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Experimental Section

General Procedures

All manipulations were routinely carried out under a nitrogen atmosphere, using standard
Schlenk-line techniques. All solvents were dried and distilled over an appropriate drying
agent under argon. Complex [FeL], (L = N,N'-dimethyl-3,6-diazanonane-1,8-dithiolate),*
[Cp*Fe(MeCN)s][PFs] (Cp* = 5°-CsMes),? and [Cp*Ru(MeCN)s][PF¢]® were prepared

according to the literatures. CoCp, (Aldrich) was used without further purification.
Spectroscopic measurements

The 'H NMR spectra were recorded on a Briiker 400 Ultra Shield spectrometer. Infrared
spectra were recorded on a NEXVSty FT-IR spectrometer. Elemental analyses were
performed on a Vario EL analyzer. ESI-HRMS were recorded on a UPLC/Q-Tof micro
spectrometer. Solution magnetic susceptibilities were determined by adding an internal
capillary standard of the appropriate deuterated solvent to 2-7 mM *H NMR samples of
metal complexes. The difference between the capillary and solvent peaks in Hz was used to

determine e Via the Evans method.*
X-ray crystallography

The data for complexes 1, 2, and 3 were afforded on a Briker SMART APEX CCD
diffractometer with graphite monochromated Mo Ka radiation (A = 0.71073 A). Empirical
absorption corrections were performed using the SADABS program.® Structures were
solved by direct methods and refined by full-matrix least-squares based on all data using F?
using Shelx97.° Anisotropic thermal displacement coefficients were determined for all
non-hydrogen atoms. Hydrogen atoms were placed at idealized positions and refined with
fixed isotropic displacement parameters. Full details of the X-ray structural determination
are in the CIF included as Electronic Supplementary Information. CCDC depositions
1434935 (1), 1447555 (2), 1434939 (3) can be obtained free of charge from The Cambridge
Crystallographic Data Center.

For 1, the “simu” restraints were used with the deviation 0.02 to avoid the Hirshfeld Test
S3



Diff on C—N and C—C bonds of NS, ligand. The “delu” restraints were used with the
deviation 0.002 to avoid the Hirshfeld Test Diff on Fe—S bonds. For 2, the “simu” restraints
were used with the deviation 0.01 to avoid the Hirshfeld Test Diff on C—N and C—C bonds
of NS, ligand. The “delu” restraints were used with the deviation 0.001 and 0.01 to avoid
the Hirshfeld Test Diff on Fe—S bonds and C—S bonds respectively. The C2—C29 bond
distance was fixed 1.40 A. The “omit” restraints were used on a series of reflections to

enhance bond precision on C—C bonds.
Electrochemistry

Electrochemical measurements were recorded using a BAS-100W electrochemical
potentiostat at a scan rate of 100 mV/s. Electrochemical experiments were carried out in a
three-electrode cell under argon at room temperature. The working electrode was a glassy
carbon disk (diameter 3 mm), the reference electrode was a nonaqueous Ag/Ag” electrode,
the auxiliary electrode was a platinum wire, and the supporting electrolyte was 0.1 M
"BusNPFg in CH,Cl,. All potentials reported herein are quoted relative to the FeCp,/FeCp,"

couple.
*"Fe Mbssbauer Spectroscopy

All °’Fe Mdssbauer spectroscopy was run on non-enriched solid samples of the as-isolated
complexes. Each sample was loaded into a Delrin Méssbauer sample cup for measurements
and loaded under liquid nitrogen. Low-temperature >’Fe Mdssbauer measurements were
performed using a SeeCo MS4 Mdssbauer spectrometer integrated with a Janis SVT-400T
He/N, cryostat for measurements at 80 K. Isomer shifts were determined relative to o-Fe at

298 K. All Mdssbauer spectra were fit using the program WMoss (SeeCo).
General computational method

DFT calculations were performed by Gaussian 09 program.” The TPSSTPSS functional
together with the effective core potentials (ECPs) of Hay and Wadt with double-{ valence
basis sets (LanL2DZ)® were chosen to describe Fe atoms and unrestricted density functional
theory (UDFT) was used for open-shell system. The 6-31+G(d) basis set was employed for

C, S, H, and Cl atoms. No symmetry was adopted in the calculations. Vibrational frequency
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calculations were performed to ensure that a local minimum has no imaginary frequency.
The spin density and molecular orbital analysis were based on the optimized structure at

their most stable electronic states.
Preparation of [Cp*Fe(MeCN)LFeCI][PF¢] (1)

[Cp*Fe(MeCN)s][PFs] (45.9 mg, 0.10 mmol) was added to a suspension of [FeL], (L =
N,N'-dimethyl-3,6-diazanonane-1,8-dithiolate) (26.2 mg, 0.05 mmol) in 5 mL MeCN, then
0.5 mL CHCI; was added at room temperature, the solution color slowly changed from
reddish brown to dark green. The reaction mixture was allowed to be stirred for another 2 h.
The resulting dark green solution was evaporated to dryness under vacuum, then the
greenish black residues were washed with Et,O (3 x 3 mL) and dried in reduced pressure to
obtain a greenish crystalline powder 1 (47.2 mg, 0.07 mmol, 70%). Crystals of 1 suitable
for X-ray diffraction experiment were grown from saturated CH,Cl, solution layered by
n-hexane at room temperature. *H NMR (400 MHz, CD,Cl,): 6 —67.52 (br). 1« (CD5Cly,
25 °C): 5.66 u. IR (Film; cm™): 2962, 2915, 2893, 1507, 1491, 1378, 1302, 1261, 1083,
1022, 840, 759, 736, 557. ESI-HRMS: Calcd for [1-PFe—MeCN]" 488.0474; Found
488.0483. Anal. Calcd for CyoHs36S,NsFe,CIPFg: C, 35.60; H, 5.38; N, 6.23. Found: C,
35.73; H, 5.01; N, 5.91.

Preparation of [Cp*Fe(MeCN)L"?FeCI][PF¢] (2)

[Cp*Fe(MeCN)s][PF¢] (45.9 mg, 0.10 mmol) was added to an orange suspension of [FeL],
(26.2 mg, 0.05 mmol) in 5 mL CH,CI, with vigorously stirring at room temperature, then
the solution color slowly changed from reddish brown to dark green. The reaction mixture
was allowed to be stirred for another 2 h. The resulting dark green solution was evaporated
to dryness under vacuum, then the greenish black residues were washed with Et,O (3 x 3
mL) and dried in reduced pressure to obtain a greenish powder mixture (70% by mass) of 1
(25.6 mg, 0.038 mmol, 38%) and 2 (22.1 mg, 0.032 mmol, 32%). The ratio of 1 and 2 of
crystal mixture was determined by >’Fe Mdssbauer spectroscopy. Crystals of 2 suitable for
X-ray diffraction experiment were grown from saturated CH,Cl, solution layered by

n-hexane at room temperature. '"H NMR (400 MHz, CD,Cl,): 6 8.47 (br). s (CD2Cly,
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25 °C): 4.47 p.. IR (Film; cm™): 2988, 2915, 2259, 1468, 1432, 1379, 1304, 1274, 1076,
1024, 841, 762, 738, 557. ESI-HRMS: Calcd for [2-PFs—MeCN]" 502.0630; Found
502.0613. Anal. Calcd for Cy1H3sS;NsFe,CIPFg: C, 36.62; H, 5.56; N, 6.10. Found: C,
36.26; H, 5.23; N, 6.04.

Preparation of [Cp*FeCIL "?FeClI] (3)

To a stirred solution of [Cp*Fe(MeCN)LFeCI][PF¢] (1) (67.5 mg, 0.10 mmol) in 5 mL
CH,CI, was added CoCp; (22.7 mg, 0.12 mmol) at —78 °C, and followed by slowly
elevating to room temperature. Volatiles were removed in vacuo and the crude product was
extracted with toluene (3 x 3 mL). The red-brown solids 3 (8.1 mg, 0.015 mmol, 15%) were
achieved after drying in reduced pressure. Crystals of 3 suitable for X-ray diffraction
experiment were grown from saturated toluene solution layered by n-pentane at room
temperature. "H NMR (400 MHz, CD,Cl,): 6 —16.78 (br). sz« (CD,Cly, 25 °C): 4.36 1. IR
(Film; Cm_l): 2970, 2906, 2853, 1475, 1427, 1374, 1243, 1093, 1070, 1024, 737. Anal.
Calcd for C19H35S:NoFeCly: C, 42.40; H, 6.56; N, 5.21. Found: C, 42.69; H 6.94; N, 4.97.

Procedure for the reaction of [Cp*Fe(MeCN)s][PFg] with [FeL], in CH,Br;

\
a8
~N_ | _s S
~! O~ _
(s/Fe\S/Fe\N> PR, Br |FFe
‘ ~ Br /
osen A oS ore_ R N
—_—
+ CH,Brp, rt, 4 h N S\\\//NA— ' (/:/'/q \ﬁ/ @12’
c 2

PF / /
_NCMe 1PFe Me Me
—Feé_NCMe 1 z
NCMe

[Cp*Fe(MeCN)s][PF¢] (45.9 mg, 0.10 mmol) was added to an orange suspension of [FeL],
(26.2 mg, 0.05 mmol) in 5 mL CH;Br, with vigorously stirring at room temperature, then
the solution color slowly changed from reddish brown to dark green. The reaction mixture
was allowed to be stirred for another 2 h. The resulting dark green solution was evaporated
to dryness under vacuum, then the greenish black residues were washed with Et,O (3 x 3
mL) and dried in reduced pressure to obtain a greenish powder mixture. ESI-HRMS: Calcd
for [1'-PFs—MeCN]" 531.9971; Found 531.9968; [2'-PFc—MeCN]" 546.0127; Found

546.0143.
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Procedure for the reaction of [Cp*Ru(MeCN);][PF¢] with [FeL], in CH,Cl,

PF - |PFe
(\TA\ NeMe | T¢ F
Fe ) + —RO_NCMe _— Ru(S\Fe

( / \ / AN /
s S NCMe CH,Cly, rt, 4 h Q
0.5eq. \\/N\) /(/J// \/N%

Me
1

[Cp*Ru(MeCN)s][PF¢] (50.4 mg, 0.10 mmol) was added to an orange suspension of [FeL],
(26.2 mg, 0.05 mmol) in 5 mL CH,CI, with vigorously stirring at room temperature, then
the solution color slowly changed from reddish brown to yellow. The reaction mixture was
allowed to be stirred for another 2 h. The resulting yellow solution was evaporated to
dryness under vacuum, then the orange residues were washed with Et,O (3 x 3 mL) and
dried in reduced pressure to obtain an orange powder. ESI-HRMS: Calcd for

[1"—PFe—MeCN]" 534.0169; Found 534.0164.
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X-ray Crystallographic Information

Table S1. Crystallographic data for 1, 2 and 3.

1

2

3

Formula

Formula weight

Crystal dimensions (mm®)
Crystal system

Space group

ah)

b(A)

c(A)

a (%)

B ()

y ()

Volume (A 3)

Z

T(K)

D caiea (9 €M °)

1 (mm™)

F (000)

No. of rflns. collected

No. of indep. rfIns. / R
No. of obsd. rfins. [lp > 206(lp)]
Data / restraints / parameters
Ry / WR; [lo > 20(10)]

R1/ wR; (all data)

GOF (on F?)

Largest diff. peak and hole (e A %)

CaoH3sS2NsFe,CIPFg
674.76
0.39x 0.33x 0.31
Orthorhombic
Pbca
16.1521(9)
17.3762(9)
20.4850(11)
90.00
90.00
90.00
5749.4(5)

8
299(2)
1.559
1.357
2776
34478
5051/ 0.0445
3889
5051/25/314
0.0618/0.1773
0.0799/0.1887
1.026

1.259/-0.631

Co1H38S:NsFe,CIPFg
688.78
0.53x 0.33x 0.32
Orthorhombic
Pbca
11.7179(6)
15.2415(8)
33.0452(17)
90.00
90.00
90.00
5901.8(5)

8
295(2)
1.550
1.324
2840
37751
5071/ 0.0666
3595
5071/15/325
0.0797 /0.1799
0.1161/0.1950
1.012

1.937 /-0.668

Ci9H35S,N,Fe,Cl,
538.21
0.25x 0.24 x 0.24
Monoclinic
P2(1)/c
11.7179(6)
15.2415(8)
33.0452(17)
90.00
95.3012(11)
90.00
2335.60(11)
4
173(2)
1531
1.658
1124
39653
4112 /0.0307
3951
4112 /01244
0.0521/0.1318
0.0537/0.1328
1.016

2.373/-1.105
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Figure S1. ORTEP diagram of 1, hydrogen atoms and counterion PFg are omitted for

clarity (thermal ellipsoids shown at 50% probability)

Table S2. Selected bond distances (A ) and bond angles (°) for 1

Distances (A)

Fel-Fe2 3.115(1) Fe2-S1 2.401(2)
Fel-S1 2.280(2) Fe2-S2 2.442(1)
Fel-S2 2.259(2) Fe2—Cl1 2.238(1)
Angles (°)

Fel-S1-Fe2 82.89(5) S1-Fel-S2 100.61(6)
S1-Fe2-S2 92.29(5) Fe2-S2-Fel 83.38(5)

Torsion angles (°)

S1-FelFe2-S2 170.91(7) Fel-S1S2—Fe2 169.64(6)
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Figure S2. ORTEP diagram of 2, hydrogen atoms on carbons (except C1) and counterion

PFe¢ are omitted for clarity (thermal ellipsoids shown at 50% probability)

P

Table S3. Selected bond distances (A ) and bond angles (°) for 2

Distances (A)

Fel-Fe2 3.822(1) Fel-Cl1 2.242(2)
Fel-C1 2.026(7) C1-S1 1.712(10)
Fe2-S1 2.437(2) Fe2-S2 2.428(2)
Fel-S2 2.220(2)

Angles (°)

Fel-S2-Fe2 110.52(9) Fel-C1-S1 114.4(5)
S2-Fel-C1 93.4(3) S2-Fe2-S1 88.09(8)
Fe2-S1-C1 104.9(3)

Torsion angles (°)
S2-FelS1-C1 124.2 (3) S1-FelFe2-S2 178.76(8)

Fel-S1S2-Fe2 178.94(7)
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Figure S3. ORTEP diagram of 3, hydrogen atoms on carbons (except C1) are omitted for

\

clarity (thermal ellipsoids shown at 50% probability)

cH

S

1
Fe2
)\ Y
L >
L\

Table S4. Selected bond distances (A ) and bond angles (°) for 3

Distances (A)

Fel-Fe2 3.862(1) Fel-ClI2 2.311(1)
Fel-C1 2.025(5) S2-C1 1.789(5)
Fe2-S2 2.456(1) Fe2-S1 2.395(1)
Fel-S1 2.304(1) Fe2-Cl1 2.264(1)
Angles (°)

Fel-S1-Fe2 110.56(9) Fel-C1-S2 113.4(2)
S1-Fel-Ci1 90.89(14) S1-Fe2-S2 86.67(4)
Fe2-S2-C1 96.54(17)

Torsion angles (°)
S1-FelS2-C1 123.6(2) S1-FelFe2-S2 153.97(4)

Fel-S1S2-Fe2 158.35(4)
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ESI-HRMS

Figure S4. ESI-HRMS of 1 in MeCN (a) The signal at an m/z = 488.0483 corresponds to
[1-PF¢—MeCN]". (b) Calculated isotopic distribution for [1-PFs—MeCN]" (upper) and the

amplifying experimental diagram for [1-PFs—MeCN]" (bottom).
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Figure S5. ESI-HRMS of 2 in MeCN, (a) The signal at an m/z = 502.0613 corresponds to
[2-PF¢—MeCN]". (b) Calculated isotopic distribution for [2-PFs—MeCN]" (upper) and the
amplifying experimental diagram for [2-PFs—MeCN]" (bottom).
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Figure S6. ESI-HRMS of 2°P?in MeCN, (a) The signal at an m/z = 504.0743 corresponds
to [2°P2-PF¢—MeCN]" (b) Calculated isotopic distribution for [2°P2~PFg—MeCN]* (upper)
and the amplifying experimental diagram for [2°P?>~PF¢—MeCN]" (bottom).
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Figure S7. ESI-HRMS of 1" and 2' in MeCN, (a) The signal at an m/z = 531.9968
corresponds to [1'-PFe—MeCN]" and 546.0143 corresponds to [2'-PFs—MeCN]*. (b)
Calculated isotopic distribution for [1'-PFe—MeCN]" (upper) and the amplifying

experimental diagram for [1'-PFs—MeCN]" (bottom). (c) Calculated isotopic distribution

' + - - - -
for [2'-PFs—MeCN]™ (upper) and the amplifying experimental diagram for
' +
[2'-PFs—MeCN]" (bottom).
(a)
100~ 531.9968
-69__
534.9980
546.0143
530.0059 535.9947
\‘ ‘ 549.0156
O S DA || T MIZ
510 515 520 525 530 535 540 545 550 555 560 565 570 575
(b)
100~ 531.9971 533.9948
m e
532.9996 534.9971
Br I 530.0015 535.9932
S S‘F/ Y 0- T | T T T T
Fe\s\/ e\/N\
\/N{‘ 100~ 531.9968 533.9940
=
533.0000 | 534.9980
530,?059 535.9947
07 T T T
530 532 534 536
(©)
100~ 546.0127 548.0104
R
547.0153 549.0128
544.0172 550.0091
/
N S
Fe— 3 >Fe -
AW 100+ 546.0143 5480096
g, t//Nﬂ
6.%,
547.0165 549.0156
544.?269 550.0090
0
542 544 546 548 550

S16



Figure 8. ESI-HRMS of 1" in MeCN, (a) The signal at an m/z = 534.0164 corresponds to
[1"-PFs—MeCN]". (b) Calculated isotopic distribution for [1"'—PFs—MeCN]" (upper) and
the amplifying experimental diagram for [1"'—PFs—MeCN]" (bottom).
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'H NMR Spectra

Figure S9. The *H NMR spectrum of 1 in CDsCN
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Figure $10. The *H NMR spectrum of 2 in CDsCN
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Figure S11. The *H NMR spectrum of 3 in CD,Cl,
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IR Spectra

Figure S12. The IR (film) spectrum of 1

100
80 -
<
Q60
s
k= - ci |PFe
€ 40 S
2 Nye\s\/Fe\/N<
g 1 C/:// \/N<
20 -] Me 1
0

L 1 X I L) I ¥ I Y I % 1
3500 3000 2500 2000 1500 1000 500
wavenumber (cm™)

Figure S13. The IR (film) spectrum of 2
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Figure S14. The IR (film) spectrum of 3
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Madssbauer Spectra

Figure S15. °’'Fe Mossbauer spectrum of 1. The data (dots) and best fit (solid line) are

shown. The fitting parameters are listed below.
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Figure S16. °’Fe Mossbauer spectrum of a mixture of 1 and 2. The data (dots) and best fit

(solid line) are shown. The fitting parameters are listed below.
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Computational Details

Table S5. Computed relative electronic energies of the cations of 1, 2 and 3 at different

electronic states. The relative electronic energies are given in kcal/mol.

1 2 3
E(S = 1/2) 11.7 13.0 8.3
E(S = 3/2) 48 0.0 0.8
E(S =5/2) 0.0 1.7 0.0
E(S =7/2) 22.1 21.6 13.2

The results show that for 1 and 3, the S = 5/2 state is the most stable. For 2, S = 3/2 state
is the most stable.
Figure S17. The optimized structure (bond length in A and angle in degree) of 2, hydrogen

atoms and counterion PFg are omitted for clarity.

The optimized structure together with some important geometrical parameters is shown
in Figure S17. The interatomic distances are excellent in line with experimental ones

suggesting the reliability of the method applied.
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Table S6. Computed spin population of 1, 2 and 3 at most stable electronic states®

Fe atoms S atoms Cl atom N atoms
1 441 0.28 0.27 0.05
2 2.82 -0.13 0.22 —-0.01
3 4.83 0.02 0.22 -0.01

®The positive values denote a spin electrons and the negative values represent 4 spin

electrons.

Figure S18. The spin distribution in the three complexes calculated at the TPSSTPSS level.

The purple regions have excess o density and the blue areas have excess f density. The plot

is created by GaussView 5.0.
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Calculated spin density distribution for the cations of 1, 2 and 3

The spin density was obtained as the difference between the o and f spin contributions.
We followed the normal convention that the number of « electrons is considered to be
greater than S electrons. Table S6 shows the computed spin density populations at different
sites. The spatial spin density distribution for 1, 2 and 3 obtained at the level of TPSSTPSS
is shown in Figure S18. The excess of a spin is mainly found at the central Fe atoms, as
suggested by the larger positive spin distribution on the Fe atoms. A notable amount of «
spin is also located at the CI, S and N atoms. The striking feature is the significant excess of

/S spin on Fe atoms in 2. The Cp* ring have little spin distribution.
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