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Summary

Californium (Cf) is currently the heaviest element accessible above microgram quantities. Cf isotopes impose
severe experimental challenges due to their scarcity and radiological hazards. Consequently, chemical secrets
ranging from the accessibility of 5f/ 6d valence orbitals to engage in bonding, the role of spin-orbit coupling
in electronic structure, and reactivity patterns compared to other f-elements, remain locked. Organometallic

1-3

molecules were foundational in elucidating periodicity and bonding trends across the periodic table,' with a

412 and to a smaller

21% century renaissance of organometallic thorium (Th) through plutonium (Pu) chemistry
extent americium (Am)'3, transforming chemical understanding. Yet, analogous curium (Cm) — Cf chemistry
has lain dormant since the 1970s. Here, we revive air-/moisture-sensitive Cf chemistry through the synthesis
and characterization of [Cf(CsMesH),ClK(OEt)]n from two milligrams of ?#°Cf. This bent metallocene motif,
not previously structurally authenticated beyond uranium (U)!*!>, contains the first crystallographically
characterized Cf—C bond. Analysis suggests the Cf—C bond is largely ionic with a small covalent contribution.
Lowered Cf 5f orbital energy vs. Dy 4f in the colourless, isoelectronic, and isostructural
[Dy(CsMesH)2CLK(OEt2)] results in an orange Cf compound, contrasting with light green typically

associated with Cf compounds'®-22,

Main

The first actinide (An) metallocene, uranocene, [U(CsHs):], reported in 1968%2%, featured two aromatic
(CgHs)? rings sandwiching the U** ion and demonstrated that non-actinyl molecules are capable bonding that
is intermediate between covalent transition metals and ionic lanthanide ions?*. Recent organometallic and non-
aqueous Th and U chemistry has exploded!'?, redrawing the boundaries of known oxidation states®®, multiply-
bonded molecular motifs?$, small molecule reactivity?, and covalency/electronic structure trends>#2+%7,
Analogous advances with the heaviest available transuranium actinides are limited, although there are some,
such as the deep red putative CfCps, that contrasted with the light green of most other Cf compounds?2. While
several AnCps (An = Th, U — Cf)%%22282% molecules have been synthesized and/or examined by theory3%3!,

none have been authenticated beyond Pu®®!!. Related bent Th and U metallocenes like [M(CsRs)Xa] (X =

anion; n = 1, 2) have played a major role in improving our understanding of actinide electronic structure and



bonding?23 but this motif remains structurally unverified beyond U!*!. The first structurally authenticated
An-C bonds for Pu appeared in 201771°, and in 2019 for Am' in [Am(Cp®');] (Cp' = {CsMesH}).
Advancement beyond Am represents another step-change in difficulty; we tackle that challenge here through

the isolation and characterization of an organocalifornium metallocene.

Results and discussion

Synthesis. In targeting an organocalifornium complex we had to account for: 1) availability and radiation
hazards from 2*Cf limiting reaction scale to 2 mg of 2*°Cf**; and, 2) the handful of Cf single-crystal X-ray

16-18,21,34-37

diffraction studies suggest radiolytic degradation of crystals is minimised by employing short

timescales,'®2?

which would also reduce unknown radiolytic impacts on organometallic reaction pathways.
Thus, a one-day reaction protocol was developed based on lanthanide surrogates. A Cf3*-chloride solution in
HCl(ag), containing 2 mg of 2**Cf3*, was converted to mint-green anhydrous ‘CfCl3(DME),’, then treated with
KCp™ (3.5 equiv.) in EtzO at room temperature (Fig. 1a). The reaction mixture progressively changed from
salmon-orange to red-orange (c.f. ruby red Cf(Cp)3)*? to yellow. Workup afforded dark orange columnar

crystals (Supplementary Figs. 17 — 18). Single crystal X-ray diffraction from three crystals showed all were

[CH(Cp*").CL.K(OEt2)]a (2-Cf, Fig. 1b). See Supplementary Information for experimental details.

Fig. 1. Synthesis and solid-state structure of 2-Cf

a
1. DME / Me3Si-Cl
Ar stream 2. Hexane / Et,O wash 3.5 KCptet WtClu,,, K
3+ VL e . ' TOEt
C**(agmcy ——> 'CfCl3' residue ———— > 'CfCl3(DME), ——> / 2
to dryness Et,O Cl
90 minutes

2 mg 249Cf content
[CA(Cp'*!),CloK(OEt)],
(2-Cf)

a, the synthesis of 2-Cf from aqueous acidic media using 2 mg of *’Cf. b, the solid-state structure of the

monomeric unit about Cf(1) with selective atom labelling (Cf, dark green; K, lavender; Cl, light green; O, red,

C, grey).



Comparing Californium and Lanthanide Reactivities. Consider the reactivity of lanthanides that are either
larger (6-coordinate radii given; Sm*", 0.958 A), similar in size (Eu*", 0.947 A; and Gd**, 0.938 A), or smaller
(Dy**, 0.912 A; and Ho’", 0.901 A) than Cf3* (0.95 A)*. Reactions between KCp*! and ‘SmCl3(DME),’ in
Et,0 readily produced [Sm(Cp');], 1-Sm*’, not the Sm analogue of 2-Cf. Room temperature conditions
allowed isolation of [Ln(Cp'").CL.K(OEt)]. (Ln = Gd, 2-Gd; Dy, 2-Dy), but 1-Gd was only isolable when
reactions were heated to 70 °C, while 1-Dy*’ and 1-Ho required multi-day reaction protocols. The closest size
match for Cf*, Eu*", was precluded from comparison as the Eu?* complex, [Eu(Cp*")2(THF)2] (3), was the
only identifiable product. Although the behavior of Cf2* might not be dictated by its ionic radius, reactions
with metals larger (Sm*") and smaller (Gd**) than C* both afforded 1-Sm and 2-Gd using short timescales.
Therefore, it was reasonable to consider that either 1-Cf or 2-Cf could be generated and isolated on a small-
scale with short reaction times. When a second reaction of ‘CfCl3(DME),” with KCp** in Et,O at 70 °C
(analogously to 1-Gd) was performed, we observed the same series of colour changes as the synthesis of 2-Cf
but the only crystalline material isolated was [K(OEt)(Cp*)]. (4). Extended Data Fig 1 summarizes

syntheses.

To consider effects from radiolysis on the formation of 2-Cf, we repeated the reported synthesis of
1-283Am"3, using 2*'Am (ti» = 432.6 years, 5.638 MeV a-emission), which has a similar decay rate and a-
particle energies to 2*°Cf (ti2 = 351 years, 6.295 MeV o-emission). This comparison allows direct evaluation
of increased decay-rate of 2*! Am relative to 2*Am (t12 = 7,364 years, 5.438 MeV a-emission, principal y-line
74.66 KeV). Crystals of 1-2'Am were isolated in good yield and definitively characterized (Supplementary
Figs. 9,22, 29 — 32). These data are consistent with neither an enhanced rate of a-emission, nor 59.54 KeV y-
emission, having a notable effect upon the formation of 1-Am, and may suggest that the a-emission from >*Cf
is not a major contributor in the isolation of 2-Cf vs 1-Cf. However, we cannot discount effects of the higher
energy y-emissions from 2*’Cf compared to >*! Am (388.16 and 59.54 KeV. respectively). Other possibilities
are that 2-Cf and 4 crystallize preferentially from a mixture of 1-Cf/2-Cf, or that 2-Cf is a kinetic product of
the short reaction times employed to minimize radiolytic effects, and that multi-day syntheses (like 1-Ho) are

required to access 1-Cf.



Structural characterisation. Complex 2-Cf crystallized in the orthorhombic space group Pca2; with two
{Cf(Cp*")>CLLK(OEt2)} molecules in the asymmetric unit (Extended Data Fig. 2). While Cf(1) is described as
trans, the rings on Cf(2) exhibit disorder and half the occupancy comprises a somewhat cis configuration. The
calculated energy difference between cis and trans forms of 2-Cf (AEcigirans = 1.1 kcal/mol) is small and
consistent with the co-existence of the two conformations. Both 2-Ln (Ln = Gd, Dy) complexes are
isomorphous (Pca21) to 2-Cf but with all-frans configurations. A polymorph (Pbca) of 2-Gd was found with
a single cis molecule in the asymmetric unit; both forms come from a single batch of crystals (AEcis/rans = 0.88

/0.93 kcal/mol for Gd / Dy respectively).

The Cf atoms in 2-Cf are pseudo-tetrahedral — the coordination sphere is comprised of two chlorides and
two 1°-Cp® ligands (Cf(1)~Ccp range: 2.623(12) — 2.718(13) A). The structure is comparable to 2-Ln (Ln—
Ccp: Ln = Gd, 2.620(12) — 2.722(14) A; Dy, 2.583(8) — 2.737(11) A) once differences in ionic radii are
considered®. The Cf-Cl distances (range: 2.653(4) — 2.670(6) A) and CI-Cf-Cl angles (89.84(14)° and
89.98(14)°) are tightly bunched, as are the Cp™centroid***Cf - Cp™eentroia angles (Cf(1), 130.99(3)°; Cf(2),
130.51(3)°). Few other Cf~Cl bonds have been structurally characterised, but in CfCl3?! they span a wide
range (2.690(7) — 2.940(6) A), and are generally longer than 2-Cf. The M—Cl lengths in nine-coordinate
Ma[B16026(OH)4(H20)3C14]*° (M = Cf, avg. 2.762(10) A; Gd, avg. 2.815(2) A) are longer than those in 2-Cf,

and show a larger Cf vs Gd difference than observed in 2-M.

UV-vis-NIR spectroscopy. Dark orange 2-Cf (5f°) contrasts with most other mint-green Cf2* complexes!6-!%-

203437 and colourless 2-Dy (4f°). A UV-vis-NIR spectrum of 2-Dy exhibits no absorptions from ca. 40,000 to
7,100 cm™!, whereas 2-Cf exhibits an intense ligand to metal charge-transfer (LMCT) tail that dominates from
18,000 cm™ (556 nm) to at least 28,570 cm™ (350 nm) (Fig. 2a-b), and broad Laporte-forbidden 5f—5f
transitions between 6,800 — 18,000 cm™! (1,470 — 556 nm). The solid-state UV-vis-NIR spectrum of 2-Cf (Fig.
2a black and red lines) has superficial similarities with aqueous Cf3* (Fig. 2a, blue dotted line) and single
crystals of anhydrous CfCl3', though several differences are noted below. The low energy region (< 18,000
cm!, Fig. 2b) shows five bands whose centres align well with the lowest energy bands of CfCls: A (°Fop), B,
C (°Fsp), D, and E (°His)?°, where the terms in parenthesis describe the largest component of the excited
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state. The nephelauxetic effect relates the Racah B parameter (inter-electronic repulsion) in a complex to that
of a free metal ion. A reduction of B upon complexation usually lowers the energy of electronic excitations
(e.g. 5f—51), though for metals with pronounced spin orbit coupling (such as actinides), it can shift peaks to
both higher- or lower-energy'®. This reduction in B can occur from orbital expansion through covalency
because the molecular orbitals are more diffuse or from charge transfer. Regardless of the mechanism, when
comparing 2-Cf to aqueous Cf** or CfCls we see modest (ca. 100 cm™) shifts for most of the bands that are

suggestive of Cf-ligand covalency and/or charge-transfer effects.

Fig. 2. UV-vis-NIR spectra of 2-Cf.
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a, Truncated solid-state (black line, 5,890 — 17,100 cm™; 1,698 — 585 nm) and solution (red line, 17,100 —
28,000 cm™'; 585 — 357 nm) spectra of 2-Cf; and the solution spectrum of the Cf** ion in 2 M aqueous HCI
(blue dotted line, 7,550 — 28,000 cm™'; 1,325 — 357 nm). A combination of both is shown as the solid-state
spectrum is clearer in the low energy region, but is saturated above 17,000 cm™'. b, The solid-state spectrum
between 5,890 — 18,000 cm™! (1,698 — 556 nm), showing 5f— 5f transitions that are isolated from the LMCT
region. A (red), B (orange), C (green), D (blue), and E (purple) correspond to line groups in the spectrum of

CfCl312°,



Electronic Structure Calculations. To construct a full bonding picture in 2-Cf vs 2-Dy we have examined
molecular orbital (MO) energy level and composition, Mulliken population, bond order analysis, and QTAIM
(quantum theory of atoms in molecules) analysis (Extended Data Tables 1-3). In 2-Cf there is consistently an
increased Cf 5f contribution to the MOs compared to Dy 4f contributions in 2-Dy (Extended Data Fig. 3).
Charge population and QTAIM assessment of both complexes shows largely polar ionic bonding similar to
[An(Cp)s] complexes®. These techniques are less sensitive to the small but notable differences seen by
comparing MO energy levels which show increased metal-ligand orbital mixing in 2-Cf compared to 2-Dy.

The bonding interactions between Cf—C and Cf—Cl are depicted in Supplementary Figure S75.

Simulation of UV-vis-NIR spectra. Simulated UV-vis-NIR spectra of the 2-M series (M = Cf, Gd, Dy) using
complete active space self-consistent field (CASSCF) including spin-orbit (SO) and perturbative correlation
corrections (SO-CASSCF/NEVPT?2) relate theoretical results with experimental spectroscopic features. To
balance accuracy and computational cost, the active space [9e,70] simulated low energy (< 18,000 cm™)
5f—5ftransitions 2-Cf (Fig. 3, black dashed line), while a larger active space [17e, 110] which included ligand
orbitals captured the higher energy (> 18,000 cm™') ligand— 5f transitions (Fig. 3, black solid line). Calculated
features (Fig. 3, red solid and dashed lines, a' — k' and 1" — s") excellently reproduce the experimental spectrum
(Supplementary Tables 10 — 12). The orientation of the Cp'* ring has negligible impact on 5f—5f electronic

absorption spectra (Supplementary Figs. 63 — 64).

Fig. 3. Experimental solid-state, and SO-NEVPT2 calculated absorption spectra of 2-Cf averaged for

both cis and trans geometries
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Experimental and SO-NEVPT2 calculated absorption spectra from the averaged results of both cis- and trans-
2-Cf at the experimental geometries. Calculated 5f—5f absorption spectrum (red dashed line); calculated
ligand—5f absorption spectrum (red solid line). The main absorption peaks are labelled by x (x =a —s), x' (x
=a—k) and x" (x =1 — s) for experimental, and theoretical 5f—5f, and ligand—5f transitions, respectively.
The calculated intensity of Laporte-forbidden 5f—5f transitions (red dashed line) are too low to be visible and
so were enlarged by ~57 times relative to that of ligand—5f (red solid line). Blue and orange bars represent
the energy and oscillator strength for the calculated spectra of cis- and trans-[Cf(Cp""),CloK] complexes,
respectively. The calculated spectrum was red-shifted by 1,543 cm™ to align with the experimental absorption

peaks at 14,766 cm™! labelled j. See Supplementary Table 10.

Time-dependent DFT (TDDFT/PBEO) calculations were used to provide insight into differences between dark
orange 2-Cf and colourless 2-Dy (Supplementary Figs. 69 — 70). For 2-Cf, intense ligand—5f absorption
features above ca. 18,000 cm™! are consistent between ab initio calculations and experiment. In 2-Dy, the
lowest energy ligand—Dy 4f transitions occur at 39,653 and 40,385 cm™! — this is more than 10,000 cm™
higher in energy than for 2-Cf (Supplementary Tables 14 — 15). The Cf 6d and Dy 5d orbitals in 2-Cf and
2-Dy have similar, albeit small, mixing with ligand orbitals as the d-orbitals are comparatively high in energy.
The Cf 5f contribution to MOs is greater than Dy 4f (Supplementary Table 19). Hence, both UV-vis-NIR

spectra and MO compositions validate the closer energetic proximity of ligand and metal f-orbitals in 2-Cf



than that in 2-Dy. This results in lower energy ligand—f transitions in 2-Cf, and greater mixing between metal

f-orbitals and ligand orbitals for Cf than Dy.

Conclusions

The structural characterization of 2—Cf comes more than 70 years after the discovery of californium by
Seaborg ef al., and 50 years since the first organocalifornium complex was proposed and characterized.?? The
Cf-C bond in 2-Cf is polarized and largely ionic in nature. Energetic mismatch between the contracted C£3*
Sf-orbitals, and C 2p-orbitals, is too large for significant covalent bonding, and the 6d manifold is largely
energetically inaccessible. However, the substantially smaller energy gap between ligand- and f-orbitals in
2-Cf vs those in the isoelectronic Dy analogue rationalizes the unusual orange colour of 2-Cf — where ligand
to metal charge transfer occurs in the visible range for Cf and far into the UV for Dy. These findings represent
scarcely-studied subtle bonding and electronic changes at the frontier of isolable molecules in the periodic

table.
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Methods

Comprehensive Cf experimental details and photographs are provided in the Supplementary Information file.
Here, we offer key methodology details abridged from the Supplementary Information regarding the synthesis
of 2-Cf, specifically, the central characterized molecule of this manuscript. The approach towards prior small-
scale lanthanide development reactions was crucial in allowing the Cf experiment to be successful. We
performed numerous small scale syntheses of [Ln(Cp*)s] (Ln = Sm, 1-Sm; Gd, 1-Gd) and
[Ln(Cp*")2CLK(OEt2)]. (Ln = Gd, 2-Gd; Dy, 2-Dy) to ensure that we had experimental conditions that would
reliably deliver crystals suitable for single crystal X-ray diffraction, ideally within a single day from
commencement of the reaction to obtaining the crystal structure to minimize radiolytic damage to the
molecular product and single crystal quality. While the trivalent ionic radius of Cf is closer to Eu than to Sm
(6-coordinate: Sm, 0.958 A; Eu, 0.947 A; Cf, 0.95 A), the latter was used as an analogue in the synthesis of
1-Ln because the ready accessibility of divalent Eu invariably led to reduction when EuCl; has been used with
KCp'® in our hands. The 6-coordinate trivalent ionic radius of Gd (0.938 A) is smaller than that of Cf and thus
serves to check for differences in chemistry due to errors in the reported ionic radius of Cf. These Ln small-

scale optimized protocol details are provided in the Supplementary Information.

Preparation ‘CfCI3(DME),’: In a 20 mL glass scintillation vial, a pale green aqueous (6 M HCI) solution
containing 2.0 mg **’Cf3* as a chloride complex, was reduced to dryness under a flow of argon gas at room
temperature. The mint green residue was then placed in vacuo in the antechamber of a helium-atmosphere
negative pressure transuranium glovebox for 12 hours. The next day, DME (2 mL) was added followed by
stirring for 2 minutes which resulted in a pale green suspension and a colourless solution. Solids were freed
from the glass with a spatula which was rinsed with DME (~0.1 mL). The suspension was heated to 50 °C for
10 minutes without any appreciable further dissolution being observed. After cooling to ambient temperature,
Me;sSiCl (1.5 mL) was added dropwise with stirring then heated to 50 °C for 2 hours. After cooling to ambient
temperature caused more solids to precipitate. Hexanes (3 mL) was added to the off-white/pale-green
suspension with stirring for 10 minutes. This resulted in a colourless solution with pale green solids. The

suspension was stored at —35 °C for 20 minutes to help the solids to settle to the bottom of the vial. The

12



colourless supernatant was pipetted away and the solid stirred with hexanes (3 mL). After settling again at
—35 °C, the colourless hexane was pipetted away; and this procedure was repeated once more. The solid was
dried in vacuo for 30 minutes, to afford a mint green powder. The solid was stirred with Et,O (2 mL) for 15
minutes, then hexane (3 mL) was added. The mixture was allowed to settle at =35 °C. After removing the
colourless supernatant using a pipette, the solids were dried in vacuo for 2 hours to afford putative

‘CfCI3(DME),’ as a mint green powder that was used immediately.

Synthesis of [CH(Cp")CLLK(OEt;)], (2-Cf): KCp* (4.5 mg, 30 umol, 3.5 equiv.) was added to the solid
CfCl3(DME), residue prepared above, in the same 20 mL scintillation vial used for the prior step. The vial

tet

containing KCp'' was rinsed with Et,0 (2 mL) into the reaction vial. The colour immediately changed to pale
orange/pinkish, and was stirred at room temperature for 90 minutes, during this time the colour changed from
pinkish, to salmon-orange, and finally to orange-yellow. The yellow solution was filtered from pale solids
through 2 half-discs of glass microfiber mounted in a glass pipette, into a 4 mL glass vial. The reaction vial
and filter discs were washed with EtO (1 mL) until the solution came through colourless. The supernatant
was concentrated to 0.5 mL in vacuo which caused some oily dark material to adhere to the sides of the vial,
additional Et;O (~0.1 mL) was added and this material was warmed into solution by sealing the vial lid and
warming on a hotplate set to 80 °C which caused complete dissolution after 1 minute. The hotplate was
allowed to cool to room temperature undisturbed over 45 minutes with the vial left on it. A modest crop of
dark orange crystals to formed, and this was dried to an orange power in vacuo. The supernatant was

transferred to a fresh 4 mL glass vial and stored in the glovebox freezer (—35 °C) overnight but this did not

yield any further crystals.

1 Mingos, M. & Crabtree, R. Comprehensive organometallic chemistry IIl. (Elsevier Science, 2007).
2 Zalkin, A. & Raymond, K. N. Structure of di-n-cyclooctatetraeneuranium (Uranocene). J. Am. Chem.
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