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ABSTRACT: Six new molecular GaCly adducts of electron
rich compounds of the carbone (carbodiphosphorane,
tetraaminoallene) and cyclic alkyl amino carbene (CAAC)
families have been synthesized and characterized by X-ray
crystallography. The sum of their CI-Ga—Cl angles has been
compared to those of 20 other complexes exhibiting various
oxygen-, nitrogen-, phosphorus-, and carbon-donor ligands for
which good quality X-ray analyses have been reported. The
pyramidalization of the GaCl; moiety in L-GaCl; complexes
has been checked against the computed antisymmetric
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stretching of the Ga—Cl bonds. It has also been compared to the symmetric stretching of the C—O bonds of the corresponding
L-Ni(CO); complexes (Tolman Electronic Parameter). On this basis, a relationship between the pyramidalization observed in
the gallium complexes and the electronic ligand properties has been established.

B INTRODUCTION

The ability of Group 13 donor—acceptor complexes' to activate
small molecules,” store hydrogen,” and promote or catalyze
various organic transformations™> is attracting increased
attention. In homogeneous catalysis, the use of complexes
instead of simple inorganic salts usually improves the stability
and the solubility of the Lewis acids, as well as the selectivity of
the reaction. Making the right choice of ligand is a crucial issue
for controlling the formation, the stability, and the reactivity of
the active species. Quantitative descriptions of all kinds of
ligands are available, but they mostly derive from spectroscopic
analyses of transition metal complexes. These methods
generally capture the net bonding between the ligand and the
metal fragment which includes o,7-donation, m-acceptance, and
steric effects.” However, the z-acceptor property is not relevant
for main group metals.” On the other hand, the first and second
proton affinities (PAs)® capture the o- and the z-donor
properties respectively, but ignore steric effects. Our work on
gallium catalysis® led us to look for a descriptor that would
specifically quantify ligand properties in L-GaCl; adducts. We
have recently disclosed that complexes of type [L-GaCl,]*
which are obtained by treatment of L-GaCl; with a silver salt,
are valuable catalysts able to imitate gold or platinum
complexes in some cycloisomerization reactions (Scheme 1).
The success of these transformations depends on the nature of
the ligand which facilitates or retards the chlorine abstraction
step by modulating the strength of the Ga—CI bond in the
neutral precatalyst, and tunes the Lewis acidity of the active
cationic species. For instance, whereas PPh; or 3,5-lutidine
complexes only provide trace amount of product, high
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Scheme 1. Ligand Effect in Ga(III)-Catalyzed
Cycloisomerization/Friedel-Crafts Tandem
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efficiency can be reached with the IPr N-heterocyclic carbene
(NHC).

Comparison of (NHC)-GaCl;"* with ether, phosphine oxide,
phosphine, or amine adducts that are described in the literature
shows that net differences exist in the solid state geometry of
the GaCl; moiety and in the wavenumbers of the Ga—Cl
infrared bands (vide infra).

To get a larger view and validate the use of such descriptors
for evaluating ligands properties, the synthesis of complexes
exhibiting ligands that are more electron rich than NHCs is
needed. Among such lilgands, carbon(0) derivatives (also
referred to as carbones),” and cyclic alkyl amino carbenes
(CAACs)"'"““ are relevant choices since their distinct properties
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compared to NHCs have been exploited in 7-acid catalysis.">"

Carbodiphosphoranes and carbodicarbenes are typical carbones.
They display bent allene structures which can be conveniently
represented as phosphine- or carbene-stabilized C(0)-deriva-
tives with two lone pairs at the central carbon (Scheme 2,

Scheme 2. Resonance Forms of Prototypical
Carbodiphosphoranes (1) and Carbodicarbenes (2), and
Examples of Mono- and Digold Complexes of
Hexaphenylcarbodiphosphorane (3)
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entries (1) and (2))."* This rendition highlights the reactivity
of these compounds toward Lewis acids such as gold chloride
for which both the mono- and the digold complexes of
l(leS(;l};}Slenylcarbodiphosphorane have been synthesized (entry
3)).

As far as gallium complexes are concerned, only two 1:1
adducts of the quite particular mixed carbones 1 and 2 (Chart 1)
with GaCl; have been reported.® To complete the collection,
we chose to use the carbodiphosphorane 3,'” the cyclic
carbodiphosphorane 4,'® and the tetraaminoallene 5."” While 3
and 4 display bent structures that easily qualify them as
carbones, S is a normal linear allene. However, it is known to
behave as a masked carbon(0)-derivative,”® a prototype of
carbodicarbene.”*® Compound 3 is probably the most emblem-
atic member of the carbone family. A variety of transition- and
main group metal complexes has been synthesized with this
ligand, '* vet none with gallium. In Group 13, three adducts
have been described: 3-BH;,”* 3-InMe;, and 3-AlBr;.>' As for
the cyclic carbodiphosphorane 4, only three complexes have
been reported: 4-BH;, 4-ZnMe,, and 4-CdMe,."®® To the best
of our knowledge, tetraaminoallenes have been used as ligands

only once to synthesize [S-AuPPh,]SbF.*% Regarding the
CAACs, no gallium complexes have been reported. Among
Group 13 elements, only boron has received attention.”

We describe herein the synthesis and characterization of six
molecular L-GaCl; adducts where L is a carbone or a CAAC.
The comparison of their peculiar geometries with some
reported complexes encouraged us to study the relationship
between the pyramidalization at the metal center and the
electronic ligand properties. This structural parameter is
checked against computed IR wavenumbers of the Ga—Cl
bonds, IR wavenumbers of the C—O bonds of the
corresponding LNi(CO); complexes (TEP), and the proton
affinity (PA) of the free ligand.

B EXPERIMENTAL SECTION

Materials and Instrumentation. All reactions were performed in
oven-dried flasks under a positive pressure of argon. Commercially
available reagents were used as received without further purification.
Gallium(III) chloride was obtained from Alfa Aesar. Dichloromethane
was distilled from calcium hydride, diethyl ether and tetrahydrofuran
were distilled from sodium/benzophenone ketyl. 'H, 3C, and 3'P
NMR spectra were recorded on Bruker spectrometers. Chemical shifts
are given in ppm. 'H and C spectra were calibrated to the residual
signals of the solvent. Data are represented as follows: chemical shift,
multiplicity, coupling constant (J) in Hz, and integration. HRMS were
performed on a MicrOTOFq Bruker spectrometer. Infrared spectra
were recorded on a FTIR Perkin-Elmer Spectrum 100 spectrometer.

Synthesis of 3-, 4-, and 5-GaCls. To a solution of carbone (0.5
mmol) in tetrahydrofuran (THF, 7 mL) was added gallium(III)
chloride (88 mg, 0.5 mmol) in one portion at room temperature (rt).
The reaction mixture was stirred overnight during which a powder
precipitated. The complex was isolated after filtration and washings
with THF. Single crystals were grown by slow diffusion of diethyl ether
to a dichloromethane solution of the gallium complex.

3-GadCls. Isolated as a white powder (300 mg, 85% yield). mp =
244-246 °C; "H NMR (300 MHz, CD,Cl,) & 7.70—7.62 (m, 8 H),
7.53—7.44 (m, 12 H), 7.38—7.33 (m, 10 H); 3C NMR (75 MHz,
CD,Cl,) & 134.3, 132.8, 129.4, 128.3; *'P NMR (121 MHz, CD,Cl,):
§ 23.4; HRMS (ESI) m/z: Caled for CyH;,ClyGaNaP, [M+Na]*:
733.0042, Found: 733.0036. IR (Nujol): vg,_c; = 393 (s), 367 (m),
344 (m), 327 (m) cm™.

4-GaCls. Isolated as a beige powder (135 mg, 45% yield). 'H NMR
(300 MHz, CD,Cl,): 6 7.78—7.71 (m, 12 H), 7.67—7.60 (m, 8 H),
2.79 (m, 4 H), 2.48—2.44 (m, 2 H); *C NMR (75 MHz, CD,Cl,): §
1332, 131.5, 129.5, 128.3, 23.36, 17.0; 3'P NMR (121 MHz, CD,Cl,)
5 13.3. HRMS (ESI) m/z: Calcd for C,gH,,P, [M-GaCl,]": 425.1585,
Found: 425.1613. IR (Nujol): vg,_¢ overlapped.

5-GaCls. Isolated as a white powder (111 mg, 57% yield). mp =
149—151 °C; 'H NMR (300 MHz, CD,ClL,) § 3.01 (s, 24 H); *C
NMR (75 MHz, CD,Cl,) § 174.1, 169.2, 41.7; HRMS (ESI) m/z:
Calcd for C;H,,Cl;GaN,Na [M+Na]*: 409.0220, Found: 409.0215.
IR (Nujol): vg,—c1 = 375 (s, br), 362 (s, br), 336.0 (m, br), 313 (m, br)

-1
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Chart 1. Carbon-Based Ligands of the carbone (1—5) and CAAC Families
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Table 1. Crystal Structure Information

5-GaCl, CAAC1-GaCl, CAAC2-GaCl, CAAC3-GaCl,
C11H,,ClLGaN, C,o H;,CL,GaN C,3H35ClLGaN C,,H,;Cl,GaN
388.41 461.53 501.59 557.69
024 X 021 X 0.08 0.33 X 0.28 X 0.25 0.32 X 0.31 X 026 0.13 X 0.04 X 0.02
orthorhombic orthorhombic monoclinic orthorhombic
Pna2, P2,2.2, P2, P2,2.2,
15.3185(7) 9.2801(3) 9.3208(3) 9.0024(10)
8.0781(3) 9.5188(3) 14.9396(6) 16.1231(17)
27.4363(13) 25.2707(9) 9.7467(4) 18.953(2)
90 90 90 90
90 90 115.5110(10) 90
90 90 90 90
3395.1(3) 2232.30(13) 1224.89(8) 2751.0(5)
8;2 4;1 251 4;1
100(1) 100(1) 100(1) 100(1)
1600 960 524 1176
2.086 1.595 1.460 1.307
1.48-30.51 1.61-37.36 2.32-36.35 1.66—26.41
50 202 24 389 18 717 37 022
10 013 10 107 8 743 5635
0.0595 0.0488 0.0187 0.1091
1.059 1.075 0.937 0.965
8 417 8 770 8193 4 144
359 234 259 299
0.0635 0.1234 0.0481 0.1190

3-GaCl, 4-GaCl,
empirical formula C;,H;3,CLGaP, C,5H,,CL,GaP,,
CH,Cl,
M, 712.62 685.42
crystal size, mm® 0.33 X0.19X0.19 0.24 X 0.20 X 0.17
crystal system monoclinic monoclinic
space group P2,/c P2,//n
a, A 15.8249(8) 11.8128(4)
b, A 11.5094(6) 15.2735(6)
¢ A 18.4355(8) 16.6469(5)
a, deg 90 90
P, deg 109.4220(10) 96.6300(10)
7, deg 90 90
cell volume, A3 3166.7(3) 2983.39(18)
z; 7 4;1 4;1
T, K 100(1) 100(1)
Fooo 1456 1392
u, mm™" 1.250 1.496
0 range, deg 1.36—37.46 1.82—36.39
reflection collected 39 691 40 867
reflections unique 13 396 9 839
Ry 0.0292 0.0273
GOF 1.065 1.023
refl. obs. (I > 26(I)) 10 488 8 385
parameters 388 334
wR, (all data) 0.0908 0.0814
R value (I > 26(I)) Flack 0.0331/ 0.0301/
parameter
largest diff. peak and hole (e A7) —0.518; 0.971 —1.190; 1.686

0.0319 0.006(7)

—0.421; 0.439

0.0456 0.080(9)  0.0211 0.009(4)  0.0510 0.000(15)

—0.817; 0.961 —0.302; 0.615 —0.817; 1.079

Synthesis of CAAC1-, CAAC2-, and CAAC3-GaCl;. Dry THF
was added at —78 °C to a 1:1 mixture of LDA and the iminium salt.”®
The suspension was warmed to rt and stirred for 30 min. After removal
of the volatiles, the solid residue was suspended in dry hexane. Gallium
trichloride was added at —25 °C, and the reaction mixture was allowed
to stand at rt overnight. After evaporation of the solvent, the gallium
complex was precipitated in methanol as a white solid. Slow
evaporation of CDCl; in the NMR tube afforded crystals suitable
for X-ray diffraction analysis.

CAAC1-GaCls. Isolated as a white solid (86 mg, 41%). mp = 146—
148 °C; 'H NMR (360 MHz, CDCl,) 6 7.49 (t, J = 7.5 Hz, 1 H), 7.31
(d, J=7.5Hz, 2 H), 2.67 (sept, ] = 7.75 Hz, 2 H), 2.20 (s, 2 H), 1.81
(s,6 H), 1.51 (s, 6 H), 1.36 (d, ] = 6.5 Hz, 6 H), 1.33 (d, ] = 6.5 Hz, 6
H); 3C NMR (63 MHz, CDCl;) § 144.9, 131.0, 125.9, 83.8, 55.7,
50.6, 29.1, 26.3, 24.7. HRMS (ESI) m/z: Calcd for C,oH;,Cl;GaNNa
[M+Nal*: 482.1170; Found: 482.0644. IR (Nujol): vg,_c; = 385 (s,
br), 365 (s, br) cm™.

CAAC2-GaCl;. Isolated as a white solid (53 mg, 42%). mp = 202—
205 °C; 'H NMR (300 MHz, CDCL,) § 7.50 (t, ] = 7.5 Hz, 1 H), 7.32
(d, J = 8.1 Hz, 2 H), 2.82—2.64 (m, 5 H), 2.3 (s, 2 H), 1.93—1.88 (m,
2 H), 1.80—1.70 (m, 3 H), 1.52 (s, 6 H), 1.46—1.40 (m, 3 H), 1.38 (d,
J = 6.6 Hz, 6 H), 1.34 (d, ] = 6.6 Hz, 6 H); *C NMR (90 MHz,
CDCly) § 145.0, 131.7, 130.9, 125.8, 83.7, 61.4, 44.8, 34.9, 29.7, 29.1,
26.3, 24.7, 24.5, 21.8; HRMS (ESI) m/z: Calcd for Cy3H;CL,GaN
[M-Cl]*: 464.1397; Found: 464.1478. IR (Nujol): vg,_¢; = 376 (m,
br) em™.

CAAC3-GaCls. Isolated as a white solid (73 mg, 70%). mp = 213-
215 °C. [a]¥® = +8.2 (c = 1.0 in CHCL,). '"H NMR (300 MHz, CDCl;)
5747 (t,J=7.7Hz, 1 H),734(d,J=7.7Hz, 1 H),728 (d,] =77
Hz, 1H), 2.81 (sept, ] = 6.4 Hz, 1 H), 2.64 (d, ] = 13.6 Hz, 2 H),
2.58—2.49 (m, S H), 2.07 (d, J = 13.6 Hz, 2 H), 2.04—1.95 (m, 2 H),
1.67—1.59 (m, 1 H), 1.44 (d, ] = 6.5 Hz, 3 H), 1.39 (d, ] = 6.5 Hz, 3
H), 1.46—1.40 (m, 3 H), 1.38 (d, ] = 6.6 Hz, 3 H), 1.32 (s, 6 H); 1.29
(s,3H); 1.07 (d, ] = 6.6 Hz, 3 H), 1.02 (d, ] = 6.7 Hz, 3 H), 0.93 (d, ]
= 6.6 Hz, 3 H). °C NMR (90 MHz, CDCl,) § 145.3, 145.1, 130.8,
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126.8, 125.5, 81.3, 66.8, 56.3, 53.0, 50.5, 33.8, 32.3, 29.5, 29.2, 28.7,
28.6, 27.4, 26.0, 24.9, 24.4, 22.7, 22.1, 21.5. HRMS (ESI) m/z: Calcd
for C,;H,;CLGaN [M-CI]*: 520.2023; Found: 520.2323. IR (Nujol):
Vgt = 375 (m, br) em™.

X-ray Analyses. X-ray diffraction data was collected using a Kappa
X8 APPEX II Bruker diffractometer with graphite-monochromated
Moy, radiation (4 = 0.71073 A). Crystals were mounted on a
CryoLoop (Hampton Research) with Paratone-N (Hampton
Research) as cryoprotectant and then flash-frozen in a nitrogen gas
stream at 100 K. The temperature of the crystal was maintained at the
selected value (100 and 200 K) by means of a 700 series Cryostream
cooling device (accuracy of +1 K). The data were corrected for
Lorentz polarization and absorption effects. Semiempirical absorption
corrections were applied. The structures were solved by direct
methods using SHELXS-97°* and refined against F* by full-matrix
least-squares techniques using SHELXL-97>° with anisotropic
displacement parameters for all non-hydrogen atoms. Hydrogen
atoms were located on a difference Fourier map and introduced into
the calculations as a riding model with isotropic thermal parameters.
All calculations were performed by using the Crystal Structure
crystallographic software package WINGX.*® The absolute config-
uration was determined by refining the Flack’s parameter using a large
number of Friedel’s pairs.”” The crystal data collection and refinement
parameters are given in Table 1. CCDC 947075—947080 contains the
supplementary crystallographic data for this paper. These data can be
obtained free of charge from the Cambridge Crystallographic Data
Centre via http://www.ccdc.cam.ac.uk/Community/
Requestastructure/.

Quantum-Chemical Computations. Optimizations were carried
out using the Gaussian 03 software package.”® For the calculation of
the PAs, the MP2>°/def2-TZVPP//BP86>°/def2-SVP?' level of theory
was used as described.>* For the evaluation of the Tolman Electronic
Parameter (TEP), LNi(CO); complexes were optimized using the
mPWIPW91/6-311+G(2d) (Ni)/6-311+G(d,p) (other atoms) level
of theory®® or the BP86/def2-SVP level of theory.>* For the gallium
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complexes, the BP86/def2-SVP level of theory was used. Stationary
points were characterized as minima by calculating the Hessian matrix
analytically at this level of theory. The %V},,>> were obtained through
the SambVca@MoLNaC Web site (https://www.molnac.unisa.it/
OMtools/sambvca.php) using the ligand coordinates derived from
the X-ray analysis of the L-GaCl; complexes. The center of the sphere
was located at 2.0 A from the donor atom. H atoms were omitted,
except for secondary amines. Average values were calculated when two
molecules were found existing in the unit cell.

B RESULTS AND DISCUSSION

We started with the synthesis of donor—acceptor complexes of
GaCl; with carbones. The desired products could be obtained
(see Experimental Section for details), and single crystals
suitable for X-ray diffraction could be grown (Figures 1-3,

CI2 ciH CI3

@ )
g U C4_C5

Ga

36
C35
Zcaacr (°) 340.5(1); Zcigacr (°) 315.40(3)

Figure 1. Molecular structure of 3-GaCly in the crystal (thermal
ellipsoids at 50% probability level; hydrogen atoms omitted for
clarity). Selected interatomic distances (A): Ga—C1 1.981(1), Ga—Cll1
2.2277(4), Ga—Cl2 2.2089(4), Ga—ClI3 2.1821(3), C1-P1 1.713(1),
C1-P2 1.714(1). Selected bond angles (deg): Cll—Ga—CI2
104.11(1), Cll-Ga—CI3 107.40(1), C2—Ga—Cl3 103.89(1), C1—
Ga—Cl1 111.59(4), C1-Ga—CI2 113.86(4), C1—-Ga—ClI3 115.09(4),
P1-C1-P2 122.46(7).

Table 1). While the unit cells of 3- and 4-GaCl; consist of
single molecules, that of 5-GaCl; contains two enantiomers,
which is consistent with the fact that bent allene complexes can
be helically chiral*® In 3- and 4-GaCl,, the P—C1 bond
distances are virtually the same (1.714 A). On the other hand,
the P—C1—P angle is, as one would expect, more acute in the
cyclic carbodiphosphorane derivative (116.70(8) vs 122.46(7)).
The Cl1—Ga bond is longer in 3-GaCl; than in 4-GaCl;
(1.981(1) vs 1.947(1)). In 5-GaCl;, the C1—C2 bond is
shorter than the C1—C3 bond (1.396(4) vs 1.437(4) A). On
the side of the shortest one, the C—N bonds are longer than on
the other side (1.366(3) vs 1.350(3)). This dissymmetry is less
pronounced in the reported gold complex (C—C 1.424(5) vs
1.407(5) A; C—N 1.366(5) vs 1.370(av)).>*® The exceptional
pyramidalization of the GaCl; moiety in 3-, 4-, and 5-GaCl, is
striking. The sum of the C—Ga—Cl angles is 340.5(1)°,
342.9(1)°, and 344.2(2)° respectively, and reciprocally, the sum
of the Cl-Ga—Cl angles is 315.40(3)°, 312.64(3)°, and
310.85(8)°. A search in the Cambridge Crystallographic
Database for donor—acceptor adducts of GaCl; in which the
sum of the E-Ga—Cl (E = C, N, O, P) angles is close to 340°

Zcaac (°) 342.9(1); Zaicacr (°) 312.64(3)

Figure 2. Molecular structure of 4-GaCly in the crystal (thermal
ellipsoids at 50% probability level; hydrogen atoms omitted for
clarity). Selected interatomic distances (A): Ga—C1 1.947(1), Ga—ClI1
2.2082(4), Ga—ClI2 2.2216(4), Ga—ClI3 2.2142(3), C1-P1 1.715(1),
C1-P2 1.713(1). Selected bond angles (deg): Cll—Ga—CI2
103.67(1), Cl1—Ga—ClI3 104.03(1), CI2—Ga—CI3 104.94(1), C1—
Ga—Cll1 117.90(4), C1-Ga—CI2 114.44(4), C1—Ga—ClI3 110.58(4),
P1-C1-P2 116.70(8).

Zcaacr (av, °) 344.2(2); Zcicacl (av, °)
310.85(8)

Figure 3. Molecular structure of 5-GaCl; in the crystal (thermal
ellipsoids at 50% probability level; hydrogen atoms omitted for
clarity). Selected interatomic distances (A): Gal—C1 1.965(2), Gal—
Cl1 2.2497(7), Gal—Cl2 2.2036(6), Gal—CI3 2.2155(7), C1-C2
1.396(4), C1—C3 1.437(4). Selected bond angles (deg): Cl1—Gal—
CI2 106.56(2), Cl1—Gal—CI3 99.68(3), Cl2—Gal—Cl3 104.48(3),
C1—-Gal—CIl 111.37(8), C1—Gal—CI2 116.48(8), C1—Gal—CI3
116.58(8), C2—C1-C3 119.7(2).

yielded only a few anionic alkyls and aryls of type RGaCl;™, as
well as the aforementioned complex 2-GaCl; (Zqg,q 339.8°%
2 icact 316.0°). The E g, observed in 5-GaCl, is actually the
largest reported for a neutral ligand, the X;g,c being the
smallest.

Next, we synthesized the first GaCly adducts of CAACs (see
Experimental Section for details). CAACs are known to be
strong donors, yet less than carbones."' The structure of the
gallium complexes could be established by means of X-ray
crystallography (Figures 4—6, Table 1). Looking at the CAAC
backbone, the solid state structures of CAAC1-, CAAC2-, and
CAAC3-GaCl; feature similar bond parameters with those

dx.doi.org/10.1021/ic401817g | Inorg. Chem. 2013, 52, 11493—11502
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Zccact (°) 334.8(2); Zaigar (°) 321.47(9)

Figure 4. Molecular structure of CAAC1-GaCl, in the crystal (thermal
ellipsoids at 50% probability level; hydrogen atoms omitted for
clarity). Selected interatomic distances (A): Ga—C1 2.039(2), Ga—Cl1
2.1604(8), Ga—CI2 2.1880(6), Ga—ClI3 2.1910(7), C1-N 1.303(3),
C1-C2 1.516(3). Selected bond angles (deg): Cl1—Ga—CI2
107.47(3), Cl1—-Ga—ClI3 107.00(3), Cl2—Ga—CI3 107.00(3), C1—
Ga—Cl1 118.62(6), C1-Ga—Cl2 109.48(6), C1-Ga—Cl3 106.72(6),
N—-C1-C2 110.9(2).

Cl2
@

C5

2caact (°) 332.31(9); Zcicact (°) 324.09(3)

Figure 5. Molecular structure of CAAC2-GaCl, in the crystal (thermal
ellipsoids at 50% probability level; hydrogen atoms omitted for
clarity). Selected interatomic distances (A): Ga—C1 2.036(1), Ga—Cl1
2.1862(4), Ga—CI2 2.1815(3), Ga—ClI3 2.1730(4), C1-N1 1.293(2),
C1-C2 1.521(2). Selected bond angles (deg): Cll—Ga—CI2
108.85(1), Cl1—Ga—ClI3 107.39(1), CI2—Ga—CI3 107.85(1), C1—
Ga—Cl1 103.14(3), C1-Ga—CI2 110.30(3), C1-Ga—ClI3 118.87(3),
N—C1-C2 110.6(1).

previously described with boron.** The pyramidalization of the
GaCly moiety (Zgig.cr 321.47(9)°, 324.09(3)°, 318.9(2)°
respectively) is quite large but clearly less pronounced than
in 3-, 4-, and 5-GaCl,.

Most methods used for the classification of ligands according
to their electronic properties rely on liquid phase spectroscopy,
especially IR and NMR.*” In particular, the Tolman Electronic
Parameter (TEP),*”* which corresponds to the Al symmetrical
CO stretching mode (vco(Al)) of LNi(CO); complexes in
CH,Cl,, is one of the most popular. The difficulty to achieve
the synthesis of such nickel carbonyls led to the development of
related scales using LM(CO),Cl complexes (M = Rh, Ir).>’
Since these methods implement transition metals, they capture
the subtle balance between the o,7-donor and m-acceptor

Cc18

Yccacl (°) 337.5(3); Zcigact (°) 318.9(2)

Figure 6. Molecular structure of CAAC3-GaCl, in the crystal (thermal
ellipsoids at 50% probability level; hydrogen atoms omitted for
clarity). Selected interatomic distances (A): Gal—C1 2.064(5), Gal—
Cl1 2.208(1), Gal—-Cl2 2.179(1), Gal-CI3 2.176(1), C1-N1
1.308(7), C1—C2 1.538(8). Selected bond angles (deg): Cl1—Gal—
ClI2 109.83(5), Cl1—Gal—CI3 105.87(5), Cl2—Gal—ClI3 103.17(5),
C1-Gal—Cl1 103.3(1), C1-Gal-Cl2 116.1(1), C1-Gal-ClI3
118.1(1), N—C1—C2 110.0(4).

properties of the ligand.*”” In principle, the chemical shift of
the donor atom and of the "'Ga (or ®Ga) nucleus should
reflect the electronic ligand properties in L-GaCl,.** However,
because of the quadrupole moment of the gallium isotopes,
their resonances have large line widths in C;, adducts and the
nucleus coupled to gallium is difficult to observe. In L-GaCl,,
IR bands corresponding to the antisymmetric stretching of the
Ga—Cl bond can be very strong and easy to identify if not
overlapped with those from the internal vibrations of the
ligands (~400 cm™).*” Yet they are not always sharp enough
to allow a precise measurement, especially with unsymmetrical
ligands which split the degenerate modes. The geometries
discussed above raised the question whether the solid state
structures of L-GaCl; could be used to establish a scale of the
electronic ligand properties. Since crystal packing, non covalent
interactions, and crystal forces influence the conformation of
flexible molecules,* and also because it is sometimes difficult to
obtain the precise position of the atoms in a crystal, it would
seem inappropriate to base such a scale on X-ray diffraction
analysis. However, Timoshkin et al. reported that solid state
structures reflect Lewis acidity trends of heavier Group 13
halides. Such analysis must be made with care because the
hydrogen bonding network can affect the donor—acceptor
bond distance and lead to erroneous conclusions.*'
According to Bent’s rule,* for main group elements, the
atomic s character tends to concentrate in orbitals directed
toward electropositive groups, while the atomic p character
tends to concentrate in orbitals directed toward electronegative
groups. Thus, for a L-GaCl; complex, the angles between the
chlorine atoms should be smaller than tetrahedral (sp**™
hybridization of the orbitals directed toward Cl, sp>™*
hybridization for the orbitals directed toward L).*> We decided
to study the influence of L on the Cl-Ga—Cl angles. In
addition to the six gallium species discussed above, the
following set of complexes was used for this investigation:
tBuPCl,-,** THF-,*> Me,SiN;-,** N,P,-,*" 3,5-Me,Py-,* Pip-,
DMAP-,* iPr,NH-° PEt;-,*' PPr;-°> NBN-,>® diMe-
IDM-,' SIPr- IPr-'® IiPrMe,,'® 1-, and 2-GaCl,'
(see Chart 2 for the structure of the ligands). This set was
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Chart 2. Ligands Arranged According to Their TEP (cm™")®

Me;Si,

R,
tBu” N “CI =N=
ci Ny

o

tBuPCl, (2087.9) THF (2081.2) Me;SiN; (2079.0)

O e A O
H Ph H
Pip (2068.0) PPh3 (2067. 5) iPr,NH (2066.0)
{exp. 2068
P
NN
\—/

diMe-IDM (2054.1)

DMAP (2065.8) PEt3 (2062.7)

0 MesSi,  Pxy | x
R NTN,
Me"Y'Me  Mesi” PN N
Me
MesPO (2071.7) N3P, (2070.6) 3,5-Me,Py
(2068.5)

NMe2
X

L

Et” VEt
N Et

. N=B=N
ProVPr 7&
Pr

PPr3 (20616)  N,B (2060.4)

(exp. 2061.7)

@ § )@ %@4 Dl

SiPr (2051 5) IPr (2050 5) )
(exp. 2052. 2) (exp. 2051.5) CAAC1 (2050.0)  liPrMe, (2049.6)
EtO« . » G, Me,N..
QJC\PPh:; 3 C/C\Pphs Ph3P PPh3
OEt OEt
3(2032.0)
CAAC3 (2046.3) 1 (2039.0) 2(2034.9) (exp. 2032.5)

CAAC2 (2049.0)

M62N NM
" e
NMez

PhoP™  PPh,

MeyN

4 (2031.9) 5 (2026.7)

“The coordinating atom is highlighted when needed.

limited to complexes displaying relatively simple ligands that
were published after 1990, with R-factors lower than 5% and
limited disorder. Since these criteria considerably reduced the
number of phosphines and ruled out phosphine oxides,
exceptions were made for PhyP-GaCl; and Me;PO-GaCl; for
which R-factors of 6.01% and 5.41% were respectively
reported.**

The ligands have been arranged in Chart 2 according to their
calculated TEP. Because the experimental TEP in CH,Cl, (or
CHCY,) is available for only a few of them (PPhs, PEt,,>® SIPr,
1Pr,*® 3%7), we used the computational method described by
Gusev which proved to accurately predict the experimental
values for a variety of phosphines and NHCs.*® Exceptions to
the Gusev method were made for the carbodiphosphoranes 3
and 4. Tonner and Frenking showed that a better agreement
with the experimental values could be obtained with another
computational approach well-suited for this class of com-
pounds.***® According to the TEP, three families emerge: (i)
the least donating ligands which are the O-, P-, and N-donors,
(ii) the strong donors comprising the NHCs and the CAACs,
and (iii) the very strong donors of the carbone family. The
relevance of the computed TEP can be noted in the pyridine
series for which the donating aptitude follows the expected
order (3,5-Me,Py < DMAP),*® as well as in the phosphine
series (tBuPCl, < PPh; < PEt; < PPr;). As for the carbon
donors, the classification obtained by the calculated TEP
follows that derived from the rhodium- and the iridium-
scales®”® in CH,Cl, or CHCl; (Rh (vco®, em™): diMe-IDM
(2044.5)%° < IPr (2037.5)°" < IiPrMe, (2036.0)°> < CAAC2
(2035.5);° Ir (veo™, em™): diMe-IDM (2025.0) < SIPr
(2024.9) < IPr (20239) < CAAC1 (20204) < CAAC3
(2013.0)).*” The prediction based on the Ir-scale that SIPr is

slightly less electron donating than IPr is contradicted by the
experimental TEP (vco(Al), em™): IPr (2051.5) < SIPr
(2052.2).%° In fact, because of the narrow range of the
wavenumbers, each scale shows that it is difficult to establish a
clear distinction between SIPr, IPr, IiPrMe, and CAAC2.
However, this group of carbenes is clearly more electron
donating than diMe-IDM, and less electron donating than
CAACI1 and especially CAAC3.

All of the ligands displayed in Chart 2 are collected again in
Table 2 according to their calculated TEP. The first PA of each
of them was computed as described by Frenking.*” Although
the great trends are respected, the correlation between the TEP
and the PA, which does not take steric effects nor the
backbonding into account, is not great (¥ = 0.9283, plot not
shown). For instance, iPr,NH is intrinsically a better ¢-donor
than DMAP according to PA. Yet, its larger steric demand
make it a “weaker” ligand to Ni(CO); compared to DMAP.
The same conclusion can be reached when comparing tBuPCl,
with THF. In addition to a larger steric hindrance, tBuPCl, is a
strong 7-acceptor which limits the backbonding from Ni to CO
compared to THF.

Table 2 also shows the experimental and calculated sum of
the Cl—Ga—Cl angles. The calculated values are systematically
larger than the experimental ones.** However, the difference
proves relatively constant throughout the ligand series, which
shows a reasonable linear correlation between the two data sets
(Figure 7, r* = 0.9689 with PPh;-, Me;PO-, and CAAC3-GaCl,
excluded because of the quite large R-factor of the X-ray
analyses).

Another way to confront the experimental sum of the Cl—
Ga—Cl angles with a computed parameter is to use the
antisymmetric stretching of the Ga—Cl bond. As mentioned
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Table 2. LNi(CO); Tolman Electronic Parameter (TEP), Proton Affinity of L (PA), Sum of Cl-Ga—Cl Angles in L-GaCl,,
Average Antisymmetric Stretching of GaCly in L-GaCly, and Percent Buried Volume of L in L-GaCly (%Vy,,)

IL, TEP (cm™)? caled, scaled  PA” caled, unscaled  Sgig.q (deg)® exp.  Zgigaar (deg)d caled  vg,q(B) (em™)° caled, unscaled  %V;,,S
tBuPCl, 2087.9 202.3 340.1(1) 349.54 418.6 34.4
THEFE 2081.2 195.8 340.8(1) 351.20 422.5 19.7
Me,SiN, 2079.0 192.6 340.1(3) 34879 4174 233
Me;PO 20717 2187 332.4(3) 344.11 406.0 17.2¢
N;P, 2070.6 H 337.4(2) 346.49 411.0 202
3,5-Me,Py 2068.5 225.9 335.86(6) 346.60 408.6 209
Pip 2068.0 2267 337.02(6) 348.04 4111 216
PPh, 2067.5 231.2 336.6(2) 342.90 399.6 36.2
DMAP 2065.8 2369 334.9(1) 34527 407.7 20.6
iPr,NH 2066.0 230.0 331.5(2) 34227 40S5.1 29.7
PEt, 2062.7 232.0 33091(6) 34152 397.4 358
PPr, 2061.6 234.7 328.82(6) 341.13 396.6 34.8
N,B 2060.4 239.5 330.18(9) 338.00 400.0 i
diMe-IDM 2054.1 260.6 325.33(6) 337.09 390.8 26.1
SIPr 2051.5 -’1 323.93(6) 33335 388.0 38.1
IPr 2050.5 K 324.20(8) 33339 3872 372
CAAC1 2050.0 270.5 321.47(9) 333.79 3844 41.0
LiPtMe, 2049.6 2715 322.6(2) 333.10 383.0 27.8
CAAC2 2049.0 272.4 324.09(3) 333.06 3822 409
CAAC3 2046.3 272.5 318.9(2) 326.08 378.5 44.8
1 2039.0 282.1 319.74(1) 32924 3723 39.0
2 2034.9 284.5 315.97(3) 329.05 367.0 404
3 2032.0 h 315.40(3) 326.82 364.5 413
4 20319 2817 312.64(3) 327.03 365.1 38.0
R 2026.7 281.0 310.85(8) 325.3 361.0 34.8

“Obtained from the optimized LNi(CO); complexes at the mPWI1PW91/6-311+G(2d) (Ni)/6-311+G(d,p) (other atoms) level of theory (TEP =
Veo(A1)*0.9541). PFirst PA in kcal/mol at the BP86-def2-SVP//MP2-def2- TZVPP level of theory. “Obtained from the X-ray structures of L-GaCl,

complexes, average value when two molecules are found existing in the unit cell.

9Calculated at the BP86/def2-SVP level of theory. “Antisymmetric

stretching obtained from the optimized L-GaCl; complexes at the BP86-def2-SVP level of theory, average of two values for all compounds except
CAAC3-GaCl; which shows three antisymmetric stretching mode of the Ga—Cl bond (unscaled) FCalculated from the ligand coordinates derived
from the X-ray analysis of the L-GaCl; complex by placing the center of the sphere at 2.0 A from the donor atom, H atoms omitted except for
secondary amines, average value when two molecules are found existing in the unit cell. #The three carbon atoms were used for the axis definition.

"Too large to allow MP2 calculation. ‘Cannot be calculated since the boron atom is not implemented in SambVca. /Obtained from the optimized
LNi(CO); complexes at the BP86-def2-SVP level of theory (TEP = v, (A1)*1.0472—109.94).
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Figure 7. Plot of calculated vs experimental X g, values.

above, it would be difficult to get a precise measurement by IR

spectroscopy. Nevertheless, computed gas phase IR frequencies
usually show a good linear correlation with experimental values.
Thus, if the geometry of the gallium complex reflects the
properties of the ligand, one expects a linear relationship with
the calculated wavenumbers. The Ga—Cl bonds should become
weaker as the donor strength of the ligand increases.”® This

11499

trend is indeed nicely respected, as shown in Figure 8 (r* =
0.9788 with PPh;-, Me;PO-, and CAAC3-GaCl; excluded).
Because nickel in the Ni(CO), moiety is made electron-poor
by the three carbonyl ligands, the Ni—L electron back-
donation to ligands that are moderately z-basic is limited.*®
Besides, since the van der Waals volumes of Ni(CO), and
GaCl, are relatively similar,%” and also because E—Ni and E—Ga
bonds are in the same range (E = C, N, O, P; ~ 2 A), the two
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Figure 8. Plot of experimental Xg,c; values vs calculated vg,q(E).
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fragments should be similarly affected by the steric demand of
the ligand. Therefore, a relatively good agreement between the
Vco(Al) of the LNi(CO), complexes and the sum of the Cl—
Ga—Cl angles in the L-GaCl; complexes can be expected. The
plot of the calculated and scaled v/-(Al) vs the experimental
2cigact shows indeed a good correlation between the two data
sets (Figure 9, r* = 0.978 with PPh;-, Me,PO-, and CAAC3-

2080 E tBuPCl; A
E THF
2080 | y=1.7231x+14919 Me,sin, ()
E R?=0.978 ——
£ 2070 ¢ . .(9"""
for F PPry Pip
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Figure 9. Plot of calculated TEP vs experimental X¢g,c; values.

GaCl, excluded). tBuPCl,-GaCl, has also been excluded from
the regression analysis. The latter is clearly a strong z-acceptor
and should receive significant back-donation from nickel
despite the three s-acidic carbonyls. Since back-bonding is
not possible with gallium, a discrepancy is not surprising.

As expected, the nitrogen and the phosphorus donors give
rise to a lower pyramidalization than NHC and CAAC ligands,
and the carbone family promotes the larger one. In the
phosphine series, the expected order is found: tBuPCl, < PPh;
< PEt; < PPr;. The same is true for the oxygen donors: THF <
Me;PO. The classification of the amines according to the
gallium scale is Pip < 3,5-Me,Py < DMAP < iPr,NH. This is
not the same as that derived from the TEP, 3,5-Me,Py < Pip <
DMAP < iPr,NH, nor that resulting from the PA, 3,5-Me,Py <
Pip < iPr,NH < DMAP.*® Although these three scales do not
have to produce the same results, one can notice that ligands of
the same class (i.e., secondary amines and pyridine derivatives)
are found in the natural order: Pip < iPr,NH, and 3,5-Me,Py <
DMAP. As mentioned above, the expected order of donation
for the carbenes should be diMe-IDM < [SIPr, IPr, IiPrMe,,
CAAC2] < CAAC1 < CAAC3, with some uncertainties
regarding those in brackets. The gallium scale respects this
trend, diMe-IDM < [IPr < CAAC2 < SIPr < IiPrMe,] <
CAACI1 < CAACS3, and also predicts the right donation order
for the carbones: 1 <2 <3 <4 <38.

In terms of electronic effect, the present gallium scale
captures mostly the o-donation property of the ligand. Thus, we
checked the correlation between the Cl—Ga—Cl angles and the
first PA. As for the response of the TEP vs PA (vide supra), the
correlation coefficient is not great (r* = 0.9042 with PPh-,
Me;PO-, and CAAC3-GaCl; excluded, plot not shown). We
attribute this discrepancy to the fact that steric effects are
mostly ignored by the PA. As stated by Clavier and Nolan,*
electronic and steric effects are intimately related and difficult
to separate. To quantify the steric hindrance brought about by
the ligand to the GaCl; moiety, the percent buried volume was
calculated from the coordinates of the solid state structures of
the L-GaCl, adducts.*>® Clearly there is no obvious relation-

ship between the pyramidalization of the GaCl; moiety in the
complexes and the steric demand of the ligands (P = 0.5534,
plot not shown). For instance, ligand $ has a relatively modest
%V and yet the largest pyramidalization of the series was
found for 5-GaCl,. Therefore, Xg,c; does not only reflect
steric compression but mostly the o-donation property of the

ligand.
H CONCLUSION

In this paper, we present the synthesis and structural
characterization of rare molecular adducts of GaCl; with strong
donor ligands of the carbone and CAAC families. In the solid
state, the geometry of the GaCl; moiety obeys the electronic
properties and the steric demand of the ligand. In agreement
with Bent’s rule, a stronger donor will concentrate the p
character of the gallium orbitals toward the chlorine atoms,
hence the compacting of the three Cl—Ga—Cl angles. While
this rule has been sporadically used to compare related ligands
together, no general scale has been based on geometrical
features. However, we have shown that at least for a series of 26
L-GaCl; complexes, and in spite of a narrow range of about 30°
in the sum of the Cl-Ga—ClI angles, a good prediction of the
electronic properties can be made. The use of this gallium scale
in Ga(IIl) catalysis will be reported in due course.
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