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Single-atom Rh catalysts present superior activity relative to homogeneous catalyst in1

olefins hydroformylation, yet with limited success in regioselectivity control. In the2

present work, we develop a novel phosphorus coordinated Rh1 single-atom catalyst3

with nanodiamond as support. Benefiting from this unique structure, the catalyst4

exhibits excellent activity and regioselectivity for the hydroformylation of5

arylethylenes with wide substrate generality, i.e., with high conversion (>99%) and6

high regioselectivity (>90%), which is comparable with the homogeneous7

counterparts. The coordination interaction between Rh1 and surface phosphorus8

species is clarified by 31P solid-state NMR and X-ray absorption spectroscopy (XAS).9

Rh single atoms are firmly anchored over nanodiamond through Rh-P bonds,10

guaranteeing good stability in the hydroformation of styrene even after six runs.11

Finally, by using this new catalyst, two kinds of pharmaceutical molecules, Ibuprofen12

and Fendiline, are synthesized efficiently with high yields, demonstrating a new13

prospect of single-atom catalyst in pharmaceutical synthesis.14

15



Hydroformylation of olefins affords a significantly important industrial process for1

aldehydes synthesis1-5. Homogeneous Rh catalysts with various phosphorus ligands2

have been widely used in this process for the superior activity and selectivity6-12.3

Despite intensive research in homogeneous Rh-catalyzed hydroformylation, only a4

few examples succeeded in industry up to now13-16. Catalyst separation is an important5

issue, and remains challenging in most cases. Compared with homogeneous catalysts,6

heterogenized homogeneous Rh complex or supported Rh nanoparticles developed for7

hydroformylation have advantages in stability and catalyst recycling, but usually8

present much lower activities and/or selectivities17-22. Therefore, designing efficient9

heterogeneous Rh catalysts is highly desirable.10

11

12
Scheme 1 The established Rh SACs (a and b) and the present Rh1/PNP-ND catalyst (c) for13

regioselective hydroformylation of vinyl arylenes.14



Recently, single-atom catalysts (SACs) are emerged as a new type of1

heterogeneous catalysts, which have demonstrated unexpectedly high specific activity2

in many reactions23-32. The notable characteristic of such kind of catalyst is that active3

sites are atomically dispersed metal centers on supports. The remarkable reactivity of4

SACs was related to highly efficient use of metal atoms, and the coordination of metal5

centers with adjacent heteroatoms (O, N, or other metal atoms). The identical6

coordination environment of isolated metal centers often offered the selectivity7

comparable to homogeneous counterparts. In the pioneer work in SACs-catalyzed8

hydroformation, Zhang et. al demonstrated that Rh1/ZnO nanowires SAC showed9

comparable activity to homogeneous Wilkinsonʼs catalyst in the hydroformylation of10

styrene33. Although superior activity was obtained, the isolated Rh single atoms on11

ZnO nanowires failed to control the regioselectivity of this process, which was an12

important issue in hydroformylation. The ratio of branched and linear aldehydes (b/l)13

maintained at 1:1 when ZnO supported Rh nanocluster was replaced by Rh SAC14

(Scheme 1a). Recently, the same group devised a Rh1/CeO2 SAC for the15

hydroformylation of styrene in the presence of CO, giving a branched/linear aldehyde16

(b/l) ratio of 1:3 (Scheme 1b)34. The mechanism investigation revealed that in situ17

hydrogen was generated from Rh1/CeO2 SAC-catalyzed water-gas shift reaction, and18

exhibited a crucial role in regioselectivity. Ding and coworkers designed a series of19

porous organic copolymers (POPs) through polymerization of various phosphorus20

ligands, which served as polymer matrix to coordinate with Rh species35-38. Such21

POPs based Rh catalysts presented high activity (TOF > 1200 h-1) with excellent22



regioselectivity to linear aldehydes (l/b > 24:1) for the hydroformylation of propene.1

The authors claimed that partial Rh species were transformed into Rh single-atoms2

during reaction. Very recently, inorganic phosphorus modified Rh nanoparticles on3

SiO2 was employed in styrene hydroformylation, affording a b/l molar ratio of 55:454

with an excellent turnover frequency (1496 h-1)39. Therefore, combining the advantage5

of regioselective homogeneous Rh-P complex and efficient heterogeneous catalysts,6

P-modified Rh SACs might hold great potential in industrial applications. However,7

the successful preparation of P coordinated metal single-atom catalyst was rarely8

reported. Until recently, Li and co-workers reported a graphitic P coordinated Fe9

single-atom catalyst, which displayed excellent catalytic performance in10

hydrogenation and reductive amination reactions for the production of various amines11

as well as drug targets40.12

Herein we report the preparation of nanodiamond-supported phosphorus13

coordinated Rh1 species, abbreviated as Rh1/PNP-ND, for aqueous biphasic14

hydroformylation reactions. In the hydroformylation of styrene, Rh1/PNP-ND15

afforded the highest activity compared to other heterogenized homogenous Rh16

catalysts and conventional supported Rh catalysts. The regioselectivity towards17

branched aldehyde α-phenylpropionaldehyde was high, with a b/l molar ratio up to18

13.3:1 (Scheme1c). Such distinct branched regioselectivity was comparable to that of19

homogeneous catalysts. Moreover, the original activity and the regioselectivity for the20

branched α-arylpropionaldehydes still maintained after six runs, suggesting highly21

stable coordination structure of Rh-P. Besides, various vinyl arenes were converted to22



the corresponding α-arylpropionaldehydes with remarkable catalytic activity,1

chemoselectivity, and regioselectivity under mild conditions, indicating the generality2

of the catalyst. With this efficient hydroformylation protocol, two pharmaceutical3

molecules Ibuprofen and Fendiline, were synthesized in a step- and atom- economical4

manner with high yields.5

6

7

Fig.1 The synthesis of Rh1/PNP-ND. a Schematic illustration for synthesizing Rh1/PNP-ND. b8

Catalytic hydroformylation of styrene over the synthesized Rh samples. c Solid state 31P NMR9

data.10

11

Results12

Synthesis and characterization of Rh1/PNP-ND. Pristine and functionalized13

nanodiamond have been employed as catalyst or support in various catalytic14

transformations. Structurally, nanodiamond comprised of diamond core (sp3 carbon)15

and graphene surface (sp2 carbon) after annealing at high temperature. It is well16

known that dispersible ND possessed abundant carboxyl and hydroxyl groups on the17



graphene surface (further confirmed by XPS analysis in Fig. 2b). The synthesis1

procedure for Rh1/PNP-ND by taking advantage of substantial carboxyl groups was2

illustrated in Fig. 1a (detailed information was shown in Supplementary Table 1). To3

begin with our work, a surface modification method was used to graft PNP pincer4

ligand bis[2-diphenylphosphinoethyl]amine covalently on ND. The surface carboxyl5

groups selectively reacted with the amino groups of PNP ligands with the catalysis of6

condensation agents in step 1, giving the PNP-ND samples. Subsequently, PNP-ND7

was impregnated in an organic solution of [Rh(COD)Cl]2 precursor in step 2. Rh8

species were anchored on PNP-ND via the coordination interaction with surface PNP9

ligand, and then reduced under hydrogen at 120 ℃ for 2 h. The catalytic performance10

of the Rh samples was screened in styrene hydroformylation (Fig.1b), which was11

proven to be sensitive to the condensation agents, the solvent, and temperatures in12

synthesis process (The catalytic data were summarized in Supplementary Table 1).13

When NMM (N-methyl morpholine) and CDMT14

(2-Chloro-4,6-dimethoxy-1,3,5-triazine) was used as condensation agent in step 1,15

and THF was chosen as solvent in step 2, the obtained sample (denoted as16

Rh1/PNP-ND except otherwise defined ) gave the highest activity (>99% conversion)17

with 81% regioselectivity towards branched α-phenylpropionaldehyde (b/l=4.2:1). 31P18

solid-state NMR spectroscopy in Fig.1c provided the direct evidence of successful19

anchoring Rh species on PNP-ND. The 31P NMR spectra of PNP-ND presented one20

peak at 32.1 ppm, corresponding to the PNP ligands immobilized on ND surface. By21

contrast, Rh1/PNP-ND exhibited a major peak for immobilized PNP ligands at 32.122



ppm, and a new peak at 94.6 ppm. The 31P chemical shift is a sensitive indicator of the1

coordination state of PNP pincer ligands41-43. The downfield shift of phosphorus2

resonance was attributed to the coordination of PNP pincer ligands with Rh though3

the P donor. This evidences PNP ligands served as hosts for Rh anchoring. X-ray4

photoelectron spectroscopic (XPS) measurements demonstrated the presence of Rh, P5

and N elements on Rh1/PNP-ND (Fig. 2). The spectra of P 2p displayed two peaks at6

133.6 and 132.7 eV after deconvolution (Fig. 2c). The former peak centered at high7

binding energy was attributed to P species coordinated with Rh, while the latter one8

was assigned to uncoordinated PNP. The interpretation of the C1s peak (Fig. 2b)9

revealed three peaks. The peaks at 284.6 and 285.9 eV were assigned to sp2 and sp310

carbon atoms respectively. The peak at 287.0 eV represents C=O like carbon atoms11

(mainly carboxyl groups). The molar ratio of sp2/sp3/ C=O like carbon species on the12

surface was 56:19:25, which revealed an enriched graphene surface with large13

amounts of carboxyl groups. The binding energy of Rh 3d5/2 showed two peaks at14

309.6 and 308.6 eV, respectively (Fig. 2d), which is much higher than that of metallic15

(306.9 eV) in literature33, indicating positively charged Rh state. According to the16

result of inductively coupled plasma atomic emission spectrometry (ICP-AES), the17

loading of metal Rh species on PNP-ND is 0.5 wt%.18



1
Fig.2 The surface chemical composition and chemical state of Rh1/PNP-ND. a XPS survey2

spectra. b C 1s spectra. c P 2p spectra. c Rh 3d spectra.3

4
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Fig.3 Structure and Morphology characterization of Rh1/PNP-ND. a TEM image. b2

HAADF-STEM image. c-f AC-HAADF-STEM images.3

4

Rh1/PNP-ND was further characterized with atomic-resolution characterization5

techniques. High resolution transmission electron microscopy (HRTEM) revealed that6



the diameter of ND particles is about 5-10 nm, and no Rh clusters was observed (Fig.1

3a). The high dispersion of Rh species was further confirmed by the results from2

HAADF-STEM with low magnification (Fig. 3b). In order to determine the dispersion3

states of Rh atoms, Rh1/PNP-ND was investigated by the aberration-corrected4

high-angle annular dark-field scanning transmission electron microscopy5

(AC-HAADF-STEM). As shown in Fig. 3c-3f, isolated bright spots were exclusively6

probed on Rh1/PNP-ND, revealing the atomically dispersed Rh atoms.7

Fig.4 The Rh XAS data of Rh1/PNP-ND and standard Rh materials. a The normalized XANES8

spectra at the Rh K-edge of the Rh1/PNP-ND, [Rh(COD)Cl]2, Rh2O3, and Rh foil. b The Fourier9

transform of k2-weighted EXAFS spectra at the K-edge of the Rh1/PNP-ND, [Rh(COD)Cl]2, Rh2O3,10

and Rh foil. c The experimental Rh EXAFS spectra (black line) and the fitting curve of11

Rh1/PNP-ND (red line).12

13

a b
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Table 1 The best-fitted EXAFS results of Rh1/PNP-ND and the corresponding1

standard samplesa2

Sample Shell CN R(Å) σ2 (10-2 Å2 ) ∆E0 (eV) r-factor (%)

Rh foil Rh-Rh 12.0 2.71 0.3 -15.5 0.7

Rh2O3 Rh-O 6.0 2.02 0.4 -7.1 0.3

[Rh(COD)Cl]2 Rh-C 4.0 2.11 0.3 -0.1 0.2

Rh-Cl 2.0 2.41 0.3 -0.1

Rh1/PNP-ND Rh-C/O 5.0 2.08 0.3 -3.7 0.2

Rh-P 1.6 2.38 0.3 -3.7

aCN is the coordination number for the absorber-backscatterer pair, R is the average3

absorber-backscatterer distance, σ2 is the Debye-Waller factor, and ∆E0 is the inner potential4

correction. The accuracies of the above parameters are estimated as CN, ±20%; R, ±1%; σ2, ±5

20%; ∆E0 , ±20%. The data range used for data fitting in k-space (∆k) and R-space (∆R) are6

2.9-12.8 Å−1 and 1.0-2.2 Å, respectively.7

8

The X-ray adsorption fine structure (XAFS) was employed to determine the9

electronic states and the local coordination environment of the Rh single atoms. The10

X-ray absorption near edge structure (XANES) of Rh1/PNP-ND clearly showed that11

the Rh species on Rh1/PNP-ND were positively charged (Rhδ+, 1<δ<3), in comparison12

with those of [Rh(COD)Cl]2 and Rh2O3 (Fig. 4a). It is in good agreement with the13

XPS spectra of Rh 3d5/2 on Rh1/PNP-ND. Furthermore, we probed the local14

coordination environment of isolated Rh atoms by using Fourier-transformed15

k2-weighted extended X-ray absorption fine structure (EXAFS) in R space. The16



sample displayed a major scattering peak at 1.5 Å, which was ascribed to the first1

coordination shell of Rh-C or Rh-O (Fig. 4b). In a related work recently reported by2

Ma and co-workers, similar results were obtained from the EXAFS spectra of a Cu3

single-atom catalyst on ND25. The authors decisively assigned the peak at 1.5 Å to the4

first coordination shell of Cu-C. In the present work the contribution of Rh-O5

scattering was not excluded, considering the Rh species with high oxidation states6

observed from XPS spectra. The unresolved peak appeared at about 1.9 Å in Fig.4b,7

suggesting the first coordination shell of Rh-P. This finding evidences that Rh single8

atoms anchored on PNP-ND were coordinated with P species, which has been9

confirmed from the results of 31P solid-state NMR and XPS. The best-fitted EXAFS10

results of Rh1/PNP-ND and the corresponding standard samples in the first shell is11

shown in Fig. 4d and Table 1. Rh1/PNP-ND showed a Rh-C/O coordination at 2.08 Å12

with CN of 5.0. The CN of Rh atom with P atoms was 1.6, with a mean bond length13

of 2.38 Å, which matched approximately with the bidentate chelation of PNP pincer14

ligands on ND. Based on the above results, the isolated Rh atoms were stabilized by15

surrounding C/O atoms and P atoms. It is well known that the chelation of phosphine,16

especially bidentate phosphine, was much stronger than O or C in organometallic17

complex, herein we proposed that bidentate phosphine of PNP-ND played a18

predominant role in the coordination chemistry of Rh single atoms.19

In situ CO-diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS)20

was proven to be a reliable approach to determine single-site Rh species. CO adsorbed21

on Rh clusters in bridged adsorption state usually gave a representative peak in the22



range of 1800-1900 cm-1. For atomically dispersed Rh atoms, the IR spectra differed1

from that of Rh clusters, in which only the bands related to linear CO and dicarbonyl2

species were presented. Fig. 5 showed the IR spectra of Rh1/PNP-ND upon exposure3

to CO/He (0.2 v/v%) and then He. It is notable that no peaks in the region of4

1800-1900 cm-1 characteristic of bridged-CO species were observed, indicating the5

absence of dimeric Rh-Rh species or Rh clusters43. A broad band at 2172 cm-1 was6

observed in the presence of CO and disappeared upon helium purging. This band was7

attributed to gaseous CO or physically adsorbed CO. Two resolved bands at 2079 and8

2008 cm-1, and a shoulder band at 2112 cm-1 retained the intensities upon helium9

purging. The bands at 2112 and 2008 cm-1 were assigned to the dicarbonyl species10

bonded to Rhδ+ species (0<δ<1), and the band at 2079 cm-1 was associated with linear11

CO on Rh0 atoms. In addition, as purging gas changed from CO/He to He, the12

position of IR peaks for linear-adsobed CO keeps invariant with the decrease in CO13

coverage. This phenomenon is a distinctive characteristic of CO adsorption on14

isolated Rh atoms27.15

16



1

Fig. 5 In situ CO-DRIFTS spectra of Rh1/PNP-ND in the presence of 0.2 % CO/He (v/v) and He.2

Flow rate is 20 mL min-1, room temperature.3

4

Table 2 Screening of various Rh catalysts in the hydroformylation of styrene.5

Entry Catalyst t (h) Conv. (%) Sel.aCHO (%) b/lb

1 Rh1/PNP-ND 10 77 >99 12.4:1

2 Rh-PNP/ND 10 44 98 4.7:1

3 [Rh(COD)Cl]2/ND 10 17 94 2.0:1

4 RhCl3/ND 10 29 96 1.2:1

5 Rh NPs/ND 10 11 91 1.9:1

6 Rh1/PNP-ND 6 34 >99 12.9:1

7 Rh1/PNP-ND 16 >99 >99 13.1:1

8c Rh1/PNP-ND 16 >99 >99 12.7:1

Reaction conditions: 3 mmol substrate, 50 mg catalyst, 15 mL toluene, 15 mL H2O, 3.0 MPa6

syngas (CO/H2=1), 50 °C. aThe selectivity for aldehydes products. bThe molar ratio of7

branched aldehydes/linear aldehydes. cThe 6th run.8

9



Hydroformylation over Rh1/PNP-ND. As shown in Table 2, Rh1/PNP-ND and other1

heterogenized homogenous and traditional supported Rh catalysts were screened in2

the hydroformylation of styrene in a benzene/water biphasic system with syngas3

(CO/H2=1). Under the standard reaction conditions (toluene/H2O=1:1, 3.0 MPa4

syngas, 50 ℃, and 10 h), the catalytic performance was compared in terms of activity,5

chemoselectivity to aldehydes, and regioselectivity to branched aldehyde. The6

chemoselectivities for aldehydes over all the tested catalysts were >90%, especially7

for Rh1/PNP-ND, over which >99% selectivity towards aldehydes was obtained.8

Besides Rh1/PNP-ND, a heterogenized Rh catalyst was synthesized though9

immobilizing Rh-PNP complex on unmodified ND by electrostatic adsorption10

(denoted as Rh-PNP/ND). These two catalysts were compared, in order to gain the11

insight into the effluence of the coordination environment of Rh species on the12

catalytic performance. Rh-PNP/ND gave 44% conversion with a b/l ratio of 4.7:1. In13

comparison, Rh1/PNP-ND exhibited 77% conversion with the b/l ratio up to 12.4:1.14

Unligated [Rh(COD)Cl]2/ND prepared by directly immobilizing [Rh(COD)Cl]2 on15

ND, gave much lower activity (17% conversion) with inferior regioselectivity16

(b/l=2.0). RhCl3/ND showed a quite low b/l ratio of 1.2:1 at 29% conversion. A17

conventional heterogeneous catalyst, ND supported Rh nanoparticles (Rh NPs/ND),18

was also tested. Only 11% conversion was achieved, with a b/l ratio of 1.9:1. As19

prolonging reaction time, >99% conversion was achieved within 16 h, with a b/l ratio20

as high as 13.1:1. Moreover, our Rh1/PNP-ND catalyst could be reused for at least 621

times without loss of initial activity and regioselectivity. Complete conversion was22



readily achieved with a b/l ratio of 12.8:1 in the 6th run, indicating the good stability.1

This experiment confirmed that no obvious Rh leaching or structure damage during2

reaction due to the strong coordination between Rh with PNP-ND. To our delight,3

Rh1/PNP-ND was exclusively dispersed in aqueous phase, after reaction the catalyst4

was spontaneously separated from the reaction mixtures (see in Fig. 1b).5

Structure-performance relationship. According to the catalyst screening results,6

uncoordinated Rh nanoparticles (Rh NPs/ND) or ionic Rh(III) species (RhCl3/ND) on7

ND gave inferior regioselectivity towards branched aldehyde, and similar trend was8

obtained with 1,5-cyclooctadiene coordinated Rh(I) species ([Rh(COD)Cl]2/ND). The9

above results indicate the crucial role of phosphorus coordination in branched10

regioselectivity. The notable regioselectivity of Rh1/PNP-ND (b/l=13.1:1) was related11

to the coordination of one isolated single Rh atom with two P atoms. In contrast, if the12

Rh-PNP complex was initially formed and then adsorbed on ND, the formed13

Rh-PNP/ND catalyst gave decreased regioselectivity (b/l=4.7:1), suggesting14

physically mixing of Rh-PNP complex and ND failed to control the regioselectivity. It15

clearly evidenced that the covalently bonded PNP ligand was essential for high16

regioselectivity.17

18

19

20

21

22



Table 3 Rh1/PNP-ND catalyzed hydroformylation of substituted vinyl arenes.1

Entry Substrate Conv. (%) Sel.aCHO (%) b/lb

1 >99 99 6.7:1

2 >99 99 7.5:1

3 68 99 10.1:1

4 >99 98 13.3:1

5 >99 99 10.2:1

6 44

(>99)c

99

(99)

11.5:1

(13.3:1)

7 >99 99 15.7:1

8 >99 99 10.1:1

9 >99 98 11.5:1

10d 98 99 6.2:1

Reaction conditions: 3 mmol substrate, 50 mg catalyst, 15 mL toluene, 15 mL H2O, 3.0 MPa2

syngas (CO/H2=1), 50 °C, 24 h. aThe selectivity for the aldehydes products. bThe molar ratio3

of branched aldehydes/linear aldehydes. c60 h, d36 h.4

5

Substrate scope. The substrate scope was explored to evaluate the generality of this6

catalytic system. Table 4 illustrated that vinyl arenes could be transformed to the7



corresponding aldehydes with excellent chemoselectivities in all cases. Most1

substituted vinyl arenes exhibited >99% conversion with excellent regioselectivities2

(>90%), indicating the high efficiency of Rh1/PNP-ND. However, sterically crowded3

2-fluorostyrene and 2-chlorostyrene gave 68 and 44% conversion within 24 h,4

resepectively, indicating the strong steric hindrance effect of ortho- substituents on5

activity. Further extending reaction time to 60 h afforded full conversion of6

2-chlorostyrene with high regioselectivity (b/l=13.1). The electronic effect of the7

substitutes on regioselectivity was also proved. For instance, para-methyl- and8

para-methoxy-substituted vinylarenes afforded relatively low regioselectivities9

towards the branched aldehydes, resectively, compared to styrene as well as the halo10

substituted para-vinylarene. 2-Vinylnaphthalene was considered as hardly reactive in11

toluene/water biphase system because of the large steric hindrance and the extremely12

low water solubility45-48. To our delight, 2-vinylnaphthalene was also quite reactive in13

the present system, giving 98% conversion, high chemoselectivity (>99%) and a b/l14

ratio of 6.2:1 with prolonged time (36 h).15

For vinyl arenes with insufficient water solubility, the hydroformylation slowly16

occurred at the water/organic interface and severely limited by mass transport. In the17

present work, PNP-ND worked as an effective mass transfer promoter for its18

hydrophobic core and hydrophilic surface. Due to this reason, insoluble vinyl arenes19

were readily diffused onto the surface of Rh1/PNP-ND, and then migrated to the20

highly dispersible single Rh atom sites. Thus, the reaction rate was greatly accelerated21

in consequence.22



Applications in pharmaceutical synthesis. The application of heterogeneous1

single-atom catalysis in pharmaceutical synthesis was rarely reported in the previous2

literatures40. Herein, we conducted two synthetic transformations for preparing two3

pharmaceutical molecules Ibuprofen and Fendiline, in order to demonstrate the4

practicability of the present Rh1/PNP-ND catalyzed hydroformylation. As shown in5

Fig. 6a, a gram-scale of hydroformylation of 4-isobutylstyrene was efficiently6

conducted, giving the target branched aldehydes of 92% yield. Then the formed7

intermediate aldehyde was subjected to mild aqueous oxidation (NaClO2, KHPO2,8

2-methyl-2-butene, t-BuOH, H2O, 0 ℃ to r.t., 1h) in a highly selective manner49.9

Finally, Ibuprofen was obtained in an overall isolated yield of 85%. Moreover, a10

convenient synthetic route to Fendiline was furnished with one-pot11

hydroformylation/amination reaction (Fig. 6b). Remarkably, sterically hindered12

1,1-diphenylethylene could be converted into the corresponding linear aldehyde in13

91% yield, followed by reductive amination with 1-phenylethylamine in the presence14

of 4.0 MPa H2. With this methodology the overall yield of Fendiline was as high as15

87%, which was comparable with that using homogeneous rhodium-carbene16

complexes50.17

18



1

Fig.6 The synthetic routes for Ibuprofen and Fendiline via Rh1/PNP-ND catalyzed2

hydorformylation. a For the hydroformylation step, 200 mg Rh1/PNP-ND, 30 mL toluene, 30 mL3

H2O, 40 °C, 24 h, 3.0 MPa CO/H2, isolated yield; for the oxidation step, 20 mL t-BuOH, 15 mL4

aq. NaH2PO4 solution (1.70 M), and 15 mL aq. NaClO2 solution (1.0 M), 1 h, isolated yield. b for5

hydroformylation step, 300 mg Rh1/PNP-ND, 15 mL toluene, 15 mL H2O, 110 °C, 24 h, 3.0 MPa6

CO/H2 (CO/H2=2), GC yield; for reductive amination step, 300 mg Rh1/PNP-ND, 1.1 eq.7

1-phenylethylamine, 30 mL ethanol, 120 °C, 24 h, 4.0 MPa H2, isolated yield.8

9

Discussion10

In summary, we have developed a P-coordinated Rh single-atom catalyst11

(Rh1/PNP-ND) by using dispersable nanodiamond as support. Systematic12

investigation revealed that each isolated Rh atom was firmly anchored on13

nanodiamond through the bidentate chelation with two P atoms. This unique structure14

was analogous to homogeneous Rh-P complex catalysts, and highly related to the15

remarkable catalytic performance of Rh1/PNP-ND in hydroformylation of a series of16

vinyl arenes. Consequently, diverse α-arylpropionaldehydes, including two important17

drug intermediates, were produced with excellent yields in a green and efficient way.18



Our work opened a new prospect of single-atom catalyst in pharmaceutical synthesis.1

Methods2

Synthesis of PNP-ND. Diphenylphosphine (14.0 mL, 80 mmol) was added to a3

solution of sodium tert-butoxide (14 g, 125 mmol) in anhydrous THF (300 mL) under4

an nitrogen atmosphere at room temperature. After that, bis(2-chloroethyl)amine5

hydrochloride (7.15 g, 40 mmol) was added with strong stirring. The slurry was6

stirred for 18 h under reflux. 400 mL of hexane was poured into the solution to7

quench the reaction. The organic phase was washed with an 10% aqueous NaOH,8

saturated aqueous NaCl solutions, and an aqueous 2 N HCl solution. Thus a dense9

white precipitate of hydrochloride was obtained. Re-crystallization from of boiling10

acetonitrile gave a yield of 90% (17.2 g).11

The nanodiamond support (50 mg, XFNANO) was dispersed into DMF (12 mL)12

by ultrasonic treatment for 5 minutes. And then the diphosphino-amine (88 mg, 0.18513

mmol), CDMT (32mg, 0.185 mmol) and NMM (65 mg, 0.65 mmol) was added into14

the mixture. The slurry was stirred at 90 oC for 48 h under nitrogen atmosphere. After15

centrifugation, the residual solid washed for three times with with DMF and THF,16

resepectively. The sample was dried under vacuum, denoted as PNP-ND.17

Synthesis of Rh1/PNP-ND. The PNP-ND sample (50 mg) and [Rh(COD)Cl]2 (4618

mg, 0.185 mmol) were added to a THF solution (10 mL). The slurry was stirred at 3019

oC for 12 h. After centrifugation, gray solid was collected, and then washed for three20

times with THF. The solid was dried under vacuum, and then pretreated in hydrogen21

at 120 ℃ for 2 h. The obtained sample was denoted as Rh1/PNP-ND.22



Synthesis of Rh-PNP/ND. To a THF solution (10 mL) containing [Rh(COD)Cl]21

(23 mg, 0.0925 mmol), the diphosphino-amine (88 mg, 0.185 mmol) was added. The2

solution was heated at 30 oC for 12 h, and then 50 mg ND was added. The slurry was3

stirred at 30 oC for 12 h. After centrifugation, gray solid was collected, and then4

washed for three times with THF. The solid was dried under vacuum, and denoted as5

Rh-PNP/ND.6

Synthesis of [Rh(COD)Cl]2/ND. To a THF solution (10 mL) containing7

[Rh(COD)Cl]2 (23 mg, 0.0925 mmol), 50 mg ND was added. The slurry was stirred at8

30 oC for 12 h. After centrifugation, gray solid was collected, and then washed for9

three times with THF. The solid was dried under vacuum, and denoted as10

[Rh(COD)Cl]2/ND.11

Synthesis of RhCl3/ND. To a 10 mL THF solution containing RhCl3 (38.6 mg,12

0.185 mmol), 50 mg ND was added. The slurry was stirred at 30 oC for 12 h. After13

centrifugation, gray solid was collected, and then washed for three times with THF.14

The solid was dried under vacuum, and denoted as RhCl3/ND.15

Synthesis of Rh NPs/ND. The synthesized RhCl3/ND (50 mg) was hydrogenated16

under hydrogen at 200 oC with a flow rate of 20 mL min-1 for 1 h, and then17

deactivated under N2 for 4 h. The above treatment gave the sample denoted as Rh18

NPs/ND.19

More details about catalyst preparation are illustrated in the Supplementary.20

Catalysts characterization. Solid-state 31P NMR spectra were performed on a Bruker21

400WB AVANCE III NMR spectrometer with a magnetic field strength of 9.4 T. The22



metal loading was analyzed by inductively coupled plasma atomic1

emissionspectroscopy (IRIS Intrepid II XSP, Thermo Electron). STEM2

characterization was conducted with a JEOL JEM-2100F instrument at 200 kV. The3

AC-HAADF-STEM images was collected on a JEOL JEM-ARM200F operated at4

300 kV, with a guaranteed resolution of 80 pm. The X-ray absorption spectra5

including X-ray absorption near-edge structure (XANES) and extended X-ray6

absorption fine structure (EXAFS) at the K-edge of Rh of the samples were collected7

at the BL 14W1 of Shanghai Synchrotron Radiation Facility (SSRF), China. The Ru8

foil was employed to calibrate the energy. The spectra were collected under9

transmission mode at room temperature. The Athena software package was used to10

analyze the data. In situ CO-diffuse reflectance infrared Fourier transform11

spectroscopy (DRIFTS) was measured in the range 4000-450 cm−1 on a Nicolet 670012

FTIR spectrophotometer (Thermo Fisher).13

Catalytic performance tests. The hydroformylation reactions were conducted in a 5014

mL autoclave. A total volume of 30 mL toluene/H2O (1:1) solution containing vinyl15

arenes and Rh catalysts were loaded, and the reactor was purged with syngas for 316

times. The reactors were charged with syngas at a certain pressure, and then heated at17

the desired temperatures with strong stirring. After reaction, the gas was vented and18

the liquid product was analyzed by GC (GC-FID, Agilent 6890A equipped with a19

DB-624 column) and GC-MS (Agilent 7820A/5977B, equipped with a HP-5 column).20
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Figures

Figure 1

The synthesis of Rh1/PNP-ND. a Schematic illustration for synthesizing Rh1/PNP-ND. b Catalytic
hydroformylation of styrene over the synthesized Rh samples. c Solid state 31P NMR data.



Figure 2

The surface chemical composition and chemical state of Rh1/PNP-ND. a XPS survey spectra. b C 1s
spectra. c P 2p spectra. c Rh 3d spectra.



Figure 3

Structure and Morphology characterization of Rh1/PNP-ND. a TEM image. b HAADF-STEM image. c-f AC-
HAADF-STEM images.



Figure 4

The Rh XAS data of Rh1/PNP-ND and standard Rh materials. a The normalized XANES spectra at the Rh
K-edge of the Rh1/PNP-ND, [Rh(COD)Cl]2, Rh2O3, and Rh foil. b The Fourier transform of k2-weighted
EXAFS spectra at the K-edge of the Rh1/PNP-ND, [Rh(COD)Cl]2, Rh2O3, and Rh foil. c The experimental
Rh EXAFS spectra (black line) and the �tting curve of Rh1/PNP-ND (red line).



Figure 5

In situ CO-DRIFTS spectra of Rh1/PNP-ND in the presence of 0.2 % CO/He (v/v) and He. Flow rate is 20
mL min-1, room temperature.



Figure 6

The synthetic routes for Ibuprofen and Fendiline via Rh1/PNP-ND catalyzed hydorformylation. a For the
hydroformylation step, 200 mg Rh1/PNP-ND, 30 mL toluene, 30 mL H2O, 40 °C, 24 h, 3.0 MPa CO/H2,
isolated yield; for the oxidation step, 20 mL t-BuOH, 15 mL aq. NaH2PO4 solution (1.70 M), and 15 mL aq.
NaClO2 solution (1.0 M), 1 h, isolated yield. b for hydroformylation step, 300 mg Rh1/PNP-ND, 15 mL
toluene, 15 mL H2O, 110 °C, 24 h, 3.0 MPa CO/H2 (CO/H2=2), GC yield; for reductive amination step, 300
mg Rh1/PNP-ND, 1.1 eq. 1-phenylethylamine, 30 mL ethanol, 120 °C, 24 h, 4.0 MPa H2, isolated yield.

Supplementary Files

This is a list of supplementary �les associated with this preprint. Click to download.

suportinginformation1.docx

https://assets.researchsquare.com/files/rs-242712/v1/992105389265ffe381252faa.docx

