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1. General Methods
"H NMR (400 MHz), *C NMR (101 MHz), °F NMR (376 MHz), *'P NMR (162 MHz), and

77Se NMR (76 MHz) spectra were recorded on a JEOL JMN-ECS400 spectrometer in suitable
solvents, and spectra were referenced to residual solvent ('H, *C{'H}) or external standard (*'P:
85% H3POu, F: CeFs, "'Se: SePh,). Magnetic susceptibility was measured in CD>Cl, or THF-ds
using the Evans method.®! IR spectra were recorded on a JASCO FT/IR 4100 Fourier Transform
infrared spectrometer. Ultraviolet—visible (UV-vis) absorption spectra were recorded on a
Shimadzu MultiSpec-1500 and a Shimadzu UV-1850. Evolved dihydrogen was quantified by a
gas chromatography using a Shimadzu GC-8A with a TCD detector and a SHINCARBON ST (6
m X 3 mm). Mass spectra were measured on a JEOL JMS-700 mass spectrometer. Elemental
analyses were performed at Microanalytical Center of The University of Tokyo.

All manipulations were carried out under an atmosphere of nitrogen or argon by using
standard Schlenk techniques or glovebox techniques unless otherwise stated. Solvents were dried
by general methods and degassed before use. [Mol3(PCP)],>* [Mols(CF;-PCP)],> KCs,5
FeCp,OTf,>  CoCp*,,>°  4,5-bis(trifluoromethyl)-o-phenylenediamine,®”  [MoCls(thf);],®
[Mo(CO)s3(n*toluene)],> Smlx(thf),,>'° 1a,5!" and 1b°'" were prepared according to the literature

methods. All the other reagents were commercially available.

2. Experimental procedures

Preparation of [Mo(N)I(PCP)]OTHY.

| N oTf
— _PtBu2 N2 (1 atm) /_H 'PtBD
o— > Mo
N /] THF, —78 °C to rt THF, rt N" / ™~
Bu, | 5 min 1h tBqu’

To a solution of [Mol3(PCP)] (456 mg, 0.500 mmol) in THF (20 mL) at -78 °C was added a
suspension of KCs (149 mg, 1.10 mmol) in THF (5 mL) at -78 °C under N, and the mixture was
stirred at room temperature for 3 h. The dark brown solution was filtered through Celite, and the
filter cake was washed with THF (2 mL x 3). To the combined extract was added [FeCp,]OTf
(160 mg, 0.4 mmol), and the mixture was stirred at room temperature for 1 h. Volatiles were
removed in vacuo, and the residue was washed with hexane (5 mL x 3). The residue was extracted

with CH»Cl, (25 mL+2 mL x 5), and slow addition of hexane (40 mL) to the extract gave
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[Mo(N)I(PCP)]OTf as orange crystals, which were collected by filtration, washed with cold THF
(1 mL x 2) and hexane (1 mL x 3), and dried in vacuo (199 mg, 0.243 mmol, 51% yield). Anal
Calcd for CysHasF3IMoN3;03P,S + 0.5CH,Cly: C, 36.88; H, 5.26; N, 4.87. Found: C, 36.83; H,
5.28; N, 4.83.

Preparation of [Mo(N)I(PCP)|BAr",.

-PfBu_l oTf N-PtBu_l BArF,
@N/_H 2 NaBAr", @N/—HL 2
—_—
N AN THF, rt NT O~
P 18 h =P
BU2 BU2

A mixture of [Mo(N)I(PCP)]OTf (100 mg, 0.122 mmol) and NaBAr"s (108 mg, 0.122 mmol)
in THF was stirred at room temperature for 18 h. The resultant orange solution was dried in vacuo,
and the Et;O (5 mL) was added to the residue. The solution was filtered through Celite, and filter
cake was washed with Et;O (2 mL x 3). Slow addition of hexane (15 mL) to the extract gave
[Mo(N)I(PCP)]BAT", as orange crystals, which were collected by filtration, washed with hexane
(1 mL x 3), and dried in vacuo (154 mg, 0.101 mmol, 83% yield). Anal Calcd for
Cs7HseF24IMoN;3P2: C, 44.61; H, 3.68; N, 2.74.  Found: C, 44.98; H, 3.27; N, 2.78.

Preparation of [Mo(N)I(PCP)] (2a).

N F N
A P sl
@N)_}Vlo\l THF, rt @N)_/MO\|
P 18 h =P
tBUZ tBUz

To a solution of [Mo(N)I(PCP)|BAr"s (144 mg, 0.0941 mmol) in THF (8 mL) was added a
solution of CoCp*; (32.4 mg, 0.0984 mmol) in THF (2 mL), the mixture and was stirred at room
temperature for 18 h. After the resultant yellow-green solution was dried in vacuo, and the residue
was washed with Et;O (2 mL x 4) and dried in vacuo. Recrystallization from THF-hexane
afforded 2a as brown crystals (34.0 mg, 0.0506 mmol, 54% yield). Anal Calcd for
CasHasIMoN3P>+C4HsO: C, 46.84; H, 7.05; N, 5.65. Found: C, 47.12; H, 7.01; N, 5.76. 'H
NMR (C4DsO): 6 7.78-7.74 (m, 2H), 7.42-7.37 (m, 2H), 4.79 (d, J = 13.6 Hz, 2H), 4.66 (d, J =
13.6 Hz, 2H), 1.61 (s, 18H), 1.17 (s, 18H). *'P{'H} NMR (CsDs0): 8 111.2 (s).
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Preparation of 7c-7f

F NH 5
o i
F NH,  Se F NH
t . 2 .
Bu,PH * (CH0), 60 °C DCE, 60 °C DCE, rt Ii
12.h 24 24h F NH

ﬁfBu2
Se

A typical procedure for the preparation of 7¢ is described below. A mixture of ‘Bu,PH (1.12
g, 7.41 mmol) and paraformaldehyde (225 mg, 7.49 mmol) in 50 mL of Schlenk flask was stirred
at 60 °C for 17 h. 1,2-Dichloroethane (50 mL) and 4,5-difluoro-1,2-diaminobenzene (432 mg,
3.00 mmol) were added to the resulting liquid and stirred at 60 °C for 11 h. Elemental selenium
(671 mg, 8.50 mmol) was added to the resulting mixture and stirred 60 °C for 16 h. The solvent
was removed in vacuo, and then the crude mixture was purified by column chromatography (SiO.)
with hexane/CH,Cl, (33/66 to 20/80) to give 7¢ as a pale brown solid (1.16 g, 1.83 mmol, 61 %).
7¢: M.p. = 187.5-189.2 °C. '"H NMR (CDCl;): § 6.50 (t, J = 9.8 Hz, 2H), 4.76 (br, 2H), 3.31 (d,
J=6.8 Hz, 4H), 1.42 (d, J=15.6 Hz, 36H). *C{'H} NMR (CDCl;): § 143.5 (dd, J = 238.6, 15.3
Hz), 134.2-134.0 (m), 101.4-100.8 (m), 37.2 (d, J = 32.6 Hz), 35.6 (d, J=40.3 Hz), 28.0 (s). °F
NMR (CDCls): 8 -150.6 (t,J = 11.7 Hz). *'P{'H} NMR (CDCl5): & 79.6 (s with Se satellites, J =
702.0 Hz). HRMS (FAB) Calcd. for C2sHasN2F2P-Se, [M+H]": 621.1356. Found 621.1356.

Isolated yields and spectroscopic data of 7d—7f are summarized below:

Se

PBu,
Cl j@NH
Cl NH
PBu,

I
Se

7d: 66% yield. A white solid. M.p. = 195.4 — 196.5 °C. 'H NMR (CDCL): 5 6.64 (s, 2H), 4.77 (dt,
2H, J=8.8 and 5.1 Hz), 3.28 (dd, 4H, J = 6.4 and 5.1 Hz), 1.42 (d, J = 15.6 Hz, 36H). *C{'H}
NMR (CDCls):  137.4 (d,J = 11.5 Hz)), 121.6 (s), 112.1 (s), 37.2 (d, J = 32.6 Hz), 34.8 (d, J =
40.3 Hz), 28.0 (s).*'P{'H} NMR (CDCls): § 79.7 (s with Se satellites, J = 706.2 Hz). HRMS
(FAB) Calcd. for C2sH4sN>CLoP2Ses [M]": 652.0687. Found: 652.0679.
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ﬁfBu2
Se

Te: 63% yield. A white solid. M.p. = 198.1- 199.6 °C. 'H NMR (CDCls): 8 7.07 (d, J = 7.8 Hz,
1H, ArH), 6.81 (s, 1H), 6.65 (d, J = 7.8 Hz, 1H), 5.02-4.98 (m, 1H), 4.80-4.76 (m, 1H), 3.39-
3.33 (m, 4H), 1.44 (d, J = 15.2 Hz, 18H), 1.43 (d, J = 14.8 Hz, 18H). “C{'H} NMR (CDCl): §
140.4 (d, J = 10.6 Hz), 136.8 (d, /= 10.5 Hz), 125.0 (q, J = 271.2 Hz), 120.9 (q, J = 32.3 Hz),
117.3 (s), 110.2 (s), 108.1 (s), 37.32 (d, J=32.6 Hz), 37.29 (d, J=32.8 Hz), 34.9 (d, /= 39.3 Hz),
34.8 (d,J=40.2 Hz), 28.11 (s), 28.07 (s). ’F NMR (CDCls): § —60.8 (s). *'P{'H} NMR (CDCl;):
6 80.0 (s with Se satellites, J = 706.1 Hz), 79.6 (s with Se satellites, /= 706.1 Hz). HRMS (FAB)
Calcd. for CasHasN2F3P2Se; [M]*: 652.1341. Found 652.1373.

Se

PBu,

E’Buz
Se

7f: 49% yield. A white solid. M.p. = 225.0- 226.7 °C. '"H NMR (CDCl:): 6 6.92 (s, 2H), 5.21 (br,
2H), 3.35 (d, 4H, J = 7.2 Hz), 1.44 (d,.J = 15.6 Hz). C{'H} NMR (CDCL): & 138.8 (d, /= 10.6
Hz), 123.6 (q, J = 273.2 Hz), 119.0-118.0 (m), 108.8 (s), 37.4 (d, J = 33.6 Hz), 33.7 (d, J = 39.3
Hz), 28.0 (s). '’F NMR (CDCI5): § —57.9 (s). *'P{'H} NMR (CDCI): & 80.3 (s with Se satellites,
J=710.6 Hz). HRMS (FAB) Calcd. for CsHasN2FeP2Se, [M+H]*: 721.1293. Found 721.1275.
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Preparation of 8c—8e

§e
PBu, se
( CH(OEt), /—PfBu2
F NH NH,PFs  F N+
— > PFe
F NH 120°°C F N
3h
t \—ﬁtBuz
ﬁ BU2 Se
Se

A typical procedure for the preparation of 8c is described below. To a mixture of 7¢ (583 mg,
0.922 mmol) and NH4PF¢ (153 mg, 0.938 mmol) was added CH(OEt); (3 mL), and the mixture
in 200 mL of Schlenk flask was stirred at 120 °C for 3 h. The volatiles were removed in vacuo.
The resultant solid was washed with CH>Cl»/Et;O = 1/2 (v/v, 12 mL x 3) and Et;O (7 mL x 1) and
dried under vacuum to give 8¢ as a white solid (596 mg, 0.769 mmol, 83 %).
8c: M.p. > 200 °C (decomp.). 'H NMR (Acetone—ds): & 10.66 (s), 8.47 (t, J = 8.2 Hz, 2H), 5.53
(d, J= 3.2 Hz, 4H), 1.49 (d, J = 16.0 Hz, 36H). C{'H} NMR (Acetone-ds): 6 151.0 (dd, J =
251.6, 16.8 Hz), 144.6 (s), 128.6 (t, J = 6.2 Hz), 104.8-104.3 (m), 41.1 (d, J = 25.8 Hz), 39.4 (d,
J=31.7Hz), 28.2 (s). "F NMR (Acetone—ds): & —72.5 (d,J=705.3 Hz), —135.6 (s).'P{'H} NMR
(Acetone—ds): 6 82.7 (s with Se satellites, J = 732.4 Hz), —144.0 (sep, J = 708.4 Hz). HRMS
(FAB) Calcd. for CosHa3N2F2P2Se; [M]*: 631.1200. Found 631.1187.

Isolated yields and spectroscopic data of 8d and 8e are summarized below:

8d: 81% yield. A white solid. M.p. > 200 °C (decomp.). '"H NMR (Acetone—ds): & 10.69 (s), 8.69
(s,2H), 5.57 (d,J=2.8 Hz, 4H), 1.50 (d, /= 16.4 Hz, 36H). *C{'H} NMR (Acetone—ds): 5 144.6
(s), 132.1 (s), 131.7 (s), 117.0 (s), 40.8 (d, J = 26.8 Hz), 39.2 (d, J = 30.7 Hz), 28.0 (s). *'P{'H}
NMR (Acetone—ds): 6 83.1 (s with Se satellites, J=732.4 Hz),—143.9 (sep, /= 708.4 Hz). HRMS
(FAB) Calcd. for C25H43N2Cl2P2Se; [M]": 663.0609. Found 663.0620.
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8e: 90% yield. A white solid. M.p. > 190 °C (decomp.). 'H NMR (Acetone—ds): 6 10.70 (s, 1H),
8.81 (s, 1H), 8.60 (d, J = 8.8, 1H), 8.13 (dd, J = 8.6 and 1.0 Hz, 1H), 5.71 (d, J = 2.8 Hz, 2H),
5.63 (d, J= 2.8 Hz, 2H), 1.52 (d, J = 16.0 Hz, 18H), 1.51 (d, J = 16.0 Hz, 18H). C{'H} NMR
(Acetone—ds): 6 145.1 (s), 134.5 (s), 132.2 (s), 129.3 (q, J=33.5 Hz), 124.8 (q, /= 3.7 Hz), 124.6
(q, J=268.7 Hz), 116.7 (s), 113.7 (q, J = 3.9 Hz), 40.8 (d, J = 25.8 Hz), 40.6 (d, J = 26.8 Hz),
39.3(d,J=31.7 Hz), 39.2 (d, J = 31.7 Hz), 28.0 (s). '°F NMR (Acetone—ds): § —61.9 (s), —72.3
(d, J=711.0 Hz, PF¢). *'P{'"H} NMR (Acetone—ds): & 83.7 (s with Se satellites, J = 736.8 Hz),
83.2 (s with Se satellites, J = 736.8 Hz), —143.9 (sep, J = 710.6 Hz). HRMS (FAB) Calcd. for
Ca6HasN2F3P2Se; [M]": 663.1262. Found 663.1258.

Preparation of 8f

§e
rPfBu2 se
CH(OEt), /—P“Bu2
CFs NH NH,PFs  CFs N+
— > PFg
CF NH 100°C CF N
3 1h 3
t \—IFI>’|3u2
ﬁBUz Se
Se

To a mixture of 7f (3.10 g, 4.31 mmol) and NH4PFs (703 mg, 4.31 mmol) was added CH(OEt)3
(12 mL), and the mixture in 200 mL of Schlenk flask was stirred at 100 °C for 1 h. The volatiles
were removed in vacuo. The resultant solid was washed with CH,Cly/hexane = 1/4 (v/v, 10 mL x
3) and boiled EtOH (20 mL) and dried under vacuum to give 8f as a white solid (2.44 g, 2.79
mmol, 65 %). M.p. > 180 °C (decomp.). 'H NMR (Acetone—ds): 6 10.76 (s, 1H), 9.05 (s, 2H),
5.80 (d, J = 3.6 Hz, 4H), 1.53 (d, J = 16.0 Hz, 36H). *C{'H} NMR (Acetone—ds): & 147.3 (s),
134.3 (s), 127.1-125.9 (m), 123.7 (q, J = 273.8 Hz), 117.9 (s), 41.6 (d, J=25.8 Hz), 39.6 (d, J =
31.7 Hz), 28.2 (s). '’F NMR (Acetone—ds): 8 —59.1 (s), —=72.7 (d, J = 704.9 Hz). *'P{'H} NMR
(Acetone—ds): 0 83.4 (s with Se satellites, J = 736.8 Hz), —144.0 (sep, J = 708.4 Hz). HRMS
(FAB) Calcd. for Co7Ha3N2FeP2Se; [M]": 731.1136. Found 731.1141.
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Preparation of 5c—5f

Se
- [—P'Bu; —P'Bu,
ID:N\; pp-_P(NMe2)s i N\§ PF
E N CHClp, 1t N
\—piBU, th \—pigy,
Se

A typical procedure for the preparation of Sc is described below. In a 50 mL Schlenk flask
were placed 8c (468 mg, 0.604 mmol) and CHxCl, (25 mL), and then
tris(dimethylamino)phosphine (250 pL, 1.38 mmol) was added. The reaction mixture was stirred
at room temperature for 1 h, and then the volatiles were removed under reduced pressure. The
resultant solid was washed with toluene (10 mL x 3) and dried under vacuum to give 5¢ as a white
solid (257 mg, 0.417 mmol, 69 %). The suitable sample for elemental analysis was obtained from
recrystallization from CH,Cly/hexane.
5c¢: '"H NMR (THF—ds): 8 9.82 (s, 1H), 8.17 (t,J= 8.2 Hz, 2H), 4.77 (s, 4H), 1.21 (d, J= 11.6 Hz,
36H). BC{'H} NMR (THF-ds): 6 150.8 (dd, J=251.6, 16.6 Hz), 145.1 (t,J = 12.9 Hz), 129.2 (s),
104.1-104.0 (m), 43.7 (d, J = 27.8 Hz), 32.8 (d, J = 19.2 Hz), 29.6 (d, J = 13.5 Hz). ’F NMR
(THF—ds): 6 -74.9 (d,J=716.6 Hz), —137.9 (s). *'P {'H} NMR (THF—ds): & 24.0 (s), —146.0 (sep,
J =710.6 Hz). Anal. Calcd. for CosH43FsN2Ps: C, 48.70, H, 7.03, N, 4.54. Found: C, 48.88, H,
6.75, N, 4.67.

Isolated yields and spectroscopic data of 5d—5f are summarized below:

—PBu,

cl N+
b

“ N\—PfBu2

5d: 88% yield. A white solid. '"H NMR (THF-ds): 9.86 (s, 1H), 8.42 (s, 2H), 4.82 (s, 4H), 1.23 (d,

J=12.0 Hz, 36H). BC{'H} NMR (THF-ds): § 145.9 (t,J = 11.5 Hz), 132.5 (s), 131.8 (s), 117.2

(d,J=6.7Hz),43.7 (d,J=27.8 Hz), 32.9 (d, J = 20.1 Hz), 29.6 (d, J= 17.6 Hz). *'P{'"H} NMR

(THF-ds): 6 24.7 (s), —146.0 (sep, J = 712.1 Hz). Anal. Calcd. for C,sH43CIF¢N2P3: C, 46.24, H,

6.67, N, 4.31. Found: C, 46.11, H, 6.58, N, 4.68.

S8



[—PBu,
N+

CF,
Ly
N

\—pigy,

5e: 80% yield. A white solid. The suitable sample for elemental analysis was obtained from
recrystallization from CH>Cly/hexane. "H NMR (THF-ds): & 9.90 (s, 1H), 8.50 (s, 1H), 8.37 (d, J
=9.0 Hz, 1H), 7.92 (d, J = 9.0 Hz, 1H), 4.87 (s, 2H), 4.83 (s, 2H), 1.20 (d, J = 12.0 Hz, 18H),
1.18 (d,J=12.0 Hz, 18H). “C{'H} NMR (THF—ds): 6 146.1 (t,J=11.5 Hz), 135.5 (s), 132.9 (s),
129.2 (q,J=32.9 Hz), 1249 (q,J=272.5 Hz), 124.3 (q,J=3.7 Hz), 117.1 (d,J= 5.7 Hz), 113.7-
113.5 (m), 43.9 (d, J=28.7 Hz), 43.7 (d, J = 27.8 Hz), 32.94 (d, /= 19.2 Hz), 32.88 (d, J = 20.1
Hz), 29.64 (d, J = 13.4 H), 29.60 (d, J = 13.5 Hz). "’F NMR (THF—ds):  —-64.3 (s), -75.2 (d, J =
716.6 Hz). *'P{'H} NMR (THF—ds): § 25.2 (s), 24.1 (s), —145.9 (sep, J = 710.6 Hz). Anal. Calcd.
for CosHasFoNoP3: C, 48.15, H, 6.84, N, 4.32. Found: C, 48.54 H, 6.68, N, 3.96.

PBu
CF3 N/+_ ?
> PFg
CF3 N\_
PBu,

5f: 55% yield. A white solid. The suitable sample for elemental analysis was obtained from
recrystallization from THF/Et,O at —30 °C. 'H NMR (THF—ds): § 10.13 (s, 1H), 8.83 (s, 2H), 4.99
(s, 4H), 1.26 (d, J = 12.0 Hz, 36H). *C{'H} NMR (THF—ds): § 148.2 (t,J = 11.1 Hz), 134.7 (s),
126.8-125.6 (m), 123.7 (q, J =275.4 Hz), 117.4 (s), 44.4 (d, J=28.8 Hz), 33.0 (d, /= 19.1 Hz),
29.6 (d, J = 12.5 Hz). ’F NMR (THF-ds): 8 -61.2 (s), —75.6 (d, J = 711.0 Hz). *'P{'H} NMR
(THF-ds): 6 25.5 (s), —145.8 (sep, J = 711.4 Hz). Anal. Calcd. for C»7H43F12N,P3: C, 45.26, H,
6.05, N, 3.91. Found: C, 45.25, H, 5.86, N, 3.66.
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Preparation of 4a and 4b

Se
—PBu; —PBu,
N+ ~ Se NaN(SiMe3), N
) PFs —Se
N THF, it THF, rt \
1h 18 h
\—ptay, \—ﬁfBuz
Se

A typical procedure for the preparation of 4a is described below. In a 20 mL Schlenk flask
were placed 5a (56.3 mg, 0.100 mmol) and elemental selenium (39.5 mg, 0.500 mmol), and then
THF (5 mL) was added. The mixture was stirred at room temperature for 1 h. KN(SiMe3); (20.2
mg, 0.110 mmol) was added to the resulting suspension and stirred at room temperature for 18 h.
The solvent was removed under vacuum and the residue was dissolved in CH,Cl, (10 mL). After
the resultant suspension was filtrated over Celite, the solvent was removed under vacuum. The
residue was washed with hexane (5 mL x 2) and dried under vacuum to afford 4a (58.1 mg, 0.0865
mmol, 87%) as a white solid. M.p. = 230.5-232.0 °C. '"H NMR (THF-ds): & 8.59-8.56 (m, 2H),
7.22-7.19 (m, 2H), 5.69 (br, 4H), 1.47 (d, J = 15.6 Hz, 36H). *C{'H} NMR (THF-ds): 6 171.7
(s), 135.1 (s), 123.6 (s), 115.7 (s), 48.9 (d, J = 32.6 Hz), 39.5 (d, J = 30.7 Hz), 28.7 (s). *'P{'H}
NMR (THF—ds): & 71.6 (s with Se satellites, J = 732.4 Hz). "Se{'H} NMR (THF—ds): & 147.1
(s), —384.5 (d, J = 733.5 Hz). HRMS(FAB) Calcd. for CsHaN2P,Ses [M]": 674.0475. Found
674.0488.

4b: A white solid. 45% yield. M.p. = 239.5-240.7 °C. 'H NMR (THF-ds): & 8.44 (s, 2H), 5.68
(br, 4H), 2.33 (s, 6H), 1.46 (d, J= 15.6 Hz, 36H). *C{'H} NMR (THF—ds): 5 170.3 (s), 133.4 (),
132.6 (s), 116.0 (s), 49.15 (d, J = 31.7 Hz), 39.4 (d, J= 30.8 Hz), 28.7 (s), 20.0 (s). >'P{'H} NMR
(THF—ds): § 71.2 (s with Se satellites, J = 732.3 Hz). ”’Se{'H} NMR (THF—ds):  135.2 (s), —
381.0 (d, J="733.5 Hz). HRMS(FAB) Calcd. for C27HasN2P2Ses [M]*: 702.0788. Found 702.0809.
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Preparation of 4c—4f

Se Se
/—PBuz  NaN(SiMes), —PBu,
F NE o Se F N
\ 6 —_—
> THF, rt )=se
F N 18 h F N
P'Bu \pgy,
I
Se Se

A typical procedure for the preparation of 4¢ is described below. In a 20 mL Schlenk flask
were placed 8¢ (77.4 mg, 0.100 mmol), NaN(SiMes), (560 mg, 2.81 mmol) and elemental
selenium (39.5 mg, 0.500 mmol), and then toluene (5 mL) was added. The mixture was stirred at
room temperature for 18 h. The solvent was removed under vacuum and the residue was dissolved
in CH>Cl,. After the resultant suspension was filtrated over Celite, the solvent of the filtrate was
removed under vacuum. The residue was washed with hexane (5 mL x 2) and dried under vacuum
to afford 4c (19.8 mg, 0.0279 mmol, 28%) as a white solid. M.p. = 239.7-240.4 °C. 'H NMR
(THF—ds): & 8.65 (t,J = 8.6 Hz), 5.68 (br, 4H), 1.47 (d, J = 15.6 Hz, 36H). *C{'H} NMR (THF-
ds): 8 172.9 (s), 147.8 (dd, J=245.4, 16.3 Hz), 130.7 (t, J= 6.2 Hz), 104.9-104.4 (m), 48.4 (d, J
=31.6 Hz),39.5(d,J=30.7 Hz), 28.5 (s). ’F NMR (THF~ds): § -145.5 (s). *'P{'H} NMR (THF-
ds): 8 71.3 (s with Se satellites, J = 728.1 Hz). 7Se{'H} NMR (THF—ds): 170.2 (s), —382.0 (d, J
= 727.6 Hz). HRMS(FAB) Calcd. for CzsHa3N2F2P.Ses [M+H]": 711.0365. Found 711.0358.

Isolated yields and analytical data of 4d—4f are summarized below:

§e
PBu,
Cl N/_
>=Se
o N
\—pigy,
1]
Se

4d: 76% yield. A white solid. M.p. = 226.3-227.8 °C. 'H NMR (THF-ds): & 8.84 (s, 2H), 5.68
(br, 4H), 1.47 (d, J = 15.2 Hz, 36H). *C{'H} NMR (THF—ds): § 173.2 (s), 1342 (s), 127.3 (s),
116.9 (s), 47.9 (d, J = 30.8 Hz), 39.5 (d, J = 29.8 Hz), 28.5 (s). *'P{'H} NMR (THF—ds): § 71.6
(s with Se satellites, J = 732.4 Hz). 7’Se {'H} NMR (THF-ds): 177.3 (s),-383.2 (d, J= 733.6 Hz).
HRMS(FAB) Caled. for CosHasN2CloP2Ses [M+H]": 742.9780. Found 742.9774.
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4e: >99% yield. A white solid. M.p. = 182.0-183.0 °C. 'H NMR (THF-d5s): 6 8.92 (s, 1H), 8.64
(d, J = 8.8 Hz, 1H), 7.47 (dd, J = 8.8, 0.8 Hz, 1H), 5.68 (br, 4H), 1.43 (d, J = 15.6 Hz, 36H).
BC{'H} NMR (THF-ds): 5 173.8 (s), 137.3 (s), 134.8 (5), 125.5 (q, J = 270.3 Hz), 125.3 (q, J =
30.7 Hz), 120.4 (s), 1162 (s), 113.5 (s), 48.0 (d, J = 30.7 Hz), 47.8 (d, J = 31.7 Hz), 39.6 (d, J =
34.3 Hz), 28.6 (s). "°F NMR (THF—ds): & —63.7 (s). *'P{'H} NMR (THF—ds): 3 72.3 (s with Se
satellites, J=732.4 Hz), 72.1 (s with Se satellites, J= 732.3 Hz). 7’Se {'/H} NMR (THF-ds): 174.3
(s), —387.2 (d, J = 733.5 Hz), ~387.9 (d, J = 733.5 Hz). HRMS(FAB) Calcd. for CosHssN2FsP2Ses
[M]*: 742.0349. Found 742.0351.

§e
PBu,
CF3 N/_
L=
CF3 N
\_ﬁtBUQ
Se

4f: 91% yield. A white solid. M.p. > 180 °C (decomp). '"H NMR (THF—ds): & 9.10 (s, 2H), 5.74
(br, 4H), 1.49 (d, J = 15.6 Hz, 36H). *C{'H} NMR (THF—ds): 5 175.1 (s), 136.4 (s), 124.3 (q, J
= 275.4 Hz), 122.6-121.6 (m), 116.4 (s), 46.7 (d, J = 30. 7 Hz), 39.6 (d, J = 30.7), 28.5 (). '°F
NMR (THF-ds): 8 —60.8 (s). *'P{'H} NMR (THF-ds): § 72.8 (s with Se satellites, J = 732.4 Hz).
71Se{'H} NMR (THF-ds): 196.6 (s), —-391.2 (d, J = 733.6 Hz). HRMS(FAB) Calcd. for
C27H42N2F6P2Ses [M]*: 810.0223. Found 810.0199.
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Preparation of 6a—6f

O
/—PBu, |C||
- bt
N\§ pr- _KN(SiMeg); Mo(CO)s(n-CeHsCHa) NI PBu
N toluene, rt toluene, 80 °C N)_/MO‘C=O
1h 18 h _p
\_PtBu2 tBuz |C||

A typical procedure for the preparation of 6a is described below. In a 20 mL Schlenk flask
were placed 5a (112.4 mg, 0.200 mmol) and KN(SiMejs), (43.5 mg, 0.218 mmol), and then
toluene (4 mL) was added. The mixture was stirred at room temperature for 1 h. The resulting
suspension was filtered through Celite. [Mo(CO)3(n°®-CsHsCHs)] (49.5 mg, 0.182 mmol) was
added to the filtrate and the mixture was stirred at 80 °C for 18 h. The solvent of mixture was
removed under vacuum to give a yellow solid. The solid was recrystallized from Et,O in —30 °C
to afford 6a (26.7 mg, 0.0414 mmol, 23%) as yellow crystals. 'H NMR (THF—ds): & 7.45-7.42
(m, 2H), 7.21-7.19 (m, 2H), 4.35 (d, J = 1.6 Hz, 4H), 1.37-1.33 (m, 36H). 'P{'H} NMR (THF-
dg): 8 115.3 (s). IR (KBr, cm™) 1814 (s, vco), 1826 (s, veo), 1926 (s, veo). IR (THF, em™) 1833
(s, vco), 1936 (s, veo). Anal. Calced. for CosHuuMoN,O3Ps: C, 54.72; H, 7.22; N, 4.56. Found : C,
54.75; H, 6.99; N, 4.55.

Isolated yields and analytical data of 6b—6f are summarized below:
o
I
/—|—F>fE;u2
N /
>—Mo-C=0
N~/
—p

f
BU2 %

6b: Recrystallization from toluene/hexane gave as yellow crystals. 20% yield. The suitable
sample for elemental analysis were obtained by freeze drying in benzene as 6b-0.1C¢Hs. 'H
NMR (THF-ds): & 7.22 (s, 2H), 4.29 (br, 4H), 2.35 (s, 6H), 1.34 (pseudo t, J = 6.2 Hz, 36H).
3IP{'H} NMR (THF-ds): 8 115.3 (s). IR (KBr, cm™) 1811 (s, vco), 1819 (s, vco), 1924 (s, vco).
IR (THF, em™) 1831 (s, vco), 1935 (s, vco). Anal. Caled. for C3HassMoN,OsP, + 0.1C¢Hs: C,
56.51; H, 7.53; N, 4.31. Found: C, 56.88; H, 7.35; N, 3.98.
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0
I
C t)
Ve PBU2
/U )—Mo c=o

tBUzﬁ:l

6¢: Recrystallization from Et;0 in —30 °C gave 6c¢ as yellow crystals. 26% yield. "H NMR (THF—
ds): 67.50 (t,J = 8.4 Hz, 2H), 4.33 (s, 4H), 1.34 (pseudo t, J = 6.2 Hz, 36H). '’F NMR (THF—ds):
8 -147.8 (s). *'P{'H} NMR (THF—ds): § 115.5 (s). IR (KBr, cm™) 1820 (s, vco), 1833 (s, vco),
1938 (s, vco). IR (THF, cm™) 1836 (s, vco), 1939 (s, vco). Anal. Caled. for CosHarFaMoN,OsPo:
C, 51.70; H, 6.51; N, 4.31. Found: C, 51.80; H, 6.36; N, 4.36.

0
|C||
PtBu2
/U )—Mo c=o

P

tBUz%
(0]

6d: Recrystallization from Et,O in —30 °C gave 6d as yellow crystals. 8% yield. '"H NMR (THF-
dg): 8 7.70 (s, 2H), 4.35 (s, 4H), 1.34 (pseudo t, J = 6.2 Hz, 36H). *'P{'H} NMR (THF—ds): &
115.5 (s). IR (KBr, cm™) 1811 (s, vco), 1832 (s, vco), 1923 (s, vco), 1940 (s, vco). IR (THF, cm™
1) 1838 (s, vco), 1940 (s, vco). Anal. Caled. for C23HMoCLN>OsP2: C, 49.21; H, 6.19; N, 4.10.
Found: C, 48.95; H, 5.91; N, 4.10.

0]
[l
C t
CF3 N/_|_/P Bu,
N)—Mo-CEO
\—P

tBUz 8

6e: Recrystallization from Et,0 in —30 °C gave 6e as yellow crystals. 25% yield. "H NMR (THF—
dg): 6 7.83 (s, 1H), 7.60 (d, J = 8.4 Hz, 1H), 7.54 (d, J = 8.4 Hz, 1H), 4.45 (s, 2H), 4.41 (s, 2H),
1.38-1.33 (m, 36H). '°F NMR (THF-ds): 6 —63.3 (s). *'P{'H} NMR (THF-ds): 5 115.4 (s). IR
(KBr, cm™) 1812 (s, vco), 1826 (s, vco), 1938 (s, vco). IR (THF, cm™) 1837 (s, vco), 1940 (s,
vco). Anal. Caled. for CooHasFsMoN,OsP»: C, 51.03; H, 6.35; N, 4.10. Found: C, 50.85; H, 6.07;
N, 3.71.
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[

CF3 N/_ _/PtBUZ
CF3/UN)—/M0-CEO
—p
tBUZ I(I:I

6f: Recrystallization from toluene/hexane gave 6f as orange crystals. 21% yield. 'H NMR (THF—
ds): & 8.06 (s, 2H), 4.51 (pseudo t, 4H, J = 1.6 Hz), 1.36 (pseudo t, J = 6.2 Hz, 36H). ’F NMR
(THF—ds): 8 —60.3 (s). *'P{'"H} NMR (THF—ds): 8 115.7 (s). IR (KBr, cm™) 1830 (s, vco), 1935
(s, vco). IR (THF, cm™) 1843 (s, vco), 1942 (s, vco). Anal. Caled. for C3oHa2FsMoN>OsPs: C,
48.01; H, 5.64; N, 3.73. Found: C, 48.21; H, 5.51; N, 3.48.

Supplementary Table 1. The vco of molybdenum carbonyl complexes 6a-6f.

Mo complex IR (THF, vco, cm™)
6a 1833, 1936
6b 1831, 1935
6¢c 1836, 1939
6d 1838, 1940
6e 1837, 1940
6f 1842, 1942
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Preparation of 1c-1f

PB
F i "2 , Sl e
\> KN(SiMe3),  MoClj(thf); F /_|/ 2
PFg~ > >
F 6 toluene, rt toluene, 80°C F :_l\l/lo Cl
\_ t 1h 18 h P &
P BU2 tBL%

A typical procedure for the preparation of 1c is described below. In a 50 mL Schlenk flask
were placed 5¢ (1.23 g, 2.00 mmol) and KN(SiMes), (561 mg, 2.81 mmol), and then toluene (50
mL) was added. The suspension was stirred at room temperature for 1 h, and then the mixture
was filtered through Celite and the filter cake was washed with toluene (5 mL x 3). The solvent
was removed under reduced pressure to give brown solid. [MoCls(thf)s] (753.5 mg, 1.80 mmol)
and toluene (50 mL) were added to the residue and the mixture was stirred at 80 °C for 19 h. The
solution was evaporated to about 5 mL under reduced pressure and the resultant suspension was
filtered through filter paper. The residue was washed with toluene (5 ml x 3) and the resultant
solid was extracted with CH,Cl, (5mL x 4), then slow addition of hexane (30 mL) to the extract
afforded 1c (391 mg, 0.580 mmol, 32%) as brown crystals. Analytically pure sample was prepared
by recrystallization from THF at —30 °C as 1c- THF. Magnetic susceptibility (Evans method) pess

=3.75 95! in CD,Cl, at 292 K. Anal. Calcd. for C,sH4Cl3F2MoN,P, + C4HgO: C, 46.76; H, 6.77;
N, 3.76. Found: C, 46.48; H, 6.58; N, 3.82.

Isolated yields and analytical data of 1d—1f are summarized below:

cl
/— PfEsu2

ﬁ )—Mo Cl

"y
Cl
tBU2

1d: Recrystallization from CH2Cl,—hexane gave 1d as brown crystals. 13% yield. Analytically
pure sample was prepared by recrystallization from THF at —30 °C as 1d-THF. Magnetic
susceptibility (Evans method) per = 3.53 pus in CD:Cl; at 293 K. Anal. Calcd. for
C2sH42ClsMoN,P; + C4HsO: C, 44.78; H, 6.48; N, 3.60. Found: C, 44.48; H, 6.46; N, 3.43.

CI
P’Bu2

U )—Mo Cl

gy
Cl
tBUz

le: Recrystallization from CH.Cl>—hexane gave le as brown crystals. 30% yield. Magnetic
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susceptibility (Evans method) perr = 3.81 pg in CD2Cl; at 293 K. Anal. Caled. for
CasHa3CLIFsMoN,P2: C, 44.30; H, 6.15; N, 3.97. Found: C, 44.16; H, 6.01; N, 3.88.

—|-P'Bu
CF ﬁ )_MO_CI
3 N /|
e
tBUz

1f: Recrystallization from CH,Cl,—hexane gave 1f as brown crystals. 50% yield. Magnetic
susceptibility (Evans method) per = 3.86 ps in CD:Cl; at 293 K. Anal. Calcd. for
Co7HClIsFsMoN,P,: C, 41.96; H, 5.48; N, 3.62. Found: C, 42.27; H, 5.29; N, 3.78.

Synthesis of [Mo(N)I(CF3-PCP)] (2e).

| N
—PBuU N, (1 atm) -PB
o B e
o— >—Mo
NT /] THF, —78 °C to rt N™ /7
=P 18 h —P
BU2 tBUZ

To a solution of [Mol3(CF3-PCP)] (197 mg, 0.20 mmol) in THF (10 mL) was added a solution
of CoCp*; (145 mg, 0.44 mmol) in THF (10 mL) at -78 °C, and the mixture was stirred at room
temperature for 18 h. Volatiles were removed in vacuo, and the resultant yellow-brown solid
was washed with hexane (5 mL x 3).  The residue was extracted with THF (15 mL).  Slow
addition of hexane (45 mL) to the extract afforded 2e as yellow-brown crystals, which were
collected by filtration, washed with hexane (3 mL x 3), and dried in vacuo (88.8 mg, 0.12 mmol,
60%). 'H NMR (THF-ds): & 8.14 (s, 1H), 7.94 (d, J = 8.0 Hz, 1H), 7.72 (dd, J = 1.2, 8.0 Hz,
1H), 4.93-4.67 (m, 4H), 1.62 (d, /= 12.4 Hz, 9H), 1.60 (d, /= 12.8 Hz, 9H), 1.20 (d, /= 12.0 Hz,
9H), 1.14 (d,J=12.4 Hz, 9H). ""F NMR (THF-ds): 5 -63.0 (s). *'P{'"H} NMR (THF-ds): 5 114.0
(d, /=99.7 Hz), 112.0. (d, J = 99.7 Hz). Anal Calcd for CocH43F3IMoN;P»: C, 42.23; H, 5.86;
N, 5.68. Found: C, 42.16; H, 5.81; N, 5.66.
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Reaction of 1a with 5 equivalents of SmI;(thf); under N,

Cl
t t
/_| PBu2 N, (1 atm) N/_‘H/PBuz
@ )—Mo—m + sml, @ Mo~
| THF, rt I
p Cl 5 equiv 5 min
tBUZ

A mixture of 1a (6.4 mg, 0.010 mmol) and Sml(thf), (27.4 mg, 0.050 mmol) in THF (2 ml)
placed in a 20 ml Schlenk flask was stirred at room temperature for 5 min under N, (1 atm). After
volatiles were removed in vacuo, formation of 2a was confirmed by '"H NMR (THF-ds). The
NMR yield of 2a (0.0073 mmol, 72%) in the residual solid was determined with
hexamethylbenzene as an internal standard. The reaction mixture was also analyzed with ESI—

TOF-MS (THF): m/z = 673.3 ([MoI(N)(PCP)] = 673.1).

Stoichiometric reaction of 2a with 5 equivalents of SmI,(thf); and H>O under Ar

N
~||[-PBuy
@N HL Ar (1 atm)
N Mo~ + Sml; + H,0 ————> NH;
\_P/ | THF, 25 °C
Bu, 15 min

To a 50 mL Schlenk flask were added 2a (20.2 mg, 0.301 mmol), SmlIx(thf), (82.4 mg, 0.150
mmol) and THF (5 mL) under Ar. Then THF solution (1 mL) containing H>O (0.150 mmol) was
added to the stirred solution in the Schlenk flask in one portion. After the addition of the water,
the mixture was further stirred at 25 °C for 3 min. After the reaction, aqueous potassium hydroxide
solution (30 wt%, 5 mL) was added to the reaction mixture. The mixture was evaporated under
reduced pressure, and the distillate was trapped in a dilute H>SO4 solution (0.5 M, 10 ml). The
amount of ammonia (0.0284 mmol, 94% yield) present in the H.SO4 solution was determined by

the indophenol method.>"?
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Catalytic reduction of dinitrogen to ammonia with 1a—1f, [Mo(N)I(PCP)]OTf, and 2a
1a
Ny +6Smlp + 6H,0 —————= 2NH3 + 6Sml(OH) (+ H,)

THF, 25 °C
(1atm) 28,800 28,800  5min

equiv/Mo equiv/Mo

A typical experimental procedure for catalytic reduction with 1a is described below. In a 50
mL Schlenk flask was placed a CH,Cl; solution of 1a (0.05 mM, 500 uL, 25 nmol) and the solvent
was removed under reduced pressure. To the flask were added Sml,(thf), (395 mg, 0.720 mmol)
and THF (5 mL) under N». Then THF solution (1 mL) containing H>O (0.72 mmol) was added to
the stirred solution in the Schlenk flask in one portion. After the addition of the water, the mixture
was further stirred at 25 °C for 5 min. After the reaction, the amount of generated dihydrogen
(0.0043 mmol, 170 equiv. based on the molybdenum atom, 1.2% yield based on Smlx(thf),) of
the catalytic reaction was quantified by GC. Aqueous potassium hydroxide solution (30 wt%, 5
mL) was added to the reaction mixture. The mixture was evaporated under reduced pressure, and
the distillate was trapped in a dilute H>SO4 solution (0.5 M, 10 ml). The amount of ammonia
(0.0756 mmol, 3030 equiv. based on the molybdenum atom, 32% yield based on Sml,(thf),)
present in the H,SO4 solution was determined by the indophenol method.®'> The results of

catalytic reactions for each catalyst are shown in Supplementary Table 2.
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Supplementary Table 2. Results of catalytic reactions using molybdenum catalysts bearing
substituted PCP-type pincer ligand in catalytic reduction of dinitrogen.

catalyst
N2 + 6Sm|2 + 6H20
THF, 25 °C

(1atm) 28,800 28,800 (gaction time
equiv/Mo equiv/Mo

2NH; + 6SmIy(OH) (+ H,)

catalyst reaction NH3 NH3 Ho Ho

time (equiv/Mo)* (%)* (equiv/Mo)* (%)*

1a 5 min 2950 + 110 31+1 180 + 10 1+0
1a 15 min 4130 + 140 43 +1 1000 + 210 7+1
1a 30 min 4690 + 330 49+ 3 900 + 450 6+3
1a 1h 7020 + 120 73 +1 1340 £ 70 9+0
1a 2h 8050 + 300 84 +3 880 + 570 614
1a 4h 8410 + 480 88+5 570 + 140 4+1
1b 5 min 1600 + 60 17 £1 180 £ 10 120
1b 15 min 2520 + 850 26+9 930 + 900 6+6
1b 30 min 3580 + 20 37+0 1410 + 30 10+0
1b 1h 5350 + 560 56 + 6 1460 + 220 10+2
1b 2h 6330 + 440 66+5 1980 + 620 14 +4
1b 4h 5960 + 560 62+6 3020 + 150 21+ 1
1c 5 min 3170 £ 10 33+0 150 + 20 120
1c 15 min 5730 + 600 60+6 360 + 180 3+1
1c 30 min 7420 + 280 77+3 390 + 100 3%1
1c 1h 7310 + 80 76 + 1 650 + 10 5+0
1c 2h 9120+ 70 95+ 1 480 + 140 3+1
1c 4h 8990 + 100 94 + 1 550 + 240 4+2
1d 5 min 3100 + 400 32+4 240 + 40 2+0
1d 15 min 6900 + 120 72 +1 320 + 100 2+1
1d 30 min 8220 + 200 86 + 2 620 + 260 4+2
1d 1h 8170 + 230 85+2 670+ 70 50
1d 2h 8770 + 550 91+6 860 + 70 61
1d 4 h 8360 + 410 87+4 810 + 140 6+1
1e 5 min 3990 + 240 42 +2 200 + 40 1+0
1e 15 min 7400 + 80 77 £1 290 + 40 2+0
1e 30 min 7760 + 410 81+4 380 + 60 3120
1e 1h 8480 + 340 88 +4 750 + 120 5+1
1e 2h 8940 + 80 93 + 1 850 + 320 6+2
1e 4h 8800 + 110 92 +1 1190 + 430 8+3
1f 5 min 3560 + 140 37 +1 310 + 30 2+0
1f 15 min 6650 + 520 69+5 290 + 60 2+0
1f 30 min 8430 + 160 88 +2 460 + 10 3+0
1f 1h 8660 + 600 90+ 6 600 + 160 4+1
1f 2h 9240 + 420 96 +4 340 £ 170 2+1
1f 4 h 8610 + 290 90+ 3 560 + 540 4+4
[Mo(N)I(PCP)]OT{ 4h 6080 + 990 63+ 10 740 + 180 5%1
2a 4h 8230 + 30 86+0 760+ 0 50

*Data are means of multiple individual experiments (two to four times) with error bars based on standard

deviation (s.d.)
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Catalytic reduction of dinitrogen to ammonia with larger amount of Sml,(thf); and H,O
1e

No +6Sml, + 6H,0 ————= 2NH;z + 6SmlyOH) (+ H,)

THF, 25 °C
(1atm) 230,000 230,000 .5

equiv/IMo equiv/Mo

In a 50 mL Schlenk flask was placed a CH,Cl, solution of 1e (0.05 mM, 500 uL, 25 nmol) and
the solvent was removed under reduced pressure. To the flask were added SmlIx(thf), (1.05 g, 1.92
mmol) and THF (6 mL) under N,. Then THF solution (1 mL) containing H,O (1.92 mmol) was
added to the stirred solution in the Schlenk flask in one portion. After the addition of the water,
the mixture was further stirred at 25 °C for 24 h. To the flask were added Smlx(thf), (1.05 g, 1.92
mmol) and THF solution (1 mL) containing H>O (1.92 mmol), and the mixture was further stirred
at 25 °C for 24 h. To the flask were added Smlx(thf), (1.05 g, 1.92 mmol) and THF solution (1
mL) containing H>O (1.92 mmol), and the mixture was further stirred at 25 °C for 24 h. Aqueous
potassium hydroxide solution (30 wt%, 5 mL) was added to the reaction mixture. The mixture
was evaporated under reduced pressure, and the distillate was trapped in a dilute H,SO4 solution
(0.5 M, 10 ml). The amount of ammonia (1.42 mmol, 56,800 equiv. based on the molybdenum
atom, 74% yield based on Smlx(thf);) present in the HoSO4 solution was determined by the

indophenol method.>'?
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3. Kinetic studies.

Catalytic reduction of dinitrogen to ammonia with various concentration of 1a

Based on a typical experimental procedure for catalytic reduction of dinitrogen with 1a, the

catalytic reactions at various initial concentration of 1a were carried out. The reaction order of 1a

was analyzed by method of initial rates and regression analysis. The analysis showed the reaction

rates of 1a were 1.3 and 1.9, respectively, at high concentration of 1a (over 1.5 uM) and low

concentration (below 1.0 uM). The experimental results were shown in Supplementary Table 3.

Supplementary Table 3. Experimental data for the analysis on the reaction order of 1a.

[1a] log[1a] _reactio_n NHs H2 VNH3 log(vars)*
(108 M) time (min) (umol)* (umol)* (103 M-h=1)*
0.5 -6.30 60 33.8 12.9 5.63 -2.25
60 31.3 12.0 5.22 -2.28
(average) 326+1.8 125+0.6 5.43 +0.29 —2.27 £ 0.02
0.7 -6.15 20 19.8 6.0 9.9 -2.00
20 20.2 8.2 10.1 -2.00
20 24.0 7.5 12.0 -1.92
(average) 21.3+2.3 72+1.1 106 +1.2 -1.97 £ 0.05
0.8 -6.10 20 37.9 5.7 19.0 -1.72
20 24.0 10.8 12.0 -1.92
20 23.9 11.4 12.0 -1.92
(average) 28.6 + 8.1 9.3+31 14.3+4.0 -1.86 +0.12
1.0 -6.00 20 53.9 6.1 27.0 -1.57
20 36.8 8.7 18.4 -1.74
20 344 124 17.2 -1.76
(average) 41.7 + 10.6 9.1+3.2 209+5.3 -1.69 + 0.11
1.5 -5.82 10 44.9 7.7 449 -1.35
10 46.6 4.6 46.6 -1.33
(average) 458+1.2 6.2+2.2 458+ 1.2 -1.34 £ 0.01
2.0 -5.70 5 26.5 2.3 53.0 -1.28
5 30.5 3.6 61.0 -1.21
(average) 285+2.8 3.0+0.9 57.0+5.7 -1.25+0.04
3.0 -5.52 5 52.7 5.2 105 -0.977
5 57.5 5.6 115 -0.939
(average) 551+34 54+0.3 1107 —0.958 + 0.027
4.2 -5.38 5 71.8 4.5 144 -0.843
5 75.6 4.3 151 -0.820
(average) 73.7+27 4.4+0.1 147+5 —0.832 + 0.016
6.0 -5.22 2 45.8 2.2 229 —-0.640
2 62.2 3.0 311 -0.507
(average) 54.0+11.6 26+0.6 270 + 58 —0.574 + 0.094

*The mean values are shown with error bars based on standard deviation (s.d.)
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Catalytic reduction of dinitrogen to ammonia with various concentration of SmI(thf),
Based on a typical experimental procedure for catalytic reduction of dinitrogen with 1a, the
catalytic reactions at various initial concentrations of Sml, were carried out. The reaction order
of Sml, was analyzed by method of initial rates and regression analysis. The analysis showed the
reaction order of Sml, were 1.0 and 0.3, respectively, at the high concentration of 1a ([1a] =4.2
pM) and the low concentration ([1a] = 0.7 uM). The experimental results were shown in

Supplementary Tables 4 and 5.

Supplementary Table 4. Experimental data for the analysis on the reaction order of Sml, at the high

concentration of 1a ([1a] =4.2 uM).

[Smi2] log[Sml2] reactio_n time NHs . H2 . _VNH3 . log(vra)*
(M) (min) (umol) (umol) (10-2M-h-")
0.03 -1.52 5 14.9 9.4 2.98 -1.53
5 23.0 6.8 4.60 -1.34
5 25.8 3.9 5.16 -1.29
(average) 21.2+57 6.7+2.8 425+1.13 -1.38+0.13
0.06 -1.22 5 33.5 12.4 6.70 -1.17
5 42.6 5.7 8.52 -1.07
(average) 38.1+6.4 9.1+47 7.61+1.29 -1.12 £ 0.07
0.09 -1.05 5 60.6 41 12.1 -0.916
5 64.7 5.6 12.9 —-0.888
(average) 62.7+2.9 49+1.1 125+0.6 —-0.902 + 0.020
0.12 -0.92 5 71.8 4.5 14.4 -0.843
5 75.6 43 15.1 -0.820
(average) 737127 44+0.1 14.7£0.5 —-0.832 +0.016

*The mean values are shown with error bars based on standard deviation (s.d.)
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Supplementary Table 5. Experimental data for the analysis on the reaction order of Sml, at the low

concentration of 1a ([1a] = 0.7 uM).

[Sml2] reaction NHs H> VNH3

(M) logISmlzl e (min)  (umol)* (umol)* (102M-h-ty  l09(vns)”
0.03 ~1.53 20 15.9 14.2 0.795 ~2.10
20 10.4 10.6 0.520 228
20 14.0 6.6 0.700 215
(average) 13.4+28  105+3.8  0.672+0.140 -2.18%0.09
0.06 -1.22 20 19.0 7.9 0.950 ~2.02
20 13.6 12.8 0.680 217
20 215 8.6 1.08 -1.97
(average)  18.0 £ 4.0 98+27  0902+0.202 -2.05%0.10
0.09 -1.05 20 19.6 10.4 0.980 ~2.01
20 18.1 9.8 0.905 ~2.04
(average) 18.9+1.1  10.1+04  00943:0.053 -2.030.02
0.12 -6.15 20 19.8 6.0 0.990 ~2.00
20 20.2 8.2 1.01 ~2.00
20 24.0 75 1.20 ~1.92
(average)  21.3+2.3 72+1.1 107012  —1.97 £0.05

*The mean values are shown with error bars based on standard deviation (s.d.)
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Catalytic reduction of dinitrogen to ammonia with various concentration of H,O

Based on a typical experimental procedure for catalytic reduction of dinitrogen with 1a, the
catalytic reactions at various initial concentrations of H>O were carried out. The reaction order of
H,O was analyzed by method of initial rates and regression analysis. The analysis showed the
reaction order of Sml, were 0.8 and 0.4, respectively, at the high concentration of 1a ([1a] =4.2
pM) and the low concentration ([1a] = 0.7 uM). The experimental results were shown in

Supplementary Tables 6 and 7.

Supplementary Table 6. Experimental data for the analysis on the reaction order of H»O at the high

concentration of 1a ([1a] =4.2 uM).

[TI\Z/I()J] log[H:0] tirn?:C(trlw?irr]w) (p':ln|-<|33l)* (pgcz)l)* (10—: M-h ) log(vis)”
0.03 ~1.52 10 48.1 0.9 4.81 -1.32
10 56.4 0.5 5.64 -1.25
(average) 52.3+59  07+03  523+059  -1.28+0.05
0.06 ~1.22 5 42.7 0.8 8.54 -1.07
5 55.5 0.9 1.1 -0.95
5 52.0 0.7 10.4 -0.98
(average) 50.1+6.6  0.8+0.1 10.0+13  —1.00 £ 0.06
0.09 ~1.05 5 73.6 1.8 14.7 ~0.832
5 715 1.6 14.3 -0.845
(average) 726+15  1.7£0.1 145+03  —0.838 +0.009
0.12 ~0.92 5 71.8 45 14.4 -0.843
5 75.6 4.3 15.1 ~0.820
(average) 73727  4.4£0.1 147+05  -0.832+0.016

*The mean values are shown with error bars based on standard deviation (s.d.)
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Supplementary Table 7. Experimental data for the analysis on the reaction order of H>O at the low

concentration of 1a ([1a] = 0.7 uM).

[H20] log[H:0] .reactio.n NHs . H> . _VNH3 . log(va)*
(M) time (min) (umol) (umol) (102 M-h-")
0.03 -1.53 20 10.7 1.0 0.535 -2.27
20 13.5 1.1 0.675 -2.17
(average) 12.1+2.0 1.0+ 0.1 0.605 + 0.099 —2.22+£0.07
0.06 -1.22 20 16.9 2.0 0.845 -2.07
20 17.3 25 0.865 —2.06
(average) 17.1+0.3 22+0.3 0.855 + 0.014 —2.07 £ 0.01
0.09 -1.05 20 18.4 6.1 0.920 -2.04
20 16.2 5.9 0.810 -2.09
(average) 17.3+1.6 6.0+0.1 0.865 + 0.078 —2.06 £ 0.04
0.12 -6.15 20 19.8 6.0 0.990 -2.00
20 20.2 8.2 1.01 —-2.00
20 24.0 7.5 1.20 -1.92
(average) 21.3+23 72+11 1.07 £ 0.12 -1.97 £ 0.05

*The mean values are shown with error bars based on standard deviation (s.d.)
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Catalytic reduction of dinitrogen to ammonia with D,O

1a
N2+ 6Smlp + 6D;0 Trzeox 2ND; + 6Smi(OD) (+ D)
(1atm) 28,800 28,800 5 min

equiv/Mo equiv/Mo

A typical experimental procedure for catalytic reduction with 1a is described below. In a 50
mL Schlenk flask was placed a CH,Cl, solution of 1a (0.05 mM, 500 pL, 25 nmol) and the solvent
was removed under reduced pressure. To the flask were added Sml,(thf), (395 mg, 0.720 mmol)
and THF (5 mL) under N,. Then THF solution (1 mL) containing DO (0.72 mmol) was added to
the stirred solution in the Schlenk flask in one portion. After the addition of the water, the mixture
was further stirred 25 °C for 5 min. After the reaction, the amount of generated deuterated—
dihydrogen (0.0038 mmol, 150 equiv. based on the molybdenum atom, 1.1% yield based on
Sml,(thf),) of the catalytic reaction was quantified by GC. Aqueous potassium hydroxide solution
(30 wt%, 5 mL) was added to the reaction mixture. The mixture was evaporated under reduced
pressure, and the distillate was trapped in a dilute H>SO4 solution (0.5 M, 10 ml). The amount of
deuterated—ammonia (0.0284 mmol, 1120 equiv. based on the molybdenum atom, 12% yield
based on Smlx(thf),) present in the H.SOs solution was determined by the indophenol method.>'?
The detailed results of determination of kinetic isotope effects are shown in Supplementary

Table 8.

Supplementary Table 8. Experimental data for the determination of kinetic isotope effects.

[1a] reaction time NDs D2 VND3
] kn/ko (NHa3)*
(108 M) (min) (umol)* (umol)* (103 M-h1)*
4.2 5 28.3+04 3.3+0.8 56.5+ 0.7 2.61+0.13
0.7 20 15.0+£2.0 34111 7.50+1.0 1.57 £ 0.62

*Data are means of multiple individual experiments with error bars based on standard deviation (s.d.)
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4. Electrochemical studies.

Cyclic voltammograms and differential pulse voltammograms were recorded on a
potentiostat/galvanostat (GAMRY INSTRUMENTS, Interface 1000) with glassy carbon working
electrode and Pt wire counter electrode in THF containing 1 mM of sample and 0.1 M of
["BusN][PFs] as a supporting electrolyte at a scan rate of 0.1 V/s at room temperature under N,
atmosphere.  All potentials were measured against an Ag”* electrode and converted to the values
vs. ferrocene/ferrocenium (FeCp>™?) referenced to external standard (FeCp,™). Ei. values for
the irreversible waves were calculated according to the peak potential in differential pulse
voltammetry measurements. Cyclic voltammograms and differential pulse voltammograms of

[Mo(N)I(PCP)] (2a) and [Mo(N)I(CF3-PCP)] (2¢) are shown in Supplementary Figure 1.

N
o

Current (nA)
oo o ;o o

-2.1-2.62.5

N
o

-3 -2.5 -2 -1.5 -1 -0.5
Potential (V vs Fc*0)

Supplementary Figure 1. Cyclic voltammograms and differential pulse voltammograms of 2a
(blue line) and 2e (red line).  2a: Eijpreq) = -2.85 V, E12(0x = -1.10 V (Vs FeCp2™).  2e: Euzeq)
=-2.63 V, E1/2(ox) =-1.05V (VS Fesz”O).
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5. X-ray crystallographic studies

Crystallographic data of 1¢-CHCly, 1d-1/2CH.Cl5, 1e, 1f, [Mo(N)I(PCP)]OTf, 2a, 2e, 6a, 6b,
6c, 6d, 6e-CsHsO and 6f are summarized in Supplementary Tables 9-13. Their ORTEP
drawings are shown in Supplementary Figures 2-14. Diffraction data were collected for the 26
range of 4° to 55° on a Rigaku RAXIS RAPID imaging plate area detector with graphite-
monochromated Mo Ka radiation (4 = 0.71075 A), with VariMax optics. Intensity data were
corrected for Lorenz-polarization effects and for empirical absorption (ABSCOR). The structure
solution and refinements were carried out by using the CrystalStructure crystallographic software
package.*™® The positions of non-hydrogen atoms were determined by direct methods (SIR 975%
for 1c, 1d, 1e, 1f, [Mo(N)I(PCP)]OTf, 6a, 6b and 6f, SHELXS®* for 2a, 2e, 6d and 6e-CsH4O
and SHELXT®!¢ for 6¢) and subsequent Fourier syntheses (SHELXL Version 2016/6°%') and were
refined on F,2 using all unique reflections by full-matrix least-squares with anisotropic thermal
parameters. All the hydrogen atoms were placed at the calculated positions with fixed isotropic
parameters. For the crystal of [Mo(N)I(PCP)]OTf, the molybdenum center (Mo(1) and Mo(2)) is
disordered among two positions in a ratio of 9:1. For the crystal of 2a, the molybdenum center
(Mo(2A) and Mo(2B)) is disordered among two positions in a ratio of 9:1.

According to the International Union of Crystallography checkCIF reports, the following
Alert level B errors are reported for crystallographic data of le:

PLAT242 ALERT 2 B Low ‘MainMol’ Ueq as Compared to Neighbors of C19.

The alert (PLAT242_ALERT 2 B) is due to the disorder of the ligand. However, some
carbon atoms could not be fixed and solving these disorders could not refine the data, thus
disorders were ignored.

According to the International Union of Crystallography checkCIF reports, the following
Alert level B errors are reported for crystallographic data of 2a:

PLAT201_ALERT_2_B Isotropic non-H Atoms in Main Residue(s) C9.
PLAT315 ALERT 2 B Singly Bonded Carbon Detected (H-atoms Missing) C46.

The alerts (PLAT201_ALERT_2 B and PLAT315_ALERT_2_B) are due to the disorders of
the ligands. However, some hydrogen atoms could not be fixed and solving these disorders
could not refine the data, thus disorders were ignored.

PLAT971 ALERT 2 B Check Calcd Resid. Dens. 0.92Ang From 12 2.53 eA-3
PLAT972 ALERT 2 B Check Calcd Resid. Dens. 0.77Ang From 12 -2.59 eA-3

The alerts (PLAT971_ALERT_2_ B and PLAT972_ALERT_2_B) are due to the disorders of

the iodide ligand (12).
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PLAT973_ALERT_2_B Check Calcd Positive Resid. Density on Mo2 1.74 eA-3

The alert (PLAT973_ALERT 2 B) is due to the disorders of the molybdenum atom (Mo2).

According to the International Union of Crystallography checkCIF reports, the following
Alert level B errors are reported for crystallographic data of 2e:

PLAT971 ALERT 2 B Check Calcd Resid. Dens. 0.80Ang From 11 3.19 eA-3
The alert (PLAT971_ALERT 2 B) is due to the disorders of the iodide ligand (11).

According to the International Union of Crystallography checkCIF reports, the following
Alert level B errors are reported for crystallographic data of 6a:

PLATO043 _ALERT 1 B Calculated and Reported Mol. Weight Differ by 20.18.

PLAT241 ALERT 2 B High ‘MainMol” Ueq as Compared to Neighbors of C23.
PLAT315 ALERT 2 B Singly Bonded Carbon Detected (H-atoms Missing) C19.
PLAT315 ALERT 2 B Singly Bonded Carbon Detected (H-atoms Missing) C21.
PLAT315_ALERT_2_B Singly Bonded Carbon Detected (H-atoms Missing) C23.
PLAT315 ALERT 2 B Singly Bonded Carbon Detected (H-atoms Missing) C25.

The alerts (PLAT043_ALERT 1 B, PLAT241 ALERT 2 Band PLAT315 ALERT 2 B)
are due to the disorders of the ligands. However, some hydrogen atoms could not be fixed and
solving these disorders could not refine the data, thus disorders were ignored.

The unit cell of 1e, 1f, [Mo(N)I(PCP)]OTf, 2a or 2e contains solvent accessible voids of 4466
A3 912 A3, 318 A3, 949 A3 or 2517 A3, respectively. The electron density associated with some
solvent molecules was removed by the SQUEEZE routine of PLATONSS* for crystal data of 1e,
1f, [Mo(N)I(PCP)]OTf, 2a and 2e.
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Supplementary Table 9. X-ray crystallographic data for 1c, 1d and 1e.

1c-CHCl, 1d-0.5CHCl, le
CCDC number 2069962 2069963 2069964
chemical formula C26H44ClsF2MoN, P2 C25.5Ha3ClsMoON; P> Ca6H43C13F;MoN, P2
formula weight 757.80 748.24 704.88

dimensions of crystals, mm?

crystal color, habit
crystal system
space group

a, A

b, A

¢, A

a, deg

B, deg

%, deg

v, A3

VA

Pealed, g €M
F(000)

4, cm!
temperature, °C

trans. factors range

no. reflections measured

no. unique reflections
no. parameters refined
R1 (I> 2 o(D)’

wR2 (all data)”

GOF (all data)*

max diff peak / hole, e A

0.20 x 0.10 x 0.10
brown, block
triclinic

P-1
13.3594(4)
15.0448(5)
19.3873(6)
74.865(5)
71.918(5)
69.087(5)
3410.2(2)

4

1.476
1556.00
8.994

-95
0.641-0.914
15563

15563 (Rine = 0.0616)
685

0.0862
0.1665

1.158
+1.25/-1.22

0.20 x 0.20 x 0.10
brown, block
monoclinic
P2i/n
22.4049(4)
11.7325(2)
25.1980(5)
90

91.113(6)

90

6622.4(2)

8

1.501
3072.00
9.949

-90

0.644 — 0.905
60922

15110 (Rine = 0.0416)
682

0.0329
0.0589

1.000

+0.89 /-0.92

0.33 x0.33 x 0.30
brown, block
orthorhombic
Pbca
14.4397(3)
31.5536(6)
35.1843(7)
90

90

90
16030.9(6)
16

1.168
5808.00
6.352

-95

0.520 - 0.826
207815
18301 (Rine = 0.0876)
687

0.1433
0.2372

1.000
+1.10/-0.75

@ R1 = 3||Fo|~|Fel|/Z|Fo)|.
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+ 2 FA/3 [q = 0.0289 (1¢), 0 (1d), 0 (1e); » = 24.5563 (1¢), 9.5000 (1d), 257.0000 (1e)].
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Supplementary Table 10. X-ray crystallographic data for 1f and [Mo(N)I(PCP)]OTT.

1f [Mo(N)I(PCP)]OTf
CCDC number 2069965 2069966
chemical formula C27H42ClsFsMoN2P2  CasHagF3IMoN3 O3PS
formula weight 772.88 820.50

dimensions of crystals, mm?®
crystal color, habit
crystal system

space group

a, A

b, A

c, A

a, deg

p, deg

%, deg

v, A3

Z

Pealed, g €M

F(000)

4, cm!

temperature, °C

trans. factors range

no. reflections measured
no. unique reflections
no. parameters refined
R1 (I> 2 o(D)’

wR2 (all data)”

GOF (all data)*

max diff peak / hole, e A

0.65 x 0.53 x 0.39
brown, block
orthorhombic
P2,2,2,
15.0732(3)
15.4195(3)
16.7982(3)
90

90

90
3904.26(13)
4

1.315
1580.00
6.690

—-180
0.127-0.771
28806

10691 (Rine = 0.0734)
382

0.0455
0.1060

0.978
+1.05/-0.77

0.10 x 0.10 x 0.08
yellow, block
triclinic

P-1
8.5806(5)
12.5836(6)
17.7606(8)
84.944(6)
80.943(6)
86.677(6)
1884.52(16)
2

1.446

826.00
13.495

-150

0.600 — 0.898
17503

8470 (Rint = 0.0309)
372

0.0564
0.1319

1.078
+1.45/-1.38

@ Rl = X||Fo—|Fd//S|F|.

(gP? + rP], P = (Max(F,%, 0) + 2 F2/3 [gq

(IMo(N)I(PCP)]OTH); » = 0 (1f), 6.8500 ([Mo(N)I(PCP)JOTH)].

[EW(Fo2—F )/ (No—Nparams)]"2.
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Supplementary Table 11. X-ray crystallographic data for 2a and 2e.

2a 2e
CCDC number 2069967 2222890
chemical formula C2sH44IMON;P, Ca6HasF3IMoN3P;
formula weight 671.44 739.43

dimensions of crystals, mm?®

crystal color, habit
crystal system
space group

a, A

b, A

¢, A

a, deg

B, deg

%, deg

v, A3

VA

Pealed, g €M
F(000)

4, cm!
temperature, °C

trans. factors range

no. reflections measured

no. unique reflections
no. parameters refined
R1 (I> 2 o(D)’

wR2 (all data)”

GOF (all data)*

max diff peak / hole, e A

0.16 x0.13 x 0.08
Light-yellow, block
monoclinic

P2i/n

20.0923(4)
13.0128(2)
24.7556(5)

90

96.2844(19)

90

6433.6(2)

4

1.386

2720.00

14.824

—-180

0.242 -0.893
56484

16987 (Rint = 0.0948)
587

0.0909

0.1951

1.006
+2.61/-2.78

0.34 x0.26 x 0.19
Yellow, block
trigonal

R-3
27.2353(4)
27.2353(4)
24.2398(5)
90

90

90
15571.3(6)
18

1.419
6696.00
13.972

—-180

0.480 - 0.770
24836

8505 (Rint = 0.0310)
325

0.0545
0.1250

1.012
+3.15/-1.64

@ R1 = X||Fol|Fd[/S|F|.

bWR2 = [EW(FP~F 2 Zw(F2)?)"2, w = 1/[c3(Fo?) + (gP)>

+rP], P=Max(F.?,0) + 2 F2)/3 [¢ =0 (2a), 0.0376 (2¢); = 75.0000 (2a), 252.5977
(2e)]. ¢ GOF = [SW(Fo>~F2)*/(No—Narams)] 2.
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Supplementary Table 12. X-ray crystallographic data for 6a, 6b and 6c.

6a 6b 6¢c
CCDC number 2069968 2069969 2069970
chemical formula C28H44MoON,O3P; C30H4sMoN,0O3P; C32Hs2FaMoN2O4P2
formula weight 614.55 642.61 724.66

dimensions of crystals, mm?
crystal color, habit
crystal system

space group

a, A

b, A

c, A

a, deg

p, deg

%, deg

v, A3

Z

Pealed, g €M

F(000)

4, cm!

temperature, °C

trans. factors range

no. reflections measured
no. unique reflections
no. parameters refined
R1 (I> 2 o(D)’

wR2 (all data)”

GOF (all data)*

max diff peak / hole, e A

0.19 x 0.05 x 0.04
yellow, plate
monoclinic
Cc

8.9621(3)
31.4256(9)
11.0080(3)
90
105.5340(74)
90

2987.0(2)

4

1.366
1288.00
5.759

-100
0.857-0.977
14385

6590 (Rine = 0.0260)
376

0.0302
0.0636

1.002
+0.41/-0.31

0.15x0.10 x 0.05
yellow, block
monoclinic
P2i/n
19.3547(4)
11.5359(2)
29.3538(6)
90

92.469(7)

90

6547.8(2)

8

1.304
2704.00
5.285

=75

0.809 - 0.974
61407

14653 (Rine = 0.0865)
711

0.0487
0.0817

1.009

+0.71 /-0.50

0.25x0.10 x 0.10
yellow, block
orthorhombic
P2i/n
12.8624(4)
16.2151(4)
17.7821(4)
90
106.884(8)
90

3548.9(2)

4

1.356
1520.00
5.057

—-100

0.934 -0.951
31160

8024 (Rint = 0.0583)
402

0.0648
0.1195

1.000

+0.66 / —0.48

4 R1 = 3||Fo||Fel|/Z|Fo].

[ZW(Foz_Fcz)2/(N0_Nparams)] 1/2.
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Supplementary Table 13. X-ray crystallographic data for 6d, 6e and 6f.

6d 6e-C4sH,O 6f
CCDC number 2069971 2069972 2069973
chemical formula C28H4,C1MoN,O;P Cs3HssFsMoN2O4P> - C3oHaoFsMoN>O3P
formula weight 683.44 756.68 750.55

dimensions of crystals, mm?
crystal color, habit
crystal system

space group

a, A

b, A

c, A

a, deg

p, deg

%, deg

v, A3

Z

Pealed, g €M

F(000)

4, cm!

temperature, °C

trans. factors range

no. reflections measured
no. unique reflections
no. parameters refined
R1 (I> 2 o(D)’

wR2 (all data)”

GOF (all data)*

max diff peak / hole, e A

0.10 x 0.05 x 0.05
yellow, block
monoclinic
P2i/n
13.3948(4)
14.6553(4)
17.2580(5)
90
109.880(8)
90

3185.9(2)

4

1.425
1416.00
7.097

-180

0.772 — 0.965
30147

7260 (Rine = 0.0518)
355

0.0379
0.0664

1.000

+0.70 / —0.55

0.20 x 0.05 x 0.05
brown, block
monoclinic
P2,/c
15.6266(10)
15.1914(10)
16.7554(11)
90

111.687(8)
90

3696.0(5)

4

1.360
1584.00
4.924

-100

0.069 - 0.976
28674

8275 (Rint = 0.1549)
420

0.1168
0.2495

1.007

+2.07 /-0.68

0.20 x 0.10 x 0.05
yellow, block
monoclinic
P2i/n
13.4331(3)
15.1511(3)
17.3972(4)
90
107.359(8)
90
3379.54(19)
4

1.475
1544.00
5.481

-90
0.819-0.973
32476

7722 (Rine = 0.0526)
409

0.0444
0.0992

1.069

+0.39 / -0.46

@ R1 = 3||Fo|-|Fe|/Z|Fo).

+ 2 FA/3 [q = 0 (6d), 0 (6e), 0.0564 (6f); r

[ZW(Foz_Fcz)2/(N0_Nparams)] 1/2.
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¢ GOF =



CcH

Supplementary Figure 2. Molecular structure of 1c-CH,Cl,. Thermal ellipsoids are shown at

the 50% probability level. Hydrogen atoms and solvent atoms are omitted for clarity.
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Supplementary Figure 3. Molecular structure of 1d-0.SCH;Cl,. Thermal ellipsoids are shown

at the 50% probability level. Hydrogen atoms and solvent atoms are omitted for clarity.
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Supplementary Figure 4. Molecular structure of 1e. Thermal ellipsoids are shown at the 50%

probability level. Hydrogen atoms are omitted for clarity.
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Supplementary Figure 5. Molecular structure of 1f. Thermal ellipsoids are shown at the 50%

probability level. Hydrogen atoms are omitted for clarity.
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Supplementary Figure 6. Molecular structure of [Mo(N)I(PCP)]OT{. Thermal ellipsoids are
shown at the 50% probability level. Hydrogen atoms are omitted for clarity.
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Supplementary Figure 7. Molecular structure of 2a. Thermal ellipsoids are shown at the 50%

probability level. Hydrogen atoms are omitted for clarity.
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Supplementary Figure 8. Molecular structure of 2e. Thermal ellipsoids are shown at the 50%

probability level. Hydrogen atoms are omitted for clarity.
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Supplementary Figure 9. Molecular structure of 6a. Thermal ellipsoids are shown at the 50%

probability level. Hydrogen atoms are omitted for clarity.
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Supplementary Figure 10. Molecular structure of 6b. Thermal ellipsoids are shown at the 50%

probability level. Hydrogen atoms are omitted for clarity.
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Supplementary Figure 11. Molecular structure of 6c. Thermal ellipsoids are shown at the 50%

probability level. Hydrogen atoms are omitted for clarity.
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Supplementary Figure 12. Molecular structure of 6d. Thermal ellipsoids are shown at the 50%

probability level. Hydrogen atoms are omitted for clarity.
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Supplementary Figure 13. Molecular structure of 6e-C,H40O. Thermal ellipsoids are shown at

the 50% probability level. Hydrogen atoms and solvent atoms are omitted for clarity.
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Supplementary Figure 14. Molecular structure of 6f. Thermal ellipsoids are shown at the 50%

\

probability level. Hydrogen atoms are omitted for clarity.
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6. Calculation details

DFT calculations were performed with the Gaussian09 program (Rev. E.01).5*° Geometry
optimizations were carried out with the B3LYP-D3 functional, which is the B3LYP hybrid
functional®* % combined with an empirical dispersion correction developed by Grimme.?* In
the present calculations, the SDD (Stuttgart/Dresden pseudopotentials) basis setsS?°2° are
employed for the molybdenum and iodine atoms. The 6-31G(d) basis sets>*’*3° are employed for
the other atoms. All stationary-point structures were confirmed to have the appropriate number
of imaginary frequencies by vibrational analysis. To determine the free energy profiles, single-
point energy calculations were performed at the optimized geometries using the SDD and 6-
311+G(d,p) basis sets.>*: 5% In the single-point calculations, solvation effects of THF (¢ = 7.4257)
were taken into account by using the polarizable continuum model (PCM).5** All optimized
structures of nitride-, imide-, amide-, and ammine intermediates are shown in Supplementary
Figures 15-20. Supplementary Table 14 lists the HOMO and LUMO energies of 2a and 5,6-
substituted Mo-nitride complexes (2b-2d, 2f) plotted in Figure 2(a).

Detailed data on SCF energies, thermal energy corrections at 298 K, and SCF energies in
THF are summarized in Supplementary Table 15. Cartesian coordinates of all optimized

structures are given in a separated .xyz file.
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Supplementary Table 14. The HOMO and LUMO energies of [Mol(N)(PCP?!®2)] (2a-2d, 2f)

(R, R?) HOMO (eV)  LUMO (eV)
(H, H) (2a) -3.77 —1.41
(Me, Me) (2b) ~3.69 ~1.29
(F, F) (2¢) ~3.89 ~1.64
(Cl, Cl) (2d) ~3.99 ~1.78
(CFs, CF3) (2f) 411 ~1.94
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1.664

2.109

2a (closed-shell singlet) la (doublet)

lla (closed-shell singlet) llla (doublet)

Supplementary Figure 15. Optimized structures of non-substituted nitride- (2a), imide- (1a),
amide- (Ila), and ammine (IIIa) intermediates in the ground spin state. Selected interatomic

distances are presented in A. Hydrogen atoms attached to carbon atoms are omitted for clarity.
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lib (closed-shell singlet) lllb (doublet)

Supplementary Figure 16. Optimized structures of nitride- (2b), imide- (Ib), amide- (IIb), and
ammine (IIIb) intermediates with a 5,6-dimethyl-substituted PCP-type ligand in the ground spin
state. Selected interatomic distances are presented in A. Hydrogen atoms attached to carbon

atoms are omitted for clarity.
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1.664 -

2.107

2c (closed-shell singlet) Ic (doublet)

lic (closed-shell singlet) llic (doublet)

Supplementary Figure 17. Optimized structures of nitride- (2¢), imide- (I¢), amide- (Ilc), and
ammine (IIlc) intermediates with a 5,6-difluoro-substituted PCP-type ligand in the ground spin
state. Selected interatomic distances are presented in A. Hydrogen atoms attached to carbon

atoms are omitted for clarity.
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lid (closed-shell singlet) llid (doublet)

Supplementary Figure 18. Optimized structures of nitride- (2d), imide- (Id), amide- (IId), and
ammine (IIId) intermediates with a 5,6-dichloro-substituted PCP-type ligand in the ground spin
state. Selected interatomic distances are presented in A. Hydrogen atoms attached to carbon

atoms are omitted for clarity.
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le (doublet)

lle (closed-shell singlet) llle (doublet)

Supplementary Figure 19. Optimized structures of nitride- (2e), imide- (Ie), amide- (Ile), and
ammine (IIIe) intermediates with a 5-trifluoromethyl-substituted PCP-type ligand in the ground
spin state. Selected interatomic distances are presented in A. Hydrogen atoms attached to carbon

atoms are omitted for clarity.
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lif (closed-shell singlet) llif (doublet)

Supplementary Figure 20. Optimized structures of nitride- (2f), imide- (If), amide- (IIf), and
ammine (IIIf) intermediates with a 5,6-bis(trifluoromethyl)-substituted PCP-type ligand in the
ground spin state. Selected interatomic distances are presented in A. Hydrogen atoms attached

to carbon atoms are omitted for clarity.
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Supplementary Table 15. SCF energies (SCFE), thermal correction at 298.15 K (TC»), and

single-point energies in THF (Es1v) calculated for all species in the present study. Units are given

in Hartree.
Species (spin state) SCFE TCoos Esolv
2a (closed-shell singlet) -1905.97046849 0.59383800 -1906.37660205
Ia (doublet) -1906.54515352 0.60242200 -1906.95198928
IIa (closed-shell singlet) -1907.15242717 0.61449600 -1907.56092654
I1Ia (doublet) -1907.73584891 0.62501900 -1908.14998301
2b (closed-shell singlet) -1984.61041904 0.64490000 -1985.03692409
Ib (doublet) -1985.18449957 0.65398500 -1985.61126114
IIb (closed-shell singlet) -1985.79136074 0.66619400 -1986.21936669
IIIb (doublet) -1986.37492271 0.67710900 -1986.80824840
2c¢ (closed-shell singlet) -2104.42528807 0.57312500 -2104.90548342
Ic (doublet) -2105.00088052 0.58308500 -2105.48197922
Ilc (closed-shell singlet) -2105.60903515 0.59510800 -2106.09230778
IIIc (doublet) -2106.19330511 0.60621300 -2106.68228749
2d (closed-shell singlet) -2825.15003041 0.56796800 -2825.61819113
Id (doublet) -2825.72696533 0.57888700 -2826.19577968
I1d (closed-shell singlet) -2826.33578494 0.58989300 -2826.80683851
I11d (doublet) -2826.92058365 0.60155500 -2827.39735557
2e (closed-shell singlet) -2243.00884232 0.59357800 -2243.53215975
Ie (doublet) -2243.58532893 0.60123900 -2244.10976183
Ile (closed-shell singlet) -2244.19387419 0.61560000 -2244.72046872
IIIe (doublet) -2244.77847166 0.62487200 -2245.31087645
2f (closed-shell singlet) -2580.04105277 0.59194700 -2580.67596325
If (doublet) -2580.61803637 0.60179700 -2581.25468551
IIf (closed-shell singlet) -2581.22265080 0.61574300 -2581.86270059
IIIf (doublet) -2581.80880539 0.62470700 -2582.45193683
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7. NMR and IR spectra
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Supplementary Figure 21. 'H NMR of 2a.

0.1
i

abundance

-0.1

T T T T T T T
300.0 200.0 100.0 0 -100.0 -200.0 -300.0

111150

X : parts per Million :

Supplementary Figure 22. 3'P{'H} NMR of 2a.
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Supplementary Figure 23. 'H NMR of 7c.
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Supplementary Figure 24. 3C{'H} NMR of 7c.
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Supplementary Figure 25. ’F NMR of 7c.
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Supplementary Figure 26. *'P{'H} NMR of 7c.
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Supplementary Figure 27. 'H NMR of 7d.
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Supplementary Figure 28. 3C{'H} NMR of 7d.
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Supplementary Figure 29.*'P{'H} NMR of 7d.
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Supplementary Figure 30. 'H NMR of 7e.
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Supplementary Figure 31. BC{'H} NMR of 7e.
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Supplementary Figure 32. ’F NMR of 7e.

S63




abundance

T T T T T
300.0 200.0 100.0 -100.0 -200.0

X : parts per Million : Phosphorus31

T
-300.0

Supplementary Figure 33. 3'P{'H} NMR of 7e.
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Supplementary Figure 34. 'H NMR of 7f.
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Supplementary Figure 35. 3C{'H} NMR of 7f.
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Supplementary Figure 36. °F NMR of 7f.
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Supplementary Figure 37. 3P {'H} NMR of 7f.
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Supplementary Figure 38. 'H NMR of 8c.
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Supplementary Figure 39. C{'H} NMR of 8c.
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Supplementary Figure 40. "’F NMR of 8c.
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Supplementary Figure 41. 3P {'H} NMR of 8c.
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Supplementary Figure 42. "H NMR of 8d.
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Supplementary Figure 43. °"C{'H} NMR of 8d.
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Supplementary Figure 44. *'P{'H} NMR of 8d
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Supplementary Figure 45. 'H NMR of 8e.
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Supplementary Figure 46. *C{'H} NMR of 8e.
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Supplementary Figure 47. "’F NMR of 8e.
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Supplementary Figure 48. 3'P{'H} NMR of 8e.
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Supplementary Figure 50. 3C{'H} NMR of 8f.
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Supplementary Figure 51. "’F NMR of 8f.
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Supplementary Figure 52.*'P{'H} NMR of 8f.
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Supplementary Figure 53. 'H NMR of 5c.
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Supplementary Figure 54. 3C {'H} NMR of 5c.
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Supplementary Figure 56. *'P{'H} NMR of 5c.
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Supplementary Figure 57. 'H NMR of 5d.
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Supplementary Figure 58. 3C{'"H} NMR of 5d.
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Supplementary Figure 59.3'P{'H} NMR of 5d.
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Supplementary Figure 60. 'H NMR of Se.
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Supplementary Figure 61. C{'H} NMR of 5Se.
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Supplementary Figure 62. "’F NMR of Se.
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Supplementary Figure 63. *'P{'H} NMR of 5Se.
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Supplementary Figure 64. 'H NMR of 5f.
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Supplementary Figure 65. 3C{'H} NMR of 5f.
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Supplementary Figure 66. °F NMR of 5f.
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Supplementary Figure 68. 'H NMR of 4a.
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Supplementary Figure 69. C{'H} NMR of 4a.
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Supplementary Figure 70. 3'P{'H} NMR of 4a.
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Supplementary Figure 71. 7Se{'H} NMR of 4a.
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Supplementary Figure 72. 'H NMR of 4b.
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Supplementary Figure 73. C{'H} NMR of 4b.
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Supplementary Figure 74.3'P{'H} NMR of 4b.
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Supplementary Figure 75. 7Se{'H} NMR of 4b.
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Supplementary Figure 76. 'H NMR of 4c.

S85



e

A

o
=9
8
]

aouepunge

6EV0T

825901
19901
069°%0T
S8LVOT
606401

965°0ET

A 299081
6TL0ET

06°9vT

Lasyarn

X : parts per Million : Carbon13

Supplementary Figure 77. BC{'H} NMR of 4c.
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Supplementary Figure 78. ’F NMR of 4c.
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Supplementary Figure 79. *'P{'H} NMR of 4c.
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Supplementary Figure 80. 7’Se{'H} NMR of 4c.
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Supplementary Figure 81. 'H NMR of 4d.
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Supplementary Figure 82. 3C{'H} NMR of 4d.
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Supplementary Figure 83.3'P{'H} NMR of 4d.
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Supplementary Figure 84. 7Se{'H} NMR of 4d.
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Supplementary Figure 85. 'H NMR of 4e.
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Supplementary Figure 86. *C {'H} NMR of 4e.
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Supplementary Figure 87. ’F NMR of 4e.
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Supplementary Figure 88. *'P{'H} NMR of 4e.
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Supplementary Figure 89. 7’Se {'H} NMR of 4e.
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Supplementary Figure 90. 'H NMR of 4f.
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Supplementary Figure 91. *C{'H} NMR of 4f.
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Supplementary Figure 92. °F NMR of 4f.
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Supplementary Figure 94. 7Se{'H} NMR of 4f.
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Supplementary Figure 95. 'H NMR of 6a.
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Supplementary Figure 96. *'P{'H} NMR of 6a.
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Supplementary Figure 97. IR spectrum (KBr) of 6a.
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Supplementary Figure 98. IR spectrum (THF) of 6a.
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Supplementary Figure 99. 'H NMR of 6b.

abundance
0
2

T T T T T T
300.0 200.0 100.0 0 -100.0 -200.0 -300.0

115326 ——

X : parts per Million : Phosphorus31

Supplementary Figure 100. 3'P{'H} NMR of 6b.
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Supplementary Figure 101. IR spectrum (KBr) of 6b.
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Supplementary Figure 102. IR spectrum (THF) of 6b.
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Supplementary Figure 103. 'H NMR of 6c.
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Supplementary Figure 104. 1°F NMR of 6¢.
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Supplementary Figure 105. 3'P{'H} NMR of 6c.
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Supplementary Figure 106. IR spectrum (KBr) of 6c.
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Supplementary Figure 107. IR spectrum (THF) of 6c.
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Supplementary Figure 108. "H NMR of 6d.
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Supplementary Figure 109. 3'P{'H} NMR of 6d.
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Supplementary Figure 110. IR spectrum (KBr) of 6d.
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Supplementary Figure 111. IR spectrum (THF) of 6d.
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Supplementary Figure 112. "H NMR of 6e.
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Supplementary Figure 113. ”F NMR of 6e.
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Supplementary Figure 114. *'P{'H} NMR of 6e.
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Supplementary Figure 115. IR spectrum (KBr) of 6e.
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Supplementary Figure 116. IR spectrum (THF) of 6e.
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Supplementary Figure 117. 'H NMR of 6f.
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Supplementary Figure 118. ’F NMR of 6f.
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Supplementary Figure 119.3'P{'"H} NMR of 6f.
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Supplementary Figure 120. IR spectrum (KBr) of 6f.
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Supplementary Figure 121. IR spectrum (THF) of 6f.
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Supplementary Figure 123. ’F NMR of 2e.
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