Inorganic Chemistry

pubs.acs.org/IC

Addressing the Chemical Sorcery of “Gal”: Benefits of Solid-State
Analysis Aiding in the Synthesis of P—~Ga Coordination Compounds

Brian J. Malbrecht, Jonathan W. Dube, Mathew ]. Willans, and Paul J. Ragogna*

The Department of Chemistry and The Centre for Advanced Materials and Biomaterials Research (CAMBR), The University of
Western Ontario, 1151 Richmond Street, London, Ontario N6A 5B7, Canada

© Supporting Information

ABSTRACT: The differing structures and reactivities of “Gal”
samples prepared with different reaction times have been
investigated in detail. Analysis by FT-Raman spectroscopy,
powder X-ray diffraction, "’Ga solid-state NMR spectroscopy,
and I nuclear quadrupole resonance (NQR) provides
concrete evidence for the structure of each “Gal” sample
prepared. These techniques are widely accessible and can be
implemented quickly and easily to identify the nature of the
“Gal” in hand. The “Gal” prepared from exhaustive reaction
times (100 min) is shown to possess Ga,l; and an overall
formula of [Ga"],[Ga*],[Ga,Is*"], while the “Gal” prepared
with the shortest reaction time (40 min) contains Gal, and has
the overall formula [Ga’],[Ga*][Gal,”]. Intermediate “Gal”

samples were consistently shown to be fractionally composed
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distinguishable phases. These “Gal” phases were then shown to give unique products upon reactions with the anionic
bis(phosphino)borate ligand class. The reaction of the early-phase “Gal” gives rise to a unique phosphine Ga(Il) dimeric
coordination compound (3), which was isolated reproducibly in 48% yield and convincingly characterized. A base-stabilized
Gal— Gal; fragment (4) was also isolated using the late-phase “Gal” and characterized by multinuclear NMR spectroscopy and
X-ray crystallography. These compounds can be considered unique examples of low-oxidation-state P—Ga coordination
compounds and possess relatively long Ga—P bond lengths in the solid-state structures. The anionic borate backbone therefore
results in interesting architectures about gallium that have not been observed with neutral phosphines.

B INTRODUCTION

Modern research in synthetic main-group chemistry frequently
focuses on the synthesis of compounds that possess multiple
bonds or are coordinatively unsaturated. Many of the resulting
coordination complexes have been shown to possess the
coordination space and accessible electronic structure that
allows them to perform roles traditionally associated with
transition metals."”> The synthesis of low-valent gallium
complexes is interesting for their unusual bonding environ-
ments (A; Figure 1) and for their potential in bond activation
and catalysis. To this end, N-heterocyclic Ga(I) compounds (B,
C) have been synthesized and shown to serve as suitable
ligands for both p- and d-block elements.>'* The structure and
bonding of a unique series of base-stabilized cationic gallium(I)
compounds have also been recently reported by Krossing and
co-workers (D)."7*° Ga(II) complexes typically feature a Ga—
Ga bond, and one dimer in particular (E) has been shown to
catalyze the hydroamination of phenylacetylene.*** This
reactivity constitutes a rare example of an organic C—N bond
forming reaction catalyzed by a purely main group coordination
compound and highlights the potential of low-valent gallium
compounds to have an effect beyond the field of coordination
chemistry.”>>*
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In most cases, the synthesis of low-valent gallium compounds
begins with the Ga(I) synthon “Gal”.** While the synthesis of
“Gal” has been well established,>**” there has been some recent
debate regarding the true composition of this reagent. A report
by Coban has been commonly cited as assigning “Gal” to have
the dominant composition Ga,l; (in the solid state:
[Ga*],[Ga,l4]*") with the possible presence of other gallium
subiodides.”® However, this report is inaccessible, which makes
data comparisons and analysis impossible. Contradicting the
Coban proposal is a solid-state NMR (ssNMR) investigation by
Bryce and co-workers which has recently suggested that “Gal”
is best assigned as [Ga’],[Ga][Gal,]” (where [Ga]*[Gal,]™ is
also described as Gal,).*” To attempt to resolve this
discrepancy and to provide the necessary data for stand-
ardization of the “Gal” synthesis across different laboratories,
we undertook a full characterization of “Gal” samples at several
different stages of its preparation. Analysis by numerous
techniques—including FT-Raman spectroscopy, "'Ga solid-
state NMR spectroscopy (ssNMR), '*I nuclear quadrupole
resonance (NQR), and powder X-ray diffraction (pXRD)—
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Figure 1. Selection of neutral and charged low-valent gallium(I) compounds (A—D), a gallium(II) compound that catalyzes hydroamination
reactions (E), gallium—phosphine coordination compounds isolated from “Gal” (F—H), and compounds reported in this work (3—S5).
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Figure 2. Raman spectra of “Gal” as a function of reaction time: from top to bottom 40, 60, 80, and 100 min. Insets show toluene suspensions of the

“Gal” solids that correspond to the Raman spectra.

revealed that “Gal” can be controllably synthesized in two
different phases. An “early” gray phase is the first to be formed
during synthesis of “Gal”, followed by a “late” green phase that
represents the true end point of the “Gal” synthesis.
Intermediate phases containing a mixture of the early and
late phases were also isolated and identified.

Having isolated and characterized these different phases of
“Gal”, we additionally wished to demonstrate their variable
utility in the synthesis of low-valent gallium species. While the
preparation and reactivity of low-valent gallium complexes with
anionic nitrogen-based chelates have been well explored, the
coordination chemistry available from phosphorus chelates is
relatively unknown.**~*>* Consequently, we chose to explore
the reactivity of the different “Gal” phases with the
bis(phosphino)borate ligands established by Peters et al, as
they have been successfully utilized in stabilizing unique low-
coordinate transition-metal and main-group centers.>>~*" Using
these ligands and the two distinctly different phases of “Gal”,
we were able to isolate complexes of Ga in all its known formal

oxidation states (Ga(I), Ga(II), and Ga(II)). To the best of
our knowledge, this is the first report that significantly different
gallium products can be isolated from different batches of
“Gal”. These structures differ both from those typically formed
with the anionic nitrogen chelates as well as those formed with
simple neutral, monodentate phosphines, and, consequently,
this report constitutes a novel expansion of the chemistry of
low-valent gallium.

B RESULTS AND DISCUSSION

Investigations into the Nature of “Gal”. The composi-
tion of “Gal” is thought to contain a variety of gallium
subiodides and also gallium metal. Information regarding
structure and Raman signatures of the gallium subiodides that
are of relevance to “Gal” is given below and is pertinent for the
following discussion.

(1) Gal,: alternatively written as Ga,l,, the bonding of Gal,
is best described by the formula [Ga*][Gal,”]. The Gal,™ anion
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Figure 3. Powder diffraction patterns of “Gal” as a function of reaction time:

of the Scotch tape used to prevent exposure of the sample to air.
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40 min (orange) and 100 min (green). The uneven baseline is a result

is in a distorted-tetrahedral geometry, with the Ga* cation being
weakly stabilized by eight iodide atoms in the unit cell.* It
crystallizes in the R3c space group, and its Raman spectrum
features a prominent signal at 143 cm™' and weaker signals at
214 and 235 cm™1.*®

(2) Ga,l;: alternatively written as Ga,ls, though the formula
[Ga*],[Ga,l*"] is a more descriptive representation of its
composition. The dianion [Ga,l*~], with gallium in the formal
Ga(Il) oxidation state, possesses a Ga—Ga bond with all Ga—I
bonds being terminal.** It crystallizes in the P2,/c space group,
and its Raman spectrum features a very strong absorption at
124 ecm™ with weaker absorptions occurring at 292, 186, and
79 cm™.*®

(3) Gal;: structurally exists, and is sometimes written, as
Ga,I with two bridging and four terminal iodine atoms and no
Ga—Ga bond. The gallium atom is formally Ga(III) and is thus
distinct from [Ga,Is*~]. We have obtained the Raman spectrum
of commercially available Gal; and observed very strong
absorption at 142 cm™ along with weaker signals at 267, 227,
194, 163, and 85 cm™L.

We prepared several batches of “Gal” using Green’s method
of sonicating from the elements, with the reaction being
stopped precisely after 40, 60, 80, and 100 min.”® It should be
noted that while the synthesis demonstrated a reasonably
reliable time course, care must be taken to ensure
reproducibility among reactions; changing the reaction vessel,
temperature, or amount of solvent can all have dramatic
influences on the rate of “Gal” conversion. The phases of “Gal”
synthesized here are stable for at least 1 year at —35 °C under
an inert atmosphere and showed no changes to the Raman
spectra or reactivity. However, early or gray phases will begin to
show a slight green color over the course of 1 week if left at
room temperature under N,. We are not certain how long this
transition would require to achieve complete conversion to the
exhaustively sonicated (green) phase, though the conversion
may be easily identified using the techniques described below.
Both phases are highly air sensitive, decomposing in minutes in
an open atmosphere. Sonication for longer reaction times
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under the standard conditions gave a green powder with
characteristics identical with those of the 100 min sample.

As the gallium subiodides have been most thoroughly
characterized by Raman spectroscopy,™™* this was a logical
entry point into the characterization of our different “Gal”
samples. The synthesis of “Gal” initially yields a product with a
strong absorption in the Raman spectrum at 141 cm™
accompanied by weaker absorptions at 230 and 85 cm™
(Figure 2). As the reaction is extended for longer times, the
absorptions at 230 and 141 cm™" diminish and are replaced by a
strong absorption at 124 cm™' and weaker absorptions at 292
and 188 cm™". There was also a corresponding color change in
the produced powder from light gray to green (authentic “Gal”
is generally referred to as “green”). Comparison of the
vibrations observed in the Raman spectrum for the phases of
“Gal” to literature values for gallium subiodides suggests that
Gal, ([Ga*][Gal,"]) is the dominant gallium jodide present in
the early stage “Gal”, while in the late-stage “Gal” Ga,l;
([Ga*],[Ga,1¢*7]) is the main gallium iodide species present.*’
The resonances observed for the “Gal” samples also strongly
correlate with the Raman spectra of salts containing the
relevant Gal,” and Ga,I*~ anions.** >° While some peaks for
Gal; do overlap with those of Gal,, the complete spectra are
quite distinct and do not match either phase prepared here.

To corroborate this proposal, the powder X-ray diffraction
(pXRD) patterns of our 40 and 100 min “Gal” samples were
obtained. The powders do not diffract strongly; however, the
observed patterns are quite distinct (Figure 3). Comparison of
the pXRD patterns obtained for the two pure phases prepared
by us to the literature patterns for pure Gal, and Ga,]l; indicates
the expected trend; the early-phase “Gal” resembles Gal,, while
the late-phase “Gal” resembles Ga,l; (Figures S-8 and S-9 in
the Supporting Information).**

Therefore, on the basis of data obtained by Raman
spectroscopy, by powder diffraction, and by application of
mass and charge balance, we propose that the early-stage “Gal”
sample is largely composed of [Ga®],[Ga*][Gal,”] (simplified,
[Ga’],[Ga,L,]), while the late-stage “Gal” sample has the

1
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composition [Ga®],[Ga*],[Ga,I¢*"] (simplified,
[Ga®],[Gayle)).

We further characterized the early and late phases of “Gal”
using "?’I nuclear quadropole resonance (NQR) spectroscopy
to confirm our proposal and also identify if minor quantities of
other gallium subiodides were present.”’ The frequencies of the
I NQR peaks obtained for the early-stage (40 min) and late-
stage (100 min) “Gal” samples are summarized in Table 1 and

Table 1. '*I NQR Frequencies for the Early- and Late-Stage
“Gal” Samples”

7] NQR freq (MHz)

sample site 1 site 2 site 3 site 4 ref
early-stage “Gal”  113.69  132.04  134.39 163.71  this study
late-stage “Gal” 106.35 107.83 123.54 this study
Gal, 113.65 131.94 134.27 163.71 52
Galy 133.69 173.65 174.59 53

“Frequency of the m; = +1/2 <> +3/2 transition at room temperature.

the spectra are shown in Figure 4. For the early stage “Gal”
sample, peaks were observed at four distinct frequencies:
113.69, 132.04, 134.39, and 163.71 MHz. These values are in
excellent agreement with those obtained from the previous '*'I
NQR study of Gal,.** To verify that no Gals was present, we
performed '*’I NQR experiments at the known Gal,

(a) (b)

v=113.69 MHz v =106.35 MHz

~
b

~rrTrrrTrTTr T T T T T 7T
200 100 O -100 -200 200 100 O -100 -200

v=132.04 MHz v =107.82 MHz

_
>

T-TTT T T
200 100 0 -100 -200 200 100 0 -100 -200

v =134.40 MHz v =123.54 MHz

T L L
0 -100 -200 200 100 O -100 -200

v=163.74 MHz v/ kHz

r T T T
200 100 0 -100 -200

v/ kHz

Figure 4. Experimental '*’I NQR spectra of (a) the four unique I sites
in the early-stage “Gal” (40 min) and (b) the three unique sites in the
late-stage “Gal” (100 min).

frequencies and no signal was observed.”> For the late-stage
“Gal” sample, an exhaustive search led to the observation of
peaks at three distinct frequencies—106.35, 107.83, and 123.54
MHz—and no signal was obtained using the transmitter
frequencies where NQR peaks were observed for either Gal, or
Gal; (Figure 4). The observation of three distinct peaks is
consistent with the assignment of late-stage “Gal” as Ga,l;,
which has three crystallographically unique I atoms in its solid-
state structure. The ">’ NQR data are therefore consistent with
the previously discussed methods and also confirm that the
early- and late-stage “Gal” phases contain only one gallium
subiodide component.

The 7'Ga ssNMR spectra of our “Gal” samples were
obtained to provide a direct comparison to the work of Bryce
and co-workers.” The 7'Ga ssNMR spectra of early-stage “Gal”
(40 min), which from the above characterization methods we
believe to be Gal,, acquired at two different magnetic fields are
presented in Figure 5, while the NMR spectroscopic parameters
and relative amounts are summarized in Table 2. The "'Ga
ssNMR spectra feature a sharp, strongly deshielded peak at
4484 ppm, which has been previously assigned to Ga metal
([Ga®]),” and a broad powder pattern centered at about —400
ppm. The 7'Ga powder pattern is actually a convolution of two
unique powder patterns arising from two unique Ga sites within
the sample: one from the [Gal,”] component and the other
from the [Ga*] component. As shown in Figure S, each of these
sites can be independently simulated and the experimental
spectrum is effectively simulated by summing the two unique
Ga subspectra in a 1:1 ratio. The simulation reveals that one of
the Ga sites has a chemical shift of =511 ppm, a relatively small
Cq value of 1.81 MHz, and a CSA value of 85 ppm, thus giving
rise to a relatively narrow powder pattern. The other site has a
similar CSA value (80 ppm) but is significantly deshielded with
respect to site 2 (6("'Ga) —335 ppm) and has a significantly
larger Cq value of 7.1 MHz and thus a much broader powder
pattern for this site. Past liquid NMR studies have shown that
the 7'Ga chemical shift of [Gal,”] varies from —505 to —450
ppm.*® Therefore, the early-stage site 1 peak, which has a shift
of =511 ppm and relatively small Cq value, can be assigned to
the [Gal, "] site within Gal, and the [Ga™] site assigned to the
broader NMR site that has a chemical shift of —335 ppm.

The 7'Ga NMR spectrum of the late-stage “Gal” (100 min)
sample, which we believe to contain Ga,l;, is presented at the
bottom of Figure 6. Similar to the "'Ga ssNMR spectrum of the
early stage sample, there is a heavily deshielded peak at 4484
ppm, which corresponds to the [Ga°] site, and a powder
pattern at about —400 ppm. The shape of the powder pattern
of the late-stage sample is, however, very different from that of
the early-stage sample. Even though there should be two Ga
sites in Ga,l;—the [Ga'] site and the single Ga site in the
[Ga,I*”] dimer—the powder pattern obtained for the late-
stage sample could be simulated using only one Ga site. The
parameters obtained for this site are summarized in Table 2 and
are similar to those previously determined for “Gal”.*

The "'Ga NMR spectra of the intermediate-stage (60 and 80
min) “Gal” samples are presented in Figure 6. Similar to the
case for the early-stage and late-stage samples, the intermediate-
stage samples have a strong, deshielded peak at 4484 ppm and a
powder pattern centered at about —400 ppm. The powder
pattern is a convolution of the Gal, sites and the Ga,]j; site, and
as the reaction time increases, the relative amounts of the Gal,
sites decrease with respect to the Ga,]; site. For example, at 60
min, the ratio of Gal, sites 1 and 2 to Ga,l; is 1:1:0.3, but at 80
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Figure 5. Experimental and simulated stationary sample solid-state ”'Ga NMR spectra of the early-stage “Gal” (40 min) sample, acquired at (a) B, =
9.04T and (b) B, = 14.1 T. The experimental spectrum is composed of two subspectra from the two distinct Ga sites within the sample. Each
subpectrum has been simulated and then summed together in a 1:1 ratio to form the complete simulation. Inset: a strongly deshielded "'Ga peak is
also observed at both magnetic field strengths.

Table 2. 7'Ga Solid-State NMR Parameters for the Observed Ga Sites

site

deshielded peak,”

early stage site 1, Gal,/

early stage site 2, Gal,/
[Ga"]

late-stage site 1, Ga,l;/ late-stage site 2,7 Ga,l,/

Ga° Gal,”] [Ga*] [Ga 1]
Parameters
S0 (ppm) 4484.6(3) —511(2) —335(5) —425(3) 15(5)
K ~03(1) +1 ~0.07(7)
Q (ppm) 85(5) 80(30) 145(10)
Cq (MHz) 1.81(5) 7.1(3) 3.1(1) 25(1)
nq 1 0.38(5) 1 0.05(5)
a (deg) 0 0 41(10)
B (deg) 70(5) 0 132(5)
7 (deg) 0 0 24(10)
Ratio of Ga Sites

reaction time

40 min present 1 1 0

60 min present 1 1 0.3(1)

80 min present 1 1 1.3(5)

100 present 0 0 1 present

min

“Due to the large chemical shift difference between the Ga°® peak and the remaining sites, it was difficult to determine the relative amounts of these
sites with a high degree of accuracy. For example, for the late-stage (100 min) sample, depending on how the 7'Ga NMR spectrum was acquired, the
ratio of the Ga’ site to the Ga,l, site 1 was as low as 0.25 to as high as 1.2. *Due to the large breadth of this site’s powder pattern, we were unable to

determine CSA parameters and also the amount of this site relative to those of the other sites in Gal, and Ga,l;.

min, the ratio is now 1:1:1.3. Using these ratios, the 71Ga NMR
spectra of the 60 and 80 min samples can be simulated. This
transition from Gal, to Ga,l; was also observed in the FT-
Raman spectra of the four samples; however, the relative
amounts cannot be quantified using Raman spectroscopy, while
they can be using ssNMR spectroscopy.

As mentioned above, it was surprising that for the late-stage
“Gal” sample, which has been shown to possess Ga,l;, only one
Ga site was observed even though there are two distinct Ga
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sites in GayI;.** A closer examination of the 7'Ga ssNMR
spectrum of Ga,l; revealed several small bumps in the baseline,
which we originally assumed were simply artifacts. To be
certain, the "'Ga ssNMR spectrum of Ga,l; was reacquired
using a quadrupolar Carr—Purcell-Meiboom—Gill
(QCPMG)*® experiment combined with WURST pulses.57
Using these approaches, we were able to obtain the 7'Ga NMR
spectrum of the second Ga site within Ga,l; (Figure 7). The
powder pattern for this site is extremely broad, over 700 kHz at

dx.doi.org/10.1021/ic501139w | Inorg. Chem. 2014, 53, 9644—9656
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Figure 6. Experimental and simulated stationary sample solid-state ”’Ga NMR spectra of the “Gal” early-stage (40 min), intermediate-stage (60 and
80 min), and late-stage (100 min) samples acquired at (a) By = 9.04 T and (b) B, = 14.1 T. The displayed region of the spectrum of the early-stage
sample was simulated using two distinct Ga sites that correspond to the [Ga*] and [Gal,”] environments in Gal,. In the displayed region of the late-
stage sample, which we know to be Ga,1;, only one of its [Ga*] and [Ga,I>~] Ga sites give rise to an observable NMR signal. The simulated spectra
of the intermediate-stage samples are convolutions of the spectra of Gal, and Ga,l;, where the relative amount of Gal, decreases with respect to that

of Ga,l; as the reaction time increases.

By = 94 T, in comparison to the other Ga site in Ga,l; and
either Ga site in Gal,. The 'Ga Cq value of this second Ga,l,
site is 25 MHz, while for the first site the C, value was only 3.1
MHz. The massive difference in the breadths of the two powder
patterns has two consequences. The first is that the intensity of
site 2 is very weak in comparison to that of the much narrower
site 1, and as a result the signal from site 2 was simply lost in
the baseline of the spin—echo NMR spectra. The second is that
it is not possible to accurately determine the relative amounts
of the two Ga sites present in the late-stage “Gal” sample.

In addition to having a significant difference in Cq, values, the
chemical shifts also differ significantly between the two sites:
—425 ppm for the first site, in comparison to +15 ppm for the
second site. Thus, the first site in Ga,l; has a Cq value and
chemical shift that are comparable to the values for the two
sites found in Gal, whereas the second site in Ga,l; has
significantly different Cq and chemical shift values. From this, a
tentative assignment of the NMR sites to the two Ga sites in
Ga,l; can be made. In Ga,l;, there is a [Ga*] similar to that
found in Gal,, plus a [Ga,Is*~] dimer that is unique to Ga,I;. It
would be expected that the NMR spectroscopic parameters for
the [Ga*] site in Ga,l; would be similar to those observed for
the [Ga*] site in Gal,. From this, we assign the first NMR site
in Ga,I; to [Ga*]. The second NMR site in Ga,]; is thus the
[Ga,I*"] dimer, where each Ga in the dimer sits in the center

9649

of a distorted I;—Ga—Ga tetrahedron. Of the two “Gal”
samples, this is the only Ga site where the nearest neighbor
atoms are not all I. When Gal,” is considered, it is well-known
that as the I atoms are replaced by other atoms the "'Ga
chemical shift becomes more deshielded.’® For example, the
"'Ga chemical shift of [Gal,”] in CH,CI, is —455 ppm and
increases to —310 ppm for [GaBrl;”] and to —235 ppm for
[GaCll,"].> Therefore, it is not surprising that the [Ga,ls*”]
dimer site in Ga,I; has a unique chemical shift value in
comparison to the other Ga sites in Ga,l; and Gal,.

There exists a curious disagreement between the I NQR
data and "'Ga solid-state NMR data acquired in our study
versus those acquired in the study by Bryce and co-workers.”
The 7'Ga solid-state NMR parameters for our late-stage “Gal’,
which we have assigned to Ga,l;, match the "'Ga ssNMR
parameters determined by Bryce and co-workers for their “Gal”
sample. However, for their “Gal” sample, they reported '*’I
NQR frequencies of 113.69, 132.03, and 134.375 MHz and
thus assigned their compound to be Gal, (or more formally
[Ga"],[Ga]*[Gal,]™).”” For our late-stage “Gal” sample, no '*'I
NQR signals were obtained at those frequencies. These known
I NQR frequencies for Gal, were present in our early-stage
“Gal”, although the solid-state "'Ga ssNMR parameters for that
“Gal” sample do not match those determined by Bryce and co-

dx.doi.org/10.1021/ic501139w | Inorg. Chem. 2014, 53, 9644—9656
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Figure 7. Experimental and simulated stationary sample solid-state
WURST QCPMG 7'Ga NMR spectra of late-stage (100 min) “Gal”
acquired at By = 9.04 T: (a) experimental spectrum, with the vertical
scale normalized to the height of the site 1 peaks; (b) spectrum with
the vertical scale increased to emphasize the second, broader Ga site;
(c) simulated spectrum of the second Ga site.

workers. We do not propose an explanation for this
discrepancy, although we do note that, when performing the
271 NQR, we performed "Ga ssNMR both before the NQR
experiments and after the NQR experiments to verify the
composition of the sample.

In summary, the results obtained from Raman spectroscopy,
I'* NQR spectroscopy, "'Ga ssNMR spectroscopy, and pXRD
are self-consistent and indicate that the initial phase of “Gal”
obtained in Green’s synthesis is [Ga’],[Ga*][Gal, ], while the
late phase of “Gal” is [Ga’],[Ga'],[Ga,l*"]. These reagents

are controllably synthesized and can be stored for long periods
of time, and their identity is quickly confirmed using common
solid-state techniques.

Reactions of Bis(phosphino)borate Ligands with
“Gal”. Having obtained and characterized “Gal” phases of
differing structural composition, we wished to determine
whether or not each phase possessed a unique reactivity.
Consequently, we attempted the 1:2 stoichiometric reaction of
TI[Ph,B(CH,PPh,),] (1)** with early “Gal” in both THF and
benzene solutions (Scheme 1). Upon mixing the rapid
precipitation of an orange powder was observed, consistent
with the elimination of TII. Phosphorus-31 NMR spectroscopy
of the reaction mixture showed a dramatic transition from a
broad doublet that characterizes the free ligand (8p 52.6, 'Jr_p
= 4166 Hz) to several sharp resonances below &p 0, with the
most significant occurring as a singlet (§, —1.8 in THF).
Structural characterization of this product was achieved from X-
ray diffraction analysis of single crystals grown by vapor
diffusion of pentane into a THF solution of the purified
powder. Modeling of the X-ray data indicates that the product
is a Ga(II) dimer featuring a formally dicationic Ga,l, fragment
3).

The reaction was then repeated, varying only the batch of
“Gal” that was employed. Monitoring the resulting reaction
mixtures by *P{'H} NMR spectroscopy (Figure 8, left)
demonstrated that each “Gal” unique combination of early and
late “Gal” phases produced different mixtures of products.
Aside from 3, these products proved difficult to isolate, and to
date we have not been able to isolate and characterize any other
species in these reaction mixtures. Therefore, it was decided to
employ a related bis(phosphino)borate, [Li-
(THF),(P'Pr,CH,),BPh,] (2),** in the hope of obtaining
more tractable product mixtures (Scheme 1). The reaction of 2
with the different batches of “Gal” in THF gave a new set of
unique product mixtures (Figure 8, right). X-ray-quality crystals
grown from the reaction with early “Gal” yielded the solid-state
structure of 4 (6, 15 in THF), the structural analog of 3,
though we were unable to isolate this product cleanly in bulk.
An additional product, as determined by *'P{'H} NMR
spectroscopy (8p 14 in THF), was isolated as a white powder
from the reaction mixture involving the late “Gal” (100 min).
The '"H NMR data revealed an asymmetric ligand environment
and a substantial amount of THF, even after prolonged drying.
Single crystals of this product that were suitable for X-ray
diffraction were grown by vapor diffusion of pentane into a
THEF solution of the purified powder. Analysis of the resulting
X-ray diffraction data revealed the product to be 5 (Scheme 1),
a lithium—THF salt involving a {Ga,],} bis(phosphino)borate

Scheme 1. Synthesis of Dimeric (3, 4) Ga,I, Gallium—Phosphorus Coordination Compounds and the Unusual Base-Stabilized
Ga,l, Fragment (5) Isolated from the Reaction of Bis(phosphino)borate Ligands (1, 2) with Different “Gal” Samples

J
2 "Gal" Naasl TR ThE
LI
Iate_::?se I;Ga/\ THF & "THE
R,P PR,
10 min, RT K(g
Ph Ph
5, R =Pr; 28%

Ph, _Ph
2 "Gal"

RP_ PR, early phase M®

| Ga THF RP”

~,

et 10 min, RT \B\

RP PRy Ph" "Ph

N

Pr Ph 1, R=Ph,M=TI
2; R =Pr, M = Li(THF),
3; R =Ph; 48%

4, R=Pr

dx.doi.org/10.1021/ic501139w | Inorg. Chem. 2014, 53, 9644—9656



Inorganic Chemistry

1 +“Gal” 40 min 3[ 2 + “Gal” 40 min 4
A e o o “‘}“. o A ) JLI A
1 + “Gal” 60 min J 2 + “Gal” 60 min
oMk A“l l ﬂ h .
1 +“Gal” 80 min J 2 + “Gal” 80 min
J . A A l l lk n JJ A .
1+ “Gal” 100 min 2 + “Gal” 100 min 5
" TS DU
20 16 12 8 6 4 2 0 -4 -8 -12 -18 -24 44 40 36 32 28 24 20 16 12 8 6 4 2 0

ppm

Figure 8. Effect of the type of “Gal” on the outcome of the reaction with the bis(phosphino)borate ligands 1 (left) and 2 (right). A stack plot of *'P
NMR spectra is shown, highlighting the range of products observed. Total reaction times for the preparation of the “Gal” used in each reaction are

noted adjacent to the relevant spectrum.
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Figure 9. Solid-state structures of the feature compounds 3—5 (from left to right, respectively). Ellipsoids are drawn at the 50% probability level, and
hydrogen atoms are removed for clarity. Selected metrical parameters are given in Table 4, while crystallographic details are given in Table §

anion. In contrast to the reactions with the thallium
bis(phosphino)borate 1, salt elimination does not occur and
the charge of the anionic gallium complex is balanced by a
lithium cation that possesses four THF molecules in its
coordination sphere.

To determine if the variable reactivity of the different “Gal”
phases would continue to hold across a range of reactions, we
chose to attempt the reaction of different “Gal” samples with
the p-diketiminate ligand Li{(NDippCMe),CH (6; Dipp =
C¢Hy'Pr,-2,6), to yield N-heterocyclic gallium species pre-
viously reported by Power et al.’® By treating 6 with 1.5
stoichiometric equivalents of “Gal” in benzene and stirring for 1
h, crude mixtures whose contents could be analyzed by 'H
NMR spectroscopy were obtained. Signals that are diagnostic of
Ga(I) and Ga(Ill) products for Ga{(NDippCMe),CH} (7)
and I,Ga{(NDippCMe),CH} (8), respectively, in addition to
some protonated ligand were observed (Figures S-34—S-40,
Supporting Information). For the early-phase “Gal” a fourth set
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of peaks consistent with a related complex are also observed.
We hypothesize that this compound may be indicative of a
Ga(Il) product, though we were unable to isolate and
characterize such a species (N-heterocyclic Ga(II) compounds
have precedent in the literature).>®® This would be consistent
with our observation that Ga(II) products are produced from
the early-phase “Gal” as well as literature reports of the
formation of Ga(Il) products from the reaction between Gal,
and simple donor ligands,®" ™% despite the formal Ga(I) and
Ga(1II) centers in the crystal structure.®* The increased ratio of
Ga(I) product for the late-phase “Gal” in comparison to the
early-phase “Gal” is potentially a result of the larger mole
percent of Ga* ions in the overall formula: 8.9% Ga* in the
early phase “Gal” ([Ga’],[Ga*][Gal,"]) and 11.8% Ga* in the
late-phase “Gal” ([Ga’],[Ga'],[Ga,I¢>"]). Obviously the
structure—reactivity relationship is affected by complex redox
and disproportionation reactions that are still not understood.
However, it is hoped that the correct assignment of the
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structure of different phases of “Gal” will provide some
measure of control in the synthesis of new low-valent gallium
compounds.

X-ray Crystallography. The solid-state structures of 3—S
are shown in Figure 9, while the X-ray parameters and relevant
bond distances and angles are given in Tables 4 and 3,

Table 4. Significant Metrical Parameters for 3—5%

3 4 5
Ga—P 2.401(2) 2.4239(14) 2.3906(15)
2.448(2) 2.4439(13) 2.4027(16)
2.4246(13)
2.4529(13)
Ga—Ga 2.4666(17) 2.4999(7) 2.4521(11)
Ga—I 2.5755(14) 2.6257(6) 2.6167(14)
2.6367(6) 2.6055(14)
2.6082(11)
2.6181(11)
P—Ga-P 92.98(7) 95.29(5) 96.92(5)
99.34(4)
I-Ga—Ga-1 0 97.85(2)

“Bond lengths are given in A and bond angles in deg.

respectively. The monomeric form of compound 3 sits on an
inversion center. The Ga—Ga bond length is 2.4666(17) A,
while the Ga—I bond length is 2.5755(14) A. The Ga—P bond

lengths are slightly different at 2.401(2) and 2.448(2) A and are
long in comparison to traditional Ga—P covalent bonds (cf.
2.31-2.37 A)%***% and comparable to those in compounds
that can be described as donor—acceptor complexes (cf. 2.40—
2.48 A).3%**% The P—Ga—P bond angle is fairly small at
92.98(7)°, while the I-Ga—Ga—TI torsion angle is 0° due to the
symmetry of the molecule. This structure may be compared to
a related Ga(Il) dimer isolated by Schndckel et al. which
consists of a {Ga,l,} fragment stabilized by two P(CH,CH,),
molecules.> The Ga—Ga, Ga—P, and Ga—I bond lengths are all
quite similar at 2.436(2), 2.414(3), and 2.58—2.59(1) A,
respectively. Compound 4, [(2)Ga,,(2)], has the same
phosphine-stabilized [Ga,I,]** core seen in 3; however, 4
adopts a different structural conformation than 3 with the I—
Ga—Ga-1I torsion angle being 97.85(2)° instead of perfectly
linear. As a result, the bis(phosphino)borate ligands are twisted
relative to each other, highlighting the unique structural
changes that can be observed by varying the substituents on
phosphorus. The Ga—Ga bond length and two Ga—I bond
lengths are 2.4999(7), 2.6257(6), and 2.6367(6) A, respec-
tively. The Ga—P bond lengths are again consistent with dative
bonds at 2.4239(14), 2.4439(13), 2.4246(13), and 2.4529(13)
A. The P—Ga—P bond angles are somewhat different at
95.29(5) and 99.34(4)°, a likely result of the flexibility of the
ligand framework. For compound S, [Li(THF),]*[(2)-
GalGal;]”, the Ga—Ga and two Ga—P bond lengths are
2.4521(11), 2.3906(15), and 2.4027(16) A, respectively. The

Table 5. X-ray Details for 3—5

3
formula
formula wt 1520.1
crystal dimens, mm

crystal color and habit colorless prism

crystal syst triclinic
space group PT

temp, K 150

a, A 12.644(3)
b, A 13.368(3)
¢ A 13.342(3)
a, deg 106.16(3)
f, deg 93.01(3)
7, deg 110.49(3)
v, A3 2014.1(7)
Z 1

F(000) 762

p, g/cm 1.253
A(Mo Ka), A 0.71073
U, cm’! 1.551
max 26 for data collection, deg 50.70
measd fraction of data 0.977

no. of rflns measd 22320
no. of rflns measd 7200
Roerge 0.0835
no. of rflns included in refinement 7200

no. of params in least squares 388

R1, wR2* 0.0626, 0.1401
R1, wR, (all data)® 0.1124, 0.1530
GOF“ 0.980

min, max peak heights on final AF map, e/A 1.796, —1.312

Cr6HesB,Ga,1,Py

0.065 X 0.080 x 0.110

4 S
Ce;HyoB,Ga,L,P, CH,BGa,1,LiO,P,
1443.27 1369.74
0.034 X 047 X 0.121 0.100 X 0.120 X 0.302
colorless needle colorless needle

monoclinic triclinic

P2,/n PI

150 150
10.4865(9) 11.109(2)
29.148(2) 15.256(3)
22.9354(18) 17.476 (4)
90 105.18(3)
100.284(2) 93.18(3)

90 104.20(3)
6897.7(10) 2748.2(10)

4 2

2956 1340

1.390 1.655

0.71073 0.71073

1.806 3.319

51.42 55.84

0.993 0.976

60725 23164

13067 12856

0.1278 0.0445

13067 12856

710 635

0.390, 0.0421 0.0491, 0.1091
0.1175, 0.0505 0.1107, 0.1313
0.706 1.038

0.578, —0.600 1.620, —1.760

“R1 = Y (IF| — IF))/YF,. wR2 = [ Y (w(E,} — E2)?*)/ Y. (wE,*) 1Y% GOF = [ Y (w(F,2 — F2)*)/((no. of rflns) — (no. of params))]"/2
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Ga—P bond lengths in § are nearly identical, and the average
distance is slightly less than that observed in 3. The Ga—I bond
distance for the {Gal} fragment is 2.6167(14) A, while those
for the {Gal;} fragment are 2.6055(14), 2.6082(11), and
2.6181(11) A. All four of these bond lengths are longer than
the Ga—I distance observed in 3. The P—Ga—P bond angle is
96.92(5)°, while the P—Ga—I bond angles are significantly
smaller (cf. 100—101°) than the P—Ga—Ga bond angles (cf.
121—126°). The Li—O bond lengths for the Li(THF), cation
are reasonably consistent, considering the inherent disorder of
the THF molecules and range from 1.90 to 1.94 A. The gallium
atoms in both 3 and 4 are in a distorted-tetrahedral geometry,
consistent with being four-coordinate and electronically
satisfied.

B CONCLUSIONS

By examining the composition of different “Gal” samples,
prepared by varying the sonication time, convincing new
structural insights regarding the appropriate assignment of
“Gal” were obtained. It was demonstrated through compre-
hensive solid-state characterization methods that Gal, is the
first gallium subiodide phase produced when using Green’s
method of sonication of the elements, followed by quantitative
conversion to Ga,l; over the course of the reaction. Gallium
metal is present in both phases to give an overall structural
composition of [Ga®],[Ga*][Gal,”] (simplified, [Ga’],[Ga,1,])
for the early-stage “Gal” and [Ga’],[Ga'],[Ga,I>"] (simplified,
[Ga"],[Ga,I¢]) for the late-stage “Gal”. The intermediate
phases contain a mixture of both extremes with no other
observable gallium iodine compounds (i.e. Gal,). These phases
are easily and reproducibly prepared by controlling the reaction
time, while the samples may be routinely analyzed by FT-
Raman spectroscopy and powder X-ray diffraction. In addition,
ssNMR and NQR spectroscopy may also be used to quickly
characterize, and identify, the “Gal” phase present after
synthesis. Gallium chemists can now use widely accessible
techniques to provide diagnostic information on the “Gal” they
have prepared and potentially gain a handle on the reactivity it
may exhibit. This is significant, as it was further demonstrated
that each unique composition possesses a unique reactivity
through the synthesis of gallium—phosphorus coordination
compounds. The zwitterionic Ga(II) dimers 3 and 4 feature a
formal “Ga,,**” core stabilized by the anionic bis(phosphino)-
borate ligands, while the product $ may be thought of as a
Lewis acid—base adduct between a bis(phosphino)borate-
stabilized {Gal} fragment and Gal; The synthetic results
underscore the importance of identifying the nature of the
“Gal” prepared to obtain consistent reactivity.

B EXPERIMENTAL SECTION

General Procedures. All inert atmosphere syntheses were
performed in a nitrogen-filled MBraun Labmaster 130 glovebox or
using standard Schlenk-line techniques unless otherwise stated. The
bis(phosphino)borates were prepared from the materials described
below by the literature procedures.>® Phenylmagnesium bromide (1 M
in THF), boron trichloride (1 M in heptane), methyllithium (1.6 M in
Et,0), chlorodiphenylphosphine, n-butyllithium (2 M in cyclohexane),
and diisopropylchlorophosphine were obtained from Sigma-Aldrich.
Dimethyltin dichloride, thallium(I) nitrate, and dimethyldiphenyltin
were obtained from Alfa Aesar. N,N,N',N’-Tetramethylethylenedi-
amine (TMEDA, obtained from Alfa Aesar) was stirred over NaOH,
distilled under vacuum, and stored in a Strauss flask under N,. All
other reagents were used as received. Both elemental gallium and
iodine were obtained from Sigma-Aldrich. Solvents were obtained
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from Caledon Laboratories and dried and deoxygenated in an MBraun
Atmosphere Controlled Solvent Purification System. Dried solvents
were collected under vacuum and stored as follows. Acetonitrile was
stored under a nitrogen atmosphere in Strauss flasks or in the glovebox
over 3 A molecular sieves. All other solvents were stored under a
nitrogen atmosphere in Strauss flasks or in the glovebox over 4 A
molecular sieves. All solvents used in NMR spectroscopy were
obtained from Cambridge Isotope Laboratories and dried with CaH,,
distilled under vacuum, and stored in the glovebox over 4 A molecular
sieves. Solution 'H, “C{'H}, ""B{'H}, and *'P{'"H} NMR spectra
were recorded on a Varian INOVA 400 MHz or a Varian INOVA 600
MHz spectrometer as noted (for the 400 MHz spectrometer, 'H
400.09 MHz,"'B{'H}128.23 MHz, “C{'H} 100.52 MHz, *P{'H}
161.82 MHz; for the 600 MHz spectrometer, 'H 599.5 MHz *C{'H}
150.78 MHz, *'P{'H} 242.89 MHz). All 'H and *C NMR samples
were referenced to the solvent signal relative to Si(CH,), (CDCL, 'H
8y 7.26, 3C 8¢ 77.16; CsDy, 'H 8y 7.16, PC{'H} 6 128.06; CD;CN,
H 6, 1.95, BC{*H} 6. 1.32, 118.26). Chemical shifts for 3'P{'"H} and
UB{'H} NMR spectroscopy were referenced to an external standard
(85% H;PO,, &y 0 ppm; BF;(Et,0), 85 0 ppm). Fourier transform
infrared spectroscopy was performed on samples as KBr pellets using a
Bruker Tenser 27 FT-IR spectrometer with a resolution of 4 cm™.
Fourier transform Raman spectroscopy was performed on samples that
were flame-sealed in glass capillaries using a Bruker RFS 100/S
spectrometer, with a resolution of 4 cm™. Mass spectrometry was
recorded in house in positive and negative ion modes using an
electrospray ionization Micromass LCT spectrometer. Melting or
decomposition points were determined by flame-sealing the sample in
capillaries and heating using a Gallenkamp Variable Heater. The “Gal”
was prepared in a Elma E 60 H Elmasonic ultrasonic bath set to 30 °C.

Single-Crystal X-ray Crystallography. The single-crystal X-ray
diffraction studies were performed at the Western University X-ray
facility. Crystals were selected under Paratone(N) oil, mounted on a
Mitegen polyimide micromount, and immediately put under a cold
stream of nitrogen for data to be collected on a Nonius Kappa-CCD
area detector or Bruker Apex II detector using Mo Ka radiation (1 =
0.71073 A). The Nonius and Bruker instruments operate SMART®®
and COLLECT® software, respectively. The unit cell dimensions were
determined from a symmetry -constrained fit on the full data set,
which was composed of ¢ and @ scans. The frame integration was
performed by SAINT,” the resulting raw data were scaled, and
absorption was corrected using a multiscan averaging of symmetry-
equivalent data using SADABS.”' The SHELXTL/PC Vé6.14 for
Windows NT suite of programs was used to solve the structure by
direct methods.”> Subsequent difference Fourier syntheses allowed the
remaining atoms to be located, while hydrogen atoms were placed in
the calculated positions and allowed to ride on the parent atom. In all
cases the gallium bis(phosphino)borate components were well ordered
and refined with anisotropic thermal parameters. The Li(THF), cation
in 4 possesses three disordered solvate molecules that can each be
refined over two positions, while the fourth THF solvate is partially
disordered. The model refines satisfactorily, with all carbon atoms
being refined anisotropically. The thermal parameters were restrained
with SIMU and DELU commands. The related C—C and C—O bond
lengths in these disordered molecules were restrained to be identical
by using the SAME command. Certain C—C and C—O bond lengths
were restrained to sensible values with the aid of the DFIX command.
Two disordered solvents (THF and CH,Cl,) were present in the unit
cell of 3. We were unable to model the solvent molecules, even with
the use of restraints, and thus their electron density was treated as a
diffuse contribution to the overall scattering by Squeeze/Platon (total
129 electrons).

Powder Diffraction. The powder diffraction studies were
performed on an Inel CPS Powder diffractometer using Cu Ko
radiation from an Inel XRG 3000 generator and a CPS 120 detector.
The samples were ground to a fine powder with a mortar and pestle
and sealed on an aluminum dish with Scotch tape (Scotch 3M Magic
Tape 810D). After 90 min the signals attributable to “Gal” and the
Scotch tape (broad signal between S and 20° 20) were clearly
observed. These data were processed using the ACQ_software and
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compared to literature patterns using the Match software. The powder
patterns for Gal, and Ga,l; are accessible from the PDF-4+ database
with the numbers 04-007-1340 and 04-007-1339, respectively. It
should be noted that no suitable diffraction pattern is observed if the
samples are packed in a flame-sealed capillary.

Solid-State NMR Spectroscopy. Solid-state "'Ga NMR experi-
ments were performed using a Varian Infinity Plus 400 NMR
spectrometer (v, ("'Ga) = 121.78 MHz) equipped with a Varian S mm
quadrupole-resonance HEXY magic-angle spinning NMR probe and a
Varian Inova 600 NMR spectrometer (v.(""Ga) = 182.67 MHz)
equipped with a Varian 3.2 mm triple-resonance HXY magic-angle
spinning probe. The powder samples were stored inside a nitrogen-gas
glovebox filled with nitrogen gas and packed tightly into either S or 3.2
mm o.d. ZrO, rotors and then sealed. At both magnetic field strengths,
the FIDs were acquired using either a 7/2—7,—7/2—1,—acq or a 7/
2—71,—n—7,—acq spin—echo pulse sequence, where 7, < 7;, and the
spectra were referenced with respect to the "'Ga peak of a 1.0 M
aqueous Ga(NO,); solution (5("'Ga) 0.0 ppm). On the 400 MHz
spectrometer, 4096 scans were summed using a selective 1.7 us w/2-
pulse width, 800 kHz spectral width, 30 us 7, 1 s recycle delay, and
12.8 ms acquisition time. On the 600 MHz spectrometer, between
3104 and 16000 scans were summed using a selective 0.25 ps 7/2-
pulse width, 500 kHz spectral width, 30 us 7,, 1 s recycle delay, and 4.1
ms acquisition time. For processing, the FIDs were left-shifted to the
top of the half-echo; 1 zero-fill and 400 Hz of line broadening were
applied before Fourier transform.

To observe the broad site in the 100 min sample, stationary-sample
"'Ga quadrupolar Carr—Purcell-Meiboom—Gill (QCPMG)*® spectra
were acquired on both the Infinity Plus 400 and Inova 600 NMR
spectrometers. On the latter instrument, a total of 13 individual spectra
were acquired, where the transmitter frequency varied by S0 kHz
between each spectrum, and summed together to generate the entire
powder pattern. Each individual spectrum was acquired using 1024
scans, a 4.0 us m/2-pulse width, S00 kHz spectral width, 1 s recycle
delay, 4.96 ms total acquisition time, and an echo train consisting of 48
m-pulses. The interpulse delays were set in order to achieve a 10 kHz
spacing between the individual spikelets. On the former instrument,
the WURST-QCPMG®’ variant was utilized and thus the powder
pattern could be fully excited in one experiment. The spectrum was
acquired using 12600 scans, 10 ys WURST pulses, 700 kHz offset,
2500 kHz spectral width, 1 s recycle delay, 5.39 ms total acquisition
time, and an echo train consisting of 55 WURST pulses. The
interpulse delays were set in order to achieve a 10 kHz spacing
between the individual spikelets.

Stationary-sample 7'Ga NMR spectra are broadened by the
quadrupolar interaction between the nuclear quadrupole moment of
7!Ga and the molecule’s electric field gradient (EFG), plus the
orientation dependence of the chemical shift (chemical shift
anisotropy, CSA). The EFG and CSA are both second-rank interaction
tensors that in their principal axis system can be described by three
principal components. The EFG tensor is represented by Vyyx Vyy, and
V5, where [Vyyl < [Vyyl < 1V,|, and the CS tensor can be represented
by &), 6y, and &;;, where 8,; > &, > 63;. Simulations of the
experimental NMR spectra were performed using the WSolidsl
software developed by Klaus Eichele’”® and require parameters
describing the quadrupolar interaction, the CS tensor, and Euler
angles that describe the relative orientation of the EFG and CS
tensors.”*"7® The quadrupolar interaction is described by two
parameters: the quadrupolar coupling constant Cq = eQVyzh™,
where e is the elementary charge, Q is the 7'Ga nuclear quadrupole
moment, and / is Planck’s constant, and the asymmetry parameter 7
= (Vxx — Vyy)/Vyzz. The chemical shift tensor is described by three
parameters: the isotropic chemical shift &, = (8;; > &, > 853)/3, the
span Q = §;; — 833, and the skew & = 3(5, — 8,,)Q 72" The relative
orientations of the EFG and CS tensors are described by three Euler
angles: a, 3, and y. Different conventions for the Euler angles exist, and
we utilized the ZYZ convention as implemented in the WSolids1
software.

Nuclear Quadrupole Resonance. '*I nuclear quadrupole
resonance experiments were performed on the 40 and 100 min
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“Gal” samples using a Varian Inova 600 NMR spectrometer equipped
with a Varian 4 mm triple-resonance HXY magic-angle spinning NMR
probe. The samples were packed tightly into 4 mm o.d. ZrO, rotors
inside a nitrogen-filled glovebox and then sealed before being
transferred to the probe. The probe was placed roughly 3 m from
the edge of the NMR magnet and was purged continuously with
nitrogen gas. For the 40 min sample, the spectra were acquired using a
7/2—7,—n—T1,—acq spin—echo pulse sequence, where 7, was 30 us and
7, was 15 pus. A total of 2048 scans were summed using a 1.05 us 7/2-
pulse width, 500 kHz spectral width, 0.5 s recycle delay, and 256 us
acquisition time. The transmitter frequencies attempted included the
known '¥I NQR frequencies for Gal;*® (v(m; = £1/2 < +3/2) =
133.69, 173.65, and 174.59 MHz) and for Gal, (v(m; = +1/2 < +3/
2) = 113.65, 131.94, 134.27, and 163.71 MHz). For processing, the
FIDs were left-shifted to the top of the half-echo; 1 zero-fill and 500
Hz of line broadening were applied before Fourier transform. For the
100 min sample, experiments were performed and processed in the
same manner as for the 40 min sample, except the transmitter
frequency was varied from 176.6 to 104.0 MHz in 0.2 MHz increments
and 256 scans were summed. Once an NQR frequency was observed,
the transmitter was placed “on-resonance” and 2048 scans were
summed.

Literature Procedures. TI[Ph,B(CH,PPh,),] (1) and [Li-
(THF),(P'Pr,CH,),BPh,] (2) were prepared according to the
procedure of Peters,*® with the exception that a solution of TINO;
in 1/1 EtOH/H,0 was often used as a substitute for the ethanolic
solution of TIPF with negligible changes in the purity or yield of the
product. Li{(NDippCMe),CH (6) was prepared according to the
literature procedure.

Synthesis of “Gal”. Note: we found it most reliable to prepare S00
mg of “Gal” at one time. The reaction can be scaled to prepare greater
than 10 g of “Gal”; however, the reaction time must be adjusted
accordingly.

Gallium metal (0.1863 g, 2.674 mmol, 1 equiv) was weighed into a
100 mL pressure tube in the glovebox. The gallium metal was heated
until it melted and spread about the bottom of the flask in an effort to
maximize surface area. Toluene (4.5 mL) was added, followed by
iodine (0.3393 g, 1.337 mmol, 0.5 equiv). Residual iodine was rinsed
with toluene (4.5 mL) and added to the reaction mixture, and the
vessel was sealed with an O-ring fitted screw-thread Teflon stopper.
The resulting purple solution was then sonicated at 30 °C in 20 min
intervals for 40—120 min, with vigorous physical agitation between
each interval. Toluene was removed in vacuo to yield a gray to green
powder depending on the time. Yield: 100%, 0.525 g, 2.67 mmol.

FT-Raman spectroscopy (cm™' (intensity normalized to 2)): 40
min sample, 267 (0.03), 230 (0.11), 213 (0.03), 141 (2), 124 (0.04),
86 (0.26); 60 min sample, 292 (0.02), 232 (0.06), 213 (0.05), 141 (2),
124 (0.43), 84 (0.30); 80 min sample, 292 (0.12), 232 (0.05), 213
(0.04), 188 (0.04), 141 (1.66), 124 (2), 84 (0.70); 100 min sample,
292 (0.12), 188 (0.04), 141 (0.04), 124 (2), 84 (0.49).

FT-Raman spectroscopy for other gallium iodides: Gal,, 235 (w),
214 (w), 143 (vs);*™ Ga,ly, 292 (s), 186 (w), 124 (vs), 79 (m);* Gal,,
267 (0.05), 227 (0.20), 194 (0.03), 163 (0.10), 142 (2.0), 85 (0.35).

Synthesis of the Gallium(ll) Dimer [Ph,B(CH,PPh,),(Gal)l,
(3). A suspension of TI1[Ph,B(CH,PPh,),] (1; 0.7777 g, 1.013 mmol,
1 equiv) in THF (3 mL) was prepared. In a separate vial, further THF
(3 mL) was added to “Gal” (0.3877 g, 1.972 mmol, 2 equiv; 40 min
preparation time) to give a fluid gray-green slurry. This slurry was
immediately added to the suspension of 1 and rinsed with 3 mL of
THE, resulting in an immediate color change to bright orange. After
the mixture was stirred for 5 min, solids were removed by
centrifugation, yielding a colorless supernatant that was concentrated
in vacuo to give an off-white powder. Sequential washes with diethyl
ether (3 mL) and CH;CN (2 X 3 mL) and further drying in vacuo to
remove residual solvent yielded a white powder. Single crystals suitable
for X-ray diffraction were grown by vapor diffusion of pentane into a
THEF solution. Yield: 48%, 0.3172 g, 0.2087 mmol. Mp: 176—177 °C
dec. 'H NMR (400 MHz, CDCl,, 25 °C, §): 1.94 (br, 4H), 2.36 (br,
4H), 6.74 (m, 16H), 6.93 (t, 8H, *Jy_y = 7.6 Hz), 6.99 (q, 12H, *Jyy_n
= 8.0 Hz), 7.13 (m, 16H), 7.19 (t, 4H, Jy_y = 7.6 Hz), 7.29 (t, 4H,
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*Ja_u = 7.6 Hz). *P{'H} NMR (161.82 MHz, CDCl,, 25 °C, §):
—1.75. "B{'"H} NMR (12823 MHz, CDCl;, 25 °C, §): —13.2.
BC{*H} NMR (100.5 MHz, CDCl,, 25 °C, §): 17.5—18.5 (br), 122.8,
123.3, 1264, 126.6, 128.0, 128.8, 130.7, 131.1, 131.1 (d, 'J_c = 56.5
Hz), 132.3, 132.8, 1329 (d, YJp_c = 54.3 Hz), 133.5, 134.3, 159.5—
162.0 (br). FT-IR (cm™ (ranked intensity)): 476 (13), 492 (7), 507
(4), 691 (1), 736 (3), 867 (5), 932 (11), 1098 (6), 1136 (12), 1307
(15), 1435 (2), 1484 (8), 3005 (14), 3038 (10), 3057 (9). FT-Raman
(cm™ (ranked intensity)): 86 (4), 101 (3), 143 (2), 204 (11), 220
(9), 234 (12), 262 (13), 1001 (1), 1032 (8), 1099 (10), 1155 (15),
1586 (6), 2884 (14), 3041 (7), 3057 (S). Anal. Caled (found): C,
60.05 (59.25); H, 4.51 (4.23).

Synthesis of Compound 4. Compound 4 was prepared by a
method similar to that for 3 using the 40 min “Gal” sample and
[Li(THEF),(P'Pr,CH,),BPh,] (2); however, this compound could not
be isolated in greater than 85% purity. 'H NMR (400 MHz, C,Dy, 25
°C, 8): 0.67 (dd, 6H, *Jyy_y; = 6.4 Hz, *J,_y = 13.2 Hz), 0.80—0.95 (m,
12H), 1.13 (dd, 6H, *Jyy_; = 6.8 Hz, *Jp_y; = 13.2 Hz), 1.57 (br t, 2H),
2.05 (br t, 2H), 2.68—2.78 (br, 4H), 7.05 (t, 1H, 3J,y_y = 7.6 Hz), 7.20
(t, 1H, 3Jy_y = 7.2 Hz), 7.30 (t, 2H, *Jy_y = 7.2 Hz), 7.35 (t, 2H,
Ji—gz = 8.0 Hz), 7.70 (d, 2H, *Jy_; = 7.6 Hz), 7.90 (d, 2H, *Jg_yz = 7.6
Hz). *P{"H} NMR (161.82 MHz, C,D,, 25 °C, §): 21.5. 'B{'H}
NMR (128.23 MHz, C(Dy, 25 °C, §): —13.0.

Synthesis of [Li(THF),][Gals-Gal(P'Pr,CH,),BPh,] (5). A sol-
ution of [Li(THF),(P'Pr,CH,),BPh,] (2; 57.9 mg, 0.10 mmol, 1.0
equiv) in THF (3 mL) was prepared. Separately, a vial was charged
with “Gal” (40.0 mg, 0.20 mmol, 2.0 equiv; 100 min preparation time)
followed by THF (3 mL) to give a suspension of green particles. The
solution of 2 was immediately added to this suspension in a rapid
dropwise fashion and the resulting mixture stirred for S min. Solids
were removed by centrifugation, and the supernatant was concentrated
to an off-white solid in vacuo. Washing this solid with Et,0 (3 X 3
mL) and further drying in vacuo yielded a white powder. Yield: 28%,
0.0387 g, 0.282 mmol. 'H NMR (400 MHz, C(Dy, 25 °C, §): 0.85 (dd,
6H, *Jy_y = 6.8 Hz, *J,_y = 14.6 Hz), 0.95 (dd, 6H, *Jy_y = 6.4 Hz,
3oy = 14.6 Hz), 1.15 (dd, 6H, 3Jy_y = 7.0 Hz, 3Jp_y = 16.0 Hz),
1.30—1.40 (overlapping signals, 22H), 1.60 (t, 2H, *J,_y = 15.4 Hz),
195 (t, 2H, *p,_y = 15.4 Hz), 2.40—2.60 (overlapping doublet of
septets, 4H), 3.50 (t, 16H, *J_y; = 6.4 Hz), 7.05 (t, 1H, *J;_y = 7.6
Hz), 7.20 (t, 1H, 3Jy_; = 8.0 Hz), 7.30 (t, 2H, *f;_yy = 7.2 Hz), 7.35
(t, 2H, ¥Jy_g = 7.6 Hz), 7.70 (d, 2H, 3Jy_y = 7.2 Hz), 7.90 (d, 2H,
Ja_u = 8.0 Hz). *P{"H} NMR (161.82 MHz, C(D, 25 °C, §): 17.9.
UB{*H} NMR (128.23 MHz, C(Dy, 25 °C, §): —13.4.

Reactions of “Gal” with Li{(NDippCMe),CH (6). A solution of 6
(49.5 mg, 0.118 mmol, 1 equiv) was prepared in 1.5 mL of benzene-dg.
Separately, a suspension of “Gal” (35.3 mg, 0.177 mmol, 1.5 equiv) in
1.5 mL of benzene-dg was prepared. The solution of 6 was added to
the “Gal” suspension dropwise. After the mixture was stirred for 1 h,
the crude suspension was filtered and a 'H NMR spectrum obtained to
characterize the product mixture.
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