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ABSTRACT: Syntheses of square planar (SP) coordination complexes of gallium(III) are reported herein. Using the pyridine
diimine ligand (PDI), we prepared both (PDI#*)GaH (4) and (PDI*)GacCl (5), which were spectroscopically and structurally
characterized. Reduction of PDI using Na metal afforded “NazPDI”, which reacts with in situ-prepared “GaHCl2” or GaCls to
afford the SP 4 and 5. The planar geometry of these and previously reported SP Al(III) complexes is attributed to energetic
stabilization derived from a ring-current effect, or metalloaromaticity. Typically, aromaticity in metal-containing ring systems
can be difficult to characterize or confirm experimentally. An experimental approach employing proton NMR spectroscopy
and described here provided an estimate of a downfield chemical shift promoted by a small ring-current associated with
metalloaromaticity. Near infra-red spectroscopic analyses display ligand-metal charge transfer bands which support the as-
signment of aromaticity. The SP complexes (PDI#)AIH (1), (PDI#)AICI (2), (PDI>)AII (3), 4, and 5 are all discussed in this
report, using aromaticity as a model for their electronic structure and reactivity properties.

The chemistry of Group 13, in particular of aluminum, is
undergoing rapid development across multiple applications
and across different classes of compound. One area seeing
recent interest is in low-valent Al compounds,1 where the
synthesis of nucleophilic aluminyls has uncovered the abil-
ity to activate substrates like benzene that are usually unre-
active.? Frustrated Lewis pair chemistry continues to be de-
veloped and that work also includes Al-derived Lewis acids
in some instances.? Ligand-based redox chemistry has seen
advances that are enabled by the stability of the +3 oxida-
tion state in Group 13 ions toward reduction: metal-ligand
complexes of Al and Ga that support up to six successive lig-
and-based couples are now known and applied in energy-
storage technologies, and in delocalized and tunable mixed-
valent compounds.* The subject of this report is the planar
redox-active ligand complexes of Group 13 which have aro-
matic character and which promote facile ligand-based pro-
ton transfer chemistry and NADH+*-like hydride chemistry.’

Aromaticity is best-known in benzene and in main group
ring systems such as P>, where the Hiickel description, a
ring with (4n + 2) m-electrons, is easily understood. The nu-
anced physical properties of aromatic compounds such as
benzene are richer than the definition and explain unusual
aspects of those compounds chemical reactivity and spec-
troscopic signatures.®’ These signatures of aromaticity, in-
clude the planar structure, the carbon-carbon bond lengths
that are similar rather than alternating single and double,
and the “ring current” which is most easily observed using
proton NMR spectroscopy to uncover and quantify the
deshielding of protons. The resonance stabilization results
in unusual reactivity characteristics of aromatic compounds
such as the electrophilic substitution of benzene. Ring cur-
rent effects are easily observed in main group aromatic
compounds because the NMR chemical shifts caused by
deshielding are large. As examples, the cyclic Ps- and P2Ns-
anions have 31P-NMR chemical shifts consistent with a ring

current at 470 and 467.2 ppm, respectively,®° and benzene
has 'H-NMR chemical shift of 7.2 ppm. Even without the di-
rect “non-aromatic” analog of each of these molecules in
hand we are convinced of the ring current existence.

In contrast, the ring current in metal-containing aromatic
rings can be quite small and aromaticity in metal ligand
complexes such as square planar (SP) coordination com-
plexes can easily go unnoticed.” Opportunities to rational-
ize, predict, and tune the reactivity, electronic structures,
and materials properties of metal-containing aromatic ring
complexes, and to employ them in productive applications
are missed when aromaticity goes undetected. Enhanced
nucleophilicity of ligand atoms as potential reaction sites
are one possible manifestation of an aromatic electronic
structure, 0 as is near infra-red luminophore behavior and
large Stokes shifts in emission spectra, as reported for aro-
matic osmapentallene complexes.!! Gray and Balhausen ex-
perimentally determined ring current effects in SP Ni dithi-
olene coordination complexes by single crystal magnetic
susceptibility measurements.!213 However, most discus-
sions of aromatic metal-containing molecules rely on theo-
retical methods to validate their assignment as aromatic.
These instances include Group 13 analogs of the tropylium
cation borepin, aluminepin, and gallepin,’* alumina-
benzene, '’ the osmacycles, ¢ and the plumbole and stannole
analogs of cyclopentadienyl.'”

In this work, synthesis of the first SP Ga compounds are
reported: (PDI?))GaH (4), and (PDI?)GaCl (5). Their proper-
ties are described using the aromatic electronic structure
model as a framework, along with the properties of previ-
ously reported SP (PDI#)AIH (1) and (PDI?-)AICI (2),5>18 and
newly prepared (PDI2)AII (3). We also describe a simple
analysis method based on proton NMR spectroscopy to
probe aromatic ring current effects on chemical shift, even
when the “non-aromatic” analog of the aromatic coordina-
tion compound is not available for direct comparison. This



approach harnesses the previously reported effect, using
theoretical methods, where a Lewis base coordinated to the
metal in a metalloaromatic compound breaks the aromatic-
ity (Chart 1).14> Here, using a series of Lewis bases with var-
ied donicity predicted chemical shifts for the unaccessible,
non-aromatic analogs of SP Group 13 compounds are ex-
trapolated. The chemical shift from the hypothetical, non-
aromatic analogs to the aromatic SP compounds ranges be-
tween 0.22 - 0.41 ppm downfield.

Chart 1. Line drawing of the almost uniform bond
lengths in (PDI?>)MX (left) and the alternating bond
lengths in (PDI?-)AIX(Y) (right). M = A], Ga; X =H, Cl], L.
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Previously reported computational work has discussed a
role for aromaticity, along with ligand strain, in providing
an energetic stabilization for SP 1 and 4,8 following our re-
port on the synthetic chemistry that yielded SP 1 and 2.5> In
that work calculated NICS values for pyridine were com-
pared with NICS values of the pyridyl ring in 1, with NICS
values for a hypothetical alumino-imidazolate, and with the
metallo-imidazolate ring in 1 and 4 (Chart 2). The pyridyl
ring in 1 showed decreased aromaticity relative to pyridine,
and the metallo-imidazolate rings in 1 and 4 had NICS(1)z
values of -7.3 and -8.2 ppm, respectively. No discussion of
possible aromaticity in the outer 10-membered ring of the
metal-ligand complexes was provided. These results sug-
gested that a SP Ga complex 4 should have slightly greater
aromatic character than 1.

Chart 2. Previously computed NICS(1).: values for pyri-
dine, alumino-imidazolate, pyridyl in 1 (ring A), and
metallo-imidazolate in 1 and 4 (ring B).18b
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RESULTS AND DISCUSSION

Syntheses of Compounds. Synthesis of SP Al(II) com-
plexes, (PDI>)AIH (1) and (PDI?)AICI (2), has previously
been reported via a salt metathesis route where AICIzH, ' or
AlClI3, respectively, are added to a solution of Naz(PDI?) gen-
erated in situ from Na metal and PDI in Et;0.13 Error! Bookmark
not defined. Ay extension of this preparative method was used
to produce (PDI#)AlI (3) using Alls. The syntheses of Ga(III)
complexes of reduced PDI ligands required care because
both Ga(I) and Ga metal are readily accessible under the
conditions which are required to reduce the PDI ligand by
two electrons. Changes in the identity of the ethereal sol-
vents, reactions times and work-up were required to isolate
each of the new products and these nuances are detailed in

the Supporting Information. Synthesis of (PDI?")GaH (4) us-
ing GaCl.H,%° which is generated in situ from GaClz and 0.33
equivalents of LiAlHs, was achieved similarly to the synthe-
ses of 1 - 3 (Scheme 1). In our initial efforts to obtain (PDI#
)GaCl (5), we routinely produced Ga mirrors from reactions
containing PDI, Na, and GaCls regardless of the order of ad-
dition of reagents or solvent employed. A reliable, but low
yielding synthesis of 5 was achieved when “Naz(PDI*)” in
toluene was added dropwise over one hour to an Etz0 solu-
tion of GaCls at -78 °C.

Scheme 1. Synthesis of 1 - 5. Ph = phenyl, Ar =
diisopropylphenyl.
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Complexes 3 - 5 were characterized using elemental
analysis, and proton NMR spectra confirmed that each com-
pound is diamagnetic with the expected proton resonances
arising from the diisopropylphenyl and phenyl substituents.
One pyridyl proton resonance appears as a triplet at 5.98,
6.16 and 6.08 ppm for 3 - 5, respectively, similar to those
observed at 6.07 and 5.93 ppm for 1 and 2, respectively
(Figure S1). The predicted doublet for the remaining two
chemically equivalent pyridyl protons is obscured by the Ph
and Ar substituents. UV-Vis-NIR spectra of 1 - 5 were col-
lected in benzene and each demonstrate intense absorption
bands with energy and extinction coefficients consistent
with assignment as ligand-metal charge transfer bands
(LMCT). Observation of these distinctive bands provides
some support for assignment of an aromatic electronic
structure for each of 1 - 5 (Figures S2, S3).6

Uncharged PDI ligand complexes of Al(III) and Ga(III)
were also prepared to enable a comparison of bond lengths
and angles with the anionic PDI ligands in 1 - 5. Reaction of
two equivalents of AIClz or GaCls with 1 equivalent of PDI in
Et20 yielded [(PDI)AICIz][AlICl4] (6) and [(PDI)GaClz][GaCl4]
(7), respectively, which were characterized using 'H, 13C
NMR and UV-Vis-NIR spectroscopy (Figures S1 - S3), com-
bustion analyses, and single crystal X-ray crystallography.
The 'H NMR spectra of 6 and 7 display a single multiplet and
pair of doublets from the diisopropyl substituents and the
expected signals for the pyridyl, aryl, and phenyl substitu-
ents (Figure S1), as in reports of similar compounds.?'
There is no observed LMCT band in the UV-vis/NIR spectra
(Figures S2, S3).

Solid-state structures. Single crystals of 3 - 7 were used
to characterize solid-state structures, and 1 and 2 were pre-
viously characterized. (Tables S1 - S4, Figures 1, S4, S5). For
1 - 5 single-crystal X-ray diffraction studies revealed ap-
proximately SP coordination about each metal center, and
the four coordinate geometric indices (t4)?* for 1 - 5 are
0.13,0.22,0.21,0.18 and 0.22, where 0 would be an ideal SP
molecule and 1 is tetrahedral (Table 1). In each of 2, 3 and
5 the halide ligand sits above the square plane and Npy-M-X



angles range from 167.01(4) to 168.78(19)°. The chloro and
iodo ligands are n-donating and we speculate that the devi-
ation from 180° enables the halide n-donor orbitals to inter-
act with the ©* molecular orbital of the Al center. The hy-
drido ligand in 1 and 4 is a 6-donor only and no energetic
stabilization would be achieved by distortion above the
plane SP: 1 and 4 have Nyy-M-H angles 180(1) and 177(11)°,
respectively, which give the correspondingly lower values
of 14 in those compounds (Table 1).

Table 1. Geometric and electronic parameters for 1 - 5.
C.R. indicates chemical reaction.

T Npy-M-X  Nam-M-Nam A8 AS
(Hey)  (31P)
1 013 180(1) 161.93(4) 232
2 022 167.01(4) 161.33(5) 022  25.0
3 021 1688(2) 161.5(2) 041  CR
4 018 177(11)  158.35(11) 24.9
5 022 1684(2) 161.11(15) 234

Figure 1. Solid-state structures of (PDI?-)GaH in 4 (top) and of
(PDIZ)GaCl in 5 (bottom). Light blue, blue, green, and gray el-
lipsoids and white circle represent Ga, N, Cl, C, and H atoms, re-
spectively. Thermal ellipsoids at 50% probability, H atoms ex-
cept hydrido ligand omitted.

In the pyridyl rings of 1 - 5, the range over which the C-C
bond lengths vary is just 0.0172, 0.013, 0.030, 0.018, and
0.019 A for 1 - 5, respectively. As a comparison it is known
that alternating single and double bond character is ob-
served in five-coordinate complexes of Al with the PDI? lig-
and (Chart 1),!8 although the corresponding Ga complexes
have not been isolated. Five-coordinate Al complexes with
PDI? ligands also have one Cim-Nim double and one Cim-Nim
single bond whereas 1 - 5 have near equivalent Cim-Nim
bond lengths on each side of the molecule: as an example, in
3 and 5 those bond lengths are 1.375(7)/1.374(7) and
1.368(6)/1.374(6) A, respectively (Cim and Nim are the C and
N atoms of the ligand imine functional group). In 6 and 7
with neutral PDI ligands those Cim-Nim bond lengths are
shorter than in 1 - 5 which reflect the lower occupancy of
the Cim-Nim * orbital (Figure S6). All of these observations

are consistent with aromaticity providing an energetic pref-
erence for the unusual SP geometry.

An experimental probe of aromaticity. It is well-estab-
lished for organic molecules that the ring current generated
by an aromatic electronic structure causes a downfield
chemical shift in the proton NMR spectrum for the protons
bonded to carbon atoms of the aromatic ring. To observe ev-
idence of a ring-current effect in a metal-containing aro-
matic compound can be difficult because the magnitude of
the deshielding effect is usually small, and because the non-
aromatic analog of the molecule is synthetically inaccessi-
ble. For these reasons, there is a heavy reliance on density
functional theory (DFT), and canonical molecular orbital
(CMO) nucleus-independent chemical shift (NICS),>* har-
monic oscillator model of aromaticity (HOMA),?* and ani-
sotropy of the current-induced density (ACID) computa-
tions,?> when making assignments of aromaticity for metal-
containing ring systems.

To explore a simple experimental method for determina-
tion of aromaticity we probed the NMR chemical shifts of
one pyridyl proton (denoted as Hpy in Chart 1) in 1 - 5 over
aseries of five-coordinate Al and Ga complexes where a fifth
ligand was added (denoted as Y in Chart 1) and its Lewis
basicity varied over a range of donicity values (-AH®sr3).>
We reasoned that a plot of 6(Hry) vs. -AH®gr3 could be extrap-
olated to obtain an estimated chemical shift for a SP com-
plex coordinated to a theoretical Lewis base of donicity 0
kJ/mol: this value of d(Hpy) is equivalent to the theoretical
chemical shift of the non-aromatic SP analogs of 1 - 5.In a
typical experiment, one of 1 - 5 was mixed with 1 equiva-
lent of Lewis base in 0.4 mL of CsDs and the solution was
stirred for 30 min before the proton NMR spectrum was col-
lected. If an equilibrium between 1 - 5 and a Lewis base
formed it would appear as a single average resonance and
so we also collected NIR spectra of each solution in order to
establish whether complete conversion to the five-coordi-
nate adduct had occurred (Table S5, S6, Figures S3, S7-S14).
In just a few cases, up to 50 equivalents of Lewis base was
added before quantitative conversion to the solvated ad-
duct was observed (Tables 2, S7 - S9, Figure S15).

Table 2. PDI pyridyl proton NMR chemical shifts, 6(Hpy),
for 3 and 3-base as a function of base donicity, -AH®grs.

3-base -AHgE3 &Hpy)  "H NMR spectrum
(kJimol)  (ppm)  of H,,
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N\
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1

o
_~=N 60.95 546 *-—J!L_
—=N 6039 546

|
PhSN 5544 5.50 N
3 only 508 I

B A S
60 58 56 54 ppm




Chemical reaction of 1 and 4 with most of the Lewis bases
employed precluded an estimation of Ad, and those reactions
of Group 13 hydrido complexes, 1 and 4, with various nitriles
and pyridines are consistent with prior reports.?”?® Complexes
2 and 3 readily formed five-coordinate adducts with Lewis
bases having -AH°pr3 spanning 60 - 130 kJ/mol (Figures
S13, S14). The plot of J(Hry) vs. -AH®gr3 for each compound
was fit with a straight line that passes through -AH®gr3 = 0 at
5.71 and 5.57 ppm for 2 and 3, respectively (Figure 2). SP 2
and 3 have J(Hry) of 5.93 and 5.98 ppm, respectively and
therefore, the downfield chemical shift induced by the ring
current in 2 and 3 is estimated as Ad = 0.22 and 0.41 ppm,
respectively. This small shift is in agreement with small
NICS values for the pyridyl ring in 1 that were calculated in
theoretical studies of SP Al complexes.!8® If there is a minor
error introduced by sub-quantitative conversion to the
solvated adduct of 2 or 3 in any data point it would result in
a very small under-estimation of the ring current effect. Po-
tential effects on NMR chemical shift caused by small
changes in metal coordination sphere are likely accounted
for in the correlation line but should not be completely dis-
counted or forgotten.

621 — (PDI2)AICI (2)

. — (PDIZ)AII (3)

* %

58 4

H,p, 6 (PPM)

(') 2'0 4'0 6'0 8'0 1 ('JO 1 éO 14'1-0
-AH°g 4 (kJ/mol)

Figure 2. Plot of 6(Hpy) vs. -AH®gr3 for 2 (red), 3 (black), and 5
(blue). Each data point was obtained from a solution of 2, 3, or
5 with a Lewis base (Tables S6-S8, Figures S12, S13). Stars (*)
represent experimentally determined S(Hpy) for SP 2, red R2 =
0.98; and 3, black Rz = 0.81.

The combined proton NMR and NIR spectroscopic exper-
iments used to probe the dependence of 6(Hry) on -AH®gr3
for 5 showed that it interacts with only the most donating
bases that have -AH®sr3 > 120 k] /mol (Figure S14). Further,
50 equivalents of py were added to a solution of 5 in ben-
zene before a near-quantitative conversion to 5-py was ob-
served (Figure S15). Based on these data we were unable to
estimate the ring current effect on chemical shift, Ad(Hry),
for 5. A comparison of the Hpy NMR chemical shifts for 2,
2-py, 5 and 5-py shows that the downfield chemical shift ob-
served for SP 2 and 5 relative to 2-py and 5-py is 0.62 and
0.70 ppm, respectively (Figure 2, Tables S6-59): this obser-
vation is consistent with, although not proof of, enhanced
aromaticity in 5 relative to 2. Prior theoretical work on alu-
minepin and gallepin has shown that the Ga analog has a
greater aromatic character that corresponds to a lower
driving force for gallepin to bind solvent molecules,'#® and
prior theoretical work on 1 and 4 predicted greater aro-
matic character for 4.17° These observations suggest that

the analysis method we have presented for estimating aro-
matic chemical shifts, may not be useful in cases where a
large energetic stabilization is derived from the aromaticity.

We also reasoned that the Lewis acidity of the Al and Ga
centers in 1 - 5 should be lower than expected for non-aro-
matic Al(III) and Ga(Ill) complexes. To benchmark the
Lewis acidity of 1 - 5 against other known Lewis acidic com-
pounds we monitored the 3P NMR chemical shift of EtsPO
in the presence of 1 - 5, as others have done.?’ All of the 31P
NMR resonances were observed between 68.8 and 70.7
ppm, except for 3 for which the data were discarded since a
reaction was observed (Table 1, Figure S16). This data
shows that the Lewis acidity does not change much across
1 - 5, and that the Lewis acidity decreases in the order 2 2
4 > 1 = 5 which does not reflect the expectation that Al(III)
complexes are more Lewis acidic than Ga(III) complexes. In
previous reports, four- and three-coordinate Al complex ad-
ducts with EtsPO have been characterized with 3P NMR
chemical shifts observed at 83.4 and 81.5 ppm, respec-
tively.3%3! The observations made herein are consistent
with significant ligand-metal charge transfer character and
an aromatic electronic structure which lowers the Lewis
acidity of 1 - 5 relative to other known three- and four-co-
ordinate Al compounds.

The aromatic electronic structure model for 1 - 5 can also
be used to rationalize the reactivity properties of Group 13
complexes of PDI: these reactivity properties alone are not
confirmation of aromaticity. For example, addition of acids
(pKa values 5 - 24) to 1 protonates a ligand N-donor atom
and does not react with the hydrido ligand to produce Hz
(Scheme 2).1° This reactivity may be attributable to the aro-
matic character of 1 since increased nucleophilicity of the
ligand chelate ring would promote the ligand protonation,
and aromatic character on the Al center should lower the
hydricity of the hydrido ligand. Reports of other Group 13
hydrido complexes confirm that Al- and Ga-hydrides gener-
ally display facile reactions with weak acids to liberate H:
even when those complexes contain anionic N-donor lig-
ands.>? Protonation of 2 also has been shown to occur at the
ligand amido donor, although in that case there is no com-
peting Al-hydrido which “should” be protonated.5®

Scheme 2. Summary of previously reported reactions of
1 with aniline.’® Ph = phenyl, Ar = diisopropylphenyl.

Ph A Ph A

—/N N-Ph _/N N-Ph

( N—AZy  HaNPh N—AZ N o
NN N/ :
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Analogous experiments were performed with 4 and 5:
one equivalent of aniline was added to a benzene solution
of each compound, and the solution turned bright blue from
a dark brown color. The observed color change exactly par-
allels the changes observed when 1 and 2 were protonated
at the ligand and suggests that the same reaction has



occurred here: we were unable to crystallize these com-
pounds or to isolate pure samples. Characterization using
proton NMR spectroscopy suggested that an equilibrium
protonation of the amido N-atom precludes isolation of the
products (Figure S17-S19).

The reactivity and spectroscopic properties of d-block
PDI complexes are more varied and generally do not sup-
port their assignment as aromatic. Using Fe complexes of
PDI? as examples, there are five known SP compounds:
Li[(PDI>)FeMe],? (PDI2)Fe(DMAP),* (PDI
)FeN,CHSi(CHs)s,*  (PDI?)Fe(n*-1,3-butadiene),’® and
(PDIZ)Fe(n3-hex-1-en-6-y1).” In general, antiferromagnetic
coupling between ligand radicals and unpaired electrons on
the Fe center is observed, and this must be a lower energy
structure which is not available to Group 13 complexes. We
conclude that the reactivity and electronic properties of
Group 13 PDI complexes and those of d-block elements is
distinct as a result of the differences in their electronic
structures.

In conclusion, examples of SP Ga(Ill) complexes are re-
ported and their aromatic character is examined. The aro-
matic character is manifested in downfield chemical shifts
of the ligand proton NMR resonances. We further demon-
strated that proton NMR experiments performed with 2,
and 3, and a series of Lewis bases with varied donicity can
be employed to probe the chemical shift caused by deshield-
ing of protons by ring-current: this is a potentially general
and very simple experimental probe of metalloaromaticity.
In cases where chemical reactions occur with the donor
Lewis base, or in cases where aromatic stabilization is large
so that donors do not bind the metal then this method may
not be useful. Low energy LMCT bands observed using NIR
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(Ar=2,6-I Pr2C¢Hs3): A Stable Aluminum Analogue of a Carbene. An-
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spectroscopy further support the model where ligand elec-
tron density is shared with the Al and Ga centers. The aro-
matic electronic structure model has aided in rationaliza-
tion of the observed geometric, electronic, and reactivity
properties of 1 - 5, and will aid with future efforts to de-
velop and predict the chemistry and reactivity of Group 13
PDI complexes.
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