th&lo-4,5-GBegHo™ (17) readily 1968 7, 399-402.

(39) For examples of cage expansion by the addition of BHoorane
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11-vertex closo
arachno-5,6-CoB;H13 3a)  arachno-5,6-CoB7H 3 (3b)

remove 1 and 7 remove 1 and 2
Figure 9. Calculated structures and IGLYB NMR data forarachne

5,6-GB7H13 (3): MP2(FULL)/6-31G* optimized geometries f@aand
3b.

for 3= and n-BgHis5 showed that they are similar when
allowances are made for the different cage lengths fourdd in
due to the presence of the cage carbons. The ab initio calculated
structure for 3= (Supporting Information) and the IGLO
calculated chemical shifts and assignments (Table 2) are likewise
"normal” arachno "iso" arachno consistent with the crystallographically observed structure and
structure structure both the experimentd!B NMR chemical shifts and 2B'B—

Figure 7. Derivation of 9-vertex arachno cage frameworks based upon "B NMR spectrum. _ _
geometrical systematics: removal of six- and five-coordinated vertices 1€ 3~ anion is the third isomer of this carborane anion to
(1 and 7) from an octadecahedron to generate a 7-membered openbe reported. The two previous isométsrachne4,5-GB7H1z™
face “normal” arachno structure and removal of six- and four- and arachne6,8-GB7H1,~, have structures based up@o-
coordinated vertices (1 and 2) to generate the 6-membered open-faceBgH 15,40 but this new isomearachne5,6-GB7H12~ (37)isthe
“iso” arachno structure. first reported carborane analog BBgH:54! The only other
reported analog of-BgHjs is a ruthenaboranerachne (-

B9 CsMeg)RUBgH 1442 Many attempts were made to protonate
with the desired product being the unknovemachne5,6-
C,B7H13 (3) carborane having a-BgHjs structure. In NMR
tube experiments, when either the B or PSH™ salt of 3~
was dissolved in CbkCl, and treated with HCEtO or
concentrated bSOy at —78 °C and slowly warmed to room
temperature, the only identifiable product wasachne4,5-
CZB7H13.4

The results of ab initio calculations indicate two possible
structures foarachne5,6-GB7H13 (3aand3b) (Figure 9) that
retain then-BgH35 framework, with3a 8.0 kcal/mol more stable
than 3b (Table 3). However3ais 20.7 kcal/mol less stable

Figure 8. ORTEP drawing of the cage structure of (PSafachno than the “iso” framework isomearachne4,5-GB;H134® It may
5,6-GB7H15~ (37). Selected observed bond distances (A): —BR, be that “normal”3aor 3b is initially formed by the protonation
1.678 (6); BE-B3, 1.791 (6); B+B4, 1.776 (5); B+B7, 1.755 (5); of 37, but quickly isomerizes to the more stalsleachnoe4,5-
B1-B8, 1.767 (5); B2-B4, 1.801 (7); B2-B7, 1.764 (5); B3-B4, C,B7H13 “iso” isomer. Attempts to locate computationally an
é-SSGEAEG):I;_ EﬁB(%) _1-C7 ;2&5)131308?5)%'?:%—73(26);1%% fz(é)l_-%ggég)? isomer similar to3a, but with B3-B4 bridge-hydrogen moved
1520 (5): BZ-B8, 1.864 (6): BS-BY, 1.815 (6). B3-H39, 1.155(28): tgoathe B3-B9 edge, failed; this geometry optimized to isomer

B8—H89, 1.172 (30); B9-H39, 1.379 (23); B9-H89, 1.501 (30); BS . . . . .
HOa, 1.066 (27); BOHOb, 1.224 (25). NMR studies of the reaction of sodium or potassium hydride

with nido-4,5-GBgHjo (1) showed the formation ofido-4,5-
less common “normal” arachno structure with a 7-membered C2BsHo™ (17). However, when LIBEH was employed, Ehe
open-face, found fon-BgH154! The NMR data for3~ (Table major product {-60%) was the knovﬁarachno4,5-c_256H11 ;
1), which indicateCs cage symmetry with equivalent cage arising from hyd”df addition to the cage, along wiido-4,5-
carbon atoms, strongly support the “normal” arachno 9-vertex CoBeHg™ (17) (~40%).

framework. . KH ‘

A single-crystal X-ray diffraction study of the PSB~ salt nido-4,5-C2BgH10 nido-4,5-C,BeHy
(Figure 8 and Supporting Information) shows theachne5,6- ! . LiBEt;H ! ©)
C:B7H1z~ (37) does in fact have a “normal” arachno-framework, arachno-4,5-CoBgHyy™ + 1

with the carbon atoms (C5,6) occupying low-coordinated (~60%) (~40%)

adjacent positions on the 7-membered open face. Consistent
with the triplet resonance observed in tH8 NMR spectrum
(Table 1), the unique boron (B9) on the open face (formally
from the BH;-THF) is a BH with two bridge-hydrogens, similar

to that found inn-BgH154 A comparison of the geometries (42) Bown, M.; Fontaine, X. L. R.; Greenwood, N. N.; Kennedy, J. D.;
Thornton-Pett, MJ. Organomet. Cheni986 315 C1-C4.

(41) Dickerson, R. E.; Wheatley, P. J.; Howell, P. A.; Lipscomb, W. N. (43) The optimized structure farachne4,5-GB7H13 at HF/6-31G* has
J. Chem. Physl957 27, 200—-209. been reported: McKee, M. Lnorg. Chem.1994 33, 6213-6218.

An NMR study of the reaction of a THF solution of"iKido-
4,5-GBgHy™ (17) with ~1 equiv of a 1.4 M EIO solution of
CHzsLi showed evidence of the initial formation afachne7-
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Table 4. B NMR Data forclosoe2,3-GBsH7 and Alkyl

[ IMP/6 8] G" I pervatives

( i ) compd B4.,6 B5 B1,7

Exp't calcd for closo2,3-GBsH; 6.7 3.1 -17.4

B% -63,2 588 closo2,3-GBsH- (5) 6.9 3.1 -17.9

-4.4 -9 clos02,3-MeC,BsHs? 10.6 5.2 -12.1

BR 4% 38 closo2,3-EbCoBsHs" 7.0 25 ~14.2

Bg i?g 3},8 “closo2,3-GBsH-” (1973 -2(2) 15(1) -25(2)
OO O a GIAO-MP2 method? Reference 44¢ Reference 45¢ Reference

46.

(”-/'/ﬁ'p%é’%%*)I the'B NMR signals, the ratios afloso2,3-GBsH- (5), closo
2,4-GBsHy, andclosa1,7-GBgHg were approximately 10:1:2.

Exp't The closc2,3-GBsH7 (5) was also produced by moderate
B1 :29'5 :27'7 temperature thermolysis of solutions of the hydroborated
Bg ég 83 intermediate®Ra—c:

B9 338 .38

arachno7-CHg-4,5-CoBgHys (4) 0o ~36:4 -37.9 5¢ 7—R
Figure 10. Calculated structures and IGL'@ NMR data forarachne C/ L, closo-2,3-C,BsH; + "RBH," (8)
7-CHs-4,5-GBeHo?™ (427) and arachno7-CHs-4,5-GBeHio>™ (4): 4 5
MP2(FULL)/6-31G* optimized geometries and comparison with the
experimental data. 1 2
2a R = (trans-2-phenylethenyl)
CHs-4,5-GBgHe2~ (427), which following protonation with gb = (cis-2-but-2-enyl)
PSH'CI- gavearachno7-CHs-4,5-GBsH1g~ (4°): ¢ =(mhexy)
) - CHgli 2 For example, thermal degradationroéio-7-(cis-2-but-2-enyl)-
nido-4,5-CoBgHg  ————= arachno-7-CHy-4,5-C,BgHy 4,5-GBgHo (2b) was accomplished by heating at 110 in
T 4 dodecane solution. AB NMR spectrum of this solution
lPSH*Cl' showed the presence dbsa2,3-GBsH7 (5), as well as a broad
arachno-7-CHy-4,5-CoBgH, o resonanceﬁéfss ppm) in_ the range typically found for a_llkyl
& boranes, which is consistent with the loss of a “RBHnit.

Vacuum fractionation gavelose2,3-GBsH7 (5) in an un-

The structure of the final producs®) is strongly supported by ~ optimized yield of 34.9% in a-78 °C trap as a low-melting,
its 12B NMR spectrum (Table 1), which shows six resonances Volatile, air-sensitive solid and is thermally stable at room
(C; symmetry) in similar chemical shift regions as the parent temperature. Thecloso2,3-GBsH7 made in this way is,
arachno4,5-GBgH11~. The 2-DB—11B NMR spectrum of according to NMR and mass spectrometry, of higher purity than
the PPN'4~ showed the expected crosspeaks, exceptBd. that produced by the gas phase flow system. By careful choice
The 1B NMR spectrum for the initial product¢~) contains of reagents and optimization of the isolation procedure, this
five resonances in ratios of 1:2:1:1:1, with overlap of two peaks solution phase method may ultimately give higher yields of
likely. In the proton-coupled!B NMR spectrum, the three  €l0s62,3-GBsH7 (5) than the gas-phase method.
downfield resonances are broad, but the two upfield resonances, The close2,3-GBsH; (5) carborane was one of the few
at—37.9 and-57.7 ppm, are a triplet and a doublet, respectively remaining parent adjacent-carbon closo carboranes to be isolated
(Table 1). The likely structure fo#?~ is similar to 4-, but and unambiguously characterized. The first alkyl substituted
without the bridge-proton. The ab initio/IGLO calculations for ~adjacent-carboolosaC;Bs- systemclose2,3-MeC,BsHs, was
arachne7-CHs-4,5-GBeH10~ (47) and arachne7-CHs-4,5- isolated in low yield by Schaeffer in 19%ifrom the gas phase
C:BgHe?2~ (427) (Figure 10) are in good agreement with the reaction of octaborane and 2-butyne. Beck has reptrted
experimental values. synthesis ofcloso2,3-EtC,BsHs and its1'B NMR data are
Vacuum thermolysis ofiido-4,5-GBgH1 (1), through a hot consistent with those foclose2,3-MeC:BsHs (Table 4). In
tube heated at 35T, resulted in loss of Biiand the production 197328 Schaeffer also reported isolation of a small amount of
of closa2,3-GBsHy (5). impure material from the octaborane/2-butyne reaction which
mass spectroscopy indicated was of the formuyBs8;. The

) 350 °C i 11B NMR spectrum contained three resonances at-1§,and
nido-4,5-02Befo Tfiow system 0°02 CaBst + 1/2B2Hs (7) —25 ppm, in 1:2:2 ratios, which were tentatively assigned to
close2,3-GBsH;. However, these resonances are significantly
The close2,3-GBsH; (5) was isolated in a78 °C trap in different (Table 4) than those of the alkyl derivatives discussed
~65% yield. Smaller amounts of other closo carboranks¢ above, as well as those for compoundThus, ab initio/IGLO

2,4-GBsH7* andcloso1,7-GBgHg* ) were also produced, with  studies were undertaken to confirm the structural assignment
thecloso1,7-GBgHg not separable from theosoe2,3-GBsH7 of 5.
(5) by vacuum fractionations. According to the integration of

(46) Rietz, R. R.; Schaeffer, R. Am. Chem. Sod971 93, 1263~

(44) (a) Williams, R. E.; Good, C. D.; Shapiro, Abstracts 140th 1265.
Meeting of the American Chemical Society, Chicago, IL, Sept 1961; p 14N. (47) (a) Beck, J. S.; Kahn, A. P.; Sneddon, L.@ganometallicsL986
(b) Onak, T. P.; Gerhart, F. J.; Williams, R. & Am. Chem. Sod.963 5, 2552-2553. (b) Beck, J. S.; Sneddon, L. Gorg. Chem.199Q 29,
85, 3378-3380. 295-302.

(45) Williams, R. E.; Gerhart, F. J. Am. Chem. Sod.965 87, 3513~ (48) Rietz, R. R.; Schaeffer, R. Am. Chem. Sod973 95, 6254—

3515. 6262.
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(IGLO and GIAO-MP2 data)

IGLO  GIAO-MP2

W/ TZP//
MP2/6-31G* MP2/6-31G* Exp't
B1,7 175 174 179
B46 8.1 67 69
BS 1.0 31 31
C23 87.0 936 938

closo-2,3-CoBsHs (5)
(b)
B4,6 B1,7

B5

T

10 8 6 4 2

0 -2 -4 -6 -8 -10 -12 -14 -16 -18 20
PPM

Figure 11. Calculated structure and IGLO and GIAO-MPB NMR

data for close2,3-GBsH; (5) together with 64.2-MHZz''B NMR

spectra: (a) proton spin-decoupled and (b) proton spin-coupled.

Ab initio calculationg® show that only two isomers of BsH-;
are energetically favoredcloso2,3-GBsH; and closa2,4-
C,BsH;. Calculations by Schleyer et Hifor close2,4-GBsH-
agree very well with the experimental data for that isomer. Our
ab initio/IGLO calculated'B NMR shifts forclose2,3-GBsH7
(Figure 11) of 8.1, 1.0, and-17.5 ppm are in excellent
agreement with the experimental values observed foff 6.9,
3.1, and—17.9 ppm, respectiveRl. GIAO-MP2 NMR chemical
shift calculation®' onclose2,3-GBsHy7 (5) (Figure 11) likewise

Bausch et al.

that there appears to be a significant “anti-podal” effeof
the R group at B1 upon B7, since the B7 shift25.0 ppm) is
over 8 ppm upfield from B7 irlosc2,3-GBsH; (—17.9 ppm).
The nido-4,5-GBgHg™ (17) anion, like the neutrahido-4,5-
C:BeH1o (1), is also prone to loss of a cage boron, as exemplified
by its reactions with transition metal complexes. For example,
separate reactions of dido-4,5-GBgHg~ (1) with CpCo-
(CO)l; and {%-CsMeg).RWCls gave closo3,1,2-¢-CsHs)-
CoGBsH; (6) and closo3,1,2-¢;5-CsMes)RuGBsH7 (7), re-
spectively.

closo-3,1,2-(n-CsHs)CoC,BsH;

closo-3,1,2-(n8-CsMeg)RUC,B5H,
6 7

The compositions o6 and 7 were established by elemental
analyses and exact mass measurements. TBeNMR spectra
(Table 1), which each show four doublets in 1:2:1:1 ratios, are
nearly identical to those found for the previously structurally
characterizealoso1,2-(CH)2-3,1,2-7-CsHs) CoGBsHs.54
NMR studies also showed thelose2,3-GBsH7 (5) readily
undergoes cage expansion and degradation reactions.
example, reaction with LigBH gavenido-3,4-GBsHg™ (87):

For

closo-2,3-C,BgH; + Li*BEtsH" ——— Li*nido-3,4-C,BgHg"
5 8

9

This 8~ ion is the parent derivative of the knowrido-3,4-

gave even better results (Table 4): each boron and carbon shiftzy,c,B.Hg~, made in similar fashion by cage openingotiso
is within 0.5 ppm of the experimental value! On the other hand, 2 3-E¢C,BsHs with hydride ion? The ab initio optimized
the 1B chemical shifts assigned by Schaeffer to his proposed structure for8~ (with Cs symmetry, Supporting Information)

closo2,3-GBsH7 (15, —2, —25 ppm) correlate poorly with the
IGLO and GIAO-MP2 calculated values. Thus, we conclude,
based on the comparisons in Table 4, that comp&umrgborted

contains a 5-membered open face with a;BHit, similar to
the crystallographically determineido-3,4-E6C,BsHg™.° The
spectrum for8~ is similar to that ofnido-3,4-E4C.BsHe ™, but

herein, and not the product reported by Schaeffer, is definitively the B1 resonance in the Etlerivative appears significantly

characterized asloso2,3-GBsH7.52
In the thermal degradation db, a small amount of an

further downfield at—21.3 ppm. The'’B NMR spectra and
assignments (Table 1) & and nido-3,4-E6C,BsHs™ 5° cor-

additional compound was also formed, which according to the relate well with the IGLO calculated results and demonstrate

113 NMR and GC-MS data combined with ab initio/IGLO
theoretical calculations idose1-(butenyl)-2,3-GBsHe. Its 1B
NMR spectrum indicated B1 substitution with the shifts of the

that ethyl substituents do indeed cause a downfield shift of the
B1 resonance.

Grimes has previously shown thelbso1-M-2,3-R.C,B4H,

observed four resonances (Table 1) in good agreement with theMmetallacarboranes are easily “decapitated” by treatment with

ab initio IGLO calculated shifts (Table 2) of the model
compoundclose1-CHs-2,3-GBsHg. It should also be noted

(49) See: McKee, M. LJ. Am. Chem. Sod988 110, 5317-5321 and
references therein.
(50) In ref 38, the figure showing the comparison of the IGLO calculated

wet TMEDA to givenido-1-M-2,3-R.C,B3Hs complexe$? An

(53) Bihl, M.; Schleyer, P. v. R.; Havlas, Z.; Hnyk, D.; He@nek, S.
Inorg. Chem.1991, 30, 31073111 and references therein.

(54) Zimmerman, G. J.; Sneddon, L. @cta Crystallogr1983 C39,
856—858.

(55) The 11//MP2/6-31G* calculation afido-3,4-E4CoBsHe ™ (Cs sym-

values for5 versus the experimental values was mislabeled. The assignmentsmetry) gives!’B NMR chemical shifts in satisfactory agreement with the

for B5 and B4,6 were accidentally reversed.

(51) For examples applied to carboranes, see ref 17.

(52) Recently, Greatrex and Fox observed thattBENMR data reported
by Grimes in 1971 for a compound believed at that time tolbecC3BsH~
closely matches the data reported hereindosc2,3-GBsH7. See: Fox,
M. A.; Greatrex, R.J. Chem. Soc., Dalton Trand994 3197-3198.
Thompson, M. L.; Grimes, R. Nl. Am. Chem. So4971, 93, 6677-6679.

experimental valuelassignment (cald, obsd), B1 (-29-821.3), B2 (21.0,
24.1), B5,7 (1.4, 4.8), B6 (20.5, 19.3). Bausch, J. W., Sneddon, L. G.,
unpublished results.

(56) (a) Grimes, R. NPure Appl. Chem1991, 63, 369-372. (b) Grimes,
R. N. InElectron Deficient Boron and Carbon Clustef3lah, G. A., Wade,
K., Williams, R. E., Eds., Wiley: New York, 1991; Chapter 11, pp 261
285.
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analogous reaction cf with excess TMEDA, then kD, gave
nido-2,3-GB4Hs!C in 77% yield.

H
Me, 4
N5 S {
/
closo-2,3-C,BsH, TMEDA, Me,NCH,CH, 7 /C
5 3
2 1
9
lH?_O (10)

nido-2,3-C,B4Hg

When the progress of the reaction was monitored™s/

NMR spectroscopy, the formation of an initial TMEDA adduct
was observed. The addition of 2 electrons to the cage, provide
by the TMEDA, should result in cage opening to give a nido

7-vertex structurenido-6-exo-(TMEDA)-3,4-GBsH7 (9). In
support of this proposed structure, #88 NMR spectrum (Table

1) of 9 contains four doublets in a 1:1:2:1 ratio, similar to the
isoelectronid@~ ion, and the previously structurally characterized

nido-3,4-E4C,BsHg~,*7 nido-6-MesP-3,4-E5C,BsHs, 4™ and
nido-6-(MesP™-CH,)-3,4-E£C,BsHs .57 Further support for the

structure of9 comes from ab initio/IGLO calculations (Table
2) onnido-6-NHs-3,4-GBsH<, which showed satisfactory agree-

ment with the experimental values (Table 1).

J. Am. Chem. Soc., Vol. 118, No. 46l 1185

been developed via cage degradation and expansion reactions.
Of special significance are (1) the first isolation and character-
ization of the parentlosc2,3-GBsH7 (5) carborane, (2) the
structural confirmations of arachno-type geometriesnioio-
4,5-GB¢Hy~ (17) and nido-4,5-GBgHip (1), and (3) the
synthesis and structural confirmation of the “normaiBgH15
structure forarachnae5,6-GB7Hi,~ (37).
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d Supporting Information Available: Details of the prepara-

tion of PSH2a-, PSH2b~, and PSH2c; tables listing
infrared data (S1); details of structural determination of
BuyNT1~ (S2-S7), PSH2b~ (S8-S12), and PSFB~ (S13-S18),
Cartesian coordinates of the optimized geometries (S19), and
comparison of calculated and experimental geometriesiétur
3,4-EtC;,BsHs~ (S20); figures showing comparison of calculated
and experimental geometries fbr (S1) and3~ (S2), optimized
geometry for8~ (S3), ORTEP for PSK2b~ (S4),1'B NMR
spectra ofido-4,5-GBeHio (1) with LiEtsBH (S5), nido-4,5-
C:BeHg™ (17) with MeLi (S6) followed by PSHCI~ (S7), and

In summary, simple methods for the synthesis of a variety ¢l0502,3-GBsH- (5) with LIiEtsBH (S8) (40 pages). See any
of adjacent carbon carboranes in moderate to high yields havecurrent masthead page for ordering and Internet access

(57) Su, K.; Fazen, P. J.; Carroll, P. J.; Sneddon, LO&anometallics
1992 11, 2715-2718.
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