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Protonation of the [7-R-nido-7,8,10-C;BgH 1™ (where R = PhCH, (1a) or R = Me (1b))
tricarbollide anion, with concentrated H,SO, in a two-phase aqueous/CH,CI, system, yields
the new neutral tricarbaborane: 2-R-nido-2,7,10-C3BgH,, (where R = PhCH, (2a) or R = Me
(2b)). The three cage-carbons of the [7-R-nido-7,8,10-C;BgH,,]” anion are located on the
open face, but spectroscopic and DFT/GIAO/NMR studies of 2a and 2b show that during the
protonation reaction, isomerization of the cage framework occurs to produce the neutral
tricarbaborane having a 2,7,10-structure in which only two of the carbons remain on the
open face. The third (R-substituted) carbon adopts a five-coordinate vertex off of the open
face, thus enabling the incoming proton to adopt a bridging position on the B-B edge of the
new C,Bs-open face. The skeletal rearrangement is reversible, since deprotonation of 2a or
2b regenerates the anions 1la and 1b, respectively, having the 7,8,10-configuration. In agree-
ment with the experimentally observed structures of the anionic (7,8,10-structure) and neu-
tral (2,7,10-structure) species, DFT calculations at the B3LYP/6-311G*-level show that the
[7-Me-nido-7,8,10-C3BgH,]” anion (1b, structure 16) is 28.9 kcal/mol more stable than the
[2-Me-nido-2,7,10-C5;BgH,]” isomer (3b, structure 18), while for the neutral tricarbaborane,
the 2-R-nido-2,7,10-C;BgH,; (2b, structure 14) structure is more stable than any
7,8,10-structure (structures 7-11) which has the added proton in an endo position on the
open face. Transition state calculations at the HF/6-31G*-level yielded a simple, low-energy
pathway (activation barrier of only 6.5 kcal/mol for the transition state TS18/16) for the re-
arrangement of [2-Me-nido-2,7,10-C;BgH,]” (3b, structure 18) to [7-Me-nido-7,8,10-C;BgH, o]”
(1b, structure 16) requiring the movement of only one cage atom, B11, from its original po-
sition in the C7-B8-B9-C10-B11 plane of 3b, to the C7-C8-B9-C10-B11 plane of 1b.

Key words: Boranes; Tricarbaboranes, Carboranes; Carbon rearrangement; DFT calculations;
Ab initio calculations; GIAO calculations; NMR spectroscopy, ‘H, **C, "B.
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The recent interest in tricarbaboranes has been stimulated by the develop-
ment of efficient syntheses of both ten- and eleven-vertex tricarbaborane
clusters’='7. For the eleven-vertex systems, two isomeric tricarbollide anions
have been structurally characterized, [7-R-nido-7,8,9-C3BgH 5] (4) and
[7-R-nido-7,8,10-C3BgH ]~ (1) (Fig. 1, refs69:11-14),

Acidification of 4 (R = H) with CF;CO,H gave the parent tricarbaborane
nido-7,8,9-C;BgH;, (5) (Scheme 1) in which the added proton adopts a
bridging position on the B10-B11 edge of the open face®14.
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SCHEME 1

The [7-R-nido-7,8,10-C3BgH; o]~ isomer (1), however, lacks the open-face
boron-boron edge that is needed to easily accommodate an additional pro-
ton. We report in this paper that reaction of [7-R-nido-7,8,10-C3;BgH 4]~
(where R = PhCH, (1a) and R = Me (1b)) with concentrated H,SO, results in
both protonation and cage isomerization to produce the new neutral
tricarbaborane, 2-R-nido-2,7,10-C;BgH,; (where R = PhCH, (2a) and R = Me
(2b)) having a structure in which one of the cage carbons is no longer on

[7-R-nido-7,8,9-C3BgH1q]~ [7-R-nido-7,8,10-C3BgH 0]~
4 1
Fic. 1

The two structurally characterized isomeric tricarbollide anions: [7-R-nido-7,8,9-C;BgH;,]™ (4)
(refs>*11%) and [7-R-nido-7,8,10-C4BgH ™ (1) (refs®121%)
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the open face. Furthermore, this skeletal rearrangement has been found to
be reversible, since deprotonation of 2a and 2b regenerates 1a and 1b, re-
spectively. DFT and HF ab initio calculations are presented that both estab-
lish the structures and relative energies of the neutral and anionic species
and provide insight into the mechanism of the reversible isomerization re-
action that interconverts their cage frameworks.

EXPERIMENTAL

All manipulations were carried out using standard high vacuum or inert-atmosphere tech-
niques as described by Shriver'8.

Materials

The [7-R-nido-7,8,10-C;BgH; ] [PSH]* (where R = PhCH, (1a) and R = Me (1b)) were prepared
according to literature methods®. The 1,8-bis(dimethylamino)naphthalene (Proton Sponge®,
PS), diethyl ether, and heptane were purchased from Aldrich and used as received. Magne-
sium sulfate and sulfuric acid were purchased from Fisher Scientific and used as received.
Methylene chloride was purchased from Aldrich and stored under N, until use.

Physical Measurements

11B NMR spectra at 160.5 MHz, *H NMR spectra at 500.1 MHz, and *C NMR spectra at
125.7 MHz were obtained on a Bruker AMXII1-500 spectrometer, equipped with the appropri-
ate decoupling accessories. All 1B chemical shifts are referenced to external BF;-OEt, (0.00
ppm) with a negative sign indicating an upfield shift. All *H and 3C chemical shifts were
measured relative to internal residual protons or carbons in CD,Cl, and are referenced to
Me,Si (0.00 ppm). Two-dimensional COSY *'B-''B NMR and HETCOR ''B-'H experiments
were performed at 160.5 MHz using the procedures described previously!®. High- and
low-resolution mass spectra were obtained on a VG-ZAB-E high-resolution mass spectrome-
ter. Infrared spectra were obtained on a Perkin—-Elmer 1430 spectrometer. Elemental analyses
were performed at Robertson Microlit, Madison, NJ or the University of Pennsylvania
microanalysis facility.

Reaction of [7-PhCH,-nido-7,8,10-C;BgH, ] [PSH]" (1a) with Sulfuric Acid:
Synthesis of 2-PhCH,-nido-2,7,10-C3BgH,; (2a)

A 50 ml, two-neck round-bottom flask fitted with vacuum stopcock was charged with [PSH]*
la (0.859 g, 1.95 mmol) dissolved in methylene chloride (10 ml). This solution was chilled
in an ice water bath and 30 drops of concentrated H,SO, were added slowly under a N, at-
mosphere. After 30 min, the methylene chloride layer was carefully decanted off. The sulfu-
ric acid layer was washed with 1-2 ml CH,CI, and the methylene chloride layer was again
carefully removed. All methylene chloride layers were collected, dried over MgSO,, and fil-
tered. The solvent was then vacuum evaporated leaving 0.342 g (1.51 mmol) of
2-PhCH,-nido-2,7,10-C;BgH,; (2a) as a white oily solid in a 77% unoptimized yield. IR (KBr,
cm™1): 3050 (w), 3010 (w), 3 002 (w), 2 950 (w), 2 920 (m), 2 550 (s), 1 630 (w), 1 582 (m),
1573 (m), 1440 (m), 1410 (s), 1 370 (w), 1260 (m), 1235 (m), 1200 (m), 1 175 (m), 1 162 (w),
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1100 (s), 1090 (m), 1 060 (m), 1035 (m), 1 015 (m), 980 (m), 947 (m), 840 (m), 790 (w),
730 (w). HRMS (m/z) calculated for *2C,y'H,¢''Bg (P): 226.2153; found: 226.2150. Analysis:
for C,oH;gBg (224.7) (2a) calculated: 53.45% C, 8.07% H; found: 54.56% C, 7.98% H.

Reaction of [7-Me-nido-7,8,10-C3BgH, ] [PSH]" (1b) with Sulfuric Acid:
Synthesis of 2-Me-nido-2,7,10-C3BgH,; (2b)

In a manner similar to that above, [PSH]* 1b (0.711 g, 1.95 mmol) dissolved in methylene
chloride (10 ml) was chilled in an ice water bath, and reacted with 30 drops of concentrated
H,SO, for 30 min under a N, atmosphere. The methylene chloride layer was then carefully
decanted off. The sulfuric acid layer was washed with 1-2 ml CH,CI, and the methylene
chloride layer was again carefully removed. All methylene chloride layers were collected,
dried over MgSO,, and filtered. The solvent was vacuum evaporated leaving a white oily
solid identified as 2-Me-nido-2,7,10-C;BgH,; (2b) (0.275 g, 1.83 mmol, 94% yield). IR (KBr,
cm™): 3045 (w), 3007 (m), 2 980 (s), 2 960 (s), 2 920 (w), 2 580 (m), 2 520 (M), 1 610 (w),
1592 (w), 1457 (m), 1421 (s), 1 372 (m), 1 315 (m), 1 301 (m), 1 258 (m), 1 225 (m), 1 180
(m), 1090 (w), 1010 (w), 982 (m), 928 (w), 831 (w), 760 (w). HRMS (m/z) calculated for
2¢,'H,,"Bg (P): 150.1839; found: 150.1840. Analysis: for C,H,,Bg (148.6) (2b) calculated:
32.32% C, 9.49% H; found: 32.28% C, 9.41% H.

Reaction of 2a with PS: Synthesis of [PSH] [7-PhCH,-nido-7,8,10-C,B;H,,]” ([PSH] 1a
i f2 'hSSyh'fS*hCz'd 8,10-C;BgH, SH]*

A 50 ml two-neck round-bottom flask fitted with a vacuum stopcock was charged with 2a
(0.342 g, 1.51 mmol) which was then dissolved in methylene chloride (15 ml) under a N,
atmosphere. To this stirred solution was added PS (0.323 g, 1.51 mmol). After 20 min, the
solvent was vacuum evaporated, the solid was recrystallized using a methylene chloride-
diethyl ether-heptane mixture to give a pale yellow solid which was identified on the basis
of its 1B and *H NMR spectra as the known salt® [PSH]*[7-PhCH,-nido-7,8,10-C,BgH, ]
([PSH]*1a) (0.645 g, 1.46 mmol, 97% yield).

Reaction of 2b with PS: Synthesis of [PSH]*[7-Me-nido-7,8,10-C3BgH,,]” ([PSH]*1b)

A 0.275 g (1.83 mmol) sample of 2-Me-nido-2,7,10-C;BgH,, (2b) was dissolved in methylene
chloride (15 ml) under a N, atmosphere. To this stirred solution was added PS (0.392 g, 1.83
mmol). After 20 min, the solvent was vacuum evaporated, the solid was recrystallized using
a methylene chloride-diethyl ether-heptane mixture to yield 0.652 g (1.79 mmol, 98%
yield) of a pale yellow solid which was identified on the basis of its 1*B and *H NMR spectra
as the known salt® [PSH]*[7-Me-nido-7,8,10-C5BgH, ]~ ([PSH]*1b).

Computational Methods

The DFT/GIAO/NMR method?®, using the GAUSSIAN94 program?!, was used in a manner
similar to that previously described?2. The geometries were first fully optimized at the
HF/6-31G* level and then at the DFT B3LYP/6-311G* level within the specified symmetry
constraints (using the standard basis sets included) on a two-processor Origin 2000 com-
puter running IRIX 6.4. Calculations that would include the benzyl exo-polyhedral
substituent were not possible, since such calculations would be too large for our available
computational resources. Thus, only methyl or hydrogen substituted derivatives were em-

Collect. Czech. Chem. Commun. (Vol. 64) (1999)



New Alkyl Tricarbaborane 869

ployed for the calculations. A vibrational frequency analysis was carried out on each opti-
mized geometry (non-transition state) at the HF/6-31G* and the DFT B3LYP/6-311G* levels
with a true minimum found for each structure (i.e. possessing no imaginary frequencies).
The NMR chemical shifts were calculated using the GIAO option within GAUSSIAN94 at the
B3LYP/6-311G*//B3LYP/6-311G* optimization level. 1B NMR GIAO chemical shifts were ref-
erenced to BF,-OEt, using an absolute shielding constant of 102.24 ppm (refs*32%). 3C NMR
GIAO chemical shifts were referenced to TMS using an absolute shielding constant of 184.38
ppm. Tables of cartesian coordinates and selected bond distances and angles of the opti-
mized geometries are available from the authors.

For the reaction pathway transition state calculations, all geometries were optimized at
the HF/6-31G* level, since MP2/6-31G* level calculations were too large for the available
computational resources?®. Vibrational frequencies were calculated at the same level to de-
termine the nature of the stationary point and to make zero-point corrections. The station-
ary point was judged to be a true transition state possessing one imaginary frequency of
magnitude i289 cm™. An IRC calculation was done to confirm the reaction pathway in both
directions from the located transition state.

RESULTS AND DISCUSSION

We previously reported the synthesis of the [7-R-nido-7,8,10-C3BgH )™
tricarbollides (where R = PhCH, (1a, 56%) and R = Me (1b, 61%)) by a cage
expansion route involving the reaction of [6-R-nido-5,6,9-C;B,Hy]™ (6) with
BrBH,-SMe,, accompanied by in situ deprotonation with proton sponge
(Scheme 2, ref.%).

10

TN YA,

CAl
1. Me,SBH,Br, -TMABr R

3 2. Proton Sponge 4
4 2

)

6-R-nido-5,6,9-C3B7Hg] ™ _
[ SB7Hl [7-R-nido-7,8,10-C5BgH1o] [PSH]*
6
1aR = PhCH,
1bR=Me

SCHEME 2
An X-ray structural determination of 1a and ab initio/IGLO computa-
tional studies (HF/6-31G*-level) on 1b confirmed an eleven-vertex nido

cage-geometry for these anions having a five-membered C;B,-open face,
with the two borons in non-adjacent positions.
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We have now found that, while both l1a and 1b are remarkably
unreactive toward most electrophiles, they are readily protonated upon re-
action with concentrated H,SO, to form the neutral tricarbaboranes
2-PhCH,-nido-2,7,10-C3BgH;; (2a) (=77% yield) and 2-Me-nido-2,7,10-
C3BgHq; (2b) (=94% yield), respectively (Scheme 3). The two compounds
were isolated in pure form as oily solids and their proposed compositions
are supported by both microanalytical and exact mass determinations.

[7-R-nido-7,8,10-C3BgH10] [PSH]* 2-R-nido-2,7,10-C3BgH 11
R = PhCH; (1a); Me (1b) R = PhCH,; (2a); Me (2b)

SCHEME 3

The B NMR spectra of the two tricarbaboranes are almost identical, each
showing 8 doublet resonances indicative of C; symmetry (Table I). No evidence
for fluxional behavior was seen in the low-temperature !B NMR spectra of
either 2a or 2b. As can be seen in the 1B NMR spectrum of 2b shown in
Fig. 2, the resonances near -18 and -21 ppm in the spectra of both 2a and 2b
show fine-structure (Jg,, = 50 Hz) characteristic of bridge- hydrogen coupling.

B8
B6

B11 B4]B1

FiG. 2
160.5 MHz B NMR spectra of 2-Me-nido-
T T T T 2,7,10-C3BgH,; (2b): IH-coupled (top),
0 -10 -20 -30 'H-decoupled (bottom)
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Supporting this conclusion, the *H NMR spectrum of each compound
shows, in addition to the resonances expected for the two cage-CH protons
and the benzyl (2a) and methyl (2b) groups, a single broad resonance, at
-1.61 ppm for 2a and -1.67 ppm for 2b, in the upfield region expected for a
bridge-hydrogen. For 2b, this broad peak shows a septet coupling-pattern,
withthe 1:2:3:4:3:2:1ratios characteristic of a bridge-hydrogen cou-

TABLE |

Experimental NMR data (8 in ppm)

pCoc:m;i Nucleus & (multiplicity, assigment, J (Hz))
2a 1igab -1.8 (d, B3, J(B,H) = 182); -3.0 (d, B11, J(B,H) = 160); -4.0 (d, B5,

J(B,H) = 160); -17.4 (d, B9, J(B,H) = 140, J(B,u-H) = 48); -21.3
(d, B6, J(B,H) = 150); —21.7 (d, B8, J(B,H) = 155);
-33.7 (d, B4, J(B,H) = 148); -34.7 (d, B1, J(B,H) = 167)

11g.11gab  gpserved crosspeaks: B1-B3, -B4, —-B5; B3-B4, -B8; B4-B5, -B8, —B9;
B5-B6. Missing: B5-B9; B6-B11; B8-B9

IHbe 8.2-7.1 (m, Ph); 3.24 (s, CH,); 2.97 (1, BH); 2.62 (1, BH);
2.23 (1, BH); 1.96 (1, CH); 1.85 (1, CH); 1.55 (1, BH); 1.21 (1, BH);
0.89 (1, BH); 0.61 (1, BH); 0.32 (1, BH); -1.61 (1, BHB)

1H-11gabe  selected observed crosspeaks: p-H(-1.61 ppm)-B9(-17.4 ppm);
p-H(-1.61 ppm)-B8(-21.7 ppm)

Befthy 135.9-127.2 (m, Ph); 57.8 (s, C2); 41.2 (s, CH,); 36.8 (s, br, C10);

(-60 °C)>%¢  33.0 (s, br, C7)

2b 11ga.b -0.73 (d, B3, J(B,H) = 202); -2.0 (d, B11, J(B,H) = 162); -3.5 (d, B5,

J(B,H) = 162); -18.0 (d, B9, J(B,H) = 143, J(B,u-H) = 47); -20.5
(d, B6, J(B,H) = 170); -21.3 (d, B8, J(B,H) = 112, J(B,u-H) = 52);
-32.9 (d, B4, J(B,H) = 157); -34.0 (d, B1, J(B,H) = 178)

11g.11gab  gpserved crosspeaks: B1-B3, -B4, —-B5; B3-B4, -B8; B4-B5, -B8, -B9;
B5-B6. Missing: B5-B9; B6-B11; B8-B9

Ipbe 1.99 (1, CH); 1.87 (1, CH); 1.72 (s, CHy); -1.67 (m, BHB, J(-H,B) = 48)

TH{TBRPC 2,96 (2, BH); 2.57 (2, BH); 2.47 (1, BH); 1.9 (1, CH); 1.95 (1, BH);
1.87 (1, CH); 1.72 (s, CHy); 1.50 (1, BH); 0.77 (1, BH); -1.67 (s, BHB)

13ch f 41.4 (d, C7, J(C,H) = 173); 34.9 (d, C10, J(C,H) = 168);
24.0 (g, C2a, J(C,H) = 132)

B¢ 61.6 (s, C2); 40.0 (d, C7, J(C,H) = 163); 33.8 (d, C10, J(C,H) = 169);

(-83°C)>"  23.3(qg, C2a, J(C,H) = 132)

3160.5 MHz; ® CD,Cl,; © 500.1 MHz; ¢ 50.3 MHz; ¢ solubility problems prevented lower tem-

peratures; f125.7 MHz.
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pled to two B atoms (I = 3/2). Additional 2D 'B-'H HETCOR experiments
on both 2a and 2b also confirmed coupling between the upfield proton res-
onances and the —18 and —21 ppm resonances in the 1B NMR spectra. The
resonances at —1.61 and -1.67 ppm collapse to sharp singlets in the *H{*'B}
NMR spectra. The 3C NMR spectrum of each compound at -83 °C shows
two broad doublets (cage-CH resonances) and a singlet (cage-CR), along
with the carbon-resonances of the exo-polyhedral substituents (2a, PhCH,;
2b, Me).

Attempts to grow X-ray quality crystals of 2a or 2b were not successful;
therefore, DFT/GIAO/NMR calculations were employed to confirm their
structures.

Unlike the 7,8,9-tricarbollide anion (4), the 7,8,10-tricarbollide anion,
(1a and 1b), does not have a B-B edge on the five-membered open face to

TasLE Il
Comparison of the experimental **B and '3C NMR chemical shifts and assignments of
2-Me-nido-2,7,10-C;BgH;; (2b) with the calculated® shifts and assignments of
7-Me-7,8,10-structures, 7-11, containing endo-hydrogens (structures shown in Fig. 3)

2b 7 8 9 10 11
Experimental Calculated Calculated Calculated Calculated Calculated

11B NMR shifts

0.73 (B3) -4.2 (B11) 6.4 (B5) 12.8 (B3) 13.1 (B3) 7.8 (B6)
-2.0 (B11) -4.7 (B9) 4.7 (B2) 0.57 (B9) 1.7 (B11) 0.55 (B4)
-3.5 (B5) -4.9 (B3) -2.9 (B11) -4.4 (B6) -6.6 (B5) -0.27 (B2)

-18.0 (B9) -15.2 (B6) -3.1 (B4) -12.8 (B11) -9.9 (B9) -5.4 (B9)
-20.5 (B6) -17.1 (B5) -14.7 (B3) -13.8 (B5) -10.0 (B6) -12.2 (B3)
-21.3 (B8) -19.0 (B2) -18.4 (B6) -16.7 (B4) -14.1 (B2) -20.5 (B5)
-32.9 (B4) -22.6 (B4) -19.2 (B1) -31.0 (B1) -30.8 (B1) -20.8 (B1)
-34.0 (B1) -36.9 (B1) -38.6 (B9) -31.9 (B2) -32.8 (B4) -34.3 (B11)

13C NMR shifts

61.6 (C2) 65.76 (C7) 88.48 (C8)  49.14(C10)  53.74 (C7)  106.25 (C7)
40.0 (C7) 55.18 (C8) 77.39 (C7)  48.38(C7)  4886(C10)  72.19 (C10)
33.8 (C10) 24.48 (C7a)  74.90 (C10)  48.25 (C8) 28.22 (C8) 66.10 (C8)
23.3 (C2a) 12.37 (C10)  24.88 (C7a) 2274 (C7a)  24.13(C7a)  26.78 (C7a)

@ Calculations at the DFT B3LYP/6-311G*//B3LYP/6-311G* level.

Collect. Czech. Chem. Commun. (Vol. 64) (1999)



New Alkyl Tricarbaborane 873

accommodate a bridge hydrogen. Thus, if protonation of 1a and 1b were to
occur on the 7,8,10-C3B,-face of the anion, then the proton would have to
adopt an endo position on one of the five atoms on the face. Optimized ge-
ometries (7-11) at the DFT B3LYP/6-311G* level were, in fact, found for
protonation at the endo position of all cage atoms (Fig. 3). However, the
GIAO calculated 1B and 3C chemical shifts and assignments for these
structures do not agree with those experimentally determined for 2a and 2b
(Table I1).

Fic. 3
Optimized geometries for possible structures for 7-Me-nido-7,8,10-C;BgH,, (7-11). Relative
energies (kcal/mol) for each structure optimized at B3LYP/6-311G* are relative to structure
14 (Fig. 4). Energies (kcal/mol): 7 (-225 890.9); 8 (-225 888.3); 9 (-225888.5); 10
(-225 981.4); 11 (-225 888.9)
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While cage-carbons are known to strongly favor the lower-coordinate
positons on the open faces of carborane clusters, bridge-hydrogen place-
ment can effect the carbon site preferences?®27, In some cases, carbons have
been shown to adopt less-favorable higher-coordinate positions in the cage
to allow a proton to adopt a favorable bonding configuration at a facial
boron-boron edge. For example, the substituted derivatives of the eleven-
vertex dicarbaborane anion [8-R-7,9-R; -nido-7,9-C,BgH,]~ (12) (where R =
Me or PhCH,; R" = Me or H) lack a boron-boron edge to serve as a binding
site for an additional proton; however, upon acidification they have been
shown to rearrange, with one carbon moving from a lower-coordinate ver-
tex on the open face to a higher-coordinate vertex in the belt below the
open face, to yield the 11-R-2,7-R,-nido-2,7-C,BgH;, (13) dicarbaborane
containing a CB,-face (Scheme 4). This rearrangement thus provides suit-
able B-B edges for a new bridging proton?8-31,

[8-R-7,9-R'-nido-7,9-C,BgHo]~ 11-R-2,7-R'p-nido-2,7-C,BgH1o
12 13

SCHEME 4

A similar type of carbon-rearrangement during the protonation reactions
of 1a and 1b could also have the effect of generating a new B-B edge
needed to better accommodate a proton. Therefore, other structures in
which not all carbons are located on the open face were computationally
examined for 2a and 2b. The boron and carbon chemical shifts of two
isomers, 2-Me-nido-2,7,10-C;BgH;; (14) and 7-Me-nido-3,7,9-C3BgH,; (15) (Fig. 4),
were found to be in good agreement with the experimental NMR chemical
shifts (Table III). Significantly, both structures 14 and 15 have a lower
relative energy at the DFT B3LYP/6-311G* level than any of the
7,8,10-structures (7-11) containing endo hydrogens. The GIAO calculated
11B chemical shifts for the lowest energy structure 14, in fact, show the best
agreement with those experimentally determined for 2b (Table IIl). Like-
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wise, the calculated resonance assignments agree with the experimental
measurements. For example, the resonances near -18 and -21 ppm, which
were observed to have bridge-hydrogen coupling in the experimental 1D
11B NMR spectra and in a 2D *!B-'H HETCOR experiment for 2a and 2b, are
correctly predicted to be the hydrogen-bridged B8 and B9 borons in the cal-
culated structure. Similarly, the other assignments experimentally deter-
mined by 2D 11B-11B COSY experiments, as well as the 13C chemical shifts
and assignments, match those of the calculations (Table Il1). Thus, the
structure proposed for 2a and 2b is confirmed by the combined spectro-
scopic and computational studies as structure 14 (Fig. 4).

TABLE 11
Comparison of the experimental !B and '3C NMR chemical shifts and assignments of
2-R-nido-2,7,10-C;BgH,; (2a and 2b) with the calculated?® shifts and assignments of struc-
tures: 2-Me-nido-2,7,10-C3BgH,; (14) and 7-Me-nido-3,7,9-C;BgH,,; (15) (structures shown in
Fig. 4)

2a 2b 14 15
Experimental Experimental Calculated Calculated

11B NMR shifts

-1.8 (B3) 0.73 (B3) -0.58 (B3) 1.6 (B2)

-3.0 (B11) -2.0 (B11) -2.3 (B11) -5.1 (BS8)

-4.0 (B5) -3.5 (B5) -2.5 (B5) -6.4 (B9)
-17.4 (B9) -18.0 (B9) -19.1 (B9) -16.2 (B10)
-21.3 (B6) -20.5 (B6) -21.9 (B6) -22.1 (B4)
-21.7 (B8) -21.3 (B8) -23.4 (B8) -23.2 (B11)
-33.7 (B4) -32.9 (B4) -33.9 (B4) -33.7 (B6)
-34.7 (B1) -34.0 (B1) -36.1 (B1) -38.0 (B1)

13C NMR shifts

57.8 (C2) 61.6 (C2) 60.60 (C2) 51.97 (C7)

36.8 (C10) 40.0 (C7) 42.97 (C7) 51.65 (C3)

33.0 (C7) 33.8 (C10) 38.85 (C10) 36.91 (C9)
b 23.3 (C2a) 25.71 (C2a) 25.20 (C7a)

a calculations at the DFT B3LYP/6-311G*//B3LYP/6-311G* level; P benzyl carbon shifts not
shown here, see Table I.
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Deprotonation of the new 2-R-nido-2,7,10-C;BgH,; (2a or 2b) tricarba-
boranes, without cage-rearrangement, would result in the formation of a
new [2-R-nido-2,7,10-C3BgH o]~ (3b) tricarbollide anion (Scheme 5).

The DFT/GIAO calculated B NMR shifts for such a new isomer (3b,
structure 18 in Fig. 5) are given in Table IV. However, when 2a and 2b were

L 1 —
[2-Me-nido-2,7,10-C3BgH10]
3b

®)

2-Me-nido-2,7,10-C3BgH11
2b

SCHEME 5

0.0 kcal/mol

14

Fic. 4

Optimized geometries for 14 and 15. Relative energies (kcal/mol) for each structure opti-

mized at B3LYP/6-311G* are relative to structure 14. Energies (kcal/mol): 14 (-225 898.8); 15
(-225 897.1)
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deprotonated with proton sponge, the B and *H NMR spectra of the re-
sulting tricarbollide monoanions were identical to those of 1a and 1b.
Their [7-R-nido-7,8,10-C;BgH;,]~ structural assignment is again confirmed
by the DFT/GIAO calculations which show excellent agreement between
the calculated shifts and assignments for structure 16 and those
experimentally determined for 1la and 1b. Thus, upon deprotonation the
2,7,10-skeletal rearrangement observed after protonation was reversed and
the carbon atom in the five-coordinate two-vertex position in the neutral
tricarbaboranes returns to the open face of the anions to give the
7,8,10-configuration. This result would indicate that while the
2,7,10-configuration is most stable for the neutral tricarbaborane, the

- 10.2 keal/mol [2-Me-nido-2,7,10-C 1BgH 1]~
18

C7a

o cg 1

/AN, \
v

'(‘3;.
B ‘ >o o

5 - 18.7 kcal/mol
[7-Me- nido-7,8,9-C 3BgH; o]~ A

"
(N
(>
17
6

[7-Me-nido-7,8,10-C 3BgH ;o]
16

FiGc. 5
Energy comparison of the DFT B3LYP/6-311G* optimized cage geometries for the four
eleven-vertex nido-tricarbollide anions: [7-Me-nido-7,8,10-C3BgH,4]” (16), [7-Me-7,8,9-
nido-C;BgH 1" (17), [2-Me-nido-2,7,10-C3BgH ] (18), and [7-Me-nido-3,7,9-C3BgH 1™ (19).
Energies (kcal/mol): 16 (-225 583.5); 17 (-225 564.8); 18 (-225 439.7); 19 (-225 553.0)
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7,8,10-configuration is the most stable for the anions. This conclusion was
confirmed by DFT and DFT/GIAO calculations®?> on four possible
tricarbollide anion structures (16-19) (Fig. 5, Table V).

The calculations show that the [7-Me-nido-7,8,10-C3BgH; ]~ tricarbollide
anion (16) is the most stable of the four isomers. It is 18.7 kcal/mol lower
in energy than the adjacent carbon [7-Me-nido-7,8,9-C;BgH; ]~ isomer (17)
(Fig. 5). This agrees with Schleyer’s previous calculation that the parent iso-
mer, [nido-7,8,10-C;BgH,4], is 18.3 kcal/mol more stable than
[nido-7,8,9-C3BgH,,]~ at the MP2/6-31G* level of optimization'* and like-
wise, is consistent with the report that thermolysis of Cs*[nido-7,8,9-
C;BgH,;]™ at 350 °C resulted in the formation of Cs*[nido-7,8,10-C;BgH;4]"
(63% vyield)1?14,

TABLE IV
Comparison of the calculated® and experimental 'B and 3C NMR assignments and shifts
for [nido-MeC;BgH,,]” tricarbollide anion isomers: [7-Me-nido-7,8,10-C;BgH 1" (16),
[7-Me-7,8,9-nido-C43BgH o]” (17), [2-Me-nido-2,7,10-C;BgH ]” (18), and [7-Me-nido-3,7,9-
C;BgH ol™ (19) (structures shown in Fig. 5)

1b 16 17 18 19
Experimental Calculated Calculated Calculated Calculated

11B NMR shifts

-11.6 (B3) -11.6 (B3) -14.4 (B6) -14.4 (B3) -10.6 (B10)
-17.2 (B11) -18.2 (B6) -16.5 (B11) -15.3 (B9) -13.3 (B2)
-18.5 (B6) -19.1 (B11) -17.1 (B2) -17.6 (B11) -21.5 (B6)
-19.0 (B9) -20.2 (B9) -17.8 (B10) -18.5 (B5) -21.9 (B8)
-21.5 (B5,2) -20.9 (B5) -21.2 (B3) -21.9 (B4) -22.7 (B5)
-22.5 (B2) -23.8 (B5) -23.5 (B8) -24.0 (B11)
-25.4 (B4) -26.3 (B4) -25.1 (B4) -23.6 (B6) -24.4 (B4)
-48.0 (B1) -49.7 (B1) -48.6 (B1) -53.1 (B1) -54.4 (B1)

13C NMR shifts

b 45.06 (C7) 50.53 (C7) 44.48 (C2) 44.16 (C7)
35.8 (C8) 36.79 (C8) 40.15 (C8) 35.4 (C7) 42.41 (C7)
27.66 (C10) 31.99 (C10) 36.63 (C9) 28.63 (C2a) 26.52 (C7a)
24.10 (C7a) 25.93 (C7a) 27.68 (C10) 27.68 (C10) 26.23 (C9)

2 calculations at the DFT B3LYP/6-311G*//B3LYP/6-311G* level; ® not observed at room tem-
perature.
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The other two isomers, 18 and 19, in which one of the cage carbons is no
longer present on the open face, are close in energy (1.6 kcal/mol energy
difference), but are =29 kcal/mol higher in energy than 16. This result is in
agreement with the fact that one carbon in both 18 and 19 is now located
in an unfavorable penta-coordinate position. Structure 18 (2-Me-2,7,10-),
containing one penta-coordinate carbon and two tetra-coordinate carbons,
is less stable by 28.9 kcal/mol than 16 (7-Me-7,8,10-), where all three car-
bons are tetra-coordinate (Fig. 5), again demonstrating the strong carbon
preference for low-coordinate cage sites33:34,

Thus, deprotonation of 2b (nido-2-Me-2,7,10-C;BgH; ;) results in cage re-
arrangement back to the starting tricarbollide monoanion geometry,
[nido-7-Me-7,8,10-C3BgH ] (1b). At first glance, the mechanism of the
interconversion of the 7,8,10- and 2,7,10-framework would seem to be
complex and require several simultaneous atom movements within the
framework. However, as shown in Scheme 6, this rearrangement does not
require a “carbon-migration”, but instead can be accomplished by a simple,
straightforward process that requires the movement of only one cage atom,
B11, from its original position in the C7-B8-B9-C10-B11 plane of the
2,7,10-anion (3b) to the B9-position in the C7-C8-B9-C10-B11 plane of
the 7,8,10-anion 1b.

8 - 118/; - 4 -
7C 9 7C// 9 SC 5
\ 10 10\C
2 /3& 21/3 71/3
6, 1
Me’C y 5 Me™ 5 Me/C X 6
1 1 2
[2-Me-nido-2,7,10-C5BgH10] [7-Me-nido-7,8,10-C3BgH 0]~
3b 1b

SCHEME 6

Transition state calculations at the HF/6-31G*-level, in fact, yielded a
low-energy (activation barrier of only 6.5 kcal/mol) pathway (Fig. 6) for the
rearrangement of [2-Me-nido-2,7,10-C3;BgH;o]- (3b, structure 18) to
[7-Me-nido-7,8,10-C3BgH, ]~ (1b, structure 16) that is consistent with the
process outlined in Scheme 6. A true transition state (TS18/16) was located
that has a structure in which the B11 atom is rotated into a double-
coordinate position 24° out of the C7-B8-B9-C10 plane and only 36.5°
from the C2-C7-C10-B6 plane of 3b. Likewise, in the TS18/16 structure,
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the B11-B6 and B11-C2 distances are lengthened out of normal bonding
ranges (B11-B6: from 1.856 to 2.164 A; B11-C10: from 1.797 to 2.209 A),
and the B11-B8 and B11-B9 distances are slightly decreased (B11-B8: from
2.662 to 2.564 A; B11-B9: from 2.653 to 2.522 A) compared to those found
in 1b. A continued rotation of the B11 atom in the TS18/16 structure (Fig. 6)
in the manner depicted in Scheme 6 would then yield the lower energy
structure [7-Me-nido-7,8,10-C;BgH; ]~ structure observed for 1b.

In conclusion, protonation of the tricarbollide anions, [7-R-nido-7,8,10-
C3BgH1ol” (where R = PhCH, (1a) or R = Me (1b)), results in the formation of
the new eleven-vertex tricarbaboranes, 2-R-nido-2,7,10-C3;BgH,; (where R =
PhCH, (2a) or R = Me (2b)) in which one cage-carbon adopts an unfavor-
able higher-coordinate skeletal-position. The process is apparently driven
by the need to generate a favorable B-B bonding-edge for the incoming
proton. These results again demonstrate that either carbon-site or hydro-
gen-placement preferences can be the dominate factor in determining
cage-geometry. The fact that the process is reversible and proceeds readily is
consistent with the proposed low-energy pathway involving the movement
of only one-facial atom. These results also suggest that such a mechanism

[2-Me-nido-2,7,10-C3BgH 0]

[7-Me-nido-7,8,10-C3BgH o]

Fic. 6
Potential energy diagram. Stationary points with relative energies (kcal/mol), optimized at
HF/6-31G*, along the schematic reaction path
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may be involved in similar rearrangements that have been observed in re-
lated cage systems, such as in the protonation-isomerization reaction lead-
ing to the conversion of [8-R-7,9-R,-nido-7,9-C,ByH,]~ (12) to 11-R-2,7-

R,

-nido-2,7-C,BgH; 4 (13). We are presently exploring these possibilities.
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