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1. General Information

All operations were performed under an argon atmosphere. 'H, C, *'P NMR spectra were
recorded on JEOL ECX-500 (S00MHz for 'H, 125 MHz for "*C, and 200 MHz for *'P) or Bruker
DRX-500 (125 MHz for "°C) using C¢Dg (‘H, & = 7.15; °C, § = 128.0) and H;PO4 (*'P, & = 0.0) as
internal standards. Mass spectra were recorded on a JEOL JMS-700. Elemental analyses were
performed on an elementar vario MICRO. GC chromatograms were recorded on a SHIMADSU
GC-2010 equipped with DB-1 column (for detection of methane, toluene) or DB-WAXETR column
(for detection of acetic acid). Wakogel B-5F coated on glass in a thickness of 0.9 mm was used for
preparative TLC. All the NMR experiments were carried out using NMR tube with Young’s Teflon
bulb equipment. Benzene-ds and toluene-ds were dried and deoxygenated by treatment with sodium
and benzophenone, followed by distillation under nitrogen atmosphere. The distillates were stored
over molecular sieves 4A pellets in the glovebox. All the other liquid materials were distilled,
degassed by argon bubbling, and stored in the glovebox.

Dehydrated dimethylacetamide (DMA), 1,2-bis(dicyclohexylphosphino)ethane (dcype), toluene-ds
were purchased from Sigma-Aldrich co., LLC. Tetramethylurea (TMU) was purchased from Tokyo
Chemical Industry co. LTD. Benzene was purchased from Wako Chemical Pure Industries, LTD.
Benzene-dg was purchased from Kanto Chemical, co. INC.

[RhCl(coe),]», [RhCl(cod)], and [Rh(OAc)(cod)], were prepared by the known procedure.’

AlMe, 5(OEt); 5 and [RhCl(dcype)], 1 were prepared as we previously reported.ii

2. Procedure for The Preparation of Benzoic acid derivatives: A Typical Procedure Was

Described for The Reaction of Benzene.

5 x 10-3 mmol [RhCl(dcype)], 1
1.1 mmol AlMe, 5(OEt), 5

: 1 atm CO, ©/002H

DMA (0.1 mL), TMU (6 uL)
85 °C, 6 h, closed

4
2mL

6

A solution of [RhCl(dcype)], 1 (5.6 mg, 0.005 mmol), DMA (0.1 mL), TMU (6 uL, 0.05 mmol)
and AlMe; 5(OEt); 5 (132 mg, 1.1 mmol) in benzene (2 mL) was stirred in a glass tube (¢ = 2.0 cm,
18 cm) at room temperature for a few minutes, and then the system was purged with an
atomospheric pressure of CO,. The mixture was heated at 85 °C (outer temperature) for 6 h in the
closed system. 2N HCl aq. and diethyl ether were added and the mixture was vigorously stirred for a
few minutes. The mixture was filtered through a short plug of cotton, and the filtrate was extracted

with diethyl ether three times. The combined organic layer was extracted with NaOH agq. three times
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and the combined aqueous layer was acidified with HCI aq., then extracted with diethyl ether three
times, and the extract was dried over MgSQO,. After removal of solvent under reduced pressure, the
residue was purified by silica-gel column chromatography (CH,Cl, : AcOEt=9 : 1) to give benzoic
acid as a white solid (44.5 mg, 0.37 mmol).

In several experiments, the methods shown below were employed instead to quantify acetic acid or
toluene.

Acetic acid (Scheme 9): IN HCI (2 mL) and diethyl ether (4 mL) were added to the reaction
mixture after heating under CO,, and the mixture was stirred for 30 minutes at room temperature.
Dodecane (internal standard) was added to the resulting mixture, which was diluted with methanol
until it became homogeneous, and was analyzed by GC to quantify acetic acid.

Toluene (ref. 17): The extract was analyzed by GC before concentration to quantify toluene, using

dodecane as an internal standard.

3. Preparation of Rhodium Complexes

Synthesis of RhMe(PCy;)(dcype) 2 (Scheme 3)

Cy, 1 equiv. PCy, Cy»
P_ _Cl 1.1 equiv. MeLi P Me
e N
[ Rh\\ THF, —78°°C to rt [ Rh
p HJJJJZ N P PCys
Cy, overnight Cy,
1 2

To a 100 mL two-necked flask were added [RhCl(dcype)], 1 (561 mg, 1.0 mmol),
tricyclohexylphosphine (280 mg, 1.0 mmol) and THF (25 mL). After the mixture was cooled to —78
°C, MeLi (1.1 M in diethyl ether, 1.1 mmol, 1.0 mL) was added dropwise to the mixture, which was
stirred overnight at room temperature. In the glovebox, the precipitate was collected by filtration,
washed with THF, and was dried in vacuo to give RhMe(PCy;)(dcype) 2 as a yellow powder (482
mg, 0.57 mmol, 57 %).

'H-NMR (500 MHz, C¢Dg) & 2.51-2.59 (br, 2H), 2.34-2.46 (br, 5H), 2.13-2.28 (br, 8H),1.60-1.92
(m, 32H), 1.13-1.57 (m, 34H), 0.35-0.43 (m, 3H); "C-NMR (125 MHz, C¢Ds) & 39.5 (d, J = 9.4
Hz), 36.1 (d,J=19.1 Hz), 32.0 (d, J= 7.5 Hz), 31.2, 31.0, 29.9 (d, 14.5 Hz), 28.8 (d, /= 7.1 Hz)
28.3-27.7 (m), 27.5,27.2 (d, J= 3.0 Hz), 25.5-25.1 (m), 23.3-22.9 (m), -7.5—-8.5 (m), two peaks
overlap; 3Ip_.NMR (200 MHz, C¢Dg) 6 76.4 (ddd, Jrnp = 159 Hz, Jpp = 321, 22 Hz), 67.0 (ddd, Jru.p
=124 Hz, Jp.p = 22,22 Hz), 33.4 (ddd, Jrn.p = 138 Hz, Jp.p = 321, 22 Hz), Anal. Calcd for
C4sHgsPsRh: C, 65.84; H, 10.32; Found: C, 65.82; H, 9.85.
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Synthesis of RhPh(PCys;)(dcype) 3 (Scheme 3)

Cyo 1 equiv. PCy; Cy,

P cl 1.1 equiv. PhLi P Ph
A A

[ Rh™ Y\ —_— [ Rh"_

P \ﬁ et p° PCys

C - ort C
Y2 3h Y2
1 3

In a glovebox, to a 100 mL two-necked flask were added [RhCl(dcype)], 1 (449 mg, 0.80 mmol),
tricyclohexylphosphine (224 mg, 0.80 mmol) and THF (30 mL) and the mixture was cooled to —35
°C. A THF (5 mL) solution of PhLi (74 mg, 0.88 mmol) was added dropwise to the mixture, which
was stirred for 1 h, and then the mixture was concentrated in vacuo. Toluene was added to the
residue to separate LiCl as a precipitate, and the mixture was filtered through Celite. After
concentration of the filtrate, the residue was suspended in ca. 10 mL of THF to dissolve impurities.
The mixture was stirred for a few minutes, and then stored overnight in a refrigerator. The
precipitated solid was collected by filtration and dried in vacuo to give RhPh(PCys)(dcype) 3 as a
yellow powder (313 mg, 0.35 mmol, 44 %). A single crystal suitable for X-ray analysis was
prepared from THF/DMA (Figure S1).

'H-NMR (500 MHz, C¢Dg) & 7.97 (m, 2H), 7.18 (t, J=7.1 Hz, 2H), 7.02 (t, J= 7.1 Hz, 1H), 2.48—
2.66 (br, 2H), 2.24-2.42 (br, 2H); 1.97-2.17 (m, 8H), 1.52-1.97 (m, 35H), 1.00-1.52 (m, 34H),
0.74-0.94 (m, 2H); *C-NMR (125 MHz, C¢Dy) & 174.9-173.8 (m), 142.2, 125.3, 120.1, 38.7 (d, J =
9.5 Hz), 38.1 (br), 36.6 (d, /=20 Hz), 32.1 (d, /J=7.2 Hz) 31.7 (d, /=119 Hz), 31.1,29.8 (d, /=
15.5 Hz), 29.1, 28.7-27.8 (m), 27.3, 27.1, 26.9, 24.6-23.9 (m), one peak overlaps; *'P-NMR (200
MHz, C¢Dg) 6 65.7 (ddd, Jrn.p = 162 Hz, Jp.p = 296, 22 Hz), 65.3 (ddd, Jrnp = 113 Hz, Jpp =22, 22
Hz), 26.3 (ddd, Jrnp = 145 Hz, Jpp = 296, 22 Hz); Anal. Calcd for CsoHgsP3Rh: C, 67.96; H, 9.86;
Found: C, 68.42; H, 9.51.
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Figure S1. The crystal structure of 3.

ORTEP diagrams of 3 (CCDC 1017905). Thermal ellipsoids are shown at the 50% probability level;
H atoms and solvent molecules have been omitted for clarity. Selected bond lengths (A) and angles
(deg): Rh-C, 2.079(4); Rh-P1, 2.2771(8); Rh-P2, 2.2824(9); Rh-P3, 2.3685(8); P1-Rh-P2, 85.93(3);
P3-Rh-C, 88.4(1), P1-Rh-P3, 161.04(3); P2-Rh-C, 160.3(1).

Preparation of Rh(O,CPh)(dcype) D

Cy,
5 equiv. PhCOK 2 equiv. deype P, O
[RhCl(cod)], [Rh(OCPh)(cod)); ———— > [ Rh_ >—Ph
acfcletoni o THF, rt, overnight P o
reflux, 41 % (recrystd. C
ca. 82 % b (recrystd.) Y2 b

* Synthesis of [Rh(O,CPh)(cod)],

5 equiv. PhCO,K
[RhCl(cod)], — > [Rh(O,CPh)(cod)],
acetone
reflux, 4 h
ca. 82 %

To a 100 mL round-bottom flask were added powdered KOH (>85 % purity, 313 mg, > 4.9 mmol),
EtOH (10 mL) and benzoic acid (610 mg, 5.0 mmol), and the mixture was stirred for several minutes.
After the solvent was removed in vacuo, [RhCl(cod)], (493 mg, 1.0 mmol) and acetone (15 mL)
were added. A Dimroth condenser and a balloon were attached to the vessel, which was purged with
nitrogen. The mixture was refluxed for 4 h to give an orange suspension, which was dissolved with
CH,Cl,, and then filtered through Celite. The filtrate was concentrated, washed with acetone and
water to give [Rh(O,CPh)(cod)], in 82 % yield (548 mg, 0.83 mmol) as an orange powder. This

material was used in the next step without further purification.
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'H NMR (500 MHz, C4Dy) & 8.03 (dd, J = 8.4, 1.4 Hz, 2H), 7.03-6.95 (m, 3H), 4.56-4.16 (broad,
4H), 2.86-2.28 (broad, 4H), 1.74-1.50 (broad, 4H).

* Synthesis of Rh(O,CPh)(dcype) D
Cy»
2 equiv. deype P, O
[Rh(OCPh)cod)ly ~ ————————> [ Rh —Ph
THF, rt, overnight P (0]
41 % (recrystd.) Cy,
D
In a glovebox, a solution of 1,2-bis(dicyclohexylphosphino)ethane (211 mg, 0.5 mmol) in THF (20
mL) was added dropwise to a solution of [Rh(O,CPh)(cod)], (166 mg, 0.25 mmol) in THF (30 mL)
and the mixture was stirred overnight at room temperature. The mixture was concentrated in vacuo
and dissolved again in toluene. After the insoluble residue was filtered off through Celite, the filtrate
was concentrated, and the residue was recrystallized from toluene/pentane in a refrigerator to give D
in 41 % yield (134 mg, 0.21 mmol) as an orange powder.
'H-NMR (500 MHz, C4D¢) & 8.44-8.39 (m, 2H), 7.04-6.98 (m, 3H), 2.41 (d, J = 11.5 Hz, 4H),
1.90-1.52 (m, 28H), 1.30-1.10 (m, 12H), 1.04 (d, J = 11.5 Hz, 4H); >C-NMR (125 MHz, C¢D¢) &
184.3,135.8, 131.3, 129.4, 36.9 (t, J=11.9 Hz), 29.8 (d, /= 44.1 Hz), 27.5 (d, J = 3.6 Hz), 26.6,
21.9 (t, J = 23.9 Hz), one peak overlaps; >'P-NMR (200 MHz, C¢Ds) & 103.6 (d, J = 199 Hz);

HR-MS (FAB"): Caled for C33Hs40,P>Rh [M+1]": 647.2649; Found: 647.2690.

Observation of Rh(O,CPh)(PCys)(dcype) D’

gyz Cy»
N P_ 0OCPh
,Rh\o/>‘ Phoy toPcy, —> Rh N
P P Y3
Cy, benzene, rt Cy,
D D'

In a glovebox, to an NMR tube was added Rh(O,CPh)(dcype) D (3.2 mg, 0.005 mmol), PCy; (14.0
mg, 0.05 mmol) and benzene (0.5 mL) at room temperature and the mixture was stood for 1.5 h.
Formation of a new complex assignable as Rh(O,CPh)(PCy;)(dcype) D’ was observed by 3'P NMR.
*'P-NMR (200 MHz, C¢Dg)  84.7 (ddd, Jgn.p = 183 Hz, Jp.p = 30, 30 Hz), 77.9 (ddd, Jgn.p = 152 Hz,
Jp.p =304, 30 Hz), 28.0 (ddd, Jrn.p = 127 Hz, Jp.p = 304, 30 Hz).
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Figure S2. 3'p NMR spectrum of Rh(O,CPh)(PCyj;)(dcype) D’.
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Synthesis of Rh(OAc)(dcype) E

Cy»
2 equiv. deype P\ O
[Rh(OAC)(cod)], —_— [ RN >—Me
THF, reflux, 5 h P o
Cy»
E

In a glovebox, a solution of 1,2-bis(dicyclohexylphosphino)ethane (1.69 g, 4.0 mmol) in THF (25
mL) was added dropwise to a solution of [Rh(OAc)(cod)],(1.08 g, 2.0 mmol) in THF (25 mL) and
the mixture was refluxed for 5 h. The mixture was concentrated in vacuo and the residue was
recrystallized from THF/pentane in a refrigerator to give E in 56 % yield (1.31 g, 2.24 mmol) as a
yellow powder.iii
'H-NMR (500 MHz, C¢Ds) & 2.34 (d, J = 11.0 Hz, 4H), 1.85-1.93 (s, 3H), 1.50-1.85 (m, 28H),
1.11-1.24 (m, 12H), 1.00 (d, 4H, J = 10.5 Hz, 4H); >*C-NMR (125 MHz, C¢D¢) & 189.8, 36.9 (t, J
=11.9 Hz), 29.8 (d, J = 32.2 Hz), 27.4-27.6 (m), 26.6, 24.9, 21.9 (td, J = 21.5, 4.8 Hz); *'P-NMR
(200 MHz, C¢Dg) 8 103.4 (d, J = 194 Hz); HR-MS (FAB"): Calcd for Co3Hs;0,P,Rh [M]":

584.2419; Found: 584.2438.
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Observation of Rh(OAc)(PCys)(deype) E’

gY2 Cy»

N P_ ,OCMe
’Rh\o/>_Me + 5PCy;  ——————> /Rh\PC
P P Y3
Cy, benzene, rt Cy»

E E'

In a glovebox, to an NMR tube was added Rh(OAc)(dcype) E (5.8 mg, 0.01 mmol), PCy; (14.0 mg,
0.05 mmol) and benzene (0.5 mL) at room temperature and the mixture was stood for 1.5 h.
Formation of a new compound assignable as Rh(OAc)(PCy;)(dcype) E> was observed by 3'P NMR.
3'P_.NMR (200 MHz, C¢D¢) & 84.4 (ddd, Jrn.p = 183 Hz, Jpp = 31, 31 Hz), 77.9 (ddd, Jrpp = 150 Hz,
Jp.p =308, 31 Hz), 28.3 (ddd, Jrnp = 127 Hz, Jp.p = 308, 31 Hz).

Figure S3. 3'p NMR spectrum of Rh(OAc)(PCy;)(dcype) E’.
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4.>'P NMR Analysis of The Reaction of RhMe(PCy;)(deype) 2 with Benzene and CO, (Scheme

4)
gyz gyz then Cy2 gyZ
\F{h/Me benzene \Hh/Ph 1 atm CO, Rh >—Ph Ochh
P’ “PCy P’ “PCy 1 p’ PCy
3 85 °C 3 85°C 3
Cya 30 min Cyz 30 min CY2 Cy,
1 2 D D'

In a glovebox, RhMe(PCys)(dcype) 2 (4.1 mg, 0.005 mmol) was suspended in benzene (0.5 mL).
The mixture was transferred to an NMR tube with a sealed thin glass tube, which contained a
benzene solution of PPhj as an internal standard. The mixture was heated at 85 °C for a few seconds
to dissolve 2 completely, and then the mixture was monitored by 'P NMR. After heating at 85 °C
for 30 minutes, the peaks of 2 disappeared and phenylrhodium 3 was observed instead. Then, the
NMR tube was purged with CO, and heated at 85 °C for further 30 minutes. The formation of D and
D’ was confirmed by *'P NMR. *'P NMR spectra of observed 3, D and D’ were consistent with

those of authentic samples prepared by the methods described above.

Figure S4. ’'P NMR spectra of the reaction of 2.
Starting material

2
l PCy,

IR | . . et ‘. ”| b

Ar, 85 °C, 30 min

- __‘J vy (L[ ), N H¢M L

CO,, 85 °C, 30 min
D

D’

HH L_J }Wm

1000 %00
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5. Kinetic Study of The Reaction of RhMe(PCys;)(dcype) 2 with Benzene (Figure 1)

C benzene or C
py2 Me benzene-dg py2 Ph-d
N P N_ - n
[ Rh_ s Rh
/ N _— e N
P PCys 7590 P PCys
Cy2 Cy>
2 3

Figure S5. The apparatus for 'H NMR study.

sealed glass tube
LT (1Sin CgDy)

NMR tube

“ ~0 SrQH
H

{
V
o

In a glovebox, a solution of PCy; in benzene was prepared by using volumetric flask. To an NMR
tube were added 0.50 mL of this solution, RhMe(PCy;)(dcype) 2 (4.1 mg, 0.005 mmol), and a sealed
thin glass tube which contained a solution of 1,3,5-trimethoxybenzene (internal standard) in benzene
(Figure S3). The mixture was heated to 75 °C for a few seconds to dissolve 2 completely. Then, the
reaction of 2 and benzene was monitored by 'H NMR at 75 °C. The spectra were recorded in every 5
minutes using noD-NMR. Consumption of 2 was monitored by comparing the intensity of the peaks
of Rh—Me moiety (0 0.3 ppm) with that of O—Me moiety of 1,3,5-trimethoxybenzene (6 3.3 ppm).
The gradual formation of methane (8 0.13 ppm) was also detected along with the reaction (it could
not be quantified due to its diffusion to the gas phase). Reactions were carried out using 0.025, 0.036,
0.050 and 0.10 M PCys; solutions in benzene. The reaction was first order to [2] and inverse first
order to [PCys]. The linear correlation between —In([2]/[2]o) and the reaction time was maintained
even after > 90 % consumption of 2 in the presence of 0.025 M PCys. Formation of
RhPh(PCy;)(dcype) 3 was ensured by *'P NMR after the reaction. The rate equations and the rate

constant are given in eq. S1.

~In (E> = kulPCy3]7't, kops = ku[PCys]™  (SD)
(2],

ky = 6.9 x 107 [M - min~1] at 75 °C
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The detailed results were summarized in Figure S6. The representative 'H NMR spectra during the

measurement and the >'P NMR spectrum after the measurement were provided in Figure S7 and S8.

Figure S6. Kinetic study of C-H bond activation in benzene-d.

25 0.03
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2= 0. Rz = 0.99784 /‘
5 R? =0.99754 0,025 0.9978 :
ky=6.9 x 10 [M-mlny
= 0.02
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~ y =0.0198x
o~
= R? =0.99674 é 0.015
I y =0.0136x
R?=0.99717 0.01
y = 0.0069x /
R2=0.995 0.005
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t [min]
[PCys]™" [M7]
@ [PCy3] = 0.025 mmol E[PCy3] = 0.036 mmol
A [PCy3]=0.05 mmol X[PCy3]=0.1 mmol

Figure S7. Kinetic study of C-H bond activation in benzene-d, by 'H NMR. [PCy3] =0.050 M. The

spectra are those recorded in every 20 minutes.
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Figure S8. ’'P NMR spectrum after the kinetic study of C-H bond activation in benzene-d, (1.25 h,

[PCys] = 0.050 M).
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The same experiment was also carried out using benzene-dg instead of benzene (Figure 9). In this
case, conventional 'H NMR was used and the spectra were recorded in every 20 minutes.
Methane-d; (8 0.13 ppm, t, /= 1.8 Hz) was observed instead of methane. The reaction was first
order to [2] and inverse first order to [PCys]. The rate equations and the rate constant are given in eq.

S2.

—In <E> = kp[PCys]™"t, kops = kp[PCys]~" (52)
(2],

kp = 1.0 x 10~* [M - min~1] at 75 °C
The detailed results were summarized in Figure S9. The representative 'H NMR spectra during the

measurement were provided in Figure S10.
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Figure S9. Kinetic study of C-H bond activation in benzene-d.
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Figure S10. Kinetic study of C-H bond activation in benzene-dg by 'H NMR. [PCy3] =0.0025 M.

The shown spectra are those recorded in every 40 minutes. CH;D was identified separately with

higher resolution.
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6. Observation of Methane under Catalytic Conditions Using GC/FID (Figure 2)

5 x 10-3 mmol [RhCl(dcype)], 1
1.1 mmol AlMe; 5(OEt); 5

1 atm CO,
i DMA (0.1 mL), TMU (6 uL)

85 °C, 6 h, closed

———— CH,
Inject to GC

2mL

Conditions:

System Shimadsu GC 2010
Column DB-1 30m x 0.25mm
Column temp. 30°C

Column flow 0.5-0.8 mL/min
Injection Split flow

Detector FID

After the catalytic carboxylation of benzene was carried out under the standard conditions, a part of
the gas phase of the vessel was pulled out by a syringe and it was plunged into GC (Shimadzu 2010
A series, detailed conditions are described above) Its GC chromatogram indicated the presence of
methane (Figure S11, blue). It was further confirmed by checking the GC chromatogram of the
mixture of the gas phase and standard methane (black). The formation of ethane was ruled out by the
similar procedure (brown). Almost no formation of methane was observed when the reaction was
carried out in the absence of Rh catalyst (red).

Figure S11. The GC chromatograms of the gas phase after the reaction.
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1.3
1. &
1.1
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+ ethane
0.4
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0. 2] red: reaction mixture
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7. Procedure for The KIE Experiment under Catalytic Conditions (Scheme 6)

COLH CO,H 1.5 equiv. BnBr CO.Bn CO.Bn
1.5 equiv. K;CO3
N cat. Nal AN
f I
+ dg—7 + G5
= DMF, 18 h &
6-dj 6-ds 5-d, 5-ds

The KIE of the reaction between benzene-dy and benzene-ds was estimated by "H-NMR after
esterification with benzyl bromide according to the known procedure.” A mixture of benzoic acid
6-d, and benzoic acid-ds 6-ds was prepared according to the general procedure, except that the
reaction time was 1 h and a mixed solution of each substrate (1 mL : 1 mL) was used.

To a 10 mL bial, a crude mixture of benzoic acid 6-dy and benzoic acid-ds 6-ds (which contained
total of ca. 0.1 mmol of products based on weight), DMF (1 mL), K,COj3 (21 mg, 0.15 mmol) and
Nal (6 mg, 0.04 mmol) were added at room temperature. After a few minutes, benzyl bromide (18
pL, 0.15 mmol) was added and the mixture was stirred for 18 h. The reaction mixture was diluted
with diethyl ether, and then quenched with aquaous NH4CI. The organic layer was washed with
water three times, dried over MgSQy, and concentrated in vacuo. The crude mixture was purified by
preparative TLC (hexane : ethyl acetate = 19 : 1) to give a mixture of benzyl benzoate 5-dy and
benzyl benzoate-ds 5-ds. KIE ([5-dy]/[5-ds]) was calculated to be 5.5 on average of two sets of
reactions by comparing integration of benzylic 2H (5.36 ppm) and 2H at ortho-positions of carboxy
group (8.08 ppm) to those of authentic 5. Authentic 5 was prepared as above from commercially

available benzoic acid 6 (12.2 mg, 0.10 mmol). The yield was 80 % after purification.

8. Kinetic Study of The Reaction of RhPh(PCys;)(dcype) 3 with CO, (Figure 3, 4)

Cy, 1 atm CO, Cy,
P Ph (at 22 °C) P 0,CPh
N_ 7 NP
[ CRR PCys R
P PCys TP PCys
C toluene-dg C
Y2 35 °C Y2
3 D'

In a glovebox, a solution of PCy; in toluene-ds was prepared by using volumetric flask. To an
NMR tube were added 0.50 mL of this solution, RhPh(PCy;)(dcype) 3 (4.4 mg, 0.005 mmol), and a
sealed thin glass tube which contained a solution of 1,3,5-trimethoxybenzene (internal standard) in
toluene-ds. The system was degassed three times by freeze-pump-thaw technique at —196 °C, and
then atmospheric pressure of CO, was introduced at —78 °C. The NMR tube was gently shaken at
this temperature for a few minutes to dissolve sufficient CO,. Then, the sample was gradually
warmed to room temperature (22 °C) and was kept shaken for a few minutes. (Note: This operation

must be carried out under CO; flow to keep internal pressure at 1 atm.) During this, an intensive
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evolution of CO, bubble was observed, suggesting the liquid phase was saturated with CO,. After
the system was closed, it was stored at —78 °C until starting to monitor the reaction. It was warmed
again to room temperature being shaken just before the measurement. The reaction of 3 and CO; was
monitored by "H NMR at 35 °C. The spectra were recorded in every 5 minutes. Consumption of 3
was monitored by comparing the intensity of the peaks of aromatic C-H (ortho to Rh, 8 7.9 ppm)
with that of aromatic C-H of 1,3,5-trimethoxybenzene (8 6.2 ppm). The quantitative formation of a
new compound, which had a characteristic peak at 6 8.4 ppm (2H, d, /= 6.5 Hz), was also observed.
3'p NMR spectra of the generated compound was consistent with those of Rh(O,CPh)(PCys;)(dcype)
D’, which was prepared as described above. Reactions were carried out using 0.050, 0.072, 0.10, and
0.20 M PCys; solutions in toluene-dg. The reaction was almost first order to [3] and inverse first order
to [PCys]. The linear correlation between —In([3]/[3]o) and the reaction time was maintained even
after > 90 % consumption of 3 in the presence of 0.050 M PCys. The rate equations and the rate

constants are given in eq. S3.

3
—In (%) = (kpn1[PCy3]™" + kpno)t,  kops = kpni[PCys]™ + kppp  (S3)

kppy = 2.5% 1073 [M - min~!]
kpp, = 8.0 X 1073 [min~1]
under CO, (1 atm at 22 °C) at 35 °C
The detailed results were summarized in Figure S12. The representative 'H NMR spectra during the
measurement and the *>'P NMR spectrum after the measurement were provided in Figure S13 and

S14.
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Figure S12. Kinetic study of carboxylation of 3 in toluene-ds.
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Figure S13. Kinetic study of carboxylation of 3 by 'H NMR. [PCys] = 0.050 M. The spectra are
those recorded in every 15 minutes.
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Figure S14. 3'p NMR spectrum after the kinetic study of carboxylation of 3 (50 min, [PCy;] = 0.050
M).
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The same experiments were carried out by using RhMe(PCy;)(dcype) 2. Consumption of 2 was
monitored by comparing the intensity of the peaks of Rh—Me moiety (6 0.3 ppm) with that of O-Me
moiety of 1,3,5-trimethoxybenzene (& 3.3 ppm). The reaction was first order to [2] and inverse first

order to [PCys]. The rate equations and the rate constant are given in eq. S4.

i <%) - kMel[PCY3]_1tr kubs = kMel [PCY3]_1 (54)

kyer = 1.0 x 1073 [M - min™1]
under CO, (1 atm at 22 °C) at 35 °C
The detailed results were summarized in Figure S15. The representative 'H NMR spectra during
the measurement and the *'P NMR spectrum after the measurement were provided in Figure S16 and

S17.
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Figure S15. Kinetic study of carboxylation of 2 in toluene-ds.
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Figure S16. Kinetic study of carboxylation of 2 by 'H NMR. [PCys] = 0.050 M. The spectra are

those recorded in every 20 minutes.
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Figure S17. *'P NMR spectrum after the kinetic study of carboxylation of 2 (1.25 h, [PCys] = 0.050

M).
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9. The Stoichiometric Reaction of 2 under CO; at 85 °C (Scheme 8)
SY2 SY2
[ \Rh/Me 1 atm CO, \Rh/OZCMe 1 M HCl ag. COH
P/ \PCyS —_— P/ \(PCy ) —_—
S e b,
2 15 min E+ E not detected
("H NMR)
(3P NMR)

A solution of RhMe(PCys)(dcype) 2 (5.6 mg, 0.01 mmol) in benzene (0.5 mL) was added to an
NMR tube. The system was purged with 1 atm CO, and then heated for 15 min at 85 °C. After it was
cooled to room temperature, the mixture was analyzed by 'P NMR. Its spectrum was identical to a
mixture of carboxylates Rh(O,CR)(dcype) and Rh(O,CR)(PCy;)(dcype) (benzoates and acetates
were difficult to be distinguished on *'P NMR spectroscopy). The mixture was then treated with 1N
HCI and extracted with ethyl acetate for three times. The combined organic layer was dried over
MgSOy, filtered and concentrated in vacuo. "H NMR spectrum of the mixture in CDCl; indicated no
formation of benzoic acid, which supported that the complexes observed in *'P NMR were both

acetate Rh(OAc)(dcype) E and Rh(OAc)(PCy;)(dcype) E’.
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10. The Catalytic Carboxylation Reactions in Various Vessels (Table 1, 2)

5 x 103 mmol [RhCl(dcype)], 1
1.1 mmol AlMe; 5(OEt)4 5

1 atm CO, (ca. 40-2000 cm3) CO-H
@ + AcOH

DMA (0.1 mL), TMU (6 uL)
4 85°C,1h 6
in various vessels and
2mL with stirring rates

_ The catalytic carboxylation reaction of benzene was carried out according to the general procedure
provided in page 1 except for the reaction time of 1 h. The balloon was separately filled with CO; in
advance and it was attached to the reaction vessel after the vessel was sufficiently purged with CO,.
After the reaction, IN HCI (2 mL) and diethyl ether (4 mL) were added to the reaction mixture after
heating under CO,, and the mixture was stirred for 30 minutes at room temperature. Dodecane
(internal standard) was added to the resulting mixture, which was diluted with methanol until it
became homogeneous, and was analyzed by GC to quantify acetic acid. Diethyl ether was added to
the mixture until it became heterogeneous. The organic layer was extracted with diethyl ether three
times, and the extract was dried over MgSO,4. Removal of the solvent gave a crude mixture, of which

content of benzoic acid 6 was estimated by 'H NMR.

11. The in situ-IR Spectroscopy Experiment for The Observation of CO, in Toluene (Figure 5)

To a ca. 40 mL two-necked reaction vessel (test tube or round-bottom flask) equipped with an
in-situ IR probe, degassed toluene (2 mL) was added under nitrogen atmosphere. The change in IR
spectrum of the liquid phase was kept monitored during the following manipulations. After the
spectrum became stabilized, the system was rapidly evacuated and purged with 1 atm CO, three
times. The area of the peak at ca. 2350 cm’ (an absorbance of CO,) was recorded every 20 seconds

until it reached maximum. The results are summarized in Figure S18.

Figure S18. Dissolution of CQO; in toluene.
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12. Analysis of A Reaction Mixture by 3p NMR (Scheme 10)

ve o  028mmol Sve N

N N\, AMe;5(OEY); 5 NN

/Rh\ 2 /Rh\ , ~——————— decomposed
P 0.5 mL benzene P o
Cy2 25 uL DMA Cya 85°C,5h

1.5 ul TMU
1 Ar,85°C,1h 1
0.0025 mmol

A solution of [RhCl(dcype)]> 1 (2.8 mg, 0.0025 mmol), DMA (25 uL), TMU (1.5 pL, 0.013 mmol)
and AlMe,; 5(OEt); 5 (33 mg, 0.28 mmol) in benzene (0.5 mL) was added to an NMR tube with a
sealed glass tube which contained a benzene solution of PPhj; as an internal standard. The mixture
was analyzed by *'P NMR to estimate the initial content of 1 by comparing intensities of the peaks
of 1 and PPh;. The mixture was heated at 85 °C in an oil bath, and its 3P NMR spectra were
recorded after 1 h and 6 h. No significant change was observed after 1 h, but ca. 70 % of 1 was
consumed to give many unidentified species after 6 h. Alternatively, almost no change was also

observed after heating for 1 h when the reaction was carried out under COs,.

13. The Reaction of Rh(O,CPh)(dcype) D with AlIMe,s(OEt);s (Scheme 11)

In a glovebox, Rh(O,CPh)(dcype) D (2.9 mg, 5 x 10° mmol) was dissolved in benzene (0.5 mL). A
solution of AlMe; 5(OEt); s (13 mg, 0.1 mmol) in benzene (0.2 mL) was added to this solution. The
color of the mixture changed from yellow to orange, and then to dark yellow. 3'P NMR analysis of

the mixture suggested decomposition of D to give small amounts of unidentified complexes.

14. The Reaction of Rh(O,CPh)(dcype) D with AlMe;5(OEt);s in The Presence of AICIMe,
(Scheme 11)

Cy, 20 equiv.
< © AlMe, 5(OEt); 5 almost
Rh_—Ph
P \O b decomposed
p enzene (dark solution)
Cy» rt
D

In a glovebox, a solution of Rh(O,CPh)(deype) D (2.9 mg, 5 x 10”° mmol) in benzene (0.5 mL) was
added to an NMR tube with a sealed glass tube which contained a benzene solution of PPh;as an
internal standard. The mixture was analyzed by *'P NMR to estimate the initial content of D, by
comparing intensities of the peaks of D and PPh;. After this, a mixture of AlMe; 5(OEt);s (13 mg,
0.1 mmol) and AICIMe; (1.0 M hexane solution, 5 uL, 5 x 107 mmol) in benzene (0.2 mL) was
added. A color of the mixture slightly changed from yellow to orange after the addition, but it turned

again to yellow soon. >'P NMR analysis of the mixture suggested complete conversion of D to
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[RhCl(dcype)], 1. The yield was estimated to 60—70 % according to relative intensity of the peaks of
1 to those of PPh;.

15. The catalytic carboxylation of benzene using Rh(O,CPh)(dcype) D

0.01 mmol Rh(O,CPh)(dcype) D
1.1 mmol AlMe; 5(OEt); 5
X' mmol Cl source

© 1 atm CO, ©/CO?H
0.1 mL DMA

4 6 uL TMU 6

85 °C, 6 h, closed

2mL

The reaction was carried out according to the general procedure provided in page 1 except
Rh(O,CPh)(dcype) D was used instead of [RhCl(dcype)], 1 and the chloride source (AlMe,Cl or
NBu,Cl, 0.01-0.05 mmol) was added simultaneously with AIMe; s(OEt); 5. The results are

summarized in Table S1.

Table S1. Effect of chloride source in the carboxylation reaction by Rh(O,CPh)(dcype) D.

entry additive X TON
1 none - 2.5
2 AlMe,Cl 0.01 27
3 AlMe,Cl 0.05 2.6
4 BuyNCl 0.01 7.7

16. Methylation of RhCI(PCys;)(deype) F with AlMe; (ref. 24)

Cy, Cy» Cy,
P_ _Cl 10 equiv. PCy P_ @ 10 equiv. AlMe PL Me
[ SRe N Bt A R et Rh
p” N\ 2 benzene p” "PCys | m15h P’ "PCys
Cy, rt, 11 h Cy, Cy,
1 F 2

In a glovebox, [RhCl(dcype)]> 1 (2.8 mg, 2.5 x 107 mmol) and PCy; (14 mg, 0.05 mmol) were
dissolved in benzene (0.5 mL) and the mixture was stood at room temperature. After 11 h, the
reaction mixture was analyzed by *'P NMR. The peaks of 1 almost disappeared and new three ddd
peaks were observed at d 83, 80, 27 ppm, suggesting the formation of RhCI(PCys)(dcype) F
(detailed values are shown below), which had nonequivalent three phosphines. Then, the mixture
was treated with AlMes (neat, 4.8 uL, 0.05 mmol) in a glovebox at room temperature. After 1.5 h,
the mixture was analyzed again by *'P NMR. The peaks of F completely disappeared and 2 was
observed as a major product. Its 3'p NMR spectrum was consistent with those of the authentic

compound prepared as described above.
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3'P NMR spectrum of RhCI(PCy;)(deype) F in benzene: & 83.3 (ddd, Jp.ry = 188 Hz, Jpp = 31, 30
Hz), 80.3 (ddd, Jp.gn = 140 Hz, Jp.p = 323, 31 Hz), 27.4 (ddd, Jp.ps = 118 Hz, Jpp = 323, 30 Hz).

17. References

i (a) Van der Ent, A.; Onderdelingen, A. L.; Schunn, R. A. Inorg. Synth., 1973, 14, 92-95. (b)
Giordano, G.; Crabtree, R. H. Inorg. Synth. 1979, 19, 218-220. (¢) Chatt, J.; and Venanzi, L. M. J.
Chem. Soc., 1957, 4735.

ii, Suga, T.; Mizuno, H.; Takaya, J.; Iwasawa, N. Chem. Commun., 2014, 50, 14360—-14363.

. We have not determined whether rhodium carboxylates D and E are monomeric or dimeric
completely. However, their FAB" mass spectra indicate they are monomeric. In addition, related
Rh(OAc)(P'Pr;)z has monomeric structure in the solid state. See: Werner, H.; Martin, S.; Oliver, N ;

Wolf, J. Chem. Ber. 1994, 127,27-38.

. Ochiai, H.; Jang, M.; Hirano, K.; Yorimitsu, Y.; Oshima, K. Org. Lett. 2008, 10, 2681-2683.
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13C NMR spectra of RhMe(PCy;)(dcype) 2. Minor peaks correspond to RhPh(PCy;)(dcype) 3, generated during measurement.
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3IP NMR spectra of RhMe(PCys)(dcype) 2.
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'H NMR spectra of RhPh(PCy;)(dcype) 3.

abundance

0.6

0.5

0.4

03

0.2

0.1

TS 3371 proton-1-5.jdf
single pulse

571 g 4 30
shaghe e

1

]
H

SENERLES I Sa——" )

1S 137 geeam S50
i o

\ TTW

/

v wrdoormille
o e 2 o N0

A

|

Eipeupaiiiinipms, |

W

it

¥

3478

31.48

Q53
8

wsas?
\
. "
2' ....... =3 oy TOT PPN
P e e i e
), et
\ [
253 1 -
g gl e 25 o |
oy
ot W
e T L o L e
12.0 1.0 10.0 0.0 3.0 7.0 6.0
A| | L“*L
VARSPAARSS S .
WM Vit o020
PIOG'“AO'EOI'%P\MV——
I~ O I~ el O o Gl -
EEE AT 008883
P A e S S S SuT R S SO SRS

Xt parts per Million © Proton

R
3.0 20 10
[ Y ] [ aym ’
il ~ L)
_ === 7 I\ I\
S = e DD
(“;lﬂwl“o' ago‘ccﬂl”
SO Do e~ CwICm
Z22TE€Rdadnze
pertata b I RR A i e

by

= T8 3371 _protos-1-5.jaf
= lvasava

= 17-JAN-2014 22:01:29

- 4 12:22.48
= 18-APR-2014 12:23:31

Comsant » single_pulie
Data_Format = 1D COMPLEX
Din_size = 13107
Dim_Titlo = Proton
pim Unite = lpsm]
Dinensions -x
site - J3-ECXS00
Spectroseter = DELTA2 e
rield Stremgth = 11.7473579(T) (300(mmz))
ation = 1.74587904(s)

n -
X_rreq = 500.15991521 (s91x]
X offeot = 5.0(ppa}
X_points “ 16384
X_Proscans -1
X_Resolution = 0.57277737 (3]
X_Swoep = 9.38438438 (knz)
X _Sweep Clipped = 7.507507SL(kaz)
Irx_Doaain = protoa
Irr_vreq « 500.15991521 [#01z]
Irr Offset = 5.0(ypal
Tri_Domein - Proton
Tri ¥reg = 500.15591521 (atx)
Tri_offset - 5.0(zpal
Clippod = raise
Scans -8
Total Scans -8
Relaxation_Dalay = 5is)
Recvr_Gain - a2
Tenp_Gat - 23.7(aC]
X_90_width « 11.9{usl
X Acq _Tine « 1.74587904 (0]
X Angle « 451deg)
X_Ata - 4.51a8)
X Pulss - 5.9%5(us]
Irz »oda - ot
Tri_Kode - ore
Dazte Fresat « FALSE

Initial walt
Repotition Tims

R
~ 6.745879041s)

Cy,
P

N s
Rh

, N
P PCy;
Cy,

3

Ph




13C NMR spectra of RhPh(PCys)(dcype) 3.

i | riy - 3444_2_Carbon-1-5.jaf
TS 3444 2_Carbon-1-5,jdf IR Aathor P e &
single pulse decoupled gated NOE || 5 rvale e hengiod et NOY Experiment -
Bample_td -
Solvent -
= e come s TS_34042 Cuban 13) Time = 1 4 22114129
=y 2 Revision Time = 14-APR-2014 03:11:43
o E & Current_Time *  S-MAY-2014 15121437
E Comment. = single pulse decoupled gat
- Data_rormat = 1D COMPLEX
LS Dim_size = 26224
Dim_Title = Carboal)
- Dim_Units = (ppa]
o7 H = Dizensicns -x
: site = JWM-ECX500
Spectroneter = DELTAZ X
= ) rield_strength = 11.7473579(T) (300(tz))
X_Acq Duration = 0.83361792(s]
X_pomain = 13C
2] § H X_rreq = 125.76529768 [x0xz)
°' X _Offset = 100(ppa)
X_roints - 32768
2 X_Prescans -4
B X_Resolution = 119959034 [Hz)
X_Sween = 35.3081761(XRz]
s 2 X_Sweep Clipped = 31.44654088(xHz)
e ° ° Irr_Domain = Proton
S| & Irr_Yreq = 500.15991521 (Miz)
=3 Irr_Offsat = 5.0(ppa)
34 Clipped = FALSE
. Scans = 44388
= Total_scans = 44309
8 £ Relaxation_Delay = 2(s)
o Xecvr_Gain =50
=5 _Get = 25.8(4C]
e ¥ %_90_widen - 12.1[us]
* X Acq_Time = 0.83361792(s)
. M X Azgle = 30(deg)
- & El X_Atn - S.5(as)
3 X_Pulss = £.03333333[ue]
i Irr_Ats_Dec « 22.265(dB.
&1 Irr_Atn_Noe « 22.265[as]
=) ! - Irr_toise = WALTZ
2 Irr_Pwidth = 92[us)
1901301240173 172 TG T ree | ree T re 1480 2 Decoupling = TRUE
Initial Wait = 1(s)
Noe - TRUE
_Tize = 2(s]
“n 3 Repetition Time = 2.83361792(s)
S - -
=3 X porper M Catenl) || x o g ition Coroat ¢
F 1T304 13 )
st prine bxemplad gad NOI
z4| =
2| s :
i
: . “ ‘ Cyz
o l“ \ J J _} w \u (N ,,"! N Ve
2] i e o, Rh
< ~ 450 10 30 370 M0 340 4@ )6 )@ )9 330 M0 MA Mo e 3¢ Mo N9 N t 7 AN
: AL ANARN ) P, oY
| |
B 3 TR Y ' Cy2
S_ 2 f Xy pr A Curbad falaiad AR5 4 bkl
=2 | | 3
i ’}
i
g' s use s me W16 ime | was s
[ |
|
¥ 5
8 3 3
g L Xyt por - Cabmt 3
- o | J |
g Y 6 J { i W
B W
= m T T 1 T T T T T T T T 1 T T T T | AAAMARRLLI AOARMAGLA) bikarsas T T T T
220 0 400 300
0 2100 2000 1900 180.0 170.0 160.0 150.0 140.0 130.0 120.0 1100 1000 90.0 80.0 70.0 60.0 50 . X 200 100 0 -10.0  -20.0
I \
I N\\ e g \ == —
bt oo o "o = OSSO W =
] NOSSTANOS e e e R = R R - R k]
§ f28z8%5% ZEERSEERNEEEERRCE
g HKEBEGEAR ARARASARERREUEREAES
L X Pparts per Million : Carbon13 - - 1




3IP NMR spectra of RhPh(PCys;)(deype) 3.

abundance

13 3371,,31} -Ildv.1:~l-3.jdl'
single pulse decoupled gated NOL:
S [rommemwion
ronch potes dosibal g0l WK
|
" & |
- i
I
l |
(53 9 l
= | |
i
| |
5 I VoL
= \ U
A { ] '\P A —\"\"." W M \
\ /vv Y il f \t "..‘,’\/V\
an
,A “ WAVI|E
1l
TR
T |
o e o Rt vy R T e SR ——
300.0 200.0 100.0

X : parts per Million : Phosphorus3 1

VR E
s e Bk d g 100

-
=
-

DG S ey
DOTIGHAD
FEF =SSO T
e R R L R ]
Inngggaag
R R R R RS RS RS

T B e oo RS S e e e 4

NOT—

21000 " 2000

A

i

rilonase

?i_;lTl_lll‘_)M-‘-)Jdl

Author * fvasova
Expor imant « single_pulwe_dec.jxp
fample_Ia = 753371
solvent = DENIRNT-DG

rime = 17 2016 22:03:3Y
Ravision 7ime = 17-JAN-2014 22:13:20
Curreat Time w 17-JAN-2014 22415:42
Coaevent. = ningle puloe decoupled gat
Data_¥ormat =10
Dim_Slzs - 2614
Dim Title = Phoephorueil
pim_Units a (pom)
Dimensicns - X
site = OMM-3CX300
Spectrometer « DELTAZ MR
rield Stresgth = 11.7473579(T) (300{Misl)
X_Acq Duration = 0.1635008(s)
2 Dowada - 3y
X_Preq = 202.46331075 M1z}
X offsot = Olcps)
x_points = 32768
X_Prescans -4
X_Resolutica = 5.44956752 (Mx)

= 178.57142057 (hua)

X _Sweep Clipped « 142.85714236(xuz]
trz = Proton
Irr = 3500.15991521 patz)
Irr_Offset = 5.0(ppal
<1 = FaLsE
Scans - 512
Total_scaas - 813
Felaxation Delay = 1le]
recvr_Galn - 50
Teap_Get - 24.210C)
X_50_width = 10.8%(ua)
¥_lcq _Time = 0.1835008(s)
X _Angle -
X _htn = 2.3(a8)
X_Pulse - 3.61666667(us)
1rr = 22.265(an)
Izr_Atn_Noe = 22.265(an)
Irr_Noise - WALTZ
Irr_Pwidth = 92{wa)
Decoupling = TRUE
Initial waic = ils)
tion - TRUR
toa_Tine - i(s)
Repetition Tiee « 1.1835009(a)

Cy,

N s

P/

Ph
Rh N
PCY3

Cy,

3




'H NMR spectra of [Rh(O,CPh)(cod)],

] i a0 rilename = T8_2994_ROBEcod proton-1-
@ IS 2994 RhOBzeod proton-1-5.idf Autnor = ivasawa
single pulse Hxperiment = protem.jxp
ol VE 3990 Kited o 134 VF 1904 el povem § 350 L pe——— Sample_1d = 78_2994_McBEcod
L b o v b b pube Solveat - -D6
' —— - Croation Time = 1-JUL-2014 23117:05
o VN 2904 K0Sy ) o Tovosd rostm &4 540 Revisios Time  « 1-J0L-2014 23:119:01
“ e pele S Current_Tims - 1-JUL-2014 23122:22
g - Y
o | I a b ‘ : « single_pulse
" a - 2 s = 1D COMPLEX
- — Dim_ = 13107
?g’ r t ' - Proton
- = lppm)
o e - X
o - - TN ECXS00
] = DELTAZ Mo
~
o s riola_strength = 3579 17) (500 (] )
- X _heq Durstion = 7904 18)
e . X Domain - i
ol v X reoq = 500.15991521 hatx)
. X_Otfsot = %.0(ppm]
HE H X poiats - 26364
X _Proscans -3
- / X_Resolutica = 0.57277737 (x)
i / 3 = 9.30438438 (kin)
3 X_Sweep Clipped = 7.50750751 (kix)
- - Irxr Domain » Protom
ol - Xer ¥eoq * 500.15991521 [tx)
Irr Offset = 5.0(ppn)
ol -} Tri _Domain « Protos
~ Tri_¥Peoq » 500.15991521 [104x)
Tei_Offa0t = 5.0(pgn)
- Clipped - YALSE
o - Boanw -8
ol « B - 3 Total Boans “e
o o Relaxation Delay = 5(a)
o, . Recvr Gak . a0
- - Towp. Got = 26.610C)
N ,/ S, d | X_90_widen = 11.8[us
«° E = 1.7458790¢ (8}
- ° = 45 (dog)
o - ! g = 4.5(4p)
= BN : S - « 5.95(us)
- P N A I i W " * " 3 -
© TEd Mode . oft
- | | I [ Dante_Yresat - raLse
L H Inicial waic = i(s)
" 1 §%E 2 i g 3 g § 2 Repetition Time = 6.74567904(s)
- X pon gt wem X ot s M Pt N g X 1 gue pur A Prstin
2 i g '
~ 2
2 1 i
r! 3 pas per Mie Pras
-
<
-
o]
=
«
=)
o
<
o T vy
2= ] 2 &
- - -
v
“ 8
- i /
=3 e
L) oi
=
a -
=
g . | ul_ l N\
L )
fe J J
C]

Bl T o R T B o B T B e e B L B L B B B B T S B e e R o e R R SRS RN

120 11.0 10.0 9.0 8.0 7.0 6.0 5.0 4.0 30 20 1.0 0 -1.0 2.0
| jprm
A N | AN LA LIV AN |
- O\ - 2w o - o~ — v — -
3zg2ezagzs & §2gr fig Heseiggesyy o
0% 06 00 66 I~ I~ \O \O \O & " o o ot R Ol GO - — D o

X : pants per Million : Proton




TH NMR spectra of Rh(O,CPh)(dcype) D.

1.0

0.9

0.8

0.6

04

0.3

0.2

0.7

0.1

1S RhOBzdeype proton-1-5,)d1
single_pulse

T8 MOl et 5 gl
nghe pbes

01

V5 MM akyrs e |50
o o

s

200

abundance
0

120 1.0 10.0

X ¢ paits per Million © Proton

R RN R R R RN R R AR AR RS R

2.0

vy

84234
4189
4109

840407

54
8

A J

T MO o |3
e

e }‘\; b

X pon gt Ml P

8.0

I

70 6.0 5.0

vpveer

40

29.61

/

ToT

m

cs

p——

R R R R A R SRR SR

T O o |5
b

e

X g por Mitaw Prowe

0.5

——

0

-1.0

2.0

rilensme

Author
Experiment
dample 14
solvent
Crostion vise
Revision Time
Current_Time

Comsant

Dat.

Dim Size
Dim ritle
Dim Units

rield Strength
X_Acq Duration
X_Domsin

X rreq

X _Offset
X_Pointe
X_Proscens

X _Resolution

rotel Scans

Relexation Delay
_Gain

Deate_ Presat
Initial wait
Repotition Tine

* T3 RLOEAACYDS proton-1-5.
= dwasaws

= proton.ixp

= T3 _MbOBadcype

- ENE - 06

- 013 12:45:23

- ~2013 12:46:29

- ~2014 12:00:47

single pulse
1D CoMPLEX
im0

Proton

(ppml

x

JHN-ECX500
DRLYAZ NMR

11.7473575 (%) (500 [»atx))
1.74567904 (8]

u
500.15991521 (ix]
5.0(ppa)

16304

1

0.57277737 [Kx)
930438436 s ]
7.50750751 [kiix]

Proton
500.15991521 {aatz )
S.0lppa)

Prot

on
500.15991521 [t
5.0(ppa)

&
]

TrERRTEREE BB RN RN R RN

s(s)

s

26.7(42)
11.3(us)
1.74387904 (%]
€51deg
¢.5(en]
5.95[us)

ot

ofr
FALSE

(s
€.74587904 5]

Cy»
P

AN

Rh\ ->—Ph
P O
Cy»
D

SRS N



13C NMR spectra of Rh(O,CPh)(dcype) D.

RhOBzdeype Carbon-1-6.jdf

-

.1

X : parts per Million : Carbon13

Lo
o b0

ingle pulse decoupled gated NOI: < [k ot
single pulse decoupled gate L) ey
— OTaiype Cuban- ) 408 Otk Cul
- (T baramr ot
A | 5 H
o - ?
o 8
q
¢
o a
Sl - E
=} 2
2 H
<
3
e~ . 8
= a
= : : E)
-
e i i (W l.v‘i s
S | ot WY X
< g
ks
ik WS e 18 T PR PR PR P P T I T M)
. l I Jsiil
< $ 2 ] 5
=1 ] 3 3 5
X perte Ml Corbunt 3 N Lo g MBS Curleml ) = F -
p: 8 as
<
- I X yor por Mitaws TGN
< I
= |
l
o
=
=
=
p=d

v
£3
<o
g g
2
= bvon pererr o oo O P T e A A LR LR LT LT T RN R YRR e
2200 2100 2000 1900 1800 1700 1600 150.0 1400 1300 1200 1100 100.0 900
)
T e,
e - NIV 0O NN
2 e e G D D QO
-3 —_ IO OO e o
o BTN =SE
N e OO0 L0 00 00 I - T~
: SadSRSaaas

300t
2450

80.0 700

60.0

S32

500

A
/N
23
¥
i
!
I
|
400 300 200
AN
AR
O WL = O v T O
229330853
S5e3CE¥TEE
SO COO -~ om
R R R R R S ]

10.0

0

-10.0

rilennse
Author
Experiment
sasple_Td
Solvent
Creation Timo

Fieid Streagth
X_Acq Duration
X_Dosain

X rreq

X _Offeet

X Points
X_Prescens

X _kosolution
X_Bweop

iry
Lrr Offset
Clipped

Helaxation Delay
Recve Gain

Irr Atn_Dec
Xrr Atn_Noe
Irr_Noise
Lrr Pwidth
pecoupling
Initial waic

wea
Noa_Time
Repetition Tine

= RhOBEdcypw Carbon-1-6.3d¢
= dwasawe

= carbon.jxp

= RnOBACYDo

= BEMZENE-

= 1-JUL-2014 10:24:10

= 1-JUL-2014 12:08:03

= 1-J05L-2014 12:08:00

single pulse decoupled gat
1D COMPLEX

26214

Carbonld

(pgm)

x

JWM-ECX500
DELTAL R

11.7473579(7)
0.83361752(s)

(500 (renx) )

13¢

125.76529760 tz)
100 (pp=]

32768

‘

1.19959034 (Hx)
39.3091761 (kns)
3144654008 (xnz)
Protoa
500,15991521 )
5.0(ppe)

FALSY

2092

2092

50

26.914C)

12.1(us)

0.83361792(s]
dog]

-
-




3IP NMR spectra of Rh(O,CPh)(dcype) D.

| I'S RhOBzdeype 31P EHdec-1-2,jdI
gle pulse decoupled gated NOIE

e}
<

<

vy

abundance

X ¢ parts per Million : Phosphorus3]

VO P I | 20
singh e darag bl gy WL

N e gy e | g

S33

e
-300.0

rilonams
Author
Experiment
Basple Id
solvent
Creation Time

Comment
Data_Format
Dim _Bive

Dim Titl
Dim tnice
Disansions
site
Spectroneter

Field Strength
Acq Duration
Dosa in

Ire Offoet
Clipped
scans

Total Scans

Rolaxacion Delay
Recve Gain
Tuap_Gat

90 _width

L

Ire pwiden
Dacoupling
iaitial waic
»oe

Woe _Tise
Rapetition Tine

FsrsEREREESE

Cy»
P

P
Cy»

sssssscsEEEEINAEE

T8 _MbOBdcype I1P_MWdec-1-2
{wesava

single_pulse dec.iwg

‘T _RBOB sdcype

BEMZEME - D6

5-0¥P-2013 12546560
1-901,-2014 1158142
1-JUL-2014 12100159

aisgle pulse decoupled gat
AD COMPLEX

e
Phosphorusil
[pom)

x
JMK - ECX500
DELYAZ MR

1).7473879 (T (500 (MKx))
0.1835008(n)

e

202.46031075 [Mia)

0 (ppa)

32760

4
5.44956752 (Wx)
178.57142057 (kix]
142.85714206 (kux]
Proton

500, 315991521 (i)
5.0(ppm]

PALSE

132
132

1(s)
0

4.3 (ds)
3.61666667 [us)
42,265 (an)
22,265 (an)
WALTE

92 [ua)

E

1(e)
THOE

im)
1.1095008 (8)

0
N 7
Rh \o/>_ Ph

D




TH NMR spectra of Rh(OAc)(dcype) E.

2; Cya
P
AN /O>_
/Rh\ >—Me
P @ o
CYQ &
E
< |
N
|
(%i
g
2|
|
e
. |
= Rl
3 \ [ ‘U

8.0 7.0 6.0 5.0 4.0 10
///N /¢¢/2JHML7%a7)%yN%§\ ‘
OO — A O <t MmN NUMIoVNMOOO T — A TOTI>-0OWVi~on 0 on
SOV — AN \O MmNoOoOoOtTaAaOoOVnAOWVNTONO—ON O [ele)
A== S S ! MORRXEEEV 0NN~ — =S %000 N
~N~D~~ O o O O — e e e e o — — — — ocoocoo o =)

X : parts per Million : Proton

S34



13C NMR spectra of Rh(OAc)(dcype) E.

[«
g1 - Ig:)’z
<]
N -
/Rh\ >—Me
P
<1 . Cyz
=1 ¥
bl E
1 <
<]
o] F
=
=N
-
B
o]
=
27
-
=
O_:
2]
g7
] |
oy Wi Ww A wwww
I R A T
380 370 3(0 350 340 330 320 310 300 290 280 270 2(0 250 240 230 220 Zl.(]
o1
= ) I
=N
] £38 gz g% % g 258
7 \D\Ds- xRN e © < i
B X : parts per Million : Carbon13 o oo ! cen
]
~
= |
=
5 _]
3 ©7 w
v
=3
o
<)

U A AR A A A AR AR AR A AU DU U DR DR H\HH\HH\HH\H
220.0 210.0 200.0 190.0 180.0 170.0 160.0 150.0 140.0 130.0 120.0 110.0 100.0 90.0 80.0 70.0 60.0 500 400 300 200 10.0 0 -100 -20.0

AN 7 NS

NeJ
w
[>e}
[}
[~}
—

X : parts per Million : Carbon13

S35



31p

NMR spectra of Rh(OAc)(dcype) E.

abundance

12 13 14 15 1.6

1.1

04 05 06 07 08 09 1.0

02 03

0.1

0

Cy,

P o

\N_ 7~ >_
I: /Rh < 4 Me
P o

Cy,

E

140.0 130.0 120.0 110.0 100.0 90.0 80.0 70.0 60.0 50.0 40.0 30.0 20.0 10.0 0 -10.0

103.868 ——
102.899 —

X : parts per Million : Phosphorus31

S36



