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Figure S1. 'H NMR spectrum of 1 in benzene-ds.
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Figure S2. IR spectrum of 1 (KBr solution cell, benzene).
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Figure S3. Cyclic Voltammogram of 1 (2 mM in 0.4 M ["BusN][PF¢] in THF, scan rate = 100
mV/s).
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Figure S4. *H NMR spectrum of 2 in CgDe.
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Figure S5. IR spectrum of 2 (KBr solution cell, benzene).
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Figure S6. Cyclic Voltammogram of 2 (2 mM in 0.4 M ["BusN][PF¢] in THF, scan rate = 100
mV/s).
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Figure S7. *H NMR spectrum of 3 in C¢Ds.
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Figure S8. IR spectrum of 3 (KBr solution cell, benzene).
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Figure S9. Cyclic Voltammogram of 3 (2 mM in 0.4 M ["BusN][PF¢] in THF, scan rate = 100
mV/s).
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Figure S10. *H NMR spectrum of 4 in CgDs.

Figure S11. **P{"H} NMR spectrum of 4 in C¢Ds.

39.380
37690

g b ||..|| | : : : R A e S Mol L dol 1ol al, -|1[ r

40

S9



Electronic Supplementary Material (ESI) for Chemical Science
This journal is © The Royal Society of Chemistry 2013

Figure S12. IR spectrum of 4 (KBr solution cell, benzene).
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Figure S13. 'H NMR spectrum of 5 in CgDs.
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Figure S14. *'P{"H} NMR spectrum of 5 in C¢Ds.
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Figure S15. IR spectrum of 5 (KBr solution cell, benzene).
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Figure S16. Cyclic Voltammogram of 5 (2 mM in 0.4 M ["BusN][PF¢] in THF, scan rate = 100
mV/s).
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Figure S17. *H NMR spectrum of 6 in CgDs.
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Figure S18. IR spectrum of 6 (KBr solution cell, benzene).
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Table S1. X-ray Diffraction Experimental Details for 1, 3-6.

1 3e1.5THF 4 5 6e1.5THF
chemical
fw 777.78 1014.61 1076.92 909.71 1033.61
T (K) 120 K 120 K 120 K 120 K 120 K
2 (A) 0.71073A  0.71073 A 0.71073 0.71073 0.71073
a(A) 10.0198(3)  10.7003(3) 13.0944(3) 16.3841(5) 10.7611(3)
b (A) 11.1462(3)  22.3479(5) 14.5742(4) 16.3841(5) 22.0867(6)
c (A) 19.6789(5)  22.5190(5) 28.4690(8) 22.8729(9) 22.4678(7)
« (deg) 85.018(1) 62.001(1) 90 90 63.2680(10)
P (deg) 79.607(2) 81.313(1) 95.9356(14) 90 80.585(2)
7 (deg) 74.258(1) 88.637(1) 90 120 85.642(2)
Vv (A% 2078.99(10)  4693.3(2) 5403.9(2) 5317.4(3) 4705.1(2)
space group P-1 P-1 P2./c P-3cl P-1
z 2 4(2°=2) 4 4(2’ =1/3) 4(2°=2)
Deaca (g/cm®)  1.242 1.436 1.324 1.136 1.459
i (cm™) 0.388 1.306 0.603 0.600 1.307
R1, wR2" (1 > 0.0322, 0.0364, 0.0802 0.0487,0.1004 0.0324,0.0993  0.0356, 0.0745
26) 0.0834

"R1 = X(|[Fo| — [Fell) / Z[Fol, WR2 = {Z[w(Fo” — F¢) VE[w(Fo) 1}

S14



Electronic Supplementary Material (ESI) for Chemical Science
This journal is © The Royal Society of Chemistry 2013

Figure S19. Displacement ellipsoid (50%) representations of 1. Hydrogen atoms have been
omitted for clarity.
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X-ray data collection, solution, and refinement for 1. All operations were performed on a
Bruker-Nonius Kappa Apex2 diffractometer, using graphite-monochromated MoKa radiation.
All diffractometer manipulations, including data collection, integration, scaling, and absorption
corrections were carried out using the Bruker Apex2 software.’ Preliminary cell constants were
obtained from three sets of 12 frames. Data collection was carried out at 135K, using a frame
time of 10 sec and a detector distance of 60 mm. The optimized strategy used for data collection
consisted of seven phi and three omega scan sets, with 0.5° steps in phi or omega; completeness
was 99.9 %. A total of 4162 frames were collected. Final cell constants were obtained from the
xyz centroids of 9871 reflections after integration.

From the systematic absences, the observed metric constants and intensity statistics, space
group P-1 was chosen initially; subsequent solution and refinement confirmed the correctness of
this choice. The structure was solved using SuperFlip,” and refined (full-matrix-least squares)
using the Oxford University Crystals for Windows program.’ The asymmetric unit contains one
vanadium complex (Z = 2; Z’=1). All non-hydrogen atoms were refined using anisotropic
displacement parameters. After location of H atoms on electron-density difference maps, the H
atoms were initially refined with soft restraints on the bond lengths and angles to regularize their
geometry (C---H in the range 0.93--0.98 A and U, (H) in the range 1.2-1.5 times U,y of the

parent atom), after which the positions were refined with riding constraints.* The final least-

1Apex2, Version 2 User Manual, M86-E01078, Bruker Analytical X-ray Systems, Madison, WI,
June 2006.

*Palatinus, L.; Chapuis, G.; J. Appl. Cryst. 2007, 40, 786.

3Betteridge, P. W.; Carruthers, J. R.; Cooper, R. L.; Prout, K.; Watkin, D. J. J. Appl. Cryst. 2003,
36, 1487; Prout, C.K;. Pearce, L. J. CAMERON, Chemical Crystallography Laboratory, Oxford,
UK, 1996.

*Cooper, R. I.; Thompson, A. L.; Watkin, D. J. J. Appl. Cryst. 2010, 43, 1100—1107.
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squares refinement converged to Ry = 0.0322 (I > 20(]), 9598 data) and wR, = 0.0834 (F?,

12100 data, 469 parameters). The final CIF is available as supporting material.
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Figure S20. Displacement ellipsoid (50%) representations of 3. 1.5 THF solvates and hydrogen
atoms have been omitted for clarity.
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X-ray data collection, solution, and refinement for 3. All operations were performed on a
Bruker-Nonius Kappa Apex2 diffractometer, using graphite-monochromated MoKa radiation.
All diffractometer manipulations, including data collection, integration, scaling, and absorption
corrections were carried out using the Bruker Apex2 software.’ Preliminary cell constants were
obtained from three sets of 12 frames. Data collection was carried out at 120K, using a frame
time of 30 sec and a detector distance of 60 mm. The optimized strategy used for data collection
consisted of four phi and one omega scan sets, with 0.5° steps in phi or omega; completeness
was 99.6%. A total of 3034 frames were collected. Final cell constants were obtained from the
xyz centroids of 9976 reflections after integration.

From the systematic absences, the observed metric constants and intensity statistics, space
group P-1 was chosen initially; subsequent solution and refinement confirmed the correctness of
this choice. The structure was solved using the coordinates of the isomorphous F-V-Fe-I
analogue (6), and simply deleting the F atom. The structure was refined (full-matrix-least
squares) using the Oxford University Crystals for Windows program.” The asymmetric unit
contains two complexes and 1.5 THF solvate molecules (Z = 4; Z’=2). All ordered non-
hydrogen atoms were refined using anisotropic displacement parameters. After location of H
atoms on electron-density difference maps, the H atoms were initially refined with soft restraints
on the bond lengths and angles to regularize their geometry (C---H in the range 0.93--0.98 A and
Uiso (H) in the range 1.2-1.5 times U,, of the parent atom), after which the positions were refined
with riding constraints.* One of the two THF solvate molecules was disordered about a center of
symmetry; occupancies of atoms O(1), C(500), and C(501) (required to be 0.5) were fixed in the
refinement. All the modeled disordered components were refined using isotropic displacement

parameters. The final least-squares refinement converged to R; = 0.0364 (I > 2o(/), 19306 data)
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and wR, = 0.0802 (F°, 24941 data, 1039 parameters). The final CIF is available as supporting
material. The CheckCIF report contained one Alert B item, related to the disorder of the THF
solvate molecule about a center of symmetry; accordingly, a validation reply form item appears

in the CIF to explain this issue in detail.
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Figure S21. Displacement ellipsoid (50%) representations of 4. Hydrogen atoms have been
omitted for clarity.
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X-ray data collection, solution, and refinement for 4. All operations were performed on a
Bruker-Nonius Kappa Apex2 diffractometer, using graphite-monochromated MoKa radiation.
All diffractometer manipulations, including data collection, integration, scaling, and absorption
corrections were carried out using the Bruker Apex2 software.' Preliminary cell constants were
obtained from three sets of 12 frames. Data collection was carried out at 135K, using a frame
time of 30 sec and a detector distance of 65 mm. The optimized strategy used for data collection
consisted of four phi and two omega scan sets, with 0.5° steps in phi or omega; completeness
was 99.3 %. A total of 1930 frames were collected. Final cell constants were obtained from the
xyz centroids of 7457 reflections after integration.

From the systematic absences, the observed metric constants and intensity statistics, space
group P2,/c was chosen initially; subsequent solution and refinement confirmed the correctness
of this choice. The structure was solved using SIR-92,% and refined (full-matrix-least squares)
using the Oxford University Crystals for Windows program.’ The original solution failed to
refine below R ca. 20%. The data were analyzed using the CELL_ NOW program in the Apex2
package,' and an unusual result, viz., that the crystal was composed of two domains rotated about
the -0.235 1 0 reciprocal axis by the small amount of 2.0 degrees (twin law (1.011, 0.003, 0.016 /
0.000, 1.000, 0.005 / -0.083, -0.020, 0.988). The result implies that the crystal was either a
composite of two grown together or a cracked sample; visual inspection suggested the former.
Integration using the orientation matrices for the two components, followed by scaling and
absorption correction using TWINABS,1 yielded an HKLF4 file that contained only
contributions from component 1. Since this produced a highly satisfactory result, with low R
factors and a clean electron density difference map, no further processing of the data or analysis

of the composite crystal was attempted. The asymmetric unit contains one molecule of complex
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(Z=4; Z’=1). All non-hydrogen atoms were refined using anisotropic displacement parameters.
After location of H atoms on electron-density difference maps, the H atoms were initially refined
with soft restraints on the bond lengths and angles to regularize their geometry (C---H in the
range 0.93--0.98 A and Uy, (H) in the range 1.2-1.5 times U,, of the parent atom), after which
the positions were refined with riding constraints.* The final least-squares refinement converged
to Ry = 0.0487 (I > 20(I), 9252 data) and wR, = 0.1004 (F*, 13563 data, 631 parameters). The

final CIF is available as supporting material.
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Figure S22. Displacement ellipsoid (50%) representations of 5. Hydrogen atoms have been
omitted for clarity.
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X-ray data collection, solution, and refinement for 5. All operations were performed on a
Bruker-Nonius Kappa Apex2 diffractometer, using graphite-monochromated MoKa radiation.
All diffractometer manipulations, including data collection, integration, scaling, and absorption
corrections were carried out using the Bruker Apex2 software.1 Preliminary cell constants were
obtained from three sets of 12 frames. Data collection was carried out at 120K, using a frame
time of 10 sec and a detector distance of 60 mm. The optimized strategy used for data collection
consisted of two phi and four omega scan sets, with 0.5° steps in phi or omega; completeness
was 99.8%. A total of 1561 frames were collected. Final cell constants were obtained from the
xyz centroids of 9966 reflections after integration.

From the systematic absences, the observed metric constants and intensity statistics, space
group P-3cl was chosen initially; subsequent solution and refinement confirmed the correctness
of this choice. The structure was solved using LS’uperﬂlp,2 and refined (full-matrix-least squares)
using the Oxford University Crystals for Windows program.” The asymmetric unit contains one
molecule of complex (Z = 4; Z’ = 1/3). All non-hydrogen atoms were refined using anisotropic
displacement parameters. After location of H atoms on electron-density difference maps, the H
atoms were initially refined with soft restraints on the bond lengths and angles to regularize their
geometry (C---H in the range 0.93--0.98 A and Uj, (H) in the range 1.2-1.5 times U, of the
parent atom), after which the positions were refined with riding constraints. During the structure
solution, electron density difference maps revealed that there were disordered solvent
molecule(s) which could not be successfully modeled. The diethyl-ether solvate was highly

disordered in a volume of PLATON SQUEEZE™® reported the solvent void volume to be 948.6

>(a) Spek, A. L. Acta Crystallogr., Sect A 1990, A46, C34. (b) PLATON, A Multipurpose
Crystallographic Tool, Utrecht University, Utrecht, The Netherlands, Spek, A. L. 1998.
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A® per unit cell (17.8%). It appeared that the cavity area contained ca. one or two diethyl-ether

molecules, located near the center of symmetry at (0, 0, 0) as shown in the ab projection below.”

Modeling with or without restraints was unsuccessful, as was step by step acquisition of peaks
using successive electron density difference maps. Thus, the structure factors were modified using
the PLATON SQUEEZE>® technique, in order to produce a “solvate-free” structure factor set.
PLATON reported a total electron density of 70 e per unit cell, likely representing one or two
diethyl-ether molecules, consistent with our earlier observations. Use of the SQUEEZE technique

resulted in a decrease of ca. 1.6 % in R. The final least-squares refinement converged to R; =

by. d. Sluis, P.; Spek, A. Acta Crystallogr., Sect. A 1990, A46, 194-201.

"Macrae, C. F; Bruno, L. J.; Chisholm, J. A.; Edgington, P. R.; McCabe, P.; Pidcock, E.;
Rodriguez-Monge, L.; Taylor, R.; van de Streek, J.; Wood, P. A. J. Appl. Cryst., 41, 466-470,
2008
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0.0324 (I > 20(I), 4019 data) and wR, = 0.0993 (F*, 5179 data, 172 parameters). The final CIF

is available as supporting material.
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Figure S23. Displacement ellipsoid (50%) representations of 6. 1.5 THF solvates and hydrogen
atoms have been omitted for clarity.
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X-ray data collection, solution, and refinement for 6. All operations were performed on a
Bruker-Nonius Kappa Apex2 diffractometer, using graphite-monochromated MoKa radiation.
All diffractometer manipulations, including data collection, integration, scaling, and absorption
corrections were carried out using the Bruker Apex2 software.' Preliminary cell constants were
obtained from three sets of 12 frames. Data collection was carried out at 120K, using a frame
time of 20 sec and a detector distance of 60 mm. The optimized strategy used for data collection
consisted of five phi and one omega scan sets, with 0.5° steps in phi or omega; completeness was
99.3%. A total of 3624 frames were collected. Final cell constants were obtained from the xyz
centroids of 9566 reflections after integration.

From the systematic absences, the observed metric constants and intensity statistics, space
group P-1was chosen initially; subsequent solution and refinement confirmed the correctness of
this choice. The structure was solved using SuperFlip,” and refined (full-matrix-least squares)
using the Oxford University Crystals for Windows program.’ The asymmetric unit contains two
complexes and 1.5 THF solvate molecules (Z = 4; Z’=2).  All ordered non-hydrogen atoms
were refined using anisotropic displacement parameters. After location of H atoms on electron-
density difference maps, the H atoms were initially refined with soft restraints on the bond
lengths and angles to regularize their geometry (C---H in the range 0.93--0.98 A and U, (H) in
the range 1.2-1.5 times U,, of the parent atom), after which the positions were refined with riding
constraints.4 One of the two THF solvate molecules was disordered about a center of symmetry;
occupancies of atoms O(1), C(500), and C(501) (required to be 0.5) were fixed in the refinement.
All the modeled disordered components were refined using isotropic displacement parameters.
The final least-squares refinement converged to R; = 0.0356 (I > 25(/), 19036 data) and wR, =

0.0745 (F*, 25039 data, 1057 parameters). The final CIF is available as supporting material.
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Complete Gaussian09 Reference:

Gaussian 09, Revision A.1, Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheeseman, J. R.; Scalmani, G.; Barone, V.; Mennucci, B.; Petersson, G. A.; Nakatsuji,
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H.; Caricato, M.; Li, X.; Hratchian, H. P.; Izmaylov, A. F.; Bloino, J.; Zheng, G.; Sonnenberg, J.
L.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa, J.; Ishida, M.; Nakajima, T.;
Honda, Y.; Kitao, O.; Nakai, H.; Vreven, T.; Montgomery, Jr., J. A.; Peralta, J. E.; Ogliaro, F.;
Bearpark, M.; Heyd, J. J.; Brothers, E.; Kudin, K. N.; Staroverov, V. N.; Kobayashi, R.;
Normand, J.; Raghavachari, K.; Rendell, A.; Burant, J. C.; lyengar, S. S.; Tomasi, J.; Cossi, M.;
Rega, N.; Millam, N. J.; Klene, M.; Knox, J. E.; Cross, J. B.; Bakken, V.; Adamo, C.; Jaramillo,
J.; Gomperts, R.; Stratmann, R. E.; Yazyev, O.; Austin, A. J.; Cammi, R.; Pomelli, C.; Ochterski,
J. W.; Martin, R. L.; Morokuma, K.; Zakrzewski, V. G.; Voth, G. A.; Salvador, P.; Dannenberg,
J. J.; Dapprich, S.; Daniels, A. D.; Farkas, O.; Foresman, J. B.; Ortiz, J. V.; Cioslowski, J.; Fox,
D. J. Gaussian, Inc., Wallingford CT, 2009.

Table S2. Comparison of calculated (DFT) vs experimental (X-ray) bond metrics for complexes

3,5, and 6.
3 5 6

Calc. exp. Calc. exp. Calc. exp.
Fe-V 2.12 A 2.07 A 2.06 A 2.05 A 2.45 A 2.46 A
Fe-P(avg) 231 A 2.29 A 2.23 A 2.22 A 2.32 A 231 A
V-N (avg) 1.92 A 1.92 A 191 A 1.91 A 1.94 A 1.93 A
Fe-1 2.64 A 266 A | | 2.60 A 2.57
Fe-PMe; | - | o 230 A R Y - —
2 —_ 1.87 A 1.87 A
N-V-N 119.1° 119.1° 119.0° 119.2° 120.0° 120.0°
(avg)
P-Fe-P 112.9° 112.9° 114.1° 113.7° 109.0° 108.5°
(avg)

Figure S24. Calculated frontier molecular orbital diagram of 3 and pictorial representations of
molecular orbitals.
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Figure S25. Calculated frontier molecular orbital diagram of 5 and pictorial representations of
molecular orbitals.
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Figure S26. Calculated frontier molecular orbital diagram of 6 and pictorial representations of
molecular orbitals.
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