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ABSTRACT

The complexes [Rh(N4)Cl2]ClO4 (N4 = tpa, pmea, pmap, tepa) and [Co(pmea)Cl;]ClO4 have been prepared and
characterised (tpa = tris(2-pyridylmethyl)amine, pmea = bis[(2-pyridyl)methyl]-2-[(2-pyridyl)ethyl]amine,
pmap = bis[2-(2-pyridyDethyl]-(2-pyridylmethyl)amine, and tepa = tris[2-(2-pyridyl)ethyl]amine), and the X-
ray crystal structures of [Rh(pmea)Cl2]ClO4, [Co(pmea)Cl2]Cl04-0.61H20, and [Rh(tepa)Cl;]ClO4 are reported.
Reaction of the rhodium complexes with NasPO,4 and NayCgHsPO4 gives chelated phosphate and phenyl-
phosphate complexes for all but the [Rh(tpa)Cl,]" starting material, as evidenced by Hi Res Mass Spectrometry
and 3P NMR spectroscopy. Reaction of the in situ-generated [Rh(pmap)Cl(MeCN)]>* ion with bis
(cyclohexylammonium)-t-butylphosphate gives [Rh(pmap)Cl(N-cyclohexylacetimidamide)](ClO4)2, which re-
sults from attack of cyclohexylamine at the nitrile C atom of coordinated MeCN. The X-ray crystal structure of

this complex is reported.

1. Introduction

The complexes of transition metals with phosphate and its de-
rivatives have been a subject of longstanding interest, driven at least in
part by the biological importance of inorganic phosphate and phosphate
ester species, and their interactions with metal ions in biological sys-
tems. [1-7] It is therefore somewhat surprising that only five examples
of a transition metal complex containing a chelated phosphate ligand are
present in the Cambridge Structural Database (CSD) [8-12]. Similarly,
there are only five examples of transition metal complexes containing
chelated HPOZ™, [8,13-15] and, despite the extensive work that has
been carried out on the metal-promoted hydrolysis of phosphate esters,
there are no examples of a phosphate ester chelated to a transition metal
ion. The latter is of particular interest, as it is possible that chelation of a
phosphate ester might facilitate nucleophilic attack at the phosphorus
atom through both steric (formation of a chelate ring will constrain the
bond angles at phosphorus) and electronic (the Lewis acid electron-
withdrawing effect of the transition metal ion) effects, and this could
be a hitherto unexplored mechanistic pathway for transition metal-
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promoted phosphate ester hydrolysis. The majority of studies of metal
promoted phosphate ester hydrolysis have utilised first row transition
metal ions, owing to their rapid rates of ligand exchange that facilitate
binding of the phosphate ester and release of the phosphate product.
However, this lability can make it difficult to observe important reaction
intermediates, and the fact that many of the first row metal complexes
that have been used are paramagnetic means that NMR cannot be used
either as an aid to identification of species involved in the reaction or as
a method for collection of kinetic data. [16] Given that diamagnetic Co
(III) complexes, which are nominally substitutionally inert, have been
successfully used in many studies of the hydrolysis of phosphate esters,
[17-23] we thought that use of even more substitutionally inert starting
materials might allow trapping and identification of metal-bound
phosphate and phosphate ester species in these reactions. Complexes
of Rh(III) are both diamagnetic and more substitutionally inert than
those of Co(Ill), and the Rh(III) chemistry of phosphate and its de-
rivatives has been little studied [24-28]. We therefore chose a series of
rhodium complexes containing the tetradentate tripodal tripyridyl li-
gands shown in Fig. 1 as starting materials for these studies, as
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Fig. 1. The tetradentate tripyridyl tripodal ligands used in this study.

complexes of these ligands containing unusual oxoanion chelates such as
HCO3, [29,30] HPOZ, [13] and HBO3™ [31] exhibit significant stabil-
ity. In this paper we report the results of these studies.

2. Experimental
2.1. General

The tetradentate ligands tris(2-pyridylmethyl)amine (tpa), bis[(2-
pyridyl)methyl]-2-[(2-pyridyl)ethyl]lamine (pmea), bis[2-(2-pyridyl)
ethyl]-(2-pyridylmethyl)amine (pmap), and tris[2-(2-pyridyl)ethyl]
amine (tepa) were prepared by literature methods. [32,33] RhCl3.xH20
was obtained from Precious Metals Online (https://precmet.com.au).
The supplier's analysis of this gave Rh = 37.7% by mass, meaning that x
= 3.5. X-ray data for [Rh(pmea)Cl;]ClO4 (CCDC-2555714), [Rh(tepa)
Cl;]Cl04 (CCDC-2555713), and [Co(pmea)Cly]Cl04.0.61H,0 (CCDC-
2555715) were collected on a Rigaku Oxford Diffraction XtaLAB-
Synergy-S single-crystal diffractometer with a PILATUS 200 K hybrid
pixel array detector using Cu Ka radiation (4 = 1.54184 A), while those
for [Rh(pmap)CI(L)](Cl04)2 (L = N-cyclohexylacetimidamide) (CCDC-
2555712) were collected on a Siemens/Bruker SMART APEX II single-
crystal diffractometer with a CCD area detector using graphite-
monochromated Mo Ka radiation (A = 0.71073 Io\). The structures
were solved by direct methods using either the SHELXS structure solu-
tion program [34] or SIR2019, [35] and refined with the SHELXL
refinement package [36] using least squares minimization, these pro-
grams running within the WinGX [37] or Olex2 [38] software packages.
All non-hydrogen atoms were refined anisotropically. Hydrogen atoms
were inserted at calculated positions and refined with a riding model or
without restrictions. High Resolution Mass spectra were recorded on an
Orbitrap Exploris 240 mass spectrometer in positive electrospray ioni-
zation (ESI) mode, while Low Resolution spectra were recorded on an
Agilent 6420 mass spectrometer. lH, 13C, 31P, and *°Co NMR spectra
were recorded on a Bruker Avance 400 MHz spectrometer, with 'H and
13¢ chemical shift values (5) measured relative to residual solvent ([Dg]
DMSO) or NaTSP (D,0), external H3PO; (*'P), and external Ks[Co
(CN)6] (*°Co).

2.2. Synthesis

2.2.1. Synthesis of [Rh(tpa)Cl,]ClO4

To a solution of RhCl3-3.5H,0 (0.57 g, 2.1 mmol) in HoO (20 mL) was
added a solution of tpa (0.72 g, 2.5 mmol) in acetonitrile (20 mL). The
resulting solution was refluxed for 24 h. After cooling, the dark brown
solution was reduced to a low volume (rotavap) and a few drops of
concentrated NaClO4(aq) were added, resulting in the precipitation of a
yellow brown solid. This was isolated by filtration, washed with ice-cold
water (2 x 5 mL), and air-dried. The product was then recrystallised
from hot (70 °C) water to afford [Rh(tpa)Cl,]1ClO4 (0.69 g, 58% based on
Rh). 'H NMR (Dg-DMSO): & 9.49 (1H, d), 8.86 (2H, d), 8.09 (2H, td),
7.95 (1H, td), 7.75 (2H, d), 7.61 (3H, m), 7.41 (1H, d), 5.61 (2H, d), 5.32
(2H, s), 5.09 (2H, d). '3C NMR (d®-DMSO): § 163.75, 163.12, 151.20,
149.53, 140.83, 140.62, 126.43, 126.08, 125.00, 122.36, 70.76, 70.31.
HRMS (ESI): (m/z) caled for RhCqgH1gN4Cl3: 462.9960 [M]*; found:

462.9959.

2.2.2. Synthesis of [Co(pmea)Cl;]ClO4.H,0

To solid [Co(pmea)O,C0O)]IClO4 [29] (1.128 g, 2.158 mmol) in an
evaporating basin was added HCl(aq) (6 mol L~!, 45 mL) and the so-
lution was heated on a steam bath for 2 h, over which time the colour
changed from orange/red to green and the volume decreased to ~10
mL. To this solution was added a small amount of NaClO4(s) and propan-
2-o0l (5 mL), and crystalline blue [Co(pmea)Cly]Cl04.H20 (0.762 g, 66%)
was obtained on standing in the refrigerator overnight. 'H NMR (d®-
DMSO0): 6§ 9.77 (1H, dd), 9.15 (d, 1H), 9.08 (d, 1H), 8.12 (td, 1H), 8.02
(td, 1H), 7.91 (td, 1H), 7.80 (d, 1H), 7.58 (m, 2H), 7.46 (m, 3H), 5.49 (d,
1H), 4.80 (d, 1H), 4.48 (m, 2H), 3.72 (dd, 1H), 3.50 (t, 1H), 3.03 (m,
2H). 13C NMR (D¢-DMSO): 5 163.96, 161.55, 159.02, 156.3, 154.36,
151.14, 140.30, 140.10, 139.17, 126.20, 125.55, 124.36, 122.81,
122.65, 120.23, 69.72, 67.60, 55.92, 32.92. 59Co NMR (Dg-DMSO): 6
9748 ppm. HRMS (ESI): (m/z) caled for CoCioH2oN4Cl3: 433.0390
[M]*; found: 433.0388.

2.2.3. Synthesis of [Rh(pmea)Cl,]ClO4

To a solution of RhCl3-3.5H,0 (0.52 g, 1.9 mmol) in H,O (20 mL) was
added a solution of pmea (0.76 g, 2.5 mmol) in acetonitrile (20 mL). The
resulting solution was refluxed for 24 h. After cooling, the dark brown
solution was reduced to a low volume (rotavap), and a few drops of
concentrated NaClO4(aq) were added, giving a yellow brown solid. This
was isolated by filtration, washed with ice-cold water (2 x 5 mL) and air-
dried. Recrystallisation from hot (70 °C) water gave the desired product
(0.62 g, 56% based on Rh). 'H NMR (dﬁ-DMSO): 9.77 (1H, d), 9.24 (2H,
t), 8.17 (1H, t), 8.01 (2H, m), 7.90 (1H, d), 7.64 (2H, m), 7.54 (2H, m),
5.47 (1H, d), 4.91 (2H, m), 4.65 (1H, d), 3.80 (1H, dd), 3.69 (1H, t), 3.44
(2H, m (overlapped by solvent peak)), 3.14 (1H, m). 3¢ NMR (d6-
DMSO): 163.64, 160.57, 158.95, 155.68, 153.31, 150.54, 141.03,
140.50, 127.95, 126.47, 126.02, 124.61, 124.38, 122.02, 70.68, 68.40,
58.59, 35.23. HRMS (ESI): (m/z) caled for RhG19HooN4Cl3: 477.0110
[M]"; found: 477.0115.

2.2.4. Synthesis of [Rh(pmap)Cl;]ClO4

To a solution of RhCl3-3.5H,0 (0.51 g, 1.9 mmol) in H,O (20 mL) was
added a solution of pmap (0.77 g, 2.4 mmol) in acetonitrile (20 mL), and
the resulting solution was refluxed for 24 h. After cooling, the dark
brown solution was reduced to a low volume (rotavap). Addition of a
few drops of concentrated NaClO4(aq) resulted in precipitation of a
yellow brown solid. This was isolated by filtration, washed with ice-cold
water (2 x 5 mL) and air-dried. Recrystallisation from hot (70 °C) water
gave the desired product (0.35 g, 31% based on Rh). IH NMR (d®-
DMSO): 6 9.40 (2H, t), 9.25 (3H, s), 8.04 (6H, m), 7.80 (3H, m), 7.62
(4H, d), 7.51 (3H, d), 7.45 (4H, m), 5.61 (1H, d), 4.70 (1H, d), 4.36 (3H,
brt), 3.98 (4H, s), 3.59 (4H, br s), 2.92 (4H, br g). 1>C NMR (d°-DMSO): 5
161.37, 160.65, 154.87, 150.27, 141.33, 140.92, 140.76, 127.93,
127.58, 127.52, 126.13, 124.79, 124.48, 124.11, 123.84, 69.26, 57.66,
34.47, 33.56, 22.98. HRMS (ESI): (m/z) caled for RhCyoH2oN4Cl3:
491.0270 [M]™; found: 491.0274.
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Fig. 2. Structures of the [Rh(N4)Cl,]" cations.

2.2.5. Synthesis of [Rh(tepa)Cl3]ClO4

To a solution of RhCl3-3.5H,0 (0.53 g, 1.9 mmol) in HoO (20 mL) was
added a solution of tepa (0.78 g, 2.3 mmol) in acetonitrile (20 mL) and
the resulting solution was refluxed for 24 h. After cooling, the dark
brown solution was reduced to low volume (rotavap), and a few drops of
concentrated NaClO4(aq) were added, resulting in precipitation of a
yellow brown solid. This was isolated by filtration, washed with ice-cold
water (2 x 5 mL) and air-dried. Recrystallisation from hot (70 °C) water
afforded the desired product (0.67 g, 58% based on Rh). 1TH NMR (d°-
DMSO): 6§ 9.17 (2H, d), 8.57 (1H, d), 8.05 (3H, m), 7.58 (3H, t), 7.51
(1H, 1), 7.44 (2H, ©), 3.83 (2H, m), 3.66 (2H, m), 3.17 (2H, 1), 3.08 (4H,
m), 2.50 (2H, m). 3¢ NMR (d6-DMSO): 6 162.15, 160.48, 156.48,
154.48, 141.41, 140.50, 127.92, 127.35, 125.22, 123.43, 61.48, 55.95,
35.73, 33.53. HRMS (ESI): (m/z) calcd for RhC21H24N4Cl§r: 505.0430
[M]™; found: 505.0427.

2.2.6. Synthesis of [Rh(pmap)CI(L)](ClO4)2 (L = N-
cyclohexylacetimidamide)

[Rh(pmap)Cl;]ClO4 (107.2 mg, 0.18 mmol) and AgCF3SO3 (53.4 mg,
0.21 mmol) were dissolved in acetonitrile (15 mL). The resulting solu-
tion was refluxed for 1 h until a white precipitate formed and the
mixture was then filtered through celite. Bis(cyclohexylammonium) t-
butylphosphate (56.7 mg, 0.17 mmol) was added to the yellow solution,
which was then refluxed for 1 h. The resulting dark yellow solution was
filtered (celite) and reduced to dryness (rotavap). The residue was dis-
solved in water and a concentrated solution of NaClO4 (aq) was added,
resulting in the precipitation of a dark yellow solid. This was removed by
filtration and washed with ice cold ethanol. Recrystallisation from the
minimum volume of hot water gave [Rh(pmap)CI(L)](ClO4), as X-ray
quality yellow crystals. LRMS(ESI): (m/z) caled for RhCygH3gNgCl™:
596.19 [M]"; found: 596.20.

2.2.7. Reactions of [Rh(N4)Cl,]ClO4 complexes with NagPO4 and
Na2C5H5PO4

The reactions of the rhodium complexes with a two-fold excess of a
phosphate species were carried out on small scales (generally 50-100
mg of the rhodium complex) in aqueous solution. The reaction mixtures
were heated at 80 °C overnight and hot filtered, and the filtrate was
analysed by mass spectrometry. The filtrate was then reduced to dryness
and the NMR spectra of the resulting solid materials were recorded.

3. Results and discussion

3.1. Syntheses and characterisation of the [M(N4)Cl,]ClO4 (M =Co, Rh)
complexes

The Rh(III) complexes [Rh(N4)Cl;]ClO4 (N4 = tpa, pmea, pmap,
tepa) were prepared from the reaction of RhCl3-3.5H,0 with the tetra-
amine ligand in acetonitrile/water, followed by precipitation with
NaClO4 and recrystallisation of the resulting solid from hot water, and
their structures are shown in Fig. 2.

Colbran and coworkers have prepared [Rh(tpa)Cl;]CI-H20 and [Rh
(pmea)Cly]PF¢-0.5H20 previously from the reaction of RhCl3-xH>0 with
the Ny ligand in refluxing ethanol. [39] The mass spectra of the rhodium
complexes in water (Figs. S1, S3-S5), with the exception of that of [Rh
(tepa)Cly]ClO4, show only a single major peak, and were all consistent
with their proposed formulation as monomeric monocationic species
containing two chlorido ligands; the 1+ charge on the cations is
confirmed by the m/z peak spacing and the presence of two chlorido
ligands is consistent with the moderately intense (~60-70%) peak
observed at ~2 m/z units greater than the base peak in all cases. The
mass spectrum of [Rh(tepa)Cl;]ClO4 shows intense peaks at m/z =
505.0427, corresponding to the [Rh(tepa)Clz]+ ion (caled m/z =
505.0430) and m/z = 487.0766, consistent with the [Rh(tepa)CI(OH)] ™"
ion (caled m/z = 487.0770). However, the 1 and '3C NMR spectra of
this complex in Dg-DMSO show peaks for only a single species, sug-
gesting that the [Rh(tepa)CI(OH)]™ ion is formed by hydrolysis of [Rh
(tepa)Clz]+ in the mass spectrometer. The Co(III) complex [Co(pmea)
Cl,]ClO4 was prepared by reaction of [Co(pmea)O2CO)]1ClO4 [29] with
HCl(aq) on a steam bath, and crystallisation following addition of
propan-2-ol. The mass spectrum of the blue product (Fig. S2) shows the
base peak at m/z = 433.0388, which corresponds to the [Co(pmea)Cly] ™
ion (caled m/z = 433.0390). Lower intensity peaks at m/z = 415.0726
and m/z = 398.0699 can be assigned to [Co(pmea)(OH)CI]" and [Co
(pmea)Cl]™ (caled m/z = 415.0730 and 398.0700, respectively). Again,
these appear to be formed in the mass spectrometer as the 'H and 1C
NMR spectra of [Co(pmea)Cl;]ClO4 in Dg-DMSO are consistent with
only a single species. The °°Co NMR chemical shift of 9748 ppm is
significantly greater than that of the [Co(pmea)O,CO]™ starting mate-
rial (8509 ppm) [29], attesting to the weaker ligand field exerted by two
monodentate chlorido ligands compared to a single chelated carbonato
ligand. While [Rh(pmea)Cl,]* and [Co(pmea)Cl,]" differ only in the
identity of the metal ion and are structurally very similar (see below),
the much lower lability of the rhodium complex is demonstrated by the
fact that it can be recrystallised from 70 °C water without change, while
the blue cobalt complex hydrolyses relatively rapidly (minutes) in water
at room temperature to give a purple product, presumably [Co(pmea)
(OHp)CI% .

The 'H and '3C NMR spectra of the [Rh(N4)Cl;]ClO4 complexes in
De-DMSO (Figs. S16-S25, the complexes have limited water solubility),
together with the COSY, HSQC, and HMBC spectra, were consistent with
the formulae of the cations being [Rh(N4)Cl]™ in all cases. As has been
seen before in 6-coordinate complexes of these Ny ligands, [29] geo-
metric isomers are possible for both the [Rh(pmea)Cl,] " and [Rh(pmap)
Cl,]" complex cations; the chlorido ligands can lie in the same plane as
either a 5-membered, or 6-membered chelate ring of the N4 ligand, to
give the 5- and 6-isomers, respectively. The '*C NMR spectrum of each
complex was used to determine which isomer was present. The obser-
vation of 4 peaks in the aliphatic region for the [Rh(pmea)Cl,] " cation is
consistent with the 5-isomer, as is the appearance of 14 peaks in the
aromatic region (15 should be observed for the 5-isomer, but the peak at
141.03 ppm is due to two coincident carbon atoms, as confirmed by the
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Fig. 3. Structure of one of the two independent cations in the asymmetric unit
of [Rh(pmea)Cl,]ClO, as determined by single crystal X-ray diffraction analysis.
Ellipsoids are drawn at the 50% probability level. Selected bond lengths (A) and
angles (°); Rh(1)-N(1) 2.043(3), Rh(1)-N(2) 2.045(2), Rh(1)-N(3) 2.067(2), Rh
(1)-N(4) 2.069(3), Rh(1)-Cl(1) 2.3554(7), Rh(1)-Cl(2) 2.3606(7); N(1)-Rh(1)-N
(3) 89.48(9), N(1)-Rh(1)-N(2) 94.64(9), N(3)-Rh(1)-N(2) 172.11(10), N(1)-Rh
(1)-N(4) 81.79(10), N(3)-Rh(1)-N(4) 93.28(10), N(2)-Rh(1)-N(4) 80.69(10), N
(1)-Rh(1)-CI(1) 92.49(7), N(3)-Rh(1)-Cl(1) 94.04(7), N(2)-Rh(1)-CI(1) 92.49
(7), N(4)-Rh(1)-CI(1) 170.67(8), N(1)-Rh(1)-Cl(2) 179.31(7), N(3)-Rh(1)-Cl(2)
90.10(7), N(2)-Rh(1)-CI(2) 85.71(7), N(4)-Rh(1)-Cl(2) 97.69(8), Cl(1)-Rh(1)-
CI(2) 88.08(3).

HSQC spectrum). However, the situation is less clear-cut for the [Rh
(pmap)Cl,] ™ cation; the peaks in the aliphatic region are unusually
indistinct even at long acquisition times in both Dg-DMSO and D7-DMF,
and a broad peak at 57.7 ppm in the latter solvent suggested this might
have been due to a fluxional process. However, the 'H spectrum at —35
°C in Dy-DMF was essentially identical to that obtained at room tem-
perature, arguing against this. The presence of 9 peaks in the aromatic
region of the '>C NMR spectrum at 25 °C is consistent with the 5-isomer
(10 should be observed for this isomer, as opposed to 15 for the 6-iso-
mer), with one peak presumably resulting from two coincident carbon
atoms. The 'H NMR of this complex in Dg-DMSO is also unexpectedly
complicated, with two broad peaks in the aliphatic region at 3.59 ppm
and 2.92 ppm showing no correlations in the HSQC spectrum, the
geminal CH, doublets at 5.61 ppm and 4.70 ppm correlating to an un-
observed !3C signal at 72.1 ppm in the same spectrum, one proton lying
under the water peak, and unusual integrations. Despite these un-
certainties, the Hi-Res MS spectrum is consistent with the [Rh(pmap)
Cl,]" formulation (see above). The rigidity of the 5-membered chelate
rings in the tpa, pmea, and pmap complexes is demonstrated by the
observation of pairs of doublets around § = 5 ppm in their 'H spectra,
with these signals being assigned to geminal coupling of the chelate ring
protons. Such signals are not observed in the more conformationally
mobile tepa complex.

The X-ray crystal structure of the [Rh(pmea)Cl;]ClO4 complex con-
firms its formulation as the 5-isomer. This isomer was also observed in
the X-ray structure of [Rh(pmea)Cly]PF¢-CH3CN. [39] As can be seen in
Fig. 3, the structure consists of a central Rh(III) ion, coordinated to all
four N atoms of a pmea ligand, and two cis chlorido ligands, in an
approximately octahedral geometry.

The presence of a single ClO3 counterion confirms the 3+ oxidation
state of the Rh ion, and the 5-membered chelate ring lying in the same
plane as the chlorido ligands shows this to be the 5-isomer. Rh—N and
Rh—Cl bond distances in the two independent cations in the asymmetric

Polyhedron 297 (2026) 118300

Fig. 4. Structure of the [Co(pmea)Cl,] " cation as determined by single crystal
X-ray diffraction analysis. Ellipsoids are drawn at the 50% probability level.
Selected bond lengths (10\) and angles (°); Co(1)-Cl(2) 2.2412(8), Co(1)-CI(3)
2.2599(8), Co(1)-N(1) 2.001(3), Co(1)-N(3) 1.952(3), Co(1)-N(4) 1.968(3),
Co(1)-N(2) 1.979(3); ClI(2)-Co(1)-C13 90.36(3), N(1)-Co(1)-CI2 87.33(7), N(1)-
Co(1)-CI(3) 93.88(8), N(3)-Co(1)-Cl(2) 176.37(8), N(3)-Co(1)-ClI3 92.07(8), N
(3)-Co(1)-N(1) 89.81(10), N(3)-Co(1)-N(4) 93.28(10), N(3)-Co(1)-N2 84.59
(10), N(4)-Co(1)-CI(2) 89.40(7), N(4)-Co(1)-CI(3) 90.33(8), N(4)-Co(1)-N(1)
174.69(11), N(4)-Co(1)-N(2) 79.57(10), N(2)-Co(1)-C1(2) 93.49(7), N(2)-Co(1)-
Cl(3) 169.13(8), N(2)-Co(1)-N(1) 96.45(10).

unit range from 2.027(3) A to 2.095(3) A, and 2.3461(8) A to 2.3606(7)
A, respectively, similar to those found in the structure of [Rh(pmea)Cls]
PFe.CH3CN. [39] The N-Rh-N angles in the 5-membered chelate rings
are significantly smaller than those in the 6-membered rings (78.48
(11)°, 80.69(10)°, 81.79(10)°, and 83.41(11)°, versus 93.28(10)° and
96.86(11)°, respectively), while the Cl-Rh-Cl bond angles are close to
90°. The analogous Co(III) complex [Co(pmea)Cl5]ClOy, like [Rh(pmea)
Cl2]ClOy, crystallises in the P2;/c space group, but with only a single [Co
(pmea)Cly]™ cation in the asymmetric unit. The 5-isomer is again ob-
tained (Fig. 4), albeit from a different synthetic protocol, and the smaller
size of the Co(IIl) ion is reflected in the shorter Co—N (1.952(3) Ato
2.001(3) A) and Co—Cl (2.2412(8) A and 2.2599(8) A) distances.

The N-Co-N bond angles in the 5-membered chelate rings (79.57
(10)°, 84.59(10)°) are smaller than that in the 6-membered ring (96.45
(10)°), and the Cl-Co-Cl angle is 90.36(3)°, slightly larger than the
analogous angles in [Rh(pmea)Cl,]™ (88.08(3)° and 89.40(3)°). The
most significant difference between the structures of the [Co(pmea)
Cl,]" and [Rh(pmea)Cl,]™ cations is the angle between the planes of the
axial pyridine rings. In the cobalt complex the angle is 46.1°, while in the
rhodium complex the angles are much smaller, at 28.8° and 20.0°. This
may possibly be the result of interactions between axial parallel-
displaced pyridine rings on neighbouring cations (centroid-centroid
distance = 3.62 A) in the rhodium complex that are not present in the
cobalt complex.

The structure of the [Rh(tepa)Cl;]Cl04 complex (Fig. 5) shows the
Rh(III) ion coordinated to all four N atoms of a tepa ligand and to two cis-
disposed chlorido ligands in a distorted octahedral geometry. The Rh—N
bonds are longer in this cation than those in the [Rh(pmea)Clz]+ cations
(average Rh—N distances are ~2.09 A and ~ 2.06 A, respectively),
presumably as a result of the Rh(III) ion having to accommodate three 6-
membered chelate rings. This is particularly evident in the Rh—N bond
to the tertiary aliphatic N atom (2.122(3) A), which is significantly
longer than those in the [Rh(pmea)Cl,]" cation (2.069(3) /o\). The
Rh—Cl bonds are essentially the same length in both complexes, and the
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Fig. 5. Structure of the [Rh(tepa)Cl,]" cation as determined by single crystal X-
ray diffraction analysis. Ellipsoids are drawn at the 50% probability level.
Selected bond lengths (A) and angles (°); Rh(1)-N(4) 2.067(3), Rh(1)-N(2)
2.070(3), Rh(1)-N(3) 2.097(3), Rh(1)-N(1) 2.122(3), Rh(1)-Cl(2) 2.3522(8),
Rh(1)-Cl(1) 2.3630(7); N(4)-Rh(1)-N(2) 93.18(10), N(4)-Rh(1)-N(3) 91.45(10),
N(2)-Rh(1)-N(3) 174.07(10), N(4)-Rh(1)-N(1) 89.53(10), N(2)-Rh(1)-N(1)
89.22(10), N(3)-Rh(1)-N(1) 94.52(10), N(4)-Rh(1)-CI(2) 175.29(7), N(2)-Rh
(1)-C1(2) 89.48(7), N(3)-Rh(1)-CI(2) 85.66(7), N(1)-Rh(1)-Cl(2) 94.40(7), N
(4)-Rh(1)-C1(1) 89.04(8), N(2)-Rh(1)-ClI(1) 88.36(7), N(3)-Rh(1)-CI(1) 88.02
(7), N(1)-Rh(1)-CI(1) 177.11(7), C1(2)-Rh(1)-CI(1) 87.15(3).

N-Rh-N bond angles in the three six-membered chelate rings are all
much greater than those in the 5-membered chelate rings in [Rh(pmea)
Cl3]ClO04. One of the axial pyridine rings of the tepa ligand binds
noticeably bent to the Rh ion, with the Rh1-N2-C12 angle being 168.73°.
A similar, but more pronounced, bending is observed in [Co(tepa)O,CO]
ClO4, with the analogous angle being 163.16°. [29]

3.2. Reactions of [Rh(NClo]t complexes with NazPOy4

Attempts at making phosphate-containing rhodium(III) complexes
involved reaction of the [Rh(N4)Cl,]"T precursors with NasPQ4 in
aqueous solution. Analysis of the reaction mixtures using Hi-Res MS
(Figs. S6-S9) showed evidence for formation of phosphate complexes
from both [Rh(pmea)Cl,] " and [Rh(tepa)Cl,]"; [Rh(pmea)O,P(0)OH] "
(m/z = 503.0345, calculated m/z = 503.0350) was a minor product
from the former, while the latter gave [Rh(tepa)O,P(0)OH]™ (m/z =
531.0657, calculated m/z = 531.0660) as the predominant product.
Both cations contain a chelated hydrogenphosphate ion, which was first
observed in the crystallographically characterised [Co(pmea)O2P(O)
OH]CIO4 complex, [13] but which remain extremely rare. [8,14,15]. A
low-intensity peak (~15%) at m/z = 266.0365 was also observed for the
tepa complex. This is consistent with the 2+ cation [Rh(tepa)O2P(OH)
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Fig. 6. Structure of the [Rh(pmap)Cl(L)]m cation (L = N-cyclo-
hexylethanimidamide) as determined by single crystal X-ray diffraction anal-
ysis. Ellipsoids are drawn at the 50% probability level. Selected bond lengths
(A) and angles (°); Rh(1)-N(5) 2.047(4), Rh(1)-N(3) 2.065(5), Rh(1)-N(4) 2.075
(4), Rh(1)-N(2) 2.085(4), Rh(1)-N(1) 2.088(4), Rh(1)-CI(1) 2.3848(11), N(5)-C
(21) 1.308(6), N(6)-C(21) 1.324(6), N(6)-C(23) 1.471(6); N(5)-Rh(1)-N(3)
176.66(17), N(5)-Rh(1)-N(4) 92.49(16), N(3)-Rh(1)-N(4) 88.15(17), N(5)-Rh
(1)-N(2) 84.88(18), N(3)-Rh(1)-N(2) 94.48(15), N(4)-Rh(1)-N(2) 177.37(17),
N(5)-Rh(1)-N(1) 95.32(17), N(3)-Rh(1)-N(1) 81.44(17), N(4)-Rh(1)-N(1) 86.48
(15), N(2)-Rh(1)-N(1) 93.88(16), N(5)-Rh(1)-Cl(1) 93.70(12), N(3)-Rh(1)-CI(1)
89.55(12), N(4)-Rh(1)-Cl(1) 92.22(11), N(2)-Rh(1)-CI(1) 87.83(12), N(1)-Rh
(1)-C1(1) 170.93(12), C(21)-N(5)-Rh(1) 132.1(4), N(5)-C(21)-N(6) 121.2(5), C
(21)-N(6)-C(23) 126.8(4).

OH]?" (calculated m/z = 266.0370) which appears to contain chelated
dihydrogenphosphate; there are no examples of this chelate in the CSD.
Another low-intensity (~20%) peak at m/z = 495.0892 is consistent
with the [Rh(tepa)O,CO]" ion, which contains chelated carbonate
(calculated m/z = 495.0900). This is presumably formed through the
presence of adventitious CO5 in the basic reaction solution. [40] No
tractable phosphate-containing products were observed for the [Rh(tpa)
Cly]™ starting material, while [Rh(pmap)ClZ]+ gave the chelated car-
bonate complex [Rh(pmap)0»CO]™" as the base peak (m/z = 481.0739,
calculated m/z = 481.0740).

The nature of these products was further investigated using >'P NMR
spectroscopy (Figs. S10-S12). There is a paucity of ‘classical’ rhodium-
phosphate species in the literature, and as a result, very few relevant
31p NMR data are available for comparison with the complexes prepared
in this work. Therefore, to aid in assignment we assume that the 3'P
NMR chemical shifts of the Rh complexes follow those of the analogous
Co(III) complexes. This appears reasonable given the similarity of the
13C NMR spectra of [Co(pmea)Cly] ™ and [Rh(pmea)Cly] " (Figs. $19 and
S21). Thus, monodentate Co(III) phosphate species generally exhibit
chemical shifts between 0 and 10 ppm, and chelated species around
20-25 ppm. [24,50,51] Dimeric species with bridging phosphate ligands
give larger chemical shifts (~30 ppm for bridging bidentate/mono-
dentate and ~ 40 ppm for bridging bidentate/bidentate). The reaction
mixture obtained from reaction of [Rh(pmea)Cl,]" with NasPO, gave
numerous signals between 30 and 37 ppm, which could not be easily
assigned. The analogous reaction with [Rh(pmap)Cly]* gave almost
exclusively a broad singlet at 25.1 ppm, with very minor peaks at 22.6
ppm and 21.5 ppm. The former is thought to be due to a chelated
phosphate complex, while the latter could be due to small amounts of a
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Fig. 7. Mass spectra of products obtained from reaction of a) [Rh(tpa)Cl;]"; b) [Rh(pmea)Cl,]"; ¢) [Rh(pmap)Cl,]"; and d) [Rh(tepa)Cl,]" with NayCeHsPO,4 in

aqueous solution.

5-isomer species. Most interestingly, the reaction of [Rh(tepa)Cl,]™ gave
only what could be described as either a doublet or two closely spaced
singlets centred at 21.0 ppm in the 3P NMR spectrum, presumably
arising from [Rh(tepa)(OzP(O)OH]+. As no geometric isomers are
possible in this complex, it is more likely that this signal is a doublet
resulting from '°*Rh-0-3'P 2J coupling, with 2J = 5.8 Hz. Similar
coupling has been observed previously in the monodentate [Rh
(NH3)sOPO3H,1% ion (3J = 1.4 Hz). [26]

3.3. Reaction of [Rh(pmap)Cl,]™* with bis(cyclohexylammonium) t-
butylphosphate; the crystal structure of [Rh(pmap)CI(L)](ClO4)2 (L = N-
cyclohexylethanimidamide)

Initial attempts to prepare phosphate ester complexes of rhodium
utilised bis(cyclohexylammonium)-t-butylphosphate. This was chosen
because it was commercially available and it was thought that the t-
butyl group might aid crystallisation from aqueous solution. The [Rh
(NoCla]™ precursors were also thought to be too substitutionally inert to
react with the phosphate ester and so Ag*-induced solvolysis in aceto-
nitrile was used to generate a more labile starting material. However,
reaction of [Rh(pmap)Cly]ClO4 with AgCF3SOs in acetonitrile and
addition of bis(cyclohexylammonium)-t-butylphosphate gave not the
hoped-for  t-butylphosphate = complex, but the N-cyclo-
hexylethanimidamide complex pictured in Fig. 6. The complex cation
comprises a central Rh(III) ion coordinated to all four N atoms of a pmap
ligand, the N atom of a monodentate N-cyclohexylethanimidamide
ligand, and a chlorido ligand, which is situated trans to the tertiary
aliphatic N atom of the pmap ligand. The 5-membered chelate ring lies

in the equatorial plane, thus confirming the presence of the 5-isomer.
Two ClO4 counterions are also present. The crystal structure confirms
unexpected coordination of N-cyclohexylethanimidamide, a rare mole-
cule, [41-43] and one which has not been previously structurally
characterised, either as the free molecule or as a ligand in a complex.
This appears to result from reaction of [Rh(pmap)Cl(MeCN)]Zﬁ formed
by Ag'-assisted solvation of [Rh(pmap)Cly]", with cyclohexylamine.
Coordination of a nitrile to a transition metal increases the electrophi-
licity of the nitrile C atom through the Lewis acid effect of the metal ion,
and this is known to lead to enhanced reactivity towards external nu-
cleophiles such as OH™, [44] CO%’, [45] MeOH, [46] and a-phosphine
carbanions. [47] Of particular relevance here are the well-known re-
actions of coordinated nitriles in ‘classical’ coordination complexes with
ammonia and primary amines to give monodentate carboximidamides
[48,49].

There are 27 examples of structurally characterised monodentate
ethanimidamide complexes in the CSD, which have carbon-nitrogen
bond lengths ranging from 1.244 A to 1.381 A. In all but four of these
complexes, the two C—N bonds in the same molecule lie within 0.05 A in
length of each other, showing that the true bonding situation in such
molecules is almost always delocalised, rather than discrete single and
double amine and imine carbon nitrogen bonds. A similar situation
obtains here, with the bond lengths being 1.308(6) A and 1.324(6) /o\,
attesting to considerable delocalisation. The C21-N6-C23 bond angle of
126.8(4)° is also indicative of a trigonal planar, rather than pyramidal,
nitrogen atom.
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Fig. 8. Products identified from the reaction of [Rh(N4)Cl,]" with NazPO4 and NayC¢HsPOy,.

3.4. Reactions of [Rh(NCl,]* complexes with disodium
phenylphosphate; product identification by mass spectrometry

Given the interference caused by the cyclohexylammonium coun-
terion described above, further attempts to prepare phosphate ester
complexes utilised disodium phenylphosphate Na;Ce¢HsPO4 as the
phosphate ester source. Reaction of this with the [Rh(N4)Cl;]ClO4 pre-
cursors in water in the presence of a variety of counteranions gave no
crystalline materials. However, analysis of the reaction mixtures with
Hi-Res MS gave evidence for the formation of phosphate ester species in
solution for all but the tpa complex, which remained essentially un-
changed under these reaction conditions (Fig. 7), and the products of
these reactions, plus those from the reactions with NagPO4, are sum-
marised in Fig. 8.

Reaction of [Rh(pmea)Cly]" with NayCgHsPO4 resulted in a base
peak at m/z = 597.0768 and a slightly less intense (~85%) peak at m/z
= 290.0367. The former is consistent with the formula [Rh(pmea)(O2P
(0)OCgHs)(OH2)1 ™", which could be a complex containing a mono-
dentate phosphate ester and an aqua ligand. The latter peak, most
interestingly, is consistent with the formula [Rh(pmea)(O,P(OH)
OC5H5]2+, containing a protonated, chelated phosphate ester ligand.
Using [Rh(pmap)Cl,]" as a starting material gives a reaction mixture
which similarly appears to contain the monodentate phosphate ester
complex [Rh(pmap)(0,P(0)OCsHs)(OH2)1 " (m/z = 611.0930) and the
protonated, chelated phosphate ester complex [Rh(pmap)(O2P(OH)
OC6H5]2+ (m/z = 297.0446). In addition, the base peak at m/z =
593.0821 is consistent with the formula [Rh(pmap)(02P(0)OCgHs] ™,
the non-protonated chelated phosphate ester complex. A less intense
peak at m/z = 481.0741 can be ascribed to the [Rh(pmap)02C0]+
complex, presumably formed from the presence of adventitious CO; in
the basic reaction mixture.

The trend is continued when [Rh(tepa)Clg]+ is used as the starting

material. In this case, the reaction mixture shows a predominant single
Hi-Res MS peak at m/z = 607.0976, which corresponds to the chelated
phosphate ester complex [Rh(tepa)(0,P(0)OC¢Hs]™, with the only
other peak of note (~20%) being due to [Rh(tepa)0,CO]" (m/z =
495.0896).

The reactions with NaoPO4CgHs appear similar to those with NagPO4
in terms of the 3'P NMR spectra obtained (Figs. S13-15). The reactions
with both [Rh(pmea)Cly]" and [Rh(pmap)Cly]" give numerous peaks,
none of which can be assigned with certainty, but which appear to be
mostly monodentate species. Both complexes, however, exhibit peaks
around 25 ppm, which can be assigned to either the chelated phosphate
ester or chelated phosphate complex. The mass spectral data are
consistent with the former. The 3'P spectrum obtained from reaction of
the [Rh(tepa)Cl,]™ is simpler, with peaks due to free ester (—3.7 ppm)
and an unidentified species (14.3 ppm, base peak) observed. In addition,
a doublet at 21.5 ppm (3J = 5.1 Hz), which can be assigned to either a
chelated phosphate ester, or chelated phosphate complex, is observed.
Again, the mass spectral data are consistent with the former.

The combined mass spectral and NMR evidence are therefore
consistent with the formation of chelated phosphate ester complexes in
solution. While in no cases are they the dominant species, the fact that
they are stable under mass spectrometry and NMR conditions suggests
that isolation following chromatography may well be possible.

4. Conclusions

The reaction of substitutionally inert Rh(III) complexes with both
phosphate and phenylphosphate in aqueous solution gives a variety of
phosphorus-containing species. It appears that the presence of one or
more 6-membered chelate rings in the ancillary N4 ligand facilitates the
formation of chelated phosphate species. Of these, the observation of
unprecedented stable chelated phosphate esters is particularly
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interesting, and suggests they are amenable to isolation and

characterisation.
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