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Chemicals

A (pentamethylcyclopentadienyl)rhodium(I1I) dichloride dimer, diethyl
2,4-dimethyl-5-[(triisopropylsilyl)methylene]-1,3-cyclopentadiene-1,3-dicarboxylate, 4-acetylmorpholine,
l-acetylpiperidine, N-butylpropionamide, and n-octanamide were purchased from TCI. Rhodium(III) chloride,
ammonium molybdate(VI) tetrahydrate, disodium molybdate(VI) dihydrate, and zirconium(IV) oxide were
purchased from FUJIFILM Wako Chemicals. Molecular sieves (3A) were purchased from Nacalai Tesque and
dried overnight at 393 K before use. y-Al,O3; (JRC-ALO-8) and TiO, (JRC-TIO-17) were supplied by the
Catalysis Society of Japan and calcined under static air at 773 K for 3 h before use. Deionized water (Milli-Q,

>18 MQ cm) was used in all experiments.
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Figure S1. Positive-ion electrospray ionization mass spectrum of [(RhCp¥)asMosOis]. Inset shows
experimental and simulated isotope patterns of monovalent cation [M+H]". Divalent cations are
assigned to [M-O]**, [M+2H]*', [M+H+Na]**, and [M+2Na]*".
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Figure S2. Fourier transform infrared spectra of (a) [RhCp*Cl],, (b) [RhCpECL]2, (c)
[(RhCp*)aM04O16], and (d) [(RhCp*)aMo4Ois].
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Figure S3. Thermal ellipsoid plot at the 50% probability level of [(RhCp)asMo04O16]. Hydrogen atoms
are omitted for clarity.



Table S1. Data collection and details of single-crystal structural refinement

Crystal data

Structural formula C2sH338M02016Rh2,C7Hs
Space group C2/c (#15)

alA 24.1704(3)

b/A 13.44359(16)

c/A 24.7083(4)

p/° 96.3133(13)
Volume /A3 7979.94(18)

Z 8

Dealc /g/cm? 1.865

F000 4464

u /mm! 1.497

Crystal size /mm 0.093 x 0.07 x 0.01
Data collection

Temperature /K 200.15

Radiation Mo Ko (A=0.71073 A)
Voltage, current 50 kV, 24 mA

Omax /° 31.043

No. of reflections measured 116395
Independent reflections (/> 20([)) 11226

Index ranges of 4, k, and / —33<h<32,-19<k<18,-34<1<34
Absorption correction Numerical
Maximum and minimum transmission 0.863, 1.000
factors

Refinement

Number of variables/restraints 548 /528
Reflection/parameter ratio 20.5

Ri, wR> (I > 20(])) 0.0289, 0.0600

R1, wR> (All reflections) 0.0474, 0.0652
Goodness-of-fit: 1.009

Apmax, Apmin (€7A3) 0.756, -0.695
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Figure S4. Rh K-edge (a) k*-weighted and (b) Fourier transforms of extended X-ray absorption fine
structure spectra of (i) RhaMos(CpF)/Al203, (ii) RhaMos(Cp*)/Al,03, and (iii) Rh—Mo/ALOs.

Table S2. Structural parameters obtained by curve-fitting the Rh K-edge FT-EXAFS data

Compound Bonds CN* r /AT ? /103 A% R /%P
RhaMo(CpEYALOs Rh-O®  43(5)  2.04(1)  6(1) 35
RhsMos(Cp*yALO; Rh-OB  43(5)  2.04(1)  5(1) 34
Rh-Mo/ALO; Rh-Ol  47(6)  2.041)  7(1) 6.2
Rh2O; Rh—Olal 5.3(5) 2.060(9) 4.009) 4.8
Rh foil Rh-RhP  112)  2.70909)  5(1) 5.5

*Coordination number. 'Bond length. *Debye—Waller factor.
§R — (Z(kr’)(data(k)—k3)(ﬁt(k))2)1/2/(2(k3)(data(k))2)1/2.
r ranges for the curve-fitting analyses: [a] 1.3-1.9 and [b] 2.0-2.8 A.



Table S3. Support effect on hydrogenation of 1a catalyzed by Rh—Mo-based catalysts prepared from
[(RhCpt)sMo04016]

Entry Catalyst Yield.
/%

1 RhsMos(CpF)/ALOs 45

2 RhsMo4(CpE)/TiO, 45

3 RhsMos(CpF)/ZrO, 48

[a] Reaction conditions: 1a (0.1 mmol), H> (0.8 MPa), 1,2-dimethoxyethane (0.5 mL), catalyst (10 mg,
Rh: 0.97 mol%), molecular sieves (3A, 20 mg), 353 K, and 4 h.
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Figure S5. Result of recycle tests of RhaMoa(Cp¥)/Al,O3 for hydrogenation of 1a. Reaction conditions:

1a (0.1 mmol), H> (0.8 MPa), n-octane (0.5 mL), catalyst (10 mg, Rh: 0.97 mol%), molecular sieves
(3A, 20 mg), 353 K, and 2 h.
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Table S4. Hydrogenation of n-octanamide catalyzed by RhaMos(Cp¥)/Al,O5!?!

C7H15C(O)NH2 — CBH17NH2 + CgH17OH + (CgH17)2NH + (CBH17)3NH
1d 2d 3d 4d 5d

Time Conv. Select. /%
/h /% 2d 3d 4d 5d

Entry  Catalyst

1-1 2 26 2 5 3 -
1-2 RhsMos(CpF)/ALOs 6 72 8 4 7 -
1-3 10 97 76 3 20 1
21b] RhyMoy(CpFy/ALOs (Rh: 1 wt%) 6 86 0 16 15 -
3l RhsMos(CpEY/ALOs + ALO; 6 75 59 7 27 8
414) RhsMos(CpF)/ALOs 6 56 70 15 12 2

Reaction conditions: [a] 1d (0.025 mmol), H> (0.8 MPa), n-octane (2 mL), catalyst (4 mg, Rh: 5 wt%,
7.8 mol%), molecular sieves (3A, 20 mg), 393 K. [b] Catalyst (20 mg, Rh: 1 wt%) was used. [c] Al.O3
(16 mg) was added. [d] Without molecular sieves.



Table S5. Hydrogenation of primary amides to amines

0
— R”NH
R)kNHg 2
Py Temp. Time Conv. Select.
talyst R Ref.

Catalys MPa K h % /% ©
This

RhsMos(CpF)/Al 05 C7 0.8 393 10 97 76
work

Rhe(CO)16 + Mo(CO)s Cy 10 433 16 100 87 [S1]

Ru3(CO)12 + Mo(CO)s Cy 10 433 16 100 85 [S2]

Rus(CO) 12+ Rex(CO)1o Cy 10 433 16 100 93 [S3]

Pd/Re/graphite Cy 3 433 20 21 04 [S4]
Rh-Mo00./SiOx+CeO> Cy 8 413 4 89 62 [S5]
2Rul W/SiO, Cy 5 433 12 94 84 [S6]
Ru-(0.2)Mo/TiO» Cy 5 433 12 83 80 [S7]
2Ru0.2Mo/SiO> Cy 5 433 12 90 75 [S8]
Rhe(CO)is + Rex2(CO)0™ €5 10 453 8 100 76 [S9]
RuWOxX/MgALO4* 2 5 473 6 96 84 [S10]
Ru/NbOs-LI¢! 2 4 453 5 100 75 [S11]
NizMo;NI¢! cs 2 473 4 94 75 [S12]
Pt/V/HAPE c7 3 343 9 50 Ol [S13]
Rh-V/ALO; Cilt 3 403 5 _ 400 [S14]

[a] Molecular sieves (3A or 4A) were added. [b] Diethylamine was added. [c] NH3 was added. [d] A
dimer formed. [e] Alcohol formed. [f] Yield. Cy = cyclohexyl, C2 = CH3CH,, C5 = CH3(CH2)4, C7 =
CH3(CHz)s, and C11 = CH3(CHb2)jo.
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Figure S6. UV-vis spectra of the pristine precursor (dotted) and filtrate of mixture with support in
MeOH (solid): (a) [(RhCpF)sMo04016] and (b) [(RhCp*)sM04O1¢].
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Figure S7. Electrostatic potentials mapped on electron density surfaces of (a) [(RhCp®)sMo04O16] and (b)
[(RhCp*)sM04O15].
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Figure S8. Representative gas chromatography chart of reaction mixture after hydrogenation of 1d
catalyzed by RhsMos(CpF)/Al>03 (Conv.: 97%, Select. to 2d: 76%). Reaction conditions: 1d (0.025
mmol), H> (0.8 MPa), n-octane (2 mL), catalyst (4 mg, Rh: 5 wt%, 7.8 mol%), molecular sieves (3A, 20
mg), 393 K, and 10 h.
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