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Experimental Procedures

General considerations: Unless otherwise noted, all reactions were performed using standard
Schlenk line techniques under an atmosphere of nitrogen, or in an MBraun inert atmosphere glove
box under an atmosphere of nitrogen. Glassware and Celite® were stored in an oven at ca. 150 °C
for at least 3 h prior to use. Molecular sieves (4 A) were activated by heating to 200 °C overnight
under vacuum prior to storage in a glovebox. NMR spectra were recorded on Bruker AV-600, AV-
700, and AV-500 spectrometers. *H chemical shifts are given relative to residual solvent peaks
and are recorded in units of parts per million (ppm). FT-IR samples were prepared as Nujol mulls
pressed between KBr plates, with data collected with a Nicolet iS10 FT-IR spectrometer. Melting
points were determined using sealed capillaries prepared under nitrogen on an OptiMelt automated
melting point system. Elemental analyses were determined at the Microanalytical Facility at the
College of Chemistry, University of California, Berkeley.

Materials: Tetrahydrofuran (THF), toluene, benzene, n-hexane, and n-pentane were purified by
passage through columns of activated alumina and degassed by sparging with dinitrogen.
Deuterated solvents were degassed with three freeze-pump-thaw cycles and stored over molecular
sieves. Benzylpotassium,* Cp*OsHs,>® UCls,* and ThCl4(DME),® were synthesized according to
literature procedures. Mesitylene and fluorobenzene were purchased from commercial sources and
stored on molecular sieves. All other chemicals were purchased from commercial sources and used
as received.

In-situ generation of K[Cp*OsHs] (1):

Cp*OsHs (5.0 mg, 0.015 mmol, 1.0 equiv.) and benzyl potassium (2.0 mg, 0.015 mmol, 1.0 equiv.)
were dissolved in 0.4 mL ds-THF each, then added together in a J. Young NMR tube and sealed.
The colorless and orange solutions immediately become very pale yellow (nearly colorless).
Analysis of the solution revealed the quantitative formation of 1 along with toluene. *H NMR (500
MHz, THF-ds): 6 2.16 (s, 15H, CHacpx), —17.15 (s, 4H, Os—H).

Synthesis of Th{(p-Hs)OsCp*}4 (2-Th):

Cp*OsHs (160.4 mg, 0.485 mmol, 4.0 equiv.) and benzyl potassium (63.1 mg, 0.485 mmol, 4.0
equiv.) were added to a 20 mL scintillation vial with THF (4 mL) to generate a solution of
K[Cp*OsHa]. ThCl4(DME)2 (67.2 mg, 0.121 mmol, 1.0 equiv.) was dissolved in THF (4 mL) and
added to the K[Cp*OsHa] solution. The colorless solution immediately turned pale yellow and
opaque as KCI precipitated out of solution. After stirring at room temperature for 2 h, the solvent
was removed in vacuo. The crude solid was then triturated with n-hexane and the product was
extracted with n-hexane (8 mL), filtered through Celite, and concentrated (2 mL). This solution
was cooled to —40 °C, affording cubic colorless crystals (104.4 mg). A second crop of crystals
were grown after concentration of the mother liquor to 1 mL (124.3 mg total, 66% total yield). Mp
ca. 190 °C (slow decomp. starting from 110 °C); *H NMR (600 MHz, CsDs): & 2.13 (s, 60H,
CHacp+), —11.01 (s, 16H, Th-H-0s); C NMR (600 MHz, C¢Ds): & 92.5 (Cs(CHas)s), 12.5
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(Cs(CH3)s5); IR (Nujol mull on KBr): 1993 (s), 1073 (w), 1034 (m), 863 (m), 560 (m); Anal. Calcd
(%) for ThOs4CaoH76 : C, 31.00; H, 4.94. Found: C, 31.16; H, 4.93.

Synthesis of U{(n-H4)OsCp*}4 (2-U):

Cp*OsHs (146.8 mg, 0.444 mmol, 4.0 equiv.) and benzyl potassium (59.8 mg, 0.459 mmol, 4.1
equiv.) were added to a 20 mL scintillation vial with THF (4 mL) to generate a solution of
K[Cp*OsHa]. UCl4 (42.1 mg, 0.111 mmol, 1.0 equiv.) was dissolved in THF (4 mL) and added to
the K[Cp*OsHj4] solution. The colorless solution immediately turned bright yellow and opaque as
KCI precipitated out of solution. After stirring at room temperature for 2 h, the solvent was
removed in vacuo. The crude solid was then triturated with n-hexane and the product was extracted
with n-hexane (8 mL), filtered through Celite, and concentrated (2 mL). This solution was cooled
to —40 °C, affording cubic yellow crystals (87.6 mg). A second crop of crystals were grown after
concentration of the mother liquor to 1 mL (110.7 mg total, 64% total yield). Mp ca. 240 °C
(decomp.); *H NMR (600 MHz, C¢Dg): & 89.8 (s, 16H, U-H-0s), 3.65 (s, 60H, CHacp+); *C NMR
(600 MHz, Ce¢Ds): 6 114.2 (Cs5(CH3)s), 12.4 (Cs(CHa)s); IR (Nujol mull on KBr): 2091 (w), 1990
(s), 1072 (wy), 1034 (m), 862 (m), 559 (m); Anal. Calcd (%) for UOssCaoH7s : C, 30.88; H, 4.92.
Found: C, 31.21; H, 4.75.

Synthesis of 3-U via photolysis of 2-U:

2-U (38.5 mg, 0.025 mmol) was dissolved in 3 mL benzene and transferred to a Teflon-tap sealed
quartz cuvette. The yellow solution was photolyzed for 6 hours, yielding a dark brown solution.
After removing the solvent in vacuo, the crude solid was extracted with n-hexane, filtered, and
concentrated to 0.5 mL. This solution was allowed to stand at RT overnight, yielding dark brown
crystals (16.7 mg, 43% yield). Mp. 235 °C (slow decomp. starting from 208 °C); *H NMR (600
MHz, CsDs): & 55.46 (s, 8H, Cp*Osa(u-H)4), 9.84 (s, 6H, [(CH2)Me4Cs]Osc), 1.43 (s, 30H,
Cp*Osa), —2.44 (s, 15H, Cp*Osp), —4.82 (s, 6H, [(CH2)MesCs]Osc), —89.11 (s, 2H,
[(CH2)MesCs]O0sc); *C NMR (600 MHz, CsDs): & 106.43, 74.34 (CHy), 29.97, 12.75, 7.52, —4.46;
IR (Nujol mull on KBr): 1990 (s), 1152 (w), 1072 (w), 1032 (m), 947 (w), 890 (w), 625 (w), 585
(w); Anal. Calcd (%) for UOssCaoH73*CsH14: C, 33.71; H, 5.35. Found: Sample 1: C, 33.81; H,
4.97. Sample 2: C, 33.78; H, 5.04.

Synthesis of 3-Th and 4-Th via photolysis of 2-Th:

Complex 2-Th (29.4 mg, 0.019 mmol) was dissolved in 3 mL benzene and transferred to a Teflon-
tap sealed quartz cuvette. The colorless solution was photolyzed for 6 hours, yielding an orange
solution. After removing the solvent in vacuo, the crude solid was extracted with n-hexane and
minimal benzene, filtered, and concentrated to 0.5 mL. This solution was allowed to stand at RT
overnight, yielding orange crystals composed of 22% 3-Th and 78% 4-Th (mol/mol %) by 'H
NMR (20.4 mg, 66% total yield by Th). Both products consistently co-crystallize in similar ratios
across multiple syntheses, and show no evident differences in color. Mp. 215 °C (slow decomp.
starting from 182 °C); IR (Nujol mull on KBr): 2009 (s), 1566 (w), 1549 (w), 1152 (w), 1071 (w),
1033 (m), 901 (w), 710 (w), 585 (w); Anal. Calcd (%) for 0.22 ThOs4CaoH70-CeH14/0.78 ThOs-
4CaeH7s: C, 34.06; H, 4.73. Found: C, 34.29; H, 4.85.
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Isolation of 3-Th: A sample of 2-Th (9.6 mg, 0.006 mmol) was dissolved in 0.75 mL benzene and
photolyzed in a sealed J.Young NMR tube for 66.5 hours, then dried in vacuo, extracted with n-
hexane, filtered, and concentrated to 0.5 mL. This solution was allowed to stand at —40 °C
overnight, yielding orange crystals of 3-Th (1.7 mg, 17% yield). The *H NMR and *C NMR
spectra can be found in Figures S16 and S17.

3-Th: *H NMR (700 MHz, CsDs): 5 7.98 (d, 1H, Ha), 7.76 (d, 1H, Hc), 7.20 (td, 1H, He), 7.07 (m,
2H, HifHr), 2.87 (5, 3H, Cp*aciiv), 2.79 (5, 3H, Cp*activ), 2.15 (5, 15H, Cp*), 2.13 (s, 15H, Cp*),
1.87 (s, 15H, Cp*), 1.82 (s, 3H, Cp*activ), 1.77 (s, 3H, Cp*activ), 1.37 (d, 1H, Ha), 1.08 (d, 1H, Hp),
~8.16 (t, 1H, Hr), —9.80 (s, 3H, Hnyarice), —10.54 (d, 1H, Hy), —10.84 (s, 1H, Hi), —11.59 (s, 4H,
Cp*Os(u-H)4Th); 3C NMR (600 MHz, CeDe): § 155.0 (Cd), 150.9 (Cc), 136.0 (C—C—Ca), 130.1
(Ce), 127.0 (Cs, Cr), 100.4, 93.9, 92.0, 80.3, 79.7, 78.8, 77.4, 77.4, 61.0 (CHaHb), 14.0, 13.7, 12.6,
11.8,11.4,11.1, 11.1.

Isolation of 4-Th: A single sample containing 16.1 mg 3-Th and 13.7 mg 4-Th was recrystallized
from a 1:1 n-hexane/benzene solution at —40 °C, yielding 8.2 mg of crystals containing 88% 4-Th
(mol%). The *H and **C NMR spectra can be found in Figures S18 and S19.

4-Th:H NMR (600 MHz, CeDs) & 2.89 (s, 6H, Cp*aciiv.), 2.16 (s, 15H, Cp*Os(u-H)30SCp*activ.),
2.13 (s, 30H, [Cp*Os(u-H)a)l2Th), 1.77 (s, 6H, Cp*activ.), 1.34 (s, 2H, CH2-Th), -9.76 (s, 3H,
Cp*Os(u-H)30sCp*activ), —11.07 (s, 8H, [Cp*Os(u-H)4]2Th); *C NMR (600 MHz, CDs): 5 103.6
(Cp*activ., ring C), 92.9 (|CsMesOs(u-H)4]2Th), 80.9 (CsMes0s(u-H)30sCp*active), 79.7 (Cp*activ.,
ring C), 77.2 (Cp*aciv., ring C), 65.6 (Th—CHy), 13.8 (Cp*activ., CH3), 12.4 (|CsMesOs(u-H)4]2Th),
11.7 (CsMesOs(u-H)30sCp*active), 10.9 (Cp*activ., CH3).
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UV-Vis Spectra
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Figure S1. UV-vis spectra of colorless 2-Th and crystallized 22:78 3-Th/4-Th in benzene.

12000 +

10000

[e)
o
o
o

4000 +

Molar Absorptivity (M-1-cm™1)

2000 +

Figure S2. UV-vis spectra of yellow 2-U and dark brown photolysis product 3-U in benzene.
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IR Spectra
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Figure S3. IR spectrum of 2-Th (Nujol mull).
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Figure S4. IR spectrum of 2-U (Nujol mull).
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Figure S5. IR spectrum of crystallized 22:78 3-Th/4-Th (Nujol mull).
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Figure S6. IR spectrum of 3-U (Nujol mull) .
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Figure S7. *H NMR spectrum of in-situ generated 1 at 298 K in THF-ds, * = toluene.
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Figure S8. *H NMR spectrum of 2-Th at 298 K in CsDs.
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Figure S9. 3C{*H} NMR spectrum of 2-Th at 298 K in CgDe.
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Figure S10. *H NMR spectrum of 2-U at 298 K in CsDs.
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Figure S11. *C{*H} NMR spectrum of 2-U at 298 K in CgDe.
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Figure S12. Crude *H NMR spectrum of the photolysis of 2-U in CsDs, evidencing production of H (4.47 ppm in CgDs).
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Figure S13. *H NMR spectrum of 3-U at 298 K in CeDs, * = n-hexane. Insets: zoomed in view of upfield and downfield peaks.
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Figure S18. 'H NMR spectrum of isolated 4-Th at 298 K in CsDs, * = n-hexane. Insets: zoomed in view of peak splitting.
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Figure S21. *H NMR spectrum of crystallized 22:78 3-Th/4-Th at 298 K in C¢Ds, zoomed in and labeled.
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Figure S22. 3C{*H} NMR spectrum of crystallized 22:78 3-Th/4-Th at 298 K in CsDs, * = n-pentane.
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Figure S23. *H-1*C HSQC NMR spectrum of crystallized 22:78 3-Th/4-Th at 298 K in CsDe. Inset: zoomed in view of methylene H-C
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Figure S25. *H-'H COSY NMR spectrum of crystallized 22:78 3-Th/4-Th at 298 K in CsDs, aromatic interactions.
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Figure S26. *H-'H COSY NMR spectrum NMR of crystallized 22:78 3-Th/4-Th at 298 K in CsDs, hydride interactions.
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Figure S27. NOESY NMR spectrum of crystallized 22:78 3-Th/4-Th at 298 K in CgDes.
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Figure S28. NOESY NMR spectrum of crystallized 22:78 3-Th/4-Th at 298 K in CsDs, aromatic proton/hydride interactions.
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Figure S29. NOESY NMR spectrum of crystallized 22:78 3-Th/4-Th at 298 K in CsDs, methylene/hydride interactions.
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Figure S30. Crude *H NMR spectrum of the photolysis of Cp*OsHs to form [Cp*OsXz]. (X = H, D) in C¢Ds, showing evidence of H/D
exchange at the hydrides. Inset: zoomed in view of hydride signals.
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Diffusion Coefficients for 3-Th and 4-Th

5.70E-10 -
®3-Th @4-Th
5.65E-10 - ;
Q
N °
£
£ 560E-10 - ® E
3 3
S
&=
a
(@]
Q
S 5.55E-10 |
S .
?E [ ]
= ¢
5.50E-10 -
5.45E-10 . . : .
.15 -10 5 0 5

Chemical shift (ppm)

Figure S31. Diffusion coefficients calculated for tH NMR peaks from DOSY of a ~1:1 sample of 3-Th/4-Th.
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X-ray crystallography details

In a dry nitrogen glovebox, samples of single crystals were coated in Paratone-N oil for transport
to the Advanced Light Source (ALS) or CheXray. Crystals were mounted on a MiTeGen 10 um
aperture Dual-Thickness MicroMount loop (ALS) or Kaptan loop (CheXray). X-ray diffraction
data for 2-Th, 2-U, 3-U, and 4-Th were collected at the ALS, Lawrence Berkeley National Lab,
Berkeley, CA, station 12.2.1 using a silicon monochromated beam of 17 keV (A = 0.7288 A)
synchrotron radiation. Data was collected at 100 K, with the crystals cooled by a stream of dry
nitrogen. Bruker APEX3 software was used for the data collections, Bruker SAINT v8.37A or
V8.38A software was used to conduct the cell refinement and data reduction procedures,® and
absorption corrections were carried out by a multi-scan method utilizing the SADABS program.®
X-ray diffraction data for 3-Th were collected at CheXray, Berkeley, CA, using a Rigaku XtaLAB
P200 equipped with a MicroMax-007 HF microfocus rotating anode and a Pilatus 200K hybrid
pixel array detector. Data was collected using Mo Ka radiation (A = 0.71073 A). All data
collections were conducted at 100 K, with the crystals cooled by a stream of dry nitrogen. CrysAlis
Pro was used for the data collections and data processing, including a multi-scan absorption
correction applied using the SCALE3 ABSPACK scaling algorithm within CrysAlis Pro. Initial
structure solutions were found using direct methods (SHELXT),” and refinements were carried out
using SHELXL-2014,2 as implemented by Olex2.° Thermal parameters for all non-hydrogen atoms
were refined anisotropically. Hydrogen atoms were placed in calculated positions and refined
isotropically. Thermal ellipsoid plots were made using Mercury.!® The structures have been
deposited to the Cambridge Crystallographic Data Centre (CCDC) with deposition numbers
2346841 (2-Th), 2346842 (2-U), 2346843 (3-U), 2346844 (3-Th), and 2346845 (4-Th).
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Compound 2-Th 2-U 3-U 3-Th 4-Th
Empirical formula® CaoHgo0Os4Th C4oHg00s4U C4oHs59054U C40Hs59054Th - CeH14 Cu6Hg20s4Th
Formula weight 1533.72 1539.71 1538.70 1618.88 1609.81
Temperature/K 100 100 100 100.00 100
Crystal system monoclinic cubic monoclinic orthorhombic tetragonal
Space group P2/c Pa-3 C2/c Pmn2; P4,/ncm
alA 23.163(2) 21.395(2) 40.875(4) 18.6052(5) 13.7391(15)
b/A 12.6413(11) 21.395(2) 10.0269(10) 9.9998(3) 13.7391(15)
c/A 15.7810(13) 21.395(2) 23.315(2) 13.3830(4) 25.158(3)
a/° 90 90 90 90 90
B/° 91.796(3) 90 113.731(4) 90 90
y/° 90 90 90 90 90
Volume/A3 4618.6(7) 9793(3) 8747.7(15) 2489.88(12) 4748.8(12)
Z 4 8 8 2 4
peaicg/cm® 2.206 2.089 2.337 2.159 2.252
wmm?! 15.063 12.483 13.975 13.171 14.656
F(000) 2776.0 5568.0 5560.0 1486.0 2936.0
Crystal size/mm?3 0.05 x 0.05 x 0.01 0.1x0.1x0.05 0.03 x 0.02 x 0.02 0.2x0.1x0.05 0.3 x 0.02 % 0.02
Radiation synchrotron (A = synchrotron (A = synchrotron (A = Mo Ka (A= synchrotron (A =
0.7288) 0.7288) 0.7288) 0.71073) 0.7288)
20 range for data collection/® 1.882 t0 29.119 3.904 to 55.608 3.642 t0 52.084 5.982 t0 61.012 4.608 to 52.084

Index ranges

-30<h<30,0<Kk

27<h<27,-27<k

-49<h<49,-12<k

25<h<26,-14<k

-16<h<16,-16<k

<16,0<1<21 <27,-27<1<27 <11,-28<1<28 <13,-19<1<18 <16,-30<1<30
Reflections collected 11258 125415 52702 27906 53451
. 3605 [Rint = 0.1087, | 7991 [Rint = 0.0502, | 7260 [Rin: = 0.0340, | 2317 [Rin: = 0.1416,
Independent reflections 11258 Rsigr[na = 0.0356] Rsigfm = 0.0335] Rsigraa = 0.0322] RsigrEa = 0.0530]
Data/restraints/parameters 11258/206/427 3605/75/206 7991/186/532 7260/31/279 2317/51/177
Goodness-of-fit on F2 1.041 1.109 1.069 1.045 1.214
Final R indexes [I>=2 (I)] R1=0.0387, wR2 | R;=0.0342, wR;, = R; =0.0314, wR; = R1=0.0216, wR; = R1 =0.0445, wR; =
=0.0801 0.0965 0.0670 0.0463 0.1071
. . R1 = 0.0521, wWR2 Rl = 0.0372, WRz = Rl = 0.0397, WR2 = Rl = 0.0247, WRZ = Rl = 0.0510, WR2 =
Final R indexes [all data] = 0.0862 0.0986 0.0701 0.0470 0.1101
Largest diff. peak/hole / e A3 2.77/-2.36 1.35/-1.91 1.90/-2.54 2.13/-1.14 1.08/-1.37
CSD entry 2346841 2346842 2346843 2346844 2346845

Table S1. Crystal data for complexes 2-Th, 2-U, 3-U, 3-Th, and 4-Th. *Hydrides are not observed, and are therefore not included in
the empirical formulas.
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Figure S32. ORTEP diagram for 2-Th, with ellipsoids drawn at the 50% probability level.
Hydrogen atoms have been omitted for clarity. Selected bond distances (A) and angles (°): Thl-
Osl 3.0215(7), Thl-Os2 3.0379(6), Th1-Os3 3.0183(6), Th1-Os4 3.0288(7), Thl-Osl-
Cp*centroid 175.81(2), Th1-052—Cp*centroid 171.10(2), Th1-0s3—Cp*centroid 176.92(3), Th1-Os4—
Cp*centroid 171.88(3), Os1-Th1-0Os4 103.291(17), Os2-Th1-Os4 115.805(16).
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Figure S33. ORTEP diagram for 2-U, with ellipsoids drawn at the 50% probability level.
Hydrogen atoms have been omitted for clarity. Selected bond distances (A) and angles (°): U1-
Os1 2.9501(7), U1-0s2 2.9490(6), U1-Os1-Cp*centroid 175.30(2), U1-Os2—Cp*centroid 176.40(2),
0Os1-U1-0s1' 107.900(9), Os1-U1-0s2 110.998(9).
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Computational details

All DFT calculations were carried out with the Gaussian 09 suite of programs.*! Geometries were
fully optimized in gas phase without symmetry constraints, employing the B3PW91 functional 113
The nature of the extrema was verified by analytical frequency calculations. The calculation of
electronic energies and enthalpies of the extrema of the potential energy surface (minima and
transition states) were performed at the same level of theory as the geometry optimizations. IRC
calculations were performed to confirm the connections of the optimized transition states.
Uranium, thorium and osmium atoms were treated with a small core effective core potential (60
MWAB), associated with its adapted basis set'-1® augmented, for osmium atoms, with a polarization
function ({r = 0.886).17 For the other elements (H and C), Pople's double-( basis set 6-31G(d,p)
was used.'®2 Dispersion corrections were treated with the D3 version of Grimme’s dispersion
with Becke-Johnson damping.?* The electronic charges (at the DFT level) were computed using
the natural population analysis (NPA) technique.?
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Spin Multiplicity | singlet | triplet | quintet | singlet | triplet | quintet | singlet | triplet | quintet | singlet | triplet | quintet | singlet | triplet | quintet
ArH (kcal/mol) 25.0 0.0 - 26.1 15 35.7 30.7 4.1 39.0 - 9.9 - 58.6 175 -
ArG (kcal/mol) | 26.7 0.0 - 325 59 40.4 39.7 | 12.7 | 445 - 17.9 - 66.8 | 27.3 -

Spin Multiplicity singlet triplet singlet triplet singlet triplet singlet triplet singlet triplet
ArH (kcal/mol) 0.0 269.7 14 57.7 5.8 58.4 11.7 63.6 18.7 —
ArG (kcal/mol) 0.0 273.7 6.3 61.0 15.5 65.9 20.5 73.43 30.5 -

Table S2. Relative energies, for 2-U and 2-Th, as a function of the number of bent Cp* groups and spin multiplicity
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Linear (triplet) Linear (singlet)
Os-H distance (A) [1.628 — 1.652] (u-H) [1.630 — 1.648] (u-H)
U/Th-H distance (A) [2.444 — 2.595] [2.536 — 2.601]
U/Th-Os distance (A) 2.911,2.912,2.913, 2.913 2.977,2.977,2.977,2.978
U/Th—-C(Cp*) distance (A) [4.858 —5.037] [4.945 —5.089]
U/Th-C(Me-Cp*) distance (A) [5.476 — 5.708] [5.564 — 5.749]
0s-C(Cp*) distance (A) [2.187 — 2.300] [2.187 — 2.306]
0Os-U/Th-0s angle (°) [107.1-111.3] [108.3 - 110.1]
Os-U/Th-Cp (centroid) angle (°) 177.1;177.8;179.1;179.2 178.9;179.8 ;179.2, 179.3
Os-H (cm™) [2056 — 1947], [939 — 818], [675 —653] | [2051 — 1963], [947 — 838], [678 — 667]

Table S3. Tabulated calculated bond distances/angles and Os-H frequencies for 2-U and 2-Th.

Wiberg Bond Indexes (WBI)

Os—H [0.57 - 0.60] [0.60]

U/Th — (u-H) [0.18 — 0.24] [0.19-0.21]
U/Th - Os [0.81 - 0.83] [0.72-0.73]
U/Th - C (Cp*) [0.02 - 0.03] [0.02 - 0.03]

BD C (Cp*) — C (Cp*) — LP*: 3 kcal/mol
i"nilog?ser N LP C (Cp*) — LP* U: [4 — 5] keal/mol | BD C (Me-Cp*) — H — LP* U: [8 - 12] kcal/mol
y LP C (Cp*) — LP* U: [42 — 48] kcal/mol

Natural Charges
Os Natural Charges -0.95--0.96 -0.98
U/Th Natural Charges -0.36 0.04

Table S4. Wiberg Bond Indexes and Natural Charges for 2-U and 2-Th.
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Figure S34. Determination of the number of hydrogen atoms on complexes 3-U, 3-Th and 4-Th.

Spin Multiplicity | doublet | quartet | sextet | singlet | triplet | quintet | doublet | quartet | sextet | singlet | triplet | quintet | doublet | quartet | sextet
ArH (kcal/mol) 11 0.0 34.3 25.6 0.0 23.3 2.7 0.0 29.3 32.6 0.0 11.1 1.2 0.0 30.3
ArG (kcal/mol) 0.6 0.0 326 | 2638 0.0 22.9 3.6 0.0 27.8 | 32.0 0.0 9.6 1.6 0.0 26.8

Spin Multiplicity | doublet | quartet | singlet | triplet | doublet | quartet | singlet | triplet | doublet | quartet | singlet | triplet | doublet | quartet
ArH (kcal/mol) 0.0 44.4 0.0 36.5 0.0 46.8 0.0 42.4 0.0 - 0.0 - 0.0 -

ArG (kcal/mol) 0.0 40.8 0.0 34.6 0.0 45.2 0.0 36.6 0.0 - 0.0 - 0.0 -

Table S5. Relative energies, for 3-U and 4-Th, as a function of the number of hydrogens atoms and of the spin multiplicity.
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3-U (triplet)

3-Th (singlet)

4-Th (singlet)

Os — H distance (A)

[1.630 — 1.649] (H4OsCp*)2
[1.794 — 1.838]
((CsMesCH2)OsH3z0sCp™)

[1.632 — 1.647] (H4OsCp*)2
[1.798 — 1.834]
((CsMesCH2)OsH30sCp*)

[1.625 — 1.642] (H4OsCp*)2
[1.797 — 1.834]
((CsMesCH2)OsHz0sCp™)

0Os-C(Ph) distance (A)

2.113

U/Th-H distance (A)

[2.464 — 2.543] (H4OsCp*)z
[2.662, 2.667, 4.065]
((CsMesCH2)OsH30sCp")

[2.542 — 2.630] (HsOsCp*)2
[2.738, 2.734, 4.127]
((CsMesCH2)OsH30sCp”)

[2.518 — 2.644] (HsOsCp*)z
[2.737, 2.742, 4.132]
((CsMesCH2)OsH30sCp™)

U/Th—C(Ph) distance (A)

2.856

U/Th-Os distance (A)

[2.918, 2.922] (H40sCp")2
[2.856, 3.150]
((CsMe4CHz)OsH3O0sCp*)

[2.984, 2.987] (Hs0sCp’):2
[2.941, 3.178]
((CsMesCH2)OsH30sCp”)

[3.040, 2.988] (H:0sCp’)2
[2.948, 3.179]
((CsMesCH2)OsH30sCp™)

0s-Os distance (A)
((CsMesCH2)OsH3z0sCp™)

2.474

2.475

2472

0s-C(Cp*) distance (A)

[2.188 — 2.301] (H4OsCp”)2
[2.175 - 2.241]
((CsMesCH2)OsH3z0sCp™)

[2.193 — 2.309] (H40sCp”)2
[2.175 - 2.248]
((CsMesCH2)OsH30sCp*)

[2.183 — 2.318] (H40sCp*)2
[2.178 - 2.243]
((CsMesCH2)OsH30sCp™)

0s-C(Me-Cp*) distance (A)

[3.306 — 3.412] (H4OSCp’).2
[3.280 — 3.446]
((CsMe4CHz)OsHsOsCp*)

[3.313 — 3.421] (H4OSCp’):
[3.281 - 3.437]
((CsMe4CH2)OsHs0sCp”)

[3.305 — 3.431] (H4OSCp’):
[3.284 — 3.405]
((CsMe4CHz)OsH3OsCp*)

U/Th-C(CH>) distance (A) 2.438 2.504 2518
Os-U/Th-0s angle (°)
(H0sCp) 116.3 120.7 135.6
Os-U/Th-0Os angle (°)
((CsMeaCHz)OsHsO0sCp) L T3 e

| | (0)
U/Th-Os-Os angle () 72.0,59.6 71.3,61.2 71.2,61.4

((CsMe4CH2)OsHz0sCp™)

U/Th-Os-Cp(centroid) angle
©)

179.1, 179.1 (H«0sCp*)2
103.0, 121.7
((CsMesCH2)OsH3z0sCp™)

178.1, 179.6 (H«0sCp*)2
103.6, 120.0
((CsMesCH2)OsH30sCp*)

177.9, 177.6 (H40sCp*)2
104.2,119.3
((CsMesCH2)OsH30sCp™)

0Os-0s—Cp (centroid) angle (°)

175.0,178.5

174.8,178.7

175.3,179.3

Os-H (cm™)

[2050 — 1953] (H40sCp")2
[1619 — 1561]
((CsMesCH2)OsH30sCp”)
[1061 — 1057, 1036, 947,
900, 776, 644]
((CsMesCH2)OsH3z0sCp™)
[930 — 918, 856 — 837, 644 —
642, 585 — 564] (Hs0SCp*)2

[2037 — 1964] (H40sCp")2
[1608 — 1561]
((CsMesCH2)OsH30sCp”)
[1032 — 1019, 958, 907, 788,

648] ((CsMesCH2)OsHz0sCp”)

[949 — 916, 887 — 846, 667 —
660, 588 — 570] (H4OsCp")2

[2072 — 1999] (H40sCp’):
[1620 — 1565]
((CsMesCH2)OsH30sCp™)
[1061 — 1060, 1034, 958,
908, 790 — 787, 651]
((CsMesCH2)OsH30sCp™)
[955 — 923, 902, 875 — 825,
759, 674, 576 — 569]
(H40sCp*):

Table S6. Tabulated calculated bond distances/angles and Os-H frequencies for 3-U, 3-Th and 4-
Th.
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3-U (triplet)

3-Th (singlet)

4-Th (singlet)

Wiberg Bond Indexes (WBI)

Os—H [0.60 — 0.62] (H4OsCp")2 [0.61 — 0.63] (H40sCp”)2 [0.60 — 0.61] (PhH3OsCp™)
[0.32 - 0.41] [0.32 - 0.41] [0.60 — 0.62] (H:0sCp)
((CsMesCHz)OsHsOsCp) | ((CsMesCH2)OsHz0sCp’) [0.31 — 0.40]
((CsMesCH2)OsH30sCp™)
Os—0Os 0.74 0.73 0.73

((CsMesCH2)OsH30sCp™)

U/Th-H

[0.18 — 0.21] H40sCp*)2
[0.14, 0.15, 0.01]
((CsMe4CH2)OsH30sCp™)

[0.18 — 0.21] H4OsCp*)2
[0.15, 0.16, 0.02]
((CsMe4CH2)OsH30sCp*)

[0.16 — 0.21] (PhH30sCp™)
[0.18 — 0.20] (H4OsCp™)
[0.16, 0.16, 0.03]
((CsMesCH2)OsH3z0sCp*)

U/Th - Os [0.72, 0.72] H40sCp")> [0.69, 0.70] H4OsCp™)> | [0.61 (Ph), 0.71] (H4OsCp*)2
[0.79, 0.53] [0.68, 0.53] [0.70, 0.55]
((CsMesCH2)OsH3z0sCp™) ((CsMesCH2)OsH30sCp™) ((CsMesCH2)OsH30sCp”)
U/Th - CH2 0.72 0.64 0.65
C (Cp*)-0Os, C (Cp*) - Th - - 0.70,0.27

Os - C (Cp*)

[0.31 — 0.42] HiOsCp’):
[0.35 — 0.43]
((CsMesCH2)OsH30sCp")

[0.30 — 0.41] Hi0sCp"):2
[0.36 - 0.43]
((CsMesCH2)OsH30sCp™)

[0.30 — 0.41] (PhH:0sCp")
[0.29 — 0.41] (H4OsCp)
[0.36 — 0.42]
((CsMe4CH2)OsHz0sCp™)

Natural Charges

Os Natural Charges [-1.02, -1.03] [-1.02, -1.03] [-0.82 (Ph), -1.00]
(H4OsCp*)2

Os Natural Charges [-0.57, -0.60] [-0.60, -0.61] [-0.58, -0.58]
((CsMesCH2)OsH30sCp™)

U/Th Natural Charges 0.52 0.68 0.44

Table S7. Wiberg Bond Indexes and Natural Charges for 3-U, 3-Th and 4-Th.
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Alpha Spin Orbitals

(0.75325) BD (1)Os 15 -Os 16
(50.26%) Os 15s( 0.08%)p48.18( 3.80%)d99.99( 96.10%)
(49.74%) Os 16 s( 0.06%)p81.37( 4.50%)d99.99( 95.41%)

(0.72128) BD (2)Os 15 -Os 16
(48.78%) Os 15s( 0.00%)p 1.00( 3.14%)d30.83( 96.84%)
(51.22%) Os 16s( 0.00%)p1.00( 3.44%)d28.04( 96.54%)

Beta Spin Orbitals

(0.75552) BD ( 1)Os 15 -Os 16

(50.54%) Os 15s( 0.09%)p42.07( 3.66%)d99.99( 96.23%)
(49.46%) Os 16 s( 0.07%)p63.21( 4.31%)d99.99( 95.59%)

(0.72156) BD (2)Os 15 -Os 16
(48.87%) Os 15s( 0.00%)p 1.00( 3.12%)d31.01( 96.86%)
(51.13%) Os 16s( 0.00%)p 1.00( 3.44%)d28.09( 96.55%)

(1.83739) BD (1)Os 25 -Os 36
(55.70%) Os 25( 0.24%)p 7.41( 1.81%)d99.99( 97.94%)
(44.30%) Os 36s( 0.20%)p 8.17( 1.65%)d99.99( 98.14%)

(1.59753) BD*( 1)Os 25 -Os 36
(44.30%) Os 255( 0.24%)p 7.41( 1.819%)d99.99( 97.94%)
(55.70%) Os 36s( 0.20%)p 8.17( 1.65%)d99.99( 98.14%)

Alpha Spin Orbitals

CROs 15 - LP*Os 16 ~190
LPOs 15— LP*Os 16 ~140
CROs 16 —» LP*Os 15 ~150
LPOs 16 — LP*Os 15 ~70
Beta Spin Orbitals

CROs 15 - LP*Os 16 ~210
LPOs 15— LP*Os 16 ~140
CROs 16 - LP*Os 15 ~140
LPOs 16 — LP*Os 15 ~70

CROs 25 — LP*Os 36 ~430
LPOs 25 — LP*Os 36 ~205
CR Os 36 - LP* Os 25 ~303
LPOs 36 — LP*Os 25 ~130

CROs 30 - LP*0Os 4
LPOs 30 — LP* Os 41

CR Os 41 — LP* Os 30
LPOs 41 — LP* Os 30

~440
~320

~370
~240

Table S8. NBO Analysis of the Os—Os bonding in 3-U, 3-Th and 4-Th.
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(1.82905) BD C - Os

NBO bonding (55.49%) C s(33.22%) p 2.01(66.78%) d 0.00(0.01%)
(44.51%) Os s(15.23%) p 0.80(12.15%) d 4.77(72.59%) f 0.00(0.03%)
7. BD (1) C2-0s7/208. LP*(1)Th 18 337.24 kcal/mol
7. BD (1) C2-0s7/209. LP*(2)Th 18 56.60 kcal/mol
7. BD (1) C2-0s7/210. LP*(3)Th 18 294.98 kcal/mol
7.BD (1)C2-Os7/211. LP*(4)Th 18 550.91 kcal/mol
7. BD (1) C2-0s7/213. LP*(6)Th 18 37.08 kcal/mol
7.BD (1) C2-0s7/214. LP*(7)Th 18 400.92 kcal/mol
7. BD (1) C2-0s7/215. LP*(8)Th 18 253.85 keal/mol

Second order perturbation analysis 7.BD (1) C2-0s7/216. LP*(9)Th 18 230.39 kcal/mol
7.BD (1) C2-0s7/217. LP*(10)Th 18 119.21 keal/mol
7.BD (1) C2-0s7/218. LP*(11)Th 18 276.41 kcal/mol
7.BD (1) C2-0s7/219. LP*(12)Th 18 32.30 kcal/mol
7. BD (1) C2-0s7/220. LP*(13)Th 18 40.26 kcal/mol
7.BD (1) C2-Os7/221. LP*(14)Th 18 2.06 kcal/mol
7.BD (1) C2-0s7/222. LP*(15)Th 18 147.04 kcal/mol
7. BD (1) C2-Os7/*** BD*(1)Th 18-C 38 192.37 kcal/mol

Table S9. NBO Analysis of the Th—Cpnenyi—Os bonding in 4-Th.
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Figure S35. Lowest unoccupied molecular orbital and highest occupied molecular orbitals of
complexes 2-U, 3-U, 2-Th, 3-Th and 4-Th.
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Figure S36. Depiction of the molecular orbital corresponding to the Th—Cphenyi—Os three-center-
two-electron bond in 4-Th.
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Table S10. Coordinates of the most stable computed structures.

2-U linear triplet
0.
9.
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.464514
.714960
.909297
.417921
.514605
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.534821
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10.
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.437037
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.661985
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.255549
.274961
.188002
.969534
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.006095
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.414560
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.893474
.195299
.899681
.897711
.615758
.875325
.760353
.272310
.120556
.134463
.280455
. 779512
.842195
.225589
.844749
.901525
.622626
.913646
.536953
.452947
.949688
.417090
.774044
.650800
.052942
. 738529
.004878
.319849
.347123
.621639
.176047
.127126
.625654
.392141
.815259
.084628
.584493
.424890
.192474
.810127
.552798
.306877
.048262
.989486
.697003
.053159
.025023
.598951
.222251
.288703
.020350
.609054
.679689
.011951
.873273
.657641
.913016
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H 3.704471 5.111989 4.418149
H 4.393847 3.700973 3.150524
H 6.560710 5.470975 1.731737
H 4.663302 5.662986 2.133376
H 5.035428 7.170746 3.341738
H 7.012374 7.025873 2.905678
H 7.826683 6.465561 5.413627
H 6.164742 7.466731 5.143029
H 5.152559 6.188599 6.228393
H 6.817694 5.118549 6.530237
2-Th linear singlet
C 10.669209 3.319280 3.229976
C 10.033419 2.830677 2.023215
C 9.338824 1.616355 2.352996
C 9.527350 1.351908 3.743844
C 10.343172 2.397616 4.297172
Os 8.505183 3.397635 3.534559
Th 6.158504 5.131700 4.131589
Os 5.685561 6.919480 1.799929
C 4.770583 8.869524 0.971631
C 6.187449 8.889430 0.784232
C 6.550536 7.763450 -0.041229
C 5.333263 7.044277 -0.361284
C 4.237523 7.734906 0.277856
C 7.911257 7.481998 -0.594752
C 5.213529 5.896262 -1.312416
C 7.123378 9.936831 1.296437
C 2.788924 7.386182 0.151964
C 3.975799 9.876205 1.738805
C 10.184586 3.411231 0.653157
C 8.581933 0.755267 1.393902
C 10.871030 2.449935 5.695447
C 9.001606 0.167526 4.488900
C 11.623892 4.467266 3.318030
Os 3.742571 3.469985 4.647148
C 1.475709 3.357179 4.603870
C 1.957402 2.272045 3.807568
C 2.774373 1.432618 4.632214
C 2.794077 1.992742 5.962990
C 1.986176 3.196274 5.943920
C 1.641116 2.038486 2.365673
C 3.412277 0.146707 4.213321
C 3.401225 1.359078 7.174130
C 1.619472 4.029737 7.130584
C 0.543699 4.432940 4.146162
Os 6.700985 6.775954 6.554062
C 7.258995 8.769770 7.399685
C 5.960022 8.351094 7.878690
C 6.151994 7.149675 8.666349
C 7.559935 6.850715 8.673158
C 8.235032 7.843277 7.899225
C 5.098433 6.433320 9.449930
C 8.209677 5.722693 9.408011
C 4.680472 9.111013 7.729251
C 9.710692 7.924306 7.676187
C 7.549521 10.015500 6.624999
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