
The importance of the counter-cation in reductive
rare-earth metal chemistry: 18-crown-6 instead of
2,2,2-cryptand allows isolation of [YII(NR2)3]

1� and
ynediolate and enediolate complexes from CO
reactions†

Austin J. Ryan, Joseph W. Ziller and William J. Evans *

The use of 18-crown-6 (18-c-6) in place of 2.2.2-cryptand (crypt) in rare earth amide reduction reactions

involving potassium has proven to be crucial in the synthesis of Ln(II) complexes and isolation of their CO

reduction products. The faster speed of crystallization with 18-c-6 appears to be important. Previous

studies have shown that reduction of the trivalent amide complexes Ln(NR2)3 (R ¼ SiMe3) with

potassium in the presence of 2.2.2-cryptand (crypt) forms the divalent [K(crypt)][LnII(NR2)3] complexes

for Ln ¼ Gd, Tb, Dy, and Tm. However, for Ho and Er, the [Ln(NR2)3]
1� anions were only isolable with

[Rb(crypt)]1+ counter-cations and isolation of the [YII(NR2)3]
1� anion was not possible under any of these

conditions. We now report that by changing the potassium chelator from crypt to 18-crown-6 (18-c-6),

the [Ln(NR2)3]
1� anions can be isolated not only for Ln ¼ Gd, Tb, Dy, and Tm, but also for Ho, Er, and Y.

Specifically, these anions are isolated as salts of a 1 : 2 potassium : crown sandwich cation,

[K(18-c-6)2]
1+, i.e. [K(18-c-6)2][Ln(NR2)3]. The [K(18-c-6)2]

1+ counter-cation was superior not only in the

synthesis, but it also allowed the isolation of crystallographically-characterizable products from

reactions of CO with the [Ln(NR2)3]
1� anions that were not obtainable from the [K(crypt)]1+ analogs.

Reaction of CO with [K(18-c-6)2][Ln(NR2)3], generated in situ, yielded crystals of the ynediolate products,

{[(R2N)3Ln]2(m-OC^CO)}2�, which crystallized with counter-cations possessing 2 : 3 potassium : crown

ratios, i.e.{[K2(18-c-6)3]}
2+, for Gd, Dy, Ho. In contrast, reaction of CO with a solution of isolated [K(18-

c-6)2][Gd(NR2)3], produced crystals of an enediolate complex isolated with a counter-cation with a 2 : 2

potassium : crown ratio namely [K(18-c-6)]2
2+ in the complex [K(18-c-6)]2{[(R2N)2Gd2(m-OCH]CHO)2]}.

Introduction

Reductive rare earth chemistry has undergone major changes in

the past twenty years. Since complexes of Eu(II), Yb(II), and Sm(II)

were discovered around 1906, it was believed that these were the

only +2 lanthanide ions accessible in molecular complexes up

until 1997. The discovery of molecular complexes of Tm(II),

Dy(II), and Nd(II) in 1997–2001 changed that view.1–4 The

discovery of La(II) and Ce(II) complexes by Lappert in 2008 (ref.

5) showed that the early lanthanides could also form Ln(II)

complexes. Studies of dinitrogen reduction subsequently led to

the discovery of molecular Ln(II) complexes for all of the

lanthanides and yttrium.6–8

In 2011, as part of an investigation of LnA3/M reactions (Ln ¼

rare-earth metal; A ¼ anion; M ¼ alkali metal) related to the

reduction of dinitrogen which provided (N2)
2� and (N2)

3�

complexes,9–14 evidence for an Y(II) ion in solution was reported

based on an EPR spectrum of the product obtained from treat-

ment of Y(NR2)3 (R ¼ SiMe3) with K in THF at �35 �C under

argon.15 Although the two-line spectrum arising from the
89Y I ¼ 1/2 nucleus indicated the presence of Y(II), structural

conrmation of an Y(II) amide complex was elusive. By switching

from bis(silyl)amide ancillary ligands to the silylcyclopentadienyl

ligand, C5H4SiMe3 (Cp
0), a crystallographically characterizable Y(II)

complex was isolated by reduction of Cp03Y with KC8 in the pres-

ence of 18-crown-6 (18-c-6), namely [K(18-c-6)][YCp03], eqn (1).6
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Subsequently, it was found that the 2.2.2-cryptand (crypt)

chelate allowed isolation of a more stable form of the (Cp0

3Y)
1�

anion in the complex, [K(crypt)][YCp0

3].
8 The crypt chelate

proved to be effective in isolating [K(crypt)][LnCp0

3] complexes

for all the lanthanide metals except radioactive Pm, eqn (2).6–8,16

Crypt was also effective in stabilizing Ln(II) ions of La and Ce in

earlier seminal studies of M. F. Lappert and coworkers using the

C5H3(SiMe3)2 (Cp
00) ligand,5 and this was extended to Pr and Nd

as well, eqn (2).17 These results showed that LnA3/K reactions

with A ¼ silylcyclopentadienyl ligands, when done in the pres-

ence of crypt, could provide Ln(II) complexes across the series.3,4

(2)

An explanation for the efficacy of the silylcyclopentadienyl

ligands was possible from the hyperne coupling constants of

the EPR spectra of the yttrium complexes. The hyperne

coupling constant of the Y(NR2)3/K reduction product, 110

Gauss,15 was considerably larger than the 36.6 Gauss coupling

constant of (Cp0

3Y)
1–6 and suggested that more of the unpaired

electron density was located on the metal in the amide complex.

It was reasoned that this was the cause of its limited stability

and made it too reactive to isolate. Since trivalent complexes of

yttrium and lanthanides of similar size, particularly Ho and Er,

have always displayed similar chemistry, it was assumed the

[Ln(NR2)3]
1� complexes could not be isolated either.

It was therefore surprising that alkali metal reduction of

Sc(NR2)3 in the presence of both 18-c-6 and crypt generated

crystallographically-characterizable Sc(II) complexes,

[Sc(NR2)3]
1�, eqn (3).18 This indicated that scandium displayed

different chemistry from the yttrium congener directly below it

in the periodic table.

(3)

This suggested that the yttrium/late lanthanide comparison

should be re-evaluated. Surprisingly, it was found that reduc-

tion of the Ln(NR2)3 complexes of Gd, Tb, and Dy with K in the

presence of crypt generated crystallographically-characterizable

Ln(II) complexes, [K(crypt)][Ln(NR2)3], 1-Ln, like Sc.19 Hence,

these rare-earth metals also differed from yttrium. For Ln ¼ Nd,

Ho and Er, however, it was necessary to use Rb as the reductant

in the presence of crypt to obtain crystals of the [Ln(NR2)3]
1�

anions as [Rb(crypt)][Ln(NR2)3]. Attempts to isolate either salt of

the yttrium anion, [Y(NR2)3]
1�, were unsuccessful.

Although an Y(II) complex was not yet isolated with amide

ligands, the reactivity of the Y(NR2)3/K system was explored with

CO and led to complexes of (CO)1� and (OC^CO)2�, eqn (4).20

(4)

We now report that by switching from crypt as the potassium

chelator to two equivalents of 18-c-6 in the reduction protocol

for rare earth Ln(NR2)3 complexes, not only can Ln(II) complexes

of Ho and Er be isolated with K as the reductant, but the

[Y(NR2)3]
1� anion, elusive since 2011, can be isolated and

crystallographically characterized. These results were unex-

pected since the (YCp0

3)
1� anion is more stable with crypt as

a potassium chelate compared to 18-c-6 and in this study none

of the cations are near the anions in the solid state. Stability

studies on the 18-c-6 complexes suggest that the speed of crys-

tallization is a critical factor. In addition, we describe how these

[K(18-c-6)2]
1+ salts enhance the reaction chemistry of the new

Ln(II) complexes by allowing isolation of CO reduction products

not obtainable from the [K(crypt)]1+ analogs. New ynediolate

complexes and an unusual enediolate complex derived from CO

reduction and homologation are presented as further examples

of the importance of the potassium chelating agent in these

rare-earth metal reduction systems.

Results
Synthesis

Gd, Tb, Dy. Initially, potassium graphite reduction of

Tb(NR2)3 (R ¼ SiMe3) was performed with a 1 : 1 ratio of

Tb(NR2)3 to 18-crown-6 (18-c-6) to evaluate the necessity of the

2.2.2-cryptand (crypt) chelate in isolating the Ln(II) species. Upon

reduction, a deep blue solution was produced similar to that of

[K(crypt)][Tb(NR2)3], 1-Tb. Layering with hexanes yielded dark

blue crystals. X-ray diffraction indicated that the [Tb(NR2)3]
1�

anion had formed, but, surprisingly, there were two 18-c-6 units

per potassium in the counter-cation: [K(18-c-6)2][Tb(NR2)3], 2-Tb,

Fig. 1. Subsequent reductions were then performed with a 1 : 2

ratio of Ln(NR2)3 to 18-c-6 which led to an increased yield, 75%.

The same reaction conditions were applied to Gd(NR2)3 and

Dy(NR2)3 and the analogous complexes, 2-Gd and 2-Dy, were

isolated in similar yields, eqn (5).

(5)

This journal is © The Royal Society of Chemistry 2020 Chem. Sci., 2020, 11, 2006–2014 | 2007
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Ho, Er, Tm. Given the success of the reaction above, the

protocol was extended to Er and Ho which had previously

produced crystals of the [Ln(NR2)3]
1� anions only with the

[Rb(crypt)]1+ cation. Crystallographically-characterizable

complexes of Ho and Er were also obtainable with K as the

reductant using 18-c-6 according to eqn (5).

This synthesis was also examined with Tm, a metal that

forms Ln(II) complexes with traditional 4fn+1 electron congu-

rations in contrast to the metals above that form 4fn5d1

ions.3,4,7,8,16 This reaction was also successful and provided

[K(18-c-6)2][Tm(NR2)3], 2-Tm.

Yttrium. Given the success of the 18-c-6 protocol observed

with the lanthanides, attempts were again made using this

chelate in the reduction of Y(NR2)3. Initial reductions were

performed as shown in eqn (4) leading to the crystallization of

the complex [K(18-c-6)2][Y(NR2)3], 2-Y, as determined by X-ray

diffraction. Subsequent attempts to synthesize 2-Y revealed

that a temperature of �78 �C helped to avoid signicant

decomposition of 2-Y during the synthesis. The EPR spectrum

of 2-Y is indistinguishable from that of the Y(NR2)3/K reduction

product reported in 2011.15

Structure

The 2-Ln complexes of Ln¼ Gd, Tb, Dy, Ho, Er, and Y, Fig. 1, are

isomorphous and crystallize in the P21/n space group. The crypt

analogs also formed an isomorphous series, 1-Ln, for Ln ¼ Gd,

Tb, and Dy, and these were also isomorphous with the analogs

containing Rb cations, [Rb(crypt)][Ln(NR2)3], 1-Ln(Rb) for Ln ¼

Ho, Er. These all crystallized in the space group P�1. The 2-Tm

complex is not isomorphous with the other 2-Ln structures and

crystallizes with two formula units per unit cell in the space

group P212121 (see ESI†).

Ln(NR2)3 and [Ln(NR2)3]
1� complexes oen show disorder in

the position of the metal with respect to the plane of the three

nitrogen donor atoms. The Ln(NR2)3 complexes of Nd,21 Eu,22

Tb,23 Dy,24 Er,24 Yb,25 and Lu26 exhibit disorder of the metal

about an inversion center such that the metal is located above

and below the N3 plane in the range of 0.34–0.58 Å. In 1-Gd, 1-

Tb, 1-Dy, and 1-Ho(Rb), the metals are disordered 0.5–0.6 Å

above and below the plane with disorder in the 65–75% range.19

It should be noted that this disorder depends on reaction and

crystallization conditions. For example, 1-Gd, synthesized in

THF and crystallized from THF/hexane formed crystals in the

P�1 space group and showed the disorder mentioned above.17

However, a sample synthesized for this study in Et2O/toluene

and crystallized by layering with hexanes formed crystals in

the trigonal space group R3 with no disorder. The structure had

an asymmetric unit consisting of one amide ligand on Gd and

a potassium cation with one third of crypt chelate. Unfortu-

nately, the data on this new structure were not of high enough

quality to discuss bond lengths (see ESI†). The disorder in the

structures of both Sc(NR2)3 and [Sc(NR2)3]
1� was found to be

highly dependent on the crystallization conditions.18

In comparison, the crystallographic data on 2-Gd, 2-Tb, and

2-Tm were successfully modeled without a disordered metal

center. These complexes had trigonal pyramidal structures with

themetal out of the plane by 0.055–0.201 Å (see below). The data

on 2-Dy, 2-Ho, 2-Er, and 2-Y were best modeled with only minor

disorder of the metal where 97% of the metal lies above and

close to the N3 plane (within 0.283 Å) and 3% lies below the

plane by 0.554 Å.

Metrical data on 1-Ln and 2-Ln are presented in Table 1. As

shown, the structures of the [Ln(NR2)3]
1� anions in 2-Ln are

identical within experimental error to the anions in 1-Ln and 1-

Ln(Rb). The parallels also apply to 1-Tm and 2-Tm which are

assigned traditional 4fn+1 electron congurations. As has been

found in other series of Ln(II) complexes,3,4,16,19 different struc-

tural parameters are observed for complexes of 4fn+1 and 4fn5d1

Ln(II) ions. Specically, the metrical parameters of [Tm(NR2)3]
1�

in 1-Tm and 2-Tm have Tm–N distances longer than those in the

Tm(NR2)3 starting material by 0.2 Å. For Gd, Tb, Dy, and Ho, the

Ln–N distances are only 0.05 Å longer than in the Ln(NR2)3
starting materials suggesting that 2-Ln for Ln ¼ Gd, Tb, Dy and

Ho, like those of 1-Ln, are 4fn5d1. Comparisons cannot be made

Fig. 1 Thermal ellipsoid plot of 2-Tb drawn at the 50% probability

level. Hydrogen atoms and disordered 18-c-6 atoms are excluded for

clarity. The other 2-Ln complexes (Ln ¼ Gd, Tb, Dy, Ho, Y, Er) are all

isomorphous.

Table 1 Comparison of metal ligand distances (Å) of [K(crypt)]

[Ln(NR2)3], 1-Ln, [Rb(crypt)][Ln(NR2)3], 1-Ln(Rb), [K(18-c-6)2][Ln(NR2)3],

2-Ln, and Ln(NR2)3

Metal
1-Ln,
Ln–N avg

2-Ln,
Ln–N avg

Ln(NR2)3,
Ln–N avg

1-Ln,
Ln–Nplane avg

2-Ln,
Ln–Nplane avg

Gd 2.307 2.309 2.247a 0.523 0.158
Tb 2.282 2.293 2.233 0.503 0.201
Dy 2.270 2.280 2.213 0.523 0.436
Ho 2.256 2.267 2.211a 0.509 0.395
Er — 2.249 2.210 NA 0.426
Tm 2.320 2.348 2.200a 0.023 0.055
Y — 2.268 2.224 NA 0.418

a These three Ln(III) complexes do not have reported crystal structures,
so expected Ln–N distances were interpolated from analogous
complexes of metals with similar ionic radii.

2008 | Chem. Sci., 2020, 11, 2006–2014 This journal is © The Royal Society of Chemistry 2020
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for 1-Er(Rb) since the reported structure was of low quality and

provided connectivity only. Hence the structure of 2-Er provided

the rst opportunity to evaluate this parameter with the

[Er(NR2)3]
1� anion. The data show a change in bond distance of

0.05 Å from Er(III)24 to Er(II) consistent with a 4f115d1 electron

conguration.

Spectroscopy

The UV-visible spectra of 2-Gd and 2-Dy are indistinguishable

from those of 1-Gd and 1-Dy with strong, broad absorbances at

598 nm (3 ¼ 3500 cm�1 M�1) and 608 nm (3 ¼ 1200 cm�1 M�1).

Spectra were also obtained for 2-Ho and 2-Er since [Ln(NR2)3]
1�

anions of these metals with crypt-based counter-cations were

too unstable to provide optical data. These spectra also show

strong absorbances around 600 nm (3 ¼ 3000, 1800) similar to

those reported for 1-Gd, 1-Dy, and 1-Tb.19 Interestingly, the

spectrum for 2-Y shows a strong absorbance at a longer wave-

length, 650 nm (3¼ 3800), than those of 1-Ln and 2-Ln. All of the

spectra of the [Ln(NR2)3]
1� complexes are shown in Fig. 2

(individual spectra are shown in the ESI†). The UV-visible

spectra of 1-Tm and 2-Tm are not as intense, which is typical

of 4fn+1 Ln(II) ions vs. 4fn5d1 Ln(II) ions as seen previously with

(Cp0

3Ln)
1� complexes.3,4

Stability

The [K(crypt)]1+ complexes, [K(crypt)][Ln(NR2)3], 1-Ln, showed

a trend in solution stability of Tm � Gd [ Tb > Dy [ Ho, Er

[Nd.19 The 2-Ln complexes have similar stability to those of 1-

Ln and display a similar trend. For 2-Tm, a half-life of one week

was observed, whereas 2-Gd had a half-life of about 2 days. For

2-Dy, a compound with moderate stability in the series, the half-

life is approximately 5 minutes in a solution of diethyl ether,

whereas 1-Dy, which is not very soluble in Et2O, shows

a 5 minute half-life in THF (ESI†). The 2-Y complex is even less

stable than the other 2-Ln compounds showing complete

decomposition within 10 seconds at room temperature, which

is consistent with the difficulty in isolating it previously.

Decomposition products were not isolated, but C–H bond

activation of the methyl ligands of [N(SiMe3)2]
1� ligands to form

cyclometalates involving [N(SiMe3)(SiMe2CH2)]
2� ligands is

a frequent degradation route for rare earth amide complexes.

The stability data indicate that although the 18-c-6 chelate is

better than crypt for crystallizing the [Ln(NR2)3]
1� anions, it

does not provide measurably more stable complexes in solu-

tion. The advantage of the [K(18-c-6)2]
1+ complexes over the

[K(crypt)]1+ analogs is in the rate of crystallization. The 1-Ln

complexes typically require over 24 hours to crystallize, whereas

the 2-Ln compounds crystallize over the span of 2–3 hours. The

more rapid crystallization is the likely reason that these 2-Ln

species of Ho, Er, and Y can be isolated. They are so reactive in

solution that prolonged crystallization times lead to

decomposition.

Reactivity with CO

Ynediolate formation. Previously, the Y(NR2)3/K reaction

conducted in situ without an isolated Y(II) complex under CO led

to the CO reduction chemistry shown in eqn (3).20 Attempts to

explore this CO reduction chemistry with isolated complexes of

the crypt chelate [K(crypt)][Ln(NR2)3], 1-Ln, for Ln ¼ Gd and Dy

did not lead to any crystallizable products. However, reactions

of CO with the 18-c-6 chelate, [K(18-c-6)2][Ln(NR2)3], 2-Ln, for Ln

¼ Gd, Dy, and Ho did provide crystalline materials as described

in the following paragraphs.

In situ reactions. Due to the limited stability of 2-Ln in

solution, the starting complexes were generated in situ

and used without isolation. Reductions of Ln(NR2)3 (Ln ¼ Gd,

Dy, Ho) were performed in Et2O with KC8 in an H-shaped

tube equipped with greaseless high vacuum stopcocks

(see ESI†) at �78 �C in the presence of 18-c-6. Introduction of

CO gas at 1 atm to the system caused the dark blue solution

to turn pale yellow immediately upon thawing. Aer the

solution was allowed to warm to room temperature,

pale yellow crystals of the CO-coupled ynediolate complex,

{K2(18-c-6)3}{[(R2N)3Ln]2(m-OC^CO)}, 3-Ln (Ln ¼ Gd, Dy, Ho),

had formed and could be isolated without further work-up,

Fig. 3, eqn (6).

(6)

These 3-Ln complexes were isomorphous with those previ-

ously reported for Y and Lu, eqn (3).20 Hence, the ynediolate

products generated in eqn (3) before any Y(II) and Lu(II)

complexes had been identied, can also be formed from solu-

tions containing established Ln(II) ions.

Only the metrical parameters for 3-Dy and 3-Ho can be

compared with other complexes, since the crystal data on 3-Gd

were not of high enough quality for detailed analysis. As ex-

pected for isomorphous complexes, the 1.183(6)–1.186(4) Å

Fig. 2 UV-visible spectra of 1-Ln19 and 2-Ln. Individual spectra and

a table of absorption maxima and extinction coefficients are in the

ESI.†

This journal is © The Royal Society of Chemistry 2020 Chem. Sci., 2020, 11, 2006–2014 | 2009
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C^C and 1.301(2)–1.311(4) Å C–O distances in 3-Dy and 3-Ho

are very similar to those in 3-Y and 3-Lu. These distances also

match other ynediolate complexes in the literature such as

[(A)3U]2(m-OC^CO) (A ¼ N(SiMe3)2,
27 OC6H2Bu

t
3-2,4,6 (ref. 28)),

[U(TrenDMSB)]2(m-OC^CO) [TrenDMSB
¼ N(CH2CH2NSiMe2-

But)3],
29 and [U(C8H6{Si

iPr3-1,4}2)(C5Me5)]2(m-OC^CO).30 The

Ln–O distances vary as expected based on ionic radii:31 2.070(2)

Å, Dy; 2.0598(14) Å, Ho; 2.057 Å, Y;20 2.021 Å, Lu.20

Reactions with isolated complexes

A thulium ynediolate. Interestingly, the Tm(II) complex, 2-

Tm, can also form an isomorphous ynediolate product. In

this case, since the 4f13 2-Tm is more stable than the 4fn5d1 2-

Ln complexes, the reaction was carried out with isolated 2-

Tm. When isolated [K(18-c-6)2][Tm(NR2)3] is dissolved in

Et2O at �78 �C, a dark solution forms. Upon addition of CO,

the solution quickly turns pale yellow. Upon warming to

room temperature overnight, the ynediolate complex,

{K2(18-c-6)3}{[(R2N)3Tm]2(m-OC^CO)}, 3-Tm, crystallizes and

was found to have a structure isomorphous with those of 3-

Gd, 3-Dy, and 3-Ho, eqn (7).

(7)

A gadolinium enediolate. Since [K(18-c-6)2][Ln(NR2)3], 2-Gd,

is the most stable 4fn5d1 complex in the 2-Ln series, a CO

reaction with this complex in its isolated form was also exam-

ined. Solid 2-Gd was added to one side of an H-tube with Et2O

stored at �78 �C on the other side. CO was then introduced to

the system and the Et2O was condensed onto 2-Gd using

a liquid nitrogen bath. The solution was then allowed to warm

to �78 �C causing the solution to turn from dark blue to

colorless. Concentration of the colorless solution produced

a small amount of colorless crystals which were identied by X-

ray diffraction as the enediolate complex [K(18-c-

6)]2{[(R2N)2Gd2(m-OCH]CHO)2]}, 4-Gd, eqn (8), Fig. 4. Hence,

the CO reduction product that crystallized from this reaction is

not the ynediolate of eqn (3), (6) and (7), but a derivative in

which two hydrogen atoms per two metal centers have been

added to what was presumed to be an ynediolate intermediate.

In addition, one amide ligand has been lost per Gdmetal center

compared to the 2-Ln precursor. The charge of the dianionic

bimetallic complex is balanced by two [K(18-c-6)]1+ units each of

which is coordinated to an oxygen atom of an enediolate ligand.

Although the origin of the additional hydrogen atoms in the

enediolate in eqn (8) versus the 2-Ln ynediolates is unknown

and the yield is not synthetically useful, the reaction demon-

strates the subtle differences that occur based on the reduction

protocols.

(8)

Enediolate complexes of f-elements have previously

been obtained from reactions of lanthanide hydride32,33 or

tris(pentamethylcyclopentadienyl)lanthanide34,35 complexes

with CO. Additionally, enediolate formation incorporating

actinides has been observed by the reductive insertion of CO

into actinide alkyl bonds as well as by insertion of a bridging

ynediolate into the C–H bond of a silylmethyl group in the

complex {[(R2N)3U]2(m-OC^CO)} (R ¼ SiMe3).
27

There are two independent anions in the unit cell of 4-Gd,

but their metrical parameters are similar. For example, the

C]C distances in 4-Gd of 1.334(4) and 1.331(4) Å are consistent

with the presence of a double bond.36 Average bond distances

and angles of 4-Gd are summarized in Fig. 5 (full data are in the

ESI†). The 1.372(5) Å average C–O distance involving the oxygen

of the enediolate that bridges the two Gd centers (O2) is similar

to the 1.352(1) Å C–O distance for the oxygen of the enediolate

that bridges Gd and K centers (O1).

The 2.322(1) to 2.356(5) Å range of Gd–N distances is only

slightly larger than the 2.289(5) Å Dy–N average distance in 3-Dy

Fig. 3 Thermal ellipsoid plot of 3-Dy (3-Ln are isomorphous) drawn at

the 50% probability level. H atoms and lattice solvent molecules are

excluded for clarity.

Fig. 4 Thermal ellipsoid plot of 4-Gd drawn at the 50% probability

level. H atoms and second molecule of 4-Gd are omitted for clarity.

2010 | Chem. Sci., 2020, 11, 2006–2014 This journal is © The Royal Society of Chemistry 2020
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although ve coordinate Gd(III) is estimated to be 0.09 Å larger

than 4-coordinate Dy(III) based on extrapolations of Shannon

radii.31 The interior Gd2O2 unit is rhombohedral rather than

square with 2.371(2) Å Gd–O2 and 2.276(2) Å Gd–O20 average

Gd–O distances. The average 2.263(3) Gd–O1 distance is similar

to the Gd–O20 distance.

The 2.778(2) and 2.745(2) Å K–O(enediolate) distances

are longer than the 2.669 Å K–O distance in

[Ta(OOO)(THF)]2[Ta(OOO)H]2[OC]C(O)C(O)]C(O)–C(O)]

CO][K(DME)]2 where H3(OOO) is 2,6-bis(3-tBu-5-Me-2-hydrox-

ybenzyl)-4-tBu-phenol,37 but the latter complex has four coor-

dinate potassium, whereas the potassium is formally eight

coordinate in 4-Gd. The 3.271(3) and 3.282(3) Å distances

between the potassium cations and carbon atoms on the ene-

diolate are within the 3.046 to 3.305 Å range of K/C distances

found for [K(18-c-6)]1+ to unsaturated carbon atoms found in

molecules such as [K(18-c-6)][Al(NONAr)(C8H8)] (NONAr
¼

[O(SiMe2NAr)2]
2�, Ar ¼ 2,6-iPr2C6H3),

38 [K(18-c-6)(h5-Pdl*)]

(Pdl* ¼ dimethylnopadienyl),39 and [K(18-c-6)][LnCp00

2(C6H6)].
40

Discussion

Reductions of the trivalent Ln(NR2)3 complexes with KC8 in the

presence of two equivalents of 18-c-6 allow for the crystallization

of the divalent products, [K(18-c-6)2][Ln(NR2)3], 2-Ln, in amatter

of 2–4 hours, eqn (5). In contrast, reductions of Ln(NR2)3 with K

in the presence of crypt require over 24 h to crystallize to

[K(crypt)][Ln(NR2)3], 1-Ln. It appears that the faster crystalliza-

tion times of 2-Ln allow for +2 ions of Ho, Er, and Y to be iso-

lated as [K(18-c-6)2]
1+ salts. The analogous reactions with crypt

did not give isolable products presumably due to decomposi-

tion during the long crystallization process. While the 2-Ln

complexes do not appear to be any more stable in solution at

room temperature than the 1-Ln series, the increased crystalli-

zation speed of 2-Ln compared to 1-Ln is the determining factor

in the isolation of the more reactive 2-Y. Hence, this is an

important way in which the counter-cation can affect the

chemistry.

The data to date on stability of the [Ln(NR2)3]
1� anions

suggests that stability decreases with decreasing size of the

metal starting with Gd as the most stable non-traditional ion for

both the 1-Ln and 2-Ln series. This may be one reason why the

Y(II) derivative was so elusive for so long. The trend of

decreasing stability as the metal becomes smaller has also been

observed for the [(C5H4SiMe3)3Ln]
1� (ref. 16) and [(C5Me4H)3-

Ln]1� (ref. 41) series of anions, but in those cases the largest

lanthanides, La–Pr, form the most stable complexes. For the

[Ln(NR2)3]
1� anions, Gd is the most stable and examples with

larger metals are less stable.

The presence of 18-c-6 chelated potassium counter-cations

also proved crucial to isolating CO reduction products in reac-

tions of 2-Ln generated in situ according to eqn (6) and (7).

Ynediolate products {K2(18-c-6)3}{[(R2N)3Ln]2(m-OC^CO)} 3-Ln,

were isolable starting from 2-Ln that could not be isolated from

reactions with the crypt-containing complexes [K(crypt)]

[Ln(NR2)3], 1-Ln. This is not to say that CO does not form yne-

diolate products with 1-Ln. Ynediolate formation could have

occurred in 1-Ln reactions, but no products could be isolated to

conrm that result. Again, the identity of the counter-cation is

important in obtaining isolable crystals before other decom-

position reactions occur.

The fact that 4f13 2-Tm made an ynediolate product like the

4fn5d1 2-Gd, 2-Dy, and 2-Ho complexes indicates that this CO

reductive homologation does not necessarily require a 4fn5d1

electron conguration. As described above, ynediolates have

previously been made from 5f3 U(III) precursors, so d electron

character is not a requirement for this reaction.

The isolation of the enediolate complex, [K(crown)]2{[(R2-

N)2Gd2(m-OCH]CHO)2]}, 4-Gd, eqn (8), from the reaction of CO

with isolated 2-Gd highlights the importance of reaction

conditions in generating crystalline products that can be iden-

tied by X-ray crystallography. This is essential for these highly

paramagnetic complexes. The reaction of CO with 2-Gd gener-

ated in situ resulted in the isolation of ynediolate, 3-Gd, but the

reaction starting with isolated 2-Gd provided a different crys-

talline product. Presumably the high reactivity of isolated 2-Gd

allowed C–H bond activation reactions to occur during the CO

reaction which led to the enediolate complexes although the

common by-product HN(SiMe3)2 was not observed. C–H bond

activation in Ln(II) complexes has been previously

observed.17,42–45 Clearly, the details of these rare earth reduction

reactions are critical to the isolation of crystalline products.

Conclusion

The importance of the counter-cation in isolating Ln(II)

complexes is shown by the fact that the elusive [Y(NR2)3]
1�

anion can be isolated by potassium reduction of Y(NR2)3 in the

presence of 18-c-6, but not crypt. The [K(18-c-6)2][Ln(NR2)3], 2-

Ln, complexes of Ho and Er are also more readily isolable than

their crypt analogs, [K(crypt)][Ln(NR2)3], 1-Ln, which could only

be isolated using Rb as a reductant as [Rb(crypt)][Ln(NR2)3], 1-

Ln(Rb). Although the 2-Ln species are not more stable in solu-

tion than 1-Ln complexes, the fact that they crystallize faster

allows the isolation of the more reactive species in the series.

Controlling the speed of crystallization of highly reactive

complexes is a major challenge in chemistry that is currently

not understood. It is well known that this is important factor in

studies of highly radioactive actinide complexes,46–48 but it

clearly is important for these highly reducing [Ln(NR2)3]
1�

anions as well.

The identity of the counter-cation also affects the ease of

isolation of reaction products of the reactive Ln(II) complexes as

Fig. 5 Average bond distances (Å) of the two independent molecules

in the unit cell for the core atoms of 4-Gd.

This journal is © The Royal Society of Chemistry 2020 Chem. Sci., 2020, 11, 2006–2014 | 2011
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demonstrated by the CO reactions. Reactions of CO with

[Ln(NR2)3]
1� anions with [K(18-c-6)2]

1+ cations gave isolable

products not obtainable with [K(crypt)]1+ salts. The 18-c-6

system has the additional advantage over crypt in that it can

form potassium chelates with a variety of sizes, charges, and

potassium to 18-c-6 ratios, i.e. [K(18-c-6)(solvent)x]
1+ (x¼ 0, 1, 2),

[K(18-c-6)2]
1+, and [K2(18-c-6)3]

2+.

The difference in reactivity with isolated solids (eqn (8))

versus in situ generated Ln(II) (eqn (6)) reects the importance of

minor details in channeling the Ln(II) reactivity to crystalline

products allowing for crystallographic characterization, which

is a primary method of characterization for complexes of these

highly paramagnetic lanthanide ions. Since the identity of the

counter-cation can determine if a complex is isolable or not, the

choice of can be critical in several ways for the reaction chem-

istry. It is clear that the counter-cations must be carefully

considered in future rare-earth reductive chemistry.

Experimental details

All manipulations and syntheses described below were con-

ducted with the rigorous exclusion of air and water using

standard Schlenk line and glovebox techniques under an

argon or dinitrogen atmosphere. Solvents were sparged with

UHP argon and dried by passage through columns containing

Q-5 and molecular sieves prior to use. Elemental analyses

were conducted on a PerkinElmer 2400 Series II CHNS

elemental analyzer. Infrared spectra were collected as thin

lms on either a Thermo Scientic Nicolet iS5 spectropho-

tometer with an iD5 ATR attachment or an Agilent Cary 630

equipped with a diamond ATR attachment. UV-visible spectra

were collected on either a Varian Cary 50 or Agilent Cary 60

UV-visible spectrometer. Evans method measurements were

carried out on Bruker GN500 spectrometer.49 Anhydrous

LnCl3 (Ln ¼ Y, Gd, Tb, Dy, Ho, Er, Tm),50 Ln(NR2)3 (R ¼

SiMe3),
51 and KC8 (ref. 52) were prepared according to litera-

ture procedures. 18-Crown-6 (Alfa Aesar) was sublimed before

use. CO (99.99%) was purchased from Airgas and used

without further purication.

[K(18-c-6)2][Y(NR2)3], 2-Y

In an argon-lled glovebox, Y(NR2)3 (40 mg, 0.07 mmol) was

combined with 18-c-6 (37 mg, 0.14 mmol) in Et2O (2 mL) and

cooled to �78 �C in the glovebox cold well. The cold solution

was added to a vial containing KC8 (14 mg, 0.11 mmol) that

had also been cooled to �78 �C and the mixture was allowed to

sit for about 1 min in the glovebox cold well. The solution was

ltered through a pipette t with a glass wool lter and layered

with �78 �C hexanes before storing in the cold well. Aer 4 h,

dark blue crystals 2-Y (42 mg, 52%) were obtained. UV-vis

(Et2O) lmax, nm (3, M�1 cm�1): 600 (3300 shoulder), 650

(3800). IR: 2940m 2888m, 1474w, 1453w, 1351m, 1236s, 1105s,

987s, 961s, 868m, 821s, 775m, 751m, 710w, 689w, 660m, cm�1.

Anal. calcd for C42H102N3O12Si6KY: C, 44.34; H, 9.04; N, 3.69.

Found: C, 43.80; H, 8.61; N, 3.25.

[K(18-c-6)2][Gd(NR2)3], 2-Gd

In an argon-lled glovebox, Gd(NR2)3 (40 mg, 0.062 mmol) was

combined with 2 equivalents of 18-c-6 (33 mg 0.1825 mmol) in

Et2O (2 mL) and cooled to �35 �C in the glovebox freezer. The

cold solution was added to a vial containing potassium graphite

(12 mg, 0.094 mmol) that had also been cooled to �35 �C and

the mixture was allowed to react about one minute in the glo-

vebox freezer. The solution was ltered through a pipette t

with a glass wool lter and layered with �35 �C hexanes before

being replaced in the glovebox freezer affording crystals suitable

for X-ray diffraction aer about 2 h (57 mg, 75%). UV-vis (Et2O)

lmax, nm (3, M�1 cm�1): 275 (3380 shoulder), 607 (1130). IR:

2945s, 2889s, 2817m, 2761w, 2730w, 2702w, 1958w, 1478m,

1458m, 1446m, 1390w, 1355s, 1298m, 1260s, 1238s, 1135s,

1107s, 1079s, 1041s, 987s, 951s, 933m, 870s, 827s, 770m, 751m,

712m, 693m, 663s, 600m cm�1. Anal. calcd for C42H102N3O12-

Si6KGd: C, 41.82; H, 8.52; N, 3.48. Found: C, 41.40; H, 8.37; N,

3.30.

[K(18-c-6)2][Tb(NR2)3], 2-Tb

As described for 2-Gd, Tb(NR2)3 (60 mg, 0.094 mmol) and 18-c-6

(50 mg, 0.188 mmol) in Et2O (2 mL) were reacted with KC8

(18 mg, 0.146 mmol) to afford 2-Tb as a dark blue crystalline

solid. Single crystals suitable for X-ray diffraction were grown by

layering a concentrated Et2O solution with hexanes (71 mg,

63%). UV-vis (Et2O) lmax, nm (3, M�1 cm�1): 595 (2300). IR:

2942s, 2889s, 2817m, 2762w, 2730w, 2698w, 1478m, 1458m,

1446m, 1356s, 1299m, 1260s, 1237s, 1135s, 1107s, 1078s, 1059s,

992s, 952s, 933m, 869s, 827s, 770m, 752m, 713m, 691m, 663s,

600m cm�1. Anal. calcd for C42H102N3O12Si6KTb: C, 41.77; H,

8.51; N, 3.48. Found: C, 41.81; H, 8.53; N, 3.23.

[K(18-c-6)2][Dy(NR2)3], 2-Dy

As described for 2-Gd, Dy(NR2)3 (60 mg, 0.094 mmol) and 18-c-6

(50 mg, 0.188 mmol) in Et2O (2 mL) were treated with KC8

(18 mg, 0.146 mmol) to afford 2-Dy as a dark blue crystalline

solid. Single crystals suitable for X-ray diffraction were grown by

layering a concentrated Et2O solution with hexanes (62 mg,

53%). UV-vis (Et2O) lmax, nm (3, M�1 cm�1): 607 (1130). IR:

2945m, 2887m, 1475w, 1455w, 1358m, 1241s, 1109s, 992s,

958m, 867s, 827s, 7767m, 753m, 712w, 687w, 670s, 607m cm�1.

Anal. calcd for C42H102N3O12Si6KDy: C, 41.64; H, 8.49; N, 3.47.

Found: C, 41.11; H, 8.98; N, 3.32.

[K(18-c-6)2][Ho(NR2)3], 2-Ho

As described for 2-Gd, Ho(NR2)3 (60 mg, 0.093 mmol) and 18-c-6

(46 mg, 0.186) in Et2O (2 mL) were treated with KC8 (18 mg,

0.146 mmol) to afford 2-Ho as a dark blue crystalline solid.

Single crystals suitable for X-ray diffraction were grown by

layering a concentrated Et2O solution with hexanes (64 mg,

57%). UV-vis (Et2O) lmax, nm (3, M�1 cm�1): 600 (1745), 691

(1115 shoulder). IR: 2940m, 2876m, 1475w, 1452w, 1352m,

1297w, 1234m, 1103s, 980s, 864m, 825s, 778m, 752m, 690w,

660m cm�1. Anal. calcd for C42H102N3O12Si6KHo: C, 41.56; H,

8.47; N, 3.46. Found: C, 41.33; H, 8.82; N, 3.53.

2012 | Chem. Sci., 2020, 11, 2006–2014 This journal is © The Royal Society of Chemistry 2020
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[K(18-c-6)2][Er(NR2)3], 2-Er

As described for 2-Gd, Er(NR2)3 (60 mg, 0.092 mmol) and 18-c-6

(49 mg, 0.185 mmol) in Et2O (2 mL) were reacted with KC8 to

afford 2-Er as a dark blue crystalline solid. Single crystals suit-

able for X-ray diffraction were grown by layering a concentrated

Et2O solution with hexanes (60mg, 53%). UV-vis (Et2O) lmax, nm

(3, M�1 cm�1): 600 (1745), 691 (1115 shoulder). IR: 2938m,

2893m, 1472w, 1450w, 1347m, 1238w, 1105s, 980s, 871m, 825s,

775m, 750m, 715w, 695w, 660m, 600m cm�1. Anal. calcd for

C42H102N3O12Si6KEr: C, 41.48; H, 8.45; N, 3.46. Found: C, 41.04;

H, 8.39; N, 3.51.

[K(18-c-6)2][Tm(NR2)3], 2-Tm

As described for 2-Gd, Tm(NR2)3 and 18-c-6 in Et2O (2 mL) were

reacted with KC8 to afford 2-Tm as a blue-green crystalline solid.

Single crystals suitable for X-ray diffraction were grown by

layering a concentrated Et2O solution with hexanes. UV-vis

(Et2O) lmax, nm (3, M�1 cm�1): 415 (385), 565 (230). IR:

2937m, 2886m, 1472w, 1471w, 1452w, 1417w, 1351m, 1231m,

1106s, 1053s, 961m, 871m, 815s, 747m, 715w, 657m cm�1. Anal.

calcd for C42H102N3O12Si6KTm: C, 41.48; H, 8.45; N, 3.46.

Found: C, 41.04; H, 8.39; N, 3.51.

[K2(18-c-6)3][(R2N)3Ho]2(m-OC^CO), 3-Ho

In an argon lled glove box, an H-shaped tube tted with a lter

frit in the middle (see ESI†) was loaded with Ho(NR2)3 (100 mg,

0.147 mmol), 18-c-6 (59 mg, 0.221 mmol), and Et2O on one side

and KC8 (30 mg, 0.221 mmol) on the other. The apparatus was

brought outside of the glovebox and attached to a vacuum line.

Both sides of the H-tube were cooled to �78 �C and the Et2O

solution was poured onto the KC8 generating a dark blue color.

The mixture was allowed to react for about 10 min before the

solution was ltered away from any excess KC8. The solution

was then frozen in liquid nitrogen and CO gas was introduced.

The solution was allowed to warm to �78 �C resulting in a color

change to pale yellow. The solution was then allowed to warm to

room temp overnight producing crystals of 3-Ho (49 mg, 27%).

IR: 2949m, 2894m, 1445w, 1398w, 1349w, 1239s, 1125m, 1065m,

971s, 860m, 823s, 770m, 751w, 673w, 656m cm�1. Anal. calcd

for C74H180Ho2K2N6O20Si12: C, 40.05; H, 8.17; N, 3.79. Found: C,

40.49; H, 7.95; N, 3.67.

[K2(18-c-6)3][(R2N)3Dy]2(m-OC^CO), 3-Dy

3-Dy was synthesized in a manner analogous to that of 3-Ho

(53 mg 28%). IR: 2949m, 2894m, 1445w, 1398w, 1349w, 1239s,

1125m, 1065m, 971s, 860m, 823s, 770m, 751w, 673w,

656m cm�1.

[K2(18-c-6)3][(R2N)3Gd]2(m-OC^CO), 3-Gd

3-Gd was synthesized in a manner analogous to that of 3-Ho

(50 mg, 27%). IR: 2947m, 2893m, 1493w, 1464w, 1444w, 1354w,

1332w, 1295w, 1238s, 1105s, 978s, 942m, 858m, 825s, 767m,

656m cm�1. Anal. calcd for C74H180Gd2K2N6O20Si12: C, 40.33; H,

8.23; N, 3.81. Found: C, 40.37; H, 8.20; N, 3.53. meff ¼ 14.5 mB

(Evans method).

[K2(18-c-6)3][(R2N)3Tm]2(m-OC^CO), 3-Tm

In an argon lled glovebox, 2-Tm (100 mg, 0.082 mmol) was

loaded into one side of an H-shaped tube tted with a glass frit

in between the two arms. Et2O was loaded into the other side

and the apparatus was removed from the glovebox and attached

to a high vacuum line. Both sides were frozen in liquid nitrogen

and CO (1 atm) was introduced to the system. The Et2O was

condensed onto the solid 2-Tm. The solution was allowed to

warm to �78 �C whereupon the solution turned yellow. The

solution was allowed to warm to room temperature overnight

and crystals of 3-Tm suitable for X-ray diffraction grew on the

side (50 mg, 27%). IR: 2937m, 2872m, 1470w, 1452w, 1393w,

1351m, 1238m, 1104s, 975s, 866m, 821s, 772m, 751w, 698w,

660m cm�1.

[K(18-c-6)]2[(R2N)Gd]2(OHC]CHO)2, 4-Gd

In an argon lled glovebox, an H-shaped tube was loaded with

solid [K(18-c-6)2][Gd(NR2)3] on one side and Et2O on the other.

The H-tube was removed from the glovebox and attached to

a vacuum line. The Et2Owas frozen with liquid nitrogen and the

H-tube was lled with CO gas. Et2O was then condensed onto

the solid [K(18-c-6)2][Gd(NR2)3] and allowed to warm to �78 �C

causing the solution to turn from dark blue to colorless. The

solution was then allowed to warm to room temperature over-

night and a small amount of colorless crystals of 4-Gd were

recovered.
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