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Abstract. Cp*Rh(III) complexes 1a and 1b (Cp* = 1, 2, 3, 4, 5-pentamethylcyclopenta-

dienyl) having functional N,O chelate ligands have been synthesized and characterized by 
1H, 13C{1H} NMR spectroscopy, elemental analysis, IR spectroscopy and X-ray 

diffraction. Reactivity of these complexes has been investigated towards dehydrogenation 

of alcohols and hydrogenation of ketones. It was found that these compounds are 

precursors to the formation of Rh nanoparticles which serve as catalysts, as evidenced by 

mercury poisoning of the catalysis and direct observation by TEM, EDX, and XRD. 
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Synopsis:  Cp*Rh(III) complexes with functional N,O chelate ligands have been 

synthesized and examined for catalytic activity as alcohol dehydrogenation catalyst 

precursors. 
                                                 

† This article is dedicated to Professor John Gladysz on the occasion of his 65th birthday. 
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1. Introduction 

With the rise in the need for liquid organic hydrogen storage materials [1], 

acceptorless alcohol dehydrogenation (AAD) becomes a favorable atom-economical 

approach for alcohol oxidation [2]. Alcohols and carbohydrates derived from renewable 

biomass present an opportunity for such materials as they can be oxidized with the 

concomitant release of hydrogen [3]. In addition, the carbonyl compounds derived from 

the AAD process can be used for the formation of imines, amides, and esters [4].  

A significant number of catalysts have been discovered for this process [5]. Cp*Ir 

(Cp* = 1,2,3,4,5-pentamethylcyclopentadienyl) catalysts bearing the functional N,O and 

C,N chelating ancillary ligands first developed by Fujita and co-workers caught our 

attention as useful catalysts [6a-b]. The Fujita Cp*Ir catalysts with N,O and C,N 

chelating ligands were efficient for the reversible acceptorless dehydrogenation of 

alcohols. The origin of the exceptional reactivity of the iridium catalysts Cp*Ir(2-

hydroxypyridine)Cl2, and Cp*Ir[(2-OH-6-phenyl)pyridine]Cl (Ir-1. Fig. 1) was 

demonstrated through the protic functional group on the ligand that promotes the release 

of dihydrogen from the metal hydride intermediate. Inspired by the –OH functionality of 

the Fujita catalysts, our group has developed nickel Tp'-stabilized (Tp': tris(3,5-

dimethylpyrazolyl)borate) catalyst incorporating 2-hydroxypyridine [7]. These nickel 

catalysts with functional N, O ligand were efficient in the acceptorless, reversible 

dehydrogenation-hydrogenation of alcohols just as their iridium analogs.  

Employing the Fujita-Yamaguchi catalyst Cp*Ir[(2-OH-6-phenyl)pyridine]Cl, Ir-1, 

we successful demonstrated a tandem catalytic process upgrading ethanol to n-butanol 

with up 99% selectivity [8]. No reaction was observed with the unfunctionalized Cp*Ir(2-

phenylpyridine)Cl catalyst showing the significant role of hydroxyl (-OH) moiety on the 
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Ir-1 catalyst in facilitating the dehydrogenation and hydrogenation steps [6]. With the 

success of the Ir-1 catalyst in both dehydrogenation of primary and secondary alcohols, 

we sought to synthesize the analogous rhodium catalyst, Rh-1 (Fig. 1) with similar 

hydroxyl (-OH) functionality to explore differences in catalytic reactivity for the 

dehydrogenation of alcohols. 

 

Figure 1. Known catalyst Cp*Ir[(2-OH-6-phenyl)pyridine]Cl Ir-1 (left [6b]) and 

proposed catalyst Cp*Rh[(2-OH-6-phenyl)pyridine]Cl, Rh-1 (right).  

2. Results and Discussion 

2.1. Synthesis of Cp*Rh(III) complexes 1a and 1b 

The attempted synthesis of Rh-1 following closely the synthetic procedure used for 

preparation of Ir-1 was unsuccessful [6b]. The reaction of [Cp*RhCl2]2 with 6-phenyl-2-

pyridone in the presence of NaOAc in dichloromethane at room temperature exclusively 

gave the N,O chelated complex 1a rather than the anticipated C,N chelated product, Rh-1 

(Scheme 1). Complex 1a was isolated as a red solid that is stable indefinitely under air 

and moisture. To our surprise, there has been no reported Cp*Rh catalyst with N,O 

chelation. 
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Scheme 1. Preferentially formation of N,O chelation complex 1a over C,N complex Rh-

1 from the reaction of 6-phenyl-2-pyridone and [Cp*RhCl2]2 

 

Employing stronger bases such as PhCO2Na to promote C-H activation [9] of 6-

phenyl-2-pyridone did not give the desired product Rh-1. To confirm the preference for 

N,O chelation a separate experiment was conducted with [Cp*RhCl2]2 and 8-

hydroxyquinoline in the presence of NaOAc in dichloromethane at room temperature. 

Indeed, complex 1b was formed with N,O chelation (eq 1).  

  

(1)

 

Complexes 1a and 1b were characterized by 1H and 13C{1H} NMR spectroscopy, 

elemental analysis, and infra-red spectroscopy. The five-membered metallacycle 1b 

shows the Cp* resonance further downfield at δ 1.71 compared to the four membered 

metallacycle 1a at δ 1.45 in the 1H NMR spectrum in CD2Cl2. Neither C=O nor N-H 

stretches are observed in the solid state IR spectrum. Single crystals suitable for X-ray 

diffraction were obtained for 1a by layering a CH2Cl2 solution with pentane. The 

structure shows a monomeric complex bearing Cp* and a N,O chelate ligand (Fig. 2). In 
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complex 1a the carbon–oxygen bond is 1.295(3) Å, a distance in between that expected 

for a single or double bond. Related N,O chelate complexes of iridium and nickel show 

this delocalized behavior [6a,7].  

Unfortunately, single crystals for 1b were challenging to obtain, but addition of an 

excess of NaOAc to 1b in CH2Cl2 replaced the chloride with an acetate ligand to give 

1b'. Crystals of complex 1b' were obtained by layering a CH2Cl2 in pentane. X-ray 

diffraction confirms the N,O chelated complex with a monodentate acetate ligand (Fig 3). 

The N1-Rh-O1 angle for the five membered metallacycle 1b' is 78.30°, much larger 

compared to 61.92° for the four membered complex 1a. The Rh-O bonds are 2.1581 and 

2.126 Å for 1a and 1b' respectively. In addition, the Rh-N bonds of 2.1357 and 2.090 Å 

are in the normal range of typical Rh-N bond lengths [10]. Complexes 1a and 1b' both 

adopt a 3-legged piano stool configuration. 

 

Figure 2. Thermal ellipsoid drawing of the molecular structure of 1a. Ellipsoids are 

shown at the 50% probability level. Selected bond lengths (Å) and angles [°]:  Rh(1)-

O(1)  2.1581(15); Rh(1)-N(1)  2.1357(17); C(1) -O(1)  1.295(3); N(1)-C(1)  1.361(3); 

N(1)-Rh(1)-O(1);  61.92(6); O(1)-C(1)-N(1)  112.53(18) 
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Figure 3. Thermal ellipsoid drawing of the molecular structure of 1b'. Ellipsoids are 

shown at the 50% probability level. Selected bond lengths (Å) and angles [°]:  Rh (1)-

O(1)  2.126(4); Rh(1)-N(1)  2.090(4); C(1) -O(1)  1.323(7); N(1)-C(8)  1.380(6) ;C(1) -

C(8)  1.428(7); N(1)-Rh(1)-O(1)  78.30(15); O(1)-C(1)-C(8)  118.2(5); C(1)-C(8)-N(1)  

116.1(4);  C(8)-N(1)-Rh(1)  113.7(3); 

2.2. Rhodium vs. iridium selectivity 

Davies and coworkers have reported formation of cyclometalated rhodium and 

iridium complexes with various nitrogen donor ligands using NaOAc to deprotonate the 

C-H bond [11] Following Davies’ synthetic approach, we have reported formation of C,N 

iridium and rhodium complexes from the reactions of  [Cp*MCl2]2  (M = Ir, Rh) and 

substituted phenyl imines and 2-phenypyridines [10]. Consequently, it was surprising for 

the reaction of [Cp*RhCl2]2 with 6-phenyl-2-pyridone to favor the N,O product 1a 

instead of the C,N product, Rh-1. DFT calculations employed on the N,O chelated Rh 

complex 1a versus Rh-1 showed that 1a is 12.6 kcal/mol more thermodynamically 

preferred than Rh-1. Interestingly, the same trend is observed for iridium. The N,O 
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chelation product for iridium, 2a, is more favored than the C,N chelation product Ir-1 by 

8.1 kcal/mol (Scheme 2). On the basis of these calculations one would expect to form 

N,O chelation complexes for both iridium and rhodium and disfavor C,N chelation 

products. However, experimentally, the exclusive formation of 1a (N,O chelation 

product) is seen for rhodium and exclusive formation of Ir-1 (C,N chelation product) is 

seen for iridium. A plausible explanation for this significant difference in reactivity can 

be traced back to the differences in electrophilicity of the metal centers, with iridium 

being the more electrophilic of the two.   

Our group reported that the cationic [Cp*M(OAc)]+ species is responsible for the 

electrophilic C-H activation of phenylpyridines [10]. [Cp*M(OAc)]+ is generated in situ 

from the reaction of [Cp*MCl2]2 and NaOAc. In using 6-phenyl-2-pyridone as the 

chelating ligand we create two competing pathways for the electrophilic metal centers 

(Scheme 2). Pathway A involves deprotonation of the acidic phenol proton Ha to yield 

N,O chelated complexes and pathway B involves C-Hb activation to give C,N chelated 

complexes. We hypothesize that the exclusive formation of 1a with the less electrophilic 

Rh occurs via that the favorable Ha deprotonation (pathway A) by the acetate base to 

acetic acid rather than C-H activation via Hb. However, in the case of the more 

electrophilic [Cp*Ir(OAc)]+, interaction with the phenyl π-system leads to C-Hb 

activation to give Ir-1 as the only product (pathway B).  
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Scheme 2. Pathway for the preferential formation of N,O chelated Rh complex 1a. 

 

2.3. Catalytic activity of 1a and 1b 

With the rhodium complexes 1a and 1b in hand, the dehydrogenation of 1-

phenylethanol to acetophenone with the release of hydrogen was examined. First, the 

thermal stability of the complexes was investigated by monitoring complex 1a or 1b at 

150 °C in p-xylene by 1H NMR spectroscopy over 48 h. Approximately 30–40% of 

complex 1a slowly decomposed over that time period. In contrast approximately 10% of 

1b decomposed after 48 h. The decomposition products were NMR silent making their 

identification difficult.  

Employing 10 mol% of catalyst 1a, 1-phenylethanol was heated in toluene-d8 at 115 

°C, resulting in an 80 % conversion of 1-phenylethanol to acetophenone (79 % yield). 

Lowering the catalyst loading to 1 mol% of 1a did not affect the conversion and yield of 

acetophenone.  Changing the solvent to p-xylene and heating to 150 °C for 24 h with 1 

mol % catalyst 1a results in 100% conversion of 1-phenylethanol to give 100% yield of 

acetophenone with the release of hydrogen (eq 2). In a separate experiment, 1 mol% of 
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1b can yield 100% of acetophenone from 1-phenylethanol under similar reaction 

conditions.  

  

(2)

 

To test the homogeneity of the system we ran the dehydrogenation reaction after the 

addition of 2 drops of mercury for 24 h with 1 mol% of either 1a or 1b in p-xylene. For 

both catalysts we observe a shutdown of the dehydrogenation reaction. Minimal 

formation of acetophenone is observed in the 1H NMR spectrum (< 10 %). To confirm if 

the reaction was indeed being catalyzed heterogeneously, the formation of acetophenone 

was monitored over 4 h by 1H NMR spectroscopy. A plot of the formation of 

acetophenone over time does not display clean first order kinetics as expected for a 

homogeneous catalyst (see Supplementary Information). These observations point to the 

involvement of nanoparticles.  

Additional evidence for nanoparticle formation was obtained by examining the 

residue left after evaporation of the solution following a dehydrogenation of 1-

phenylethanol by TEM. EDX spectroscopy confirmed the presence of rhodium in the 

particles. The size of the particles was determined by XRD examination of the material, 

which indicated a ~2 nm diameter (See Supporting Information). Loss of a Cp* ligand to 

form an active transfer hydrogenation catalyst has been observed previously [12], and 

rhodium nanoparticles have recently been reported to dehydrogenate alcohols [13].  

These results are quite surprising considering that the reported iridium and nickel N,O 

complexes appear to be homogenous catalysts in the dehydrogenation of alcohols to 

carbonyl compounds [6a,7]. Rhodium nanoparticles have been reported previously to 
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facilitate dehydrogenation of ammonia-borane [14]. In addition only a few homogeneous 

rhodium catalysts can participate in acceptorless dehydrogenation [15,5b], though no 

rhodium N,O complexes have been reported for dehydrogenation reactions to our 

knowledge.  

Complex 1a was tested for hydrogenation catalysis. As shown in equation 3, 

hydrogenation with 5 atm hydrogen at 150 °C leads to a product in which complete 

hydrogenation of both the ketone and the aromatic ring has taken place. A small quantity 

of cyclohexyl methyl ketone is observed, indicating that hydrogenation of the aromatic 

ring is more facile than hydrogenation of the ketone moiety. This observation is 

consistent with the known reports that heterogeneous rhodium catalysts can hydrogenate 

arenes to cyclohexanes [16-19].  Use of 1 atm of H2 in neat acetophenone produces a 1:1 

ratio of these products after 24 h at 150 °C. 

  

(3)

 

3. Experimental Section 

3.1. General considerations 

Unless otherwise noted, all of the organometallic compounds were prepared and 

handled under a nitrogen atmosphere using standard Schlenk and glovebox techniques. 

Dry and oxygen-free solvents (CH2Cl2, and pentane) were collected from an Innovative 

Technology PS-MD-6 solvent purification system and used throughout the experiments. 

Other solvents such as CD2Cl2 and CDCl3 were used as received from commercial 

sources. 1H and 13C{1H} NMR spectra were recorded on a Bruker Avance-400 NMR 

spectrometer. Chemical shift values in 1H and 13C{1H} NMR spectra were referenced 
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internally to the residual solvent resonances. Infrared spectra were recorded in the solid 

state on a Thermo Scientific Nicolet 4700 FT-IR spectrometer equipped with smart orbit 

diamond attenuated total reflectance (ATR) accessory. Elemental analysis was performed 

by the University of Rochester using a Perkin Elmer 2400 Series II elemental analyzer in 

CHN mode. TEM images and EDX spectra were recorded on a FEI Tecnai F20 G2 

Scanning Transmission Electron Microscope (S)TEM at the URNano Center. XRD data 

were obtained on a Philips Powder X-ray diffractometer in the Mechanical Engineering 

X-ray Analysis Laboratory at the University of Rochester. 

3.2. Preparation of Cp*RhCl(6-phenylpyridone), 1a 

[Cp*RhCl2]2 (50 mg, 0.081 mmol), 6-phenyl-2-pyridone (28 mg, 0.162 mmol), 

NaOAc (17 mg, 0.207 mmol), and 2 mL of dichloromethane was added to a flame-dried 

Schlenk flask. The resulting red solution was stirred at room temperature for 24 h after 

which the solution was filtered through Celite and the filtrate was evaporated under 

vacuum to obtain a red material. This solid was washed with ~5 mL of pentane and ~1 

mL of toluene and dried further in vacuo to afford 1a (48 mg, 69 %). 1H NMR (500 

MHz, CD2Cl2): δ 7.92 (d, J = 6.9 Hz, 2H, ArH), 7.53–7.34 (m, J = 13.5, 7.4 Hz, 4H, 

ArH), 6.54 (d, J = 7.1 Hz, 2H, ArH), 6.06 (d, J = 8.5 Hz, 2H, ArH), 1.45 (s, 15H, C5Me5); 

13C{1H}  NMR (126 MHz, CD2Cl2): δ 176.81 (CO), 155.63 (ArC), 139.90 (ArC), 129.26 

(ArC), 129.25 (ArC), 129.06 (ArC), 92.83 (ArC), 92.77 (ArC), 9.23 (C5Me5). Anal. Calcd 

for C21H8ClNORh: C, 58.84; H, 1.88; N, 3.27. Found: C, 59.20; H, 1.73; N, 3.01. 

3.3. Preparation of Cp*RhCl(8-hydroxylquinoline), 1b 

[Cp*RhCl2]2 (200 mg, 0.324 mmol), 8-hydroxylquinoline (94 mg, 0.647 mmol), 

NaOAc (68 mg, 0.828 mmol), and 10 mL of dichloromethane was added to a flame-dried 
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Schlenk flask. The resulting red solution was stirred at room temperature for 24 h after 

which the solution was filtered through Celite. The filtrate was evaporated under vacuum 

to obtain a red material. This solid was washed with ~15 mL of pentane and dried further 

in vacuo to afford the 1b (110 mg, 81 %). 1H NMR (400 MHz, CD2Cl2): δ 8.55 (d, J = 

4.7 Hz, 1H), 8.11 (d, J = 8.4 Hz, 1H), 7.39 (dd, J = 8.3, 4.8 Hz, 1H), 7.33 (t, J = 8.0 Hz, 

1H), 6.86 (d, J = 7.9 Hz, 1H), 6.81 (d, J = 7.4 Hz, 1H), 1.71 (s, 15H). 13C{1H} NMR (126 

MHz, CD2Cl2): δ 167.76 (s), 146.87 (s), 145.68 (s), 138.13 (s), 131.22 (s), 130.82 (s), 

122.69 (s), 114.86 (s), 93.88 (s), 93.81(s), 9.14 (s). Anal. Calcd for C19H21ClNORh: C, 

54.63; H, 5.07; N, 3.35. Found: C, 53.61; H, 5.13; N, 3.15. 

3.4. Dehydrogenation of 1-phenylethanol to acetophenone 

Complex 1a or 1b (26 μmol) and 1-phenylethanol (2.6 mmol, 326 μL) were mixed 

with 0.5 mL of p-xylene in a 3 mL flame-dried ampoule. The solution color was light 

orange. The ampoule was sealed and stirred at 150 °C for 24 h. After the reaction, the 

solution was cooled to room temperature, filtered through a short silica gel column, and 

eluted with diethyl ether (0.3 mL). The resulting filtrate was evaporated under vacuum to 

afford an oily residue. The 1H NMR spectrum in CDCl3 of the product showed 

acetophenone as the only product. Dehydrogenation of 1-phenylethanol (1 mol % catalyst 

1a or 1b) in the presence of 2 drops of elemental mercury shut down catalytic activity. 

3.5. Hydrogenation of acetophenone at 1 atm and 5 atm H2 

Complex 1a (42.8 μmol) and acetophenone (4.28 mmol, 500 μL) were mixed in a 500 

mL round bottom flask. The sample was placed under 1 atm H2 heated at 150 °C for ~24 

h. After the reaction, the solution was cooled to room temperature. The mixture was 

filtered through Celite in a glass pipette, and the filtrate diluted with THF. Examination 
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of the product by GC showed the complete disappearance of acetophenone and the 

appearance of both cyclohexyl methyl ketone and 1-cyclohexylethanol in a 1:1 ratio. 

Complex 1a (12.8 μmol) and acetophenone (1.28 mmol, 150 μL) were mixed with 

0.25 mL of p-xylene in a Teflon-lined Parr bomb reactor (50 mL). The sample was 

placed under 5 atm H2 heated at 150 °C for ~2 h. After the reaction, the solution was 

cooled to room temperature and the reactor vented. The mixture was filtered through 

Celite in a glass pipette, and the filtrate diluted with THF. Examination of the product by 

GC showed the complete disappearance of acetophenone and the appearance of both 

cyclohexyl methyl ketone and 1-cyclohexylethanol in a 6:1 ratio.   

 

4. Conclusions 

In summary, we have demonstrated the synthesis of N,O chelated Rh complexes 1a 

and 1b. The catalysts decompose upon heating to give nanoparticles, which in turn can 

efficiently dehydrogenate 1-phenylethanol to give 100 % yield of acetophenone with the 

release of hydrogen. However, hydrogenation of acetophenone leads to both cyclohexyl 

methyl ketone and 1-cyclohexylethanol. The involvement of rhodium nanoparticles was 

indicated by inhibition using elemental mercury and direct observation using TEM. 
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Appendix A. Supplementary Information 

X-ray crystallographic data for 1a and 1b' are included.  CIF files giving 

crystallographic information, including data collection parameters, bond lengths, 

fractional atomic coordinates, and anisotropic thermal parameters, for complexes 1a and 

1b' have been deposited with the CCDC (1503278-1503279) and NMR spectra for the 

complexes. GC traces for the hydrogenations are shown. TEM, EDX, and XRD data for 

the nanoparticles. This material is available free of charge via the Internet at 

http://dx.doi.org/10.1016/j.jorganchem.xxxxxxxxxxxxx 
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