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Abstract. Complexes formed by interaction of E(C¢Fs); (E = B, Al,
Ga, In) with excess of acetonitrile (AN) were structurally charac-
terized. Quantum chemical computations indicate that for Al(CgFs);
and In(C¢Fs); the formation of a complex of 1:2 composition is more
advantageous than for B(CgFs); and Ga(CgFs);, in line with experi-
mental observations. Formation of the solvate [Al(C¢Fs)32AN]-AN

is in agreement with predicted thermodynamic instability of
[Al(C¢Fs)3:3AN]. Tensimetry study of B(CgFs);*CH3CN reveals its
stability in the solid state up to 197 °C. With the temperature increase,
the complex undergoes irreversible thermal decomposition with penta-
fluorobenzene formation.

Introduction

Donor-acceptor (DA) interactions between Lewis acids and
Lewis bases!!! play important role in modern chemistry. The
first donor-acceptor complex BF;*NH; was reported in 1809
by Gay-Lussac.'”! Lewis acids are widely used in catalysis, the
Friedel—Crafts reaction,?! was developed in 1877 long before
the advent of the Lewis acid-base theory.['! Despite of numer-
ous examples of existing catalytic systems and continuous ef-
forts to develop the new ones, catalysis with group 13 Lewis
acids remains one of the most relevant and widely applicable
both in laboratory practice and in industry. For example,
B(CgFs);/*! is used as initiator for vinyl ether cationic polyme-
rization in aqueous media,l® and as a co-catalyst in the
Ziegler—Natta reaction.[! In past decade, B(C4Fs)s as a classic
Lewis acid is utilized for the construction of the frustrated
Lewis pairs (FLP) for the activation of small molecules.[’!?!
Radical anions [B(C¢Fs)3]~* and [Al(C4Fs)5]~* are able to me-
diate the chemical reduction of O,,l'>!4! Se, Te, Sg, R—X—X—
R (X =0, S, Te),”! N,O.'>I Al(C¢F5);!'® demonstrates decent
catalytic activity in polymerization of substituted butyro-
lactones!!”! and benzofuran!'®! forming high molecular weight
polymers with narrow molecular weight distribution. It was
found that Al(C¢Fs); is the better catalyst than B(CgFs)5 for
the polymerization of L-lactide and e-caprolactone.!'®!
Ga(CgF5);!' and In(CgFs)5!'! are prospective systems for
CO, reduction.?%!

* Prof. Dr. A. Y. Timoshkin

E-Mail: a.y.timoshkin@spbu.ru

[a] Department of Inorganic Chemistry
St. Petersburg State University
Universitetskaya emb. 7-9
St. Petersburg, 199034 Russia

Supporting information for this article is available on the WWW
under http://dx.doi.org/10.1002/zaac.202000030 or from the au-
thor.

It is obvious that the catalytic activity depends on the
strength of the Lewis acid. The most common acidity scales
are based on the results of quantum chemical computations, for
example, the values of gas phase H-, F-, Cl-, CH;" affinity.[?"!
Another promising method is the comparison of enthalpy of
gas phase dissociation of complexes with a neutral reference
donor molecule. Computational studies indicate that the
B(CFs)5 is the weakest acid in the E(C¢Fs); (E = B, Al, Ga)
series with respect to complex formation with ammonia due to
the high energy of rearrangement of B(C4Fs);.[??! However,
this approach has not been applied to study the thermodynamic
parameters for heavier analogs In(C¢Fs); and TI(CgFs)5.['%! In
addition, ammonolysis prevents experimental studies of am-
monia complexes at high temperatures.?>24 It was shown,
that complex of B(C¢Fs); with strong donor pyridine is ther-
mally stable with respect to dissociation up to 220 °C, when
the irreversible thermal destruction with C¢FsH evolution takes
place.!?”!

Therefore, in this work a significantly weaker donor aceto-
nitrile (AN) is chosen as the reference Lewis base. Complex
B(C¢Fs)5* AN was obtained and structurally characterized.!?®’
However, its thermal behavior was not studied. Complex of
In(C¢Fs); with acetonitrile of 1:1 composition is known?”! but
no structural data were reported. In the present work, com-
plexes obtained by the interaction of E(C¢Fs); (E = B, Al, Ga,
In) with excess of acetonitrile are studied experimentally and
computationally.

Results and Discussion

Structural Studies

Reactions of B(C4F5); and E(C¢Fs)3°Et,O (E = Al, Ga, In)
with excess acetonitrile lead to isolation of solid donor-ac-
ceptor complexes B(CgFs)3* AN (1), [Al(CgF5)32AN]-AN (2),

Z. Anorg. Allg. Chem. 0000, H,0-0

Wiley Online Library 1

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

ARTICLE



Journal of Inorganic and General Chemistry

/AAC

Zeitschrift fur anorganische und allgemeine Chemie

ARTICLE

Ga(C4Fs)5°AN (3), and In(C¢Fs)32AN (4), which were charac-
terized by X-ray structural analysis. It should be noted, that
B(C¢Fs5); and Ga(CgFs); form with acetonitrile complexes in
ratio 1:1 (compounds 1 and 3), while aluminum and indium
central atoms in 2 and 4 coordinate two molecules of aceto-
nitrile. In addition, 2 contains one external acetonitrile mol-
ecule which is not bound to the aluminum. The molecular
structures of 1-4 are presented in Figure 1, crystal data and
experimental details are summarized in Table 1. The obtained
experimental data are in good agreement with the previously
described structure of B(C¢Fs)3*AN.[2°! Compounds 1 and 3
are isostructural. The distortion of EC3; moiety from planarity
(sum of the C-E—C angles 360°) is insignificant for trigonal
bipyramidal complexes 2 and 4 [359.9(2)° and 359.9(1)°], and

noticeable for tetrahedral complexes of 1:1 composition 1 and
3 [342.3(2)° and 349.7(2)°].

Valence E-N-C angles deviate from the perfect 180° found
by computational studies for C; symmetric gaseous complexes
of 1:1 and 1:2 composition. Experimental values are 177.0(1),
167.5(2)-171.1(2), 173.6(2), and 171.9(1) for 1, 2, 3, and 4
respectively.

Computation Study

Optimized structures of C; symmetric gaseous complexes of
1:1 and 1:2 compositions are close to experimental ones. It
is known that bond lengths, computed by quantum-chemical
methods for the gas phase complexes, are slightly overesti-

Figure 1. Molecular structures in the crystal: (a) 1; (b) 2; (c) 3; (d) 4. Ellipsoids are at 50 % probability level. Selected bond lengths /A and
valence angles /°: for 1 BI-N1 1.6113(18), BI-C1 1.6356(19), B1-C7 1.633(2), B1-C13 1.637(2), N1-C19 1.1355(18), N1-B1-C1 105.61(10),
N1-B1-C7 104.15(10), N1-B1-C13 103.18(10), C1-B1-C13 115.38(11), C7-B1-C13 115.33(11), C1-B1-C7 111.60(11); for 2 All1-N1
2.082(2), A11-N2 2.090(2), Al1-C1 2.008(2), Al1-C7 2.018(2), Al1-C13 2.016(2), N1-C19 1.138(4), N2—-C21 1.138(4), N2S—C3S 1.133(4),
Al1B-N1B 2.097(2), AI1B-N2B 2.083(2), A11B-C1B 2.009(2), A11B-C7B 2.004(2), A11B-C13B 2.015(2), N1B-C142 1.142(4), N2B-C73
1.143(4), N1-Al1-N2 174.80(9), N1-Al1-C1 91.86(10), N1-Al1-C7 88.45(10), N1-Al1-C13 93.2(1), N2-Al1-C7 86.39(9), N2-Al1-C1
91.33(9), C1-Al1-C7 120.78(10), C1-Al1-C13 114.44(10), C7-Al1-C13 124.67(10), N1B-Al1B-N2B 175.48(9), N1B-Al1B-C1B 90.36(9),
N1B-Al1B-C7B 90.03(10), N1B-Al1B-C13B 86.64(10), N2B-Al1B-C7B 92.33(10), N2B-Al1B-C1B 92.12(10), C1B-Al1B-C7B 115.36(10),
CIB-Al1B-CI13B 121.89(10), C7B-Al1B-C13B 122.65(10); for 3: Gal-N1 2.0467(19), Gal-C1 1.981(2), Gal-C7 1.985(2), Gal-CI13
1.981(2), N1-C19 1.122(3), N1-Gal-C1 101.91(8), N1-Gal-C7 100.61(8), N1-Gal-C13 99.95(8), C1-Gal-C7 112.19(9), C1-Gal-C13
118.52(9), C7-Gal-C13 118.97(9); for 4: In1-N1 2.4557(15), In1-C1 2.1677(16), In1-C7 2.160(2), N1-C11 1.135(2), N1-In1-N1" 179.76(7),
Cl1-In1-C7 119.46(4), C1-In1-N1 91.93(5), C1-In1-C1” 121.08(8), C1’-In1-N1 87.95(5), C7-In1-N1 90.12(3).
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Table 1. Crystal data and structure determination parameters for 1-4.

1 2 3 4
Formula CyoH3FsBN Co4HoAlIF sN; CyoH3F5sGaN CyHgF,5InN,
M, /g'mol™! 553.04 651.32 611.95 698.11
Crystal system monoclinic orthorhombic monoclinic monoclinic
Space group P2,/n Pbc2, P2,/n C2lc
alA 10.9467(3) 14.22192(14) 11.1268(3) 15.6505(3)
bIA 9.22322(18) 21.53261(19) 9.4861(3) 11.929349(15)
c/A 19.2484(4) 16.58381(18) 19.7677(6) 13.5931(3)
al® 90 90 90 90
pr° 90.1140(19) 90 92.223(3) 111.461(2)
y/° 90 90 90 90
VA3 1943.39(7) 5078.54(9) 2084.91(11) 2361.88(7)
z 4 8 4 4
No. reflections 33628 31074 17361 21979
No. indep. / Riy 3673/ 0.0448 9182/ 0.0311 4045/ 0.0515 2716/ 0.0294
No. param. 335 781 335 184
R/ wRy [I = 20 (1)] 0.0276 / 0.0706 0.0275 7/ 0.0712 0.0354 / 0.0942 0.0184 / 0.0480
GOF 1.033 1.039 1.047 1.089

Table 2. Selected characteristics for gaseous complexes. Donor-acceptor bond length Ry_y (A, experimental data for the solid compounds in
curly brackets), standard reaction enthalpies AgiH 03 (kJ*mol™!), standard reaction entropies AgiS°208 (J'mol~1-K™!) for the process of gas-
phase dissociation into the components, reorganization energies of the acceptor molecule upon complex formation A,eE (kJ-mol™), donor-
acceptor bond energy (per bond) Ep, (kJ'mol™'), the natural atomic charges on E qg and N qy, charge transfer values gcp in €, maximum of
the electrostatic potential at the isodensity surface V., (kcal'mol™"), E(2) (kcal'mol™") for n(N)—n*(E) orbital interaction. M06-2X/def2-TZVP

level of theory.

Compound Re ~ AgissH®208  AdissS°208 AreorgE(LA) Epa qe qN qcr Vinax E(2)
B(C4Fs)5*AN 1.598, {1.611(2)} 69.8 121.4 87.2 164.2 0.391 -0.264 0.415 8.0 -
Al(C¢Fs5)3"AN 1.985 129.6 124.8 27.0 162.5 1.604 -0.461 0.176 31.7 117.6
Ga(C4Fs5)3AN 2.105, {2.047(2)} 99.3 94.9 21.1 125.9 1.516 -0.430 0.165 32.8 97.1
In(C¢Fs)5*AN 2.342 90.5 96.9 11.1 106.9 1.563 -0.418 0.141 429 74.5
TI(C¢F5)5:AN 2.557 62.4 109.2 33 70.9 1.394 -0.389 0.106 42.1 48.4
B(C4Fs);2AN 2.666, 2.656 50.4 221.2 1.8 31.2 0.980 -0.348 0.060 24.1,24.7
Al(C¢F5)32AN 2,120 {2.082(2), 184.2 253.8 10.0 102.3 1.550 -0.411 0.145 77.6
2.090(2)}
Ga(C4F5)32AN  2.310, 2.312 140.3 231.5 5.6 78.0 1.499 -0.383 0.124 60.5,60.7
In(CgFs)52AN ?2%481(5)’57 (15)) 1433 2096 47 789 1515  -0383  0.117 55.1
TI(C¢F5)32AN  2.687, 2.688 103.9 182.2 1.8 57.8 1.360 -0.367 0.087 38.7

mated compared to the experimental bond lengths for the solid
compounds. This holds true for donor-acceptor bond lengths
in complexes 2-4 where the difference between computed
and experimental bond lengths are 0.038(2), 0.058(2), and
0.024(2) A for 2, 3 and 4, respectively. However, for the B-N
bond length in 1 the situation is different. Gas phase value of
1.598 A computed at MO6-2X/def2-TZVP level of theory is
by 0.013(2) A shorter than the experimental value for the solid
complex.

Selected structural and thermodynamic parameters for
studied complexes are summarized in Table 2. For 1:1 com-
plexes standard dissociation enthalpy Ag;sH 505 is the smallest
for B(CgFs);°AN, which is associated with a significant reorga-
nization energy of the Lewis acid B(Cg4Fs)5 (87 kJ*mol™!). Note
that reorganization energies decrease in order B >> Al > Ga
> In > TI. For complexes of 1:2 composition, reorganization
energies are much smaller and do not exceed 10 kJ-mol™,
since the acceptor moiety retains planar arrangement.

Computations show, that pyramidalization of the acceptor
moiety upon complexation with formation of 1:1 complexes
decreases LUMO energy of E(C¢Fs); by 0.34, 0.43, 0.34, 0.26,

0.10eV for E = B, Al, Ga, In, TI, respectively; facilitating
the orbital interaction. The highest decrease is observed for
Al(C¢Fs)3, which forms more thermodynamically stable com-
plex. In complexes of 1:2 composition the LUMO energy of
E(CgFs); decreases by less than 0.09 eV.

For the complex B(CgFs5);2AN the optimized B-N dis-
tances are by 1.09 A larger than the sum of covalent radii
(1.58 Al28]) but less than the sum of van der Waals radii of B
and N (3.62 A8, In consequence, the dissociation energy of
such complex is small and the energy of the DA bond is only
31 kJ'mol™!, the weakest among all studied complexes of 1:2
composition. In contrast, for complexes of 1:1 composition the
DA bond energies decrease in order B = Al > Ga > In > Tl
(Table 2). As a result, complex B(CgFs);*2AN is thermody-
namically unstable with respect to dissociation into
B(C¢F5);*AN and acetonitrile. The standard enthalpies of
dissociation of complexes 1:2 into 1:1 and AN are —19, 55,
41, 53, and 42 kJ-mol™! for B, Al, Ga, In, and TI, respectively.
The dissociation energies of complexes Ga(CgFs);*2AN and
TI(CeFs)52AN are by 10 kJ*mol~! smaller than those for their
aluminum and indium analogs. The much smaller affinity of
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boron in B(C¢Fs)3°*AN towards the second Lewis base can be
rationalized on the analysis of distribution of the molecular
electrostatic potential (MEP).!?) Maximum of the electrostatic
potential at the isodensity surface V,,, increases in order B <
Al = Ga < In = Tl (Table2). In case of complex
Al(C¢F5)3°AN, there is a positively charged region on Al cen-
ter (Figure 2d) which is absent on the boron analog
B(CgF5)3*AN (Figure 2¢). It is also clear that upon complex
formation the electrostatic potential on F atoms of C¢F5 groups
greatly increases, suggesting that the transferred charge is lo-
cated on fluorine atoms of Cg¢Fs groups. The orbital energy
diagrams and shapes of LUMO orbitals for B and Al com-
plexes are provided in the Supporting Information.

b)

Figure 2. MEP on the isodensity surface with p = 0.001 for (a)
B(C¢Fs)3; (b) Al(CgFs)s; (¢) B(CsFs)s*AN; (d) AI(CgFs)3*AN. In com-
plexes, the AN moiety is hidden behind the E(C¢Fs) group. Color
range: from —9.4 (red) to +25.1 (blue) kcal'mol~'.

The structure of 2 deserves special attention. From the ex-
cess of the acetonitrile solvate [Al(CgFs);*2AN]-AN was crys-
tallized. It is known that group 13 metal halides can form com-
plexes of not only 1:1 and 1:2, but also 1:3 composition.3%!
However, in case of 2, only solvate of 1:2 complex is present
in the solid state. Therefore, additional computational studies
of complex of 1:3 composition [Al(C¢Fs);:3AN](both meridi-
onal and facial isomers) have been performed. Optimized
structures are presented in Figure 3. mer isomer is by
32 kJ'mol~! more stable than fac isomer. The AI-N-C angles
in the optimized structures are 161.5-176.4° for mer and
150.7-156.1° for fac isomers. Reorganization energies for mer
and fac isomers are very large: 144 and 206 kJ*mol ™!, respec-
tively. Note that this large distortion of fac isomer leads to
lowering of LUMO by 1.95 eV (compared by 0.28 eV for mer
isomer). Despite sizeable DA bond energies (mer 112, fac
122 kJ'mol~! per bond), dissociation of 1:3 into 1:2 complex
and free AN in the gas phase is highly exergonic (at room
temperature Ay G505 is less than =50 kJsmol™), in line with
experimental observation of absence of 1:3 complex.

Figure 3. Optimized geometries

of AI(C6F5)3
AI(C6F5)3'AN, (b) AI(C6F5)3'2AN, (C) mer—Al(C6F5)3'3AN, (d) f[lC-
AI(C6F5)3'3AN

complexes: (a)

Compared to free AN, the C=N stretching mode is blue-
shifted upon complex formation by 9-83 cm™' in line with ex-
perimental observations for BF; complexes.!?!

This shift does not correlate with dissociation enthalpy of
the complex.>*! However, for gaseous 1:1 and 1:2 complexes,
the square root of C=N stretching frequency shift Av corre-
lates with the energy of the DA bond (Figure 4) [Equation (1)]:

200 -+ -
00 TE,.. kI mol

L @ (C]
150 +
100 1 e m
s0 4

i VAv, cm 2

0 B e I e B B B L s |

0 1 2 3 4 5 6 7 8 9 10

Figure 4. Correlation between the energy of DA bond and C=N
stretching mode frequency shift for gaseous E(C¢Fs);:xAN complexes
[x = 1 circles, x = 2 squares; E = B (red), E = Al (blue), E = Ga
(yellow), E = In (green), E = Tl (magenta)].

Epa = (23.9+2.2) JAv — (41 = 13); R? = 0.90 1

In both polar and non-polar solvents, dissociation energy of
B(C¢F5)5*AN and Al(CgF5);*AN complexes increases by about
10 kI'mol™"' (Table 3). Situation is different for complexes
Ga(CgFs)3°AN and In(C¢F5);*AN, where dissociation energy in
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Table 3. Thermodynamic characteristics (dissociation energies Ag;iE, standard enthalpies AgissH 205 and standard Gibbs energies Ay;ssG 208, all
in kJ-mol™!) of the dissociation reaction of E(C¢Fs);*AN complexes into components in the gas phase and in solvents. M06-2X/6-311++G**

level of theory.

Gas phase Acetonitrile Benzene
Compound AgissE AdissH %208 AdissG®208 AdissE AdissH 208 AdissG®208 AdgissE AgissF1°208 AdissG®208
B(CgFs);*AN 78 72 29 89 83 37 88 82 34
Al(CgFs);* AN 136 131 92 146 141 112 147 141 99
Ga(CgFs);*AN 104 99 68 87 83 57 104 99 58
In(CgFs);*AN 97 92 58 65 60 26 89 87 52

the solvent decreases. At M06-2X/6-311++G** level of
theory, Ga(CgFs); and In(C¢Fs) are stabilized by the solvent
to a much greater extent than their complexes, in which the
polarizability of the central atom is shielded by the bound
acetonitrile. Energetic values in benzene solution and in the
gas phase are close, indicating that benzene solution is a good
approximation to the gas phase.

For the characterization of stability and volatility of com-
plexes, mass-spectrometry, tensimetry and calorimetry studies
were performed.

Mass-Spectrometry Study

Heating of 1 in vacuo results in full dissociation of the com-
plex at 370 K [only B(CgFs);*, CH3;CN* and their fragmenta-
tion products were observed in MS]. In case of 2 ion CH;CN*
is observed at 320 K, which is attributed to the loss of the
excess acetonitrile. At 450 K ion Al(C¢Fs5);CH;CN™ is ap-
peared, that can be assigned to vaporization of complex of 1:1
composition Al(CgF5)3*AN. For 3, ions Ga(CgFs5);CH3CN™,
Ga(C4Fs);*, Ga(CgFs),*, CH;CN* are detected at 450 K,
which indicates presence of Ga(CgFs);*AN complex in vapors.
In case of 4 ion CH3CN™ is observed above 340 K, which is
attributed to the loss of the excess acetonitrile. At 445 K ions
In(C¢F5)3CH3CN*, In(CgF5)3*, In(CgFs),*, CH3CN* are ob-
served, which can be attributed to vaporization of complex of
1:1 composition In(CgFs);°AN.

Note however, that at higher temperatures ion CsFsH™ was
detected in the mass-spectra (at 360 K, 320 K, 450 K, and
330 K for complexes 1, 2, 3, and 4, respectively). This indi-
cates that irreversible thermal destruction with formation of
pentafluorobenzene is competitive with loss of AN and vapor-
ization of the complexes. In case of 2, irreversible thermal
destruction process is dominant in the temperature range 340—
500 K (C¢FsH" is the most intensive ion in the mass-spec-
trum). Ion CgFsH* was previously reported at 398 K in
mass-spectra (EI, 20 eV) of In(C¢Fs); complexes with AN,
Et,0, DMAP,?"! in agreement with data obtained in present
report.[?%!

Heating 2 and 4 result in loss of excess acetonitrile in tem-
perature range 320-420 K with formation of more stable
Al(CgFs5);*)AN  and In(CgFs);*AN. Intensities of ions
E(C¢F5)3*)AN* in mass-spectra above 2—4 are low, which can
be explained by dissociation of the complexes. Temperatures
of appearance of E(CgFs);* ions in MS increase in order B
(370 K) < In (445 K) = Al(450 K) = Ga (450 K).

Tensimetry Study of 1

The tensimetry study of 1 reveals formation of the solid
complex B(C¢Fs)3*ANgos+0.0s, Which is within the experi-
mental errors agrees with expected complex of 1:1 composi-
tion. In excess of AN, solid B(C¢F5);*AN is stable with respect
to dissociation up to 470 K. Above 470 K, the complex un-
dergoes irreversible thermal decomposition with pentafluo-
robenzene formation.[?°!

Calorimetry Study

Brutto heat effects of the processes, which compounds 1 and
3 undergo under vacuum (residual pressure circa 0.09 Torr) at
358 K (for 1 and 3) and 434 K (for 1), were measured by a
drop-calorimetry method.?! It was found that 1 undergoes
very slow (circa 57 h) endothermic process at 358 K and re-
duced (ca. 0.09 Torr) pressure, followed by slow exothermic
thermal decomposition. At 434 K, endothermic process fin-
ishes after 0.5 h and slow exothermic thermal decomposition
follows. Additional experiments on characterization of volatile
reaction products of thermal decomposition of 1 revealed for-
mation of pentafluorobenzene.””! In the each experiment,
white crystalline material was observed in the cold part of the
apparatus and it is identical to the complex 1. Since MS studies
(vide supra) indicate the absence of B(CgFs);*AN complex in
the gas phase, the endothermic process was ascribed to the
heterogeneous dissociation [Equation (2)]:

B(CsFs)3-AN(s) 2 B(CsFs)3(2) + AN(g) @

Estimated values for A,H° are 221 =7 and 178 =9 kJ-mol™!
at 358 and 434 K, respectively.

In contrast, drop-calorimetric curve for 3 at 358 K exhibits
sharp endothermic peak due to initial heating of the ampoule
and 3, followed by continuous exothermic peak (circa 40 h)
attributed to irreversible thermal decomposition of 3 with li-
gand destruction. After the experiment, no sublimate was
found in the cold part of the apparatus, non-volatile bulk re-
mained in the measurement cell. The estimated brutto enthalpy
for the thermal decomposition process of 3 at 358 K is
—41 = 11 kJ-mol 1.2}

Conclusions

Structures of tree new complexes [Al(CgF5)3°2AN]-AN (2),
Ga(CgFs)5*AN (3), and In(C4F5)32AN (4) were determined by
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X-ray structural analysis. In excess of AN, only Al and In form
solid complexes of 1:2 composition, while B and Ga form only
1:1 complexes. Computational studies reveal that dissociation
enthalpies of 1:2 complexes into 1:1 complex and AN change
nonmonotonically,! which may reflect the secondary period-
icity.[*3=31 Formation of 1:2 complexes in case of boron is
thermodynamically unfavorable. Its heavier analogs can
achieve higher coordination numbers, but with excess of AN,
complexes of 1:2 composition are realized only for Al and In.
Computational studies predict that complexes of 1:3 composi-
tion are unstable with respect to AN loss, which is in agree-
ment with the observed structure of 2 in the solid state.

Mass-spectrometry study reveals absence of complex
B(CgFs5)3*AN in vapors. Calorimetry study indicates that solid
B(CgF5)3*AN at 358 K and reduced pressure (< 0.1 Torr) un-
dergoes slow heterogeneous dissociation into gaseous compo-
nents (estimated dissociation enthalpy 221 *7 kJ-mol™'). In
excess of AN, solid B(C¢Fs)3*AN is stable up to 470 K, where
the irreversible thermal destruction with C¢FsH evolution takes
place.

In contrast to 1, complexes E(C¢Fs);*AN (E = Al, Ga, In)
are detected in vapors by MS method. All studied complexes
irreversibly decompose with C¢FsH evolution at elevated tem-
peratures.

Experimental Section

Caution! Heating of complexes of E(C¢Fs); (E = Al, Ga, In) with
Et,O and acetonitrile should be made with care, due to the risk of
explosion.

General Procedures: All synthetic works were carried out using who-
leglass systems under vacuum or in InertLab 2GB glove box in an
argon atmosphere. Diethyl ether was dried using Na/benzophenone.
Acetonitrile was dried with CaH,. Deuterobenzene was dried with a
mixture Na/K. All solvents were degassed by repetition of freezing-
melting cycles under dynamic vacuum, stored over activated 4 A zeo-
lites and distilled under vacuum prior to use. Tris(pentafluorophenyl)
borane B(CgFs); (ABCR, 97 %) and aluminum trichloride (Sigma Ald-
rich, 99.99 %) were purified by sublimation in vacuo. Gallium and
indium trichlorides were synthesized by the reaction of the respective
metal (Ga 99.9999 %, in 99.99 %) with dry gaseous chlorine!*®! in who-
leglass systems and purified by sublimation in vacuo. E(C¢Fs)5°Et,O
(E = Al, Ga, In) were synthesized according to Pohlmann and Brinck-
mann.!16!

NMR spectroscopy studies were performed on a Bruker AVANCE 400
instrument at room temperature. TMS and CFCl; were used as external
standards. The resonance frequency in 'H NMR is 400 MHz, '3C{H}
NMR is 100.6 MHz, '°F{H} NMR is 376.5 MHz. Chemical shifts are
given in ppm. IR spectroscopy measurements were performed on a
Shimadzu IR Prestige-21 instrument. KBr pellets with samples were
prepared under argon atmosphere in a glove box. X-ray phase analysis
was performed on a Bruker D2 Phaser instrument with a copper
anode. Mass spectral studies were performed on Thermoscientific ISQ
quadruple mass-spectrometer with Direct Insertion Probe (DIP) equip-
ment (electron ionization, 70 eV, m/Z range 15-1100 amu, measure-
ment rate 5 spectra per second). Pressure in the ionization chamber is
1075-107% Torr. A sample (0.5-1 mg) was placed in thin glass ampoule
(length 10 mm, diameter 1 mm) inside the glove box under argon.

Ampoules were opened on air and immediately placed in DIP. Sample
was heated from 50 °C to 300 °C with 10 K'min™! heating rate.
Gaseous products from sample were directly injected into the ioniza-
tion chamber.

Synthesis of B(CgF5);:AN (1): 1 was synthesized in an argon atmo-
sphere by dissolving B(C¢Fs); (60 = 1 mg, 0.12 mmol) in acetonitrile
(160 = 1 mg, 3.90 mmol) at room temperature. After evaporation of
acetonitrile, large colorless crystals of 1 formed with quantitative yield.
TH NMR (C¢Dg): = s 0.33 (CH;CN). 3C{H} NMR (C¢Dg): 6 = s
—1.20 (CHy), s 114.00 (CN), t 114.93 (ipso-C¢Fs, J = 18 Hz), dm
137.44 (m-C¢Fs, J = 247 Hz), dm 140.68 (p-C¢Fs, J = 255 Hz), dm
148.16 (0-CgFs, J = 245 Hz). F{H} NMR (C¢Dy): 6 = ddd —163.03
(m-F, CgFs, J; =24.0, J, = 21.1, J3 = 9.2 Hz), t —155.16 (p-F, CgFs, J
= 21.1 Hz), dd —134.50 (o-F, C¢Fs, J; = 24.7, J, = 10.0 Hz). MS (EI,
70 eV, 423 K): (m/z,%,ion) 100.0% CgF5* (m/z 129), 76.2% C,Fs*
(mlz 227), 69.6 % C,F;* (mlz 277), 66.5% CcF,*t (mlz 148), 50.5%
B(CgFs)5* (m/z 512), 50.2% C,,Fs" (mlz 258), 28.0% CH3CN* (m/z
41), 23.7% C,Fgt (m/z 296), 15.7% CH,CN* (m/z 40), 14.7%
CsF 12" (m/z 444), 12.0 % B(CcFs),F* (m/z 364), 11.7% BC,,Fg* (m/z
295), 2.4 % Cg¢Fs* (mlz 167), 2.6 % CgFsH* (m/z 168). IR (KBr): v =
m 349, w 393, w 451, w 485, m 578, m 599, s 620, vs. 684, s 740, s
774, s 792, m 855, vs. 971, vs. 982, w 1013, w 1047, vs. 1108, s 1286,
s 1384, vs. 1468, vs. 1521, w 1601, s 1650, w 2055, w 2100, w 2229,
v(C=N) m 2366, m 2853, s 2924, br. m 3452 cm™".

Synthesis of [Al(CF5)3;:2AN]*AN (2): 2 was synthesized in an argon
atmosphere by dissolving AI(CgF5)3°Et,O (18 = 1 mg, 0.029 mmol) in
acetonitrile (400 = 1 mg, 9.76 mmol) at room temperature. Slow (circa
48h) evaporation of acetonitrile leads to the formation of a colorless
crystalline material with nearly quantitative yield. According to
19F{H} NMR spectra, obtained material contains about 1% of C¢FsH
as an impurity. "TH NMR (C¢Dg): 6 = s 0.46 (CH3CN). 3C{H} (C¢Dy):
s —0.80 (CH3), other signals were not detected due to low solubility.
UF {H} NMR (C¢Dg): 6 = m —162.38 (m-F, C¢FsH), m —161.21 (m-
F, CgFs), t —154.11 (o-F, C¢FsH, J = 20.8 Hz), t - 152.15 (p-F, CgFs,
J = 19.6 Hz), dd -139.13 (0o-F, C¢Fsy, J; = 22.2, J, = 8.2 Hz), dd
—123.24 (o-F, C¢Fs, J; = 27.0, J, = 11.6 Hz). MS (EIL 70 eV, 463 K):
100.0% CgFsH* (m/z 168), 92.3% AIF,CH;CN* (m/z 106), 58.6 %
CgF4* (m/z 148), 58.0% CsF,H* (m/z 148), 25.4% AlF,C¢Fs* (m/z
232), 16.5% AlF,C¢FsCH;CN* (m/z 254), 10.3% C¢Fs* (m/z 129),
10.3% CH3CN* (mm/z 41), 6.7 % C,Fg* (m/z 296), 5.5 % CH,CN* (m/z
40), 2.7% C,F;* (mlz 277), 2.3% C,Fg* (m/z 258), 2.6% C,Fs*
(mlz 227), 2.3% CgFs* (m/z 167), 1.0% CgF»* (m/z 444), 0.2 %
Al(CgFs)s™ (m/z 528), 0.2% Al(CeFs);CH3CN* (m/z 569), 0.1%
Al(C¢Fs),*™ (m/z 361), 0.1% Al* (m/z 27). IR (KBr): V = w 424, w
472, m 506, m 557, w 612, w 718, w 744, vs. 957, m 1015, vs. 1071,
m 1179, m 1271, m 1361, w 1381, vs. 1457, vs. 1512, s 1533, sh 1618,
s 1644, sh 1652, w 2218, w 2250, v(C=N) m 2311, v(C=N) m 2340,
m 2372, m 2850, m 2919, br. m 3431 cm™'.

Synthesis of Ga(CgF5)3°:AN (3): 3 was synthesized in an argon atmo-
sphere by dissolving Ga(Cg¢Fs)3°Et,O (247 =1 mg, 0.377 mmol) in
acetonitrile (793 = 1 mg, 19.3 mmol) at room temperature. Fast inter-
action of the components was observed to form a clear solution. Slow
(circa 48h) evaporation of acetonitrile leads to the formation of a color-
less crystalline material with 99 % yield. "TH NMR (C¢Dg): 6 = s 0.29
(CH;CN). BC{H} NMR (C¢Dg): 6 = s —0.74 (CH;), t 112.23 (ipso-
C¢Fs, J = 43 Hz), s 118.02 (CN), dm 137.22 (m-C¢Fs, J = 248 Hz),
dm 141.89 (p-C¢Fs, J = 249 Hz), dm 148.97 (0-C¢Fs, J = 232 Hz).
YF{H} NMR (C¢Dg): § = m —-160.75 (m-F, C¢Fs), t =151.75 (p-F,
C¢Fs, J = 21.3 Hz), dd —-124.55 (o-F, C¢Fs, J; = 28.9, J, = 11.6 Hz).
MS (EL, 70 eV, 463 K): 100.0 % CgF5* (m/z 129), 84.6 % GaCg¢Fg+ (m/z
255), 75.0% Ga* (m/z 27), 70.7 % Ga(C¢Fs),* (m/z 403), 47.0 % C¢F4*
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(mlz 148), 41.2 % CH;CN™* (m/z 41), 26.1 % C,F;* (m/z 277), 25.9%
C,Fg" (m/z 296), 21.8% CH,CN* (m/z 40), 17.8 % Ga(CgFs)s* (m/z
570), 13.0% Cg¢Fs* (m/z 167), 12.6 % C¢FsH* (m/z 168), 8.6 % C,,Fs*
(mlz227),7.8% C5Fg* (m/z 258), 0.1 % Ga(CeFs);CH3CN* (m/z 611).
IR (KBr): ¥ = m 366, w 403, w 454, w 492, w 582, m 611, w 721, w
774, m 807, vs. 960, w 1013, w 1026, vs. 1070, s 1273, s 1369, vs.
1467, vs. 1512, s 1643, w 2250, v(C=N) w 2304, v(C=N) m 2333,
w 2854, w 2924, w 2942, br. m 3430 cm™.

Synthesis of In(CgF5);-2AN (4): 4 was synthesized in an argon atmo-
sphere by dissolving In(Cg¢Fs);*Et,O (827 =1 mg, 1.20 mmol) in
acetonitrile (810 £ 1 mg, 19.8 mmol) at room temperature. After circa
30 min a clear solution was formed. Slow (circa 48h) evaporation of
acetonitrile leads to the formation of a colorless crystalline material
with quantitative yield. "H NMR (Cg¢Dg): 6 = s 0.51 (CH;CN). 3C{H}
NMR (C¢Dg): 0 = s —0.61 (CH3), s 116.49 (CN), t 117.23 (ipso-CgFs,
J =27 Hz), dm 137.17 (m-C¢Fs, J = 260 Hz), dm 141.59 (p-C4Fs, J =
238 Hz), ddm 148.86 (0-C¢Fs, J; = 231, J, = 22 Hz). 'F {H} NMR
(CgDg): 0 = m —162.30 (m-F, C¢Fs), t —=152.71 (p-F, C¢Fs, J = 20.8 Hz),
dd -119.02 (o-F, C4Fs, J; =30.6, J, = 10.5 Hz). MS (EI 70 eV, 453 K):
100.0% In* (m/z 115), 61.8% In(C¢Fs)>* (m/z 449), 32.4 % InC¢Fs*
(m/z 301), 10.4% CgFsH* (m/z 168), 7.8% C¢Fy* (m/z 148), 7.5%
CgFs* (m/z 167), 5.6 % In(C¢Fs)s* (mlz 616), 1.6 % CgF5* (m/z 129),
1.0% C,Fg* (m/z 296), 0.5% C,,Fs* (m/z 227), 0.5 % CH;CN* (m/z
41), 0.04 % CH,CN* (m/z 40), 0.002 % In(C¢F5);CH;CN* (m/z 657).
IR (KBr): V = w 354, w 466, w 486, w 557, w 604, w 718, w 784,
vs. 957, s 1012, vs. 1074, s 1266, s 1359, vs. 1464, vs. 1508, w 1610,
m 1638w 2218, w 2249, v(C=N) m 2292, v(C=N) m 2319, m 2361,
m 2851, m 2920, m 2951, m 3447 cm™'.

X-ray Structural Analysis: For single-crystal X-ray diffraction ex-
periment, crystals of 1-4 were fixed on a micro mount and placed
on an Agilent Technologies SuperNova using CuK, monochromated
radiation diffractometers at a temperature of 100 K. For 4, an Agilent
Technologies Excalibur Eos diffractometer with monochromated
MoK, radiation was used. The unit cell parameters were refined by
least square techniques. The structure have been solved by the direct
methods and refined using SHELXL-97 program”) incorporated in
the OLEX?2 program package.!*®! The hydrogen atoms were placed in
calculated positions and were included in the refinement in the ‘riding’
model approximation, with Uiso(H) set to 1.5Ueq(C) and C-H 0.96 A
for the CH; groups. Empirical absorption correction was applied in
CrysAlisPro®! program complex using spherical harmonics, im-
plemented in SCALE3 ABSPACK scaling algorithm.

Crystallographic data (excluding structure factors) for the structures in
this paper have been deposited with the Cambridge Crystallographic
Data Centre, CCDC, 12 Union Road, Cambridge CB21EZ, UK. Copies
of the data can be obtained free of charge on quoting the depository
numbers CCDC-1971131 (3), CCDC-1971132 (4), CCDC-1971133
(2), and CCDC-1971134 (1) (Fax: +44-1223-336-033; E-Mail:
deposit@ccdc.cam.ac.uk, http://www.ccdc.cam.ac.uk).

Tensimetry Study was performed using the automated static tensi-
metric method with a membrane null-manometer.**4!1 Freshly sub-
limed B(C4Fs); (50.09 £0.01 mg) in a glove box under argon was
placed into the glass compartment (1.98 = 0.01 mL), compartment was
evacuated, sealed under vacuum and placed inside the tensimeter appa-
ratus. Acetonitrile (circa 23.35 = 0.01 mg,) was distilled into the tensi-
metry apparatus with internal volume of 21.73 =0.01 mL while cool-
ing part of the chamber with liquid nitrogen. After that tensimeter was
fused out, and heated to 160 °C at a rate of 10 K-h~!. The amount of
introduced acetonitrile (0.301 = 0.002 mmol) was refined from the first
two heating-cooling runs for pure acetonitrile using ideal gas expan-

sion in the unsaturated vapor region. After that, a compartment with
B(CgFs); was mechanically broken. The amount of gaseous aceto-
nitrile decreased, evidencing the formation of the solid complex
B(CgFs)3*ANj9s5 +0.05, Which is within the experimental errors agrees
with expected complex of 1:1 composition. Subsequent heating/cool-
ing runs reveal that solid complex B(C¢Fs);°AN is stable with respect
to dissociation up to 197 °C. At 197 °C, complex undergoes irrevers-
ible thermal decomposition. At the end of the experiment, viscous dark
brown solid state was visually observed in the inner volume, which
indicates pyrolysis of the complex. Volatile decomposition products
were condensed into a glass valve while cooling with liquid nitrogen.
The valve was soldered from the system; after defrosting, a small
amount of liquid was observed at room temerature. A valve with a
sample of volatile components was opened under argon in an InertLab
2GB glove box. The sample was analyzed by 'H, '°F {H} NMR in
CDCl;. Analysis of the gas phase reveals formation of pentafluo-
robenzene.?”!

Computational Study: All computations were carried out using
Gaussian 16 program package.[*?! Three computational approaches
have been used: (i) hybrid three-parameter exchange functional of
Beckel*3! with the gradient corrected correlation functional of Lee,
Yang, and Parr!**! (B3LYP) with split valence def2-SVP basis set;*’!
(i) M06-2X high-nonlocality functional with the double amount of
nonlocal exchange (2X)“®! with def2-SVP basis set; (iii)) M06-2X
functional with all electron def2-TZVP basis set.[*>! The geometries of
the compounds have been fully optimized with subsequent vibrational
analysis. All structures correspond to minima on the respective poten-
tial energy surfaces. M06-2X functional provides results which are
in qualitative agreement with the experimental data on B(Cg¢Fs);-Py
complex.[?>! Basis set superposition error (BSSE) was estimated using
counterpoise method.[*”! At M06-2X/def2-TZVP level of theory BSSE
does not exceed 2.6 and 4.5 kJ-mol™! for complexes of 1:1 and 1:2
composition, respectively. Taking into account that the counterpoise
method overestimates BSSE,!*8! in the results and discussion we used
values obtained at M06-2X/def2-TZVP level of theory, uncorrected
for BSSE. Solvent effects were taken into account using solvation
energies of the compounds A,,,E computed using the SMD
method™°! using gas phase optimized geometries at B3LYP/def2-SVP,
MO06-2X/def2-SVP, MO06-2X/def2-TZVP theory and
with geometry optimization in the gas phase and in the solvent at
MO06-2X/6-311++G**(def2-TZVP ECP basis on In) level of theory.
Molecular Electrostatic Potentials (MEP) were computed at M06-2X/
def2-TZVP level of theory. The electrostatic potential is mapped at the
isodensity surface with p = 0.001 &Bohr®. The measure of the charge

levels of

donation due to the orbital interaction can be estimated by a second
order perturbation energy within NBO method.*®! The NBO property
denoted as E(2) permits one to apply qualitative concepts of valence
theory to describe the noncovalent energy lowering. Computed vi-
brational harmonic C=N frequencies were scaled using scaling factor
0.9344, obtained from fitting experimental C=N frequencies of isoto-

pically substituted acetonitrile.?*!

Supporting Information (see footnote on the first page of this article):
Synthetic procedures, NMR and IR spectra, mass spectrometry,
tensimetry and calorimetry data, optimized geometries of compounds,
computed total energies, enthalpies and entropies, thermodynamic
characteristics, BSSE values, solvation energies in acetonitrile and
benzene, LUMO energies, C=N vibrational frequencies.
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