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ABSTRACT:  

The coordinating properties of two families of ylides, namely phosphonium ylides and 

iminophosphoranes, differently substituted at the ylidic center (CH2– vs NiPr–), have been 

investigated in structurally related cationic phosphine-ylide Rh(CO)2 complexes obtained from 

readily available phosphine-phosphonium salt precursors derived from an ortho-phenylene 

bridge. However, while the Rh(CO)2 complex bearing the P+–CH2– donor moiety proved to be 

stable, the P=NiPr donor end appeared to induce lability to one of the CO groups. All the RhI 

carbonyl complexes in both ylide series were fully characterized, including through X-ray 

diffraction analysis. Based on the experimental and calculated infrared (IR) CO stretching 

frequencies in Rh(CO)2 complexes, we evidenced that the phosphonium ylide ligand is a 

stronger donor than the iminophosphorane ligand. However, we also found that the difference 

in the intrinsic electronic properties can be largely compensated by the introduction of an iPr 

substituent on the N atom of the iminophosphorane, hence pointing to the non-innocent role of 

the peripheral substituent and opening novel possibilities to tune the properties of metal 

complexes containing ylide ligands.  

 

Keywords: Iminophosphorane, Phosphonium ylide, Chelating ligand, Electron-donation, 

Infrared (IR) CO stretching frequency, Rhodium complex. 
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INTRODUCTION 

Phosphonium ylides, discovered a long time ago following the successive work of 

Michaelis,1 Staudinger, and Meyer,2 are best known for their essential role in organic synthesis, 

mainly in Wittig-type reactions for the selective formation of C=C bonds.3 The substitution of 

the negatively charged C-sp3 hybridized carbon atom, which is stabilized by the nearby 

tetrahedral phosphonium, by an anionic N-sp2 hybridized atom results in the formation of 

another well-known family of phosphorus derivatives, namely the iminophosphoranes (also 

called phosphinimines or phosphazenes). The latter species, initially reported by the same 

authors,2 behave like phosphonium ylides as valuable intermediates in organic chemistry, 

playing a crucial role in the formation of C=N bonds through the related aza-Wittig reaction.3 

Although several computational studies have been carried out in the past evidencing different 

electron density organization,4 the bonding pattern in the isoelectronic phosphonium ylides and 

iminophosphoranes presents certain analogies. In particular it  may be formally described as a 

strongly polarized P=X bond (X = C or N) involving the resonance between two canonical 

limiting forms, i.e. the neutral ylene and the ionic ylide (Figure 1). 

 

 
 

Figure 1. Representation of the two canonical forms of C−P bonding in phosphonium ylides 

(left) and N−P bonding in iminophosphoranes (right). 

 

While invoking the ylene form could account for the short P–X bond distance and hence the 

strong interaction between P and X atoms, it can be misleading in the sense that those units 

have no available p system and therefore almost no accepting ability. The short P–X bond 

distance is better explained by both strong ionic interactions and negative hyperconjugation, 

which stabilize the X electron density via the neighboring electron-deficient phosphorus atom.5 

Despite the lack of systematic comparisons between iminophosphoranes and phosphonium 

ylides, molecular modeling has pointed towards a slightly higher P–X bond order in PH3=NH 

compared to PH3=CH2.6 In the case of phosphonium ylides, the ylidic bond was alternatively 

described in terms of donor-acceptor interactions between closed-shell R3P: and :CR2 fragments 

with the contribution of two pairs of electrons.7 Beyond the difference in the electronegativity 

of the ylidic-type atom (C: 2.5 vs N: 3.0), phosphonium ylides8 and iminophosphoranes9 behave 

mainly as h1-ligands with strong σ-donor and relatively weak π-acceptor character either in 
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main group10 or coordination chemistry.11 Moreover and especially compared to NHCs,12 while 

ylide-based ligands act as harder donors which, a priori, should be more prone to coordinate 

electropositive metals, their overall neutral character allows accommodating late metal 

elements, similarly to NHCs.8-9 For catalytic purposes, examples involving P+–C- ylide ligands 

remain scarce, certainly due to synthetic and stability issues of the corresponding metal 

complexes.13 However, the pioneering report of a diylide rhodium complex active for olefin 

hydrogenation is worth mentioning,14 as well as the more recent study concerning a NHC core 

palladium pincer exhibiting two side ylide ends for the allylation of aldehydes.15 For their part, 

P=N ylides have also proved useful in catalysis such as in oligomerization, polymerization or 

coupling reactions,16 but remain, like their carbon analogues, largely underexploited in this field 

of application. Regarding the electronic properties of ylide ligands, it has been shown both 

experimentally and theoretically that the donor character of phosphonium ylides is stronger 

than that of the highly s-donating NHCs through the preparation of an isostructural series of 

RhI dicarbonyl complexes.17 The better donor capability of iminophosphoranes with respect to 

NHCs has also been briefly pointed out,11j however no systematic study has been undertaken to 

directly compare the electronic features of both category of ylides. Based on this, a systematic 

ranking of the donor ability of these two families of ylides is still highly desirable to obtain a 

better understanding of the electronic factors that govern the stability vs reactivity of the 

corresponding metal complexes. For this purpose, we targeted cis-[LL’Rh(CO)2] complexes 

bearing the same global charge and built from a rigid ortho-phenylene bridge, where LL’ 

represents a cis-chelating ligand featuring a tri(aryl)phosphine end and an ylide donor extremity 

which can be either a phosphonium ylide (D-1) or an iminophosphorane (D-2). Furthermore, 

the coordination mode of LL’ ligands together with the square-planar geometry in the targeted 

five-membered RhI metallacycles is expected to be beneficial for the introduction of carbonyl 

co-ligands acting as experimental infrared (IR) probes. The latter offer an opportunity to 

evaluate the overall s-donating vs p-accepting properties of the two ylide ligands of interest 

(Figure 2).  
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Figure 2. Representation of targeted cis-[LL’Rh(CO)2] complexes featuring an ortho-

phenylene bridge substituted by phosphine and ylide donor extremities. 

 

Thus, the present contribution addresses the preparation, the characterization in solution and 

solid state, and the molecular modeling of cationic RhI(CO)2 complexes obtained from readily 

available chelating phosphine-ylide ligands. This provides a direct comparison of the electronic 

properties between the two families of ylide ligands, which is not only fundamental in organic 

synthesis but also brings further interest for organometallic chemistry and homogeneous 

catalysis. 

 

RESULTS AND DISCUSSION 

Synthesis and Spectroscopic Characterization of cis-[Phosphine-Phosphonium Ylide 

RhI] Complexes. 

Our first target was the [LCRh(CO)2](OTf) complex featuring a cis-chelating phosphine-

phosphonium ylide ligand. For this purpose, o-diphenylphosphinobenzene (o-dppb) was 

reacted with one equivalent of methyltriflate in CH2Cl2 at –78°C affording selectively the 

phosphino-phosphonium salt LCH.OTf in 98 % yield (Scheme 1, top).18 The structure of 

LCH.OTf was first assigned on the basis of 31P NMR (dP = 22.3 ppm (d, P+) and dP = –15.4 

ppm (d, P), JPP = 25.9 Hz) and 1H NMR spectroscopy (dH = 3.10 ppm, dd, JPH = 4.0 and 14.0 

Hz, PCH3). The exact structure of LCH.OTf was unambiguously confirmed by X-ray 

diffraction analysis of colorless single crystals obtained from CH2Cl2/pentane at room 

temperature (Figure 3, left).19 The coordination behavior of the pre-ligand LCH.OTf towards a 

RhI fragment was then investigated. Deprotonation of the P-methyl substituent of the 

phosphonium LCH.OTf with nBuLi followed by the addition of 0.5 equivalent of 

[Rh(COD)Cl]2 in THF at –78°C readily led to the corresponding chelate phosphine-

phosphonium ylide complex [LCRh(COD)](OTf) in 90% yield (Scheme 1, bottom). The 

significant shift of the 31P NMR signals and the observed multiplicity at dP = 32.7 ppm (dd, JPP 

= 25.9 Hz and JRhP = 162.0 Hz, P) and dP = 28.6 ppm (dd, JPP = 25.9 Hz and JRhP = 4.8 Hz, 
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PCH2) are both in agreement with the expected ylide rhodium complex structure of 

[LCRh(COD)](OTf). The presence of the Rh–CH2 unit was confirmed by multinuclear NMR 

spectroscopy and, in particular, by the high-field 13C NMR signal and the multiplicity of the 

metalated ylidic carbon atom (dCH2 = –2.2 ppm, ddd, JPC = 12.1 and 35.2 Hz, JRhC = 24.1 Hz). 

To obtain some insights into the electronic properties of the chelating phosphine-phosphonium 

ylide ligand, the displacement of the COD ligand in complex [LCRh(COD)](OTf) by CO was 

performed next. For this purpose, CO gas was bubbled through a solution of complex 

[LCRh(COD)](OTf) in CH2Cl2 at room temperature (Scheme 1, bottom). The formation of the 

new [LCRh(CO)2](OTf) complex was achieved after 15 min. as indicated by 31P NMR with 

the appearance of two new doublets of doublets at δP = 27.8 ppm (dd, JPP = 41.3 Hz and JRhP = 

4.8 Hz, PCH2) and δP = 21.0 ppm (dd, JPP = 41.3 Hz and JRhP = 129.6 Hz, P). The targeted 

[LCRh(CO)2](OTf) complex was isolated in 88% yield after addition of pentane to prevent it 

from reacting with the released COD ligand and partially reforming the complex precursor 

[LCRh(COD)](OTf). Interestingly, the relative position of the two 31P NMR resonances of 

[LCRh(CO)2](OTf) were found to be reversed with respect to those of [LCRh(COD)](OTf). 

The presence of the CH2 ylide functionality was confirmed by 13C NMR spectroscopy (dCH2 = 

–7.2 ppm, ddd, JPC = 12.1 and 38.2 Hz, JRhC = 19.1 Hz). Moreover, the 13C NMR spectrum of 

[LCRh(CO)2](OTf) shows two classical deshielded CO signals at δC = 186.0 ppm (brs) and δC 

= 184.7 ppm (dd, JPC = 15.6 Hz and JRhC = 58.8 Hz). Finally, the IR CO stretching frequencies 

of [LCRh(CO)2](OTf) in CH2Cl2 were measured at 2024 and 2082 cm-1. 

 

 
 

Scheme 1. Synthesis of complex [LCRh(CO)2](OTf) exhibiting a cis-chelating phosphine-

phosphonium ylide ligand from o-diphenylphosphinobenzene (o-dppb). 
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The structure of [LCRh(CO)2](OTf) was unambiguously confirmed by X-ray diffraction 

(XRD) analysis of yellow crystals deposited from CH2Cl2/pentane at –20°C (Figure 3, right).19 

As expected, the XRD analysis confirms that the phosphine-phosphonium ylide ligand acts a 

cis-chelating agent and the RhI atom is located in a quasi square-planar environment. More 

specifically, the coordination plane is defined by the ylidic C1, the phosphine P2, and the 

carbonyl C8-C9 donor atoms. The six-membered metallacycle adopts an envelope type-

conformation with the rhodium and the ylidic atoms being on the same side of the mean plane 

defined by the two P-atoms and the phenylene ring. The P−Rh (P2−Rh1 = 2.3235(6) Å) and 

Cylide−Rh (C1−Rh1 = 2.131(2) Å) bond distances fall within the range of those reported in 

related Rh(I) complexes.20 The shortening of the Rh−CO bond (1.886(3) Å) along with the 

lengthening of the C−O bond (1.136(3) Å) trans to the ylide with respect to the Rh−CO 

(1.921(3) Å) and C−O bonds (1.128(3) Å) trans to the phosphine are consistent with the 

stronger s-donating vs p-accepting character of the former donor. 
 
 

 
Figure 3. ORTEP plots of LC.H+ (left) and of [LCRh(CO)2]+ (right) (with thermal ellipsoids 

drawn at the 30% probability level). The H atoms and TfO anion are omitted for clarity. 

Selected bond lengths [Å] and angles [°]: LCH.OTf: P1−C7 = 1.7962(14); C1−P1−C7 = 

113.82(6); C6−C1−P1 = 120.44(10); [LCRh(CO)2](OTf): P1−C1 = 1.757(2); C1−Rh1 = 

2.131(2); P2−Rh1 = 2.3235(6); Rh1−C8 = 1.921(3); Rh1−C9 = 1.886(3); C8−O1 = 1.128(3); 

C9−O2 = 1.136(3); P1−C1−Rh1 = 115.77(11); C1−Rh1−C9 = 178.27(9); P2−Rh1−C8 = 

173.56(7); C1−Rh1−P2 = 93.79(6); C8−Rh1−C9 = 92.97(10).   
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Synthesis and Spectroscopic Characterization of cis-[Phosphine-Iminophosphorane 

RhI] Complexes. 

The phosphino-aminophosphonium salt LNH.BF4 was obtained in a two-step sequence from 

readily available triphenylphosphine as previously described.21 In a first step, the 

isopropylaminophosphonium was formed by a modified Kirsanov reaction. Then, the 

phosphine group was introduced through a selective ortholithiation followed by trapping with 
Ph2PCl. Finally, washing with an acidic aqueous solution allowed to obtain the targeted 

phosphino-aminophosphonium LNH.BF4, thus controlling the nature of the counter-anion. The 

phosphine-iminophosphorane Rh complexes were prepared using a similar procedure as for 

their phosphine-phosphonium ylide counterparts. The deprotonation of LNH.BF4 was 

conducted in THF at room temperature with one equivalent of KHMDS (Scheme 2). The 

formation of LN was evidenced by in situ 31P{1H} NMR showing 2 doublets at δP = −1.2 ppm 

and δP = −13.7 ppm (JPP = 13.0 Hz). After removal of the potassium salt and THF, LN was 

reacted with one equivalent of [Rh(COD)2](BF4) in CH2Cl2 leading to [LNRh(COD)](BF4), 

forming an orange solid which has been isolated in 80% yield. Its 31P{1H} NMR spectrum 

shows a doublet of doublets at δP = 26.6 ppm for PIII (JRhP = 159.0 Hz and JPP = 25.0 Hz) and a 

doublet at δP = 22.7 ppm for PV nuclei. 

 

 
 

Scheme 2. Synthesis of RhI complexes [LNRh(COD)](BF4) and [LNRh(CO)Cl] from PPh3.  

 

The structure of [LNRh(COD)](BF4) was unambiguously confirmed by XRD analysis of the 

single crystals obtained from CH2Cl2/pentane at room temperature. The resolution evidenced 2 

disordered structures differing by the position of the Rh and N atoms as well as iPr and COD 

groups. The ortep plots are shown in Figure 4 (Molecule A, 84.65%) and Figure S1 (Molecule 
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B, 15.35%), while only the parameters for the major conformer (A) are commented. The Rh 

atom is tetracoordinated with, as expected, a cis arrangement of the phosphine-

iminophosphorane ligand and the two olefinic bonds of the COD ligand. It exhibits a distorted 

square planar geometry (torsion angle N1−P2−M8-9−M12-13: 20.38°, with M8-9 and M12-13 being 

the centroids of C8−C9 and C12−C13, respectively). The distance between these centroids and 

the metal center was measured at 2.018 and 2.157 Å, which is comparable with the distance 

reported by Elsevier and coworkers in a bis(iminophosphorane)methane Rh(COD)+ complex.22 

In [LNRh(COD)](BF4), the Rh−N1 and Rh−P2 bonds were measured at 2.139(6) and 

2.2801(14) Å, respectively. While the Rh−N1 bond distance is comparable to those measured 

by Elsevier,22 the P−N bond is in our case slightly longer (1.635(6) Å) than for the 

bis(iminophosphorane) complex (1.601 Å on average). This different geometrical arrangement 

suggests slightly weaker interaction between P and N atoms in our system.  

 

Figure 4. ORTEP plot of [LNRh(COD)]+ (Molecule A). Thermal ellipsoids are drawn at the 

50% probability level. The H atoms and BF4 anion are omitted for clarity. Selected bond lengths 

(Å) and angles (°): Rh1−N1 2.139(6), Rh1−P2 2.2801(14), Rh1−C8 2.111(6), Rh1−C9 

2.157(6), Rh1−C12 2.236(7), Rh1−C13 2.288(6), P1−N1 1.635(6), P1−C2 1.810(6), C2−C3 

1.417(7), C3−P2 1.818(5), C8−C9 1.385(9), C12−C13 1.362(10), N1−Rh−P2 87.72(15), 

N1−Rh1−C12 98.2(2), N1−Rh1−C13 93.5(2), C8−Rh1−P2 95.67(19), C9−Rh1−P2 91.72(19). 
 

The dicarbonyl rhodium complex was obtained by bubbling CO in a CH2Cl2 solution of 

[LNRh(COD)](BF4) in 85% yield (Scheme 3, path a). The ligand substitution induces a 

shielding of the phosphine NMR signal appearing as a doublet of doublets at δP = 13.7 ppm 

while the iminophosphorane is slightly deshielded resonating at δP = 28.7 ppm as a doublet (JPP 

= 28.5 Hz). Therefore, as with the LC ligand an inversion of the relative position of the 31P 

NMR resonances compared to the Rh(COD) complex is observed, while the PP coupling 
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constant remains constant and the JRhP decreases (129.0 Hz). The 13C{1H , 31P} NMR spectrum 

evidenced 2 CO resonances at δC = 183.9 and 181.7 ppm with a JRhC constant of 64.5 and 61.5 

Hz, respectively.  

 

 
 

Scheme 3. Preparation of [LNRh(CO)2](BF4) complex following two different pathways. 

 

This is in good agreement with the data reported by Hayes’ group for a rhodium dicarbonyl 

complex supported by a k2-bis(iminophosphorane)pyrrole ligand.23 The IR spectrum of 

[LNRh(CO)2](BF4) in CH2Cl2 shows 2 bands at 2084 and 2018 cm-1, which agrees well with 

those reported by Hayes and coworkers, as well as a weaker signal at 1987 cm-1. We reasoned 

that the presence of the additional band may be the result of a dynamic process involving the 

loss of one carbonyl ligand. Indeed, Hayes and coworkers have isolated both mono- and 

dicarbonyl rhodium complexes23 depending on the coordination mode of the 

bis(iminophosphorane) ligand (k3 vs k2 respectively). In our case, the hypothetical 

[LNRh(CO)+] complex should be present in small amount since no other coordinating functions 

nor solvent molecules could, a priori, complete the coordination sphere of the metal.24 We tried 

to confirm this assumption by variable temperature 31P{1H} NMR spectroscopy but the spectra 

were not temperature dependent (Figure S27). The difference in the results obtained by NMR 

and IR techniques can be tentatively explained here by the different spectroscopic resolution 

and the nature of the active group. Indeed, it is much easier and faster to observe the CO 

vibration rather than the resonance of its quaternary carbon. However, the XRD analysis of 

[LNRh(CO)2](BF4) also supports the hypothesis of the lability of one of the carbonyl fragments. 

Indeed, most of the single crystals grown from THF or CH2Cl2 solution did not allow to 

converge to a satisfactory resolution concerning the carbonyl trans to the phosphine group (6 

attempts on different crystal batches) while the metric and angular data obtained for the rest of 
the molecule were comparable and meaningful. Finally, we obtained higher quality data on a 

last crystal batch thanks to a long collection on a more advanced diffractometer. The resulting 

crystal structure is shown in Figure 5. The behavior of the CO trans to P clearly differ from that 
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trans to the iminophosphorane (vide infra). In [LNRh(CO)2](BF4), the Rh atom exhibits a 

distorted square-planar geometry with only a weak deviation from planarity. The 

P2−C1−C8−N1 angle measures 3.06°. The P−N bond distance is shorter (1.598(3) Å) while the 
Rh−P2 bond is slightly elongated (2.3086(11) Å) than in [LNRh(COD)](BF4) (1.635(6) and 

2.2801(14) Å, respectively). The coordination angle N1−Rh1−P2 is much wider (93.95(9)°) 

than in [LNRh(COD)](BF4) (87.72(15)°). More generally, it is difficult to compare this 

structure with literature precedents as examples of iminophosphorane-based Rh(CO)2 

complexes are quite rare in the CCDC (8 examples),25 all being supported by LX and not L2-

type ligands. The carbonyl ligands as stated before are markedly different. The Rh−C and C−O 

bond lengths for the CO trans to the phosphine are respectively among the longest (Rh1−C8 

1.943(5) Å) and shortest (C8−O8 1.073(5) Å) ones found in the CCDC for Rh(CO)2 

complexes.26 They are also respectively longer (Rh−CO) and shorter (C−O) than those 
measured in [LCRh(CO)2](OTf) (1.921(3) and 1.128(3) Å). The long Rh−CO distance is in 

agreement with its proposed lability which is also supported by molecular modeling data. The 

carbonyl trans to the iminophosphorane exhibits parameter close to those measured in 

[LCRh(CO)2]+ with a comparable C−O bond length 1.134(4) Å vs 1.136(3) Å. Conversely, the 

Rh−C1 bond (1.840(4) Å) is shorter than in the phosphonium ylide complex (1.886(3) Å) and 

appears in the lower range of the previously reported structures (1.838−1.922 Å). This may 

indicate a strong donation from Rh to CO in agreement with the quasi-linear arrangement of 

these atoms (Rh1−C1−O1: 176.3(4)°).  
 

Figure 5. ORTEP plot of [LNRh(CO)2](BF4).Thermal ellipsoids are drawn at the 50% 

probability level. H atoms are omitted for clarity. Selected bond lengths (Å) and angles (°): 
Rh1−N1 2.118(3), Rh1−P2 2.3086(11), Rh1−C1 1.840(4), C1−O1 1.134(4), Rh1−C8 1.943(5), 

C8−O8 1.073(5), P1−N1 1.598(3), P1−C3 1.821(4), C2−C3 1.409(5), C2−P2 1.832(4), 
C1−Rh1−P2 87.77(13), N1−Rh1−P2 93.95(9), C1−Rh1−N1 176.74(16), C8−Rh1−P2 

175.99(13), O1−C1−Rh1 176.3(4), O8−C8−Rh1 171.1(4). 
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As an additional proof concerning the secondary CO band observed in the IR spectrum, we 

prepared [LNRh(CO)2](BF4) following a different protocol via a ligand substitution from the 

[LNRh(CO)Cl] complex (Scheme 3, path b). The synthesis of [LNRh(CO)Cl] was performed 

by the addition of half an equivalent of [Rh(CO)2Cl]2 to a CH2Cl2 solution of LN (Scheme 2). 

The title complex was isolated in 49% yield because of loss during the workup. This neutral 

complex exhibits two 31P resonances a doublet at δP = 19.7 and a doublet of doublets at δP = 

36.1 ppm (JRhP = 180.5 Hz and JPP = 26.5 Hz) for the PIII and PV nuclei, respectively. Those 

data are in perfect agreement with those reported by Cavell and coworkers for a similar complex 

featuring an aryl substituent on the N atom.27 The deshielding of the PV nucleus as well as the 

JRhP constant in [LNRh(CO)Cl] are larger than in the cationic dicarbonyl complex. The CO 13C 

signal was observed at δC = 188.1 ppm in the 13C{1H, 31P} NMR spectrum recorded in CD2Cl2. 

Unfortunately, Cavell and coworkers did not observe the CO NMR resonance for the 

comparable complexes they prepared.27,28 The IR CO stretching frequency of [LNRh(CO)Cl] 

in CH2Cl2 was measured at 1972 cm-1 slighlty lower than the value reported by Cavell’s group 

for the P=NTMS complex.28 This may indicate a stronger electron transfer from the metal to 

the CO in agreement with the X-ray data (vide infra). 
 

 

Figure 6. ORTEP plot of [LNRh(CO)Cl]. Thermal ellipsoids are drawn at the 50% probability 

level. H atoms are omitted for clarity. Selected bond lengths (Å) and angles (°): Rh1−N1 

2.120(3), Rh1−P2 2.2108(8), Rh1−Cl1 2.3929(9), Rh1−C1 1.817(4), C1−O1 1.137(5), P1−N1 

1.589(3), P1−C2 1.824(3), C2−C3 1.403(5), C3−P2 1.841(3), C1−Rh−Cl1 87.04(11), 

C1−Rh1−P2 89.52(11), N1−Rh1−P2 92.34(8), N1−Rh1−Cl1 91.00(8). 
 

The XRD structure of [LNRh(CO)Cl] confirms a square-planar geometry with only a very 

limited deviation to planarity of 0.71° (Figure 6). The chloride ligand is localized trans to the 

phosphine as was observed by Cavell’s group for a comparable Rh(CO)Cl complex featuring a 
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trimethylsilyl group on the nitrogen.28 The Rh−P, Rh−Cl, and P−N bond lengths are also 

comparable with those previously reported. However, we observed shorter Rh−N and Rh−C 

bonds (2.120(3) and 1.817(4) Å), together with a longer C−O bond (1.137(5) Å). This can 

probably be explained by the difference in the electronic properties of the iminophosphorane. 

Indeed, Cavell and coworkers employed a TMS substituent leading to an iminophosphorane 

which is less electron-rich than the one we used. Thus, in our case, the electron transfer from N 

to the metal and then from Rh to the carbonyl ligand is stronger. The angles around the Rh are 

close to 90°, comparable with the previously published data. 

From [LNRh(CO)Cl] we then generated in situ [LNRh(CO)](BF4) by addition of one 

equivalent of AgBF4, the clean formation of this complex was ascertained by in situ 31P{1H} 

NMR spectroscopy showing a doublet of doublets at δP = 49.1 ppm for the PIII nucleus (JRhP = 

214.5 Hz, JPP = 17.5 Hz) and a doublet at δP = 26.9 ppm for the PN moiety (Scheme 3, path b, 

Figure S28). The large increase in the JRhP constant (214.5 vs 129.0 Hz) in [LNRh(CO)](BF4) 

may result from a stronger P−Rh binding due to the electron deficiency of the Rh center. The 

IR spectrum recorded from a CH2Cl2 solution evidences a strong band at 1980 cm-1 close to the 

additional band we observed in the IR spectrum of [LNRh(CO)2](BF4) (ca. 1987 cm-1). Finally, 

we saturated the CH2Cl2 solution of the in situ generated [LNRh(CO)](BF4) with CO and we 

observed the formation of [LNRh(CO)2](BF4) both by 31P{1H} NMR and in situ IR 

spectroscopy. In this latter experiment the IR band at 1987 cm-1 only appears as a shoulder 

probably because of the excess CO present in the solution which must influence the reaction 

outcome favoring the Rh(CO)2 species, hence reinforcing our interpretation.  
 

IR Spectroscopy, Cyclic Voltammetry, and DFT Studies of cis-[Phosphine-Ylide RhI] 

Complexes. 

As P-ylides behave as strong electron donating ligands, a significant back donation from 

metal to carbonyl is expected. It results in short Rh−C and long C−O bonds. Data obtained for 

[LCRh(CO)2]+ and [LNRh(CO)2]+ (Table 1, lines 1-2) show shorter Rh−C in the 

iminophosphorane Rh(CO)2 complex compared to the related phosphonium ylide Rh(CO)2 

complex but the C−O bonds are comparable. This might be explained by a certain lability of 

one CO co-ligand and/or by the effect of the s-donating N-iPr substituent in the 

iminophosphorane representative. Molecular modeling was thus conducted on these ylidic 

systems in order to answer those questions. As shown in Table 1 (lines 3-4), the agreement 

between the optimized structural parameters of [LCRh(CO)2]+ and [LNRh(CO)2]+ and those 

obtained from XRD is satisfying. Most notably, the trend of the Rh−C and C−O bond lengths 

in passing from P+−C- to P=N systems is reproduced.  
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Table 1. Selected Experimental and Calculated Structural Data, and HOMO-LUMO gap 

for Carbonylrhodium Complexes.a 

 
Complexes Rh−COb C−Ob Rh−C−Ob  P−N/C 

      
N/C−Rh 

 
P−Rh 

 
HOMO-
LUMO 

gap  

Exp.[LCRh(CO)2]+ 1.886(3)  1.136(3) 178.27(9) 1.757(2) 2.131(2) 2.3235(6) - 

Exp.[LNRh(CO)2]+ 1.840(4) 1.134(4) 176.3(4) 1.598(3) 2.118(3) 2.3086(11) - 

Calcd.[LCRh(CO)2]+ 1.915 1.176 177.4 1.844 2.143 2.441 4.11 

Calcd.[LNRh(CO)2]+ 1.884 1.177 179.1 1.706 2.105 2.474 3.55 

Calcd.[LCiprRh(CO)2

]+ 

1.908 1.176 176.0 1.875 2.172 2.451 4.12 

Calcd.[LCipr2Rh(CO)

2]+ 

1.908 1.178 171.2 1.946 2.228 2.476 4.21 

Calcd.[LNHRh(CO)2]
+ 

1.894 1.176 177.7 1.706 2.105 2.474 3.92 

a Geometry optimization was performed at DFT level using B3LYP functional and LANLDZ 

basis set as specified in the Computational Details. Bond lengths are in Å, angles in degrees, 

and HOMO-LUMO gap in eV. b CO trans to the ylidic coordinating atom. 

 

We have also calculated using B3LYP functional and LANL2DZ basis the optimized 

structures of Rh complexes with one [LCiprRh(CO)2]+ and two [LCipr2Rh(CO)2]+ isopropyl 

substituents at the ylidic carbon atom as well as the P=NH parent complex [LNHRh(CO)2]+ 

(Table 1, lines 5-7). Unexpectedly, these calculations show that the change of the substituent 

of the coordinating ylidic atom has only marginal influence on the Rh−C and C−O bond lengths 

even if the global tendency goes in the right direction. Of note, the introduction of two bulky 

iPr substituents on the C-ylidic center also causes a significant perturbation of the Rh−C−O 

angle value (Table 1, line 6). 

The corresponding frontiers Khon-Sham orbitals are reported in SI (Figure S2). For 

[LNRh(CO)2]+, the HOMO orbital develops on the Rh d-shell and the iminophosphorane 

fragment, while in the case of [LCRh(CO)2]+ the HOMO is a pure metal d orbital. In both ylidic 

systems, the LUMO orbitals are concentrated on the coordination sphere (p*CO) with a 
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participation of the metal. The HOMO/LUMO gap is calculated at 3.55 and 4.11 eV for 

[LNRh(CO)2]+ and [LCRh(CO)2]+, respectively (Table 1). The larger HOMO/LUMO gap in C-

ylidic systems is due to the lower HOMO and to a lesser extent to the slightly higher LUMO. 

The calculated antisymmetric and symmetric CO stretching peaks for the two synthesized 

complexes were found at 1924 and 1994 cm-1 for [LCRh(CO)2]+ and at 1930 and 2003 cm-1 for 

[LNRh(CO)2]+, respectively (Table 2). Note that the former represent purely harmonic 

frequencies, and no empirical scaling factor has been applied, hence they are obviously shifted 

compared to the experimental values. Nevertheless, calculations as experiments point out the 

close similarities of the CO vibrations in the two different environments. However, the relative 

magnitude of the measured average CO frequency (2051 vs 2053 cm-1 for LN and LC complexes, 

respectively) does not match with the calculated values giving a higher average CO frequency 
for the LN complex (1966 vs 1959 cm-1). This may be explained by the weak coordination of 

one CO in [LNRh(CO)2]+ that could influence the bonding between the metal and the remaining 

CO. Furthermore, a satellite peak on the doublet region which is absent from the spectrum of 

[LCRh(CO)2]+ and is not recovered in the DFT modeling is observed in the 

[LNRh(CO)2]+spectrum. While the satellite band could be ascribed to anharmonic or overtones 

effects, as already discussed, the presence of parasite Rh(CO) species is a more sounding 

hypothesis. Thus, we performed molecular modeling on a complex in which one CO ligand is 

removed or substituted either by a Cl- or BF4- forming an ion couple. We found vibrational 

frequencies for the remaining coordinated CO of 1886 cm-1 (COCl), 1900 (only one CO), and 

1906 cm-1 (BF4- ionic couple) (Table 2). Thus, while the precise nature of that metallic 

compound could not be resolved due to the close spectral signature, the calculated frequencies 

fits with that of the satellite peak, which is due to a mono-Rh(CO) adduct and, hence, can be 

disregarded in the following analysis.  

Having explained the presence of the satellite peak, the close similarity of the vibrational 

frequencies of the two complexes should still be rationalized. Importantly, there is a further 

difference in the two chemical structures compared henceforth, namely the nature of the 

substituent appended to either the nitrogen or the carbon complexing the Rh atom. Indeed, while 

a rather strong donor group, i.e. isopropyl, is appended to [LNRh(CO)2]+ only hydrogen atoms 

are present in [LCRh(CO)2]+. In this respect, to disentangle the effects of the substituent we 

have also calculated the CO stretching vibrations for the iminophosphorane complex featuring 

only a NH unit [LNHRh(CO)2]+, and those of the ylide complexes with one [LCiprRh(CO)2]+ 

and two [LCipr2Rh(CO)2]+ isopropyl chains on carbon. In the P=N case, the difference observed 

with the parent compound remains negligible. However, the CO vibrational frequencies are 

blue shifted by 4 and 3 cm-1 for the antisymmetric and symmetric stretching, respectively (Table 
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2) when suppressing the alkyl substituent. In the P+−C- case, the antisymmetric vibration is red-

shifted by 3 and 17 cm-1 after the inclusion of one or two iPr substituents while the symmetric 

stretching frequency follows the same trend being diminished by 5 and 16 cm-1, respectively. 

From these data it is evident that the peripheral ligand is non-innocent and may significantly 

alter the electron density organization of the parent compound. More specifically, the presence 

of one isopropyl in [LNRh(CO)2]+ seems sufficient to almost compete with the strong donating 

ability of [LCRh(CO)2]+ ultimately providing similar spectroscopic signatures.  

The behavior of [LCRh(CO)2]+ and [LNRh(CO)2]+ complexes was then investigated by 

cyclic voltammetry. Two oxidations and one reduction, all irreversible, were observed in both 

series. The reduction of [LNRh(CO)2](OTf) (EPred1 = −1.35 V vs SCE) was found to be easier 

than that of [LCRh(CO)2](BF4) (EPred1 = −1.56 V vs SCE) in agreement with the higher energy 

of the LUMO (vide supra, Figure S2) of the phosphonium-ylide complex. Moreover, the first 

oxidation of the P=N complex occurs at a sligthly less anodic potential (EPox1 = 1.17 V vs SCE) 

than that of the P+−C- complex (EPox1 = 1.29 V vs SCE), while the second irreversible oxidation 

takes place at the same potential (1.66 V vs SCE) for both complexes. The first oxidation 

potentials fits well with the energy order determined for the HOMOs.  

 

 
Figure 7. DFT spin density obtained for the oxidized [LNRh(CO)2]+ and [LCRh(CO)2]+ 

complexes at the respective equilibrium geometries.  

 

The profile of the first oxidation wave is well reproduced by molecular modeling which 

yielded a higher potential for [LCRh(CO)2]+ than for [LNRh(CO)2]+, the difference between 

the two potentials being about 0.16 V compared to the 0.12 V observed experimentally (Table 

2). Interestingly as shown in Figure 7, the oxidation is centered on two different chemical 

moieties for the two Rh complexes. Indeed, in agreement with the nature of the HOMOs (Figure 

S2), while the spin density, i.e. the density of the unpaired electron in the oxidized species, is 

LNRh(CO)2+2 LCRh(CO)2+2
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centered on the metal d-orbital for [LCRh(CO)2]2+, in the case of [LNRh(CO)2]2+ the oxidation 

takes place on the N coordinating atom with only a minor participation of the metal.  

 

Table 2. Experimental and Calculated IR CO Stretching Frequencies (cm-1), and EPox for 

Carbonylrhodium Complexes.a 

 

Complexes nCO  

(exp) 

av.  

(exp) 

nCO  

(calcd) 

av.  

(calcd) 

Dav.  

(exp-calcd)  

EPox1b  

(exp) 

Eox1b 

(calcd) 

[LCRh(CO)2]+ 2024, 2082 

 

2053 1924, 1994 1959 94 1.29  

 

1.63 

 [LNRh(CO)2]+ 2018, 2084 

1987 

2051 1930, 2003 

 

1966 85 1.17  

 

1.47 

[LCiprRh(CO)2]+ - - 1921, 1989 

 

1955 - -  

[LCipr2Rh(CO)2]+ - - 1907, 1978 

 

1942 - -  

[LNHRh(CO) 2]+ - - 1934, 2006 

 

1970 - -  

[LNRh(CO)Cl] 1972 - 1886 - 86 -  
a Geometry optimization was performed at DFT level using B3LYP functional and LANL2DZ 

basis as further specified in the Computational Details. b Both experimental and calculated Epox1 

values (V) are given vs SCE. 

 

To better understand the electronic structures, and the effects of the peripheral ligand, we 

also report in Table 3 the Natural Population Analyses (NPA) atomic charges calculated for 

each ylidic Rh(CO)2 complex. Again, we may see how both the positive character of the P 

atoms and the negative density on C or N atoms are strongly dependent on the nature of the 

peripheral ligand, and more precisely on the ylidic substituent. Interestingly, this variation 

appears non-local and is also transferred to the Rh as well as to the CO co-ligands, hence 

justifying the evolution of their spectroscopic properties. However, some discrepancies in the 

trend of the charges can be outlined. This should be ascribed to different issues, and namely to 

the fact that atomic point charges are not physical observable, and consequently their value 

strongly depends on the chosen partition strategy. Furthermore, the inclusion of two isopropyl 

groups induces a rather crowded coordination sphere which leads to some structural 
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deformations to partially release the sterical tension. These variations in the equilibrium 

geometry also have a non-negligible effect on the calculated charges. However, when 

comparing unsubstituted systems (i.e. P+−CH2- vs P=NH) where the steric effect of the ylidic 

substituent can be neglected, the charge values indicate that the phosphonium ylide transfers 

more electron density to the Rh center and ultimately to the CO moieties, the CO trans to the 

ylide being naturally more impacted. As expected, the charge of the P-atom of the phosphine 

donor remains of same order in the two families of ylide. As shown in SI (Table S8) the effect 

of the basis set is modest in the distribution of the charges and thus the tendency we have 

evidenced cannot be considered a simple computational artifact.  

 

Table 3. Principal NPA charges of dicarbonyl rhodium Complexes.  

 

Complexes [LCRh(CO)2]+ [LCiprRh(CO)2]+ [LCipr2Rh(CO)2]+ [LNRh(CO)2]+ [LNHRh(CO)2]+ 

Rh -0.561 -0.552 -0.482 -0.411 -0.391 

N/C -0.978 -0.741 -0.477 -1.053 -1.254 

P(Rh)a 1.063 1.073 1.027 1.062 1.060 

P(N/C)a 1.504 1.490 1.445 1.737 1.737 

CO_1b 0.260 0.241 0.206 0.253 0.271 

CO_2 b 0.218 0.220 0.213 0.131 0.234 

a P(Rh) and P(N/C) identify the P-atom bound to the metal and the iminophosphorane/ylide, 

respectively. b CO_1 represent the CO trans to the coordinating P-atom and CO_2 the CO trans 

to the iminophosphorane/ylide atom. 
 

CONCLUSION 

With the aim to compare the donating ability of iminophosphorane and phosphonium ylide 

ligands, we synthesized and investigated new cationic RhI dicarbonyl complexes featuring a 

mixed cis-chelating phosphine-donor ligand built on a rigid ortho-phenylene skeleton and 

differing by the nature of the donor group, the latter being either a phosphonium ylide (P+−CH2-

) or an iminophosphorane (P=NiPr). We observe significant differences in the chemical 

behavior of these two complexes, and notably, the iminophosphorane representative presented 

a certain lability for one of the CO groups. This fact may indicate that accommodating two 

carbonyl groups for the cationic Rh center stabilized by the iminophosphorane ligand is more 

difficult than for the neutral Rh coordinated to the ylide ligand. Indeed, in the latter case the 

positive charge of the complex is localized on the phosphonium fragment, i.e. distant from the 
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metallic center. Nevertheless the spectrocopic data for both experimentally prepared complexes 

are rather similar suggesting comparable electron-donating ability. In order to further 

understand this result, we resort to molecular modeling at Density Functional Theory (DFT) 

level. It confirms the similarity of the spectroscopic properties between the two derivatives. 

Nevertheless, our simulations also underline the influence of the iPr substituent on the N atom 

of the iminophosphorane. Indeed, the alkyl substituent allows the iminophosphorane to compete 

in terms of donating ability with the P+−CH2- ylide-based moiety. If the role of the accessory 

ligands is often overlooked our results evidence novel possibilities to specifically tune the 

properties of organometallic compounds, adding more flexibility to their design. Indeed, while 

achieving P=NH or substituted P+−CHR- is synthetically more challenging than obtaining 

substituted iminophosphorane and unsubstituted phosphonium ylides, this study suggests that 

these two types of strongly electron-donating phosphorus-based ligand can be highly 

complementary. They may be valuable assets in the toolbox of coordination chemists since they 

present close electronic properties with a different steric pattern. The original properties of this 

type of organometallic complexes may in particular be highly beneficial for further applications 

especially in the field of catalysis. A direction to which we plan to focus our future work 

exploiting the potentiality of our original organometallic systems.  

 

EXPERIMENTAL SECTION 

General Remarks. All manipulations were performed under an inert atmosphere of dry 

nitrogen by using standard vacuum line and Schlenk tube techniques. Glassware was dried at 

120 °C in an oven for at least three hours. Dry and oxygen-free organic solvents (THF, Et2O, 

CH2Cl2, toluene, pentane) were obtained using a LabSolv (Innovative Technology) or 

(MBraun-SPS) solvent purification system. Acetonitrile was dried and distilled over P2O5 under 

argon. Phosphine-aminophosphonium LNH.BF4 was synthesized as previously described.21 All 

other reagent-grade chemicals were purchased from commercial sources and used as received. 

Chromatographic purification was carried out on silica gel (SiO2, 63−200 μm). 1H, 31P, and 13C 

NMR spectra were obtained on Bruker AC300 SY, AV300, AV400 or NEO600 spectrometers. 

NMR chemical shifts δ are indicated in ppm, with positive values to high frequency relative to 

the tetramethylsilane reference for 1H and 13C and to 85% H3PO4 for 31P. If necessary, 

additional information on the carbon signal attribution was obtained using 13C{1H , 31P}, J-

modulated spin−echo (JMOD) 13C{1H}, 1H−13C HSQC, HMQC, and/or HMBC experiments. 

Solution IR spectra were recorded in 0.1 mm CaF2 cells using a Perkin Elmer Frontier FT‐IR 

spectrometer or with an IR-TF Thermo Scientific Nicolet iS5 spectrometer, and are given in 

cm–1. MS spectra (ESI mode) were performed by the mass spectrometry service of the “Institut 
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de Chimie de Toulouse” using a Xevo G2 QTof (Waters) spectrometer or recorded in “LCM” 

with a time-TOF mass spectrometer (Bruker, France) by Dr. S. Bourcier. Elemental analyses 

were carried out by the elemental analysis service of the “LCC” using a Perkin Elmer 2400 

series II analyzer. Voltammetric measurements were performed by the electrochemistry service 

of the “LCC” with a potentiostat Autolab PGSTAT100 controlled by GPES 4.09 software. 

Experiments were carried out at room temperature in a homemade airtight three-electrode cell 

consisting of a Pt working electrode (d = 0.5 mm), a platinum wire (S = 1 cm2) as counter 

electrode, and a saturated calomel electrode (SCE) separated from the solution by a bridge 

compartment as a reference. Before each measurement, the working electrode was cleaned with 

a polishing machine (Presi P230, P4000). The measurements were carried out in dry CH2Cl2 

under argon atmosphere using 0.1 M [nBu4N](OTf) or [nBu4N](BF4) (Fluka, 99% puriss 

electrochemical grade) as supporting electrolyte and typically 10−3 M sample concentration. 

 

Synthesis of LCH.OTf pre-ligand. 

MeOTf (127 μL, 1.12 mmol) was added at –78 °C to a solution of 1,2-

bis(diphenylphosphino)benzene (0.50 g, 1.12 mmol) in CH2Cl2 (20 mL).  The mixture was then 

slowly warmed to RT and stirred for 16 hours. After evaporation of the solvent under vacuum 

and washing with Et2O (20 mL), the phosphonium LCH.OTf was obtained as a white powder 

(0.67 g, 98%). Recrystallization from CH2Cl2/pentane at RT gave colorless crystals, some of 

them being suitable for X-ray diffraction study. 31P{1H} NMR (162 MHz, CD3CN, 25 °C): δ = 

22.3 (d, JPP = 25.9 Hz, P+), –15.4 (d, JPP = 25.9 Hz, P); 1H NMR (400 MHz, CD3CN, 25 °C): δ 

= 7.81 (brt, JHH = 8.0 Hz, 1H, CHAr), 7.73 (brt, JHH = 8.0 Hz, 2H, CHAr), 7.69–7.54 (m, 10H, 

CHAr), 7.45–7.36 (m, 3H, CHAr), 7.30 (brt, JHH = 8.0 Hz, 4H, CHAr), 6.99 (brt, JHH = JPH = 8.0 

Hz,  4H, CHAr), 3.10 (dd, JPH = 4.0 and 14.0 Hz, 3H, CH3); 13C NMR (101 MHz, CD3CN, 25 

°C): δ = 143.7 (dd, JPC = 11.1 and 18.1 Hz, CAr), 140.0 (d, JPC = 11.1 Hz, CHAr), 137.6 (dd, JPC 

= 10.1 and 13.1 Hz, CHAr), 136.1 (d, JPC = 3.0 Hz, CHAr), 135.6 (d, JPC = 3.0 Hz, CHAr), 134.9 

(d, JPC = 7.0 Hz, CAr), 134.1 (d, JPC = 11.1 Hz, CHAr), 134.0 (d, JPC = 18.1 Hz, CHAr), 132.0 (d, 

JPC = 13.1 Hz, CHAr), 131.0 (d, JPC = 13.1 Hz, CHAr), 130.5 (s, CHAr), 129.8 (d, JPC = 7.0 Hz, 

CHAr), 127.6 (dd, JPC = 36.2 and 89.5 Hz, CAr), 122.2 (q, JFC = 319.9 Hz, CF3), 121.5 (dd, JPC 

= 2.0 and 89.5 Hz, CAr), 12.9 (dd, JPC = 19.1 and 59.3 Hz, CH3); HRMS (ESI+): 461.1588 calcd 

for C31H27P2 + [M - TfO]+, found, 461.1590; Elemental analysis for C32H27F3O3P2S: calcd, C 

62.95, H 4.46; found, C 62.26, H 4.16. 
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Synthesis of [LCRh(COD)](OTf) complex. 

nBuLi (1.6 M, 108 μL, 0.17 mmol) was added at −78 °C to a solution of phosphonium LCH.OTf 

(0.10 g, 0.16 mmol) in THF (10 mL). The mixture was then warmed to room temperature and 

stirred for 15 min. After cooling the solution to −78°C, [RhCl(COD)]2 (40 mg, 0.082 mmol) 

was added. The mixture was then slowly warmed to RT and stirred for 12 hours. After 

evaporation of the solvent under vacuum, the crude residue was dissolved in CH2Cl2 (15 mL), 

and the resulting solution was filtered over celite. After evaporation of the solvent under 

vacuum and washing with Et2O (10 mL), complex [LCRh(COD)](OTf) was obtained as a 

yellow powder (120 mg, 90%). Yellow crystals of [LCRh(COD)](OTf) were obtained by 

recrystallization from CH2Cl2/Et2O at −20 °C. 31P{1H} NMR (162 MHz, CD3CN, 25 °C): δ = 

32.7 (dd, JPP = 25.9 Hz and JRhP = 162.0 Hz, P), 28.6 (dd, JPP = 25.9 Hz and JRhP = 4.8 Hz, 

PCH2); 1H NMR (400 MHz, CD3CN, 25 °C): δ = 7.76 (brt, JHH = 8.0 Hz, 3H, CHAr), 7.65–7.46 

(m, 20H, CHAr), 7.38–7.31 (m, 1H, CHAr), 4.87 (brs, 2H, CHCOD), 3.51 (brs, 2H, CHCOD), 2.13–

1.77 (m, 8H, CH2COD), 1.43 (d, JPH = 12.0 Hz, 2H, CH2); 13C NMR (101 MHz, CD3CN, 25 °C): 

δ = 137.3 (d, JPC = 9.0 Hz, CHAr), 137.1 (d, JPC = 34.2 Hz, CAr), 136.9 (t, JPC = 10.1 Hz, CHAr), 

134.6 (dd, JPC = 3.0 and 5.0 Hz, CHAr), 133.9 (d, JPC  = 2.0 Hz, CHAr), 133.7 (d, JPC  = 12.1 Hz, 

CHAr), 132.8 (d, JPC  = 10.1 Hz, CHAr), 132.1 (dd, JPC  = 2.0 and 12.1 Hz, CHAr), 131.4 (d, JPC  

= 44.3 Hz, CAr), 131.3 (d, JPC  = 2.0 Hz, CHAr), 130.0 (d, JPC  = 12.1 Hz, CHAr), 129.4 (dd, JPC 

= 19.2 and 89.9 Hz, CAr), 129.3 (d, JPC = 10.1 Hz, CHAr), 127.1 (d, JPC  = 82.5 Hz, CAr), 121.3 

(q, JFC = 320.9 Hz, CF3), 102.6 (dd, JPC  = 11.1 Hz and JRhC = 7.0 Hz, CHCOD), 84.9 (d, JRhC = 

9.0 Hz, CHCOD), 30.9 (d, JPC = 2.0 Hz, CH2COD), 30.0 (s, CH2COD), –2.2 (ddd, JPC = 12.1 and 

35.2 Hz, JRhC = 24.1 Hz, CH2); HRMS (ESI+): 671.1504 calcd for C39H38P2Rh+ [M - TfO]+, 

found, 671.1521; Elemental analysis for C40H38F3O3P2RhS.(0.4 CH2Cl2): calcd, C 56.78, H 

4.58; found, C 56.70, H 3.96. 

 

Synthesis of [LCRh(CO)2](OTf) complex. 

Complex [LCRh(COD)](OTf)  (0.12 g, 0.147 mmol) was dissolved in CH2Cl2 (5 mL), and 

carbon monoxide was bubbled at room temperature for 15 min. After addition of pentane (15 

mL) and elimination of the supernatant, complex [LCRh(CO)2](OTf)  was obtained as a yellow 

powder (0.10 g, 88%). Recrystallization from CH2Cl2/pentane at −20 °C gave pale yellow 

crystals suitable for X-ray diffraction study. 31P{1H} NMR (162 MHz, CD3CN, 25 °C): δ = 

27.8 (dd, JPP = 41.3 Hz and JRhP = 4.8 Hz, PCH2), 21.0 (dd, JPP = 41.3 Hz and JRhP = 129.6 Hz, 

P); 1H NMR (400 MHz, CD3CN, 25 °C): δ = 7.86 (brt, JHH = 8.0 Hz, 1H, CHAr), 7.73–7.66 (m, 

3H, CHAr), 7.56–7.28 (m, 20H, CHAr), 1.92 (brd, JPH = 16.0 Hz, 2H, CH2); 13C NMR (101 MHz, 

CD3CN, 25 °C): δ = 186.0 (brs, CO), 184.7 (dd, JPC = 15.6 Hz and JRhC = 58.8 Hz, CO), 137.2 
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(t, JPC = 8.0 Hz, CHAr), 137.1 (d, JPC = 7.0 Hz, CHAr), 135.5 (dd, JPC = 3.0 and 7.0 Hz, CHAr), 

134.5 (d, JPC  = 3.0 Hz, CHAr), 134.0 (d, JPC  = 13.1 Hz, CHAr), 132.9 (dd, JPC = 7.0 and 43.3 

Hz, CAr),  132.7 (d, JPC = 10.1 Hz, CHAr), 132.3 (d, JPC = 2.0 Hz, CHAr), 130.2 (d, JPC = 12.1 

Hz, CHAr), 130.0 (d, JPC = 50.3 Hz, CAr), 129.9 (d, JPC = 11.1 Hz, CHAr), 128.9 (dd, JPC = 15.6 

and 88.0 Hz, CAr), 125.5 (d, JPC = 85.5 Hz, CAr), 121.1 (q, JFC = 320.9 Hz, CF3), –7.2 (ddd, JPC  

= 12.1 and 38.2 Hz, JRhC = 19.1 Hz, CH2); HRMS (ESI+): 591.0514 calcd for C32H26OP2Rh+ 

[M - CO - TfO]+, found, 591.0527; IR (CH2Cl2): 2024, 2082 cm−1.  

 

Synthesis of [LNRh(COD)](BF4) complex. 

KHMDS (70 mg, 0.35 mmol) was added to a suspension of LNH.BF4 (211 mg, 0.35 mmol) in 

THF (8 mL), the suspension rapidly turned into a clear yellow solution. The 31P NMR analysis 

of the crude mixture shows the formation of LN (dP = –1.2 and –13.7 ppm, JPP = 13.0 Hz). The 

slight suspension was filtered through a PTFE filter, THF was removed under vacuum and the 

obtained yellow solid was dissolved in CH2Cl2 (6 mL) and [Rh(COD)2]2(BF4) (142 mg, 0.35 

mmol) was added to the obtained solution. The reaction mixture is stirred 1h at room 

temperature then CH2Cl2 is evaporated and the obtained solid was stirred overnight with Et2O 

(30 mL). Removal of the ether supernatant and drying under vacuum gave [LNRh(COD)](BF4) 

as a yellow orange solid (280 mg, 80%). 31P{1H} NMR (121.5 MHz, CD2Cl2, 25 °C): δ = 26.0 

(dd, JRhP = 159.0 Hz and JPP = 25.0 Hz, PIII), 22.7 (d, JPP = 25.0 Hz, PN); 1H NMR (300 MHz, 

CD2Cl2, 25 °C): δ = 7.20–7.75 (m, 22H, CHAr), 7.11 (td, JPH = 12.0 Hz, JHH = 4.0 Hz, 1H, 

CHArP2), 6.96 (ddd, JHH = 7.0 Hz, JPH = 13.0 and 20.0 Hz, 4H, CHAr), 5.46 (br.s, 2H, CHCOD), 

3.18 (dtd, JPH = 20.0 Hz, JHH = 6.5 and 2.0 Hz, 1H, CH(CH3)2), 3.00 (br.s, 2H, CHCOD), 1.60–

2.00 (m, 8H, CH2COD), 0.47 (d, JHH = 6.5 Hz, 6H, CH(CH3)2); 13C{1H} NMR (75.0 MHz, 

CD2Cl2, 25 °C): δ = 138.0 (d, JPC = 9.0 Hz, CHAr), 136.2 (d, JPC = 106.0 Hz, CAr), 136.1 (J not 

measurable CAr), 135.6 (dd, JPC = 13.5 and 10.0 Hz, CHAr), 135.0 (d, JPC = 2.5 Hz, CHAr), 134.2 

(d, JPC = 6.0 Hz, CAr), 133.8 (d, JPC = 9.5 Hz, CHAr), 133.3 (d, JPC = 3.0 Hz, CHAr), 133.1 (s, 

CHAr), 133.0 (s, CHAr), 132.9 (dd, JPC = 5.5 and 2.5 Hz, CHAr), 131.7 (d, JPC = 10.0 Hz, CHAr), 

131.2 (s, CHAr), 130.7 (dd, JPC  = 12.5 and 2.0 Hz, CHAr), 129.8 (d, JPC = 13.5 Hz, CHPh), 129.4 

(d, JPC  = 12.0 Hz, CHPh), 129.0 (d, JPC = 10.0 Hz, CHPh), 122.0 (J not measurable, CPh), 107.1 

(br.s, J not measurable, CHCOD), 50.6 (br.s, J not measurable, CH(CH3)2), 30.9 (s, CH2COD), 

28.0 (s, CH2COD), 26.7 (s, br.s, J not measurable, CH(CH3)2), 25.4 (vt, JRhC = JPC = 9.0 Hz, 

CH2COD). HRMS (ESI+/Q-TOF): calcd 714.1913 for C41H43NP2Rh+ [M]+, found: 714.1920. 

Elemental analysis for C41H43BF4NP2Rh.(0.4 CH2Cl2): calcd, C 59.52, H 5.28, N 1.68; found, 

C 59.46, H 5.18, N 1.85. 
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Synthesis of [LNRh(CO)2](BF4) complex. 

CO was bubbled into a CH2Cl2 (4 mL) solution of [LNRh(COD)](BF4) (58 mg, 0.06 mmol) 

during 3 minutes and stirring was continued for 1 h. The solvent was removed under vacuum, 

and the resulting solid was stirred with Et2O (15 mL) during 1h. [LNRh(CO)2](BF4) was 

isolated after removal of the ether supernatant and drying under vacuum as a red-brown solid 

(44 mg, 85 %). 31P{1H} NMR (121.5 MHz, CD2Cl2, 25 °C): δ = 13.7 (dd, JRhP = 129.0 Hz and 

JPP = 28.5 Hz, PIII), 28.7 (d, JPP = 28.5 Hz, PN);  1H NMR (CD2Cl2, 300 MHz) : δ = 7.82 (qd, 

JPH = 8.5 Hz, JHH = 8.0 and 1.0 Hz, 4H, CHAr), 7.72–7.60 (m, 8H, CHAr), 7.53 (ddd, JPH = 13.5 

and 2.0 Hz, JHH  = 8.0 Hz, 8H, CHAr), 7.45 (dd, JHH = 7.5 Hz, JPH = 9.0 Hz, 2H, CHAr), 7.40 (dd, 

JHH  = 7.5 Hz, JPH = 9.0 Hz, 2H, CHAr), 3.34 (hept, JHH  = 6.5 Hz, JPH not measurable, 1H, 

CH(CH3)2), 0.90 (d, JHH = 6.5 Hz, 6H, CH(CH3)2); 13C{1H} NMR (CD2Cl2, 75 MHz) : δ = 

183.9 (d, JRhC = 64.5 Hz, JPC not measured, CO), 181.7 (d, JRhC = 61.5 Hz, JPC not measured, 

CO), 138.2 (d, JPC = 9.5 Hz, CHAr), 136.2 (dd, JPC = 12.5 and 9.0 Hz, CHAr), 135.6 (d, JPC = 

4.0 Hz, CAr), 135.5 (d, JPC = 3.0 Hz, CHAr), 135.3 (d, JPC = 4.0 Hz, CAr), 134.8 (d, JPC = 5.0 Hz, 

CHAr), 134.5 (dd, JPC = 7.0 and 2.5 Hz, CArP2), 134.0 (d, JPC = 8.5 Hz, CHPh), 133.8 (d, JPC = 

6.0 Hz, CHPh), 132.6 (d, JPC = 2.5 Hz, CHAr), 132.3 (d, JPC = 2.0 Hz, CHAr), 132.2 (s, CHAr), 

132.1 (J not observed, CHAr), 130.2 (d, JPC = 24.0 Hz, CHAr), 130.1 (s, CHAr ), 129.8 (d, JPC = 

14.0 Hz, CAr), 129.5 (d, JPC = 12.5 Hz, CHPh), 126.8 (d, JPC = 101.5 Hz, CPh), 51.1 (d, JPC = 1.0 

Hz, CH(CH3)2), 27.7 (d, JPC = 1.0 Hz, CH(CH3)2). HRMS (ESI+/Q-TOF): 634.0931 calcd for 

C34H31NOP2Rh+ ([M-CO]+), found: 634.0930. IR (CH2Cl2): 2084, 2018, 1987, 1437, 1204, 

1172 cm−1.  

 

Synthesis of [LNRh(CO)Cl] complex. 

KHMDS (20 mg, 0.1 mmol) was added to a suspension of LNH.BF4 (59 mg, 0.1 mmol) in THF 

(3 mL), the suspension rapidly turned into a clear yellow solution. The 31P NMR analysis of the 

crude mixture shows the formation of LN (dP = –1.2 and –13.7 ppm, JPP= 13.0 Hz). The slight 

suspension was filtered through a PTFE filter, THF was removed under vacuum. A solution of 

[Rh(CO)2Cl]2 in CH2Cl2 (2 mL) was added to the obtained solid. The reaction mixture was 

stirred 30 min at room temperature and then CH2Cl2 was removed under vacuum. The obtained 

solid was washed with Et2O (2x5 mL) and dried under vacuum to give [LNRh(CO)Cl] as a 

yellow orange solid (34 mg, 49%). 31P{1H} NMR (CD2Cl2, 121.5 MHz): δ = 36.1 (dd, JRhP = 

180.5 Hz and JPP = 26.5 Hz, PIII), 19.7 (d, JPP  = 26.5 Hz, PN); 1H NMR (CD2Cl2, 300 MHz): δ 

= 7.76 (dd, JPH = 12.0 Hz and JHH = 7.5 Hz, 4H, CHPh), 7.68 (td, JPH  = 2.0 Hz and JHH  = 7.5 

Hz, 2H, CHPh), 7.58–7.40 (m , 18H, CHAr), 7.34–7.31 (m , 2H, CHAr), 3.20 (hd, JPH ≈ 13.0 Hz 

and JHH = 6.5 Hz, 1H, CH(CH3)2), 0.94 (d, JHH = 6.5 Hz, 6H, CH(CH3)2); 13C{1H} NMR 
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(CD2Cl2, 75 MHz): δ = 188.1 (d, JRhC = 56.0 Hz, CO), 137.3 (dd, JPC = 100.0 and 14.5 Hz, CAr), 

137.1 (d, JPC = 10.0 Hz, CHAr), 135.8 (dd, JPC = 51.5 and 1.0 Hz Hz, CAr), 135.6 (d, JPC = 8.5 

Hz, CAr), 135.4 (d, JPC = 6.5 Hz, CHAr), 134.9 (d, JPC = 10.0 Hz, CHPh), 133.7 (dd, JPC = 12.0 

and 1.0 Hz, CHPh), 133.1 (d, JPC = 3.0 Hz, CHAr), 132.5 (dd, JPC = 2.5 and 6.0 Hz, CHAr), 130.7 

(d, JPC = 2.5 Hz, CHAr), 130.0 (dd, JPC = 12.5 and 2.0 Hz, CHAr), 129.8 (d, JPC = 100.0 Hz, CPh), 

129.2 (d, JPC  = 12.5 Hz, CHPh),128.9 (d, JPC = 10.5 Hz, CHPh), 51.2 (s, CH(CH3)2), 27.9 (d, JPC 

= 8.5 Hz, CH(CH3)2). HRMS (ESI+/Q-TOF): 634.0931 calcd for [C34H31NOP2Rh]+ [M-CO-

Cl]+, found: 634.0930. IR (CH2Cl2): 1972, 1435, 1174, 1109, 1096 cm-1. Elemental analysis for 

C34H31ClNOP2Rh.(0.4 CH2Cl2): calcd, C 58.70, H 4.55, N 1.99; found, C 58.57, H 4.39, N 2.07. 

 

Single-Crystal X-ray Diffraction Analyses. 

For LCH.OTf and [LCRh(CO)2](OTf), single crystals suitable for X-ray diffraction were 

coated with paratone oil and mounted onto the goniometer. The X-ray crystallographic data 

were obtained at 100K from a Rigaku XtaLAB Synergy diffractometer (Cu Kα radiation source) 

equipped with an Oxford Cryosystem. The structures have been solved using Superflip29 and 

refined by means of least-squares procedures on F using the program CRYSTALS.30 The 

scattering factors for all the atoms were used as listed in the International Tables for X-ray 

Crystallography.31 Absorption correction was performed using a MULTISCAN procedure.32 

All non-hydrogen atoms were refined anisotropically. The H atoms were refined with riding 

constraints. For LN Rh complexes, data were collected at 150 K on a Bruker Kappa APEX II 

([LNRh(COD)](BF4) and [LNRh(CO)Cl]) or a Stoe Stradivari ([LNRh(CO)2](BF4)) 

diffractometer using a Mo-κ (λ = 0.71069Å) X-ray source and a graphite monochromator. The 

crystal structures were solved using Shelxt33 or olex34 and refined using Shelxl-97 or Shelxl-

2014.35 ORTEP drawings were made using ORTEP III36 for Windows. Details of crystal data 

and structure refinements are summarized in Tables S1-2. 

 

Molecular Modeling. 

Molecular modeling was performed at density functional theory (DFT) level using consistently 

the Gaussian 16 code.37 Geometry optimization was performed with the help of the B3LYP 

exchange correlation functional38 and the LANLDZ basis set, including pseudopotential for 

heavy atoms (Rhodium). Vibrational frequencies have been obtained within the harmonic 

approximation from the hessian matrix, calculated at the same level of theroy as for the 

geometry optimization. Dichloromethane solvent was implicitly taken into account in all 

calculations by using the polarizable continuum model (PCM)39 as implemented in Gaussian16. 

The oxidation potentials have been estimated considering the differences between the free 
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energy of the reduced, i.e. monocationic, and oxidized, i.e. dicationic, species at the respective 

equilibrium geometries. The same level of theory, i.e. B3LYP/LANL2DZ, has been used and 

free energy has been obtained by the harmonic vibrational frequencies considering the rigid 

rotor approximation, and further converted to electrochemical potentials using the Nernst law. 

To assess the effect of the basis set the NPA charges for the parent complexes have been 

calculated with a triple zeta basis set, namely LANL2TZ(f) for Rh and 6-311G* for the lighter 

atoms, showing no significant differences with those obtained at double-zeta level, and hence 

confirming our choice of the level of theory.  
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With an isopropyl substituent on N atom, the iminophosphorane can compete with the 

phosphonium ylide in terms of electron-donation in cationic cis-[phosphine-ylide RhI(CO)2] 

complexes. 
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