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ABSTRACT: The reductive reactivity of a Ln(Il) ion with a nontraditional Sree

4£'5d" electron configuration has been investigated by studying reactions of e

the {Gd"(N(SiMe;),);]} anion with a variety of reagents that survey the

many reaction pathways available to this ion. The chemistry of both [K(18- Reduction

¢-6),]" and [K(crypt)]" salts (18-c-6 = 18-crown-6; crypt = 2.2.2-cryptand)  weosy s
was examined to study the effect of the countercation. CS, reacts with the [ "o 4751
crown salt [K(18-c-6),][Gd(NR,);] (1) to generate the bimetallic (CS;)*”  Bond Cleavage == {Gd'IN(SiMe,),J,}'~ == Reductive Coupling

(K(18-c-6)(py) RN
( 2l2 [R;N,,‘ e ]

Ga" NN\~

/I NOh—eg!
Ph RN =" VNR,
NR;

complex {[K(18-c-6)](u5-CS3-kS,k*S’,S”")GA(NR,),]},, which contains two / \
trithiocarbonate dianions that bridge Gd(III) centers and a potassium ion Radical Reactivity Insertion
coordinated by 18-c-6. In contrast, the only crystalline product isolated from wosy 1 wowr 3,
the reaction of CS, with the crypt salt [K(crypt)][Gd(NR,),] (2) is [-unw/"'\ﬁ/"\%f - .,,...../GJ'\N/JW,}
[K(crypt) {(R,N),Gd[SCS(CH,)Si(Me,)N(SiMe;)-kN,kS]}, which has a q&, o

CS, unit inserted into a cyclometalated amide ligand. Complexes 1 and 2

reductively couple pyridine to form bridging dipyridyl moieties, (NCsH,-

CsHyN)*", that generate bimetallic complexes differing only in the countercation, {[K(18-c-6)(CsHsN),]},{[(R,N);Gd],[u-
(NC¢H,-CsH,N),1} and [K(erypt) L,{[(R,N);Gd],[¢-(NC;H,-C;H,N),]}. Complexes 1 and 2 also show similar reactivity with
(2,2,6,6-tetramethylpiperidin-1-yl)oxyl (TEMPO) to form the (TEMPO)~ complexes [K(18-c-6)][(R,N),Gd(5'-ONCHMe,)]
and [K(crypt)][(R,N);Gd(n'-ONCsHMe,)], respectively. The first example of a bimetallic coordination complex containing a Bi—
Gd bond, [K(crypt)][(R,N);Gd(BiPh,)], was obtained by treating 2 with BiPh,,

B INTRODUCTION Ln(II) complexes with CO and N, showed the amide ligand

The discovery that crystallographically characterizable com- set to belfl_d&antageous in the isolation of reduced small

plexes of rare-earth-metal Ln(II) ions were available for not molecules.

only Eu, Yb, Sm, Tm, Dy, and Nd but also for Y, La, Ce, Pr, A

Gd, Tb, Ho, Er, and Lu'™’ opened up new opportunities in O(O\Q?

rare-earth reduction chemistry. The new Ln(II) ions generated La"(NR,); + 2 18-crown-6 —XKCa g o RN /Ln'-"{rﬁg 1)
¢ 2

by the reduction of 4f* Ln(III) precursors were found to have Ln = Gd, Tb, Dy, Ho, Er, Y (o7
4£'5d" electron configurations rather than the traditional 41

Ln(II) configuration, and this offered the possibility of new

reactivity patterns.’”>

The new Ln(II) ions could be isolated across the lanthanide NN \
series from La to Lu as well as for Y in anions of the general Ln"{NRo); + 2.2.2-cryptand —KKCs__ [0 OJ TR @
formula (Cp’;Ln)~ (Cp’ = CsH,SiMe;),””” but this tris(Cp’) Ln = Gd, Tb, Dy o i NRz
R = SiMe; LN
ligand set has not been ideal for isolating products of reactions
with small molecules.”” The (Cp’;Ln)~ complexes are reactive ZLn

with most small-molecule reagents, but mixtures of products
are often obtained that do not readily yield crystalline material
suitable for a definitive crystallographic analysis of a single
product.

The discovery that the new 4f'5d' Ln(II) ions could be
isolated in the amide-ligated anions [Ln(NR,);]™ (R = SiMe;;
eqs 1 and 2) provided a different ligand set for investigating
Ln(1I) reactivity.'”"" Reactions of these isolated [Ln(NR,);]~
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Figure 1. Overview of the reactivity of [Gd(NR,);]™.

Although the tris(amide) ligand set proved to be more
favorable than the tris(cyclopentadienyl) complexes for small-
molecule reactivity studies, it has not provided Ln(II)
complexes across the series. Crystallographically characterized
[Ln(NR,);]~ complexes are known only for Nd, Sm, Eu, Gd,
Tb, Dy, Ho, Er, Tm, Yb, Y, and Sc, and some of these examples
are challen%mg to synthesize and have limited stability in
solution,'”'!#151% The [Gd(NR,);]” anion was chosen for
this study because it is the member of the 4f'Sd' Ln(II) amide
series most readily isolated as a crystalline solid. [Gd(NR,);]~
has been crystallographlcally characterized as both [K(crypt)]*
and [K(18-c-6),]" salts."” Since previous studies have shown
that the identity of the cation can be crucial to the successful
isolation of reaction products,'”"" both salts were investigated.

We report here that both [K(18-c-6),][Gd(NR,);] (1) and
[K(crypt)][GA(NR,);] (2) react with a wide variety of
reagents. However, since the Gd(III) products of these
reactions are complexes of 4f” GA(III), which has a 7.9 ug
magnetic moment, only the products that could be crystallo-
graphically characterized are reported here. As discussed in
previous papers,”'" the products isolated from these reactions
reflect the least soluble products of the reaction that are most
prone to crystallize in a form analyzable by X-ray
crystallography. Hence, the reaction products are representa-
tive of the types of reactions that can occur with Gd(II), but
they should not be used to infer reaction mechanisms or even
main reaction pathways.

B RESULTS AND DISCUSSION

The reactivity of the [Gd(NR,);]~ complex was examined with
a variety of reagents, as shown in Figure 1.

15636

The broad range of reagents was chosen to survey multiple
different reaction pathways for Gd(II) and to compare with
prior studies of reductive rare-earth chemistry. As was
mentioned above, prior studies had been done with co'!
and N,'* and the chemistry of CO, with the in situ amide
system of yttrium, i.e. Y(NR,);/K, had already been studied."”
Reactions with NO have not given identifiable products. In this
study, reagents beyond these common small-molecule reagents
were examined.

Carbon Disulfide. CS, was chosen as a reagent since it had
been previously studied with complexes of the traditional 4f°,
4f, and 4f'* ions Sm(II), Eu(II), and Yb(II), respectively. A
variety of products were identified from these reactions,
including (CS,)*7,"*" coupled (SCS-CS,)*",*"*" and (SC=
CS)*™ " as well as the potassium salts K,CS;, K,C,S,, and
K,C;S:.”* CS, reduction has also been studied with actinide
reducing reagents, and complexes containing trithiocarbonate,
(CS;)*", have been isolated.””** CS, was also of interest, since
an in situ Y(NR,);/KCg/18-c-6/CS, reaction had previously
generated crystals of a trithiocarbonate, {[K(18-c-
6),(THE),],[(R,N),Y(u-CS5-k*S,8")],}(18-c-6) (see Figure
S1 in the Supporting Information).

A Trithiocarbonate from CS, and 1. The dropwise
addition of excess CS, to a dark blue solution of the 18-c-6
complex [K(18-c-6),][Gd(NR;),;] (1) dissolved in Et,O at
—35 °C under Ar immediately formed a dark yellow solution.
Within 24 h, small amounts of light yellow crystals grew on top
of a red oil that solidified at —35 °C. The yellow crystals were
characterized by X-ray diffraction as the trithiocarbonate
complex {[K(18-c-6)](u5-CS;-kS,x*S",S"")[GA(NR,),]}, (3;
Figure 2 and eq 3). Attempts to crystallize the red oil have
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Figure 2. Representation of {[K(18-c-6)](u3-CS5-kS,k*S’,S"")[Gd-
(NR,),]}, (3) with atomic displacement parameters drawn at the
50% probability level. Hydrogen atoms are omitted for clarity.

so far been unsuccessful, although its IR and UV-—visible
spectra are very similar to those of the yellow crystals (see the
Supporting Information). The stoichiometry with respect to
CS, did not affect the outcome of the reaction: similar results
were observed from reactions of 1 with 1 equiv and excess CS,.
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Complex 3 is a tetrametallic compound that contains two
trithiocarbonate dianions (CS;)*~ with each sulfur involved in
a bridge between two metals. It crystallizes in the monoclinic
P2,/c space group with one formula unit per unit cell. One

sulfur from each (CS;)* ligand bridges two Gd(III) ions, each

ligated by two (NR,)” ligands. The other two sulfur atoms
bridge a Gd(III) ion and a potassium ion bound to an 18-c-6
ligand. This type of k* (CS;)*~ has been observed previously in
the extended 3D polymeric structure of (K,CS;)s(DMSO),,,
in which each sulfur bridges three potassium ions and each
potassium is coordinated by three thiocarbonate sulfur atoms
and three DMSO ligands™* (Figure 3). It has also been found
in (RO),U(CS;)[(K(18-crown-6)], (R = Si(OCMe,);)** and
in (RR'N),Fe(CS;)[K(18-crown-6)], (R = SiMe;; R’ = 2,6-
diisopropylphenyl)* (Figure 3). The U and Fe structures
differ from 3 in that there are two [K(18-crown-6)]" units
coordinating to the x> (CS;)*” and only one other metal (U,
Fe) rather than one potassium and two Gd as in 3. The
product of the in situ Y(NR,);/KCq/18-c-6/CS, reaction is
also shown in Figure 3.

In Table 1, the metrical parameters on 3 are compared with
those of the related yttrium complex {[K(18-c-

Table 1. Selected Metrical Parameters for {[K(18-c-6)](u;-
CS;-kS,k*S",8"")[GA(NR,),]}, (3) and {[K(18-c-
6)2(THF)2:|2[(R2N)2Y(ﬂ-CS3-KZS,S')]2}(18-c-6) (A; deg)

{[K(18-c-6)](15-CS5-kS,k*S",S"") {[K(18-c-6),(THF),],[ (R,N),Y (u-
[ NR,),]}, CS;- Kls S’ )]2}(18C6)
Gd1-N1 2.285(4) Y1-N1 2.260(2)
Y1-N2 2.258(2)
Gd1-S1 2.8350(11) Y1-S1 2.8055(8)
Gd1-S1’ 2.8349(11) Y1-S3 2.7930(7)
Gd1-S2 3.0180(9) Y1-S2 2.9442(7)
S1-Cl 1.712(3) S1-C13 1.702(3)
S2—C1 1.718(7) S2—C13 1.731(3)
S1'-Cl1 1.712(3) S3—C13 1.702(3)
$1-C1-S1’ 120.8(4) $1-C13-S3 122.38(16)
S1-C1-S2 119.53(19) S1-C13-S2 119.25(16)
S1'-C1-82 119.53(19) $3—-C13-S2 118.23(16)

6)2(THF)2]2[(RzN)zY(ﬂ'CSszS/S’)]z}(18'C'6) (Figure 3),
isolated from an in situ Y(NR,);/KCg/18-c-6/CS, reaction
(see the Supporting Information). Although the structures
differ in that potassium is not coordinated to the (CS;)*” ion
in the yttrium complex, the metrical parameters are very
similar after taking into account that the ionic radius of Y(III)
is approximately 0.03—0.04 A shorter than that of Gd(III).*

Despite the two types of sulfur bridges in 3, i.e. Ln—S—Ln
and Ln—S—K, the metrical parameters of the (CS3)2_ ligands
are quite uniform. The S—C—S angles span a small range:
119.1(2), 120.8(4), and 119.1(2)°. The 1.712(3) (C1-S1),
1.712(3) (C1-S1’), and 1.718(7) A (C1—-S2) C—S distances
are between the values typical for a C S single bond, 1.819 A,
and a C=S$ double bond, 1.671 A, which suggests that the

\rvrv- (18-c-6)K —S—K(18-c-6)
L \ / 578
/
L C\K L (tBUO)3S|0/II:|;\ K/ t X/I/N
/ S/ \ / \ / 0Si(O'Bu);
/ \ (‘Bu0);Si0” | x”
‘1'\14 R OSi(O'Bu);
n

Mazzanti, 2014 Mazzanti, 2015

Werncke, 2021

[K(18-c-6)(THF)2],

__---K(18-c-6) / \
S\_— ! n ..m\\\Smm,, |||

° \C_s RZN / \ 7 \
N
..... K(18-c-6) S/C\S

SI, Figure S1

Figure 3. (CS;)*~ complexes: [(K,CS3)5(L)1,], (L = DMSO),” {U[OSi(O'Bu);],(p3-Kk*:k*:k*CS;3)K,(18-c-6),}, " [K(18-c-6)],[X,Fe(n>-CS;)]
(X = N(Dipp)SiMes, Dipp = 2,6-diisopropylphenyl),”* and {[K(18-c-6),(THF),],[(R,N),Y(u-CS;-,25,5')1,}(18-c-6) (Supporting Information)

(R = SiMe;).
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charge is delocalized across all three C—S bonds. These bond
distances are similar to those in [{((*ArO),N)U},(u-CS;-
kS,kS')],with C—S bond distances of 1.724(4), 1.707(4), and
1.710(4) A.** The metrical parameters of the (CS;)*” unit in
{[K(18-c-6),(THE),],[(R,N), Y (u-CS3-x°8,S") ],}(18-¢-6) are
similar to those in 3, even though potassium is not bound. This
indicates that the [K(18-c-6)]" ions are not significantly
perturbing the core structure in 3.

In 3, the planar Gd, Gd’, S2, S2’ quadrilateral is
perpendicular to the plane defined by C1, S2, C1’, and S2'.
{[K(18‘C‘6)2(THF)2]2[(RZN)zY(ﬂ‘Css‘KZS;S,)]z}(18‘C‘6) has
a similarly symmetrical arrangement, but the 2.9442(7) A Y1—
S2 distance differs slightly from the 2.9814(7) A Y1-S2’
distance. In 3, the quadrilateral is rhombic with 3.0189(9) A
Gd1-S2 and Gd1-S2’ distances. All of the other Ln—N and
Ln—S distances in 3 and the yttrium analogue are similar when
the difference in ionic radii is taken into account. The
2.8350(11) A Gd1—-S1 and 2.8349(11) A Gd1—S1’ distances
in 3 for the sulfur atoms bridging to potassium are shorter than
that in the Gd—S—Gd bridging unit, 3.0180(9) A. The
113.8(5)° Gd—S—Gd angle is also more acute than the
168.5(5)° Gd—S—K angle. The 2.285(4) A Gd—N(NR,)
distances in 3 are only slightly longer than the 2.230(6) and
2.244(6) A analogues in the complex with simple (SR)~
bridging ligands in [(R,N),Gd(u-SBu')],.*

A CS, Insertion Product from 2. Like 1 above, the crypt
complex [K(crypt)][Gd(NR,);] (2) reacts immediately with
CS, with 2 with a color change from dark blue to yellow in
THE. However, the crystalline product isolated in this case was
[K(crypt) [{(R,N),Gd[SCS(CH,)Si(Me,)N(SiMe;)-kN,xS]}
(4; Figure 4 and eq 3).

S2

C ()
‘\g//led N1 8 ,

Figure 4. Representation of the anion of [K(crypt)]{(R,N),Gd-
[SCS(CH,)Si(Me,)N(SiMe;)-kN,xS]} (4) with atomic displacement
parameters drawn at the 50% probability level. Hydrogen atoms are
omitted for clarity.

Complex 4 formally appears to be the product of insertion of
CS, into the Gd—C bond of the cyclometalated amide unit
“{(R,N),Gd[(CH,SiMe,)N(SiMe;)-kC,kN]}~”. Cyclometala-
tion of N(SiMe;), ligands is a common reaction for this
ligand,””™** and examples of C—H bond activation have been
observed previously in reductive Ln(II) chemistry.”*~*” Hence,
it is conceivable that the cyclometalated product is generated

in this reaction. The only other known lanthanide-based CS,
insertion product is an Yb(II) dithiocarbamate, Yb(S,CNR,),,
which was obtained from the reaction of [Yb(NR,),(OEt,),]
with CS, but was not crystallographically characterized."®

No examples of insertion of CS, into a Gd—C bond of a
cyclometalated amide were found in the literature for
comparison with 4. Complex 4 crystallizes in the monoclinic
P2,/n space group with one formula unit per unit cell. The
1.726(4) A S1—C bond length is shorter than the typical C—S
bond length of 1.819 A, whereas the 1.659(3) A C—S2 bond is
close to that of a C=S double bond, 1.671 A.*” The 2.288(3)
A Gd—-N1 cyclometalated nitrogen bond length is indistin-
guishable from the 2.286(2) A Gd—N3 and 2.292(2) A Gd—
N2 terminal amide distances. All of these Gd—N distances are
similar to those in 3. The 2.7490(9) A Gd—S1 bond length in
4 is shorter than the Gd—S bonds of 3, which involves sulfur
bridging two metal atoms. The newly formed C—C bond
distance is 1.506(5) A, in the typical single-bond range.

Pyridine Reductive Coupling from 1 and 2. Pyridine is
another reagent that has been examined with other low-
oxidation-state lanthanide and actinide complexes; thus, there
is precedent for investigating its reactivity with Gd(II).
Reductive coupling has been observed with Sm(II),* Tm-
(1),°%°" U(11),>* and Th(III).>® Reductive coupling with
transition metals is also known.>*

Dropwise addition of excess pyridine to a dark blue solution
of 1 in Et,O at —35 °C in an argon-filled glovebox immediately
formed a light pink solution. This solution was layered into
hexanes, and the product crystallized at —35 °C within 24 h as
pink crystals. X-ray diffraction revealed that these crystals were
the reductively coupled pyridine complex {[K(18-c-6)-
(NCsHs), J1{[(RyN);Gd ], [u-(NCsH,-CsHUN), I} (55 Figure
S and eq 4) with a pyridine-ligated potassium 18-c-6
countercation.

_ RN -
KAB-COPYIRN,Y |, NR,
Gd"N_ N\ — L
Et,0 / _N—Gd,
— > RoN VNR,
N chelate = L NR, |
XSO 18-c-6
N/ x=2 5
1l
K(chelate),][Gd (NR; —
IK( L @
_ RN -
R = SiMes; 18-c-6 = 18-crown-6; HE Kleryptly RzN/,,(‘; - fiRe
crypt = 2.2.2-cryptand L d—N__ =
e P chelate = / :>\<;N—Gd,|1"
crypt RN V”NR,
x=1 L NR,

A reaction analogous to the pyridine/1 reaction was also
explored with a dark blue solution of 2 in THF, and this
afforded the similarly coupled pyridine complex [K-
(erypt) [,{[(NR,);Gd],[u-(NCsH,-CsHN) 1}, (6; Figure S6
and eq 4), which differed only in the countercation. Complex 6
crystallizes with two molecules of the bimetallic Gd complex in
the unit cell along with four [K(crypt)]* countercations and six
THEF molecules in the crystal lattice. For 6, the data were not
of high enough quality for a detailed structural discussion.

Selected bond distances of § are given in Table 2. Complex
S crystallizes in the monoclinic P2,/n space group with one
formula unit per unit cell. The C—C bonds C2—C3 (1.518(8)
A), C4—C3 (1.498(8) A), and C3—C3’ (1.565(10) A) are
typical C—C single-bond lengths.27 The C1-C2 (1.342(8) A)
and C5—C4 (1.335(8) A) distances are typical for C=C
bonds.”” The 2.287(4) A Gd—N[u-(NC;H,-CH,N)] distance
in § is close to the 2.298(4)—2.337(4) A range of Gd—
N(amide) single-bond distances. In comparison, the recently
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Figure S. Representation of {[K(18-c-6)(NC¢H;),]},{[ (R,N);Gd],[u-(NCsH,-CsH,N),]} (S) with atomic displacement parameters drawn at the
50% probability level. Hydrogen atoms and [K(18-c-6)(NC;Hs),]* are omitted for clarity.

Table 2. Selected Bond Distances (A) for §

Gd—N1(py) 2.287(4)

Gd—N, e 2.298(4), 2.334(5), 2.337(4)
NI1-C1 1.395(7)

N1-CS 1.392(7)

C1-C2 1.342(8)

CS5—C4 1.335(8)

C2-C3 1.518(8)

C4-C3 1.498(8)

C3-C3’ 1.565(10)

reported uranium complex [K(crypt)],{[(R,N);U],[u-
(NC4H,-CsH,N)]}? has an average 2.385(5) A U—N(amide)
distance that is similar to the U—N[u-(NC¢H,-C;H,N)]
distance of 2.404(7) A. The longer uranium distances are
consistent with the fact that the Shannon radius of U(III) is
0.087 A larger than that of Gd(III).”® The C3—C3’ bond
distance of 1.565(10) A for § is within error equal to the
uranium complex distance, which was 1.570(17) A.>> These
distances are also consistent with a single bond and are close to
the range of 1.559(4)—1.563(6) A distances reported for

50,51

.54 ) . .53
iron,”” samarium,” thulium, and thorium® complexes

featuring reductively coupled pyridines.

Reduction of (2,2,6,6-Tetramethylpiperidin-1-yl)oxyl
(TEMPO) by 1 and 2. To examine the radical reactivity of the
4£75d" ion, TEMPO reactions were studied. When an orange
solution of TEMPO in Et,O at —35 °C was added to a dark
blue solution containing 1 in Et,O at —35 °C, the solution
turned light pink. Colorless crystals were obtained from this
solution layered under hexanes and were characterized by X-
ray diffraction to be {[(18-c-6)K][(u-Me;Si)(Me;Si)N],[Gd-
(NR,)('-ONCsHeMe,)]}, (7; Figure 6 and eq 5). In the
solid state, this complex has an extended structure generated
by interactions on either side of the [K(18-c-6)]* cation with
silylmethyl groups of the (NR,)~ ligands (Figure 7).

15639

Figure 6. Representation of {[(18-c-6)K][(u-Me,Si)(Me;Si)N],[Gd-
(NR,)(7'-ONCsH¢Me,)]}, (7) plus an additional K(18-c-6)]" unit
to show the connectivity of the polymer, with atomic displacement
parameters drawn at the 50% probability level. Hydrogen atoms are
omitted for clarity.

SiMe;
Me3Si RN | 3
z N
"o /N\é / Si/Me...
C-6)K—
Et;0 ...(18-c-6)K' ~si | Me,
6 Me; fe)
i chelate = |
N 18-c-6 N n
Yy |5
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Kleyptl™ RN o )
R = SiMe3; 18-c-6 = 18-crown-6; THE RN E] 2
crypt = 2.2.2-cryptand P 2 ~adin
chelate = |
crypt [¢)

x=1 |
QLNJL
8

Each Gd(III) center is attached to two bridging (NR,)~
groups, one terminal (NR,)” group, and the TEMPO anion.
The reaction of 2 with TEMPO in THF afforded the
analogous complex [K(crypt)(THF)][(R,N);Gd(7'-
ONC;H¢Me,)] (8; Figure 8 and eq S), but with the
[K(crypt)(THF)]* countercation,”° an extended structure
was not formed.

Both 7 and 8 crystallize in the monoclinic P2;/n space
group, but an extended structure is found only in 7. Complexes
7 and 8 contain #'-TEMPO~ anions like those in (n°-
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Figure 7. Representation of the extended structure of {[(18-c-6)K][(u-Me;Si)(Me;Si)N],[Gd(NR,)(5'-ONC;HMe,)]}, (7) with atomic
displacement parameters drawn at the 50% probability level. Hydrogen atoms are omitted for clarity.

\c19 dna

Figure 8. Representation of [K(crypt)(THF)][(R,N);Gd(n'-
ONC;HgMe,)] (8) with atomic displacement parameters drawn at
the 50% probability level. Hydrogen atoms are omitted for clarity.

C;Me;),Th(Me)(7'-ONCHMe,).”” The Gd—O(TEMPO)
distances in 7 and 8, 2.1313(18) and 2.1342(10) A,

Table 3. Selected Metrical Parameters for 7 and 8 (A, deg)

7 8
Gd—N,,de 2.333(2), 2.359(2), 2.3361(12), 2.3638(12),
2.366(2) 2.3734(12)
Gd-01 2.1313(18) 2.1342(10)
O1-N4 1.439(3) 1.4386(15)
0O1-N4-C19  108.98(19) 109.46(10)
01-N4-C23  108.9(2) 109.26(10)

respectively (Table 3), are similar to those in the thorium
complex, which is consistent with the fact that Gd(III) and
Th(IV) have similar ionic radii.”® The O1—N4 distances and
the O—N—C angles in both 7 and 8 are typical for a TEMPO™
779 Similarly, the sums of the angles around the
nitrogen center, 335.8° for 7 and 336.8° for 8, are consistent

with a pyramidal geometry about the nitrogen in a fully
reduced TEMPO™ anion.”’ %

The extended structure of 7 has precedent in that K-
Me(SiMe,) Iinka%es have been observed before with [K(18-c-
6)]* cations,”>"® but not on both sides of the potassium
crown entity to our knowledge. The six donor oxygen atoms of
18-c-6 are planar to within 0.1721 A, and the potassium is
0.1549 A out of the plane. The K--C(Me;Si) distances are
3.130(3) and 3.172(3) A, with the C---K vector making an
85.7° angle for C(1) and a 104.8° angle for C(16) with the
plane of the six oxygen donor atoms of 18-c-6.

Formation of a Gd—Bi Complex from 2 and BiPh;.
The reaction of BiPh; with the Gd(II) complexes was
investigated to determine if there was any connection between
the previously reported reaction of the Sm(II) complex
(CsMe;),Sm with BiPh, that forms [(CsMes),Sm],(p-1%:n*
Bi,) along with (CsMe;),SmPh.®” Addition of solid 1 to a
solution of BiPh; in Et,O at room temperature results in an
immediate color change from colorless to orange. Crystal-
lization at —35 °C under hexanes yielded an orange-brown oil
and blue crystals. The crystals were identified by X-ray
crystallography as the Bi—C(Ph) cleavage product [K(18-c-
6),][PhGd(NR,),] (9; Figure 9 and eq 6).

[K(18-c-6),][ Th
Gdlll
NR,

— —
chelate = RN & ™~
Et,0 :f';‘e "~ RN
BiPh, 9

[K(chelate),J[Gd'(NRy)3] (6)

-35°C

[K(crypt)l[  R,N
R = SiMe3; 18-c-6 = 18-crown-6; R2N/o,‘ w_Bi « ITEiPh
crypt = 2.2.2-cryptand L . Ga— 5, + [K(crypt)][BiPh]
chelate = / “ph
crypt - RN Ph

x=1

The same reaction performed with 2 produced similar color
changes, but crystallization at —35 °C yielded bright green
crystals as well as an orange oil. X-ray diffraction revealed that
the green crystals were [K(crypt)][(Ph,Bi)Gd(NR,;);] (10;
Figure 10 and eq 6), the bismuth product expected after one
Bi—C(Ph) cleavage reaction. The only other crystallographi-
cally characterized complex containing bismuth and gadoli-
nium is the Zintl cluster [K(crypt)],[ Gd@Pb,Biy],** which has
13 cage atoms around the Gd. Five of the cage atoms were
identified by crystallography as Bi, but the identity of the other
eight cage atoms could not be determined due to the similar
atomic numbers of Pb and Bi. Hence, 10 provides the first
example of a simple coordination complex with a single Gd—Bi
bond. Comgplexes containing f-element to Bi bonds are rare in
general.””* The structure of [K(crypt)][BiPh,] (Figure S13)
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Figure 9. Representation of the two forms of [K(18-c-6),][PhGd-
(NR,);] (9) with atomic displacement parameters drawn at the 50%
probability level. Hydrogen atoms and disorder in SiMe; groups are
omitted for clarity.
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Figure 10. Representation of [K(crypt)][(Ph,Bi)Gd(NR,);] (10)
with atomic displacement parameters drawn at the 50% probability
level. Hydrogen atoms, the disordered SiMe; group, and [K(crypt)]*
are omitted for clarity.

was also identified from this reaction system, which is
summarized in eq 6. We found no other structures of the
(BiPh,)~ anion in a CCDC search.

The phenyl complex 9 crystallizes with an unusual structure
that has two different molecules of [K(18-c-6),][PhGd-
(NR,);] per unit cell. One anionic [PhGd(NR,);]” unit is
well separated from the [K(18-c-6),]* cation. The other shows
a3.391(S) A K--C(methyl) contact between an (NR,)" ligand
and the [K(18-c-6),]" cation. Despite the different structures,
the metrical parameters around the two Gd ions in the anion
are the same within error. For example, the Gd—N distances
range from 2.30(5) to 2.325(4) A in the isolated anion and
from 2.313(4) to 2.326(4) A in the anion with the methyl to
potassium interaction. The Gd—C(Ph) distance is 2.525(5) A

in the isolated anion and 2.521(5) A in the anion with the K-
Me connection. The known eight-coordinate (CsMe;),SmPh-
(THF) complex, produced by a similar reaction protocol with
BiPh,, displays a Sm—C(Ph) bond length of 2.511(8) A similar
to that observed in 9 despite the difference in coordination
number of the two complexes and the 0.026 A smaller size of
Gd(III) in comparison to Sm(III).**

One sample of 10 was found to crystallize in the triclinic P1
space group, and a subsequent crystallization gave 10 in the
monoclinic P2,/c space group. In both cases there is only one
formula unit per unit cell. The molecular parameters are similar
in both cases, and data from only the triclinic crystal are
discussed here (see the Supporting Information for monoclinic
data). The structure of 10 has an irregular pseudotetrahedral
coordination environment around the Gd ion generated by
three NR, ligands and one BiPh, ligand with 88.33(16)—
124.00(16)° N—Gd—N and N—Gd—Bi angles. There is also
one Me;Si group that is oriented toward Gd with a 108.8(3)°
Gd—N(2)-Si(4) angle that is more acute than the other Gd—
N-Si angles, which range from 116.0(3) to 131.7(4)°. The
three-coordinate bismuth atom has 96.9(2) and 110.4(2)°
Gd-Bi—C(Ph) angles and a 98.0(3)° C(Ph)—Bi—C(Ph)
angle, which leaves a large amount of open space in the
coordination sphere, as is typical for bismuth.”””" The
3.3516(5) A Gd—Bi bond in 10 is similar to the 3.3208(4)
A U-Bi bond in {(Me,Si),Bi]U(TrenDMBS)} (TrenDMBS =
N(CH,CH,NSiMe,Bu');)* when the 0.05 A larger ionic
radius of GA(III) versus U(IV) is considered. The similarities
in metrical parameters extend to the M—N(amide) bonds with
distances ranging from 2.286(6) to 2.296(6) A for 10 vs
2.232(6) to 2.247(6) A in {(Me;Si),Bi]U(TrenDMBS)}.

Ph—Sn Cleavage with Ph,;Sn. To further explore the
reductive cleavage of Ph—main-group-element bonds, the
reaction of 2 with SnPh, was examined. However, the only
crystallographically characterizable product was [K(crypt)]-
[SnPh;](THF) (Figure S14). The X-ray crystal structures of
[K(18-crown-6)]{SnPh;],”* [Ba(18-crown-6)(HMPA),]-
[SnPh,],,”* and (Me,NCH,CH,),NMe)LiSnPh,”* have been
previously reported.

B CONCLUSION

Both [K(18-c-6),][Gd(NR;);] (1) and the crypt analogue
[K(crypt)][GA(NR,);] (2) can perform a variety of reductive
reactions and provide new synthetic pathways to Gd-
containing compounds. The reactions with pyridine show
reductive coupling reactivity for the Gd(II) ion, while the
reactions with BiPh; show that reductive cleavage is viable in
this case with a Bi—Ph bond. With CS,, the reactions show a
combination of cleavage and coupling reactions, while the
reaction with TEMPO reinforces the radical nature of Gd(II).
In some cases, the reductive reactivity results in loss of a
(NR,)~ ligand to form products of the [(R,N),Gd]* cation,
but in other cases, anionic complexes of Gd(NR,); are formed
that retain all of the amide ligands in the starting materials.
With some reagents, the [K(18-c-6),]* and [K(crypt)]* salts
give different products, and with others, both species give the
same reductive chemistry. Clearly extensive reactivity is
available through Gd(II), and the details of the reductions
can be very influential in terms of product isolation.

B EXPERIMENTAL SECTION

All manipulations and syntheses described below were conducted
with the rigorous exclusion of air and water using standard Schlenk
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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 on
an Agilent Cary 630 spectrimeter equipped with a diamond ATR
attachment. UV—visible spectra were collected in THF and Et,O at
room temperature in a 1 mm cell fitted with a Teflon stopcock using
an Agilent Cary 60 UV—visible spectrophotometer. 2.2.2-Cryptand
(crypt, Merck) was placed under vacuum (10™* Torr) for 12 h before
use. 18-Crown-6 (18-c-6, Alfa Aesar) was sublimed before use.
TEMPO (98%, Sigma-Aldrich) was sublimed before use. CS, (Sigma-
Aldrich) and pyridine (Sigma-Aldrich) were freeze—pump—thawed
and stored over 3 A molecular sieves for 1 week before use. BiPh,
(Alfa Aesar) was used as received. [K(18-c-6),][Gd(NR,),] (1) and
[I((cr)lr}gtl)l][Gd(NRz)3] (2) were synthesized via literature proce-
dures.

{[K('I8-C-6)]([43-CS3-KS,K25',S")Gd(NRz)z]}z (3). In an Ar glove-
box, [K(18-c-6),][Gd(NR,);] (50 mg, 0.04 mmol) was dissolved in
Et,O (2 mL) chilled to —35 °C and excess CS, was added dropwise.
The solution changed from dark blue to yellow. The solution was
layered into cold hexanes and placed in a—35 °C freezer, producing a
red oil and yellow crystals suitable for X-ray diffraction (6 mg, 8%). IR
(cm™'): 2890m, 1465w, 1352m, 1237m, 1102s, 943s, 827s, 767w,
696w, 661s. IR (cm™'; red oil): 2889m, 1471w, 1351w, 1239m,
110Ss, 94Ss, 823s, 765w, 696w, 662m. UV—vis in THF: 4., 333 nm
(e = 3619 M~ cm™). Anal. Calcd for CsoH,5,N,0,,S:SisK,Gd,: C,
33.71; H, 6.90; N, 3.15. Found: C, 33.68; H, 6.58; N, 2.71.

[K(crypt)I{(R,N),Gd[SCS(CH,)Si(Me,)N(SiMes)-kN,xS]} (4). In
an Ar glovebox, [K(crypt)][Gd(NR,);] (50 mg, 0.05 mmol), was
dissolved in THF (2 mL) chilled to —35 °C and excess CS, was
added dropwise. The solution turned from dark blue to yellow and
was layered into cold hexanes and placed in a—35 °C freezer. A few
yellow crystals suitable for X-ray diffraction were isolated. IR (ecm™):
2948w, 2880w, 2812w, 2409w, 1475w, 1443w, 1397w, 1353m,
1295w, 1238m, 1150m, 1014w, 947m, 827m, 750w, 664w. Anal.
Calcd for C3;HyoNO4S,SicKGd: C, 39.32; H, 8.03; N, 6.02. Found:
C, 33.73; H, 7.83; N, 5.95. The low values indicate incomplete
combustion, as has been previously observed in f-element
chemistry.”>~%

{[K(18-c-6)(NC5H5s),11,{[(R;N);Gd],[p-(NCsH4-CsHgN)L 1} (5). In
an argon-filled glovebox, [K(18-c-6),][Gd(NR,);] (100 mg, 0.08
mmol) was dissolved in Et,O (2 mL) chilled to —35 °C and excess
pyridine, also chilled to —35 °C, was added dropwise. The solution
turned from dark blue to light pink. The resulting solution was layered
under cold hexanes and placed in a—35 °C freezer. Pink crystals
suitable for X-ray diffraction were isolated (39 mg, 43%). IR (cm™"):
2941w, 2889w, 1634w, 1453w, 1351w, 1237m, 1105s, 958s, 868m,
819s, 770m, 747m, 702w, 660m. Anal. Calcd for
C;H;4NgO0,,81,K,Gd,: C, 41.48; H, 8.24; N, 5.45. Found: C,
41.36; H, 8.23; N, 5.54.

[K(crypt)I,{[(NR;);Gd],[p-(NCsH,-CsH4N),L1} (6). In an argon-
filled glovebox, [K(crypt)][Gd(NR,);] (100 mg, 0.09 mmol), was
dissolved in THF (2 mL) chilled to —35 °C and excess pyridine,
chilled to —35 °C, was added dropwise. The solution turned from
dark blue to light pink. The resulting solution was layered under cold
hexanes and placed in a—3S °C freezer. Pink crystals suitable for X-ray
diffraction were isolated (89 mg, 83%). IR (cm™): 2944w, 2882w,
2812w, 1637w, 1562w, 1476w, 1354w, 1236m, 1103m, 961m, 868m,
821m, 770m, 747m, 702w, 660m.

[K(18-c-6)1[(R;N);Gd(17'-ONCsHsMe,)] (7). In an argon-filled
glovebox, [K(18-c-6),][Gd(NR;);] (50 mg, 0.05 mmol) was
dissolved in Et,0 (2 mL) chilled to —35 °C. A solution of
TEMPO (13 mg, 0.080 mmol) dissolved in Et,O (2 mL) chilled to
—35 °C was added dropwise to the dark blue solution of [K(18-c-
6),][Gd(NR,);]. The solution turned from dark blue to light pink.
The resulting solution was layered under cold hexanes and placed in
a—35 °C freezer. Colorless crystals suitable for X-ray diffraction were
isolated (54 mg, 59%). IR (cm™): 2887m, 1470w, 1452w, 1352w,
1296w, 1106s, 956s, 864m, 824s, 770m, 700w, 660m.

[K(crypt)I[(R,N);Gd(57'-ONCsHgMe,)] (8). In an argon-filled
glovebox, [K(crypt) ][Gd(NR,);] (100 mg, 0.09 mmol) was dissolved
in THF (2 mL) chilled to —35 °C. A solution of TEMPO (14 mg,
0.090 mmol) dissolved in THF (2 mL) chilled to —35 °C was added
dropwise to the dark blue solution of [K(crypt)][Gd(NR,);]. The
solution turned from dark blue to light pink. The resulting solution
was layered under cold hexanes and placed in a =35 °C freezer.
Colorless crystals suitable for X-ray diffraction were isolated (57 mg,
44%). TR (cm™): 2938w, 2885w, 2815w, 1477w, 1444w, 1354w,
1296w, 1235m, 1133w, 1104m, 1078w, 951s, 864m, 824s, 770m,
752m, 700w, 660m. Anal. Calcd for C,sH,osNO,SigKGd: C, 44.66;
H, 9.00; N, 6.94. Found: C, 44.99; H, 9.47; N, 6.80.
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