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ABSTRACT: Small-scale reactions of the Pu analogues La,
Ce, and Nd have been explored in order to optimize reaction
conditions for milligram scale reactions of radioactive
plutonium starting from the metal. Oxidation of these
lanthanide metals with iodine in ether and pyridine has been
studied, and LnI3(Et2O)x (1-Ln; x = 0.75−1.9) and LnI3(py)4
(2-Ln; py = pyridine, NC5H5) have been synthesized on scales
ranging from 15 mg to 2 g. The THF adducts LnI3(THF)4 (3-
Ln) were synthesized by dissolving 1-Ln in THF. The viability
of these small-scale samples as starting materials for amide and
cyclopentadienyl f-element complexes was tested by reacting KN(SiMe3)2, KCp′ (Cp′ = C5H4SiMe3), KCp′′ (Cp′′ =
C5H3(SiMe3)2-1,3), and KC5Me4H with 1-Ln generated in situ. These reactions produced Ln[N(SiMe3)2]3 (4-Ln), Cp′3Ln (5-
Ln), Cp″3Ln (6-Ln), and (C5Me4H)3Ln (7-Ln), respectively. Small-scale samples of Cp′3Ce (5-Ce) and Cp′3Nd (5-Nd) were
reduced with potassium graphite (KC8) in the presence of 2.2.2-cryptand to check the viability of generating the
crystallographically characterizable Ln2+ complexes [K(2.2.2-cryptand)][Cp′3Ln] (8-Ln; Ln = Ce, Nd).

■ INTRODUCTION
Recent developments in reductive f-element chemistry have
shown that the +2 oxidation state is available in isolable,
crystallographically characterizable molecular complexes of La,
Ce, Pr, Gd, Tb, Ho, Er, Lu,1−7 U,8,9 and Th10 according to eq 1.

Following these discoveries, attempts to synthesize analogous
Np2+ 11,12 and Pu2+ 13 complexes were made. The results
reported here were used to aid in the synthesis of the first
complex of Pu2+, [K(2.2.2-cryptand)][Cp″3Pu] (Cp′′ =
C5H3(SiMe3)2-1,3), which was isolated according to eq 1.13

The synthesis of complexes of 239Pu is challenging due to the
radioactivity of this isotope (less radioactive 242Pu is occasion-
ally utilized but is more scarcely available). Small-scale reactions
are often required for both logistical and safety reasons. Most
fundamental chemical studies with Pu are conducted in
radiological (not nuclear) facilities, placing constraints on
radioisotope inventory limits. Therefore, it is desirable to
minimize the number of reactions run and conserve the amount
of plutonium used. This requires that preoptimization of

reaction conditions is important. Typically, individual reactions
are performed on a scale of less than 50 mg of metal content
(0.21 mmol of 239Pu), and less than 20 mg (0.084 mmol 239Pu)
is commonplace. One method to determine optimum reaction
conditions is to test analogous reactions with nonradioactive
analogues. Since trivalent rare-earth metals are the closest
analogs of trivalent transuranic elements, their small-scale
reactions can provide insight on how to best handle the
chemistry of the radioactive actinides.
To aid in the synthesis of new transuranic complexes, the

synthesis of several classes of lanthanide complexes was
examined on a small scale starting from the metal, since this
is an available form of plutonium which was the starting
material for the Pu2+ synthesis.13 Ce and Nd were selected as
representative analogues for Pu due to their similar ionic radii
(La3+ 1.03 Å, Np3+ 1.01 Å, Ce3+ 1.01 Å, Pu3+ 1.00 Å, and Nd3+

0.983 Å for coordination number 6).14 Some La samples were
also examined to facilitate characterization by NMR spectros-
copy since La3+ is diamagnetic. The synthesis of lanthanide
iodide complexes was pursued because metal iodide precursors
are common in actinide chemistry15−29 with UI3Lx, UI4Lx, and
ThI4Lx being most commonly synthesized from their elemental
forms.15−20 Small-scale syntheses of Ln[N(SiMe3)2]3, Cp′3Ln
(Cp′ = C5H4SiMe3), Cp″3Ln, and (C5Me4H)3Ln were
examined, since these are well established classes of f-element
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complexes and include precursors to complexes of new +2
ions.1−10,12,13,30

The reactions and complexes reported here both have
precedent in the literature. Lanthanide triiodides have been
synthesized in many ways, both in solution and in the solid
state.31 These include synthesis from Ln2O3 oxides with NH4I
at elevated temperature,32 from Ln2O3 or Ln metal with HI,
followed by dehydration with NH4I,

33−36 from the metal and
iodine,37 ,38 diiodoethane, iodoform,39−42 AlI3, and
HgI2.

21,31,43−45 Lanthanide triiodides can be dissolved in
THF to form solvated species that crystallize in a variety of
forms, including LnI3(THF)4 (Ln = La, Pr, Ce),37,46,47

[LnI2(THF)5][LnI4(THF)2] (Ln = Nd, Sm, Gd, Dy, Er, Tm,
Yb, Y),37,48−53 [LnI2THF5][I],

51 and [LnI2(THF)5][I3] (Ln =
La,51 Yb38). While numerous THF solvates of LnI3 have been
characterized, there are fewer reports with pyridine and ether
solvates: to our knowledge, these are limited to [LnI2(py)5]-
[I]38 and the plutonium complex [PuI2(THF)4(py)][I3].

28 LnI3
dissolves in pyridine to form LnI3(py)x, but only the
characterization of SmI3(py)4 has been reported.54−58 Ln[N-
(SiMe3)2]3, Cp′3Ln, Cp″3Ln, and (C5Me4H)3Ln are typically
synthesized from LnCl3(THF)x and an alkali-metal salt of the
ligand, though some syntheses have utilized Ln(O3SCF3)3 (Ln
= La,59 Ce60) or, in the case of cyclopentadienyl ligands,
protonolysis from Ln[N(SiMe3)2]3.

61,62 Iodides have been used
to synthesize {[C5H3(EMe3)2]2LnI}2 (Ln = La, Ce; E = C,
Si)63 and Cp″2LaI(THF).63
Herein we report the small-scale synthesis of LnI3Lx solvates

including LnI3(OEt2)x (1-Ln; x = 0.75−1.9) and LnI3(py)4 (2-
Ln), the dissolution of 1-Ln in THF to form LnI3(THF)4 (3-
Ln), and the use of 1-Ln to form common precursors such as
Ln[N(SiMe3)2]3 (4-Ln), Cp′3Ln (5-Ln), Cp″3Ln (6-Ln), and
(C5Me4H)3Ln (7-Ln) (Ln = La, Ce, Nd). The purpose of this
study was to evaluate the yield and purity available from these
reactions on a small scale and the viability of these small-scale
samples as starting materials. This research supported the
isolation of the first molecular example of a Pu2+ complex13 and
should be applicable to other transuranic studies.64−75

■ EXPERIMENTAL SECTION
All manipulations and syntheses described below were conducted with
the rigorous exclusion of air and water using standard Schlenk line and
glovebox techniques under an argon or dinitrogen atmosphere.
Solvents (THF, Et2O, toluene, hexane, and pentane) were sparged
with UHP argon (Praxair) and dried by passage through columns
containing Q-5 and molecular sieves prior to use. Pyridine was dried
over sodium, degassed by three freeze−pump−thaw cycles, and
distilled. All ethereal solvents and pyridine were stored over activated 4
Å molecular sieves. Deuterated NMR solvents (Cambridge Isotopes)
were dried over sodium benzophenone ketyl, degassed by three
freeze−pump−thaw cycles, and vacuum-transferred before use. 1H and
13C{1H} NMR spectra were recorded on a Bruker GN500 MHz or
CRYO500 spectrometer operating at 499.3 and 125 MHz,
respectively, at 298 K unless otherwise stated. 1H and 13C{1H}
NMR spectra were referenced internally to solvent resonances.
Elemental analyses were performed on a PerkinElmer 2400 Series II
CHNS elemental analyzer. Lanthanum powder under oil (99.9% REO,
Strem), was pumped into the glovebox overnight, decanted, washed
with hexane several times, and dried under vacuum. Ce and Nd metal
(99.5% REO, Stanford Materials Corporation) were pumped into the
glovebox, filed to remove any oxide layer, and filed further to form
shavings. An Nd2Fe14B magnet (United Nuclear) was passed over the
filings to remove any iron particles that detached from the file. Iodine
(99.8%, Acros) was sublimed before use, and 2.2.2-cryptand (Sigma-
Aldrich) was placed under vacuum (10−3 Torr) before use.

KN(SiMe3)2 (Aldrich) was dissolved in toluene, centrifuged, decanted,
and dried under reduced pressure. Cp′3Pr,4 UI3(py)4 (2-U),16 KC8,

76

and KC5Me4H
18 were prepared according to the literature. KCp′′ was

prepared from KCp′3 by following the literature preparation.77

UI3(py)4 (2-U) was crystallized by diffusion of ether into a pyridine
solution at ambient glovebox temperature.

LaI3(OEt2)x (1-La). Solid iodine (1.400 g, 5.500 mmol) was added
to a suspension of lanthanum powder (0.500 g, 3.60 mmol) in Et2O
(40 mL) in a 100 mL round-bottom flask and stirred for 4 days. Over
the course of the reaction, a gray powder precipitated, a pale orange
color persisted in solution, and there was no evidence of remaining
metal. The mixture was filtered on a 350 mL medium frit and washed
with Et2O (2 × 20 mL) and hexane (2 × 20 mL) until the filtrate was
colorless. The gray solids were transferred to a tared scintillation vial
and held under reduced pressure (10−3 Torr) for 4 h to yield a gray
powder characterized as LaI3(OEt2)1.6 (1.75 g, 76%, based on La) by
elemental analysis. Anal. Calcd for LaI3(OEt2)1.6: C, 12.45; H, 2.61.
Found: C, 12.39; H, 2.46. A sample placed under 10−6 Torr for 60 h
analyzed as LaI3(OEt2)0.88. Anal. Calcd for LaI3(OEt2)0.88: C, 7.29; H,
1.53. Found: C, 7.24; H, 1.29.

CeI3(OEt2)x (1-Ce). Following the procedure for 1-La, iodine
(1.240 g 4.886 mmol) was combined with Ce shavings (0.450 g, 3.22
mmol) to yield a gray powder characterized as CeI3(OEt2)1.9 (1.82 g,
89%, based on Ce) by elemental analysis. Anal. Calcd for
CeI3(OEt2)1.9: C, 13.80; H, 2.89. Found: C, 13.93; H, 2.63. A sample
placed under 10−6 Torr for 60 h analyzed as CeI3(OEt2)0.75. Anal.
Calcd for CeI3(OEt2)0.75: C, 6.25; H, 1.31. Found: C, 6.23; H, 1.05.

NdI3(OEt2)x (1-Nd). Following the procedure for 1-La, iodine
(0.752 g, 2.96 mmol) was combined with Nd shavings (0.284 g, 1.97
mmol) to yield a pale blue powder characterized as NdI3(OEt2)1.5
(860 mg, 69%, based on Nd) as determined by elemental analysis.
Anal. Calcd for NdI3(OEt2)1.5: C, 11.33; H, 2.38. Found: C, 11.23; H,
2.04. A sample placed under 10−6 Torr for 60 h was analyzed as
NdI3(OEt2)0.87. Anal. Calcd for NdI3(OEt2)0.87: C, 7.07; H, 1.48.
Found: C, 7.24; H, 1.29.

LaI3(py)4 (2-La). When a solution of iodine (141 mg, 0.554 mmol)
in pyridine (4 mL) was added to a suspension of La powder (51 mg,
0.37 mmol) in pyridine (2 mL), the mixture quickly turned black and
was stirred for 2 days. The mixture was centrifuged to remove a small
amount of black material, and the volatiles were removed under
reduced pressure to yield a brown oil. The oil was triturated with Et2O,
and the supernatant was decanted and dried under reduced pressure to
yield LaI3(py)4 (2-La) as a brown solid (265 mg, 86%). Colorless X-
ray-quality crystals were grown by diffusion of Et2O into a
concentrated pyridine solution at −15 °C. 1H NMR (C6D6): δ 9.06
(br s, o-py, 8H), 6.79 (t, JH = 7.0 Hz, p-py, 4H), 6.51 (m, m-py, 8H).
13C{1H} NMR (C6D6): δ 150.63 (o-py), 136.61 (p-py), 123.78 (m-py).
Anal. Calcd for LaI3(py)3.5: C, 26.39; H, 2.21; N, 6.16. Found: C,
26.64; H, 2.41; N, 6.12.

CeI3(py)4 (2-Ce). Following the procedure for 2-La, iodine (254
mg, 1.08 mmol) was combined with Ce shavings (100 mg, 0.714
mmol) to yield CeI3(py)4 (2-Ce; 512 mg, 57%) as a brown solid. 1H
NMR (C6D6): δ 9.49 (br s, o-py, 8H), 7.54 (br s, p-py, 4H), 7.39 (br s,
m-py, 8H). Anal. Calcd for C15H15N3I3Ce: C, 23.76; H, 1.99; N, 5.54.
Found: C, 24.07; H, 1.98; N, 5.22.

NdI3(py)4 (2-Nd). Following the procedure for 2-La, iodine (135
mg, 0.530 mmol) was combined with Nd shavings (49 mg 0.34 mmol)
to yield NdI3(py)4 (259 mg 91%) as a brown solid. 1H NMR (C6D6):
δ 9.7 (br s, p-py, 4H) 7.7 (br s, py, 8H). Only two of the expected
resonances were observed due to the paramagnetism of the Nd3+ ion.
Anal. Calcd for C15H15N3I3Nd: C, 23.64; H, 1.98; N, 5.51. Found: C,
23.71; H, 2.26; N, 5.16.

LaI3(THF)4 (3-La). As an alternative to the published procedures for
3-La,37,41,78,79 LaI3(OEt2)1.6 (12 mg, 0.019 mmol) was dissolved in
THF (3 mL) to give a colorless solution. This was filtered, and the
volatiles were removed under reduced pressure to give LaI3(THF)4
(15 mg, quantitative) as a white solid. Colorless X-ray-quality crystals
of 3-La were grown over 2 weeks from a hot THF solution cooled to
−30 °C, which matched the unit cell of LaI3(THF)4.

47 1H NMR
(C6D6): δ 3.77 (s, THF), 1.40 (s, THF). 13C{1H} NMR (C6D6): δ
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69.50 (THF), 25.65 (THF). When 3-La was crystallized from hot
toluene cooled to ambient glovebox temperature, colorless crystals of
[LaI2(THF)5][LaI4(THF)2] (3-La′) were isolated after 1 week and
characterized by X-ray crystallography.
CeI3(THF)4 (3-Ce). As an alternative to the published proce-

dures,37,45,46,78,79 following the procedure for 3-La, CeI3(OEt2)0.66 (13
mg, 0.023 mmol) was dissolved in THF (3 mL) to give CeI3(THF)4
(18 mg, 95%) as a white solid. Colorless X-ray-quality crystals of 3-Ce
were grown over 2 weeks from a hot THF solution cooled to −30 °C,
which matched the unit cell of CeI3(THF)4.

46 1H NMR (C6D6): δ
3.75 (s, THF), 1.55 (s, THF). 13C{1H} NMR (C6D6): δ 68.23 (THF),
26.06 (THF).
NdI3(THF)4 (3-Nd). As an alternative to the published proce-

dure42,80 following the procedure for 3-La, NdI3(OEt2)0.66 (13 mg,
0.023 mmol) was dissolved in THF (3 mL) to give NdI3(THF)4 (16
mg, quantitative) as a pale blue solid. Pale blue X-ray-quality crystals of
3-Nd were grown over 2 weeks from a hot THF solution cooled to
−30 °C, which matched the unit cell of NdI3(THF)4.

81 1H NMR
(C6D6): δ 3.78 (s, br ν1/2 115 Hz, THF), 1.60 (s, br ν1/2 100 Hz,
THF).
La[N(SiMe3)2]3 (4-La). As an alternative to the published

procedure,82 a toluene (2 mL) solution of KN(SiMe3)2 (60 mg,
0.30 mmol) was added to a suspension of LaI3(OEt2)1.6 (48 mg 0.075
mmol) in toluene (1 mL). The solution was stirred overnight, volatiles
were removed under reduced pressure, and the product was extracted
in pentane. Removal of the volatiles under reduced pressure yielded
La[N(SiMe3)2]3 as a white solid (44 mg, 95%) as confirmed by 1H
NMR analysis.82 1H NMR (C6D6): δ 0.28 (s, SiMe3, 54H).

13C{1H}
(C6D6): δ 3.67 (SiMe3).
Ce[N(SiMe3)2]3 (4-Ce). As an alternative to the published

procedure,82 KN(SiMe3)2 (44 mg, 0.22 mmol) was added to a stirred
slurry of CeI3(OEt2)0.66 (40 mg, 0.071 mmol) in toluene (2 mL); the
solution quickly turned bright yellow and was stirred overnight.
Volatiles were removed under reduced pressure, and the product was
extracted into pentane and dried under reduced pressure to yield a
yellow solid identified as Ce[N(SiMe3)2]3 (30 mg, 70%) by 1H NMR
spectroscopy.82 1H NMR (C6D6): δ −3.3 (s, SiMe3, 54H).
Nd[N(SiMe3)2]3 (4-Nd). As an alternative to the published

procedure,82 following the procedure for 4-Ce, KN(SiMe3)2 (40 mg,
0.20 mmol) was combined with NdI3(OEt2)0.66 (40 mg, 0.068 mmol)
to give a blue solid identified as Nd[N(SiMe3)2]3 (30 mg, 71%) by

1H
NMR spectroscopy.82 1H NMR (C6D6): δ −6.1 (s, SiMe3, 54H).
Cp′3Ce (5-Ce). A solution of KCp′ (71 mg, 0.40 mmol) in Et2O (2

mL) was added to a stirred slurry of CeI3(OEt2)1.5 (70 mg, 0.134
mmol). The solution quickly turned bright blue, and a white
precipitate was observed. The blue mixture was stirred overnight
and centrifuged to remove white insoluble material, presumably KI.
The supernatant was dried under reduced pressure, extracted into
pentane, filtered, and dried under reduced pressure to give a royal blue
solid, identified as Cp′3Ce (29 mg, 39%) by 1H NMR spectroscopy.61

In Situ Synthesis of 5-Ce. Iodine (30 mg, 0.12 mmol) was added
to an Et2O (3 mL) suspension of Ce shavings (11 mg, 0.082 mmol).
After the mixture was stirred for 24 h, the solution was colorless and a
pale white precipitate was present. The volume was reduced to 0.5 mL
under reduced pressure, and a solution of KCp′ (46 mg, 0.26 mmol)
in Et2O (2 mL) was added. A blue solution quickly formed along with
white insoluble material. The mixture was stirred overnight and
centrifuged to remove the white insoluble material, presumably KI.
The filtrate was dried under reduced pressure, extracted into pentane,
filtered, and dried under reduced pressure to give a blue solid,
identified as Cp′3Ce (17 mg, 38% based on Ce metal) by 1H NMR
spectroscopy.61

Cp′3Nd (5-Nd). Iodine (36 mg, 0.14 mmol) was added to a
suspension of Nd shavings (15 mg, 0.10 mmol) in Et2O (3 mL). After
the mixture was stirred for 24 h, the solution was colorless and a pale
blue precipitate was present. The volume was reduced to 0.5 mL under
reduced pressure, and a solution of KCp′ (55 mg, 0.31 mmol) in Et2O
(2 mL) was added. A blue solution quickly formed, which turned to
mint green after approximately 3 h with the formation of white
insoluble material, presumably KI. The mixture was stirred overnight

and centrifuged to remove the white insoluble material. The filtrate
was dried under reduced pressure, extracted into pentane, filtered, and
dried under reduced pressure to give a mint green solid, identified as
Cp′3Nd (40 mg, 72%) by 1H NMR spectroscopy.83

Cp″3Ce (6-Ce). As an alternative to the published procedure,60,61,84

iodine (30 mg, 0.12 mmol) was added to a stirred suspension of Ce
shavings (11 mg, 0.082 mmol) in Et2O (2 mL) and stirred for 2 days,
during which time a colorless solid precipitated. Volatiles were
removed under reduced pressure, washed with several portions of
hexane, and dried under reduced pressure. After the addition of a
solution of KCp′′ (65 mg, 0.26 mmol) in Et2O (3 mL), the solution
quickly became green. Within 15 min the solution turned dark blue
and a white solid precipitated, presumably KI. The mixture was stirred
overnight, and the volatiles were removed under reduced pressure.
The product was extracted into hexane, filtered, and dried under
reduced pressure to give a royal blue solid identified as Cp″3Ce (35
mg, 55%) by 1H NMR spectroscopy.61

Cp″3Nd (6-Nd). As an alternative to the published proce-
dure,62,84,85 following the procedure for 6-Ce solid iodine (41 mg,
0.162 mmol) was combined with Nd shavings (13 mg 0.090 mmol)
and KCp′′ (70 mg, 0.28 mmol) to give a green solid identified as
Cp″3Nd (55 mg, 80%) by 1H NMR spectroscopy.29,62,84.

(C5Me4H)3La (7-La). As an alternative to the published
procedure,86 solid KC5Me4H (51 mg, 0.32 mmol) was added to a
toluene (5 mL) suspension of LaI3(OEt2)1.66 (49 mg, 0.076 mmol);
the mixture quickly turned yellow and was stirred overnight. The
mixture was then centrifuged to remove white solids (presumably KI
and excess KC5Me4H) and was dried under reduced pressure to give a
yellow solid identified as (C5Me4H)3La (36 mg 94%) by 1H NMR
spectroscopy.86

(C5Me4H)3Ce (7-Ce). As an alternative to the published
procedure,87 following the procedure for 7-La, KC5Me4H (51 mg,
0.32 mmol) was combined with CeI3(OEt2)1.5 (49 mg, 0.078 mmol),
to give a blue solid identified as (C5Me4H)3Ce (30 mg, 76%) by 1H
NMR spectroscopy.88

(C5Me4H)3Nd (7-Nd). As an alternative to the published
procedure,89 following the procedure for 7-La, KC5Me4H (35 mg,
0.22 mmol) was combined with NdI3(OEt2)0.66 (40 mg, 0.070 mmol)
to give a green solid identified as (C5Me4H)3Nd (25 mg, 71%) by 1H
NMR spectroscopy.89 X-ray-quality crystals were grown from a hot
toluene solution cooled to −30 °C.

[K(2.2.2-cryptand)][Cp′3Ce]·THF (8-Ce). This synthesis follows
the published procedure.5 THF (0.5 mL) was added to a blue Et2O
(1.5 mL) solution of Cp′3Ce (20 mg, 0.036 mmol) and crypt (16 mg,
0.042 mmol). This immediately formed a yellow solution consistent
with the formation of Cp′3Ce(THF).90 A pipet was packed with a glass
fiber circle and KC8 (40 mg, 30 mmol) to form a flash reduction
column. The yellow solution, KC8 reduction column, THF, Et2O, an
empty 20 mL glass scintillation vial, and several glass pipettes were
cooled to −30 °C for 2 h. The cold solution was quickly passed
through the reduction column into the new vial, causing an instant
color change to dark purple. The column was washed with cold THF
until the effluent was colorless (1.5 mL), and the solution was returned
to a−30 °C freezer. After 2 h, the solution was carefully layered with
cold Et2O (4 mL) and returned to a −30 °C freezer. Within 1 day,
dark purple-black X-ray-quality crystals formed. A sample was
separated for unit cell analysis, the colorless mother liquor was
decanted, and the sample was washed with pentane (3 × 1 mL) and
dried under reduced pressure. The purple crystals were identified as
[K(2.2.2-cryptand)][Cp′3Ce]·THF (24 mg, 65% crystalline yield) by
unit cell analysis.5

[K(2.2.2-cryptand)][Cp′3Nd]·THF (8-Nd). Similar to the pub-
lished procedures5 and following the procedure for 8-Ce, Cp′3Nd (25
mg, 0.046 mmol) and crypt (18 mg, 0.048 mmol) were dissolved in
Et2O and THF, which caused a color change from green to pale blue.
Following the reduction protocol above, dark purple-black crystals
were isolated and identified as [K(2.2.2-cryptand)][Cp′3Nd]·THF (35
mg, 73% crystalline yield) by unit cell analysis.5

[K(2.2.2-cryptand)][Cp′3Pr]·THF (8-Pr). Similar to the published
procedures4 and following the procedure for 8-Ce, Cp′3Pr (19 mg,
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0.035 mmol) and crypt (13 mg, 0.036 mmol) were dissolved in Et2O
and THF, which caused a color change from bright yellow to pale
yellow. Following the reduction protocol above, dark purple-black
crystals were isolated and identified as [K(2.2.2-cryptand)][Cp′3Pr]·
THF (24 mg, 65% crystalline yield) by unit cell analysis.4

X-ray Data Collection, Structure Determination, and Refine-
ment. Crystallographic details for compounds (CCDC number) 2-La
(1559160), 2-U (1559168), 3-La′ (1559161), and 7-Nd (1559169)
are summarized in the Supporting Information.

■ RESULTS AND DISCUSSION
Synthesis. LnI3(Et2O)x (1-Ln). Addition of iodine, either as a

solid or in solution, to a suspension of lanthanide metal
shavings in diethyl ether deposited solvated lanthanide
triiodides, LnI3(Et2O)x [1-Ln; Ln = La, Ce (colorless) Nd
(blue)] as powders over the course of 1−4 days depending on
the scale. Elemental analysis was used to quantify the average
level of solvation in the powders, which varied in the range x =
1.5−1.9. After these solids were exposed to high vacuum (10−6

Torr) for 60 h, the solvation level was reduced to x = 0.75−0.88
as determined by elemental analysis. The complexes were
isolated in 70−80% yields and are easily isolable by
centrifugation or can be used in situ (see below). A slight
excess of iodine was used, which can be removed by washing
with hexane or pentane. Reactions could also be performed
with a deficiency of iodine, in which case unreacted metal was
present within the lanthanide triiodide product. The excess
metal could be removed with tweezers or later after reaction
with either a potassium amide or cyclopentadienyl reagent
during the filtration step which removes KI.
LnI3(py)4 (2-Ln). When oxidations were performed in

pyridine (py), the solutions quickly became brown. After the
mixtures were stirred for 2−4 days and filtered or centrifuged,
the products were isolated as brown oils that could be triturated
with Et2O to yield LnI3(py)4 (2-Ln; Ln = La, Ce, Nd), as
brown powders. These materials were characterized by 1H and
13C NMR spectroscopy where possible, along with elemental
analysis and X-ray crystallography. The 1H and 13C NMR
resonances in 2-La were shifted from their free pyridine values
in C6D6.

91 The 1H and 13C NMR resonances of 2-Ce and 2-Nd
were shifted and broadened due to the paramagnetism of the
metals. As in the Et2O reactions, a small excess of I2 was used,
which was subsequently washed away with hexane. Excess
iodine has the potential to form triiodide products like those
observed for [PuI2(THF)4(py)][I3]

11 and [LnI2(THF)5][I3]
(Ln = La,30 Yb29); however, no evidence of such products was
observed here. The 2-Ln complexes are slightly soluble in
benzene and toluene. If the synthesis is conducted with a
deficiency of iodine, the excess metal can be removed by
filtration from a solution of 2-Ln.
Diffusion of Et2O into concentrated pyridine solutions

allowed the isolation of single crystals of 2-La and 2-U16,92

suitable for X-ray crystallography. Crystals of the uranium
analogue were also obtained to confirm the synthesis and the
method of crystallization with the structure.92 These crystal-
lizations were performed with less than 30 mg of material to
better mimic the conditions of transuranic chemistry.
Complex 2-La adopts a seven-coordinate pentagonal-

bipyramidal geometry with two iodide ligands in the axial
positions and one in the equatorial position. The pyridine
ligands occupy the other equatorial positions (Figure 1). This is
a typical structure for f-element trihalide tetrasol-
vates.36,37,46,47,58,92−96 The La−I bond distances in 2-La are
similar to those in LaI3(THF)4,

47 while the 2.689(4) Å average

La−N(py) distance is larger than the 2.54(1) Å average La−
O(THF) distance in LaI3(THF)4 (Table S1 in the Supporting
Information). The La−N(py) average distance in 2-La is longer
than the analogous 2.605(8) Å distance in LaCl3(py)4,

94 which
is consistent with the larger size of iodide vs chloride.
The corresponding uranium complex synthesized here,

UI3(py)4 (2-U), crystallized in the P21/n space group and is
isomorphous with 2-La. A Pbca structure of 2-U was previously
deposited in the Cambridge Structural Database92 and has two
independent molecules in the unit cell with metrical parameters
similar to the P21/n structure (Table S2 in the Supporting
Information). Comparison of 2-U with UI3(THF)4

16,97 (Table
S2) is similar to the comparison of 2-La with LaI3(THF)4; the
iodide distances are similar, and the U−N(py) distances are
longer than the U−O(THF) distances.

LnI3(THF)4 (3-Ln). The etherate materials 1-Ln could be
converted to their THF adducts by dissolution in THF and
removal of the volatiles under reduced pressure to give
LnI3(THF)4 (3-Ln; Ln = La, Ce, Nd) in high yield. This
method produced materials with a consistent level of solvation
in contrast to the isolation of 1-Ln, which had varying numbers
of associated solvent molecules. The compounds were
identified through unit cell determination and comparison
with the published structures.46,47,81,98 Their 1H and 13C NMR
spectra were recorded in C6D6 and displayed a single set of
resonances shifted from the value for free THF in C6D6.

91 In
the La case, crystallization of 3-La from hot toluene instead of
hot THF gave colorless crystals of [LaI2(THF)5][LaI4(THF)2].
This salt is isomorphous with the Nd,37,99 Sm,48 Gd,37 Yb,49

and Y37 analogues and has structural parameters as expected on
the basis of the lanthanide contraction (Table S3 in the
Supporting Information). Formation of such salts is not
uncommon for lanthanide trihalides, depending on crystal-
lization conditions.37,48,49,51−53,100

Ln[N(SiMe3)2]3 (4-Ln). Although many methods have been
developed for the synthesis of tris(amide) lanthanide

Figure 1. Thermal ellipsoid plot of LaI3(py)4 (2-La) drawn at the 50%
probability level. The corresponding uranium complex 2-U is
isomorphous. Selected bond distances (Å) and angles (deg): 2-La,
La−Iax 3.1543(3), 3.1522(3), La−Iequ 3.1943(3), La−Navg 2.689(4),
Iax−La−Iax 177.168(9), Iax−La−Iequ 86.938(8), 95.088(9); 2-U, U−Iax
3.1311(5), 3.1317(5), U−Iequ 3.1718(4), U−Navg 2.653(4), Iax−U−Iax
177.313(8), Iax−U−Iequ 86.75(1), 95.574(1).
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complexes, the most common preparations use lanthanide
trichloride starting materials.82 As described below, lanthanide
triiodides 1-Ln, prepared from the metal, are also viable starting
materials for the synthesis of these compounds.101,102

Addition of a toluene solution of KN(SiMe3)2 to a toluene
suspension of 1-Ln forms Ln[N(SiMe3)2]3 (4-Ln) in 70−95%
yields after workup as confirmed by 1H NMR spectroscopy.82

Tris(amide) plutonium complexes have been prepared from the
metal following this protocol in ether66 and could be examined
for reduction to +2 complexes.30

Cp′3Ln (5-Ln). The Cp′ ligand was chosen as a
representative ligand, since its complexes recently led to the
isolation of the lanthanides and uranium in the formal +2
oxidation state (eq 1).2−5,8,103 The Cp′3Ln complexes 5-Ln are
typically prepared from LnCl3 with 3.1 equiv of
KCp′.2−5,61,77,83,104 A similar protocol with 1-Ln in ether
provides 5-Ln in 40% yield (Ln = Ce, Nd). In addition, 5-Ln
can be prepared in 40−70% yields from 1-Ln generated in situ,
and single crystals of 5-Ln could be obtained in small-scale
reactions done with 11−15 mg of metal (Ln = Ce, Nd). The
samples of 5-Ln prepared in this way could be reduced to form
the Ln2+ complexes [K(2.2.2-cryptand)][Cp′3Ln] (8-Ln), as
confirmed by unit cell analysis, in greater than 60% yield (Ln =
Ce, Pr, Nd).
Cp″3Ln (6-Ln). Since the Cp′′ ligand was used to prepare

Th2+ 10 and (Cp″3U)− is more stable than (Cp′3U)−,9 the
preparation of Cp″3Ln (6-Ln)59−62,84,85 on a small scale was
also examined. This proved to be the protocol for preparing the
starting material used to isolate Pu2+.13 Similar to the
preparation of 5-Ln, addition of 3.1 equiv of KCp′′ to either
isolated 1-Ln or in situ generated 1-Ln gave Cp″3Ln (6-Ln) in
55−80% yields (Ln = Ce, Nd).
(C5Me4H)3La (7-La). Preparation of tris(cyclopentadienyl)

complexes of the (C5Me4H)
− ligand was also examined. The 7-

Ln series can be made from 1-Ln in 70−90% yields, again
showing the viability of 1-Ln generated from the elemental
metal for organometallic synthesis. Despite its use in spectros-
copy and reactivity,105−111 the structure of (C5Me4H)3Nd (7-
Nd) to our knowledge, has not been reported. Cooling a hot
toluene solution of 7-Nd to −30 °C afforded green single
crystals suitable for X-ray crystallography (Figure 2). 7-Nd
crystallizes in the R3 ̅ space group and is isomorphous with the
other members of the (C5Me4H)3M series (La,89 Ce,88 Pr,88

Sm,89 Tb,86 Yb,112 Lu,113 Y,114 Th,115 U116), which crystallize in
either the R3 ̅ or R3̅r space group. The metrical parameters for
7-Nd match those of the analogues on the basis of the
lanthanide contraction (Table S4 in the Supporting Informa-
tion) and are comparable to those for other tris-
(cyclopentadienyl) neodymium complexes (Table S5 in the
Supporting Information).

■ CONCLUSION
Small-scale reactions of the elemental lanthanide metals Ce and
Nd, with sizes similar to that of plutonium, have been found to
provide viable routes to inorganic and organometallic
complexes that can function as starting materials for new
transuranic syntheses. These reactions provide protocols for
developing other transuranic chemistry starting from the
elemental metal or triiodides. Oxidation of the lanthanide
metals with iodine in Et2O provides the triiodides
[LnI3(OEt2)x] (1-Ln), which can be used directly as starting
materials for Ln[N(SiMe3)2]3 (4-Ln), Cp′3Ln (5-Ln), Cp″3Ln
(6-Ln), and (C5Me4H)3Ln (7-Ln) or can be converted to the

THF adducts LaI3(THF)4 (3-Ln). Oxidation of the lanthanide
metals with iodine in pyridine forms the tetrakis(pyridine)
adducts LnI3(py)4 (2-Ln). The syntheses were extended to
isolate the new Ln2+ complexes [K(2.2.2-cryptand)][Cp′3Ln]
(8-Ln) on a small scale.
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