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1) General Methods

Unless otherwise noted, all manipulations were carried out under an atmosphere
of nitrogen by using standard Schlenk techniques or glovebox techniques. Solvents
were purified by an Mbraun SPS-800 Solvent Purification System. KHMDS, "BulLi, 3-
hexyne, 2-(2-bromophenyl)acetaldehyde and CrClz were obtained from Strem, Aldrich,
TCI, Alfa Aesar, Acros, Adamas-beta, J&K and others. PhSiD3 was prepared according
to the reported method. [

'H, 13C, and *'P NMR spectra were recorded on a Bruker ARX500 spectrometer
(FT, 500 MHz for 'H; 125 MHz for *C; 202 MHz for 3!P) at room temperature, unless
otherwise noted. High-resolution mass spectra (HRMS) were recorded on a Bruker
Solarix XR FTMS mass spectrometer using ESI (electrospray ionization) source.
Susceptibility experiment was performed on Quantum Design MPMS XL-5 SQUID
(superconducting quantum inference device) magnetometer on crystalline sample.
Elemental analyses were tested on a Vario EL elemental analyzer at the Analytical
Center of Peking University. Infrared Spectroscopy was recorded on a Bruker Tensor
27 using a KBr pellet. Using 2-(2-bromophenyl)acetaldehyde instead of 2-
bromobenzaldehyde, the neutral cyclopentadienyl-phosphine ligand L was prepared
according to our reported procedures,?! as a mixture of double-bond isomers which

cannot be separated from each other.

2) Experimental Details

Preparation of the ligands (1):

Et
Et Et Et
<= Et
O £t Et 1.0 eq. KHMDS Et K
+ isomers Et,O, RT, 12 h PR,
2 1
L

1a: R = Ph, 25%
1b: R = 'Pr, 20%
1c: R=Cy, 23%

A typical procedure for the preparation of 1: Under an atmosphere of nitrogen,
the neutral cyclopentadienyl-phosphine ligand (with double-bond isomers, 0.1 mmol)

was dissolved in 10 mL Et20. Then KHMDS (0.1 mmol in 0.2 mL Toluene) was added
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in and the mixture was stirred for 12 h. After reaction, precipitate was washed by Et20
(The double-bond isomers could not be deprotonated and thus would be washed by

Et20) and dried in vacuo to give pure target compounds as yellow powders.

= Et la: Yellow powder, isolated yield 25 % (0.025 mmol, 12.3 mg).

Et
K

P
ph/ \ph of THF and toluene at room temperature. '"H NMR (500 MHz, d*-

Et Crystal suitable for X-ray diffraction was grown from the mixture

THF) 6: 0.79 (t, J= 7.5 Hz, 6H, CH3), 1.06 (t, /= 7.5 Hz, 6H, CH3), 2.23-2.27 (m, 4H,
CH2), 2.45-2.50 (m, 4H, CH>), 3.94 (s, 2H, CH2), 6.57-6.60 (m, 1H, CH), 6.82-6.85 (m,
1H, CH), 7.01-7.05 (m, 2H, CH), 7.26-7.34 (m, 10H, CH); '3*C NMR (125 MHz, d°-
THF) J: 19.54 (2CH3), 20.00 (2CH3), 20.78 (2CH2), 20.83 (2CHz), 32.02 (d, J =22.0
Hz, CH»), 108.19 (d, J = 2.5 Hz, Quant. C), 114.51 (2Quant. C), 115.36 (2Quant. C),
125.29 (CH), 129.11 (2CH), 129.15 (2CH), 129.20 (2CH), 129.26 (2CH), 130.92 (CH),
130.97 (CH), 132.19 (CH), 134.46 (d, J = 7.5 Hz, Quant. C), 135.04 (d, J = 12.5 Hz,
2CH), 139.23 (d, J = 7.5 Hz, 2Quant. C), 152.59 (d, J = 14.0 Hz, Quant. C); *'P NMR
(202 MHz, d8-THF) 6. -13.80.

E Et 1b: Yellow powder, isolated yield 20 % (0.020 mmol, 8.5 mg).
B Crystal suitable for X-ray diffraction was grown from the mixture
ipr/ P\ipr of THF and toluene at room temperature. 'H NMR (500 MHz, d*-
THF) o0: 0.84 (t, J = 5.0 Hz, 6H, CH3), 0.93-0.96 (m, 6H, CH3), 1.07 (t,J = 5.0 Hz, 6H,
CHs3), 1.16 (m, 6H, CH3), 2.09-2.15 (m, 2H, CH), 2.31-2.36 (m, 4H, CH2), 2.45-2.49
(m, 4H, CH>), 4.14 (d, J=4.0 Hz, 2H, CH2), 6.93-6.96 (m, 1H, CH), 7.00-7.07 (m, 2H,
CH), 7.29-7.31 (m, 1H, CH); '3C NMR (125 MHz, d5-THF) J: 19.62 (2CH3), 20.02
(4CH3), 20.13 (2CH3), 20.67 (2CHz2), 20.79 (2CH2), 21.03 (CH), 21.23 (CH), 32.45 (d,
J=26.5Hz,CH>), 110.98 (d, /=20 Hz, Quant. C), 114.39 (2Quant. C), 115.25 (2Quant.
C), 124.43 (CH), 128.95 (CH), 130.74 (d, J= 6.3 Hz, CH), 132.02 (d, J = 3.8 Hz, CH),
133.49 (d, J = 22.5 Hz, Quant. C), 155.12 (d, J = 30.0 Hz, Quant. C); *'P NMR (202
MHz, d-THF) &: -8.64.
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= Et 1c: Yellow powder, isolated yield 23 % (0.023 mmol, 11.6 mg). 'H

e} 5 NMR (500 MHz, &*-THF) 8: 0.83 (t, J = 6.0 Hz, 6H, CHs), 1.05 (t,

oy’ P\Cy J = 6.0 Hz, 6H, CH3), 1.16-1.36 (m, 10H, CH>), 1.63-1.68 (m, 6H,
CH»), 1.78 (d, J = 10.5 Hz, 2H, CH), 1.93-1.97 (m, 4H, CH2), 2.30-2.34 (m, 4H, CH>),
2.44-2.48 (m, 4H, CH2), 4.10 (d, J = 3.0 Hz, 2H, CH2), 6.91-6.93 (m, 1H, CH), 6.98-
7.03 (m, 2H, CH), 7.29-7.30 (m, 1H, CH); '3C NMR (125 MHz, d°-THF) &: 18.46
(2CH3), 18.88 (2CH3), 19.65 (2CHz), 19.73 (2CH2), 26.57 (2CHz), 27.07 (d, J= 6.3 Hz,
2CHz), 27.21 (d, J = 10.0 Hz, 2CHz), 29.25 (d, J = 8.0 Hz, 2CH>), 30.87 (d, J = 15.0
Hz, 2CH»), 31.65 (d, J = 22.0 Hz, CH>), 34.23 (d, J = 12.4 Hz, 2CH), 109.26 (Quant.
C), 113.22 (2Quant. C), 114.04 (2Quant. C), 123.16 (CH), 127.62 (CH), 129.93 (d, J =
4..38 Hz, CH), 130.87 (CH), 131.72 (d, J = 14.9 Hz, Quant. C), 154.23 (d, /= 19.9 Hz,

Quant. C); 3'P NMR (202 MHz, d°-THF) §: -18.18.

Preparation of chromium chloride complexes (2)

A typical procedure for the preparation of 2: Under an atmosphere of nitrogen,
the yellow THF solution of 1a (49.1 mg, 0.1 mmol) was added into the suspension of
CrClL2 (12.3 mg, 0.1 mmol) in THF (5 mL) at room temperature. The resultant brown
mixture was stirred for 12 h and the solvent was removed and dried in vacuo. After the
addition of Et20 (8 mL) to the black residue, the solution was filtered through Celite,
and the solvent was removed and dried in vacuo. Single crystals of 2a suitable for X-

ray crystallography were obtained by recrystallization from Et2O at -30 °C.

Et - 2a: Dark red powder, isolated yield 62 % (0.062 mmol, 33.4 mg).

O e Magnetic susceptibility (Evans’method): pefr= 3.1 + 0.1 us in CeDe
Et

Ph/P\/p:r\CI at 296 K. '"H NMR (500 MHz, d®-THF) &: 0.89 (br), 1.12 (br), 2.78
(br), 3.37 (m), 5.33 (br), 6.30 (br), 7.30 (m), 8.16 (br), 11.52 (br),

13.19 (br), 14.75 (br), 18.63 (br). Anal. Calcd. for C32H36CICrP: C, 71.30; H, 6.73.
Found: C, 71.12; H, 7.17. HRMS calcd. for C32H3sCICrP [M]": 538.1643, found

538.1639. IR (KBr, cm!) v: 2964 (s), 2930 (s), 2871 (s), 1465 (m), 1436 (s), 1096 (w),
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1067 (w), 748 (s), 696 (s), 504 (m).
E Et 2b: Dark green powder, isolated yield 58 % (0.058 mmol, 27.3 mg).
O ::Et/c'r\;t Magnetic susceptibility (Evans’method): pert= 3.2 £ 0.1 uB in CéDe
e \ipr at 296 K. 'H NMR (500 MHz, d5-THF) 6: 0.89 (br), 1.11 (br), 3.38
(m), 3.41 (br), 3.58 (br), 5.33 (br), 6.42 (br), 7.02 (m), 7.30 (br), 7.45 (br), 7.73 (br),
8.19 (br), 9.05 (br), 16.12 (br). Anal. Calcd. for C26H40CICrP: C, 66.30; H, 8.56. Found:
C, 65.82; H, 8.66. HRMS calcd. for C26Hs0CICrP [M]": 470.1956, found 470.1952. IR
(KBr, cm™) v: 2964 (s), 2930 (m), 2872 (m), 1463 (m), 1371 (w), 1058 (w), 752 (m),
445 (w).
E Et 2c: Dark green powder, isolated yield 46 % (0.046 mmol, 25.4 mg).
O Et/ér\ a Magnetic susceptibility (Evans’method): zefr= 3.0 £ 0.1 us in CeDs
Cy/ P\Cy ’ at 296 K. Magnetic susceptibility (SQUID): uefr = 3.5 us at room
temperature. '"H NMR (500 MHz, d5-THF) 6: 0.89 (br), 1.12 (br), 1.29 (br), 3.38 (m),
3.41 (br), 3.58 (br), 5.33 (br), 6.66 (br), 7.30 (br), 8.52 (br), 11.34 (br), 13.45 (br), 16.36
(br), 26.13 (br). Anal. Calcd. for C32H4sCICrP: C, 69.74; H, 8.78. Found: C, 69.24; H,
8.85. HRMS calcd. for C32HasCICrP [M]*: 550.2582, found 550.2583. IR (KBr, cm™)
v: 2961 (m), 2927 (s), 2854 (m), 1449 (m), 1374 (w), 1267 (w), 895 (w), 751 (w), 525

(W), 441 (w).

Preparation of chromium(l) dinitrogen complexes (3)

A typical procedure for the preparation of 3: Under an atmosphere of nitrogen,
potassium graphite (14.9 mg, 0.11 mmol) was added into the solution of 2a (53.9 mg,
0.1 mmol) in THF (5 mL) at room temperature. The resultant dark brown mixture was
stirred for 6 h and the solvent was filtered and then dried in vacuo. The black residue
was washed by hexane (10 mL) and dried in vacuo to get the raw product. Single
crystals of 3a suitable for X-ray crystallography were obtained by recrystallization from
Et20 at -30 °C.
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3a: Black powder, isolated yield 67 % (0.022

Et
O At mmol, 35.6 mg). Magnetic susceptibility
Ph—p—_

ot 3 /Cr\ Et Ph (Evans’method): pefr = 5.2 £ 0.1 us in CsDs at
Ph ///N N\\\N N, | _Ph
LA N 296 K. 'H NMR (500 MHz, ¢*-THF) &: 0.89
Cr Et O

O Bt Et (br), 1.12 (br), 1.29 (br), 3.38 (m), 3.41 (br),
= B Et
Et 3.58 (br), 5.33 (br), 6.81 (br), 7.30 (br), 7.34

(br). Anal. Calcd. for CosH10sCr3NeP3: C, 72.30; H, 6.83; N, 5.27. Found: C, 72.15; H,
7.25; N, 4.45. IR (KBr, cm™) v(N2): 1933, 1752.

3b: Black powder, isolated yield 68 % (0.034

Et
S Et mmol, 31.5 mg). Magnetic susceptibility
Et Pr
O Et/c!r\N\ N2 | /’Pr (Evans’method): petr = 4.2 = 0.1 us in CeDs at
~ P S \CI _P
Pr |_P e O 296 K. 'H NMR (500 MHz, d5-THF) 6: -1.90 (br),
'Pr
Et < -0.04 (br), 0.89 (br), 1.11 (br), 1.29 (br), 2.04 (br),

3.38 (m), 3.41 (br), 3.58 (br), 3.84 (br), 5.33 (br),
5.68 (br), 7.13 (m), 7.30 (br), 7.33 (br), 8.05 (br). Anal. Calcd. for Cs2HsoCr2N4P2: C,
67.36; H, 8.70; N, 6.04. Found: C, 67.51; H, 8.68; N, 5.50. IR (KBr, cm™) v(N2): 1957,
1748.

Preparation of chromium complexes 4-7

A typical procedure for the preparation of 4-7: Under an atmosphere of N,
phenylsilane (32.5 mg, 0.3 mmol) was added into the solution of 3a (159.5 mg, 0.1
mmol) in THF (5 mL) at room temperature. The resultant dark brown mixture was
stirred for 12 h and then the solvent was removed in vacuo. Single crystals of 4 suitable

for X-ray crystallography were obtained by recrystallization from hexane at -30 °C.
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Et Ph e 4: Black powder, isolated yield 35 % (0.053

\/
Bt PhsiH, H
Et ) N
Cr—N=N—-=0Cr FEt
7 )

Ph e/ Rt 296 K. 'H NMR (500 MHz, d5-THF) 6: -5.64

mmol, 60.6 mg). Magnetic susceptibility

(Evans’method): pest = 3.3 £ 0.1 us in CeDs at

(d), -0.87 (br), -0.51 (br), -0.20 (br), -0.04 (br), 0.11 (br), 0.29 (br), 0.89 (br), 1.11 (br),
1.29 (br), 3.38 (m), 3.41 (br), 3.58 (br), 4.89 (br), 7.33 (br), 7.36 (m), 7.39 (br), 7.57
(br), 7.58 (br), 8.72 (br). Anal. Calcd. for C70HsoCr2N2P2Si: C, 73.53; H, 7.05; N, 2.45.
Found: C, 74.31; H, 6.96; N, 2.26. IR (KBr, cm™") v(N2): 1761.

5: Black powder, isolated yield 53 % (0.16 mmol, 109.7 mg).

Ph
Magnetic susceptibility (Evans’method): gett = 3.6 £ 0.1 i in
CeDs at 296 K. Magnetic susceptibility (SQUID): petr = 4.5 us
Ph/ \Ph Ph " at room temperature. 'H NMR (500 MHz, d°-THF) §: -7.54 (br),

0.78 (m), 1.01 (m), 1.18 (br), 1.62 (br), 3.27 (m), 3.47 (br), 4.89 (br), 5.22 (br), 6.52
(br), 6.67 (m), 6.96 (m), 7.21 (m), 7.38 (br), 7.41 (br), 7.43 (br), 7.80 (br), 7.81 (br),
10.76 (br), 13.12 (br), 22.31 (br), 32.50 (br). Anal. Calcd. for C44H46CrN2P: C, 77.06;
H, 6.76; N, 4.08. Found: C, 77.50; H, 7.01; N, 4.07. IR (KBr, cm™) v: 3056 (m), 2965
(s), 2928 (s), 2871 (m), 1583 (s), 1471 (s), 1245 (W), 748 (s), 693(s), 543 (W), 452(W).

6: Black powder, isolated yield 46 % (0.14 mmol, 95.9 mg).
Magnetic susceptibility (Evans’method): zefr = 3.8 £ 0.1 us in
CeDs at 296 K. '"H NMR (500 MHz, d°-THF) &: 0.84 (m), 0.85
(br), 0.87 (br), 1.08 (m), 1.13 (br), 1.26 (br), 1.69 (br), 1.99 (m),

2.27 (br), 3.34 (m), 3.36 (br), 3.54 (br), 4.25 (br), 5.30 (br), 6.52
(m), 7.13 (m), 7.15 (m), 7.17 (br), 7.29 (br), 7.31 (br), 7.32 (br), 7.41 (br), 7.88 (br),
7.89 (br), 8.47 (br). Anal. Calcd. for C4sH47CrNP: C, 78.92; H, 6.92; N, 2.05. Found:
C, 78.37; H, 7.42; N, 1.92. IR (KBr, cm™) v: 3056 (w), 2965 (s), 2927 (s), 2869 (m),
1628 (w), 1585 (s), 1480 (s), 1368 (m), 1315 (m), 748 (s), 695 (s), 539 (W).
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7: Red powder, isolated yield 45 % (0.14 mmol, 82.6 mg).
Magnetic susceptibility (Evans’method): uefr = 3.7 = 0.1 uB in
CeDs at 296 K. 'H NMR (500 MHz, ¢*-THF) &: -0.35 (br), 0.78
(br), 1.01 (m), 1.06 (br), 1.19 (br), 1.39 (br), 1.62 (br), 3.26 (br),

3.27 (br), 3.29 (br), 3.30 (br), 3.47 (br), 5.22 (br), 7.24 (br), 9.93
(br), 10.78 (br). Anal. Calcd. for Cs0HasCrP: C, 78.53; H, 7.91. Found: C, 79.32; H,
8.27. HRMS calcd. for C40H4gCrP [M]": 611.2893, found 611.2888. IR (KBr, cm™) v:
3055 (w), 2964 (s), 2927 (s), 2870 (m), 1569 (w), 1461 (m), 1092 (w), 1062 (w), 1024
(w), 747 (m), 697 (m), 501 (w).
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3) Examination of IR Spectra
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Figure S1 IR spectrum of 2a in KBr pellet at room temperature
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Figure S2 IR spectrum of 2b in KBr pellet at room temperature
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95 100

Transnittance [ %
90

S A" '\ f\ ‘I | ﬂ\

\ N\ l H \

\f\/ \\“1 ‘/ ‘ ‘I’ ‘ \r\'l “/-‘| ‘u ’J ‘ w l ‘
| Lot

I | \‘”U \‘l\\ | ‘ MM
| "-‘\
| |

| I [
g g g 22 BE28 sxcd 9mZs o ccocyd
g g 838 o Begd Fdon 2r8B T EREEEES

T T T T T T T
3500 3000 2500 2000 1500 1000 500
Vévenunber cm 1

Figure S4 IR spectrum of 3a in KBr pellet at room temperature

S10




100

R . o A A B N 2 ‘L_,ﬁ
N s LW r"ﬁ"\'m Do
AT . ‘ | [ A AT "IM '||| ||"m|IJ \
@ IR [ | | Ml (VY || \ i
@ U { ‘ | | ‘| i | I | | '
[ | | (W L A
| A -
e - ‘ | ‘ ‘ ‘ |‘ |
- | ]
33 | | "
S i ‘ I
b \ |
£ - ‘ f‘ \'
s ]
o ‘ | |‘
= o | |l |
> | | |
- !
8 - |
) | | y
I
TOoOO I~ @ w o ™
LS g £ £ = 2 %8
T T T T T T T
3500 3000 2500 2000 1500 1000 500
Vévenurnber cm 1
Figure S5 IR spectrum of 3b in KBr pellet at room temperature
= 1 1 1 1 1 1 1 =
s IBRUKE | o
=8 - 8
@
(]
c w e
T [s0]
€
5 8 - 3
@
L TS
~ ~
o . O
~ ~
TOM [Te} w [y
323 ¢ 8 g g 83e
o N D B g g © i
{18 g £ 3 = BB%
T T T T T T T
3500 3000 2500 2000 1500 1000 500

Vévenunber cra

Figure S6 IR spectrum of the product obtained from reduction of 2¢ with KCs in THF
under N2

S11



3 - \
& =y
I F Ny Al
gs— | ‘qu |(‘|f -ﬁf /\| |
| I
234 P’! ‘ | I
| I | | \{j
: | |
| 1)} N N
g BR8 B OB 93EE & 33 3
Figure S7 IR spectrum of 4 in KBr pellet at room temperature
: T I y
8 llnﬁ | ViNLI 4‘|I‘,Ifr"r’\ | /-‘
UI || | { |I 0 f“lillf\‘“ldll by | f \) ﬁ.'[
<8 ' | ‘| ‘ |1J |q N
I l‘|| | ’ U 1 l,|l
8 | \
23 A L| / I
i ! | |
| |
5 v % |
8 ]
) el I Y
| § EhR | | BeERIPlsgams 39

Vévenunber cm 1

Figure S8 IR spectrum of 5 in KBr pellet at room temperature

S12




98
1

9%
!

Transm ttance [ %
88 20 92
l 1

86
1

Transnittance [ %
a0 R
1

88
I

94
1

n NI ]
8 58 SEEERIEE

3500 3000 2500 2000 1500 1000 500
Vévenunber cm 1
Figure S9 IR spectrum of 6 in KBr pellet at room temperature

W\ fmww

aly [\
(\ Pr\w w i

| I\ LT INT ]
TN g $EERE 3882 ey 33
2500 2000 2500 2000 1500 1000 500

Vévenunber cm 1

Figure S10 IR spectrum of 7 in KBr pellet at room temperature

S13



10,31
=

= 12,08

103

=Lm

11000

-10000

3000

8000

6000

5000

4000

3000

2000

5.0
£1 (ppm)

Figure S11 '"H NMR of 1a at room temperature

e

1000

~3300

~3000

2400

2000

1300

T T T T T T
100 20 80 70 80

£1 (ppm)

Figure S12 3C{'H} NMR of 1a at room temperature

T T T T T T T T T
190 180 170 160 150 140 130 120 110

S14



13,80

T T T T T T

T T
a0 100 50 0 -850 -100 -150 -200

f1 (ppm

Figure S13°'P{'H} NMR of 1a at room temperature

A4
a3

<
<

23000
22000
21000
20000
~18000
-18000
17000
16000
~156000
~14000
13000
12000
11000

+10000

-0

—1000

2000

-250

T
0.5 10,0 9.5 9.0 85 8.0 7.5 7o 6.5 6.0 5.5 50 45 4.0 3.5 3.0 25 28 149
f1 (ppm)

Figure S14 '"H NMR of 1b at room temperature

S15

13000

12000

11000

~10000

~7000

1000



155, 24
155,00

T

7800

=T000

6300

I ”” ‘ } JL I WL m

T T T T T T T T T T T T T T T T T T T T T T T T
20 210 200 130 180 170 160 150 140 130 120 110 100 S0 8¢ 70 60 B0 40 30 20 10 ¢ -10
£1 (ppm)

Figure S15 *C{'H} NMR of 1b at room temperature

-8,

F1200
-1100

1000

800

=700

300

-100

T g A 0 i 0 A9 B O R

—100

T T T T
50 100 50 0 -50 -100 -150 -200 -250
£1 (ppm)

Figure S16 *'P{'H} NMR of 1b at room temperature

S16



5180
1280 -

6£8°0 _
w0’ ——
¥50'L ——|
1904 —|
LI
€811
2T
el
e
See'L
o'l
e
SLO'L
0ZL1
801
20L 1 ——N
626')
ov6'L
9061 -
£0£2
SIET
26T
orET
orre
£5¥T
sov'Z
Uy

s ——
S60'Y
T —

iy

7

e \\

LE9
6’9
¥E6'9
6.6'9
2669
£00°L
SLo'L
0zo'L
EE0°L
6824
6624

A\

i

I 6.00
= 6.00

w._poo

I 604
=202

405

> 401
> 406

F 200

TR

= 1.00

Figure S17 '"H NMR of 1¢ at room temperature

95v8l .___
2:881 —|
SY96L ——||
62L61 —|
9.0'%2
60272 —
EYT /
vLYYT

LESPT
10952
0192
£08¥T —
19592

BPULC
860L — 7
0LLiT
oszie
LEZZ BT
£8T6T
808°0€
L126°0€
vosIE
orlLe
S8 ¥E

e

e ve —
€299

652601
BLEZELE
SE0vEL
€9L'ETL
129421
126621
C96'6Z1
2LB0EL
Pag el
€8LIEL

vy

\

05151
BE¥) —

ppm (t1)

Figure S18 *C{'H} NMR of 1c at room temperature

S17



18177

I

ppm (1)

Figure S193'P{'H} NMR of 1c at room temperature

[ 0 ) o
© N - © [ =] Q © or-gor~oopoNoR
© < ) - NN « © O PO ONNNGT S o
- - - - O NN © W OooocT -0
| | | | [ | [ i R =

22 21 20 19 18 17 16 15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 0
1 (ppm)

Figure S20 '"H NMR of 2a at room temperature

S18



880
mm.ok

060

gLl

6217
m:\
L8€
8€°¢

—6ex

e
wm.m.\
€e'g —
[44°]
mm.o./.
No.hk
€LL M
ogL
mw.h\
€L,
618 .\.

S06—

cLol—

1 (ppm)

Figure S21 '"H NMR of 2b at room temperature

1AV
680
060
oL'L
cLl
€Ll

y2vzamy

0c L

eLL7
I8¢

6e'¢e
e
8G'¢
€e's /
999 —
ogeL—

g8 —

veLL—

svel—

9€'9L —

€Loc—

20 19 18 17 16 15 14 13 12
1 (ppm)

30 29 28 27 26 25 24 23 22 21

Figure S22 '"H NMR of 2¢ at room temperature

S19



880
680
060

oL L~

z1L
e

8C'L
6c'L
€L J

PAR
wm.mW.
£2C

G.m%
8¢
ge'g—

189~
0g’L \
ve'L—

L L_.wa

T
6

)

T
7

1 (ppm.

Figure S23 '"H NMR of 3a at room temperature

06'L-—

¥0°0-q
880
%9/
060 |
oLl Y

[T

L/

€0'c
vo.Nv.

LE°€
wm.m.//

(5103

34
wm.m“
v8'e

€e'g—
89'G —

VAN
0EL~
eer’

S0'8 —

T
6

)

T
7

1 (ppm.

Figure S24 '"H NMR of 3b at room temperature

S20



Y9S-~
Ly'g-

18°0-1
15°0-1
020~ 1
¥0°0- 1
110
6201
88°0 1
690
060 Y
oL L

I T

gLl

62’1
€Ll
8¢
8c'e

_\v.m%
85t
68y —

€e'L

cL8—

Lok

Figure S25 '"H NMR of 4 at room temperature

¥G' 21
1207
8201
0801
6601
10'L
20’1
8L
611
29'H
9z°¢ ]
Lze
62°€ |

—

6871
ZZ.S

159
Nm.o;
59
S99
2997
¥6'9-]
96'9 ]
1691
6L
1z,
9e°L 1
wmx;
ov'L
1L
e’
08
1821
9201 1
zLeL”

iy

lece—

0gce—

-10

-8

T T T T T
34 32 30 28 26 24 22 20 18 16 14 12

T
36

1 (ppm)

Figure S26 '"H NMR of 5 at room temperature

S21



0g's—

8¥'9
cs9
€59
422

€L
SLL
LL'L

6CL
el
ceL
Wil
88'L
68°L
Ly'8

Jh@@w“\ -

T
6

T
7

)

1 (ppm.

Figure S27 '"H NMR of 6 at room temperature

90'L I

s —

veL—

€66 —

801 —

- ’PLL

Figure S28 '"H NMR of 7 at room temperature

1 (ppm)

S22



5) Copies of SQUID Spectra of Complexes 2c and 5

Magnetic susceptibility measurements (Fig. S29) at variable temperature with a
superconducting quantum inference device (SQUID) show that the effective magnetic
moment of 2C at room temperature (ueff = 3.5 us) is higher than the spin-only value (2.8

us) expected for an S = 1 state, suggesting an unquenched orbital momentum

contribution.
5.0
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4.0 -
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Figure S29 SQUID spectrum of complex 2¢

Magnetic susceptibility measurements (Fig. S30) at variable temperature with a
superconducting quantum inference device (SQUID) show that the effective magnetic
moment of 5 at room temperature (uett =~ 4.5 us) is higher than the spin-only value (3.9
uB) expected for an S = 3/2 state, suggesting an unquenched orbital momentum

contribution.
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6) X-ray Crystallographic Studies

Single crystals suitable for X-ray analysis were grown in solution of Et2O, Hexane,
or the mixture of Et2O and Hexane in -30 °C. Data collections were performed at 180
K on Rigaku diffractometer, using monochromated Mo Ka radiation (A = 0.71073 A).
The structures were solved by SHELXTL or Olex program.** Refinement was
performed on F? anisotropically for all the non-hydrogen atoms by the full-matrix least-
squares method. The hydrogen atoms were placed at the calculated positions and were
included in the structure calculation without further refinement of the parameters. H(3)
in complex 4 was located from difference electron density map. Crystal data, data
collection and processing parameters for compounds 1a, 1b, 2a-c, 3a,b, and 4-7 are
summarized in following tables. Crystallographic data (excluding structure factors)
have been deposited with the Cambridge Crystallographic Data Centre as
supplementary publication nos. CCDC-1907376 (1a), CCDC-1860877 (1b), CCDC-
1860868 (2a), CCDC-1860867 (2b), CCDC-1903190 (2c), CCDC-1860876 (3a),
CCDC-1860875 (3b), CCDC-1907372 (4), CCDC-1907373 (5), CCDC-1907375 (6),
CCDC-1907374 (7). Copies of these data can be obtained free of charge from the
Cambridge Crystallographic Data Centre. Solvent molecules in some crystals could not
be located appropriately. Thus, the diffused electron density associated with these

solvent molecules were removed by SQUEEZE routine in PLATON.
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Figure S31 ORTEP drawing of 1a. Thermal ellipsoids are shown at the 30% probability
level. Hydrogen atoms are omitted for clarity.

Table S1  Selected Bond Lengths (A) and Angles (deg) for 1a.

C(1-P(1) 1.837(4)
C(7)-C(8) 1.518(4)
P(1)-C(1)-C(6) 119.5(3)
C(6)-C(7)-C(8) 115.8(3)
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Table S2 X-ray crystallographic data for 1la

1a
CCDC number 1907376
Empirical formula C128H144K4P4
Formula weight 1962.70
Temperature/K 89.9(5)
Crystal system triclinic
Space group P-1
alA 17.9093(6)
b/A 18.1403(8)
c/A 20.5737(7)
al° 113.944(4)
pre 100.357(3)
y/° 108.053(3)
Volume/A3 5437.1(4)
z 2
Peale: glcm?® 1.199
wmm-! 0.272
F(000) 2096.0
Crystal size/mm?® 0.1x0.1x0.1

Radiation

20 range for data collection/®

Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?

Rq [1>=23 (I)]
WR, [all data]

Largest diff. peak/hole / e A3

MoKa: (1 = 0.71073)
6.876 to 54.968

23<h<23 -23<k<23, -26<1<26

72066
24866 [Riyt = 0.0548, Rjgma = 0.0784]

24866/0/1241

1.029

0.0746

0.1926

1.35/-0.54
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Figure S32 ORTEP drawing of 1b. Thermal ellipsoids are shown at the 30%
probability level. Hydrogen atoms are omitted for clarity.

Table S3

Selected Bond Lengths (A) and Angles (deg) for 1b.

C(1)—C(6)
C(6)—C(7)
P(1)—C(1)—C(6)
C(1)—C(6)—C(7)

1.412(4)

1.514(4)
120.4(2)
123.1(3)

S28



Table S4 X-ray crystallographic data for 1b

1b
CCDC number 1860877
Empirical formula C104H160K4P4
Formula weight 1690.59
Temperature/K 179.98(11)
Crystal system monoclinic
Space group P24/c
a/A 21.0786(4)
b/A 24.3001(5)
c/A 21.1776(4)
ol® 90
pre 91.440(2)
y/° 90
Volume/A3 10844.0(4)
z 4
Pcalcs g/cm3 1.036
wmm’! 0.263
F(000) 3680.0
Crystal size/mm? 0.1x0.1x0.1
Radiation MoKa: (A = 0.71073)
20 range for data collection/® 6.932 to 52.044
Index ranges 26 <h<26,-29<k<30,-26<1<26
Reflections collected 188963
Independent reflections 20261 [Rint = 0.0413, Rgigma = 0.0214]
Data/restraints/parameters 20261/0/1041
Goodness-of-fit on F? 1.039
R4 [1>=25 (I)] 0.0769
WR; [all data] 0.2023
Largest diff. peak/hole / e A3 1.05/-0.64
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Figure S33 ORTEP drawing of 2a. Thermal ellipsoids are shown at the 30% probability
level. Hydrogen atoms are omitted for clarity.

Table S5  Selected Bond Lengths (A) and Angles (deg) for 2a.

Cr(1)—Cl(1) 2.2819(4)
Cr(1)—P(1) 2.4320(4)
Cl(1)——Cr(1)——P(1) 106.336(15)
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Table S6 X-ray crystallographic data for 2a

2a
CCDC number 1860868
Empirical formula C3,H36CICIP
Formula weight 539.03
Temperature/K 179.98(10)
Crystal system triclinic
Space group P-1
alA 10.4291(3)
b/A 12.2337(3)
c/A 13.0486(5)
o/°® 65.497(3)
pre 71.852(3)
A 73.717(3)
Volume/A3 1417.35(9)
z 2
Peales glem® 1.264
w/mm-"! 1.263
F(000) 568.0
Crystal size/mm? 0.2x0.1x0.1
Radiation MoKa (A = 0.71073)
20 range for data collection/° 6.992 to 54.968
Index ranges -13<h<13,-15<k<15,-16<1<16
Reflections collected 24131
Independent reflections 6463 [Rint = 0.0262, Rjgma = 0.0244]
Data/restraints/parameters 6463/0/320
Goodness-of-fit on F2 1.056
R4 [I>=25 (I)] 0.0293
WR;, [all data] 0.0805
Largest diff. peak/hole / e A3 0.52/-0.36

S31



Figure S34 ORTEP drawing of 2b. Thermal ellipsoids are shown at the 30%
probability level. Hydrogen atoms are omitted for clarity.

Table S7  Selected Bond Lengths (A) and Angles (deg) for 2b.

Cr(1)—CI(1) 2.2844(7)
Cr(1)——P(1) 2.4296(6)
Cl(1)— Cr(1)—P(1) 104.03(2)
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Table S8 X-ray crystallographic data for 2b

2b
CCDC number 1860867
Empirical formula CogH4oCICIP
Formula weight 471.03
Temperature/K 179.97(10)
Crystal system triclinic
Space group P-1
alA 11.0749(4)
b/A 11.1730(3)
c/A 11.5235(3)
ol° 75.066(2)
e 72.107(3)
yl° 73.390(3)
Volume/A3 1277.56(7)
z 2
Peale: 9lcm® 1.2244
wmm-"! 0.625
F(000) 505.3
Crystal size/mm? 0.2x0.1x0.1
Radiation MoKa (A = 0.71073)
20 range for data collection/° 7.36 to 54.96
Index ranges -15<h<15,-15<k<15,-16<1<15
Reflections collected 22696
Independent reflections 5836 [Rint = 0.0260, Rsjgma = 0.0266]
Data/restraints/parameters 5836/0/270
Goodness-of-fit on F2 1.032
R4 [1>=25 (I)] 0.0443
WR;, [all data] 0.1225
Largest diff. peak/hole / e A3 1.66/-0.61
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Figure S35 ORTEP drawing of 2c. Thermal ellipsoids are shown at the 30% probability
level. Hydrogen atoms are omitted for clarity.

Table S9  Selected Bond Lengths (A) and Angles (deg) for 2c.

Cr(1)—CI(1) 2.3080(4)
Cr(1)——P(1) 2.4382(3)
Cl(1)— Cr(1)—P(1) 108.803(13)
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Table S10 X-ray crystallographic data for 2c

2c
CCDC number 1903190
Empirical formula C3oHygCICHP
Formula weight 551.12
Temperature/K 180.00(10)
Crystal system monoclinic
Space group P24/c
a/A 20.2829(4)
b/A 9.1944(2)
c/A 16.1826(3)
aol° 90
/e 99.695(2)
yl° 90
Volume/A3 2974.78(10)
z 4
Pcalcs glcm3 1.231
wmm-'! 0.547
F(000) 1184.0
Crystal size/mm? 0.1x0.1x0.1
Radiation MoKa (A = 0.71073)
20 range for data collection/° 7.308 to 54.96
Index ranges -26<h<26,-11<k<11,-19<1<21
Reflections collected 62546
Independent reflections 6787 [Rint = 0.0363, Rgigma = 0.0185]
Data/restraints/parameters 6787/0/320
Goodness-of-fit on F2 1.030
R4 [1>=25 (I)] 0.0277
WR; [all data] 0.0762
Largest diff. peak/hole / e A3 0.38/-0.28
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Figure S36 ORTEP drawing of 3a. Thermal ellipsoids are shown at the 30% probability
level. Hydrogen atoms are omitted for clarity.

Table S11  Selected Bond Lengths (A) and Angles (deg) for 3a.

Cr(1)——N(1) 1.855(3)
Cr(1)——N(3) 1.815(2)
Cr(2)——N(4) 1.877(2)
Cr(2)——N(5) 1.799(3)
Cr(3)——N(6) 1.873(3)
N(1) —N(2) 1.127(4)
N(3) —N(4) 1.162(3)
N(5) ——N(6) 1.176(4)
N(1)——Cr(1)——N(3) 93.54(11)
N(4)—— Cr(2)——N(5) 98.07(11)
N(6)—— Cr(3)——P(3) 108.00(8)
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Table S12 X-ray crystallographic data for 3a

3a
CCDC number 1860876
Empirical formula CosH108Cr3NePs3
Formula weight 1594.79
Temperature/K 179.99(10)
Crystal system monoclinic
Space group 12/a
alA 26.5505(5)
b/A 17.7159(2)
c/A 41.6344(5)
ol® 90.00
pre 92.826(2)
y° 90.00
Volume/A3 19559.6(5)
z 8
Pcalcs glcm3 1.083
w/mm-’! 0.420
F(000) 6744.0
Crystal size/mm?3 0.1x0.1x0.1
Radiation MoKa (A = 0.71073)
20 range for data collection/° 7.06 to 54.96
Index ranges -34<h=<34,-23<k<22,-54<|<48
Reflections collected 117360
Independent reflections 22324 [Rint = 0.0429, Rsigma = 0.0401]
Data/restraints/parameters 22324/47/985
Goodness-of-fit on F2 1.043
Ry [I>=25 (1)] 0.0664
WR; [all data] 0.2090
Largest diff. peak/hole / e A3 1.19/-0.56
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Figure S37 ORTEP drawing of 3b. Thermal ellipsoids are shown at the 30%
probability level. Hydrogen atoms are omitted for clarity.

Table S13  Selected Bond Lengths (A) and Angles (deg) for 3b.

Cr(1)—N(1) 1.8907(12)
Cr(2)——N(2) 1.7784(12)
Cr(2)——N(3) 1.8754(13)
N(1) —N(2) 1.1841(17)
N(3) —N(4) 1.1243(18)
N(1)——Cr(1)——P(1) 95.72(4)

N(2)—— Cr(2)——N(3) 93.61(5)
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Table S14 X-ray crystallographic data for 3b

3b
CCDC number 1860875
Empirical formula CsoHgoCraN4P
Formula weight 927.14
Temperature/K 180.00(10)
Crystal system triclinic
Space group P-1
alA 11.0838(3)
b/A 13.0546(3)
c/A 18.0075(4)
al° 95.386(2)
Bl 98.078(2)
yl° 95.760(2)
Volume/A3 2551.24(11)
Z 2
Pealc, glcm® 1.207
wmm?! 0.526
F(000) 996.0
Crystal size/mm?3 0.1x0.1x0.1
Radiation MoKa (A =0.71073)

20 range for data collection/°
Index ranges
Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F2

Ry [I>=25 (1)]
WR5 [all data]
Largest diff. peak/hole / e A3

7.264 to 54.966
14<h<14,-16<k<16,-23<1<23
48986
11667 [Rint = 0.0316, Reigma = 0.0274]
11667/0/557
1.018
0.0313
0.0793
0.33/-0.27
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Figure S38 ORTEP drawing of 4. Thermal ellipsoids are shown at the 30% probability
level. Hydrogen atoms are omitted for clarity.

Table S15  Selected Bond Lengths (A) and Angles (deg) for 4.

Cr(1)—P(1) 2.2922(5)
cr(1)—N(1) 1.7747(15)
Cr(1)——Si(1) 2.3590(6)
N(1) —N(2) 1.175(2)

P(1)——Cr(1)——N(1) 89.67(5)

P(1)— Cr(1)—Si(1) 118.40(2)
Cr(1)— N(1) —N(2) 177.81(15)
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Table S16 X-ray crystallographic data for 4

4
CCDC number 1907372
Empirical formula Cr76Hg4CraN,P,Si
Formula weight 1229.56
Temperature/K 179.99(10)
Crystal system monoclinic
Space group P24/n
alA 17.7239(4)
b/A 21.5839(5)
c/A 17.9159(4)
al° 90
Bl 94.801(2)
yI° 90
Volume/A3 6829.7(3)
z 4
Peaic, glom’ 1196
wmm’! 0.425
F(000) 2624.0
0.1x0.1x0.1

Crystal size/mm?

Radiation

20 range for data collection/®

Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F2

Ry [1I>=25 (I)]
wR5 [all data]

Largest diff. peak/hole / e A3

MoKa (A = 0.71073)
7.104 to 52.044
21<h<21, 26 <k<26,-22<1<22
100316
13368 [Rint = 0.0387, Ryigma = 0.0215]
13368/3/768
1.031
0.0383
0.1079
1.09/-0.46
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Figure S39 ORTEP drawing of 5. Thermal ellipsoids are shown at the 30% probability
level. Hydrogen atoms are omitted for clarity.

Table S17  Selected Bond Lengths (A) and Angles (deg) for 5.

Cr(1)——N(1) 1.9449(16)
Cr(1)——N(2) 1.9423(16)
Cr(1)—P(1) 2.4302(5)
N(1) —N(2) 1.434(2)
N(1)——Cr(1)——P(1) 94.50(5)
N(2)—— Cr(1)——N(1) 43.30(6)
N(2)——N(1) —Cr(1) 68.25(9)
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Table S18 X-ray crystallographic data for 5

5
CCDC number 1907373
Empirical formula C47Hs3CrNoP
Formula weight 728.88
Temperature/K 179.99(10)
Crystal system triclinic
Space group P-1
alA 11.3491(4)
b/A 11.6086(4)
c/A 17.2859(6)
al® 96.567(3)
Bl 98.370(3)
yl° 115.198(3)
Volume/A3 1998.76(13)
z 2
Pealc glcms 1.211
wmm’! 0.360
F(000) 776.0
Crystal size/mm? 0.1x0.1x0.1
Radiation MoKa (A = 0.71073)
20 range for data collection/° 7.084 to 52.042
Index ranges -14<h<13,-14<k<13,-21<1<21
Reflections collected 31054
Independent reflections 7834 [Riyt = 0.0238, Rgigma = 0.0225]
Data/restraints/parameters 7834/0/465
Goodness-of-fit on F2 1.071
R [I>=23 (I)] 0.0405
WR;, [all data] 0.1149
Largest diff. peak/hole / e A3 1.64/-0.49

543



Figure S40 ORTEP drawing of 6. Thermal ellipsoids are shown at the 30% probability

level. Hydrogen atoms are omitted for clarity.

Table S19  Selected Bond Lengths (A) and Angles (deg) for 6.

Cr(1)——N(1)
Cr(1)——C(1)
Cr(1)—P(1)
N(1) —C(1)

N(1)— Cr(1)—P(1)
C(1)— Cr(1)—N(1)
C(1)—— N(1) —Cr(1)

1.9555(17)
2.073(2)
2.4354(5)
1.409(3)
98.89(5)
40.82(7)

74.06(11)
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Table S20 X-ray crystallographic data for 6

6
CCDC number 1907375
Empirical formula CagH57CrNOP
Formula weight 758.92
Temperature/K 180.00(10)
Crystal system triclinic
Space group P-1
alA 11.6433(2)
b/A 14.5073(4)
c/A 15.3365(4)
al® 66.709(2)
Bl 70.729(2)
yl° 85.951(2)
Volume/A3 2240.74(10)
z 2
Pealc glcms 1.125
wmm-! 0.325
F(000) 810.0
Crystal size/mm? 0.1x0.1x0.1
Radiation MoKa (A = 0.71073)
20 range for data collection/° 6.946 to 54.97
Index ranges -15<h<14,-18<k<18,-19<1<19
Reflections collected 40018
Independent reflections 10238 [Rint = 0.0300, Rgjgma = 0.0255]
Data/restraints/parameters 10238/0/484
Goodness-of-fit on F2 1.084
R4 [I>=25 (I)] 0.0524
WR;, [all data] 0.1718
Largest diff. peak/hole / e A3 1.42/-0.58
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Figure S41 ORTEP drawing of 7. Thermal ellipsoids are shown at the 30% probability

level. Hydrogen atoms are omitted for clarity.

Table S21  Selected Bond Lengths (A) and Angles (deg) for 7.

Cr(1)——C(1)
Cr(1)—P(1)
Cc(1) —C(2)
C(2) —C@)

C(1)— Cr(1)—C(4)
P(1)— Cr(1)—C(1)
Cr(1)— C(1) —C(2)

2.0511(18)
2.4061(6)
1.354(3)
1.483(3)
83.02(8)
90.73(6)

111.22(14)
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Table S22 X-ray crystallographic data for 7

7
CCDC number 1907374
Empirical formula Ca4oH4sCrP
Formula weight 611.75
Temperature/K 179.99(10)
Crystal system triclinic
Space group P-1
alA 8.9809(3)
b/A 19.7635(6)
c/A 20.9170(7)
al® 102.713(3)
Bl 97.631(3)
yl° 101.586(3)
Volume/A3 3486.4(2)
z 4
Pealc, glcm® 1.165
wmm’! 0.399
F(000) 1308.0
0.1x0.1x0.1

Crystal size/mm?

Radiation

20 range for data collection/®

Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F2

Ry [1I>=25 (I)]
wR5 [all data]

Largest diff. peak/hole / e A3

MoKa (A = 0.71073)
7.084 to 52.042
A1<h<11,24<k<24 25<1<25
33298
13363 [Rint = 0.0376, Rgigma = 0.0472]
13363/0/773
1.043
0.0388
0.0990
0.97/-0.28

S47



7) Studies of the Hydride Ligand in Complex 4

The doublet at -5.6 ppm (Fig. S42) might be assigned to the hydride, which
disappeared if it is substituted by the deuteride in the reaction between 3a and PhSiDs.
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Figure S42 'H NMR spectra of hydride and deuteride in complex 4

The generation of Ha was detected at 4.55 ppm by 'H NMR (Fig. S43) in the
quenching reaction between complex 4 and the acid [H(OEt2)2][B{CsH3(m-CF3)2}4].
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Figure S43 In situ '"H NMR of quenching reaction between 4 and [H(OEt,)2][B {C¢H3(m-CF3)2}4]
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The signal at -3.3 ppm (Fig. S44) might be assigned to the deuteride in the product

obtained from the reaction between 3a and PhSiDs.
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Figure S44 2H(D) NMR spectrum of the product obtained from reaction between 3a and PhSiDs

—-0.63

4 13 12 11 10 9 8 7 6 5 4 3 2 1 0 -1 -2 -3 -4 -5 6 -7 -8 -9 -10 -11 -12 -13 -1«
1 (ppm)

Figure S45 *H(D) NMR spectrum of PhSiDs
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8) Calculational Details

Table S23 The relationship between S and energy of 3a

S S=1/2 S=3/2 S=5/2 S=7/2
Energy/Hartree | -8208.79718545 | -8208.79814890 | -8208.82674870 | -8208.73158987
Table S24 The relationship between S and energy of 3b
S S=0 S=1 S=2 S=3
Energy/Hartree | -5019.98938298 | -5020.02801418 | -5020.05349330 | -5019.99628679

The calculation part was carried out with the GAUSSIAN 09 program package.]
The energy was calculated at the MO6L/def2TZVP level.l®! According to the results of
energy calculations (Tables S23-S24), the electron configurations (for 3a, S = 5/2, the
lowest energy is about -8208.827 a.u.; for 3b, S = 2, the lowest energy is about -
5020.053 a. u.) can be assigned to the ground states of 3a and 3b, which indicates the
numbers of unpaired electrons in 3a and 3b are 5 and 4, respectively. In addition, the
complexes 3a and 3b have solution magnetic moments of 5.2 + 0.1 u and 4.2 = 0.1 us
measured by Evans’ method in CsDs at 296 K, which indicates the numbers of unpaired
electrons in 3a and 3b are 4.25 and 3.32, respectively. Therefore, the experimental
results are generally consistent with the calculational results.
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