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ABSTRACT: The reaction between selected X-nido-5,6-C,BsH;; compounds (where X = CI,
Br, I) and “proton sponge” [PS; 1,8-bis-(dimethylamino) naphthalene], followed by
acidification, results in extensive rearrangement of all cage vertices. Specifically,
deprotonation of 7-X-5,6-C,BgH;; compounds with one equivalent of PS in hexane or
CH,Cl, at ambient temperature led to a 7 — 10 halogen rearrangement forming of a series of
PSH'[10-X-5,6-C,BgH o] salts. Re-protonation using concentrated H,SO; in CH,Cl,
generates a series of neutral carbaboranes 10-X-5,6-C,BgH;;, with the overall 7 — 10
conversion being 75, 95, and 100% for X = Cl, Br, I, respectively. Under similar conditions,
4-Cl1-5,6-C,BgH;; gave ~66% conversion to 3-CI-5,6-C,BsH;;. Since these rearrangements
could not be rationalized using the B-vertex swing (BVS) mechanism, new cage
rearrangement mechanisms, which are substantiated using DFT calculations, have been
proposed. Experimental ''B NMR chemical shifts are well reproduced by the computations;
as expected 5(“B) for B(10) atoms in derivatives with X = Br, I are heavily affected by spin-

orbit coupling.

KEYWORDS: nido clusters — molecular rearrangement — DFT — reaction pathway — B

NMR spectroscopy



m INTRODUCTION

Mechanistic studies of the reactions of polyhedral boranes are quite rare and, therefore, the
detailed mechanisms of their individual reactions are only beginning to be explored. The
multiple possibilities for the reaction pathways have made such studies very difficult. This is
also true for decaborane-like molecular shapes, where only experimental studies have been
performed. Rearrangements of carbon vertices in the ten-vertex nido-5,6-C,BgHj> (1) series
were first observed in the base-induced racemisation' of (—-)-nido-5,6-C,BgH;, and
conversion of the C-substituted 5-R-nido-5,6-C,BsH;; (5-R-1) compounds (where R = Me,
Ph) into their 6-R-nido-5,6-C,BgH;; (6-R-1) counterparts.2 The so-called double B-vertex
swing (BVS) mechanism, shown in Scheme 1, was outlined without being computed to
explain this rearrangement (hydrogen bridge positions omitted for clarity). It should be noted
that other mechanisms have also been invoked to rationalize cluster rearrangements in the 10-
vertex nido series, including vertex ﬂips3 and boron vertex extrusion and insertion.* In order
to get a deeper insight into mechanistic studies of decaborane-based skeletons, we have
performed computational studies of halogenated nido-5,6-C,BgH;, in a concerted manner
with experiments. The experiments serve to indicate the experimental uniqueness in terms of

rearranging the skeleton with and acid and Lewis base as a reaction cycle.



Scheme 1 Representation of the double BVS mechanism (C = CH and the numbered cage
positions stand for cluster BH units). BH units shown in gray indicate those involved in the
flip, dotted lines indicate broken bonds.

Initial BO-flip B10-flip Final

m EXPERIMENTAL SECTION

Syntheses. The following synthetic procedures were used.

Conversion of 7-X-nido-5,6-C>,BsH;; (7-X-1) (X = Cl, Br, I) compounds into the isomeric
[10-X-nido-5,6-C,BsH 9] anions (10-X-1"). A solution of 7-X-1 (prepared according to ref.
5, see Figure 1; reaction scale 1 mmol) in hexane (15 ml) was treated with a solution of
“proton sponge” (PS = 1,8-bis-dimethylaminonaphthalene, see Scheme S1) (reaction scale 1
mmol) in hexane (15 ml) at ambient temperature and the mixture was left standing for 6 h.
The crystalline PSH'[10-X-nido-5,6-C,BgH o] salts that precipitated quantitatively from the
solution were isolated by filtration, and vacuum dried at room temperature for 4 h. Small
samples (~20 mg) of these salts were analyzed by integrated NMR spectroscopy (for
chemical shifts see Table 1) to indicate 75, 95, and 100% conversions to 10-X-substituted

isomers (10-X-1") for X = Cl, Br, I, respectively.



Figure 1 Geometric structure of 7-Cl-1 together with atomic numbering, valid also for X =
Br and I. 7-Cl-1" has the same atomic numbering and its form, with the hydrogen bridge over
B(8)-B(9), is computed to energetically favored by about 3.7 kcal mol ' [B3LYP/6-31+G(d)]
favored over the form where a hydrogen atom bridges B(9)-B(10). 10-X-1 and 10-X-1"
would also use the same numbering.

Direct conversion of 7-X-nido-5,6-C,BsH;; (7-X-1) compounds (X = CI, Br, 1) to 10-X-nido-
5,6-C2BsH;; (10-X-1) isomers. A solution of 7-X-1, prepared according to ref. 5, (reaction
scale 1 mmol) in CH,Cl, (15 ml) was treated with a solution of PS (reaction scale 1 mmol) in
CH,Cl; (15 ml) at ambient temperature and the mixture was left standing for 2 h. The mixture
was then treated with concentrated H,SO4 (~5 ml, dropwise) under shaking and cooling at O
°C. The organic layer was then separated and evaporated to dryness, which led to the
isolation of a series of white crystalline compounds. These were identified by integrated
NMR spectroscopy as the neutral 10-X-1 isomers (for chemical shifts see Table 1) with

conversions identical to those as in the preceding experiment.

Conversion of 4-X-nido-5,6-C,BsH;; (4-Cl-1) into the 3-X-nido-5,6-C>BsH;; (3-X-1) isomer.
A solution of 4-Cl-1, prepared according to ref. 5, (40 mg, 0.25 mmol) in CH,Cl, (5 ml) was

treated with a solution of PS (64 mg, 0.3 mmol) in CH,Cl, (5 ml) at ambient temperature and



the mixture was left standing for 2 h. The mixture was then treated with concentrated HoSO4
(~2ml, dropwise) under shaking and cooling at 0 °C. The organic layer was separated and
evaporated to dryness, which led to the isolation of 3-X-1 (66% conversion as assessed by
integrated NMR spectroscopy). Pure 3-X-1 can be obtained using liquid chromatography
(LC), as in reference 5; for chemical shifts see Table 1. Note that according to electrophilic
halogenation of the “bottom” part of 1 (ref. 5) only one monohalogeno derivative originated,

4-Cl-1, along with some dibromo and trichloro derivatives.

Reconversion of 10-X-nido-5,6-C;BsH;; (10-X-1) compounds (X = CI, Br) to 7-X-nido-5,6-
C,BgH;; (7-X-1) isomers. A solution of 10-X-1 (X = Cl, Br; reaction scale 0.5 mmol) in
CH,Cl, was passed through a short silica gel column (~2.5 x 10 cm). Evaporation of the
solvent from the eluate led to practically quantitative isolation of white crystalline
compounds, which were identified by "B NMR spectroscopy as pure isomers 7-Cl-1 and 7-
Br-1.!

Computational details. Reaction pathway calculations and the corresponding molecular
geometries, which were also used for magnetic properties calculations, were performed using
Gaussian 09 so’ftware;6 Amsterdam Density Functional (ADF) code’ was used for the
calculations of the shielding tensors.

Reaction pathway. The reaction pathway was computed at the B3LYP/6-31+G(d) level, as is
common for this class of compounds. Single-point energy calculations were made at the
B3LYP/6-311+G (2df,p) level and solvation effects of dichloromethane were computed at the
SMD level® (including default SMD radii and non-electrostatic terms). Employing diffuse
functions is justified since an anion is being studied. Unscaled zero-point energies, integrated
heat capacities, and entropies were used to compute gas-phase free energies at 298 K. Free

energies at 298 K in dichloromethane were calculated using eq 1.



AGso1, 298 K) = AG(g, 298 k) T AGs0lv) (D

The transition vectors of all transition states were animated using the Molden’ visualization
code to verify that the motions were appropriate for converting reactant to product. In
addition to that, intrinsic reaction coordinates (IRC) were constructed from each transition
state to verify the corresponding reactant and product.

NMR computations. Calculations of shielding tensors with gauge-including atomic orbitals
(GIAO) were performed at the MP2 level using IGLO-II all-electron basis sets'® for H, B,
and C. In contrast, for Br and I the quasirelativistic energy-consistent pseudopotential
(ECP)"! was used along with DZP basis sets, for details see Table S31. Molecular geometries
for this purpose were optimized at the MP2/6-311++G(d,p) level, with Br and I being treated
in the same manner as in the geometry optimizations. The ADF calculations utilized the
BP86 functional and the same geometries as for the GIAO calculations. The two-component
relativistic zeroth-order regular approximation (ZORA) method'? including scalar and spin-
orbit (SO)" corrections was employed for these computations; the all-electron triple-zeta
basis set plus one polarization function (denoted TZP; from the ADF library) was used for all
atoms. Magnetic shieldings were converted into relative ''B chemical shifts using ''B NMR

of B,Hg as the primary reference.'*

m RESULTS AND DISCUSSION

Syntheses. Scheme 2 shows an interesting rearrangement cycle involving rearrangements of
the previously reported14 7-X-substituted (where X = Cl, Br, I) derivatives of dicarborane (1),
which are denoted 7-X-5,6-C,BgH;; (7-X-1). Note that 1 exists as a racemic mixture from
which its levorotary enantiomer was obtained by reacting the mixture with (4)-N-

methylcamphidine.! In this context we opted for studying the rearrangement mechanism



instead of isolating an optically active form of 7-X-1. Deprotonation of 7-X-1 compounds
with one equivalent of PS in hexane or CH,Cl, at ambient temperature led to a
straightforward cluster rearrangement under the formation of a series of PSH" salts of the
[10-X-5,6-C,BgH o] anion (10-X-1"). Acidification of these salts with concentrated H,SO, in
CH,Cl, generates a series of neutral carboranes 10-X-5,6-C,BgH;; (10-X-1) with overall 7-X
— 10-X conversions of 75, 95, and 100% for X = Cl, Br, I, respectively. It becomes obvious
now that the observed 7-X-1 — 10-X-1 conversion cannot be expained by the BSV
mechanism of Scheme 1 and therefore a new mechanism was designed. Moreover, the
observed 4-CI-1 — 3-CI-1 conversion had not previously been tackled computationally and,

therefore, the corresponding mechanism was explored, too.

PS

Silica gel
X=ClandBr s Eilxi?eor
CH,CI B1 2412
252 7-X-1

X=Cl,Brand|

10-X-1

Scheme 2 Base-induced 7 — 10 rearrangement of halogenated derivatives of nido-5,6-
C,BgHi» (1). Note that the rearrangement of the B—X unit proceeds in the deprotonation step.

Another interesting, though difficult to rationalize, aspect is that the neutral chlorinated and

brominated derivatives, 10-Cl-1 and 10-Br-1, reconvert quantitatively to the original 7-Cl-1



and 7-Br-1 compounds on passing through a silica gel column in CH,Cl,, while the iodinated
counterpart, 10-1-1, remains unchanged under the same conditions. Derivatives 10-CI-1 and
10-Br-1 must, therefore, be isolated with care using fractional vacuum sublimation at ca. 80
°C (bath) or crystallization from hexane at lower temperatures.

A similar rearrangement procedure (treatment with PS, followed by protonation) was also
tested for the 4-chloroderivative 4-C1-1° which another single monosubstituted derivative of
1. This procedure led to an approximately 2:1 mixture of derivatives 3-Cl-1 and 4-Cl-1
(~66% conversion to 3-X-1). The 3-Cl and 4-Cl substituted derivatives are, therefore,
interconvertible via a base-induced rearrangement process. The neutral 3-Cl-1 and 4-X-1
compounds obtained from the rearrangement reactions were separated by LC
chromatography as reported earlier and characterized by NMR spectroscopy.8 The as-yet
unreported NMR data of their anionic counterparts (3-Cl-1" and 4-Cl-1") were estimated from
those of their ~2:1 mixtures obtained from deprotonation reactions.

NMR spectroscopy. Once isolated 10-X-1" and 10-X-1 derivatives were characterized using
'H and ''B NMR spectroscopy, and the use of [''B-""B]-COSY" techniques led to complete
assignments of all boron resonances to individual cage BH units. (For 'H and ''B NMR shifts

of individual derivatives see Table 1.)



Table 1''B and '"H NMR data for halogen derivatives of nido-[5,6-C,BgH;;]” (1") and 5,6-C,BgH 2 (1).

5(''B) / ' J(BH)* S('H)?

Compound Bl B7 B8 B3 B9 B10 B2 B4 CH6 CH5 uH
3-Cl-17 0.1 7.2 6.2 —1.8°¢ 14.17 —12.7 —334/168 312 /140 5.18 4.19 -3.00
GIAO? 1.5 7.6 3.7 0.8 13.1 ~10.4 —31.4 275

ZORA" 44 3.6 99 24 10.2 ~14.6 ~36.4 -31.7

4-Cl-17 0.2 5.7 6.2 -14.5 15.57 -10.2 —33.4 -18.8 456 374 -3.18
GIAO? 25 8.1 2.0 -11.6 18.5 -12.9 -32.0 -10.6

ZORA" -8.6 3.9 -84 -16.8 15.2 -17.2 -36.6 ~14.7

10-Cl-1°  —0.4/140 63/125 —57/~130 —14.1/~130 10.4¢ —3.7° —32.1/165 -289/140 498 3.69 -3.80
GIAO? 1.2 6.2 7.3 ~12.1 13.2 0.1 325 —26.4

ZORA" -5.2 2.3 -13.3 -17.0 10.5 4.7 375 -30.4

10-Br-1 -0.1/136 7.5/122 —46/129 -13.5/134 12.87 —9.2°¢ —313/168 —275/136 493 376 -3.84
GIAO? 0.6 6.8 -5.7 ~12.4 15.5 -11.0 -32.5 -26.2

ZORA" 5.2 2.4 ~122 ~17.0 12.8 ~12.3 375 -30.0

10-1-1° 1.0/150 88/140 —21/140 -12.7/131 16.7° —20.9/70° -302/164 —26.1/140 487 397 -3.69
GIAO? 1.8 7.7 45 -11.7 17.0 45 312 -25.0

ZORA" 4.6 3.5 -9.8 -16.7 15.0 218 -36.1 -29.6

10-Cl-1 73/~160 5.4/~145 —03/~145 —03/~145 —6.8/171 —1.8° 271/174 -38.1/156 672 495 -2.03
GIAO? 7.7 6.7 25 0.6 -7.6 3.2 272 -37.7

ZORA" 2.1 3.1 73 3.8 -13.3 22 -32.0 424

10-Br-1 7.8/~170 6.8/~150 —0.4 0.4 53/168 -73/54° -263/183 -374/159 720 5.04 —1.96
GIAO® 8.4 7.3 04 0.7 6.3 -3.6 -26.1 -36.8

ZORA" 3.2 3.2 -5.5 34 -11.6 -8.6 -31.0 412

10-I-1 87/~160 7.1/161 27/156  —-0.6/149  —28/180 -23.2/54° -254 -365/159 6.64 515 -056/-1.84
GIAO? 9.5 75 1.8 0.6 4.0 0.6 -25.0 -35.6

ZORA" 44 3.5 2.0 3.8 -8.7 -23.1 -29.5 -40.4

“ Measured in CDCls, in ppm relative to BFs-OEt,, assignments by {''B-'"B}-COSY, "J(BH) in Hz (sometimes undefined due to signal
overlap). ” In ppm relative to TMS. ¢ Singlet due to the substituted B-position. ¢ Broad singlet. ¢ Secondary doublet ''B-uHy ;o splitting.”
Assigned from the mixture of 3-Cl and 4-Cl substituted derivatives. ® Nonrelativistic GIAO-MP2/II//MP2/6-311++G**, for Br and I ECP+DZP
was used (see computational details). " Relativistic ZORA-BP86/TZ2P//the same geometries as in GIAO computations.
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Inspection of Table 1 shows that the ''B NMR spectra of all derivatives of 1 isolated in this
study consist of eight different boron resonances, of which one shows as a singlet due to the
substituted boron vertex (B10, B3 or B4). '"H NMR spectra indicate two different CH
resonances, together with broad high-field hydrogen bridge resonances. The intensities of the
hydrogen-bridge resonances indicate whether there is one bridging hydrogen atom (anionic
species) or two bridging hydrogen atoms (neutral compounds). The ''B NMR spectra are
similar to those of the parent dicarboranes 1 and 1" except that the singlets for the substituted
boron atoms exhibit enhanced deshielding properties, a phenomenon generally known for a-
shifts of halogenated boron clusters.” The deshielding increases in the series X = C1 > Br > L.
Inspection of Table 1 and o shifts in reference 5 also suggests that deshielding by chlorine
substituted into different vertices of 1 decreases remarkably in the order B4 > B3 > B7 >
B10, in agreement with decreasing negative cheurge.]6

Table 1 shows a very good agreement between the GIAO-MP2/II-computed and
experimental ''B chemical shifts for all eight compounds, apart from those boron atoms that
are bonded to bromine and iodine substituents, with the disagreement more pronounced for
iodine. Since inclusion of spin-free relativistic effects by pseudopotentials in the GIAO
calculations does not solve the problem, these discrepancies at this level may be seen as an
indicator of the need for an appropriate level of theory that takes into account relativistic
spin-orbit effect'” on the chemical shifts. Such effects are known to overcompensate the
trends caused by decreasing electronegativity for the heavier halogen substituents.'® Indeed,
employing the two-component relativistic zeroth-order regular approximation (ZORA)
method within the ADF code in order to account for the spin-orbit corrections (SO) to the "B
shifts in the corresponding B(10) improves the fit between the theory and experiment for this

atom considerably, as shown in Table 1. The largest SO correction was found

11



computationally for B(10) in 10-I-1, reaching almost 22 ppm at the ADF level used. ADF
results are systematically shielded to lower frequencies. The B(10) atom is exceptional in this
respect, due to the above-mentioned spin-orbit coupling. For example, the ''B NMR chemical
shift for B(10) computed at ADF level in 10-Br-1" without such a contribution would have
been computed at even lower frequency than —12.3 ppm. The SO contribution to the overall
shielding tensor of 6.3 ppm compensates such a trend. The effect of SO coupling on correctly
computed ''B NMR chemical shifts can be even more pronounced. For example, in BBr; and
BI; GIAO computations with the same model chemistry cause 5(”B) NMR to be 73.1 and
102.8 ppm, whereas the measured value are 38.7 and —7.9 ppm, respectively. Inclusion of SO
coupling within the ADF scheme improves the fit considerably, viz. 38.3 and —0.1 ppm,
respectively. The same trend is observed for BBr, and Bly: GIAO 15.6 and 25.0 ppm,
respectively; experimental —23.8 and —127.5 ppm, respectively; ADF —27.2 and —108.6 ppm,
respectively.'”

Computed ''B NMR chemical shifts using the GIAO-MP2/II approach with the basis sets
used (see Computational details) show very good agreement with the experimental values,
which justifies our assumption that the geometries of all eight NMR-computed compounds
(six 10-X-derivatives are newly prepared) with a halogen atom bonded to B(10) are very
good representation of their molecular geometries in solution, with SO contributions playing
significant roles when making such a comparison for all four Br and I derivatives. Tables S1—
S8 provide the corresponding atomic coordinates.

Figure 2 shows that the plot of chemical shift changes (Aa) at the substituted site, where Ao
= 0, — Op, and subscripts s and p relate to the substituted and parent compound. For the
isolated derivatives 10-X-1 versus the same characteristics for 7-X-1° (X = CI, Br, )
derivatives the plot is linear, which indicates that the character of halogen shielding in the

ten-vertex nido series of boron-cluster compounds is similar to that in the 7-vertex series.

12



(For a similar correlation of the chemical shifts for 7-X-1 with those for 5-X-BioHis3
compounds, see reference 5.) A similar linearity would also be expected for other isomers if
the corresponding derivatives were available. As demonstrated by graphical inter-comparison
in Figure S1, the reported ''B NMR spectra are similar to those of the parent dicarbaboranes

land 1.

20 = Aa(""B)7.x-1

-10—,

Br
Cl

+10 —

[ | I I
+10 0 -10 -20
11
— Aa(" 'B)yo.x-1
Figure 2 Plot showing the linear relationship between Aa(''B) halogen shifts for 10-X-nido-5,6-
C,BgH,; (10-X-1) and 7-X-nido-5,6-C,BsH;, (7-X-1) derivatives (X = Cl, Br, I) reflecting similar

shielding behavior within the ten-vertex nido dicarbaborane series (data for 7-X-1 compounds from
reference 5).

Proposed reaction pathways. The isomerization of the 10-vertex nido-5,6-dicarbaborane
framework was studied using hybrid-functional B3LYP within the DFT scheme (see Figures
3 and 4, and 5 and 6). We have recently found that DFT and MP2 model chemistries are quite
consistent in terms of individual computed barries and, therefore, we opted for a less CPU-
demanding DFT scheme to examine the reaction profile that is being studied.* Employing
diffuse functions is important because an anionic species is considered. The initial
deprotonation step of 7-Cl-1 by PS is spontaneous by —3.4 kcal mol ™', whereas this kind of
deprotonation is about 1.6 kcal mol ™ less spontaneous for 4-Cl-1 (eq 2).

13



7(4)-Cl1-5,6-C,BgH;; + PS — 7(4)-Cl-5,6-CoBgH o + PSH" (2)

However, the PS is unable to remove a second proton as indicated by nonspontaneous free
energy changes of 29.7 and 29.9 kcal mol ' for the 7- and 4-isomers, respectively, according

to eq 3.

7(4)-C1-5,6-C,BgH ;o + PS — 7(4)-C1-5,6-C>BsHo> + PSH* 3)

We also determined the free energy change for removing a chloride anion from 7-CI-1" as
well as from 4-Cl-1" to form neutral C;BgH ;. The large calculated values of 37.2 kcal mol !
and 37.8 kcal mol ', respectively indicate that rearrangements on the neutral 5,6-C,BsH;,
PES is not likely, which is supported by the experiments. Therefore, we believe the most
likely species involved in the rearrangements are the 7-Cl-1" and 4-CI-1" anions.

There are three possible pathways of the 7-Cl-1" to 10-Cl-1" rearrangement, with solvation
effects included, suggested by the computations. They proceed through a series of six, five,
and eight transition states (TS), respectively. Some TSs of the last reaction option can be
related to very energetically demanding diamond-square-diamond-based (DSD)
rearrangement” and bridge-terminal-bridge migrations. Since the initial barrier is computed
to be quite high (46 kcal mol™' see Figures S2 and S3) we will not consider such a pathway
further. Although the second mechanistic alternative is energetically more favorable (a series
of bridge-terminal-bridge migrations), see Figures S4 and S5, than the latter, we opted for
reporting the next computed pathway as justified by indirect experimental evidence. Hence,
such a rearrangement is likely to proceed through formation of [Cl™-1,2-closo-C,BsH ] as

one of the intermediates. However, this intermediate is computed to be more stable than 7-Cl-

14



1, which might be the consequence of model chemistry and basis set chosen. Moreover,
implicit solvation methods, such as SMD, are sometimes poor at calculating the solvation
free energies of single-atom ions, such as Cl . Its energy in dichloromethane is computed to
be —60.6 kcal mol ' at B3LYP/6-311+G(2df,p),”* which is “too negative”. Consequently, the
uncertainty in the solvation-free energy of the [CI-1,2-closo-C,BsH;o] complex may be
larger than for the other stationary points. It was found very recently that attacking 1~ with
N*H(C,Hs), results in the formation of closo-C2B8H10.23 The transition state of the latter
dehydrogenation process, from which the parent closo arrangement originates, bears a strong
resemblence with TS2 of the 7-Cl-1" vs. 10-Cl-1" rearrangement. On the basis of this
experimental support, we report here the mechanism that includes the above closo-ten-vertex
complex as the most probable one. It is also favorable energetically since it is the lowest free
energy pathway that we could find. Figure 3 illustrates this mechanistic design, whilst Figure
4 illustrates the energetic balance of this reaction pathway, the final product G being drawn in

two ways.

15



VT_‘? ) _: BR
B?ﬂi/’" '

,

10-isomer

Figure 3 The individual stationary points during the 7-Cl-1" vs. 10-CI-1" rearrangement as
suggested by the most experiment-verifying computations. Boron atoms marked with a *
symbol start in the reactant as B7 while boron atoms marked with a # end up as B10 in the
product. For the model chemistries used see Computational details.
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Figure 4 Reaction enthalpies (free energies) for the 7-X-1" vs. 10-X-1" rearrangement at 298
K in kcal mol . For free energies see also eq 1. SMD (dichloromethane) was used
considering solvation effects at B3LYP/6-311+G(2df,p)//B3LYP/6-31+G(d).

The 4-Cl-1" vs. 3-CI-1" rearrangement is based on simple bridge-terminal-bridge hydrogen
migrations and DSD steps as shown in Figure 5, in which the final product E is also drawn in
two ways. Figure 6 provides the energetic profile with this second reaction process taken into
consideration. The 4-isomers convert to intermediate D, from which four different pathways
are possible. Two pathways go to the 3-isomer and two pathways go to the 8-isomer. The
most favorable pathway is one of the two that provides the 3-isomer. Since there is no

experimental availability of the 8-isomer, the interplay between the theory and experiment is

impossible to study for this material.

17



a

_oF
)--

'Z@w_& a

Figure 5 The individual stationary points during the 4-Cl-1" vs. 3-CI-1" rearrangement as
suggested by the most experiment-verifying computations. The boron atoms marked with *

start the mechanism as B4 and end as B3. For the model chemistries used see Computational
details.
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Figure 6 Reaction enthalpies (free energies) for the 4-Cl-1" vs. 3-CI-1" rearrangement at 298
K in kcal mol ™" . For free energies see also eq 1. SMD (dichloromethane) was used
considering solvation effects at B3LYP/6-311+G(2df,p)//B3LYP/6-31+G(d).

Armed with Ref. 23a, we also explored the Cl-B bond-breaking transition state, T'S, as shown
in Figure 7 that might result in the [CI-1,2-closo-C,BsH;o] complex, identified as
intermediate D during the 7-CI-1" vs. 10-Cl-1" rearrangement. Indeed, IRC computations did
show that the intermediate that followed from TS is the same as intermediate D from which
both the 7-isomer and 10-isomers are affordable (see Figures 3 and 4). Attempts to prove the
existence of such a complex by adding (CH3COOQO)Ag to 1 in the presence of PS failed, since
no AgCl was observed. Conceivably, reductive and oxidative properties of the boron hydride
and Ag", respectively supressed the simple cation/anion exchange. The barrier from the 4-
isomer to TS is only a little higher in free energy than the others mentioned. Note also that
the 4-isomer is 1.6 kcal mol’' less stable than the 7-isomer at SMD/B3LYP/6-
311+G(2df,p)//B3LYP/6-31+G(d). To sum up, we have pathways connecting the 3-, 4-, 7-,

and 10-isomers when the initial barrier for the 4-Cl-1° vs. 3-CI-1 rearrangement is
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considered to be that provided in Fig. 7. Similar unprecedent rearrangements have recently

23d
d.?

been also studie

Figure 7 The CI-B bond-breaking transition state (TS) depicted is computed to lie 48.6
(46.9) kcal mol ! above the 4-isomer computed at B3LYP/6-311+G(2df,p)//B3LYP/6-
31+G(d). SMD (dichloromethane) was used considering solvation effects at B3LYP/6-
311+G(2df,p)//B3LYP/6-31+G(d).

The computed sums of the individual free energy barriers for both processes are somewhat
higher than expected from the experimental condition present during rearrangements, which
might be mainly attributed to anionic character of 7-Cl-1" and 4-CI-1". Note that such high
barriers are computed even for neutral systems that undergo reactions under modest
conditions.**

The Cartesian coordinates of all 13 stationary points for the first process and 9 stationary
points for the second process are given in Supporting Information and, in the case of

transition states, individual imaginary frequencies are also provided.

m CONCLUSIONS
Reactions of boron hydrides can involve many competing pathways and intermediates with
femtosecond lifetimes, which is in huge contrast to well-understood organic chemistry.

Hence, reaction mechanisms can be very complex because there is often little energy
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difference between various intermediates and transition states.> Indeed, we have now found
that the earlier suggested BVS mechanism totally differs from that reported here when
applied to base-induced rearrangements of halogen substituted derivatives of 1. The
following conclusions can be drawn: the 7-X derivatives of carborane 1 (where X = Cl, Br, 1)
undergo (on deprotonation and re-protonation) a complete rearrangement of all cluster
positions to form carboranes 10-X-5,6-C;BgH;; (10-X-1). The same applies to the 4-Cl
derivative of carborane 1, whose rearrangements give 3-X-5,6-C;BgH;; (3-Cl-1).
Experiments indicate that thermodynamic stabilities of individual derivatives of 1 are quite
different. For example, the stabilities of 10-X-1 compounds decrease in the order [ > Br > Cl,
while the reverse order C1 > Br > I seems to apply for the 7-X-1 series. On the other hand, the
stabilities of 3-Cl-1 and 4-Cl-1 derivatives appear to be comparable. Computations also show
that the [CI-1,2-closo-C,BsH o] complex, in the form of an intermediate, is common for both
rearrangements.

Positively charged outer surfaces of bromine and, to a large extent, of iodine (c-holes) result
in long-range interactions with negatively charged hydrogens in all transition states of the 7-
X-1" vs. 10-X-1" rearrangement, which leads to their stabilization and, consequently, to lower
barriers in the corresponding reaction profiles than in the case of chlorine. This may offer an
explanation of the increasing yields on going from chlorine to iodine.”® We also note that,
from a geometrical point of view, a direct exchange of Cl bound to B(7) with H bound to
B(10) is impossible since the separation of such Cl and H atoms is computed to be 625 pm at
B3LYP/6-31+G(d) as revealed from the reaction profile for A in Figure 4. Note that this
distance is 616 pm when calculated using MP2/6-311++G(2df,p). This observation further
supports our decision to use a DFT computational protocol for exploring the reaction profile.
The same holds for the 4-Cl-1" isomer, where the corresponding distance is computed to be

about half of the above values. Experiments aimed at the isolation of the still unknown
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derivatives of 1 substituted in positions other than 3, 4, 7 and 10 are in progress, as well as in

other clusters with hexagonal boat-like shape.

m ASSOCIATED CONTENT

Supporting Information

Scheme S1 shows protonized proton sponge, Figures S2-S5 illustrate another two reaction
possibilities. Calculated atomic coordinates for all eight calculated structures are in Tables
S1-S8. Calculated atomic coordinates for all 13 stationary point from the first rearrangement
process, and all 9 stationary points from the second process are in Tables S9—S30. Table S31

provides details of the model chemistries used for Br and L.
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