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Remarkable Reaction of Hetero-S-Block-
Metal Amides with Molecular Oxygen:
Cationic (NMNMg)2 Ring Products (M�Li
or Na) with Anionic Oxo or Peroxo Cores
Alan R. Kennedy, Robert E. Mulvey,* and
ReneÂ B. Rowlings

Intensively studied since the early 1980s, the structural
chemistry of lithium and sodium amides is based predom-
inantly on (NM)n rings (M�Li or Na) which can remain
discrete or self-associate by ªring-ladderingº.[1] Lithium
2,2,6,6-tetramethylpiperidide (LTMP) is representative of
the former type as highlighted in a recent textbook:[2] two-
coordinate Li centers bridge pairs of amide N centers in a
tetrameric octagonal ring core. Considerably less work has
been carried out on heterometallic amide systems where
lithium or sodium is combined with a second metal. Recently

Experimental Section

1a : In analogy to the known synthesis of Na2[M(CO)5] (M�Cr, W)[12] a
solution of [Me3NCr(CO)5] (1.21 g, 4.82 mmol) in THF (30 mL) was cooled
to ÿ78 8C, and a solution of NaC10H8 (57.8 mL, 0.20m in THF were added
dropwise over a period of 20 min. When the addition was complete all
volatile materials were removed under high vacuum (0 8C/0.001 Torr). The
remaining yellow solid was treated with Et2O (50 mL) at 0 8C, filtered, and
washed with Et2O (2� 10 mL). The light yellow product was dried briefly
under high vacuum and subsequently suspended in toluene (30 mL) at 0 8C.
Br2BN(SiMe3)2

[13] (1.36 g, 4.00 mmol) was added dropwise by a syringe, and
the color of the suspension quickly turned from orange to dark brown.
After the reation mixture was stirred for 30 min at 0 8C, it was warmed to
ambient temperature and all volatile materials were removed under high
vacuum. The dark brown residue was suspended in hexane (30 mL) and
filtered, and the remaining solid was rinsed with hexane (10 mL). The
filtrate was concentrated under vacuum to 20 mL and stored at ÿ30 8C.
After 72 h [(Me3Si)2NBCr(CO)5] (0.35 g, 36.7 %) was obtained as light
brown crystals. All NMR spectra were recorded in in [D6]benzene at 25 8C.
1H NMR (500 MHz, TMS): d� 0.14 (s, SiMe3); 11B NMR (160 MHz, Et2O ´
BF3): d� 92.3; 13C NMR (126 MHz, TMS): d� 2.6 (SiMe3), 217.6 (COeq),
218.0 (COax); IR (toluene): nÄ � 2064 (w), 1981 (m), 1942 (vs) cmÿ1 (CO);
elemental analysis calcd for C11H18CrNBO5Si2: C 36.37, H 5.00, N 3.86;
found: C 35.47, H 5.10, N 3.72.

1b : As described for 1a [Me3NW(CO)5][14] (0.85 g, 2.22 mmol) was treated
with a solution of NaC10H8 (26.7 mL, 0.20m) and then with Br2BN(SiMe3)2

(0.68 g, 2.00 mmol). [(Me3Si)2NBW(CO)5] (0.24 g, 24.3 %) was obtained as
light brown crystals. All NMR spectra were recorded in [D6]benzene at
25 8C. 1H NMR (500 MHz, TMS): d� 0.12 (s, SiMe3); 11B NMR (160 MHz,
Et2O ´ BF3): d� 86.6; 13C NMR (126 MHz, TMS): d� 2.9 (SiMe3), 196.5
(COax), 197.2 (COeq); IR (toluene): nÄ � 2075 (w), 1967 (m), 1941 (vs) cmÿ1

(CO); elemental analysis calcd for C11H18NBO5Si2W: C 26.68, H 3.66, N
2.83; found: C 26.29, H 3.59 N 2.72.

Received: June 9, 1998 [Z 11968 IE]
German version: Angew. Chem. 1998, 110, 3355 ± 3357

Keywords: boron ´ chromium ´ transition metal complexes
´ tungsten

[1] H. Braunschweig, Angew. Chem. 1998, 110, 1882 ± 1898; Angew.
Chem. Int. Ed. 1998, 37, 1786 ± 1801.

[2] a) J. R. Knorr, J. S. Merola, Organometallics 1990, 9, 3008 ± 3012;
b) S. A. Westcott, N. J. Taylor, T. B. Marder, R. T. Baker, N. J. Jones,
J. C. Calabrese, J. Chem. Soc. Chem. Commun. 1991, 304 ± 305; c) J. F.
Hartwig, S. Huber, J. Am. Chem. Soc. 1993, 115, 4908 ± 4909; d) P.
Nguyen, H. P. Blom, S. A. Westcott, N. J. Taylor, T. B. Marder, J. Am.
Chem. Soc. 1993, 115, 9329 ± 9330; e) J. F. Hartwig, S. R. de Gala, J.
Am. Chem. Soc. 1994, 116, 3661 ± 3662; f) D. R. Lantero, D. H. Motry,
D. L. Ward, M. R. Smith, J. Am. Chem. Soc. 1994, 116, 10 811 ± 10812;
g) C. Dai, G. Stringer, F. F. Corrigan, N. J. Taylor, T. B. Marder, N. C.
Norman, J. Organomet. Chem. 1996, 513, 273 ± 275.

[3] a) H. Braunschweig, B. Ganter, M. Koster, T. Wagner, Chem. Ber.
1996, 129, 1099 ± 1101; b) H. Braunschweig, C. Kollann, M. Müller,
Eur. J. Inorg. Chem. 1998, 291 ± 293; c) H. Braunschweig, C. Kollann,
U. Englert, Eur. J. Inorg. Chem. 1998, 465 ± 468.

[4] a) H. Braunschweig, T. Wagner, Angew. Chem. 1995, 107, 904 ± 905;
Angew. Chem. Int. Ed. Engl. 1995, 34, 825 ± 826; b) H. Braunschweig,
B. Ganter, J. Organomet. Chem. 1997, 545, 163 ± 167; c) H. Braun-
schweig, M. Müller, Chem. Ber. 1997, 130, 1295 ± 1298.

[5] G. Schmid, W. Petz, H. Nöth, Inorg. Chim. Acta 1970, 4, 423 ± 427.
[6] [(CO)4FeBN(SiMe3)2] was obtained in low yields by procedures

similar to those for 1 a,b, and was characterized by NMR spectro-
scopy. H. Braunschweig, C. Kollann, unpublished results.

[7] A. Mayr, K. C. Schaefer, E. Y. Huang, J. Am. Chem. Soc. 1984, 106,
1517 ± 1518.

[8] a) Crystal structure determination of 1b : C11H18BNO5Si2W, Enraf-
Nonius CAD4 diffractometer; MoKa radiation (l� 0.7107 �, graph-
ite monochromator); T� 203 K. Light brown rod, 0.16� 0.12�
0.08 mm3, triclinic, space group P1Å (no. 2); a� 9.250(1), b� 9.302(1),
c� 12.109(2) �, a� 109.53(1), b� 98.54(1), g� 101.48(1)8, V�

935.8(3) �3, Z� 2, 1calcd� 1.74 g cmÿ3, m(MoKa)� 63.81 cmÿ1,
F(000)� 476, 5222 measured reflections (3< q< 268), w ± 2q scans.
The empirical absorption correction on the basis of azimuthal scans
provided transmission factors between 0.722 and 0.999.[15] The
structure was solved by Patterson methods with use of the SDP
program;[16] 3349 independent reflections with I> s(I), 190 variables.
All non-hydrogen atoms were refined with anisotropic displacement
parameters, all hydrogen atoms were included as riding (CÿH�
98 pm, Uiso(H)� 1.3Uiso(C)). R� 0.032, Rw� 0.034, wÿ1� s2(Fo),
GOF� 0.950. b) Crystallographic data (excluding structure factors)
for the structure reported in this paper have been deposited with the
Cambridge Crystallographic Data Centre as supplementary publica-
tion no. CCDC-101 812. Copies of the data can be obtained free of
charge on application to CCDC, 12 Union Road, Cambridge
CB2 1EZ, UK (fax: (�44) 1223-336-033; e-mail : deposit@ccdc.cam.
ac.uk).

[9] H. Wadepohl, U. Arnold, H. Pritzkow, Angew. Chem. 1997, 109, 1009 ±
1011; Angew. Chem. Int. Ed. Engl. 1997, 36, 974 ± 976.

[10] R. Boese, P. Paetzold, A. Tapper, Chem. Ber. 1987, 120, 1295 ± 1298.
[11] A. W. Ehlers, E. J. Baerends, F. M. Bickelhaupt, U. Radius, Chem. Eur.

J. 1998, 14, 210 ± 221.
[12] J. M. Maher, R. P. Beatty, N. J. Cooper, Organometallics 1985, 4,

1354 ± 1361.
[13] W. Haubold, U. Kraatz, Z. Anorg. Allg. Chem. 1976, 421, 105 ± 110.
[14] W. Strohmeyer, J. F. Guttenberger, H. Blumenthal, G. Albert, Chem.

Ber. 1966, 99, 3419 ± 3424.
[15] A. C. T. North, D. C. Phillips, F. S. Mathews, Acta Crystallogr. Sect. A

1968, 24, 351 ± 359.
[16] B. A. Frenz, SDP, Version 5.0, Enraf-Nonius, Delft, 1989.
[17] A. L. Spek, PLATON94, Utrecht, 1994.
[18] Note added in proof (August 10, 1998): Recently the synthesis and

structure of the borylene complex [(h5-Me5C5)BFe(CO)4] was pub-
lished. However, this compound shows a single bond between iron and
a sixfold-coordinated boron atom. A. H. Cowley, V. Lomelí, A. Voigt,
J. Am. Chem. Soc. 1998, 120, 6401 ± 6402.

[*] Prof. R. E. Mulvey, Dr. A. R. Kennedy, R. B. Rowlings
Department of Pure and Applied Chemistry
University of Strathclyde
Glasgow, G1 1XL (UK)
Fax: (�45) 141-552-0876
E-mail : R.E.Mulvey@strath.ac.uk

[**] This research was supported by the UK Engineering and Physical
Science Research Council.



COMMUNICATIONS

Angew. Chem. Int. Ed. 1998, 37, No. 22 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998 1433-7851/98/3722-3181 $ 17.50+.50/0 3181

we have turned our attention to synthesizing heterodimetallic
LiÿMg and NaÿMg amides.[3] These mixed-metal compounds
can be formally regarded as alkali metal amide derivatives in
which a proportion of M� ions have been replaced by
[{Mg(NR2)}�] units. Such substitutions should encourage a
modification in chemical structure, which, in turn, could
translate into a modification in chemical reactivity. Hence the
heterodimetallic system may exhibit a chemical behaviour
distinct from that of the homometallic amide. The widespread
use of lithium amide reagents throughout synthetic chemistry
provides a major incentive for pursuing this interesting topic.
Herein we report how this heterodimetallic approach can be
used to create a truly remarkable new piece of chemistry.
Thus, octagonal (N-M-N-Mg)2 mixed-metal ring systems
closely related to the LTMP original but with oxo or peroxo
cores are readily preparable. The core atoms are introduced
into the molecular frameworks by deliberately exposing
reaction solutions to molecular oxygenÐa manoeuvre nor-
mally unthinkable in s-block organometallic chemistry, where
generally every effort is made to avoid hydrolytic and
oxidative decomposition by working in an oxygen-free inert
atmosphere.

We still use such an atmosphere (argon) in the initial stages
of the preparations described here. Subsequently, however,
the Schlenk tube is opened to the atmosphere, and a drying
tube filled with fresh CaCl2 is placed at the inlet. This allows
atmospheric oxygen to enter, but not moisture. Alternatively,
dry compressed oxygen can be directly passed through the
liquid amine for several minutes immediately prior to carrying
out the preparation. Both methods have proved successful,
and reproducibly so, in the synthesis of the heterodimetallic
oxo variant of the classic LTMP system 1.

[{C(Me2)CH2CH2CH2C(Me2)N}4Li2Mg2(O)] 1

Compound 1 is produced by mixing n-butyllithium with n,s-
dibutylmagnesium in hydrocarbon solution, then adding
enough amine to convert all the butyl groups to butane.
X-ray crystallographic studies[4] reveal that the colorless,
needle-shaped, single crystals of 1 are contaminated with
some molecules of conventional LTMP, presumably as a
consequence of the two octagonal ring systems having a
similar, but not identical molecular shape (see below).
Complete refinements on several different crystals show that
the relative amount of LTMP contamination can be greatly
reduced (e.g., from 39 to 7 %) by increasing the Mg:Li
stoichiometry used in the reaction from 1:1 to 2:1. Figure 1
shows the molecular structure of 1. The core oxo atom
occupies a square-planar site binding to all four metal atoms.
Due to mutual substitution disorder the two Li and two Mg
sites are indistinguishable. Their three-coordinate geometry is
completed by two amido N atoms, which bridge to the metal
atoms to produce the eight-membered ring. Though the
disorder prejudices discussion of specific dimensions within
the structure, it is still clear that the (N4Li2Mg2) ring takes on a
star-shaped appearance with the N atoms located at the tips
(evidenced by acute M-N-M bond angles of about 768). This
feature can be attributed to the additional pull on the metal
atoms by the core oxo dianion, as it is not observed in the oxo-

Figure 1. Molecular structure of 1 without hydrogen atoms and disorder
component.

free structure of conventional LTMP, which has more open
M-N-M bond angles of 101.58.

In an effort to circumvent the complication of Li/Mg
substitutional disorder and to test the heterodimetallic
strategy with a second amine, we tried the same reaction
with n-butylsodium and 1,1,1,3,3,3-hexamethyldisilazane in
place of n-butyllithium and tetramethylpiperidine, respec-
tively. To our delight it proved successful and reproducible,
yielding the desired complex 2.

[{(Me3Si)2N}4Na2Mg2(O2)x(O)y] 2

The structure of 2 (Figure 2)[4] resembles that of 1, though
the octagonal ring has a more asymmetrical (but still planar)
shape due to the significant size differential between Na and
Mg atoms. For this reason there is no Na/Mg substitutional
disorder in 2 ; however, site disorder is found at the center of
the structure, refined to 32 % peroxide and 68 % oxide for the
specific crystal reported here. These appear to represent the
kinetic and thermodynamic products, respectively, of the
oxygen incorporation process. As such, a comparison can be
made with reactions of alkyllithium compounds and molec-
ular oxygen which produce alkoxides via unstable alkylperoxo
intermediates.[5] Presumably steric shielding by the bulky
amide ligand increases the stability of the peroxo component
of 2. Previously, we noted that the lithium analogue of 2 could
be obtained as an unwanted by-product during the synthesis
of mixed LiÿMg hexamethyldisilazide,[6] but at that time
failed to recognize that it could be made by the rational
method described here.

Oxygen incorporation in s-block compounds is not a new
phenomenon. In 1964, the structure of the contaminated
ªGrignard reagentº Mg4Br6(O) ´ 4 Et2O was reported.[7] More
recent examples include the tetradecalithium amide
[{(c-C5H9)N(H)Li}12Li2O][8] and the octadecalithium phos-
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Figure 2. Molecular structure of 2 without hydrogen atoms and disorder
component. Selected bond lengths [�] and angles [8]: Mg1 ´´´ Na1
3.0099(7), Mg1 ´´´ Na1* 2.9459(8), Mg1ÿO1 1.8575(4), Na1ÿO1 2.3278(7),
Mg1ÿN1 2.054(1), Mg1ÿN2 2.049(1), Na1ÿN1* 2.549(1), Na1ÿN2 2.595(1);
N1-Mg-N2 141.60(5), N1*-Na1-N2 159.84(2), Mg-N1-Na1* 78.76(4), Mg1-
N2-Na1 79.86(4). (*)� ÿx, 1ÿ y, 1ÿ z.

phanediide [{[iPr2(Mes)Si]P}8Li16 ´ Li2O].[9] However, such
compositions are usually not planned, but obtained serendip-
itously, by reactions which cannot always be repeated.
Furthermore, the source of the oxygen contamination is
rarely, if ever, known with certainty, and is often vaguely
attributed to Li2O-containing butyllithium. Clearly by com-
parison, our rational, reproducible method, where oxygen is
delivered into the system in a controlled, deliberate manner,
represents a fundamental advance. In a formal sense, it can be
regarded as a charge balance driven process (Scheme 1;
though in reality it could be a one-step concerted mechanism):
substituting two Mg2� ions for two M� ions creates a cationic

Scheme 1. Formal course of the introduction of oxygen in the synthesis
of 2.

ring with a 2� charge, the hole at the center of which is
organized to capture small O2ÿ or O2ÿ

2 ions to attain charge
neutrality. Intriguingly this could be viewed, in effect, as the
antithesis of a crown ether complex where a ring containing a
series of oxygen atoms is used to capture a M� ion. While the
principle of the methodology is all important, much work
remains to be done to optimize the synthesis as present yields
of 1 and 2 are modest (typically 5 ± 12 %), and to ascertain the
fate of the amide anions formally displaced by the oxo ones
(we suspect the other products of the redox reactions are
hydrazines R2NNR2). But the key question our future
research will address is ªhow widely applicable is this oxygen
incorporation strategy?º

Experimental Section

1: A solution of n-butyllithium (5 mmol) in hexane was mixed with a
solution of dibutylmagnesium (10 mmol) in heptane. (The possibility that
the solutions contain a trace of moisture cannot be completely ruled out.)
Oxygenated tetramethylpiperidine (25 mmol) was then introduced drop-
wise, resulting in an exothermic reaction. Turning orange in color, the
solution deposited a precipitate which redissolved by adding oxygenated
toluene and warming. This orange color deepened on standing. Allowing
the solution to cool to ambient temperature on the bench afforded a crop of
colorless needle crystals of 1. M.p. 192 ± 194 8C (decomp), c.f. 165 ± 167 8C
(decomp for LTMP).

2 : n-Butylsodium (10 mmol) was placed in hexane (10 mL) and mixed in an
ultrasonic bath until a fine suspension was obtained. The addition of
dibutylmagnesium (10 mmol) in heptane resulted in a congealed brown
mass. Oxygenated hexamethyldisilazane (30 mmol) was then introduced,
causing the formation of a white precipitate which redissolved by adding
oxygenated toluene and warming. On leaving the pale yellow solution to
cool to ambient temperature, a batch of crystalline material was obtained.
This was found to be a mixture of NaHMDS and 2. Separation proved
straightforward, since the former is significantly more soluble. Hence,
several washings with hot toluene on a filter stick left pure 2, which
crystallized as distinctive colorless square-tipped needles. M.p. 224 ± 226 8C
(decomp) c.f. 175 8C for NaHMDS. Satisfactory C,H,Li,Mg,N,Na analyses
for both compounds. Both readily hydrolyze in moist air, but remain
crystalline under dry oxygen.
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The chemistry of cyanide-bridged compounds has under-
gone quite spectacular advances in the last decade, especially
in regard to one-, two-, and three-dimensional complexes that
exhibit unusual magnetic and electrical properties.[1] Further-
more, the syntheses of oligonuclear cyanide-bridged com-
plexes and investigation of the electronic interactions be-
tween their metal centers have been pursued by several
research groups.[2] Recently another incentive to study

bimetallic cyano complexes has emerged from finding that
the enzyme cytochrome c oxidase is poisoned by cyanide.[3]

During the course of our current study on the bonding
interaction between the acetylenediide anion, C2ÿ

2 , and
silver(i) ions in various double salts of silver acetylide with
other soluble silver salts,[4] we also explored the possibility of
stabilizing the related isoelectronic diatomic species CNÿ by
coordination to multiple silver(i) sites in a crystalline environ-
ment. Herein we report two new double salts, 3 AgCN ´
2 AgF ´ 3 H2O (1) and AgCN ´ 2 AgF ´ 3 H2O (2), which exhibit
novel layer-type structures and bonding interaction between
the cyanide anion and adjacent silver ions.

The coordination modes of the cyanide group in their metal
complexes show considerable diversity (Figure 1). By far the
two most commonly observed modes are the terminal

Figure 1. Coordination modes of the cyanide ion.

C-bound mode (a) and the linear-bridged arrangement (b),
which are based on the well-known fact that the cyanide ion
possesses a donor electron pair at both its C and N terminals.[5]

Modes (c) ± (g) are much less common,[6] and to our knowl-
edge modes (h) and (i) are found for the first time in
compound 1.

The layer-type structure of 1 can be regarded as constructed
from two basic building blocks, namely a nonlinear dimeric
Ag2F2 unit and the first edge-bridged triangular silver(i)
cluster core [Ag3(m-CN)3(H2O)3] (Figure 2). The Ag ± Ag
distances, which range from 2.8110(8) to 2.9189(8) � in the
Ag3 cluster, are comparable to the interatomic contact of
2.89 � in silver metal,[7] and hence suggestive of the existence
of weak interactions of the same order of magnitude. The
AgÿAg distance of 2.7484(9) � in the Ag2F2 unit (AgÿF
2.316(4) ± 2.422(4) �) is significantly shorter than those in the
Ag3 cluster. To our knowledge the m4-h1kC :h1kN and bent m3-
h1kC :h1kN coordination modes observed for the cyanide
group, as well as their coexistence in the same complex, are
both unprecedented. Each of the two independent m3-cyanide
groups is symmetrically bridged to an edge of the Ag3 triangle
through its N terminal and also bonded to one Ag atom of an
adjacent Ag2F2 unit through its C terminal. The m4-cyanide
group bridges an edge of the Ag3 triangle through its N

0.61: 0.39 Mg2Li2:Li4 ratio had unit cell dimensions, a� 16.832(5), b�
16.828(9), c� 15.728(5) �, b� 118.45(2)8). For 2, C24H72Mg2Na2-
N4O1.32Si8; (0.7� 0.4� 0.4 mm3), triclinic, P1, a� 10.778(2), b�
12.695(4), c� 8.8511(14) �, a� 108.03(2), b� 99.49(2), g�
95.21(2)8, V� 1122.8 (5) �3, 1calcd� 1.120 g cmÿ3, m� 0.310 mmÿ1;
2qmax� 588, 6266 data measured, 5966 unique, Rm� 0.020. H atoms
and the peroxide O were refined isotropically and all other atoms
anisotropically. Final refinement with 5100 observations (I> 2s(I)) on
F with Texsan.[12] R� 0.0295, Rw� 0.0426, GOF� 1.573, max/min
residual electron density� 0.457/ÿ 0.330. Crystallographic data (ex-
cluding structure factors) for the structures reported in this paper have
been deposited with the Cambridge Crystallographic Data Centre, as
supplementary publications no. CCDC-101597 and 101598. Copies of
the data can be obtained free of charge on application to CCDC, 12
Union Road, Cambridge, CB2 1EZ. (fax: (�44) 1223-336-033; e-mail :
deposit@ccdc.cam.ac.uk).

[5] T. G. Brilkina, V. A. Shushunov, Reactions of Organometallic Com-
pounds with Oxygen and Peroxides, Iliffe Books, London, 1969. For
the first crystal structure of a ROOLi species see G.Boche, K. Möbus,
K. Harms, J. C. W. Lohrenz, M. Marsch, Chem. Eur. J. 1996, 2, 604.

[6] A. R. Kennedy, R. E. Mulvey, R. B. Rowlings, J. Am. Chem. Soc. 1998,
120, 7816.

[7] G. D. Stucky, R. E. Rundle, J. Am. Chem. Soc. 1964, 86, 4821.
[8] W. Clegg, L. Horsburgh, P. R. Dennison, F. M. Mackenzie, R. E.Mul-

vey, Chem. Commun. 1996, 1065.
[9] M. Driess, H. Pritzkow, S. Martin, S. Bell, D. Fenske, G. Baum, Angew.

Chem. 1996, 108, 1064; Angew. Chem. Int. Ed. Engl. 1996, 35, 986.
[10] SIR program: M. C. Burla, M. Camalli, G. Cascarano, C. Giacovazzo,

G. Polidori, R. Spagna, D. Viterbo, J. Appl. Crystallogr. 1989, 22, 389.
[11] SHELXL-97: G. M. Sheldrick, University of Göttingen, Germany,

1997.
[12] TeXsan version 1.6: Molecular Structure Corporation, The Wood-

lands, Texas, USA, 1993.

[*] Prof. T. C. W. Mak, G.-C. Guo
Department of Chemistry
The Chinese University of Hong Kong
Shatin, New Territories, Hong Kong (China)
Fax: (�359) 260-350-57
E-mail : tcwmak@cuhk.edu.hk

[**] This work was supported by Hong Kong Research Grants Council
Earmarked Grant CUHK 4179/97P and Direct Grant A/C 2060129 of
The Chinese University of Hong Kong.


