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Structural Dualism in the Zwitterionic
7-RR'NH-nido-7,8,9-C;BsH,, Tricarbollide
Series: An Example of Absolute Tautomerism**

Mario Bakardjiev, Josef Holub, Drahomir Hnyk,
Ivana Cisarova, Michael G. S. Londesborough,
Dmitry S. Perekalin, and Bohumil Stibr*

Tautomerism, which is a dynamic equilibrium between two or
more alternative structures of a single species, has been
observed for many organic compounds. The commonest case
of tautomerism, known as prototropy, is when the electrofuge
(a leaving group that does not carry away the bonding
electron pair) is a proton. This phenomenon is typical for
compounds that contain a functional group that is able to
donate a proton, and another functional group which is able
to accept it, the functional groups must be in the same
molecule and in close enough proximity to one another. The
tautomerisation equilibrium is in all cases transmitted by a
common anion. The most renowned textbook example of
tautomerism is the equilibrium between the keto and enol
forms of acetylacetone (Scheme 1).'! The tautomerisation
constant, defined as Ky= [enol]/[keto], is in this case 3.6 for
neat acetylacetone.“]

Herein we report a unique example of what we would like
to term “absolute tautomerism” in the “zwitterionic” tricar-
bollide series in which a compound adopts one of two
different tautomeric forms, either zwitterionic 7-RR’'NH-
7,8,9-C;BgH,, (Z1) or neutral 7-RR'N-7,8,9-C;BgH,; (NI,
where R,R" = H or alkyl groups), depending on the properties
of the solvent used.

Almost a decade ago we reported the synthesis of the
zwitterionic (Z) compounds 7-RR'NH-7,8,9-C;BgH,, (Z1)
(where RR'=HH (1a); H/Bu (Z1b); MeMe (Zlc));
Me,/Bu (Z1d)). The NMR spectra for this series in CD;CN
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Scheme 1. Equilibrium between the tautomeric keto and enol forms of
acetylacetone.!"!

show typical patterns consistent with the structural formula-
tion Z1.”! Having the zwitterionic character of these com-
pounds in mind, we initially did not attempt NMR spectro-
scopic measurements in proton nontransferring (PNT) sol-
vents (such as CDCl;) because of suspected insolubility.
Serendipitously, however, we ventured to do so and to our
surprise we found that not only are these compounds soluble
in CH,Cl, or CHCl;, but that their NMR spectra (in CDCl;)
show entirely different NMR patterns (for compounds N1b
and Z1b see Figure 1) that are fully consistent with the
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Figure 1. Stick diagrams showing chemical shifts and relative intensi-
ties in the "B (all signals), 'H (signals from cage CH groups), and
C NMR (signals cage C atoms) spectra for the tautomeric pair
7-BuNH,-7,8,9-C;BgH o (Z1b) and 7-tBuNH-7,8,9-C,BgH,; (N1b). For
numbering scheme see Z1 in Scheme 2
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neutral tautomeric form of constitution 7-RR'N-7,89-
C;BgH;; (N1). It should be emphasized that in homogeneous
solvent solutions all Z1—N1 conversions are quantitative (at
least Ky approaches infinity) with no sign of equilibrium
between individual Z1 and N1 tautomers detectable in the
NMR spectra. As shown in Scheme 2 (path 1) the tautomeric

1

Scheme 2. The formation and interconversions of the 7-RR'NH-7,8,9-
C;BgHyp (Z1a-Z1d) and the corresponding 7-RR'N-7,8,9-C;BgH;; tauto-
mers (NTa—-N1d). 1) dissolution in PNT solvents (such as, CHCl;,
CH,Cl,, C¢He); 2) crystallization from PT solvents (EtOH/water, ace-
tone/water); 3) proton sponge/CH,Cl, or NaH/Et,O; 4) protonation
(H,SO,, CF;COOH, HCl) in PT solvents; 5) protonation (H,SO,,
CF;COOH, HCl) in PNT solvents. See text for details. C is CH (for C8
and C9), verticies without letters are BH.

conversion is achieved by a simple transfer of an N—H proton
to a position bridging B10-B11. Conversely, the N1 tautomers
can also be quantitatively converted into Z1 tautomers by
simple crystallization from proton transferring (PT) solvents
(such as EtOH/H,O, acetone/H,0) or by dissolution in
acetonitrile (path 2).

In the case of nonhomogeneous solvent mixtures (see
Figure 2) the addition of CH;CN to a CDCIj; solution of N1b
expectedly leads to a classical equilibrium between the Z1b
and N1b tautomers, the equilibrium being defined by the
tautomeric constant K;=[Z1b]/[N1b] (where [Z1b] and
[N1b] are equilibrium concentrations of the zwitterionic
and neutral tautomers, respectively). It can be seen from
Figure 2 that by adding CH;CN to a CDCl; solution of N1b
the concentration of the Z1b tautomer rapidly grows, and at a
CH;CN volume fraction of approximately 0.25, the N1b
tautomer disappears from the solution ([N1b]=0), there are
no signals corresponding to the N1b tautomer in the ''B and
"H NMR spectra. This result suggests that at that critical
CH;CN concentration Kt is equal to or approaching infinity.

It is reasonable to suppose that in these tautomeric
conversions the proton transfer between the two proton
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Figure 2. Plot of experimental K; values versus volume fraction
CH;CN/CDCl; for the equilibrium between Z1b and N1b tautomers.
At around 0.25 (dotted line) K; approaches infinity and only one tauto-
mer (Z1b) is present in the solution. K;=[Z1b]/[N1b].

accepting centers, the N-atom and the cage B10—B11 bond,
occurs through common anions of type [7-RR’'NH-7,8,9-
C;BgH o)™ (17). These anions can be prepared independently
by treatment of both tautomers, Z1 and N1, with NaH in Et,0
or proton sponge (PS) in CH,Cl,/hexane mixtures (Scheme 2
(path 3)). Conversely, acidification (HCl, CF;COOH) of the
anions 1~ (Na% salts) in PT solvents (water, acetonitrile)
generates tautomers Z1 (path 4)), while acidification of the
PS* salts with H,SO, in CH,Cl, leads exclusively to tautomers
N1 (path 5)).

Figure 1 summarizes the NMR patterns for the tautomeric
pair Z1b/N1b. The remaining compounds from the corre-
sponding Z1/N1 series exhibit very similar NMR spectro-
scopic behavior, which we will report elsewhere in a full
paper.

The Z1-type compounds are derivatives of the [7,8,9-
C;BgH,;]™ ion, while their N1 tautomers are derivatives of the
neutral tricarbollide 7,8,9-C;BgH,,.>* Significant differences
between the Z1 and N1 tautomers are seen in their "B NMR
spectra, and arise from the presence of the hydrogen atom
bridging the B10-B11 bond in N1. However, the 'H and
BC NMR spectra for cage CH and C units are also remark-
ably different.

The different Z1 and N1 tautomers can also be isolated in
the solid state. For example, Z1b and N1b differ in their
melting points (148/136°C, respectively) and, moreover, the
structure of pure Zl1b (Figure 3*) and Z1d. OCMe,”
tautomers were determined by single-crystal X-ray diffraction
analysis.

Unfortunately, we have not been able to grow crystals of
N1 compounds, therefore the structures for the simplest
tautomeric pair, Zla and Nla, were geometrically opti-
mized™® at the RMP2(fc)/6-31G* level (see Figure 4 and
Figure 5). Ignoring variances in H-N-H angles, the main
difference (0.094 A) between them was found for the
respective B10—B11 bonds.
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Figure 3. ORTEP representation of the crystallographically determined
molecular structure of 7-tBuNH,-7,8,9-C;BgH,, (Z1b). Selected bond
lengths [A] and angles [°]: B1-B2 1.792(2), B1-B3 1.737(2), B1-B4
1.758(2), B1-B5 1.795(2), B1-B6 1.811(2), B2-B3 1.776(2), B2-B6
1.756(2), B2-C7 1.743(2), B2-B11 1.799(2), B3-B4 1.758(2), B3-C7
1.757(2), B3-C8 1.731(2), B4-B5 1.770(2), B4-C8 1.728(2), B4-C9
1.733(2), B5-B6 1.753(2), B5-C9 1.732(2), B5-B10 1.788(2), B6-B10
1.788(2), B6-B11 1.790(2), C7-C8 1.513(2), C7-B11 1.618(2), C8-C9
1.516(2), C9-B10 1.616(2), B10-B11 1.733(2), N1-C7 1.496(2), N1-C1
1.557(2); B11-C7-C8 112.2(1), C7-C8-C9 110.1(1), C8-C9-B10 110.8(1),
C9-B10-B11 104.4(1), C7-B11-B10 102.4(1).

Figure 4. RMP2(fc)/6-31G* optimized geometry of 7-NH;-7,8,9-
C;BgH,o (Z1a). White spheres B, black spheres C. Selected bond
lengths [A] and angles [°]: B1-B2 1.775, B1-B3 1.733, B1-B4 1.761, B1-
B5 1.790, B1-B6 1.822, B2-B3 1.779, B2-B6 1.760, B2-C7 1.710, B2-B11
1.804, B3-B4 1.754, B3-C7 1.744, B3-C8 1.739, B4-B5 1.766, B4-C8
1.731, B4-C9 1.737, B5-B6 1.761, B5-C9 1.720, B5-B10 1.788, B6-B10
1.790, B6-B11 1.785, C7-C8 1.508 C7-B11 1.602, C8-C9 1.516, C9-B10
1.625, B10-B11 1.729, C7-N 1.491; C7-C8-C9 108.3, C8-C7-N 117.9, H-
N-H (mean) 108.3, H-N-C7 (mean) 110.3. Calculated 8(''B) chemical
shifts (B3LYP/6-31G*//RMP2(fc)/6-31G") versus experimental (CD;CN,
data from ref. [2]): calcd/exp: B6 —10.8/—15.5, B10 —13.7/—15.5, B11
-19.7/-17.8, B5 —20.8/—18.5, B4 —20.8/—-20.2, B2 —23.1/-23.1, B3
—23.8/—23.1, B1 —44.7/—47.1 ppm.

Considering the readiness of interconversion between the
71 and N1 tautomers, a minimal difference in their calculated
structure energies might be anticipated. However, the
RMP2(fc)/6-31G* calculations on the “free” molecules of
Z1aand N1ain vacuo reveal that the neutral N1a tautomer is
22.34 kcalmol ™ more stable than Z1a. Including the solvent
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Figure 5. RMP2(fc)/6-31G* optimized geometry of 7-NH,-7,8,9-C;BzH,,
(NTa). White spheres B, black spheres C. Selected bond lengths [A]
and angles [°]: B1-B2 1.756, B1-B3 1.772, B1-B4 1.777, B1-B5 1.760, B1-
B6 1.800, B2-B3 1.753, B2-B6 1.780, B2-C7 1.689, B2-B11 1.796, B3-B4
1.765, B3-C7 1.700, B3-C8 1.720, B4-B5 1.753, B4-C8 1.730, B4-C9
1.695, B5-B6 1.777, B5-C9 1.685, B5-B10 1.804, B6-B10 1.793, B6-B11
1.792, C7-C8 1.532, C7-B11 1.667, C8-C9 1.515, C9-B10 1.657, B10-B11
1.823, C7-N 1.438; C7-C8-C9 116.7, C8-C7-N 115.6, H-N-H (mean)
107.6, H-N-C7 (mean) 110.3, B10-H, and B11-H, 1.312. Calculated
O("'B) chemical shifts (B3LYP/6-31G*//RMP2(fc)/6-31G") versus exper-
imental (CDCl;): calcd/exp: B2 3.6/3.9, B5 —5.3/—5.7, B3 —16.9/
—16.0, B11 —19.4/-19.5, B4 —21.6/—-21.0, B10 —22.2/—-22.1, B6
—26.2/—27.0, B1 —35.0/—36.2.

polarity effects in the calculations shows a gradual decrease in
the difference between the two tautomers from 6.31 in CHCl,
to 3.32 in CH,ClL,, to 0.15 kcalmol~! in MeCN. Nevertheless,
the experimental observation of a rapid conversion of Nla
into Z1a upon only small polarity change indicates that Z1a s
stabilized by some specific interaction with acetonitrile (most
probably, hydrogen bonding). The mass spectra of both Z1
and N1 show essentially the same fragmentation patterns,
which indicates that the Z1—N1 conversions proceed under
the conditions of the mass-spectrometric experiment.

As far as we are aware, the isolation of pure tautomers of
type 1 represents the first example of absolute tautomerism,
and thus introduces a new type of structural dualism to
chemistry.

Experimental Section
Typical experiments outlined below for compound 1b are generally
applicable to all compounds of constitution 1.

Z1b: Compounds Z1b (102 mg, 0.5 mmol, prepared as reported
earlier”) and N1b (102 mg, 0.5 mmol) were re-crystallized from a hot
EtOH/H,O mixture to give 100 mg (98 %) of Z1b. For Z1b: For "B
and '"HNMR spectra see ref. [2] *CNMR (125.8 MHz, CD;CN,
295 K): 0=65.0 (s, 1C, rBu), 60.9 (br, s, 1C, C7), 35.6 (br, s, 1C, C8),
34.1 (br, s, 1C, C9), 27.4 ppm (q, J(C,H) =129 Hz, 3C, /Bu).

N1b: Compound Z1b (205 mg, 1 mmol) was dissolved in CH,Cl,
or CHCI; (10 mL). Diffusion in of hexane vapors led to crystallization
to yield 158 mg (77 %) of crystalline N1b. Further amount of N1b
(42 mg, 21 %, total yield of N1b 98 % ) was obtained by evaporation of
mother liquors. For N1b: m.p. 136°C; "B NMR (128.3 MHz, 25°C,
CDClL): 6=2.8 (d, J(BH)=159 Hz, 1B; B2), —6.2 (d, 'J(BH)=
162 Hz, 1B; BS), —15.2 (d, Y(BH) =171 Hz, 1B; B3), —19.7 (d,
'J(BH)~ 170 Hz, 1B; B4), —20.7 (d, 'J(B,H)~ 140 Hz, 1B; B11),
—22.1 (d, J(B,H)~ 150 Hz, 1B; B10), —25.9 (d, J(B,H) =150 Hz,
1B; B6), —37.2 ppm (d, 'J(B,H) =152 Hz, 1B; B1), all theoretical
["B-""B] cross-peaks are observed; 'H{"'B} NMR (400 MHz, 25°C,
CDCl;): 0=3.88 (s, 1H; HS), 3.01 (s, 1H; H2), 2.73 (s, 1H; H9), 2.48
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(s, 1H; H5),2.17 (s, 1H; H11), 2.00 (s, 1 H; H4), 1.89 (s, 1 H; H3), 1.83
(s, 1H; H10), 1.1 (s, 2H; H1, H6), —2.27 ppm (s, 1H; uH);
BC{'"HNMR (100.2 MHz, CDCl,, 295 K): § =69.1 (s, 1C, tBu), 54.9
(br, s, 1C, C7), 39.2 (br, s, 2C, C8, C9), 31.1 (s, 3C, tBu); C;H,BgN
(205.73): elemental analysis calcd (%) C 40.87, H 10.29; found C
40.64, H 10.12. A solution of PSH*1b~ (50 mg, 0.12 mmol; PS =
proton sponge) in CH,Cl, (10 mL) was treated dropwise with
concentrated H,SO, (0.5mL) under cooling and stirring. The
CH,(Cl, layer was collected, shaken with water (2x20mL), dried
over CaCl,,and evaporated to afford 12 mg (84 %) of N1b, which was
identified by NMR spectroscopy.

1b™: A solution of compounds Z1b or N1b (102 mg, 0.5 mmol) in
Et,0 (20 mL) was treated with NaH (ca. 50 mg, 2 mmol) under
stirring at room temperature for 12 h. The mixture was then filtered
under anaerobic conditions, the filtrate evaporated, and the residual
solid dried at room temperature for 24h to give Na*1b -OEt,
(145 mg, 96%) as white crystals. For Na*t1b -OEt,: m.p. >350°C
(decomp.); "B NMR (128.3 MHz, 25°C, CD;CN): 6 =—15.4 (d, -,
1B; B6), —16.8 (d, -, 2B; B10,11), —17.7 (d, -, 1B; BS), —18.9 (d, -,
1B; B4), —23.5 (d, 'J(BH) =161 Hz, 1B; B3), —25.3 (d, J(BH) =
146 Hz, 1B; B2), —48.0 ppm (d, J(B,H)=138 Hz, 1B; B1), all
theoretical [''B-""B] cross-peaks observed; — indicates couple con-
stants that could not be determined 'H{''B} NMR (400 MHz, 25°C,
CD;CN): 6 =3.61 (s, 1H; NH), 3.39 (t, 2H; Et,0), 2.31 (s, 1 H; H9),
1.77 (s, 1H; H8), 1.45 (s, 1H; H3), 1.38 (s, 1H; H4), 1.30 (q, 3H;
Et,0), 1.29 (s, 1H; H10 or H11), 1.12 (s, 9H; rBu), 0.96 (s, 1 H; H5),
0.93 (s, 1H; H6), 0.92 (s, 1H; H10 or HI11), 0.77 (s, 1H; H2),
—0.16 ppm (s, 1H; H1); C;;H;NBgONa (301.83):elemental analysis
caled (%) Na 7.62; found Na 7.56. A solution of compound N1b
(50 mg, 0.24 mmol) in CH,Cl, (10mL) was treated with proton
sponge (ca. 50 mg, 2 mmol) hexane (20 mL) was carefully layered
onto the surface of the solution. After allowing the solution to stand
for 24 h, the crystals were isolated by filtration, washed with hexane,
and vacuum dried to give 91 mg (90%) of PSH*1b~, which was
identified by NMR spectroscopy.
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