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Activation of Carbon Monoxide by 
(Me3tpa)Rh and (Me3tpa)Ir* 
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* Part of this work has been published: Reproduced in part with permission from [Dzik, 
W. I.; Smits, J. M. M.; Reek, J. N. H.; de Bruin, B. Organometallics 2009, 28, 1631-
1643] Copyright [2009] American Chemical Society  



Chapter 2 

 22

2.1 Introduction 

Pyridyl-amine type of ligands1 are widely applied in coordination chemistry. Many 
synthetic models for active sites of metalloenzymes are based on these ligands, such as 
manganese catalases,2 heme-copper oxidases,3 Cu-based4 or non-heme Fe5 oxidases and 
oxygenases. Pyridyl-amine type ligands were also valuable in Ru catalyzed oxygenation 
of alkanes.6  

Mentpa (tpa = tris(2-piridylmethyl)amine, n = 0-3) ligand supported olefin complexes 
of rhodium and iridium were extensively studied over the past few years and proved to 
be versatile synthetic models to study activation of ethene and other olefins towards 
oxygenation.7 Depending on the number of methyl groups (n) of the Mentpa ligand, 
various reaction pathways have been uncovered. Stable 2-metallaoxetanes obtained by 
oxygenation of MI(ethene) fragments showed also noteworthy follow-up reactivity 
(Scheme 1).7b,8
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Scheme 1. Reactivity of [MI(Mentpa)(C2H4)]+ species. 
 

Interestingly, the [(Mentpa)IrI(ethene)]+ (n = 2, 3) complexes could be easily oxidized 
by one electron to form the first reported stable paramagnetic IrII-ethene complexes. The 
[(Me3tpa)IrII(ethene)]2+ species (Me3tpa = N,N,N-tri(6-methyl-2-pyridylmethyl)amine) is 
a stable metal-centered radical, but coordination of a fifth σ-donor ligand (i.e. MeCN) 
triggers radical-type reactivity of the ethene carbon atoms. This was illustrated by 
formation of [IrIII(CH2CHO)(Me3tpa)(MeCN)]2+ in reaction with dioxygen;9 
[(Me3tpa)(MeCN)IrIII–CH2CH2–IrIII(Me3tpa)(MeCN)]4+ dinuclear ethylene-bridged 
species in neat MeCN;10 or a C3 bridged dinuclear species in the presence of ethyl 
diazoacetate.11  

The abovementioned remarkable reactivity of both diamagnetic and paramagnetic 
(Mentpa)M-olefin (M = Rh, Ir) complexes triggered us to explore the reactivity of the 
analogous carbonyl complexes. Herein we report the synthesis of (Me3tpa)M-carbonyl 
complexes (M = Rh, Ir), their dynamic behavior in solution and their reactivity towards 
nucleophiles and dioxygen as well as their redox properties.  

Carbon monoxide is an important substrate in many industrial processes like 
hydroformylation, synthesis of methanol, acetic acid (Monsanto) and hydrocarbons 
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(Fischer-Tropsch), or production of hydrogen in the water gas shift reaction (WGSR).12 
These reactions involve 2 electron transformations, and so far the redox non-innocent 
behavior of the carbonyl ligand is restricted to only several examples (see Chapter 1). 
The ability of Me3tpa ligand to stabilize the iridium radical complexes of ethene 
suggests that this platform could allow us to isolate carbonyl radical complexes of 
rhodium or iridium in order to study the redox non-innocent behavior of the carbonyl 
ligand. 

In this Chapter we describe the results of our investigations using Me3tpa carbonyl 
complexes of rhodium and iridium wherein we expected to find one-electron activation 
pathways of the CO ligand. The outcome of the study revealed, however, that two-
electron activation of the metal carbonyls proved easier for these systems.  
 
2.2 Results and discussion 

2.2.1 Synthesis and characterization of [(Me3tpa)Ir(cod)]PF6 

For synthetic reasons we decided to first prepare a diolefin complex and exchange the 
olefinic ligand for CO. [(κ3-Me3tpa)Ir(η4-cod)]PF6 ([1]PF6) – the precursor of the 
iridium carbonyl complex – was synthesized by reaction of [Ir(η4-cod)(μ-Cl)]2 (cod = 
cis,cis-1,5-cyclooctadiene) with Me3tpa (Me3tpa = N,N,N-tris(6-methyl-2-
pyridylmethyl)-amine) in methanol followed by exchange of the chloride with a 
hexafluorophosphate anion (Scheme 2).  
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Scheme 2. Synthetic route toward [(κ3-Me3tpa)Ir(η4-cod)]+ (1+). 
 

Crystals of [1]PF6, suitable for X-ray diffraction, were obtained by cooling of a 
saturated methanolic solution of the complex. The structure of 1+ is shown in Figure 1. 
The X-ray structure reveals a κ3-coordination mode of the Me3tpa ligand. The 
coordinated lutidyl fragments are not equivalent with significantly different Ir-Npy and 
C=C bond lengths. The τ parameter13 value of 0.5 indicates a structure that is exactly in 
between an idealized square pyramid and a trigonal bipyramid. This is partly caused by 
the geometrical constraints imposed by the restricted ligand bite-angles. Therefore, the 
geometry of 1+ is perhaps best described as a distorted trigonal bipyramid (tbpy), where 
lutidyl N2 is bound apically and lutidyl N1 and aminyl N4 equatorially. Stronger 
binding of olefins in the equatorial plane – typical for tbpy d8 metal complexes14 – 
results in a significantly longer C5–C6 bond (1.433(6) Å) compared to the C1–C2 bond 
(1.398(5) Å) in the apical position. The elongated C5–C6 distance indicates a substantial 
iridia(III)cyclopropane character of this bond caused by stronger π-back donation in the 
equatorial plane. Similar coordination modes were reported for other bis-
(picolyl/lutidyl) amine ligated Rh and Ir cyclooctadiene complexes.15 
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Figure 1. X-ray structure of [Ir(κ3-Me3tpa)(η4-cod)]+
 (1+). Thermal ellipsoids are drawn with 50% probability 

(hydrogen atoms and the PF6
− counterion are omitted for clarity). Selected bond lengths [Å] and angles [°]: 

Ir1–N1 2.257(2), Ir1–N2 2.120(2), Ir1–N4 2.337(2), Ir1–C1 2.162(3), Ir1–C2 2.140(3), Ir1–C5 2.075(3), Ir1–
C6 2.092(3), C1–C2 1.398(5), C5–C6 1.433(6), N1–Ir1–N2 91.11(9), N1–Ir1–N4 74.98(9), N2–Ir1–N4 
74.11(9). 
 

The Me3tpa and cod ligands are fluxional in solution, causing very broad signals in 
the 1H NMR spectrum recorded at 20 °C. The broadening is caused by rapid exchange 
of the coordinated and non-coordinated lutidyl fragments. Upon cooling, the signals 
become sharp and correspond to a complex in which two of the lutidyl ligands are 
coordinated to the metal and the third remains unbound (Figure 2). The two coordinated 
lutidyl fragments are magnetically equivalent. Thus, in solution these fragments most 
likely rapidly exchange axial and equatorial positions, assuming that the lowest energy 
solution structure of 1+ corresponds to the tbpy geometry found in the X-ray structure 
(Figure 1). 

ppm (t1)
2.03.04.05.06.07.0

 
Figure 2. 1H NMR spectrum of [Ir(κ3-Me3tpa)(η4-cod)]+ (1+) recorded in CD3CN at 20 °C (top) showing a 
rapid exchange of the three lutidyl fragments at room temperature. The process is frozen at −30 °C (bottom) 
resulting in a spectrum showing a κ3 coordination mode of the ligand. 
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The barrier for cod rotation is generally low in solution, making the interchange 
between square pyramidal and tbpy coordination modes very fast. This likely causes the 
observed averaging of the signals of the coordinated lutidine fragments.  
 
2.2.2 Synthesis and characterization of (Me3tpa)MI carbonyl complexes 

Bis-carbonyl iridium complex [(κ3-Me3tpa)Ir(CO)2]PF6 ([2]PF6) was obtained by 
bubbling CO through a solution of cod precursor [1]PF6 in CH2Cl2 (Scheme 3).  
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Scheme 3. Synthesis of [(κ3-Me3tpa)Ir(CO)2]+ (2+). 
 

Crystals suitable for X-ray diffraction were obtained by layering a solution of [2]PF6 
in CH2Cl2 with hexanes. 

 
 
Figure 3. X-ray structure of [Ir(κ3-Me3tpa)(CO)2]+ (2+). Thermal ellipsoids are drawn with 50% probability 
(hydrogen atoms and the PF6

− counterion are omitted for clarity). Selected bond lengths [Å] and angles [°]: 
Ir1–C1 1.823(3), Ir1–C2 1.846(3), Ir1–N1 2.147(2), Ir1–N3 2.200(2), Ir1–N4 2.364(2), C1–O1 1.147(3), C2–
O2 1.136(4), C1–Ir1–C2 87.00(13), C1–Ir1–N1 91.60(11), C2–Ir1–N1 175.33(12), C1–Ir1–N3 160.42(12), 
C2–Ir1–N3 91.18(12), N1–Ir1–N3 88.65(9), C1–Ir1–N4 123.95(11), C2–Ir1–N4 109.14(11), N1–Ir1–N4 
75.32(9), N3–Ir1–N4 74.98(8). 
 

The structure of 2+ (Figure 3) is similar to that of 1+, but its τ value of 0.25 suggests a 
structure closer to a square pyramid. As expected for d8 sqpy complexes,14 the apical 
position is occupied by the weaker donating amine donor, while the π-accepting CO, 
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and stronger σ-donating lutidyl groups are coordinated in the basal plane. The third 
lutidyl group is non-coordinating in the solid state, but in solution the molecule shows 
rapid exchange of the coordinated and non-coordinated lutidyl fragments on the NMR 
time scale. This results in a very simple pattern of the 1H NMR spectrum at room 
temperature revealing an averaged signal for all arms of the ligand (Figure 4). In 
contrast to 1+, the fluxionality in 2+ is so fast that separate peaks could not be observed 
even at −94 ºC (the freezing point of acetone). We interpret this fluxionality as a fast 
exchange of the coordinated and non-coordinated lutidyl fragments proceeding via a 
four-coordinated intermediate. The IR spectrum in dichloromethane shows only two 
bands at 2058 and 1975 cm−1 and thus does not reveal the presence of the proposed 
four-coordinated species in detectable amounts.  

ppm (f1)
2.03.04.05.06.07.08.0

 
 
Figure 4. 1H NMR spectrum of [Ir(κ3-Me3tpa)(CO)2]+ (2+) recorded in acetone-d6 at 20 °C showing averaged 
signals indicating a rapid exchange of the three lutidyl fragments. 
 

Compared to ethene, the affinity of carbon monoxide towards iridium is much higher, 
since the dangling lutidiyl group is not capable of substituting the CO ligand to form a 
monocarbonyl complex (as was the case for [(κ3-Me3tpa)Ir(ethene)2]

+ where one of the 
ethene molecules is readily displaced by the dangling lutidyl fragment).7c  

In marked contrast to iridium, similar synthetic procedures for rhodium led to a mono-
carbonyl Me3tpa complex. Easier displacement of a CO ligand for Rh compared to Ir 
can be rationalized by the lower π-basicity of rhodium. Complex [Rh(κ3-
Me3tpa)(CO)]PF6 ([3]PF6) was obtained in a one-pot reaction of [Rh(coe)2(μ-Cl)]2 (coe 
= cis-cyclooctene) with CO, Me3tpa and NH4PF6 in methanol (Scheme 4). Crystals 
suitable for X-ray diffraction were obtained by layering an acetone solution of [3]PF6 
with methanol at −20 °C. The structure of 3+ is shown in Figure 5.  

The tetradentate Me3tpa ligand coordinates in a κ3 rather than κ4 fashion (as 
confirmed by IR and NMR spectroscopies, and X-ray diffraction) resulting in a distorted 
square planar 16 VE complex. Higher tendency to form square planar complexes for 
rhodium compared to iridium has been reported for related pyridine-amine-pyrrole 
ligands.16 The distortion from the square planar coordination mode is a result of 
interactions of the methyl groups of the lutidine fragments with CO, causing a nearly 
23° bending of the Rh-CO axis below the coordination plane passing through N1, N2, 
N4 and Rh (Figure 5).  
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Scheme 4. Synthesis of [Rh(κ3-Me3tpa)(CO)]+ (3+). 
 
 

 
 
Figure 5. X-ray structure of [Rh(κ3-Me3tpa)(CO)]+ (3+). Thermal ellipsoids are drawn with 50% probability 
(hydrogen atoms and the PF6

− counterion are omitted for clarity). Selected bond lengths [Å] and angles [°]: 
Rh1–C1 1.812(4), Rh1–N2 2.056(3), Rh1–N1 2.064(3), Rh1–N4 2.108(3), C1–O1 1.152(5), C1–Rh1–N2 
97.81(15), C1–Rh1–N1 99.36(15), N2–Rh1–N1 162.43(12), C1–Rh1–N4 157.39(18), N2–Rh1–N4 80.64(13), 
N1–Rh1–N4 82.08(12). 
 

The Rh1−N3 distance (2.901(4) Å) is far too long to consider the Rh−N3 interaction 
as a bond; moreover, the lone pair of N3 does not point towards the metal. Also in 
solution 3+ remains four-coordinate. Both the IR frequency (1983 cm−1) and 13C NMR 
shift (190.7 ppm) of the CO ligand have values close to those reported for square planar 
[Rh(κ3-tpa)(CO)]+ (1991 cm−1 and 190.8 ppm; tpa = N,N,N-tris(2-
pyridylmethyl)amine).17 The IR CO stretch frequency of 3+ is lower than for the related 
[Rh(κ3-tpa)(CO)]+, in spite of the fact that (for steric reasons) the lutidyl groups of 
Me3tpa are weaker donors than the picolyl groups of tpa. The low stretch frequency is a 
result of the slight distortion from the square planar geometry toward a sawhorse 
(butterfly) geometry. This distortion allows for some back bonding from the metal dz2 to 
a π*CO orbital, and an antibonding interaction between the σCO and dyz orbitals appears 
(Figure 6), while other bonding and antibonding interactions between the metal and CO 
are hardly affected.18 In this way the out of plane bending of CO molecule results in 
increased π-back donation, as compared with the square planar structure, giving a lower 
than expected IR CO stretch frequency. 
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Figure 6. Orbital interactions between the metal and the carbonyl ligand in a tetracoordinate carbonyl 
complex with a sawhorse distortion. 
 

Similar to 1+ and 2+, the coordinated and non-coordinated lutidyl groups exchange 
rapidly in solution causing very broad signals in the NMR spectrum at room 
temperature (Figure 7). The spectrum measured at −30 ºC is consistent with the 
structure obtained by X-ray diffraction: the signals of the protons of the dangling 
lutidine are shifted upfield compared to those of [Rh(κ4-Me3tpa)(ethene)]+,7c and their 
chemical shifts values are closer to the ones of the free ligand. The NMR spectroscopy 
data reveal only the square planar isomer, but solution IR measurements reveal an 
equilibrium between the κ3 and κ4 isomers19 (a broad peak at 1983 cm−1 with a small 
shoulder at 1966 cm−1; Figure 8), albeit in favor of the κ3 coordination.  
 

ppm (t1)
2.03.04.05.06.07.08.0

 
Figure 7. 1H NMR spectrum of [Rh(κ3-Me3tpa)(CO)]+ (3+) recorded in acetone-d6 at 20 °C (top) showing a 
rapid exchange of the three lutidyl fragments at higher temperatures. The process is frozen at −30 °C (bottom). 

 
The different coordination modes for [Rh(κ3-Me3tpa)(CO)]+ and [Rh(κ4-

Me3tpa)(ethene)]+ complexes are remarkable. At first sight one would expect that CO, 
being a stronger π-acid and weaker σ-donor than ethene20 would cause rhodium to be 
less electron rich, thus making the Rh–N interactions stronger. However, in this case 
extensive π-back donation to the olefin apparently results in a substantial contribution of 
the metalla-cyclopropane resonance structure with the rhodium atom adopting a formal 
+III oxidation state.21 This resonance structure is stabilized by the κ4 coordination mode 
of Me3tpa leading to an 18 VE configuration. This situation is not attainable for the CO 
complex, and thus the +I oxidation state of the rhodium atom in case of the carbonyl 
complex leads to the preferred κ3 coordination mode of Me3tpa. In general there is a 
strong preference for N-ligand supported group VIII d8 metals to form square planar 
rather than penta-coordinate complexes. Hypodenticity22 of tpa type ligands has been 
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reported for d8 PdII,23 and PtII chloride complexes.23b Also those complexes showed 
fluxional behavior of the ligand.23b 
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Figure 8. Carbonyl region of the IR spectrum of [Rh(κ3-Me3tpa)(CO)]+ (3+) in dichloromethane. The signal at 
1983 cm–1 corresponds to the κ3 isomer and the shoulder at 1966 cm–1 corresponds to the κ4 isomer. 
 

Fluxionality of multidentate N-donor ligands in RhI/IrI metalloorganic complexes has 
also been observed for bis-carbonyl and diene complexes with tridentate pyrazolyl-type 
ligands.24,25 NMR and IR spectroscopic studies of those compounds reveal equilibria 
between square planar and square pyramidal coordination modes, involving a rapid 
exchange between κ2 to κ3 denticity of the anionic N3-ligand. Theoretical studies on this 
fluxionality were performed by Hall et al. for a broad range of rhodium complexes.26 
Some picolyl-amine type ligands in Rh(cod) complexes were also reported to show high 
fluxionality.16,27 

The fluxionality of the Me3tpa ligand in complexes 1+, 2+ and 3+ may be mainly 
caused by a fast equilibrium between 16 VE square planar and 18 VE pentacoordinate 
geometries. We propose that in the case of 1+ and 2+ the exchange of the lutidyl groups 
proceeds via a dissociative pathway in which dissociation of a coordinated lutidine leads 
to a 4-coordinate 16 VE [(κ2-Me3tpa)Ir(CO)2]

+ complex, which is followed by 
coordination of the dangling lutidine to regain a 18 VE κ3 complex with two lutidyl 
groups being exchanged (Scheme 5, top). In the case of 3+ the process may be 
associative, proceeding via coordination of the dangling lutidine to form an 18 VE κ4 
intermediate, followed by dissociation of another coordinated lutidine to regain a 16 VE 
κ3 complex (Scheme 5, bottom). 

IR spectroscopy reveals the presence of a major κ3 isomer and a minor κ4 isomer in 
solution at room temperature. With room-temperature NMR spectroscopy fast exchange 
of all lutidyl fragments is observed, but this process is frozen at −30 ºC. At this 
temperature, the signals correspond to the major κ3 isomer, whereas no signals of the 
minor κ4 isomer are detectable with NMR spectroscopy. These data can only be 
interpreted with the exchange processes depicted in Scheme 5 (bottom): A fast 
equilibrium between the major κ3 isomer and a minor κ4 isomer through lutidyl 
association/dissociation (still fast at −30º C on the NMR time scale, but observable with 
IR spectroscopy) and a much slower process involving the positional exchange of the 
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coordinated lutidyl groups in the minor κ4 isomer (presumably via Berry 
pseudorotation), followed by a much faster lutidyl dissociation to re-form the 16 VE 
square planar complex. 
 

 
 
Scheme 5. Dissociative (top) and associative (bottom) pathways proposed for the exchange of the Me3tpa 
lutidyl groups at the metal centre in complexes 1+, 2+ (top) and 3+ (bottom). Lu = lutidyl = 2,6-dimethylpiridyl. 
 
2.2.3 Reactivity of complex 2+ with H2O and methanol 

The electron density of the iridium atom of 2+ (ν(C≡O) = 2058, 1975 cm−1 in CH2Cl2) is 
comparable to that of the κ3-hydrotris(pyrazolyl)borate biscarbonyl iridium complex 
(ν(C≡O) = 2051, 1971 cm−1 in MeCN),24 which was reported to react with water and 
alcohols to form hydroxy- and alkoxy-carbonyl species.28 The similar electronic 
properties of 2+ compared to [κ3-TpIr(CO)2] 

24 encouraged us to investigate its reactivity 
with water and methanol. Indeed, 2+ reacts with both methanol and water in acetone to 
give the hydrido-methoxycarbonyl and hydrido-hydroxycarbonyl complexes 4+ and 5+ 
respectively (Scheme 6).  
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Scheme 6. Reaction of 2+ with methanol and water to hydrido-methoxycarbonyl and hydrido-alkoxycarbonyl 
species 4+ and 5+. 
 

Crystals of [4]PF6, suitable for X-ray diffraction, were grown overnight from a 
concentrated solution of [2]PF6 in methanol. The X-ray structure of 4+ is shown in 
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Figure 9. The X-ray structure of the methoxycarbonyl complex 4+ reveals coordination 
of the hydride trans to the amine nitrogen. One of the lutidyl fragments remains 
noncoordinating and the two coordinated lutidyl groups bind trans to the carbonyl and 
methoxycarbonyl ligands respectively. The Ir–N3 bond, trans to the methoxycarbonyl 
moiety is substantially longer than the Ir–N2 bond, trans to CO, reflecting the stronger 
donor capacity of the methoxycarbonyl ligand. Because of the intrinsic instability of the 
hydroxycarbonyl complex 5+ in solution we were not able to grow crystals suitable for 
X-ray diffraction. However, judging from very similar 1H NMR chemical shifts of the 
hydrides (16.75 vs. 16.56 ppm) and CO stretching frequencies (2062 vs. 2064 cm–1) of 
the two compounds, we expect that 5+ has a structure similar to 4+.  
 

 
 
Figure 9. X-ray structure of [Ir(κ3-Me3tpa)(CO)(H)(COOMe)]+ (4+). Thermal ellipsoids are drawn with 50% 
probability (hydrogen atoms and the PF6

− counterion are omitted for clarity). Selected bond lengths [Å] and 
angles [°]: Ir1–C1 1.843(4), Ir1–C2 2.027(4), Ir1–N1 2.130(3), Ir1–N3 2.169(3), Ir1–N4 2.200(3), C1–O1 
1.144(5), C2–O2 1.193(5), C2–O3 1.363(5), C1–Ir1–C2 90.51(17), C1–Ir1–N1 177.81(14), C2–Ir1–N1 
87.64(15), C1–Ir1–N3 93.41(15), C2–Ir1–N3 175.57(14), N1–Ir1–N3 88.48(12), C1–Ir1–N4 104.19(16), C2–
Ir1–N4 96.95(14), N1–Ir1–N4 77.23(13), N3–Ir1–N4 80.09(12). The hydrogen atom bound to the iridium 
atom could not be located reliably in the difference Fourier map due to residual electron density surrounding 
the heavy atom. 
 

Formation of alkoxycarbonyl iridium complexes from corresponding alcohols is 
usually assisted by a strong base that can deprotonate the alcohol, allowing subsequent 
nucleophilic attack of the alkoxide on the coordinated CO.29 However, introduction of 
strongly donating ligands can make the iridium centre sufficiently nucleophilic to serve 
as the proton acceptor.30 Oro and co-workers reported such reactivity for iridium 
tris(pyrazol-1-yl) complexes28,31 and a study on the reaction of the 
hydrotris(pyrazolyl)borate biscarbonyl iridium complex with water was performed by 
the group of Haynes.24 There is no consensus on the mechanism of CO activation 
towards water and alcohols by the neutral [TpIrI(CO)2]. Two mechanisms have been 
proposed: (I) direct nucleophilic attack of the ROH on the coordinated electron deficient 
CO followed by protonation of the metal centre,28 or (II) protonation of the metal to 
form cationic IrIII−H species followed by nucleophilic attack of the RO– group on CO24 
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(Scheme 7). The cationic nature of 2+ makes it rather unlikely that protonation of the 
metal would be the first step in the sequence leading to 4+ and 5+, but protonation of the 
dangling lutidine remains a possibility for initial activation of ROH (pathway III in 
Scheme 7). Pathway I remains also a plausible mechanism for formation of 4+ and 5+. A 
concerted nucleophilic attack with simultaneous proton transfer to the metal could be a 
further alternative.  
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Scheme 7. Possible mechanisms of addition of water and methanol to 2+. R = H, Me. 
  

The addition of methanol is reversible and heating compound 4+ to 90 oC in DMSO 
for 6 hours quantitatively regenerates 2+ via a reductive elimination process. This 
behavior is somewhat similar to thermolysis of [Cp*(PMe3)Ir(H)(C(O)CF3)] where 
CF3H and iridium carbonyl is formed.32 

The hydroxycarboxyl iridium complex 5+ is unstable in solution and decomposes in 
less than one day to bis-hydride species 6+ and CO2 at room temperature (Scheme 8). 
The subsequent reactions of complex 2+ with water thus represent a synthetic model of 
one turnover in the water gas shift reaction (WGSR).33 Crystals of [6]PF6, suitable for 
X-ray diffraction, were grown overnight by layering an acetone solution of [6]PF6 with 
diethyl ether. The X-ray structure of 4+ is shown in Figure 10. 
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Scheme 8. Reaction of 2+ with water to form bis-hydride species 6+ via a hydrido-hydroxycarbonyl species 5+. 
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The thus obtained complex 6+ is a classical dihydride with C1 symmetry. Two distinct 
hydride signals are observed in the 1H NMR spectrum, resonating at –18.14 and –18.25 
ppm as an AB pattern with a coupling constant of 8.4 Hz. The X-ray structure of 6+ is 
very similar to 4+. The Ir–N1 (trans to CO) and Ir–N4 (trans to a hydride) bond 
distances of 4+ and 6+ are equal. Ir–N3 appears slightly longer in 6+, indicating a 
stronger trans influence of the hydride, but this difference is not significant within the 
3σ criterion.  

Structural similarities between 4+, 5+ and 6+ – those compounds differ only by the 
ligand X coordinated trans to one of the lutidyl groups – allow us to directly compare 
the donor capacities of the MeOOC–, HOOC– and H– ligands by measurement of the 
C≡O stretch frequency (Table 1). The π-back donation from the metal to the carbonyl 
ligand decreases in the order –H > –COOMe > –COOH as can be derived from 
increasing CO stretch frequencies. The hydride is clearly a stronger σ−donor ligand than 
the hydroxycarbonyl and methoxycarbonyl ligands. The difference between two latter 
ones is almost negligible, although not unexpectedly the methoxycarbonyl has slightly 
better donor properties. 

 
 

Figure 10. X-ray structure of [Ir(κ3-Me3tpa)(CO)(H)2]+ (6+). Thermal ellipsoids are drawn with 50% 
probability (hydrogen atoms bound to the carbon atoms and the PF6

− counterion are omitted for clarity). 
Selected bond lengths [Å] and angles [°]: Ir1–C1 1.828(5), Ir1–N1 2.131(4), Ir1–N3 2.181(3), Ir1–N4 
2.200(3), C1–O1 1.137(6), C1–Ir1–N1 172.39(16), C1–Ir1–N3 96.35(17), N1–Ir1–N3 90.69(13), C1–Ir1–N4 
106.92(17), N1–Ir1–N4 77.17(13), N3–Ir1–N4 79.59(12).  
 
Table 1. Comparison of donor abilities of hydroxycarbonyl, methoxycarbonyl and hydride ligands in 
complexes of the type [Ir(κ3-Me3tpa)(CO)(H)(X)]+.  

Complex X ν(C≡O) [cm–1] 
5+ COOH 2064 
4+ COOMe 2062 
6+ H 2031 

 
In contrast to bis-carbonyl iridium complex 2+, the mono-carbonyl rhodium complex 

3+ does not react with water or methanol. The π-back donation is much stronger in case 
of the mono-carbonyl rhodium complex (ν(C≡O) = 1983 for 3+ vs. 2058 cm–1 for 2+ in 
CH2Cl2), thus making the CO ligand less electrophilic and thereby apparently unreactive 
toward these weak nucleophiles. 
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2.2.4 Redox chemistry 

The redox properties of 1+, 2+ and 3+ were investigated with cyclic voltammetry (CV) in 
dichloromethane and acetone (Table 2). The electrochemical behavior of cod complex 
1+ is similar to related [Ir(N3-ligand)(cod)]+ complexes,15 and the CV data are indicative 
of a reversible oxidation of IrI to IrII at 0.20 V vs. Fc/Fc+. The large peak separation (186 
mV) in the CV measurements is most probably a result of Ohmic resistance of the 
electrochemical cell,34 and/or slow electrode kinetics. The anodic peak potential of bis-
carbonyl complex 2+ is more positive than that of cod complex 1+, likely because of the 
higher π-acidity of carbon monoxide compared to olefins, thus making the metal centre 
less electron rich. Both 2+ and 3+ show irreversible oxidation waves in dichloromethane, 
but in acetone, oxidation of 3+ is quasi-reversible.  
 
Table 2. Electrochemical data for complexes 1+ – 3+ (scan rate 20 mV/sec, potentials vs. Fc/Fc+). 

Complex Solvent Ea (V) ΔE 
(mV) 

E1/2 
(V) 

If/Ib 

[Ir(κ3-Me3tpa)(η4-cod)]PF6 ([1]PF6) CH2Cl2 0.29 186 0.20 1.0 
CH2Cl2 0.45 - - - [Ir(κ3-Me3tpa)(CO)2]PF6 ([2]PF6) 
Acetone 0.33 - - - 
CH2Cl2 0.10 - - - [Rh(κ3-Me3tpa)(CO)]PF6 ([3]PF6) 
Acetone 0.01 192 -0.05 0.8 

Ea = anodic peak potential, ΔE = peak separation E1/2 = half-wave potential, If/Ib = anodic peak 
current/cathodic peak current. 
 

Since the redox potentials of 1+, 2+ and 3+ are all more positive than Fc+, we decided 
to use the more potent Ag+ oxidant in further investigations. Compounds 1+, 2+ and 3+ 
were oxidized in situ with AgPF6 in acetone and investigated by EPR spectroscopy at a 
temperature of 20 K. Formation of the one-electron oxidized IrII complex 12+ was 
clearly confirmed by its characteristic X-band EPR spectrum (Figure 11). The EPR 
spectrum is very similar to that of the related complex [(Bn-dla)IrII(cod)]2+ (Bn-dla = N-
benzyl-N,N-bis(6-methyl-2-pirydylmethyl)amine),15 with only slightly different g-
values. The resolved hyperfine pattern at g33 = 1.93 stems from hyperfine coupling with 
Ir (I = 3/2; AIr ~ 120 MHz) and one nitrogen atom (I = 1; AN ~ 60 MHz). Hyperfine 
couplings are not resolved along g22 = 2.38 and g11 = 2.51. Two low intensity signals 
along the flanks of the g11 and g22 signals are ΔMI = 2 “forbidden transitions”, which 
become weakly allowed due to strong coupling with the large iridium quadrupole 
moment. These features are all identical to those recently reported for [(Bn-
dla)IrII(cod)]2+.15  

Only a low intensity signal for the product obtained by Ag+ oxidation of 3+ was 
obtained (Figure 12). Most likely the spectrum corresponds to 32+, but we cannot 
exclude a different (follow-up) product being responsible for the observed signal. The 
spectrum reveals the expected rhombic g-tensor (g11 = 2.22, g22 = 2.15 and g33 = 1.99) 
for a metal centered RhII radical. The g33 signal reveals hyperfine couplings, and the 
pseudoquartet pattern is indicative of hyperfine coupling with Rh and a single N atom 
having nearly equal hyperfine coupling constants (~ 70 MHz).  

No detectable signal for 22+ could be revealed, even upon rapid freeze-quenching in 
liquid N2 directly after oxidation of 2+ with Ag+. This is suggestive of a very fast follow 
up reaction of the oxidized species, in agreement with the irreversible oxidation of 2+ to 
22+ in the CV measurements. 
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Figure 11. X-band EPR spectrum of [Ir(Me3tpa)(cod)]2+ (12+) recorded at 20 K in frozen acetone. Frequency = 
9.380793 GHz, modulation amplitude = 4 Gauss, attenuation 30 dB. The salt [NBu4N]PF6 (~0.1 M) was added 
to the solution to obtain a better glass.  
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Figure 12. X-band EPR spectrum of in situ oxidized [Rh(Me3tpa)(CO)]+ 3+ recorded at 20 K in frozen 
acetone. Frequency = 9.382252 GHz, modulation amplitude = 4 Gauss, attenuation 30 dB. The salt [Bu4N]PF6 
(~0.1 M) was added to the solution to obtain a better glass. The sharp signal marked with * is an artifact 
caused by a paramagnetic impurity present in the cryostat of the EPR spectrometer. 

 
2.2.5 Chemical oxidation of 2+ 

The main motivation for the preparation of the iridium carbonyl complex 2+ was our 
interest in the expected different, but unknown radical-type reactivity of the one-
electron oxidized species 22+ based on the thoroughly studied [IrII(κ4-
Me3tpa)(ethene)](PF6)2.

9,10 It has been shown by Wayland and co-workers that 
mononuclear RhII porphyrins can form ethylene- (just like the IrII(Me3tpa) system) or 
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butylene-bridged species by reaction with ethene, and interestingly RhIIIC(O)C(O)RhIII 
(1,2-ethanodione bridged) species are produced by reductive coupling of two CO 
molecules between two (por)RhII metallo-radicals.35 Similar reactions for (por)IrII 
complexes led to intramolecular electron transfer from the porphyrin ligand to Ir, with 
formation of porphyrin radical cation species (por·+)IrI(CO)2, which prevented radical 
reactivity of the carbonyl ligand.35d  

The analogy between (por)RhII and (Me3tpa)IrII systems prompted us to explore the 
possibility of reductive coupling of CO by the (Me3tpa)IrII metallo-radical or other, new 
reactivity of the one-electron activated CO. The advantage of Me3tpa over the porphyrin 
system would be that the trispyridyl amine ligand allows for subsequent cis-type 
reactivity pathways. Since we obtained no EPR signal after oxidation of 2+ with Ag+ 
(vide supra), we wondered what follow-up reaction(s) had caused the transformation of 
22+ into (an) EPR-silent species. We further investigated this with NMR spectroscopy 
and mass spectrometry. 

Oxidation of 2+ with 1 eq. of Ag+ did not lead to the expected Ir–CO–CO–Ir bridged 
species. Instead, quantitative formation of the diamagnetic dicationic iridium(III) mono-
carbonyl hydride complex 72+ was observed (Scheme 9).36 This unexpected reaction 
raises the question of the origin of the hydride. Since the experiment was performed in 
deuterated solvent, only two sources of hydrogen are available: the Me3tpa ligand and 
water introduced with the silver salt. High resolution mass spectrometry did not show 
any substantial enrichment of the ligand in deuterium. Furthermore NMR spectra 
recorded with an internal standard (toluene) revealed that the oxidation of 2+ produces 
complex 72+ in >80% yield, along with another, unidentified species. Hence, 
adventitious water from AgPF6 is the most probable source of the hydrogen atom.37 
Addition of few drops of water into the reaction mixture also results in formation of the 
complex 72+, but with lower selectivity, which makes it difficult to obtain further 
information about the origin of the H atom. 
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Scheme 9. Oxidation of 2+ with Ag+ in acetone to form dicationic hydride species 72+, presumably by reaction 
of an IrII-carbonyl intermediate with Ag+ bound H2O. 
 

Milstein et al.38 recently reported somewhat similar reactivity of RhII(PNP) 
complexes. The paramagnetic [(PNP)RhII(Cl)]+ reacted with triphenylphosphine in the 
presence of traces of water to yield a diamagnetic [(PNP)RhIII(H)(Cl)]+ complex and 
triphenylphosphine oxide. Under the same conditions reaction of the dicationic 
[(PNP)RhII]2+ with CO gave a [(PNP)RhI(CO)]+ complex and CO2. Other reports on 
reactivity of mononuclear RhII species with CO showed reduction of the metal to RhI or 
disproportionation.39 Although we are not aware of any reports on such reactivity of 
paramagnetic iridium species, we propose that formation of 72+ could have taken place 
via disproportionation of a short-living paramagnetic complex as depicted in Scheme 
10.  
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Scheme 10. Proposed mechanism of formation of dicationic hydride species 72+. 

 
Instantaneous evolution of gas from the reaction mixture suggests that CO is lost upon 

one-electron oxidation of 2+ to 22+. Due to a weaker π-back donation, a decreased Ir-CO 
bond strength is expected for higher valent species. This would lead to formation of the 
paramagnetic monocarbonyl species A2+, which likely disproportionates to B+ and B3+. 
The electron deficient carbonyl group of B3+ would readily react with water to form 
hydroxycarboxyl iridium complex C2+ (somewhat similar to 5+) and a proton. Reaction 
of this proton with B+ then yields 72+. Complex 72+ is likely also produced by CO2 loss 
from the hydroxycarbonyl fragment of C2+ (similar formation of 6+ from 5+), followed 
by capture of a CO molecule (Scheme 10). 
 
2.2.5 Reactivity of 3+ with O2 

Although reaction of 3+ with dioxygen in pure acetone yielded a mixture of compounds 
with only a minor amount of the carbonato complex [Rh(κ4-Me3tpa)(CO3)]PF6 ([8]PF6), 
we found that addition of some water to the reaction mixture markedly increases 
selectivity leading to exclusive formation of 8+ (Scheme 11). We are aware of only one 
claim of a stable rhodium carbonate complex obtained via oxidation of CO to CO3

2- by 
an arsine-supported rhodium dioxygen complex.40 Such reactivity was also described for 
some iridium complexes,41 and in all cases an iridium dioxygen carbonyl complex was 
proposed as the crucial intermediate. Different mechanisms were proposed to explain 
the subsequent intramolecular rearrangement transforming the peroxo and carbonyl 
fragments into a carbonato ligand, including outer sphere attack of a coordinated peroxo 
fragment by external CO. In case of [Ir(C7H4NS2)(O2)(CO)(PPh3)2] (C7H4NS2 = 
benzothiazole-2-thiolate) Ciriano et al. used 18O labeling studies to prove that two water 
molecules serve as reactants in rearrangement of the iridium dioxygen carbonyl 
complex to a carbonate.41d Most likely a similar mechanism is responsible for oxidation 
of 3+ to 8+, because H2O is crucial for a selective reaction. 
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Scheme 11. Reaction of 3+ with dioxygen in acetone to form a rhodium carbonate complex 8+. 
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Crystals of [8]PF6 suitable for X-ray diffraction were obtained upon crystallization of 
[3]PF6 from methanol-water solution in –20 °C without taking precautions against air. 
The structure is shown in Figure 13.  
 

 
 

Figure 13. X-ray structure of [Rh(κ4-Me3tpa)(CO3)]+ (8+). Thermal ellipsoids are drawn with 50% probability 
(hydrogen atoms and the PF6

− counterion are omitted for clarity). The crystal had two independent cations in 
the asymmetric unit. Selected bond lengths [Å] and angles [°]: Rh(1A)–O(2A) 2.0016(18), Rh(1A)–N(4A) 
2.022(2), Rh(1A)–N(2A) 2.052(2), Rh(1A)–O(1A) 2.0634(17), Rh(1A)–N(3A) 2.069(2), Rh(1A)–N(1A) 
2.096(2), Rh(1A)–C(1A) 2.464(3), C(1A)–O(3A) 1.222(3), C(1A)–O(1A) 1.314(3), C(1A)–O(2A) 1.322(3), 
O(2A)–Rh(1A)–N(4A) 99.36(8), O(2A)–Rh(1A)–N(2A) 89.37(8), N(4A)–Rh(1A)–N(2A) 80.78(9), O(2A)–
Rh(1A)–O(1A) 64.60(7), N(4A)–Rh(1A)–O(1A) 163.58(8), N(2A)–Rh(1A)–O(1A) 94.91(8), O(2A)–
Rh(1A)–N(3A) 176.84(8), N(4A)–Rh(1A)–N(3A) 82.91(8), N(2A)–Rh(1A)–N(3A) 93.18(8), O(1A)–
Rh(1A)–N(3A) 113.26(8), O(2A)–Rh(1A)–N(1A) 93.53(8), N(4A)–Rh(1A)–N(1A) 84.59(9), N(2A)–
Rh(1A)–N(1A) 165.36(9), O(1A)–Rh(1A)–N(1A) 99.30(8), N(3A)–Rh(1A)–N(1A) 84.47(8). 
Rh(1B)–O(2B) 2.0053(19), Rh(1B)–N(4B) 2.020(2), Rh(1B)–N(1B) 2.052(2), Rh(1B)–O(1B) 2.0622(18), 
Rh(1B)–N(3B) 2.083(2), Rh(1B)–N(2B) 2.093(2), Rh(1B)–C(1B) 2.469(3), C(1B)–O(3B) 1.224(3), C(1B)–
O(1B) 1.318(3), C(1B)–O(2B) 1.327(3), O(2B)–Rh(1B)–N(4B) 99.72(8), O(2B)–Rh(1B)–N(1B) 88.25(8), 
N(4B)–Rh(1B)–N(1B) 80.48(9), O(2B)–Rh(1B)–O(1B) 64.67(7), N(4B)–Rh(1B)–O(1B) 163.84(9), N(1B)–
Rh(1B)–O(1B) 94.24(8), O(2B)–Rh(1B)–N(3B) 176.73(8), N(4B)–Rh(1B)–N(3B) 82.74(9), N(1B)–Rh(1B)–
N(3B) 94.30(9), O(1B)–Rh(1B)–N(3B) 113.02(8), O(2B)–Rh(1B)–N(2B) 93.04(9), N(4B)–Rh(1B)–N(2B) 
84.51(9), N(1B)–Rh(1B)–N(2B) 164.93(9), O(1B)–Rh(1B)–N(2B) 99.88(8), N(3B)–Rh(1B)–N(2B) 85.04(9). 
 

The structure of 8+ is similar to the structure of recently reported 
[Co(Me3tpa)(CO3)]

+,42 but with considerably longer metal-ligand bonds (both M−N and 
M−O bonds). The metal is coordinated by all Me3tpa nitrogen donors and two oxygen 
atoms of the carbonato ligand. The Rh1–O1 bond trans to the N4 amine is longer than 
the Rh1–O2 bond trans to lutidyl N2, which results from steric interactions between the 
methyl group of the trans lutidine with the carbonato ligand.42 Consequently, weaker 
interactions of O1 with rhodium result in the C1–O1 bond being shorter than the C1–O2 
bond. 
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2.3 Conclusions 

Both the iridium and rhodium carbonyl complexes with the Me3tpa ligand have 
remarkably different coordination behavior as compared to their ethene analogues. CO 
binding to iridium is much stronger than in case of ethene, resulting in formation of a 
stable biscarbonyl complex, while the bis-ethene iridium complex easily converts to a 
mono-ethene complex by substitution of ethene by a lutidyl group of the Me3tpa ligand. 
Contrary to [(κ4-Me3tpa)Rh(ethene)]+ the rhodium carbonyl complex remains 4-
coordinate in the solid state. Stabilization of the pentacoordinate geometry of the ethene 
complex is likely due to stabilization of the rhodo(III)cyclopropane resonance structure, 
which is not accessible for the carbonyl analogue.  

Coordination of Me3tpa ligand in a κ3 fashion results in fast exchange of the lutidyl 
groups on the NMR time scale. We propose that the fluxionality of the complexes is a 
result of rapid exchange between 4- and 5-coordinate species. 

Bis-carbonyl iridium complex [(κ3-Me3tpa)Ir(CO)2]
+ (2+) has electronic properties 

similar to the previously reported 1-pyrazolyl complexes, and shows reactivity towards 
weak nucleophiles like water and methanol at room temperature. Addition of water 
leads to an unstable hydroxycarbonyl complex, which evolves carbon dioxide to form a 
bis-hydride complex. Hence, the products obtained in reaction of 2+ with water 
represent synthetic models for the water gas shift reaction in which all subsequent 
intermediates of one catalytic WGSR turnover sequence were isolated.  

One-electron oxidation of complex 2+ leads to a short-living radical species 22+ that 
rapidly reacts with adventitious water to yield a dicationic mono-carbonyl hydride 
complex [(κ4-Me3tpa)Ir(CO)(H)]2+. Thus, the reactivity of the intermediate IrII-carbonyl 
species towards water is markedly different from the reactivity of its IrI-carbonyl 
precursor, and also very different from the reactivity of the analogous IrII-ethene 
species. While [(Me3tpa)Ir(ethene)]2+ tends to react at the ethene ligand via IrIII–
CH2CH2• ligand radical intermediates, the putative [(Me3tpa)Ir(CO)]2+ complex 
apparently behaves as a metallo-radical, without any indications for the expected redox 
non-innocent behavior of the CO ligand. 

Reaction of the rhodium mono-carbonyl complex 3+ with oxygen in the presence of 
water selectively yields the carbonato complex 8+, which is the first example of an 
unambiguously characterized rhodium carbonate derived from oxygenation of a 
carbonyl species. 
  
2.4 Experimental 

General procedures:  

All manipulations were performed in an argon atmosphere by standard Schlenk techniques or in a 
glovebox. Methanol and dichloromethane were distilled under nitrogen from CaH2. Hexanes were 
distilled under nitrogen from Na wire. Acetone and water were deoxygenated using freeze-pump-
thaw method. NMR experiments were carried out on a Bruker DRX300 (300 and 75 MHz for 1H 
and 13C respectively). Solvent shift reference: CD3CN δ = 1.94 and δ = 1.24 for 1H and 13C, 
acetone-d6 δ = 2.05 and δ = 29.84 for 1H and 13C, CDCl3 δ = 7.26 and δ = 77.16 for 1H and 13C 
respectively. Abbreviations used are s = singlet, d = doublet, t = triplet, m = multiplet, br = broad. 
IR measurements in solution were carried out on a Bruker Vertex 70 FTIR spectrometer and solid 
state measurements were performed on a Shimadzu FTIR 8400S spectrometer equipped with a 
Specac Golden Gate Single Reflection ATR system. Elemental analyses (CHN) were carried out 
by H. Kolbe Mikroanalytisches Laboratorium (Germany). X-band EPR spectroscopy 
measurements were performed with a Bruker EMX Plus spectrometer. Cyclic voltammograms of 
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~2 mM parent compounds in 10-1 M Bu4NPF6 electrolyte solution were recorded in a gastight 
single-compartment three-electrode cell equipped with platinum working electrode (apparent 
surface of 0.42 mm2), coiled platinum wire auxiliary, and silver wire pseudoreference electrodes. 
The cell was connected to a computer-controlled PAR Model 283 potentiostat. All redox 
potentials are reported against the ferrocene/ferrocenium (Fc/Fc+) redox couple. Cobaltocenium 
was used as internal standard. Fast Atom Bombardment (FAB) mass spectrometry was carried out 
using a JEOL JMS SX/SX 102A four-sector mass spectrometer, coupled to a JEOL MS-
MP9021D/UPD system program. Samples were loaded in a matrix solution (3-nitrobenzyl 
alcohol) onto a stainless steel probe and bombarded with xenon atoms with energy of 3 KeV. 
During the high resolution FAB-MS measurements a resolving power of 10,000 (10% valley 
definition) was used. 
AgPF6 was purchased from Strem. [Ir(cod)(μ-Cl)]2

 43 and [Rh(coe)2(μ-Cl)]2
 44 have been prepared 

according to published procedures. Me3tpa45 has been prepared from bis((6-methyl-2-
pyridyl)methyl)amine.46 
 
X-ray diffraction 

The structures are shown in Figures 1, 3, 5, 8, 9 and 12,47 which include selected bond distances and angles. The crystal data 
are shown in Table 3. Crystals were mounted on glass needles. The intensity data were collected at –65 °C on a Nonius Kappa 
CCD single-crystal diffractometer, using Mo Kα radiation and applying φ and ω scan modes. The intensity data were corrected 
for Lorentz and polarization effects. A semi-empirical multiscan absorption correction was applied (SADABS).48 The 
structures were solved by the PATTY option49 of the DIRDIF program system.50 All nonhydrogen atoms were refined with 
anisotropic temperature factors. The hydrogen atoms were placed at calculated positions, and refined isotropically in riding 
mode.  
[1]PF6: The assignment of carbon or nitrogen to C33 and N3 is based on the refinement of the occupancy factors and the 
anisotropic thermal displacement parameters and on the clear presence of a hydrogen atom near C33 and the absence of any 
such hydrogen atom near N3 in the difference Fourier map. Geometrical calculations51 revealed neither unusual geometric 
features, nor unusual short intermolecular contacts. The calculations revealed no higher symmetry and no (further) solvent 
accessible areas. 
[2]PF6: The assignment of carbon or oxygen to C1 and O1 is based on the refinement of the occupancy factors and the 
anisotropic thermal displacement parameters and on chemical evidence. 
The assignment of carbon or nitrogen to C22 and N2 is based on the refinement of the occupancy factors and the anisotropic 
thermal displacement parameters and on the clear presence of a hydrogen atom near C22 and the absence of any such 
hydrogen atom near N2 in the difference Fourier map. There is some slight disorder in the PF6 moiety but no satisfactory 
parameterization could be found to describe this disorder. Geometrical calculations51 revealed neither unusual geometric 
features, nor unusual short intermolecular contacts. The calculations revealed no higher symmetry and no (further) solvent 
accessible areas. 
[3]PF6: The assignment of carbon or oxygen to C1 and O1 is based on the refinement of the occupancy factors and the 
anisotropic thermal displacement parameters and on chemical evidence. Geometrical calculations51 revealed neither unusual 
geometric features, nor unusual short intermolecular contacts. The calculations revealed no higher symmetry and no (further) 
solvent accessible areas. 
[4]PF6: Chemical evidence suggests the presence of an additional hydrogen atom bound to the iridium atom, but no such atom 
could be located reliably in the difference Fourier map due to residual electron density surrounding the heavy atom. All 
calculated physical properties assume the presence of this hydrogen atom. The assignment of carbon or oxygen to C1 and O1 
is based on the refinement of the occupancy factors and the anisotropic thermal displacement parameters and on chemical 
evidence. There is quite some disorder in the PF6 moiety but no satisfactory parameterization could be found to describe this 
disorder. Geometrical calculations51 revealed neither unusual geometric features, nor unusual short intermolecular contacts. 
The calculations revealed no higher symmetry and no solvent accessible areas. 
[6]PF6: Most hydrogen atoms were placed at calculated positions, and refined isotropically in riding mode. Hydrogen atoms 
H1 and H2, bonded to Ir1, were found from the difference fourier map and were chosen from among the residual peaks 
around Ir1 based on their bond distances and angles. They could not be refined and were kept at fixed positions, assuming that 
Ir1 would not shift significantly at the end of the refinement. There is some disorder in the PF6 moiety which, unfortunately, 
could not be parameterized satisfactorily. The highest residual peak in the difference fourier map, 1.58 e·A–3, is close to Ir1, 
all other significant residual peaks are located within the disordered PF6 moiety. Geometrical calculations51 revealed neither 
unusual geometric features, nor unusual short intermolecular contacts. The calculations revealed no higher symmetry and no 
(further) solvent accessible areas. 
[8]PF6: Geometrical calculations51 revealed neither unusual geometric features, nor unusual short intermolecular contacts. 
PLATON, however, reports a void of 100 Å3 containing 3 electrons. No further action was taken to take this electron density 
into account because no reasonable chemical or physical explanation could be given for this electron density. 
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Table 3. Crystallographic data for [1]PF6, [2]PF6, [3]PF6, [4]PF6 and [8]PF6 

 [1]PF6 [2]PF6 [3]PF6 [4]PF6 [6]PF6 [8]PF6 
Crystal color translucent 

light yellow 
translucent 
light yellow 

translucent 
orange-red 

translucent 
yellow-brown 

translucent 
colorless 

translucent light 
yellow-brown 

Crystal shape rather regular 
fragment 

regular 
fragment 

rather regular 
fragment 

rough 
fragment 

rough 
fragment 

rough rod 

Crystal size 
[mm] 

0.21 x 0.14 x 
0.06 

0.23 x 0.18 x 
0.09 

0.29 x 0.23 x 
0.23 

0.26 x 0.17 x 
0.13 

0.28 x 0.23 x 
0.12 mm 

0.39 x 0.19 x 
0.13 

Empirical 
formula 

C29H36F6IrN4P C23H24F6IrN4

O2P 
C22H24F6N4OP
Rh 

C24H28F6IrN4O
3P 

C22H26F6IrN4O
P 

C22H24F6N4O3P 
Rh 

Formula 
weight 

777.79 725.63 608.33 757.67 699.64 640.33 

Temperature 
[K] 

208(2) 208(2) 208(2) 208(2) 208(2) 208(2) 

Radiation MoKα (graphite mon.) 
Wavelength 
[Å] 

0.71073 
 

Crystal system Monoclinic Monoclinic Monoclinic Triclinic Triclinic Triclinic 
Space group P21/c P21/n P21 P-1 P-1 P-1 
a [Å] 8.5161(5) 13.8704(14) 7.6326(5) 9.15020(10) 10.9728(7) 8.2853(7) 
b [Å] 18.9926(16) 13.7945(10) 10.2472(4) 11.1785(6) 11.6245(10) 13.8246(12) 
c [Å] 18.2925(17) 14.7492(10) 15.0234(4) 13.8428(5) 11.7703(10) 22.4016(14) 
α [°] 90 90 90 77.101(6) 109.290(6) 79.382(6) 
β [°] 100.487(8) 115.699(6) 91.011(4) 84.419(3) 110.719(5) 81.380(6) 
γ [°] 90 90 90 82.292(2) 101.645(5) 79.582(6) 
Volume [Å3] 2909.3(4) 2542.9(4) 1174.84(9) 1364.39(9) 1236.02(17) 2462.3(3) 
Z 4 4 2 2 2 4 
Density [Mg 
m-3] 

1.776 1.895 1.720 1.844 1.880 1.727 

Absorption 
coefficient 
[mm-1] 

4.710 5.386 0.866 5.026 5.534 0.837 

Diffractometer Nonius KappaCCD with area detector 
Scan φ and ω scan 
F(000) 1536 1408 612 740 680 1288 
θ range [°] 2.14 to 27.50 2.13 to 27.49 2.41 to 27.50 2.25 to 27.50 2.13 to 27.50 2.21 to 27.50 
Index ranges -11 ≤ h ≤ 11 

-24 ≤ k ≤ 24 
-23 ≤ l ≤ 23 

-18 ≤ h ≤ 17 
-17 ≤ k ≤ 17  
-19 ≤ l ≤ 19 

-9 ≤ h ≤ 9 
-13 ≤ k ≤ 13 
-19 ≤ l ≤ 19 

-11 ≤ h ≤11 
-14 ≤ k ≤ 14 
-17 ≤ l ≤ 17 

-13 ≤ h ≤14 
-15 ≤ k ≤ 15 
-15 ≤ l ≤ 15 

-10 ≤ h ≤ 10 
-17 ≤ k ≤ 17  
-29 ≤ l ≤ 29 

Reflections 
collected / 
unique 

50743 / 6645 38847 / 5824 36513 / 5382 38274 / 6229 29328 / 5594 55629 / 11163 

R(int) 0.0309 0.0308 0.0275 0.0242 0.0241 0.0189 
Reflections 
observed [Io > 
2σ(Io)] 

5584 4814 5197 5634 5205 9637 

Data / 
restraints / 
parameters 

6645 / 0 / 373 5824 / 0 / 337 5382 / 1 / 319 6229 / 0 / 356 5594 / 0 / 319 11163 / 0 / 673 

Goodness-of-
fit on F2 

1.139 1.131 1.255 1.188 1.181 1.100 

SHELXL-97 
weight 
parameters 

0.0105, 
4.6873 

0.0121, 
2.3611 

0.0263, 1.6604 0.0429, 1.7367 0.0265, 1.3394 0.0216, 4.6866 

Final R 
indices [I > 
2σ(I)] 

      

R1 0.0264 0.0210 0.0266 0.0255 0.0228 0.0336 
wR2 0.0441 0.0382 0.0792 0.0710 0.0560 0.0704 
R indices (all 
data) 

      

R1 0.0386 0.0345 0.0281 0.0322 0.0269 0.0429 
wR2 0.0472 0.0424 0.0799 0.0757 0.0578 0.0743 
Largest diff. 
peak and hole 
[e·Å-3] 

0.646 / -0.896 0.728 / -0.796 0.976 / -0.604 1.702 / -0.858 1.582 / -0.551 1.082 / -0.937 
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Syntheses: 

[Ir(κ3-Me3tpa)(η4-cod)]PF6 ([1]PF6):  
356 mg of [Ir(cod)(μ-Cl)]2 (1.06 mmol) and 333 mg Me3tpa (1.00 mmol) were dissolved in 25 ml 
MeOH. After the solution became clear, 193 mg KPF6 (1.05 mmol) were added and the solution 
was stirred for 1 hour. Subsequently, 5 ml H2O were added, and partial evaporation of the solvent 
caused precipitation of yellow powder that was filtered off and washed with cold MeOH. Yield: 
392 mg (0.50 mmol, 50%). A second crop was obtained by leaving the filtrate at –20 oC for one 
week (187 mg – 24 %). Total yield: 579 mg (0.74 mmol, 74 %). 
1H NMR (300 MHz, CD3CN, –20 oC): δ = 7.81 (t, 3J(H,H) = 7.8 Hz, 1H; PyD); 7.67 (t, 3J(H,H) = 
7.8 Hz, 2H; PyC); 7.73 (d, 3J(H,H) = 7.5 Hz, 1H; PyD); 7.36 (d, 3J(H,H) = 7.5 Hz, 1H; PyC); 7.36 
(d, 3J(H,H) = 7.8 Hz, 1H; PyC); 7.31 (d, 3J(H,H) = 7.5 Hz, 1H; PyD); 7.18 (d, 3J(H,H) = 7.5 Hz, 
2H; PyC); 4.99 (d[AB], 2J(H,H) = 15.6 Hz, 2H; N-CH2-PyC); 4.77 (s, 2H; N-CH2-PyD); 3.67 
(d[AB], 3J(H,H) = 15.9 Hz, 2H; N-CH2-PyC); 3.28 (m, 2H; CH); 3.26 (s, 6H, PyC-CH3); 2.58 (s, 
3H; PyD-CH3); 2.54 (m, 4H; CH, CH2); 2.24 (m, 2H; CH2); 1.53 (m, 2H; CH2); 1.28 (m, 2H; 
CH2). 
13C NMR (75 MHz, CD3CN, –20 oC): δ = 161.6 (Py); 161.3 (Py); 159.2 (PyD); 153.4 (PyD); 138.6 
(Py-C4); 138.5 (PyD-C4); 126.7 (Py); 124.2 (PyD); 123.5 (PyD); 121.6 (Py); 63.1 (PyD-CH2-N); 
62.8 (CH); 60.5 (Py-CH2-N); 52.8 (CH); 33.8 (CH2); 30.2 (CH2); 29.4 (Py-CH3); 24.3 (PyD-CH3). 
Elemental analysis: Calcd (C29H36F6IrN4P): C: 44.78, H: 4.67, N: 7.20, found C: 44.76, H: 4.76, 
N: 7.30. 
Crystals suitable for X-ray diffraction were obtained from saturated solution of [1]PF6 in wet 
MeOH at −20 °C under argon. 
  
[Ir(κ3-Me3tpa)(CO)2]PF6 ([2]PF6):  
251 mg of [1]PF6 (0.317 mmol) was dissolved in 40 ml DCM. CO was bubbled through the 
solution for 20 minutes, and the mixture was stirred under a CO atmosphere for 30 minutes after 
which 200 ml Hexanes were added to cause formation of an opaque solution. The vessel was 
sonicated which caused precipitation of a cotton-like greenish-yellow solid that was filtered and 
washed with hexanes. Yield: 164 mg (0.226 mmol – 71%). 
1H NMR (300 MHz, CDCl3): δ = 7.72 (t, 3J(H,H) = 7.8 Hz, 3H; Py); 7.31 (d, 3J(H,H) = 7.8 Hz, 
3H; Py); 7.24 (d, 3J(H,H) = 7.8 Hz, 3H; Py); 4.61 (s, 6H; N-CH2-Py); 2.84 (s, 9H, Py-CH3). 
13C NMR (75 MHz, CDCl3): δ = 172.7 (CO); 159.7 (Py-C6); 159.5 (Py-C2); 139.4 (Py-C4); 124.7 
(Py-C5); 122.3 (Py-C3); 64.1 (Py-CH2-N); 28.3 (Py-CH3). 
IR (CH2Cl2: ν(C≡O) = 1975, ν(C≡O) = 2058 cm–1) (solid: ν(C≡O) = 1954, ν(C≡O) = 2036 cm–1). 
Elemental analysis: Calcd (C23H24F6IrN4O2P): C: 38.07, H: 3.33, N: 7.72, found C: 37.96, H: 
3.40, N: 7.67. 
Crystals suitable for X-ray diffraction were obtained by layering a CH2Cl2 solution of ([2]PF6) 
with hexanes under argon. 
 
[Rh(κ3-Me3tpa)(CO)]PF6 ([3]PF6):  
184 mg [Rh(coe)2(μ-Cl)]2 (0.256 mmol) and 173 mg Me3tpa (0.517 mmol) were mixed with 10 
ml MeOH. CO was bubbled through until all the solid dissolved. Subsequently 132 mg of KPF6 
(0.717 mmol) was added and the solvent was condensed to 5 ml under vacuum causing 
precipitation of orange powder that was filtered and washed with methanol. Yield 166 mg (0.273 
mmol – 53%). Product was recrystallized by layering 0.5 ml acetone solution with 2.5 ml 
methanol in –20 °C to yield 132 mg (0.217 mmol – 42 %) of the pure product. 
1H NMR (300 MHz, acetone-d6, –30 oC, all peaks broad): δ = 7.85 (t, 3J(H,H) = 7.8 Hz, 2H; PyC); 
7.38 (m, 6H, PyC/D); 6.95 (d, 3J(H,H) = 7.2 Hz, 1H; PyD); 5.49 (d[AB], 3J(H,H) = 15.3 Hz, 2H; N-
CH2-PyC); 4.70 (d[AB], 3J(H,H) = 15.6 Hz, 2H, N-CH2-PyC); 4.11 (s, 2H; N-CH2-PyD); 2.75 (6H, 
s, PyC-Me); 2.61 (s, 3H; PyD-CH3). 
13C NMR (75 MHz, acetone-d6, –30 oC): δ = 190.7 (d, 1J(Rh,C) = 80.9 Hz, CO); 165.4 (PyC); 
162.8 (PyD); 159.7 (PyD); 154.8 (PyC); 140.5 (PyC); 138.5 (PyD); 126.3 (PyC); 124.6 (PyC); 124.2 
(PyD); 122.2 (PyD); 69.2 (PyC-CH2-N); 66.2 (PyD-CH2-N); 29.9 (PyC-CH3); 26.1 (PyD-CH3).  
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IR (CH2Cl2: ν(C≡O) = 1983, shoulder 1966 cm–1) (solid: ν(C≡O) = 1939 (large), 1896 (very small) 
cm–1). 
Elemental Analysis Calcd (C22H24F6N4OPRh): C: 43.44, H: 3.98, N: 9.21, found C: 42.19, H: 
3.87, N: 8.97 (Due to the rather high oxygen sensitivity of 3+ the compound seems to have partly 
(~ 50%) reacted with O2 by the time it was received by the external analytical laboratory). 
Crystals suitable for X-ray diffraction were obtained by layering acetone solution of ([3]PF6) with 
MeOH under argon. 
 
[Ir(κ3-Me3tpa)(CO)(H)(COOMe)]PF6 ([4]PF6):  
57.5 mg of [2]PF6 (0.078 mmol) were dissolved in 3 ml MeOH and stirred overnight. The solution 
was condensed to approx 1 ml and the solvent was removed with a pipette. The thus obtained off-
white powder was dried in vacuo. Yield: 25.8 mg (0.033 mmol – 42.3%).  
1H NMR (300 MHz, CDCl3): δ = 7.81 (t, 3J(H,H) = 7.8 Hz, 1H; Py); 7.72 (t, 3J(H,H) = 7.8 Hz, 
1H; Py); 7.63 (t, 3J(H,H) = 7.8 Hz, 1H; Py); 7.53 (d br, 3J(H,H) = 7.5 Hz, 1H, Py); 7.33 (d br, 
3J(H,H) = 7.8 Hz, 1H; Py); 7.31 (d, 3J(H,H) = 7.8 Hz, 2H; Py); 7.21 (d br, 3J(H,H) = 7.8 Hz, 1H; 
Py); 7.13 (d br, 3J(H,H) = 7.8 Hz, 1H; Py); 5.39 (d[AB], 2J(H,H) = 17.4 Hz, 1H; N-CH2-Py); 5.10 
(d[AB], 2J(H,H) = 15.6 Hz, 1H; N-CH2-Py); 4.84 (d[AB], 2J(H,H) = 15.6 Hz, 1H; N-CH2-Py); 
4.77 (d[AB], 2J(H,H) = 13.5 Hz, 1H; N-CH2-Py); 4.69 (d[AB], 2J(H,H) = 13.5 Hz, 1H; N-CH2-
Py); 4.62 (d[AB], 2J(H,H) = 17.4 Hz, 1H; N-CH2-Py); 3.48 (s, 3H; OMe); 2.89 (s, 3H; Py-CH3); 
2.80 (s, 3H; Py-CH3); 2.29 (s, 3H, Py-CH3); -16.75 (s, 1H, Ir-H). 
13C NMR (75 MHz, CDCl3): δ = 163.2 (Py); 163.0 (COO); 161.3 (Py); 160.6 (CO); 160.1 (Py), 
159.9 (Py); 158.5 (Py); 152.6 (Py); 140.8 (Py-C4); 140.2 (Py-C4); 137.3 (Py-C4); 125.6 (Py); 
124.6 (Py); 123.5 (Py); 122.7 (Py); 121.6 (Py); 120.5 (Py); 67.7 (br, NCH2Py); 51.4 (OMe); 30.6 
(2x PyCH3); 23.8 (PyCH3). 
IR (CH2Cl2) (ν(C–O) = 1093, ν(C≡O) = 2062 cm–1), C=O signal is obscured by lutidine ring signals. 
Elemental Analysis: Calcd (C24H28F6N4Ir): C: 38.04; H: 3.72; N: 7.39, found: C: 37.88; H: 3.67; 
N: 7.30. 
Crystals suitable for X-ray diffraction grew overnight from saturated solution of ([2]PF6) in wet 
MeOH under argon. 
 
[Ir(κ3-Me3tpa)(CO)(H)(COOH)]PF6 ([5]PF6):  
50 mg of [2]PF6 (0.069 mmol) was dissolved in a mixture of 0.8 ml acetone and 0.8 ml water and 
stirred for 5 hours. 2.5 ml of water was added and the solution was condensed in vacuo to approx. 
2 ml causing precipitation of an off-white solid. Yield: 32 mg (0.043 mmol – 62%). 
1H NMR (300 MHz, acetone-d6): δ = 8.01 (t, 3J(H,H) = 7.8 Hz, 1H; Py); 7.92 (t, 3J(H,H) = 7.8 
Hz, 1H; Py); 7.78 (t, 3J(H,H) = 7.8 Hz, 1H; Py); 7.64 (d, 3J(H,H) = 7.8 Hz, 1H; Py); 7.57 (m, 2H, 
Py); 7.45 (m, 2H, Py); 7.29 (d, 3J(H,H) = 7.8 Hz, 1H; Py); 5.57 (d[AB], 2J(H,H) = 17.4 Hz, 1H; 
N-CH2-Py); 5.38 (d[AB], 2J(H,H) = 15.9 Hz, 1H; N-CH2-Py); 5.09 (d[AB], 2J(H,H) = 13.8 Hz, 
1H; N-CH2-Py); 4.97 (d[AB], 2J(H,H) = 13.8 Hz, 1H; N-CH2-Py); 4.94 (d[AB], 2J(H,H) = 15.6 
Hz, 1H; N-CH2-Py); 4.80 (d[AB], 2J(H,H) = 17.4 Hz, 1H; N-CH2-Py); 3.00 (s, 3H; Py-CH3); 2.93 
(s, 3H; Py-CH3); 2.34 (s, 3H; Py-CH3); -16.56 (s, 1H; Ir-H). 
Decomposition of the sample in acetone solution prevented recording a 13C NMR spectrum. 
IR (CH2Cl2: ν(C≡O) = 2064 ν(C=O) = 1612 cm–1) IR (solid: ν(C≡O) = 2050 cm–1), C=O signal is 
obscured by lutidine ring signals. 
FAB+-MS: m/z = 599.2[M]+, 555.2 [M - CO2]

+. 
Elemental analysis: Calcd (C23H26F6IrN4O3P): C: 37.15, H: 3.52, N: 7.53, found C: 36.94, H: 
3.47, N: 7.44.  
 
[Ir(κ3-Me3tpa)(CO)(H)2]PF6 ([6]PF6):  
30 mg of [4]PF6 in was dissolved in 2 ml acetone and stirred for 20 hrs. The reaction was 93% 
selective in formation of [6]+ according to 1H NMR indicating presence of 7% of a very similar 
symmetric bishydride species with hydride signal at 18.04 ppm. The compound was isolated as an 
off-white foam by evaporation of the solvent. 
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1H NMR (300 MHz, acetone-d6): δ = 8.00 (t, 3J(H,H) = 7.8 Hz, 1H; PyA); 7.95 (t, 3J(H,H) = 7.8 
Hz, 1H; PyB); 7.76 (t, 3J(H,H) = 7.8 Hz, 1H; PyD); 7.58 (m, 3H; 2xPyA,PyB); 7.48 (m, 2H; 
PyB,PyD); 7.26 (d, 3J(H,H) = 8.1 Hz, 1H; PyD); 5.51 (d[AB], 2J(H,H) = 16.5 Hz, 1H; N-CH2-Py); 
5.34 (d[AB], 3J(H,H) = 15.9 Hz, 1H; N-CH2-Py); 4.96 (s, 2H, N-CH2-PyD); 4.93 (d[AB], 2J(H,H) 
= 15.9 Hz, 1H; N-CH2-Py); 4.77 (d[AB], 2J(H,H) = 16.5 Hz, 1H; N-CH2-Py); 2.93 (s, 3H; PyA-
CH3); 2.86 (s, 3H; PyB-CH3); 2.37 (s, 3H; PyD-CH3); -18.14 (d[AB], 2J(H,H) = 8.4 Hz, 1H; Ir-H); 
-18.25 (d[AB], 2J(H,H) = 8.4 Hz, 1H; Ir-H). 
13C NMR (75 MHz, acetone-d6): δ = 164.9, 164.4, 163.1, 162.4, 159.9, 155.9, 152.0, (Py and 
CO); 142.3 (Py-C4); 141.7 (Py-C4); 139.2 (Py-C4); 127.3 (Py); 126.5 (Py); 125.0 (Py); 124.9 (Py); 
122.7 (Py); 122.2 (Py); 71.0 (NCH2Py); 69.7 (NCH2Py); 68.7 (NCH2Py); 32.5 (2x PyCH3); 25.2 
(PyCH3). 
IR (CH2Cl2: ν(C≡O) = 2031 cm–1) IR (solid: ν(C≡O) = 2018 cm–1). 
Elemental analysis: Calcd (C22H26F6IrN4O2P): C: 37.77, H: 3.75, N: 8.01, found C: 38.05, H: 
3.70, N: 7.80. 
Crystals suitable for X-ray diffraction were obtained by layering acetone solution of [6]PF6 with 
diethyl ether under argon. 
 
[Ir(κ4-Me3tpa)(CO)(H)](PF6)2 ([7](PF6)2):  
In a glovebox 121 mg (0.167 mmol) [2]PF6 and 42.1 mg (0.166 mmol) AgPF6 were put in a 
flame-dried schlenktube. 2 ml of acetone-d6 (H2O + D2O < 0.02%) was added and little gas 
evolution could be observed. The mixture was left for three days. Exchange of the Ir-H and 
deuterium was observed leading to a low intensity of the hydride signal which totally disappears 
in one week time. This batch gave a very clean NMR spectrum and the product was isolated as 
yellow-green foam by evaporation of solvent. 
1H NMR (300 MHz, acetone): δ = 8.10 (t, 3J(H,H) = 7.8 Hz, 2H; PyE); 7.91 (t, 3J(H,H) = 7.8 Hz, 
1H; PyA); 7.72 (d br, 3J(H,H) = 7.8 Hz, 2H; PyE); 7.67 (d br, 3J(H,H) = 7.8 Hz, 2H; PyE); 7.62 (d 
br, 3J(H,H) = 7.8 Hz, 1H; PyA); 7.44 (d br, 3J(H,H) = 7.8 Hz, 1H; PyA); 5.88 (d[AB], 2J(H,H) = 
15.9 Hz, 2H; N-CH2-PyE); 5.72 (d[AB], 2J(H,H) = 15.9 Hz, 2H; N-CH2-PyE); 5.44 (s, 2H; N-CH2-
PyA); 3.47 (s, 3H, PyA-Me); 3.13 (s, 6H, PyE-CH3); -18.32 (s, 1H, Ir-H). 
13C NMR (75 MHz, Acetone): δ=166.2 (CO); 165.7 (PyE-C6); 165.5 (PyA-C6); 162.0 (PyA-C2); 
161.8 (PyE-C2); 143.7 (PyE-C4); 142.5 (PyA-C4); 129.4 (PyE); 128.3 (PyA); 124.3 (PyE); 122.4 
(PyA); 74.1 (PyE-CH2-N); 72.1 (PyA-CH2-N); 29.6 (PyA-CH3); 29.5 (PyE-CH3). 
IR (CH2Cl2) (ν(C≡O) = 2069 cm–1). 
Elemental analysis: Calcd (C22H25F12IrN4OP2): C: 31.32, H: 2.99, N: 6.64, found C: 31.37, H: 
3.08, N: 6.55. 
FAB+-MS: m/z = 699.2 {[M]PF6}

+, 553.2 [M (minus hydride)]+. 
 
[Rh(κ4-Me3tpa)(CO3)]PF6 ([8]PF6):  
33.0 mg (0.0542 mmol) of [3]PF6 was dissolved in a mixture of 0.5 ml of acetone-d6 and 0.2 ml 
D2O and the solution was left under air atmosphere overnight leading to a nearly quantitative 
conversion to the product. Solution was condensed under vacuum to approx 0.4 ml and left 
overnight at –20 °C. Yield: 25.3 mg (0.0395 mmol – 73%) 
1H NMR (300 MHz, acetone-d6 : D2O (5:2)): δ = 7.90 (t, 3J(H,H) = 7.8 Hz, 2H; PyE); 7.74 (t, 
3J(H,H) = 7.8 Hz, 1H; PyA); 7.54 (d, 3J(H,H) = 7.2 Hz, 2H; PyE); 7.45 (d, 3J(H,H) = 8.4 Hz, 1H; 
PyA); 7.41 (d, 3J(H,H) = 7.8 Hz, 2H; PyE); 7.25 (d, 3J(H,H) = 7.8 Hz, 1H; PyA); 5.53 (d[AB], 
2J(H,H) = 15.9 Hz, 2H; N-CH2-PyE); 5.21 (d[AB], 2J(H,H) = 15.9 Hz, 2H; N-CH2-PyE); 5.07 (s, 
2H; N-CH2-PyA); 3.37 (s, 3H; PyA-Me); 2.97 (s, 6H; PyE-CH3). 
13C NMR (75 MHz, acetone-d6 : D2O (5:2)): 168.1 (CO3

2- ligand), 166.3 (PyE); 165.4 (PyA); 163.8 
(PyE); 163.1 (PyA); 142.3 (PyE-C4); 141.3 (PyA-C4); 129.6 (PyE); 128.6 (PyA); 122.8 (PyE); 121.1 
(PyA); 71.7 (PyE-CH2-N); 69.7 (PyA-CH2-N); 27.0 (PyA-CH3); 24.4 (PyD-CH3).  
IR (MeCN: ν(C=O) = 1681 (br) cm–1). 
Elemental Analysis Calcd (C22H24F6N4O3PRh · ½H2O): C: 40.69, H: 3.88, N: 8.63, found C: 
40.52, H: 3.72, N: 8.49.  
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Crystals suitable for X-ray diffraction were obtained from saturated solution of [3]PF6 in 
methanol-water at –20 °C without taking precautions against air. 
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