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The air oxidation of the cluster compoundsJE({N'Bu)s]; (E = S, Se) in toluene produces deep blue<ES) or

green (E= Se) solutions. The ESR spectra of these solutions consist of a septet (1:3:6:7:6:3:1) of decuplets.
The simulation of these spectra shows that the secondary hyperfine splitting results from interaction of the unpaired
electron with three equivalenti ions consistent with the formation of the neutral radidalss[E(N'Bu)s]2}* (43,
E=S,g=2.0039,a(*N) = 5.69 G,a("Li) = 0.82 G;4b, E= Se,g = 2.00652,a(**N) = 5.41 G,a(’Li) = 0.79

G). Over a period of 25 h the seven line patterribfis replaced first by a five line (1:2:3:2:1) spectrum=¢
2.009,a(**N) = 13.4 G) and, subsequently, by a three line (1:1:1) spect@im £.00946,a(**N) = 15.4 G,
a(’’Se)= 4.3 G), neither of which exhibitLi hyperfine splitting. These spectra are tentatively assigned to the
radical anions SeO(Bu);*~ and Se@(N'Bu)'~, respectively. The clustdiLi[O,S(NBu)}r (3) is prepared by

the reaction of sulfur dioxide with 2 equiv of LiNBu in toluene. The air oxidation of toluene solutions of
{Li,JOS(NBu).]} (22) or 3 produces deep blue species. In the former case the initial ESR spectrum is a 1:2:
3:2:1 quintet ¢ = 2.009,a(**N) = 13.3 G) which, after 16 h, evolves into a 1:1:1 triplgt=f 2.0088,a(**N) =

15.9 G). The same triplet is observed in the ESR spectrum of oxidized soluti@leading to the assignments
OS(NBu)*~ and QS(NBu)~ for the quintet and triplet, respectively. The disproportionation 2GRN~ —
O,S(NBu)~ + S(NBu)z*~ is indicated by the changes observed for the ESR spectra of oxidized solutidas of

Introduction metals in dimethoxyethane produces the corresponding deep
purple radical anion, which is stable for several hours at ambient
temperaturé. In the case of a Li counterion the symmetrical
five line ESR spectrum (1:2:3:2:1) indicates coupling to two

equivalent N atoms, but additional coupling toi (1 = /5,

Chalcogen-nitrogen compounds frequently form long-lived
neutral radicald. Some recent examples include both cyclic

derivatives, e.g. dichalcogenadithiazolyls RCNEER = S,
Se)23 and the acyclic systems RC(NERh|R = Ph, E= S, 92.6%) is also observe@(’Li) = 0.72 G]? Recently, Stalke
Se? R =H, E=$). A few sulfur—nitrogenradical anions et al. have reported that the oxidation of the dimeric cluster
have been characterized by ESR spectroscopy. For example[Li2S(NBu)s]2 (18) with O, or I, produces a dark blue radical
SN, generated electrochemically, displays the expected ninewhich was characterized by ESR spectroscy. In a

line ESR spectrum due to coupling of the unpaired electron with preliminary communication the poorly resolved ESR spectrum

four equivalent N atoms{N, | = 1, 99.6%)%7 but the radical
anion undergoes ring contraction abové@®to give SNz .8
Reduction of the sulfur diimidéBuN=S=N'Bu with alkali

of this radical was described as a septetH 8 G, 1:3:6:7:6:
3:1) of septetfa= 0.8 G, 1:2:3:4:3:2:1) attributed to coupling
of the unpaired electron with three equivalent N atoms and
“further interaction of the unpaired electron withio equivalent
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ESR spectrum, which revealed that the secondary hyperfine
splitting is a decupletg = 0.8 G) resulting from interaction of
the unpaired electron witthree equivalent’Li nuclei.l*

We have reported the synthesis of the triazaselenite and
triazatellurite ions E(MBu)s?>~ (E = Se, Te) which, as their
dilithium derivatives, have dimeric cyclic ladder structuréls,¢)
analogous to that of the sulfur congeAér4 i.e. pyramidal

(9) Hunter, J. A.; King, B.; Lindsell, W. E.; Neish, M. Al. Chem. Soc.,
Dalton Trans.198Q 880.
(10) Fleischer, R.; Freitag, S.; Pauer, F.; Stalke, ADgew. Chem., Int.
Ed. Engl.1996 35, 204.
(11) Fleischer, R.; Freitag, S.; Stalke,IDChem. Soc., Dalton Trank998
193.
(12) Chivers, T.; Parvez, M.; Schatte, Borg. Chem.1996 35, 4094.

S0020-1669(98)00356-5 CCC: $15.00 © 1998 American Chemical Society
Published on Web 08/15/1998



4634 Inorganic Chemistry, Vol. 37, No. 18, 1998 Brask et al.

Bu ‘BuN ¢ "
. Li———— Ng—0— . B NBu
I%l/ \;?u/ \E Ll\Bgl\_\'?-—I‘\Li\l-'lo—/s\ L (@)
/\L'/Lil / \ s Ni/ /S"‘\\/
E— /0 N\ BN NS H—/0_nmpNBu
\ 'Bu N, Li '\L-I I/
Y \ B NA L
o —Li o Li L! 7
- A
1a(E=9) SEN_‘\"B“S
1b (E = Se) BN | —1,
1c (E = Te) \Lli—l‘N/‘Bu (b)
2a
R
—Li— R
\ v\ —S
RN/S\ S;RIi_NR [ R S B |
\ o d | I 36 347 38 349 350
2T TN B/mT
/}ku | i”Li Figure 1. (a) Experimental ESR spectrum piiz[S(NBu)s]2}* (4a)
o) / WO/ \ in toluene at 20C. (b) Simulated ESR spectrum [includes contribution
RN~ _/ \ of 8Li (I = 1, 7.5%,a = 0.31 G)].
S\\NR S\ LR
\N/\L\/N~ /§Li vided by Bruker. Elemental analyses were provided by the Analytical
R'\Li“‘N/ Services Laboratory of the Department of Chemistry, University of
R’ Calgary.
2b (R ='Bu, R'=SiMe;) Preparation of [Li ,SO,(N'Bu)]. (3). A solution of SQ (0.732 g,

) ) o ) ) 11.43 mmol) in toluene (10 mL), prepared by condensing a preweighed
E.(NtBU)327 ions are linked by 4 lithium ions to give a 12 atom  amount of S@onto toluene at-196°C and subsequently warming to
LisEoNe cluster. We have also prepared and structurally 23°C, was added in aliquots to a stirred slurry of LitBM (1.807 g,

characterized the hexamfli,[OS(N'Bu).]}s (28) which con- 22.85 mmol) in toluene (10 mL) at78 °C to give a pale yellow

tains pyramidal diazasulfite ions OSBWU),>".*> A different solution. After 0.5 h, the reaction mixture was allowed to warm slowly
structural arrangement is observed for the hexafh&]OS- to 23°C to give a transparent yellow solution which was stirred for a
(N'Bu)(NSiMe3)]} s (2b). further 2 h. All volatiles were removed under dynamic vacuum, and

; ; ; the off-white precipitate was washed with cafehexane (10 mL).
Both 1b and2areadily form colored radicals in the presence The white product was dried under dynamic vacuum. The yield of

of traces of oxygen. We report here ESR investigations of these[Lizsoz(N‘Bu)]n was 1.581 g (93%): mp 178C (dec). Anal. Calcd
systems and further details of the radical derived frban for CaHoLi,NO,S: C, 32.23: H 6.09° N. 9.40. Found: C. 32.43: H

6.21; N, 9.29.H NMR (8): CsDs, 23°C, 1.31-1.50 (m); GDs, —83

°C, 1.30-2.00 (m). “Li NMR (0): C;Ds, 23 °C, 0.4 to—2.5 (m);
Reagents and General ProceduresThe complexes [LS(NBu)s]» C:Dg, —83°C, —0.3 to —4.0 (m).

(18),1°[LiSe(NBu)s]» (1b),*2 and [LOS(NBuU)]s (28)*° were prepared

by literature procedures'BuNSeO was obtained by the method of Results and Discussion

Herberhold et at® Toluene was dried and distilled from Na/

Experimental Section

benzophenone before use. Liquid S@as stored over o in a glass ESR Spectra of{Lis[E(N'Bu)s];* (E = S, Se). In order to
vessel equipped with a Teflon needle valVBUuNH, (Aldrich, 98%) provide a benchmark for our ESR investigations of the radicals
was predried over KOH, distilled over CaHand then distilled onto ~ formed upon air oxidation ofb and2a, we obtained the ESR
dried molecular sieves. LiHBu was prepared fron'BuNH, and spectrum of the blue radical generated by oxidatiodaf A

"BuLi (Aldrich, 2.5 M in hexanes)’ SeQ (Aldrich) was used as colorless solution ofla in toluene becomes royal blue im-
received. Solutions ofab, 2a and3 in toluene were made up ina  mediately upon exposure to air. The ESR spectrum of this blue
glovebox. After brief exposure of these solutions to air a series of gg|ytion consists of a septet (1:3:6:7:6:3:1) consistent with
ESR spectra was recorded at ambient temperature at various timecoupling of the unpaired electron with three equivaléi
intervals. nuclei (Figure 1). The value is 2.0039 andy = 5.69 G. The

Instrumentation. *H and ‘Li NMR spectra were recorded on a latt | is signifi ty diff tf th | f8G
Bruker AMX 400 spectrometer operating at 400 MHz and 155.50 MHz, atier value 1S significantly ditterent from the value o

respectively. Chemical shifts are reported relative to®én CDCh reported for the nitrogen hyperfine coupling constant by Stalke
and 4 M LiCl in D,O, respectively. ESR spectra were recorded at 20 €t al., who also do not reportgvalue for this radicat! There

°C on a Bruker ESP 300e spectrometer equipped with a NMR mag- iS additional, well-resolved hyperfine splitting € 0.82 G) for
netometer, a microwave counter, and a variable-temperature accessorgach line of the septet (Figure la). The simulation of this
or on Bruker EMX-6 and JEOL TE-200 instruments. Spectral sim- spectrum gave the best fit for a radical in which the unpaired
ulations were carried out using the WINEPR SimFonia program pro- electron is interacting with three equivaldnt 1 nuclei, i.e.

14N, and three equivalert= %/, nuclei, i.e.’Li. The spectrum
obtained in toluene can be simulated accurately (Figure 1b) using
a Gaussian line shape (line width 0.5 G) suggesting that the

(13) Chivers, T.; Gao, X.; Parvez, M\ingew. Chem., Int. Ed. Engl995

34, 2549. . A ;
(14) Chivers, T.; Gao, X.; Parvez, Nhorg. Chem.1996 35, 4336. spectrum is inhomogeneously broadened. This is most likely
(15) Brask, J. K.; Chivers, T.; Parvez, M.; Schatte ABgew. Chem., Int. due to the relatively viscous solvent toluene and/or high radical

Ed. Engl.1997 36, 1986. tratiod® Th iousl ted t ded
(16) Herberhold, M.; Jellen, WZ. Naturforsch.1986 41b, 144. .Concen ratiort. . € previously reporte s.pec rum’. recor e
(17) Chivers, T.. Parvez, M_; Schatte, &.Organomet. Chen1998 550, in hexane solutioA! appears more symmetrical consistent with

213. the lower viscosity of the solvent. Thus the oxidationlaf



Radicals{Li3[E(N'Bu)s]2}* Inorganic Chemistry, Vol. 37, No. 18, 1998635

Table 1. ESR Parametets

a(*3s) or
radical counterion gvalue a(**N) aM) a(’’Se) ref (@)
[S(NBu)*~ K+ 20071 515~0.05 92 9 '

Nat 2.0072 510 0.7 93 9
Li* 2.0071 495 072 95 9 |

- ,,w\ﬁ“\"“\”‘

N . . . i
aavalues are given in @ The radical anion is present in the neutral M‘“‘I\M

I

f'f\"\\ | W !
il

il
appears to involve the removal of one electron and origdri ” |
from the dimeric 12 atom cluster to give an 11 atom species in e

which the radical anion S(Bu);*~ is linked to the dianion 243 245 247 249 351
S(N'Bu)z?~ by three lithium ions, i.e4a. The connectivities

I
|

T
1

i

[S(NBBu)g]*~ b Lit notgiven 8 0.8 11 ;

Lit 20039 569 0.82 c
[Se(NBu)s]* Lit 200652 541 079 43 ¢
[SO(NBU),]* Lit 2009 133 c
[SO(NBU)]* Lit 20088 159 c
[SEONBu]*~  Li*  2.009 134 c ~ l
[SeQ(N'Bu)]*~ Li* 2.0095 15.4 43 ¢ (b) ‘; ‘{ !
BUNO' 2.0064 154 19 i /M i
[BuN=NBu]"~ KT 2.0042 8.25 20 M'\H‘% r ‘ ]

complex{Liz[S(N'Bu)s]z}*. ¢ This work.

B/mT
Bu B -' Figure 2. (a) ESR spectrum of an air-oxidized solution of fe(N-
N—Li—N Bu)s]; in toluene at 20C after 46 min. (b) Simulated ESR spectrum.
2 S Scheme 1
N Li—N’
; X H,0
Bu Bu Se(N'Bu);" g~ OSe(N'Bu);’
= 2
:ta),, ((g - 2:) (7 line spectrum) (5 line spectrum)
of the Li ions in this structure are uncertain, but we note that H,0 N
VT H NMR studies indicate thatb,c are highly fluxional in ~BuNH, 0,5¢(N"Bu)
solution12=14 The fluxionality probably involves the facile (3 line spectrum)

stretching and contraction of &N interactions* For simplicity
the Li ions are represented as two-coordinatéafo. The ESR line spectrum they arg = 2.00946,ay = 15.4 G, andase =

parameters found fofain this work are very similar to those 4.3 G. The simulated ESR spectrum confirms the presence of
previously reported for the related radical anion [8®);]*~ selenium in the radical that gives rise to the three line spectrum.
(Table 1)? _ _ ~ The above observations indicate that the five line pattern is
The oxidation oflLb gives rise to the analogous Se-containing produced by a radical containing two equivalent N atoms and
radical 4b on the basis of ESR spectroscopic evidence. As gne Se atom, whereas the three line pattern is attributed to a
indicated below, the radicdb is less stable thaAa which, in radical involving one N and one Se atom. Significantly, unlike
the absence of air, persists for several weéké pale yellow  the seven line spectrum, which is attributed to the raditl
solution of 1b in toluene becomes greenish yellow on ex- ng hyperfine splitting byLi is observed for either the five line
posure to air. ESR spectra of this solution at ZD were o the three line spectra. In view of the extremely moisture-
recorded six times over the rte5 h and then again after 26 h.  gensitive nature olb,2 it seems reasonable to attribute the
The ESR spectrum of oxidizeth undergoes a continuous and  changes in the ESR spectra to the sequence depicted in Scheme
informative evolution over this time period. The initial spec- 12! where the water is provided by atmospheric moisture.
trum exhibits a pattern similar to that observed #a i.e. a In order to provide support for this proposal, we attempted
septet of decuplets (Figure 2a), and it is, therefore, tentatively 1, prepared Li,[OSe(NBu),]} , and{ Li,[0,Se(NBu)]} » by the
attributed to the selenium-containing radic#h. The ESR reactions of 2 equiv of LiNHBu with 'BuNSeO and Se
parameters foab areg = 2.00652,ay = 5.41 G, anda; = respectively. However, pure products could not be obtained
0.79 G. The simulation of this spectrum using these param- owing to (a) the thermal instability BUNSeG® and (b) the
eters and a Gaussian line shape with a line-width parameter ofjq,, reactivity of SeQ toward LiNHBu. Consequently, we

0.40 gives a very good fit for thrééN andthree’Li splittings turned our attention to the corresponding sulfur-containing
(Figure 2b). _ , clusters{ LiJOS(NBu)2]} 625 and{ Li s[02S(NBU)]} .
During the course 05 h the seven line spectrum db is ESR Spectra of Oxidized{ Li JOS(N'Bu),]} s and { Li 5[0 S-

replaced first by a five line (1:2:3:2:1) pattern and, finally, by  (NtBuY]},. The hexameric clustefLiJOS(NBu)]}s (28) is

a three line (1:1:1) spectrum. The ESR parameters for the five prepared by the reaction ofBUNSO with 2 equiv of
line spectrum arg = 2.009 anday = 13.4 G, and for the three | ijNH'Bu 15 The structure of this 36 atom cluster results from
the trimerization of three LD,S,N4 hexagonal prisms via their
Li,O, faces, while2b can be viewed to form from the

(18) Weil, J. A.; Bolton, J. R.; Wertz, J. ELECTRON PARAMAGNETIC
RESONANCE: Elementary Theory and Practical Applicatidiodin
Wiley and Sons, Inc.: New York, 1994.

(19) Plachy, W.; Kivelson, DJ. Chem. Physl967, 47, 3312. (21) In view of the lack of coupling téLi, the radical anions OE(Bu),"~

(20) Busfield, W. K.; Jenkins, I. D.; Thang, S. H.; Moad, G.; Rizzardo, and QE(N'Bu)~ (E=S, Se) are not depicted as components of cluster
E.; Solomon, D. HJ. Chem. Soc., Chem. Commu®85 1248. structures.




4636 Inorganic Chemistry, Vol. 37, No. 18, 1998 Brask et al.

one nitrogen atom, i.e. S(NBu)'~.21 Support for this assign-
(@) ment comes from the observation that the oxidation of a toluene
solution of{Li)[O>S(N'BU)]}n» (3) in air yields a blue solution
which gives rise to a three line (1:1:1) ESR spectrum with almost
identical ESR parameters. The ESR parameters for these new
S—N radicals are summarized and compared with those of
related radicals in Table 1. The similarity of the ESR parameters
for Ox S(NBu);—x~ (x = 1, 2) and the five line and three line
species formed by the degradation of the Se-containing radical
4b provides support for the identification of these species as
O« Se(NBu)s—'~ (x = 1 and 2, respectively). We note,
however, that prolonged exposure 44 to air results in the
decay of the characteristic ESR spectrum shown in Figure 1
and the formation of a diamagnetic species rather than the
radicals Q S(NBu)s—x~ (x =1, 2).
‘ S b Radical dimerizations are widespread ir-I$ chemistry??
343 345 47 349 3H and Oakley et al. have shown that unsymmetrical sulfur diimides
undergo scrambling via their anion radic&isThis dispropor-
) tionation involves a SOMOSOMO interaction of two radical
Figure 3. ESR spectra of an air-oxidized solution{afi[OS(NBu)|} e anions. Since, the SOMO for RNSNRSs thes* orbital located
in toluene at 20°C after (a) 36 min and (b) 15 h. primarily on sulfur, the preferred mode of association is via a
Chart 1 S---Sinteraction; cf. 80,2724 A scrambling process has been

invoked to account for the formation of sulfur diimides from

(b)

B/mT

. _O/S\\T— --- o L sulfinylamines in the presence of base or alkali me¥al§he
\ /N\\ ‘ X 'cl) T‘, c:) changes in the ESR spectra observed over time for oxidized
-bu” RO Fisy L~ \ solutions of2amay be explained by a similar disproportionation
oot g R /5—m\ N (eq 1)
\ O- -~~~ RN\S | | RN/ - - t -
SRR A g \ Q—Ti./ / 20S(NBu),” == O,S(NBu)™ + S(NBu),’ (1)
Lil/\o' 'Li/? 5 line pattern 3 line pattern 7 line pattern
3 o e Conclusions
6 The air oxidation of [LiSe(NBu)s], produces a radical which,
on the basis of ESR spectra and by analogy with the corre-
dimerization of two L§S;O3Ng clusters via their LOs faces. sponding S-containing radical, has the compositjn[Se-

In this work the new compleXLij[O,S(NBuU)]}» (3) was (N'Bu)s]2}* in which pyramidal Se(MBu)s?~ dianions and Se-
prepared in almost quantitative yield by the reaction o, SO (N'Bu)s*~ radical anions are linked by three lithium ions. In
with LINH'BuU (1:2 molar ratio) in toluene. By analogy with  the presence of air this radical is converted into radical anions
the structures ofla and2a,b the basic building block for the  containing two and, subsequently, one nitrogen atom tentatively
complex3is likely to be either an LiO,S;N, hexagonal prism identified as Se@NBu);—x~ (x =1 and 2, respectively). The

5 or the 18 atom L§OsS3N3 cluster6, both of which will lead ESR parameters for these Se-containing radicals are very similar
to highly associated clusters via theirQj faces b, x = 2; 6, to those of the analogous sulfur radicals,®Bu);—x~ obtained

x = 3) (see Chart 1) in the solid state. Attempts to obtain as deep blue solutions by the air oxidation of the clusters
crystals of3 suitable for an X-ray structural determination have {LizJOS(NBu),]}s or {Lio[O2S(NBu)]}n, respectively.

o
been unsuccessful. However, both theand’Li NMR spectra Acknowledgment. We thank Dr. Yukio Mizuta (JEOL) for

of 3 in C;Dg exhibit numerous (8 or 9) resonances over the . : S
temperature range 19@95 K suggesting either a structure of ?é:ﬁ;?g;ef(;? f(i)rtl);il(?ilanlgstjhpepgr?R spectra@hnd the NSERC

low symmetry or, more likely, dissociation into smaller ag-

gregates in solution. Supporting Information Available: Figures of ESR spectra of air-
A solution of 2a in toluene turns blue immediately upon oxidized solutions of (a) [liSe(NBu)]2 in toluene after 26 h and (b)

exposure to oxygen. ESR spectra of this solution were recorded{Liz[02S(NBu)]}x in toluene (3 pages). Ordering information is given

at various intervals over a period of 16 h. The initial spectrum ©n @ny current masthead page.

(Figure 3a) consists of a five line (1:2:3:2:1) pattern indicating 1Cc9803560

interaction of the unpaired electron with two equivalent nitrogen

atoms, i.e. consistent with the formation of OSN),*~.% (22) Oakley, R. TProg. Inorg. Chem1988§ 36, 299.

Coupling toLi atoms is not resolved. After 16 h the major (23 Bestari, K; Oakley, R. T.; Cordes, A. Wan. J. Chem1991, 69,

component of the ESR spectrum is a 1:1:1 triplet (Figure 3b) (24) Takahashi, H.; Kaneko, N.; Miwa, KSpectrochim. Actd982 38A
suggesting that the dominant radical species now contains only 1147.




