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13C in DMSO-d6
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B{'H]- and "B - NMR spectra of [6](NHEt;3), in DMSO-ds
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-15.60

—t%12

~ —-5.88

10.27-| —

U T T T T T T T T T T T T T T T T T T T T T
00 190 180 170 160 150 140 130 120 110 100 90 80 70 60| 50 40 30 20 10 0 -10

11B in acetonitrile-d3 o

N;
&4
A4
3
a
=]
o
=]
~N
=]
@
S
©
=]
-

-5.88
-15.10
—-17.60

—=—-10.12

—

T T T T T T T T T
o 9 8 7 6 5 4 3 2 1 0 -1 -2 -3 4 -5 -6/ -7 -8 -9 -10 -11 -12 -13 -14 -15 |-16 417 -18 -19 -20 -21 -22 -23 -24 -2
ppm

B{!H}- and ''B - NMR spectra of [10]NHE?; in acetonitrile-d;

13C in|DMSO-d6| ~
N 1 =) N ™
" N @ —“9o
S o N
N Q v S <
- © <+ — — 0
| | | N\
| 1
|
| | Al
T T T T T T T T T T T r T T T T T T T T T T T T
210 201 19 ?ﬂ/ 70 160 150 14 130 120 11 100 9 80 70 60 50 40 3 20 10 0 -10 -20
ppm

13C - NMR spectrum of [10]NHEt; in DMSO-ds

S17



—3441.30
—3330:14

—3133.91

2989.87
N\ 2974 41
—2498.81

1665.55
- 1645.25

L]

T T T
)00 3900 3800|3700 3600 3500 3400

T T
200 3100 3000

&

T
2400 2300 2200 2100 2000
cm-1

T T T T
1900 1800 1700 16/

T T
00 1200 1100 1000 900

IR - spectrum of [10]NHEt; in KBr

[11]NHEt,

1H in DMSO-d6

,8.92
N 8.85

1.25
1.24

"\ 2.50 DMSO-d6
1.19

— 2.07 Acetonitrile|

/

AL
—

9.5 9.0 8.5

'H - NMR spectrum of [11]NHEt; in DMSO-d,

S18




11B{1} in DMSO-d6

—==$745]

—-6.30
-16.17|

—

o
g &
T T T T T T T T T T T T T T T T T T T T T T T T T T T T
00 190 180 170 |160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 O -10 |-20[|-3Q | -4D [-50 -60 -70 -80 -90 -1
ppm
i i nwom
11B in DMSO-d6 o 888
N n S o
© o
| ClN

ppm

T T T
-8 -9 -10 -11 -12 -13 -14 -15 -16 -17

-18 -19 -20 -1 -RR -]

T
-p5 -26 -27 -28 -29 -30 -31 -3|

HB{!H}- and ''B - NMR spectra of [11]NHEt; in DMSO-d6

13C in DMSOrd6

— 169.56

a3

9
—6943

a1 1c
—4115

N17.10
~11.77
4.04

T T T T T T T T T T T
210 20 190 18 170 160 15 140 130 120 10 1 9 80

3C - NMR spectrum of [11]NHEt; in DMSO-dg

S19



IR

&(:\T'

o D - < ~ ~— @ o~ wn )

& % B SR& 2B S &8 B

N g ™M o0 o N 0 ()] D ™M o

n o M DN N [=)) < 0 LN ~

T M = (<) [ <) 0] T T O T < ~N

™M M M NN AN o~ — -~ =

I | !/[/\ N NN |
/0 e A
/ [

T T T T T T T T T T T T T T T
P00 3900 3800 3700 3600 3500 3400 3300 3200 3100 3¢00 2900 2800 2700 2600 25!

T T T T T T T
D 2400 2300 2200 2100 2000 1900 1800
cm-1

T
700 16

T T
00 1500 1400 1.

T T T T
00 1200 1100 1000 900

IR - spectrum of [11]NHEt; in KBr

[12]NH,Me, and [12]Cs

S20




60-2
o

[CPET

£v'e
OSWA TS

5T

06°9—

1H in DMSO-d6

(— 10T

[~ ¥8'T

[ A

OSWQ 052~
6
80'€”

oau /c°C

—ov'Z1

06°S\—

1H in DMSO-d6

~<fs880 | o
o

'H - NMR spectra of [12]NH,Me, on the top and [12]Cs on the bottom in DMSO-dg

= )
' F¥
o
2
B ©
Fo
o
@
o
Fo
o
S
<
o re
@
~
o L&
8 7
g 55
o @
2 L8
60°81- 2 o
TTOT-~ M '
vest-/ 2 -
/ i Eor
et Sl1= 7
€6~ ° N
=
B
o
] 85'81-
; %
° oo.mﬁ N -
" $9'91-
o TL°GT- - — L=
G
Y8HI- —— .
08 HT- I S E
2 =Y
=
o =
g :
o o
g
2 Co
o
Ll |
o 6Q - —
S 68
LY
e
=
Lo
o )
S
I
S iy
2
q
o L
<
5
2 L«
s
8 g Lo
O
A o v
s 5 Lo
[=) [e]
= ]
£ & = o
> [2) r=
S c
by Q=
& NE r=
= 3 =
8

B{'H} — and "B spectra of [12]Cs in DMSO-d,

S21



13C in DMSO

!
M <+ o
L N -
O ~ O
g 5 g
\ \ \
I
I
| .
210 200 190 180 170 160 150 140 130 20 110 100 90 80 [70 6 50 40 30 2 10 0 -10
ppm)
13 :
C - NMR spectrum of [12]Cs in DMSO-dg
IR N NN < o
9 @ 0 “a X
—| o O ™ oY
f= @ T =} O
< [l < O
oy NN (o] —
; — ; SR —
il |W,( \(\‘ r vm T (N
1
P00 3900 380 00 3600 3500 34Dp0 3300 3200 3100 3000 2900 2800 2700 26PP 2500|2400 [2300 2200 2100 2000 1900 [1800 1700 1600|150f| 1#0D (1300 1200 1100 1000 900
gm-1

IR spectrum of [12]Cs in KBr

S22




[13]NH,Me, and [13]Cs
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11 Acid-assisted nucleophilic substitution mechanism

//B / " H, // B—N=C—R

Scheme S1.
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Figure S1. Experiment in the NMR tube. 50 mg of [1] dissolved in 0.5 ml of DMSO-d6. 'H-
NMR spectra.
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v X-ray crystallography and DFT calculation

Table S1. Crystallography data and refinement details for [11]xacetone and [14]xacetone.

Formula

Mass

T,K

Crystal system
Space group

Z

a, A

b, A

c, A

V, A3

deare, gHem?3
F(000)
2Qmax, °

Number  of

measured

reflections

Independent reflections

Reflections with [>2s(1)

Number of parameters

R

S30

[11]*xacetone
C14H44B12N,0,
402.23

120

Triclinic

P-1

2

8.9565(4)
10.4887(5)
13.7458(7)
79.917(2)
89.741(2)
82.490(2)
1260.24(10)
1.060

436

58

19435

6033
3573
410

0.0530

[14]xacetone
C17H4sB12N4O4
502.31

100
Monoclinic
P2/n

4

8.5596(2)
21.4218(4)
15.3224(3)
90
93.2185(8)
90
2805.11(10)
1.189

1080

60

57615

8215
5806
420

0.0482



wR; 0.1320 0.1402
GOF 0.967 1.010

Residual electron density,
0.210/-0.240 0.297/-0.342

eYA-3(dmin/dmax )
The DFT calculations were performed using the Gaussian 09 program' (rev. D01) at the PBE0?3/
6-311++G(d,p) level with the Grimme’s D3 dispersion corrections and Becke-Jonson damping.*
Standard convergence criteria were used for the optimization procedures and relaxed scans.
Equilibrium structures of both compounds correspond to minimums on potential energy surface
according to the calculations of Hessian of electronic energy (ultrafine grids, no imaginary
modes were found). The MultiWFN> and AIMAII® programs were used to analyze metrics
defined in the real space (electron density function, source function, reduced density gradient).

The NBO populations were calculated using the NBO 3.1 program.”

Crystal structure of [11]NHEt;xacetone.
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Figure S2. The independent unit of [11]-acetone crystal (top) and centrosymmetric dimers of
[11] anions in crystal (bottom) with the representation of non-hydrogen atoms by probability
ellipsoids of atomic displacements (p=0.5). Dotted lines correspond to non-covalent interactions

discussed in the main text.

The structure of the anion in [11]xacetone crystals is expected for this class of compounds and
very similar to the known benzoylimido-dodecaborate.® For instance, the C1-N1 bond length
equals to 1.296(2) A that agrees well with the formal double-bonding character of this bond. The
conformation of the isopropyloxy substituent probably serves as the only interesting feature of
the anion structure. Namely, a rather large rotation of the isopropyl function against the O1-C3
bond is observed (the C1-O1-C3-H3A torsion angle equals to 34.6°). This feature can be
rationalized by the combination of anomeric effects and intermolecular forces. The charge
transfer from oxygen lone electronic pairs towards the o*-orbital of the C3-H3A bond can be
supposed using the geometric criteria: the effective position of one of the lone pairs of Ol is
nearly antiperiplanar to the C3-H3A bond (the corresponding torsion angle equals to 158°).
However, the corresponding charge transfer energy is only 4.1 kcal-mol! as revealed by the
NBO analysis® for the anion calculated by DFT with partial optimization of only hydrogen
atoms. At the same time, the H3A atom, formally being of acidic character, is involved in
shortened contacts with the B2(H)-B3(H)-B7(H) face of borane cage of neighboring anion

(Figure 2, bottom): the H3A...B distances are 3.049, 3.103 and 3.174 A, the angle between C3-
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H3A bond and centroid of the borane face is 139.9° (intramolecular C-H bond lengths were
normalized). Bounding anions into centrosymmetric dimers, the corresponding CH...H3B;
interactions may serve as additional factor stabilizing the conformation of isopropyloxy
substituent. Indeed, while the C1-O1-C3-H3A torsion angle in the isolated optimized anion is
41.6°, it becomes very close to the experimental value in the corresponding optimized dimer

(33.99).

Two more types of intermolecular interactions in the island-type crystal packing of [11]xacetone
should be especially mentioned. The solvate acetone molecule is mainly retained by the H-bond
formed by its oxygen atom and the NH fragment of the anion. This H-bond can be attributed to
weak ones (N1...01S 2.883(2) A, the N1-HIN-O1S angle equals to 155.7° with the N1-HIN
bond length being normalized) that is in line with large displacements parameters of the O1S
atom: the maximal mean squared displacement equals to 0.126(1) A. The strong interionic
interaction between the NH fragment of triethylammonium and the B9(H)-B10(H)-B12(H) face
of borane cage is of particular interest. This non-covalent bonding pattern was found to be more
symmetric than similar CH...H;Bj interaction discussed above: the N1C-HINC-B angles, the
HINC...B and HINC...H(B) distances vary in narrow ranges (154.1 — 159.0°, 2.495 — 2.603 A
and 2.151 — 2.361 A, respectively) and the angle formed by the N1C and HINC atoms and the
centroid of the B9-B10-B12 face equals to 176.9°. The analysis of Cambridge Structural
Database (CSD)!? together with additional DFT calculations were also performed to elaborate
more on this specific interaction which can be considered as the combination of three N-H...H-B

dihydrogen bonds.!!

According to the CSD processing based on crystal structures with normalized X-H bond lengths,
the N-H...H;B; contacts with all three formally non-bonded H...B distances being smaller than
the corresponding sum of van der Waals radii appear in 173 structures (from 1029 hits
containing B;H; and NH fragments). Despite such contacts are mainly formed between counter-
ions, several structures with the N-H...H;B5 interactions between substituted borate anions are
also known. The distribution of geometrical characteristics suggests that this contact is rather
flexible: the triples of H...B distances are characterized by large unbiased variances (up to 0.2
A?) while their mean varies in a very wide range from 2.42 to 3.13 A. Nevertheless, the
distribution of N-H-centroid angles is significantly skewed towards high values (225 fragments
with the angle larger than 150° from 318 — the total number of fragments) that agrees well with

the symmetric character of this interaction observed in crystallosolvate of salt [11].

A pronounced strength and clear structural preferences of the N-H...H;B; interaction also

follows from the DFT geometry optimization of corresponding ionic pair captured from the
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crystal structure of [11]xacetone. As expected, the geometry features of the N-H...H;Bj
interaction becomes even more symmetric for the optimized structure which does not suffer from
other crystal packing effects: the H...B distances are nearly the same (2.271-2.310 A) and the N-
H-centroid angle equals to 179.0°. The root mean-square deviation for the best overlap between
non-hydrogen atoms of crystal and gas geometries is only 0.20 A even without modelling of
non-specific solvation effects. The QTAIM analysis'? of theoretical electron density function
p(r) revealed a number of (3,-1) critical points corresponding to diatomic bonding interactions!'3
between counter-ions (nine H...H interactions between CH and BH groups and the only one
desirable HINC...B12 interaction, see Figure S1 in Supporting Information). Although all of
these interactions are of closed-shell type, their cumulative strength estimated by means of the
surface integrals scheme'* exceeds 15.6 kcal'moll. It is to be especially noted that the
contribution from the HINC...B12 interaction plays the role of leading motif in this bonding
pattern: its estimated energy equals to 3.4 kcal'mol! while each H...H interaction contributes

only ca. 1.4 kcal-mol! (in average).

Despite strength and structural preferences of the N-H...H3;B; interaction, it is of significantly
non-directional character as revealed by the reduced density gradient map'’ (see Figure S4) and
the value of p(r) ellipticity!¢ at the HINC...B12 critical point (>0.59). Supporting formal
consideration of the N-H...H3B; interaction as the result of competition between three N-H...H-
B dihydrogen bonds, its non-directionality also follows from the analysis of source function of
p(r)'7: the main sources of p(r) value at the HINC...B12 critical point raise from the N1C atom
and hydrogen atoms of B9(H)-B10(H)-B12(H) face (from 0.002 up to 0.005 a.u.) while the
HINC and corresponding boron atoms play the role of main sinks of electron density (from -

0.003 up to -0.009 a.u.).
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Figure S3. Atomic connectivity graph for the optimized geometry of ionic pair from [11]. Small
green spheres denote positions of (3,-1) critical point of electron density p(r) whereas dashed
curves correspond to so-called bond paths for diatomic interactions of closed-shell type (values

of V?p(r) and electronic energy density at (3,-1) critical points of p(r) are positive).

Figure S4. The sign(A,)-p(r) function (A, is intermediate eigenvalue of p(r) Hessian) mapped on
the isosurface of reduced density gradient in the area of N-H...H3B; interaction in the ionic pair

from [11]. Negative, zero and positive values are colored by, respectively, red, green and blue.
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Crystal structure of [14]H,N(CH,CH,),0

Figure S5. The independent unit of [14]xacetone crystal with the representation of non-
hydrogen atoms by probability ellipsoids of atomic displacements (p=0.5). Dotted lines
correspond to selected non-covalent interactions discussed in the main text. Disordered part of

the cation is omitted for clarity.

As in [11]xacetone, there is a solvate acetone molecule in crystals of [14] which is bounded
mainly to the anionic fragment by weak C-H...O and C-H...N interactions (with normalized C-
H bond lengths the H...X distances vary in the range of 2.59-2.70 A).The structure of anion in
crystal of [14] is in general similar to that of [11] and other substituted dodecaborates. However,
the C1-N1 bond length in [14] is slightly elongated as compared to [11] (1.318(1) A). This can
be rationalized by the n-delocalization within the N1-C1-N2 fragment: the C1-N2 bond length is
nearly the same and equals 1.340(1) A. Noteworthy, the delocalization increases upon the
transition of anion structure from isolated to condensed state: the DFT optimization in gas yields

structure with significantly alternating C1-N1 and CI1-N2 bonds (1.292 and 1.370 A,
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respectively) whereas the calculation accounting for non-specific solvation effects (SCRF-PCM
model, £=72) perfectly reproduces the experimental values (1.311 and 1.342 A). The solvation
also affects the charge distribution in the anion. In the gas phase, the NBO atomic charges of the
N1 and N2 atoms are respectively -0.63e and -0.50e. The treatment of solvation effects gives -
0.71 for the N1 atom and -0.46 for the N2 atom. Thus, the charge of N2 atom of morpholine
substituent becomes effectively more positive in the condensed state while the N1 atom, on
contrary, gather more electrons. This is in line with the ''B-NMR spectral data obtained for [14]

in solution.

The cationic fragment in the acetone crystallosolvate of morpholinium salt [14] can be
considered as the rare case of solvated proton bound between two morpholine species by a strong
NH...N hydrogen bond (the N1A...N1B distance is 2.722 A, the N1A-HINA-N1B angle equals
to 173.9° with the NIA-HINA being normalized). The strong character of this H-bond is
confirmed by the analysis of HINA atom parameters obtained from the free refinement: the
NIA-HINA distance is 1.059 A and the isotropic displacement parameter equals to 0.067 A2.
These values can indicate either the disorder of the HINA atom along the H-bond line or its
movement within a rather flat potential that is common for strong hydrogen bonds.'®* We note,
that despite the disorder of the formally neutral morpholine fragment over two places (1:1 ratio),
all attempts to localize and refine possible second position of the HINA atom were unsuccessful.
The DFT calculations were conducted to understand factors governing the proton position. Both
optimized structures of isolated cationic fragment corresponding to two possible HINA positions
closely reproduce experimental geometry in the area of H-bond: the N1A...N1B distance are
2.694 and 2.695 A, the NIA-HINA-N1B angle equal to 175.1° and 175.6°, the N1A-HINA
distances are 1.122 and 1.572 A, the N1B-HINA distances are 1.575 and 1.124 A. We note that
the mutual orientation of morpholine species observed in crystal is preserved in these isolated
structures: the root mean-square difference for the best overlap of non-hydrogen atoms of crystal
and gas geometries was smaller than 0.1 A in both cases. The sound structural similarity of
calculated minimums is in line with the negligibly small difference of their total electronic
energies (less than 0.15 kcal-mol-"). Together with the small energy barrier of proton transfer
(only 0.7 kcal-mol-! as revealed by the scan of potential energy surface along the coordinate of
NIA-HINA bond stretching), it indicates that the media effects play the main role in
stabilization of the N1A-HINA...N1B bonding regime in crystal.

In contrast to [11]xacetone, the main motif of crystal packing of [14]xacetone is infinite chains
(Figure S6): alternating cationic and anionic fragments are bound into chains by the familiar
symmetric N-H...H;B; interactions. Both ‘free’ N-H groups of the cationic moiety are involved
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in these interactions with two neighboring anions: the N1B-HINC fragment is in contact with
the B5(H)-B6(H)-B10(H) face and the N1A-HINB fragment form contacts with the B3(H)-
B7(H)-B8(H) face. Geometry criteria suggest that the second interaction is stronger: HINC...B
distances vary from 2.662 to 2.674 A while HINB...B distances do in a range of 2.418-2.532 A;
the N1B-HINC-centroid and N1A-HINB-centroid angles are 167.9° and 177.5°, respectively
(N-H bond lengths were normalized). This is in concordance with the surface integral
estimations!* of energies of diatomic bonding interactions retrieved within the QTAIM
formalism between counterions of the isolated associate containing one cationic and two
neighboring anionic fragments (only the HINA atom position were optimized while other X-H
bond lengths were normalized, see bottom scheme on Figure 4). The net energy of non-covalent
bonding between ions bounded by the N1A-HINB...H;Bj; interaction equals to 6.8 kcal-mol-!
while the energy of other cation-anion interaction is only 5.6 kcal'mol!. Again, as in
[11]xacetone, the (N)H...B diatomic interactions play the key role: the HINB...B interaction is
more favorable than the HINA...B one (2.5 and 1.5 kcal-mol!, respectively). The difference in
strength of non-covalent bonding between counterions agrees well with the distribution of formal
atomic charges: the morpholine moiety having quaternized N1A atom forms stronger interionic
interactions. Vice versa, the corresponding transfer of negative charge due to stronger interionic
interactions is compensated by the stabilization of the N1A-HINB...N1B bonding regime!®.
Indeed, the optimization of second HINA atom position in the associate produces structure

which is less favorable (on 2.3 kcal-mol!).
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Figure S6. A fragment of infinite chain (top) and the schematic view of the N-H...H;Bj
interionic interactions (bottom, substituents of the borane cages and most of hydrogen atoms are

omitted for clarity) in the [14]xacetone crystal.
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