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ARTICLE INFO ABSTRACT

The cage-like water-soluble monodentate phosphine 1,3,5-triaza-7-phosphatricyclo[3.3.1.1]decane (also known
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as 1,3,5-triaza-7-phosphadamantane, PTA) has been known for many years and has been widely used in
organometallic chemistry due to its ability to solubilize and stabilize transition metal complexes in aqueous
phase. Through synthetic modifications, many PTA derivatives have also been obtained and used as coordinating

ligands. The numerous PTA metal compounds produced have found application in particular in catalysis, but also
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in medicinal chemistry and for photoluminescent purposes. More recently, the synthesis of 1,4,7-triaza-9-phos-
phatricyclo[5.3.2.1]tridecane, abbreviated as CAP, has been reported. This phosphine, that can be considered as
a higher homologue of PTA, has already shown interesting properties, sometimes considerably different from
PTA. This minireview summarizes and compares the properties and reactivity of the two ligands and the activity
in catalysis and in medicinal chemistry of the transition metal complexes described so far in the literature.

1. Introduction

The use of organophosphines as ancillary ligands is an established
approach in organometallic chemistry, due to their ability to stabilize
low metal oxidation states and to their synthetic versatility, in turn
allowing for fine tuning of the electronic and steric properties as well as
the solubility of the corresponding metal complexes. On the other hand,
the need for more sustainable chemical processes has driven both
academia and industry to study the development of systems active in
aqueous solution, as water is a safer and green alternative to toxic
organic solvents [1,2]. One of the strategies to convey organometallic
compounds in aqueous phase is to use hydrophilic ligands [3] and
among them the neutral adamantane-like phosphine 1,3,5-triaza-7-
phosphadamantane, also known as PTA (1, Fig. 1), has been of great
interest for many research groups worldwide, owing to its attractive
combination of a low sterically demanding structure and a high chem-
ical and thermal stability, further that its high solubility in water. The
coordination chemistry of PTA and its derivatives to the majority of
transition metals has been largely investigated and, beside to the main
use in catalysis, the application of the resulting complexes in lumines-
cence studies, in medicinal chemistry and in 1D and 3D materials have
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been reported in the literature over the years [4]. Through the structural
modifications of PTA, involving N-quaternization (lower rim function-
alization) and introduction of a side arm in C-6 position (upper rim
functionalization), many derivatives have been synthesized with
different electronic, steric, solubility and binding properties [5].

Our research group worked for many years on PTA chemistry, in
particular on its synthetic modifications and on the synthesis of transi-
tion metal complexes active in homogeneous catalysis and medicinal
chemistry. More recently, we turned our interest to the chemistry of new
cage-like adamantane phosphines. A higher homologue of PTA, namely
1,4,7-triaza-9-phosphatricyclo[5.3.2.1]tridecane, abbreviated as CAP
(2, Fig. 1), built on a triazacyclononane macrocycle embedded into the
cage, has been described for the first time in 2015 by Britvin and co-
workers [6] Although structurally very similar, the two ligands show
remarkable differences in their conformational behavior, reactivity and
coordination chemistry. In the last few years, some transition metal
compounds bearing CAP have also been described and investigated for
their potential catalytic and medicinal applications. The aim of this re-
view article is to highlight the main similarities and differences between
the two phosphines and their reactivities, often reflected in unusual 3'P
NMR chemical shift values (Table 1), as well as to compare the
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Fig. 1. Drawings of PTA (1) and CAP (2) aminophosphine ligands.

many organic solvents including DMSO, acetone, chloroform and
dichloromethane.

The cone angle of PTA is rather small, with a measured value of 103°,
lower than that of other alkyl phosphines such as PEt3 (132°), PMes
(118°) or PCy3 (170°), denoting a low steric hindrance character of this
ligand. Regarding the characterization in solution of 1, its 3'P{'H} NMR
spectrum in DO shows a singlet at —98.3 ppm slightly shifted to
—101.0 ppm in CDCls, whereas in the 'H NMR spectrum a broad singlet
at 4.43 ppm due to N-CH,-N and a doublet at 3.90 ppm (3Jyp = 9.0 Hz)

Table 1
31p{'H} NMR chemical shift values of PTA, CAP, derivatives and selected complexes.
Compound SIp{IH}NMR chemical shifts (6, ppm) Solvent Reference
PTA (1) —98.3, s D20 [8]
—101.0, s CDCl3
CAP (2) 46.7, s DO [6,10]
52.8,s CDCl3
(PTA-H)CI (3) —89.9, s D,0 [14b]
PTA(O) 4) —2.5,s DO [7,8]
[PTA(N-Me)]I (6) -86.1, s DMSO-dg [8]
[PTA(N,N'-Me),]1(0Tf), (7) —80.8, s D,0 [20]
[PTA(O)(N-Me)]I (8) —-1.3,s DO [17b]
(CAP-H)CI (9) 25.2, s D0 [6]
(CAP-H,)Cl, (10) 12.8, s D,0 [6]
(CAP-H3)]Cl3 (11) 12.3,s D,0 (61
CAP(0) (12) 52.0, s D0 [11]
[(CAP-H,)(0)ICl, (13) 32.1,s D,0O [11]
[CAP(O)(N-OH),]*" (14) 15.9, s D,0 [11]
[CAP(P-Me)]I (15) 25.6, s D50 [11]
[CAP(P,N-Mey)]I; (16) 18.9, s D,0 [11]
[(CAP-H,)(P-Me)](CDI (17) 24.7,s D,0 [11]
[CAP(O)(N-Me))]I, (18) 19.8, s D,0 [11]
[RuClz(n6-p-cymene)(PTA)] 19 —36.6, s CDCl3 [31]
[RuCl(n®-p-cymene)(PTA),]BF, (20) —33.0, s D,0 [30]
[RuCly(n®-p-cymene)(CAP)] (21) 52.8,s CDCl3 [10]
[RuCl(qs-p-cymene)(MeCN)(CAP)]PF(, (22) 48.2's, —144.3 sept (1JpF =707.8 Hz) Acetone-dg [10]
[RuCl(n®-p-cymene)(CAP),]PF¢ (23) 51.6 s, —144.3 sept (1Jpr = 707.5 Hz) Acetone-dg [10]
[RuH(n%-p-cymene)(CAP),]PFs (24) 67.5 s, —149.5 sept (\Jpp = 711.1 Hz) CD4Cl, [33]
[RuClz(né-p-cymene)(PTA-H)](BPh4) (25) 22.1s Acetone-dg [35]
[RuCly(n°-p-cymene)(CAP-H)1(BPhy) (26) 61.1s CD3CN [34]
58.4s DMSO-dg
cis-[PdCl5(CAP),]-2H,0 (27) 43.0s DO [56]
cis-[PdCly(CAP-H)(CAP-H,)]Cl3-3H20 (28) 42.8 s D,0 [56]
cis-[PdCly(CAP-H,),1Cl4-4.5H,0 (29) 42.6 s D,0 [56]
cis-[PtCly(CAP-H3),]Cl4-4.5H,0 (30) 22.6, sat. 32.1, 13.0 ppm (Ypep = 3093 Hz) D20 [56]
[*°Tc(PTA)(CO)s]OTf (31a-OTf) —585s CD5CN [58]
[*°Tc(CAP)(CO)5]10Tf (32a-0Tf) —48.8s CD3CN [58]

properties of their corresponding transition metal complexes reported in
the literature so far and their activity when applied in the same catalytic
processes or for the same medical purposes.

2. Synthesis, characterization and structural properties of PTA
and CAP

The synthesis of PTA (1) was described for the first time by Daigle in
1974, by condensation reaction of trishydroxymethylphosphine (THP,
[P(CH20H)s3]), with hexamethylenetetramine or, alternatively, with an
ammonia solution, in the presence of formaldehyde [7]. The early yield
of ca. 40% was later increased up to 80% by first obtaining in situ the
phosphine THP in the reaction of the air-stable and commercially
available tetrakis(hydroxymethyl)phosphonium chloride (THPC) with
sodium hydroxide (Scheme 1) [8]. After crystallization in hot ethanol or
acetone, PTA was isolated as a pure crystalline white solid, which,
contrary to other alkyl phosphines such as PMes and PEtg, resulted to be
highly stable to air and moisture, and also thermally stable decomposing
at temperatures higher than 260 °C. In addition to its high solubility in
water at room temperature with S(H20)25:¢c = 1.5 M, ca. 235 g/L, PTA is
also well soluble in MeOH and EtOH and less soluble in heavier alcohols
such as 2-propanol, n-butanol and THF. It also shows good solubility in

due to P-CH»-N are observed [8].

The new ligand CAP (2) features a tristhomoadamantane) cage
which can be considered a structural intermediate between those of PTA
and of the unstable Verkade’s aminophosphine [9]. Indeed, CAP is
similar to the latter for the presence of the triazacyclononane ring in its
cage and to PTA for the same environment at the phosphorus atom
which is connected with the nitrogen atoms through three bridging
methylene groups. CAP was firstly prepared by a Mannich-type
condensation of 1,4,7-triazacyclononane (TACN) and THP in MeOH at
room temperature. After slow evaporation of the reaction solution in air,
2 was obtained as dodecahedral white crystals (Fig. 2) in ca. 45% yield.
The low yield was justified by the authors with the formation of a large
amount of amorphous byproducts, likely polymeric in nature [6]. Based
on our experience on PTA preparation, this synthetic procedure was
slightly modified by us some time later. Thus, THPC (80% solution in
water) was first treated with NaOH (1.6 M) to obtain THP in situ, which
was directly reacted with TACN at room temperature in aqueous solu-
tion. This solution was then extracted with CHCl3 and after crystalliza-
tion of the crude product from hot ethanol, CAP was obtained as a white
crystalline pure solid (Scheme 1) [10]. Although this procedure does not
increase the final yield as the formation of the unidentified amorphous
solid could not be avoided, it has the advantage of using the easier-to-
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Scheme 1. Synthesis of 1 and 2.

Fig. 2. Dodecahedral crystals of 2. Reprinted with permission from [6].
Copyright 2015 American Chemical Society.

handle THPC instead of the air sensitive THP, of using water as solvent
instead of an organic solvent and a easier and faster workup.

CAP is stable in air both as solid and in solution and has a thermal
stability comparable with that of PTA. Furthermore, it has a melting
point of ca. 50 °C and evaporates under Argon atmosphere at a tem-
perature between 200 and 300 °C without decomposition. 2 is soluble in
water with S(H20)25:c = 0.1 M, ca. 2 g/100 mL, that is ca. an order of
magnitude lower than the value reported for 1. CAP is also soluble in
alcohols such as MeOH, EtOH and ‘PrOH and in chlorinated solvents
such as CHCl3 and CH»Cly, while it shows no solubility in acetone, THF,

benzene, toluene and hexane [6]. The cone angle of CAP is calculated at
109° confirming, as for PTA, the low steric demand nature of this ligand,
whereas the DFT calculations of TEP (Tolman’s electronic parameter), a
parameter used to conventionally estimate the electron-donating ability
of phosphines, gave a value of 2056.8 cm™'. The lower value of TEP for
CAP compared to that calculated for PTA (2070.2 cm ) implies that
ligand 2 has an electron-donating ability at the P atom higher than that
of 1 and closer to that of stronger electron donor phosphines such as P(t-
Bu)s and PCys. Thus, based on the electron donicity properties, CAP can
be considered as the water-soluble counterpart of P(t-Bu); and PTA as
the water-soluble counterpart of PPhs (Fig. 3).

Although similar from the sterical point of view, the significantly
different electronic properties of PTA and CAP are also responsible of the
large differences in the 31p NMR chemical shifts (Table 1). In fact, the
31p{'H} NMR spectrum of CAP in D,0 shows a singlet at 46.7 ppm, a
value exceedingly different from that of PTA (—98.3 ppm) and more
similar to that of P(t-Bu)s (62.2 ppm in toluene-dg). This large magni-
tude of 3!P upfield shifting for CAP and its derivatives relative to PTA
(A8 = —145.0 ppm) has been explained by Britvin and co-workers as a
consequence of the formation of intramolecular lone pair interactions in
CAP, a phenomenon previously reported in azaphosphatrane systems to
explain their NMR anomalies [11]. Indeed, both in CAP and in aza-
phosphatranes some substitutions give a pyramidal out-in inversion at
one of the N atoms resulting in the formation of short intramolecular
P---N and N---N linkages. Through DFT calculation studies based on the
electron density distribution analysis, the authors revealed that the P
and N centers of the trischomoadamantane) cage of 2 exhibit equal
electron donicity and the enhancement of P-donicity of CAP compared
with that of PTA is likely correlated to the occurrence of weak but

PTA (1)

Scheme 2. Protonation, oxidation and methylation reactions of 1.
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angle © (°). Reprinted with permission from [6]. Copyright 2015 American Chemical Society.

PTA CAP

Fig. 4. X-ray crystal structures of PTA and CAP. Drawings by CCDC Mercury® 3.9.
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Scheme 3. Protonation, oxidation and methylation reactions of 2.

definite P---N intercage interactions, resulting in accumulation of elec-
tron density at the centre of the cage.

Both PTA and CAP were characterized in the solid state by X-ray
crystal structural determination (Fig. 4). In both cases a [333] confor-
mation is present. The characteristic bondlengths in PTA are P1—C1 =
1.8661(7) A, N1I—C1 = 1.4721(10) A and N1—C2 = 1.4672(5) A. For
CAP, the main bondlengths are P1—C1 = 1.8697(8) i\, N1—C1 =1.4472
(10) A, N1I—C2 = 1.4544(9) A and N1—C3 = 1.4517(8) A. As expected,
the higher cage flexibility of CAP is reflected in the bond distances of the
lower triazacyclononane rim.

In conclusion, the 3'P NMR chemical shifts of CAP and its derivatives
(vide infra) are greatly affected by their conformational and stereo-
electronic properties, which are in turn governed by the cage confor-
mation. In the solid state, the 9-membered ring in CAP maintains the
same [333] conformation [12] of that of free TACN [13]. This confor-
mation is the most energetically favored among the nine-membered
macrocycles giving to these rings a high degree of conformational
freedom. For this reason, one of the main difference between the two
phosphines is that CAP is characterized by a “semi-flexible” cage, while
PTA is known for the rigidity of its adamantane skeleton.

3. A comparison of selected reactivities between PTA and CAP

Despite having similar solubility, stability and structural properties,
the stereoelectronic differences between PTA and CAP lead to evident
differences in reactivity such as in protonation, oxidation or alkylation
reactions [11].

In aqueous solutions with a pH lower than 6.5, PTA is regiose-
lectively protonated at one nitrogen atom giving the corresponding
ammonium derivative (PTA-H)" (3) (Scheme 2) [4a]. As demonstrated
experimentally and by DFT calculations, a further N-protonation is
thermodynamically less favored because changes in hybridization of
nitrogen centers cause severe distortions of the adamantane cage
resulting in a decrease of the overall stability. On the other hand,
whereas PTA is known as a monoacidic base with a acidity constant pKy;
measured by different authors at 5.7 [14a] and 6.0 [14b], its homologue
CAP behaves as a triacidic amine base, being able to be protonated to all
three nitrogen atoms [6]. The calculated pK,; and pKyy of CAP resulted
6.2 and 2.9 respectively, and through acid-base titrations the sequential

formation of the cations (CAP-H)* (9) and (CAP-Hy)?* (10) (Scheme 3)
has been observed. The remaining third nitrogen site is only weakly
basic but the triprotonated ion (CAP-Hg)3+ (11) has also been isolated
from highly acidic solutions and confirmed by X-ray diffraction analysis.
The polyamine behavior showed by CAP can be related to its high degree
of conformational flexibility due to the nine-membered TACN ring
allowing the existence of a variety of distorted conformers [12,15].
Reaction of PTA with strong acids (excess) generally leads to cage
opening [4].

Furthermore, when an aqueous solution of 11 was added to a solu-
tion of HAuCly, the immediate formation of gold nanoparticles with
dimensions between 5 and 10 nm was observed [6]. This ability to
reduce Au(Ill) to Au(0) is unusual for tertiary phosphines, which
commonly afford phosphine-Au(I) complexes if reacted with Au(IIl)
precursors [16]. Aside from 11, CAP can promote the oxidative disso-
lution of nanocrystalline Au(0) to give CAP-Au(I) complexes and the
ability to displace cyanide from [Au(CN);] forming the cation [Au
(CAP)s]™ [6]. As in the case of free PTA and CAP, their N-protonated
derivatives show different behavior in the 3!'P{'H} NMR spectra.
Whereas (PTA-H)CI (3-Cl) is characterized by a singlet at —89.9 ppm
(D20), a chemical shift value only slightly different from that of un-
modified PTA (—98.3 ppm) [14b], 31p{1H} NMR chemical shifts of CAP
derivatives are highly influenced by protonation giving peaks in DO at
12.8 ppm for (CAP-H3)Cl, (10-Cly) and 12.3 ppm for (CAP-H3)Cls
(11-Cl3) corresponding to a AS§ with 2 of —33.9 and —34.4 ppm,
respectively [6].

The oxidation of the phosphorus center can be accomplished in both
1 and 2 but under different reaction conditions. PTA can be easily
oxidized to the corresponding P-oxide PTA(O) (4) (Scheme 2) in the
presence of hydrogen peroxide, nitric acid [17a] or nitrogen tetraoxide
solutions [17b]. The P—0 bond formation leads to a large change in 3P
{'H} NMR chemical shift compared to PTA with a singlet detected at
—2.49 ppm (D20) [7,8]. PTA(O), which was sometimes observed to form
as by-product in the course of synthetic or catalytic reactions involving
PTA, is thermally stable, decomposing at temperatures higher than
260 °C and less soluble in water than 1 [8]. Oxidation of the P centre
causes a decrease of basicity of the nitrogen atoms in 4 and, as in the case
of 1, reactions of PTA(O) with H' sources lead only to the monoproto-
nated cation [(PTA-H)(O)] (5, Scheme 2). Through PTA(O) reduction,
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using polymethylhydrosiloxane (PMHS) as reductant in a metal-free
process run under nitrogen at 220 °C temperature, it is possible to
recover PTA [18].

The P-oxide derivative of CAP, namely CAP(O) (12, Scheme 3), was
obtained by slow aerial oxidation of an aqueous solution of 2 in the
presence of catalytic amounts of Cu?* salts [11]. Compound 12 retains
the same [333] conformation of the free ligand 2, as confirmed by the
slight shift of the signal in the 3!P{'H} NMR spectrum (52.0 ppm) and,
like CAP, it can be protonated with HCI at two nitrogen sites, affording
the dicationic species [(CAP-H)(0)]Cl; (13, Scheme 3). Treatment of 2
with an aqueous solution of HoO5 does not lead to 12 as observed for
PTA, but rather to the CAP(O)-dihydroxyammonium dication [CAP(O)
(N-OH)Z]2+ (14, Scheme 3). The third nitrogen atom of the cage is not
oxidized, and this is likely due to the severe distortion suffered by 14.
The formation of this derivative is not an unexpected result by consid-
ering that hydrogen peroxide is known to be used in the synthesis of N-
oxides [19], but it represents another diversity point between CAP and
PTA reactivities.

When reacted with Mel in acetone solution under reflux conditions,
PTA is regioselectively alkylated at the nitrogen atom affording the
derivative [PTA(N-Me)]I (6, Scheme 2) [17b]. This N-alkyl salt results to
be stable in air and water, but less soluble in organic solvents than PTA.
The reactivity of 6 differs from that of 1 and, for example, P-oxidation
with Hy04 does not occur, hence the P atom maintains the same coor-
dination ability of PTA to transition metals. If reacted with Mel, also 4 is
methylated to one nitrogen site affording compound [PTA(O)(N-Me)lI
(8) [17a]. On the other hand, reaction of 1 with two equiv. of MeO-
SO,CF3 in acetone gives the N-dimethylated derivative [PTA(N,N'-Me),]
(OTf)2 (7, Scheme 2) [20]. By using other alkylating agents, such as EtI
[21], PhCH,Cl [14b,22] or I(CHg)4l [23], the corresponding N-alky-
lated-PTA salts are always obtained. P-alkylation is not obtained directly
from PTA, but only by refluxing an acetone solution of the precursor [RP
(CH20H)3]Cl (R = Me, Et, Ph, Bz, Cy) in the presence of ammonium
acetate and formaldehyde [24].

Contrary to PTA, by reacting CAP with Mel, the P-methylated cation
[CAP(P-Me)]I (15) is readily obtained (Scheme 3). This remarkably
different behavior between the two phosphines is due to their different
electronic properties and, in particular, different electron donicity of P
and N atoms, as discussed above. As observed for 12, compound 15
maintains the highly symmetric [333] conformation of the 9-membered
macrocyle [11] and in its 'H NMR spectrum in D30, the P-CH3 group is
detected as a doublet at 1.43 ppm (ZJHp = 17.3 Hz) which is in line with
the signal of P-CH3 of the corresponding P-methylated PTA derivative
(doublet at 1.82 ppm, 2JHp =15.6 Hz) [25]. By reaction with diluted HCI
solutions, 15 is easily protonated yielding the trication [(CAP-H2)(P-
Me)1(Cl)sl (17), while if reacted with an equimolar amount of Mel in
methanol solution, it affords the P,N-methylated dication [CAP(P,N-
Mey)]1; (16, Scheme 3). Further alkylations are not observed in 15 even

in the presence of an excess of methyl iodide. This behavior is in contrast
with that shown by 12, which forms the N,N'-methylated dication [CAP
(O)(N-Me5)]1, (18) when treated with an excess of Mel [11].

In the solid state, whereas the conformation of the nine-membered
ring in the structures of parent CAP and triprotonated ion (CAP-H3)3*
can be designated as highly symmetrical [333], the protonation of the
two nitrogen sites of CAP results in severe distortion of the macrocycle
and the whole cage of (CAP-HZ)2+ resulting in a [1233] conformation,
with the concave cage topology at the non-protonated nitrogen site
(Fig. 5). Main bondlengths for (CAP—Hz)2+ are P1—C1 = 1.844(2) [o\,
N1—C1 = 1.509(2) A, N1—C9 = 1.507(3) A, N1—C4 = 1.515(3) A,
N1—H1 = 0.90(3) A, N2—H2 = 0.97(3) A. In the case of (CAP-H3)*", the
principal bond distances are P2—C11 = 1.836(3) 10\, P2—C12 =1.821(3)
A, P2—C10 = 1.831(3) A, C12—N6 = 1.491(4) A, C10—N4 = 1.489(4)
A, N4—H4 = 0.90(4) A, N5—H5 = 1.01(4) A, N6—H6 = 0.95(5) A.

In summary, the principal differences in the reactivities of the two
free phosphines can be outlined as follows: i) protonation: with both
ligands protonation occurs at the nitrogen atoms, but for PTA only at one
single nitrogen, while CAP can be protonated to all three nitrogen atoms;
ii) oxidation of P atom: the corresponding P-oxides of both phosphines
are easily obtained, but under different reaction conditions, i.e. in the
presence of HyOy, HNO3 or N3Oy in the case of PTA, in aqueous solution
in air with catalytic amounts of Cu" salt in the case of CAP. The latter, if
reacted with Hy02 forms the P-oxide dihydroxyammonium dication
derivative; iii) methylation: PTA is directly alkylated only at the nitro-
gen atom, on the contrary CAP is primarily alkylated at phosphorus and
subsequently at nitrogen atoms.

4. Synthesis of PTA- and CAP-metal complexes and their use in
catalysis

In the last twenty years, the coordination chemistry of PTA has
attracted the interest of many research groups worldwide and a great
number of complexes with most of the transition metals has appeared in
the literature [4]. In order to reduce the environmental impact of in-
dustrial chemical processes, the development of metal complexes to be
used as catalysts in water or aqueous biphasic processes has gained new
interest. In most cases, these water-soluble complexes are obtained by
introducing charged or neutral hydrophilic ligands, including PTA [26].
Up to now, much less investigated is the coordination chemistry to
transition metals involving CAP due to its very recent synthesis but,
considering its structural similarity to PTA as well as its unusual ster-
eolectronic properties, also this aminophosphine becomes an interesting
candidate as ligand for novel water-soluble metal complexes. Many PTA
complexes have been applied as excellent catalysts in processes such as
hydration of nitriles and alkynes and in redox isomerization of allylic
alcohols [4a-c]. As until now no examples are known with CAP ana-
logues, these processes will not be here discussed. The aim of this section

CAP

(CAP-H,)?*

(CAP-H,)3*

Fig. 5. X-ray crystal structures of cationic units of CAP-H, and CAP-H3, showing the comparison with CAP. Drawings by CCDC Mercury® 3.9.
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19 (RAPTA-C)

20

Fig. 6. Drawings of complexes 19 and 20.

is to describe the synthesis and characterization of coordination com-
pounds of 1 and 2 reported so far in the literature, comparing the results
obtained in the same catalytic reactions.

4.1. Ruthenium PTA and CAP complexes as catalysts for transfer
hydrogenation

The importance of ruthenium complexes as homogeneous catalysts
has been largely demonstrated in the literature [27] and, due to their
high reactivity and selectivity, they have been used in various catalytic
transformations such as in the hydrogenation of different unsaturated
substrates [28]. Among the wide variety of coordination compounds
bearing PTA and some of its derivatives, a dominant role is certainly
played by ruthenium complexes which have shown interesting catalytic
ability and medicinal properties [4]. The advantages of using PTA-based
Ru-complexes in catalytic hydrogenation of C—=C, C—0 and C—=N bonds
are due to their ability to be used in aqueous phase or biphasic media
under mild reaction conditions, such as transfer hydrogenation pro-
tocols, with use of the easy-to-handle sodium formate as hydrogen donor
[29].

A class of catalytically active PTA compounds is represented by half-
sandwich arene complexes, such as [RuClg(nG-p-cymene)(PTA)] (19,
also known as RAPTA-C) and [RuCl(nG—p—cymene)(PTA)2]BF4 (20)
(Fig. 6) [30]. The former was obtained in high yields by refluxing for 5 h
a methanol solution of the dimer [RuClz(n6-p-cymene)]2 in the presence
of two equiv. of PTA [31], whereas 20 was prepared by adding one
equiv. of PTA to a CH,Cl, solution of 19 followed by the addition of
AgBF,4 [30]. Both compounds showed to be active in catalytic hydro-
genation of numerous substituted arenes into the corresponding cyclo-
hexanes under hydrogen pressure in biphasic conditions [30,32].

iy
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21 (RACAP-C)
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The RAPTA-C analogue containing ligand CAP, namely [RuCly(n°-p-
cymene)(CAP)] (21, RACAP-C), was synthesized in 87% yield by
reacting [RuClz(r]6-p-cymene)]2 with two equiv. of CAP in CHyCl, at
room temperature (Scheme 4) [10]. The 3'P{'*H} NMR of 21 in CDCls
shows a singlet at 52.8 ppm, a chemical shift value very different from
that of 19 (—36.6 ppm) [31], but in line with the gold(I) CAP derivative
[(CAP-H5)3Au] 7+ characterized by a singlet at 50.9 ppm [6]. The solu-
bility of 21 in water results to be S(H20)25:c = 0.86 g/L, much lower
than that of RAPTA-C [S(H20)25:c = 10 g/L]. The two cationic de-
rivatives [RuCl(nG—p—cymene)(MeCN)(CAP)]PF6 (22) and [RuCl(nﬁ—p—
cymene)(CAP);]PFg (23) were respectively obtained by chloride
abstraction from RACAP-C with TIPF¢ followed by the addition of MeCN
or of a second equivalent of CAP (Scheme 4) [10]. The SIplH} NMR
spectrum of complex 22 exhibits a singlet at 48.2 ppm due to the P atom
of CAP and a septet at —144.3 ppm (Jpr = 707.8 Hz) corresponding to
the PFg anion. Similar chemical shift values are observed in the case of
the 3'P{'H} NMR spectrum in acetone-dg of 23 with a singlet at 51.6
ppm, corresponding to the two equivalent phosphines, and a septet at
—144.3 ppm (Jpr = 707.5 Hz) for the PFg group. Both ionic complexes
show a water solubility slightly higher than 21 with values of 1.1 g/L for
22 and 1.2 g/L for 23 [10].

Single-crystals of 21 and 23 suitable for X-ray diffraction analysis
were obtained by diffusion of dry EtOH in a CH,Cl; solution of each
complex. The molecular structure of 21 (Fig. 7) consists of a Ru center
coordinated by a n®-p-cymene unit, two Cl atoms, and a k'-P coordinated
CAP ligand, that keeps the [333] conformation as in the free ligand. The
P—N and N—N bond distances of CAP in 21 range from 2.824 to 2.808 A
and from 3.028 to 3.064 A, respectively. These values are comparable to
those observed for free CAP (P-N = 2.886 Z\, N-N = 3.1132 A). The
Ru—P bond length in 21 is significantly longer than in the analogous

) o |PFs

.Ru
W\ MeCN, TIPFg CI\\‘l \
o ——
CH,Cl RT MeCN

oy
NS
22

‘\\\\ PFG
CAP, TIPF; _©\
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N
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Scheme 4. Synthesis of Ru(Il)-arene complexes 22 and 23.
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Fig. 7. X-ray crystal structures of complexes 19, 22 and 23. Drawings by CCDC Mercury® 3.9.

Table 2
Catalytic transfer hydrogenations with complexes 19 and 21-23 [33].

Catalyst Substrate Main product T (°C) % Conv. (time h)” % Select. to product

19° (o] (o] 80 99.5 (24) 93.7
@/v‘\ @/\)J\

BZA
4-phenyl-2-butanone

19° (o} o 80 30.0 (24) 79.3
©/V‘\ @/\A

21" (o} o 80 99.4 (4) 82.5
©/\)‘\ W

21°¢ (o} o 80 76.3 (4) 80.9
©/VJ\ W

22° (o} o 80 82.6 (4) 83.4
©/VJ\ ©/\)K

22°¢ (o] o 80 51.9 (4) 77.8
@A)\ ©/\)K

23" (o} o 80 71.8 (24) 72.8
©/VJ\ ©/\)K 96.0 (48) 71.6

23° (o} o 80 66.5 (24) 70.1
@/%)‘\ ©/\)K 92.5 (48) 79.5

23¢ 60 10.9 (24) 100

~-N NH

3,4-dihydroisoquinoline 1,2,3,4-tetrahydroisoquinoline

23¢ 80 74.1 (24) 100

- N NH 92.5 (48)

2 Conditions: catalyst, 9 x 10~ mmol; BZA, 0.98 mmol, HCOONa, 9.8 mmol; MeOH/H,0 (1:1), 6 mL.

b Based on GC values of pure samples.

¢ Hg(0) added (poisoning test).

4 Conditions: catalyst, 1.0 x 102 mmol; substrate, 1.0 mmol. HCOONa, 10.0 mmol; MeOH/H,0, (1:1) 6 mL.
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Fig. 8. Graph of aggregation number versus cationic species concentration for
26. Reprinted with permission from [34]. Copyright 2020 American Chemi-
cal Society.

RAPTA [2.3180(5) vs 2.296(2) and 2.298(2) 10\], and the same behavior
is observed for Ru—C(p-cymene) bond lengths [2.198(2) and 2.275(2) A
in 21 versus 2.179(9) and 2.210(10) Ain RAPTA]. In the case of 23, the
substitution of a Cl-anion with a molecule of CAP ligand causes an
elongation of the Ru—P [2.3180(5) A for 21 vs 2.3254(7) and 2.3353(7)
A for 23] and Ru—C(p-cymene) centroid [1.709 A for 21 vs 1.768 A for
23] bonds. The Ru—Cl bond shortens from 2.4205(5) A in 21 to 2.4026
(7) A in 23 (Fig. 7).

RAPTA-C and complexes 21-23 were tested as homogeneous cata-
lysts for the hydrogenation of benzylidene acetone (BZA), selected as
model substrate for o,p-unsaturated ketones hydrogenation, using the
transfer hydrogenation (TH) protocol involving HCOONa as reducing
agent [33]. HCOONa represents one of the mildest reductants for
transfer hydrogenation, with a large compatibility with most of the
functional groups and is very soluble in water. All the catalytic tests
were carried out with a catalyst/BZA/HCOONa ratio of 1/100/1000 at
60° and 80 °C temperatures in water/methanol (1/1) mixture. The
addition of the alcohol is mandatory to ensure complete solubility of all
reagents, in particular the organic substrate. Selected results are sum-
marized in Table 2.

In the hydrogenation of BZA, the complexes 19-22 resulted to be
active at 80 °C giving conversions higher than 82% after 24 h and se-
lectivities higher than 80% to the C=C bond hydrogenation, with for-
mation of the saturated ketone (4-phenyl-2-butanone). Hg(0) poisoning
tests showed a substantial decrease of conversions with all complexes

and in particular with 22, indicating a certain degree of decomposition
of these catalysts under the conditions applied. On the contrary, the
catalytic activity of complex 23 was only slightly reduced in the pres-
ence of Hg(0) (from 96.0% to 92.5 after 48 h), suggesting a higher
stability of this catalyst under the reaction conditions used. This in turn
requires a longer reaction time to achieve almost complete conversion
after 48 h at 80 °C, with a 71.6% chemoselectivity to 4-phenyl-2-
butanone.

On the basis of the observed higher stability, complex 23 was tested
also as catalyst for C=N bond hydrogenation of some selected cyclic
imines under the same reaction conditions applied for BZA (catalyst/
substrate/HCOONa = 1,/100/1000, MeOH/H30 1:1, 60-80 °C). The best
results were observed with 3,4-dihydroisoquinoline as substrate,
obtaining a 92.5% conversion to 1,2,3,4-tetrahydroisoquinoline after
48 h at 80 °C (Table 2). Preliminary mechanistic studies carried out by
NMR spectroscopy with complex 23 under pseudo-catalytic conditions
showed the formation of the monohydride [RuH(nG-p-cymene)(CAP)z]
PF¢ (24) as the likely catalytically active species [33].

Finally, the self aggregation properties of the Ru-CAP complexes
were investigated by means of PGSE (Pulsed field Gradient Spin-Echo)
NMR diffusion techniques in acetonitrile solution, together with the
monoprotonated species [RuClz(nﬁ—p—cymene)(PTA—H)] (BPhy) (25) and
[RuClg(n6-p-cymene)(CAP-H)](BPh4) (26) [34]. Complex 25 was ob-
tained as an orange solid by reacting 19 at first with an aqueous solution
of HCI (0.1 M) and then with a saturated solution of NaBPh,4 in methanol
[35]. A similar procedure was used in the case of compound 26, starting
from 21. In details, [RuClz(n6—p—cymene)(CAP—H)]Cl was at first ob-
tained from the reaction of RACAP-C with a solution of HCI (1 M) and
then the counterion exchange from Cl~ to BPhy was accomplished by
treating the chloride complex with a small excess of NaBPhy (1.6 equiv.)
in a EtOH/H30 (16/1) mixture [34]. Whereas complexes 19, 21-23 do
not exhibit any tendency to self-aggregate either in acetonitrile-ds or in
acetone-dg solutions, in contrast the monoprotonated compounds 25
and 26 give remarkable self-aggregation in a polar solvent such as
acetonitrile-ds. This process has a rather small self-aggregation free
energy calculated by diffusion NMR techniques (AG%05 « = —3.0/-3.1
keal mol™!) and involves almost exclusively the cations, leading to the
formation of dicationic species through intermolecular hydrogen
bonding (HBs). The intercationic hydrogen bonding formation, mostly
involving the protonated —NH units, is further supported by the
detection of dinuclear species 257/21 in acetonitrile-ds solutions con-
taining equimolar mixtures of 25 and 21 [34]. This behavior is

Organic
phase

AU Ry

A +
CHO
n \M)\ w
\ CO +H, / n n

CHO CHO
T A

+

CHO

[Rh]

Aqueous
phase

T

[Rh]\ ‘
PN

N
®<|\| EN >

T~

before reaction

during reaction

after reaction

Scheme 5. Thermocontrolled hydroformylation reaction catalyzed by the system [Rh(acac)(CO),]/[N-tert-butyl-Bz-PTA]Br. Reprinted with permission from [41].

Copyright 2011 The Royal Society of Chemistry.
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particularly interesting as it represents the first case in which a purely
dicationic species held together by HBs has been detected in acetonitrile,
contrary to what observed for other half-sandwich ruthenium(II) com-
plexes [36], where the anionic units are mostly involved in the forma-
tion of ionic aggregates (Fig. 8).

4.2. Rhodium-catalyzed olefin hydroformylation in the presence of PTA
and CAP

Transition metal catalyzed alkene hydroformylation represents one
of the most important methods to produce aldehydes [37]. A paradigm
example of such reaction, carried out in biphasic water-organic solvent
system, is represented by the Ruhrchemie/Rhone-Poulenc process,
industrially used to obtain butanal from propene in biphasic system
under CO/H; pressure with a rhodium catalyst stabilized in water by the
sodium salt of trisulphonated triphenylphosphine (TPPTS) [38]. The use
of water soluble ligands is indeed attractive not only from the envi-
ronmental point of view, but also due to their ability to immobilize
rhodium species in the aqueous phase thus allowing an easy catalyst
separation and reuse [39].

Numerous rhodium complexes bearing PTA and its N-derivatives
have been tested as catalysts for olefin hydroformylation in homoge-
neous or biphasic conditions 4. As a recent example, PTA and the N-
benzylated derivative [N-Bz-PTA]Cl have been applied in Rh-catalyzed
hydroformylation of 1-decene in aqueous phase in the presence of the
randomly methylated B-cyclodextrin (RAME-B-CD) [40]. The latter
works as mass transfer promoter between the water phase containing the
catalyst and the organic phase composed by the olefin. The catalytic
runs, performed at temperatures in the range 80-120 °C, showed higher
chemoselectivities to aldehydes and higher linear to branched aldehyde
(1/b) ratios, compared to the benchmark ligand TPPTS. In fact, at dif-
ference with TPPTS, PTA and [N-Bz-PTA]CI can be considered as non-
interacting phosphines with RAME-$-CD having association constants
equal to zero, thus giving a beneficial effect on the catalytic perfor-
mances. A thermocontrolled process was observed in aqueous biphasic
hydroformylations of 1-decene, 1-dodecene and 1-tetradecene catalyzed
by the system [Rh(acac)(CO)2]/ [N-tert-butyl-Bz-PTA]Br (acac = ace-
tylacetonate) in the presence of RAME-B-CD [41]. High conversions and
chemoselectivities to aldehydes were obtained with all olefin substrates
at 100-120 °C temperatures, when the interaction between the phos-
phine and the cyclodextrin was very low, allowing an increase of the
concentration of free catalytic system at the aqueous/organic interface.
At the end of the reaction, the decrease of temperature caused the for-
mation of a supramolecular complex between [N-tert-butyl-Bz-PTA]Br
and RAME-f-CD, leading to a rapid decantation of the biphasic system
and thus the easy product separation and catalyst recovery and recycle
(Scheme 5).

More recently, CAP has been applied to stabilize Rh(I) species
derived from [Rh(acac)(CO);] as catalysts for styrene and selected
aliphatic olefins hydroformylation, and its activity was compared to that
of PTA under the same conditions [42]. In the case of styrene, the system
[Rh(acac)(CO),]/CAP (1:2) gave higher conversion (60%) and higher
branched to linear regioselectivity (b/l1 = 94:6) in toluene/water at
80 °C than the system [Rh(acac)(CO),]/PTA (1:2) (conversion, 17%; b/1
= 55:45). By increasing the CAP:Rh ratio to 3:1, conversions up to 78%
were observed, while raising the temperature to 100 °C resulted in worse
results both in terms of activity and of regioselectivity. [Rh(acac)
(CO)2]1/CAP (1:2) gave better results compared to the PTA-based system
also in the aqueous hydroformylation of 1-hexene at 80 °C under a CO/
H, total pressure of 20 bar, with a conversion of 55% versus 13% ob-
tained with PTA. In addition, under these conditions the system favored
the formation of linear aldehydes (b/1 = 29:71) and demonstrated to be
recyclable, remaining active for six consecutive runs without loss in
performance. Regardless of the olefin used, the Rh(I)-CAP catalytic
system showed to be highly chemoselective, producing aldehydes as the
unique products of the reaction from which it could be easily separated

Table 3
Cytotoxicity (ICso, uM, 72 h) of CAP, 19 and 21-23 to selected cell lines [10].
Compound A2780 A2780cisR HEK293 Reference
Pﬁ >200 >200 >200 [10]
NC— 7\N
N
L\
N 55.3 £ 108 £ 10 102 + 26 [10]
®, “ 18.6
\\)Ru
Cl
ci ?’;QN
21 (RACAP-C)
\\\—|st 65.2 + 70.6 + 3.1 163 + 46 [10]
—XoN 18.0
“Ru
V¢ \
MeCN <F’/~\N
/N\/
N
22
\\\\\—l PFg 48.1 +£2.2 99.2+15.9 80.7 + [10]
@ \ 12.4
“Ru
CI\\I \
P\
P, ~
N~ RS
SN ‘N N\J
(-
23
@ ) 230 270 >1000 [54]
|
+Ru
SN
P
ci <\/)N
N“N
%4
19 (RAPTA-C)

# Determined using the MTT (3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-
tetrazolium bromide) cell viability assay.

by simple decantation of the organic layer.
5. Use of PTA and CAP compounds in medicinal chemistry

After the discovery of cisplatin in 1965 as anticancer drug [43], the
interest in the development of metallodrugs to be used in diagnostics
and in therapy has continually increased [44]. Both their biological
activity and their selectivity are greatly dependent on the nature of the
metal centre and the choice of coordinating ligands [45]. Many metal-
lodrugs contain phosphine ligands as the strong metal-phosphorus bond
makes the complexes highly stable under physiological conditions and,
in this context, PTA and CAP, combining P and N donor atoms, are
particularly interesting. Whereas the P atom is coordinated to the metal
centre, the N atoms remain available for acid-base interactions varying
the complexes hydrophilicity depending on pH, thus influencing the
biodistribution of the metallodrugs.

Although numerous copper(Il) [46] and silver(I) [47] complexes are
used, among others, in therapy for antimicrobial and antifungal activity,
the design of metallodrugs is mainly focused on their use as anticancer
drugs. One of the most common transition metal used for this purpose is
ruthenium, thanks to its wide range of oxidation states ®Ru", Ru" and
Ru'Y) compatible with biological conditions and its lower toxicity
compared to platinum [48]. The latter feature is assured by the ability of
ruthenium to mimic iron in binding serum proteins such as transferrin
and albumin, thus reducing its toxicity and increasing its selectivity to
cancer cells where the transferrin receptors are more expressed than in
healthy cells [49].

Among the numerous Ru-PTA coordination complexes prepared for
this scope, a series of the so-called RAPTA-type arene compounds
[RuClz(n6—arene)(PTA)] is able to inhibit significantly secondary tumor
growth in different cell lines [50]. For this class of compounds, the
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30

Fig. 9. X-ray crystal structures of complexes 27-30. Anions and solvent molecules omitted for clarity. Drawings by CCDC Mercury® 3.9.

activity and stability, as well as the target recognition and their uptake
into cancer cells, strongly depend on the choice of the phosphine ligand.
Indeed, PTA derivatives, used instead of pristine PTA, have sometimes
led to higher cytotoxicity but at the same time to a lower selectivity [51].
Some of these complexes have also been encapsulated into polymeric
matrixes or degradable micelles with the aim to obtain macromolecular
complexes with increased drug resistance, solubility and cell uptake
[52].

The benchmark compound for RAPTA-type metallodrugs is RAPTA-C
(19) which showed strong antiangiogenic and antimetastatic activities
at moderate doses [53], together with a low general toxicity and a good

i. AgY
i, L

[MX(CO)s] ————>

CH,Cl, RT

tolerance to low pH [54]. This property is particularly important,
making it more selective against tumor cells which have generally more
acidic environment as consequence of a higher metabolic activity, and
also suitable for investigation as orally administration drug. Further-
more, complementary pharmacokinetic studies on 19 indicated that
ruthenium is rapidly eliminated from the organs and bloodstream.

The cytotoxicity of CAP and its ruthenium complexes 21-23 was
investigated in vitro and compared to that of RAPTA-C. The stabilities of
21-23 under pseudopharmacological conditions have been firstly
determined by monitoring every 24 h by 'H and *'P{'H} NMR a 100 mM
solution of each compound in NaCl/D50 at 37 °C [10]. While complex
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Scheme 6. Synthesis of °Tc and Re-PTA and CAP complexes 31-34.
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21 remains stable under these conditions showing the same NMR signals
after 72 h, both ionic derivatives 22 and 23 give partial exchange of
MeCN with CI™ in 22 and of CAP with Cl™ in 23, with the formation of
complex 21 in solution. The cytotoxicity of CAP, 19 and 21-23 was
evaluated against selected cell lines, in particular against the human
ovarian A2780 carcinoma cells, the A2780cisR variant with acquired
resistance to cisplatin and against non-cancerous human embryonic
kidney cells HEK293 (Table 3). Whereas free CAP showed only minor
cytotoxic effects on all the three cell lines tested, all complexes 21-23
induced a dose- and cell-dependent decrease in cell viability assays. In
particular, 22 showed equal cytotoxicity against both A2780 and
A2780cisR cells. The similar ICs values of all ruthenium CAP complexes
are likely due to the formation of the same species in solution (21) as
previously demonstrated by stability tests. Furthermore, all complexes
21-23 maintain their cancer cell selectivity by a 2-fold higher growth
inhibition effect on A2780 cancer cells compared to noncancerous
HEK293 cells and are considerably more active toward all tumor cell
lines compared to RAPTA-C.

More recently, it was also demonstrated that substitution of PTA with
CAP in square-planar palladium(II) and platinum(II) complexes of for-
mula cis-[MCl;Ly] can lead to the enhancement of their cytotoxicity
against HelLa cervical cancer cells [55]. Complexes cis-[PdClo(CAP)s]-
2H30 (27), cis-[PdCl2(CAP-H)(CAP-H3)]Cl3-3H20 (28), cis-[PdCly(CAP-
Hg)z]C14~4.5H20 (29) and CiS—[PtClz(CAP—Hz)Z]C14-4.5H20 (30) were
synthesized and characterized both in solution and in the solid state
(Fig. 9). The latter analysis, together with DFT calculations refinements
and quantum theory of atoms-in-molecules (QTAIM) based analysis
revealed the occurrence of interligand C—H"...-°"H—C interactions
(hydrogen-hydrogen bonds) between the phosphine cages. These in-
teractions produce a stabilizing effect and are sufficiently strong to
overcome ligand-ligand repulsions due to the bulky aminophosphine
cages. In 27 and 30, the pseudo-eclipsed alignment of the CAP cages in
the cis geometry results in significant ligand-ligand repulsion, with an
expansion of P-M-P angle from the expected 90° to 101° in 27.

As for platinum(II) PTA complexes [56], complex 30 possesses low
cytotoxicity and selectivity, whereas the palladium(Il) derivative 27
showed a cytotoxic activity comparable to that of cisplatin against HeLa
cells, albeit it resulted to be poorly selective [55].

Finally, the pentacarbonyl complexes of formula [M(PTA)(CO)s]X
(31) and [M(CAP)(CO)sIX [32, M = ?°Tc (a), Re (b); X = ClOg, OTf"]
together with the tricarbonyl CAP compounds [99TcCl(CAP)2(CO)3]
(33) and [ReCI(CAP)2(CO)s3] (34) have been very recently reported
[57]. The aim of this study was to prepare water-soluble 9Te(1) and Re
(I) compounds and to evaluate their stability under pseudo-biological
conditions for their potential use in nuclear medicine. It is well known
that technetium-99 m is the most used radionuclide as diagnostic tool
and rhenium-188/186 radionuclides show good results in radiotherapy.
All pentacarbonyl complexes have been prepared by the reaction of [MX
(CO)s] (M= %°Tc or Re; X = ClOz or OTf) with PTA and CAP in
dichloromethane at room temperature, while 33 and 34 were synthe-
sized starting from the metal precursors [TcCl(CO)s] and [Re
(H20)3(CO)3]Cl, either in refluxing CH»Cly or in water at 40-50 °C,
respectively (Scheme 6).

The PTA complexes are soluble in water at neutral pH, whereas the
CAP derivatives are not soluble at pH = 7 but readily dissolve after
acidification with dilute acids (pH = 3). Furthermore, both PTA and CAP
complexes showed a good stability for at least 24 h in a simulated bio-
logical medium where an excess of histidine was added as competitive
coordinating ligand (“histidine challenge reaction”). All compounds
showed to be resistant under these conditions and no ligand-to-histidine
exchange was found, making them particularly interesting as potential
radiopharmaceutical drugs [58].
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