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Beyond transition block metals: exploring the
reactivity of phosphine PTA and its oxide [PTA(O)]
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The water-soluble cage-like phosphine PTA (1,3,5-triaza-7-phosphaadamantane) and its phosphine oxide
derivative [PTA(O)] (1,3,5-triaza-7-phosphaadamantane-7-oxide) were used to explore their reactivity
towards two gallium(in)-halide precursors, namely GaCls and Gals, for the first time. By using various
reaction conditions, a series of N-mono-protonated phosphine salts with [GaCly]™ or [I]~ as counterions
were obtained in all cases, while the formation of coordinated Ga-PTA and Ga-[PTA(O)] complexes was
not observed. All compounds were characterized in solution using multinuclear NMR spectroscopy (*H,
BCH), *P{*H} and 7*Ga) and in the solid state using FT-IR spectroscopy and X-ray crystal diffraction.
The new Ga-phosphine salts resulted stable and highly soluble in aqueous solution at room temperature.
Density functional theory (DFT) calculations were also performed to further rationalize the coordination

features of PTA with Ga®* metal ion, highlighting that the phosphorus—gallium bond is about twice
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Accepted 19th June 2024 weaker than the phosphorus—metal bond commonly established by PTA with transition metals such as

gold. Furthermore, the mono-protonation of PTA (or [PTA(O)]) makes the formation of ionic gallium-—

DOI: 10.1039/d4ra02877e PTA coordination complexes thermodynamically unstable, as confirmed experimentally by the formation
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Introduction

The neutral adamantane-like phosphine 1,3,5-triaza-7-
phosphaadamantane, also known as PTA (Fig. 1), is an estab-
lished, versatile and attractive ancillary ligand used widely to
access water-soluble metal coordination complexes in various
fields such as chemical biology, catalysis and material chem-
istry."* Besides the undemanding steric properties due to its
small cone angle (103°), PTA shows high thermal and chemical
stability compared to other alkyl and aryl-phosphines for
example towards oxidation.®* The most relevant feature of this
phosphine is its great solubility in water (S = ca. 235 g L™ ").*
This has prompted extensive synthetic chemistry investigations,
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of Ga—phosphine salts reported herein.

giving rise to the development of a wide number of organo-
metallic transition metal compounds with photoluminescence
properties and mostly active in catalysis under homogeneous
aqueous or biphasic conditions. Typical catalytic reactions
carried out in the presence of PTA (or PTA-based analogues)
include hydrogenations and transfer hydrogenations,** hydro-
formylations and hydrosilylations,*** allylic isomerization*>**
and organonitrile hydration.”'® In parallel, the high stability
and water solubility of PTA make it also an attractive scaffold to
be incorporated into compounds and formulations for bio-
medical use. In this context, the number of reports in the
literature on the design and synthesis of biologically active PTA-
based complexes has sharply grown in recent years.”””* Among
these, ruthenium complexes undoubtedly represent the largest
group of PTA-based compounds with both catalytic and bio-
logical activity”>** and, with regard to the latter, those belonging
to the series of RAPTA-type metallodrugs with the general
formula [RuCl,(n°-arene)(PTA)], showed strong antiangiogenic
and antimetastatic activities.?>>* In a similar fashion, silver
compounds containing PTA or some of its derivatives, such as
the phosphine oxide [PTA(O)] analogue (Fig. 1), have demon-
strated effective antiproliferative,>*® antimicrobial and anti-
fungal activities.””® Very recently, palladium allyl complexes
bearing a combination of PTA and NHC ligands (NHC = N-
heterocyclic carbenes) were tested in different tumor cell lines
demonstrating high cytotoxicity, in many cases significantly
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Fig. 1 1,3,5-Triaza-7-phosphadamantane (PTA) and its oxide deriva-
tive [PTA(O)].

higher than for cisplatin, while lower toxicity effects were
observed in normal cells.?*** In a similar fashion, PTA-
rhenium-carbonyl compounds were investigated for their
phototoxicity effects towards tumor cell lines,**** and water-
soluble Re(v) complexes (ie. [ReO,Cl(PTA);] and [ReNCl,(-
PTA);])** were developed to access complexes for radiophar-
maceutical applications.

Although there is extensive literature reporting on the
synthesis and application of PTA transition metal complexes, in
particular with elements belonging to groups from 7 to 12, the
coordination chemistry of this hydrophilic phosphine with
other metals, such as those of group 13, is still largely unex-
plored. Among these elements, gallium represents an inter-
esting metal for the development of modern semiconductor
materials for the electronic industry***¢ as well as for the use in
medicine to access new diagnostic and therapeutic agents.*”**
The idea behind the use of gallium in therapy originates from
the high similarity between Ga** and Fe** ions, in terms of ionic
radius, electronic configuration, coordination number and
ligand-donor preferences.*> Moreover, Ga®>" and Fe*" complexes
with organic ligands are often isostructural.**** Nevertheless,
unlike Fe**, Ga®" cannot be easily reduced under physiological
conditions and, therefore, it cannot take part in redox reac-
tions.*® By replacing iron in proteins, the most important being
transferrin, gallium can be adsorbed in cells where iron is
mostly required, such as proliferating cancer cells.***” Due to
the iron-mimetic features, gallium-based compounds have also
demonstrated efficacy as antimicrobials.***° In this regard,
several Ga-containing agents, including gallium nitrate, gallium
chloride, gallium maltolate and gallium citrate, are currently
under investigation for the treatment of malignancies and
microbial infections, both in preclinical studies and clinical
trials.>** In addition to the therapeutic uses, radioactive
gallium derivatives have been successfully applied in modern
molecular imaging strategies and protocols adopted in the
clinics.** Of the three isotopes with nuclear properties (i.e. °°Ga,
7Ga, ®3Ga), gallium-68 represents the radionuclide most widely
investigated for PET (Positron Emission Tomography) imaging,
most likely due to a combination of factors, including the
suitable half-life (¢,, = 68 min) and decay properties, as well as
the easy access to °®Ge/°®Ga generators in hospitals and
clinically-oriented research centres.>»* To enable suitable
medical applications, the design of ligands able to stabilize Ga**
formulations clearly becomes a crucial point to ensure suffi-
cient stability of Ga-containing compounds (i.e. preventing the
possible hydrolysis in vivo to [Ga(OH),]~, a nephrotoxic species),
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as well as avoid trans-chelation by endogenous proteins, which
can lead to a lower uptake in diseased tissues or also
a decreased quality of PET images.*>***” A rational choice of the
coordinating ligands may also offer the opportunity to finely
tune bioavailability and biodistribution features, which are
known to be strongly affected by the physico-chemical proper-
ties of the compounds, such as overall charge, size and
hydrophilicity/lipophilicity balance. With regard to the poten-
tial applications of new gallium derivatives in the biological
field, the final formulation is expected to possess appropriate
hydrophilic character, along with high stability. In this context,
PTA-based structures represent valid candidates to explore
further, in order to access Ga-based biologically active mole-
cules with enhanced drug-like properties.

Based on the overall lack of studies on the use of PTA as an
effective ligand for metals other than those of the transition
block, as well as the interesting role gained by gallium
compounds in drug discovery, in the present work, we have
investigated the chemistry and the reactivity of PTA with two
selected gallium precursors. To date, numerous gallium(m)
compounds with neutral alkyl and aryl phosphines are known,
the majority being of the type [GaX;(PR;3)] (where X = halide;
PR; = phosphine), in which the metal strongly favours the
distorted tetrahedral quadrilateral coordination.”®* Since Ga®**
is an oxophilic metal ion and complexes of gallium with phos-
phine oxides are also known,**** [PTA(O)] derivative (Fig. 1) was
also used to test the reactivity in combination with GaX;. The
characterization in solution and in the solid state of all the main
reaction products is reported, along with supporting DFT
(Density Functional Theory) calculations providing new and
relevant insights on the mode of interaction of PTA with Ga*"
metal ion.

Results and discussion
Reactivity of PTA and [PTA(O)] with GaCl; and Gal,

With the exception of thallium, the most stable oxidation state
of Group 13 metals is 3+, giving to these ions a strong acidic
character. Gallium(m) is a strong Lewis acid and typically
coordinates electron-rich neutral or anionic donors (mainly
O, N or S) forming stable complexes with coordination numbers
from 3 to 6, depending on the nature of the surrounding
ligands.®*** Although phosphines are considered to be soft
bases binding preferably soft acids, the number of complexes
obtained from the reaction of alkyl and aryl monodentate
phosphines with trihalides of gallium is significant.>® Di- and
poly-phosphine adducts with gallium are also known,*** as well
as complexes with amino-diphosphine pincer ligands (PNP),
which can coordinate the metal in tridentate NP,-fashion or
bidentate P,-fashion, depending on whether the pincer is in the
anionic or neutral form.*® Noteworthy, a large number of
complexes of formula [GaX;(PR;)] or [GaX;(POR;)] has been
obtained through the reaction of GaX; (X = Cl, Br or I) with
phosphines or phosphine oxides in 1 : 1 ratio.®>%”*® For most of
them, the molecular structure has been determined via X-ray
crystallography, particularly in the case of compounds with
monodentate tertiary phosphines. Indeed, besides the four-

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Products of reactions of PTA with GaClz and Gals. Reaction
conditions: (a) [Ga]: [P] = 1:1.2; DCMart; or DCM@O0 °C; or DCM/
Etz:N@rt. (b) [Ga]: [Pl = 1:1.2; EtOAc@rt; or Et,O@rt; or solid state
reaction.

coordinate monomer [GaX3(PR;)], when reacted with PR;, the
gallium(m) halides may also form four-coordinated ionic dimers
of the type [GaX,(PR;),][GaX,] and less frequently, five-
coordinate dimers of formula [Ga,Xs(PR;),].*>"°

In the initial experiments with PTA phosphine, we used
GaCl; and Gal; as metal precursors. When a solution of PTA in
dichloromethane (DCM) was added under anhydrous condi-
tions to the solution of GaCl; in the same solvent, the fast
formation of a white precipitate was observed (Scheme 1). As
reported for other Ga-phosphine compounds, this solid was
difficult to dissolve in most organic solvents but showed very
high solubility in water. The *'P{"H} NMR spectrum of the DCM
mother solution displayed a singlet at 6 -93.39 ppm (Fig. S9t)
while the white solid dissolved in D,O showed a singlet at 6 -
91.41 ppm (Fig. S71), i.e. a value only slightly different from the
31p signal of free PTA in the same solvent (0p = -98.61 ppm). If
this observation is atypical for PTA-transition metal
compounds, where the coordination of the P atom to the metal
usually determines a considerable shift of the *'P NMR peak
(mostly to less negative values), it is not uncommon for certain
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[GaX3(PR;)] derivatives. Indeed, the *'P{'H} NMR signals of
some gallium-phosphine-halides complexes are often detected
at chemical shift unchanged or very similar to that of the free
phosphine, especially when X = Cl. For example, compounds
[GaCl;(PPh;)] and [GaBr;(PPh;)] exhibited low temperature (273
K) *'P{"H}NMR resonances as multiplets at § -5.4 and at 6 -
10.7 ppm, respectively, i.e. values close to dp shift of uncoordi-
nated PPh; (6p = -5.0 ppm).**

Similarly to *'P{"H} NMR, minimal differences in terms of
multiplicity and chemical shift values in comparison to free PTA
were also detected in "H and C{"H} NMR spectra of the iso-
lated product 1 (Fig. S5 and S67). Therefore, all the NMR anal-
yses were not conclusive in assigning the exact molecular
structure, which was then determined by X-ray diffraction.
Crystals suitable for this analysis were obtained by the slow
evaporation of the mother DCM solution at room temperature.
X-ray diffraction revealed that the structure of 1 consists of an N-
monoprotonated [PTA-H]' cation with [GaCly]~ as counter-
anion, as shown in Fig. 2. In [PTA-H]-[GaCl,] (1) P1, C1, N1, H1
and C4 atoms of the cation and Ga1, CI2 and CI3 of the anion
are lying on the plane (see Fig. 2b). To date, only two non-
coordinated protonated PTA have been reported in the litera-
ture with a metal complex as counteranion’’> and 1 is the first
structure that contains a main group atom as the counteranion.
The P-C distances (average 1.856(3) A) are higher than the range
of coordinated and non-coordinated protonated PTA (1.838-
1.851 A obtained from a search in Cambridge Structural Data-
base (CSD)™). In contrast, the N-C bonds of the protonated
nitrogen are slightly longer than in the case of non-
protonated N atoms (1.511(3) A for N1-C1 and 1.531(2) A N1-C3
and N1-C3' vs. 1.472(2) A N2-C2, 1.436(2) A N2-C3 and 1.467(2)
A N2-C4). Moreover, N1-C3 and N2-C3 distances are shorter
than N1-C1 and N2-C2 distances, respectively. This general
trend has also been confirmed by CSD search, highlighting that
N-C distances of protonated PTA nitrogen atoms are on average
0.3 A longer than distances of non-protonated N atoms. In the
packing, [PTA-H]" moieties are along the a axis (Fig. S32t). From
the analysis of the fingerprint plot generated by the Hirshfeld
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b

(a) Molecular structure (ORTEP diagram) of [PTA-HI-[GaCly] (1) showing the atom labelling scheme. Thermal ellipsoids are shown at a 50%

probability level. (b) Molecular structure highlighting the mirror plane. Color code: C, black; H, white; N, blue; P, purple; Cl, green; Ga, light blue
selected bond lengths (A) and angles (°): P1-C1 1.854(3); P1-C2 1.8566(19); N1-C1 1.511(3); N1-C3 1.531(2); N2-C2 1.472(2); N2-C3 1.436(2);
N2-C4 1.467(2); Gal-Cl1 2.1862(5); Gal-Cl2 2.1582(6); Gal-Cl3 2.1737(6); C1-P1-C2 96.58(8); C2-P1-C2#1 96.68(12); C1-N1-C3111.81(12);
C3-N1-C3#1 108.64(18); C3-N2-C4 109.88(15); C2-N2-C3 112.13(14); C2-N2-C4 111.57(16); N2-C2-P1 113.85(12). Symmetry trans-

formations used to generate equivalent atoms: x, —y + 1/2, z.
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Table1 Results of the content of [Ga] and [P] elements in 1 and 2 compounds via ICP-MS (with error corresponding to the within-run SD of the

mean)

Compound [Ga] found (mg mL ") [Ga] calculated (mg mL ™) [P] found (mg mL ") [P] calculated (mg mL ")
[PTAH][GaCl,] (1) 0.12 + 0.004 0.12 0.05 + 0.001 0.05

[PTA(O)H][GaCl,] (2) 0.09 £ 0.003 0.09 0.04 & 0.001 0.04

surface around the [PTA-H]" cation, 53.9% of contacts are with
chlorine atoms followed by the hydrogen atoms of the neigh-
bouring cation contacts (Fig. S34 and S35t).

To further confirm the correct formulation of derivative 1 as
[PTA-H]-[GaCl,], we performed inductively coupled plasma
mass spectrometry (ICP-MS) experiments focusing at deter-
mining the concentrations of gallium and phosphorus in 1. The
ICP-MS results indicate that the content of gallium found in 1
has a robust agreement with calculated values (i.e. 0.12 + 0.004
vs. 0.12 mg mL ™", Table 1) and a complete match between
found vs. calculated values was also recorded for [P] (Tables 1
and S21).

The N-protonation of PTA in 1 was also validated by the
infrared analysis (KBr pellets, Fig. S11) with bands at 3165 and
2969 cm™ ' (ie. N-H stretching) and at 1622 cm™ " (i.e. N-H
bending). The presence of [GaCl,]” was further confirmed by
7!Ga NMR spectra run on both DCM mother solution of 1 and
on the isolated compound dissolved in D,O. In the first case,
a large signal at 6 263.43 ppm (with C¢D, insert) was observed
(Fig. S10t), while a broad signal at 6 0.00 ppm was detected in
the 7?Ga NMR spectrum of 1 in D,O (Fig. S81). This last value
corresponds to the gallium hexahydrate [Ga(H,O)]*" - ie.
a species commonly formed when gallium salts are dissolved in
aqueous solution, as a consequence of the rapid halogen/water
exchange on the NMR time scale.”*” In the end, diffusion-
ordered NMR spectroscopy (‘H-DOSY) experiments were also
performed to assess the diffusion properties of 1 in water
solution compared to PTA. The experiments indicated that 1
and PTA ligand had very similar diffusion properties and close
hydrodynamic radii (3.36 A and 3.92 A for 1 and PTA, respec-
tively; Fig. S23, S24, S27 and S2871), thus confirming the pres-
ence in solution of a species of comparable size with PTA and
ruling out the formation of a coordination complex with Ga**
ions.

The formation of the phosphonium cation [Rz;PH]" was
observed in certain [GaX;(PR;)] or gallium-diphosphine
complexes when their chlorocarbon solutions (and their
deuterated analogues) were exposed to air and this tendency
was particularly evident with alkyl phosphines, probably due to
their strong base character.®~’® For instance, compound
[GaCl;(PPh;)] is quantitatively converted into [Ph;PH]-[GaCl,]
by treatment with HCl gas in CH,Cl,, as well as crystals of
[Me,PhPH]-[GaCl,] have been obtained by vapour diffusion of
n-hexane into a DCM solution of [GaCl;(Me,PhP)] under
nitrogen.®* In the case of PTA, the pK, is known to be in the
range of 5.7-6.0 and this basicity does not relate to the phos-
phorus but to one of the nitrogen atoms.”””® Indeed, when PTA
is reacted with 0.1 M HC], the ammonium-phosphine salt [PTA-
H]-[CI]® is obtained and the *'P{"H} NMR in D,O of this N-

21142 | RSC Adv, 2024, 14, 21139-21150

protonated derivative shows a singlet at 6 -89.90 ppm, a value
very close to that observed for 1.

In order to decrease the residual acidity of GaCls, the reac-
tion with PTA was repeated under the same conditions
described above after a pre-treatment of GaCl; with triethyl-
amine in DCM, or additionally performing the reaction at low
temperature (0 °C). In both cases, after the addition of PTA,
a white precipitate quickly formed showing the same solubility
and signals of 1 in the NMR spectra. From the spectroscopic
data of all experiments described, we did not have any evidence
for the formation of [GaCl;(PTA)] or [GaCl;(PTA-H)]" complexes.
Moreover, the latter is thermodynamically unstable as shown by
DFT calculations (see below).

When Gal; was used as metal precursor, the addition of 1.2
equivalents of PTA to the solution of gallium iodide in ethyl
acetate maintained in the dark produced again the formation of
a white precipitate soluble in water (Scheme 1). The *'P{"H}
NMR run in D,O showed a singlet at 6 -91.39 ppm, which is
about the same value observed for 1 (Fig. S191). The "'Ga NMR
showed no discernible peaks indicating that no gallium species
were present, and the FT-IR in KBr revealed the presence of
bands in the range 2857-2532 cm ' (stretching) and at
1625 cm ™' (bending) indicative of the presence of a charged
N-H group (Fig. S31). The X-ray diffraction analysis of the
needle-like crystals of this compound produced from a warm
ethanolic solution supported the formula of this derivative as
[PTA-H]-[I] (3) in accordance with the elemental analysis and

v—=0

()

T
[PTA(O)]
GaCl, Gal,
a b

(o] (o]

.u !1
((\|+G3CI4' I/(\|+ I
i i

2 4

Scheme 2 Products of reactions of [PTA(O)] with GaClz and Gals.
Reaction conditions: (a) [Ga]: [P(O)] = 1:1.2; DCMart; or MeOH/
DCMatrt. (b) [Gal : [P(O)] = 1:1.2; H,O@rt; or DCMart.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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spectroscopic data. Unfortunately, the poor quality of the crys-
tals did not allow a detailed analysis of the structure (see
Fig. S3371). As for the chloride precursor, Gal; induces the N-
protonation of the phosphine but in this case with iodide as the
counterion. The formation of derivative 3 was also observed
when Gal; and PTA (1:1.2 ratio) were reacted in dry diethyl
ether and even when the reaction was performed in the solid
state by grinding and mixing the two starting materials as
powders.

Based on results obtained with PTA, we decided to explore
the reactivity of the analogue phosphine oxide, [PTA(O)] (Fig. 1),
considering that the oxidation of the phosphorus centre in PTA
results in decreased basicity of the nitrogen atoms, with
a calculated pK, of 2.52 for [PTA(O)].* Furthermore, the phos-
phine oxide is a hard donor compared to the phosphine itself
and, additionally, it is established that Ga®" is an oxophilic
metal ion.

Despite these assumptions, the overall performances of
[PTA(O)] towards reactions with GaCl; and Gal; were highly
similar to those of PTA (Scheme 2). Namely, the formation of
a white precipitate, highly soluble in water, was observed with
both halide precursors. The products of reactions showed
singlets at 6 -3.11 (using GaCls) and -3.04 ppm (using Gal;) in
the *'P{'"H} NMR spectra run in D,O (Fig. S13 and S227), i.e.
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values only slightly different from that of the free ligand in the
same solvent (6p = -2.92 ppm). In further experiments, [PTA(O)]
was reacted with GaCl; in a mixture of MeOH/DCM (1: 1.4), and
crystals were obtained by slow evaporation of the residual
solution after filtration of the precipitate. The X-ray diffraction
analysis revealed the formation of [PTA(O)-H]-[GaCly] (2,
Fig. 3a), where again the ligand is protonated at one nitrogen
atom and the gallium tetrachloride is the counterion. Also, in
this case, either a mirror plane cuts [PTA(O)-H]" and [GaCl,]~
species, and as for 1, P-C bonds were slightly influenced by the
protonation. On the N-coordinated PTA chain, the P1-C1
distance is 1.830(4) A, while in the non-coordinated one, the P1-
C2 distance is 1.811(3) A. The N-C distances around the
protonated nitrogen atom (N1-C1 1.507(5) A; N1-C3 1.531(4) A)
are longer than those in the non-protonated nitrogen atoms
(N2-C2 1.478(4) A; N2-C3 1.444(4) A; N2-C4 1.466(4) A). These
trends are confirmed by a survey on CSD.” Atom O1 forms
a hydrogen bond with H1 of the protonated N1 of a neighbour
[PTA(O)-H]" molecule (O1---N1’ 2.872(5) A symmetry operation
to generate the atoms: —1/2 +x, 3/2 — y, 1/2 — z). The latter value
is close to the upper limit for the O---N distance range for P=
O---H-N hydrogen bonds (2.76-2.89 A obtained from a search in
Cambridge Structural Database (CSD)) indicating a weak inter-
action. In the packing diagram, a 1D hydrogen-bonded chain

Fig. 3

(a) Molecular structure (ORTEP diagram) of [PTA(O)-H]-[GaCl,] (2) showing the atom labelling scheme. Thermal ellipsoids are shown at

a 50% probability level. (b) Propagation of the 1D hydrogen bond of the [PTA(O)-H]* chain. Hydrogen bonding interactions are highlighted as
dashed lines. Color code: C, black; H, white; O, red; N, blue; P, purple; Cl, green; Ga, light blue. Selected bond lengths (A) and angles (°): P1-O1
1.479(3); P1-C2 1.811(3); P1-C1 1.830(4); N1-C1 1.507(5); N1-C3 1.531(4); N2—-C2 1.478(4); N2—C3 1.444(4); N2-C4 1.466(4); Gal-Cl2
2.1642(11); Gal-Cl1 2.1801(9); Gal-Cl3 2.1816(11); O1-P1-C2 118.02(12); C2-P1-C2’' 101.4(2); O1-P1-C1 115.3(2); C1-P1-C2 100.57(13); C1-
N1-C3 111.4(2); C3-N1-C3’ 108.9(3); C3-N2-C4 109.7(3); C3-N2-C2 113.0(2); C4-N2-C2 112.0(3). Symmetry transformations used to
generate equivalent atoms: x, —y + 3/2, z.

© 2024 The Author(s). Published by the Royal Society of Chemistry RSC Adv, 2024, 14, 21139-21150 | 21143
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along the a axis can be recognized (Fig. 3b) and the fingerprint
plot generated by the Hirshfeld surface shows that 7% of the
contacts around the [PTA(O)-H] cation is with oxygen atoms of
the neighbour molecule (Fig. S36 and S377). As in the case of
compound 1, the presence of [GaCl,]” was confirmed from the
7!Ga NMR spectrum of the DCM/MeOH mother solution of 2,
showing a large signal at 6 246.25 ppm (with C¢Dg insert,
Fig. S161), and by "*Ga NMR spectrum of 2 in D,0, with a broad
peak at 6 0.00 ppm (Fig. S14t). Furthermore, "H-DOSY NMR
experiments revealed very similar diffusion properties and
hydrodynamic radii between 2 and [PTA(O)] (3.52 A and 3.72 A
for 2 and [PTA(O)], respectively; Fig. S25, S26, S29 and S30t) and
data obtained through ICP-MS analysis support the formulation
of 2, with a complete match between found vs. calculated for the
content of both gallium and phosphorus (Tables 1 and S27).
The slow diffusion of ethanol into a deuterated aqueous
solution containing the product of the reaction between Galj
and [PTA(O)], again performed in the dark, produced crystals,
which after analysis with X-ray diffraction, proved to be the
ammonium-phosphine oxide of formula [PTA(O)-H]-[I] (4,
Fig. 4a). In this case, the salt crystallizes in a less symmetric
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space group (P2,/c) and both species are found in the asym-
metric unit. The geometrical trends in the adamantane cage are
confirmed and in agreement with those already discussed for 1
and 2. Also for 4, atom O1 forms a hydrogen bond with H1
resulting in a 1D hydrogen-bonded chain along the b axis
(Fig. 4b) (O1---N1’ 2.692(2) A symmetry operation to generate
the atoms: —x, —1/2 +y, 3/2 — 2) being the O---N distance more
than 0.05 A shorter than the expected range (2.76-2.89 A) for P=
O---H-N hydrogen bonds. The different shapes of the anions in
2 and 4 play a role in the resulting hydrogen bond interaction.
In the fingerprint plot, for the [PTA(O)-H] cation in 4, the
contacts are mostly with hydrogen and oxygen atoms of the
cations (70% and 10%, respectively) and with the iodine anion
(15%) (Fig. S38 and S397). In addition to the signals due to the
protonated N-H groups, the FT-IR spectra (KBr pellets, Fig. S2
and S41) of both 2 and 4 showed strong bands due to the
stretching of P=0 groups at 1174 and 1155 cm ™' respectively,
values slightly shifted compared to that of [PTA(O)] (vp—0) =
1167 cm™).47

As already mentioned, all compounds described herein
showed high solubility in water, in particular compounds 1 and

b

Fig. 4 (a) Molecular structure (ORTEP diagram) of [PTA(O)-H]-[I] (4) showing the atom labelling scheme. (b) 1D hydrogen bond of [PTA(O)-HI*
chain. Hydrogen bonding interactions are highlighted as dashed lines. Color code: C, black; H, white; O, red; N, blue; P, purple; |, dark green.
Thermal ellipsoids are shown at a 50% probability level. Selected bond lengths (A) and angles (°): P1-C1 1.8175(13); P1-C2 1.8184(14); P1-C3
1.8160(14); P1-01 1.4931(10); N1-C1 1.5005(17); N1-C4 1.5233(17); N1-C6 1.5288(17); N1-H1 0.897(18); N2—-C4 1.4393(17); N2—-C5 1.4719(17);
N2-C2 1.4841(18); N3-C6 1.4390(17); N3-C5 1.4710(17); N3-C3 1.4864(17); O1-P1-C1 112.40(6); O1-P1-C3 119.29(6); C1-P1-C3 100.60(6);
01-P1-C2 118.37(6); C1-P1-C2 100.61(6); C3-P1-C2 102.62(6); C1-N1-C4 110.92(10); C1-N1-C6 110.72(10); C4-N1-C6 108.66(10); C4—-
N2-C5109.69(10); C4-N2-C2 112.59(11); C5-N2-C2 112.47(11); C6-N3-C5110.14(11); C6-N3-C3113.43(10); C5-N3-C3111.81(10); N1-C1-
P1109.83(8); N2-C2-P1 108.35(9); N3-C3-P1 108.33(9).
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t=30 days
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Fig. 5 3'P{*H} NMR spectra of D,O solutions (0.025 M) of [PTA-H]-[GaCls] 1 (a) and [PTA(O)-H]-[GaCla] 2 (b) recorded at several times. The
spectra were recorded with a transmitter frequency offset of —40 ppm and a spectral width of 200 ppm. Spectral widths shown in the figure were
expanded in the region where signals were detected. Each spectrum was normalised to the tallest peak intensity.

2 with S,pec = 50 g L' and 63 g L™, respectively. Compounds
1-4 resulted to be stable as solids although 4 showed the
tendency to turn yellow after ca. one week. The stability of
gallium-PTA salts 1 and 2 in aqueous solution was assessed by
performing NMR experiments in D,O over time. Limited
changes in the *'P{"H} NMR (Fig. 5) and "H signals (Fig. S31b
and S31dt) were detected for both compounds after one week in
solution at room temperature and only a minimal decomposi-
tion was noted after one month (ca. 4.4% and 3.8% for 1 and 2
respectively, based on *'P). Also, no peaks other than the sharp
singlets at 6 0.00 ppm were observed in the 7'Ga NMR spectra of
both samples over the same range of time (Fig. S31a and S31cf¥).
The good stability shown by the gallium salts, in addition to the
lack of formation of the toxic hydrolysis derivative [Ga(OH),|~
(6Ga = 222 ppm)® in the experimental conditions tested, are
very promising results in view of the potential application of
these derivatives in the biological field.

DFT studies on the coordination of PTA with Ga®>* metal ion

On the basis of the results obtained by reacting PTA and [PTA(O)]
with gallium-halides, we performed a DFT analysis to rationalize
the lack of formation of any gallium-phosphine (or gallium-
phosphine oxide) coordination species. Crystal structures of
transition metal complexes containing protonated PTA mole-
cules are well known, although less common than those of
complexes with neutral PTA (i.e. 50 vs. 600 hits for protonated vs.
unprotonated transition metal complexes based on CSD search).
In some cases, the N-protonation of PTA takes place simulta-
neously with the formation of the coordination complex, but
there are also examples of protonation occurring on the isolated
complex through subsequent acid treatment.”*"

Thus, the two models of [(PTA)GaCl;] (5) and [(PTA-H)GaCl;]
(6) complexes (Fig. 6) were considered and optimized in the gas
phase.

In [(PTA)GaCl;] (5), the gallium atom has a tetrahedral
coordination and the Ga-P distance is calculated at 2.430 A,
a value comparable with 2.37 A that is the average distance of
Ga-P bond in the complexes of the type [GaCl;(PR;)] (based on
CSD search). In contrast, the Cl-Ga-P angle (102.8°) is smaller

© 2024 The Author(s). Published by the Royal Society of Chemistry

Fig. 6 Optimized structures of [[PTA)GaCls] (5) and [(PTA-H)GaCls] (6)
complexes. Color code: N, blue; P, pink; Cl, green; Ga, light blue; C,
black; H, white.

than the average angle (107°) found in the CSD for the same
complexes. Instead, the optimized model of [(PTA-H)GaCl;]" (6,
Fig. 6) shows a long Ga-P distance (2.558 A), GaCl; moiety is
almost planar (i.e. the sum of the three Cl-Ga-Cl angles is 355°)
and the gallium atom lacks the expected quasi tetrahedral
coordination. This suggests that the complex could not exist in
solution, and it is consistent with the lack of experimental
evidence of its presence in solution.

From an energetic point of view (Table 2), the free energy
calculated for the formation of 5 is -16.0 kcal mol™*, which is

Table 2 Free energy values calculated by DFT for the formation of
different metal—phosphine—halide coordination compounds

Metal-phosphine-halide adduct Calculated free

formation energy (kcal mol™)
PTA + GaCl; — [(PTA)GaCl] AG = -16.0
(PTA-H) + GaCl, — [(PTA-H)GaCl,] AG = +2.2

P(Me); + GaCl; — [(PMe);GaCl;] AG =-19.8

PTA + AuCl — [(PTA)AuCI] AG = -43.3
(PTA-H) + AuCl — [(PTA-H)AuCI] AG = -26.9

RSC Adv, 2024, 14, 21139-21150 | 21145
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comparable to the free energy calculated for the [(PMe);GaCl;]
adduct (-19.8 kecal mol ™). For comparison, the free energies for
PTA-gold complexes [(PTA)AuCl] have been calculated resulting
in -43.3 keal mol ™ *.82# Therefore, the coordination bond is twice
as strong for the transition metal compared to the gallium atom.
The presence of a very weak Ga-P bond in 6 has been further
confirmed by the positive calculated free energy (+2.2 keal mol ;
Table 2) for the formation of the protonated complex from PTA-
H" and GaCl;. With regard to the latter, there was indeed no
experimental observation of coordination products even when
the protonated derivative of the formula [PTA-H]-[CI] was reacted
with GaCl; in DCM, or with Gal; in diethyl ether for 24 h. Again,
for comparison, the free energy calculated for the corresponding
PTA-H-gold complex [(PTA-H)AuCI]" #>%* was -26.9 kcal mol™"
and from a geometrical point of view the P-Au calculated bond
distance was 2.257 A, slightly shorter than the corresponding
distance (2.278 A) in [(PTA-H)AuCl]. Similar results in terms of
geometry and energy differences were obtained for the corre-
sponding structures 5 and 6 using GaBr; and Gal; instead of
GaCl; (Table S3, Fig. S40 and S41+).

To summarize, the calculated Ga-P bond, where P is PTA or
other phosphines, is always weaker than a common transition
metal-phosphorus bond as demonstrated by the values re-
ported in Table 2. The N-protonation of PTA carries an energy
penalty of around 18 kcal mol™" in the formation of both
gallium and transition metal coordination complexes. As
a consequence, the Ga-PTA complex cannot survive the
perturbation induced by the N-protonation of PTA.

Conclusions

The reactivity of the cage-like phosphine PTA and its corre-
sponding oxide [PTA(O)] towards the gallium(u) precursors GaCls
and Gal; has been investigated for the first time. The molecular
structures of all products of reactions were unambiguously
confirmed by a range of characterization techniques, including
single-crystal X-ray diffraction, validating the formation of ionic
compounds where the phosphine (or phosphine oxide) is
protonated at one nitrogen atom and the anions are [GaCl,]™ or
[I]” depending on the gallium precursor. DFT calculations were
performed to further rationalize our findings showing a favour-
able free energy for the formation of Ga-P bond, although
a positive AG value was observed in the case of protonated
phosphines. This result is in line with the lack of formation of
any gallium-PTA coordination complexes from the metal-halide
precursors GaCl; and Gal;, being both expected to produce the
fast protonation of PTA and [PTA(O)]. Based on our experimental
results and theoretical calculations, the ionic derivatives 1-4 are
the only species accessible in these conditions, thus alternative
approaches need to be investigated in order to achieve coordi-
nation products of Ga** with PTA-based ligands.

Experimental section
General procedures

All manipulations were carried out under a purified N, atmo-
sphere using standard Schlenk techniques unless otherwise
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noted. Deuterated solvents and all the gallium(in) precursors
were bought from commercial suppliers and used without
further purification. Doubly distilled water was used; dichloro-
methane (DCM), methanol (MeOH) and diethyl ether (Et,O)
were distilled on calcium hydride, magnesium and sodium,
respectively, and degassed prior to use. Ethyl acetate (EtOAc)
was dried over molecular sieves (4 A). The phosphine ligands
PTA and [PTA(O)] were synthesized as reported in the literature.*
'H, “*C{"H}, *'P{"H} NMR spectra were recorded on a Bruker
Avance II spectrometer (operating at 400.13, 100.61 and 161.98
MHz, respectively). The *C and *'P NMR spectra were normally
run with proton decoupling. *'P NMR spectra are reported
in ppm relative to an external H;PO, standard (0.0 ppm), with
downfield positive shifts. "*C{"H} NMR spectra are reported
in ppm relative to residual solvent resonances with downfield
positive shifts. “’Ga NMR spectra of mother solutions were
recorded with a C¢D¢ insert on a Bruker Avance II spectrometer
(operating at 122.03 MHz). "'Ga NMR spectra of the isolated
compounds and "H-DOSY experiments were run on an Avance
III HD spectrometer (operating at 122.03 MHz and 400.13 MHz,
respectively). 'H-DOSY NMR (ledbpgp2s) experiments were
performed at 298 K, with 16 increments varying gradient
strength from 5% to 95% using a linear ramp with a diffusion
time (d20) of 50 ms and a gradient pulse width (p30) of 1.3 ms.
The diffusion constants for compounds 1 and 2 and for ligands
PTA and [PTA(O)] were determined by fitting the integral of the
isolated phosphor-coupled doublet of each compound using
the T1/T2 function in the dynamics module of Topspin 3.6.5.
The hydrodynamic radii of compounds 1 and 2 and of free
ligands PTA and [PTA(O)] were then calculated using the
Stokes-Einstein equation (for further details see ESIt). Infrared
spectra were measured using KBr pellets on a PerkinElmer FT-
IR Spectrum BX II instrument in the range 400-4000 cm ™~ . ICP-
MS measurements were performed at the Metallomics Facility
(King's College London, KCL), under GMP settings on a Ther-
moFisher iCAP TQ ICP-MS with Qtegra operating software (for
further details see ESIt). Elemental analyses of compounds 1
and 2 were carried out at MEDAC Ltd (Chobham, Surrey, UK)
using a Thermo Fisher Scientific CHNS-O Analyzer FlashEA
1112 Series (results are within £0.4% of the theoretical values).
Elemental analyses of compounds 3 and 4 were performed at
the University of Florence, Italy, using a Thermo Fish-
er_FlashSmart elemental analyzer. The solubility of 1-4 in water
was assessed by adding bidistilled H,O with a 100 uL Hamilton
micro syringe to a 5 mg sample of each compound placed in
a Schlenk flask, under slow stirring in a thermostated bath kept
at 20 °C, until complete dissolution of the solid.

Synthesis of [PTA-H]-[GaCl,] (1). In a Schlenk flask, GaCl,
(0.21 g, 1.19 mmol) was dissolved in dichloromethane (8 mL)
and added of a solution of PTA (0.21 g, 1.31 mmol) in DCM (10
mL) prepared separately. After the addition of a few drops of
PTA solution, the formation of a white solid was observed. The
reaction was left stirring overnight at room temperature under
a nitrogen atmosphere. The precipitate was allowed to settle,
separated from the solution, washed with MeOH and dried
under reduced pressure (0.32 g, 66% yield based on PTA).
S(H,0)500c = 50 g L. 'H NMR (400.13 MHz, D,0): 6 (ppm)

© 2024 The Author(s). Published by the Royal Society of Chemistry
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4.91-4.83 (m, AB system, Jag = 12.4 Hz, 6H, NCH,N); 4.12 (d,
’Jup = 9.2 Hz, 6H, PCH,N). *C{'"H} NMR (100.61 MHz, D,0):
6 (ppm) 70.89 (s, NCH,N); 46.44 (d, “Jcp = 24.6 Hz, PCH,N). *'P
{'"H} NMR (161.98 MHz, D,0): § (ppm) -91.41 (s). 'Ga NMR
(122.03 MHz, D,0): 6 (ppm) 0.00 (s, broad). IR (KBr, cm *): » (N~
H) 3165, 2969, 6 (N-H) 1622. Anal. Found (calcd) for C¢H;;3Cly-
GaN,P-CH,;0H: C, 20.98 (20.93); H, 4.28 (4.27); N, 10.27 (10.46).

Synthesis of [PTA(O)-H]-[GaCl,] (2). To a Schlenk tube con-
taining GaCl; (0.07 g, 0.4 mmol) dissolved in DCM (5 mL),
a suspension of [PTA(O)] (0.076 g, 0.44 mmol) in MeOH (7 mL)
was added. The reaction was stirred for 24 h at room tempera-
ture, then the precipitate was left to deposit at the bottom of the
tube and the solution was removed by suction with a syringe.
The white solid was washed with DCM (1 mL) and dried under
vacuum (0.055 g, 32% yield based on [PTA(O)]). The same
product was also obtained when the reaction was repeated by
adding [PTA(O)] solid (0.17 g, 0.99 mmol) to the solution of
GaCl; (0.16 g, 0.91 mmol) in DCM (10 mL), and reacting the
resulting mixture at room temperature for 5 h (0.13 g, 34% yield
based on PTA(O)). S(H,0)z0o¢c = 63 g L. "H NMR (400.13 MHz,
D,0): 6 (ppm) 4.68 (d, AB system, Jog = 12.9 HZ, 3H, NCH,N);
4.54 (d, AB system, J,g = 12.9 Hz, 3H, NCH,N); 4.20 (d, *Jyp =
10.4 Hz, 6H, PCH,N). "*C{'"H} NMR (100.61 MHz, D,0O): § (ppm)
70.31 (d, *Jcp = 7.9 Hz, NCH,N); 51.86 (d, Jcp = 55.7 Hz,
PCH,N). *'P{"H} NMR (161.98 MHz, D,0): 6 (ppm) -3.11 (s).
71Ga NMR (122.03 MHz, D,0): 6 (ppm) 0.00 (s, broad). IR
(KBr, cm™'): » (N-H) 3137, 2963, 6 (N-H) 1627, » (P=0) 1174.
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Anal. Found (caled) for C¢H;3Cl,GaN3;OP-H,0: C, 18.03 (17.85);
H, 3.42 (3.75); N, 10.20 (10.41).

Synthesis of [PTA-H]-[I] (3). In a Schlenk flask, 0.42 g of PTA
(0.27 mmol) were mixed with ethyl acetate (12 mL) under
nitrogen and the resulting suspension was slightly warmed
until complete dissolution. This solution was added using
a syringe to a Schlenk tube containing the solution of Gal;
(0.1 g, 0.22 mmol) in ethyl acetate (6 mL). After a few minutes,
the formation of a white precipitate was observed. The reaction
was stirred overnight in the dark at room temperature. The
solvent was reduced to about half of the initial volume and the
precipitate was isolated, washed with EtOAc (1 mL) and dried
under vacuum (0.07 g, 91% yield based on PTA). S(H,0),poc =
20 g L™". "H NMR (400.13 MHz, D,0): 6 (ppm) 4.89-4.83 (m, 6H,
NCH,N); 4.10 (d, >Jup = 9.2 Hz, 6H, PCH,N). “C{'H} NMR
(100.61 MHz, D,0): 6 (ppm) 70.84 (s, NCH,N); 46.39 (d, YJcp =
24.6 Hz, PCH,N). *'P{"H} NMR (161.98 MHz, D,0): ¢ (ppm) -
91.39 (s). IR (KBr, cm™%): » (N-H) 2857-2532, 6 (N-H) 1625. Anal.
Found (caled) for CeH43IN3P: C, 25.38 (25.28); H, 4.54 (4.60); N,
14.82 (14.74).

Synthesis of [PTA(O)-H]-[I] (4). To a Schlenk flask charged
with Gal; (0.1 g, 0.22 mmol) and [PTA(O)] (0.46 g, 0.27 mmol)
doubly distilled water was added (6 mL) and the resulting clear
solution was left stirring overnight in the dark at room
temperature. The solvent was then removed under reduced
pressure yielding a white powder (0.08 g, 98% yield based on
[PTA(O)]). The same product was also obtained when the

Table 3 Crystal data and structure refinement for compounds 1, 2 and 4

[PTA-H]-[GaCl,]

[PTA(O)-H]-[GaCl,]

[PTA(O)-H] [1]

Empirical formula CgH;3Cl,GaN;P
Formula weight 369.68

Temp (K) 100(2)
Wavelength (A) 1.54178
Crystal system Orthorhombic
Space group Pnma

a (A) 13.3420(9)

b (A) 8.2734(6)

c(A) 11.9648(8)

a (deg) 90

b (deg) 90

g (deg) 90

Vv (&%) 1320.72(16)

zZ 4

Peale (g cm™) 1.859

w (mm™1) 11.235

F(000) 736

6 range for data collection (deg)
Index ranges

4.965 to 72.470°
-16=h=16,-10=k =09,
—14=I[=14

Reflections collected 16 021
Independent reflections 1408 [Rin; = 0.0563]
Completeness to § = 25.0° 99.8%
Data/restraints/parameters 1408/0/84
Goodness-of-fit on F* 1.102

Final R indices [I > 24(I)]
R indices (all data)
Largest diff. peak and hole (e A7)

Ry = 0.0229, WR, = 0.0600
R; = 0.0251, wR, = 0.0603
0.911 and —0.378

© 2024 The Author(s). Published by the Royal Society of Chemistry

CeH,;C1,GaN;OP CeH,3IN;OP
385.68 301.06
100(2) 100(2)
1.54178 0.71073
Orthorhombic Monoclinic
Pnma P24/c
13.7699(10) 7.8486(3)
8.1328(6) 9.6385(3)
12.1428(9) 12.7790(4)
90 90

90 91.6520(10)
90 90
1359.85(17) 966.31(6)

4 4

1.884 2.069
11.002 3.439

768 584

4.856 to 72.232°
~16=h=16,-10 <k =09,

2.596 to 33.216°
—12=h=12,-14 =k = 14,

—-14=[=14 -19=1[=19
12108 53622

1431 [Rip; = 0.0665] 3699 [Rinc = 0.0427]
99.6% 100.0%

1431/0/90 3699/0/116

1.077 1.039

R, = 0.0409, WR, = 0.1108
Ry = 0.0424, WR, = 0.1113
0.753 and —0.812

R, = 0.0159, wR, = 0.0319
Ry = 0.0205, WR, = 0.0334
0.677 and —0.419
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reaction was repeated by adding [PTA(O)] solid to the solution of
Gal; in DCM (10 mL) and reacting the resulting mixture at room
temperature for 5 h (0.06 g, 74% yield based on PTA(O)). In both
cases, the solid was washed with EtOAc. S(H,0)z00c = 23 g L.
"H NMR (400.13 MHz, D,0): 6 (ppm) 4.64 (d, AB system, Jap =
13.2 Hz, 3H, NCH,N); 4.50 (d, AB system, J,g = 13.2 Hz, 3H,
NCH,N); 4.19 (d, >Jjyp = 10.4 Hz, 6H, PCH,N). *C{'H} NMR
(100.61 MHz, D,0): 6 (ppm) 70.34 (d, *Jcp = 7.7 Hz, NCH,N);
51.88 (d, Jcp = 55.7 Hz, PCH,N). *'P{'"H} NMR (161.98 MHz,
D,0): 6 (ppm) -3.04 (s). IR (KBr, cm ™ ): » (N-H) 3103, 2924, 6 (N-
H) 1622, v (P=0) 1155. Anal. Found (calcd) for CgH;3IN;-
OP-0.2CH,Cl,: C, 23.71 (23.41); H, 4.62 (4.25); N, 12.94 (13.21).

Single-crystal X-ray diffraction (SCXRD). Single-crystal X-ray
diffraction data were collected at 100 K controlled by an
Oxford Cryostream using Mo-Ka. radiation (A = 0.71073 A) on
a Bruker Apex-1I diffractometer equipped with a CCD detector,
controlled by APEX2 software.** Crystallographic data and
refinement parameters are reported in Table 3. Data integration
and reduction were performed using Bruker SAINT software.*®
Absorption correction was performed with the program
SADABS-2016/2.%¢ The crystal structures were solved using the
SIR-2004 package® and refined by full-matrix least squares
against F* using all data (SHELXL-2018/3).*® All the non-
hydrogen atoms were refined with anisotropic displacement
parameters. Crystal-Explorerl7 was used to compute the
Hirshfeld surfaces (HS) and their associated 2D fingerprint
plots to further investigate the intermolecular interactions.®*

Computational details. All the structures have been opti-
mized at the B3LYP*® level of theory within the Gaussian 16
software®* and validated as minima by computing vibrational
frequencies. The effective Stuttgart/Dresden core pseudo-
potential (SDD)*> was adopted for iodine atoms, while for all
the other atoms the 6-31G(d,p) basis set™ was used.
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