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ABSTRACT: The high reactivity accessible from the reduction of @ Y"I(NR2)3/K —0
the tris(amide) complexes Ln(NR,); (R = SiMe,;) with potassium \L\ 1/ N_ o o
graphite in the presence of a variety of ethers is demonstrated by o [{ °\o] K\

i i — m
crystal structures of six different types of products of C O bond e 909 f
cleavage reactions with Ln = Y, Ho, Er, and Lu. Specifically, 1,2- | ™ NR, RN Y&,
dimethoxyethane (DME) can be cleaved in Ln(NR,),;/KCq gc{\o NR
reactions as shown by three different types of crystals: [K RN, 0/10,&33‘ S\
(crypt) J[(R,N);Y(OCH,CH,0CHj;)], 1-Y, [(R,N),Y(u- ” N/Y\/ '\\’,/)"'o\‘bb\ﬂfi‘NRz
OCH,CH,0CH;-k0,k0")],, 2-Y, and [K,(18-c-6),]- : €K3 NR,
{[(R,N);Lul,[(4-OCH,CH,0)]}, 3-Lu (18-c-6 = 18-crown-6; o\’_/b

crypt = 2.2.2-cryptand). THF can be ring opened by the Y(NR,)/

KCgq reaction system, as shown by crystals of the butoxide, [K(crypt)][(R,N);Y(OCH,CH,CH,CH,)], 4-Y. The cyclic ether,
oxetane, OC;Hy, ring opens in Ln(NR,);/KCy reactions to form crystals of the propoxide, [K(18-c-6)(OC;H¢)][(R,N),Ln-
(OCH,CH,CHs,)], 5-Ln, for Ln = Ho and Er. In Et,O, the Y(NR,);/KCjg reactions do not attack the solvent, but C—O cleavage of
18-c-6 is observed to form {[(R,N),]Y[u-n":n"-0,(C,;H,,0,)K]},, 6-Y. These Ln(NR,);/KCz C—O cleavage reactions are typically
accompanied by C—H bond activation reactions, which form cyclometalates such as [K(crypt)]{(R,N),Ln[N(SiMe,)(SiMe,CH,)-
kCkN]}, 7-Ln (Ln = Y, Ho, Er), and [K(18-c-6)]{(R,N),Y[N(SiMe,)(SiMe,CH,)-«C,kN]}, 8-Y, which are common
decomposition products of Ln(NR,); reactions. In addition, in this study, the hydride complex, [K(18-c-6)][(R,N),YH], 9-Y,
was isolated. NMR analysis indicates that the yttrium reactions form mixtures that consistently contain the yttrium cyclometalates 7-
Y and 8-Y as major components. These results show the diversity of available reaction pathways for the Ln(NR,);/KCg system and
highlight the inherent difficulties in isolating Ln(II) complexes containing the [Ln(NR,);]'~ anion.

B INTRODUCTION be so reducing that they would decompose any solvent in which

Among the many seminal studies of the late Professor Michael F.
Lappert were attempts to synthesize molecular complexes of
rare-earth metals in the +2 oxidation state'~” beyond the known However, when Lappert switched to THF and Et,O solvents
examples with the traditional Ln(II) ions, namely, Eu(II),

Yb(1I), Sm(II), Tm(II), Dy(1I), and Nd(II).""~"* Lappert’s in the presence of 18-crown-6 (18-c-6) and 2.2.2-cryptand
initial studies of the reduction of tris(cyclopentadienyl) rare-

they were soluble.' ">~

earth metal complexes with potassium or lithium in 1,2- (crypt), La(II) and Ce(Il) complexes could be identified (eq
dimethoxyethane (DME) led to cleavage of the solvent and
formation of methoxide complexes (eq 1. 2).8 Subsequently, using (CsH,SiMe;);Ln, precursors, Ln(II)

SiMe; SiMe; Me;Si

ﬂ Sies LiorK Mesi Me % complexes were isolated for the whole lanthanide series in THF
Me;Si \L Jn DME, -33 °C o \Lr||u/ I siMeg )
Me;Si ~ 2K[CoHy(SiMeg)y] MesSi ~o s -site; P

% SiMe, Me ﬁ (eq2).

SiMe; SiMe;  Me;Si
Ln =La, Ce, Nd

Inorgatic ity

These reactions yielded mixtures of methoxide products, such Rece_iVEd: March 1, 2023
as [CP//z Ln(u-OMe)], [Ln = La,3 Ce,l and Nd;3 Cp’ = Published: March 29, 2023
C,H,(SiMe;),], eq 1, and [Cp”,Nd(u-OMe),Li(DME)],"
along with KCp” and unidentified polymetallic methoxide
complexes. These results were consistent with earlier predictions
that any Ln(II) ion beyond Eu, Yb, Sm, Tm, Dy, and Nd would
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The reactivity of isolated (Cp”;Ln")'~ complexes with DME
was subsequently investigated, and it was found that the isolated
Ln(II) complexes slowly react with DME but do not form the
methomde complexes of eq 1 generated by in situ Cp”;Ln/K
reactions.'” This was one of several examples of the difference in
reactivity of isolated Ln(II) complexes, [Ln"A;]'~ (A = anion)
versus in situ Ln"™A;/M reactions (M = alkali metal).m_20

Subsequent studies of the reduction of CpM4,Ln (Cp™ =
C;H,Me) in THF revealed another way in which in situ LnA,/
M reactions can decompose solvents. For Ln = La and Pr, this
led to ring openmg of THF to form the (OCH,CH,CH,CH,)*~
dianion (eq 3).”’

+2KCy
+ 2 crypt @
\\THF THF/hexane, Ar
S e J @L o L/,.'" @
- graphite o Y
g i o
k/N"”) J @ @A
2

Ln=La,Pr

Although solvent decomposition by Cp*;Ln/K (Cp* = Cp”,
Cp™*) reactions has been described in several cyclopentadienyl
systems, little information is available on the amide reaction
manifold, Ln(NR,);/K. Here, we provide more information on
solvent reactivity in these reductive amide systems by describing
a series of C—O cleavage products isolated from Ln(NR,);/K
reactions (R = SiMe;). Thus, this study expands solvent
reactivity reactions to reductions with ligands beyond cyclo-
pentadienyls. It also provides more examples of the high
reactivity obtainable by the LnA;/M combinations in solution
before crystalline Ln(II) complexes are isolated. This
emphasizes the need to run these reduction reactions quickly
and minimize the time the Ln(II) products are in solution.

The products reported here were obtained in reduction
reactions that quickly lost the characteristic dark color of Ln(II)
ions in solution. The C—O cleavage products were isolated in
low yield and were likely obtained, not necessarily because they
were the main reaction product, but rather because they were the
least soluble and most crystallizable. Although these are not the
major products of these reactions, they constitute a warning of
possible routes by which reductive rare-earth reactions can be
altered by solvent reactivity and by which Ln(II) complexes can
decompose in solution. NMR studies on the yttrium reactions
typically showed the presence of the ligand-metalated anion,
{(R,N),Y[N(SiMe;)(SiMe,CH,)-«C,kN]}'", as a major com-
ponent of the complicated product mixture. This is not unusual
since these cyclometalated anions are common decomposition
products in Ln(NR,); reactions™>****~*%**73! and a salt of this
anion, [K(18-crown-6)(THF)(toluene)]{(R,N),Ln[N-
(SiMe;)(SiMe,CH,)-kC KN] }, was crystallized from a Ln-
(NR,),/K reaction long ago.”

B RESULTS AND DISCUSSION

Dimethoxyethane (DME). The addition of a chilled DME
solution (—35 °C) of Y(NR,); (R = SiMe;) and 2.2.2-cryptand
(crypt) to a —35 °C-chilled vial of excess solid KCg produced a
dark blue solution that quickly becomes light yellow. After
removal of spent KCg by filtration and crystallization under
hexanes, colorless crystals form, which were identified by X-ray
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crystallography as [K(crypt)][(R,N);Y(OCH,CH,0CHs;)], 1-
Y (Figure 1, eq 4).

DME, Ar
xs KCg
- 35°C

)
Y (NR; t
(NRa)s + cryp - graphite @

+ other products

R = SiMe,

1-Y

Complex 1-Y is evidently formed by the cleavage of a Me—O
bond of a DME molecule and differs from the DME cleavage
products in eq 1 that involved cleavage of an O—CH, linkage.
Analogous reactions in DME using 18-crown-6 (18-c-6) instead
of crypt also displayed dark-blue to light-yellow color transitions,
but the crystal structures of these products could not be solved.

In one Y(NR,),/KCjg reaction in the absence of crypt or 18-c-
6, a neutral bimetallic DME decomposition product was
isolated, [(R,N),Y(u-OCH,CH,0Me-kO,x0’)],, 2-Y (Figure
2,eq5).

DME, Ar f\ -
KCsg
n, _45° ’/ \ l_gNR.
2Y (NRz)aL» (I \ y =72 + other products (5)

- graphite / \ ’o,/

" =2(NRy" " RN \) R,
R = SiMe;
2-Y

As in the formation of 1-Y, complex 2-Y results from cleavage
of a C—O bond that excises a methyl group from DME.
However, in this case the methoxyethoxide ligand bridges two
yttrium centers with the anionic oxygen donor atom and
chelates to one of the yttrium centers with the ether oxygen. The
fate of the methyl group in this reaction is unknown.

The formation of 2-Y involves a net loss of one (NR,) "~ ligand
per metal. The isolation of a neutral complex with two amides
per metal in this C—O cleavage reaction instead of an anionic
complex with three amides per metal may be related to the fact
that no potassium chelate was present to help stabilize the
countercation as occurred in 1-Y. The loss of one amide ligand
per metal is compensated in the coordination environment by
the bridging and chelating nature of the methoxyethoxide ligand.
Loss of amide ligands in Ln(NR,);/K reactions is common, e.g.,
in the reduction of N,, which generates the [(R,N),(THF)-
Ln],N, products with two amides per metal. In addition,
KLn(NR,), byproducts are sometimes isolated in these
reactions and are presumably formed from addition of KNR,

Figure 1. The molecular structure of [K(crypt)][(R,N),Y-
(OCH,CH,0CHj,)], 1-Y, with thermal ellipsoids drawn at the 50%
probability level. For clarity, hydrogen atoms are not shown.
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Figure 2. The molecular structure of [(R,N),Y(u-OCH,CH,OMe-
k0,k0")],, 2-Y, with thermal ellipsoids drawn at the 30% probability
level. For clarity, hydrogen atoms are not shown.

to the Ln(NR, ), starting material.*' If the amide ligand is lost as
KNR,, it can explain the presence of the cyclometalated product,
{(R,N),Y[N(SiMe;)(SiMe,CH,)-«C,kN]}'~, described below
in the NMR studies, since KNR, readily reacts with Y(NR,); to
form this cyclometalate.

Complex 1-Y can also be generated by adding DME to a pre-
formed solution of [Y(NR,);]'” in Et,O. Specifically, addition
of a =35 °C-chilled Et,0O solution of Y(NR,); and crypt to
excess chilled KCgq generated a dark-blue solution characteristic
of the Y(II) ion."® After filtration to remove graphite and
unreacted KCg, addition of a stoichiometric or excess amount of
DME, chilled to —35 °C, immediately turned the solution light-
yellow. Recrystallization by layering this solution beneath
hexanes at —35 °C produced colorless crystals of 1-Y, which
were crystallographically characterized.

Ln(NR,);/KCgq reactions in DME in the presence of crypt and
18-c-6 were also examined with three lanthanide metals similar
in size to yttrium, namely, Ln = Ho, Er, and Lu.** In all cases,
reduction of the Ln(NR,); complexes in DME solutions at —35
°C using excess cold KCy in the presence of either crypt or 18-c-
6 produced dark-blue solutions that immediately turn to light
yellow. Only the reaction of Lu(NR,); with KCg in the presence
of 18-c-6 gave a crystallographically characterizable product.
After removal of spent KCq by filtration and layering of the
solution under hexanes, colorless crystals form, which were
identified by X-ray crystallography as [K,(18-c-6),]-
{[(RyN);Lu],[(#-OCH,CH,0)]}, 3-Lu (Figure 3, eq 6).

DME, Ar .
KCs 5 RN R,
- 359 o' SiLaNR,
LRy + 18-0.6 2T A Vo o~ /L‘J‘ 2| + other products (6)
- 5 o o
<ol RNY 2
i~ Ni NR;
R = SiMe, 6,970 NR, 2
(oK g2
Q59

Like 1-Y and 2-Y, this product is formed by cleavage of Me—O
bonds, but in this case, both of the Me—O bonds of a DME
molecule were cleaved and the resulting (OCH,CH,0)*”
dianion was trapped between two lutetium centers. The
isolation of 3-Lu containing a dianionic DME cleavage fragment
may be facilitated by the presence of 18-crown-6 instead of
crypt, since it can form the dicationic [K,(18-c-6);]** counter-
cation.

To better understand the nature of the decomposition of
[Y{N(SiMe;),};]'” under these conditions, a 'H NMR study of

5856

Figure 3. The molecular structure of [K,(18-c-6);]{[(R,N);Lul,[(u-
OCH,CH,0)]}, 3-Lu, with thermal ellipsoids drawn at the 30%
probability level. For clarity, hydrogen atoms, [K,(18-c-6);]**, a
molecule of Et,0, and a molecule of hexanes are not shown.

the Y{N(SiMe;),};/KCq/crypt reaction in DME solvent was
conducted. The spectrum of the previously reported cyclo-
metalated {(R,N),Y[N(SiMe;)(SiMe,CH,)-xC,kN]}'~
anion® was observed as well as a set of signals with a 2:2:3:54
integration ratio and multiplicities consistent with the presence
of the [(R,N),;Y(OCH,CH,OCH,)]"™ anion in 1-Y (see the
SI). The ratio of intensities of the cyclometalate and the anion in
1-Y was approximately 16:9. Based on the mass of the solids
obtained from this solution, the estimated yields were 31 and
17%, respectively, if there were no other products in solution.
Additional resonances were observed in the NMR spectrum that
cannot be correlated with a known compound, so these are
maximum yields. This included two additional resonances in the
SiMej, region and a low intensity doublet at —0.61 ppm (J = 2.5
Hz) consistent with the presence of another complex containing
aY-CH, moiety. Similar results to these were obtained when the
same reaction was performed using 18-crown-6 as the chelate.
Again, an approximate 16:9 ratio of the cyclometalate to the
anion in 1-Y was observed. In this case, the yields were 25 and
14% based on the amount of solid material isolated and if no
other products were in solution.

Tetrahydrofuran (THF). The reduction of a —35 °C
solution of Y(NR,); in THF with excess KCg in the presence
of crypt also produced a dark-blue solution as is observed when
DME is used as the solvent. After the spent KCg is removed by
filtration, the dark-blue solution remained colored at —35 °C for
about an hour before it turned yellow. Layering of this solution
beneath hexanes and storage at —35 °C yielded colorless
crystals, which were identified by X-ray crystallography as the
butoxide complex [K(crypt)][ (R,N);Y(OCH,CH,CH,CH,)],
4-Y (eq 7, Figure 4). Complex 4-Y is apparently formed by ring
opening of the THF solvent. Formation of n-butoxide
complexes by nucleophilic hydride attack on THF that has
been activated by a Lewis acidic metal has been reported for
many metals,” ™" although THF decomposition with for-

mation of
THF, Ar
xs KCq
i -35°C
Y'(NRy); + crypt oraphite + other products  (7)
R = SiMe,
4-Y
https://doi.org/10.1021/acs.inorgchem.3c00689
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Q)

Figure 4. The molecular structure of [K(crypt)][(R,N),Y-
(OCH,CH,CH,CH,)], 4-Y. Thermal ellipsoids are drawn at the
30% probability level. For clarity, hydrogen atoms are not shown.

(OCH=CH,)'"~ complexes is also quite common.””® THF
decomposition products containing (OCH,CH,CH=CH,)'~’
and O?7**" have also been reported as well as complexes of the
(OCH,CH,CH,CH,)*" dianion in eq 3. The presence of
hydride ligands in this system arising from ligand metalation is
discussed below.

A "H NMR study of the Y{N(SiMe,),},/KCs/crypt reaction
in THEF solvent again showed the formation of the cyclometalate
anion, {(R,N),Y[N(SiMe;)(SiMe,CH,)-xC,kN]}'~. Addition-
al signals were found in a 2:2:2:3:54 ratio, which had
multiplicities consistent with the [(R,N),Y-
(OCH,CH,CH,CH,)]'” anion of 4-Y. The intensities
indicated that the cyclometalate and butoxide were formed in
an approximate 1:1 ratio. The presence of an additional singlet
resonance at —0.21 ppm corresponding to a complex, which has
not yet been identified, precluded the determination of the
yields of the cyclometalate and the butoxide. When the
analogous reaction with 18-c-6 as the chelate was examined,
i.e., Y{N(SiMe;),};/KCs/18-c-6 in THF, an approximate 4:1
ratio of the cyclometalate to the butoxide was observed with
estimated maximum yields of 46 and 12%, respectively.

The Y{N(SiMe;),};/KCs/18-c-6 reaction was also per-
formed in THF-Dg and examined by NMR spectroscopy.
Resonances for the cyclometalate, {(R,N),Y[N(SiMe,)-
(SiMe,CH,)-kC,kN]}'~, were observed in the 'H NMR
spectrum, as well as a singlet resonance corresponding to the
protons of the —N(SiMe;,), ligands of the butoxide complex 4-Y.
An additional resonance at —0.21 ppm was observed that cannot
be identified. The ’H NMR spectrum of the same sample
(Figure S), showed four resonances corresponding to the
deuterons of the butoxide ligand of 4-Y. Additionally, H-D
coupling (Jyp = 1.9 Hz)®' was observed in the 0.87 ppm
resonance corresponding to the methyl group of the deuterated
butoxide ligand, indicating that the H atom in this position does
not originate from the solvent since it would be deuterium in this
THEF-Dg reaction. If the source of the hydrogen in this position is
the deprotonation of a methyl group of a —N(SiMe,), ligand,
this would explain the formation of both the butoxide complex
4-Y and the cyclometalate.

Oxetane, C3HgO. Ring opening of the cyclic ether, oxetane,
was also examined. When dark-blue solutions of [Ln"(NR,);]'",
generated by reduction of chilled Et,O solutions of Ln(NR;),
and 18-c-6 with chilled excess KCg, were treated with oxetane
and swirled, they turned yellow. No crystallographically
characterizable products were isolated for Ln =Y, but for Ln
= Ho and Er, the ring-opened oxetane complex [K(18-c-
6)(0C;H,)][(R,N);Ln(OCH,CH,CHj,)], 5-Ln (Ln = Ho, Er)
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40383634323028262422201816141210
ppm

Figure 5. Magnified *H NMR spectrum (92 MHz, THF) of [K(18-c-
6)][(R,N),Y(OCD,CD,CD,CD,H)], 4-Y, showing the H-D cou-
pling resulting from the CD,H moiety of the butoxide ligand. The
intense signals (and associated satellite signals) at ca. 3.7 and 1.8 ppm
are due to residual THF-Dy.

(eq 8, Figure 6), can be isolated (see the SI for Ln = Er). This
reaction is similar to that in eq 7 in which the ether is ring opened
to make an alkoxide, in this case, n-propoxide.

1. xs KCg
2. oxetane R2N
" F;zsoﬂrcA’ \Lr|1u’° - 3 r,o@ + other products ®8)
Y"(NRy); +218-c6 —35°C__ ., 03,0
- graphite / ,/N/s|——
RN
R = SiMe; Messi

Interestingly, an intact oxetane is also found in the crystal
structure coordinating to the potassium 18-c-6 moiety. The X-
ray crystal structure shows a methyl group of an (NR,)'~ ligand
oriented toward the potassium in the crown in the side opposite
the coordinated oxetane. This type of structure has been
observed before with the [K(18-c-6)]"* cation.> ™%

18-Crown-6. Previously, low-temperature reductions of
Y(NR,); with excess KCq in Et,O allowed isolation of the
Y(II) complex, [K(18-c-6),][Y(NR,);]."* This complex can be
crystallographically characterized, although it decomposes in
solution in less than 5 h at =35 °C."® In one case in a reaction
exploring CO activation, a C—O cleavage decomposition
product was crystallizable. However, the product was not the
result of Et, O solvent cleavage, but instead decomposition of the

Figure 6. The molecular structure of [K(18-c-6)(OC;H,)]-
[(R,N);Ho(OCH,CH,CH;)], 5-Ho, with atomic displacement
parameters drawn at the 50% probability level. Hydrogen atoms are
excluded for clarity.
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18-c-6 chelate, {[ (R,N),]Y[p-0,(C H,;04-k0,x0")K]},, 6-Y
(eq 9, Figure 7). This product arises from two O—CH, cleavage
reactions in the ring of an 18-c-6 molecule that formally
eliminate an ethylene unit.

1. xs K mirror RN,

i} “, = N
1.1 Y'(NRy); + 18-c-6 -0 0 Ng \ g
E!zo Ar /Y\ V) ,/\—VP‘NRZ + other products  (9)
p RN L %
45°C 0--K* %
R = SiMe; <_ ) NR,
(ol ¢]
/
6-Y

This generates a cyclic bis(alkoxide) dianion complex, which
has a potassium atom in the center of the cleaved crown ether
and the yttrium center chelated by the two alkoxide
functionalities. Previously, the formal loss of ethylene from
crypt has been observed in an attempt to synthesize Sm(I)
complexes by reduction of [CH;(SiMe;),],Sm(THF).®’
Complex 6-Y crystallizes as a dimer with two of the 18-crown-
6 derived bis(alkoxide) units connected with K—O’ and K'—
linkages. [K(18-crown-6)]"* units are known to dimerize,”*~"*
so this aspect of the structure is precedented.

Formation of Cyclometalated Decomposition Prod-
ucts. As described above in the NMR studies, in addition to the
C—O0 bond cleavage products isolated from the reductions of
amide-ligated rare-earth metal complexes in this study, products
of C—H bond activation were also identified. In the Y(NR,),/
KCjy reaction system in Et,O in the presence of crypt, the
complex [K(crypt) ]{(R,N),Y[N(SiMe;)(SiMe,CH,)-
kC,kN]}, 7-Y, can be isolated and crystallographically
characterized (eq 10, Figure 8). The anion in 7-Y was previously
reported as the [K(C¢Hg),]'" salt from the reaction of
Y[N(SiMe;),]; with KSi(SiMe;);** and as the [K(18-c-
6)(THF)(toluene)]'" salt from the Y(NR,);/KCg reaction in
THEF at room temperature.™

THF, Ar

g
xs KCq N 22
Y(NRy); + crypt —35°C_ 0. 1730 \
s graphite [ 4 RZNH/ \ /SiMez + other products (10)
N
R = SiMe; k/Ny RN R

The [N(SiMes),]'” ligand is well known to form cyclo-
metalated products containing the [N(SiMe;)(SiMe,CH,)-
kC,kN]*~ dianion.”**° Furthermore, the formation of this
dianion by C—H bond activation has also been specifically found
in numerous reduction reactions involving rare-earth and
actinide metals.”****~*>"3=7> Complex 7-Y was also isolated
from the —35 °C reduction of Y(NR,), with excess KCg in the
presence of cryptin a 1:1 solution of DME: THF that was carried

Figure 7. The molecular structure of {[(R,N),]Y[u-O,(C,oH,,0,
—k0,k0")K]},, 6-Y, drawn at the 30% probability level. For clarity,
hydrogen atoms are not shown.
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Figure 8. The molecular structure of the anion [K(crypt)]{(R,N),Y-
[N(SiMe;)(SiMe,CH,)-kC,kN]}, 7-Y, with atomic displacement
parameters drawn at the 50% probability level. For clarity, hydrogen
atoms and minor (25%) positional disorder of the Y atom are not
shown.

out to explore whether Y(II) would preferentially react with
THF or DME. As in the other reactions, the dark-blue Y(II)
solution quickly turned to light yellow. However, in this case, the
only decomposition product that was identified crystallo-
graphically is 7-Y.

To obtain more data on this THF versus DME competition,
the reaction mixture was examined by '"H NMR spectroscopy.
NMR resonances for the cyclometalate anion in 7-Y, the
butoxide anion in 4-Y, and the methoxyethoxide anion in 1-Y
can all be observed. Again, cyclometalate was the main product
in the reaction and the intensities had an approximate ratio of
11:8:1, for the anions of 7-Y, 4-Y, and 1-Y, respectively. It is
interesting that more of the THF cleavage product is observed
compared to the DME product since DME has traditionally
been more commonly found to decompose in these reduction
reactions.”"”

Coincidentally, the structure of complex 7-Y is isomorphous
with the structures of the Ln(II) complexes, K(crypt)
[(R,N);Ln], 10-Ln, for Ln = Gd, Tb, Dy, Sc.”® This has
previously been observed for other pairs of complexes involving
[N(SiMe;),]'” and [N(SiMe,;)(SiMe,CH,)-kC,kN]*", e.g,
[K(crypt) ][ (CsMes),Y{N(SiMe;)(SiMe,CH,)-kC,kN}] and
[K(crypt)][(CsMes),Y(NR,)] and [K(erypt)][(CsMe,H),Y-
{N(SiMe;)(SiMe,CH,)-kC,kN}] and [K(crypt)]-
[(CsMeH),Y(NR,)].”* Comparison of 7-Y with 10-Y for
yttrium is not possible since 10-Y has not been crystallo-
graphically characterized. However, the holmium and erbium
cyclometalates, [K(crypt)]{(R,N),Ln[N(SiMe;)(SiMe,CH,)-
kCxN]}, 7-Ln (Ln = Ho, Er), can be isolated from the
reduction of Ln(NR,), with excess KCg in the presence of crypt
in Et,0, and they too are isomorphous with 10-Ln and the other
structures (see the SI).

When 18-crown-6 was used instead of crypt in the analogous
reaction of Y(NR,); with excess KCg in Et,O, the same anion
was isolated with a different countercation, {[K(18-c-6)]-

{(RZN)ZY[N(SiMe3)(SiMeZCHZ)-KC,KN]}}n, 8-Y (eq 11,
Figure 9).

Et,0, Ar RN R 1 Go

xs KC, UnaNL o NR
Y"(NRy)s+ 2 18-c- 5 -35°C RN-Y S '(\7'.‘3—».;,‘27 NR; | & 1°°\ 2

- graphite MezS|\CH N o} Vs \Y'"' oK—y-H‘YIJJ-NRZ (11)
R = SiMe; 05 MeoSinn \

[o\»:gfj R NR,
8y 9y

+ other products

In this case, the complex crystallized as an extended structure
in which the [K(18-c-6)]'" cation has a methyl group of a Me;Si
unit on one side and a methylene of a (SiMe,CH,) moiety on
the other side. There is precedence in the structural chemistry of
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Figure 9. The molecular structure of the extended structure of {[K(18-
c-6)]{(R,N),Y[N(SiMe,)(SiMe,CH,)-kC,kN]}},, 8-Y, with thermal
ellipsoids drawn at the 50% probability level. For clarity, hydrogen
atoms are not shown.

the [K(18-c-6)]'" cation, showing that it can form extended
structures with silylmethyl groups oriented toward the
potassium.””"* In the (2,2,6,6-tetramethylpiperidin-1-yl)oxyl
complex, {[(18-c-6)K][(u-Me;Si)(Me;Si)N],[GA(NR,)('-
ONC;H¢Me,)]},, trimethylsilyl groups are oriented to both
sides of the {[(18-c-6)K]** cation.®

The Y(NR,);/KCg reaction system also yielded a hydride
product, [K(18-c-6)][(R,N);YH], 9-Y (eq 11, Figure 10),
which was a complex crystallized from the reduction of Y(NR,);
with excess KCy in Et,O in the presence of 18-c-6. The hydride
ligand in 9-Y is formally the “other” product of a reductive C—H
bond cleavage that forms the [N(SiMe;)(SiMe,CH,)-kC,kN]*~
dianion. Formation of hydride byproducts in rare-earth
reduction reactions has been observed before in the reduction
of [((A*M°ArO);mes)Ln]”*""° and of [((**M°ArQ),mes)-
U].”*”7 This yttrium hydride is unusual in that the hydride
ligand is oriented toward the [K(18-c-6)]'* cation. A chelate-
free dimeric version of this yttrium hydride, (R,N),Y[K(u;-
H)],Y(NR,),, has been previously reported from the hydro-
genat;(gn of the reaction product of Y(NR,); with benzylpotas-
sium.

Crystallographic Details: Ln—O Structures. In four of the
six structures containing Ln—O bonds derived from C—O bond
cleavage reactions described here, the rare-earth metals are
coordinated by three amide ligands and an anionic oxygen donor
atom ligand and require countercations for charge balance:
[K(crypt) J[(R,N);Y(OCH,CH,0CH3)], 1-Y, [K;(18-c-6);]-

Figure 10. The molecular structure of [K(18-c-6)][(R,N);YH], 9-Y,
with atomic displacement parameters drawn at the 30% probability
level. All hydrogen atoms are excluded for clarity except the hydride
ligand.

{[(RyN);Lu],[(u-OCH,CH,0)]}, 3-Lu, [K(crypt) ][(R,N);Y-
(OCH,CH,CH,CH;)], 4-Y, and [K(18-c-6)(OC;Hy)]-
[(R,N);Ln(OCH,CH,CH,)], 5-Ln. These are analyzed as a
group in Table 1. The remaining complexes, [(R,N),Y(u-
OCH,CH,0Me-x0,c0’)],, 2-Y, and {[(R,N),]Y[u-
0,(C;oH,00,-k0,k0")K]},, 6-Y, differ in that each contains
two amides per rare-earth metal and no countercation since the
overall complexes are neutral. These are compared in Table 2.

Complexes 1-Y, 3-Lu, 4-Y, and 5-Ln all have a distorted
tetrahedral coordination environment around the rare-earth
metal formed by the three amide ligands and one O-bound
ligand. As shown in Table 1, the Ln—N distances fall in the
narrow range of 2.25—2.30 A since the structures are similar, and
the metals have similar ionic radii. The Ln—O distances and
Ln—O—C angles are also similar as are the N—Ln—N and N—
Ln—O angles. In 5-Ho and S$-Er, both show an interaction
between a methyl group of the SiMe; moiety and the potassium
atom with closest C—K distances of 3.280(3) A and 3.285(3) A,
for Ho and Er, respectively.

Complex [(R,N),Y(u-OCH,CH,0Me-kO,x0’)],, 2-Y, has
Ln—O bond distances that are longer compared to 1-Y, 3-Lu, 4-
Y, and S-Ln because the anionic oxygen donor atom in the
methoxyethoxide ligands is bridging with Y(1)—0O(1)’ 2.253(1)
Aand Y(1)—0(1) 2.311(1) A distances and the chelate oxygen
is a neutral ether donor with a Y(1)—0(2) 2.369(1) A distance.

Complex 6-Y, {[(R,N),]Y[§-O,(CoHz004-k0,k0")K]},,
also has two amide ligands per yttrium like 2-Y, and has similar
Y—N distances although the coordination number is four in 6-Y
and five in 2-Y. Each oxygen of the chelating bis(alkoxide) ligand
derived from 18-c-6 bridges Y and K with Y—O bond distances
of 2.085(1) and 2.104(1) A, respectively.

The [K(crypt) J{(R,N),Y[N(SiMe,)(SiMe,CH,)-kC,kN]}),
7-Y, complexes have two conventional (R,N)'~ amide ligands
per metal like 2-Y and 6-Y, along with another amide that has
been metalated to form a dianion. All the Ln—N distances are in
the range of 2.24—2.30 A similar to those above. The Ln—C
distances are longer at 2.44—2.70 A.

The (18-c-6)K(u-H)Y(R,N),Y complex, 9-Y, is a tris-amide
complex with an unusual hydride ligand oriented toward the
potassium in the 18-c-6 ligand. The Y—N distances fall within
the range of the other complexes in this study, which
demonstrates that these bond lengths are rather uniform across
a variety of complexes. The metal hydride distances cannot be
determined with great accuracy, but it appears that hydride is
significantly closer to yttrium (2.18(4) A) than potassium
(2.61(4) A). Hence, 9-Y constitutes yet another example of how
the [K(18-c-6)]"* cation orients in crystals to add electron
density around potassium.

B CONCLUSIONS

The high reactivity of the Ln(NR,);/KC; reduction system is
demonstrated by X-ray crystal structures of six different types of
C—O0 bond cleavage products that result from decomposition of
DME, THF, oxetane, and 18-c-6. When other substrates are
absent and if the low temperatures needed to isolate the Ln(1I)
complexes, [Ln(NR,);]'~, are not maintained, the systems will
clearly decompose solvents. As shown here, a variety of alkoxide
products result from these reactions including
(OCH,CH,0CH,;)'", (OCH,CH,0)*",
(OCH,CH,CH,CH;)'", (OCH,CH,CH;)'", and
[0,(C1oH300,4)]*". Although Et,0O is not attacked by this
system, decomposition can occur in this solvent via C—H bond
activation that generates complexes of the [N(SiMe,)-
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Table 1. Selected Bond Distances (A) and Angles (°) for [K(Crypt)][(R,N);Y(OCH,CH,0CHj;)], 1-Y, [K,(18-c-
6)3]{[(RzN)sL“]z[(I"OCHz(:HzO)]}; 3-Lu, [K(CYYPt)][(RzN)sY(OCH2CH2CH2'CH3)]: 4-Y, and [K(18-c-
6)(0C;H,)][(R,N)sLn(OCH,CH,CH,)], 5-Ln (Ln = Ho, Er)

Ln—0O Ln—N C—O-Ln N—-Ln—N
1-Y 2.115(4) 2.25(1)-2.30(1) 159.0(5) 114.7(1)—117.0(5)
3-Lu 2.113(3) 2.234(2)—-2.247(2) 159.2(4) 113.02(8)—117.08(8)
4-Y 2.038(4) 2.288(4)—2.298(4) 161.4(5) 113.39(14)—116.04(13)
5-Ho 2.045(2) 2.280(2)—2.293(2) 165.2(2) 112.89(8)—116.33(8)
S-Er 2.036(2) 2.270(2)—2.288(2) 164.9(2) 112.77(7)—116.09(7)

N—-Ln—O
102.0(1)—104.6(1)
101.21(10)—106.10(10)
101.85(17)—103.00(14)
103.27(9)—103.91(9)
103.69(7)—104.27(7)

Table 2. Selected Bond Distances (A) and Angles (°) for [(R,N),Y(u-OCH,CH,0Me-k0,k0’)],, 2-Y, and {[(R,N),]Y[p-

0,(C;H,0,4-k0,k0")K]},, 6-Y

Ln—O Ln—N C—0O-Ln N—Ln—-N N-Ln-0O
2-Y 2.253(2)—2.370 (2) 2.239(2), 2.283(2) 113.99(11)—132.50(12) 114.73(6) 98.26(5)—127.05(5)
6-Y 2.085(2), 2.104(2) 2.273(2), 2.285(2) 151.36(12), 142.82(12) 122.10(5) 104.36(5)—116.72(5)

(SiMe,CH,)-kC,kN]*>~ cyclometalate dianion as well as a
hydride complex. Formation of the cyclometalate is common
in Ln(NR,); reactions, and NMR studies of the C—O cleavage
reactions show that it is generally formed in higher yield than the
C—O cleavage products, although the cleavage products
crystallize more readily.
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