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Treatment of 2,2,6,6-tetramethyl-1-piperidinyloxy (TEMPO) with a group 1 metal (Li, Na, K, Rb, or Cs), resulted in the
reduction of this important radical to the TEMPO- anion;the first examples of elemental-metal single electron
reduction of the radical to its anionic form. The synthesis and characterization of seven alkali metal TEMPO-

complexes are reported. A variety of structural motifs are encountered depending on the choice of metal and/or solvent.
(THF)2 3 [Li

+(TEMPO-)]4 1 crystallized from THF as a cyclic (Li4O4) molecule. Two Li centers are stabilized by
coordination to a THFmolecule; the others by intramolecular coordination to NTEMPO atoms. [(THF) 3Na

+(TEMPO-)]4 2
exists as a distorted cubane where each Na center is coordinated to a THF molecule. No appreciable Na-NTEMPO
coordination is observed. [(THF)2 3Na

+
3(TEMPO

-)2(OH)]2 3 was serendipitously prepared and exists as a distorted bis
(cubane). It is envisaged that 3 is formed from 2 by insertion of a (Na-OH)2 double bridge into its framework. [Na

+
4(μ3-

TEMPO-)2(μ2-TEMPO
-)2(TMEDA)2] 4, adopts a four-runged ladder structure, whereby the two outer Na centers are

coordinated to TMEDA, in addition to twoμ2-O and aN atom. The innermetal atoms are bound to threeμ3-O atoms and
a N atom. [(THF) 3K

+(TEMPO-)]4 5 resembles the motif found for 2; however, presumably because of the larger size of
the metal, K-NTEMPO interactions are present in 5. The asymmetric unit of [(TMEDA) 3Rb

+
2(TEMPO

-)2]2 6 comprises a
Rb4O4 cubane with half a molecule of TMEDA coordinated to each metal. From a supramolecular perspective, 6 exists
as a polymeric array of cubane units connected by TMEDA bridges. Completing the series, [Cs+(TEMPO)]¥ 7
crystallizes from hexane to form a donor-free polymeric complex. Complexes 1, 2, and 4-7 are soluble in D8-THF
solution, and their NMR spectra are reported. The solution structures in donor solvent appear virtually identical.

Introduction

TEMPO (2,2,6,6-tetramethyl-1-piperidinyloxy) is a stable
nitroxyl free radical which continues to draw an extraordin-
ary degree of interest.1,2 First synthesized by Lebelev and
Kazarnowskii in 1960,3 the radical has found many applica-
tions in organic and polymer synthesis, including the oxida-
tion of amines, phosphines, anilines, phenol, but perhaps

most importantly primary and secondary alcohols.4-13

TEMPO is also used as a probe for biological systems using
electron spin resonance spectroscopy and for trapping other
radicals. Studer et al. have elegantly shown that oxidative
homocoupling of Grignard reagents in the presence of TEM-
PO and dioxygen is possible in high yields.14 Perhaps most
pertinent to this study, the radical has also been utilized in
coordination chemistry, yielding an interesting and varied
selection of ligation modes, as well as flexibility in the ligand’s
electronic structure. The bulk of TEMPO coordination chem-
istry lies with the d-block metals (such as Ti,15-17 Mn,18,19
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(17) Schröder, K.; Haase, D.; Saak,W.; Beckhaus, R.; Kretschmer,W. P.;

Lutzen, A. Organometallics 2008, 27, 1859–1868.
(18) Dickman,M.H.; Porter, L. C.; Doedens, R. J. Inorg. Chem. 1986, 25,

2595–2599.
(19) Jaitner, P.; Huber, W.; Huttner, G.; Scheidsteger, O. J. Organomet.

Chem. 1983, 259, C1–C5.



Article Inorganic Chemistry, Vol. 48, No. 14, 2009 6935

Co,20,21 Ni,22 Cu,23-26 Zn,27 Mo,28 Ru,29-31 Rh,32,33 Pd34,35

and Hg36). Recently, TEMPO complexes of the s-, p-, and f-
block have been structurally characterized. In 2001, we re-
vealed that TEMPO could behave as a “chameleonic ligand”
toward s-block metal amides, that is, it can retain its radical
nature or be reduced to an anionic entity in different ligation
modes depending on the composition of the s-block metal
amide (Scheme 1).37 As well as coordinating to a metal center
as an anion or as a radical, the TEMPO unit can act solely as
an O donor (η1) or as a bidentate N/O donor (η2).
Moving to the p-blockmetals, TEMPO complexes ofAl,38

Ga,38 Ge,39-41 and Sn39 have been isolated. Evans et al.,
prepared the first TEMPO complex of a lanthanide element
[also the first per(TEMPO) complex], Sm2(TEMPO)6.

42 This
complex is particularly relevant to this study as the complex
can be considered as per(TEMPO) species with respect to the
anionic ligands. Here we report the synthesis and character-
ization of a complete series of alkalimetal (Li,Na,K,Rb, and
Cs) TEMPO complexes, prepared directly from the parent
alkali metal. To the best of our knowledge these reactions
represent the first elemental-metal reduction of the nitroxyl

radical TEMPO to its anionic form although the TEMPO-

anion has been generated in other ways.15-36

Experimental Section

General Information. All reactions and manipulations were
carried out in an atmosphere of dry, pure argon gas, using
standard Schlenk protocols. Hexane and tetrahydrofuran
(THF) were freshly distilled over Na/benzophenone. NMR
samples were prepared under a protective atmosphere inside a
glovebox using D8-THF solvent (which was degassed using
freeze-pump-thaw cycles, and pre-dried over a 4 Å molecular
sieve). Elemental Li, Na, K, Rb, and Cs were procured from
either Sigma-Aldrich or Strem Chemicals and were used as
received. All NMR spectra were measured on a Bruker
DPX400 or AMX400 spectrometer. The X-ray structural de-
terminations were carried out on a Nonius Kappa diffract-
ometer with a CCD area detector using graphite-
monochromated MoKR radiation. Because of the extreme air-
and moisture sensitivity of 1, 2 and 4-7 reproducible elemental
analyses could not be obtained.

Synthesis of (THF)2 3 [Li
+(TEMPO-)]4 (1). Lithium powder

(0.21 g, 30 mmol) was suspended in freshly distilled THF
(30 mL) in a flame-dried Schlenk tube. TEMPO (4.68 g, 30
mmol) was introduced via a solid addition tube. The TEMPO
dissolved immediately producing a vivid orange color. This
mixture was heated to reflux for 100 h, during which time a
gradual discoloration of the solution and precipitation of an off-
white solid was observed. This precipitate was isolated by
Schlenk filtration, and the mother liquor was cooled to -30 �C
for 48 h to yield a crop of X-ray quality colorless needle-like
crystals of 1 (NMR spectroscopic analysis confirmed that the
off-white precipitate and crystalline material were the same
product). The combined yield of crystals and precipitate was
35% (2.09 g). 1H NMR (D8-THF, 400 MHz, 300 K): δ 1.46
( β-H and γ-H, 6H, br s), 1.11 (CH3, 12H, br s). 13C NMR
(D8-THF, 100MHz, 300 K): 58.9 (R-C), 41.2 (β-C), 34.3 (CH3),
19.2 (γ-C), 18.6 (CH3) N.B. THF lost on isolation.

Synthesis of [(THF) 3Na+(TEMPO-)]4 (2). A Schlenk tube
was charged with freshly cleaned elemental sodium (0.23 g, 10
mmol). To enhance the reactivity of the metal, the sodium was
melted to a mirror using a heat gun. THF (30 mL) and TEMPO
(1.56 g, 10 mmol) were then added, and this orange-colored
mixture was heated to reflux for 48 h. The solutionwas cooled to
-20 �C for 48 h to precipitate a large crop of colorless crystals
of 2 (1.18 g, 47%). 1HNMR (D8-THF, 400MHz, 300K): δ 1.45
(β-H and γ-H, 6H, br s), 1.10 (CH3, 12H, br s). 13C NMR
(D8-THF, 100MHz, 300 K): 58.5 (R-C), 41.4 (β-C), 34.6 (CH3),
18.8 (γ-C), 18.8 (CH3).

Synthesis of [(THF)2 3Na+3 (TEMPO-)2(OH)]2 (3).ASchlenk
tube was charged with sodium spheres (0.23 g, 10 mmol). THF
(30 mL) and TEMPO (1.56 g, 10 mmol) were then added, and
this orange-colored mixture was heated to reflux for 48 h. The
solutionwas cooled to-20 �C for 72 h to precipitate a small crop
of colorless crystals of 3 (yield <5%). It is thought that the
hydroxide contaminant was due to the tarnished surface of the
metallic spheres (presumably contaminated with oxygen-based
species) resulting in the formation of a sodiummirror which was
of poor quality.

Synthesis of Na+(TEMPO)- Powder. A Schlenk tube was
charged with freshly cleaned elemental sodium (0.46 g, 20
mmol). To enhance the reactivity of the metal, the sodium was
melted to a mirror using a heat gun. Hexane (40 mL) and
TEMPO (3.12 g, 20 mmol) were added to the Schlenk tube,
and this orange-colored mixture was heated to reflux for 12 h,
resulting in the precipitation of a white solid. On reducing the
solvent in vacuo by approximately 50%, further precipitation
occurred. The solid was collected by filtration. Typical yield:
2.3 g, 65%.

Scheme 1. Radical (left) and Anionic (right) Forms of the TEMPO
Ligand
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Synthesis of [Na+4 (μ3-TEMPO-)2(μ-TEMPO-)2(TME-

DA)2] (4). Freshly prepared Na+TEMPO- (0.36 g, 2 mmol)
was suspended in hexane in a Schlenk tube. TMEDA (0.15 mL,
1 mmol) was added, and the mixture was stirred overnight. The
subsequent mixture was filtered, and the red filtrate was con-
centrated by removal of some solvent in vacuo and placed in the
freezer at -26 �C. A crop of colorless crystals was deposited
after 24 h. Yield: 0.28 g, 59%. 1H NMR (D8-THF, 400 MHz,
300K): δ 2.30 (CH2, TMEDA, 4H, s), 2.15 (CH3, TMEDA, 6H,
s), 1.44 (β-H and γ-H, 6H, br s), 1.06 (CH3, 12H, br s). 13CNMR
(D8-THF, 100 MHz, 300 K): 58.9 (R-C), 58.5 (CH2, TMEDA),
46.2 (CH3, TMEDA), 41.2 (β-C), 18.7 (γ-C).

Synthesis of [(THF) 3K
+(TEMPO-)]4 (5). A Schlenk tube

was charged with freshly cleaned elemental potassium (0.39 g,
10 mmol). THF (50 mL) and TEMPO (1.56 g, 10 mmol) were
then added, and this orange-colored mixture was heated to melt
the metal. On cooling to room temperature, small spheres of
metal formed. This mixture was allowed to stir at ambient
temperature for 48 h. The colorless solution was filtered, and
approximately 50% of the solution was removed in vacuo. This
solutionwas cooled to-20 �C for 24 h to precipitate a large crop
of colorless crystals of 5 (0.56 g, 21%). 1H NMR (D8-THF,
400MHz, 300K): δ 3.61 (OCH2, THF, 2H, s), 1.77 (CH2, THF,
2H, s), 1.42 (β-H and γ-H, 6H, br s), 1.00 (CH3, 12H, br s). 13C
NMR (D8-THF, 100 MHz, 300 K): 68.2 (OCH2, THF), 58.4
(R-C), 41.7 (β-C), 35.6 (CH3), 26.4 (CH2, THF), 18.7 (γ-C), 18.7
(CH3).

Synthesis of [(TMEDA) 3Rb
+
2 (TEMPO-)2]2 (6). Rubidium

metal (0.17 g, 2.0 mmol) was placed in a Schlenk tube with
hexane (20 mL) along with TEMPO (0.32 g, 2.0 mmol). The
mixture was gently heated to melt the rubidium and stirred for
2 h. During this time the metal dissolves, the dark orange color

of the TEMPO fades, and a colorless precipitate appears. A
vast excess of TMEDA (1.50 mL, 10.0 mmol) was introduced,
and the solution was again gently heated until the precipitate
dissolved. To aid crystal growth, the slightly cloudy solution
was filtered, and most of the solvent removed in vacuo.
At ambient temperature small cubic crystals were obtained
(0.10 g, 17%).1H NMR (D8-THF, 400 MHz, 300 K): δ 2.30
(CH2, TMEDA, 4H, s), 2.15 (CH3, TMEDA, 6H, s), 1.42 (β-H
and γ-H, 6H, br s), 1.00 (CH3, 12H, br s). 13CNMR (D8-THF,
100 MHz, 300 K): 58.9 (R-C), 58.5 (CH2, TMEDA), 46.2
(CH3, TMEDA), 41.4 (β-C), 34.5 (CH3), 18.9 (γ-C) 18.5
(CH3).

Synthesis of [Cs+(TEMPO-)]¥ (7). A Schlenk tube was
charged with elemental cesium (0.27 g, 2 mmol). THF (20 mL)
and TEMPO (0.46 g, 3 mmol) were then added, and this orange-
colored mixture was stirred at ambient temperature for 18 h.
The resultant golden-colored solutionwas filtered, and approxi-
mately 50%of the solution was removed in vacuo. This solution
was left at ambient temperature for 24 h to precipitate a crop of
colorless crystals of 7 (0.19 g, 33%). 1H NMR (D8-THF,
400 MHz, 300 K): δ 1.43 (β-H and γ-H, 6H, br s), 0.99 (CH3,
12H, br s). 13C NMR (D8-THF, 100 MHz, 300 K): 58.3 (R-C),
41.2 (β-C), 34.5 (CH3), 19.2 (CH3), 18.9 (γ-C).

Results

Syntheses. Scheme 2 outlines the syntheses of the alkali
metal TEMPO complexes 1-7. In general, the complexes
are formed by the direct reaction of the alkali metal with
an equimolar quantity of TEMPO in the respective
solvent medium under a protective argon atmosphere.
Formation of 1-7, coinciding with the one-electron

Scheme 2. Preparation of the Alkali Metal TEMPO Complexes (1-7)a

aFor clarity, M-NTEMPO bonds have been drawn as dotted lines, and Me groups have been omitted from the TEMPO units. In 6, each Rb is
coordinated to half a molecule of TMEDA.
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reduction of the TEMPO radical to the TEMPO- anion
(Scheme 1), is accompanied by the gradual loss of the
initial vivid orange/red color as the solution is heated to
reflux (or left stirring at ambient temperature for 7). Our
focus was on growing suitable crystalline complexes for
X-ray crystallographic characterization rather than on
optimizing product yields.
For 1, the mixture of lithium metal and TEMPO

in THF was heated to reflux for 100 h, and the salt
precipitates from solution as a white powder. Addition-
ally, colorless X-ray quality crystals (in a moderate to
good yield) were obtained by cooling themother liquor to
-30 �C for 48 h. Both forms of 1 lose THF during the
in vacuo filtration/isolation process and give the same
analysis.
For 2, a sodiummirror was prepared bymelting freshly

cleaned sodium metal in a Schlenk tube and heating it
with a heat gun. After the addition of TEMPO and THF,
the mixture was heated to reflux for 48 h. On cooling this
solution to -20 �C, a crop of colorless crystals of 2
precipitated.
For 3, in an effort to prepare a sodium mirror, sodium

spheres were placed in a flame-dried Schlenk tube and
melted using a heat gun. Because of the tarnished surface
of the metallic spheres, the sodium mirror was of poor
quality and presumably contaminatedwith oxygen-based
species. After the addition of TEMPO and THF, the
mixture was heated to reflux for 72 h. A red/orange to
brown color change was noted. On cooling this solution
to-20 �C for 24 h, a crop of colorless crystals (low yield)
of 3 precipitated. Unfortunately, because of the rather
fortuitous nature of this synthesis, 3 could not be
obtained reproducibly.
For 4, TMEDA was added to a suspension of freshly

prepared Na+TEMPO- (a powder which was prepared
by reacting Na with TEMPO in hexane) in hexane solu-
tion. After stirring this mixture overnight and cooling the
solution to-26 �C, crystals of 4 precipitated in moderate
yield.
For 5, a potassium mirror was prepared by melting

freshly cut K metal in a Schlenk tube. THF and TEMPO
were added to themetal.Dissolution of themetallicKand
complete loss of color was observed after 48 h of heating
the THF solution to reflux. Cooling the solution to
-20 �C for 48 h yielded X-ray quality crystals of 5 in
moderate yield.
For 6, rubidium metal and TEMPO were combined in

hexane solution. Themixture only required gentle heating
to melt the metal, and after stirring for 2 h the metal
dissolved and the dark orange color of theTEMPO faded.
A colorless precipitate then started to appear, which was
redissolved by the addition of excess TMEDA and gentle
heating. Small cubic crystals formed at ambient tempera-
ture in low yield andwere found to be extremely soluble in
the solvent medium.
For 7, molten Cs was added to a Schlenk tube via a

pipet. The hexane solution of themetal andTEMPOwere
allowed to stir at ambient temperature for 18 h. Over a
period of 10 days, colorless needle-like crystals deposited
from the solution.

Solid-State Structures. The molecular structure of 1
and its key structural parameters are shown in Figure 1.
Within this structure, there are 0.5 mol equiv of THF to

each Li+TEMPO- contacted ion pair arranged in an
eight-membered (LiO)4 ring (Figure 1).
This ring is non-planar and composed of three sepa-

rate planes: Li(2) 3 3 3O(2*)-Li(1)-O(1), O(2) 3 3 3Li-
(2*)-O(2*) 3 3 3Li(2) and Li(1*)-O(1*)-Li(2*) 3 3 3O(2)
(Figure 2). Possessing Ci symmetry, the structure can be
described as pseudotetrameric: four-coordinate Li(1) is a
novel spiro center for two Li-O-N triangles, while three-
coordinate Li(2) carries a THF molecule. To the best of
our knowledge only two lithium hydroxylamine43 struc-
tures are available for comparison, namely, the benzy-
lamine [{LiON(CH2Ph)2}6]

44 and the silylamine [{LiON-
(SiMe2Bu

t)2 3THF}2].
45 Incidentally, unlike 1 (which was

Figure 1. Molecular structure of (THF)2 3 [Li(TEMPO)]4 1. Key dimen-
sions (Å anddeg):Li(1)-O(1) 1.885(3), Li(1)-O(2*) 1.857(3), Li(2)-O(1)
1.784(3), Li(2)-O(2) 1.824(3), Li(1)-N(1) 2.062(3), Li(1)-N(2*) 2.050-
(3), O(1)-N(1) 1.433(2),O(2)-N(2) 1.441(2),O(1)-Li(1)-N(1) 42.29(7),
O(2)-Li(1*)-N(2) 42.93(7), Li(1)-O(1)-N(1) 75.46(11), Li(1*)-O(2)-
N(2) 75.68(11), Li(1)-N(1)-O(1) 62.25(10), Li(1*)-N(2)-O(2) 61.38-
(10), O(1)-Li(2)-O(3) 119.24(15), O(2)-Li(2)-O(3) 107.51(14). Here
and in the text the symmetry transformations used to generate equivalent
atoms: * -x+1, -y+1, -z.

Figure 2. Metal heteroatom framework of 1. All C atoms have been
removed for clarity.

(43) For early studies on lithium hydroxylamines see: West, R.; Boud-
jouk, P. J. Am. Chem. Soc. 1973, 95, 3987–3994.

(44) Armstrong, D. R.; Clegg, W.; Hodgson, S.M.; Snaith, R.; Wheatley,
A. E. H. J. Organomet. Chem. 1998, 550, 233–240.
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prepared by metal-induced reduction of TEMPO) the
former was prepared by a common metalation strategy,
while the latter involved the metalation of ButMe2SiON-
(H)SiMe2Bu

t followed by an O to N silyl group migra-
tion.
Structurally, both deviate markedly from each other

and from that of 1. In contrast to the unique architecture
of 1, the hexameric [a stack of two (LiO)3 rings] and
dimeric [a discrete (LiO)2 planar ring] cores of unsolvated
[{LiON(CH2Ph)2}6]

44 and solvated [{(THF) 3LiON(Si-
Me2Bu

t)2}2],
45 respectively, are commonly encountered

in lithium organoelement chemistry (Figure 3).46,47 Their
N-O functionalities exhibit N/O chelation in the benzy-
lamine [confined to one LiON chelate per Li as opposed
to two for Li(1) in 1] and O coordination (with no Li-N
bonding) in the silylamine.
Double triangular chelation of Li(1) in 1 gives a four-

coordinate geometry far removed from tetrahedral as
evidenced by the sharp N-O bite angles [mean, 42.61�,
cf., 41.02� in [{LiON(CH2Ph)2}6].

44 The two triangles
are twisted at an angle of 52.7(1)� relative to each other.
A concomitant effect of the chelation is to widen the
(LiO)4 ring at Li(1) [bond angle, 142.34(17)�; cf., 132.17-
(17)� at Li(2)]; this is accompanied by a large angular
disparity at theO atoms [Li(1)O(1)Li(2), 105.90(13)�; Li-
(1)O(2*)Li(2*), 133.96(14)�]. Non-chelated Li(2) enjoys
a more usual distorted trigonal planar geometry (sum of
bond angles, 358.92�). A combination of chelation and
coordination number effects encourages long [relative to
those of Li(2)] Li(1)-O(1)/Li(1)-O(2*) bond lengths
[mean, 1.871 Å; cf., 1.943 Å for the corresponding bonds in
[{LiON(CH2Ph)2}6],

44 while the modest difference be-
tween the non-chelated Li(2)-O(1)/Li(2)-O(2) bond
lengths [1.784(3)/1.824(3) Å] reflects the strained asym-
metrical nature of the gross molecule. The longest Li-O
bond in 1 at 2.008(3) Å is that [Li(2)-O(3)] involving
THF. Corresponding values for the Li atoms in
[{(THF) 3 LiON(SiMe2Bu

t)2}2]
45 which display an iden-

tical coordination to that of Li(2) are of a similar
magnitude [i.e., range of Li-μ-O, 1.826-1.846 Å; Li-O-
(THF), 1.957(5) Å]. There is a telling difference in the
Li-N bond lengths in 1 (mean, 2.056 Å) compared to
those in [{LiON(CH2Ph)2}6]

44 (mean, 2.131 Å); but
significantly their N-O bond lengths are essentially

equivalent (mean, 1.437 and 1.438 Å, respectively).
Overall, therefore, the LiON chelates in 1 have con-
tracted relative to those in [{LiON(CH2Ph)2}6],

44

but only on two sides (Li-O/Li-N); with the N-O
side seemingly insensitive to changes in aggregation,
the amido substituent or the local coordination envi-
ronment.
The molecular structures of 2 and 3 are shown

in Figures 4 and 5, respectively. The X-ray data for
2 and 3 are both suboptimal. This precludes a detailed
discussion of geometric parameters; however, in both
cases the atom connectivities are unequivocal. To the
best of our knowledge, these structures represent the
first structurally characterized sodium hydroxylamine
structures. Complex 2 crystallizes in the monoclinic
system, space group P21/n. Although both complexes 1
and 2 are tetranuclear, their structures differ markedly
from one another. The central core of 2 (Figure 4)
consists of interpenetrating tetrahedra ofNa andOTEMPO

atoms resulting in the formation of a distorted cubane;a
motif which is commonly encountered in sodium

Figure 3. Structural formulas of the lithium hydroxylamines, [{LiON-
(CH2Ph)2}6]

44 and solvated [{LiON(SiMe2Bu
t)2.THF}2].

45

Figure 4. Molecular structure of [(THF) 3Na(TEMPO)]4 2.

Figure 5. Molecular structure of [(THF)2 3Na3(TEMPO)2(OH)]2 3.

(46) Mulvey, R. E. Chem. Soc. Rev. 1991, 20, 167–209.
(47) Gregory, K.; Schleyer, P. V.; Snaith, R. Adv. Inorg. Chem. 1991, 37,

47–142.
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alkoxide/aryloxide or siloxide chemistry.48-70 Each Na
atom coordinates to three anionic OTEMPO centers, and
the metal’s coordination sphere is completed by com-
plexation to a THF molecule. In contrast to 1, there
appears to be no significant M-N bonding in 2, which
may be attributed to the relatively more compact nature
of the M4O4 core in 2 and the fact that the metal to THF
ratio in 2 is 1:1 (cf., 2:1 for 1).
Complex 3 crystallizes in the triclinic system, space

group P1. It exists as a hexanuclear face-sharing bis-
cubane in the solid state (Figure 5). The central core of
3 consists of two outer Na2O2 rings, where O belongs to
the TEMPO-. These two rings are separated by a third
Na2O2 ring; however, this time the O atoms belong to
hydroxyl groups. Presumably because of the presence of
NaOH (or H2O) during the preparation of 3, it appears
that 2 equivs of NaOH have been incorporated into the
structure of 2 altering it from a discrete cube to the bis-
cube. Therefore 3 can be considered as a mixed aggregate
of [(THF) 3Na(TEMPO)]2 and (NaOH)2. SeveralNa- and
O-containing bis-cubane structures have been reported

previously;49,60,71,72 however, 3 appears to be the only
heteroleptic example.
The molecular structure of 4 and key dimensions are

shown in Figure 6. Complex 4 crystallizes in the triclinic
system, space group P1, and exists as a discrete tetra-
nuclear pseudodimer which adopts a ladder-like confor-
mation. The Na atoms which occupy positions in the
outer rungs [Na(1) and Na(4)] are five-coordinate, co-
ordinated to one μ2-O, one μ3-O, one NTEMPO, and two
NTMEDA atoms. Those occupying the central rungs [Na-
(2) and Na(3)] adopt a highly distorted tetrahedral geo-
metry [angles (mean), 108.72 and 104.91�, respectively].
The mean acute O-Na-NTEMPO and TMEDA bite
angles are 35.08 and 70.64�, respectively. Turning to the
bond distances in 4, the shortest Na-O bonds are those
belonging to the end rungs of the ladder [2.1992(12) and
2.1941(12) Å for Na(1)-O(1) and Na(4)-O(4)]. The
remaining Na-O bonds range in length from 2.2446(11)
to 2.4399(12) Å. Laddermotifs are commonly observed in
the organometallic chemistry of the alkali metals.46,47,73

Figure 6. Asymmetric unit of 4. Key dimensions (Å and deg): Na(1)-
O(1) 2.1992(12), Na(1)-O(2) 2.3107(11), Na(1)-N(1) 2.4705(13), Na-
(1)-N(2) 2.6986(15), Na(1)-N(3) 2.4726(14), Na(2)-O(1) 2.3059(11),
Na(2)-O(2) 2.3443(11),Na(2)-O(3) 2.2673(11),Na(2)-N(4) 2.4287(14),
Na(3)-O(2) 2.2446(11), Na(3)-O(3) 2.3059(11),Na(3)-O(4) 2.2919(12),
Na(3)-N(8) 2.3815(13),Na(4)-O(3) 2.4399(12),Na(4)-O(4) 2.1941(12),
Na(4)-N(5) 2.4347(13),Na(4)-N(6) 2.8080(15),Na(4)-N(7) 2.5299(14),
O(1)-N(4) 1.4345(15), O(2)-N(1) 1.4447(14), O(3)-N(5) 1.4436(14),
O(4)-N(8) 1.4376(15), O(1)-Na(1)-O(2) 99.92(4), O(1)-Na(1)-N(1)
120.14(5), O(1)-Na(1)-N(2) 109.43(5), O(1)-Na(1)-N(3) 101.24(5),
O(2)-Na(1)-N(1) 34.97(3), O(2)-Na(1)-N(2) 130.19(5) O(2)-Na(1)-
N(3) 140,71(5), N(1)-Na(1)-N(2) 129.47(5), N(1)-Na(1)-N(3) 105.95-
(5), N(2)-Na(1)-N(3) 71.49(5), O(1)-Na(2)-O(2) 95.91(4), O(1)-Na-
(2)-O(3) 164.94(5), O(1)-Na(2)-N(4) 35.15(4), O(2)-Na(2)-O(3)
91.51(4), O(2)-Na(2)-N(4) 130.55(4), O(3)-Na(2)-N(4) 134.23(5), O-
(2)-Na(3)-O(3) 93.10(4), O(2)-Na(3)-O(4) 146.76(5), O(2)-Na(3)-
N(8) 122.15(4), O(3)-Na(3)-O(4) 98.20(4), O(3)-Na(3)-N(8) 133.46(4),
O(4)-Na(3)-N(8) 35.76(4), O(3)-Na(4)-O(4) 97.04(4), O(3)-Na(1)-
N(5) 34.45(4), O(3)-Na(4)-N(6) 129.86(4), O(3)-Na(4)-N(7) 143.77-
(5), O(4)-Na(4)-N(5) 118.43(5), O(4)-Na(4)-N(6) 112.72(5), O(4)-
Na(4)-N(7) 101.31(5),N(5)-Na(4)-N(6), 127.41(5),N(5)-Na(4)-N(7)
109.74(5), N(6)-Na(4)-N(7) 69.79(4), Na(1)-O(1)-Na(2) 83.70(4),
Na(1)-O(2)-Na(2) 80.47(4), Na(2)-O(2)-Na(3) 84.03(4), Na(2)-O-
(3)-Na(3) 84.40(4), Na(3)-O(3)-Na(4), 79.27(4), Na(3)-O(4)-Na(4)
84.91(4).
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The ladder core of 4 comprises three Na2O2 rhombi; the
outermost rings are essentially planar, while the central
ring deviates significantly from planarity [sum of endo-
cyclic angles for Na(1)-O(1)-Na(2)-O(2), O(2)-
Na(2)-O(3)-Na(3), and Na(3)-O(3)-Na(4)-O(4)
rings are 360, 353.04 and 359.42� respectively]. The
dihedral angles between planes Na(1)-O(1)-Na(2)-
O(2) and O(2)-Na(2)-O(3)-Na(3), and O(2)-Na(2)-
O(3)-Na(3) andNa(3)-O(3)-Na(4)-O(4) are 154.44(3)�
and 133.92(3)�, respectively, resulting in the ladder adopt-
ing a cisoidal conformation.
The molecular structure of 5 and key dimensions are

shown in Figure 7. Complex 5 crystallizes in the triclinic
system, space group P1, and adopts a tetranuclear dis-
torted cubane structure which is essentially isostructural
to 2; however, the dimensions of this structure can be
discussed in more detail as the only element of disorder

involves the THF molecule attached to K(1). Each
corner-positioned K atom is coordinated by three μ3-
OTEMPO atoms and a THF molecule. The metal’s stabi-
lization is further supplemented by bonding to a NTEMPO

atom (in contrast to the situation observed in 2). As a
result, each five-coordinate K center has one highly acute
N-K-O angle [range, 29.35(5)-30.23(5)�]. Within the
K4O4 cube, the K-OTEMPO bond distances vary consid-
erably, in the range 2.5748(18)-2.7393(18) Å. There are
three distinct K-OTEMPO bond distance regions in the
molecule: short [2.5615(17)-2.5750(19) Å]; intermediate
[2.6114(17)-2.6514(17) Å]; and long [2.6896(17)-2.7393-
(18) Å] (Figure 8). The short and long bonds alternate in
two K2O2 rings, and these are subsequently laterally
connected (stacked) via the intermediate bonds (Figure 8).
This fits the ring-laddering principle conceived by
Snaith.47 The four shortest K-OTEMPO bonds [K(1)-O-
(1), K(2)-O(4), K(3)-O(2) and K(4)-O(3)] are presum-
ably strengthened because of the additional stabilization
to the metal from the N adjacent to the respective O [i.e.,
the presence of K(1)-N(1), K(2)-N(4), K(3)-N(2), and
K(4)-N(3) bonds]. The N-O bonds in 5 are again
indicative of an anionic TEMPO ligand and are identical
to those in 1 and in the previously mentioned lithium
hydroxylamines.44,45 In 2008, Mitzel et al. documented
the synthesis (via deprotonation of a hydroxylamine with
potassium hydride) and structure of three potassium
hydroxylamine complexes.74 Two of these complexes,
[(Me2NOK)(Me2NOH)]¥ and [(iPr2NOK)(iPr2NOH)-
(THF)]¥, are polymeric. The third [{(C6H5CH2)2NOK}6-
(THF)4] is molecular, and resembles the bis-cubane
structural framework of sodium-containing 3. The range
of K-OTEMPO bond lengths in 5 [2.5748(18)-2.7393(18) Å]
is similar to that in [{(C6H5CH2)2NOK}6(THF)4] [2.562(2)-
2.812(2) Å]. Also the mean K-N bond in 5 (mean distance,
2.903 Å) bears a close resemblance to that in [{(C6H5-
CH2)2NOK}6(THF)4] (2.861 Å). In addition, the key bond
angles in the complexes are similar, including the mean
O-K-N angle [29.72� in 5 and 29.57� in [{(C6H5CH2)2-
NOK}6(THF)4]. Mitzel also published the synthesis and
structure of another potassium hydroxylamine-containing
bis-cubane [(Me3SiO)4{(Me3Si)2NO}2K6]

75 in 2008. This
complex is a heteroleptic example which contains silylhy-
droxylamide and silanolate ligands. It is formed by a combi-
nation of deprotonations, N-O bond cleavages and 1,2-
shifts of a trimethylsilyl group after treating N,O-bis(tri-
methylsilyl)hydroxylamine with potassium hydride.

Figure 7. Molecular structure of [(THF) 3K(TEMPO)]4 5. Key dimen-
sions (Å anddeg):K(1)-O(1) 2.5750(19),K(1)-O(2) 2.6370(18),K(1)-O(3)
2.7182(18), K(2)-O(1) 2.6436(18), K(2)-O(2) 2.7393(18), K(2)-O(4)
2.5615(17), K(2)-O(6) 2.7110(19), K(3)-O(2) 2.5741(18), K(3)-O(3)
2.6114(17), K(3)-O(4) 2.7114(18), K(3)-O(7) 2.710(2), K(4)-O(1)
2.6896(17), K(4)-O(3) 2.5748(18), K(4)-O(4) 2.6514(17), K(4)-O(8)
2.718(2), K(1)-N(1) 2.938(2), K(2)-N(4) 2.853(2), K(3)-N(2) 2.889(2),
K(4)-N(3) 2.930(2), O(1)-N(1) 1.440(3), O(2)-N(2) 1.439(3), O(3)-
N(3) 1.441(2), O(4)-N(4) 1.439(3), O(1)-K(1)-O(2) 92.69(6), O(1)-
K(1)-O(3) 94.93(5), O(1)-K(1)-O(5) 121.3(3), O(1)-K(1)-O(5A)
116.13(19),O(1)-K(1)-N(1) 29.35(5), O(2)-K(1)-O(3) 87.95(5), O(2)-
K(1)-O(5) 130.9(2), O(2)-K(1)-O(5A) 139.03(19), O(2)-K(1)-N(1)
109.65(6), O(3)-K(1)-O(5) 119.5(3), O(3)-K(1)-O(5A) 115.82(19),
O(3)-K(1)-N(1) 118.26(6), O(5)-K(1)-N(1) 92.8(3), O(5A)-K(1)-N-
(1) 88.75(19),O(1)-K(2)-O(2) 88.93(5),O(1)-K(2)-O(4) 90.85(5),O(1)-
K(2)-O(6) 126.08(6), O(1)-K(2)-N(4) 108.52(6), O(2)-K(2)-O(4)
96.94(5), O(2)-K(2)-O(6) 116.40(6), O(2)-K(2)-N(4) 120.48(6), O(4)-
K(2)-O(6) 128.01(6), O(4)-K(2)-N(4) 30.23(5), O(6)-K(2)-N(4) 98.30-
(6), O(2)-K(3)-O(3) 91.64(5), O(2)-K(3)-O(4) 97.34(5), O(2)-K(3)-
O(7) 126.34(6), O(2)-K(3)-N(2) 29.83(5), O(3)-K(3)-O(4) 89.50(5),
O(3)-K(3)-O(7) 124.10(6), O(3)-K(3)-N(2) 108.84(6), O(4)-K(3)-
O(7) 118.94(6), O(4)-K(3)-N(2) 120.48(6), O(7)-K(3)-N(2) 96.79(6),
O(1)-K(4)-O(3) 95.63(6), O(1)-K(4)-O(4) 89.42(4), O(1)-K(4)-O(8)
116.48(6), O(1)-K(4)-N(3) 118.49(6), O(3)-K(4)-O(4) 91.63(6), O(3)-
K(4)-O(8) 119.89(6), O(3)-K(4)-N(3) 29.46(5), O(4)-K(4)-O(8)
135.40(6), O(4)-K(4)-N(3) 109.42(6), O(8)-K(4)-N(3) 91.65(6).

Figure 8. Three categories of K-OTEMPO distance in 5.

(74) Venugopal, A.; Berger, R. J. F.; Willner, A.; Pape, T.; Mitzel, N. W.
Inorg. Chem. 2008, 47, 4506–4512.

(75) Venugopal, A.; Willner, A.; Mitzel, N. W. Z. Naturforsch. 2008, 63b,
339–341.
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The asymmetric unit of the crystal structure of 6 and
key dimensions are shown in Figure 9. Complex 6 crystal-
lizes in themonoclinic system, space groupP21/c.Akin to
2 and 5, the asymmetric unit of Rb-containing 6 adopts a
tetranuclear distorted cubane structure; however, be-
cause of the inclusion of TMEDA, a three-dimensional
polymeric array of cubane units is observed (Figure 10).
In the asymmetric unit a half molecule of TMEDA is
coordinated to each Rb. In general, TMEDA normally
coordinates terminally (inaη2-fashion) toanalkalimetal,but
perhaps counterintuitively, in the coordination chemistry
of the larger Rb center, it appears that the monodent-
ate bridging bindingmode is highly prevalent. To the best
of our knowledge there are only two known X-ray
characterized examples of Rb complexes which coordi-
nate TMEDA: first, the polymeric heterobimetallic
mixed alkoxide/peroxide [{(LiOtBu)5(RbOtBu)4(Li2O2) 3
( μ-TMEDA)2}¥]; and second, the rubidium silylpho-
sphide [Rb{P(H)SitBu3} 3 (TMEDA) 3 ( μ-TMEDA)0.5]2.
In the former complex, akin to 6, only the monodentate
TMEDA binding mode is observed; but, in the latter
example, both TMEDA binding modes, bridging and
terminal, are exhibited. The Rb centers are crystallogra-
phically distinct and are all formally five-coordinate.
Each Rb atom bonds to three μ3-OTEMPO centers, to
one N atom of a TMEDA ligand and a NTEMPO atom.
TheO-Rb-Obond angles vary from 83.24(4)-94.39(4)�

(consistent with a distorted cubane framework). The
O-Rb-NTMEDA angles [except for O(2)-Rb(2)-N(6),
111.82(4)�] are significantly wider than 109.5� [O-Rb-N
range, 121.84(5)-136.34(5)�]. Turning to bond distances,
the Rb-O bond distances vary considerably throughout
the distorted cubane. Each of the three Rb-O bonds
associated with a particular metal center can be classed
as short, intermediate, or long. For instance, focusing on
Rb(1), the distances of Rb(1)-O(1), Rb(1)-O(2), and
Rb(1)-O(3) are 2.9171(14) (long), 2.6756(12) (short), and
2.8196(15) (intermediate), respectively. The shortest
Rb-N bonds in 6 are the Rb-NTEMPO bonds (mean
distance, 2.979 Å) while the Rb-NTMEDA bonds are

almost 10% longer (mean distance, 3.265 Å). This latter
distance indicates that the cubane units are only weakly
held together by TMEDA in the extended structure.
The asymmetric unit of 7 is shown inFigure 11, while its

extended structure and key dimensions are given in
Figure 12. Complex 7 crystallizes in the monoclinic
system, space group C2/c and is polymeric in the solid

Figure 9. Asymmetric unit of 6. For clarity Rb-NTEMPO bonds have
been omitted. Key dimensions (Å and deg): Rb(1)-O(1) 2.9171(14),
Rb(1)-O(2) 2.6756(12), Rb(1)-O(3) 2.8196(15), Rb(1)-N(2) 2.9892(19),
Rb(1)-N(5) 3.337(2), Rb(2)-O(1) 2.6926(16), Rb(2)-O(2) 2.9081(14),
Rb(2)-O(4) 2.7599(15), Rb(2)-N(1) 2.9573(18), Rb(2)-N(6) 3.285(2),
Rb(3)-O(1) 2.7587(15),Rb(3)-O(3) 2.6710(14), Rb(3)-O(4) 3.0180(16),
Rb(3)-N(3) 2.9902(18),Rb(3)-N(7) 3.1825(18),Rb(4)-O(2) 2.7700(14),
Rb(4)-O(3) 2.8896(16), Rb(4)-O(4) 2.6881(14), Rb(4)-N(4) 2.9808(19),
Rb(4)-N(8) 3.2567(18),N(1)-O(1) 1.437(2),N(2)-O(2) 1.440(2),N(3)-
O(3) 1.438(2), N(4)-O(4) 1.438(2). O(1)-Rb(1)-O(2) 92.98(4), O(1)-
Rb(1)-O(3) 86.39(4), O(1)-Rb(1)-N(5) 122.36(5), O(2)-Rb(1)-O(3)
88.17(4), O(2)-Rb(1)-N(5) 124.76(5), O(3)-Rb(1)-N(5) 130.47(5),
O(1)-Rb(2)-O(2) 92.83(5), O(1)-Rb(2)-O(4) 89.58(5), O(1)-Rb(2)-
N(6) 136.34(5), O(2)-Rb(2)-O(4) 87.19(4), O(2)-Rb(2)-N(6) 111.82(4),
O(4)-Rb(2)-N(6) 125.57(5), O(1)-Rb(3)-O(3) 92.64(4), O(1)-Rb(3)-
O(4) 83.24(4), O(1)-Rb(3)-N(7) 126.48(5), O(3)-Rb(3)-O(4) 91.86(4),
O(3)-Rb(3)-N(7) 127.63(5), O(4)-Rb(3)-N(7) 122.52(5), O(2)-
Rb(4)-O(3) 85.00(4), O(2)-Rb(4)-O(4) 91.49(4), O(2)-Rb(4)-N(8)
121.84(5), O(3)-Rb(4)-O(4) 94.39(4), O(3)-Rb(4)-N(8) 123.93(5),
O(4)-Rb(4)-N(8) 128.46(5).

Figure 10. Polymeric array of [(TMEDA)2 3 {Rb(TEMPO-)}4] units.

Figure 11. Asymmetric unit of 7.
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state. In the asymmetric unit there are two chemically
unique Cs cations, and TEMPO anions (Figure 11). The
O(1)-Cs(2)-N(1) and the O(2)-Cs(2)-N(2) angles are
27.17(6)� and 27.33(6)�, respectively. Because of the
increasing ionic radius of the alkali metal, hence its
further distance from the N-O vector, the respective
O-M-N angle decreases as Group 1 is descended. The
repeating unit of the polymeric framework consists of a
tetranuclear transoidal ladder arrangement of alternating
Cs and OTEMPO atoms. The two outer rings in this ladder
deviatemarkedly from planarity (sum of angles, 355.48�),
while the central ring (as a consequence of symmetry) is
perfectly planar. Within the ladder, the Cs-O bond
lengths vary dramatically [range, 2.713(2)-3.436(2) Å].
From a supramolecular perspective, the tetrameric
ladders further associate to form [via a double ration of
inter-ladder Cs(1) 3 3 3O(1) contacts] a two-dimensional
polymer chain (Figure 13). Formally, Cs(1) is only co-
ordinated toO atoms; while Cs(2) is bound to two μ3- and
one μ2-O (intra-ladder) and receives additional stabiliza-
tion from the N(2) atoms of the TEMPO ligand. The Cs
atoms are further stabilized by a series of Cs 3 3 3C agostic

interactions [range of bond distances, 3.498(3)-3.837-
(3) Å]. To the best of our knowledge, 7 represents the first
crystallographically characterized Cs nitroxide complex.
Focusing on the TEMPO- ligand, the O center adopts a
μ3-bonding mode in complexes 2-7. For TEMPO, this
has previously only been observed in the TEMPO adduct
of trimeric perfluoro-o-phenylene mercury.36 Table 1
contains the X-ray crystallographic data for 1-7.

NMRSpectroscopic Studies.The solubility of the alkali
metal TEMPO complexes in D8-THF solution (generally
poorly soluble in arene solvent) allowed the complexes
to be studied by NMR spectroscopy. Unfortunately,
because of the fortuitous nature of the synthesis of 3
and lack of reproducibility of its synthesis, no solution
characterization of this complex could be obtained.
As NMR spectra of the new alkali metal complexes could
be obtained, this provided further evidence that the
TEMPO fragment was anionic in nature and not a
neutral, paramagnetic radical species. The 1H and 13C
NMR spectra for 1, 2, and 4-7 were recorded, and a
summary of the data can be found in Tables 2 and 3,
respectively.
Interestingly, given that the solid-state structures of the

alkali metal TEMPO are so varied, the NMR spectro-
scopic data for the complexes in D8-THF are essentially
identical. This would seem to indicate that in polar
solvent a solvent-separated ion pair or a solvated, lower
oligomeric form of the complexes exist; in essence, the
data show that the local coordination environment of the
TEMPO- ligand is insensitive to the charge-balancing
cation. Another plausible explanation for the uniformity
of these results is that protonation of the TEMPO anion
to TEMPO(H) (via deprotonation of the solvent medium
or hydrolysis) could be taking place. To eliminate this
scenario, a 1HNMR spectrum of a D8-THF solution of 6
was obtained (giving the resonances shown in Table 2).

Figure 12. Repeating tetranuclear ladder motif of 7. Key dimensions (Å and deg): Cs(1)-O(1) 2.713(2), Cs(1)-O(2*) 2.754(2), Cs(2)-O(1) 2.952(2),
Cs(2)-O(2) 3.436(2), Cs(2)-O(2*) 2.963(2), Cs(2)-N(1) 3.133(3), Cs(2)-N(2) 3.089(2), N(1)-O(1) 1.440(3), N(2)-O(2) 1.435(3). O(1)-Cs(1)-O(2*)
99.76(7), O(1)-Cs(2)-O(2*) 81.39(5), O(1)-Cs(2)-N(1) 27.17(6), O(1)-Cs(2)-O(2) 123.36(6), O(1)-Cs(2)-N(2) 106.19(6), O(2*)-Cs(2)-N(1) 102.68-
(5), O(2)-Cs(2)-O(2*) 80.86(6), O(2*)-Cs(2)-N(2) 98.70(6), O(2)-Cs(2)-N(1) 143.51(6), O(2)-Cs(2)-N(2) 27.33(6), N(1)-Cs(2)-N(2) 118.72(6),
Cs(1)-O(1)-Cs(2) 92.39(6), N(1)-O(1)-Cs(1) 155.87(17), N(1)-O(1)-Cs(2) 83.43(14), Cs(1)-O(2*)-Cs(2) 81.94(5), Cs(1)-O(2*)-Cs(2*) 112.15(7),
Cs(1)-O(1)-N(1) 143.74(17), Cs(2)-O(2*)-Cs(2*) 99.14(6), Cs(2)-O(2*)-N(2*) 130.80(15), Cs(2*)-O(2*)-N(2*) 81.22(13).

Figure 13. Section of the polymeric chain of 7.
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D2O was then added to this solution to deuterate the
TEMPO anion.76 The subsequent 1H NMR spectrum of
this solution indicated that the shifts corresponding to the
“new” TEMPO fragment differed significantly from
those for 6 (Table 1). Akin to the data presented here, it
has recently been shown that the NMR shifts for TME-
DA-solvates of the sodium and potassium 2,2,6,6-tetra-
methylpiperidide (TMP) salts were essentially identical.77

As the solution structures of each complex appear to be
similar, they will be grouped together in this discussion.

The 1HNMR spectra are relatively simple containing two
broad resonances for the TEMPO anion at 0.99-1.11
(Me protons) and 1.42-1.46 ppm (overlap of β and γ
protons). In general, the most upfield chemical shifts in
these ranges were found for the TEMPO complexes con-
taining the most electropositive alkali metals. The overlap
of the β and γ-H atoms is consistent throughout the series,
but in TEMPO(D) separate resonances are observed. As
expected, for 4 and 6, the 1H NMR spectra reveal that on
dissolution in D8-THF, the TMEDA ligand is no longer
coordinated to the respective metal center.
Turning to the 13C NMR spectra provides an insight

into the solution dynamics of the complexes (Table 3). In
general, three sharp resonances [at 18.6-18.9 (γ-C), 41.2-
41.7 (β-C), and 58.3-58.9 ppm (R-C)] are observed, along
with two extremely broad signals at 18.5-19.2 and 34.3-
35.6 ppm (the broad signals could not be observed for 4).
Using HSQCNMR spectroscopy, the broader signals can
be attributed to two chemically distinct MeTEMPO groups
(Me groups are diastereotopic). This observation suggests
that in D8-THF solution, rotation about the O-N axis of
the TEMPO- anion appears to be highly restricted, (hence
two independent resonances) and rotation is slow on the
NMR time scale. Unfortunately, because of the relatively
low boiling point of D8-THF, a high temperature NMR
study could not be conducted.

Table 1. X-ray Crystallographic Data for 1-7

1 2 3 4 5 6 7

formula C44H88Li4-
N4O6

C52H104N4-
Na4O8

C52H106N4-
Na6O10

C48H104N8-
Na4O4

C52H104K4-
N4O8

C48H104N8-
O4Rb4

C36H72Cs4-
N4O4

Mr [g mol-1] 796.94 1005.35 1085.35 949.35 1069.79 1199.27 1156.62
crystal system monoclinic monoclinic triclinic triclinic triclinic monoclinic monoclinic
space group P21/n P21/n P1 P1 P1 P21/c C2/c
a [Å] 11.3166(3) 15.7591(2) 11.6388(6) 11.5872(4) 10.9869(3) 11.6520(2) 24.5577(17)
b [Å] 10.9341(4) 17.0417(3) 11.8185(7) 12.6456(4) 15.4735(5) 23.8720(4) 8.9918(5)
c [Å] 19.4350(8) 21.7358(4) 13.1802(10) 20.7262(4) 18.5468(6) 22.2274(4) 22.9890(16)
R [deg] 90 90 75.977(3) 90.066(2) 78.9780(10) 90 90
β [deg] 94.438(2) 103.064(1) 85.990(2) 90.989(3) 84.851(2) 101.898(2) 116.892(1)
γ [deg] 90 90 69.221(3) 112.001(3) 74.592(2) 90 90
V [Å3] 2397.61(15) 5686.32(16) 1644.28(18) 2815.28(14) 2981.14(16) 6049.87(18) 4527.4(5)
Z 2 4 1 2 2 4 4
Fcalcd [g cm-3] 1.104 1.174 1.096 1.120 1.192 1.317 1.697
μ(MoKR) [mm-1] 0.070 0.103 0.107 0.097 0.349 3.260 3.233
measured refl. 24329 15937 8750 52741 24754 42115 8775
independent refl. 4901 8126 4554 13859 13358 10508 5112
Rint 0.043 0.0731 0.032 0.0381 0.0557 0.0388 0.0296
observed refl. 3371 6106 3329 9567 9092 6762 4354
parameters 270 629 335 662 645 601 225
R1 (R1 obs. data) 0.0480 0.1027 0.0495 0.0479 0.0560 0.0248 0.0275
wR2 (wR2 all data) 0.1168 0.2173 0.1199 0.1171 0.1418 0.0404 0.0670
max, min peaks [e Å3] 0.347, -0.207 0.326, -0.299 0.229, -0.192 0.278, -0.252 0.710, -0.411 0.336, -0.329 1.140, -0.829

Table 2. 1H NMR Spectroscopic Dataa for 1-7

β-CH2 and γ-CH2 (TEMPO) CH3 (TEMPO) CH3 (TMEDA) CH2 (TMEDA)

TEMPO(D) 1.42, 1.33 1.19
TMEDA 2.15 2.30
1 1.46 1.11
2 1.45 1.10
3
4 1.44 1.06 2.15 2.30
5 1.42 1.00
6 1.42 1.00 2.15 2.30
7 1.43 0.99

a 400 MHz, 300 K, D8-THF.

Table 3. 13C NMR Spectroscopic Dataa for 1-7

R-C
(TEMPO)

β-CH2

(TEMPO)
γ-CH2

(TEMPO)
CH3

(TEMPO)

1 58.9 41.2 18.6 19.2/34.3
2 58.5 41.4 18.8 18.8/34.6
3
4 58.9 41.2 18.7 not obs.
5 58.4 41.7 18.7 18.7/35.6 (br)
6 58.9 41.4 18.9 18.5/34.5 (br)
7 58.3 41.2 18.9 19.2/34.5 (br)

a 100 MHz, 300 K, D8-THF.

(76) D2O rather thanH2Owas used to prevent swamping of the spectrum.
(77) Armstrong, D. R.; Graham, D. V.; Kennedy, A. R.; Mulvey, R. E.;

O’Hara, C. T. Chem.;Eur. J. 2008, 14, 8025–8034.
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Conclusions

Seven new alkali metal salts of TEMPO- have been
prepared and characterized by X-ray crystallography and
NMR spectroscopic studies. These reactions represent
the first examples of elemental-metal reduction of the
TEMPO radical to its anionic form. In the solid-state, the
complexes adopt a wide variety of different structural
motifs.
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