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I. Introduction

Carbenes play important roles both as reactive intermediates and
also as ligands; consequently, considerable effort has been devoted
to understanding their molecular and electronic structures. Special
interest is associated with carbenes that feature the attachment of
donor groups to the carbenic carbon since they behave as nucleophiles
and, in some instances, can be isolated. Pioneering work on nucleo-
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philic carbenes was carried out by Wanzlick and co-workers (1), who,
in the early 1960s, examined the reactivity patterns of species such
as 1 (R � Ph) that were generated in situ by C-deprotonation of the

precursor, 2 (R � Ph, X � ClO�
4 ), with KOtBu. Although 1 bears an

obvious relationship to the electron-rich olefin, 3, the latter is not in
equilibrium with the corresponding carbene. Wanzlick et al. also pre-
dicted that carbene 4 (R� � R � Ph) would possess enhanced stability
due to the possibility of aromatic resonance and demonstrated the

intermediacy of this species by C-deprotonation of imidazolium salt 5
(R� � R � Ph; X� � ClO�

4 ) with KOtBu, followed by trapping with
phenylisothiocyanate (2) or mercuric chloride (3) (vide infra). How-
ever, several years were to elapse before Arduengo et al. (4) achieved
the first isolation of a stable, crystalline nucleophilic carbene, 4
(R� � H; R � adamantyl) by C-deprotonation of the corresponding
bis(1-adamantyl)imidazolium chloride with KH. This important de-
velopment prompted a flurry of activity in this area of chemistry. For
example, a completely new synthetic route to stable nucleophilic car-
benes has been developed by Kuhn et al. (5), viz. the reduction of
thiones with potassium in THF, and Herrmann et al. (6) demon-
strated that a liquid ammonia/THF solvent system is very effective
for the NaH deprotonation of imidazolium salts at relatively low tem-
peratures. The range of stable nucleophilic carbenes has also ex-
panded significantly, not only in terms of the elaboration of substitu-
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ents on structures of type 4, but also from the standpoint of new
structural types (7). The isolation of saturated derivatives of types 1
(R � Mes) (8) and 6 (R � iPr) (9) implies that the presence of a car-
bon–carbon double bond is not, in fact, a prerequisite for stability.

Moreover, Alder et al. (10) have shown that, with the appropriate sub-
stituents, it is possible to isolate acyclic nucleophilic carbenes, 7. Poly-
functional nucleophilic carbenes have also been prepared (6, 11), as
have carbenes that feature additional nitrogen atoms or heteroatoms
other than nitrogen (12).

Fundamentally, the high nucleophilicity of stable carbenes, coupled
with the tendency to increase the coordination number at the carbenic
carbon, renders their chemical behavior very similar to that of elec-
tron-rich phosphines. As such, they have aroused considerable inter-
est as ligands in p-, d-, and f-block chemistry. Earlier reviews (7a,b)
have covered some aspects of the main group chemistry of stable nu-
cleophilic carbenes; however, there has been considerable recent ac-
tivity in this field, and thus a comprehensive, up-to-date review was
considered desirable.

II. Group 1, 2, and 12 Complexes

A. ALKALI METALS AND HYDROGEN

As mentioned in the Introduction, one of the synthetic approaches
to stable nucleophilic carbenes involves C-deprotonation of imidazol-
ium and related cations with alkali metal salts of strong bases such
as NaH and KOtBu. Accordingly, the interactions with alkali metal
cations with stable nucleophilic carbenes could prove to be important
for understanding the solution behavior of the latter. Until recently,
however, there were no examples of complexes of stable carbenes with
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alkali metals. The first example of such a complex (8) was isolated
from the reaction of 6 (R � iPr) with KN(SiMe3)2 (9). The solid-state

structure of 8 comprises dimeric molecules in which the N(SiMe3)2

groups act as bridging ligands. The K---C distance of 3.00 Å suggests
that the interaction is largely of an electrostatic ion–dipole nature.
The interaction of carbenes 4 (R � iPr, R� � Me), 6 (R � iPr), and 7
(R � Me) with MN(SiMe3)2 (M � Li, Na, K) and LiTMP (TMP �
2,2,6,6-tetramethylpiperidide) in solution was also reported (9). Evi-
dence for the complexation of these carbenes with lithium, sodium,
and potassium species in solution was obtained from the 13C NMR
shifts for the relevant carbene center. Generally speaking, the 13C
chemical shift of the carbenic carbon is a very useful diagnostic and
lies typically in the range � 200–240 for free imidazol-2-ylidenes, 4.

Like I� (vide infra), H� can form bis(carbene) complexes, 9 (13).
These homoleptic complexes, which feature C–H–C interactions, were
formed by treatment of 4 (R � Mes; R� � H) with the corresponding

imidazolium salts, [4H]�[PF6]� and [4H]�[CF3SO3]�. Both salts are col-
orless solids that melt above 200�C. The X-ray crystal structures of
both salts were determined and are very similar. The central C–H–C
unit is close to linear (172.5�); however, the two carbon–hydrogen dis-
tances in the bridge differ somewhat [2.026(45) and 1.159(45) Å] in
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contrast to the more symmetrical I� analogue. The structures of both
proton complexes feature secondary interactions between the anions
and the 4,5 hydrogens of the imidazole rings, resulting in a one-
dimensional chain motif reminiscent of the solid-state structures of
the triflate salts of the bis(carbene) complexes of silver(I) and cop-
per(I) (14).

B. ALKALINE EARTH METALS, ZINC, AND MERCURY

Nucleophilic carbene 4 (R � Me, R� � H) has been shown to disrupt
the polymeric structure of beryllium dichloride to form an ionic car-
bene complex, 10 (15). The crystal structure of 10 revealed that the
cation possesses a distorted tetrahedral coordination geometry at the
beryllium center. The average Be–Cl bond distance (2.083(7) Å) is

(1)

longer than those of other tetracoordinate beryllium complexes. How-
ever, the Be–C(carbene) bond distances are similar to those of conven-
tional Be–C single bonds and the metrical parameters for the coordi-
nated carbenes are similar to those found in the free carbene.
Attempts to displace the second chloride ion by the addition of excess
carbene were not successful.

The reaction of diethyl magnesium or diethyl zinc with carbenes of
type 4 (R � Mes or adamantyl; R� � H) resulted in the isolation of
complexes of composition 4 � MgEt2 and 4 � ZnEt2 (16). The crystal
structures of 4 � MgEt2 (11, R � Mes; 12, R � adamantyl) and 4 � ZnEt2

(R � adamantyl) (14) were reported (16). The crystalline state of 11
comprises ethyl-bridged dimers; however, the structures of 12 and 14
are monomeric and feature a trigonal planar coordination geometry
at magnesium or zinc. The formation of a dimer when R � Mes is not
unexpected since the steric demand of a mesityl group is inferior to
that of an adamantyl group (17).
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(2)

Monomeric carbene complexes with 1 : 1 stoichiometry have also
been isolated from the reaction of 4 (R � R� � Me) with bis(penta-
methylcyclopentadienyl)magnesium, -calcium, -strontium, -barium,
or -zinc (18). X-ray crystallographic studies showed interesting varia-
tions in the Me5C5 hapticities of the products. In the case of the Mg(�5-
C5Me5)2 complex, one ring is pentahapto (15), whereas the other is
intermediate between �3- and �-bonded. The corresponding products
isolated from the reaction of the same carbene with Ca(�-
C5Me5)2 � OEt2 or Ba(�-C5Me5)2 � 2thf feature two pentahapto-bonded

(3)

C5Me5 rings (16, 17). (The Sr(�-C5Me5)2 · OEt2 product was not suitable
for complete X-ray crystallographic assay). A third coordination mode,
namely bis-monohapto (18), was evident in the product of the Zn(�5-
C5Me5)(�1-C5Me5) reaction. For each of the complexes 15–18, the
shortest metal–carbon distances are those to the carbene center
(2.194(2), 2.561(3), 2.951(3), and 2.022(3) Å in 15, 16, 17, and 18,
respectively). If the centroids of the �5-C5Me5 rings are considered to
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occupy single coordination sites, the metal geometries in 15 and 16
are essentially trigonal planar, whereas that of 17 is somewhat pyra-
midal and the carbene–barium vector does not lie in the plane of the

imidazole ring. The �1-bonded zinc derivative, 18, exhibits a quasi-
trigonal planar geometry. Generally, only modest structural changes
accompany the coordination of the carbene. That the largest such
changes take place with the zinc complex 18 is consistent with the
observation that this complex possesses the shortest metal–carbene
bond. As expected, complexes 15–18 possess a nonlinear (C5Me5)–M–
(C5Me5) arrangement (ring centroids for 15–17; ipso carbons for 18).
Interestingly, the degree of bending for 16 and 17 is similar to that
for the uncoordinated metallocenes.

It is also possible to isolate bis(carbene) complexes involving the
heavier alkaline earth metals. Thus, the reaction of two equivalents
of 4 (R � Me or tBu, R� � H) with calcium, strontium and barium
bis(trimethylsilyl)amides [M�N(SiMe3)2�2(thf)2] (M � Ca, Sr, Ba) re-
sulted in the displacement of two thf molecules to afford the corre-
sponding biscarbene species, 19 (19). The solubilities and stabilities
of these complexes were found to decrease from calcium to barium.
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(4)

Bis(carbene) complexes of the heavier alkaline earth metals have also
been prepared by treatment of Sr(�-C5Me5)2 � OEt2 or Ba(�-
C5Me5)2 � 2thf with two equivalents of 4 (R � R� � Me) (18). The crys-
tal structure of the strontium derivative 20 was investigated by X-ray
diffraction and showed a pseudotetrahedral geometry at strontium
with a carbene–Sr–carbene bond angle of 86.4(1)� and an average Sr–
carbene bond distance of 2.861(5) Å.

The cationic carbene–mercury complex 22 was prepared more than
30 years ago (3) via the reaction of 1,3-diphenylimidazolium perchlo-
rate 5 (R � Ph; R� � H) with mercuric acetate. The same synthetic
approach has been used more recently for the preparation of the anal-
ogous 1,3-dimethylimidazol-2-ylidene complex, 23 (20). Thus, al-
though 22 possesses a linear carbene–Hg–carbene skeleton (21), that
of 23 is distorted toward a tetrahedral arrangement (C(carbene)–Hg–
(C(carbene)) � 161.4(3)�) due to interactions with the chloride anions
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(20). Despite these secondary interactions, the Hg–carbene bond dis-
tances are very similar in 22 (2.060(1) Å) and 23 (2.092(5) Å).

(5)

III. Group 13 Complexes

A. GROUP 13 TRIHALIDES

Treatment of carbenes 4 (R � Me, Et, iPr, R� � Me) with Et2O � BF3

resulted in the isolation of thermally stable BF3 complexes, 24 (22).
No information regarding the structures of these complexes is avail-
able; however, a related BH3 complex has been characterized crystal-
lographically and is discussed later (23).

(6)

A series of complexes between stable nucleophilic carbenes and in-
dium(III) halides has been reported (23). The reaction of 4 (R � iPr,
R� � Me) with 1 equiv of InX3 (X � Cl, Br) resulted in the formation
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SCHEME 1. Reactions of indium halides with 1,3-diisopropyl-4,5-dimethylimidazol-
2-ylidene.

of the 1 : 1 complexes 25 (X � Cl) and 26 (X � Br) (Scheme 1). In
contrast to other 1 : 1 complexes of indium(III) halides (24, 25), the
crystal structure of 26 showed that this complex is monomeric. The
indium center in 26 adopts a distorted tetrahedral geometry and the
In–Br bond distances are very similar (av. 2.500(7) Å). The In–
C(carbene) bond distance of 2.199(5) Å is relatively long in compari-
son with conventional In–C single bond distances. The bond distances
and angles within the carbene heterocycle of 26 are typical of those
observed for other group 13-carbene complexes. For example, the N–
C–N angle of 106.8(4)� lies between the normal value for uncoordi-
nated nucleophilic carbenes (�102�) and that of imidazolium cations
(�108�).

Biscarbene complexes of indium(III) halides can be isolated from
the reaction of two equivalents of 1,3-diisopropyl-4,5-dimethylimida-
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zol-2-ylidene with InX3 (27, X � Cl; 28, X � Br) (23). The X-ray crys-
tal structures of 27 and 28 revealed that the pentacoordinate indium
center in both compounds adopts a distorted trigonal bipyramidal ge-
ometry. In contrast to most other neutral 2 : 1 complexes of InX3 in
which the halide ligands occupy the equatorial sites, 27 and 28 fea-
ture two halides in the apical positions and the third halide and two
carbenic atoms in the equatorial sites. It is not clear why this steri-
cally unfavorable arrangement of the ligands is adopted. As expected,
the In–C(carbene) distances in 27 (av. 2.228 Å) and 28 (av. 2.230 Å)
are slightly longer than that in 26. However, the geometries of the
coordinated carbenes are similar.

When the reactions between 4 (R � iPr, R� � H) and 1 equiv of the
indium trihalide were carried out in the presence of water, ionic prod-
ucts 29 (X � Cl) and 30 (X � Br) were formed (23). The anions are,
in fact, carbene complexes of the corresponding tetrahaloindates,
[InX4]�, thus highlighting the strong nucleophilicity of the carbene li-
gand. The mechanism of the formation of 29 and 30 is unclear; how-
ever, it is believed to involve an equilibrium between [InX3(thf)n] and
the corresponding ionic isomer in thf solution as suggested in Scheme
2. The other product of the reaction is thought to be an indium hy-
droxide, [InX2OH], although this species could not be isolated. The
reaction of a 2 : 1 molar ratio of InBr3 and H2O with 1 equiv of carbene
4 (R � R� � Me) resulted in the corresponding imidazolium tetrabro-
moindate (26).

B. GROUP 13 TRIHYDRIDES

In recent years the coordination of N-, P-, or O-donor Lewis bases
to aluminum and gallium trihydrides has been studied extensively
(27). Interest in these complexes stems in part from their applications
in a wide variety of areas, for example chemical vapor deposition tech-
nology (28) and organic synthesis (29). However, the corresponding
carbene complexes of the heavier group 13 trihydrides have only been

SCHEME 2. Proposed mechanism for the formation of 29 and 30.
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reported recently (30–32). That the chemistry of carbene–borane com-
plexes has been investigated in considerably more detail than that of
the heavier congeners is partly due to the fact that borane complexes
of other neutral carbon donors, such as carbon monoxide, isonitriles,
and phosphine ylides, are well established. The first carbene–BH3

complexes (31–33) were isolated from the reactions of Me2S � BH3 with
1 equiv of an N-heterocyclic carbene, as depicted in Scheme 3 (22). X-
ray crystallographic analyses and ab initio calculations on 32 suggest
that only weak � interactions take place between the N–C–N moiety
and the CuC unit within the imidazol-2-ylidene ring; hence, as in
the case of the BF3 complex, 24, the electronic structure is intermedi-
ate between that of the free nucleophilic carbene and that of a more
delocalized imidazolium ion. In contrast to previous borane complexes
of carbon bases such as H3BCO, which rely upon some degree of back
�-bonding for stability, nucleophilic carbene complexes such as 24 and
31–33 involve predominant forward donation of the carbon lone pair.
The 11B NMR chemical shifts for 31–33 fall in the range observed for
ylide–borane adducts. Interestingly, the 1J(1H,11B) coupling constants
for these complexes are very similar to that of the borate anion
[(C6H5)BH3]�.

SCHEME 3. Reactions of group 13 hydrides with nucleophilic carbenes.
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The reactions of MH3(NMe3) (M � Al, In) or LiMH4 (M � Al, Ga)
with 1 equiv of 4 (R � iPr, R� � Me; also when M � Al, R � Mes,
R� � H), resulted in the formation of the analogous carbene–metal
trihydride complexes 34–37, as summarized in Scheme 3 (30–33). In-
terestingly, attempts to form 2 : 1 stoichiometry complexes via the ad-
dition of 2 equiv of carbene failed, despite the fact that such 2 : 1 com-
plexes could be formed when the appropriate carbenes were allowed
to react with indium halides (vide supra). Presumably, this observa-
tion is a consequence of the inferior Lewis acidity of an InH3 unit in
comparison with those of the indium trihalides, InX3 (X � Cl, Br).
The crystal structures of 34–37 are all similar in that the group 13
metal adopts a distorted tetrahedral geometry and the M–C(carbene)
bond distances are longer than those of typical M–C single bonds.
The metrical parameters for the coordinated carbenes resemble those
for 24 and 32. The thermal stabilities of 34–37 decrease in the order
34 	 35 	 36 	 37 such that the indane complex, 37, is unstable in
solution above �20�C and decomposes in the solid state above �5�C,
depositing indium metal and generating a gas (31, 32). Furthermore,
the alane and gallane complexes, 34–36, possess significantly greater
stabilities than those normally observed for Lewis base adducts of the
group 13 trihydrides, which generally decompose cleanly to the metal,
hydrogen, and ligand (30–32). Again, these observations constitute
evidence for the high nucleophilicities and enhanced Lewis basicities
of the N-heterocyclic carbenes.

C. GROUP 13 TRIALKYLS AND TRIARYLS

A novel route for the generation of trialkylboron–carbene com-
plexes has been reported (34). As summarized in Scheme 4, the intial
step of the reaction sequence involves the N-complexation of 1,4,5-
trimethylimidazole 38 with BEt3 to form 39, followed by deprotona-
tion and rearrangement of resulting ionic species to 40. The final step
involves methylation with MeI to form the desired triethylboron–
carbene complex, 41. Compound 41 was characterized by mass spec-
troscopy and 1H-, 13C-, and 11B NMR spectroscopy; the 11B NMR chemi-
cal shift for 41 (� �12.6) appears in the tetracoordinate boron region.
The 1,4,5-trimethylimidazole 38 is also the source of an unusual
boryl-borane compound, 43 (34). Treatment with BH3 · thf, followed by
deprotonation with nBuLi, resulted in the formation of the ionic
carbene/borane complex, 42. In turn, 43 was produced via the addi-
tion of chlorobis(dimethylamino)borane to 42. Compound 43 exhibits
11B NMR chemical shifts at � �21.8 (BH3) and � 27.8 (BNMe2). In
related work, N-methyl-N-borane complexes 44 and 45 have been de-
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SCHEME 4. Preparation of amido- and organoboron carbene complexes.

hydrogenated to tetrahydroimidazaboles 46, which, in turn, can be
regarded as dimers of carbene–borane complexes (35). Further deriv-
atives of 46 can be prepared by exchanging B–H for B–F, B–Cl, or
B–Et functionalities.

(7)

Triorganoboron complexes of N,O-heterocyclic carbenes are also
known (36). Thus, triphenylboron–carbene complex 48 can be isolated
from the reaction of methanol with an isocyanide adduct of BPh3 (47)
in the presence of a catalytic amount of KF. The X-ray crystal struc-
ture of 48 demonstrated that the boron atom is tetrahedrally coordi-
nated and that all four B–C bond distances are equal within experi-
mental error.
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(8)

The reactivity of nucleophilic carbenes toward 2-bromo-2,3-dihydro-
1H-1,3,2-diazaborole has also been described (37). The reaction of

benzene solutions of tBuNCHuCH(tBu)BBr with carbenes 4 (R � Me,
tPr; R� � H) resulted in high yields of ionic products 49 (R � Me) and

(9)

50 (R � iPr) via a bromide displacement process. Halide displace-
ments have been observed previously in the reactions of carbenes
with Me3SiI (38). However, this represents the first such reaction with
a haloborane. The X-ray crystal structure of 49 was determined and
showed that both heterocyclic rings are planar and that the interpla-
nar angle is 92.9�. The B–C(carbene) bond distance of 1.580(11) Å is
comparable to that found in 32 (1.603(3) Å).

At the present time, triorgano–group 13 carbene complexes involv-
ing the heavier group 13 elements are limited to carbene complexes
of AlMe3 and GaMe3 (39). Thus, the reaction of Me3M with 4 (R � iPr,
R� � Me) resulted in the isolation of the stable 1 : 1 complexes 51
(M � Al) and 52 (M � Ga). The group 13 metal centers in both 51
and 52 are tetrahedrally coordinated and the M–C(carbene) bond dis-
tances are relatively long (51: Al–C(carbene) 2.124(6) Å, Al–



16 CARMALT AND COWLEY

C(methyl) 1.940(5) Å, and 2.062(7) Å; 52: Ga–C(carbene) 2.13(2) Å,
Ga–C(methyl) 1.95(1) Å and 2.08(2) Å). The Al–C(carbene) bond dis-
tance in 51 is considerably longer than that observed in the related
alane complex 35 (2.034(3) Å). This lengthening is probably a conse-
quence of the greater steric hindrance of Me3Al vs AlH3 (32) and, as
can be anticipated on a similar basis, the Ga–C(carbene) bond dis-
tance in 52 is much longer than that observed in the gallane complex
36 (2.071(15) Å) (32).

(10)

IV. Silicon, Germanium, Tin, and Lead Complexes

There is a growing interest in the organic chemistry of stable nu-
cleophilic carbenes. However, this aspect is not covered in the present
review. Attention in group 14 is therefore focused on the heavier con-
geners silicon, germanium, tin, and lead. Generally speaking, two
pathways have been observed for the reaction of stable nucleophilic
carbenes with Lewis acidic group 14 species, namely the production
of simple 1 : 1 complexes or halide ion displacement and consequent
carbene-stabilized cation formation.

A. SILICON HALIDES AND ORGANOSILICON COMPOUNDS

The reaction between carbenes 4 (R � Me, Et, iPr; R� � Me) and
tetrachlorosilane resulted in the 1 : 1 complexes, 53, as shown in
Scheme 5 (38). Characterization of the somewhat labile R � iPr com-
plex by X-ray crystallography revealed an essentially trigonal bipyra-
midal geometry around the pentacoordinate silicon center. The car-
bene ligand adopts an equatorial position and the Si–C(carbene) bond
distance is 1.9711(7) Å; the bond lengths and angles within the car-
bene heterocycle suggest a modicum of delocalization within the ring
(N–C–N angle � 107.1(6)�).



REACTIONS OF NUCLEOPHILIC CARBENES WITH MAIN GROUP COMPOUNDS 17

SCHEME 5. Reactions of silicon tetrachloride and organosilicon compounds with sta-
ble nucleophilic carbenes.

Pentacoordinate silicon complexes can also be prepared via the re-
action of diaryldichlorosilanes with carbenes 4 (R � Et, iPr; R� � Me).
Interestingly, a 2-(trimethylsilyl)imidazolium salt (56) was formed
when Me3SiI was treated with 4 (39). Unfortunately, no information
regarding the crystal structures of these species is available.

B. GERMANIUM AND TIN HALIDES AND ORGANOTIN HALIDES

As shown in Scheme 6, it is also possible to prepare carbene com-
plexes of germanium and tin (40, 41). The reaction of 1,3-dimesityli-
midazol-2-ylidene with GeI2 was used as a model for the dimerization
of singlet carbenes along a non-least-motion pathway (40). The 13C
NMR chemical shift of the carbene atom in the resulting carbene–
germene complex 57 shows an upfield shift at � 60.88, indicating the
formation of a polarized C–Ge bond rather than a classical double
bond. This view was confirmed by X-ray diffraction experiments
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SCHEME 6. Reactions of germanium and tin compounds with nucleophilic carbenes.

which showed that the germanium center in 57 adopts a pyramidal
geometry and that the Ge–C bond distance is relatively long
(2.102(12) Å). Interestingly, the two halves of the complex are twisted
with respect to one another, which is probably a result of steric inter-
actions between the iodide and mesityl substituents. Stable carbene
complexes of tin(II) are also accessible from the reactions of SnCl2 or
SnR
2 (R
 � 2,4,6-triisopropylphenyl) with 1,3-diisopropyl-4,5-dimethy-
limidazol-2-ylidene (38, 41). The structure of the SnCl2 complex 58 is
similar to that of 57 in that the group 14 center adopts a pyramidal
coordination geometry; the Sn–C(carbene) bond distance is 2.290(5)
Å. As expected, the Sn–C(carbene) bond distance in the SnR
2 com-
plex 59 (2.379(5) Å) is longer than that observed in 58 and even ex-
ceeds the Sn–C(aryl) bond distances (2.321(2) Å and 2.308(2) Å). The
long Sn–C(carbene) bond distances in 58 and 59 suggest that the
complexes are best described as Lewis acid–Lewis base adducts.

Pentacoordinate tin complexes can also be isolated from the reac-
tion of diphenyldichlorostannane with 4 (R � iPr, R� � Me) (38). The
structure of the Ph2SnCl2 complex 60 was shown to be very similar
to that of 54 by X-ray crystallography. Thus, the geometry around
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the pentacoordinate tin center is distorted trigonal bipyramidal
and the three organic substituents occupy equatorial sites. The
Sn–C(carbene) bond distance of 2.179(3) Å in 60 is longer than the
Sn–C(phenyl) bond distances of 2.122(5) Å and 2.139(3) Å, but shorter
than the Sn–C(carbene) bond distances observed in the Sn(II) com-
plexes 58 and 59.

C. CYCLOPROPENYLIDENE COMPLEXES OF DIVALENT GERMANIUM, TIN,
AND LEAD AMIDES

Cyclopropenylidene complexes of divalent germanium, tin, and lead
amides have also been reported recently (42). Bis(diisopropylamino)-
cyclopropenylidene 62 can be obtained from the cyclopropenylium salt
61 by treatment with nBuLi as indicated in Scheme 7. At low tempera-
ture 62 forms a stable lithium adduct that is a useful synthon. The
germanium and tin cyclopropenylidene complexes 63 and 64 were
formed by direct interaction of the carbene with the bis(trimethylsily-
lamides) E(N(SiMe3)2)2 (E � Ge, Pb). However, the analogous tin com-
pound (65) is only accessible via the reaction of 62 with SnCl2 followed
by amidation of the intermediate carbene complex. Compounds 63–65
are thermally stable yellow solids that are soluble in aprotic solvents.
All three complexes have been characterized by means of X-ray crys-
tallography. In each instance, the group 14 element possesses a pyra-
midal geometry. The E–C(carbene) distances in 63 (2.085(3) Å), 64

SCHEME 7. Cyclopropenylidene complexes of divalent germanium, tin, and lead.



20 CARMALT AND COWLEY

(2.303(9) Å), and 65 (2.423(8) Å) are somewhat long and commensu-
rate with single bond descriptions. As in the case 57–59, the metrical
parameters are indicative of ylidic resonance structures (40, 41).

V. Group 15 Complexes

A. PHOSPHINIDENES AND ARSENIDENES

More than 35 years ago, it was reported that the reaction of tri-
methylphosphine with the cyclotetraphosphine (CF3P)4 affords the
phosphine–phosphinidene complex, Me3P � PCF3 (43). More recently,
it has been demonstrated that stable carbenes are sufficiently nucleo-
philic to effect the depolymerization of cyclopolyphosphines and cyclo-
polyarsines to produce carbene–pnictinidene complexes 66–70, the
first examples of p-block pnictinidenes (44, 45). Two extreme canoni-
cal forms, 71 and 72, can be written for such species. Structure 71

(11)

represents a phosphinidene adduct of a carbene and so involves a
C–P dative bond order of 1, whereas 72 corresponds to a conventional
phosphaalkene and features a CuP double bond. X-ray crystallo-
graphic studies on 66–70 (44, 45) revealed that the E–C(carbene)
bond is only �4% longer than typical single bonds and that the
E–C(R
) moiety is twisted out of the carbene plane by 26–46�. These
data, taken in concert with the high-field 31P chemical shifts of 66, 67,
and 69, suggest the predominance of structure 71. Further support



REACTIONS OF NUCLEOPHILIC CARBENES WITH MAIN GROUP COMPOUNDS 21

for structure 71 came from the reaction of 67 with BH3 � thf, which
resulted in the exclusive formation of the bis(borane) adduct 73, thus
demonstrating the availability of two lone pairs on the phosphorus
center (46).

(12)

The cyclopolyphosphines that were used to prepare the carbene–
phosphinidene complexes described earlier were formed by the reduc-
tion of higher oxidation state phosphorus compounds, typically di-
chlorophosphines, RPCl2 (47–49). However, in some cases a separate
reduction step is not necessary and it is possible to prepare the car-
bene–phosphinidene complex (74) directly by reaction of a stable nu-
cleophilic carbene with RPCl2 (44).

(13)
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B. PHOSPHORANES

The isolation of the first carbene complex of a phosphorane has
been reported recently (50). Perphosphoranide (75) was formed in

(14)

quantitative yield by the direct reaction of 4 (R � Mes, R� � H) with
phenyltetraflurophosphorane. The X-ray crystal structure of 75 con-
firmed the presence of an octahedral geometry at the phosphorus cen-
ter. As expected, the P–C(carbene) bond distance of 1.91 Å is some-
what longer than the P–C(phenyl) bond distance (1.84 Å). The 31P
resonances for 66, 67, and 68 appear at substantially higher fields
than that for 75, reflective of the difference between two- and six-
coordinate phosphorus environments.

VI. Sulfur, Selenium, and Tellurium Complexes

N-Heterocyclic carbene complexes of sulfur or, more simply, imidaz-
ole-2-thiones, have been known for many years (51, 52) and have

(15)
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found industrial application as catalysts (53). Compounds such as 76
can be prepared by the reaction of imidazol-2-ylidenes with cycloocta-
sulfur (52); however, other synthetic routes are also available (51).
The crystal structure of 76 was reported some time ago and revealed
that the carbon–sulfur bond distance of 1.695 Å is shorter than that
of a C–S single bond value (�1.81 Å) but longer than the typical car-
bon–sulfur double bond distance of 1.61 Å (51). Similarly, it has been
demonstrated that imidazol-2-ylidenes will also react with selenium
or tellurium to produce the selenones 77 and tellurones 78 (54, 55). It
is of interest to note that in general tellurocarbonyl compounds, such
as telluroaldehydes, can only be isolated by stabilization with metals
(56), whereas 78 is relatively stable (57). The crystal structures of 77
and 78, in concert with 125Te and 77Se NMR data, respectively, support
an ylidic structure in both cases, rather than a formal double bond.
Thus, the Ch–C(carbene) bond distances are long (77 (R � iPr, R� �
Me): Se–C(carbene) 1.853(4) Å, (R � Me, R� � H): Se–C(carbene)
1.884(9) Å; 78 (R � iPr): Te–C(carbene) 2.087(4) Å), and the signals
in the 125Te and 77Se NMR resonances of the telluro- and selenoimida-
zolines, respectively, appear upfield when compared to those of other
chalcocarbonyl compounds. This shielding has been attributed to the
presence of � delocalization of the N–C–N moiety within the heterocy-
clic rings (N–C–N 106.4� for 77 (R � iPr, R� � Me); 106.8� for 77
(R � Me, R� � H); 106.7� for 78).

The 1 : 1 reaction of 76 or 77 (R � Me, R� � H) with bromine re-
sulted in oxidation and the formation of a carbene complex of SBr2

(79) or SeBr2 (80), respectively (55, 58–62). The X-ray crystal struc-
ture of 79 has been reported and showed that this sulfurane possesses
an almost collinear axial three-center geometry with elongated S–Br
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bond distances of 2.520 Å and 2.477 Å (cf. 2.3 Å in S2Br2). When only
half an equivalent of bromine was added to 77 or 78 (R � Me, R� �
H), the disulfide (82) or diselenide (83) was isolated. Oxidation of 76
with iodine resulted in the formation of a charge-transfer complex 84

(63). In contrast, the reaction of seleno- and telluroimidazolines with
iodine afforded structures in which covalent bonds are formed, i.e.,
complexes of SeI2 (81) and TeI2 (86), respectively (64–67). The X-ray
crystal structure of 81 confirmed a monomeric structure in which the
selenium adopts an equatorially vacant trigonal bipyramidal geome-
try (64). The iodide ligands occupy the axial positions and the Se–I
bonds are elongated (av. Se–I 2.811(1) Å; I–Se–I 175.4�). The Se–
C(carbene) bond distance for 81 (1.900(4) Å) is longer than that found
for 77 (1.853(4) Å). The crystal structure of 81 showed the presence
of weak iodine–iodine interactions (I · · · I 3.719(1) Å). Refluxing 77
(R � Me, R� � H) with iodomethane yielded the methylated cation
85. By means of X-ray diffraction, it was shown that a dimeric struc-
ture is adopted in the case of the tellurium derivative 86 (64). The
coordination geometry of each tellurium in the dimer is square planar
and the Te2I2 unit is rhombohedral. Each tellurium atom has two
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short Te–I bonds (2.989(1) Å and 2.897(1) Å) and one long Te–I bond
(3.564(1) Å). As expected, the Te–C(carbene) distance of 2.120(3) Å is
longer than that observed in 78 (2.087(4) Å).

Treatment of 1,3-diisopropyl-4,5-dimethylimidazol-2-ylidene with
SCl2 and SOCl2 resulted in 87 and 88, respectively (67). Complex 87
can be converted into the corresponding fluoride (89) via reaction with
AgF. Surprisingly, however, reduction of the sulfur center was ob-

served when the carbene was treated with SF4 (90). Alkylation of 87
with CH3I afforded 91.

VII. Halogen Complexes

Air-sensitive carbene adducts of chlorine (92–94) have been iso-
lated from the reaction of carbenes with 1,2-dichloroethane as shown
below (68). The Cl–Cl bonds of these adducts are reactive. Thus, ben-
zene is chlorinated by 92 and 93 to give chlorobenzene under mild
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(16)

conditions and 94 reacts with AlCl3 and SO2 to afford chloroimidazol-
ium salts.

Various stable nucleophilic carbenes react with I2 to yield 2-iodoimi-
dazolium salts 95–97 (68, 69). Compounds 95 and 96 exhibit weak
interactions in the solid state between the iodine in the 2-position of
the imidazole ring and the iodide counterions (95, I · · · I 3.348 Å; 96,
I · · · I 3.249 Å). The nearly linear (176.0�) arrangement of the C–I · · · I
unit suggests a hypervalent central iodine atom, and hence the C–I
bond distances of 95 (2.104 Å) and 96 (2.113 Å) are elongated when
compared to those of iodoarenes (70). The geometries of the heterocy-
clic rings in both 95 and 96, with N–C–N angles of 109.3� and 107.0�,
respectively, are typical of those of imidazolium cations. Imidazolium
salt 97 shows a similar arrangement with weak solid-state interac-
tions between the iodine bound to the carbene and the triiodide coun-
terion (I · · · I 3.310 Å, C–I 2.131 Å, C–I · · · I 173.1�, N–C–N 109.5�).
Exchange of the iodide anion in 96 by tetraphenylborate afforded 98,

(17)
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and in turn this permitted an interesting comparison of the structures
of 95–97 since there is no opportunity for the [BPh4]� anion to inter-
act covalently with the 2-iodoimidazolium cation (65). As expected,
the C–I bond distance in 98 (2.042 Å) is shorter than those in 95–97
and the N–C–N internal ring angle is more acute (107.7�). Interest-
ingly, in the X-ray crystal structure of 98, the C–I bond of the cation
resides along a twofold crystallographic axis and the boron atom lies

(18)

along the same axis at a distance of 4.42 Å from the iodine. Imidazol-
ium salts 96 and 97 can react further with carbene to form the cat-
ionic bis(carbene) complexes of hypervalent iodine 99 and 100 (69).
The 1H and 13C NMR spectra of 99 and 100 are essentially identical,
suggesting that the anions do not play an important role in the bond-
ing of the hypervalent iodine cation. The X-ray crystal structure of
100 was determined and revealed an almost linear central C–I–C
unit (177.5�) with slightly longer C–I bond distances than those ob-
served in 95–98 (100, C–I 2.286 Å and 2.363 Å). The structure of 100
suggests that the C–I · · · I interactions in 95 and 96 are considerably
weaker than the C–I–C interaction in this case. Complexes of nucleo-

(19)

philic carbenes with iodopentafluorobenzene (101) have been pre-
pared via the reaction of 4 (R � adamantyl, R� � H) with IC6F5 (71).
On the basis of NMR data it was apparent that in solution 101 is in
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equilibrium with free carbene and iodopentafluorobenzene, thus
implying that the C–I bonds undergo facile cleavage in solution. In
the crystalline state a linear C–I–C arrangement was observed
(178.9(2)�) consistent with the presence of hypervalent bonding at the
iodine center. There is, however, considerable asymmetry in the two
C–I bond distances (C(carbene)–I, 2.754 Å; C(arene)–I, 2.159 Å),
which is probably a result of the different substituents on the carbon
centers. However, it should be noted that the long C–I bond distance
to the imidazole fragment is not caused by steric interactions, as can
be seen by comparison with the structure of 97 (C–I 2.131 Å). The
metrical parameters for the imidazole ring of 101 show some changes
as a result of incorporation of the IC6F5 unit. In particular, the N–
C–N bond angle is 2� larger than that of the free carbene and all the
bonds within the ring are lengthened to some extent. This suggests
that there is increased �-delocalization present as compared to free
carbene. The � delocalization within the imidazole ring indicates a
formal charge assignment which is the reverse of that in halonium
methylides (RX� � �CR�2). Typically, such methylides result from reac-
tions of electrophilic carbenes with halogen centers.

(20)

VIII. Conclusions

Stable nucleophilic carbenes are capable of forming isolable com-
plexes with a variety of main group species in oxidation states rang-
ing from �1 to �6. The majority of the complexes that have been
reported thus far possess 1 : 1 stoichiometry; however, there are sev-
eral instances of 2 : 1 complexation and one example of a 3 : 1 com-
plex. Although, in principle, it is possible to write double-bonded
(carbene)CuEXn canonical forms to describe the interactions between
carbenes and main group entities (EXn), in the stable nucleophilic car-
bene complexes considered here the bonding is predominantly of the
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donor–acceptor type, viz. (carbene)C�EXn. As such, the chemistry of
these two-electron donor carbenes bears a strong-resemblance to that
of electron-rich phosphines.

Looking toward the future, significant challenges exist in terms of
broadening the scope of carbene/main group complexes by employing
multidentate, acyclic, and chiral carbene ligands. Further diversifica-
tion can also be realized by further development of the chemistry of
the heavier congeneric silylenes and germylenes. Finally, as is evi-
dent from the present review, most of the emphasis to date has been
placed on synthetic and structural studies. Accordingly, exciting op-
portunities exist for the exploration and exploitation of the reactivity
patterns of carbene/main group complexes.

Note Added in Proof :

Monomeric carbene complexes with 1 : 1 stoichiometry have now
been isolated from the reaction of 4 (R � tBu, adamantyl or 2,4,6-
trimethylphenyl; R� � H) with lithium 1,2,4-tris(trimethylsilyl)cyclo-
pentadienide (72). The crystal structure of one such complex (R � tBu)
revealed that there is a single �-interaction between the lithium and
the carbene center (Li–C(carbene) 1.90 Å) with the cyclopentadienyl
ring coordinated in an �5-fashion to the lithium center. A novel hyper-
valent antimonide complex has also been reported (73). Thus, the nu-
cleophilic addition of 4 (R � Mes; R� � Cl) to Sb(CF3)3 resulted in
the isolation of the 1 : 1 complex with a pseudo-trigonal bipyramidal
geometry at the antimony center.
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41. Schäfer, A.; Weidenbruch, M.; Saak, W.; Pohl, S. J. Chem. Soc., Chem. Commun.

1995, 1157.
42. Schumann, H.; Glanz, M.; Girgsdies, F.; Ekkehardt Hahn, F.; Tamm, M.; Grzegor-

zewski, A. Angew. Chem., Int. Ed. Engl. 1997, 36, 2232.
43. Burg, A. B.; Mahler, W. J. Am. Chem. Soc. 1961, 83, 2388. See also Cowley, A. H.;

Cushner, M. C. Inorg. Chem. 1980, 19, 515.
44. Arduengo, A. J., III; Calabrese, J. C.; Cowley, A. H.; Dias, H. V. R.; Goerlich,

J. R.; Marshall, W. J.; Riegel, B. Inorg. Chem. 1997, 36, 2151.
45. Arduengo, A. J., III; Dias, H. V. R.; Calabrese, J. C. Chem. Lett. 1997, 143.
46. Arduengo, A. J., III; Carmalt, C. J.; Clyburne, J. A. C.; Cowley, A. H.; Pyati, R.

Chem. Commun. 1997, 981.
47. Gamon, N.; Reichardt, C.; Allman, R.; Waskowska, A. Chem. Ber. 1981, 114, 3289.
48. Mahler, W.; Burg, A. B. J. Am. Chem. Soc. 1958, 80, 6161.
49. Weber, L.; Meine, G.; Boese, R.; Bunghardt, D. Z. Anorg. Allg. Chem. 1987, 549, 73.
50. Arduengo, A. J., III; Krafczyk, R.; Marshall, W. J.; Schmutzler, R. J. Am. Chem.

Soc. 1997, 119, 3381.
51. Ansell, G. B.; Forkey, D. M.; Moore, D. W. J. Chem. Soc., Chem. Commun. 1970, 56.
52. Benac, B. L.; Burgess, E. M.; Arduengo, A. J., III. Org. Synth. 1986, 64, 92.
53. Arduengo, A. J., III. U.S. Patent 5,104,993, 1992; Arduengo, A. J., III. U.S. Patent

5,162,482, 1992; Arduengo, A. J., III; Barsotti, R. J.; Corcoran, P. H. U.S. Patent
5,091,498, 1992; Arduengo, A. J., III; Corcoran, P. H. U.S. Patent 5,084,552, 1992.

54. Kuhn, N.; Henkel, G.; Kratz, T. Z. Naturforsch. 1993, 48b, 973.
55. Williams, D. J.; Fawcett-Brown, M. R.; Raye, R. R.; VanDerveer, D.; Jones, R. L.

Heteroatom Chem. 1993, 4, 409.
56. Note, however, that although the telluroketone [C6H4(CMe2)2CTe] is dimeric in the

solid state, the monomer has been characterized spectroscopically in solution: Mi-
noura, M.; Kawashima, T.; Okazaki, R. J. Am. Chem. Soc. 1993, 115, 7019; Minoura,
M.; Kawashima, T.; Okazaki, R. Tetrahedron Lett. 1997, 38, 2501. For a review of
terminal chalcogenido complexes, see Kuchta, M. C.; Parkin, G. Coord. Chem. Rev.
1998, 176, 323.



32 CARMALT AND COWLEY

57. Kuhn, N.; Henkel, G.; Kratz, T. Chem. Ber. 1993, 126, 2047.
58. Arduengo, A. J., III; Burgess, E. M. J. Am. Chem. Soc. 1976, 98, 5020.
59. Arduengo, A. J., III; Burgess, E. M. J. Am. Chem. Soc. 1977, 99, 2376.
60. Janulis, E. P., Jr.; Arduengo, A. J., III. J. Am. Chem. Soc. 1983, 105, 3536.
61. Arduengo, A. J., III; Burgess, E. M. J. Am. Chem. Soc. 1976, 98, 5021.
62. Koide, A.; Saito, T.; Kawasaki, M.; Motoki, S. Synthesis 1981, 486.
63. Freeman, F.; Ziller, J. W.; Po, H. M.; Keindl, M. C. J. Am. Chem. Soc. 1988, 110,

2586.
64. Kuhn, N.; Kratz, T.; Henkel, G. Chem. Ber. 1994, 127, 849.
65. Kuhn, N.; Kratz, T.; Henkel, G. Z. Naturforsch. 1996, 51b, 295.
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1998, 53b, 720.
68. Arduengo, A. J., III; Tamm, M.; Calabrese, J. C. J. Am. Chem. Soc. 1994, 116, 3625.
69. Kuhn, N.; Kratz, T.; Henkel, G. J. Chem. Soc., Chem. Commun. 1993, 1778.
70. Trotter, J. In ‘‘The Chemistry of the Carbon–Halogen Bond’’; Patai, S., Ed.; Wiley:

Chichester, 1973, part 1, p. 49.
71. Arduengo, A. J., III; Kline, M.; Calabrese, J. C.; Davidson, F. J. Am. Chem. Soc.

1991, 113, 9704.
72. Arduengo, A. J., III; Tamm, M.; Calabrese, J. C.; Davidson, F.; Marshall, W. J.

Chem. Lett. 1999, 1021.
73. Arduengo, A. J., III; Krafczyk, R.; Schmutzler, R.; Mahler, W.; Marshall, W. J. Z.

Anorg. Allg. Chem. 1999, 625, 1813.



ADVANCES IN INORGANIC CHEMISTRY, VOL. 50

GROUP I COMPLEXES OF P- AND
As-DONOR LIGANDS

KEITH IZOD

Department of Chemistry, University of Newcastle, Newcastle upon Tyne, United Kingdom,
NE1 7RU

I. Introduction
II. Charge-Localized Ligands

A. Phosphides and Phosphinediides
B. Arsenides and Arsinediides

III. Charge-Delocalized Ligands
A. Phosphinomethanides
B. Iminophosphides/Phosphinoamides

IV. Tertiary Phosphine-Functionalized Ligands
V. Miscellaneous Complexes

VI. Conclusion
References

I. Introduction

Complexes of the alkali metals with nitrogen donor ligands such as
diorganoamides and organoimides have been studied extensively
since the 1960s, and the principles that govern their chemistry are
now quite well understood. This chemistry has been excellently re-
viewed in a number of texts (1–5). In contrast, much less attention
has been paid to complexes of the alkali metals with ligands having
donor atoms from the heavier elements of group 15 (P, As, Sb, Bi) (4).
However, these compounds are becoming more widespread in their
use, and synthetic, structural, and theoretical studies of such com-
plexes have become increasingly common. Much of this chemistry has
evolved over the past two decades, due largely to improvements in
techniques for complex characterization such as X-ray crystallogra-
phy and NMR spectroscopy, with some important advances only being
reported in the past 3 or 4 years.

33
Copyright  2000 by Academic Press.

All rights of reproduction in any form reserved.
0898-8838/00 $35.00



34 KEITH IZOD

It is to be expected that interactions between alkali metal cations
and P- and As-donor ligands will be weak and largely disfavored be-
cause of the mismatch between the hard alkali metal cations and soft
P- and As-donors (6). Theoretical calculations certainly suggest a low
affinity between the alkali metal and phosphorus-based ligands: The
binding energies for the reaction M� � PH3 � M�PH3 are calculated
to be �26.7 and �17.4 kcal mol�1, for Li� and Na� respectively, com-
pared to Li-NH3 and Na�-NH3 binding energies of �40.2 and �28.0
kcal mol�1 (7, 8). Overall, the relative binding strength of PH3 is calcu-
lated to be some 68% that of NH3 (averaged over the five cations Li�,
Na�, K�, Mg2�, Ca2�).

In practice, the low affinity of the alkali metals for P- and As-donors
is overcome by incorporating the P- or As-donor site into an anionic
ligand. Such anionic P- and As-donor ligands fall into three broad
classes: (a) ligands in which the negative charge is essentially local-
ized on the group 15 atom E (organophosphides and arsenides) (I); (b)
ligands in which there is a significant degree of charge delocalization
toward phosphorus from an adjacent atom (e.g., phosphinometh-
anides and iminophosphides/phosphinoamides) (II); and (c) poten-
tially chelating ligands in which the negative charge is localized on
an atom distant from the phosphorus center (e.g., tertiary phosphine-
functionalized alkoxides) (III).

The structures and aggregation states of alkali metal complexes of
these ligands are highly dependent upon the nature of the metal cen-
ter (charge/radius ratio, polarizability), the steric and electronic prop-
erties of the ligand substituents and the presence of coligands. The
effects of these factors on complex structure parallel those observed
in alkali metal organometallics (9–15), amides and imides (1, 2, 4), all
of which have been well documented and will not be discussed in de-
tail here. The formation of high-order aggregates (which are fre-
quently insoluble in common organic solvents and thus difficult to
characterize and crystallize) is often avoided by the use of coligands
such as THF (tetrahydrofuran), tmeda (N,N,N �,N �-tetramethyleth-
ylenediamine) or pmdeta (N,N,N �,N �,N �-pentamethyldiethylenetria-
mine), which occupy vacant metal coordination sites, thereby pre-
venting the formation of insoluble polymeric or lattice species. Oligo-
merization may similarly be hindered by the incorporation of
sterically demanding substituents such as Me3Si, But , or 2,4,6-But

3-
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C6H2 (supermesityl, mes*) into the ligand; such substituents sterically
occlude vacant metal coordination sites and greatly increase the solu-
bility of the complexes in common organic solvents. The subtle varia-
tions possible within P- and As-donor ligand complexes of the alkali
metals lead to an almost bewildering array of structural types, many
of which are not observed in other areas of alkali metal chemistry,
and to wide variations in reactivity between complexes.

This review covers a range of phosphorus- and arsenic-containing
ligands, with emphasis on those complexes in which there is an estab-
lished contact between phosphorus or arsenic and an alkali metal. 31P
NMR spectroscopy is an invaluable tool for identifying and studying
M–P interactions (I � �� , 100%), particularly in solution, and for com-
plexes with a Li–P contact 31P and 6Li/7Li NMR studies can provide a
wealth of structural and thermodynamic information (7Li I �
�� , 92.58%; 6Li I � 1, 7.42%). However, X-ray crystallography is unri-
valed as a technique for elucidating the nature of species in the solid
state. For this reason the present survey will focus largely on com-
plexes in which a P–M or As–M contact has been verified by crystal-
lography.

II. Charge-Localized Ligands

A. PHOSPHIDES AND PHOSPHINEDIIDES

Perhaps the simplest complexes of the alkali metals with P- or As-
donor ligands are those in which there is a negative charge localized
on the pnicogen atom, i.e., organophosphide and -arsenide ligands
(R2E�). Although such complexes have been known since the early
part of this century and have been used extensively for the synthesis
of a wide range of transition and main group metal complexes, inter-
est in the solution or solid state structures of these species was not
expressed until the early 1980s.

1. Synthesis

The synthesis of alkali metal organophosphides and arsenides is
usually most conveniently achieved by the direct metalation of a pri-
mary or secondary phosphine/arsine with a strong deprotonating
agent such as an alkyllithium or an alkali metal hydride:

R2EH � R�M � (R2E)M � R�H

[E � P, As; R� � H, Me, Bun, etc.; M � Li, Na, K]. (1)
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This is the most widely used route to alkali metal (di)organophos-
phide complexes. The alkali metal (di)organophosphide products are
highly air and moisture sensitive and must be handled under an inert
atmosphere. Alternative routes to these compounds include the fol-
lowing:

(i) Direct metalation of a primary or secondary phosphine/arsine
with a heavier alkali metal (15, 16),

R2EH � M � (R2E)M � ��H2 [M � K, Rb, Cs]. (2)

(ii) E–C cleavage of an aryl-substituted tertiary phosphine/arsine
with an alkali metal in a donor solvent such as THF or dioxane or in
liquid ammonia (17–19) (Eq. 3). Reactions in THF or dioxane may be
accelerated by ultrasonication.

R2EAr � 2M � (R2E)M � MAr [M � Li–Cs] (3)

The organometallic side-product MAr is conveniently removed by
selective reaction with a proton source such as ButCl or NH4Cl. This
reaction is extremely effective for certain symmetrical triarylphos-
phines and for mixed aralkylphosphines. However, detailed investiga-
tions of P–C cleavage in functionalized and/or unsymmetrical triaryl-
phosphines (17–19) indicate that such reactions are far from
straightforward. The products obtained on treatment of triarylphos-
phines of type IV or V with alkali metals depend both on the nature
of the substituents X and on the alkali metal.

Electron-donating substituents X tend to inhibit P–C cleavage. For
example, whereas PPh3 reacts readily, (4-Me2NC6H4)3P does not react
with Li/THF or Na/NH3 (17). However, both (4-Me2NC6H4)3P and the
mixed triarylphosphine (4-Me2NC6H4)2PPh undergo P–C cleavage
readily on treatment with K in THF (19). Treatment of the mixed
phosphine (4-Me2NC6H4)2PPh with K in THF yields [(4-Me2NC6H4)
PPh]K and [(4-Me2NC6H4)2P]K in a 4 : 1 ratio, whereas treatment with
Li in THF yields [(4-Me2NC6H4)PPh]Li and [(4-Me2NC6H4)2P]Li in a
ratio approaching 1 : 4. It is also reported (17) that effective P–C
cleavage in tertiary aryl phosphines requires that the LUMO (always
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an aryl �* orbital) be neither too high in energy (no reduction) or too
low in energy (radical anion intermediate too stable), and that P–C
cleavage is enhanced in compounds in which the coefficient of the
LUMO on the carbon attached to P is large (e.g., Ph3P). In many in-
stances the P–C cleavage reaction is complicated by side reactions
such as Birch reduction and side-group cleavage.

(iii) E–Si cleavage of a tertiary phosphine with an alkali metal al-
koxide (20, 21) (Eq. 4) or alkali metal alkyl (22) (Eq. 5):

R2E(SiR�3) � MOBut � (R2E)M � R�3SiOBut. (4)

This route has proven particularly suitable for the synthesis of (Me3

Si)2PM complexes (20, 21), avoiding the need for the often complex
synthesis of secondary phosphines. Even in the presence of excess
MOBut the sole product of Eq. (4) is the monometalated species
(R2E)M.

R2E(SiR�3) � MR� � (R2E)M � R�3SiR� [MR� � e.g., BunLi]. (5)

(iv) Metalation of a halophosphine or -arsine with an alkali metal
(23, 24):

R2EX � 2M � (R2E)M � MX [M � Li, X � Cl, Br]. (6)

(v) Reduction of a diphosphine or diarsine (25, 26):

R2E-ER2 � 2M � 2(R2E)M [M � Li, Na, K]. (7)

Access to heavier alkali metal complexes may also be achieved by
metathesis between a lithium organophosphide and a heavier alkali
metal alkoxide (27):

(R2E)Li � MOR� � (R2E)M � LiOR� [M � Na–Cs; R� � e.g., But] (8)

The alkoxide group R� is chosen so that the heavier alkali metal
alkoxide MOR� is soluble in ether or hydrocarbon solvents and so the
by-product LiOR� may easily be separated from the desired heavier
alkali metal phosphide/arsenide (which is often insoluble in weakly
or noncoordinating solvents such as ethers and hydrocarbons).
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2. Homometallic Lithium (Di)organophosphides

Initial investigations of simple lithium diorganophosphides in solu-
tion using molecular weight measurements (28) and multinuclear
NMR techniques (29, 30) suggested that these species existed as ag-
gregates in solution. McFarlane and co-workers (29) reported in 1982
that the 31P NMR spectrum of Li(PPh2) in Et2O consisted of a
1 : 2 : 3 : 4 : 3 : 2 : 1 septet (JPLi � 45 Hz) at 200 K, consistent with the
presence of dimers containing a P2Li2 core (VI). The corresponding 7Li
spectrum of this complex (a well-resolved 1 : 2 : 1 triplet, JPLi � 45 Hz)
was consistent with this hypothesis. By contrast, 13C NMR T1

measurements suggest a tetrameric structure for LiPPh2 in THF
solution (31).

The first solid-state structural determination of a lithium diorgano-
phosphide by X-ray crystallography was carried out within a year of
the observations just discussed. Lithiation of But

2PH with BunLi in
THF, followed by crystallization from hexane, yielded the complex
[Li2(PBut

2)2(THF)]2 (32, 33) (1). The structure consists of a four-rung
ladder in which two of the phosphide groups are triply bridging and
two are doubly bridging the lithium atoms (Fig. 1). The central P4Li4

core is essentially planar with P–Li distances ranging from 2.476(10)
Å [Li(2)–P(2)] to 2.669(9) Å [Li(1)–P(1)] and internal P–Li–P angles
ranging from 104.9(3) [P(1)–Li(1)–P(2)] to 109.71(33)� [P(1)–Li(1)–
P(1�)]. Formation of a more extended ladder network appears to be
prevented by coordination of THF to the terminal Li atoms. This lad-
der motif occurs in several other alkali metal phosphide complexes
(vide infra) and is a common feature of alkali metal amide chemistry
(1, 2, 4, 5).

More recently this same phosphide has been structurally character-
ized as the LiCl adduct, [(THF)LiCl � (THF)2Li(PBut

2)]2 (34). Again the
structure takes the form of a four-rung ladder; however, the central
two rungs are now part of a Li2Cl2 cycle and the two terminal Li
atoms are each coordinated by two molecules of THF. The ladder mo-
tif is broken down by the addition of the bidentate ligand DME: The
recently reported complex [Li(PBut

2)(DME)]2 (DME � 1,2-dimethoxy-
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FIG. 1. Structure of [Li2(PBut
2)2(THF)]2 (1). Reproduced with permission from R. A.

Jones et al. J. Am. Chem. Soc. 1983, 105, 7459. Copyright 1983, the American Chemi-
cal Society.

ethane), prepared by the treatment of HPBut
2 with BunLi in DME/

hexane, consists of a dimer with a planar Li2P2 core of type VI
[Li–P � 2.600(6); Li–P� 2.573(5) Å P–Li–P� � 97.1(2)�] (35).

Lithium diphenylphosphide has been characterized as a number of
adducts with O- or N-donor coligands, Li(PPh2)L [L � Et2O (2), (THF)2

(3) (36), DME (4) (35), tmeda, pmdeta (37), (12-crown-4)2 (38)]. The
Et2O and THF adducts crystallize as infinite zigzag chains of alternat-
ing Li cations and diphenylphosphide anions, [Li(PPh2)(OEt2)]x and
[Li(PPh2)(THF)2]x (Fig. 2), the greater solvation in the latter complex
being attributed to the larger size of Et2O vs THF. The complex
[Li(PPh2)(DME)]x adopts a similar polymeric structure in the solid
state. This chain polymer motif is again common in alkali metal phos-
phide and arsenide chemistry (vide infra). As expected, as the dentic-
ity of the coligand increases (and so the coligand is consequently able
to occupy more coordination sites), so the aggregation state of the
complex decreases: The tmeda and pmdeta complexes are dimeric,
with a planar Li2P2 core, and monomeric, respectively, whereas the
crown ether complex exists as the solvent separated ion pair [Li(12-
crown-4)2][PPh2]. The C–P–C angles (102–106�) are found to differ
little within this set of compounds; the P–Li distances correlate well
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FIG. 2. Polymeric structure of [Li(PPh2)(THF)2]x (3). Reproduced with permission
from R. A. Bartlett et al, Inorg. Chem. 1986, 25, 1243. Copyright 1986 the American
Chemical Society.

with the coordination number of Li in each case, with lower values
being found for complexes containing three-coordinate lithium [e.g.,
P–Li � 2.483–2.496 Å (2, 3-coordinate lithium); P–Li � 2.629 and
2.634 Å (3, 4-coordinate lithium)]. The angles along the chains of 2–4
are also noticeably dependent upon the coligands [P–Li–P � 139.6(4)
and 129.6(4)� (2), 123.1(8)� (3); Li–P–Li � 136.9(3) and 126.0(3)� (2),
135.0(5)� (3)].

Increasing the size of the substituents on phosphorus markedly af-
fects the structures adopted by lithium phosphide complexes: The
more sterically demanding cyclohexyl groups in [Li(PCy2)(THF)]x re-
sult in a zigzag polymeric structure in which only one molecule of
THF is bound to the metal center, compared to two molecules of THF
in 3 (36). The lithium is three-coordinate and hence the P–Li dis-
tances [2.455(9) and 2.543(9) Å] are somewhat shorter than those in
3. A more dramatic illustration of this principle is provided by
[Li�P(mes)2�(OEt2)]2 (mes � 2,4,6-Me3-C6H2) (5): Whereas [Li(PPh2)
(OEt2)]x is a zigzag polymer (36), the more sterically hindered complex
5 is dimeric in the solid state with a planar Li2P2 core (39). In con-
trast, the less sterically demanding primary phosphide Li�PH(mes)�
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has been isolated in both monomeric, [Li�PH(mes)�(THF)3] (39) and
[Li�PH(mes)�(tmeda)(THF)] (40), and helical polymeric, [Li�PH(mes)�
(THF)2]x (41), forms. The related phosphide Li(PHCy) adopts a one-
dimensional ladder polymer arrangement (VII) in the solid state,
[Li(PHCy)(THF)]x , in which each lithium is coordinated by three P
atoms and vice versa, with Li–P distances of 2.60(1) Å (ladder rung)
and 2.608(8) and 2.631(8) Å (ladder edge), and an internal P–Li–P
angle of 98.4� (42).

The simplest lithium phosphide, LiPH2 , has been isolated indepen-
dently by the groups of Jones and Becker as the polymeric adduct
[Li(PH2)(DME)]x (43, 44). This compound consists of infinite zigzag
chains of alternating Li and P atoms with an essentially linear Li–
P–Li angle of 176.9(1)�, and a P–Li–P angle of 117.0(2)�. The linearity
of the Li–P–Li angle has been ascribed to the low steric demands of
the H atoms on the phosphide. The Li–P distances in this prototypical
complex of 2.550(8) and 2.597(8) Å are typical of those of simple lith-
ium (di)organophosphides [see Table I for a summary of Li–P dis-
tances and NMR data for lithium (di)organophosphides]. The primary
phosphide LiPHMe also crystallizes as infinite chains of alternating
Li and P atoms in the adduct [Li(PHMe)(diglyme)]x (45); however, the
Li–P–Li angle is now 132.1� [Li–P � 2.529(2) and 2.532(2) Å]. Each
Li is coordinated by two P atoms and two of the O atoms of diglyme;
the remaining oxygen atom of the usually tridentate diglyme ligand
does not coordinate to a metal center. The chains in this complex
adopt a meso-helical arrangement.

An unusual mixed lithium phosphide/lithium alkyl aggregate has
been reported as arising from an attempted synthesis of Li�PH(mes*)�
(46). Initial treatment of phosphorus trichloride with Li(mes*) is re-
ported to give a mixture of the desired product, (mes*)PCl2 , and the
side product (mes*)Cl (via Li/Cl exchange) in an approximately 2 : 1
ratio. Reduction of this mixture with LiAlH4 , followed by treatment
with BuLi, then leads to rapid formation of Li�PH(mes*)�, accompa-
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TABLE I

SELECTED STRUCTURAL AND NMR DATA FOR CRYSTALLOGRAPHICALLY CHARACTERIZED

LITHIUM (DI)ORGANOPHOSPHIDE COMPLEXES

Complexa Li–P (Å) �P (ppm)b Ref.

[Li2(PBut
2)2(THF)]2 2.669(9), 2.498(9) 38.51 (s, THF) 32, 33

2.595(10), 2.476(10)
[Li(PBut

2)(THF)2LiCl(THF)]2 2.523(4), 2.561(5) 41.8 (s, d8-THF) 34
[Li(PBut

2)(DME)]2 2.600(6), 2.573(5) 41.5 (s, DME) 35
[Li(PHCy)(THF)]x 2.608(8), 2.60(1), 2.631(8) �135.4 (s, C7D8) 42
[Li(PCy2)(THF)]x 2.455(9), 2.543(9) — 36
[Li(PHMe)(diglyme)]x 2.529(2), 2.532(2) �197.2 (s, C6D6) 45
[Li(PH2)(DME)]x 2.550(8), 2.597(8) [2.537(5), 283 (s, DME) 43, 44

2.596(5)]
[Li(PPh2)(DME)]x 2.563(3), 2.541(3) �20.0 (s, DME) 35
[Li(PPh2)(OEt2)]x 2.469(10), 2.486(10), — 36

2.492(10), 2.483(10)
[Li(PPh2)(THF)2]x 2.629(22), 2.634(21) — 36
[Li(PPh2)(tmeda)]2 2.574(19), 2.623(19), �33.3 (septet, JPLi 45 37

2.607(18), 2.629(20)c Hz, C7D8 , �80�C)
[Li(PPh2)(pmdeta)] 2.567(6) �22.1 (s, C7D8) 37
[Li�PH(mes)�(THF)3] 2.533(9) �154.1 (s, C6D6/THF) 39
[Li�PH(mes)�(THF)2]x 2.640(6), 2.656(6) �163.2 (s, C7D8) 41
[Li�(PH(mes)�(THF)(tmeda)] 2.560(5) �156.3 (s, THF) 40
[Li�P(mes)2�(OEt2)]2 2.483(1), 2.479(11) �62.9 (s, THF) 39
[Li(12-c-4)2][PPh2] — �6.9 (s, THF) 38
[�Li(mes*)��Li(PH(mes*))�]2 2.47(1), 2.47(1) �124.8 (s, C7D8/THF) 46
[Li�(PPh(SiMe3)�(tmeda)]2 2.62(2), 2.61(1)c �145.0 (septet, JPLi 40 51

Hz, C7D8 , 258 K)
[Li�P(CH(SiMe3)2)2�]2 2.481(10), 2.473(9) �254 (septet, JPLi 23

80 Hz)
[Li�P[CH(SiMe3)2](C6H4-2- 2.535(8)c �74.3 (q, JPLi 39.1 Hz, 26

CH2NMe2)�(THF)2] C6D6/THF)
[Li�P(SiMe3)2�(DME)]2 2.559(4) — 44
[Li�P(SiMe3)2�(THF)2]2 2.62(2), 2.62(2) �297.6 (s, C7D8) 22
[Li2�P(SiMe3)2�2(THF)]2 2.55(3), 2.48(3), 2.64(2), �297.7 (s, C7D8) 22

2.54(2), 2.44(2)
[Li�P(SiMe3)2�]6 2.52(1), 2.52(1), 2.56(1), — 47

2.513(9), 2.63(1), 2.51(1),
2.52(1), 2.38 (1)

[Li�P(SiPh3)2�]2 2.495(6), 2.449(6), 2.464(6), �308 (s, C7D8) 49
2.480(6)

[Li4�P(SiPri
3)2�3�PH(SiPri

3)�] 2.463(14), 2.466(14), �338, �351 (PH), 49
2.494(13), 2.496(13), �370 (singlets, C7D8)
2.40(2), 2.41(2), 2.40(2),
2.42(2)

[Li(tmeda)2][P(SiH3)2] — �416.2 (s, C6D6) 48
[Li�P(SiFBut

2)Ph�(THF)2]2 2.617(10) �153.81 (JPLi 49.4, 58
�90�C)

[Li�P(SiFBut(Is))2�(THF)2] 2.538(9) �288.8 (s, C6D6) 57
[Li�P(SiHPh2)(SiF(Is)2)� 2.527(9) �287.4 (s, C6D6) 52

(THF)3]
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TABLE I (Continued)

Complexa Li–P (Å) �P (ppm)b Ref.

[Li�P(P(NPri
2)2)(SiF(Is)2� 2.534(8) �170.0 (d, JPP 244.1, 52

(THF)] C6D6 , PLi)
90.08 (dd, JPP 244.1, JPF

30.5, PN2)
[Li�P(SiFBut

2)But�(THF)3] 2.547(4) �142.5 (d, JPF 16.3 Hz, 53
C6D6/THF)

[Li�P(SiFBut
2)(mes)�(THF)3] 2.503(14) �184.7 (m, JPLi 62.3, 55

JPF 17.3 Hz, Tol/
C6D6 , �80�C)

[Li�P(SiFBut
2)(mes)�(tmeda)] 2.593(5) �196.7 (s, Tol/C6D6) 55

[Li�(P(SiFBut
2)(mes)� 2.550(7) �186.08 (m, JPLi 70.0, 54

(pmdeta)] JPF 20.8 Hz, C6D6)
[Li�(P(SiF(Is)2)-Si(Is)2P� 2.568(13) �303.3 (d, JPP 46 Hz) 59

(THF)3] �250.2 (dd, JPP 46 Hz,
JPF 16 Hz, d8-THF)

[Li�P(GeBut
2H)(SiF(Is)2)� 2.610(6) �281.6 (s, C6D6) 56

(DME)]
[Li(12-c-4)2][�P(SiFBut

2) — �171.5 (s, C6D6) 54
(mes)�]

[Li�PH(B(NPri
2)2)�(DME)]2 2.535(7), 2.554(7) �213 (s) 63

[Li�P(mes)(B(mes)2)�(OEt2)2] 2.451(14) 55.5 (s) 60
[Li�PCy(B(mes)2)�(OEt2)2] 2.454(9) 70.1 (s) 60
[Li�P(1-Ad)(B(mes)2�(OEt2)2] 2.44(1) 90.4 (s, C6D6) 62
[Li�PBut(B(Is)2)�(OEt2)2] 2.460(4) 113.2 (s, C6D6/THF) 61
[Li�P(SiMe3)(B(mes)2)� 2.540(10) �49.2 (s, C6D6/THF) 61

(THF)3]
[Li�P(mes)(B(PHmes)(Is))� 2.476(6) 32.0, �117.0 (s, C6D6/ 61

(OEt2)2] THF)
[Li(24-c-4)2][P(mes) — 91.3 (s) 60

(B(mes)2)]
[Li�P(PBut

2)2�(THF)2] 2.592(5), 2.599 (5) 61.9, �140.2 (s, d8- 64
THF, 203 K)

[Li�P(PBut
2)2�(tmeda)] 2.627(6), 2640(5) 58.8, �142.5 (m, JPLi 64

47.1 Hz, C7D8 ,
203 K)

[Li�P(PPri
2)2�(THF)2] 2.573(4) 33.7, �188.6 (m, JPLi 64

46.2 Hz, 203 K)
[�1,2-C6H4(PPh)2P�Li(THF)3] 2.580(7) 31.4 (d, JPP 368.5 Hz), 83

�174.0 (d, JPP 368.5
Hz, PLi, THF)

[1,2-C6H4�PPhLi(tmeda)�2] 2.58(3), 2.55(3), 2.59(3), �45.2 (septet, JPLi 35 78, 79
2.59(3) Hz, C7D8 , 203 K) 80, 81

[1,2-C6H4�P(SiMe3)Li 2.508(7), 2.544(8) �149.6 (septet, JPLi 81
(tmeda)�2] 38.3 Hz, C7D8 , 263 K)

[Li2(PhPCH2CH2PPh) 2.57(1), 2.56(2), 2.57(2), �73.0 (s, C7D8 , 303 K) 78
(THF)4]2 2.53(2)

[�IsButSi(PHLi)2�2(LiCl)]2 2.20(3), 2.55–2.67(3) — 85

(continued)
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TABLE I (Continued)

Complexa Li–P (Å) �P (ppm)b Ref.

[EtSi�PLi(SiPri
3)�3]2 2.464(5), 2.507(5), 2.562(5), — 85

2.449(5), 2.511(5),
2.525(5), 2.452(5),
2.528(5), 2.554(5)

[MeC(CH2PPh)3�Li(THF)2�- 2.52(4), 2.64(4), 2.60(4), — 84
�Li(pmdeta)�] 2.58(3), 2.62(3)

Heterometallic Complexes:
[Li(THF)(PBut

2)3Sn] 2.49(3), 2.48(3) 47.2 97
[Li(THF)(PBut

2)3Pb] 2.57(6), 2.46(4) 71.5 97
[(Et2O)2Li�P(SiMe3)2�GaH2] 2.716(8) �277.7 (C7D8) 94
[Cp2Lu(PPh2)2Li(tmeda)] 2.692(14), 2.691(8) 9.46 (C6D6) 91
[MeCu(PBut

2)Li(THF)3] 2.54(1) — 99
[Sm�(PBut

2)2Li(THF)�2] 2.504(9), 2.52(1), 2.52(1), — 89, 90
2.54(1)

[Eu�(PBut
2)2Li(THF)�2] 2.495(8), 2.528(9), 2.530(8), — 90

2.530(8)
[Yb�(PBut

2)2Li(THF)�2] 2.481(6), 2.504(8), 2.511(8), 62.5 (q, JPLi 58 Hz, JPYb 88, 90
2.512(7) 873 Hz, C6D6)

[La(PBut
2)4Li(THF)] 2.537(5), 2.545(5) 135–180 (C6D6 , br.) 88

[(Pri
2N)La�P(C6H4-2- 2.53(2) �56 (q, JPLi 58 Hz, 92

OMe)2�Li(THF)] C6D6/C7D8 , 193 K)

a Abbreviations: tmeda, N,N,N �,N �-tetramethylethylenediamine; pmdeta, N,N,N �,N �,N �-
pentamethyldiethylenetriamine; DME, 1,2-dimethoxyethane; THF, tetrahydrofuran; 12-c-4, 12-
crown-4; mes, 2,4,6-Me3C6H2 ; mes*, 2,4,6-But

3-C6H2 ; Is, 2,4,6-Pri
3-C6H2 ; Ad, 1-adamantyl; Tol,

toluene.
b 31P�1H� chemical shifts relative to 85% H3PO4 at ambient temperature, unless otherwise stated

(multiplicity, relevant coupling constants, solvent, temperature in parentheses).
c Values from a representative molecule in the unit cell.

nied by slower formation of the mixed aggregate [Li(mes*)Li�PH
(mes*)�]2 , which deposits in crystalline form from hexane over 3
days. An X-ray crystal structure revealed that this complex contains a
central eight-membered (LiPLiC)2 ring (Fig. 3), in which two
LiPH(mes*)–Li(mes*) units, bonded via phosphorus, are joined by �6-
interactions between a Li from one half of the dimer and the aromatic
ring of the Li(mes*) subunit from the other half of the dimer.

A number of lithium phosphide complexes bearing organosilicon
substituents have been synthesized and structurally characterized.
Treatment of P(SiMe3)3 with BunLi in THF yields the dimeric complex
[Li�P(SiMe3)2�(THF)2]2 (6) (22), which contains a planar Li2P2 core
[Li–P � Li–P� � 2.62(2); Å P–Li–P � 100.0(8)�]. Complex 6 under-
goes solvent loss under vacuum (20�C, 10�3 torr) to give the tetramer
[Li4��2-P(SiMe3)2�2��3-P(SiMe3)2�2(THF)2] (7) (22), which is structurally
similar to its PBut

2 analogue, 1. In contrast, treatment of HP(SiMe3)2

with BunLi in cyclopentane yields the solvent-free hexameric complex
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FIG. 3. Structure of [Li(mes*)Li�P(mes*)�]2 . Reproduced with permission from
S. Kurz et al., Organometallics 1992, 11, 2729. Copyright 1992, the American Chemical
Society.

[Li�P(SiMe3)2�]6 (8) (Fig. 4) (47). The hexamer adopts a six-rung ladder
structure in the solid state. The formation of an extended ladder net-
work is apparently inhibited by the steric demands of the SiMe3

groups: The SiMe3 groups on P(2) are displaced toward Li(3) because
of unfavorable steric interactions with the SiMe3 groups on P(1�), thus
occluding the free coordination site on Li(3), which remains only two-
coordinate, and preventing further oligomerisation via coordination
by an additional Li�P(SiMe3)2� unit. The complex [Li�P(SiMe3)2�

FIG. 4. Structure of hexameric [Li�P(SiMe3)2�]6 (6). Reproduced with permission from
E. Hey-Hawkins et al, Chem. Commun. 1992, 775. Copyright 1992, the Royal Society
of Chemistry.
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(DME)]2 has also been reported and is structurally similar to 6 (44).
Compounds 6 and 7 may be regarded as subunits of the solvent-free
hexamer, in which coordination of lithium by two or one molecule(s)
of THF prevent further oligomerization (i.e., 6 and 7 may be regarded
as two- and four-rung ladder species). In 6, 7, and 8 the Li and P
atoms are coplanar to within 0.05 Å. The solvent separated ion pair
[Li(tmeda)2][P(SiH3)2] has also been structurally characterized (48).
The P–Si distance (2.17 Å) in this ion pair is slightly shorter than
the same distances in 6 [2.196(5) and 2.194(6) Å] and 7 [2.203(6) to
2.222(6) Å].

Driess et al. have reported the synthesis and structures of two
novel sterically hindered silicon-substituted lithium phosphides
[Li�P(SiPh3)2�]2 (9) and [Li4�PH(SiPri

3)��P(SiPri
3)2�3] (10) (49). The large

steric requirements of the Ph3Si groups in 9 prevent oligomerization
beyond a dimer and allow the isolation of a solvent-free complex. In
addition to the two Li–P and contacts at each Li in the dimers
[P–Li � 2.495(6), 2.449(6), 2.464(6), and 2.480(6) Å], there are con-
tacts to the phenyl rings of the Ph3Si groups. One ring from one
P(SiPh3)2 ligand binds to lithium in an �2-fashion while one ring from
the other P(SiPh3)2 ligand is bound �1 to the metal. The unusual com-
plex 10 arises from the lithiation of HP(SiPri

3)2 with n-butyllithium.
Formation of the secondary phosphide subunit PH(SiPri

3) is attrib-
uted to nucleophilic Si–P cleavage on treatment of the secondary
phosphine with the alkyllithium. The tetrameric structure of this
complex is without precedent in alkali metal phosphide chemistry
and contains an essentially planar eight-membered P4Li4 ring in
which the Li atoms are only two-coordinate [Li–PR2 � 2.41(2) to
2.496(13) Å; Li–PHR � 2.40(2) and 2.40(2) Å], further coordination of
the metal centers again being prevented by the steric requirements of
the ligands. Similar planar ring systems have been observed pre-
viously in organo-alkali metal complexes such as [Na(CH2Ph)
(tmeda)]4 (50). The short Li–P contacts in 9 and 10 reflect the low
coordination number of lithium in these complexes.

The mixed silylarylphosphide [�(Me3Si)PhP�Li(tmeda)]2 (51) crystal-
lizes as dimers containing a planar Li2P2 core, with the phosphorus
substituents in a trans configuration. At room temperature the 31P
and 7Li NMR spectra of this compound consist of singlets, but at 0�C
(31P) and 5�C (7Li) these spectra consist of a binomial septet and trip-
let, respectively (JPLi � 40 Hz), consistent with each 31P coupling to
two 7Li nuclei and vice versa, indicating that the dimeric structure is
preserved in solution. The lack of P–Li coupling above this tempera-
ture is attributed to rapid intermolecular Li–P exchange.
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Driess et al. and Klingebiel et al. have investigated a series of
fluorosilyl-substituted lithium phosphide complexes. The complexes
[�[(Is)2FSi](Ph2HSi)P�Li(THF)3] (Is � 2,4,6-Pri

3-C6H2) (52), [�(But
2FSi)

ButP�Li(THF)3] (53), [�(But
2FSi)(mes)P�Li(pmdeta)] (54), and [�(But

2FSi)
(mes)P�Li(THF)3] (11) (55) are simple monomers with tetrahedral
Li atoms associated with monodentate diorganophosphide ligands
[Li–P � 2.527(9), 2.547(4), 2.550(7), and 2.503(14) Å, respectively].
The crown ether complex [(But

2FSi)(mes)P][Li(12-crown-4)2] (54) exists
as solvent separated ion pairs with no Li–P contact. However, the
complex [�(But

2FSi)(mes)P�Li(tmeda)] (12) (55) crystallizes as mono-
mers in which the lithium atom is coordinated by both the phospho-
rus and fluorine atoms of the phosphide ligand, forming a four-mem-
bered LiPSiF chelate ring with a bite angle of 81.2(2)�. Because of the
presence of such a strained chelate ring, the Li–P distance in 12
[2.593(5) Å] is somewhat longer than the same distance in 11, in
which there is no Li � � � F interaction. A similar four-membered che-
late ring has been observed in the complex [�[(Is)2FSi](ButGeH)P�
Li(DME)] (56), which has a chelate bite angle of 81.2(2)� and a Li–P
distance of 2.610(6) Å, and in [�(IsButFSi)2P�Li(THF)2] (13) (57), which
has a bite angle of 81.1(3)� and a Li–P distance of 2.538(9) Å.

Such fluorosilyl-substituted alkali metal phosphides are excellent
precursors to a range of novel acyclic and cyclic phosphasilanes and
related compounds. For example, compounds of the form [�[(Is)2FSi]
(R)P�Li(THF)n] [n � 2,3; R � SiMe3 , SiPri

3, SiMe2But , SiMePh2 , SiPh3 ,
Si(Naph)3 , SiBut

2H] and [�[(Is)2FSi](ButGeH)P�Li(DME)] eliminate
LiF upon heating to give the corresponding silylidenephosphines,
(Is)2SiuPR (56). Thermolysis of 13 at 70�C in toluene induces LiF
elimination to generate the unusual 2-phospha-1,3-disilaallyl fluoride
But(Is)SiuPSiF(Is)But (14), which undergoes a 1,3-sigmatropic mi-
gration of fluorine above 40�C in toluene (57). Treatment of 14 with
elemental lithium yields the spectroscopically characterized, highly
reactive intermediate 15 (Scheme 1), which readily eliminates LiF
above 40�C, and, after protonation of the phosphide via a THF cleav-
age reaction, gives the disilaphosphacyclopropane 16.

In contrast to 12, the complex [�(But
2FSi)PhP�Li(THF)2]2 (17) (58)

crystallizes as dimers in which each Li is associated with a phospho-
rus from one ligand and a fluorine from the other ligand, giving an
eight-membered (LiPSiF)2 cycle [Li–P � 2.617(10) Å] similar to its Na
and K analogues (see Fig. 5). Above 0�C this complex eliminates LiF
to give the heterocycle �But

2SiP(Ph)�2 .
The reaction of �(Is)2SiF�PH-PH�SiF(Is)2� with BuLi in THF yields

the intermediate �(Is)2SiF�P�Li(THF)n�-PH�SiF(Is)2�, which on ther-
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SCHEME 1. Reactions of [�(IsButFSi)2P�Li(THF)2] (13). Reproduced with permission
from M. Driess et al., Angew. Chem. Int. Ed. Engl. 1997, 36, 1326. Copyright 1997,
Wiley-VCH.

molysis gives the diphosphasilacyclopropane �(Is)2Si�PHUP�SiF(Is)2�
(59). Reaction of this compound with BuLi in THF leads to the un-
usual lithium phosphide [�(Is)2Si�-P�Li(THF)3�-P�SiF(Is)2�], which has
been structurally characterized by X-ray crystallography. Thermoly-
sis of this complex yields the bicyclophosphasilane �(Is)2Si�2P2 .

The aminophosphine-functionalized lithium phosphide complexes
[Li�P[SiF(Is)2][P(NR2)2]�(THF) (R � Me, Pri) have also been reported
to undergo novel thermally induced decomposition reactions (52). The
complex with R � Pri crystallizes as a monomer in which the Li is
coordinated by the fluorine, the central phosphido phosphorus, and
one of the NPri

2 groups, with a molecule of THF completing a distorted
tetrahedral geometry about lithium [P–Li � 2.534(8) Å]; the phos-
phino phosphorus has no contact with the lithium atom. Thermolysis
of this compound leads to the formation of two distinct heterocyclic
compounds, depending on the reaction conditions. Leaving a
solution of this compound in toluene to stand at room temperature for
2 days leads to the elimination of LiNPri

2 and, ultimately, to the
formation of the P4 heterocycle 18 (Scheme 2). However, heating a
toluene solution to 90�C results in LiF elimination to generate the
five-membered heterocycle 19. The lithium complex with R � Me un-
dergoes a different decomposition process and yields the four-mem-
bered heterocycle 20 on heating to 90�C, via Li–F elimination.

Several boryl-substituted lithium phosphides, [Li�PRB(Ar)2�Ln] [Ar �
mes, R � Cy, Mes, 1-adamantyl, Ln � (OEt2)2 ; Ar � mes, R � SiMe3 ,
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SCHEME 2. Reactions of [Li�P[SiF(Is)2][P(NR2)2]�(THF)](R � Pri, Me). Reproduced
with permission from M. Driess et al., Chem. Ber. 1994, 127, 1031. Copyright 1994,
Wiley-VCH.

Ln � (THF)3 ; Ar � Is, R � SiMe3 , Ln � (OEt2)2] have been structurally
characterized (60–62). These monomeric complexes were found to con-
tain planar, three-coordinate phosphorus joined to planar three-
coordinate boron centers [P–Li � 2.44(1) to 2.540(10) Å]. The planar-
ity of the phosphorus center is attributed to some degree of B–P
multiple bond character (through either d�–p� interactions or hyper-
conjugation) and this hypothesis is supported by the coplanarity of
the C2B-PCLi skeleton and by the short P–B distances of approxi-
mately 1.81–1.84 Å in these complexes (P–B bond lengths in the par-
ent borylphosphines Ar2BPHR typically fall in the range 1.85–1.9 Å).
The monomeric complex [Li�P(mes)[B(PHmes)(Is)]�(OEt2)2] contains
two different phosphorus centers attached to the same boron (61); the
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(H)P–B distance is 1.927(3) Å and this P atom is highly pyramidal
(sum of angles around P � 306.7�), whereas the (Li)P–B distance is
1.810(4) Å, and this P atom is essentially planar. Hence, multiple
bonding by one P center appears to exclude such an interaction with
the other P center. Generally, the significant B–P �-interactions in
borylphosphide complexes result in an inability of the phosphide li-
gands to bridge two metal centers, due to the lack of an available
phosphorus lone pair for bridging interactions. However, the complex
[Li�PHB(NPri

2)2�(DME)]2 (63) crystallizes as dimers containing a pla-
nar Li2P2 rhombus-shaped core [P–Li � 2.535(7) and 2.554(7) Å; P–
Li–P � 104.8(3)�]. The P atoms are pyramidal and the P–B distance
of 1.901(5) Å is indicative of significantly reduced P–B multiple bond
character due to competition between P–B and N–B �-interactions,
consistent with the bridging nature of the phosphide ligands. Multi-
nuclear NMR studies indicate that this dimeric structure is preserved
in solution; the 7Li NMR spectrum consists of a well-resolved triplet
(JPLi � 46.9 Hz) below �20�C.

Several diphosphino–phosphide complexes of lithium have also
been reported (64). Reaction of R2P-P(SiMe3)-PR�2 with BunLi yields
the monomeric complexes [(L)Li�R2P-PPR�2�] [R � R� � But, L � (THF)2,
tmeda; R � But, R� � Pri, L � (THF)2 ; R � R� � Pri, L � (THF)2 ;
R � But , R� � NEt2 , L � (THF)2], which have all been crystallo-
graphically characterized. In each case the diphosphino–phosphide li-
gands bind through the two R2P groups, there is no contact between
the phosphido center and lithium; the lithium atoms achieve a dis-
torted tetrahedral geometry by coordination to the donor atoms of
the coligand(s).

Perhaps the most sterically demanding phosphide ligand used to
date for the synthesis of a lithium phosphide complex is P�CH(Si
Me3)2�2. The complex [LiP�CH(SiMe3)2�]2 (21) was synthesized by met-
alation of the chlorophosphine ClP�CH(SiMe3)2�2 with elemental lith-
ium (23). This unusual synthetic route helps to suppress the forma-
tion of the persistent, distillable dialkylphosphine radical
�P�CH(SiMe3)2�2 (22) (65, 66). The solid state structure of the lithium
phosphide consists of a dimer with a planar Li2P2 core [Li–P �
2.481(10) and 2.473(9) Å]. The wide P–Li–P angle of 107.8(3)� may be
attributed to the steric effects of the large CH(SiMe3)2 substituents on
phosphorus. No additional donor solvent is coordinated to the lithium
centers, despite the synthesis proceeding in Et2O; this is probably due
to the large size of the CH(SiMe3)2 groups which prevent further coor-
dination or oligomerization. The formation of radical species is a fea-
ture of the reactions of this lithium phosphide; reactions with either
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ButCl or SnCl2 yield the dialkylphosphine radical 22, whereas reac-
tions with HCl or MeCl yield the phosphines HP�CH(SiMe3)2�2 and
MeP �CH(SiMe3)2�2 , respectively. Unusually for lithium phosphide
complexes, P–Li coupling is resolved for this complex at room temper-
ature in both the 31P (binomial septet, JPLi � 80 Hz) and 7Li (triplet)
NMR spectra, suggesting that Li–P exchange for this complex is slow
on the NMR time scale, possibly as a consequence of the steric de-
mands of the phosphide ligands.

A related lithium complex of an amino-functionalized phosphide li-
gand [(THF)2Li�PCH(SiMe3)2(C6H4-2-CH2NMe2)2�] 23 has been re-
ported (27). The ligand binds to lithium through both its P and N
centers to give a puckered six-membered chelate ring [P–Li �
2.535(8) Å]. The distorted tetrahedral coordination sphere of the lith-
ium in this monomeric complex is completed by two molecules of THF.

3. Homometallic Heavier Alkali Metal (Di)organophosphides

Compared to the wealth of data concerning the solid- and solution-
state structures of lithium (di)organophosphides, reports of heavier
alkali metal analogues are sparse. Indeed, the first crystallographic
study of a homometallic heavier alkali metal (di)organophosphide
complex was reported only in 1990 (67) and the majority of such com-
plexes have been reported in the past 3 years. Interest in these com-
plexes stems mainly from their enhanced reactivity in comparison to
equivalent lithium complexes, which is particularly useful for the syn-
thesis of alkaline earth, lanthanide, and actinide organophosphide
complexes.

The large size/charge ratio of the heavier alkali metals has the con-
sequence that extensive aggregation is particularly common among
their complexes, often leading to insoluble polymeric species that are
difficult to crystallize or to characterize in solution. This is usually
counteracted by the use of extremely sterically demanding substitu-
ents such as mes* and CH(SiMe3)2 and/or the use of polydentate coli-
gands such as tmeda, pmdeta, and DME. The greater propensity of
the heavier alkali metals to support multihapto interactions with aro-
matic ring systems also has significant repercussions for the aggrega-
tion states and solid state structures of (di)organophosphide com-
plexes of these metals; multihapto M–Ar contacts are often favored
over more conventional M–donor interactions.

The first heavier alkali metal phosphide species to be structurally
characterized were the sodium and potassium complexes [M�P(mes)
(SiFBut

2)�(THF)2]2 (M � Na, K) (67). These isostructural complexes
adopt an eight-membered (MPSiF)2 ring motif in which each alkali
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metal cation is coordinated by a phosphorus from one ligand and a
fluorine from the neighboring ligand (Fig. 5).

The M–P and M–F distances are 2.890(1) and 2.383(2) Å (M � Na),
and 3.230(1) and 2.643(1) Å (M � K) (selected details of structurally
characterized heavier alkali metal phosphide complexes are given in
Table II). The related complex [Na[P�SiF(Is)2��SiMe2(CPriMe2)�]]2 , pre-
pared by treatment of the corresponding secondary phosphine with
Na�N(SiMe3)2� in toluene, crystallizes as rather different solvent-free
dimers (16). These dimers contain a planar Na2P2 core in which each
sodium achieves three-coordination via intramolecular Na–F con-
tacts, giving four-membered NaPSiF chelate rings [Na–P � 2.960(4)
and 2.831(4) Å]. Cryoscopic measurements indicate that the same de-
gree of association is maintained in solution. Reaction of the related
phosphine �(Is)2FSi�(Pri

3Si)PH with elemental cesium in toluene con-
taining a little THF yields the polymeric complex [Cs[P�SiF(Is)2�
(SiPri

3)](THF)0.5]x (16). At room temperature in the absence of THF
this reaction is inhibited and above 40�C P–Si cleavage dominates.
The solid-state structure of this complex consists of infinite chains of
CsPRR� units linked together by intermolecular multihapto Cs–aryl
contacts. There are two types of Cs atom that alternate along the
chain; one Cs is in contact with one P atom, one �6-Is group from the
same ligand, and one �6-Is group from an adjacent ligand in the chain,

FIG. 5. Structure of [Na�P(mes)(SiFBut
2)�(THF)2]2 . Reproduced with permission from

M. Andrianarison et al., Chem. Ber. 1990, 123, 71. Copyright 1990, Wiley-VCH.



GROUP I COMPLEXES OF P- AND As-DONOR LIGANDS 53

TABLE II

SELECTED STRUCTURAL AND NMR DATA FOR CRYSTALLOGRAPHICALLY CHARACTERIZED

HEAVIER ALKALI METAL (DI)ORGANOPHOSPHIDE COMPLEXES

Complexa P–M (Å) �P (ppm)b Ref.

[Na(PHCy)(pmdeta)]2 2.884(8), 2.936(7) — 68
[Na�P(C6H4-2-OMe)2�(diglyme)]2 2.901(2), 2.861(2), �61.4 (C6D6/THF) 69

2.953(2), 3.047(2)
[Na�P(SiFBut

2)(mes)�(THF)2]2 2.890(1), 3.268(1) �196.6 (C6D6) 67
[Na�P(SiF(Is)2)(SiMe2CMe2Pri)�]2 2.960(4), 2.831(4) �269.8 (C6D6) 16
[Na�P[CH(SiMe3)2] 2.8396(9) �75.5 (d8-THF) 26

(C6H4-2-CH2NMe2)�
(tmeda)]

[EtSi�PNa(SiPri
3)�3]2 · (toluene)2 2.878(2), 2.805(2), — 85

3.012(2), 2.858(2),
2.840(2), 2.823(2),
2.778(2), 2.935(2),
3.357(2)

[K�PH(mes*)�]x 3.271(2), 3.181(2), �89.3 (d8-THF) 72
3.357(2)

[K3�PH(mes)�3(THF)2]x 3.368(1), 3.397(1), �141.6 71
3.364(1), 3.451(1),
3.306(2)

[�K(PButPh)�2(THF)]x 3.232(3), 3.771(4), 26.1 (d8-THF) 74
3.521(4), 3.318(4),
3.261(3), 3.352(4),
3.303(4), 3.321(3),
3.360(4), 3.419(4),
3.834(4), 3.296(3)

[�K(PButPh)�2(N-MeIm)]x 3.4422(9), 3.3037(11), — 74
3.4224(9), 3.2322(11),
3.5069(9), 3.7934(10)

[�K(PButPh)�2(py)]x 3.3727(14), 3.3148(14), — 74
3.2978(14),
3.2805(14), 3.946(3),
3.2324(14)

[K�PH(Dmp)�]4 3.438(2), 3.162(2), �130.5 (C6D6) 75
3.189(2), 3.365(2), [�123.8 (d8-THF)]
3.043(2)

[K�P[CH(SiMe3)2](C6H4-2- 3.2326(6) �64.9 (d8-THF) 26
CH2NMe2)�(pmdeta)]

[K�P(SiMe3)2�(THF)]x 3.3169(7), 3.4063(8), �293.4 21
3.4272(8)

[K�P(SiFBut
2)(mes)�(THF)2]2 3.230(1), 3.619(2) �181.9 (C6D6) 67

(continued)
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TABLE II (Continued)

Complexa P–M (Å) �P (ppm)b Ref.

[K�P(PHBut)But�(pmdeta)]2 3.252(2), 3.340(3), �8.90 (d, JPP 321.5 77
3.658(3) Hz, PH), �57.4

(d, JPP 321.5 Hz,
PLi, d8-THF)

[Rb�PH(mes*)�]x 3.381(1), 3.433(1), �82.3 (d8-THF) 73
3.504(1)

[�Rb[PH(mes*)]�2(N-MeIm)]x 3.518(1), 3.571(1), — 73
3.700(1), 3.710(1),
3.898(1), 3.977(1)

[Rb�P(SiMe3)2�(THF)]x 3.416(1), 3.484(2), �287.1 21
3.486(2)

[Rb�PH(Dmp)�]4 · Toluene 3.756(2), 3.411(2), �115.7 (C6D6), 76
3.399(2), 3.520(2), [�117.0 (d8-THF)]
3.473(2), 3.558(2),
3.579(2), 3.425(2),
3.516(2), 3.454(2),
3.412(2), 3.480(2)

[Cs�PH(mes*)�]x 3.577(1), 3.580(2), �69.2 (d8-THF) 73
3.642(1)

[�Cs[PH(mes*)]�2(THF)0.9]x 3.505(2), 3.623(3), — 73
3.679(3), 3.802(3),
3.967(3), 4.097(3)

[�Cs[PH(mes*)]�2(N-MeIm)]x 3.631(1), 3.755(1), — 73
3.761(1), 3.782(1),
3.936(1), 3.993(1)

[�Cs[PH(mes*)]�2(py)]x 3.626(3), 3.694(3), — 73
3.844(3), 3.853(3),
3.865(3), 3.986(3)

[�Cs[PH(mes*)]�2(toluene)0.5]x 3.554(3), 3.567(4), — 73
3.776(4), 3.856(3),
4.039(3), 4.442(3)

[�Cs[PH(mes*)]�2(en)]x 3.539(2), 3.663(2), — 73
3.724(2), 3.832(2),
4.106(2), 4.241(2)

[Cs3�PH(Dmp)�3 · ��(toluene)]x 3.6254(14) �99.9 (d8-THF) 76
[Cs�P(SiMe3)2�(THF)]x 3.582(1), 3.645(1), �270.0 21

3.667(1)
[Cs�P(SiF(Is)2)(SiPri

3)�(THF)0.5]x 3.517(6), 3.536(7) �296.9 (C6D6) 16

a Abbreviations as for Table I, except N-MeIm, N-methylimidazole; Dmp, dimesityl-
phenyl; py, pyridine; en, 1,2-ethylenediamine.

b 31P�1H� chemical shifts relative to 85% H3PO4 at ambient temperature, unless other-
wise stated.
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while the next Cs in the chain is in contact with one P atom, one
�3-Is group from the same ligand, one �6-Is group from an adjacent
ligand, and one molecule of THF [Cs–P � 3.517(6), (THF)Cs–P �
3.536(7) Å]. There is apparently no interaction between Cs and F,
which has the consequence that, unlike related lithium phosphides,
this complex does not eliminate CsF to give an unsaturated SiuP
compound.

The first simple sodium phosphide to be structurally characterized
was synthesized in 1995 by Raston and co-workers (68). The complex
[Na(PHCy)(pmdeta)]2 crystallizes as dimers with a central planar
P2Na2 ring and a trans arrangement of the cyclohexyl substituents
across the ring [Na–P � 2.884(8), 2.936(7) Å; Na–P–Na � 86.2(2)�].

Treatment of (o-MeOC6H4)3P with Na in liquid ammonia/THF
yields the corresponding sodium phosphide, which has been structur-
ally characterized as its diglyme adduct [Na��-P(C6H4-2-OMe)2�
�MeO(CH2CH2O)2Me�]2 (69). Although this complex adopts a familiar
P2M2 core arrangement, this is not planar (in contrast to other com-
plexes containing a P2M2 core); the P(1)–Na(1)–P(2)–Na(2) torsion
angle is �15.91(4)�. Each sodium is coordinated by the P and one O
atom of the phosphide ligand to give a five-membered chelate ring;
the second O atom of the ligand does not bind to the metal center. A
coordination number of 6 is achieved by each sodium by coordination
of the three O atoms of a diglyme molecule. In THF solution this
complex decomposes to give a mixture of tetrakis(o-anisyl)diphos-
phine and (o-MeOC6H4)2PH. The lithium analogue of this complex,
which has not been structurally characterized, decomposes to give
solely tetrakis(o-anisyl)diphosphine. The oxidant in these oxidative
coupling reactions has not been identified.

The related complexes [Na�P[CH(SiMe3)2](C6H4-2-CH2NMe2)2�
(tmeda)] and [K�P[CH(SiMe3)2](C6H4-2-CH2NMe2)2�(pmdeta)] have
been isolated (27). As in the lithium analogue (23), the phosphide
ligand binds via both its nitrogen and phosphorus centers to give
puckered six-membered chelate rings in both complexes. In both the
Na and K complexes, however, a significant M � � � C contact to the
ipso-carbon directly attached to phosphorus increases the coordina-
tion numbers of the metals to 5 (Na) and 6 (K). The Na–P and K–P
distances of 2.8396(9) and 3.2326(6) Å are short compared to other
such distances reported.

The heavier alkali metal phosphides M�P(SiMe3)2� (M � K, Rb, Cs)
have been synthesized by P–Si cleavage of the corresponding trisilyl-
phosphine with MOBut and have been structurally characterized as
their THF adducts [M�P(SiMe3)2�(THF)]x (21). The greater size of the
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heavier alkali metal cations favors more extensive aggregation than
is observed in the analogous lithium complexes 6, 7, and 8 (vide su-
pra), and all three complexes crystallize as ladder-type polymers. The
K and Rb complexes are isomorphous and adopt puckered ladder
structures, such that alternate M2P2 squares form ‘‘steps’’ in a stair-
case-like arrangement in which the ladder-edge P–M–P angles
are 140.23(2) and 139.29(5)� for the K and Rb complexes, respec-
tively. The Cs complex adopts a more planar ladder arrangement in
which the ladder-edge P–Cs–P angle is much closer to linearity
(165.11(4)�).

A number of mesityl- and supermesitylphosphide complexes of the
heavier alkali metals have been reported, and several of these have
been the subject of a short review (70). The primary phosphide
KPH(mes) crystallizes from layered THF/pentane as the unusual
polymeric species [K3�PH(mes)�3(THF)2] (24) (71). The structure con-
sists of infinite chains of edge-sharing KP5 tetragonal pyramids in
which K(1) is almost coplanar with P(1), P(2), P(1A), and P(2A), and
the apical P atoms alternately point upward and downward along the
chain (Fig. 6). Two further potassium atoms [K(2) and K(3)] are lo-
cated over two adjacent edges of one trigonal face of the pyramid. The
coordination environments of these two K atoms are completed by a
molecule each of THF and multihapto interactions with the mesityl
rings. This structure is in marked contrast to the corresponding heli-
cal polymer [Li�PH(mes)�(THF)2]x (41).

The more sterically demanding phosphide KPH(mes*) crystallizes
solvent-free, even from solutions containing THF, as the ladder poly-
mer [K�PH(mes*)�]x (25) (72). Coordination about each K atom is com-
pleted by multihapto interactions (approximately �3) between the cat-
ion and the mesityl ring of an adjacent phosphide ligand. A

FIG. 6. Structure of [K3�PH(mes)�3(THF)2]x (24). Reproduced with permission from C.
Frenzel et al., Chem. Commun. 1998, 1363. Copyright 1998, the Royal Society of Chem-
istry.
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systematic investigation of the heavier alkali metal complexes of su-
permesitylphosphide, [M�PH(mes*)�]x [M � Rb (26), Cs (27)], and sev-
eral base adducts of these compounds, [�M[PH(mes*)]�2Ln]x [M � Rb,
Ln � N-MeIm (28); M � Cs, Ln � (THF)0.9 (29), (py) (30), (N-MeIm)
(31), (toluene)0.5 (32), en (33)] (N-MeIm � N-methylimidazole; en �
1,2-ethylenediamine), has revealed a number of interesting structural
trends (73). The solvent-free complexes 26 and 27 crystallize from
THF as ladder polymers with multihapto interactions (up to �6 for
M � Cs) between each metal center and an adjacent supermesityl
ring system. The base adduct complexes also crystallize as ladder
polymers; however, the exact form of this ladder is dependent upon
the type of donor ligand(s) present (Fig. 7). Complex 29 consists of a
ladder polymer in which THF ligands bridge two cesium atoms in the
same square of the ladder, but only in alternate squares, with the
THF molecule alternating between sites above and below the ladder.
Rapid solvent loss is responsible for the 	100% occupancy of the THF
in the crystal, indicating the weak nature of the Cs–THF interaction.
The py and N-MeIm adducts 28, 30, and 31 display a similar ladder
arrangement with alternating bridged and nonbridged squares, but
also exhibit a twist along the ladder by ca. 130� in one direction fol-
lowed by an equal twist in the opposite direction. The toluene adduct
32 crystallizes from solutions containing a range of bidentate and tri-
dentate ligands such as DME, tmeda, and pmdeta without incorporat-
ing these additional donor molecules. Interestingly, the adduct 32 is
not obtained from toluene solutions in the absence of co-ligands; such
recrystallization yields the solvent-free complex 27. The structure of
32 again consists of a ladder arrangement; however, parallel ladders
are linked by �2-�3 : �3-toluene molecules via alternate Cs atoms long
the ladder edge. There are thus two types of Cs alternating along the
edges of the ladder, one coordinated by three P atoms and a
multihapto interaction with an adjacent mesityl ring and one that is
further coordinated to an �3-toluene molecule. In contrast to 32, the
adduct 33 is obtained from toluene solutions containing the bidentate
en ligand. The complex again consists of an infinite ladder polymer in
which alternate Cs2P2 squares are bridged by en ligands.

A similar investigation of the base adducts of K(PButPh) shows
that [�K(PButPh)�2(THF)]x (34), [�K(PButPh)�2(N-MeIm)]x (35), and
[�K(PButPh)�2(py)]x (36) also adopt extended polymeric ladder struc-
tures in the solid state (74). These adducts resemble the Rb and Cs
complexes 28–33; however, the base coligands in 34–36 do not bridge
the potassium atoms but are bound in a terminal fashion. In each
case there are two types of potassium atom in alternate positions
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FIG. 7. Ladder motifs observed in [Cs�PH(mes*)�] (27), and [�Cs[PH(mes*)]�2L]x

(L � (THF)0.9 (29); py (30); N-MeIm (31); (toluene)0.5 (32); en (33). Reproduced with
permission from G. W. Rabe et al., Inorg. Chem. 1998, 37, 4235. Copyright 1998, the
American Chemical Society.

along each edge of the chain; the coordination sphere of the first of
these [K(1)] principally consists of three phosphide P atoms and a
molecule of the donor coligand, whereas the coordination sphere of
the second [K(2)] principally consists of three phosphide P atoms and
a multihapto interaction with an adjacent phenyl group. In 34 the
phenyl group is �6-bound to K(2), whereas in 35 K(2) has an �4-inter-
action with two adjacent phenyl groups and K(1) has an �2-interaction
with an adjacent phenyl group. In 36 K(1) is coordinated by the three
P atoms and the nitrogen atom of a pyridine coligand, with additional
coordination by the ipso carbon of one adjacent phenyl ring; K(2) is
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coordinated by three P atoms and has an �6-interaction with one adja-
cent phenyl group and an �2-interaction with the phenyl group that
has an �1 contact with K(1). The structures of all three complexes are
thus similar but differ subtly in the coordination environments of the
potassium atoms. It is noteworthy that whereas the supermesitylpho-
sphide complex 25 crystallizes solvent-free from solutions containing
THF, complex 34 crystallizes with THF coordinated to potassium,
possibly reflecting the higher steric demands of PH(mes*) over
PButPh.

Rabe and co-workers have also isolated the complexes [K�PH(Dmp)�]4

(75), [Rb�PH(Dmp)�]4 � (toluene), and [[�(Dmp)HP�3Cs�
2 Cs�] � ��(toluene)]x

(Dmp � 2,6-dimesitylphenyl) (76). Unusually, all three of these com-
plexes adopt completely different structures in the solid state. The
potassium complex crystallizes as solvent-free tetramers containing a
four-rung ladder core. The coordination spheres of the two types of
potassium atoms are completed by varying degrees of multihapto in-
teraction with the mesityl rings of the Dmp ligands. The K–P dis-
tance [3.043(2) Å] for the top and bottom rungs of the tetramer is
the shortest reported for any type of P–K contact, reflecting the low
coordination number of the potassium atom at this site. This tetra-
meric four rung ladder arrangement is reminiscent of the structures
of 1 and 7, in which solvation by THF has been replaced by arene–
potassium interactions. However, although the atoms in the Li4P4 core
of 1 and 7 are essentially coplanar, only the central K2P2 rungs are
coplanar; the top and bottom K–P rungs are significantly twisted
away from the central K2P2 plane [the dihedral angle between the
K2P2 core and the ladder edge P–K–P triangle is 23.6(2)�]. In contrast,
the tetrameric rubidium complex adopts an unprecedented heterocu-
bane structure with each Rb atom coordinated by three phosphide
ligands, with further coordination by multihapto interactions with
two mesityl rings from two different Dmp ligands (Fig. 8a). The 1H
and 31P NMR spectra of this compound are essentially independent of
solvent, suggesting that the tetrameric structure is retained in solu-
tion. The Cs complex crystallizes as a two-dimensional network of
Cs�[Cs2�PH(Dmp)�3]� contact ion pairs (Fig. 8b). The two Cs atoms
in the ‘‘anion’’ are bridged by three phosphide P atoms with further
coordination of each Cs by two ring carbons from each of three adja-
cent mesityl groups. The ‘‘cation’’ is solvated solely by three �3-arene
interactions, such that each Cs cation links three of the anions in a
network arrangement. The network arrangement of this complex
leaves large cavities in the lattice that are each filled by a molecule
of toluene.
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FIG. 8. (a) Structure of [Rb�PH(Dmp)�]4 · (toluene); (b) structure of
[Cs��Cs2[PH(Dmp)]3�] · �� (toluene). Reproduced with permission from G. W. Rabe et al.,
Angew. Chem. Int. Ed. Engl. 1998, 37, 1404. Copyright 1998, Wiley-VCH.

Although the reaction of (RP)4 with alkali metals is known to give
a range of products containing anions such as (RP)2�

4 , (RP)2�
2 , and

(R2P2H)� , it was only in 1998 that an alkali metal complex of one of
these anions was structurally characterized (77). Treatment of (ButP)4

with 5 equiv of potassium in THF, followed by addition of pmdeta and
stoichiometric hydrolysis, yields the complex [K�PBut(PHBut)�
(pmdeta)]2 . X-ray crystallography shows that the anionic P centers of
the phosphino–phosphide ligands bridge the two potassium atoms to
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give a central centrosymmetric K2P2 core. Each K atom is further co-
ordinated by the neutral P centers of each anion, such that the phos-
phino–phosphide ligands bind in an � 2-fashion, and the three N
atoms of the pmdeta coligand. The K–P distances are 3.340(3) and
3.251(2) Å (phosphide) and 3.658(3) Å (phosphine).

4. Homometallic Alkali Metal Polyphosphides and Phosphinediides.

A number of alkali metal complexes of di- or tri-anionic phosphide
ligands have been reported. In 1987 the groups of Lappert (78, 79)
and Craig and Gallagher (80) independently reported the crystal
structure of the diphosphide [(PhPCH2CH2PPh)�Li(THF)2�2]2 , synthe-
sized via P–C cleavage of Ph2PCH2CH2PPh2 (dppe) with lithium.
There are two types of lithium in the complex, one of which is coordi-
nated by two P atoms from the same ligand in a five-membered che-
late ring [Li–P � 2.56(2) and 2.53(2) Å], and the other one of which
bridges the P atoms of two different ligands to give a cyclic dimer
with a central eight-membered P4Li4 ring [Li–P � 2.57(1) and 2.57(2)
Å]. Each Li is further coordinated by two molecules of THF in a dis-
torted tetrahedral geometry. This complex is a useful precursor to a
range of derivatives including novel P-containing heterocycles.

Lappert and co-workers have also reported the aryl diphosphides
[C6H4-1,2-�(PR)Li(tmeda)�2] [R � Ph (78, 81), SiMe3 (81)]. These com-
pounds crystallize as monomers in which each Li is coordinated by
both P atoms and by two N atoms of the tmeda coligands, such that
the two Li atoms lie in distorted tetrahedral environments on oppo-
site sides of the planar C6H4-1,2-(PR)2 moiety [R � Ph, Li–P � 2.55(3)
to 2.59(3) Å; R � SiMe3 , Li–P � 2.508(7), 2.544(8) Å]. Low-tempera-
ture 31P NMR spectroscopy confirms that this structure is preserved
in solution: The 31P�1H� spectrum of [C6H4-1,2-�(PSiMe3)Li(tmeda)�2]
consists of a binomial septet (JPLi � 38.3 Hz) at 263 K due to coupling
of each of the equivalent P nuclei to two equivalent 7Li nuclei. The
related bis-primary phosphide complex [C6H4-1,2-�(PH)Li(tmeda)�2]
has been prepared and spectroscopically characterized, but has not
been crystallographically characterized (82). Reaction of the dilithium
salt C6H4-1,2-(PPhLi)2 with white phosphorus gives Li3P7 and the lith-
ium phospholide [�1,2-C6H4(PPh)2P�Li(THF)3] (83), in which a tetrahe-
dral Li atom is coordinated by three molecules of THF and the central
phosphido phosphorus of the phospholide anion.

Two related tripodal triphosphide ligands have been isolated as
their lithium or sodium derivatives. The compound MeC(CH2PPh2)3

reacts with elemental lithium to yield the triphosphide
[(�MeC(CH2PPh)3��Li(THF)2�2 �Li(pmdeta)�] after recrystallization
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(84). This complex has two Li(THF)2 moieties �2-bridging between the
three phosphide groups with the other Li(pmdeta) moiety bound in a
terminal fashion to one of the terminal P atoms of the triphosphide
ligand. Driess and co-workers (85) have reported that treatment of
the tris-secondary phosphine EtSi�PH(SiPri

3)�3 with BuLi or BuNa
yields the complexes [EtSi�PLi(SiPri

3)�3]2 and [EtSi�PNa(SiPri
3)�3]2 �

(toluene)2 , respectively. These dimeric species contain a distorted
rhombic dodecahedral Si2P6M6 core, although in the sodium complex
this core adopts a more open cage framework due to the coordination
of one molecule of toluene to two of the Na atoms on opposite sides of
the cage (Fig. 9).

Driess et al. have also reported the synthesis and crystal structure
of the dilithium siladiphosphide complex [�IsButSi(PHLi)2�2(LiCl)]2

(85). This complex crystallizes as a ‘‘dimer of dimers’’ in which two
�IsButSi(PHLi)2� units are linked by a central (LiCl)2 ‘‘deck.’’

The first structural characterization of an alkali metal phosphinedi-
ide complex M2PR was reported in 1996 by Driess et al. (86). A more
extensive survey of phosphinediides and arsenediides is to be found
in the accompanying review by Professor M. Driess. Treatment of

FIG. 9. Structure of [EtSi�PNa(SiPri
3)�3]2 · (toluene)2 . Reproduced with permission

from M. Driess et al., Angew. Chem. Int. Ed. Engl. 1995, 34, 316. Copyright 1995,
Wiley-VCH.
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(IsPri
2Si)PH2 with 2 equiv of BuLi yields (IsPri

2Si)PLi2 , which cryo-
scopic measurements indicate is a dimer in benzene. Reaction of this
compound with IsPri

2SiF does not result in substitution of fluorine at
silicon; instead, a fluorosilane adduct of the phosphinediide,
[(IsPri

2Si)PLi2(FSiPri
2Is)]2 , is isolated. This complex contains a central

Li2P2 rhombus in a ladder-like P2Li4F2 framework in which each F
acts as a bridging donor between two lithium atoms (Fig. 10).

A novel oxo-centered cluster of lithium phosphinediide units,
[�Me2(PriMe2C)SiP�8Li18O], has been reported as the product of double
lithiation of �Me2(PriMe2C)Si�PH2 with BunLi in the presence of Li2O
(87). The origin of the Li2O is unknown, but may be a result of hydro-
lysis of BuLi to LiOH. The structure is described as an ionogenic clus-
ter formed by three closed shells and covered by a lipophilic layer of
silyl groups (Fig. 11). A central Li6O octahedral core is surrounded by
a distorted cube of P atoms, and this in turn is surrounded by a Li12

cuboctahedral shell, where each of the 12 Li atoms lies over the edge

FIG. 10. Structure of [(IsPri
2Si)PLi2(FSiPri

2Is)]2 . Reproduced with permission from M.
Driess et al., Chem. Commun. 1996, 305. Copyright 1996, the Royal Society of Chem-
istry.
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FIG. 11. Structure of the P8Li18O core of [�Me2(PriMe2C)SiP�8Li18O]. Reproduced with
permission from M. Driess et al., Angew. Chem. Int. Ed. Engl. 1996, 35, 986. Copyright
1996, Wiley-VCH.

of the P8 cube; the inner Li6 atoms are each located over an inner face
of the P8 cube. Cryoscopic molecular weight measurements suggest
that some degree of dissociation occurs in solution, and 31P NMR spec-
troscopy indicates three P environments in benzene, two of which are
attributed to the intact cluster and one to a supposed dissociate.

5. Heterometallic Alkali Metal (Di)organophosphides
and Phosphinediides

Metathesis reactions between alkali metal (di)organophosphides
and metal halides or related compounds occasionally yield products
in which the alkali metal remains an important feature. This is par-
ticularly true of the heavier metals, such as the lanthanides, which
necessarily have large radii and which, therefore, may readily incor-
porate an additional molecule of LiPR2 in their coordination sphere.
For example, treatment of La(OSO2CF3)3 with LiPBut

2 in THF yields
the ‘‘ate’’ complex [(But

2P)2La(�-PBut
2)2Li(THF)] (88), in which the La

atom is surrounded by four phosphide ligands, two of which bridge
between the La atom and a Li atom. The Li atom is three-coordinate,
its coordination sphere being completed by a molecule of THF [Li–P
� 2.537(5) and 2.545(5) Å]. Similar treatment of the trivalent lan-
thanide triflates Ln(OSO2CF3)3 (Ln � Sm, Eu, Yb) with LiPBt

2 yields
the divalent lanthanide ‘‘ate’’ complexes [Ln�(�-PBut

2)2Li(THF)�2], ac-
cording to Eq. (9) (88–90):

Ln(OSO2CF3)3 � 5LiPBut
2 � [Ln�(�-PBut

2)2Li(THF)�2] � 3Li(OSO2CF3) � ��But
2P-PBut

2.
(9)
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Lithium may also remain in the coordination sphere of a preformed
‘‘ate’’ complex upon reaction with a phosphine. For example, treat-
ment of Cp2Lu(�-Me)2Li(L) [L � tmeda or (THF)2] with Ph2PH yields
the diphosphide complexes [Cp2Lu(�-PPh2)2Li(L)] (91), in which
Cp2Lu and Li(L) units are doubly bridged by PPh2 groups [Li–P �
2.692(14) and 2.691(8) Å; L � tmeda]. Similar treatment of Li[La
(NPri

2)4] with (C6H4-2-OMe)2PH yields the heteroleptic complex
[(Pri

2N)La��-P(C6H4-2-OMe)2�2Li(THF)], in which the La atom is
bound by one P and one O atom from each of the two phosphide li-
gands and two amide N atoms, while the Li is coordinated by the one
P and the other O atom from the phosphide ligand and a molecule of
THF (Li–P � 2.53(2) Å) (92).

A number of complexes in which phosphide or phosphinediide li-
gands bridge between lithium and another main group element have
been reported. Reaction of But

2GaCl with ButPLi2 in ether yields the
heterometallic complex [�(OEt2)2Li�(ButGa)(�3-PBut)2(GaBut

2)], which
contains a Ga2P2Li framework composed of a nonplanar Ga2P2 ring
coordinated to a lithium atom via the two P atoms (93). Treatment of
LiGaH4 with P(SiMe3)3 yields Me3SiH and the mixed metal phosphide
species [(Et2O)2Li��-P(SiMe3)2�2GaH2] (94), in which �2-P(SiMe3)2 li-
gands bridge between a GaH2 moiety and a Li(OEt2)2 moiety.

Wright et al. have reported two cases where LiPHCy acts as a pre-
cursor to main group phosphinidine complexes. Reaction of the pri-
mary lithium phosphide with [AlMe�N(mes)�]4 gives the heterometal-
lic cage complex �Li(THF)�4[�(AlMe)(�-PCy)�2(�-PCy)]2 � C6H5Me (95)
(Fig. 12a). Reaction of [SnNBut]4 with 6 equiv of LiPHCy yields the
complex cluster [�Sn2(PCy)3�2�Li(THF)�4]. 2THF (96) (Fig. 12b).

Cowley, Jones, and co-workers (97) have reported that reaction of
SnCl2 or PbCl2 with 3 equiv of LiPBut

2 yields the ‘‘ate’’ complexes
[Li(THF)�M(PBut

2)3�] (M � Sn, Pb). The two complexes are isostruct-
ural; the Sn or Pb atoms are coordinated by a terminal PBut

2 ligand
and two further phosphide ligands bridge the Li and Sn(Pb) centers.
The coordination number 3 is achieved by lithium through the coordi-
nation of a molecule of THF. The Li–P distances of 2.49(3) and 2.48(3)
Å (M � Sn) and 2.57(6) and 2.46(4) Å (M � Pb) are consistent with
the chelate interaction of the two P atoms with a Li(THF) unit.

Heterometallic alkali metal phosphide complexes with transition
metals have also been reported. The complex [(Cy2P)3Hf(�-PCy2)2Li
(DME)] results from the reaction of LiPCy2 with HfCl4(THF)n (98).
This complex persists in solution. Jones et al. have reported the syn-
thesis and reactivity toward a range of electrophiles of a series of
lithium di-t-butylphosphido(alkyl)cuprates [RCu(PBut

2)Li] (R � Me,
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FIG. 12. (a) Structure of �Li(THF)�4[�(AlMe)(�-PCy)�2(�-PCy)]2 · (toluene). Reproduced
with permission from R. E. Allan et al., Chem. Commun. 1996, 4153. (b) Structure of
[�Sn2(PCy)3�2�Li(THF)�4] · 2THF. Reproduced with permission from R. E. Allan et al.,
Chem. Commun. 1996, 1501. Copyright 1996, the Royal Society of Chemistry.

Bun, Bus, But) (99). The complex with R � Me crystallizes as the THF
solvate [MeCu(PBut

2)Li(THF)3] in which the phosphide ligand bridges
the two-coordinate Cu and four-coordinate Li centers. These cuprates
were found to be more thermally stable than other phosphido(alkyl)-
cuprates but less reactive toward electrophiles than related cyanocu-
prates.

Incorporation of heavier alkali metals into ‘‘ate’’ complexes is usu-
ally disfavored because of the large lattice energies of the simple salt
elimination products MX. However, Stephan et al. have reported that
reaction of Cp2ZrHCl with KPH(mes*) in the presence of KH gives the
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heterometallic phosphinidine complex [Cp2ZrH�P(mes*)�K(THF)2]2 in
low yield (100). An X-ray crystal structure of this complex shows that
the phosphinidine ligands bridge the K and Zr centers, such that each
P has a ‘‘terminal’’ Cp2ZrH moiety, and such that the two halves of
the dimer are linked via the phosphinidine ligands, forming a central
P2K2 rhombus. These systems are highly susceptible to P–C cleavage
to give P-containing transition metal products: reaction of �Cp*2
(N2)Zr�2(�-N2) (Cp* � �5-C5Me5) with (mes*)PH2 , followed by KH ulti-
mately leads to the isolation of the crystalline polymeric complex
[Cp*2 Zr(P3)K(THF)1.5]x via a P-C cleavage reaction (100, 101).

B. ARSENIDES AND ARSINEDIIDES

In comparison to alkali metal complexes of (di)organophosphide li-
gands, complexes of these metals with (di)organoarsenide ligands are
relatively rare and few have been structurally characterized. This
dearth of structural information is perhaps due in part to the rela-
tively low importance of such complexes in inorganic and organic syn-
thesis and to the lower stability (both thermal and photolytic) of arse-
nide complexes compared to their phosphide analogues.

Synthesis of lithium (di)organoarsenide complexes is achieved by
similar methods to those outlined for organophosphide complexes (see
Section I,A,1) and include (i) deprotonation of a primary or secondary
arsenide with a strong base such as BuLi or LiAsH2 , (ii) As–Si cleav-
age using BuLi, or (iii) reaction of a chloroarsine with lithium.

Becker et al. reported the first structurally authenticated alkali
metal arsenide complex in 1982 (102). The complex [Li�As(SiMe3)2�
(DME)]2 , synthesized by the reaction of As(SiMe3)3 with BuLi or MeLi
in DME, crystallizes as centrosymmetric dimers containing a planar
Li2As2 rhombus-shaped core [Li–As � 2.59(2) Å; As–Si � 2.307(7) Å;
As–Li–As � 99(1)�]. Tetrahedral coordination of the lithium atoms is
achieved by coordination to the two O atoms of the chelating DME
ligands. Cryoscopic measurements indicate that the dimeric structure
of this complex is preserved in solution. (Selected bond lengths and
angles of alkali metal arsenides are listed in Table III.)

The two related complexes [Li4��2-As(SiMe3)2�2��3-As(SiMe3)2�2

(THF)2] (37) and [Li�As(SiMe3)2�(THF)2]2 have been isolated and struc-
turally characterized (103). The former complex was isolated in very
low yield from the reaction of LiAs(SiMe3)2 with InCl3 after recrystalli-
zation from pentane, whereas the latter complex was isolated by re-
crystallization of LiAs(SiMe3)2 from a pentane/THF mix. Complex 37
is isostructural with its phosphorus analogue 7 (vide supra) and con-
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sists of a four-rung ladder arrangement in which the Li4As4 core is
essentially planar [Li–As � 2.51(2) to 2.69(2) Å; internal As–Li–As
angles � 105.8(7), 103.2(5), and 108.9(6)�]. The dimer [Li�As
(SiMe3)2�(THF)2]2 is both isostructural and isomorphous with its
phosphorus analogue and contains a central planar Li2As2 rhombus
[Li–As � 2.67(1), 2.70(1) Å; As–Li–As � 98.2(4)�]. This complex is
also essentially isostructural with the DME adduct [Li�As(SiMe3)2�
(DME)]2. The fluorosilyl-substituted lithium arsenide [Li�As(SiPri

3)
(SiF(Is)2)�(THF)2] is monomeric with a trigonal planar lithium atom
coordinated by the arsenide ligand [Li–As � 2.46(3) Å] and two mole-
cules of THF (104). Thermolysis of this complex yielded the first ex-
ample of an arsasilene (Is)2Si�As(SiPri

3).
Unlike the corresponding phosphide analogues [Li(PPh2)(THF)2]x

and [Li(PPh2)(OEt2)2]x (36), which are polymeric in the solid state (vide
supra), the complex [Li(AsPh2)(OEt2)2]2 crystallizes as dimers con-
taining a planar Li2As2 core [Li–As � 2.708(9), 2.757(9) Å; As–Li–As
� 90.3(4)�] (105). However, the dioxane adduct [Li(AsPh2)
(1,4-dioxane)3] is monomeric with a distorted tetrahedral Li atom
(Li–As � 2.660(10) Å] (105). The solvent-separated ion pair [Li(12-
crown-4)2][AsPh2] has also been structurally characterized (105).

In contrast, the sodium complex [Na(AsPh2)(dioxane)]x is polymeric
in the solid state [Na–As � 2.962(4), 2.937(4) Å] (25). This complex
was synthesized by the rather unusual method of sodium reduction
of a diarsine;

2Na � Ph2As-AsPh2 � 2Na(AsPh2). (10)

The complex consists of infinite zigzag chains of Na–As–Na–As units
in which the Na–As–Na angle is essentially linear [173.6(1)�] and the
As–Na–As angle is 121.5(1)�. The sodium atoms achieve a tetrahedral
geometry by coordination by two molecules of dioxane that bridge be-
tween adjacent chains to give a two-dimensional sheet arrangement.

Perhaps the most sterically hindered lithium arsenide, [LiAs�CH
(SiMe3)2]2]3 , was prepared from the reaction of ClAs�CH(SiMe3)2�2 with
lithium in ether (24). The complex crystallizes as a solvent-free cyclic
trimer containing a Li3As3 core with a boat conformation [Li–As �
2.60(4) Å (average)]. The Li3As3 core is asymmetric in that the Li–
As(3)–Li angle [98(1)�] is significantly smaller than the other two
Li–As–Li angles [103(1) and 105(1)�]. Like its phosphorus-containing
analogue (21, vide supra), this complex may act as either a one-elec-
tron reducing agent or a pnicogen-centered nucleophile. For example,
reaction of [LiAs�CH(SiMe3)2�2]3 with SnCl2 yields the persistent radi-
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cal species � As�CH(SiMe3)2�2 , whereas reaction with MeCl yields
MeAs�CH(SiMe3)2�2.

An interesting reaction is observed between LiAsBut
2 and MgBr2 ,

leading to the isolation of the complex [Li�AsBut(AsBut
2)�(THF)]2 in

65% yield (106). The complex process by which this compound is pro-
duced is unclear, and the authors report that the side products of this
reaction were not identified. However, such a process clearly involves
both As–As bond formation and As–C bond cleavage. The complex
consists of a typical planar Li2As2 arrangement [As–Li–As �
100.6(3)�], with the two Li–As(arsenide) distances identical to within
experimental error [2.58(2) Å]. The arsino-As atoms have no short
contacts with lithium.

To date only one polyanionic arsenide complex of an alkali metal
has been reported. The complex [ButGe�As(SiPri

3)Li�3]2 is obtained
from the reaction of ButGeF3 with 3 equiv of Li�AsH(SiPri

3)� and BuLi
in ether in 24% yield (107). The complex contains a Ge2As6Li6 frame-
work with a center of symmetry in a distorted rhombododecahedral
arrangement (Fig. 13). Each As atom is thus bound to three Li atoms
in addition to one Ge atom and one exocyclic SiPri

3 group; the Li atoms
are in contact with three As atoms and also with two H atoms from
different SiPri

3 groups [Li–As � 2.52(2) to 2.62(2) Å]. Additional solva-
tion of the Li atoms is not observed, even though the complex is syn-

FIG. 13. Structure of [ButGe�As(SiPri
3)Li�3]2 . Reproduced with permission from L.

Zsolnai et al., Angew. Chem. Int. Ed. Engl. 1993, 32, 1439. Copyright 1993, Wiley-VCH.
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TABLE III

SELECTED STRUCTURAL DATA FOR CRYSTALLOGRAPHICALLY CHARACTERIZED ALKALI METAL

(DI)ORGANOARSENIDE COMPLEXES

Complexa M–As (Å) Ref.

[Li(AsPh2)(Et2O)2]2 2.708(9), 2.757(9) 105
[Li(AsPh2)(1,4-dioxane)3] 2.660(10) 105
[Li�As[CH(SiMe3)2]2�]3 2.58(4), 2.58(4), 2.63(4), 2.57(4), 2.66(4), 2.58(4) 24
[Li�As(AsBut

2)But�(THF)]2 2.58(2), 2.58(2) 106
[Li�As(SiMe3)2�(DME)]2 2.59(2) 102
[Li�As(SiMe3)2�(THF)]2 2.70(1), 2.67(1) 103
[Li2�As(SiMe3)2�2(THF)]2 2.63(2), 2.69(2), 2.57(2), 2.51(2), 2.54(2) 103
[Li�As(SiPri

3)(SiF(Is)2)�(THF)2] 2.46(3) 104
[ButGe�As(SiPri

3)Li�3]2 2.59(2), 2.56(1), 2.62(2), 2.54(2), 2.62(1), 107
2.59(1), 2.52(2), 2.62(1)

[Na(AsPh2)(THF)]x 2.962(4), 2.937(4) 25
Heterometallic complexes:
[Cp2Lu(AsPh2)Li(tmeda)] 2.65(4), 2.73(3) 108
[(Et2O)2Li�As(SiMe3)2�GaH2] 2.736(6) 94

a Abbreviations as in Table I.

thesized in diethyl ether, possibly due to steric shielding associated
with the large SiPri

3 groups (Table III).
The first dilithium arsinediide complex was reported by Driess et

al. (87). Treatment of �Me2(PriMe2C)Si�AsH2 with 2 equiv of BuLi, in
the presence of a small amount of Li2O, yields the cage complex
[�[Me2(PriMe2C)Si]As]�12Li26O]. This is closely related to the phos-
phinediide complex [�Me2(PriMe2C)SiP�8Li18O] (87) (vide supra), and
again the origin of the Li2O unit is similarly unclear. An approxi-
mately icosahedral arrangement of As centers is capped on each face
by one of 20 of the Li atoms to give an approximately spherical
[As12Li20]4� framework that binds the remaining Li atoms as an octa-
hedral Li6O core. Once again, cryoscopic and 7Li NMR measurements
indicate that this structure is essentially maintained in solution.

Two heterometallic lithium arsenide complexes have been reported.
The ‘‘ate’’ complex [Cp2Lu(�-AsPh2)2Li(tmeda)] is obtained from the
reaction of [Cp2Lu(�-Me)2Li(tmeda)] with Ph2AsH in benzene (108).
The complex contains a puckered LuAs2Li core [Li–As � 2.65(4) and
2.73(3) Å] with an angle between the As2Li and As2Lu planes of
150.8(4)�. Reaction of LiGaH4 with As(SiMe3)3 yields the complex
[(Et2O)2Li��-As(SiMe3)2]�GaH2] via the elimination of HSiMe3 (94).
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This complex is isostructural with its phosphorus analogue (94, vide
supra) and contains a planar LiAs2Ga core [Li–As � 2.736(6) Å]. In
solution, both 1H and 13C�1H� NMR spectra indicate three SiMe3 en-
vironments, consistent with either the formation of a mixture of olig-
omers or decomposition. The observation of signals due to free
As(SiMe3)3 , even for freshly prepared solutions of the complex, which
grew in intensity with time, indicate the thermal sensitivity of this
compound.

III. Charge-Delocalized Ligands

The ability of phosphorus to stabilize a negative charge � to the
heteroatom center has been known for many years and has been used
widely in organic synthesis (109). This stabilization has been vari-
ously attributed to delocalization of charge into empty phosphorus
d-orbitals or P–C (or other P–X) 
*-orbitals (hyperconjugation) and/
or to the polarizability of phosphorus, although the participation of
phosphorus d-orbitals in charge stabilization is now thought to be of
little importance (7). One report (110) has suggested that hyperconju-
gation is the dominant factor in stabilizing phosphorus-substituted
carbanions. The propensity of phosphorus to effect charge delocaliza-
tion in this way has led to the development of two classes of anionic,
potential P-donor ligands, the phosphinomethanides [(R2P)nCR�(3-n)

(n � 1–3)] and the phosphinoamides/iminophosphides [(R2P)nNR�(2-n)

(n � 1, 2)], in which charge is delocalized toward phosphorus from a
formally anionic C- or N-center, respectively. A wide range of com-
plexes of these ligands has been synthesized with main group, transi-
tion, and lanthanide metals, showing a great variation in binding
modes, reactivities, and structures. Of these two classes of ligands,
the phosphinomethanides have been most investigated. The following
discussion will be limited to P(III)-stabilized anions. Although P(V)-
stabilized carbanions [such as �-metalated phosphine oxides,
MCH2P(O)R2] are of great importance in organic synthesis (111) and
several alkali metal complexes of such anions have been structurally
characterized (112–119), there is typically no direct M–P or M–C con-
tact, the metal preferring to bind to the more electronegative substit-
uent at phosphorus (e.g., O, S). For example, in the complex
[�(CH2)5P(O)(CHPh)�Li(THF)2]2 the lithium is bound only to the oxy-
gen atoms of the phosphine oxide and THF molecules and forms no
short contacts with the benzylic carbon (120).
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A. PHOSPHINOMETHANIDES

Creation of a carbanion center �- to phosphorus(III) results in the
generation of a phosphinomethanide ligand in which the directly
bonded phosphorus and carbon centers are (valence) isoelectronic and
have relatively similar electronegativities [carbon and phosphorus
have Pauling electronegativities of 2.55 and 2.19, respectively (121)].
This enables the P and C centers to compete as nuceleophiles for
metal centers and, in consequence, these ligands may adopt a range
of bonding modes. The bonding mode adopted depends upon the elec-
tronic and steric properties of the substituents at P and C, the nature
of the metal center (hardness, polarizability, etc.), and the presence
or absence of coligands. For the alkali metals reported bonding modes
of monophosphinomethanide ligands (R2P-CR�2) include �1-C-donation
(VIII), �1-P-donation (IX), �2-PC-donation (X), and bridging modes
(XI) (Scheme 3). For di- and triphosphinomethanides [(R2P)2CR� and
(R2P)3C, respectively] reported bonding modes include bidentate PP-
donation (XII), heteroallyl coordination (XIII), and combined
bridging/PP-donation (XIV).

1. Synthesis

With very few exceptions, alkali metal complexes of phosphino-
methanide ligands are synthesized by the deprotonation of a tertiary
phosphine bearing an �-CHR2 group with an alkali metal alkyl such
as BunLi:

(R2P)CHR�2 � R�Li � �(R2P)CR�2�Li � R�H [R� � Me, Bun, But]. (11)

2. Lithium Phosphinomethanides

The first alkali metal complex of a phosphinomethanide ligand to
be structurally characterized was reported by H. H. Karsch and co-
workers in 1984. Crystallization of Li�C(PMe2)3� from pentane con-
taining 2 equiv of THF yields the complex [Li�C(PMe2)3�(THF)]2 (38)
(122, 123) (Fig. 14). The complex consists of dimers in which each
lithium is bound in an �2-PP fashion by a phosphinomethanide ligand
via two of the phosphorus atoms, P(1) and P(2) [Li–P � 2.588(3),
2.684(3) Å]; the remaining P atom P(3) forms no contact with lithium.
The two halves of the dimer are linked by Li*–C(1) interactions to
give an overall bonding situation resembling XIV (Scheme 3); how-
ever, the close approach of Li* to P(1) and P(2) suggests that the
bonding situation might best be described as resembling a �-heteroal-
lyl complex [Li*–P � 2.945(3), 2.998(3) Å]. The Li*–C(1) interaction
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SCHEME 3. Binding modes of mono-, di-, and triphosphinomethanide ligands with
the alkali metals.

FIG. 14. Structure of [Li�C(PMe2)3� (THF)]2 . Reproduced with permission from H. H.
Karsch et al., Chem. Commun. 1984, 569. Copyright 1984, the Royal Society of Chem-
istry.
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is reflected in the deviation from planarity of the CP3 core of the phos-
phinomethanide ligand [sum of angles at C(1) � 350.8�]. In common
with other phosphinomethanide ligands, the P–C(1) distances of
1.795(2), 1.796(2), and 1.812(2) Å are significantly shorter than the
corresponding distances in the neutral triphosphine HC(PMe2)3 (aver-
age 1.856(7) Å), reflecting the partial double bond character of the
P–C bond caused by charge delocalization from the carbanion center
to phosphorus in the anion (selected structural and NMR data for
alkali metal phosphinomethanide complexes are given in Table IV).

As has been observed for (di)organophosphide complexes of the al-
kali metals, the structures and aggregation states of alkali metal pho-
sphinomethanides are dramatically affected by the size and nature of
the ligand substituents and the presence of additional coligands such
as THF, tmeda, or pmdeta. The subtle interplay of these factors, and
in particular the steric and electronic properties of substituents at
both phosphorus and the �-carbon, defines the structures adopted by
such complexes.

Several complexes of lithium with monophosphinomethanide li-
gands, R2C-PR�2 , have been isolated and structurally characterized,
with H. H. Karsch and co-workers making a particularly significant
contribution to this work. Metalation of Ph2PMe with BunLi in the
presence of tmeda yields the compound Li(CH2PPh2)(tmeda). Multinu-
clear NMR experiments suggested that this complex is monomeric in
d8-THF solution, and an initial crystallographic investigation ap-
peared to confirm that a monomeric structure was maintained in the
solid state (124). However, reinvestigation of the crystal structure has
indicated that the complex is dimeric in the solid state, [Li(CH2PPh2)
(tmeda)]2 (39) (125). Each phosphinomethanide ligand bridges the two
Li atoms via its C and P centers in a head-to-tail fashion to give a
centrosymmetric dimer containing a six-membered (CPLi)2 ring in
a chair conformation (Fig. 15). The P–Li and C–Li distances are
2.686(5) and 2.174(6) Å, respectively. This head-to-tail dimeric ar-
rangement is a common feature of alkali metal phosphinomethanide
chemistry.

The related tertiary phosphines PMe3 and PMe2Ph may also be met-
alated by BunLi(tmeda), giving phosphinomethanide complexes that
are shown by cryoscopy to be monomeric in benzene solution, but that
crystallography confirms are dimeric in the solid state (126). Both
complexes crystallize as dimers, [Li(CH2PMeR)(tmeda)]2 [R � Me
(40), Ph (41)], with a similar structure to that of 39, containing a
(CPLi)2 core. However, whereas 40 adopts a chair conformation, 41 is
closer to a boat conformation with the phenyl groups in equatorial
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TABLE IV

SELECTED STRUCTURAL AND NMR DATA FOR CRYSTALLOGRAPHICALLY CHARACTERIZED ALKALI METAL

PHOSPHINOMETHANIDE COMPLEXES

Complexa M–P (Å) M–C (Å)b �P (ppm) c Ref.

[Li(CH2PPh2)(tmeda)]2 2.593(7)d 2.150(8) �1.9 (s, d8-THF, 200 K) 124, 125
[Li(CH2PPh2)(THF)]x 2.70(1) 2.21(1), 2.39(1) 8.31 (s, d8-THF) 127
[Li�CH(SiMe3)(PMe2)�(tmeda)]2 2.680(7), 2.661(8), 2.249(9), 2.26(1) �44.23 (s, C6D6) 132, 133

3.042(8), 3.034(8)
[Li�CH(SiMe3)(PMe2)�(pmdeta)] — 2.207(5) — 136
[Li�C(SiMe3)2(PMe2)�2Li(tmeda)] 2.716(9), 2.72(1), 2.18(1), 2.17(1) �33.51 (s, C6D6) 133, 134

2.88(1), 2.93(1)
[Li�C(SiMe3)2(PMe2)�]x 2.519(4) 2.172(4) — 136
[Li�C(SiMe3)2(PMe2)�(THF)]2 2.584(6) 2.202(6) — 137
[Li�C(SiMe3)2P(C6H4-2- 2.427(6) — �18.2 (q, JPLi 88.9 Hz, C6D6) 141

CH2NMe2)2�]
[Li�CH(PMe2)2�(THF)]2 2.697(4), 2.685(4), 2.219(6) — 131

3.068(5), 3.108(5)
[Li�CH(PPh2)2�(THF)]2 2.607(6), 3.056(6), 2.242(8) — 130

2.949(6), 3.181(6)
[Li�CH(PPh2)2�(tmeda)] 2.582(4), 2.582(6) — — 129
[Li�C(SiMe3)(PPh2)2�(tmeda)] 2.530(7), 2.532(6) — 22.61 (q, JPLi 48.6 Hz, C7D8) 131
[Li�C(SiMe3)(PMe2)2�(tmeda)] 2.507(6), 2.516(6) — — 130
[Li�C(SiMe3)(PMe2)2(THF)]2 2.641(8), 2.655(8), 2.298(9) — 130

2.959(8), 2.999(8)
[Li�C(SiMe2Ph)(PMe2)2�]3 2.589(7), 2.606(7), 2.260(8), 2.208(9), �24.25 (q, JPLi 51.8 Hz, C7D8, 138, 139

2.564(8), 2.573(7), 2.298(8) �100�C)
2.619(8), 2.641(7)

[Li�C(SiMe2Ph)(PMe2)2�(tmeda)] 2.51(1), 2.54(1) — �26.30 (q, JPLi 55.6 Hz, C6D6) 139
[(THF)2Li�(Ph2P)2CCH2�]2 2.542(6), 2.559(6) — 17.0 (s, d8-THF) 145
[Li�C(PMe2)3�(THF)]2 2.588(3), 2.684(3), 2.290(4) — 122, 123

2.945(3), 2.998(3)
[Na�C(SiMe3)2P(C6H4-2- 2.8004(10) — �11.9 (C7D8) 142

CH2NMe2)2�(Et2O)0.5(DME)0.5]
[K�C(SiMe3)2P(C6H4-2- 3.2227(5) — �7.9 (d8-THF) 144

CH2NMe2)2�]x

Heterometallic complexes:
[(tmeda)Li(PMe2CH2)2AlMe2] 2.606(5) — �50.76 (C7D8) 148, 149
[(THF)(tmeda)Li 2.593(7) — �49.17 (C7D8) 149

(PMe2CH2)AlMe3]
[(tmeda)LiClAlMe2 2.669(7) — �32.66 (q, JPLi 69.5 Hz, C7D8, 150, 151

�C(SiMe3)2PMe2�] �60�C)
[�Li(THF)�2Cr2(CH2PMe2)6] 2.549(4) 2.266(8) �6.3 (s), �46.0 (q, JPLi 62 Hz, 152

d10-diethyl ether)

a Abbreviations as in Table I.
b M–C contact to the carbanion center.
c 31P�1H� chemical shifts relative to 85% H3PO4 at ambient temperature unless otherwise stated (multiplicity, relevant coupling

constants, solvent, and temperature in parentheses).
d Value(s) from a representative molecule in the unit cell.

positions. This is most likely a consequence of steric interactions be-
tween the large phenyl groups. Treatment of Me2PhP with BunLi in
the presence of (�)-sparteine yields the complex [Li(CHPMePh)
(sparteine)]2 (42), which crystallizes with a structure similar to 41,
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FIG. 15. Structure of [Li(CH2PPh2)(tmeda)]2 (39). Reproduced with permission from
S. Blaurock et al., Organometallics 1997, 16, 807. Copyright 1997, the American Chemi-
cal Society.

i.e., in a chair conformation. Both 41 and 42 are chiral at phosphorus
and crystallize as meso diastereomers.

The preparation of LiCH2PPh2 in the absence of metal alkyl-
activating polydentate amine donors was found to be more problem-
atic. However, one report details the successful synthesis of
[Li(CH2PPh2)(THF)]x via a transmetalation reaction between
Bu3SnCH2PPh2 and BunLi (127). Crystallography shows this complex
to be an unusual infinite ladder polymer in the solid state. The lad-
ders are made up from six-membered (PCLi)2 rings with a distorted
chair conformation linked together by planar four-membered C2Li2

rings (Fig. 16). A distorted tetrahedral geometry is obtained by Li
through the coordination of one molecule of THF per Li center. The
Li–P distance [2.70(1) Å] is similar to those in 40–42, whereas the
Li–C distance [2.21(1) Å] within the (PCLi)2 rings is slightly longer
[cf. 2.12(1)–2.174(4) Å for 40 and 42]. The Li-C distance in the four-
membered Li2C2 rings [2.39(1) Å] is somewhat longer than that within
the six-membered (PCLi)2 rings. This structure is essentially similar
to that of the sulfur-stabilized carbanion complex [Li(CH2SMe)
(THF)]x (128).

The structures of several simple lithium diphosphinomethanides
Li�(R2P)2CR� have been investigated. The complex [Li�CH(PPh2)2�
(tmeda)] (43) is monomeric in the solid state (129), the lithium being
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FIG. 16. Ladder structure of [Li(CH2PPh2)(THF)]x . Reproduced with permission from
D. Steinborn et al., Polyhedron 1998, 17, 351. Copyright 1997, Elsevier Science Ltd.

bound by the two P atoms of the phosphinomethanide ligand (bonding
mode XII) and a chelating tmeda coligand in a distorted tetrahedral
arrangement. The CP2Li four-membered ring is slightly puckered
along the P� � �P vector (the angle between the normals of the P(1)–
C(1)–P(2) and P(1)–Li–P(2) planes is 9.4�), but the Li� � �C(1) distance
of 3.054(6) Å and the essentially planar carbanion center C(1) indicate
that there is no significant C(1)� � �Li interaction.

The analogous THF complex [Li�CH(PPh2)2�(THF)]2 (44) crystallizes
as centrosymmetric dimers with a core that is essentially identical to
that of 38 in which each Li is in contact with two P atoms from one
ligand and the carbanion center of another ligand (130). The lithium
complex of the less sterically demanding ligand CH(PMe2)2 crystal-
lizes from THF as the dimer [Li�CH(PMe2)2�(THF)]2 with a structure
that is the same in all major features to that of 44 (131).

The nucleophilicity of the carbanion center in phosphinomethanide
ligands is dramatically affected by the presence in an �-position of
additional charge-stabilizing groups such as SiR3 or PR2. As the num-
ber of such groups at the carbanion center increases, so the charge on
the carbanion becomes increasingly delocalized toward the heteroat-
oms, reducing the nucleophilicity of the carbanion center and favoring
coordination of metal centers by phosphorus. For example, like the
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‘‘unsubstituted’’ complex 38 (126), the silyl-substituted analogue
[Li�CH(SiMe3)(PMe2)�(tmeda)]2 (45) crystallizes as a head-to-tail di-
mer with a (PCLi)2 core (132, 133). However, whereas 38 adopts a
chair conformation in which the bond lengths and angles deviate little
from those expected, complex 45 adopts a twist conformation. In 45
each Li is primarily in contact with a P atom from one ligand and a
central C atom from the other ligand, supplemented by a further
weak ‘‘cross-dimer’’ P� � �Li contact (Fig. 17a). The Li–P distances of
2.680(7) and 2.661(8) Å are significantly shorter than the ‘‘cross-
dimer’’ Li� � �P contacts [3.042(8) and 3.034(8) Å]. The effect of the
SiMe3 group appears to be both steric and electronic in nature, tend-
ing to favor coordination by the P atom and causing an unusual twist
conformation to be adopted.

Substitution of the carbanion center by a further SiMe3 group has
an even greater effect on the binding mode of the phosphinometha-
nide. Deprotonation of HC(SiMe3)2(PMe2) with ButLi/tmeda yields the
novel complex [�Li(tmeda)��(Me2P)(SiMe3)2C�2Li] (133, 134). The com-
plex may be described as a ‘‘head-to-head’’ dimer in which one lithium
is primarily associated with the two P atoms and the two N atoms of
the tmeda, while the other Li atom is coordinated by both of the cen-
tral carbons of the phosphinomethanide ligands with supplementary
weak coordination by the P atoms, such that the P atoms act as a
bridge between the two lithiums (Fig. 17b). The Li(1)–P(2) and Li(1)–
P(1) distances of 2.716(9) and 2.71(1) Å, respectively, are only slightly
shorter than the Li(2)–P(1) and Li(2)–P(2) distances [2.88(1) and
2.92(1) Å]. This structure bears a striking resemblance to that of the
complex [Li(THF)4][�(Me3Si)3C�2Li], which crystallizes as solvent-
separated ion pairs containing an anion in which lithium is coordi-
nated solely by the two carbanion centers (135).

In the absence of coligands the complex [Li�C(SiMe3)2(PMe2)�]x (46)
may be isolated by the reaction of HC(SiMe3)2(PMe2) with BunLi in
refluxing hexane for 3 weeks (136). In spite of the presence of two
sterically demanding, charge-stabilizing SiMe3 groups, the complex
consists of head-to-tail dimers in which the central (PCLi)2 core
adopts a chair conformation. The dimers are linked into infinite
chains via intermolecular Si–Me� � �Li contacts [Li� � �C(Me) � 2.514(4)
Å], making the lithium atoms almost exactly trigonal planar (sum of
angles at Li � 358.2�). The short Li–P distance [2.519(4) Å] reflects
the low coordination number of lithium and compares with Li–P dis-
tances of 2.680(7) and 2.661(8) Å for the essentially four-coordinate
Li atoms in 45. Treatment of the solvent-free complex with THF
yields the complex [Li�C(SiMe3)2(PMe2)�(THF)]2 , which crystal-
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FIG. 17. Ligand bonding modes in and structures of (a) [Li�CH(SiMe3)(PMe2)�
(tmeda)]2 and (b) [Li(tmeda)Li�C(SiMe3)2(PMe2)�2]. (Reproduced with permission from
(a) H. H. Karsch et al., J. Organomet. Chem. 1988, 342, C29, copyright 1988, Elsevier
Science Ltd.; (b) H. H. Karsch et al., Chem. Commun. 1987, 1033, copyright 1988, the
Royal Society of Chemistry.)
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lizes as typical centrosymmetric dimers with a chair-type (PCLi)2

core (Li–P � 2.584(6), Li–C � 2.202(6) Å) (137). The structures
adopted by the three complexes [�Li(tmeda)��(Me2P)(SiMe3)2C�2Li],
[Li�C(SiMe3)2(PMe2)�(THF)]2 , and [Li�C(SiMe3)2(PMe2)�]x amply illus-
trate the effect of co-ligands on phosphinomethanide binding modes
and aggregation states.

These effects are similarly demonstrated by the adducts of several
related phosphinomethanide complexes. For example, whereas com-
pound 45 is dimeric with a (PCLi)2 core, the complex [Li�CH(SiMe3)
(PMe2)�(pmdeta)] (136) exists as a monomer in the solid state in which
there are no inter- or intramolecular contacts between lithium and
phosphorus; the lithium is coordinated solely by the three nitrogen
atoms of the pmdeta and the central carbanion of the phosphinometh-
anide ligand. Similarly, whereas [Li�C(SiMe3)(PMe2)2�(THF)]2 is a
dimer in which each lithium is bound in an �2-PP fashion by one
ligand and by the central carbon of the other ligand (binding mode
XIV; Li–P � 2.641(8), 2.655(8) Å, Li–C � 2.298(9) Å), the adduct
[Li�C(SiMe3)(PMe2)2�(tmeda)] (47) is monomeric in the solid state,
the lithium being coordinated by the two P atoms and two N atoms
of the phosphinomethanide and tmeda ligands in a tetrahedral geom-
etry, with no Li� � �C contacts (binding mode XII) (130). The complex
[Li�C(SiMe3)(PPh2)2�(tmeda)] (48) adopts a similar monomeric struc-
ture in the solid state (131), although steric buttressing by the phenyl
groups increases the P–Li distances from 2.507(6) and 2.516(6) Å in
47 to 2.697(4) and 2.685(4) Å in 48.

Incorporation of additional donor functionality into the periphery
of phosphinomethanide ligands also has dramatic consequences
for the structures of their alkali metal complexes. The complex
[Li�C(SiMe2Ph)(PMe2)2�]3 (49) crystallizes as solvent-free cyclic tri-
mers (Fig. 18), in which each lithium is primarily coordinated by two
P atoms from one ligand and the carbanion center of an adjacent li-
gand (138, 139). This is supplemented by an essentially � 2-interaction
with the ipso and an ortho-carbon of the phenyl ring associated with
the carbanion bonded to lithium. Each Li is thus bound by two P
atoms, two aryl carbons, and a central carbon of the phosphinometha-
nide ligands.

This Li–phenyl interaction is similar to the �1-Ph contact observed
in the silicon-stabilized carbanion complex [Li�C(SiMe2Ph)3�(THF)]
(140). Addition of tmeda to 49 yields the monomeric compound
[Li�C(SiMe2Ph)(PMe2)2�(tmeda)] in which the lithium is bound by
the two P atoms of the phosphinomethanide ligand and the two N
atoms of the tmeda in a distorted tetrahedral geometry (139). There
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FIG. 18. Structure of [Li�C(SiMe2Ph)(PMe2)2�]3 . Reproduced with permission from
H. H. Karsch et al., J. Organomet. Chem. 1994, 474, C1. Copyright 1994, Elsevier
Science Ltd.

are no contacts between the lithium and carbons in the aromatic
ring.

Functionalization by amino groups leads to a unique binding
mode for a phosphinomethanide ligand. Metalation of �(Me3Si)2

CH�P(C6H4-2-CH2NMe2)2 (50) with BunLi gives the monomeric com-
plex [Li�(SiMe3)2C�P(C6H4-2-CH2NMe2)2] (51) (141). In contrast to the
metalation of HC(PMe2)(SiMe3)2 , which requires heating under reflux
for 3 weeks in hexane, this reaction is complete within 1 hour at room
temperature. The enhanced reactivity of 50 is attributed to the par-
ticipation of the amino groups in the deprotonation step (chelation
assistance). Unusually for a monophosphinomethanide, the ligand
binds to lithium through its P and N atoms only (bonding mode IX),
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generating two six-membered chelate rings; there is no contact be-
tween the lithium atom and the planar sp2-hybridized carbanion cen-
ter C(1) (Fig. 19).

The P–Li distance in 51 of 2.427(6) Å is extremely short and com-
pares with distances of 2.584(6), 2.519(4), and 2.680(7) and 2.661(8) Å
in [Li�C(SiMe3)2(PMe2)�(THF)]2 (137), [Li�C(SiMe3)2(PMe2)�]x (136) and
[Li�CH(SiMe3)(PMe2)�(tmeda)]2 (132), respectively. The related
methoxy-substituted tertiary phosphine �(Me3Si)2CH�P(C6H4-2-OMe)2

also undergoes facile deprotonation with BunLi to give the complex
[(Et2O)Li�(SiMe3)2C�P(C6H4-2-OMe)2] (52) (142). However, the geomet-
ric constraints of the less flexible o-anisyl substituents prevent the
formation of more than one chelate ring, leading to a PCO bonding
mode; the ligand binds through both its P and C centers in an � 2-
fashion with supplementary coordination by the anisyl O atom in a
five-membered chelate ring. This � 2-PC binding mode (mode X
Scheme 3) is unique in alkali metal phosphinomethanide chemistry.

3. Heavier Alkali Metal Phosphinomethanides

Although potassium complexes of phosphinomethanide ligands
have been used in the synthesis of lanthanide phosphinomethanides
(143), it is only very recently that a heavier alkali metal phosphino-
methanide complex has been isolated and structurally characterized.

FIG. 19. Structure of [Li�C(SiMe3)2(C6H4-2-CH2NMe2)2�]. Reproduced with permission
from W. Clegg et al., Chem. Commun. 1998, 1129. Copyright 1998, the Royal Society
of Chemistry.
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Metathesis between the lithium complex 51 and KOBut (144) or
NaOBut (142) yields [K�(SiMe3)2C�P(C6H4-2-CH2NMe2)2]x (53) and
[Na�(SiMe3)2C�P(C6H4-2-CH2NMe2)2(Et2O)0.5(DME)0.5] (54), respec-
tively, the first examples of such complexes to be structurally charac-
terized. The sodium complex is essentially similar to 51 except that,
in addition to coordination by the phosphorus and two nitrogen atoms
of the ligand, the sodium is bound by a disordered 50/50 mix of ether
and DME. The potassium complex 53 is also coordinated by the ligand
in a PN2 mode with no contact between the cation and the carbanion
center (Fig. 20a). However, the greater coordination requirements of
the large potassium cation result in further coordination of the metal

FIG. 20. (a) Structure of the dimeric subunits in [K�C(SiMe3)2(C6H4-2-CH2NMe2)2�]x

(53); (b) sheet arrangement of the subunits in 53. Reproduced with permission from
W. Clegg et al., Organometallics 1999, 18, 2939. Copyright 1999, the American Chemi-
cal Society.
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center via an intramolecular Si–Me� � �K contact. In addition to this
the complex forms dimers via � 2-interactions between potassium and
an aromatic ring from an adjacent ligand.

These dimeric units are then further linked into a two-dimensional
sheet arrangement via intermolecular Si–Me� � �K contacts (Fig. 20b).
The intramolecular Me� � �K distance, C(3)� � �K [3.4646(17) Å], is sig-
nificantly longer than the intermolecular distance, C(5B)� � �K
(3.3981(16) Å), but both are within the typical range of distances for
K� � �Me contacts (15). Once again the Na–P and K–P distances
[2.8004(10) and 3.2227(5) Å, respectively] are extremely short. Com-
plex 53 represents the first example of a crystallographically authen-
ticated P–K contact where a negative charge is not localized on the
phosphorus atom [i.e., where the phosphorus is not bound as a (di)or-
ganophosphide ligand].

4. Di- and Poly-anionic Phosphinomethanides

A handful of complexes have been reported in which a di- or poly-
anionic bis(phosphinomethanide) ligand is bound to an alkali metal.
For example, the novel synthesis of a bis(phosphinomethanide) com-
plex of lithium has been reported: Reaction of the vinylidene phos-
phine (Ph2P)2CuCH2 with elemental lithium in THF under argon
gives the butane-1,4-diide salt �(THF)2Li(Ph2P)2CCH2�2 (55) in high
yield (145). The reaction proceeds according to Scheme 4 via the cou-
pling of a phosphorus-stabilized radical anion, Li�[(Ph2P)CCH2]�.

The complex consists of a bis(diphosphinomethanide) ligand bind-
ing a lithium atom at each end in an � 2-PP coordination mode
[Li–P � 2.542(6) and 2.559(6) Å]. The lithium atoms achieve four-
coordination through the coordination of two molecules of THF each.
Hydrolysis of this complex is an excellent route to the otherwise inac-
cessible tetraphosphine �(Ph2P)2CHCH2�2 , a potentially useful poly-
phosphine ligand analogous to two linked bis(diphenylphosphino)-
methane (dppm) moieties.

SCHEME 4. Li-mediated radical coupling of a vinylidene phosphine to give a bis(diphos-
phinomethanide) complex. Reproduced with permission from W. Clegg et al., Organo-
metallics 1998, 17, 5231. Copyright 1998, the American Chemical Society.
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An example of a bis(phosphinomethanide) tetraanion has also been
reported (146). Treatment of MeP(CH2C6H4-2-Br)2 with 2 equiv of
BunLi in pentane in the presence of 2 equiv of tmeda at �20�C yields
the dilithium salt MeP(CH2C6H4-2-Li)2 via Li–Br exchange. Further
treatment of this dianion with 2 equiv of BunLi(tmeda) leads to depro-
tonation at the benzylic site �- to phosphorus to give the pentane
soluble complex [(tmeda)2Li2�MeP(CHC6H4-2-Li)2]2 containing a qua-
druply charged carbanion. This compound adopts a complex dimeric
structure containing a rhombus-shaped Li4 core (Fig. 21).

In contrast, the simpler lithiobenzylphosphine [Li(CHPhPPh2)
(OEt2)2] exhibits no short Li� � �P contacts in the solid state (147).

5. Heterometallic Phosphinomethanides

The ability of phosphinomethanide ligands to bridge between two
metal centers has enabled the synthesis of a number of heterometallic
complexes in which a P–Li contact is maintained. For example, reac-
tion of [Me2Al(CH2PMe2)]2 with (tmeda)LiCH2PMe2 in ether yields the
‘‘ate’’ complex [(tmeda)Li(PMe2CH2)2AlMe2] (56) (148, 149). The phos-
phinomethanide ligands bridge the Al and Li centers in a head-to-

FIG. 21. Structure of [(tmeda)2Li2�MeP(CHC6H4-2-Li)2�2 . Reproduced with permission
from M. Winkler et al., Angew. Chem. Int. Ed. Engl. 1994, 33, 2279. Copyright 1994,
Wiley-VCH.
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head fashion with both P atoms coordinated to lithium [Li–P �
2.606(5) Å] and both carbanion centers bound to aluminum. The six-
membered AlC2P2Li ring adopts an envelope-type conformation with
the Li atom deviating from the C2P2 plane by only 0.14 Å to give an
angle of 5� between the P2C2 and LiP2 planes; the angle between the
AlC2 and P2C2 planes is 66.7�. This complex may also be obtained from
the reaction of [Al(CH2PMe2)3] with MeLi/tmeda in ether, which gives
a mixture of 56 and [Li(PMe2CH2)4Al]n due to rapid ligand exchange.
The reaction of [Me2Al(CH2PMe2)]2 with MeLi/tmeda in THF/ether
yields the complex [(THF)(tmeda)Li(PMe2CH2)AlMe3] in which the
phosphinomethanide ligand bridges the Al and Li centers, with the
lithium again bound by the phosphorus end of the ligand [P–Li �
2.593(7) Å] (148, 149). This complex is unstable in solution, decompos-
ing to 56 and [Li(tmeda)2][AlMe4] over several days. Reaction of
[(tmeda)Li�PMe2C(SiMe3)2�2Li] with Me2AlCl in pentane yields the
novel heterocyclic complex [(tmeda)LiClAl(Me)2C(SiMe3)2PMe2] (150,
151). The core of this complex consists of a five-membered Li-Cl-Al-C-
P heterocycle; the phosphinomethanide and Cl ligands bridge the Al
and Li centers. The coordination sphere of the lithium thus consists
of the two nitrogen atoms of the tmeda, the chloride bridge and the
phosphorus of the bridging phosphinomethanide ligand [Li–P �
2.669(7) Å].

Three related complexes have been reported in which a phosphino-
methanide bridges between lithium and a transition metal center
(152). Reaction of 2 equiv of CrCl2(THF)2 with 6 equiv of LiCH2PMe2

in ether yields a deep red solution from which crystals of
[�Li(THF)�2Cr2(CH2PMe2)6] crystallize in 80% yield. The complex con-
sists of a pair of quadruply bonded chromium atoms bridged in a
trans-�-� 2 head-to-tail fashion by two phosphinomethanide ligands.
The remaining phosphinomethanide ligands are bound in an �1-fash-
ion via their carbanion centers to the two Cr atoms, two at each end.
The lithium atoms are then coordinated by the phosphorus atoms of
the ligands such that a six-membered LiP2C2Cr heterocycle is formed
at each end of the complex. Each Li atom is additionally bound to one
molecule of THF and has a weak contact to the carbanion center
of one of the phosphinomethanide ligands bridging the Cr2 unit.
This complex is the first example of a homoleptic transition metal
phosphinomethanide to be reported. In the presence of tmeda this
compound crystallizes as either the molecular species [�Li
(tmeda)�2Cr2(CH2PMe2)6] or the chain polymer [Li2Cr2(CH2PMe2)6

(tmeda)]x , both of which contain a similar core to the THF complex.
However, in the latter complex these units are linked into an infinite
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chain by tmeda ligands that bridge between the lithium atoms in ad-
jacent Cr2(CH2PMe2)6Li2 units (152).

Two heterometallic lithium–lanthanide complexes have been re-
ported; however, in neither case is a strong P–Li contact preserved
(153). The complex [Li�C(SiMe3)2(PMe2)�4La] is obtained, regardless of
stoichiometry, from the reaction of La(O3SCF3)3 and Li�C(SiMe3)2

(PMe2)�. The four ligands form PP-chelates with the La center in a
distorted dodecahedral geometry. The lithium atom is then co-
ordinated by the central carbons of two of the ligands, along with
weak interactions with one phosphorus on each of the two ligands
[Li� � �P � 2.879(8) and 2.814(7) Å] and two methyl groups, one from
the PMe2 group and one from the SiMe3 group of the same ligand. The
complex [�(THF)Li�2YbI2�C(SiMe3)2(PMe2)�2], prepared from YbI2 and
Li�C(SiMe3)2(PMe2)�, exhibits contacts between each lithium and THF,
the iodine atom and a central carbanion of one phosphinomethanide
ligand, but not between lithium and phosphorus (153).

6. Arsinomethanides

Whereas alkali metal phosphinomethanides have been well studied
and a large number of complexes have been structurally character-
ized, there are apparently no reports of alkali metal complexes with
arsenic-stabilized carbanions.

B. IMINOPHOSPHIDES/PHOSPHINOAMIDES

Although alkali metal complexes of ligands in which phosphorus is
� to a carbanion center are well established, similar complexes where
phosphorus is � to an anionic center other than carbon are relatively
rare, and few such complexes exhibit a genuine P� � �M contact. How-
ever, within the past few years the groups of Ashby and Ellermann
have reported the synthesis and structural characterization of a num-
ber of iminophosphide/phosphinoamide complexes of the group 1 met-
als (for the purposes of this review these ligands will be termed phos-
phinoamides). These ligands may be regarded as deriving from
deprotonation either of a phosphorus(III)-substituted secondary
amine (R2P–NHR) or of a phosphorus(V) imine (R2HPuNR), although
in practice the former route is typically used in their synthesis and is
perhaps the more accurate description (vide infra). In the former case
the formal charge on the anion would be localized on nitrogen (a phos-
phinoamide), whereas in the latter case the formal charge would be
localized on phosphorus (an iminophosphide). The true nature of
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these ligands lies somewhere between these extremes; the charge is
somewhat delocalized (via hyperconjugation or d�–p� interactions)
from the nitrogen center to phosphorus in a similar manner to the
situation described for the analogous phosphinomethanide ligands.

The first such complex to be structurally characterized, [Li
(PhNPPh2)(OEt2)]2 (57), was synthesized by the reaction of
PhNHPPh2 with BunLi in ether (154). The complex consists of centro-
symmetric dimers with a planar Li2N2 core typical of lithium amides
(1, 2). Each lithium is bound in an � 2-fashion to both the nitrogen and
phosphorus centers of a phosphinoamide ligand with Li–N distances
of 2.023(4) and 2.024(4) Å and a Li–P distance of 2.684(3) Å; the
cross-dimer Li� � �P distance of 3.004(4) Å is at the higher end of the
range of known Li–P contacts. Each lithium is further coordinated to
a molecule of diethyl ether. Of particular interest in these complexes
is the P–N distance, which for 57 is 1.672(2) Å, suggesting partial
P–N double bond character.

The related complexes [Li�(mes*)NPPh2�(OEt2)2] (58), [Li�(ButCH2)
NPPh2�(OEt2)]2 (59), and [Li(PriNPPh2)(OEt2)]2 (60) have all been crys-
tallographically characterized (155). Complexes 59 and 60 adopt simi-
lar structures to 57 containing a central N2Li2 core with weak P� � �Li
contacts (P� � �Li � 2.633(6) and 2.693(7) Å for 59 and 60, respec-
tively). However, the monomeric complex 58 exhibits no short con-
tacts between Li and P; the trans configuration about the P–N bond,
caused by the steric bulk of the mes* substituent at nitrogen, results
in orientation of the phosphorus lone pair away from the lithium cen-
ter. Calculations suggest that the relative energies of the cis and trans
forms of simple phosphinoamides of the form [FnH(1�n)N-PFmH(2�m)]�

(n � 0, 1; m � 0–2) range from �0 kcal mol�1 for HN-PH�
2 to 6 kcal

mol�1 for FN-PH�
2 (156), although a significant energy barrier of up to

22 kcal mol�1 exists between the two forms. These calculations also
indicate that the stabilizing effect of phosphorus and consequent
shortening of the P–N bond in these systems is best attributed to
N–P negative hyperconjugation (i.e., delocalization of charge from the
Np lone pair into the P–X 
* orbitals) and that the best description
of these ligands is as phosphinoamides with the negative charge local-
ized largely on nitrogen. Calculations on the model complex
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[Li(HNPH2)] do not indicate that short P� � �Li contacts are favored
(156).

The bis(diphenylphosphino)amide complex [Li�N(PPh2)2�(THF)3] has
been structurally characterized (157). The complex is monomeric in
the solid state with the lithium coordinated in an � 2-fashion by the N
and P atoms of the phosphinoamide ligand and three molecules of
THF. The Li� � �P distance is 2.964(9) Å. Multinuclear NMR studies
on this complex show that at low temperature restricted rotation
about the P–N bond becomes evident. The activation barrier for this
process at �80�C (the coalescence temperature) is 8.1 kcal mol�1. The
sodium and potassium analogues of this complex have also been
structurally characterized. The sodium complex [Na�N(PPh2)2�
(pmdeta)] is monomeric in the solid state with the sodium atom coor-
dinated by the N and one of the P atoms of the phosphinoamide li-
gand [Na� � �P � 2.9619(11) Å] and the three nitrogen atoms of the
pmdeta (158). Additional weak contacts to one of the ortho carbons of
a phenyl group and one of the methylene carbons of the pmdeta are
also present in the structure. The potassium complex [K�N(PPh2)2�
(pmdeta)] is also monomeric in the solid state but exhibits no signifi-
cant K� � �P contacts (159).

IV. Tertiary Phosphine-Functionalized Ligands

The low affinity of the alkali metals for neutral P-donor ligands has
hampered efforts to synthesize complexes in which there is a genuine
R3P–M interaction (see Section I). However, this poor affinity may be
overcome by incorporating a remote phosphine functionality into a
potentially chelating anionic ligand, such as a phosphine-substituted
alkoxide, amide, or aryl, and several alkali metal complexes of such
ligands have been isolated.

1. Phosphine-Functionalized C-Donor Ligands

The synthesis of the phosphine-substituted benzyl compound
Li(tmeda)(CH2C6H4-2-PPh2) by the reaction of 2-CH3C6H4PPh2 with
BunLi(tmeda) was reported in 1971, but the complex was not well
characterized (160). However, treatment of this complex with Me3SiCl
yields the tertiary phosphine (Me3Si)CH2C6H4-2-PPh2 , which itself un-
dergoes facile deprotonation with BunLi(tmeda) to give the complex
[Li(tmeda)�CH(Me3Si)C6H4-2-PPh2�], which has been structurally
characterized (126). The ligand binds to the metal center through
both its carbanion and phosphine centers to give a five-membered
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chelate ring. A distorted tetrahedral geometry about the lithium atom
is achieved by the coordination of the two nitrogen atoms of the tmeda
coligand. The Li–P and Li–C distances of 2.65(1) and 2.25(1) Å, re-
spectively, are within the ranges normally found for such contacts
(selected structural and NMR data for alkali metal complexes of phos-
phine-functionalized anionic ligands are summarized in Table V).

Another example of a tertiary phosphine-functionalized aryl ligand
is obtained by treatment of 2-BrC6H4PPh2 with BunLi in ether, which
yields the complex [Li(C6H4-2-PPh2)(OEt2)]2 (61) via a lithium–
halogen exchange reaction (161). The solid-state structure of 61 con-
sists of centrosymmetric aryl-bridged dimers with a central C2Li2 core,
with each lithium coordinated by the C and P atoms of a chelating
phosphinoaryl ligand. Interestingly, the 2-(diphenylphosphino)phenyl
ligands are essentially isostructural with triphenylphosphine, having
the three phenyl rings nearly perpendicular. The Li–P distances in
the four crystallographically independent dimers in the unit cell
range from 2.694(6) to 2.752(6) Å. This Li–P contact has the conse-
quence that the bridging aryl rings are twisted away from the perpen-
dicular orientation (with respect to the Li2C2 plane) usually found in
aryl-bridged dimers. In toluene solution the 31P and 6Li NMR spectra
of a 6Li-enriched sample consist of singlets from �50 to �20�C, sug-
gesting rapid exchange of the P–Li bonds in the dimer and conse-
quent loss of P–Li coupling. However, the signal due to the metalated
carbon in the 13C�1H� NMR spectrum consists of a doublet of quintets
(JPC � 99.9 Hz, JLiC � 8.3 Hz), consistent with the preservation of a
dimeric structure in solution. In THF solution the signal for the same
carbon consists of a doublet of triplets (JPC � 106.8 Hz, JLiC � 14 Hz),
whereas the 31P and 6Li spectra again consist of singlets across a wide
temperature range, consistent with a monomeric structure in this
solvent.

An interesting diphosphine-substituted aryllithium complex has
been reported (162). Reaction of 2,6-(Me2PCH2)2C6H3Br with BunLi in
pentane in the presence of a small amount of tmeda yields the sol-
vent-free complex [Li�2,6-(Me2PCH2)2C6H3�]2 (62), in which the aryl-
bridged dimers contain a central planar C2Li2 core. In addition to the
two Li–C interactions, each lithium binds to the two P atoms of the
ligand, such that each ligand acts as a PCP tridentate bis-chelate and
the lithium atoms obtain a highly distorted tetrahedral geometry
[P–Li � 2.668(3)/2.544(4), 2.667(3)/2.513(4), 2.668(4)/2.550(4), and
2.627(4)/2.586(4) Å for the two crystallographically independent mole-
cules in the unit cell]. In contrast to 61, the two phenyl rings are
almost perpendicular to the C2Li2 plane, the greater flexibility of the
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TABLE V

SELECTED STRUCTURAL AND NMR DATA FOR CRYSTALLOGRAPHICALLY CHARACTERIZED

ALKALI METAL COMPLEXES OF TERTIARY PHOSPHINE-FUNCTIONALIZED LIGANDS

Complexa M–P (Å) �P (ppm) b Ref.

[Li�2,6-(Me2PCH2)2C6H3�]2 2.668(3), 2.667(3), �41.8 (septet, JPLi 162
2.668(4), 2.627(4)c 21 Hz, C7D8 , 298 K)

[�40.5 (q, JPLi 44 Hz,
C7D8 , 193 K)]

[Li�C6H4-2-PPh2�(OEt2)]2 2.694(6)c — 161
[Li�CH(SiMe3)C6H4-2-PPh2� 2.65(1) �14.7 (C6D6) 126

(tmeda)]
[Li�MeP(C6H4-2-CH2NMe2) 2.482(4), 2.553(4) �47.6 (septet, JPLi 163

(C6H4-2-CHNMe2)�]2 31.6 Hz, C7D8 ,
297 K)

[�47.6 (q, JPLi 63.2
Hz, C7D8 , 208 K)]

[Li4�PhP(C6H3-2-S-3-SiMe3)2�2- 2.400(12)c �12.9 (s, C7D8) 171
(DME)2]

[Li�OC(But)2CH2PMe2�]2 2.50(1) �55.9 (septet, JPLi 169
30 Hz, C7D8)

[Li�OC(But)2CH2PPh2�]2 2.651(6) �14.3 (septet, JPLi 169
27 Hz, C7D8)

[Li�OC(But)2CH2PPh2�2(OCBut
2)] 2.59(1), 2.63(1) �14.3 (septet, JPLi 27 169

Hz, C7D8)
[Li2�N(SiMe2CH2PPri

2)2�2LiCl] 2.59(1), 2.63(1), �6.2 (q, JPLi 48.5 Hz, 167
2.61(1), 2.58(1) C7D8 , �27�C)

[Li�N(SiMe2CH2PPri
2)2� 2.675(7), 2.556(7), �8.6 (s, C7D8 , �88�C) 167

LiAlMe4]2 2.538(7), 2.656(7)
[Li�N(SiMe2CH2PPri

2)2� 2.57(1), 2.59(1), �4.2 (s, C6D6) 167
NaBEt4]2 2.60(1), 2.60(1)

syn-[Li2�PhP(CH2SiMe2N- 2.53(2), 2.53(2) — 168
SiMe2CH2)PPh�(THF)]

anti-[Li2�PhP(CH2SiMe2N- 2.722(7) — 168
SiMe2CH2)PPh�(THF)2]

[Na�Ph2P(C5H4)�(DME)]2 3.056(2) �18.1 (THF) 165
[Na�Pri

2PPC(H)uC(O)Ph�]4 2.852(2) �17.98 (s, C6D6) 170
[Na�(PhCH)Ph2PCHPPh2� 2.946(6) �16.04, 14.12 (d, JPP 166

(OEt2)(THF)]. 137.3 Hz, C6D6)

a Abbreviations as for Table I.
b 31P�1H� chemical shifts relative to 85% H3PO4 at ambient temperature, unless other-
wise stated (multiplicity, relevant coupling constants, solvent, temperature in paren-
theses)
c Values from a representative molecule in the unit cell.
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CH2PMe2 substituents allowing Li–P contacts without disruption of
the bond angles of the core. Multinuclear NMR studies indicate that
the dimeric structure is preserved in solution. At 193 K the structure
is static; the 7Li and 31P spectra consist of a triplet and a quartet
(JPLi � 44 Hz), respectively, indicating coordination of each lithium
by two phosphorus atoms. However, at room temperature the 7Li and
31P spectra consist of a quintet and a septet, respectively (JPLi � 21
Hz), indicating that the dimer is fluxional, with each Li coupling to
all four phosphorus nuclei and vice versa. A �G‡ of 50 kJ mol�1 was
estimated for this process from the coalescence temperature.

A rather unusual phosphine-substituted benzyllithium complex has
been prepared in our own laboratory (163). Whereas reaction of the
amine-functionalized tertiary phosphine MeP(C6H4-2-CH2NMe2)2 with
BunLi yields the phosphinomethanide complex [Li�CH2P(C6H4-2-
CH2NMe2)2�]4 (142), treatment of the same phosphine with ButLi in
light petroleum yields the benzyllithium complex [Li�MeP(C6H4-2-
CH2NMe2)(C6H4-2-CHNMe2)�]2 (63) (Fig. 22). The solid-state structure
consists of highly asymmetric, internally solvated dimers in which the
two lithium atoms are primarily associated with a benzylic carbon
from one ligand with supplementary coordination by a phosphorus
and a nitrogen atom from the other ligand.

The ligand is chiral at both phosphorus and methine carbon centers
and the compound crystallizes as pairs of RRSS (with reference to the

FIG. 22. Structure of [Li�MeP(C6H4-2-CH2NMe2)(C6H4-2-CHNMe2)�]2 (63). Repro-
duced with permission from W. Clegg et al., Organometallics 1999, 18, 3950. Copyright
1999, the American Chemical Society.
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two P and two C centers, respectively) and SSRR stereoisomers. The
two Li atoms in the dimer are in distinct coordination environments
with Li(1) in close contact with the �-carbon C(36), adjacent ipso- and
ortho-carbons C(35) and C(34), and N(4) of one ligand and P(1) and
N(1) of the other ligand. The �-carbon C(36) effectively bridges the
two lithium centers. Li(2) has close contacts with the �- and ipso-
carbons C(16) and C(17) of one ligand and P(2) and N(3) of the other
ligand, supplemented by weak contact with the bridging �-carbon
C(36). The Li(1)–P(1) and Li(2)–P(2) distances are 2.482(4) and
2.553(4) Å, respectively, the ‘‘cross-dimer’’ Li(1)� � �P(2) and
Li(2)� � �P(1) distances (4.432 and 3.809 Å, respectively) are greater
than the sum of their van der Waals radii (3.65 Å) (164). The main
features of the dimeric structure observed in the solid state are pre-
served in toluene solution, although 1H, 13C, 31P, and 7Li NMR spectra
indicate that a much more symmetrical structure prevails in solution.
Multinuclear NMR spectroscopy shows that at room temperature the
complex undergoes an intramolecular dynamic process by which the
two lithium atoms may be associated with either of the P atoms (but
not both simultaneously) and vice versa. The room-temperature 31P
and 7Li spectra thus consist of a binomial septet and a 1 : 2 : 1 triplet
(JPLi � 31.6 Hz), respectively. At 208 K this process is frozen out and
the 31P (1 : 1 : 1 : 1 quartet, JPLi � 63.2 Hz) and 7Li (doublet) spectra are
consistent with a more symmetrical form of the solid state structure
in which each lithium interacts with only one phosphorus.

Reaction of (C5H5)PPh2 with sodium in refluxing THF, followed
by recrystallization from DME/toluene, yields the cyclopentadienide
complex [Na�Ph2P(C5H4)�(DME)]2 (165). This is a rare example of a
complex in which there is a direct contact between a heavier alkali
metal and a neutral phosphine (three further such Na–P contacts
have been reported (vide infra) but there have been no reports to
date of complexes containing a similar M–PR3 interaction [M � K,
Rb, Cs)]. The phosphine-substituted cyclopentadienyl ligands bridge
the two sodium atoms, binding via their phosphine and �5-cyclopen-
tadienyl centers to give a dimeric structure. Each sodium is further
coordinated to a chelating DME ligand, giving the sodium atoms
a distorted pseudotetrahedral geometry, with a Na–P distance of
3.056(2) Å.

The ylide (PhCH2)Ph2PuCHPPh2 may be deprotonated by NaNH2

to give to the complex [Na�(PhCH)Ph2PCHPPh2�(OEt2)(THF)] (166), in
which the sodium atom is coordinated by the benzylic and ipso car-
bons in an essentially � 2-fashion, the terminal P atom of the ligand
and one molecule each of ether and THF [Na–P � 2.946(6) Å].
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2. Phosphine-Functionalized N-Donor Ligands

Fryzuk and co-workers have described the synthesis and structural
characterization of several adducts of a tridentate amido diphosphine
complex of lithium (167). Reaction of HN(SiMe2CH2Cl)2 with 3 equiv
of LiPPri

2 leads directly to the lithium amide complex Li�N(SiMe2

PPri
2)2� (64), the first 2 equiv of the lithium phosphide displacing the

chlorides and the third equivalent deprotonating the amine. Although
this complex could not be crystallographically characterized, multinu-
clear NMR experiments support this formulation but do not provide
any evidence of a P–Li interaction. However, in the presence of LiCl,
the adduct [�LiN(SiMe2CH2PPri

2)2�2LiCl] may be crystallized and
structurally characterized (Fig. 23). The structure can best be de-
scribed as a three-rung Li3N2Cl ladder in which a LiCl unit is sand-
wiched between two Li�N(SiMe2PPri

2)2� units. The two P atoms of each
ligand chelate each of the terminal lithium atoms, making these lith-
ium atoms four-coordinate. Variable-temperature 31P and 7Li NMR
spectra indicate that the ladder structure is maintained in solution.

Addition of LiAlMe4 to 64 yields the adduct [�LiN(SiMe2CH2PPri
2)2�

LiAlMe4]2 , which is dimeric in the solid state. Two of the lithium
atoms are bound by the ligand in a P2N bis-chelate mode, the other

FIG. 23. Structure of [�LiN(SiMe2CH2PPri
2)2�2LiCl]. Reproduced with permission from

M. D. Fryzuk et al., Organometallics 1997, 16, 725. Copyright 1997, the American
Chemical Society.
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lithium atoms are bound by the amide N and the methyl groups of
the AlMe4 moiety. Multinuclear NMR spectroscopy of a 6Li, 15N-
labeled complex indicate that lithium exchange is more rapid than
phosphorus exchange and that interaggregate exchange dominates at
room temperature, whereas at low temperature intra-aggregate ex-
change predominates. Addition of LiAlEt4 to 64 gave a complex that
could not be crystallized, but addition of NaBEt4 gave the adduct
[�LiN(SiMe2CH2PPri

2)2�NaBEt4], which adopts a one-dimensional poly-
mer structure in the solid state. The ligand again binds lithium in a
bis-chelate P2N mode with these units being bridged by NaBEt4 moie-
ties. The sodium atoms are associated with the amido nitrogen and
two of the ethylene carbons of the BEt4 unit. This motif is then re-
peated along the chain -Li(P2N)–Na(1)–BEt4–Na(2)–Li(P2N)- with
BEt4 groups linking adjacent chains via Na(2)–BEt4–Na(2) ‘‘cross-
links.’’

Fryzuk et al. have also reported a macrocyclic diphosphine diamide
ligand complexed to lithium (168). Reaction of HN�SiMe2CH2(PHPh)�2

with HN(SiMe2CH2Cl)2 and 4 equiv of BunLi or LDA in THF at 0�C
yields two products, syn-[Li2(P2N2)(THF)] (65) and anti-
[Li2(P2N2)(THF)2] (66) [P2N2 � cyclo-PhP(CH2SiMe2NSiMe2CH2)2PPh],
in a ratio of 3 : 1 (Scheme 5). Both products have been structurally
characterized by X-ray crystallography.

The two complexes both have two lithium atoms bridging the two
amide nitrogen atoms in a Li2N2 rhombus arrangement. However, the
complexes differ in the coordination of the phosphorus atoms and
their stereochemistries and in their degree of solvation by THF. Com-
plex 65 has both phosphorus atoms bound to the same lithium, mak-
ing this lithium tetrahedral; the remaining lithium is three-coordi-
nate, bound solely by the amido nitrogen atoms and a molecule of
THF. The two phenyl groups are then syn across the macrocycle.
Complex 66 has a more symmetrical arrangement: In addition to its
two Li-N contacts, each Li is bound to one phosphorus and one mole-
cule of THF, with the two Ph substituents in an anti relationship.
The 7Li NMR spectra of these complexes confirm their different na-
tures: The 7Li NMR spectrum of 65 consists of a binomial triplet and
a singlet, whereas the spectrum of 66 consists of one doublet. The two
complexes may be separated by fractional crystallization from hex-
ane, the less soluble product being 66. Interestingly, the syn complex
65 is the sole product if the synthesis is conducted in ether prior
to workup in THF (80% yield), whereas the anti complex 66 pre-
dominates when the reaction is conducted at �60�C in THF (ratio
65 : 66 � 1 : 2.4).
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SCHEME 5. Synthesis of syn-[Li2(P2N2)(THF)] (65) and anti-[Li2(P2N2)(THF)2] (66)
[P2N2 � cyclo-PhP(CH2SiMe2NSiMe2CH2)2PPH]. Reproduced with permission from M.
D. Fryzuk et al., Chem. Commun. 1996, 2783. Copyright 1996, the Royal Society of
Chemistry.

3. Phosphine-Functionalized O- and S-Donor Ligands

Two phosphine-functionalized alkoxide ligands have been reported
as complexes of the alkali metals. Treatment of the lithium phosphi-
nomethanide [Li(CH2PR2)(tmeda)] (R � Me, Ph) with But

2CuO yields
the complexes [Li�OC(But)2CH2PR2�]2 (R � Me, 67, R � Ph, 68) (169).
The complexes crystallize as centrosymmetric dimers with a central
Li2O2 core. Each ligand forms a five-membered chelate ring with one
lithium, with Li–P distances of 2.50(1) and 2.651(6) Å for 67 and 68,
respectively. The shorter Li–P distance in 67 is attributed to the
lower steric requirements of the Me groups on phosphorus. In solution
the 7Li and 31P NMR spectra of both compounds suggest that each P
is in contact with two Li nuclei, and each Li is in contact with two P
nuclei. This was attributed to a rearrangement of the complex to a
chair-type O(LiP)2O arrangement; however, in light of the behavior of
62 and 63 described earlier, it is possible that these spectra may be
consistent with a dynamic process involving rapid intramolecular
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P–Li exchange. In the presence of a slight excess of ketone the un-
usual complex [Li�OC(But)2CPR2�2Li(OCBut

2)] may be isolated. This
complex again adopts a structure with a central Li2O2 core. However,
both phosphorus atoms chelate only one lithium atom; the remaining
lithium is coordinated by the two bridging oxygens and one molecule
of the ketone.

A related enolate complex [Na�Pri
2PC(H)uC(O)Ph�]4 has been pre-

pared by deprotonation of the ketone Pri
2PCH2C(O)Ph with NaN

(SiMe3)2 (170). In the solid state this complex adopts a cubane-type
structure with a Na4O4 core. Each ligand bridges opposite edges of the
cube, forming a five-membered chelate ring at each sodium. The
Na–P distance in this complex of 2.852(2) Å is short in comparison to
other similar contacts.

One phosphine-functionalized thiolate complex of lithium has been
reported (171). The dithiol PhP(C6H3-2-SH-3-SiMe3)2 may be doubly
deprotonated by BunLi in hexane to give the dilithium complex
[Li2�PhP(C6H3-2-S-3-SiMe3)2�(DME)]2 after recrystallization from
toluene/DME. The complex adopts a four-rung S4Li4 ladder motif with
a chair conformation of the three edge-sharing four-membered S2Li2

rings. The terminal lithium atoms are coordinated by two thiolate
sulfur atoms and two oxygen atoms of DME, whereas the internal Li
atoms are coordinated by three thiolate sulfur atoms and one phos-
phorus. Thus, the dithiolate–phosphine ligand acts as a bis-chelate,
forming two five-membered chelate rings with one sulfur triply bridg-
ing and one doubly bridging. Low-temperature 7Li NMR spectroscopy
indicates that this structure is maintained in solution: two Li environ-
ments are apparent, one of which exhibits coupling to phosphorus
(JPLi � 53.9 Hz).

V. Miscellaneous Complexes

Several complexes have been isolated and structurally character-
ized in which an alkali metal is bound to a �-phospholide or -arsolide
anion. For example, reduction of the chlorophosphole cyclo-C4Me4PCl
with lithium in THF in the presence of tmeda yields the lithium phos-
pholide [(tmeda)Li(PC4Me4)] (69) (172). This complex is monomeric,
with the phospholide ligand �5-bound to the lithium atom, the co-
ordination sphere of lithium being completed by the two nitrogen
atoms of the tmeda coligand. The Li–P distance in this complex is
2.531(7) Å and the C–C distances of 1.396–1.424 Å are indicative
of a highly aromatic anion. The corresponding arsolide complex
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[(tmeda)Li(AsC4Me4)] (70) has been isolated by a similar procedure
from the reduction of the chloroarsole cyclo-C4Me4AsCl with lithium/
tmeda in THF (173). This complex may also be prepared by reduction
of the 1,1�-bis(arsole) Me4C4As–AsC4Me4 or, more effectively, by As–C
cleavage of the phenylarsole 1-PhAsC4Me4 with lithium. The structure
of 70 is essentially the same as that of its phospholide analogue (69)
with the arsolide anion bound in an �5-fashion to lithium [Li–As �
2.596(12) Å].

The structure of the unusual diphospholide complex [�(Me3Si)3Si�
Li(�-�5 : �5-2,4,5-But

3-C3P2)(�6-toluene)] has been reported, although
synthetic details were not described (174). The two lithium atoms sit
either side of the diphospholide anion, each bound in an �5-fashion.
The coordination sphere of one lithium is completed by a 
-bonded
Si(SiMe3)3 ligand, while the other lithium is bound in an �6-fashion to
a molecule of toluene.

The reaction of the phosphole tetramer (PC4-2-Ph-3,4-Me2)4 (71)
with either sodium or potassium yields the complexes 72 and 73, re-
spectively (Scheme 6) (26).

The sodium atoms are both bound �5 to one phospholide ring and
�1 to the phosphorus atom of the other phospholide ring of the dia-
nion. Each Na atom is further coordinated by one of the phosphole
phosphorus atoms and two oxygen atoms of the DME coligand. The
potassium complex is quite different; reduction of the phosphole tetra-
mer with 4 equiv of potassium yields a tetraanion, which, after crys-
tallization from DME containing 18-crown-6, gives the solvent sepa-

SCHEME 6. Reactions of (PC4-2-Ph-3,4-Me2)4 (71) with Na and K. Reproduced with
permission from F. Paul et al., Angew. Chem. Int. Ed. Engl. 1996, 35, 1125. Copyright
1996, Wiley-VCH.
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rated ion pair 73. Each potassium atom in the anion is sandwiched in
a kalocene-type arrangement between two �5-bound phospholide rings
and is further coordinated by a molecule of THF. The mean planes of
the two directly bonded phospholide units form an angle of 47� and
the THF molecules lie on the open side of the tilted sandwich (ring
centroid–K–ring centroid � 137.9�).

Reaction of the tetraphosphafulvalene ((Ph)PC(Ph)C(Ph)P(Ph)Cu)2

with excess lithium or potassium yields the corresponding 1,1�-
diphospholide dianion as its Li2 or K2 salt, respectively, via a P-C
cleavage reaction (175). The potassium complex [�K(DME)2�2

�(PC(Ph)C(Ph)PC)2�] has been crystallographically characterized and
consists of infinite chains containing planar diphospholide dianions.
Each potassium is coordinated by two of the P atoms, one from each
half of the phospholide dianion and the two central carbon atoms of
the ligand in an �4-PCCP fashion. The two potassium atoms lie on
opposite sides of the dianion and are further coordinated by two mole-
cules of DME each. One of the DME ligands on each potassium
bridges these K2(diphospholide) units via one of its oxygen atoms,
forming K2O2 links in an infinite chain structure, and making each
potassium heptacoordinate. This �4-coordination of the phospholide
units of the dianion to potassium is in marked contrast to the �5-
phospholide bonding observed in 73 and 69.

A heterometallic phospholide complex has also been reported. Reac-
tion of K(C4Me4P) with SmCl3 in refluxing toluene for 24 hours yields
an orange solution that deposits crystals of composition
[(C4Me4P)6Sm2(KCl)2(toluene)3]x on cooling (176). Crystallography re-
veals that this compound adopts a complex structure in the solid
state. The Sm atoms are coordinated by two �5-phospholide ligands
(one of which is also �1-bound to K via phosphorus) and one �1-phos-
pholide (via phosphorus), in addition to a chlorine atom. The chlorine
atoms bridge the Sm and K centers, and the phospholide that is �1-
bound to Sm is �5-bound to K, creating dimeric subunits with an
eight-membered (SmClKP)2 ring. Each potassium is further coordi-
nated in an �6-fashion to a molecule of toluene and an �1-phospholide,
giving the potassium atoms a pseudotetrahedral geometry and link-
ing the dimeric subunits into a three-dimensional network.

Treatment of the trichlorosilanes RSiCl3 [R � But , mes, Cp*, Is,
O(mes*), Ph] with 4 equiv of LiPH(mes*) leads directly to the diphos-
phasilaallyl complexes [(L)Li�(mes*)PSi(R)P(mes*)�] in a one-pot syn-
thesis (177, 178). Four such complexes have been crystallographically
characterized: [(Et2O)2Li�(mes*)PSi(But)P(mes*)�] (74), [(DME)Li
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�(mes*)PSi(mes)P(mes)*)�] (75), [(Et2O)2Li�(mes*)PSi(But)P(mes*)�]
(76), and the ion pair [Li(15-crown-5)][(mes*)PSi(But)P(mes*)] (77).
Complexes 74–76 contain four-coordinate lithium, the lithium being
bound by the two phosphorus atoms of the chelating diphosphasilaal-
lyl ligand and two oxygen atoms of the ether coligand(s), with no short
contacts between the lithium and central silicon atoms. The diphos-
phasilaallyl ligands are 
-bonded to lithium and the lithium lies ap-
proximately in the SiP2 plane in each case. In all three complexes the
substituents at phosphorus are arranged such that the complexes
have approximate overall C2 symmetry. Multinuclear NMR spectros-
copy shows that 77 is obtained as a mixture of E/Z and Z/Z isomers,
although only the former isomer has been isolated and crystallo-
graphically characterized. The P–Si distances differ little between the
E and Z portions of the anion, however, the P–Si–P angle of 125.7(1)�
is markedly larger than that in the corresponding complex 74 [P–
Si–P � 104.9(1)�]. The synthesis of the related lithium diphosphaallyl
complex [(Et2O)2Li�(mes*)PC(Me)P(mes*)�] has also been reported
(179). Multinuclear NMR spectroscopy suggested that a similar struc-
ture to that of the diphosphasilaallyl complex 74 is adopted in solu-
tion. A crystallographic study confirms this hypothesis (180): The lith-
ium is bound by the two P atoms and two ether oxygens in a distorted
tetrahedral arrangement, with Li–P distances of 2.80 Å.

Three molecular complexes of the Zintl ions P3�
7 and As3�

7 have been
structurally characterized. Treatment of white phosphorus with
LiCH2PPh2/tmeda yields the complex [�(tmeda)Li�3P7] (181). The lith-
ium atoms bridge the three twofold bonded P atoms of the anion and
are further coordinated in a distorted tetrahedral geometry by the
two nitrogen atoms of the tmeda coligands. The corresponding arsenic
complex [�(tmeda)Li�3As7] (78) has been synthesized in excellent yield
by the reaction of [LiAl(AsHR)4] (R � H, SiPri

3) with tmeda (182). This
reaction proceeds with the elimination of H2 and unidentified alanate
products [LixAlyHz]. The structure is similar to that of its phosphorus
analogue with three Li(tmeda) units bridging the three twofold
bonded As atoms of the Zintl ion. The complex [�(DME)Li�3As7] has
also been isolated and shown to adopt a similar structure to 78 (183).

Reaction of P4 with NaSiBut
3 in THF or DME yields the complex

[Na(But
3Si)P–PuP–P(SiBut

3)Na] (79) as the corresponding THF or
DME adducts (184). Spectroscopic investigations indicate that this
complex adopts a cis configuration, although a solid-state structure
was not obtained. However, in the presence of ButOMe, a 2�2
cycloaddition reaction occurs, yielding the complex [Na4�(But

3SiP)P�4] �
4(ButOMe). The alternative adduct [Na4�(But

3SiP)P�4] � 4(DME) has
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been shown by crystallography to consist of a central P4 distorted
square with the four PSiBut

3 groups arranged mutually trans around
the ring. Each sodium atom is then coordinated by one of the P atoms
of the central ring and two of the P atoms joined to opposite corners
of the ring, along with the O atoms of a DME ligand. The two P atoms
on either side of the P4 ring thus bridge two Na atoms in a Na2P2 ring,
such that the complex may be described as a triple-decker stack of
Na2P2-P4-Na2P2 rings.

VI. Conclusion

This review has sought to illustrate the wide structural diversity
among group 1 complexes of P- and As-donor ligands. The structures
of such compounds are highly sensitive to the nature of the metal
center, the ligand substituents, the presence and nature of coligands,
and the presence of functional groups at the ligand periphery.

Although much progress has been made in the past 25 years in the
synthesis of complexes of the alkali metals with P- and As-donor li-
gands, there are still large gaps in our knowledge. The rich variety of
structural types found for the alkali metal phosphides suggests that
many more surprises may lie in store and that a similarly wide range
of complexes may be obtained for analogous arsenide ligands, particu-
larly in view of the fact that several of the arsenide complexes that
have been structurally characterized exhibit highly unusual struc-
tural motifs. Similarly, although the chemistry of lithium phosphino-
methanides is well established, reports of heavier alkali metal com-
plexes of these ligands are sparse. There is also, as yet, no report of a
structurally characterized arsinomethanide complex of the alkali met-
als or of contacts between uncharged tertiary phosphine and arsine
groups and the heavier alkali metals.

It is to be expected that the next few years will again see major
developments in this challenging and fascinating field.
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I. Introduction

Beryllium ore extraction has been on the increase recently. Data
for the past 5 years are shown in Fig. 1 (1). This increase is connected
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FIG. 1. Annual world production of beryllium 1993–1997 (1).

with the unique characteristics of the metal, its alloys, and its com-
pounds, which find specialist applications in the electronic, aerospace,
and other high-tech industries.

The metal is slightly more dense than magnesium metal but has a
much higher melting point, rigidity, and corrosion resistance, which
would make it the most useful low-density metal were it not for the
very high cost (1997: 720 $ kg�1, 98.5% pure) (1). The high cost is
related to the relatively low terrestrial abundance (ca. 2 ppm in the
earth’s crust). The principal ores are bertrandite, Be4(OH)2Si2O7 , in
the Unites States and beryl, Al2Be3Si6O18 , elsewhere. The minerals
crysoberyl, Al2BeO4 ; euclase, AlBe(OH)SiO4 ; and phenacite, Be2SiO4 ,
also contain beryllium but are not important commercially.

Beryllium metal is used as a window material for X-ray tubes (it
has 17 times the transmittance of aluminum). Notwithstanding the
high cost of the metal, it has been tested for use in high-performance
sports equipment such as golf clubs, bicycles, and motorcycles.

Alloys of beryllium and of other metals with beryllium are also im-
portant. Beryllium–aluminum alloy (62%Be, 38%Al) and beryllium–
copper master alloy are both available commercially: The incorpora-
tion of 2% Be into copper greatly increases the hardness and strength
of the metal without reducing its electrical and thermal conductance.
This is the single largest use of beryllium.

Beryllium oxide, BeO, is used in place of SiO2 or Al2O3 in perfor-
mance-sensitive ceramic applications. It is distinguished by having
the highest melting point (2507�C) combined with excellent thermal
conductivity and poor electrical conductivity.

A serious drawback to the use of beryllium is the very high toxic
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hazard associated with the element and its compounds. It now ap-
pears that the primary hazard is with the inhalation of dust particles
containing the element (2). Chronic beryllium disease (CBD, pre-
viously known as beryllosis) is a localized response of the immune
system in the lungs to the presence of an insoluble and persistent
irritant. CBD being an immune response, there is a latency period of
5–10 years between exposure and the onset of clinical symptoms. The
disease was first identified in the 1940s among workers involved in
the manufacture of fluorescent light tubes, when a zinc beryllium
silicate was employed as a phosphor. Fortunately the incidence of
CBD among workers in beryllium-related industries is now mini-
mal thanks to the efficacy of preventative measures, chief of which is
the reduction of the concentration of airborne beryllium to less than
2 �g m�3 in the air. This very low TLV may be compared to the value
of 10 mg m�3 for gaseous hydrogen cyanide. Oral ingestion of beryl-
lium compounds does not appear to pose a major threat to health.
This may in part be due to the fact that in the region of the intestine
where substances are absorbed into the blood stream the pH is 7–8,
when most of the beryllium will be precipitated as the hydroxide.
Nevertheless caution is essential, as it is well known that beryllium
can interfere with the action of a wide variety of enzymes (3).

The combination of toxic hazard and high price (itself in part due
to the extra measures needed in production processes to ensure the
workers’ safety) has been an effective brake on commercial develop-
ment of beryllium chemistry. Where possible substitute, albeit less
effective, materials are often used: titanium as an alternate light-
weight metal or carbon fiber composites, phosphor-bronzes in place of
beryllium alloys, aluminum nitride in place of BeO (1).

A. PURPOSE OF THIS REVIEW

This review is timely because of the likely increase in the use of
beryllium compounds in the coming years. There is therefore a need
for improved knowledge of beryllium chemistry, especially in relation
to aqueous solutions. There is little doubt that fear has played a part
in the relative underdevelopment of beryllium chemistry; now that
the hazards are better understood it should be possible to make good
progress.

What makes beryllium so special is the fact that in aqueous
solution its cation, Be2�, is the only cation that is both habitually
4-coordinate and forms a range of complexes with simple ligands. This
means that an understanding of the chemistry of this cation should
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be of great value in the development of a sound theory of solution
chemistry.

Greater use of beryllium will require the consideration of its role
in the environment, and a knowledge of speciation in naturally oc-
curring waters will be needed. Further studies are needed to identify
the toxicity hazards other than from the inhalation of beryllium-
containing dust.

B. SCOPE AND ORGANIZATION

The literature relating to the aqueous solution chemistry of beryl-
lium has been covered to the end of 1998. Previous reviews and rele-
vant compilations of data are listed in Table I. The scope of this
review will be to consider all the published data, with a particular
emphasis on quantitative aspects, with the aim of facilitating a gen-
eral discussion. A brief section relating to health and safety issues
will be found at the end.

C. NOTATION

1. Equilibrium Constants

In this section charges on cations or anions are omitted for sake of
generality. L and HxL are used to symbolize a ligand and the corre-
sponding uncharged Brønsted acid. The conventional symbols used
for equilibrium constants are similar to those described in Ref. (8).

Ki Equilibrium constant for stepwise addition of a ligand in mononuclear complexes

BeLi�1 � s BeLi Ki �
[BeLi]

[BeLi�1][L]

*Ki Stepwise equilibrium constant for addition of a ligand from the acid

BeLi�1 � HxL s BeLi � xH *Ki �
[BeLi][H]x

[BeLi�1][HxL]

�i Equilibrium constant for cumulative addition of ligand in mononuclear com-
plexes

Be � iL s BeLi �i �
[BeLi]

[Be][L]i
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TABLE I

REVIEWS AND DATA COMPILATIONS RELATING TO BERYLLIUM CHEMISTRY

Year Author(s) Title Ref.

1958 Silber, P. Glucinium 4
1960 Darwin, G. E.; Buddery, J. H. Beryllium 5
1964 Everest, D. A. The Chemistry of Beryllium 6
1971 Bertin, F.; Thomas, G. Sur la Chimie de Coordination 7

du Bérillium
1971 Sillén, L. G.; Martell, A. E. Stability Constants of Metal–Ion 8

Complexes
1972 Bell, N. A. Beryllium Halides and Pseudohalides 9
1976 Baes Jr, C. F.; Mesmer, R. E. The Hydrolysis of Cations 10
1977 Smith, R. M.; Martell, A. E. Critical Stability Constants 11
1982 Högfeldt, E. Stability Constants of Metal–Ion 12

Complexes
1986 Seidel, A. Beryllium 13
1987 Hertz, R. K. General analytical Chemistry of 14

Beryllium
1987 Akitt, J. W. The Alkali and Alkaline Earth 15

Metals
1987 Schmidbaur, H. Beryllium, Organoberyllium 16

Compounds
1990 Skilleter, D. N. To Be or Not to Be—The Story of 2

Beryllium Toxicity
1991 Rossman, M. D.; Preuss, O. P.; Beryllium: Biomedical and environ- 17

Powers, M. B. mental aspects
1993 Kumberger, O.; Schmidbaur, H. Warum ist Beryllium so toxisch? 18
1994 Rees Jr, W. S. Alkaline Earth Metals: Inorganic 19

Chemistry
1994 Wong, C. Y.; Woolins, J. D. Beryllium Coordination Chemistry 20
1995 Bell, N. A. Beryllium 21
1997 Mederos, A. et al. Recent aspects of the coordination 22

chemistry of the very toxic cation
beryllium(II): The search for
sequestering agents

1997 Smith R. M.; Martell, A. E. NIST Critically Selected Stability 23
Constants of Metal Complexes
Database

1997 Pettit, L. D.; Powell, H. K. J. IUPAC Stability Constants Database 24
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�pqr Cumulative equilibrium constant for any complex (when a subscript is zero, it
is omitted)

pBe � qL � rH s BepLqHr �pqr �
[BepLqHr]

[Be]p[L]q[H]r

*�pq Equilibrium constant for hydrolysis

pBe � qH2O s Bep(OH)q � qH �pqr �
[Bep(OH)q][H]q

[Be]p

KS0 Solubility product

Be(OH)2(s) s Be � 2OH Ks0 � [Be][OH]2

*KS0 Solubility product with hydrolysis

Be(OH)2(s) � 2H s Be � 2H2O *Ks0 � [Be][H]�2

K [equation]: In this case the equation defines the reaction to which the equilibrium
constant refers.

�H, �S denote standard enthalpy (kJ mol�1) and entropy (J mol�1 K�1) of reaction:
The notation corresponds to that used for the equilibrium constants.

2. Methods of Measurement

The method used to determine the equilibrium constant or other
thermodynamic function is shown in the tables with the following
abbreviations.

cal calorimetry
col colorimetry
con conductivity
dis distribution between two phases
gl glass electrode
H, F, etc. emf with specified selective electrode
iE voltammetry
ix ion exchange
kin rate of reaction
lit from critical survey of literature data
nmr nuclear magnetic resonance
oth other method (specified in the ‘‘results’’ column)
pol polarography
qh quinhydrone electrode
ram Raman spectroscopy
red emf with redox electrode
sol solubility
sp spectrophotometry

For further details see reference (8).
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II. Properties of Beryllium

Some physical and chemical properties of the alkaline earth metals
are shown in Table II. It can be seen that beryllium is significantly
different from the elements below it in the periodic table in most re-
spects. The fact that the density of beryllium is greater than that of
magnesium is perhaps surprising, but can be understood by noting
that magnesium is both a more massive and a larger atom. The den-
sity of beryllium is to be compared to that of iron (7.9 g cm�3), tita-
nium (4.5 g cm�3), and aluminum (2.7 g cm�3).

The standard reduction potential for Be2� is the least negative of
the elements in the group and by the same token beryllium is the
least electropositive and has the greatest tendency to form covalent
bonds. The bulk metal is relatively inert at room temperature and is
not attacked by air or water at high temperatures. Beryllium powder
is somewhat more reactive. The metal is passivated by cold concen-
trated nitric acid but dissolves in both dilute acid and alkaline solu-
tions with the evolution of dihydrogen. The metal reacts with halo-
gens at 600�C to form the corresponding dihalides.

III. The Beryllium Ion

In aqueous solution below pH 3 there is little doubt that beryllium
is surrounded by four water molecules and exists as [Be(H2O)4]2�. The
coordination number has been confirmed by solution 1H NMR (25–28)
and 17O NMR spectroscopy (29) and X-ray diffraction (30). Vibrational
spectra of aqueous beryllium solutions have been reported by Kuli-

TABLE II

SOME PHYSICAL AND CHEMICAL PROPERTIES OF THE ALKALINE EARTH METALSa

Property Be Mg Ca Sr Ba Ra

Melting point/�C 1278 649 839 769 725 (700)
Density (20�C)/g cm�3 1.85 1.74 1.54 2.54 3.59 5.50
Atomic radius/pm 111 160 197 215 217 223
Ionic radius/pm (27) 72 100 118 135 148
Ionization energy/kJ mol�1 900 738 590 549 503 509
E�/V, for: M2�(aq) � 2e � M(s) �1.85 �2.37 �2.87 �2.89 �2.91 �2.92
�Hfus (kJ mol�1) 15 8.9 8.6 8.2 7.8 (8.5)
�Hvap (kJ mol�1) 309 128 151 154 151 137

a Taken from Ref. (19).
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kova et al. (31). A variety of thermodynamic, kinetic, and transport
properties of aqueous beryllium ions have been measured (32), but
the data are rather sparse in comparison with what is available for
aqueous magnesium solutions. The substitution reactions of the
beryllium ion in water and nonaqueous solvents have been compre-
hensively reviewed (33). The diffusion behavior of aqueous solutions
of beryllium sulfate have been investigated (34).

Molecular dynamics calculations have been performed (35–38). One
ab initio calculation (39) is particularly interesting because it avoids
the use of pairwise potential energy functions and effectively includes
many-body interactions. It was concluded that the structure of the
first hydration shell is nearly tetrahedral but is very much influenced
by its own solvation.

In the solid state X-ray and neutron diffraction structure determi-
nations have confirmed the 4-coordination in BeSO4 � 4H2O (40, 41),
Be[C2(COO)2] � 4H2O (42), and Be(IO3)2 � 4H2O (43). The Be–O distance
was found to be close to 161 pm in all cases. The arrangement of
oxygen atoms is tetrahedral, but the tetrahedron is usually distorted
because of the fairly strong hydrogen bonds that exist between the
water molecules coordinated to the beryllium atom and the anions.
O–Be–O angles range between 87� and 122�.

IV. Beryllium Hydrolysis

The many attempts to quantify beryllium hydrolysis are summa-
rized in Table III.

A. SOLUBLE HYDROLYSIS PRODUCTS

1. Acid Solutions

It has long been recognized that in solution the aqua-ion
[Be(H2O)4]2� exists only in strongly acidic conditions. This is due to
the very high charge density at the surface of the beryllium atom
occasioned by its small size. Above a pH of ca. 3 there is appreciable
hydrolysis, which reduces the average charge per beryllium atom. In
the absence of complexing ligands the insoluble hydroxide Be(OH)2

forms from solutions in the pH range ca. 5–12. The hydroxide is
amphoteric and dissolves in strong alkali (pH � 12). Early attempts
to understand the hydrolysis have been exhaustively reviewed by
Mattock (50).
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TABLE III

EQUILIBRIUM CONSTANTS RELATING TO BERYLLIUM HYDROLYSIS

T
Method (�C) Medium Log of equilibrium constants, remarks Ref.

kin 99.7 BeCl2 var *K1 �4.46 44
H 25 BeCl2 var *K1 �3.63, K1 10.28 45
sol rt var K [2Be(OH)2(s) � 2OH� � Be2(OH)2�

6 ] �0.77, 46
K [Be(OH)2(s) � 2OH� � Be(OH)2�

4 ] �1.19 or
�1.48 [three forms of Be(OH)2(s)]

H 25 BeSO4 var *�22 �6.85, *K [2Be(OH)2(s) � 2H� � Be2(OH)2�
2 ] 47

8.90, K [2Be(OH)2(s) � Be2(OH)2�
2 � 2OH�]

�18.80
H 25 BeCl2 var *�22 �6.77, *K [2Be(OH)2(s) � 2H� � Be2(OH)2�

2 ] 47
9.32, K [2Be(OH)2(s) � Be2(OH)2�

2 � 2OH�]
�18.39

H 25 BeBr2 var *�22 �6.23, *K [2Be(OH)2(s) � 2H� � Be2(OH)2�
2 ] 48

9.15, K [2Be(OH)2(s) � Be2(OH)2�
2 � 2OH�]

�18.57
H 25 BeI2 var *�22 �6.36, *K [2Be(OH)2(s) � Be2(OH)2�

2 � 2H�] 48
9.23, K [2Be(OH)2(s) � 2OH� � Be2(OH)2�

2 ]
�18.48

gl 22.5 2 M NH4NO3 *K1 �6.70, ev Be2OH3� 49
gl 25 1 M (na)ClO4 *K1 �6.52, *�21 �3.51 50
gl, sol rt 0 corr Ks0 �17.7, K [Be(OH)2(s) � Be(OH)2] �3.66, 51

�2 14.04
sol 25 0 corr K [Be(OH)2(s) � OH� � Be(OH)�

3 ] �2.49, 52
K [Be(OH)2(s) � 2OH� � Be(OH)2�

4 ] �2.70,
*Ks0 � 6.86, Ks0 � �21.14 [metastable
Be(OH)2], *�22 �6.80

sol 25 0 corr *Ks0 �6.86 (�-Be(OH)2), K [Be(OH)2(�) � OH� � 52, 53
Be(OH)�

3 ] �2.49, K [Be(OH)2(�) � 2OH� �
Be(OH)2�

4 ] �2.70, K [3Be(OH)2(�) � 3H� �
Be3(OH)3�

3 ] �11.67, *�33 �8.9
qh, H 25 3 M (Na)ClO4 *�33 �8.66, *�21 �3.24, *�2 �10.9, no ev 54

Be2(OH)2�
2 or Be4(OH)4�

4

gl 25 0 corr ? �22 21.31 or �33 33.03 55
gl, sol 25 0 corr ? K [Be(OH)2(s) � Be(OH)� � OH�] �10.82 or 55

K [2Be(OH)2(s) � Be2(OH)2�
2 � 2OH�] �19.95

pol, gl 19 �0 Ks0 �25.7 56
gl, qh 25 3 M (Na)ClO4 *�33 �8.66, *�21 �3.2 [low Be(II) concn], �3.15 57

[1 M Be(II)]
cal 25 3 M (Na)ClO4 �*H21 � 18.5, �*S21 � 0.8, �*H33 � 63.5, 58

�*S33 � 47.3
gl 20 0.1 M (NaClO4) *K1 �5.7, *K2 � �7 (rapid flow apparatus) 59

(continued)
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TABLE III (Continued)

T
Method (�C) Medium Log of equilibrium constants, remarks Ref.

lit 25 0 corr Ks0 �20.8 (amorphous), Ks0 �21.1 (�-Be(OH)2), 60
Ks0 �21.5 (�-Be(OH)2), K [3Be(OH)2(s) �
Be3(OH)3�

3 � 3OH�] �31.4 (�-Be(OH)2)
K [Be(OH)2(s) � OH� � Be(OH)�

3 ] �2.9,
K [Be(OH)2(s) � 2OH� � Be(OH)2�

4 ] �3.1
H, gl, 25 3 M (Na)ClO4 *�21 �3.22, *�33 �8.664, *�2 �10.87 54, 57

qh 61
oth 20 0.1 M (KCl) *K1 �5.68, *K2 	 �6.7 (gl, rapid flow) 62
oth 20 0.1 M (NaClO4) *K1 �5.71, *K2 	 �6.7 (gl, rapid flow) 63
gl ? 0.5 M (NaClO4) *�21 �3.24, *�33 �8.81, *�2 �11.0 63
dis, gl 25 dil *�2 �13.65, *�3 �24.11, no ev BeOH� 64
gl 25 0.5 M (NaClO4) *�21 �3.20, *�33 �8.81, *�2 �11.0 65
H, qh 0–60 1 M NaCl *�21 �3.64(0�), �3.43(25�), �2.93(60�), 66

�*H21 � 21, �*S21 � 5.9
*�33 �10.08(0�), �8.91(25�), �7.67(60�),

�*H33 � 66.9, �*S33 � 64.0
*�57 �28.66(0�), �25.33(25�), �22.11(60�),

�*H57 � 190, �S57 � 147
gl 25 dioxan–H2O *�21 �3.66, *�2 �10.84, *�22 �7.15, *�33 �8.75 67

[in 0.2 dioxan � 0.8 H2O], 3 M (Li)ClO4]
gl 25 35% dioxan *�21 �3.29, *�33 �8.65, *�2 � 11.5, in 35% dioxan 68

(10 mol%), I � 3 M (LiClO4)
gl 25 3 M (LiClO4) *K1 	 �5.4, *�21 �3.27, *�33 �8.74, *�2 � 11.5 69
gl 25 2 M (K)NO3 *�21 �3.28, *�33 �8.90, *�34 �16, *�68 �27.5, 69

*�69 �34.5
gl 25 3 M KCl *�21 �3.18, *�33 �8.91 70
dis 19 K1 10.8, K2 7.50, �2 18.3 71
gl 25 0.1 M K2SO4 *�21 �2.67, *�33 �7.45, *�34 � 14.02, *�68 �23.4, 72

*�69 �29.2
gl 25 2 M KCl *�21 �3.66, *�23 �5.99, *�33 � 8.03, *�34 �15.6, 72

*�68 �28.1
kin 20 0.1 M KCl *K1 �5.7, *K2 �5.5 73
gl 25 3 M (Na)ClO4 *�21 �3.16, *�33 �8.66, *�2 �11.16 74
gl 60 3 M (Na)ClO4 *�21 �2.9, *�22 �6.25, *�33 �7.7, *�34 �13.22 75
gl 25 1 M KNO3 *�21 �3.22, *�33 �8.87, *�2 �11.26 76
gl 25 3 M LiClO4 *�21 �3.50, *�22 �7.35, *�33 �8.541, *�2 �11.38 77

31% methanol
gl 25 0.1 M LiClO4 *K1 � �6.3, *�21 �3.32, *�33 �8.807, *�2 �11.35 77
gl 25 3 M LiClO4 *�21 �3.04, *�33 �8.671, *�68 �27.337 77
lit 0–60 1 M NaCl *�21 �3.64(0�), �3.42(25�), �2.91(60�) 10

*�33 �10.081(0�), �8.907(25�), �7.664(60�)
*�68 �31.15(0�), �27.46(25�), �23.73(60�)

sol 25 0.01 M NaClO4 *K1 �4.6, *K2 �2.7 78
or LiClO4
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TABLE III (Continued)

T
Method (�C) Medium Log of equilibrium constants, remarks Ref.

gl 25 0.1 M KNO3 *�21 �2.96, *�33 �8.81, *�2 �11.32 79
gl 25 3 M (Na)ClO4 *�21 �3.23, *�2 �11.07, *�33 �8.66, *�56 �18.84, 80

*�68 �26.69
gl 25 � 0 *�21 �3.47, *�33 �8.86, *�56 �19.5, *�68 �26.3, 80

*Ks0 6.87 (�-Be(OH)2)
sol 25 3 M NaClO4 K1 �6.02 *Ks0 6.18 81
gl 25 0.5 M NaClO4 *�21 �3.20, *�33 � 8.92 82

or LiClO4

gl 25 1 M NaClO4 or *�21 �3.52, *�33 �8.70, *�68 �26.82 83
LiClO4

lit 20 0.1 M K1 8.3, �2 16.7 23
lit 25 0.1 M *�21 10.82, �2 16.2, �33 32.54 23
lit 25 0.5 M *�21 10.54, �2 16.5, �33 32.35 23
lit 25 1 M *�21 10.56, �2 16.3, �33 32.64, �68 83.42 23
lit 25 2 M KNO3 *�21 10.68, �33 32.98 23
lit 25 3 M NaClO4 K1 8.16, �21 10.98, �2 17.3, �33 33.88, �56 66.24, 23

�68 86.74, Ks0 �21.12 (�-Be(OH)2)
�H21 � �36, �S21 � 79.4
�H33 � �100, �S33 � 268

lit 25 3 M LiClO4 �21 10.83, �33 32.94, �68 80.82 23
�H21 � �38, �S21 � 88.2
�H33 � �107, �S33 � 310

lit 25 �0 K1 8.6, �2 14.4, �3 18.8, �4 18.6 23
Ks0 �20.8 (amorphous), Ks0 �21.1 (�-Be(OH)2),

Ks0 �21.5 (�-Be(OH)2)
gl 25 0.5 M (Na)ClO4 *�21 �3.20, *�2 �11.68, *�33 �8.68, *�56 �18.31, 84

*�68 �25.77
gl 25 0.5 M (Na)ClO4 *K1 �5.25, *�21 �2.98, *�2 �9.59, *�33 �9.28, 84

80% dmso *�56 �18.03, *�68 �25.16
cal 25 0.5 M (Na)ClO4 �H21 � �27, �S21 � 111, �H33 � �100.8, 85

�S33 � 282
�H56 � �208, �S56 � 523, �H68 � �239,

�S68 � 802

The first modern study was performed by Kakihana and Sillén (54).
These authors studied an extensive range of solutions in the pH range
from the onset of hydrolysis to the onset of precipitation. They made
a convincing case for the formation of the trimer, Be3(OH)3�

3 , as the
principal product of hydrolysis, with the species Be2(OH)3� being
formed to a minor extent under the experimental conditions used.
They also found that some Be(OH)2 was present in solution before
precipitation had occurred. This model was subsequently confirmed
by various authors (57–65, 74, 79, 86). The same model was found to
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be valid in water/dioxan mixtures when the mole fraction of dioxan
was less than 0.1, but when the mole fraction was greater than 0.2
the additional species Be2(OH)2�

2 was proposed (68). The model was
also found to apply to solutions in heavy water, with the expected
reduction in the equilibrium constants (74) and confirmed again by
Brown et al. (79).

Subsequent studies showed that other species are formed to a small
extent just before precipitation begins; these species have a hydroxide
to beryllium ratio greater than 1, but because their concentrations
are always relatively low their identification has been dogged by con-
troversy. Mesmer and Baes obtained data at a range of temperatures
and from this data proposed the minor species Be5(OH)3�

7 (66). Later
they also suggested that the species Be6(OH)4�

8 was formed (10), in
agreement with earlier work by Lanza and Carpeni (69, 72). These
last had also proposed the additional species Be3(OH)2�

4 and
Be6(OH)3�

9 .
The controversy seems to have been settled by Bruno (80) by the

use of a three-pronged approach: careful and wide-ranging experi-
mental work, a computer program (LETAGROP) (87) capable of ex-
amining all possible models and a requirement that reasonable chem-
ical structures can be assigned to all the species proposed. The model
put forward by Bruno is as follows: Be2(OH)3�, Be3(OH)3�

3 , Be5(OH)4�
6 ,

Be6(OH)4�
8 , and Be(OH)2(aq) with the structures shown in Fig. 2. In

each of these structures all the beryllium atoms are surrounded by a
tetrahedron of oxygen atoms belonging to water molecules, hydroxide
ions, or oxide ions. The hydroxide ions form bridges between two be-
ryllium atoms, with Be–O–Be angles close to tetrahedral, and the
oxide ion bridges between three beryllium atoms also with Be–O–Be
angles close to tetrahedral.1

From a structural point of view Bruno’s hypothesis is sound. In
chemical terms the hydrolysis proceeds with the formation of hydrox-
ide bridges up to the formation of the trimer. Then at high concentra-
tions trimeric units are fused together to form the higher aggregates,
that can be seen as precursors to the structure adopted by Be(OH)2 in
the solid state. (See Section IV, C, precipitation equilibria). Speciation
diagrams for Bruno’s model are shown in Fig. 3. Two points are note-
worthy in these diagrams. In the first place the concentrations of the

1 Hydrogen-ion concentration measurements cannot distinguish between a bis-
hydroxy species and a mono-oxy species because the equilibrium 2 OH s O2� � H2O
neither releases nor consumes protons. Thus the species written as Be5(OH)4�

6 and
Be6(OH)4�

8 are ‘‘equivalent’’ to Be5O(OH)4�
4 and Be6O(OH)4�

6 , as shown in Fig. 2.
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FIG. 2. Structures proposed for beryllium hydrolysis products (80).

species are strongly dependent on analytical concentration of beryl-
lium, with the polynuclear species being formed mainly in the rela-
tively concentrated solutions. The second point is that the pH at
which Be(OH)2 begins to separate out from the solution is also depen-
dent on the total beryllium concentration. The same model was suc-
cessfully applied to water/dmso solvent mixtures up to 80% dmso
(84).

1H NMR spectroscopy has been a useful tool for confirming the
model deduced by potentiometry. Akitt et al. (27, 28) have character-
ized the species [Be2(OH)(H2O)6]3� and [Be3(OH)3(H2O)6]3�. Very con-
centrated solutions were prepared by dissolving a known weight of
Na2CO3 in a certain volume of concentrated BeCl2 solution, and
spectra were recorded at temperatures between �45 and �55�C. The
ratio [H2O]/[Be2�] varied between 18.47 and 22.7, which corresponds
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FIG. 3. Calculated distribution of beryllium hydroxo species in acid conditions. (a)
CBe � 0.2 M, (b) CBe � 0.002 M.

to a beryllium concentration of ca. 3 M. The ratio m � CNa/CBe ,
which was termed ‘‘degree of hydrolysis,’’ was varied between 0 and
1.16 according to the amounts of carbonate and beryllium pres-
ent. Spectra obtained at six different m values are shown in Fig. 4.
The three distinct lines were assigned to the (aquated) species
[Be(H2O)4]2�, [Be2(OH)(H2O)6]3�, and [Be3(OH)3(H2O)6]3� on the basis
that [Be(H2O)4]2� is the predominant species when m � 0 and the
trimer is the dominant species when m � 1. These results were con-
firmed by the same author from a study of hydrogen–deuterium iso-
tope effects (28).

9Be NMR spectra are often referenced to ‘‘aqueous beryllium sul-
fate’’ as an external standard. Unfortunately, many workers using
the standard appear to be unaware that the frequency of the ob-
served line shifts to higher field with increasing concentration of sol-
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FIG. 4. 1H NMR spectra of hydrolyzed BeCl2 solutions showing only the low field
hydration water region: m � (a) 0.0, (b) 0.12, (c) 0.25, (d) 0.40, (e) 0.65, and ( f ) 0.92.
Reproduced with permission from Ref. (27). Copyright 1980. The Royal Society of
Chemistry.

ute, as illustrated in Fig. 5. Although the 9Be nucleus is quadrupolar
(S � 3/2), the line due to [Be(H2O)4]2� is relatively narrow because the
ion has near tetrahedral symmetry and quadrupolar broadening
would be insignificant in an ion of Td symmetry.

The hydrolysis products all give a single, broad, 9Be NMR line at
ca. 0.74 ppm. The intensity of this line increases with increasing pH
up to the point where Be(OH)2 precipitates (84). The line was as-
signed to the trimer that is the predominant hydrolysis product. A
spectrum of the trimer is shown in Fig. 6 together with the spectrum
of the aqua ion for comparison purposes (88). The broadness of the
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FIG. 5. 9Be NMR spectra at 28.12 MHz of aqueous beryllium sulfate (293 K) at vari-
ous concentrations: Chemical shifts are relative to 0.1 mol dm�3 BeSO4 .

FIG. 6. 9Be NMR spectra (H2O, 293 K) of two picrates: 1, [Be(H2O)4] (picrate)2 H2O,
CBe � 0.1 mol dm�3; 2, [Be3(OH)3(H2O)6] (picrate)3 � 6H2O, CBe � 0.033 mol dm�3. Repro-
duced with permission from Ref. (89). Copyright 1998, American Chemical Society.
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line due to the trimer is obviously due to the effects of the quadru-
polar 9Be nucleus.

2. Alkaline Solutions

Between pH values of ca. 6 and 12 aqueous solutions hold very little
dissolved beryllium because of the low solubility of Be(OH)2 . When
the pH is raised above 12, the hydroxide begins to dissolve with the
formation of, first, Be(OH)�

3 and then, at even higher pH values,
Be(OH)2�

4 (52). The presence of these species in strongly alkaline
solutions was confirmed by means of solvent extraction experiments
(90) and infrared spectroscopy (31). A speciation diagram is shown in
Fig. 7, which was constructed using the values of log �3 � 18.8 and
log �4 � 18.6 critically selected from Table III. The diagram illus-
trates clearly the precipitation and dissolution of Be(OH)2 .

When Be(OH)2 is dissolved in strong alkali (pH � 12) a narrow
9Be NMR signal is observed at ca. 2 ppm (91). This is probably due to
the ion [Be(OH)4]2� which, with near tetrahedral symmetry, would be
subject to little quadrupolar broadening.

B. STRUCTURES

Investigations of the equilibria obtaining in solution have pro-
vided information concerning the stoichiometry and stability of the
species formed when the beryllium ion is hydrolyzed. Although the
identification of the minor species can never be regarded as defini-
tive, there is little doubt that the principal species are Be2(OH)3� and
Be3(OH)3�

3 in acid solutions and Be(OH)�
3 and Be(OH)2�

4 in strongly
basic solutions. Further support for these conclusions is provided
by some crystal structures. The structure of [Be3(OH)3(H2O)6]

FIG. 7. Calculated distribution diagram of beryllium hydroxo species, CBe � 0.002 M.
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(picrate)3 � 6H2O (88) confirmed the cyclic nature of the trimeric spe-
cies. Each beryllium atom is bonded to two water molecules and two
bridging hydroxide groups, as shown in Fig. 8. The arrangement of
oxygen atoms around the beryllium atom is approximately tetrahe-
dral with O–Be–O angles in the range 103–116� and average dis-
tances for Be–OH2 of 165.9 pm and for Be–OH of 158.9 pm. These
values are in good agreement with values for analogous beryllium
complexes, where the water molecules of the hydrolysis product are
replaced by other ligands: [Be3(OH)3(picolinate)3] (92), [Be3(OH)3

(pyrazolylborate)3] (93), [Be3(OH)3(3,5-dimethylpyrazolylborate)3] (94)
and K3[Be3(OH)3(malonate)3] (95).

There are as yet no structural data on the mononuclear hydroxo
complexes formed at high pH. Schmidbaur et al. (91) have obtained
the structure of a compound that had been crystallized from a solu-
tion at pH 13.2. The compound contains the anion [Be4(OH)10]2�,
which has a structure resembling that of adamantane or P4O10 , as
shown in Fig. 9.

The solid Ca[Be(OH)4] is known in the form of various hydrates
(96, 97). Schmidbaur and his group have isolated a compound which
analyzed as Ca[Be(OH)4] � 3/2H2O (98). The crystal structure of this
compound revealed the surprising fact that this compound contains
the anion [(HO)3Be(OH)Be(OH)3]3�. The structure of this anion, shown
in Fig. 10, is remarkably similar to the structure of the cation
[(H2O)3Be(OH)Be(OH2)3]3�, which is a principal hydrolysis product in

FIG. 8. Perspective view of the trimeric species [Be3(OH)3(H2O)6]3�. Reproduced with
permission from Ref. (89). Copyright 1998, American Chemical Society.
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FIG. 9. Molecular structure of the hydroxoberyllate anion [Be4(OH)10]2�. Reproduced
with permission from Ref. (91). Copyright 1998, American Chemical Society.

acid solutions. In fact, the two structures are related by the addition
or removal of six protons. The second surprising fact about this com-
pound was the characterization of the anion H3O�

2 , in which a proton
forms a symmetrical bridge between two hydroxide groups, as in
HF�

2 . The observation of this species for the first time should serve as
a reminder that the hydroxide ion, whether terminal, bridging, or
‘‘free,’’ forms strong hydrogen bonds in solution.

The structures of the solids isolated from strongly alkaline solu-
tions cast a shadow of doubt over the simple model in which the only
species formed are Be(OH)�

3 and Be(OH)2�
4 . Of course what crystallizes

from a solution may well be a species with low equilibrium concentra-
tion as the process of crystallization is driven by the insolubility of
the product. Nevertheless it is clear that relatively little effort has

FIG. 10. Molecular structure of the hydroxoberyllate anion [Be2(OH)7]3�. Reproduced
with permission from Ref. (98). Copyright 1998, American Chemical Society.
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been directed at understanding the equilibria obtaining in very basic
solutions. This is undoubtedly due in part to difficulties associated
with making quantitative measurements (e.g., alkaline error prob-
lems with a glass electrode). Another difficulty is that contamination
by atmospheric CO2 can cause severe problems in analyzing the data.

The polynuclear hydroxo-anions isolated as solids will also be
present in solution. Their existence points to a chemistry that is for-
mally comparable to polynuclear oxy-anion chemistry—compare
[Be2(OH)7]3� to Cr2O2�

7 . In both cases the protonation of a divalent
mononuclear anion results in the formation of a binuclear bridged
structure.

C. ENTHALPY AND ENTROPY OF HYDROLYSIS

Carell and Olin (58) were the first to derive thermodynamic func-
tions relating to beryllium hydrolysis. They determined the enthalpy
and entropy of formation of the species Be2(OH)3� and Be3(OH)3�

3 . Sub-
sequently, Mesmer and Baes determined the enthalpies for these two
species from the temperature variation of the respective equilibrium
constants. They also determined a value for the species Be5(OH)3�

7

(66). Ishiguro and Ohtaki measured the enthalpies of formation of
Be2(OH)3� and Be3(OH)3�

3 calorimetrically in solution in water and
water/dioxan mixtures (99). The agreement between the values is sat-
isfactory considering the fact that they were obtained with different
chemical models and ionic media.

The most recent determination (85), by means of microcalorimetry,
furnished thermodynamic quantities for both major and minor species
in the currently accepted ‘‘best’’ model (84), with the exception of the
enthalpy of formation of Be(OH)2 in solution, which proved to be im-
possible to determine; the results are shown in Table IV. It is interest-
ing to note that the formation of all the hydrolyzed species is favored
by both enthalpy and entropy contributions to the free energy change.
The [Be(H2O)4]2� ion, by virtue of its high charge density, will provoke
ordering of the solvent molecules in its vicinity on purely electrostatic
grounds (see also Section III). This ordering tendency will be reduced
with the reduction of charge density that occurs with hydrolysis. It is
therefore to be expected, on electrostatic grounds alone, that the en-
tropy term will be favorable to hydrolysis.

However as well as electrostatics the making and breaking of bonds
must be considered. The Be–O bond has considerable covalent charac-
ter so that it is not obvious, a priori, that replacement of water mole-
cules by bridging hydroxide should be favored by a negative enthalpy
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TABLE IV

THERMODYNAMIC FUNCTIONS FOR THE FORMATION OF HYDROLYZED

BERYLLIUM(II) SPECIESa

��G� ��H � �S �

Reaction log K (kJ mol�1) (kJ mol�1) (J K�1 mol�1)

2Be2� � OH� � Be2(OH)3� 10.49(1) 59.87(8) 27(2) 111(7)
3Be2� � 3�H� � Be3(OH)3�

3 32.39(3) 184.9(2) 100.8(4) 282(1)
5Be2� � 6�H� � Be5(OH)3�

6 63.83(5) 364.3(3) 208(3) 523(10)
6Be2� � 8�H� � Be6(OH)3�

8 83.75(5) 478.0(3) 239(2) 802(7)

a 298 K, 0.5 M NaClO4 ; values in parentheses are standard deviations on the last
significant figure.

change. The data shown in Fig. 11 indicate that the enthalpy change
increases linearly with the number of hydroxide groups present in the
hydrolyzed ion. This shows that the replacement of two water mole-
cules by a bridging hydroxide group is indeed an exothermic process
and that the enthalpy change is the same for each hydroxide intro-
duced. It is also the case that the entropy term increases with the
number of hydroxide groups. Because both ��H � and �S � increase
linearly with the number of hydroxide groups it follows that the same
is true for ��G� and the logarithm of the corresponding equilibrium
constant.

D. PRECIPITATION EQUILIBRIA

Three different forms of beryllium hydroxide in the solid state have
been described (10, 52, 53, 100). The amorphous form of Be(OH)2 is
obtained as a gelatinous precipitate when alkali is added to a beryl-
lium-containing solution at ambient temperatures. The gelatinous
precipitate is slowly transformed into the metastable � form when the
mixture is allowed to stand. The stable � form is obtained after the
mixture has aged for some months or by precipitation at 70�C. The
value of log K for the equilibrium between � and � forms,

�UBe(OH)2(s) s �UBe(OH)2(s),

was estimated from solubility measurements to be 0.37 (10). When
determining the solubility product of the hydroxide, account should
be taken of the hydrolysis equilibria that precede precipitation. For
this reason the original results (52, 53) have been reinterpreted by
successive authors as each of them proposed a new hydrolysis scheme.
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FIG. 11. Thermodynamic functions for the formation of hydroxospecies as a function
of the number of contained hydroxide groups; (––) least-squares regression. Repro-
duced with permission from Ref. (85). Copyright 1998, Wiley-VCH Veriag GmbH.

For example, Bruno (80) found a value of log *Ks0 � 6.87 
 0.05 (ex-
trapolated to infinite dilution) for the equilibrium

�UBe(OH)2(s) � 2H� s Be2� � 2H2O.

This value is very close to the value of 6.85 
 0.05 originally derived
by Schindler and Garrett (53) and is slightly higher than the value of
6.65 
 0.05 computed by Baes and Mesmer (10).

The crystal structure of �-Be(OH)2 has been determined using both
X-ray and neutron diffraction (101). It is very similar to the structure
of �-crystabolite in that Be(OH)4 tetrahedra are linked by corner shar-
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ing. The hydroxide ions form almost symmetrical bridges between
the two adjacent beryllium atoms with an average Be–O distance of
164 pm. Both the structural data and detailed examination of vibra-
tional spectra (102) show that there is hydrogen bonding in the solid
state, which is weaker than in the isostructural compound �-Zn(OH)2 .
This result may be significant in relation to beryllium hydrolysis in
solution, as the explanation proposed was that although the high po-
larizing power of the beryllium atom increases the hydrogen-bond do-
nor capacity of a bound hydroxide ion, at the same time it decreases
capacity of the bound hydroxide ion to accept a hydrogen bond.

V. Interaction with Inorganic Ligands

Few inorganic ligands form stable complexes with the beryllium ion
in aqueous solution. This is a reflection of the fact that on the one
hand Be2� shows a strong preference for oxygen donor ligands such
as water and the hydroxide ion, and on the other hand reacts with the
more basic ligands such as ammonia to give the insoluble hydroxide.
Reported equilibrium constants are in Table V.

A. FLUORIDES

The fluoride ion is the only inorganic ligand to form a complete
substitution series, [Be(H2O)4�nFn](2�n)� (n � 1–4), though there is con-
siderable variation in the equilibrium constants that have been re-
ported. The most reliable values are probably those of Anttila et al.
(117) who used both glass and fluoride-ion selective electrodes and
also took account of the competing hydrolysis reactions. They did not,
however, make measurements in the conditions where BeF2�

4 would
have been formed. A speciation diagram based on reported equilib-
rium constants is shown in Fig. 12. It can be seen that the fluoride
ion competed effectively with hydroxide at pH values up to 8, when
Be(OH)2 precipitates.

The formation of the mixed complexes Be3(OH)3F2� and Be3(OH)3F�
2

is particularly interesting in that it highlights the stability of the hy-
droxo-bridged trimer Be3(OH)3�

3 . The 19F NMR signals in all the fluoro
complexes are 1 : 1 : 1 : 1 quartets due to splitting by the S � 3/2 9Be
nucleus, separate signals being observed for each complex, indicating
that there is slow exchange on the NMR time scale. The observation
of quartets shows that the fluorides are attached to a single beryllium
atom and do not form bridges between two beryllium atoms. Thus,
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TABLE V

STABILITY CONSTANTS FOR BERYLLIUM COMPLEXES WITH INORGANIC LIGANDS

Ligand Method T (�C) Medium Log of equilibrium constants, remarks Ref.

Fluoride sol 25 Be(NO3)2 var K1 4.29, �2 2.0 103
col ? var K1 5.89, K2 4.94, K3 3.56, K4 1.99 104
red 0–50 0.5 M NaClO4 *K1 2.23, *K2 0.85, *K3 �0.78 (at 0�C) 105

*K1 2.12, *K2 0.84, *K3 0.03 (at 25�C)
*K1 1.86, *K2 0.67, *K3 �0.73 (at 50�C)

25 0 corr �*H1 � �14.2, �*H2 � �7.26, 105
�*S1 � 6.20, �*S2 � �8.24

sp var K1 5.4 106
sol 25 var K1 5.64, K2 2.4 107
dis 20 2 M HClO4 *K1 1.99, *K2 1.12, *K3 0.38 108
sol 25 Be(NO3)2 var K1 4.29 109
req, qh 25 0.5 M NH4ClO4 K1 4.71, K2 3.61, K3 4.71, K4 3.61 110
ix ? 0.16 NaNO3 K1 3.64, �2 5.90 (cation exchange) 111

�2 5.93, �3 7.76, �4 9.12 (anion
exchange)

red 25 0.5 M NaClO4 �H1 � �1.7, �S1 � 92, I � 0.5 M 112
NaClO4

�H1 � �0.8, �S1 � 113, I � 0 (corr)
nmr 2–50 var K4 1.1, �H4 � 0, �S4 � 21 113
nmr 25 var K1 3.0, K2 2.7, K3 2.0, K4 1.1 114
iE 25 1 M NaClO4 K1 5.28 115
H, F 25 1 m NaClO4 K1 4.99, �2 8.80, �3 11.61, �4 13.05 116
H, F 0–60 1 m NaCl K1 4.94, �2 8.80, �3 11.53, �4 13.00 116

(at 0�C)
K1 4.90, �2 8.66, �3 11.45, �4 12.88

(at 25�C)
K1 4.90, �2 8.59, �3 11.25, �4 12.66

(at 60�C)
�H1 � �1.5, �H2 � �4.8, �H3 � �1.2,

�H4 � �1.9
�S1 � 89, �S2 � 56, �S3 � 49,

�S4 � 20.9
H, F 25 3 M NaClO4 K1 5.21, �2 9.57, �31-3 �4.18, �32-3 �0.67 117

Chloride dis 20 HCl var K1 �0.66 108
ix 18 0.5 M NaClO4 K1 1.11, �2 0.30, �3 1.40 118
dis 20 0.7 M HClO4 K1 �0.36 119
dis 25 4 M NaClO4 K1 �0.85, �2 �0.70 120
dis 20 0.7 M NaClO4 K1 �0.42 119
dis 25 4 M NaClO4 K1 �0.7, �2 �0.8 120

Thiocyanate ix 18 1 M NaClO4 K1 0.13, �2 0.13 121
dis 25 4 M NaClO4 K1 �0.16, �2 �0.60 120
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TABLE V (Continued)

Ligand Method T (�C) Medium Log of equilibrium constants, remarks Ref.

Sulfate ix 18 0.5 NaClO4 K1 0.72 122
kin 25 0 K1 1.95 123
dis 25 1 M NaClO4 �2 1.78, �3 2.08 124
Hg 35 0 K1 2.17 125
var 25 0 K1 2.22 (kin), K1 2.16 (sp) 126

Selenite con 18 dil Ks[BeL (s) � Be2� � L2�] �8.0 127
Nitrate ix 18 0.5 NaClO4 K1 �0.60, �2 1.62 118

dis 25 4 M NaClO4 K1 �0.63 120
Phosphate gl, sol 19–20 dil Ks[Be3L2(s) � 3Be2� � 2L3�] �3.77, 128

Ks[Be(NH4)L(s) � Be2� � NH�
4 �

2L3�] �19.7
gl 25 3 M NaClO4 K[Be2� � H3L � BeH2L� � H�] 0.00, 129

K[Be2� � 2H3L � Be(H2L)2 � 2H�]
0.59, K[2Be2� � H3L �
Be2(OH)(H2L)2� � 6H�] �0.43,
K[3Be2� � 3H3L � Be3(OH)3(H2L)3

� 6H�] �2.06, K[3Be2� � 6H3L �
Be3O(H2L)2�

6 � 8H�] 1.57, K[3Be2� �

H3L � Be3(OH)3(HL)� � 5H�] �8.37
or K[3Be2� � H3L � Be3(OH)3L �

6H�] �12.12
Diphosphate gl 25 0.1 M KCl K1 10.08, �2 15.45, K[Be2� � HL3� � 130

BeHL�] 5.98
Tripoly- gl, cal 20 0.1 M K[BeL3� � H� � BeHL2�] 5.35, 131

phosphate (CH3)4NNO3 �H1 � 19.7
Carbonate gl 25 3 M NaClO4 K[Be2� � H2L � BeL � 2H�] � 10.4, 132

K[3Be2� � 2H2O � H2L �
Be3(OH)2(HL)3� � 3H�] �8.90,
K[5Be2� � 4H2O � H2L �
Be5(OH)4L4� � 6H�] � 17.24,
K[6Be2� � 7H2O � 2H2L �
Be6(OH)7(HL)3�

2 � 9H�] �29.46
gl, sol 25 3 M NaClO4 K[Be2� � H2L � BeL � 2H�] � 10.12, 81

K[Be2� � H2O � H2L � Be(OH)L�

� 3H�] � 16.82, K[Be2� � 2H2O �

H2L � Be(OH)2L2� � 4H�] �24.22,
K[3Be2� � 3H2O � 3H2L �
Be3(OH)3L3�

3 � 9H�] �45.5
K[3Be2� � 3H2O � 3H2L �

Be3(OH)4L4�
3 � 10H�] �52.0

*K[Be(OH)2(s) � H2L � BeL � 2H�]
6.18
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FIG. 12. Calculated species distribution for fluoro and hydroxo complexes in solution.
CBe � 0.002 mol dm�3, CF � 0.02 mol dm�3.

the fluoride ions replace water molecules in both the monomer and
the trimer (117). The stepwise equilibrium constants for the reactions

[Be3(OH)3(H2O)6]3� � F� s [Be3(OH)3F(H2O)5]2 log K � 4.48

[BeF(H2O)3]� � F� s BeF2H2O)2 log K � 4.36

are remarkably similar. Chemical shifts and coupling constants for
the species observed are given in Table VI. Values for Be3(OH)3F2�

and Be3(OH)3F2] are approximate as they seem to show some concen-
tration dependence. Measurements of the area of each peak were used
to estimate the concentrations of the corresponding complex in the
various mixtures. This was of considerable assistance in defining the

TABLE VI

19F NMR DATA FOR FLUORO COMPLEXES OF BERYLLIUM(II) IN

AQUEOUS SOLUTIONa

Species 19F chemical shift (ppm)b 1J(9Be–19F)
(Hz)

BeF� �98.0 42.2
BeF2 �95.8 29.7
BeF�

3 �94.6 37.3
Be3(OH)3F� ��88.6 �35
Be3(OH)3F�

2 ��89.2 �34

a Taken from Ref. (117); 298 K, 3 M NaClO4 .
b Relative to pure trifluoroacetic acid as external standard.
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chemical model, although the authors also report the presence of
some unassigned NMR peaks of very low intensity.

The kinetics of fluoride substitution reactions have been studied
(133). The relatively low activation enthalpy for the reaction provoked
Strehlow to suggest an unusual mechanism (see Ref. (32) for details).

B. OTHER INORGANIC ANIONS

The only other inorganic ligands to form fairly stable complexes
are phosphate and carbonate, and there is some similarity between
the complexes formed by these ligands. Beryllium forms two mono-
nuclear complexes with the dihydrogen phosphate ion, BeL� and
BeL2 (L � H2PO�

4 ) (129). The equilibrium constant derived for the
formation of BeL�, log K1 � 1.87, is less than for fluoro- and car-
bonato-complexes, but larger than for other inorganic ligands. Curi-
ously, the value of the equilibrium constant for the conproportiona-
tion reaction

Be2� � Be(H2PO4)2 s 2Be(H2PO4)�

K � 0.3 
 0.1, is much lower than the value of 4 that would be ex-
pected on purely statistical grounds. This was explained in terms of
the formation of intramolecular hydrogen bonds. The H2PO�

4 ion also
replaces water molecules in the principal hydrolysis products: the
complexes with stoichiometry Be2(OH)(H2PO4)2� and Be3(OH)3(H2PO4)3

were clearly established, while the complex Be3(OH)3(HPO4)� seems
likely. In addition, a complex with the stoichiometry Be3H�8(H3PO4)6

was indicated. This complex, it was suggested, does not contain the
Be3(OH)3 core but should probably be formulated as [(H2PO4)6Be3O]2�

with a structure closely related to the well-known ‘‘basic beryllium
acetate’’ (see below): a central oxygen atom is surrounded by three
beryllium atoms; three phosphate units form bridges between two
beryllium atoms and the other three phosphate units are attached as
monodentate ligands.

Carbonate also forms a mononuclear complex (132). Using an (ionic
strength and temperature adjusted) value of log �2 for the formation
of carbonic acid, CO2�

3 � 2H� s CO2(aq) � H2O, of 15.92 (11), log K
for the equilibrium Be2� � CO2�

3 s BeCO3(aq) was derived as 5.4.
The other carbonato species formed were assigned the formulas
Be3(OH)2(HCO3)3� and Be5(OH)4(CO3)4�, since the Raman spectra of
the coordinated carbonate appeared to be different in the two com-
plexes, but the structures proposed for these species are not imme-
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diately convincing. No structure was proposed for the complex
‘‘Be6(OH)9(CO2)3�.’’

In alkaline solutions two more monomeric complexes and a poly-
meric complex were found (81). The predominant monomeric com-
plex was assigned the formula Be(OH)2(CO3)2�; BeCO3(aq) and
Be(OH)(CO3]� were found as minor species. The stoichiometry of the
polymeric complex could not be established with certainty.

Halides other than fluoride form very weak complexes in aqueous
solution; there are no reliable equilibrium constants to be found in the
literature. The solution chemistry of aqueous solutions of beryllium
chloride, bromide, and iodide have been reviewed previously (9). Some
evidence for the formation of thiocyanate complexes was obtained in
solvent extraction studies (134).

VI. Interaction with Organic Ligands

A. MONOCARBOXYLATE LIGANDS

Published equilibrium constants for monocarboxylato complexes
are summarized in Table VII. All that can be deduced with certainty
from these data is that the anions derived from monocarboxylic acids
form rather weak complexes with beryllium. In all probability they
act as monodentate ligands. The possibility of bidentate chelation us-
ing both carboxylate oxygen atoms can be ruled out on the grounds
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TABLE VII

STABILITY CONSTANTS FOR MONOCARBOXYLATO COMPLEXES OF BERYLLIUM(II)

Log of equilibrium
Ligand Method T/�C Medium constants, remarks Ref.

Formate kin 25 dil K1 0.15 135
Acetate dis 25 0.1 M K1 1.62, �2 2.36 136
Propionate gl 25–45 1 M NaClO4 K1 0.30, �2 4.2 (at 25�), 137

K1 0.55, �2 4.4 (at 35�),
K1 1.00, �2 4.4 (at 45�)

Cyclohexene- sp ? ? K1 3.32 138
carboxylate

Nitroacetate kin 18 0.2 M Ba(NO3)2 K1 0.26 139

of both the large bite of the CO2 group and the formation of a four-
membered ring.

A different situation obtains in compounds such as the basic
beryllium monocarboxylates (140–142). In particular the acetate
derivative, Be4O(O2CCH3)6 , has been known in the solid state for
nearly 100 years (143). A partial structure of this compound is in
Fig. 13 (144). The central oxide ion is surrounded by a tetrahedron of
beryllium atoms. The acetate ions form bridges across the six edges
of the Be4 tetrahedron, with each acetate bonding with two Be atoms.
Each berylium atom in surrounded by an approximate tetrahedron of

FIG. 13. Partial schematic view of the structure of Be4O(O2CCH3)6, showing three
acetate groups only.
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oxygen atoms. As yet there is no evidence for the existence of this
species in solution, even though the central core is formally a dimer
of the first hydrolysis product:

2Be2(OH)3� s Be4O6� � H2O.

An analogous nitrato complex, Be4O(NO3)6 , is known in the solid
state (145). The presence of a central 4-coordinate oxide ion and
bridging nitrato ions has been confirmed by X-ray methods (146). The
structures of these solid-state �4-oxo complexes lend support to the
�3-oxo structures suggested for phosphato and carbonato complexes
in solution (see Section IV).

B. BISCARBOXYLATE LIGANDS

Ligands containing more than one carboxylate group can form sta-
ble complexes with beryllium that contain one or more chelate rings.
Complexes of the types [Be(L)(H2O)2], [Be(L)2]2�, [Be3(OH)3(L)(H2O)4]�,
and [Be3(OH)3(L)3]3� have been characterized for a number of ligands
containing two carboxylate groups. Equilbrium constants for these
and related complexes are given in Table VIII. It is clear that the
formation of complexes with these ligands goes hand in hand with the
process of beryllium hydrolysis. This is due to the fact that the acids,
H2L, are not fully dissociated in the pH range where beryllium hydro-
lysis is important, resulting in a relatively low concentration of the
ligand L2�. The wide range of equilibrium constant values in the
literature is due, above all, to the effects of neglecting the hydrolysis
reactions.

Vacca et al. have examined a series of ligands in order to determine
the influence of ring size and inductive effects on the complexes
formed (85, 95, 167). The size of the chelate ring formed depends on
the number of carbon atoms between the carboxlate groups. Five-
membered rings are formed by the oxalate ion; six-membered rings
by malonate and C-substituted malonate ions; seven-membered rings
by succinate, phthalate, and maleate. The results are summarized in
Table IX. The ligands that give seven-membered rings form much
weaker complexes than those that give six-membered rings. Further
insight into thermodynamics of formation of these complexes is pro-
vided by the results of calorimetric measurements (85), summarized
in Table X.

In all cases studied the standard enthalpy change accompanying
the replacement of two water molecules by the chelating ligand is
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positive, that is, unfavorable. The entropy change is the determining
factor that makes these complexes stable. In other words, the chelate
effect provides the driving force for the formation of these complexes.
These results help to explain why monocarboxylate complexes are so
weak.

A comparison of oxalato, malonato, and succinato complexes
(Fig. 14) shows that the malonato complexes are the most stable be-
cause of the least unfavorable enthalpy term. The entropy term is
virtually the same for the formation of all three ML complexes. These
thermodynamic results indicate that with beryllium the formation of
a six-membered ring is more favorable than the formation of five- or
seven-membered rings. It is probably significant that there is little
stereochemical strain with a six-membered ring, as this configuration
is most compatible with both the tetrahedral geometry of the beryl-
lium ion and the trigonal geometry at the sp2 carbon atoms. With the
oxalato complex strain is evident in the small O–Be–O angle found
in the solid state (vide infra, Table XII).

Ligands with more that two carboxyl groups do not seem to form
more stable complexes than the biscarboxylate ligands. An example
is the ligand propane-1,2,3-tricarboxylate (tricarballilate) for which
the equilibrium constant for the formation of the complex BeL� is
little greater than with succinate (76).

The interaction between beryllium and dicarboxylates has also been
followed by 9Be NMR spectroscopy (85, 95, 167–169). Representative
spectra are shown in Figs. 15 and 16 (95).

Assignment of the spectra in Fig. 16 is straightforward, as the spe-
cies distribution diagrams show the four Be-containing species have



140 ALDERIGHI, GANS, MIDOLLINI, AND VACCA

TABLE VIII

STABILITY CONSTANTS FOR POLYCARBOXYLATO COMPLEXES OF BERYLLIUM(II)

Ligand Method T (�C) Medium Log of equilibrium constants, remarks Ref.

Oxalate sp ? ? K1 4.87 138
gl 25 0.15 M NaClO4 K1 4.08, �2 5.91 147
dis 20 0.1 M KClO4 K1 4.12 148
gl 30 0.2 M NaClO4 K1 4.08, K2 1.83 149
dis 25 1 M NaClO4 K1 3.55, �2 5.40 124
gl 2 M NaNO3 K1 3.2, �2 5.7, �22-2 �0.85 150
gl 20 0.1 M KNO3 K1 4.08, K2 1.30 151
gl 25 0.5 M NaClO4 K1 3.52, �2 5.57, �31-3 �3.85, 152

�33-3 �0.59
ram 20 var K1 3.26, �2 5.32, K [3Be2� � 3L2� � 153

3OH� � Be3(OH)3L3�
3 ] 39.94

kin 25 0 K [Be2� � HL� � Be(HL)�] 1.23, 154
K [BeL � H� � Be(HL)�] 3.0

lit 20 0.1 M (K�) K1 4.10, �2 5.38 23
lit 25 0.1 M (Na�) K1 4.08 23
lit 25 0.5 M (Na�) K1 3.52, �2 5.57, �31-3 �3.85, 23

�33-3 �0.59
lit 25 1 M (Na�) K1 3.55, �2 5.40 23
gl 25 0.5 M NaClO4 K1 3.47, �2 5.24, K [Be3(OH)3�

3 � 95
L2� � Be3(OH)3L�] 3.78,
K [Be3(OH)3�

3 � 3L2� �
Be3(OH)3L3�

3 ] 8.3
cal 25 0.5 M NaClO4 �H1 19.5, �S1 132, �H2 31, �S1 138, 85

�H [Be3(OH)3�
3 � L2� �

Be3(OH)3L�] 10.9, �S [Be3(OH)3�
3 �

L2� � Be3(OH)3L�] 109,
�H [Be3(OH)3�

3 � 3L2� �
Be3(OH)3L3�

3 ] 28, �S [Be3(OH)3�
3 �

3L2� � Be3(OH)3L3�
3 ] 254

Malonate gl ? ? K1 4.98 138
gl 25 0.15 M NaClO4 K1 5.73, �2 9.28 147
gl 30 0.2 M NaClO4 K1 5.15, �2 8.48 149
gl 25–35 1 M NaClO4 K [Be2� � HL� � Be(HL)�] 2.65 155

(at 25�C)
K [Be2� � 2HL� � Be(HL)2] 5.32

(at 25�C)
K [Be2� � HL� � Be(HL)�] 2.77

(at 35�C)
K [Be2� � 2HL� � Be(HL)2] 5.43

(at 35�C)
gl 20 0.1 M KNO3 K1 5.30, K2 3.26 151
gl 25 0.5 M NaClO4 K1 5.34, �2 8.85, �33-3 0.81 156
kin 25 0 K [Be2� � HL� � Be(HL)�] 1.26, 154

K [BeL � H� � Be(HL)�] 1.66
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TABLE VIII (Continued)

Ligand Method T (�C) Medium Log of equilibrium constants, remarks Ref.

ram 20 K1 5.51, �2 8.88, K [Be3(OH)3�
3 � 3L2� � 157

Be3(OH)3L3�
3 ] 2.88

lit 20 0.1 M K1 5.30, �2 8.56 23
lit 25 0.5 M K1 5.10, �2 8.85, K [Be3(OH)3�

3 � 3L2� � 23
Be3(OH)3L3�

3 ] 0.89
gl 25 0.5 M NaClO4 K1 5.36, �2 9.21, K [Be3(OH)3�

3 � L2� � 95
Be3(OH)3L�] 5.26, K [Be3(OH)3�

3 �

3L2� � Be3(OH)3L3�
3 ] 12.84

cal 25 0.5 M NaClO4 �H1 10.53, �S1 138.0, �H2 5.19, �S1 91.2, 85
�H [Be3(OH)3�

3 � L2� � Be3(OH)3L�]
8.4, �S [Be3(OH)3�

3 � L2� �
Be3(OH)3L�] 129, �H [Be3(OH)3�

3 �

3L2� � Be3(OH)3L3�
3 ] 18.8,

�S[Be3(OH)3�
3 � 3L2� �

Be3(OH)3L3�
3 ] 309

Diethyl- sp ? ? K1 4.99 138
malonate

Succinate sp ? ? K1 3.08 138
gl 25 0.15 M NaClO4 K1 4.69, �2 6.43 147
gl 25–35 1 M NaClO4 K [Be2� � HL� � Be(HL)�] 2.48 (25�), 155

2.56 (35�), K [Be2� � 2HL� �
Be(HL)2] 4.90 (25�), 5.23 (35�)

gl 25 1 M KNO3 K1 3.13, K [Be2� � L2� � H� � 76
BeHL�] 6.54, K [Be2� � L 2� �
Be(OH)L� � H�] �2.64

gl 25 0.5 M NaClO4 K1 2.74, �2 4.36, K [Be2� � 2HL� � 156
Be(HL)2] 3.05, K [Be3(OH)3�

3 �

HL� � Be3(OH)3(HL)2�] 2.0,
K [Be3(OH)3�

3 � 3L2� �
Be3(OH)3L3�

3 ] 5.07
kin 25 0 K [Be2� � HL� � Be(HL)�] 1.48, 154

K [BeL � H� � Be(HL)�] 2.69
lit 25 0.5 M K1 2.74, �2 4.36 23
lit 25 1 M K1 3.13, K [BeL � Be(OH)L� � H�] 23

5.59
gl 25 0.5 M NaClO4 K1 3.04, �2 4.1, K [Be3(OH)3�

3 � L2� � 85
Be3(OH)3L�] 2.03

cal 25 0.5 M NaClO4 �H1 21.1, �S1 129, �H2 15, �S1 69, 85
�H [Be3(OH)3�

3 � L2� �
Be3(OH)3L�] 42, �S [Be3(OH)3�

3 �

L2� � Be3(OH)3L�] 181
Maleate sp ? ? K1 3.24 138

gl 25 0.15 M NaClO4 K1 4.33, �2 6.46 147
kin 25 0 K [Be2� � HL� � Be(HL)�] 1.48, 154

K [BeL � H� � Be(HL)�] 3.5
Fumarate sp ? ? K1 3.23 138

(continued)
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TABLE VIII (Continued)

Ligand Method T (�C) Medium Log of equilibrium constants, remarks Ref.

Adipate sp ? ? K1 3.24 138
Phthalate gl 25 0.15 M NaClO4 K1 3.97, �2 5.69 147
2-Oxosuccinate sp 25 0.2 M NaClO4 K [Be2� � HL� � Be(HL)�] 3.1 158

kin 25 0.2 M NaClO4 K [Be2� � HL� � Be(HL)�] 3.3 158
Diglycolate gl 25 0.1 M NaClO4 K1 2.62 159
Aurintri- oth 25 0.16 M K1 5.38 160

carboxylate
sp 25 ? K1 4.54 161

Tricarballilate gl 25 1 M KNO3 K1 3.75, �111 8.00 162
Anthranylate gl 25 0.5 M NaClO4 K1 1.95, �22-1 1.50, �33-3 �7.34, 163

�32-3 �5.62
Folate gl 30 var (KNO3) K1 4.65, �2 8.35 (I � 0.1 M); K1 4.80, 164

�2 8.50 (I � 0.05 M); K1 5.15,
�2 9.05 (I � 0.01 M); K1 5.30,
�2 9.45 (I � 0)

Mercapto- gl 25–45 0.065 M K1 7.17, �2 12.58 (at 25�), K1 6.95, 165
acetate �2 11.84 (at 35�), K1 6.82, �2 11.68

(at 45�), �H � �102
Thiophene-2- Gl 30 0.2 M NaClO4 K1 2.15, �2 4.21 166

carboxylate

maximum concentrations in distinct pH zones. Using these assign-
ments the more complicated spectra shown in Fig. 15 could also be
assigned. The 9Be NMR spectra of the weaker succinato complexes
did not show separate lines for all the complexes known to be present
(85). For example, the spectrum of a mixture of beryllium sulfate and
succinic acid in a molar ratio 1 : 2, at pH 5.9, just prior to the precipi-
tation of the hydroxide, has a broad line at ca. 0.7 ppm due to the
species [Be3(OH)3(H2O)6]3�, with a shoulder on the downfield side. The
two species [Be(succ)H2O)2] and [Be(succ)2]2� (169), whose chemical
shifts were determined separately to be 1.02 and 1.42 ppm, respec-
tively, did not give rise to separate lines even though speciation calcu-
lations showed them to be present at low concentration.

The chemical shifts of the species [BeL2]2� have been found in the
range 4.95–1.42 ppm, [Be3(OH)3L3]3� in the range 3.19–1.55 ppm, and
[BeL(H2O)2] in the range 2.90–1.02 ppm (Table XI). In general, suc-
cessive substitution of water molecules by the anionic ligand L2� re-
sults in a shift to lower field.

The size of the chelate ring influences the 9Be resonance frequen-
cies, as has been noted previously: The smaller the ring, the more
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TABLE IX

STABILITY CONSTANTS OF SOME SUBSTITUTED MALONATO AND

RELATED BERYLLIUM(II) COMPLEXESa

Ligand log K1 log K2 log Kx log Ky

Malonate 5.36(2) 3.85(1) 5.26(7) 12.84(6)
Methylmalonate 5.394(7) 3.683(7) 5.47(6) 12.64(3)
Dimethylmalonate 5.544(5) 3.737(8) 5.22(5) 12.57(3)
Phenylmalonate 5.130(7) 3.48(1) 4.92(4) 11.05(4)
CBDCc 5.51(7) 3.38(1) 10.68(9)
Phthalate 3.170(8) 2.15(4) 2.44(8)
Succinate 3.04(1) 1.0(2) 2.03(6)

a 25�C, 3 M NaClO4 ; values in parentheses are standard deviations
on the last significant figure.

b Kx � K [Be3(OH)3�
3 � L2� � Be3(OH)3L�].

c Ky � K [Be3(OH)3�
3 � 3L2� � Be3(OH)3L3�

3 ].
c Cyclobutane-1,1-dicarboxylate.

TABLE X

THERMODYNAMIC FUNCTIONS FOR THE FORMATION OF OXALATO, MALONATO, AND

SUCCINATO BERYLLIUM(II) COMPLEXESa

�G � �H � �S �

Reaction (kJ mol�1) (kJ mol�1) (J K�1 mol�1)

L � oxalate
Be2� � L2� � BeL �19.8(1) 19.5(3) 132(1)
BeL � L2� � BeL2�

2 �10.1(4) 31(1) 138(3)
Be2� � 2L2� � BeL2�

2 �29.9(4) 49(2) 263(6)
Be3(OH)3�

3 � L2� � Be3(OH)3L� �21.7(4) 10.9(8) 109(3)
Be3(OH)3�

3 � 3L2� � Be3(OH)3L3�
3 �47.7(8) 28(1) 254(6)

L � malonate
Be2� � L2� � BeL �30.6(1) 10.53(6) 138.0(5)
BeL � L2� � BeL2�

2 �21.91(5) 5.19(8) 91.2(4)
Be2� � 2L2� � BeL2�

2 �52.50(8) 15.82(8) 229.2(5)
Be3(OH)3�

3 � L2� � Be3(OH)3L� �30.1(4) 8.4(8) 129(3)
Be3(OH)3�

3 � 3L2� � Be3(OH)3L3�
3 �73.3(3) 18.8(8) 309(3)

L � succinate
Be2� � L2� � BeL �17.34(4) 21.1(1) 129(5)
BeL � L2� � BeL2�

2 �6(1) 15(1) 69(5)
Be2� � 2L2� � BeL2�

2 �23.1(1) 36(1) 198(5)
Be3(OH)3�

3 � L2� � Be3(OH)3L� �11.6(3) 42(1) 181(3)

a 298 K, 3 M NaClO4 ; values in parentheses are standard deviations on the last
significant figure.
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FIG. 14. Thermodynamic functions �G� (top), �H� (center), and �S� (bottom) for the
cumulative formation of BeL and BeL2�

2 , where L � oxalate, malonate, and succinate.
Reproduced with permission from Ref. (85). Copyright 1998, Wiley-VCH Verlag GmbH.

resonances occur at low field. The difference between malonato com-
plexes (six-membered rings) and oxalato complexes (five-membered
rings) is greater than between malonato complexes and succinato
complexes (seven-membered rings). Evans attributed this effect to the
rigidity of the chelate rings (170), but perhaps ring strain is also im-
portant.

Substituent effects hae been observed in a series of substituted
malonato complexes (167). The 9Be resonance frequencies move to
higher field as the basicity of the ligand increases, as can be seen in
Table XI. Quadrupolar broadening is considerable in complexes of the
hydrolyzed trimer, so much so that unless a species of this sort is
present in high concentration relative to the others, its signal may be
buried in the baseline noise. The tetrahedron is significantly distorted
from Td symmetry in these compounds.

Alkaline metal salts of the complexes [BeL2]2� are relatively easy to
obtain as crystals; some structural data are given in Table XII. Devia-
tions from the regular tetrahedral structure are most marked with
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FIG. 15. 9Be NMR spectra and calculated distribution diagram for the system
BeSO4–malonate 1 : 1 (CBe � CL � 0.1 M) (95).

the oxalato complex with O–Be–O angles of ca. 100� inside the five-
membered ring. The O–Be–O angles inside the six- and 7-membered
rings are much closer to the ideal tetrahedral angle. The structure of
the bis(maleato) beryllate ion (169) is shown in Fig. 17. There is no
obvious correlation between the structures (Table XII) and the
stabilities of the complexes in solution (Table X).

The structure of the anion [Be3(OH)3(malonate)3]3� (95) is illus-
trated in Fig. 18. The Be3(OH)3 ring has a flattened chair conforma-
tion with no crystallographic symmetry. Nevertheless, the arrange-
ment of oxygen atoms around each beryllium is near tetrahedral.
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FIG. 16. 9Be NMR spectra and calculated distribution diagram for the system
BeSO4–malonate 1:2 (CBe � 0.1 M, CL � 0.2 M) (95).

C. HYDROXYCARBOXYLATE LIGANDS

1. Aliphatic

The tendency of aliphatic hydroxycarboxylic acids to form com-
plexes is comparable to the tendency of the corresponding carboxylic
acids to form complexes. This arises for two reasons. In the first place
the hydroxide group is very resistant to deprotonation so that it is
unrelistic to expect its oxygen atom to enter into the formation of a
chelate ring. Also, as the hydroxide group is electron-withdrawing,
the basicity of the carboxylate ligand is reduced, which should lead
to weaker complexes being formed. Thus hydroxy monocarboxylic
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TABLE XI

9Be NMR CHEMICAL SHIFTS OF DICARBOXYLATO BERYLLIUM(II) COMPLEXESa

Ligand
Ligand basicityb [BeL2]2� [Be3(OH)3L3]3� [BeL(H2O)2] Ref.

Oxalate 7.64 4.95 3.19 2.90 95
Phenylmalonate 7.11 3.29 1.76 167
Malonate 7.56 3.19 2.10 1.76 95
Methylmalonate 7.94 2.90 1.94 1.57 167
Dimethylmalonate 8.30 2.44 1.72 1.35 167
Phthalate 7.38d 2.41 1.20 171
CBDCc 8.11 2.39 1.70 1.35 167
Maleate 7.25e 2.02 1.55 1.21 169
Succinate 8.95d 1.42 1.02 169

a Values in ppm toward higher frequency from an external 0.1 M BeSO4 aqueous
solution, with the exception of phthalate, maleate, and succinate, which were refer-
enced to ‘‘aqueous [Be(H2O)4]2�.’’

b log �H
2 , decimal logarithm of the overall basicity constant of the ligand (298 K,

0.5 M NaClO4 ).
c Cyclobutane-1,1-dicarboxylate.
d From Alderighi et al. (167).
e From Smith and Martell (23).

FIG. 17. Molecular structure of the anion [Be(maleate)]2�. Reproduced with permis-
sion from Ref. (169). Copyright 1998, Verlag der Zeitschrift für Naturforschung.
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TABLE XII

SELECTED STRUCTURAL PARAMETERS OF

BIS-DICARBOXYLATO BERYLLIUM(II) COMPLEXES [BeL2]2�

Be–O, average Average endocyclic
Ligand distance (pm) O–Be–O angle (�) Ref.

Oxalate 162.2(3) 99.6(1) 95
Malonate 161.6(7) 108.8(5) 95
CBDCb 160.6(8) 107.0(3) 167
Phthalate 160.3(8) 109.4(3) 171
Maleate 161.2(2) 110.7(5) 169

a Values in parentheses are standard deviations on the last
significant figure.

b Cyclobutane-1,1-dicarboxylate.

acids form very weak complexes just like the simple acids, whereas
hydroxydicarboxylic acids and hydroxytricarboxylic acids form fairly
stable complexes. Equilibrium constants have been reported for beryl-
lium complexes with anions derived from the following acids: glycolic
acid (172–174), lactic acid (137, 172–174), malic acid (76, 138, 173,
175), tartaric acid (76, 148, 174–177), 2-hydroxy-2-methylpropanoic
acid (174, 178), 3-hydroxybutanoic acid (178), and citric acid (162,
174, 176, 179, 180).

FIG. 18. Molecular structure of the anion [Be3(OH)3(malonate)3]3�. Reproduced with
permission from Ref. (95). Copyright 1997, Elsevier Science.
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The glycolate ion, HOCH2COO�, forms very weak complexes in
solution. Figure 19 shows the speciation calculated on the basis of
recently determined data (174) in which it is clear that the concentra-
tions of the complexes BeL� and BeL2 are very low. Nevertheless, it
is a curious fact that the glycolate complex, Na4[Be6(OCH2COO)8],
was prepared in the solid state long ago (181). The crystal structure
of this compound has been determined more recently (182). The
structure (Fig. 20) shows that the OH groups have indeed been
deprotonated and that the alcoxy groups form bridges between pairs
of beryllium atoms. The glycolate ligands bridge across edges of the
Be6 cluster.

2. Aromatic

The interaction of ligands derived from salicylic acid and its deriva-
tives has been extensively investigated (83, 147, 149, 160, 170, 176,
183–205). A similar situation obtains with regard to 1-hydroxy-2-
naphthoic acid (185, 194, 196, 198, 206–215). Salicylic acid deriva-
tives may be useful in chelation therapy for beryllium poisoning (2).

The principal species formed by a salicylate, according to the most
recent study (83), are BeL and [BeL2]2�, in which both the carboxyl
group and the hydroxy group have lost the proton that is present in
the parent acid. In addition, a ‘‘protonated’’ complex, [BeHL2], was
found to be present. The complex Be3(OH)3L3�

3 was found as a minor
species; a structure similar to that of the corresponding dicarboxylato
complex was proposed for it. Equilibrium constants for these salicy-
lato complexes are in Table XIII, together with some values for sub-
stituted salicylato complexes. The stability of the complexes follows

FIG. 19. Calculated species distribution for a beryllium(II)–glycolate solution. CBe �

0.003 M, CL � 0.015 M (174).
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the base strength of the ligands as determined by aromatic substitu-
tion effects.

The structure of the monosalicylato complex BeL(H2O)2 is shown in
Fig. 21 (216). This is one of the few examples of a known structure in

FIG. 20. Molecular structure of the glycolate complex anion [Be6(OCH2CO2)8]4�. Re-
produced with permission from Ref. (182). Copyright 1992, Verlag der Zeitschrift für
Naturforschung.
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TABLE XIII

STABILITY CONSTANTS FOR SALICYLATO COMPLEXES OF BERYLLIUM(II)

log K

Salicylate 5-Sulfosalicylate 5-Nitrosalicylate 3,5-Dinitrosalicylate
Reaction (83)a (208)b (204)b (204)b

Be2� � L2� � BeL 12.4 11.74 9.64 8.5
BeL � L2� � BeL2�

2 10.2 8.92 7.53 6.9
BeHL� � L2� � BeHL2�

2 12.5
Be3(OH)3�

3 � 3 L2� � 32.1
Be3(OH)3L

3�
3

Be2� � HL� � BeHL� 1.6
BeL2� � HL� � BeHL�

2 1.7
BeHL� � HL� � Be(HL)2 2.2
BeL � H2O � Be(OH)L� � H� 6.6

a 298 K, 1 M NaClO4 .
b 298 K, 0.1 M NaClO4 .

which there are water ligands attached to the beryllium atom. The
structure of the bis-complex, (NH4)2[BeL2], has also been determined
(217).

During the investigations leading to the determination of these
structures, another compound, containing a carbonate-bridged di-
nuclear anion, was obtained (217), whose structure is shown in Fig.

FIG. 21. Molecular structure of [Be(salicylate)(H2O)2]. Reproduced with permission
from Ref. (216). Copyright 1991, American Chemical Society.
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FIG. 22. Molecular structure of the carbonate-bridged 3-methylsalicylato complex
anion [Be2(OH)(CO3)(C7H6 OCO2)2]3�. Reproduced with permission from Ref. (217).
Copyright 1993, Wiley-VCH Verlag GmbH.

22. This compound can be considered as a derivative of the hydrolysis
product, [(H2O)3Be(OH)Be(H2O)3]3�, in which the bidentate 3-methyl-
salicylate ligands each replace two water molecules, the other two
water molecules being replaced by a carbonate ion bridging between
two beryllium atoms. Similar carbonate bridges have been proposed
previously (132).

Aurin tricarboxylate (also known as aluminon) forms fairly stable
complexes with beryllium: Log K1 values of 5.38 (160) and 4.54 (161)
have been reported. In the 1950s this ligand was examined as a possi-
ble antidote to beryllium poisoning in rats, but although it reduced
the toxicity, serious side effects were noted; for further details see the
review by Wong and Woollins (20).



AQUEOUS SOLUTION CHEMISTRY OF BERYLLIUM 153

The formation of beryllium complexes of o-, m-, and p-hydroxyphe-
nylacetate in aqueous solution has been also reported (218).

D. AMINOCARBOXYLATE LIGANDS

1. Amino Acids

The interaction with both synthetic and naturally occurring amino
acids has been studied extensively: glycine (138, 173, 219–221), �-
(173, 219) and �-alanine (138, 220), sarcosine (219), serine (222),
aspartic acid (138, 173, 222–226), asparagine (222), threonine (222),
proline (219), hydroxyproline (219), glutamic acid (138, 222–225),
glutamine (222), valine (219, 227), norvaline (219), methionine (222,
226), histidine (228, 229), isoleucine (219), leucine (219, 230), norleu-
cine (219), lysine (222), arginine (222), histidine methyl ester (228),
phenylalanine (138, 222), tyrosine (222), 2-amino-3-(3,4-dihydroxy-
phenyl)propanoic acid (DOPA) (222), tryptophan (222), aminoiso-
butyric acid (219), 2-aminobutyric acid (219, 231), citrulline (222), and
ornithine (222).

Many of the results reported are of a dubious nature. For example,
Perkins (219, 222) assumed that complexes of the type ML2 were
formed and quoted log �2 values between 9.8 and 14.2. Not only was
the possible formation of a simple complex of the type ML excluded
(not to mention any other complexes), but the effects of hydrolysis
(which, to be fair, were poorly understood at the time) were com-
pletely ignored. The high stability of amino acid complexes was put
in doubt in successive publications (220, 229, 232, 233). It has even
been suggested, on the basis of Raman spectra, that the amino group
does not coordinate to the beryllium atom (232). Unfortunately the
opposite conclusion was reached on the basis of IR measurements,
namely that only the amino group was coordinated (234).

A potentiometric study has led to the suggestion that complexes
of the type ML are formed by glycinate, �- and �-alaninate, phenyl-
alaninate, and glutamate with log K values of 6.25, 6.39, 7.36, 6.26,
and 6.89, respectively (22). The other species suggested is of the
type [Be3(OH)3L]. Notwithstanding the apparently high formation
constants of these complexes, the speciation diagrams show that
hydrolysis reactions are predominant and the amino acid complexes
are present as minor components of the equilibrium mixtures. This
conclusion has been confirmed in on-going potentiometric and 9Be
NMR studies in our own laboratory (235).

The formation of beryllium complexes with other ligands contain-
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ing nitrogen and carboxylato oxygen as potential donor atoms, such
as glycylglycinate (219), picolinate (pyridine-2-carboxylate) (236),
histamine derivatives (228, 237), and 2-amino-3-mercapto-3-methyl-
butanoic acid (D-penicillamine) (238) has been also reported.

E. AMINOPOLYCARBOXYLATE LIGANDS (COMPLEXONES)

Much interest has been directed at this group of compounds both
from the environmental and medicinal points of view. The following
list gives references to the complexones that have been investigated:

Iminodiacetate (82, 239) and derivatives obtained by replacing the imino hydrogen
atom by alkyl groups (82), or more complicated groups (206, 240–243)

Nitrilotriacetate (148, 151, 227, 230, 239, 240, 244) and nitrilotripropionate (151,
244)

1,2-Diaminoethane-N,N,N �,N �-tetraacetate (148, 151, 240, 245–249) and the cor-
responding tetrapropionate (249)

1,2-Diaminobenzene-N,N,N �,N �-tetraacetate (248, 250) and chloro- and methyl-
ring-substituted derivatives (248)

trans-1,2-Diaminocyclohexane-N,N,N �,N �-tetraacetate (148, 249).

The expected mononuclear complexes of formula BeL are formed
along with BeHL, BeH2L, and Be3(OH)3(HL). It was found that
when an acetate group is replaced by a propionate group the stability
constant increases (249) as shown in Table XIV. This can be ex-
plained by assuming that the nitrogen atom is coordinated to the
beryllium. The -NCH2CO2 moiety forms a five-membered ring but
the -NCH2CH2CO2 moiety forms the more stable six-membered ring.

The interaction of beryllium with nitrilotripropionic acid (H3ntp)
has been investigated in some detail (244). This acid forms a strong
complex (log K1 � 9.24) that can be isolated as a solid. The crystal
structure of the anion [Be(ntp)] is shown in Fig. 23. The structure
confirms the coordination of the nitrogen atom along with an oxygen
atom from each carboxyl group.



AQUEOUS SOLUTION CHEMISTRY OF BERYLLIUM 155

F. DIHYDROXY LIGANDS

Complexes of beryllium with 1,2-dihydroxybenzene (catechol) and
its more soluble sulfonate derivatives (188, 198, 251–256) have been
investigated with particular reference to their possible use as anti-
dotes for beryllium poisoning.

Equilibrium constants for some related complexes are given in
Table XV (170). Chromotropic acid forms the most stable complexes,
presumably with the formation of a strain-free 6-membered ring.

The structure of a salt of the bis(catecholato) complex, BeL2�
2 ,

has been determined (257). The average O–Be–O angle in the five-
membered ring was found to be 99.6�, which is comparable to the
angle found in the five-membered ring of the oxalato complex, shown
in Table XII. The 9Be NMR signal of this compound falls at very low
field (7.5 ppm), in line with the tendency for rigid chelate rings to
provoke high frequencies.

Polyalcohols do not generally interact noticeably with beryllium,
probably on account of the low acidity of the alkyl-OH group. Two
exceptions are known where solid compounds have been isolated. The
complex anion [bis(meso-oxolane-3,4-diolato)Be]2� has been shown to
contain two anionic diolato ligands (258).

The squarato ligand, which is a resonance-stabilized pseudoaro-
matic, forms an unusual complex in the solid state, [Be(C4O4)(H2O)3],
whose structure is shown in Fig. 24 (42). Here the ligand is mono-
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TABLE XIV

STABILITY CONSTANTS FOR SOME AMINOPOLYCARBOXILATO

COMPLEXES OF BERYLLIUM(II)a

Ligand log K1 log �x
b

7.90 36.70

8.50 36.86

8.45 36.71

7.83 36.60

7.84 36.07

6.68 34.92

8.12 35.80

9.25 —

9.24 —

a 298 K, 1 M NaClO4 ; data from (248) and references therein.
b �x � K [3Be � 3 OH � HL s Be3(OH)3(HL)] (generic formula,

charges omitted).

dentate as far as beryllium is concerned, but the structure appears to
be stabilized by the formation of a hydrogen bond between a coor-
dinated water molecule and another oxygen atom of the squarate
resulting in a sort of seven-membered chelate ring.
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FIG. 23. Molecular structure of the nitrilio-tripropionato complex anion [Be(ntp)]�.
Reproduced with permission from Ref. (249). Copyright 1995, American Chemical
Society.

G. PHOSPHONATE LIGANDS

Complexes of beryllium with phosphonate ligands have been
extensively researched, mainly by potentiometry. The ligands investi-
gated are as follows: methylphosphonate (259, 260); chloromethyl-
phosphonate (259); 2-aminopropane-1-phosphonate (259); methylene-
diphosphonate (130, 260, 261); hexamethylenediphosphonate (259);
1-hydroxyethane-1,1-diphosphonate (261); 1,1-dimethyl-1-amino-
methylphosphonate (262); phosphonoacetate (260); amino(phenyl)-
methylenediphosphonate (262); N-(phosphonomethyl)iminodiacetate
(263).

Other ligands include the following:

Analogues of the amino-carboxylate ligands with phosphonate replacing one or more
carboxylate groups; 1,2-diaminoethane-N,N �-dimethylphosphonate (259, 264), 1,2-

TABLE XV

STABILITY CONSTANTS FOR SOME BERYLLIUM(II) COMPLEXES

DETERMINED BY NMR SPECTROSCOPYa

Complexing agent log K1 log K2 log �2

Chromotropic acid 16.2 12.0 28.2
Tiron 12.2 9.3 21.5
5-Sulfosalicylic acid 11.2 8.5 19.7
5-Nitrosalicylic acid 10.1 8.0 18.1
3-Hydroxy-1,2-dimethylpyridyn-4-one 8.7 7.4 16.1
1-Ethyl-3-hydroxy-2-methylpyridyn-4-one 8.5 7.3 15.8
3-Hydroxy-2-methylpyridyn-4-one 8.4 7.2 15.6
3,5-Dinitrosalicyclic acid 7.8 5.5 13.3

a Taken from Ref. (169); CBe � 0.01 M, CL � 0.03 M.
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FIG. 24. Molecular structure of the squarato complex Be(C4O4) � 3H2O. Reproduced
with permission from Ref. (42). Copyright 1990, Verlag der Zeitschrift für Naturf-
orschung.

diaminoethane-N,N �-bis(acetate)-N,N �-bis(methylphosphonate) (265), 1,2-diamino-
ethane-N,N �-bis(i-propylphosphonate) (265), 1,5-diaminopentane-N,N �-bis(i-propylpho-
sphonate) (265), oxy-bis(ethyleneimino(dimethyl)methylphosphonate) (265), thio-
bis(ethyleneimino(dimethyl)methylphosphonate) (265)

Derivatives of polyazamacrocycles: 1,4,7-triazacyclononane-N,N �,N 
-tris(methyl-
phosphonate) (266), 1,4,7-tris(beta-dioxyphosphorylethyl)-1,4,7-triazacyclononane (267),
1,4,7,10-tetraazacyclododecane-N,N �,N 
,N�-tetra(methylphosphonate) (266), 1,4,7,10-
tetraazacyclododecane-1,4,7,10-tetraethylphosphonate (268)

Derivatives of 2-(hydroxyphenyl) methylphosphonate (269, 270).

The results are sparse and in some cases inconsistent both in re-
gard to the stoichiometry of the species formed and in relation to the
values of the stability constants. Some results from a systematic
study of simple phosphonates (260) are given in Table XVI together
with data relating to malonate complexes for comparison purposes.
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TABLE XVI

DECIMAL LOGARITHMS OF THE FORMATION CONSTANTS OF BERYLLIUM COMPLEXES WITH LIGANDS

CONTAINING PHOSPHONATO GROUPSa,b

Phosphonoacetate Methylenediphosphonate Methylphosphonate Malonate
Reactionc (L3�) (L4�) (L2�) (L2�)

Be � L � BeL 9.24(1) 13.7(1) 6.17(3) 5.36(2)
BeL � L � BeL2 5.74(2) 7.66(7) 5.36(8) 3.85(1)
BeL � H � BeHL 3.36(1) 5.04(5) 3.3(1)
BeHL � H � BeH2L 2.6(1)
BeL2 � H � BeHL2 5.05(6) 6.3(1)
BeHL2 � H � BeH2L2 �3 6.5(2)
Be � HL � BeHL 4.53(1) 8.3(1)
Be � H2L � BeH2L 4.0(2) 2.0(1)
Be � 2H2L � Be(H2L)2 7.6(2)
Be3(OH)3 � L � Be3(OH)3L 7.2(3) 5.26(7)
Be3(OH)3 � 3L � Be3(OH)3L3 20.86(3) 12.84(6)

a 298 K, 0.5 M NaClO4; data from Ref. (259).
b Values in parentheses are standard deviations on the last significant figure.
c The charges of the species have been omitted for simplicity.

Previous workers (130, 259) had used a model in which the only
complexes formed were BeL and Be2L2 for L � mp; BeHL3� and Be2L2�

for L � mdp. The discrepancy between the old results and the new
ones may be traced to the influence of two factors: incorrect allowance
made for hydrolysis and unsophisticated methods of calculation, both
of which are characteristic of the time when the old work was done.
In any case there is no evidence in the recent work for the presence
of dimeric species.

The stability of the complexes increases along the ligand series
malonate � methyphosphonate � phosphonoacetate � methylene-
diphosphonate. Phosphonate ligands form stronger complexes than
carboxylate ligands. Indeed, the formation of a complex Be(mp) shows
that the phosphonate ligand is capable of replacing a coordinated
water molecule from the first coordination sphere even without the
assistance of the chelate effect. The methylenediphosphonato com-
plexes are much stronger than the malonato complexes where the
same chelate effect should be operative.

The superior coordinating capacity of phosphonate over carboxylate
is illustrated in the 9Be NMR spectra in Fig. 25 (260). The similarity
of the spectra obtained by reaction of BeSO4 and methylphosphonic
acid or phosphonacetic acid indicates that the carboxylate group is
not bound to the beryllium under these experimental conditions. It
should be noted that substitution of a water molecule by a phospho-
nate ligand causes the 9Be resonance to move upfield when it co-ordi-
nates, as does the fluoride ion (271), the only other monodenate ligand
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FIG. 25. 9Be NMR spectra (H2O, 293 K) of the systems BeSO4–methylphosphonic
acid (H2mp), 1/4 (a) and beryllium(II)–phosphonacetic acid (H3pa), 1/2 (b); CBe � 0.1
M (260).

apart from hydroxide that is capable of replacing a water molecule
from [Be(H2O)4]2� (117).

The partially protonated phosphonate group, (RPO3H)� also forms
complexes whose stability increases in the same series, methyphos-
phonate � phosphonoacetate � methylenediphosphonate. When it
comes to complexes of hydrolysis products, phosphonoacetate is the
only ligand to form species of the type Be3(OH)3L and Be3(OH)3L3 . The
other phosphonates form such stable complexes that in effect hydroly-
sis is suppressed. Nowhere is this more evident than with methylene-
diphosphonato complexes, which are so stable as to suppress the pre-
cipitation of Be(OH)2 under alkaline conditions. A typical speciation
diagram for this ligand is shown in Fig. 26 together with 9Be NMR
spectra taken at different pH values. The assignments shown on the
figure are consistent with the predominant species in the different pH
regions. Clearly the chemical shift of such species are rather similar
so that successive deprotonation of the ligand causes the resonance to
move to slightly lower field.

Attempts to crystallize a phosphonato complex invariably led to the
formation of glassy materials. For example, a solid compound was
obtained that analyzed as K2Be(H2mdp)2 � 2H2O. Electrospray mass
spectrometry spectra of this product confirm the stoichiometry; the
most abundant peaks corresponded to the formulas [Be(H2mdp)2]2� in
the negative ion ESMS spectrum and �K3[Be(H2mdp)]�� in the positive
ion ESMS spectrum (260).
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FIG. 26. 9Be NMR spectra (H2O, 293 K) and calculated distribution diagram for
the system BeSO4–methylenediphosphonate (CBe � 0.1 M, metal to ligand molar ratio
1/3) (260).

H. OTHER ORGANIC LIGANDS

The interaction of beryllium with ligands derived from pyrone
(272), pyridone (273), and pyrimidinedione (274, 275) have long
aroused interest in view of the successful use of these ligands in the
treatment of metal poisoning.
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Evans and Wong determined some related equilibrium constants by
1H and 9Be NMR spectroscopy (170). The values of the equilibrium
constants obtained by this method, given in Table XV, are in good
agreement with those that had been obtained previously (183, 184,
188). This investigation was made possible because three conditions
were satisfied: (i) the ligands form complexes of the type BeL and
BeL2 that are sufficiently strong to suppress hydrolysis; (ii) chemical
exchange between the various species is sufficiently slow that sepa-
rate signals are observed for each species; (iii) the signals from each
species do not overlap. Figure 27 illustrates the spectra obtained with
the ligand 1,2-dimethyl-3-hydroxypyridin-4-one.

Numerous other complexes of beryllium with organic ligands such
as alloxides (276–280), �-diketonates (90, 281–297), Schiff bases (64,
298–301), thiols (302), pyridines (303), bipyridyl (304), phthalocya-
nine (305), hydroxyquinolines (306, 307), tropolones (308, 309), pyra-
zolylborates, (94, 310), phosphinates (311), hydrazides (312), phenyl-
hydrazonocarboxylates (313), dinaphthofuchsonedicarboxylates (314),

FIG. 27. 9Be NMR spectra for the system beryllium(II)–1,2-dimethyl-3-hydroxypyri-
din-4-one (HL), pH range between 2 and 8. The [Be(H2O)4]2� ion is taken as reference
(� � 0); BeL� occurs at � ca. 4 and BeL2 occurs at ca. 7.5 ppm (38.0 MHz, H2O). Repro-
duced with permission from Ref. (170). Copyright 1992, The Royal Society of Chemistry.
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and triphenylmethane dyes (315), are known. These complexes, with
few exceptions insoluble in water, are mainly of interest for analyti-
cal purposes.

The formation of complexes with ATP was suggested on the basis
of 31P NMR spectra (316).

VII. Conclusions

Complexes of the beryllium ion are always 4-coordinate with, at
most, minor deviations from regular tetrahedral geometry. The tetra-
aqua ion is a very stable entity and substitution of one or more water
molecules by monodentate ligands is not thermodynamically favor-
able except with fluoride, hydroxide, and phosphonate ligands. The
aqueous solution chemistry of this ion is dominated by the ease of
hydrolysis with the formation, principally, of the hydroxo-bridged
species [Be3(OH)3(H2O)6]3�. Complex formation, then, is a process in
which the ligand is usually competing with the hydrolysis reaction
since the aqua-ion is present only in strongly acid conditions (pH less
than ca. 3) where many ligands are protonated. Neglecting to take
hydrolysis into account in the determination of equilibrium constants
has been the cause of many spurious values being reported up to the
1960s and even more recently.

The only monodentate ligands that can compete with hydrolysis are
fluoride and phosphonates. Chelating ligands can form stable com-
plexes with beryllium by virtue of the chelate effect. The most stable
of these use oxygen donor atoms, but nitrogen coordination, although
less favorable, can occur. The most stable chelate complexes are those
with six-membered rings. This results from both the requirement of
beryllium to be tetrahedral and the steric requirements of the ligands.
The strongest known bidentate ligand is the anion of chromotropic
acid (log �2 � 28.2). This is followed by other dihydroxyaromatic li-
gands, e.g., tiron (log �2 � 22.6), and hydroxycarboxylate ligands such
as salicylate (log �2 � 22.6). Bidentate phosphonate ligands (e.g.,
methylenediphosphonate, log �2 � 21.4) and dicarboxylate ligands fol-
low in the stability sequence, but it seems that amino acids do not
form strong complexes.

HEALTH AND SAFETY ASPECTS

Although health and safety (317) and biochemical aspects (17) of
beryllium are beyond the scope of this review, some reference must
be made to toxicity hazards. Above all, inhalation of any beryllium-



164 ALDERIGHI, GANS, MIDOLLINI, AND VACCA

containing compound must be strictly avoided. It is probable
that any substance inhaled will, at the pH of biological fluids in the
lungs, be converted into insoluble beryllium hydroxide. Microcrystals
of Be(OH)2 will remain lodged in the lungs indefinitely as there is no
naturally occurring substance that can mobilize them by dissolution
and transport. It is the presence of these foreign bodies in the lungs
that causes chronic beryllium disease, which is cumulative and has a
delayed onset. Therefore, stringent precautions must be taken to
avoid inhalation of dust containing a beryllium compound. The combi-
nation of a well-ventilated fume hood and careful cleaning of any
spillages should provide adequate protection for workers in coordina-
tion chemistry.

There is little indication that oral ingestion of beryllium compounds
is a serious hazard. Presumably this is because no absorption occurs
in the low-pH region of the stomach and in the higher pH region of
the intestine; where absorption could occur, the beryllium is precipi-
tated as hydroxide. Beryllium compounds can enter the body through
lesions in the skin leading to ulceration due to the formation of the
hydroxide in tissues under the skin. Therefore, it would be prudent
always to wear gloves when handling beryllium compounds.

There is little hazard to the aqueous environment, as beryllium
compounds are scarcely soluble in the pH range of natural waters.
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296. Starý, J.; Liljenzin, J. O. Pure Appl. Chem. 1982, 54, 2557.
297. Ribeiro da Silva, M. A. V.; Reis, A. M. M. V. J. Chem. Thermodyn. 1983, 15, 957.
298. Green, R. W.; Alexander, P. W. Aust. J. Chem. 1965, 18, 1297.
299. Green, R. W.; Alexander, P. W. Aust. J. Chem. 1965, 18, 329.
300. Green, R. W.; Sleet, R. Aust. J. Chem. 1966, 19, 2101.
301. Cecconi, F.; Chinea, E.; Ghilardi, C. A.; Midollini, S.; Orlandini, A. Inorg. Chim.

Acta 1997, 260, 77.
302. Saxena, R. S.; Scheelwant, S. S. Monatsh. Chem. 1975, 106, 1081.
303. Relan, P. S.; Bhattacharya, P. K. J. Indian Chem. Soc. 1967, 44, 536.
304. Coates, G. E.; Green, S. I. E. J. Chem. Soc. 1962, 3340.
305. Rudenko, N. P.; Sevast’yanov, A. I. Zh. Neorg. Khim. 1968, 13, 184.
306. Barrett, P. A.; Dent, C. E.; Linstead, R. P. J. Chem. Soc. 1936, 1719.
307. Linstead, R. P.; Robertson, J. M. J. Chem. Soc. 1936, 1736.
308. Bryant, B.; Fernelius, W. J. Am. Chem. Soc. 1954, 76, 4864.
309. Hirai, M.; Oka, Y. Bull. Chem. Soc. Jpn. 1970, 43, 778.
310. Han, R.; Parkin, G. Inorg. Chem. 1992, 31, 983.
311. Gemiti, F.; Giancotti, V.; Ripamonti, A. J. Chem. Soc. (A) 1968, 763.
312. Grewal, S.; Sekhon, B. S.; Pannu, B. S.; Chopra, S. L. Indian J. Chem. 1975,

13, 623.
313. Rao, D. M.; Ramaiah, E. K.; Ram, K. Proc. Natl. Acad. Sci., India, Sect. A 1995,

65, 403.
314. Adamovich, L. P.; Mirnaya, A. P.; Khukhryanskaya, A. K. Zh. Anal. Khim. 1969,

12(24), 1816.
315. Hayashi, K.; Sasaki, Y.; Tagashira, S.; Kosaka, E. Anal. Chem. (USA) 1986, 58,

1444.
316. Bock, J. L.; Ash, D. E. J. Inorg. Biochem. 1980, 13, 105.
317. ‘‘Encyclopedia of Occupational Health and Safety’’; Parmeggiani, L. (Ed.); 3rd ed.;

International Labour Organization: Geneva, 1983; Vol. 1.



ADVANCES IN INORGANIC CHEMISTRY, VOL. 50

GROUP 2 ELEMENT PRECURSORS FOR THE
CHEMICAL VAPOR DEPOSITION OF

ELECTRONIC MATERIALS

JASON S. MATTHEWS*† AND WILLIAM S. REES JR.*,†,‡

*School of Chemistry and Biochemistry, †Molecular Design Institute, ‡School of Materials
Science and Engineering, Georgia Institute of Technology, Atlanta, GA 30332-0400

Chemical vapor deposition (CVD) is defined as the preparation of a
solid coating from a gaseous precursor by means of a chemical trans-
formation (1). The use of chemical vapor distinguishes CVD from
physical deposition methods, such as sputtering and evaporation,
thus imparting versatility to the deposition technique (2). CVD has
become the method of choice in the growth of thin films over a very
large substrate area. The benefits of the method include non-line-of-
sight, high throughput, low cost per unit, and uniform thickness and
elemental composition coverage. There exist several different meth-
ods of CVD, including, but not limited to, metalorganic vapor phase
epitaxy (MOVPE) (3–6), plasma enhanced chemical vapor deposition
(PECVD) (7, 8), photo CVD (9), low pressure chemical vapor deposi-
tion (LPCVD) (10, 11), combustion chemical vapor deposition (12), and
aerosol assisted chemical vapor deposition (13, 14). Each of these
methods has their benefits and drawbacks, and additionally, their use
is highly dependent upon the size, as well as the complexity, of the
device being prepared (15).

Independent of the CVD system, certain constants must be adhered
to. The precursor is one of the most important components of the CVD
system and is often referred to as the source. The first step in the
CVD process is vaporization of the precursor, if it does not already
exist as a gas at ambient conditions. The precursor should have suffi-
cient vapor pressure, at least 100 mtorr at delivery temperature, to
achieve reasonable deposition rates (16). Ambient temperature liq-
uids are preferred to solids, since it is easier to maintain a constant
flux of the precursor in the vapor phase. This is due to the fact that
liquids rapidly reestablish equilibrium upon removal of vapors,
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whereas solids tend to require longer periods because of their signifi-
cantly smaller surface area (1). The precursor should also be ther-
mally stable in the solid as well as the vapor phase up to the delivery
temperature. This prevents premature decomposition from occurring
at the source, or in the lines leading to the substrate. In order to
give a film with the desired composition, morphology, and purity, the
precursor must undergo controlled thermal decomposition at sub-
strate temperatures. It is therefore necessary to find a precursor that
is thermally stable at source temperatures but decomposable at sub-
strate temperatures. Precursors usually take the form of a metalor-
ganic or organometallic compound, with the metal being a major com-
ponent of the desired film. The properties of the material being grown
are highly dependent upon the purity as well as the chemical make-
up and decomposition pathway of the precursor (17). Poor decomposi-
tion pathways can lead to the incorporation of undesired elements
into the thin film, necessitating the use of various postdeposition an-
nealing processes.

Precursors are used in chemical vapor deposition to prepare materi-
als that can be separated into two categories, specifically metals and
nonmetals. CVD of metals have broad sweeping applications in the
silicon-based microelectronics industry, and research in this area had
been fed by the increasing demand for performance, size reduction,
and speed in the circuits of electronic devices. Increasing the speed of
integrated circuits can be accomplished by reducing the size of the
device. Early integrated circuits had one interconnect level because of
the relatively small number of devices that had to be connected. How-
ever, the reduction in device size led to an increase in the number of
devices on a single chip, which did not leave enough room for in-
terconnect lines. Solving this problem was accomplished via the use
of multilevel structures that allow for flexibility in interconnect rout-
ing by increasing the effective surface area for metallization. The
more complex features of the multilevel structures have raised sev-
eral concerns about the reliability and performance of the metal in-
terconnects. These concerns are directly related to the resistance of
the type of metal being used for the interconnect (17, 18). Metals with
low resistivities are ideal for use as interconnects, since they reduce
RC delays and IR voltage drops, thereby increasing device perfor-
mance. Aluminum has an extremely low resistivity; however, its depo-
sition has been limited to PVD techniques such as sputtering, which
results in nonconformal coverage of the substrate. Tungsten, which
can be deposited via CVD, has stepped up to replace aluminum in
several interconnect schemes. The process is carried out by silane or
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hydrogen reduction of tungsten hexafluoride, after a selective self-lim-
iting reduction by Si (19). Copper may serve as a better replacement
for aluminum, since it has a lower resistivity than either tungsten or
aluminum. This would allow for an increase in the operating fre-
quency of the device, as well as the use of higher current densities.
These interconnect devices are all made up of materials that are re-
ferred to as conductors. One property of these materials is that they
show a decrease in conductivity with an increase in temperature. For
semiconductors the inverse is true.

Semiconductors are defined as materials that contain a relatively
small number of current carriers when compared to metal conductors
(20). Semiconductors are hybrids of insulators and conductors in that
the separation between their valence and conduction band is not as
large as that of an insulator, nor is there any overlap as is exhibited
in conductors. As mentioned earlier, an intrinsic property of semicon-
ductors is that an increase in conductivity is observed in conjunction
with an increase in temperature. This phenomenon does not occur in
conductors; instead, a thermally induced scattering of carrier elec-
trons lowers the conductivity of the material. Scattering of electrons
also occurs in semiconductors; however, the increase in temperature
allows for the thermal promotion of electrons from the valence to the
conduction band, which increases the conductivity of the material.
Materials with band gaps residing in the visible region have applica-
tions in solar cells and thin film electroluminiscent (TFEL) displays,
whereas those in the infrared region can be used in thermal imaging
technology. In addition to differing band gaps, semiconductors can
have direct and indirect band-gap transitions. Semiconductors such
as silicon and germanium are indirect band-gap materials and are
useless in devices where fast and efficient generation of conducting
species is required. Direct band-gap materials such as GaAs and CdS
are more useful for lasers and other optoelectronic devices. Two im-
portant classes of semiconductors are the III–V, GaAs and InP, and
the II–VI, CdS and ZnSe, materials. Applications of the III–V materi-
als can be found in LEDs, semiconductors for use in optoelectronic
devices, solar cells, and LDs. Current CD-ROM devices are red laser–
based. The use of a blue laser would allow for the storage of about
five times more information per unit area than is observed with the
current red laser technology. The II–VI materials also have uses in
solar cells, TFELs, and LEDs; additional applications are found in the
area of blue phosphors, infrared detectors, and thermal imaging
systems.

Superconductors are defined as a class of materials that have zero
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electrical resistance. This phenomenon was first observed at the turn
of the century when elemental mercury was cooled to 4 K, Tc (the
temperature at which superconductivity is observed), with liquid he-
lium. In 1957 Bardeen–Cooper–Schreiffer (BCS) theory was devel-
oped to explain the phenomena of superconductivity. Based on this
theory, it was believed that a Tc higher than 30 K was unattainable.
In 1986, Bednorz and Mueller observed superconductivity at tempera-
tures greater than 30 K in complex oxides of copper. The following
year researchers discovered superconductors with Tc values as high
as 95 K. This was considered to be a major breakthrough, since these
materials could now operate at temperatures higher than the boiling
point of liquid nitrogen (77 K), which is readily available and rela-
tively inexpensive, compared to liquid helium. It was possible to en-
visage these materials being applied to transmission lines, motors,
and microelectronics. In addition to the critical temperature (Tc),
other important values include the critical current (Ic), the current at
which superconductivity is suppressed, which when normalized to the
cross-sectional gives the critical current density (Jc). The critical field
(Hc), the threshold value at which an applied magnetic field destroys
superconductivity, also plays an important role in the usefulness of
the material. For microwave applications at frequencies of 1–15 GHz,
Rs , nonzero surface resistance, is the dominant figure of merit (21).
This parameter varies as a function of temperature, frequency, and
film quality. In addition to exhibiting zero resistance at the critical
temperature, superconductors also behave as perfect diamagnets, ex-
pelling all magnetic flux from their interior, a phenomenon known as
the Meissner effect.

The unique properties exhibited by superconductors allow for nu-
merous revolutionary applications. These applications are separated
into three different categories: large-scale applications, low-field ap-
plications, and superconducting electronics applications. Large-scale
applications include high-field superconducting magnets that can be
used in nuclear magnetic resonance (NMR), magnetic resonance im-
aging (MRI), and magnetically levitated (MAGLEV) trains. Low-field
applications are evidenced in superconducting transmission lines,
which have been tested at Brookhaven National Laboratories. The
successful prototype three-phase, 1000 MVA ac transmission line
used a conductor cable constructed from a Nb3Sn (LTS) tape mounted
on an aluminum stabilizer. The results showed that YBCO (HTS) ma-
terials would allow for commercialization of this application if the 60
Hz loss experienced in these materials could be overcome (22). Super-
conducting electronics applications include digital-to-analog convert-
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ers, single flux quantum shift resisters, neural networks, supercon-
ducting quantum interference devices (SQUIDs), voltage standards,
bolometric detectors, superconducting field effect transistors, and pas-
sive microwave devices. The SQUID is the most widely used super-
conducting electronic device. It is the most sensitive sensor for mag-
netic flux and it can be used for any physical quantity that can be
transduced to a change in magnetic flux, such as electrical current,
voltage, or position. Applications include biomagnetometry, geophysi-
cal, astronomical, and material sciences.

The conductors, semiconductors, and superconductors that have
been discussed are materials that can be prepared via some type of
CVD process. In order to prepare each material, a precursor is re-
quired. The precursor chemistry of these materials is based heavily
on organometallic and inorganic chemistry. Numerous ligand plat-
forms have been investigated for use in the preparation of suitable
CVD precursors.

The alkoxide chemistry of group 2 metals is as rich as it is diverse.
A significant amount of the research conducted in this area has been
directed toward the reduction of intermolecular interactions and the
preparation of volatile monomeric compounds. Group 2 metal alkox-
ides can be easily prepared from the corresponding alcohol. The reac-
tion, depending on the alcohol, can be carried out by combining the
group 2 metal with the appropriate alcohol. In certain cases, it is nec-
essary to carry out the reaction in the presence of liquid ammonia or
ethanol. This method makes use of the intermediate metal amide or
metal alkoxide and proceeds via ligand exchange. The heavy group 2
compounds of the simple monoanionic alkoxides, such as methoxide
and ethoxide, exist as polymers in the solid state (23). These com-
pounds exist as polymers, since each ligand is monodentate. This ob-
servation is in line with Bradley’s classic structural theory, which
states that metal alkoxides will adopt the smallest degree of aggrega-
tion that permits the metal atoms to attain their preferred coordina-
tion numbers (24). An excellent example of Bradley’s theory is ob-
served when a bidentate alkoxide is used as the ligand. The product
that is obtained from the reaction of calcium filings with 2 equiv of 2-
methoxyethanol (25) contains three 6-coordinate and six 7-coordinate
calcium atoms for an average coordination number of 6.67 (Fig. 1).
Unlike nonmolecular analogues, this compound is soluble in nondonor
solvents. Soluble and volatile alkoxides of the heavy group 2 elements
may be useful in the preparation of sol–gel and CVD precursors. Sev-
eral research groups have investigated an extension of this motif in
an attempt to further reduce the molecularity of group 2 alkoxides.
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FIG. 1. ORTEP of Ca9(OCH2CH2OMe)18(HOCH2CH2OMe)2 .

Using a tetradentate ligand, Rees and Moreno have proposed the first
example of a monomeric barium bis-alkoxide (26). The proposed solu-
tion structure (Fig. 2) was determined based on cryoscopic and spec-
troscopic data. One notable characteristic of this monomeric barium
alkoxide is that it is an ambient temperature liquid. Although the
compound exists as a monomer in the solution state, oligomeric spe-
cies prevail in the absence of solvent. This phenomenon has been ob-

FIG. 2. The proposed solution structure as determined by cryoscopic measurements.
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served in the megacluster calcium compound isolated by Buhro et al.
(25), who reported that the compound dissociated into ‘‘fragments’’ in
the presence of cold benzene.

The theme of coordinatively saturating the metal center of heavy
group 2 elements has yielded molecular compounds; however, their
volatility and vapor phase stability are insufficient for CVD. The
widely employed concept of using steric bulk to shield reactive molec-
ular centers has also met with very little success in the area of CVD
precursors. Sterically demanding aryloxides have been investigated
for use with group 2 metals. The simplest example of the group 2
aryloxides is prepared by reacting strontium metal with phenol in
THF at reflux. Crystallization of the product affords a tetramer with
two different strontium environments (27), six molecules of THF, and
two neutral ligands (Fig. 3). The reaction of 2,6-di-tert-butyl,4-methyl-
phenol with strontium metal in THF gives the tetrahydrofuranate ad-
duct. Refluxing the isolated product in toluene at 80�C and 10�2 torr
affords the corresponding homoleptic derivative as determined by
NMR analysis (28). The reaction of 2,4,6-tri-tert-butyl phenol with
strontium in liquid ammonia has been reported to produce a hetero-
leptic monomeric compound following its reaction with Lewis bases,
according to X-ray analysis (29) (Fig. 4). The ammonia adduct is ini-
tially obtained and is readily converted to the homoleptic dimer by

FIG. 3. ORTEP of Sr4(OPh)-(PhOH)2(THF)6 .
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FIG. 4. SNOOPI drawing of [Sr(OC6H2But
3)2(THF)3]-0.5 THF.

refluxing in toluene at 10�2 torr for 30 minutes. When 2,6-di-t-butyl-
4-methylphenol is reacted with highly reactive calcium or barium in
THF, it is possible to isolate the metal phenoxide with coordinating
THF molecules (30). The calcium analogue exists as a heteroleptic
monomer with three THF molecules (Fig. 5); the barium analogue
contains four THF molecules. Removal of the coordinating solvent
molecules in the calcium compound can be accomplished by heating
at 80�C and 10�2 torr. Structurally characterized barium aryloxides
also incorporate coordinating solvents in order to coordinatively satu-
rate the metal center (31–33). The reversible coordination mode of
the solvent molecules would result in nonintact sublimation of the
CVD precursor. Upon losing solvent molecules, the compound would
likely aggregate to form a highly involatile oligomer, rendering it use-
less as a CVD precursor. Homoleptic monomeric alkoxides are very
rare. The use of tritox, a sterically demanding ligand, to prepare cal-
cium compounds results in an unstable aggregate that decomposes to
form the trimer of calcium ditox (Fig. 6). The use of intramolecular
Lewis bases to coordinatively saturate the metal center of heavy
group 2 metals has had very little success. Hermann decided to com-



GROUP 2 ELEMENT PRECURSORS FOR CHEMICAL VAPOR DEPOSITION 181

FIG. 5. X-ray structure of [Ca(OAr)2(thf)3] [Ar � C6H2But-2,6-Me].

bine the approach of steric bulk and donor functionality to prepare
homoleptic, volatile group 2 alkoxides that are stable in the vapor
phase (Fig. 7) (34).

The organometallic chemistry of the lighter alkaline earth metals
has been extensively investigated. Much of the chemistry has focused
on the preparation of organomagnesium reagents. The organometallic
chemistry of the heavier group 2 elements (calcium, strontium, and
barium) has not been extensively investigated, with the majority of

FIG. 6. Decomposition to calcium ditox.
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FIG. 7. Hermann’s monomeric calcium alkoxide.

the known compounds making use of the cyclopentadienide ligand
platform. These compounds are volatile and can be sublimed under
reduced pressure at temperatures ranging from 260 to 440�C, with
calcium being the most volatile and barium the least volatile (35).
The base free decamethyl metallocene compounds are not soluble in
hydrocarbon solvents because of their quasi-polymeric solid-state
structures (Fig. 8) (36). Structural similarities can be found between
the alkaline earth compounds and divalent lanthanide compounds,
with calcium being similar in size to YbII and Sr being similar to
EuII (37).

There have been several efforts geared toward reducing the oligo-
meric nature of the group 2 metallocene compounds. Reduction of the
nuclearity has been accomplished via the use of sterically demanding
cyclopentadienides and intermolecular Lewis bases (38–40). Hanusa
and Williams have used bidentate amines to coordinatively saturate

FIG. 8. ORTEP plots of the quasi-polymeric base-free calcium and barium metallo-
cenes.
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the group 2 metallocene compounds (41). X-ray crystallographic data
of the pentamethyl cyclopentadieneide pyrazine barium compound re-
veal a dimeric structure (Fig. 9). It is believed that the calcium ana-
logue also exists as a dimer in the solid state. A monomeric calcium
relative is shown in Figure 10. UV-vis data of these compounds show
that the pyrazine is coordinated to the metal center in a reversible
fashion, leading to the conclusion that the pyrazine is weakly coordi-
nated to the metal center. Efforts have been made to combat this
problem via the use of intramolecular Lewis base-stabilization. This
was accomplished by tethering an ether or amine containing alkyl
group directly to the cyclopentadieneide ligand (42–44). The intramo-
lecular Lewis base-stabilized cyclopentadieneides also suffer from
thermal instability. NMR data suggest that the Lewis bases are coor-
dinating in a reversible fashion. The base free analogues of the pre-
viously discussed compounds exist as monomers in the solid state and
are easily synthesized in diethyl ether or THF. The product is isolated
as the Lewis base adduct, with the base free derivative being obtained
after distillation or sublimation (45). It is important to note that the
intermolecular Lewis base is more labile in the case of barium than
in the case of calcium. This is due in part to the larger ionic radius of
barium that results in lower charge density; hence, it is a weaker
Lewis acid than calcium. In addition to having poor vapor pressures,
the group 2 metallocenes have been shown to incorporate a significant
amount of carbon into the thin film during the CVD process (46). Car-
bon incorporation greatly decreases the performance of electronic ma-
terials and diminishes their utility. Much of the effort to prepare
group 2 CVD precursors makes use of alternate ligand platforms.

Alkaline-earth amides of group 2 elements from Be to Ba have been
synthesized and structurally characterized. Primary amides can be

FIG. 9. Structure of the [Cp*2Ba]2(�-NC6H4N] dimer.
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FIG. 10. ORTEP and space filling model of [(i-Pr)4C5H]2Ca.

prepared via the reaction of liquid ammonia with the metal of choice.
These primary metal amides are nonmolecular species (47). Replace-
ment of the hydrogen atoms located on each nitrogen with the bulky
trimethylsilyl group to afford the bis-trimethylsilylamido ligand
allows for the formation of molecular species (48, 49) (Table I). The
base free derivatives, with the exception of Be, are dimeric in the
solid state. The incorporation of two molecules of THF allows for the
stabilization of monomeric species (50). The remainder of the alkaline
earth amide chemistry centers around magnesium for the preparation
of magnesium doped group 13 nitrides. These materials are among
the leading candidates for the fabrication of stable high-luminosity
blue and green photonic devices (51). Magnesium amide compounds
are found to exist in coordination environments that include 2 and
range from 4 to 10 (52). Though the amide chemistry has been ex-

TABLE I

STRUCTURES OF ALKALINE-EARTH

BIS(TRIMETHYLSILYL)AMIDES AND ADDUCTS

Complex CN Nuclearity

Be[N(SiMe3)2]2 2 Monomeric
�Mg[N(SiMe3)2]2�2 3 Dimeric
�Mg[N(SiMe3)2]2(THF)2 4 Monomeric
�Ca[N(SiMe3)2]2�2 3 Dimeric
Ca[N(SiMe3)2]2(DME) 4 Monomeric
�Sr[N(SiMe3)2]2�2 3 Dimeric
Sr[N(SiMe3)2]2(DME)2 4 Monomeric
Sr[N(SiMe3)2]2(dioxane)2 4 1-D polymer
�Ba[N(SiMe3)2]2�2 3 Dimeric
�Ba[N(SiMe3)2]2(THF)�2 4 Dimeric
Ba[N(SiMe3)2]2(THF)2 4 Monomeric
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tremely successful for the preparation of magnesium CVD precursors,
results with the heavier congeners are not as promising. The lack of
success arises from the difference in ionic radius as one descends from
magnesium to calcium, strontium, and barium. Magnesium has an
ionic radius that ranges from 57 to 72 pm and is therefore well suited
for the monoanionic monodentate amide ligand. The heavier group 2
elements have ionic radii that range from 100 to 142 pm and there-
fore require a more sterically demanding coordination environment.
The monoanionic bidentate �-diketonate ligand is better suited for
the heavy group 2 elements. The ligand forms a ‘‘quasiaromatic’’ six-
membered ring containing the metal atom. Sievers (53) demonstrated
that it was possible to separate various metal �-diketonates in the
vapor phase, thus showing their volatility and vapor phase stability.
The �-diketonate of choice for use in the preparation of volatile group
2 CVD precursors is 2,2,6,6-tetramethylheptanedionate. The ligand
makes use of two sterically demanding t-butyl groups to aid in the
encapsulation of the metal center. Acetylacetonato derivatives tend to
leave the metal center unprotected against intermolecular interac-
tions, hence allowing for the formation of oligomeric or polymeric com-
pounds. Magnesium bis-tetramethylheptanedionate has been synthe-
sized by Drake and co-workers via the reaction of magnesium
ethoxide with the �-diketone (54). The isolated compound was not
structurally characterized; however, the authors propose a base free
oligomer. TGA analysis of the compound shows a two step process
that is indicative of a heteroleptic compound (Fig. 11). Rees and co-
workers (55) have isolated and structurally characterized the bis-
etherate analogue of the magnesium �-diketonate (Fig. 12). In addi-

FIG. 11. TGA plots of the magnesium and calcium tmhd compounds prepared by
Drake (54).
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FIG. 12. X-ray crystal structure of magnesium Mg tmhd bis-etherate.

tion, the TGA analysis (Fig. 13) of the base free derivative calls into
question the data presented by Drake and co-workers. The calcium
bis-tetramethylheptanedionate was also synthesized by Drake; in ad-
dition, the compound was structurally characterized (Fig. 14). The
solid-state structure of the calcium compound reveals a trimer con-
taining two terminal and four bridging �-diketonates. TGA analysis

FIG. 13. TGA plot of base free Mg(tmhd)2 by Rees (55).
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FIG. 14. Molecular structure of [Ca2(tmhd)3]; the tert-butyl groups have been
omitted.

of the compound shows that it is volatile and stable in the vapor
phase. The strontium analogue also exists as a trimer in the solid
state with three terminal ligands and three bridging ligands in addi-
tion to one neutral �-diketone (56). The barium bis-tetramethylhep-
tanedionate has been synthesized and structurally characterized by
both Drake and Trojanov (57). The compound exists as a tetramer in
the solid state and sublimes intact at approximately 400�C; however,
there have been reports that the compound is unstable at high tem-
peratures for prolonged periods of time. The observed decomposition
is most likely due to the high source temperatures that are necessary
to volatize the precursor and prevent condensation at the source dur-
ing the CVD process. Several efforts have been made to reduce the
oligomeric character of the �-diketones, including incorporation of an
intermolecular Lewis base as well as use of fluorinated ligands (Fig.
15). The barium hfac and tfac derivatives behave similarly to the
tmhd analogue, decomposing at temperatures that are slightly above
their sublimation temperatures (58, 59). Group 2 analogues of Hdfhd,
Htdfnd, and Hfod (60) are highly volatile; they all sublime below
220�C and exhibit good thermal stability. Films grown from the fluo-
rinated precursors contain significant amounts of metal fluoride that
cannot be completely removed via postdeposition hydrolysis. The post-
deposition washes and residual fluoride greatly affect the fabrication
of the electronic materials since they demand epitaxial material (61).
The use of intermolecular Lewis bases, specifically tetraglyme, in
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FIG. 15. Fluorinated ligands that are used in the preparation of volatile group 2
CVD precursors.

combination with �-diketones produces thermally unstable com-
pounds. This observation arises from the weak interaction that exists
between the tetraglyme and the metal center. Tuning the Lewis acid-
ity of the metal center via the use of fluorinated �-diketones affords
a more stable interaction between the tetraglyme and the metal. Bar-
ium bis-hexafluoroacetylacetonato (Fig. 16) sublimes intact, which is

FIG. 16. Molecular structure of Ba(hfac)2-[Me3O(CH2CH2O)4-Me].
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in sharp contrast to the nonfluorinated analogue. The thermal stabil-
ity of the complex is believed to arise from the weakened interaction
between the �-diketonate oxygen and the metal itself, which arises
from the fact that the fluorine atoms are pulling electron density
away from the oxygen atoms. This leaves the metal in an extremely
high state of electron deficiency, hence allowing for a stronger interac-
tion between the tetraglyme oxygen and the metal. This theory has
been supported by X-ray crystallographic data, which clearly indicate
the formation of longer �-diketonate oxygen–metal interatomic dis-
tances and a strong tetraglyme oxygen–metal interaction (62).

The poor performance of the intermolecular stabilized �-diketo-
nates and fluorinated ligands resulted in the investigation of intramo-
lecular Lewis base-stabilized complexes. Rees and co-workers have
successfully synthesized the first example of a �-diketonate ligand
containing an intramolecular Lewis base (63). The ligand contains a
methoxy moiety that is tethered to the diketone backbone via a propyl
group. The barium derivative was isolated as a liquid and determined
to be monomeric based on solution cryoscopic data. Other investiga-
tion, in the area of intramolecular Lewis base-stabilized compounds,
have been carried out by Marks and co-workers. Modification of the
�-diketonate ligand via the attachment of a polyether monoamine to
afford a �-ketoiminate ligand was carried out by Marks. The idea be-
hind synthesizing the �-ketoiminate ligand arose from the strategy of
saturating the metal coordination sphere with sterically encumbered
nonpolar or coordinating ligands. This reduces the lattice cohesive en-
ergies, hence limiting molecular oligomerization (64, 65). Several dif-
ferent ligands were synthesized via the modification of R and R� (Fig.
17). The two monoether derivatives were determined to exist as di-
mers while the remaining four were monomeric (Fig. 18). These com-
pounds were volatile and could be sublimed at reduced pressure (10�3

FIG. 17. Ether containing �-ketoiminates synthesized by Marks and co-workers.
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FIG. 18. ORTEP of the �-ketoiminate complex, Ba(diki)2 .

torr) with minimal decomposition. Marks has used barium bis-�-ket-
oiminates to grow BaPbO3 thin films, thus showing the efficacy of �-
ketoiminates as ligands for use in the preparation of CVD precursors.
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I. Introduction

The crystal chemistry of oxophosphates (1) and nitridophosphates
(2) has been investigated extensively. In contrast to this, few crystal-
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lographic data about nitridooxophosphates, which can be seen as the
link between these two end members, have been available until re-
cently.

Nevertheless, nitridooxophosphate glasses have been of interest in
the past because of the improvement in physical properties such as
hardness and refractive index when nitrogen is incorporated into
phosphate glasses (3–7). These changes can be attributed to the sub-
stitution of divalent oxygen by trivalent nitrogen thus producing a
more tightly linked glass network. The replacement of oxygen by ni-
trogen leads to different kinds of P(N, O)4 tetrahedra PO3N, PO2N2 ,
PON3 , and PN4 which can be characterized by XPS, NMR, and vibra-
tional spectroscopy (8–10).

Another field of investigation is the use of metal nitridooxophos-
phates such as AlPON (11) or ZrPON (12) as catalysts. The incorpora-
tion of nitrogen leads to a change in acid–base properties and to im-
proved stability.

The present review is mainly concerned with the crystal chemistry
of compounds containing phosphorus(V) bound to oxygen and nitrogen
forming P(N, O)4 tetrahedra. Thus, ammonium phosphates will be
omitted as well as hydrazine and carbon containing compounds. We
will focus on the structure of molecular, molecular ionic, and con-
densed PON compounds. Some aspects of these compounds have been
summarized in the literature in the past (13–16).

II. Molecular PON Compounds

A. INTRODUCTION

Although the chemistry of alkylamino PON compounds has been
intensively investigated, only two non-carbon-containing compounds,
OP(NH2)3 and (NH2)3(O)PNP(NH2)3 , have been described in detail.
These two compounds have been obtained by ammonolysis of the cor-
responding chloro compounds, OPCl3 (17) and Cl2P(O)NPCl3 (18), at
�78�C. Furthermore, OP(NH2)3 as well as (NH2)3(O)PNP(NH2)3 have
been observed as decomposition products of phosphazenes during hy-
drolysis (19). Both compounds are air sensitive and must be stored
under inert conditions to prevent hydrolysis. Their use in the synthe-
sis of condensed PON compounds has also been shown. Thus, the
phosphorus(V) oxynitride PON and PON sodalites can be obtained
(Sections V,B and V,D). In addition, the aduct (NH2)3(O)PNP
(NH2)3 � NH4Cl has been observed as a microcrystalline powder (18).
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B. CRYSTAL STRUCTURES

The crystal structures of OP(NH2)3 (P21/c, a � 840(2), b � 877(2),
c � 542(1) pm, � � 95.4(1)�, Z � 4) and (NH2)3(O)PNP(NH2)3 (P21/c,
a � 1462.8(3), b � 944.8(2), c � 1026.9(2) pm, � � 110.7(1)�, Z � 8)
have been reported (18, 20). An important feature in both structures
is the formation of a network by N–H � � � N and N–H � � � O hydrogen
bonds. In both compounds, each O atom forms four N–H � � � O hydro-
gen bonds. In (NH2)3(O)PNP(NH2)3 two crystallographically unique
molecules are found that form a three-dimensional network by inter-
molecular hydrogen bonding interactions (N–H � � � N � 313 pm, N–
H � � � O � 293 pm). The average P–O bond length (150 pm) is compa-
rable to the one in OP(NH2)3 (151 pm) or (H3PO4) (152 pm), but it is
longer than in OPCl3 (145 pm) and Cl2(O)PNPCl3 (21) (145.4 pm). This
can be explained by the presence of hydrogen bonds.

The P–NH2 bond lengths in (NH2)3(O)PNP(NH2)3 of amino groups
in the vicinity of the O atom are slightly longer than the others. This
situation is in accordance to the observations in OP(NH2)3 and
P(NH2)�

4 compounds (20, 22, 23). In agreement with the written for-
mula (NH2)3(O)P–NuP(NH2)3 , different P–N bond lengths to the
bridging N atom are found.

III. Acyclic Molecular Ionic PON Compounds

A. INTRODUCTION

The formal stepwise exchange of the isoelectronic groups OH� by
NH�

2 in phosphates leads to the series H3PO4 , H2PO3NH2 ,
HPO2(NH2)2 , OP(NH2)3 . Further exchange of O2� by NH2� leads to the
tetraaminophosphonium ions P(NH2)�

4 , which have only recently been
characterized (22, 23). Corresponding to the formal substitution of
OH� by NH2 in phosphates, in polyphosphates bridging O2� can be
formally replaced by NH2�, leading to polyimidophosphates. Further-
more, the formal replacement of terminal OH� groups by NH�

2 groups
leads to polyamidoimidophosphates.

Only two monoamidophosphates (phosphoroamidates), KHPO3NH2

(24–26) and NaHPO3NH2 (27, 28), and the two diamidophosphates
(phosphorodiamidates) AgPO2(NH2)2 (29) and CsPO2(NH2)2 (30) have
been structurally characterized by X-ray crystallography (Table I),
but the synthesis and characterization of others have been published.
Thus, the monoamidophosphates H2PO3NH2 (26), H2PO3NH2 � H2O
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TABLE I

CRYSTALLOGRAPHIC DATA FOR ACYCLIC MOLECULAR–IONIC PON COMPOUNDS

Compound a [pm], � [�] b [pm], � [�] c [pm], � [�] SG Z Ref.

NaHPO3NH2 577.3(3), 90 577.3(3), 90 603.1(3), 120 P63 2 27, 28
KHPO3NH2 614.3(2), 90 687.2(1), 89.25(2) 1028.8(1), 90 P21/n 4 24
AgPO2(NH2)2 577.43(9), 90 577.43(9), 90 1035.5(2), 120 P3121 3 29
Na4PO3NHPO3 · 10H2O 1706.9(7), 90 690.5(5), 110.34(4) 475.2(12), 90 C2/c 4 54, 55
K4P3(NH2)O9 · 4H2O 608(2), 95.9(5) 1006(3), 91.7(5) 1272(4), 107.1(5) P1 2 53

(26), NH4HPO3NH2 (31), AgHPO3NH2 (25), Ag2PO3NH2 (25), Na2PO3

NH2 � 6H2O (32), MgPO3NH2 � 7H2O (25), and Ba[HPO3(NH2)2] � 2H2O
(25) and the diamidophosphates HPO2(NH2)2 (33), NH4PO2(NH2)2 (34,
35), Mg[O2P(NH2)2]2 � 6H2O (36), Ca[O2P(NH2)2]2 � 2H2O (36), and Na
PO2(NH2)2 � 5H2O (37) are known. The interest in these compounds is
based on their properties as flame retardants (38) or fertilizers (39).
Furthermore, their pyrolysis and their use in the formation of oligo-
and polyimidophosphates have been investigated (37, 40). Because of
the potential use of these polyimidophosphates as fertilizers, their for-
mation (41–48) as well as their decomposition (49–51) under aqueous
conditions as well as by solid state reactions was investigated. A few
oligo-imido/amidophosphates have been obtained, e.g., Na5P3(NH)2

O8 � 6H2O (52) and Rb4P3(NH2)O9 � 4H2O (53), but only the crystal
structures of Na4PO3NHPO3 � 10H2O (54) and K4P3(NH2)O9 � 4H2O (53)
have been described (Table I). The crystal structures of (NH4)2P2O4

(NH2)2 (55), a diamidophosphate(IV), and the amidothiophosphates
NH4(POS(NH2)2) (56) and (NH4)2[PO2S(NH2)] (57) have been reported
but will not be described in detail here.

B. CRYSTAL STRUCTURES

Only the monoamidophosphates NaHPO3NH2 and KHPO3NH2 as
well as the diamidophosphates AgPO2(NH2)2 and CsPO2(NH2)2 have
been characterized by X-ray structure determination. In the mono-
amidophosphates the anions exist as zwitterions �NH3PO2�

3 ; the phos-
phorus atom is surrounded tetrahedrally by three oxygen atoms and
one nitrogen atom. In the sodium salt each anion is situated on a
threefold axis coinciding with the P–N bond direction. The nitrogen
atom is linked by hydrogen bonds to three oxygen atoms, each belong-
ing to different anions. Thus, a three-dimensional network is formed.
Since nitrogen is also tetrahedrally surrounded and therefore sp3 hy-
bridized, the P–N bond lengths in monoamidophosphates correspond
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to an ‘‘ideal’’ P–N single bond. The recorded P–N bond length in Na
NH3PO3 is 176.9(10) pm. A more reliable value was obtained by the
analysis of the potassium salt KPO3NH3 , where a P–N bond length of
180.0(4) pm was found. In KNH3PO3 each O atom forms one hydrogen
bond with a hydrogen of the NH3 group, forming a three-dimensional
network. In the silver diamidophosphate AgPO2(NH2)2 a three-dimen-
sional network of corner-sharing PO2N2 tetrahedra and bent AgO2N2

squares is formed. The H positions have not been reported. In
contrast to the silver compound, in cesium diamidophosphate,
CsPO2(NH2)2 , the H positions have been located unambiguously. The
P atoms as centers of the tetrahedra [PO2(NH2)2]� form together with
Cs ions the motif of a distorted NaCl type. This arrangement contains
a three-dimensional framework of N–H � � � O and N–H � � � N hydro-
gen bonds.

In the imidophosphate Na4PO3NHPO3 � 10H2O the anion PO3

NHPO4�
3 shows similarities to the corresponding pyrophosphate ion in

the isomorphous pyrophosphate Na4P2O7 � 10H2O. Thus, the P–N–P
bond angle (127.2�) and the P–N bond length (168 pm) are remark-
ably similar to the P–O–P bond angle (128.6�) and bridging P–O bond
length (163 pm). The closest intermolecular N–O distances (329.2 and
344.6 pm) as well as the apparently identical hydrogen bonding
schemes in the crystal structures of Na4P2O7 � 10H2O and Na4PO3

NHPO3 � 10H2O indicate that the imido hydrogen is blocked from
forming N–H � � � O hydrogen bonds (54). This close similarity was
used to explain the similar biological behavior of ATP and the imido-
phosphate analogue of ATP (54).

In the amidopolyphosphate K4P3(NH2)O9 � 4H2O a triphosphate ion
with one OH� group formally replaced by NH�

2 is observed. The anion
is bent and therefore does not have the straight arrangement as found
in Na5P3O10 . Since hydrogen positions have not been obtained, the N
atom was only localized on behalf of the P–N distance. Hydrogen
bonding N–H � � � O has not been observed. The crystal structure con-
sists of layers of monoamidotriphosphate and potassium ions alter-
nating with layers of water molecules.

IV. Cyclic PON Compounds

A. INTRODUCTION

The polymetaphosphimates comprise the greatest number of struc-
turally investigated PON compounds. These contain anions of the
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general composition (PO2NH)n�
n with n � 3, 4, which have been exten-

sively investigated since they are a good example for tautomerism
in inorganic compounds ((P(OH)ONH)3 vs (P(OH)2N)3, (Fig. 1). The
polymetaphosphimates can be formally deduced from the cyclotri- and
cyclotetraphosphoric acid by substitution of all ring oxygens by imido
groups. The formal partial substitution of one or two O2� by NH2� in
the trimetaphosphimate ion leads to imido- and diimidocyclotriphos-
phate. They are formed during the hydrolysis of the (PO2NH)3�

3 ions
in aqueous solutions and were mainly characterized by NMR and IR
spectroscopy (58–60). In addition to this the synthesis and thermal
behavior of sodium monoimidocyclotriphosphate, Na3(P3O8NH) � 2H2O,
has been described in detail (61). The chemistry of tri- and tetrameta-
phosphimic acid as well as their salts was investigated first by Stokes
(62–64) at the end of the last century and later by Fiquelmont (65–
70). Most often the syntheses of tri- and tetrametaphosphimates start
from (PNCl2)3 and (PNCl2)4 , but it has been shown that P3N5 is also a
possible starting material (71). Thus, syntheses of a large number of
tri- and tetrametaphosphimates with main group ions H� (72, 73),
Na� (62, 66, 74–76), K� (77), Rb�, Cs�, NH4

� (64, 81), Ca2� (78), Al3�,
Ga3�, In3� (79), transition metal ions Ag� (80, 81), Fe2�, Fe3� (82), Cu2�

(83), Co2�, Ni2�, Zn2� (84, 85), and Cr3� (86), and most lanthanide ions
(87–89) have been reported.

The following reactions have been employed in the syntheses of tri-
and tetrametaphosphimates. Since most often the compounds are
very soluble in water, single crystals were grown by evaporation of
the solvent or by diffusion controlled addition of an organic solvent
such as acetone, ethanol, or methanol.

1. Hydrolysis of hexachlorocyclotriphosphazene or octachlorocyclo-
tetraphosphazene in the presence of a metal acetate, for example,

FIG. 1. Tautomeric forms of (PO2NH)n�
n ions, here for n � 3.
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Na(OOCCH3) � 3H2O. This led to the formation of Na3(PO2NH)3 � 4H2O
(90).

2. Reaction of the tri- or tetrametaphosphimic acid with a base or
a carbonate, for example, with NH3 or [C(NH2)3]2CO3 . By this method
(NH4)4(PO2NH)4 � 4H2O (91) and (C(NH2)3)3(PO2NH)3 � H2O (92) were
synthesized.

3. Formation of water-soluble polymetaphosphimates by reaction of
Ag3(PO2NH)3 (93) with a halide under formation of silver halide. With
the use of (NH4)2S, the ammonium trimetaphosphimate (NH4)3(PO2

NH)3 � H2O has been obtained (94).
4. Direct reaction of two salts, where the side product is very solu-

ble. By this method the transition metal polymetaphosphimates, for
example, M3[(PO2NH)3]2 � 14H2O (M � Zn, Co), can be obtained (95).

5. Crystallization at elevated temperatures (e.g., Na3(PO2

NH)3 � H2O (96)) or in the presence of additional salts, e.g., for the
synthesis of �-Na4(PO2NH)4 � 3H2O.

6. Reaction between P3N5 and alkali metal hydroxide monohydrate
under ammonothermal conditions. This led to the trimetaphosphi-
mates K3(PO2NH)3 and Rb3(PO2NH)3 (71).

Other than a few single-crystal investigations, until recently the
tri- and tetrametaphosphimates were mainly characterized by powder
diffraction (34) and vibrational spectroscopy. Extensive IR and Ra-
man spectroscopic investigations have been conducted to find out in
which of the two tautomeric forms, (PO2NH)n�

n or (P(OH)ON)n�
n , the

trimetaphosphimate ions exists (97–100). This issue was unam-
bigously solved by the crystal structure analysis of Na3(PO2NH)3 �
4H2O, which confirmed the existence of the imido form in the solid
state (90).

IR and Raman investigations by Steger et al. established the possi-
ble ring conformations of tri- and tetrametaphosphimate ions (74, 80,
101–103). Based on these results, interpretations of vibrational spec-
tra (104, 105) as well as calculations of force constants in group III,
transition metal, and rare earth tri- and tetrametaphosphimates were
performed by Sukova et al. by least squares methods (106–110). Fur-
thermore, calculations by the CNDO/2, MNDO, and PM3 methods
were made (111–114). In addition, EPR spectra of some trimetaphos-
phimates were recorded (115). 31P NMR experiments were used to in-
vestigate the formation and decomposition of polymetaphosphimates
(60, 116–119), as well as for the protonation behavior of mono-, di-,
and tri-�-imido cyclotriphosphates (120). The protonation was also
studied potentiometrically (121). 27Al NMR experiments (122, 123)
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were used to evaluate the multidentate complexation behavior of
(PO2NH)3�

3 ions.
The complexation of tri- and tetrametaphosphimate ions (124–127)

by group III, rare earth (88, 89, 128), and transition metals (125) was
studied by Rozanov et al. and led to a vast number of new compounds.
These were mostly obtained as amorphous or microcrystalline prod-
ucts, and they have not been characterized in detail by X-ray struc-
ture analyses.

The formation and decomposition of tri- and tetrametaphosphimate
in water in terms of their dependence on time, pH value, and temper-
ature (117–119, 129–135), as well as their thermal stability, have
been investigated in detail by various authors (47, 136–139). The
mechanism of hydrolysis of halogenocyclophosphazenes and the struc-
ture of the products and intermediates was also studied by quantum
chemical methods (140). Some of these investigations have also aimed
at the application of the polymetaphosphimates as fertilizers (141–
145), flame retardants, binders (146), biomaterials (147), or ion ex-
change materials (148, 149). Furthermore, bicyclophosphazenes of
(PNCl2)4 , i.e., (Cl7N4P4NH(CH2)nNHP4N4Cl7 with n � 4, 6, 12, and
their hydrolysis to bicyclotetrametaphosphimates (150, 151) as well
as bicyclic trimetaphophimates have been described in the literature
(152).

B. CONFORMATION OF TRI- AND TETRAMETAPHOSPHIMATE IONS

Tri- and tetrametaphosphimate rings can adopt different conforma-
tions. Therefore, for detailed characterization and structural compari-
son of the cyclic six- and eight-membered PN rings of the (PO2NH)3�

3

and (PO2NH)4�
4 ions, a conformation analysis is important. The ring

conformations can be analyzed for example by evaluation of torsion
angles (153, 154), displacement asymmetry parameters (155), or puck-
ering parameters (156) using the results of the single-crystal struc-
ture determinations.

The exact description of the ring geometry is given by the sequence
of the torsion angles. The sequence of the signs of the torsion angles
is characteristic for a given conformation; the absolute values allow a
quantitative evaluation. To describe the deviation of a ring conforma-
tion from an ideal conformation the use of displacement asymmetry
parameters (DAP-values), as shown by Nardelli, is very helpful (155).
These DAP-values are dimensionless and describe whether mirror
planes and twofold axes are present. The smaller the DAP-values are,
the smaller is the deviation from the ideal symmetry.
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These two approaches are only straightforward if almost ideal ring
conformations are present. In general the rings attain a conformation
that can only precisely described by linear combinations of the ideal
ring conformations. For this the puckering parameters have been
shown to be especially useful. With the program PARST97 (157) the
contribution of each ideal conformation can be obtained by calculating
the puckering parameters; there are N � 3 parameters for an N-
membered ring. The puckering parameters for five-, six-, and eight-
membered rings are given in the literature (16, 158). Employing these
methods it was found that in trimetaphosphimates the P3N3 rings
most often adopt a chair conformation. Nevertheless, in very few
cases a conformation is found that is a combination of the twist and
the boat conformation. The P4N4 rings in tetrametaphosphimates ex-
hibit either a saddle or a long chair conformation. Only one example
is known where the eight-membered rings attain a crown conforma-
tion due to the coordination behavior as a tetradentate ligand. Some
conformations of an eight-membered ring (first column) together with
the sequence of torsion angles (second column), the present symmetry
elements m and 2 (third column), and the puckering parameter
(fourth column) are given in Table II.

C. TRI- AND TETRAMETAPHOSPHIMATES

Although tri- and tetrametaphosphimates have been studied exten-
sively, only a few single-crystal structure analyses had been con-
ducted until recently. Tables III and IV, respectively, give a summary
of the crystallographic data of all hitherto known structures.

1. Crystal Structures of Trimetaphosphimates

The crystal structure determinations of trimetaphosphimates
showed that N–H � � � O hydrogen bonds between the ring anions play
an important role. In most of these salts the (PO2NH)3�

3 rings adopt
approximately a chair conformation. In a few cases a conformation is
found that is best described as a linear combination of the boat and
the twist conformation. Examples of these conformations as well as
some structural aspects of trimetaphosphimates are given in Fig. 2.

The acidity of the trimetaphosphimic acid is evident in the crystal
structure of H3(PO2NH)3 � 2H2O (159) where a partial proton transfer
to water molecules is observed, leading to the formula (H5O2)H2

(PO2NH)3 . The same anion H2(PO2NH)2�
3 is also found in

H2(NH4)(PO2NH)3 � CH3OH (159). The anions attain a distorted boat
conformation that can be traced back to the low charge of the ring
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TABLE II

IDEAL RING CONFORMATIONS IN TETRAMETAPHOSPHIMATES

Symmetry Puckering
Conformation Torsion angles elements parameter a

Crown q4 � 0

q2 � 0
�2 � n(�/4),

Saddle
n � 2m,

m � 0, 1, 2, � � � .

q3 � 0
Chair �3 � n(�/8),

n � 0, 1, 2, � � � .

q2 � 0
�2 � n(�/4)

Boat
n � 2m � 1,

m � 0, 1, 2, � � � .

a For the general equation of eight-membered rings (only the values different from zero are
given): zj � (2/8)1/2q2cos[�2 � 4�( j � 1)/8] � (2/8)1/2q3cos[�3 � 6�( j � 1)/8] � 8�1/2q4(�1) j�1.

ion. In contrast to this observation, in Ag3(PO2NH)3 the ring anions
also attain a distorted boat conformation. This distortion could have
been caused by metal–nitrogen interactions that are unique in the
crystal chemistry of trimetaphosphimates but have been also ob-
served in Ag(PO2(NH)2) (29).

In all trimetaphosphimates of monovalent cations, the formation of
N–H � � � O hydrogen bonds leads to a connection of (PO2NH)3�

3 ions.
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TABLE III

CRYSTALLOGRAPHIC DATA OF TRIMETAPHOSPHIMATES

Compound a [pm], � [�] b [pm], � [�] c [pm], � [�] SG Z Ref.

K3(PO2NH)3 1271.4(2), 90 1271.4(2), 90 1017.9(2), 120 R3 6 71, 93
Ag3(PO2NH)3 1166.6(1), 90 786.4(1), 106.9(1) 997.8(1), 90 P21/c 4 93
Na3(PO2NH)3 · H2O 988.0(1), 90 1221.2(1), 104.4(1) 764.6(1), 90 C2 4 96
Na3(PO2NH)3 · 4H2O 1697.6(9), 90 783.4(3), 97.1(1) 891.8(6), 90 P21/n 4 90
(C(NH2)3)3(PO2NH)3 · H2O 1565.6(2), 90 1068.3(1), 90 2091.8(2), 90 Pbca 8 92
(NH4)3(PO2NH)3 · H2O 657.1(1), 90 1299.2(1), 102.1(1) 692.4(1), 90 P21 2 94
Rb3(PO2NH)3 1299.71(5), 90 1299.71(5), 90 1054.85(5), 120 R3 6 71
Rh(NH3)3(TMP) · 6H2O 992.4(1), 90 997.8(1), 90 1267.4(2), 90 P21cn 4 171
(NH4)H2(PO2NH)3 · CH3OH 1502.5(3), 90 726.4(1), 90 1925.2(1), 90 Pbca 8 159
H3(PO2NH)3 · 2H2O 702.2(1), 90 1400.8(1), 93.3(1) 935.3(2), 90 P21/c 4 159

The N–H � � � O hydrogen bonds lead to the formation of pairs of
(PO2NH)3�

3 ions in K3(PO2NH)3 , Na3(PO2NH)3 � H2O, Rb3(PO2NH)3 , and
(C(NH2)3)3(PO2NH)3 � H2O where up to six hydrogen bonds are formed.
In contrast to the Na�, Rb�, and K� salts, where pairs of (PO2NH)3�

3

ions are formed by six hydrogen bonds, only four were observed in
(C(NH2)3)3(PO2NH)3 � H2O. Whereas isolated pairs held together by the
metal ions are found in the potassium and the rubidium salts, these
pairs are connected to columns in the sodium salt and to sheets in
the guanidinium salt via O–H � � � O hydrogen bonding. The water
molecules act as proton donors and acceptors. In K3(PO2NH)3 and
Rb3(PO2NH)3 , the pairs of (PO2NH)3�

3 ions are stacked in columns that
form a motif of close-packed rods. In Ag3(PO2NH)3 the (PO2NH)3�

3 ions
form double layers. A three-dimensional network of (PO2NH)3�

3 ions is
observed in (NH4)3(PO2NH)3 � H2O, H3(PO2NH)3 � 2H2O, and H2(NH4)
(PO2NH)3 � CH3OH. The largest amount of water per formula unit in
a trimetaphosphimate is found in Na3(PO2NH)3 � 4H2O. Although the
(PO2NH)3�

3 ions also attain a chair conformation, in this compound

TABLE IV

CRYSTALLOGRAPHIC DATA OF TETRAMETAPHOSPHIMATES

Compound a [pm], � [�] b [pm], � [�] c [pm], � [�] SG Z Ref.

H4(PO2NH)4 · 2H2O 1398.0(30), 90 832.0(10), 90 504.0(10), 90 P21212 2 160, 161
Cs4(PO2NH)4 · 6H2O 969.3, 90 969.3, 90 1130.6, 90 P42/nmc 2 163
K4(PO2NH)4 · 4H2O 678.6(2), 90 1037.1(3), 57.9 1433.5(4), 90 P21/c 2 163
�-Na4(PO2NH)4 · 3H2O 843.6(2), 83, 1(1) 848.5(2), 76.3(1) 994.7(2), 87.5(1) P1 2 164
�-Na4(PO2NH)4 · 3H2O 1002.7(2), 90 1189.7(2), 104.93(2) 1193.1(2), 90 P21 4 164
Na4(PO2NH)4 · 2H2O 2225.6(3), 90 513.0(1), 134.21(2) 1566.7(2), 90 C2/c 4 164
(NH4)4(PO2NH)4 · 4H2O 653.0(1), 90 1105.8(1), 92.90(3) 1229.5(1), 90 P21/n 2 91
(C(NH2)3)4(PO2NH)4 · 4H2 1739.6(1), 90 1084.2(1), 90 1335.0(1), 90 Pbcn 4 92
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FIG. 2. Examples of the chair (1) and the distorted boat (2) conformation as well as
pairs of trimetaphosphimate ions connected by N–H � � � O hydrogen bonds (3).

they are held together only by two N–H � � � O hydrogen bonds because
of the large contribution of H2O molecules to the hydrogen bonding.

2. Crystal Structures of Tetrametaphosphimates

The crystal structure determinations of tetrametaphosphimates
showed that N–H � � � O hydrogen bonds between the ring anions play
an important structure directing role. The (PO2NH)4�

4 rings adopt ap-
proximately a chair, boat, or saddle conformation. Examples for con-
formations in (PO2NH)4�

4 ions as well as some structural aspects of
tetrametaphosphimates are given in Fig. 3.
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FIG. 3. Examples for conformations in (PO2NH)4�
4 ions (1, saddle; 2, chair; 3, dis-

torted boat; 4, crown) as well as some structural aspects (formation of ‘‘strings’’ (5) and
of columns (6) by N–H � � � O hydrogen bonding) of tetrametaphosphimates.

In H4(PO2NH)4 � 2H2O the anion exhibits a significant distorted boat
conformation (160, 161). Because of the acidic properties of tetrameta-
phophimic acid dihydrate, two protons are transferred to the two wa-
ter molecules. Thus, the compound is better written as (H3O)2H2
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(PO2NH)4 . In the crystal the anions are connected to columns via
N–H� � �O hydrogen bonds that are interconnected by O–H � � � O
hydrogen bonds. Preliminary structural data on K2H2(PO2NH)4 ,
Rb2H2(PO2NH)4 , and (NH4)2H2(PO2NH)4 show that these salts are iso-
morphous to the acid dihydrate, with the cations presumably having
the same positions as the water molecules (162). In Cs4(PO2

NH)4 � 6H2O (163), isolated tetrametaphosphimate ions with the exact
symmetry 42m of the ideal saddle conformation are observed. They
are not connected to each other via N–H � � � O hydrogen bonds which
can be put down to the high water content. A reduced water content
in �-Na4(PO2NH)4 � 3H2O and �-Na4(PO2NH)4 � 3H2O (164) leads to a
small distortion of the (PO2NH)4�

4 ion from the ideal symmetry and to
the connection of the ring anions by hydrogen bonding forming col-
umns of staggered pairs of (PO2NH)4�

4 ions. In Na4(PO2NH)4 �
2H2O (164) even less water per formula unit is present, leading to an
even stronger distortion of the anions. These form straight columns
of (PO2NH)4�

4 ions with eight via N–H� � �O hydrogen bonds. In
(NH4)4(PO2NH)4 � 4H2O, [C(NH2)3]4(PO2NH)4 � 4H2O, and K4(PO2NH)4 �
4H2O, the anions adopt the chair conformation (91, 92, 163). N–H � � � O
hydrogen bonding leads in these compounds to the formation of
strings of (PO2NH)4�

4 ions.

D. PHOSPHIMATOMETALLATES

1. Introduction

Tri- and tetrametaphosphimates can act as polydentate ions. In
principle, coordination by both nitrogen and oxygen is possible, but as
seen in the salts of monovalent cations, almost exclusively coordina-
tion via oxygen is expected. Thus, the anions can act as polydentate
and/or bridging ligands. The trimetaphosphimate ion can act in vari-
ous ways:

(a) As a monodentate ligand in combination with monovalent ions such as Na�, K�,
Rb�, Ag�, NH�

4 , or C(NH2)�
3

(b) As a bridging ligand with divalent ions Cu2�, Co2�, Zn2� in Na4�Cu[(PO2NH)3]2� ·
10H2O (165), Na�M[(PO2NH)3]� · 7H2O (166) (M � Zn, Co)

(c) As a tridentate ligand with Ga3� in Na3�Ga[(PO2NH)3]2� · 12H2O (167–169), with
Co2�, Zn2� in Na4�M[(PO2NH)3[2� · 12H2O (16, 70), with Rh3� in Rh(NH3)3(PO2NH)3 · 6H2O
(171), with Hf2�, Zr2� in Na4�M4(�2-O)(�-OH)6[(PO2NH)4]4� · 18H2O and Na4�M4(�2-O)
(�-OH)6[(PO2NH)4]4� · 21H2O (172)

(d) As a polydentate as well as a bridging ligand in M3[(PO2NH)3]2 · 14H2O (M � Zn,
Co) and K1.3(NH4)1.7�Pr[(PO2NH)3]2� · 8H2O (173)
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Only one crystal structure of a tetrametaphosphimato metallate—
K4H�Tm[(PO2NH)4]2� · 18H2O—is described in the literature, but no
atomic positions were published (174, 175). In this compound two
(PO2NH)4�

4 ions in the crown conformation act as tetradentate ligands
forming isolated �Tm[(PO2NH)4]2�5� complex anions (Fig. 4, 2).

FIG. 4. Structural possibilities in trimetaphosphimatometallates.
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Table V gives a summary of the crystallographic data of all hitherto
known structures of trimetaphosphimatometallates.

2. Crystal Structures of Trimetaphosphimatometallates

In the following the compounds will be described, depending on the
degree of condensation of the metal and trimetaphosphimate ions. Up
to now phosphimatometallates with isolated and chainlike (single and
double chains) units as well as a layered compound have been de-
scribed. These structural possibilities are shown in Fig. 4.

Isolated entities are observed in Na3�Ga[(PO2NH)3]2)� � 12H2O, Na4

�M[(PO2NH)3]2� � 12H2O (M � Co, Zn) with �Ga[(PO2NH)3]2�3� and
�M[(PO2NH)3]2�4� ions where Ga3�, Zn2�, and Co2� are octahedrally sur-
rounded by oxygen (Fig. 4, 1). The trimetaphosphimate groups are
tridentate ligands attaining the chair conformation. In Na4�Cu[(PO2

NH)3]2� � 10H2O complex, centrosymmetric anions �Cu[(PO2NH)3]2 �
2H2O�4� are formed in which the trimetaphosphimate ligands act as
bidentate end-on ligands connected to the metal by only two oxygen
atoms each. The coordination sphere of the copper ion is completed by
the coordination of two H2O molecules forming a considerable dis-
torted CuO6 octahedron. The characteristic central structural feature
of the four trimetaphosphimato zirconate and hafnate compounds
Na4�M4(�4-O)(�-OH)6[(PO2NH)4]4� � 18H2O, Na4�M4(�4-O(�-OH)6[PO2

NH)4]4� � 21 H2O, M � Hf, Zr) are the complex tetranuclear anions
�M4(�4-O)(�-OH)6[(PO2NH)3]4�4� with M � Zr or Hf (172) (Fig. 4, 4).
The anions consist of five corner sharing adamantanoid cages. The
central cage �M4(�4-O)(�-OH)6�8� exhibits a tetracoordinated oxygen in

TABLE V

CRYSTALLOGRAPHIC DATA OF TRIMETAPHOSPHIMATOMETALLATES

Compound a [pm], � [�] b [pm], � [�] c [pm], � [�] SG Z Ref.

Zn3[(PO2NH)3]2 · 14H2O 743.7(2), 102.7(1) 955.9(2), 90.5(1) 980.1(2), 100.1(1) P1 1 95
Co3[(PO2NH)3]2 · 14H2O 744.3(1), 102.2(2) 955.2(2), 90.0(1) 985.8(2), 99.3(21) P1 1 95
Na4�Hf4(�4-O)(�-OH)6TMP4� · 18H2O 2267.8(3), 90 2267.8(3), 90 2267.8(3), 90 Pa3 8 172
Na4�Hf4(�4-O)(�-OH)6TMP4� · 21H2O 1435.0(2), 90 1435.0(2), 90 5034.8(10), 120 R3 6 172
Na4�Zr4(�4-O)(�-OH)6TMP4� · 18H2O 2269.3(3), 90 2269.3(3), 90 2269.3(3), 90 Pa3 8 172
Na4�Zr4(�4-O)(�-OH)6TMP4� · 21H2O 1430.3(2), 90 1430.3(2), 90 5028.4(10), 120 R3 6 172
Na4�Zn[(PO2NH)3]2� · 12H2O 888.3(1), 90 1899.4(1), 104.54(1) 1712.6(2), 90 C2/c 4 16, 170
Na4�Co[(PO2NH)3]2� · 12H2O 888.1(1), 90 1901.8(2), 104.59(1) 1711.2(1), 90 C2/c 4 16, 170
Na4�Cu[(PO2NH)3]2� · 10H2O 912.5(2), 66.9(1) 942.7(2), 108.7(1) 965.4(2), 109.4(1) P1 1 165
Na3�Ga[(PO2NH)3]2� · 12H2O 872.9(5), 97.8(1) 990.2(5), 87.9(1) 871.6(5), 93.5(1) P1 2 167–169
Na[Zn(PO2NH)3] · 7H2O 1020.9(3), 116.0(1) 925.6(2), 97.7(1) 953.9(2), 103.2(1) P1 2 166
Na[CO(PO2NH)3] · 7H2O 1020.7(3), 116.0(1) 925.3(2), 97.6(1) 953.0(2), 103.2(1) P1 2 166
K1,3(NH4)1,7�Pr[(PO2NH)3]2� · 8H2O 2562.3(8), 90 1057.7(3), 90 863.2(2), 90 Pna2 4 173
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the center and the other cages are formed by the trimetaphosphimate
ions acting as tridentate ligands coordinating Hf or Zr.

The structure of Na�M(PO2NH)3� � 7H2O (M � Zn, Co) is constructed
of polymeric chain anions of the empirical composition �M(PO2NH)3 �
3H2O��. The (PO2NH)3�

3 ion acts as a tridentate ligand coordinating to
two different metal ions, forming two M–O bonds with one of the
metal ions and one with the other (166) (Fig. 4, 5). The anion attains
a distorted ring conformation. The octahedral coordination of the
metal ions is completed by H2O molecules. In M3[(PO2NH)3]2 � 14H2O
(M � Zn, Co) the same kinds of chains are observed (95). Whereas in
Na�M(PO2NH)3� � 7H2O (166) charge balance is reached by incorpora-
tion of sodium ions, in M3[(PO2NH)3]2 � 14H2O (M � Zn, Co) two chains
at a time are connected by M2� ions, thus forming double chains.

The only known trimetaphosphimatometallate with a layered struc-
ture is K1.3(NH4)1.7�Pr[(PO2NH)3]2� � 8H2O. The coordination polyhedron
of the Pr3� ion is a distorted dodecahedron that is formed by the oxy-
gen atoms of two trimetaphosphimate ligands, one of which is a tri-
dentate terminal and the other a pentadentate bridging ligand (Fig.
4, 3). The second (PO2NH)3�

3 ligand has two different functions. The
first is the coordination as a tridentate chelating ligand and the sec-
ond the connection of three Pr3� ions by using two more oxygen atoms
to bind two other cations, thus forming trimetaphosphimato praseo-
dymium layers. The trimetaphosphimate rings have a chair confor-
mation. The difference of the coordination of the lanthanide ion com-
pared to transition-metal ions can be ascribed to the size of the ions
and the relatively high polarity of the rare-earth ligand bond. This
favors the highly electrostatic bonding of the rare-earth ion to the
oxygen atoms of the anionic ligand rather than coordination of water
to the cation.

V. Solid-State PON Compounds

A. INTRODUCTION, GENERAL CONSIDERATIONS

The solids considered in this section are phosphorus oxynitrides
and nitridooxophosphates. They are pentavalent phosphorus(V) com-
pounds and correspond to a partial substitution of nitrogen, under the
nitride form N3�, for oxygen O2� within PO4 tetrahedra, resulting in
the formation of mixed P(O, N)4 tetrahedra.

Various categories of compounds are concerned that differ from
each other in particular in their crystallization states. Crystalline
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compounds will be essentially reported here because of their better
structural characterization. However, X-ray amorphous PON and ni-
tridooxophosphates have been also synthesized, for example as high
surface area fine powders or as glass phases. In this latter case, the
phosphorus oxynitride glasses, it has been shown (176, 177) by
31P MAS NMR that several types of phosphorus-centered tetrahedra
are able to coexist: PO4 , PO3N, and PO2N2 . PON3 tetrahedra are
also known, the only examples to date being given by the oxynitride
P4ON6 where they coexist with PN4 tetrahedra (178) and the PON
sodalites M8-mHm[P12N18O6]X2 with M � Cu�, Li�; X � Cl�, Br�, I�

(179).
All those solid-state PON compounds are formed by an arrange-

ment of corner-sharing tetrahedra, apart from P4ON6 , in which the
PN4 tetrahedra are also edge-sharing (178). This structural motif also
occurs in P3N5 and HP4N7 (180–183). Therefore, they are directly com-
parable to purely oxygenated phosphate-type compounds and also to
silicates or aluminosilicates whose crystal chemistry shows close simi-
larities with that of phosphates. However, nitrogen can bring to the
anionic network something more than just its higher negative formal
charge and thus play a particular role in the structure as, unlike oxy-
gen, it has the possibility of being threefold coordinated by phospho-
rus. The simultaneous presence of two kinds of nitrogen atoms, either
bridging between two P atoms (–Nu) or bridging between three P
atoms (–N�), has been clearly demonstrated by XPS in phosphorus
oxynitride glass compositions (184).

When, in crystalline compounds, nitrogen and oxygen atoms are
twofold coordinated by phosphorus, an important question arises con-
cerning their possibility of being structurally ordered. Neutron dif-
fraction is essential here, as the X-ray scattering factors of O and N
are not sufficiently different to permit the two atoms to be distin-
guished. In contrast, the neutron scattering length of nitrogen,
0.94 	 10�12 cm, is significantly larger than that of oxygen, 0.575 	
10�12 cm, thus making it possible to determine whether the anion sub-
lattice is ordered.

Following ternary phosphorus oxynitrides, which involve only phos-
phorus as a cationic element, quaternary and higher oxynitrides will
be described. A number of other solid-state PON compounds are un-
der study and, when considering the richness of the phosphate crystal
chemistry and the additional degree of freedom given by the presence
of nitrogen, it is very probable that many new nitridooxophosphate
compositions will be found in the near future.
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B. THE PHOSPHORUS OXYNITRIDE PON

It is well known that, as previously mentioned, close structural re-
lationships exist between phosphates and silicates, as the crystal
chemistry of both families is based upon similar XO4 tetrahedral net-
works. The introduction of nitrogen within the PO4 tetrahedra further
increases the similarities when the cross-substitution is considered:

P�V � N�III � Si�IV � O�II.

The phosphorus oxynitride PON is a typical illustration, as its for-
mula is derived from SiO2. Thus, the isoelectronic mixed-anion silica
analogue should normally exhibit a crystal structure closely related
to that of SiO2 , which displays a complex P–T phase diagram. SiO2

has a rich variety of low-pressure structures as a result of the many
ways in which the easily moving tetrahedra can be linked to form
extended corner-sharing arrays. Therefore, several polymorphs could
also be expected for PON. A structural analogy with SiO2 implies that
nitrogen and oxygen are two-coordinated atoms, in other words, that
the structures are based on networks of corner-sharing PO2N2 tetra-
hedra. Note the theoretical, but unverified, possibility of PON adopt-
ing a completely different crystal structure involving PON3 tetrahedra
in which all the nitrogen atoms would be three-coordinated while the
oxygen atom would be nonbridging (185).

1. Synthesis

Although a chemical substance with the PON formulation was re-
ported as early as 1846 (186), this phosphorus oxynitride was not well
known for a long time. That is essentially due to some difficulty in its
preparation and to the X-ray amorphous character of the commonly
obtained powders.

Various methods of synthesis have been described. PON can be ob-
tained by the thermal decomposition under vacuum of triamide
PO(NH2)3 , which results from ammonolysis of oxychloride POCl3 (187,
188). The main disadvantage of this method is the moisture-sensitive
character of the precursors, in particular POCl3 . A second method
consists of reacting ammonia at about 700�C with a phosphorus deriv-
ative such as P4O10 , or better NH4H2PO4 (8, 189, 190). It leads to PON
after several heatings with intermediate grinding. The reaction be-
tween urea OC(NH2)2 , melamine (NCNH2)3 or guanamine (2,4-dia-
mino-6-alkyl-1,3,5 triazine), and phosphoric acids, ammonium phos-
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phates, P4O10 , or urea phosphates has been also described as a
preparation process (191). For example:

4NH4H2PO4 � C3H6N6 � 4PON � 3CO2� � 6H2O� � 6NH3�. (1)

The resulting product has a low apparent density. Other synthesis
techniques have been reported (192), mainly the reaction of a stoichio-
metric mixture of P3N5 and P4O10 , heated at 780�C for 48 h, which
directly results in a crystalline powder (193). Crystallization of X-ray
amorphous PON produced using the other preparation methods is ob-
tained after heating the powder in an evacuated quartz ampoule at
700–800�C for several days.

2. Cristobalite-Type PON

At ambient conditions, PON adopts a cristobalite-type structure,
metastable in SiO2 . It crystallizes in the �-cristobalite phase, the
high-temperature phase observed at ambient pressure for silica. The
crystal structures of the two compounds are very similar. Whereas
cristobalite silica crystallizes in the cubic Fd3m space group, cristo-
balite PON crystallizes in the tetragonal P4 space group (8) with the
nitrogen and oxygen atoms randomly distributed between the two an-
ionic sites as shown by neutron diffraction experiments (Fig. 5); how-
ever, the atomic positions in PON deviate from those found in silica
by only a few standard deviations. The unit cell parameters are a �
462.66(1) and c � 700.37(3) pm (c/a � 1.514) with Z � 4. Note that a
refinement by neutron diffraction at the ISIS spallation source (194)
prefers finally the more symmetrical I42d space group, which was for
a long time the space group attributed to silica (with c/a � �2).

The behavior of cristobalite PON has been studied as a function of
pressure. No in situ evidence for pressure-induced amorphization was
noticed. Whereas cristobalite SiO2 displays four crystalline phases up
to 50 GPa (195), PON remains in a cristobalite phase (193, 196). By
using Raman spectroscopy and synchrotron X-ray diffraction, Kingma
et al. (193, 197) observe a displacive transformation below 20 GPa
to a high-pressure cristobalite-related structure, which then remains
stable to at least 70 GPa. The high value of the calculated bulk modu-
lus (71 GPa) (196) is indicative of the remarkable stiffness of the
phase.

3. Quartz-Type PON

The analogy between PON and SiO2 has been further illustrated by
the fact that under high pressure/high temperature conditions (4.5



MOLECULAR, COMPLEX IONIC, AND SOLID STATE PON COMPOUNDS 213

FIG. 5. Arrangement of the PO2N2 tetrahedra in the �-cristobalite PON phase (8).

GPa, 700�C) cristobalite PON is transformed into an �-quartz-type
modification (198, 199) that is the ambient-pressure, low-temperature
phase in silica. The structure at ambient conditions has been refined
using time-of-flight neutron powder diffraction data on a quenched
sample (200). It is essentially the same as that of �-quartz SiO2 (trigo-
nal P3221, Z � 3), as shown in Table VI, which compares for PON
and SiO2 (201) the unit cell parameters as well as selected distances
and angles. Oxygen and nitrogen are completely disordered over the
anionic sites. Figure 6 shows the P(O, N)4 tetrahedral arrangement.

The behavior of �-quartz PON under pressure has been studied, in
particular the pressure dependence of the cell parameters (200, 202).
A displacive phase transition to an �-quartz II structure occurs at
close to 20 GPa. Progressive and irreversible amorphization is ob-
served above 30 GPa and, above 42 GPa, the product becomes com-
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TABLE VI

UNIT CELL PARAMETERS AND SELECTED INTERATOMIC

DISTANCES AND ANGLES IN �-QUARTZ PON AND IN THE

CORRESPONDING SiO2 PHASEa

PON SiO2 (after 201)

a [pm] 475.7(4) 491.37
c [pm] 524.60(2) 540.47
c/a 1.103 1.100
Mean A–X [pm] 157.3 161.0
X–A–X [�], (	2) 112.2(2) 110.7
X–A–X [�], (	2) 105.6(2) 108.8
X–A–X 109.6(2) 109.1
X–A–X 109.0(2) 108.8
A–X–A 140.6(1) 143.6

a A: P or Si; X: (O, N) or O.

pletely amorphous. Such behavior—displacive transformation and
amorphization—is very similar to that of �-quartz SiO2 (195).

As shown in Table VI, the tetrahedra in PON are less regular than
in SiO2 because of the presence of two different anions. The molar
volumes of the �-quartz and �-cristobalite phases of PON are com-
pared in Fig. 7, as a function of pressure (200, 203).

FIG. 6. Perspective view of the �-quartz-type PON structure (200).
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FIG. 7. Molar volumes of quartz and cristobalite polymorphs of PON as a function
of pressure (200, 203).

4. Moganite-Type PON

A new polymorph of the phosphorus oxynitride PON has been re-
covered at ambient pressure by quenching after a treatment at 850�C
under a pressure of 2.5 GPa using cristobalite- or quartz-type phases
as starting materials (204). It has the same structure as moganite
SiO2 , a polymorph known only since 1976 (205) and the corresponding
structure refined in 1992 (206), which occurs as microcrystalline silica
fillings of cavities, fissures, and cooling cracks in natural formations,
but has never been synthesized up to now. Unlike moganite SiO2 ,
which is always found mixed with quartz variety, moganite PON is
obtained as a pure and well-crystallized powder. The monoclinic
structure (space group I2/a, Z � 12) has been refined both from an
X-ray diffraction pattern (204) and by time-of-flight neutron diffrac-
tion (207). The lattice parameters, compared with those of silica, are
gathered in Table VII. The crystal structure is based on alternating
slabs of left- and right-handed quartz. It is characterized by 4-, 6-,
and 8-membered rings of corner-sharing PO2N2 tetrahedra (O and N
disordered) (207).
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TABLE VII

CELL PARAMETERS FOR THE MOGANITE PHASES OF

SiO2 (204) AND PON (205)

SiO2 PON

a [pm] 875.8(2) 851.9(2)
b [pm] 487.6(1) 474.5(1)
c [pm] 1071.5(2) 1039.7(2)
� [�] 90.08(3) 90.00(1)
V [106 pm3] 457.6 420.3

The occurrence of the moganite-type phase in PON confirms that
moganite is really a new structure type in AX2 compounds. The molar
volumes at ambient of the three phases, cristobalite, moganite, and
quartz (22.58, 21.05, and 20.64 cm3, respectively) follow the same
trend as in silica. The smaller size of the PO2N2 tetrahedron relative
to that of SiO4 (cf. Table VI) widens the pressure fields of stability, so
that PON appears to be very useful to shed light on the detailed be-
havior of silica, which is still ill defined.

Note finally that, in spite of several attempts to melt pure PON
compositions under very high temperature/high pressure conditions
(pressure necessary to prevent any decomposition), the existence of
this phosphorus oxynitride as a glass phase has not been established
up to the present with certainty (208). However, P–O–N–H glasses,
some of them with a low hydrogen content, could be prepared by melt-
ing P4O10 (189, 209) or decomposing ammonium phosphate (189, 210)
in an NH3 atmosphere at around 700�C.

Phosphorus oxynitride, PON, is a useful starting product, as a
phosphorus and nitrogen source, to prepare various nitridooxophos-
phates, in particular phosphorus oxynitride glass compositions (211).
Moreover, it shows as a material excellent chemical stability with po-
tential applications in several domains. In microelectronics, for exam-
ple, PON has been used to form by evaporation insulating films for the
passivation of III–V InP substrates and the elaboration of MIS (metal–
insulator–semiconductor) structures (190, 212–215). PON could have
also valuable properties in flame retardancy (176, 191, 216).

C. THE OXYNITRIDE P4N6O

Millers and Vitola (217) have mentioned different crystalline phos-
phorus oxynitride compositions that are located in between PON and
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the binary nitride P3N5 , and formulated PON, x P3N5 (x � 0.5–2) and
P4ON6 . To date, only P4ON6 has been unambiguously identified. This
nitrogen-rich phosphorus oxynitride is prepared starting from a com-
pacted powder sample of crystalline PON (�-cristobalite type) heated
in a slow ammonia flow at about 850�C for 30 h (178).

The crystal structure of P4ON6 has been solved from both X-ray and
neutron powder diffraction data (178). It crystallizes in the ortho-
rhombic space group Pnnm (Z � 2) with the unit cell parameters a �
684.24(1), b � 607.14(2), c � 681.76(1) pm. The three-dimensional
structure is built up from two types of tetrahedra, PON3 and PN4 , in
which the two kinds of bridging nitrogen atoms, two-coordinated (Nd)
and three-coordinated (Nt), are found. The PON3 tetrahedra form
pairs via bridging oxygen atoms, the nitrogen atoms being, for each,
two Nd and one Nt , while the PN4 tetrahedra contain two Nd and two
Nt . The three-coordinated Nt nitrogen atoms connect one PON3 and
two PN4 tetrahedra. The particular feature of this structure is that
the PN4 tetrahedra are linked in pairs via a joint edge Nt–Nt , which
is unique among the structures of phosphate- or silicate-type com-
pounds. Figure 8 shows projections of PON3 and PN4 tetrahedra onto
the plane (001) and (010), respectively. These tetrahedra are highly
distorted, especially the PN4 ones in which the bond angles range
from 83 to 121�, the P–Nd bonds (155 pm) being clearly shorter than
the P–Nt ones (167–169 pm) because of their �-bond character.

D. THE PON SODALITES

Nitridooxophosphates with a sodalite-like structure have been ob-
tained and characterized by X-ray and neutron powder diffraction as
well as 31P MAS NMR spectroscopy (179). These nitridooxophosphates
M8�mHm[P12N18O6]X2 (M � Cu�, Li�; X � Cl�, Br�, I�) with a sodalite-
like [P12N18O6]6� framework were synthesized in four different reaction
systems (MX/HPN2/OP(NH2)3 , MX/SP(NH2)3/OP(NH2)3 , Li2S/NH4X/
SP(NH2)3/OP(NH2)3). The formation of Cu4.8H3.2[P12N18O6]Cl2 was ele-
gantly achieved by using CuCl and the molecular precursor
(NH2)2(O)P–NuP(NH2)3 as starting materials. This precursor already
contains the same molar ratio, P : O � 2 : 1, found in the PON soda-
lites. The following PON sodalites were obtained as single-phase mi-
crocrystalline products: Cu5H3[P12N18O6]Cl0.1Br1.9 , Li5.4H2.6[P12N18O6]
Cl0.1Br1.9 , Li5.7H2.3[P12N18O6]Cl0.2l1.8 , Cu4.8H3.2[P12N18O6]Cl2 , Li5.5H2.5[P12

N18O6]Cl2 , Li6.2H1.8[P12N18O6]Br2 , and Li5.8H2.2[P12N18O6]I2 . The structure
of Cu4.8H3.2[P12N18O6]Cl2 was refined using neutron and X-ray powder
diffraction data, and the structures of Li5.5H2.5[P12N18O6]Cl2 , Li6.2H1.8
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FIG. 8. P4ON6 structure (178). Projection of PN4 and PON3 tetrahedra onto the plane
(001) (above) and onto the plane (010) (below).
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FIG. 9. Section of the crystal structure of the P–O–N sodalites M8�xHx[P12N18O6]Z2

(M � Cu, Li; Z � Cl, Br, I). The �-cage is shown (ZM4 tetrahedron, M: small white).

[P12N18O6]Br2 , and Li5.8H2.2[P12N18O6]l2 from X-ray powder diffraction
data using the Rietveld method (I43m, a � 820.25(1) to 830.81(2) pm).
As expected, an increase of the cubic lattice constant was found with
increasing radius of the halide ions. The three-dimensional frame-
work of the PON sodalites is built up by corner-sharing PON3 tetrahe-
dra leading to large sodalite cages (�-cages). A �-cage is shown in Fig.
9. In the center of each cage a halide ion is found, which is coordi-
nated by up to four monovalent cations. The cations are bound to
three (N, O) atoms and the halide ion. The metal ions are partially
replaced by hydrogen, which is covalently bound to the N atoms, thus
forming imido groups clearly detectable using IR spectroscopy. The
evaluation of the neutron diffraction data showed no evidence of a
crystallographic ordering of the N/O atoms. Thus, the O atoms occupy
one-fourth of the positions of the N atoms statistically. 31P MAS NMR
spectroscopic investigations gave one signal with a isotropic chemical
shift of �8.7 ppm. This is in accordance with the presence of no other
than PN3O tetrahedra.

E. THE MI
3MIIIP3O9N AND MI

2MII
2 P3O9N SERIES

The compounds Na3AlP3O9N and Na2Mg2P3O9N were the first terms
prepared of each of these two isostructural series of nitridooxophos-
phates (218). Many isotypic compounds and solid solutions have since
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been isolated in each series: MI
3MIIIP3O9N with MI � Na, K, (Na, K)

and MIII � Al, Ga, In, Ti, V, Cr, Mn, Fe, (Al, Cr), (Al, V); MI
2MII

2 P3O9N
with MI � Na and MII � Mg, Mn, Fe, Co (219, 220). Versatile prepara-
tion methods have been used, involving either gas–solid or solid–solid
reactions in the 600–800�C temperature range, the nitrogen source
being, for example, ammonia, PON, a binary metal nitride such as
AlN, GaN, or TiN, or even (PNCl2)3 or Na2NCN. Moreover, the reduc-
ing character of NH3 or the presence of the redox couple N3�/N0 in the
solid starting mixture permits the use of high oxidation state transi-
tion metal oxides. Various types of reactions include the following:

3NaPO3 � ��Al2O3 ——�

NH
3

Na3AlP3O9N (2)

2NaPO3 � NH4H2PO4 � 2MgO ——�

NH
3

Na2Mg2P3O9N (3)

3KPO3 � GaN � K3GaP3O9N (4)

2NaPO3 � FeIII
2 O3 � NH4H2PO4 ——�

NH
3

Na2FeII
2 P3O9N (5)

2Na2O � 5NaPO3 � 3TiIVO2 � 4PON � 3Na3TiIIIP3O9 N � ��N2� (6)

All these nitridooxophosphates are of cubic symmetry with a parame-
ter value between �925 (Na/Mg) and �1000 pm (K/In) depending on
the MI/MIII cationic couple.

The crystal structure of Na3AlP3O9N has been determined from sin-
gle-crystal data: space group P213, a � 927,4(1) pm, Z � 4 (221). Ni-
trogen atoms of PO3N tetrahedra are threefold coordinated, thus
forming discrete N(PO3)3 groups around aluminum atoms octahe-
drally surrounded by oxygen atoms. As shown in Fig. 10, each nearly
regular AlO6 octahedron is connected to six tetrahedra, with forma-
tion of an Al[N(PO3)3]3 entity. These results are in agreement with the
27Al (�iso � 9 ppm: Al(OP)6) and 31P (�iso � 5 ppm: PO3N tetrahedron)
MAS NMR observations (9, 220). A 23Na MQ-MAS NMR study, carried
out on both Na3AlP3O9N and Na2Mg2P3O9N, has allowed for a precise
characterization of the NaI � AlIII � 2 MgII cross-substitution. Among
the three independent sodium atoms of the Na3AlP3O9N structure,
NaI(O6)(N), NaII(O6), and NaIII(O6), Mg exclusively substitutes the
NaII(O6) atoms that have the least irregular pseudooctahedral envi-
ronment (9).
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FIG. 10. Al[N(PO3)3]3 entity in the structure of Na3AlP3O9N (221).

F. THE Cs3MII
2 P6O17N SERIES

This series of nitridooxophosphates is illustrated, in particular, by
the magnesium derivative, whose crystal structure has been deter-
mined on a single crystal (222, 223). Cs3Mg2P6O17N crystallizes in the
cubic Pa3 space group with a � 1223.9(1) pm and Z � 4, and its
structure consists of discrete cyclic arrangements of six P(O, N)4 tetra-
hedra sharing two corners, as shown in Fig. 11, thus forming large
[P6O17N]7� anions. These independent cyclic units are linked together
through octahedrally coordinated magnesium atoms (MgO6), while
cesium atoms occupy large cavities of the cyclohexaphosphate net-
work and ensure the electrical neutrality. Cs3Mg2P6O17N is a first ex-
ample of nitridooxocyclohexaphosphate. Nitrogen atoms are bridging
(P–N–P) atoms (Fig. 11) and are randomly distributed with oxygen
(N : O � 1 : 5) in the corresponding 24d anionic position of the space
group.

Isotypic compounds Cs3Fe2P6O17N and Cs3Co2P6O17N have been ob-
tained with divalent iron or cobalt instead of magnesium. Generally,
they were prepared, like the magnesium term, by heating in flowing
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FIG. 11. (P6O17N)7� cyclic macroanion forming the structural skeleton of
Cs3Mg2P6O17N (223).

ammonia (but with melamine also used as a nitriding agent) a mix-
ture of CsPO3 , NH4H2PO4 and the appropriate oxide or carbonate
(224).

G. THE MI
2MIIP3O8N SERIES

Several isotypic compounds of this recently discovered series have
been prepared, for MI � K or Tl and MII � Mg, Mn, or Fe (225). How-
ever, in the absence of suitable single crystals, the corresponding
crystal structure is not yet completely determined. They result from
thermal reactions, between 500 and 800�C, of ammonia or other ni-
triding agents such as melamine or urea, with various mixtures con-
taining (KPO3)n (or KH2PO4) or Tl2CO3 and an oxidic compound of Mg,
Mn, or Fe. In the case of the manganese and iron derivatives, the
nitrogen-containing starting compound may also act as a reducing
agent if the oxidation state of the metal is higher than �2. Examples
of reactions are as follows (Eqs. (7)–(9)):

7KPO3 � 2MgO ——�

NH
3

2K2MgP3O8N � K3PO4 (7)

‘‘K2FeIIIP3O10’’ ——�

NH
3

K2FeIIP3O8N, (8)
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where ‘‘K2FeIIIP3O10’’ only refers to a mixture composition obtained in
a first step in a muffle furnace, and

KH2PO4 � KMnVIIO4 � 2NH4H2PO4 � C3H6N6excess � K3MnIIP3O8N. (9)

PON has been also successfully used as a nitrogen (and phosphorus)
source:

2KPO3 � MgO � PON � K2MgP3O8N.

These nitridooxophosphates are stable in water and 1 N HCl, which
is useful to extract eventual by-products. Their composition has been
undoubtedly established by a complete chemical analysis. The XRD
powder patterns can be indexed with hexagonal parameters (Z � 6)
as illustrated for the potassium compounds:

K2MgP3O8N: a � 1016.7(1) pm c � 1428.8(1) pm

K2MnP3O8N: a � 1035(1) pm c � 1417(1) pm

K2FeP3O8N: a � 1025(1) pm c � 1418(1) pm

The general formula of these new oxynitrides M2M1(PX3)3 suggests as
for the previous series a cyclophosphate-type structure or a long-chain
polyphosphate-type structure, where nitrogen would be structurally
equivalent to oxygen.

H. THE Na–P–O–N SYSTEM

Glass compositions as well as crystalline oxynitrides have been iso-
lated in this quaternary system. It is the system where the first ni-
trided phosphate glasses, of composition NaPO3�xN2x/3 (0 � x 
 �1),
were prepared in the early 1980s by melting sodium polyphosphate
Na(PO3)n in flowing ammonia (209, 226). They correspond to a pro-
gressive substitution of nitrogen for oxygen within PO4 tetrahedra.
Numerous phosphorus oxynitride glasses have been since studied in
various other systems and the structural role of nitrogen is now well
understood. As shown by XPS (184), both UN� and UNu nitrogen
atoms bonded to three P and two P atoms, respectively, replace bridg-
ing (UOU) and nonbridging (uO) oxygen atoms, thus increasing the
cross-linking density of the glass network, which results in particular
in a significant improvement of the chemical durability of the glasses.
The presence of these two types of nitrogen atoms in the Na–P–O–N
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glass structure was corroborated by a 23Na NMR study (10) and also
by means of Eu3� as a local structural probe (227). All the results
show that the sodium atoms are in a purely oxygenated environment.

Several crystalline compositions exist in the Na–P–O–N system.
Some of them appear by glass devitrification, but they are preferen-
tially obtained by thermal ammonolysis of sodium phosphates at mod-
erate temperatures (550–600�C) or by reacting these phosphates with
PON or nitrogen derivatives of carbonic acid, such as melamine. They
are structurally related to each other and have been formulated
NanPnO3n�3N2 , where n � 4, 5, and 6 (228, 229). Although a structural
relationship with amphibole-type silicates has been envisaged, more
complicated structures involving both threefold and twofold coordi-
nated nitrogen are probable, if an analogy is made with the structure
of corresponding glass compositions.

I. OTHER SYSTEMS/X-RAY AMORPHOUS

METALLOPHOSPHATE OXYNITRIDES

A new family of nitridooxophosphates has been characterized in the
Al–P–O–N system (230). These oxynitrides were prepared by nitrida-
tion under ammonia flow, in the 650–1000�C temperature range, of
highly dispersed (200–400 m2 g�1) X-ray amorphous aluminophos-
phate powders (Al/P � 1) obtained at low temperature using soft
chemistry routes, for example, a sol–gel process (231). Note that the
preparation of such a reactive precursor was proved to be essential,
as crystalline AlPO4 does not react with ammonia. The name ‘‘AlPON’’
was applied to all the compositions in the family of nitrided alumino-
phosphates corresponding to the variation of both phosphorus over
aluminum ratio and nitrogen content, and to the general formula
AlP1�aO4�(3x�5a)/2Nx . The maximum nitrogen enrichment for a � 0 leads
to the composition AlPON2 . At nitridation temperatures higher than
�800�C, ammonia partially reduces phosphorus P(V) with formation
of volatile species so that the oxynitrides prepared under these condi-
tions are phosphorus deficient with respect to the AlPO precursor
starting composition. All the nitridooxophosphates, AlPON, are X-ray
amorphous powders, and high specific surface areas are kept after
nitridation in spite of severe reaction conditions.

A first approach to the AlPON’s structure for (Al/P � 1) composi-
tions (232) shows that aluminum and phosphorus atoms are essen-
tially in tetrahedral coordination. Higher nitrogen contents result in
chemical shift positions progessively shifted toward higher values,
thus confirming the monophasic composition domain. The presence of
nitrogen increases the basic character of the high surface area alumi-
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nophosphate oxynitride powders, which are active in Knoevenagel
condensations and, as polyfunctional catalyst Ni/AlPON, in the syn-
thesis of methylisobutyl ketone (MIBK) (233). A positive catalytic
evaluation in isobutane dehydrogenation has been also carried out for
platinum and tin supported AlPON (234).

Similarly, other families of metallophosphates oxynitrides have
been studied with catalytic objectives in different M–P–O–N systems
(M � Ga, AlGa, AlCr, In, Ti, Zr, . . .) (235).

VI. Conclusion

Considerable advances have been made recently, in general, in the
study of nitrides, and the same is true, in particular, for compounds con-
taining phosphorus(V)–nitrogen bonds. Among them, solid-state P–
O–N compounds can be compared a priori to Si–O compounds (silica,
silicates), as the (P–N) couple is isosteric with the (Si–O) couple, and it
has been shown that the phosphorus oxynitride PON is clearly a silica
analogue. Solid-state P–O–N compounds can also be considered as
P–O compounds (phosphates) in which nitrogen has replaced part of
the oxygen of the PO4 tetrahedra. In fact, a structural analogy with sili-
cates or with phosphates is only possible if the nitrogen atoms are
bridging between two phosphorus atoms; note that, in all the given ex-
amples, they are always randomly distributed with oxygen atoms. How-
ever, nitrogen presents also the ability to be bonded to three phospho-
rus atoms, and this feature largely extends the possibilities for new
nitridooxophosphate compositions, as pseudosilicates, as nitrided phos-
phates, or as compounds with novel crystal structures. Consequently, a
great variety of these oxynitrides must be expected in the future.

On the other hand, bridging nitrogen atoms between two or three
P atoms constitute the only cases encountered. That would mean that
nitrogen never shares any strong bond with another kind of atom, as
demonstrated for example in Na3AlP3O9N or in Cs3Mg2P6O17N, where
aluminum or magnesium atoms, respectively, have a purely oxygen-
ated octahedral surrounding. The same remark was previously made
in NaPON glasses, as indicated earlier, for which it was concluded
that among the five theoretical possibilities for nitrogen,

P
U

PUN , PuNUP, PUN1�UP, PuN1�, PUN2�,
u

P

only the two first had to be kept (236).
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To conclude, it is pleasant to consider the regular evolution from 0
to 4 of the number of bridging atoms in the following series of phos-
phate compounds, which is nicely completed by the phosphorus oxyni-
tride PON (237).
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103, 35.
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I. Introduction

A. AIM AND SCOPE

Metalated compounds of the main Group 5 elements (pnictogens)
play an important role in organometallic synthesis. Especially lith-
ium derivatives deserve attention as key reagents for many pnictide
transformations and acid–base reactions. However, while metalated
amides have been best investigated in terms of structure–reactivity
relationships, which has been documented in an excellent review
(1), the respective structural and reactivity aspects for the heavier
congeners are much less explored. In fact, molecular monometalated
phosphanides and arsanides are valuable nucleophilic phosphorus
and arsenic transfer reagents for the introduction of phosphaneyl
and arsaneyl groups into diversely functionalized systems, but
knowledge of their structure–selectivity properties seems relatively
scarce (2). Not only that, the first structural insight into the chem-
istry of molecular dimetalated primary phosphanes and arsanes
was not developed until 1996, when the first structures of dilithium
derivatives of primary phosphanes and arsanes were reported (3).
That this fairly young class of compounds is of considerable interest
cannot be denied: Molecular dimetalated phosphanes and arsanes
are one of the most reactive nucleophilic phosphorus and arsenic
transfer reagents, which, however, are usually obtained in the form
of amorphous and insoluble solids (4–7). Their tendency to aggre-
gate lies between that of monometalated derivatives and typical
solid state structures of binary main group metal pnictides (e.g.,
Li3P) (2, 8). Thus, they can be regarded as intermediates between
molecular clusters and typical solid-state compounds in the pnictide
series. This review summarizes mainly structural features observed
so far for metal-rich, molecular pnictide clusters, containing metal
atoms of Groups 1, 2, 3, and 4. Soluble, discrete cluster compounds
of the phosphandiide and arsandiide series are of interest, since
they also represent a new class of ‘‘container molecules’’ that can
adopt a large variety of cluster shapes. The discovery of spherical
molecular host compounds, which easily form inclusion compounds,
represents one of the promising topics in supramolecular chemistry.
Some fascinating aspects and challenges in how to design shapes
and functions of globular clusters have been explained in a recent
detailed review (9).
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B. ELECTRONIC FEATURES AND STRUCTURAL PRINCIPLES OF MOLECULAR

MAIN GROUP METAL PNICTIDES

The ionic character of main group metal–pnictogen bonds with al-
kali and alkaline earth metals (Groups 1, 2) is relatively large (�90%)
because of the huge differences in electronegativities, whereas Group
3 and 4 metals possess more covalent properties. The presence of lone
pair electrons at the pnictogen atom adjacent to coordinatively unsat-
urated metal center in monomeric metalated amines and their homo-
logues strongly favors intermolecular head-to-tail oligomerization to
give molecular aggregates. Such clustering is typically seen if electron
precise and electron deficient centers are present in a molecule at the
same time. While the ionicity of Group 1 and 2 amides, phosphanides,
and their congeners primarily determines their structural chemistry,
the oligomeric structures of molecular Group 3 and 4 pnictide com-
pounds are more influenced by steric demand of the substituents and

FIG. 1. Structural motifs of metal pnictides: two- and three-dimensional (ladder-
like aggregation).
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strain effects. The resulting aggregates adopt the different types of
cluster structures A–J depending on the nature of the metal (atom/
ion size, partial charge, polarizability), steric demands of the substi-
tutents, and solvation of the metal centers, which has also been seen
for other metal–heteroatom associates (Fig. 1) (2). Extensive theoreti-
cal studies of aggregates of lithium compounds, which represent the
most basic reagents in synthetic chemistry, bear witness to the impor-
tance of steric and electronic effects (e.g., nature of the pnictogen
atom, solvation effects) (10).

Hitherto no monometalated molecular pnictide exists without sol-
vation of the main group metal atom. Therefore, the monomeric spe-
cies L (Fig. 2) can only be stabilized if the Li ion has its coordination
sphere enlarged through donor solvation. More importantly, the lith-
ium phosphanides of the type K undergo oligomerization processes to
form dimer, tetramer, hexamer, or polymeric assemblies M–Q (Fig.
2), which dissociate in solution more easily than related amides (2,
11, 12).

FIG. 2. Oligomerization products L–Q depending on donor solvation and size of the
PR2 groups in K.
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The aggregates of the type N and Q possess ladder-like, two-dimen-
sional structures whose size is strongly dependent on the degree of
solvation of the lithium center and the steric demand of the silyl
group. Because of the lipophilicity of the trimethylsilyl ligands and
other organosubstituted silyl groups, the degree of association and
the solubility of the resulting clusters can be controlled in various
ways. For topological reasons, self-assembly processes lead in the
case of bis- and tris(lithium pnictide-yl) silanes to aggregates which
adopt per se three-dimensional ladder-like skeletons. Of particular in-
terest seems the dimerization of R and T, which furnished the clus-
ters S, U, and V, respectively, having a rhombododecahedral frame-
work (13):

(1)

(2)
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A cluster framework such as that seen in U has also been observed
for its heavier homologues (14). Apparently, the latter topology is the
result of a close packing of anionic pnictide moieties with alkali metal
ions that maximizes ionic interactions. The topology of the rhombodo-
decahedral Li6P6Si2 framework in U has been simply described as a
P6 octahedron representing the anionic partial structure, of which the
triangular faces are capped by two �3-RSi moieties and six �3-Li ions
as ‘‘counterion’’ partial structure (Fig. 3).

As expected, three-dimensional aggregates, possessing ladder-like
closed structures, have also been formed for dimetalated amines, phos-
phanes, and their congeners. However, only one dilithium derivative
of a primary amine could be structurally elucidated thus far: The dili-
thium azandiide of �-naphthylamine furnishes in Et2O the decameric
form W, which consists of a N10Li14 cluster framework (Fig. 4) (15).
The latter framework can be described as composed of two face-fused
rhombododecahedra that coordinate to the remaining six exohedral
Li(OEt2) groups. This clearly demonstrates that the ‘‘oligomer-lad-
dering’’ model is retained as a basic structural principle even for
multivalent molecular pnictides.

C. STRUCTURE–REACTIVITY RELATIONSHIPS IN PNICTIDE CHEMISTRY

It has been expected that reactivity of metalated pnictides is
strongly dependent on the degree of association. One consequence is
that the basicity of amides has been correlated with the grade of asso-
ciation by means of extensive 7Li and 15N NMR investigations (16,
17). In contrast, knowledge of structure–reactivity relationships for

FIG. 3. Topological description of the Li6P6Si2 rhombododecahedron face-capped P6

octahedron.
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FIG. 4. N10Li14 framework of the (RNLi2)10(Et2O)6 cluster W.

phosphanides and arsanides is scarce. Only a few 6/7Li and 31P NMR
investigations have been undertaken in order to ascertain the dissoci-
ation behavior of simple lithium phosphanides (18), but neither a
quantitative correlation with their reactivity nor investigations on
Li–As dissociation for lithium arsanides have been reported thus far.

II. Dilithiation and Disodiation of Primary Phosphanes and Arsanes

The considerably strong tendency of dimetalated Group 1 metal de-
rivatives of primary phosphanes and arsanes has been hampered by
the lack of isolable crystalline material. Thus, dilithiation of the or-
ganophosphanes RPH2 (R � Ph, cyclohexyl) with PhLi in Et2O or
other polar solvents has led to amorphous and insoluble RPLi2 (4).
Similarly, the same reaction with more lipophilic substituted phos-
phanes such as MesPH2 (Mes � 2,4,6-Me3C6H2) (19) or Mes*PH2

(Mes* � 2,4,6-tBu3C6H2) (20) has also given unsatisfactory results.
Only the employment of triorganosilyl groups at phosphorus and arse-
nic in respective silylphosphanes and silylarsanes solved this problem
because of the stronger E–H acidity (E � P, As) as well as the higher
solubility of the dimetalated derivatives in hydrocarbon and etheral
solvents (3). However, only the corresponding complexes with Li2O
(Li2O inclusion compounds) and redox reactions under partial H2

elimination have been isolated. The latter led, for first time, to mixed-
valent lithium-rich pnictides (21).
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A. SYNTHESIS AND COMPLEXATION OF DILITHIUM DERIVATIVES

Dilithiated primary phosphanes could only be isolated in a repro-
ducible crystalline form if the lithiation of the phosphane with BuLi
(ratio of 1 : 2) in toluene was carried out in the presence of a trace
amount of LiOH (3). This is evident by the respective transformation
of the silylphosphanes 1, which furnished, depending on the steric
demand of the silyl group, a dodecameric or a octameric associate
(Scheme 1). Thus, reaction of 1a with BuLi in the molar ratio of 1 : 2
led to the globular, Li2O-filled cluster 5a, whereas metalation of the
bulkier substituted phosphane 1b gave the Li2O-filled octamer 5b.

It seems clear that LiOH/Li2O serves as template during the forma-
tion of the closed clusters. This has been corroborated by the partial
lithiation of 1a with BuLi in the molar ratio of 2 : 3, which furnished
colorless crystals of the intermediate 3a. Complete lithiation of 3a led
to yellow crystals of 5a in 86% yield (Scheme 1) (21). The analogous
intermediate 4a has been accessible in the same procedure, starting
from the corresponding arsane 2a, and its complete lithiation fur-
nished the cluster 6a in 82% yield in the form of orange-yellow crys-
tals that are isotypic with 5a. Interestingly, dilithiation of the arsane
2a with BuLi in the presence of little LiOH and molar excess of LiI
formed the unusual decameric arsandiide cluster 7a (Scheme 1) in
moderate yield, which possesses a shell-like framework as the deriva-
tives 5 and 6, but the icosahedral anionic arsandiide shell has been
completed by two iodide centers (see Section II,D). The extremely con-
gested silylphosphane 1d could not be transformed in the presence of

SCHEME 1. Synthesis of the lithium-rich clusters 3a–6a, 5b, and 7a, starting from
the primary silylphosphanes 1a–1c, and 2a–2e.
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FIG. 5. Ab initio optimized structure of (HPLi2)2 and its NBO-Lewis resonance
structure.

LiOH to a crystalline, Li2O-containing dilithium derivative. However,
the dilithiation of 1d under rigorous exclusion of donors led to the
donor-free dimer 8, whose composition has been determined by cryos-
copy, and its constitution has merely been corroborated by NMR spec-
troscopy. However, its synthesis in the presence of the bulky triorga-
nofluorosilane iPr2(2,4,6�iPr3C6H2)SiF formed the corresponding
complex 9, which adopts a ladder-like structure (Eq. 3) as proven by
X-ray crystallography (22).

(3)

Ab initio calculations (MP2/6-31G*) of the parent compound of 8
revealed that the most stable arrangement of the dimer adopts D4h

symmetry (Fig. 5). Interestingly, the four Li ions and the two phos-
phorus centers constitute an octahedral skeleton with relatively short
Li–Li and Li–P distances of 2.645 and 2.458 Å, respectively. Charge
analysis (22) undoubtedly supports the electrostatic bonding model
for this system because of the high net charges of the natural atomic
orbitals (NBO) at Li (�0.768) and P (�1.583), while NBO-Lewis reso-
nance structures support stabilization through delocalization (Fig. 5).

B. SYNTHESIS OF LITHIUM-DEFICIENT MIXED-VALENT CLUSTERS

Reaction of the phosphane 1a and the arsane 2a with freshly sub-
limed tBuLi in the molar ratio of 1 : 2 in toluene as solvent at �80�C
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led to yellow, octahedral crystals of the decameric clusters 10 and 11
in 75 and 68% yield, respectively (Eq. 4) (21). Remarkably, molecular
hydrogen has been evolved concomitantly, implying the occurrence of
a redox reaction during the lithiation. Indeed, 8 and 9 represent lith-
ium-poor, mixed-valent phosphandiide and arsandiide clusters, hav-
ing a Li : E ratio (E � P, As) of only 1.6 : 1. No remaining E–H bonds
are left in 8 and 9, which has subsequently been proven by 1H NMR
and IR spectroscopy. It is also noteworthy that the same clusters have
been formed if 1a and 2a have been added in molar deficiency to the
solution of tBuLi in toluene at �80�C. Apparently the formation of a
closed cluster framework is favored, leading to an E–H activation of
the endothermic E–H bonds (23) and reductive H2 elimination during
the lithiation process.

(4)

The electrostatically favored cation (Li) and anion (RE) arrange-
ment implies the presence of two different E-, Si- and Li sorts, which
has been established by solution and solid-state NMR spectroscopy.
The electronic structures of the mixed-valent pnictides 10 and 11
have been simply described as electron-deficient clusters with delocal-
ized framework electrons. Formally the latter consist of two low-
valent ‘‘anediyl’’ moieties RE: and eight ‘‘andiides’’ (RE)2� (E � P, As).
The relatively large E–E distances of �4 Å exclude the occurrence of
localized E–E bonds. However, delocalization of the cluster valence
electrons is achieved without Li–Li bonds via Li-mediated multiple
bonding. Evidence for this has been seen in the NMR spectra (31P, 7Li,
29Si), which are in accordance with the electron delocalization model
(see later discussion).

C. DISODIUM DERIVATIVES AND A TETRASODIUM DICATION CLUSTER

The synthesis of crystalline disodium derivatives of primary phos-
phanes and arsanes turned out to be more difficult than that of dili-
thium compounds. The reaction of NaN(SiMe3)2 with 2c led, as in its
lithiation with tBuLi, under redox reaction (H2 elimination, As–As
bond formation) to the Na2As6 dimer 12 (Eq. 5). The latter has been
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isolated in the form of dark red crystals, which are the only isolable
product of this reaction, in ca. 14% yield (24).

(5)

The strong tendency of silylarsanes to undergo redox reactions
with basic and nucleophilic reagents seems to be responsible for the
reaction of sterically congested silyl(fluorosilyl)arsane 2d with
NaN(SiMe3)2 in toluene over several days, which led to the 6a ana-
logue dodecameric disodium salt 6d (Eq. 6) (25). The latter contains
one molecule of Na2O that is incorporated in the void of the dode-
camer, giving a distorted [Na6O]4� core (see Section II,D).

(6)

In contrast, the same reaction between the bulkily substituted silyl-
(fluorosilyl)phosphane 1e with NaN(SiMe3)2 underwent, surprisingly,
a different course (Scheme 2). Its transformation in the molar ratio of
1 : 1 in toluene as solvent furnished the dimer 13, whereas 1d can
only be completely converted to 13 if 2 molar equiv sodium amide
have been employed, because of the initial formation of heteroaggreg-
ate intermediates (26). Excess of sodium amide has been recovered by
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SCHEME 2. Synthesis of dimeric 13 and the Na2�
4 salt 14.

fractional crystallization. However, if the reaction is performed at
60�C during prolonged reaction time (2d), the unusual complex 14 is
furnished as a side product in 8% yield (Scheme 2) (27).

Compound 14 is diamagnetic and represents the first tetrasodium–
dication cluster that is stabilized by two sterically congested silyl(flu-
orosilyl)phosphanide counterions (see Section II,D). It has been also
independently synthesized through sodium consumption of 13 in the
presence of styrene as catalyst in 24% yield. The electron reservoir of
the Na2�

4 cluster can serve for reduction processes, that is, it reduces
Me3SiCl to hexamethyldisilane (see Section II,F). The fact that 14 is
intensely yellow, and not red or blue as observed for Na-loaded zeo-
lites (28), suggests that the residual metal electrons are probably
much less delocalized.

D. X-RAY STRUCTURES

Instead of giving a comprehensive summary on M–E and E–E dis-
tances (M � Li, Na; E � P, As) for the compounds discussed earlier,
this section mainly presents considerable structural features. A com-
prehensive discussion of the characteristic structural aspects of main
group metalated phosphanes and arsanes has been published in an
excellent review (2).

1. Li2O-, Na2O-, and Fluoride-Complexed Clusters

The Li2O-filled dodecameric clusters 5a and 6a are isotypic and
crystallize in the monoclinic space group P21/n. Their structures are
topologically best described as ionogenic aggregates formed by three
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closed (platonic) shells that are covered by lipophilic triorganosilyl
groups (Fig. 6) (3, 21). The E-centers (E � P, As) form a slightly dis-
torted E12 icosahedron, in which each of the 20 triangular faces is
capped by a Li center. The 20 Li centers thereby adopt a pentagondo-
decahedron as dual polyhedron with approximately Ih point sym-
metry.

The remaining four Li centers are located in the void of the inter-
penetrating double shells (E12Li20)4� (diameter ca. 8 Å). These Li cen-
ters are complexed by an encapsulated Li2O molecule leading to the
formation of a [Li6O]4� octahedral core. This core has approximately
Oh symmetry and is tilted with respect to the orientation of the E12

icosahedron. Interestingly, a C3 axis of the octahedron coincides with
a C3 axis of the Li20 shell (Fig. 6). Sixfold coordination of O2� by metal
ions in molecular compounds is relatively rare (29–31). The Li centers
of the inner Li6O core are, as expected, still coordinated to E centers
in close proximity. Therefore, their coordination numbers are 4 and
3, whereas the ‘‘external’’ 20 Li centers are three-coordinated. The
averaged Li–O distances in 5a and 6a (1.86, 1.87 Å) are practically
identical and unremarkable. The related aggregates 3a and 4a crys-
tallize triclinic in the space group P1 (21). Although the incompletely
lithiated clusters 3a and 4a have a shell structure analogous to that
of 5a and 6a (Fig. 7), they merely possess an Li2O core. The Li centers
of the latter are still coordinated to three nearby E centers, that is,
they are four-coordinated. In contrast, the ‘‘external’’ 18 Li centers
are three-coordinate and this leads to differently coordinated E atoms
with coordination numbers of 5, 6, and 7.

FIG. 6. (Left) Representation of the shell-like form of 5a and 6a in the crystal (with-
out the organic groups). (Right) Connection of the Li6O octahedron with the E-centers
(E � P, As). [Reprinted with permission from (3). Copyright 1996, Wiley-VCH.]
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FIG. 7. Representation of the wheel-like clusters 3a and 4a in solid state (without
the organic groups).

The ‘‘open’’ clusters 3a and 4a consists of a three-dimensional,
wheel-like E12Li18 ladder framework whereby the Li2O molecule in its
void may be regarded as a ‘‘stabilizing axis’’ of the wheel. The re-
maining E–H hydrogen atoms are probably located on E atoms of the
hexagonal E3Li3 holes. Even larger triorganosilyl groups at phospho-
rus lead to aggregates with a smaller degree of association, as shown
for the octameric phosphandiide cluster 5b (Fig. 8) (3). It crystallizes

FIG. 8. Representation of the shell-like form of 5b. For clarity, the silyl groups have
been omitted. [Reprinted with permission from (3). Copyright 1996, Wiley-VCH.]
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tetragonal in the space group P4/n and consists of three ionic shells.
The eight P atoms of the anionic shell comprise a strongly distorted
cube, which is surrounded by a Li12 unit that additionally surrounds
a Li6O octahedron. The Li–O distances (1.81–1.90(2) Å) are, as ex-
pected, significantly shorter than in solid Li2O (1.98 Å).

The Li centers of the Li12 unit are located on the edges of the P8

framework, whereas the Li centers of the Li6O core are each located
over a face. This situation led to different coordination numbers (2 vs
4) for the two types of Li centers, implying much shorter Li–P bonds
for the ‘‘external’’ ones (� ca. 0.2 Å). That some of the 12 As centers
of the anionic icosahedral partial structure in 6a can be replaced by
other anions has only recently been demonstrated (32). Thus, 7a crys-
tallizes in the monoclinic space group P2l/n and possesses a slightly
distorted anionic icosahedral framework, which is identical to that
observed for 6a, but two of the (AsR)2� units are replaced by iodide
centers (Fig. 9).

The O2� center of the encapsulated Li2O is only square-planar coor-
dinated because of the lower lithium content. However, the four Li
centers of the Li4O core are disordered. This disordering of the metal-
coordinated O2� center has also been seen in the case of the first dode-
cameric disodium arsandiide–Na2O complex (Fig. 10) (25). Whereas
the positions of the ‘‘outer’’ Na centers have been precisely located,
the six ‘‘inner’’ Na centers can adopt 20 equivalent sites. This is prob-
ably due to the larger void of the As12Na20 double shells. However, the
origin of this disorder (static and/or dynamic) is not yet known.

The dilithium phosphandiide dimer 9 is complexed by two mole-
cules of a fluorosilane. The complex crystallizes in the monoclinic
space group P21/n. The framework of the aggregate consists of a cen-

FIG. 9. As10I2Li24O-framework of the cluster 7a in solid state.
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FIG. 10. (Left) Representation of the shell-like form of 6d in the crystal (without the
organic groups). The Na6O octahedron is disordered. (Right) Side view of 6d.

trosymmetric dimer with a ladder-like P2Li4F2 structure, of which
each fluorine atom acts as a bridging donor center toward two Li cen-
ters (Fig. 11) (22).

The electronic stabilization of the Li centers is also achieved by
Li–H–C and Li–C interactions with methyl groups and � bonds of the

FIG. 11. Molecular structure of the P2Li4F2 cluster in 9. [Reprinted with permission
from (22). Copyright 1996, Royal Society of Chemistry.]



DIMETALATED PRIMARY PHOSPHANES AND ARSANES 251

aryl groups, respectively, in close proximity. Interestingly, the un-
usual coordination geometry of the P center, which is mainly due to
its steric congestion, suggests that its lone-pair electrons are not in-
volved in the coordination of the Li centers close by. The relatively
short Li1–Li2� distance (2.569(9) Å) and the acute Li2–F1–Li1�
(90.4(3)�) and Li1�–P1–Li2 angles (58.8(2)�) may explain that the Li
centers prefer Li–Li–P three-center–two-electron interactions. How-
ever, such a bonding mode is thus far unknown for molecular mono-
lithium pnictide aggregates (1, 2).

2. Mixed-Valent Clusters

The intensely yellow compounds 10 and 11 crystallize in the tetrag-
onal space group P4/nnc. The oval E10Li16 cluster skeleton (E � P,
As) is topologically best described as a twofold capped Archimedean
antiprism formed by the 10 E atoms, of which each of the 16 triangu-
lar faces are occupied by a lithium center (Fig. 12) (21).

Thereby two of the E-centers result in five-coordination, whereas
the remaining eight are six-coordinated. However, the respective av-
erage Li–E, Si–E, and Li–Li distances are unremarkable with respect
to the values in 3a, 4a, 5a, and 6a (3, 21), and the Li–E distances
differ only marginally. Since the relatively large E–E distances (�4
Å) disfavor E–E bonds, the delocalization of the cluster electrons is
achieved through Li-mediated multiple center bonds without the
involvement of direct Li–Li bonds. Evidence for the latter is seen in

FIG. 12. (Left) Molecular structure of the mixed-valent cluster 10 and 11 in the
crystal. (Right) Representation of the E10-dicapped-Archimedean antiprism as anionic
partial structure in 10 and 11 (E � P, As). For clarity the organic groups of the silyl
groups have been omitted.
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the unremarkable 7Li chemical shifts in the CP/MAS 7Li solid state
NMR spectrum (see Section II,E).

3. The Dimeric Na4 As12 Cluster 12 and the Tetrasodium-Dication
Cluster in 14

Compound 12 represents the first aggregate of a solvent-free so-
dium polyarsanide that has been elucidated by X-ray diffraction anal-
ysis (Fig. 13) (24).

The centrosymmetric dimer consists of four sodium centers that are
embedded between the two (As6)2� ligands. Interestingly, the unusual
two-coordinated Na ions are only bonded to the anionic, exocyclic
arsanyl As centers of the cyclotetraarsane-1,4-bis(silylarsanideyl)
ligands [(As6)2�]. The slightly different As–As distances of 2.36 and
2.39 Å are unremarkable and the large Na–Na distances of 3.6–3.8 Å
are mainly due to repulsive electrostatic interactions. In contrast,
Na–Na bonds are present in the case of the tetrasodium salt 14. The
latter crystallizes in the monoclinic space group P21/n. The cen-
trosymmetric molecule comprises a rhomboidally distorted planar
Na4 cycle that is the most interesting part of the aggregate (Fig. 14)
(27).

The Na–Na distances of 3.076(3) (Na1–Na2) and 3.202(3) Å (Na1–
Na1�) reflect Na–Na bonds (3.82 Å in elemental Na), whereas the
Na1–Na2� distance of 3.530(3) Å suggested less attractive interac-
tions. The Na4–dication cluster is embedded between two silyl(fluoro-
silyl)phosphanide counterions. The relatively low-coordinated Na cen-
ters are remarkably stabilized by the �3-fluorine atoms and by

FIG. 13. Molecular structure of 12. For clarity the organic groups have been omitted.



DIMETALATED PRIMARY PHOSPHANES AND ARSANES 253

FIG. 14. Molecular structure of the Na2�
4 salt 14. [Reprinted with permission from

(27). Copyright 1998, American Chemical Society.]

multiple-center Na–Na–P and ipso-C atom interactions. The Na–P
distances of 2.911(2) and 2.905(3) Å resemble those values observed
for other sodium phosphanides (13, 33, 34).

E. NMR SPECTROSCOPIC AND CRYOSCOPIC MEASUREMENTS

1. Li2O-, Na2O-, and Fluoride-Complexed Clusters

The metal pnictides discussed earlier are much more strongly ag-
gregated than those of their monometalated analogues. The latter
represent highly flexible systems in solution that undergo fast ion-
pair separation processes (2). The multinuclear NMR spectra of the
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Li2O-filled clusters 3a, 4a, 5a, 5b, and 6a in toluene or THF (see Table
I) suggest that the compounds possess a low tendency for dissociation
in solution. The remaining E–H protons (E � P, As) in the incom-
pletely lithiated derivatives 3a and 4a are detected in the 1H NMR
spectra (21). Correspondingly, the E–H stretching frequencies for 3a
(� � 1930 cm�1) and 4a (� � 1897 cm�1) clearly corroborate the pres-
ence of E–H moieties.

The CP/MAS-29Si solid state NMR spectrum of 6a proves the pres-
ence of six crystallographically (and chemically) different 29Si nuclei,
of which two sorts coincide (Fig. 15). It is noteworthy that the 7Li
NMR spectrum of 6a in solution (Fig. 16) showed the expected distinc-
tion of four Li sorts: The two singlets at � � 1.78 and 1.56 correspond

TABLE I

SUMMMARY OF SELECTED SOLUTION NMR-SPECTROSCOPIC DATA OF 3a–6a, 5b, AND 8–11
(MULTIPLICITY AND J [Hz] IN BRACKETS); n.o. � NOT OBSERVED

�29Si �31P �7Li �1H(E–H)

3a a n.o. �301 (d, 152) 1.10 (br.) �1.78 (d, 152)
�362 (br.) 1.40 (br.)
�365 (br.) 5.56 (br.)

4a a n.o. — 1.05 (br.) �1.63 (s)
— 1.61 (br.)

5.21 (br.)
5a b n.o. �361 (br.) 2.10 (br.)

�368 (br.) �0.80 (br.) —
�1.70 (br.)

5b b n.o. �3.36.9 (br.) 0.9 (br.)
�340.1 (br.) —
�355.9 (br.)

6a b 17.7 (br.) — 1.78 (s) —
11.8 (br.) 1.55 (s)

0.0 (br.)
�1.32 (s)

8 b — �323.2 (br.) 6.4 (br.) —
�328.6 (br.)
�336.6 (br.)

9 b — �307.3 (br.) 5.6 (br.) —
�319.6 (br.) �4.8 (br.)

10 b 26.9–28.1 (m) �366.8 (br.) 1.45 (br.) —
�368.9 (br.) 1.66 (br.)

11 b 16.7 (s) — 1.40 (s) —
17.5 (s) 1.68 (s)

a Measured in THF-d8 .
b Measured in toluene-d8 .
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FIG. 15. 29Si CP/MAS NMR spectrum of 6a.

to the Li20 shell (‘‘outer’’ Li centers), whereas the broad signal at � �
0 and the singlet at � � �1.32 has been assigned to the ‘‘inner’’ Li
centers of the Li6O core.

Cryoscopic measurements in benzene with different concentrations
have demonstrated that the compounds remain undissociated. How-
ever, 8 and 9 undergo dissociation in solution as shown by means of
NMR and cryoscopic measurements. A relatively strong deshielding
of the 7Li nuclei has been observed for 8 and 9 but also in the case of
the incompletely lithiated clusters 3a and 4a.

2. Mixed-Valent Clusters

The NMR spectra of 10 and 11 show that the structures are retained
in solution (see Table I). Furthermore, the 31P-decoupled CP/MAS-29Si
solid state NMR spectrum of 10 showed two singlets at � � 27.9 and
29.0 in the ratio of 4 : 1, whereas the 7Li�31P� NMR spectrum exhibited
two singlets at � � 1.42 and 1.65 in the expected ratio of 1 : 1 (35).
Cryoscopic measurements have proven that the degree of aggregation
of 10 is n � 8.

3. The Dimeric Na4 As12 Cluster 12 and the Tetrasodium–Dication
Cluster in 14

The dimer 12 can only be dissolved in ether solvents, when it un-
dergoes dissociation, as corroborated by cryoscopic measurements and
23Na NMR spectra (24). In contrast, the Na4-cluster salt 14 cannot
be dissolved in any common organic solvents without decomposition



256 MATTHIAS DRIESS

F
IG

.
16

.
7 L

i
N

M
R

sp
ec

tr
u

m
of

6a
in

so
lu

ti
on

.



DIMETALATED PRIMARY PHOSPHANES AND ARSANES 257

(31P and 19F NMR spectroscopy), and attempts to record a CP/MAS
solid-state NMR spectrum (19F, 31P, 23Na) failed because of the large
line-broadening by the 23Na ions (I � 3/2) and strong spin–spin
coupling.

F. REACTIVITY

1. Li2O-Filled Clusters vs Mixed-Valent Clusters

It is instructive to compare the reactivity of the Li2O-filled alkali
metal-rich clusters 5a, 5b, and 6a with that of the related mixed-
valent pnictide clusters 10 and 11, respectively. Since these com-
pounds are highly soluble dilithiated phosphandiide and arsandiide
derivatives, they can serve as nucleophilic building blocks in metathe-
sis reactions. A considerable challenge would be their employment
as phosphorus and arsenic transfer reagents as demonstrated in the
synthesis of metastable phosphasilenes (i.e., compounds with an
SiuP bond). However, the reactivity of Li2O-filled vs ‘‘empty’’ mixed-
valent clusters toward the bulky substituted dichloro(aryl)-tert butyl-
silanes is remarkably different. In fact, while 5a reacts with dichloro
(isityl)-tert-butylsilane (isityl � 2,4,6-iPr3C6H2) in toluene only above
110�C with the formation of several products (no SiuP compound was
formed), the same reaction with the mixed-valent cluster 10 leads to
the desired phosphasilene 15 at 80�C in 55% yield.

(7)

The lower reactivity of 5a versus 10 reflects the stronger close pack-
ing of the anionic and cationic centers than that in the electron defi-
cient cluster 10. Similar relations have been observed for analogous
arsenic compounds (36).

2. Reactivity of the Na4–Dication Cluster

Since compound 14 bears two equivalent Na atoms, which can
bring about reduction, its reactivity toward Me3SiCl has been investi-
gated (27). Indeed, the reaction of 14 with 4 molar equivalents of
Me3SiCl furnishes hexamethyldisilane, with reductive Si–Si bond for-
mation, and the corresponding formation of trisilylphosphane (Eq. 8).
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Hydrolysis of 14 gives the secondary silyl(fluorosilyl)phosphane 1e,
with evolution of H2 .

(8)

III. Dicopper Phosphandiides

It is a challenge to study dimetalated derivatives of primary phos-
phanes that possess more covalent metal–phosphorus bonds. This can
be achieved through replacement of the alkali metal ions in bimetallic
phosphandiides by monovalent coin metal centers.

A. SYNTHESIS

A series of metal-rich, coin-metal containing phosphanediyl clusters
(phosphandiides) with additional terminal donor ligands (i.e., triorga-
nophosphanes) have been prepared; only one example of a donor-free
dicopper phosphandiide has been reported up to now (37, 38). Thus,
the neutral cluster 16 has been prepared by the reaction of the pri-
mary phosphane 1a with CuOtBu in toluene at 60�C and has been
isolated in 81% yield in the form of dark red crystals that are only
sparingly soluble (39):

(9)

The employment of CuOtBu as copper-transfer reagent in this
Brönsted acid–base reaction is remarkable. There is no hint of the
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formation of a corresponding silyl ether, R3SiOtBu, although the Si–P
bond in primary silylphosphanes is usually acid-sensitive. This is
probably due to the relatively high P–H acidity of silylphosphanes
besides the high steric protection of the Si–P bond in 1a through its
large triorganosilyl group. If the reaction is performed in the presence
of LiOH or Cu2O, no evidence for inclusion or complexation of the
oxide is obtained. Thus, the self-assembly process of the formation
of Cu2PR clusters is distinctly different from that of the dialkali
metal derivatives, which easily incorporate M2O (M � Li, Na) (see
Section II).

B. X-RAY STRUCTURE

The cluster 15, which crystallizes in the rhombohedral space group
R3, has a remarkably different structure with respect to the struc-
tural features of 3a, 5a, and 10 (see Section II,D). Although a dode-
cameric aggregate is present, as is the case for 5a (21), the cluster
framework in 15 does not adopt a globular shape (39). The structure
is built up of 24 Cu atoms surrounded by 12 triorganosilylphos-
phanediyl moieties. The 24-metal-atom cluster consists of three pla-
nar Cu6 rings and two peripheral Cu3 cycles that all lie parallel to one
another (Fig. 17).

The 12 RP fragments cap alternately the Cu4 faces of the Cu24 poly-
hedron, resulting in fivefold-coordinated phosphorus atoms. This
structure resembles that of the recently described [Cu24(NPh)14]4� an-
ionic cluster (40). The Cu–P and Si–P distances are unremarkable.
The construction principle of parallel Cu layers to form a metal-like
package has also been observed for other Cu clusters (41). The main
reason for the different structures of Cu2PR and Li2PR clusters is the
covalent character of the Cu–P bond, with the additional involvement
of favorable Cu–Cu interactions. The latter are probably due to rela-
tivistic d10-d10 interactions (dispersion-type of interaction) (42, 43).

IV. Magnesium Phosphandiides

Since the Mg–P bond is probably as ionic as the Li–P bond, it is
expected that the structural features of their aggregates are very sim-
ilar. However, structurally characterized magnesium phosphanides
are scarce (44–46). Only recently have the first magnesium phosphan-
diides been prepared and structurally characterized (47, 48).
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FIG. 17. (a) Structure of 16. (b) Projection of the Cu24P12 cluster of 16 along the
parallel Cu3 and Cu6 rings. [Reprinted with permission from (39). Copyright 1997, Wi-
ley-VCH.]
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A. SYNTHESIS OF A SOLVENT-FREE DERIVATIVE

Reaction of the primary phosphane tBu3SiPH2 1f with MgBu2 fur-
nishes the solvent-free hexameric cluster 17 (Eq. 10) (47). Yellow crys-
tals, have been isolated in 39% yield, which are thermochromic. The
NMR spectrum, especially the 31P NMR signal at � � �263.8, sug-
gested that the molecule prefers a high symmetry or dissociates rap-
idly on the NMR time scale. Since 15 is highly soluble in aromatic
hydrocarbons even at low temperature and free of metal oxide, it can
thus be regarded as a valuable source of phosphandiide, that is, for
nucleophilic RP2� transfer reactions.

(10)

B. SYNTHESIS OF A SOLVATED DERIVATIVE

Since the degree of aggregation is dependent on the complexation
(solvation) of the metal cations in a molecular ionogenic cluster (clus-
ter degradation), the polarity and donor ability of the solvent play an
important role. Thus, the synthesis of magnesium phosphandiides in
ether solvents results in the formation of smaller aggregates. This
has been shown by the synthesis of the Et2O-solvated tetrameric mag-
nesium phosphandiide 18, which is accessible by reaction of 1c with
MgBu2 in Et2O (Eq. 11) (48). The colorless crystalline compound,
which is highly soluble in aromatic hydrocarbons, has been isolated
in 40% yield. Its 31P NMR spectrum revealed a singlet at � � �321.9,
that is, the 31P nuclei are more shielded than those of hexameric, sol-
vent-free 17. This is probably due to the smaller endocyclic angles at
phosphorus in 18, rather than an electronic effect through the exter-
nal ether ligands at magnesium.

(11)

C. X-RAY STRUCTURES

The solvent-free cluster 17 crystallizes in the monoclinic space
group P21/c and comprises a hexagonal Mg6P6 prism with disordering
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FIG. 18. Molecular structure of 17. [Reprinted with permission from (47). Copyright
1999, American Chemical Society.]

(Fig. 18) (47). The Mg–P distances within the six-membered Mg3P3

cycles (2.47 to 2.51 Å) are different from those distances between the
Mg3P3 cycles (2.50 to 2.59 Å). The endocyclic angles at magnesium are
127.7, 127.2, and 133.9� within the six-membered Mg3P3 ring and lie
between 100.5 and 102.7� for the angles within the Mg2P2 cycles. The
tetrameric phosphandiide 18 crystallizes in the space group C2/c. The
Mg4P4 cubane-like cluster is strongly distorted because of electrostatic
repulsions between identically charged centers (Fig. 19) (48).

The average value of the Mg–P distance of 2.53 Å resembles that
of 17 and of other related magnesium phosphanides (47). However,
the endocyclic angles at phosphorus (average 81.3�) are much smaller
than that values in 17.

V. Tin(II) Metalated Phosphandiides

In contrast to magnesium phosphandiides, analogous tin(II) deriva-
tives possess more covalent metal–phosphorus bonds. This basic dif-
ference is also apparent for dilithium versus dicopper(I) phosphandi-
ides (see Section II and III). It is, therefore, interesting to assess the
structural and electronic features of such species in a similar way. To
date, only three tin(II) phosphandiide derivatives have been prepared
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FIG. 19. Molecular structure of 18.

(39, 49). They are promising precursors for phosphandiide transmet-
alation reactions (tin–metal exchange), that is, for the synthesis of
other types of bimetallic phosphandiides.

A. SYNTHESIS

The Sn6P6 cages 19c and 19d are accessible by two different Brönsted
acid–base reaction pathways: Reaction of 1c and 1d, respectively, with
two different stannanediyl derivatives furnished in 80–89% yield red-
black crystals of the aggregates (Eq. 12) (39). The tin(II) phosphandi-
ides are somewhat related to the previously described oligomeric bis
(phosphaneyl) stannanediyls of the type (R2P)2Sn, which easily form
intermolecular aggregates (50, 51) or remain monomeric, if the
phosphorus atoms bear very crowded organosilyl substituents (52).

(12)
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The unusual Sn3P2Cl2 cluster 20d has been isolated in 44% yield in
the form of yellow crystals (Eq. 13) (39), simply by the same reaction
of 1d with the stannanediyls but in the presence of SnCl2 . 20d repre-
sents formally an adduct of the cyclic bis(stannanediyl) phosphandi-
ide 21 and SnCl2 , which coordinate to each other upon their comple-
mentary Lewis acid/Lewis base sites.

(13)

The transient (RPSn)2 21, which possibly represents a reactive in-
termediate during the synthesis of the hexameric Sn6P6 clusters 19c
and 19d, has been trapped by the transformation of 20d in the pres-
ence of 2,3-dimethylbuta-1,3-diene, which solely gave 19d and the cor-
responding 1H-1,1,-dichlorostannol (Eq. 14).

(14)

The first Sn4P4 cube 22f has been prepared in an analogous proce-
dure, starting from the very bulky silylphosphane and Lappert’s stan-
nanediyl (Eq. 15) (49), which has been isolated in the form of dark
red crystals in 95% yield.

(15)
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B. NMR SPECTROSCOPIC CHARACTERIZATION

The tin(II) phosphandiides 19c, 19d, and 22f show, with exception
of the SnCl2-adduct 20d, unusual high-field positions of the 31P NMR
singlet signals (Table II). However, the relatively small 1J(P, Sn) cou-
pling constants also reflect considerable electronic features. DFT cal-
culations of the parent compound H6Sn6P6 revealed that spin–orbital
coupling has a strong influence on the 31P chemical shift (39).

Thus, DFT-IGLO calculations of the 31P chemical shift without spin-
orbital corrections yielded a value of � � �274, whereas additional spin-
orbital correction leads to a further high-field shift (�80) to � � �354.
Remarkably, the calculation of the 31P chemical shift of the parent com-
pound of 20d, H2P2Sn3Cl2 , gave a value of � � �52 with a spin-orbital
contribution of only �22. The low spin-orbital contribution for 19c, 19d,
and 22f vs 20d is probably due to the different strength of the contribu-
tion of the 3s orbital of phosphorus to the Sn–P bonds.

C. MOLECULAR STRUCTURES

The Sn6P6 cluster 19c crystallizes in the triclinic space group P1. It
forms a distorted hexagonal Sn6P6 prism with three-coordinated Sn
and four-coordinated P atoms (Fig. 20) (39), that is, the structure is
topologically identical with that of solvent-free 17 (see Fig. 18).

The averaged Sn–P distances of 2.626(3) Å in the Sn3P3 plane are
only slightly longer than the corresponding Sn–P distances between
the two Sn3P3 planes (2.665(3) Å). The reluctance of tin(II) to undergo
sp-hybridization favors relatively small endocyclic angles at the tin
centers (87–101�). In contrast, the corresponding endocyclic angles at
phosphorus in the Sn3P3 arrangement are relatively large (139.1�),
whereas those in the Sn2P2 moieties are in the range 90.7 to 106.1�.
The Sn4P4 cubane 22f crystallizes in the monoclinic space group

TABLE II

LISTING OF �31P NMR DATA AND 1J (31P, 119Sn)
COUPLING CONSTANTS [Hz] FOR 19c, 19d, 20d,

AND 22f

�31P 1J (P, Sn) Ref.

19c �475.2 708 39
19d �440.5 793 39
20d �122.4 1037 39
22f �452.1 766 49
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FIG. 20. Molecular structure of 19c. [Reprinted with permission from (39). Copyright
1997, Wiley-VCH.]

P21/c (Fig. 21), possesses Sn–P distances practically identical to those
observed in 19c, and shows relatively small endocyclic P–Sn–P
angles (average 82.7�) (49). The corresponding angles at phosphorus
are ca. 14� larger.

The SnCl2 adduct 20d crystallizes in the monoclinic space group
P21/c and shows only slight variations in the Sn–P distances (av.

FIG. 21. Molecular structure of 22f. [Reprinted with permission from (49). Copyright
1998, Wiley-VCH.]



DIMETALATED PRIMARY PHOSPHANES AND ARSANES 267

FIG. 22. Molecular structure of 20d. [Reprinted with permission from (39). Copyright
1997, Wiley-VCH.]

2.622(3) Å); these are practically identical with those in 19c (Fig. 22)
(39).

The Sn–Cl distances in the SnCl2 dumb-bell as opposite to the
Sn(P)–Cl tin centers differ by 0.3 Å, which has been explained by the
higher coordination of the SnCl2 tin atom. Similar complexes between
cyclodiazastannanediyls with SnX2 have been reported (53).

VI. Aluminum, Gallium, and Indium Phosphandiides and Arsandiides

Molecular Group 3–5 compounds are currently of considerable in-
terest for two reasons: (a) they can serve as volatile low molecular
weight single-source precursors for the CVD synthesis of binary and
multinary group 3/5 semiconductors with remarkable optoelectronic
properties (54), or (b) they are potentially useful cocatalysts for the
polymerization reactions of unsaturated organic substrates (55, 56).
Various strategies have been employed to synthesize well-defined ag-
gregates.

A. SYNTHESIS

A facile method to form M–P and M–As bonds (M � Al, Ga, In) is
represented by the reaction of primary phosphanes and arsanes with
E–H containing organometal reagents, which takes place with elimi-
nation of H2 . Thus, stepwise reaction of iBu2AlH with the primary
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silylphosphane 1g furnished, via the Al2P2 heterocycle 23, the first
Al4P4 cubane-like cage 24 (Eq. 16) (57).

(16)

The more highly aggregated AlP-, AlAs-, GaP-, and GaAs-clusters
25 have been synthesized by the reaction of the primary silylphos-

SCHEME 3. Stepwise formation of 25 via 27.
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phanes 1a, 1c and silylarsane 2c with 26a and 26b, respectively
(Scheme 3) (58).

The formation of the hexamers occurs via four-membered E2M2-het-
erocycles 27 that have been isolated and structurally characterized in
the cases of 27a and 27b. The Me3N donor molecules of 27 can be
easily cleaved upon heating, which furnished the hexameric Al- and
Ga phosphandiides and arsandiides 25 in good yields (58). The un-
usual Ga5As7 cluster 28 has been synthesized through the cyclocon-
densation reaction of PhAsH2 2d with R3Ga (R � CH2SiMe3) in the
molar ratio of 1 : 1, which turned out to be a mixed gallium arsanide–
arsandiide aggregate (Eq. 17) (59).

(17)

Several Ga4P4 cube derivatives 31 have been synthesized by salt me-
tathesis reaction, starting from R�GaCl2 29 and dilithium organophos-
phandiides 30 (Eq. 18) (57, 60, 61). Their formation occurred via cyclic
intermediates, but GauP intermediates could not be detected.

(18)

The three-component reaction among RGaCl2 29, GaCl3 , and RPLi2

30 (R � 2,4,6-Me3C6H2) furnished a Ga4P4 cubane with one exocyclic
PHR substituent at gallium (61). Another type of gallium phosphandi-
ide has been prepared by reaction of tBuPLi2 with tBu2GaCl in the
molar ratio of 1 : 2 (Eq. 19) (62).

(19)

Related gallium phosphandiides and some sterically congested mo-
nomeric digallyl phosphandiides have also been synthesized, and
these results have been summarized in a detailed review (63). Molec-
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ular indium phosphandiide aggregates are far less well investigated
than gallium phosphandiides. Hitherto only three In4P4 cuboidal de-
rivatives have been reported (64–66). Thus, reaction of the substi-
tuted indium chloride RInCl2 [R � (C5H5)(OC)3Mo] with P(SiMe3)3 fur-
nished the propellane-like compound 33 (64), whereas salt metathesis
of RPLi2 with RInCl2 (R � 2,4,6-Me3C6H2) led to 34 (Eq. 20) (65). Fur-
thermore, the In4P4 cubane 35 has been prepared, starting from the
silylphosphane 1g and the corresponding triorganoindane (Eq. 21)
(66).

(20)

(21)

B. NMR SPECTROSCOPIC CHARACTERIZATION

An important result of the multinuclear NMR investigations of 23–
25, 27, 28, and 31–35 is that the structures, in contrast to aggregates
of monometalated secondary phosphanes and arsanes, are retained
in solution. Thus, the phosphandiide derivatives here discussed show
resonance signals in their 31P NMR spectra that are independent of
concentration and temperature (see Table III). The 31P and 27Al NMR
chemical shifts of 23–25, 27, and 31–35 differ with respect to ring
size of the clusters and electronic influences by the substituents at
phosphorus and aluminum.

C. X-RAY STRUCTURES

The four-membered Al2As2 heterocycle 27a was the first derivative
to be structurally characterized (58). It crystallizes in the triclinic
space group P1. The Al2As2 ring is puckered, with pyramidally coordi-
nated As atoms and tetrahedrally surrounded Al centers (Fig. 23).
The amine groups at aluminium are cis-oriented to each other, which
is probably due to the steric demand of the silyl groups. The average
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TABLE III

LISTING OF �31P AND �27Al NMR DATA FOR 23–25, 27, AND

31–35

�31P �27Al Ref.

23 �216.8 (anti) — 57
�217.6 (syn)

24 �213 — 57
25a — 48 58
25b — 40 58
25d �277 46 58
27a — 127 58
27b — 140 58
31 (iPrGa, PtBu) �12.8 — 60
31 (MesGa, PtBu) a 1.5 — 60
32 �80 — 62
33 �137.7 — 64
34 �75.5 — 65
35 �168.0 — 66

a Mes � 2,4,6-Me3C6H2 .

FIG. 23. Molecular structure of 27a. [Reprinted with permission from (58). Copyright
1998, Wiley-VCH.]



272 MATTHIAS DRIESS

FIG. 24. Molecular structure of 24. [Reprinted with permission from (57). Copyright
1990, Wiley-VCH.]

Al–As distance (2.447(2) Å) resembles the values in a six-membered
Al3As3 borazine analogue, although the latter has only three-coordi-
nate Al centers (63). The first Al4P4 cube to be structurally character-
ized was 24 (Fig. 24) (57). The cube is distorted and the Al–P dis-
tances (ca. 2.41 Å) are little shorter than that in dimeric Al2P2

compounds. The analogous cuboidal-like M4E4 cluster (E � P, As;
M � Al, Ga, In) 31 and 33–35 possess also distorted arrangements,
due to the steric demand of their substituents and high polarity of
the E–M bonds.

The hexameric E3M3 clusters (M � Al, Ga; E � P, As) 25a, 25c, and
25d comprise hexagonal prismatic E3M3 skeletons, as representa-
tively shown for 25a in Fig. 25 (58). Thus, the cluster core resembles
that of the Sn3P3 drums 19 (see Fig. 20), and the Al–As distances are
only marginally longer than those in 27a. Apparently, the Al–H
bonds are shielded by the bulky silyl groups, which hampered selec-
tive substitution reactions at the Al–H bond.

The structure of 32 (62) is remarkable since it possesses, at the
same time, three- and four-coordinated Ga centers (Fig. 26), whereas
28 represents the first example of a partially metalated arsane–
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FIG. 25. Molecular structure of 25. [Reprinted with permission from (58). Copyright
1998, Wiley-VCH.]

FIG. 26. Molecular structure of 32. [Reprinted with permission from (62). Copyright
1993, American Chemical Society.]
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FIG. 27. The GaAs core of compound 28. [Reprinted with permission from (59). Copy-
right 1986, Royal Society of Chemistry.]

arsandiide cluster Mx(RAsH)y(RAs)z with main Group 3 elements (Fig.
27) (59).

VII. Mixed-Metalated Phosphandiides and Arsandiides

The synthesis of mixed-metalated species provides more informa-
tion about the influence of different metals on the degree of aggrega-
tion of phosphandiides and arsandiides, respectively. Not only that,
the issue whether ‘‘ring-laddering’’ is still preferred if ionic metal cen-
ters (Groups 1, 2) and more covalent metal atoms (Groups 3, 4) are, at
the same time, coordinated to RE2� ligands (E � P, As) is of particular
interest. It is a considerable challenge to tune the reactivity of phos-
phandiides and their arsenic analogues for selective nucleophilic RE2�

transfer reactions.

A. SYNTHESIS OF Li/Al-MIXED DERIVATIVES

A convenient route to ‘‘andiides,’’ where Li and Al centers are, at
the same time, involved is represented by the reaction of LiAlH4 with
primary silylphosphanes and silylarsanes (Scheme 4) (67). However,
the outcome of such reactions is dependent on the stoichiometry. The
silylarsane 2c reacts with LiAlH4 in the molar ratio of 4 : 1 in 1,2-
dimethoxyethane, under evolution of H2 , resulting in the correspond-
ing tetrakis(arsaneyl)-substituted lithium alanate 36c in quantitative
yield. The similar transformation of the arsane 2a with LiAlH4 in the
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SCHEME 4. Synthesis of the diorganoarsaneyl alanates 36c, 36e, and 37.

molar ratio of 1 : 1 led to the unusual ion-triple 37 in the form of color-
less crystals in 81% yield (67).

The reaction of the arsane 2c with LiAlH4 in the ratio of 1 : 1 in
diethyl ether as solvent led, under H2 elimination, to the rhombodode-
cahedral Li4Al4As6 cluster 38 (Eq. 22) (58). The latter impressively
demonstrates the influence of the solvent donor ability on the outcome
of the reaction. Remarkably, the introduction of AsH3 into a solution
of LiAlH4 in DME furnishes the corresponding alanate 36e,
LiAl(AsH2)4 , which cleanly decomposes in solution at 25�C over 3–4
days, giving the Zintl ion (As7)3� in high yield (67).

(22)
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Another method to prepare mixed Li/Al derivatives has been devel-
oped by ligand-exchange reactions, starting from the Al4N4 cube 39
and LiPHR (R � cyclohexyl) (68). Thus, the outcome of the latter is
the rhombododecahedral Li4Al4P6 cluster 40, which bears exohedral
THF donor ligands at the lithium centers (Eq. 23) (68).

(23)

B. SYNTHESIS OF Li/Sn-, Li/Sb-, AND Ca/Sn-MIXED CLUSTERS

The same strategy as for the synthesis of 40 has been employed for
the preparation of the Li/Sn-mixed cluster 41. Thus, replacement of
the imido groups in [Sn(NtBu)]4 with LiPHR (R � cyclohexyl) in the
molar ratio of 4 : 6 yielded the metallacyclic cage complex 41, which
has a rhombododecahedral Li4Sn4P6 core (Eq. 24) (69). The clusters 40
and 41 are isostructural, since the MeAl fragments in 40 have been
replaced by the isoelectronic Sn(II) centers.

(24)

Replacement of the NMe2 groups in Sb(NMe2)3 by phosphandiide li-
gands has been achieved by the reaction shown in Eq. (25) (70). Inter-
estingly, all of the HNMe2 produced by this reaction coordinates to the
Li ions in 42, which leads to a rhombododecahedral Li6Sb2P6 skeleton.

(25)

The first Ca/Sn-mixed phosphandiide cluster 43 has been prepared
by reaction of the calcium phosphanide 44 with Sn[N(SiMe3)2]2 in THF
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as solvent (Eq. 26) (71). The latter contains both phosphanide and
phosphandiide ligands composing a Ca2SnP4 skeleton.

(26)

Interestingly, the three-component metathesis reaction among
Ca[N(SiMe3)2]2 , Sn[N(SiMe3)2]2 , and HPR2 (R � iPr3Si) in the molar ra-
tio of 1 : 1 : 4 in THF led, under evolution of PR3 , to the Ca2Sn2P4 hetero-
cubane 45, whereas its reaction in the molar ratio of 1 : 2 : 6 gave the
cluster 46, which comprises a CaSn2P4 framework (Scheme 5) (72). The
same reaction with barium hexamethyldisilazanide instead of the cal-
cium salt in THF furnished the isostructural BaSn2P4 cluster (73),
whereas the reaction of the bulkily substituted barium phosphanide Ba
(PHR)2 (R � iPr3Si) with the stannanediyl Sn[N(SiMe3)2]2 (molar ratio
of 2 : 3) gave the corresponding BaSn3P4 heterocubane, of which the Ba
ion is solvated by a toluene ligand in a 	6-fashion (49).

C. DYNAMIC PROCESSES IN SOLUTION

The presence of both ionic and covalent backbones in the clusters
37, 38, 40, 41, 42, and 43 has raised the question whether the struc-
tures of the ‘‘andiides’’ remain intact in solution. This is undoubtly

SCHEME 5. Synthesis of the mixed-Ca/Sn phosphandiide clusters 46 and 47.
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FIG. 28. (Left) Molecular structure of 42. 
 2 C6H5Me. (Right) Dynamic ‘‘carousel’’ pro-
cess and the 7Li NMR spectrum of 42. [Reprinted with permission from (70). Copyright
1997, Royal Society of Chemistry.]

not the case. Apparently, this implies some advantages for transmet-
alation and ‘‘andiide’’ transfer reactions with respect to the undissoci-
ated dilithium phosphandiides and arsandiides (see Section I) and re-
lated homometallic ‘‘andiides’’ (see Sections III, V, and VI). Thus, the
singlet in the 7Li NMR spectrum of the tripodal Li complex 37 in THF
(� � �3) clearly indicates fast Li exchange. The rhombododecahedral
cores of 38, 40, 41, and 42 are also highly dynamic in solution and
show fast ligand exchange of the exohedral donor-solvent molecules.
A very interesting dynamic process has been observed in the case of
the Li6Sb2P6 cluster compound 42: Variable-temperature 7Li NMR
suggests a dynamic ‘‘carousel’’ process of the Li ions around the two
intact [Sb(PR)3]3� trianions of the core (Fig. 28) (70).

D. X-RAY STRUCTURES

The ion-triple 37 crystallizes in the orthorhombic space group
P212121 . The dianion in 37 is remarkable, since the hydridic H atoms
are evidently better donors toward Li ions than the As centers, and
the DME molecule functions rather surprisingly as a monodentate
ligand (Fig. 29) (67). The Al–As distances are unremarkable and in
the range of other chair-shaped Al3As3 frameworks (63).

The topologies of the skeletons in 38 (67), 40 (68), 41 (69), and 42
(70) are identical and represents a distorted rhombododecahedron.
The cluster cores of 38 and 40 are shown in Figs. 30 and 31 as repre-
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FIG. 29. Molecular structure of the dianion of 37. [Reprinted with permission from
(67). Copyright 1996, Wiley-VCH.]

FIG. 30. Molecular structure of 38. [Reprinted with permission from (58). Copyright
1998, Wiley-VCH.]
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FIG. 31. Molecular structure of 40. [Reprinted with permission from (68). Copyright
1996, Royal Society of Chemistry.]

sentatives of the series. All Li ions of the compounds are solvated,
with the exception of 38, where only two Li ions coordinate to solvent
molecules (Et2O).

The Ca/Sn-mixed metalated phosphanide-phosphandiide cluster 43
crystallizes in the triclinic space group P1 (71). It consists of a trigo-
nal Ca2SnP2 bipyramid, where the phosphandiide P centers serve as
�3-bridging centers to the metals. The two phosphanide ligands, how-
ever, are �-bridging between two Ca and Ca/Sn centers (Fig. 32).
Both Ca ions are octahedrally coordinated.

VIII. Conclusion

In summary, the solubility and the degree of aggregation of dimeta-
lated phosphanes and arsanes can be controlled by employing appro-
priate lipophilic substituents at phosphorus and arsenic. Triorganosi-
lyl substituents fulfill this requirement especially well. The tendency
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FIG. 32. Molecular structure of 43. [Reprinted with permission from (71). Copyright
1996, Elsevier Sciences S. A.]

of such clusters to undergo dissociation in solution is crucial for their
reactivity, which is particularly important for ‘‘andiide’’ transfer reac-
tions with electrophiles. However, the tendency for dissociation is de-
termined not only by the metal–pnictogen bond polarity, but also by
the ability of the aggregates to form host–guest complexes. The latter
has been obtained for dilithium and disodium ‘‘andiides’’ that easily
accommodate M2O (M � Li, Na) in their voids. Thus, this issue pro-
vides also model compounds for the study of nucleation processes of
ionic materials. With the exception of the coin-metal phosphandiides,
the structural principle of aggregation is mainly based on the model
of three-dimensional ring-laddering, leading to globular or oval clus-
ter frameworks. Promising building blocks for (RE)2� transfer reac-
tions (E � P, As) represent mixed-metalated derivatives containing
p-block metals (Sn(II), Sb(III) etc.), which support metal exchange.
Furthermore, employment of metalated primary phosphanes and ar-
sanes as single-source precursors for the synthesis of binary and
multinary metastable solids, i.e., for the preparation of optoelectronic
materials, is of considerable interest.
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I. Introduction and Scope

The development of bismuth chemistry must be considered in its
infancy, despite a long history of medicinal applications (1–4) and
more recent interest in materials exhibiting high-temperature super-
conductivity (5, 6). High and variable coordination numbers are re-
sponsible for a diverse structural chemistry. Traditional covalent
bonding reminiscent of nonmetals is supplemented by coordinative
interactions typical of transition metals, where the large atomic ra-
dius and orbital availability allows for coordination numbers as high
as 9 or 10. The redox chemistry is restricted by the inert pair effect,
but this imposes interesting structural features that have prompted
unusual bonding models (7). In this article, we overview the struc-
tural diversity demonstrated by complexes of bismuth(III) with
organic-based ligands involving the elements of Groups 15 (pnicto-
gens) and 16 (chalcogens) as donor sites, recognizing the potential for
tailoring structure and reactivity by manipulation of the organic
moiety. Although most complexes of bismuth obey standard valence
guidelines, the high and variable coordination numbers accessible to
bismuth are responsible for interesting and unpredictable structural
arrangements. Certain aspects of this chemistry have been reviewed
in other contexts, including general chemistry (8), medicinal chemis-
try (3, 9), and antimicrobial activity (10). This discussion is restricted
to compounds that are in most instances molecular so that the gener-
ally polymeric binary and tertiary inorganic compounds of bismuth
are not included. Also omitted is the organochemistry of bismuth,
which has been extensively reviewed by Doak and Freedman (11–14).

The formulas of well-defined bismuth compounds are presented here
in table format to outline the type and extent of characterization data
available for each, enabling assessment of the significance and rele-
vance of the observations with regard to synthesis and reactivity. For
example, complexes that are isolated in low yield, or for which a yield is
not reported, do not warrant extensive discussion of the synthetic ap-
proach or a balanced equation for the reaction. Some of the structural
features are described in detail to illustrate the novelty or generality
of a particular arrangement. Collectively, the data provide important
insights for the chemistry of bismuth and are applicable to the chemis-
try of other heavy elements. The review is structured in terms of the
functional group that represents the donor site of the ligand, and these
are illustrated in Chart 1, listing only those types of ligand for which
bismuth complexes have been identified. Line drawings are provided
for structures of complexes that are more complicated than the empiri-
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CHART 1. Functional groups with chalcogen or pnictogen sites as donors to bismuth.

cal formula indicates and are abbreviated in certain cases for clarity.
Structures are drawn to illustrate connectivity only, as Lewis drawings
or other representations of bonding are not meaningful or are mis-
leading. Ligands are often abbreviated in these drawings to focus atten-
tion on the coordination environment of bismuth.

A. ABBREVIATIONS

Habt 2-aminobenzenethiol
Hacac acetylacetone
Hacd§3 2-aminocyclopent-1-ene-1-dithiocarboxylic acid
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Hamp§3 6-amino-8-mercaptopurinium
aptu§3 1-allyl-3-(2-pyridyl)thiourea-S
avg. average bond distance/angle
Hbdmap 1,3-(dimethylamino)-2-propanol
bipy bipyridyl
Hbta§7 bis(tert-butylketoethyl)amine
bit§3 benzimidazol-2(3H)-thione
H2cat§2 catechol
cfh§7 p-chlorobenzoyl-2-furaldehydohydrazine
H4cit citric acid
cmpnd compound
cond conductivity measurements
m-crown-n§2 cyclic crown ethers (m � atoms in the heterocycle, 12, 15, 18; n �

number of oxygen atoms, 4, 5, 6)
cyclen§4 1,4,7,10-tetraazacyclododecane
H4cydta§6 trans-cyclohexane-1,2-diaminotetraacetic acid
H4cydtpa§6 N-(2-aminoethyl)-trans-1,2-diaminocyclohexane-N,N�,N�-pentaacetic

acid
H2dapt§7 2,6-diacetylpyridine bis(2-thenoylhydrazone)
H2dapts§5 2,6-diacetylpyridine bis(thiosemicarbazone)
Hdbt§5 2,6-dimethoxybenzenethiol
deimdt§3 N,N�-diethylimidazolidine-2-thione-S
dmf dimethylformamide
dmpe bis(dimethylphosphino)ethane
dmpu§2 N,N�-dimethylpropyleneurea
dmso dimethylsulfoxide
dpe diphenylphosphynoethane
dpm dipivaloylmethane
H2dpmd§7 di-2-pyridylmethanediol
dppe bis(diphenylphosphino)ethane
dppm bis(diphenylphosphino)methane
dqp§4 2,6-bis(2�-quinolyl)pyridine
dtcR2

§3 dithiocarbamate
H5dtpa§6 diethylenediaminepentaacetic acid
dtxR§3 dithioxanthates
H2dz§5 3-mercapto-1,5-diphenylformazan (dithizone)
EA elemental/chemical analysis
Heacd§3 2-ethylaminocyclopent-1-ene-1-dithiocarboxylic acid
H4edta§6 ethylenediaminetetraacetic acid
etu§3 imidazolidine-2-thione
Hemal§2 ethylmaltol (2-ethyl-3-hydroxy-4H-pyran-4-one)
H2eon§2 polyethylene glycol (n � 3,4,5,6)
H4gal gallic acid
GED gas electron diffraction
hex hexane
hmpa hexamethylphosphoramide
IR infrared spectroscopy; mid- (MIR); far- (FIR)
H2lac lactic acid

§ The parent acids of the more complicated anionic ligands and many of the neutral
ligands are illustrated in Charts 2–7 (labelled as §# in abbreviations IA).
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mag magnetic susceptibility
H3mal malic acid
Me3[9]aneN3

§4 1,4,7-trimethyl-1,4,7-triazacyclononane
Hmmq§5 2-methyl-8-mercaptoquinolinate
mnt§3 maleonitriledithiolate
mp melting/decomposition (d) point; sublimation point
MS mass spectrometry
H22mpa§5 2-mercaptopropionic acid
H23mpa§5 3-mercaptopropionic acid
MW molecular weight measurement
NMR nuclear magnetic resonance spectroscopy
H3nta§6 nitriloacetic acid
H4oedta§6 N-hydroxyethylethylenediaminetriacetic acid
H3onda§6 N-hydroxyethylnitrilodiacetic acid
Hpaphy§4 pyridine-2-aldehyde-2�-pyridylhydrazone
H2pc§4 phthalocyanine
pbda§4 o-phenylenebis(dimethylarsine)
H2pdc§6 pyridine-2,6-dicarboxylic acid
pen§5 D-(�)-penicillaminato-O,S,N
phen phenanthroline
H2phthal§2 phthalic acid
Hpmq§5 2-phenyl-8-mercaptoquinolinate
pol polarography
pot potentiometry
pptu§3 1-phenyl-3-(2-pyridyl)-2-thiourea
pyr pyridine
Hqui§6 quinaldic acid
Raman Raman spectroscopy; resonance Raman spectroscopy
H3saltren§7 [2,2�,2�-nitrilotris(ethane-2,1-diylnitrilomethylidyne)]trisphenol
sol solubility studies
H4tar tartaric acid
tdt toluenedithiolate
teed N,N,N�,N�-tetraethylethylenediamine
terpy§4 2,2� : 6�2�-terpyridine
H2tga§5 mercaptoacetic acid
thf tetrahydrofuran
thpt§3 3,4,5,6-tetrahydropyrimidine-2(1H )-thione
tm§3 hydrotris(methylimidazolyl)borate
tol toluene
tp hydrotris(pyrazolyl)borate
tpta§4 2,4,6-tris(2�-pyridyl)-1,3,-triazine
Htr§2 tropolone
H2tsal§5 thiosalicylic acid
HtscR1R2

§5 thiosemicarbazones
H6ttha§6 triethylenetetraminehexaacetic acid
tu§3 thiourea
UV UV-visible spectroscopy; near infrared spectroscopy
X-ray X-ray crystallographic studies

§ The parent acids of the more complicated anionic ligands and many of the neutral
ligands are illustrated in Charts 2–7 (labelled as §# in abbreviations IA).
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CHART 2. Carboxylate, ether, and ketone derivatives used as ligands on bismuth.
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CHART 3. Sulfur donor derivatives used as ligands on bismuth.
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CHART 4. Polyimines and -amines used as ligands on bismuth.
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CHART 5. Multifunctional ligands for bismuth with sulfur donors.
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CHART 6. Aminocarboxylic acids used as ligands on bismuth.
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CHART 7. Hydroxyamines as ligands on bismuth.
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II. Alkoxides, Thiolates, and Selenolates

Bismuth complexes of the prototypical general formula Bi(ER)3

have been extensively studied and numerous isolated examples are
reported for E � O and S. X-ray crystallographic studies reveal a
variety of structural arrangements, with most involving multiple
secondary inter- and/or intramolecular interactions. Most common
are dimeric structures or polymeric arrays resulting from the ligand
engaging more than one bismuth center and behaving as a bridging
unit. Examples of cluster structures are also observed for certain
alkoxide derivatives. Numerous chelate complexes have been isolated
with dithiolate ligands, and although related bridging features are
evident, the polymeric structures are less common and are dislocated
by the tethering nature of the bifunctional anionic ligand.

A. ALKOXIDES

Monomeric arrangements are rare for alkoxide complexes of
bismuth and require excess anionic ligands or bulky substituents.
Otherwise the alkoxide ligands typically impose dimerization or
multinuclear clustering, which are expressed in a variety of currently
unusual structural arrangements (Table I).

Bismuth alkoxides are most conveniently prepared by the reaction
of a bismuth halide with an alkali metal alkoxides in benzene or thf
under reflux conditions (15). Most exhibit low solubility in common
organic solvents, but sublime under reduced pressure. Although
incomplete, X-ray diffraction studies on [BiO(tBu)3]� (17) show a lin-
ear arrangement of metal atoms, and electron diffraction studies
indicate a trigonal pyramidal structure in the gas phase (18).
[Bi2(�2 ,�1-OC2H4OMe)4(�1-OC2H4OMe)2]� (20) is unusually soluble,
even in organic solvents such as pentane, and the crystal structure
(19–21) reveals asymmetric dimeric units, linked into one-dimen-
sional polymeric chains though bridging equatorial alkoxide ligands
1, with apical sites alternating in an up–down fashion. A distorted
square pyramidal environment can be assigned for bismuth, com-
posed of four basal bridging alkoxide oxygen atoms [Bi–O 2.200(7)–
2.573(6) Å] and a terminal alkoxide oxygen atom [Bi–O 2.071(6) and
2.114(6) Å], but long contacts impose a pseudo octa-coordination for
one bismuth center and hepta-coordination for the other. Solution
NMR spectra indicate equilibria between various oligomers and/or
isomers, and molecular weight measurements in benzene suggest a
preference for the dimeric species (20). Alcoholysis of Bi(NMe2)3 allows
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TABLE I

ANALYTICAL DATA FOR BISMUTH ALKOXIDE COMPLEXES

X-ray
structure Yield

Empirical formula # (%) mp EA sol IR NMR MS GED MW TGA Ref.

Bi(OMe)3 93 — x x — — — — — — 15
Bi(OEt)3 86–90 x x x x x — — — — 15, 16
Bi(OiPr)3 80 x x x — x — — — — 15
Bi(OtBu)3 x 41–80 x x x x x x x — — 17, 18
Bi(OC2H4OMe)3 1 ca50–89 x x x x x — — x — 19–21
Bi(OC2H4NMe2)3 50–80 x x — — x — — — — 21
Bi(OCHMeCH2NMe2)3 50–80 x x — — x — — — — 21
Bi(OCMe2Et)3 50–80 x x — — x — — — — 8
Bi(OC6H3Me2-2,6)3 x 80 — — — — x — — — — 22
Bi(dpm)3 — x x — x x x — — — 20
KBi(OtBu)4 2 37 x x — — x — — — — 17
Na4Bi2O(OtBu)8 3 15 x — — — x — — — — 17
Bi[OC(CF3)3]3 93 — x — x x — — — — 23
Bi[OCH(CF3)2]3(thf)2 4 39 — — x x x — — — x 24
Bi(OC6F5)3(tol)2[tol]2 4 51 — — x x x — — — — 24
Bi(OC6F5)3(tol)2 4 — — — x — x — — — x 24
Bi(OC6F5)3(thf)2[hex]2 4 — — — — — — — — — — 24
Bi(OC6F5)3(thf)2 4 — — — — x — — — — — 24
Bi6O7(OC6F5)[Bi(OC6F5)4]3[tol]2 5 — — — — — — — — — — 25
Bi6O7(OC6F5)[Bi(OC6F5)4]3[thf]2 5 — — — — — — — — — — 25
Na4Bi2O(OC6F5)8 3 72 — x — x x — — — — 26
NaBi(OC6F5)4 6 72 — x — x x — — — — 26
[Bi6(�3-O)3(�-OC6H3Me2-2,6)7 7 23 — x — — x — — — — 27

(OC6H3Me2-2,6)5]
BiCl2(thf)(�-OAr), 8 20/19 — x — — — — — — — 28

Ar � OC6H3Me2-2,6 and
OC6H2Me3-2,4,6,2,6

[NMe4][Bi(OC6H3Me22,6)3Cl] 9 — — — — — x — — — — 28
[PPh4][BiBr(OC6H2Me3-2,4,6)2Br] — — — — — — x — — — — 28
[PPh4][BiBr2(OC6H2Me3-2,4,6)4(�-Br)2] 10 — — — — — x — — — — 28
[PPh4]2[BiBr2(OC6H3Me2-2,6)3] — — — x — — x — — — — 28
Bi2(OCH2CH2O)3 11 — — x — x — — — — — 29
[NH4][Bi(cat)2] 12 — — x — — — — — — — 30

for further derivatization of Bi(OR)3 (R � CH2CH2NMe2 , CHMeCH2

NMe2 , or CMe2Et) (21).
Bi(OC6H3Me2-2,6)3 is molecular in the solid state, with a distorted

trigonal pyramidal geometry for bismuth, and the ligands twisted
away from the fourth coordination site [avg. O–Bi–O 92(2)�] sug-
gesting a stereochemically active lone pair (22). Bi(dpm)3 has been
spectroscopically characterized and reaction of dpmH with Bi(OtBu)3

is described to give a mixed alkoxide ligand complex [Bi(OtBu)2

(dpm)]m (20). Bi(OtBu)3 also reacts with potassium t-butoxide in ben-
zene to give [KBi(OtBu)4] (17) in which bismuth adopts an unusual
four coordinate see-saw bonding environment 2 [apical: Bi–O 2.265(8)
and 2.285(9); equatorial: 2,061(10) and 2.075(8) Å]. Potassium atoms
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bridge pairs of alkoxide oxygen atoms between monomers to form a
one-dimensional polymeric chain. The corresponding reaction with
sodium t-butoxide gives the oxide–alkoxide cluster compound
[Na4Bi2O(OtBu)8], which is disordered in the solid state and is best
viewed as an octahedral array of metal atoms encasing a unique oxy-
gen atom, with each face capped by a butoxide 3. No reaction was
observed between Bi(OtBu)3 and lithium t-butoxide.

Several examples of fluorinated alkoxides and aryloxides have been
prepared by a variety of methods, including the oxidative addition
reaction of Bi metal with excess (CF3)3COCl to give [Bi�OC(CF3)3�3]
(23). Reaction of NaOCH(CF3)2 with BiCl3 in a 3 : 1 ratio in thf gives
[Bi�OCH(CF3)2�2��-OCH(CF3)2�(thf)]2 4 (24, 31). Derivatives and ad-
ducts of OC6F5 complexes [Bi(OC6F5)2(�-OC6F5)]2 are prepared from
Biph3 and HOC6F5, and various solvent adducts have been isolated.
Solution NMR studies suggest the existence of monomeric units at
room temperature and dimeric species at lower temperatures, but
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X-ray studies confirm Bi2(�-OR)2 centrosymmetric dimers 4 in the
solid state (24). Terminal alkoxides are generally bound more tightly
than bridging units [terminal Bi–O 2.064(7) Å; bridging Bi–O
2.188(7) and 2.688(7) Å]. The bismuth oxide alkoxide cluster com-
pounds [Bi6(�3-O7)(�3-OC6F5)�Bi(OC6F5)4�3(sol)2] � [sol]2 (sol � thf or
toluene) were also isolated as minor products (25). Both structures
contain the unusual octahedral [Bi6(�3-O7)(�3-OC6F5)]3� cores 5, which

is capped on seven faces by �3-oxide oxygen atoms and on one face by
a �3-OC6F5 . Three of the �3-oxide oxygen atoms are each bound to a
[Bi(OC6F5)4]� group, with bismuth in a five-coordinate distorted
square pyramidal environment. The cluster bismuth atoms have
irregular geometries, but similar core bond distances. The reaction
of [Bi(OC6F5)2(�-OC6F5)]2 with NaOC6F5 gives the perfluorophenyl
derivative of 3, together with [NaBi(OC6F5)4(thf)]�, in which the so-
dium ions contribute to the polymeric array 6 (26).

Reaction of BiPh3 with 3 equiv of 2,6-dichlorophenol in toluene
under reflux conditions gives the oxoalkoxide complex [Bi6(�3O)3

(�-OC6H3Me2-2,6)7(OC6H3Me2-2,6)5], which is solvated with toluene,
ether, and the phenol, so that the crystals lose solvent molecules rap-
idly on removal from the mother liquor (27). The alkoxide bridged
hexanuclear unit contains four- and five-coordinate bismuth centers
in disphenoidal and square pyramidal geometries 7. Two four-coordi-
nate bismuth centers are bonded to two alkoxide oxygen atoms, one
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�3-bridging oxide oxygen, and one bridging aryloxide oxygen. Two
five-coordinate bismuth centers are bonded to one axial �3-bridging
oxide oxygen, and three bridging and one nonbridging aryloxide basal
oxygen atoms. The two remaining bismuth centers are bonded to an
axial �3-bridging oxide oxygen and three bridging aryloxide and one
�3-bridging oxide oxygen atoms.

Partial substitution of halides on bismuth predictably gives alkoxy-
bismuth halides, and salts of bismuth anions are obtained by reaction
of the alkoxide with an ammonium or phosphonium halide (28). Two
isostructural derivatives [Bi2Cl4(thf)2(�-OAr)2] (Ar � C6H3Me2-2,6 and
C6H2Me3-2,4,6) are composed of dimeric units residing on a C2 axis 8.
The bismuth is in a five-coordinate distorted square pyramidal
geometry in each case. The apical sites are occupied by terminal

chlorine atoms and a thf molecule. The anionic analogues retain the
dimeric structures as illustrated in the structure of [NMe4]2

[Bi2(OC6H3Me2-2,6)6(�-Cl)2] 9, but [PPh4]2[BiBr2(OC6H3Me2-2,6)3] 10 is
a monomeic dianion with bismuth in a distorted square pyramidal
environment. The apical site is occupied by an aryloxide oxygen atom
[Bi–O 2.119(7) Å], while the basal sites are occupied by three bromine
atoms [Bi–O 2.793(2)–3.1107(12) Å] and one aryloxide oxygen atom
[Bi–O 2.193(7) Å].

Two chelate alkoxide complexes have been isolated. Bi2(OCH2

CH2O)3 � 1.5H2O was obtained by heating bismuth hydroxide in ethyl-
ene glycol at 80�C. The polymeric solid state structure 11 involves
hexacoordination for bismuth composed of one chelated ligand
and four long contacts to oxygen atoms from neighboring units.
[NH4]2[Bi2(cat)4] � (H2Cat)2 � 2H2O was isolated from the reaction of am-
monium catecholate with excess bismuth(III) oxide or bismuth (III)
carbonate under reflux conditions in water (30). The structure con-
tains the [Bi2(C6H4O2)4]2� anion as a centrosymmetric dimer 12 with a
distorted square-pyramidal environment for bismuth. The bis-chelate
complexation of bismuth effects a see-saw coordination geometry
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[Bi–O 2.150(3)–2.322(4) Å] with the planes of two perpendicular cate-
chol ligands, and one oxygen imposes a long intermolecular contact
[Bi- - -O 2.653(3) Å].

B. THIOLATES

The favorable bismuth–sulfur bond translates into thermal and hy-
drolytic stability for the thiolates of bismuth, which are currently
more numerous than the alkoxide derivatives (Table II). Various
monomeric trithiolates have been identified, and most adopt predict-
able structural formulas, although the solid-state structures reveal
interesting intermolecular and intramolecular interactions.

Prototypical tris(thiolate)bismuth complexes are readily obtained
by a wide range of metathesis reactions (including the co-production
of mineral acids) because of the high thiophilicity of bismuth. For
example, tris(ethylthiolato)bismuth is prepared from the simple
reaction of bismuth nitrate with ethanethiol (32). Series of related
complexes have been prepared, such as arylthiolates Bi(SAr)3 (Ar �
C6H3Me2-2,6, C6H3Me2-3,5, C6H4Me-4), including derivatives with sub-
stantial steric bulk [Bi(SC6H2R3-2,4,6)3 ; R � Me, iPr, tBu (39)] (38).
The compounds are air stable, sublime under reduced pressures, and
are soluble in many organic solvents.

Mass spectrometric studies indicate that smaller molecule deriva-
tives such as Bi(SCMe3)3 are monomeric in the gas phase (33), and
the solid-state structure of Bi(SC6H2

tBu3-2,4,6)3 reveals a pyramidal
environment for bismuth [S–Bi–S 90.3(2) to 104.5(2)�] with uniform
Bi–S distances [Bi–S 2.554(7) to 2.569(8) Å]. However, the absence of
intermolecular contacts is likely enforced by the steric bulk of the
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TABLE II

ANALYTICAL DATA FOR BISMUTH THIOLATE COMPLEXES

X-ray solub
structure Yield (s)

Empirical formula # (%) mp EA pol(p) IR Raman UV NMR MS TGA Ref.

Bi(SEt)3 — — x — — — — — — — — 32
Bi(StBu)3 — 100 x x — x — — x x — 33
Bi(SCH2Ph)3 — C6H5CH2SH/72 x — — x — x x — x 16

C6H5CH2SLi/61 34
Bi(SPh)3 x 79 x x s x — — — — x 35, 36
Bi(SAr)3 — — x — — — — x — — 37
Ar � C6H3Me2-2,6 78
Ar � C6H2Me3-3,5 49
Ar � C6H2M33-4 62
Bi(SC6H3Me2-2,4,6)3 — 86 x x — — — — x — x 38, 39
Bi(SC6H3MeiPr2-2,4,6)3 — 85 x x — — — — x — — 38, 39
Bi(SC6H3MetBu2-2,4,6)3 x 86/77 x x — — — — x — x 39
Bi(SC6H4F-p)3 — 80 x x — — — — — — — 40
Bi(SC6F5)3 13 93/70 x x s x — — x — — 36, 37,

41
[Na2(thf)4][Bi(SC6F5)5] X — — — — — — — — — — 36
Bi(SC6F5)3Ln �50 — x — — — — — — — 42
L � SPPh3, n � 1 14
L � OPPh3, n � 2 x
L � SuC(NHMe)2, n � 3 L x
� hmpa, n � 2 x
L � dmpu, n � 2 x
L � NCS[K], n � 1 15
L � OSPh2, n � 2 —
L � SuC(NH2)2 , n � 2 —
ClBiSCH2CH2S — 82/82 x x — x x — — x — 43, 44
BrBiSCH2CH2S — 96 x x — x — — — — — 43
ClBiS(tol)S — 86 x x — — — — — — — 45
XBiSCH2CH2S · 2L — 85 x x — — — — — x — 45
XBiS(tol)S · 2L
X � Cl, Br
L � bipy, phen
X � Cl, L � pyr

16 44, 45
ClBiSCH2CH2SCH2CH2S 17 �/87 x x — x x — — x — 44, 46
ClBiSCH2CH2OCH2CH2S 17 �60/92 x x — x x — — x — 44, 47
Bi2(tdt)3 — — — x p — — — — — — 48
ClBiS(CH2)n � 3, 4 — 95 x x — x x — — x — 44
SCH2CH2SBiSCH2CH2SBi 18 97 x x — x x — — x — 44

SCH2CH2S
S(CH2)nSBiS(CH2)n — 92 x x — x x — — x — 44

SBiS(CH2)nS
n � 3, 4

SCH2CH2SCH2CH2SBiSC 19 67 x x — x x — — x — 44
H2CH2SCH2CH2BiiSCH2C
H2SCH2CH2S

SCH2CH2OCH2CH2SBiSC — 99 x x — x x — — x — 44
H2CH2OCH2CH2BiSCH2C
H2OCH2CH2S

[Et4N][Bi(mnt)X2](X � Cl, Br) — — — x p x — — — — — 48
[Et4N]2[Bi2(mnt)3X2],
[Et4N]4[Bi2(mnt)5]

[Ph4As][Bi(mnt)2] 20 — — — — — — — — — — 49
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ligand (39), as the pentafluorinated derivative Bi(SC6F5)3 (41) adopts
a loosely bound dimeric arrangement 13, with bismuth in a four-
coordinate disphenoidal environment (36), composed of three shorter
Bi–S distances [Bi–S 2.532(2) and 2.540(2); Bi–Sbridging 2.584(2) Å] and
one longer bridging sulfur contact [Bi- - -Sterminal 3.323(2) Å].

Reaction of BiCl3 with 3 equiv NaSC6F5 in thf results in the surpris-
ing formation of the pentathiolate dianion in [Na2(thf)4][Bi(SC6F5)5]
(36). This ‘‘overthiolation’’ is attributed to the greater Lewis acidity
of the bismuth center imposed by the electron-withdrawing ability
of the fluorinated ligands. The structure of the anion [Bi(SC6F5)5]2�

involves bismuth in a square pyramidal geometry [Bi–Sequatorial

2.988(9), 2.703(9), 2.889(9), and 2.746(10); Bi–Saxial 2.609(10) Å], with
the remaining apical site occupied by a long intramolecular bismuth
fluorine contact [Bi- - -F 2.94 Å]. Enhancement of the Lewis acidity is
further demonstrated by the range of adducts of the general for-
mula [Bi(SC6F5)3Ln] (L � SPPh3 , n � 1; L � OPPh3 , n � 2; L �
SuC(NHMe)2 , n � 3; L � OSPh2 , n � 2; L � SuC(NH2)2 , n � 2;
L � hmpa, n � 2; L � dmpu, n � 2; L (NCS)� [K(18-crown-6)], n � 1)
(42). The complexes adopt a range of stoichiometries (1 : 1, 1 : 2, and
1 : 3), and they exhibit a variety of structural arrangements.
Bi(SC6F5)3(SPPh3) exists as a centrosymmetric dimer 14 in the solid

state, with bismuth in a square pyramidal geometry. The axial site is
occupied by a SC6F5 sulfur atom [Bi–S 2.58(1) Å], while the basal sites
are occupied by two cis sulfur atoms (one terminal and one bridging)
of the two remaining SC6F5 ligands, the sulfur atom of the SPPh3

ligand [Bi–S 3.01(1) Å], and a long contact from a bridging sulfur of
the other molecule in the dimer [Bi- - -S 3.15(1) Å]. The trans effect of
the SPPh3 ligand causes one of the thiolate bond distances to be
longer [Bi–Sbridging 2.62(2) Å] than the other two in the monomer, while
the long contact from the bridging sulfur atom has no effect [Bi–
Sterminal 2.57(1) Å]. A dimeric structure and square pyramidal geometry
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for bismuth is also observed in the anion [Bi(SC6F5)3(NCS)] [Bi–SSC6F5

2.645(2), 2.2.614(2), 2.564(2) Å], but with bridging through the iso-
thiocyanate ligand 15, which is more tightly held to the monomer

through the nitrogen atom and has a long contact to the neighboring
molecule through its sulfur atom [Bi—N 2.577(6); Bi- - -S 3.178(2) Å]. A
trans effect from the NCS ligand is again observed. Penta-coordination
of the bismuth center in the bis adducts [Bi(SC6F5)3(OPPh3)2],
[Bi(SC6F5)3(hmpa)2], and [Bi(SC6F5)3(dmpu)2] renders the molecules
monomeric. The apical site is again occupied by the sulfur atom of the
SC6F5 ligand [Bi–S: 2.588(2); 2.588(1); 2.548(2) Å, respectively], while
the basal sites are occupied by two sulfur atoms of two cis SC6F5 ligands
[Bi–S: 2.613(1) and 2.617(2); 2.626(1) and 2.670(1); 2.574(2) and
2.587(2) Å, respectively] and two oxygen atoms of the donors [Bi–O
2.586(6) and 2.627(5); 2.502(3) and 2.547(3); 2.728(5) and 2.645(4) Å, re-
spectively]. A trans effect is again evident in the basal Bi–S bond dis-
tances. A hexacoordinate, near octahedral environment is observed for
[Bi(SC6F5)3(SuC(NHMe)2)3] with a fac confirguration [Bi–S 2.721(2);
Bi–O 2.946(3) Å]. These VSEPR consistent geometries and trans effects
are consistent with a model in which the Bi–S 	* orbitals are the ac-
ceptor orbitals for the electron pair donation of the adduct ligands.

Dithiols react rapidly and quantitively with many bismuth halides
and salts to effect a dimetathesis reaction, favored by both the di-
anionic nature of the ligand and chelate structure. The reaction, first
recognized by Powell (43, 45), has been exploited to give a series of
monocyclic dithiolate complexes (43, 44, 48) with varying ring sizes.
Eight-membered heterocycles, referred to as bismocanes 17 (46, 47)
are readily obtained using ether or thioether derivatives, which are
favored by virtue of the auxiliary cross ring coordinative interactions
�S–Bi [Bi–S 2.541(6) Å]�. In addition, this interaction together with
those of two thiolate sulfur atoms contacts [Bi- - -S 3.534(7) Å] and a
chlorine [Bi–Cl 3.285(6) Å] from a neighboring molecule imposes a
seven-coordinate environment for bismuth.

A systematic series of monocyclic chlorobismuthdithiolates have
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been comprehensively characterized and shown to be kinetic products
of the metathesis reaction (44). In the presence of sodium nitrate and
excess dithiol, the bismuth–chlorine bond is activated and the third
remaining metathesis occurs to give ‘‘tethered’’ bicyclic trithiabismuth
compounds (44). The general reaction of Bi(NO3)3 with the appro-
priate ligand in ethanol at a 2 : 3 ratio also results in a complete me-
tathesis and affords a systematic series of tethered bicyclic com-
pounds. Two derivatives (18 and 19) have been crystallographically
characterized and involve intermolecular and intramolecular coordi-
native interactions to bismuth. The most prominent feature in these
structures is the formation of five-membered ring motifs.

The dipyridine complex of the ethanedithiolate derivative [Bi–N
2.534(8) and 2.592(9) Å] has a polymeric solid-state structure 16
involving alternating Bi–Cl [Bi–Cl 3.111(4) and 3.231(5) Å] and
Bi–S [Bi- - -S 3.443(5) Å] intermolecular contacts [cf. intra-ring
Bi–S 2.545(4) and 2.592(9) Å]. Anionic complexes of bismuth di-
cyanoethylene-1,2-dithiolates (maleonitriledithiolate � mnt) were
isolated as the tetraethylammonium salts (48). The mixed (halide)
ligand complexes [Et4N]2[Bi2(mnt)2X4] (X � Cl, Br) and [Et4N]2

[Bi2(mnt)3X2] (X � Cl, Br), as well as the homoleptic complex [Et4N]4

[Bi2(mnt)5], are speculated to be dinuclear species. However, the struc-
ture of the tetraphenylarsonium salt [Ph4As][Bi(mnt)2] 20 involves an
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infinite polymeric chain (49). Bismuth is six-coordinate and chelated
by two dithiolate ligands, one sulfur atom of each ligand bridging
adjacent bismuth centers [Bi–S 2.693(7) and 2.664(7); Bi–Sbridging

2.746(9) and 2.836(8) Å].

C. SELENOLATES

The aryl-substituted derivatives of [Bi(SeC6H2R�3-2,4,6)3] (R� � Me,
iPr, tBu) are the only isolated examples of selenolate complexes. They
have been characterized by mp, elemental analysis, NMR spectros-
copy, and thermal gravimetric analysis, and the solid-state structure
of the isopropyl-substituted derivative reveals a tricoordinate envi-
ronment for bismuth [Bi–Se 2.630(8)–2.711(8) Å; Se–Bi–Se 92.3(2)–
103.3(2)�], imposed by the steric bulk of the ligands (38).

III. Carboxylates, Thiocarboxylates, Dithiocarboxylates, and Diselenocarboxylates

A. CARBOXYLATES

(See Table III.) Bismuth formate Bi(OOCH)3 is prepared by reacting
bismuth oxide with a 40% formic acid solution under reflux conditions
(50, 64). The solid-state structure shows three different Bi–O distance
ranges [avg. 2.38, 2.52, and 2.77 Å] and all oxygen atoms interacting
with bismuth, which occupies a six-coordinate, distorted octahedral
environment. The octahedra are linked via the carbon centers re-

TABLE III

ANALYTICAL DATA FOR BISMUTH CARBOXYLATE COMPLEXES

X-ray
Empirical structure Yield
formula # (%) mp EA sol IR NMR MS Ref.

Bi(OOCH)3 x — — — — x — — 50
K2Bi(OOCH)5 x — — — — — — — 51
Bi(OOCCH3)3 x 90 — x x x — — 52–54
Bi2(CH3COO)6(tu)3H2O 21 — — — — — — — 55
Bi(CH3COO)3(tu)3 x — — — — — — — 55
Bi(O2CCMe3)3 22 100 x x x x x — 56, 57
Bi(OOCC6H5)3 23 — — x — — — — 58
BiO(OOCCH3) x — — x — — — — 59
Bi(OOCCF3)3 — — x x — x x x 60, 61
Bi(OOCCF3)3(OOCCF3) x 94 — — — — — — 61, 62
NaBi(CF3COO)4 — — — x — x — — 60
[H2teed][Bi(O2CCF3)5] x — x x — x — — 63
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sulting in a sheet structure, and an overall trigonal prismatic nine-
coordinate environment. Bismuth acetate Bi(OOCCH3)3 has been pre-
pared by the recrystallization of ‘‘commercial reagents’’ from acetic
acid solution (53) and by dissolving Bi2O3 in hot acetic acid and acetic
anhydride (54). It adopts a layered structure (52). Two structurally
characterized thiourea adducts of bismuth acetate demonstrate the
structural versatility of bismuth (55). Bi2(CH3COO)6(tu)3H2O is ionic
and composed of dimeric cations [Bi2(CH3COO)4(tu)6]2� and anions
[Bi2(CH3COO8]2� 21, in which the acetate ligands are principally

bidentate [Bi–O 2.31(1)–2.71(2) Å; Bi–Oterminal 2.26(1)–2.65(1); Bi–
Obridging 2.78(1) Å], but also effect a bridge in the homoleptic anion.
The cation predictably involves bridging thiourea sulfur atoms [Bi–S
2.909(5) and 3.132(5) Å] as well as two terminal thiourea ligands
[Bi–S 2.677(5) and 3.152(6) Å]. In contrast, Bi(CH3COO]3(tu)3 is
molecular in the solid state with bismuth in a nine-coordinate envi-
ronment composed of three bidentate acetate groups [avg. Bi–O
2.509(4) Å] and three thiourea sulfur atoms [avg. Bi–S 3.061(2) Å] in
a fac arrangement.

Bismuth acetate is susceptible to ligand exchange reactions, and
a number of bismuth carboxylate derivatives have been prepared
(56). With 2,2-dimethylpropionic acid, a tetrameric complex is ob-
tained [Bi(O2CCMe3)3]4 22 (57), in which each bismuth center is nine-
coordinate and is bound to six 2,2-dimethylpropionate groups in che-
late, �2-, and �3-fashion [Bi–O range 2.24–3.16 Å]. The presence of
bulkier substituents is responsible for the less polymeric structure,
which renders the compound more volatile, and it is crystallized by
sublimation. In contrast, the tris(benzoate) complex Bi(OOCC6H5)3

adopts a one-dimensional polymer 23 involving two unique bismuth
centers (58). Nine coordination at each bismuth center is composed of
six oxygen atoms from three asymmetrically chelating ligands, each of
which also bridges bismuth centers [Bi–Ononbridging 2.198(14)–2.533(16);
Bi–Obridging 2.243(14)–2.793(18) Å], and in turn each bismuth center
receives a long contact from three ligand oxygen atoms [Bi–O



308 BRIAND AND BURFORD

2.624(16)–3.380(16) Å]. Alkoxide/oxide compounds of the speculated
general formula BiO(OOCR) are formed by dissolving Bi2O3 in the
carboxylic acid, followed by dilution and distillation of the excess acid
(59). The compounds were characterized by elemental analysis and
preliminary X-ray diffraction data.

Bi(OOCCF3)3 and the corresponding tetraacetate salt Na[Bi-
(OOCCF3)4] are obtained from the reaction of excess trifluoroacetic
anhydride with Bi2O3 and NaBiO3 , respectively, under reflux condi-
tions (60), or by metathesis reaction (61). A salt of the dianion [Bi-
(O2CCF3)5]2� is prepared from BiPh3 with teed in excess trifluoroacetic
acid (63). Bismuth occupies a symmetric 10-coordinate environment
involving oxygen atoms of five bidentate trifluoroacetate groups
[Bi–O 2.44(3)–2.62(2) Å], to give a distorted pentagonal prism. Bi-
(phthal)OH was prepared by reacting Bi2O3 with H2phthal in a 1 : 2
ratio in acetone under reflux conditions, and the IR spectrum indi-
cates an unsymmetrically bidentate coordination of both carboxylate
groups (65).

B. THIOCARBOXYLATES

A series of thiobenzoate derivatives of the general formula Bi-
(SOCC6H4R)3 (R � H (66), o-Me, p-Me) (67) were prepared in high
yield from the reaction of Bi2O3 with an excess of the appropriate li-
gand in acetone, and were characterized by melting point, elemental
analysis, and IR and NMR spectroscopy (67). For R � o-Me, the com-
plex is very soluble in organic solvents, enabling crystallization and
structure determination, which reveals three chelating thiocarboxy-
late ligands [Bi–S 2.630(3) Å], with relatively long bismuth–oxygen
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bond distances [Bi–O 2.752(6) Å] and the three sulfur atoms in a
pyramidal fac arrangement. Long contacts from the three sulfur
atoms of a neighboring molecule [Bi- - -S 3.498 Å] give a coordination
number of 9 for bismuth.

C. DITHIOCARBOXYLATES, DITHIOCARBAMATES AND DITHIOXANTHATES

Numerous complexes of bismuth involving dithiocarbamate (dtcR2)
and/or dithioxanthates (dtxR) ligands are known, (Table IV and
Chart 3); however, there are few examples of authentic dithiocarboxy-
late complexes. Bi(eacd)3 represents the only structurally character-
ized example of dithiocarboxylate and adopts a monomeric solid-state
structure with bismuth in a six-coordinate distorted trigonal antipris-
matic environment [Bi–Sshort 2.617(2) and 2.647(1); Bi–Slong 2.963(2)
and 3.108(2) Å], and a closest long bismuth sulfur contact of 3.689 Å
(68). Throughout the more extensive series of dithiocarboxylate deriv-
atives (dithiocarbamates and dithioxanthates), complexes are gener-
ally homoleptic and adopt predictable formulas. Although there are
examples of thio bridging ligands, they are rare, and intermolecular
interactions are more obviously formed by halides in the mono- and
bis-dithiocarboxylate complexes.

Tris(dithiocarbamate) complexes have been obtained using various
synthetic methods, including reaction of bismuth halide with the ap-
propriate amine and carbon disulfide and reactions of bismuth nitrate
or bismuth halide with salts of the dithiocarbamate. Bi(dtcEt2)3 (69)
exists as a weakly bound dimer in the solid state (70, 71), with three
chelating dithiocarbamate ligands [Bi–Sshort 2.595(5)–2.775(5); Bi–Slong

2.956(5)–2.964(4) Å] and a long sulfur contact from a neighboring
molecule [Bi–S 3.210(4) Å]. A better-established dimer 24 is observed
for the ethanol-substituted derivative Bi(dtc�HOCH2CH2�2)3 (72) which
contains bismuth in an eight-coordinate distorted square antiprism
bonding environment imposed by four nonbridging sulfur atoms of
two asymmetrically bound dithiocarbamate ligands [Bi–Sshort

2.669(7)–2.729(7); Bi–Slong 2.790(7)–2.885(7) Å] and four bridging sul-
fur atoms [Bi–S 3.076(9)–3.179(9) Å] of two chelating ligands. A weak
interaction is responsible for the intermonomer relationship between
unique bismuth complexes of Bi(dtc�CH2Ch2�2)3 in the solid state (73).
The six- and seven-coordinate environments are generated by three
asymmetrically bound dithiocarbamate ligands [Bi–Sshort 2.612(7)–
2.784(7); Bi–Slong 2.860(9)–3.017(8) Å], and a long contact from a sul-
fur atom of one ligand [Bi- - -S 3.163(6) Å].
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The bromide and iodide complexes Bi(dtcR2)2Br (R � Et, iBu,
CH2C6H5 , CH2CH2 , (CH2)2.5); X � Br (74), X � I (76)) are prepared
from the respective tris(dialkydithiocarbamate) by stoichiometric ad-
dition of bromine or iodine in CCl4 or CHCl3 , but the dihalo deriva-
tives have not been obtained. Conductance measurements of the
bromo analogues suggest that they are non-electrolytes in nitroben-
zene, while molecular weight measurements of all monohalo com-
pounds indicate that they exist as dimers in solution. The spectro-
scopic data of the iodo complex suggest that dithiocarbamate ligands
function as bidentate ligands. Bi(dtcEt2)2Br exists as a tetramer-based
(25) polymeric network in the solid state, with two unique bismuth
environments (75). Both centers bear four sulfur atoms of two asym-
metrically bound dithiocarbamate ligands [Bi–Sshort 2.669(5) and
2.657(4); Bi–Slong 2.719(6) and 2.843(7) Å; Bi–Sshort 2.641(5) and
2.658(4); Bi–Slong 2.716(6) and 2.814(5) Å]. One center additionally
binds two cis bridging �2- and �3-bromine atoms [Bi–S 3.066(2) and
3.004(2) Å, respectively], and the other binds three fac bridging �2-
and �3-bromine atoms [�2: Bi–S 3.104(2); �3: Bi-S 3.232(2) and
3.390(3) Å]. The corresponding iodide is a one-dimensional polymer
with a -Bi–I–Bi–I- backbone (26) and six-coordinate environment
consisting of four sulfur atoms of two dithiocarbamate ligands [Bi–S
2.646(4)–2.860(5) Å] and two cis bridging �2-iodine atoms [Bi-I
3.257(2) and 3.354(1) Å] (75). Bi(dtc�CH2CH2�2)2Cl(tu) (73) is dimeric,
but involves only chlorine bridges, and the dithiocarbamate and thio-
urea ligands are terminal, imposing a seven-coordinate environment
[Bi–Sshort 2.624(4) and 2.649(3); Bi–Slong 2.805(3) and 2.735(3) Å; Bi–Cl
2.911(4) and 3.187(4) Å; Bi–S 3.017(4) Å]. The tetrafluoroborate salts
[Bi(dtcR2)2(BF4)](R � Et, CH2CH2 , (CH2)2.5) are obtained from the re-
action with gaseous BF3 (77), and conductivity data suggest that the
compounds are univalent electrolytes in nitrobenzene.
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Mono-dithiocarbamatedihalo complexes Bi(dtcEt2)X2(X � Cl (80),
Br, I) (78, 81, 95) are isostructural one-dimensional polymers 27 with
bismuth in a seven-coordinate environment (79), involving two sulfur
atoms of a bidentate dithiocarbamate ligand [Bi–S: 2.594(3) and
2.671(3); 2.599(3), 2.673(3); 2.611(5) and 2.690(5) Å], two pairs of cis
�2-halogen atoms [Bi–Cl 2.673(3)–3.165(3); Bi–Br 2.820(2)–3.305 (2);
Bi–I 3.032(2) and 3.501(2) Å], and a bridging sulfur atom [Bi–S:
378(3); 387(3); 3.462(5) Å]. As isostructural series of somewhat irregu-
larly shaped neutral pentanuclear complexes with the intermediate
mono-/bis- empirical formula [Bi5(dtcEt2)8X7(dmf)] (X � Cl, Br, I) were
obtained on recrystallization of appropriate mono(dithiocarbamate)
dihalide from dmf and n-butanol (82). Of the three unique bismuth
centers, one bears bidentate and bridging dithiocarbamate ligands
[Bi–S: 2.60(1)–2.78(1); 2.604(5)–2.800(5); 2.62(1)–2.81(1) Å], a termi-
nal halogen atom [Bi–X: 2.89(1); 3.050(2); 3.278(3) Å], a bridging �2-
halogen atom [Bi–X: 3.42(1); 3.515(3); 3.706(4) Å], and a bridging �3-
halogen atom [Bi–X: 3.43(1); 3.533(3); 3.680(3) Å]. A second bismuth
center is coordinated to two bidentate dithiocarbamate ligands [Bi–S:
2.61(1)–2.77(1); 2.606(6)–2.793(6); 2.63(1)–2.80(1) Å], a bridging �2-
halogen atom [Bi–X: 3.04(1); 3.194(3); 3.421(4) Å], and a bridging �3-
halogen atom [Bi–X: 3.42(1); 3.469(3); 3.582(3) Å]. A third bismuth
center is coordinated to three terminal halogen atoms [Bi–X: 2.68(1)–
2.74(1); 2.855(2)–2.862(3); 3.053(3)–3.079(3) Å], two bridging �2-halo-
gen atoms [Bi–X: 2.68(1) and 2.74(1); 2.860(3) and 2.862(3); 3.070(3)
and 3.053(3) A], and one bridging �3-halogen atom [Bi–X: 2.71(1);
2.855(2); 3.079(3) Å].

The ionic materials [NEt4][Bi(dtcEt2)I3] and [NEt4][Bi(dtcEt2)I2Br]
were isolated from evaporating solutions of [Bi(dtcEt2)I2] and NEt4X,
(X � I, Br) (83) and adopt halide bridge dimeric structures, with bis-
muth in a six-coordinate, octahedral environment. The coordination
sphere is occupied by a terminal halogen atom [Bi–I 2.965(1); Bi–Br
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2.813(2) Å] and a bridging iodine atom in the axial sites [Bi–I
3.190(1); 3.115(2) Å], and two sulfur atoms of a bidentate dithiocarba-
mate ligand [Bi–S 2.649(3)–2.769(3); 2.649(5)–2.770(6) Å], a terminal
iodine atom [Bi–I 3.091(1); 3.006(2) Å], and a bridging iodine atom
[Bi–I 3.291(1); 3.244(2) Å] in the equatorial sites. The salt [Hpyr]
[Bi4(dtcEt2)4Br10] containing a tetranuclear dianion 28 was isolated

from a slowly evaporating solution of Bi(dtcEt2)Br2 in pyridine/n-
butanol (82) and contains a bismuth in a relatively low, five-coordi-
nate environment involving one terminal bromine atom [avg. Bi–Br
2.94(1) Å], three bridging bromine atoms [Bi–Br 3.24(1)–3.34(1) Å],
and two sulfur atoms of a bidentate dithiocarbamate ligand [Bi–S
2.68(3)–2.73(3) Å]. A very long contact to the empty site on each bis-
muth center is evident [avg. Bi- - -S 3.74(1) Å].

The dithioxanthate ligands predictably behave in a similar fashion
to dithiocarbamates. Various derivatives of Bi(dtxR)3] (R � Me, Et,
iPr, C6H11 , CH2C6H5), have been isolated (84, 86, 88). All exhibit inter-
molecular interactions. Dimers analogous to 24 are observed in most
cases (R � Me [Bi–Sshort 2.596(3)–2.747(3); Bi—Slong 2.933(4)–2.998(4)
Å; Bi–S 3.405(1) Å] (85); R � rPr [Bi–Sshort 2.682(2) and 2.825(3); Bi–
Slong 2.926(2) and 3.175(2); Bi- - -S 2.842(2) Å] (88, 89), R � C6H11,
CH2C6H5) (90), and a polymer structure derivative of 28 is observed
for R � iPr [Bi–Sshort 2.605(8)–2.828(9); Bi–Slong 2.892(9)–2.99(1) Å]
(87). In this case, two long sulfur contacts from two neighboring mole-
cules [Bi- - -S 3.352(8)–3.627(9) Å] give a bismuth–sulfur ‘‘ladder’’-
type polymeric backbone. The bis(dithioxanthate) halides Bi(dtxEt)2X
(X � Cl, Br) are prepared by reacting 2 equiv of Bi(dtxEt)3 with chlo-
rine or bromine dissolved in CCl4, or with cupric chloride or bromide
in CH2Cl2 (91). Spectroscopic data suggest polymeric solid-state struc-
tures, while molecular weight measurements suggest that they are
monomeric in solution. A tetrakis dithioxanthate [NEt4][Bi(dtxEt)4]
(92) was isolated from the reaction of Bi(dtxEt)3 with [NEt4][dtxEt]
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in hot ethanol. (86). The anion is monomeric with bismuth in an
eight-coordinate dodecahededral environment [Bi–Sshort 2.803(11)–
2.868(11); Bi–Slong 2.940(13)–2.972(10) Å; 2.833(6) and 2.859(9) Å].

Mixed-ligand dithiocarbamate and dithioxanthate complexes
Bi(dtcR2)2(dtcR�2) (R,R� � Et, �CH2CH2�2 ; �CH2CH2�2 , Et; Et, CH2C6H5 ;
�CH2CH2�2 , CH2C6H5 ; �CH2CH2�2.5 , Et; �CH2CH2�2.5 , CH2C6H5 ;
�CH2CH2�2 , CHCH; �CH2CH2�2.5 , CHCH) are readily prepared by sub-
stitution or metathesis (93), and infrared data suggest that dithiocar-
bamate ligands are more strongly bound than dithioxanthate ligands
because of 2�S2CuN� resonance.

D. DISELENOCARBOXYLATES (DISELENOCARBAMATES)

Diselenocarbamate complexes Bi�SeC(Se)N(C2H5)2�3 , (R � CH2H5

(96), R � C4H9 , R � CH2C6H5 (97)) were prepared by reacting BiCl3 ,
carbon diselenide, and the appropriate dialkylamine (1 : 3 : 6) in CCl4 .
The compounds are air stable and have been characterized by melting
point, elemental analysis, IR, UV, and NMR spectroscopy.

IV. Ethers and Thioethers

A. ETHERS

(See Table V and Chart 2.) The ability of bismuth to routinely access
nine-coordinate environment is fundamentally demonstrated by the
homoleptic cationic water complex that has been isolated as the tri-
flate salt [Bi(H2O)9][SO3CF3]3 from a suspension of Bi2O3 in
trifluoromethanesulfonic acid anhydride with trifluoromethanesulfonic
acid (1 : 3 : 6) at 0�C (98). The tricapped trigonal prism environment for
bismuth involves occupation of capping and noncapping coordination
sites by the oxygen atoms of water molecules [Bi–Ocapping: 2.448(2); Bi–
Onon-capping: 2.577(2) Å]. Several tetrahydrofuran (thf) adducts have been
isolated as both neutral bismuth halides [BiCl3(thf)2 and BiBr3(thf)3]
(99) and halide-rich anions [Li(thf)4]2[Bi2Cl8(thf)2] (100). The structure
of BiCl3(thf)2 is a one-dimensional polymer, with bismuth in a seven-
coordinate pentagonal bipyramidal environment. The apical sites are
occupied by a thf oxygen atom [avg. Bi–O 2.621 Å] and a chlorine atom
[avg. Bi–Cl 2.502 Å], while the basal sites are occupied by a thf oxygen
atom [Bi–O 2.556 Å], two tightly bound cis chlorine atoms [Bi—Cl
2.533(2)–2.634(2) Å], and two loosely bound cis bridging chlorine atoms
[Bi- - -Cl 3.132(2)–3.372(2) Å]. The shorter Bi–O bond lengths are trans
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TABLE V

ANALYTICAL DATA FOR BISMUTH ETHER COMPLEXES

X-ray
structure Yield

Empirical formula # (%) mp EA IR Raman NMR Ref.

[Bi(H2O)9[SO3CF3]3 x 81 — x x x — 98
BiX3(thf)2(X � Cl, Br) x — — — — — — 99
[Li(thf)4]2[Bi2Cl8(thf)2] x 100 x — — — — 100
Bi(OSiPh3)3(thf)3 x — — — x — x 20
Bi(NO3)2(Heo3) 29 — x x — — — 101, 102
Bi(NO3)2(Heo4)MeOH (29)a — x x — — — 101
Bi(NO3)2(Heo6) (29) — x x — — — 101
[Bi(NO3)2(H2eo5)][Bi(NO3)2(eo5) x — x x — — — 101

Bi(NO3)3](H2O)2

BiX3(H2eo4) (X � Cl Br) 30 — x x — — — 102
BiCl3(H2eo5) (30) — x x — — — 102
[BiI2(H2eo5)][Bi2I7](MeOH)2 x — x x — — — 102
[BiBr2(H2eo6)][BiBr4] x — x x — — — 102
Bi(NO3)3(12-crown-4) 31 — x x — — — 101
[Bi(NO3)3(H2O)3] · (18-crown-6) 32 — x x — — — 101
BiCl3(12-crown-4) (33) — — x — — — 103
BiBr2(12-crown-4) (33) — x x — — — 102
BiCl3(15-crown-5) 33 — x x x — x 102, 108
BiX3(benzo-15-crown-5) (X � Cl Br) x — x x — — — 102
BiCl3(MeOH)(18-crown-6) 34 — x x — — — 102
[BiCl2(18-crown-6)]2̆Bi2Cl8] x — — x — — — 103
[BiBr2(18-crown-6)][BiBr4] x — x x — — — 102
[BiCl3(18-crown-6)][BiCl3(18-crown-6)H2O] x — — — — — — 104
[BiCl(18-crown-6)(CH3CN)2][SbCl6]2 x — — — — — — 105
[Bi(12-crown-4)2(MeCN)][SbCl6]3 x — — x x — — 106

a Parentheses refer to a representative structure.

to the longer Bi–Cl bonds. In contrast, an extra thf ligand has access to
bismuth in the bromide derivative BiBr3(thf)3 , so that it is monomeric
in the solid state and contains a six-coordinate octahedral bismuth
atom. The bromine atoms and thf ligands adopt a fac configuration
[Bi–Br 2.628(5)–2.685(10) Å; Bi–O 2.600(8)–2.700(7) Å]. The dianion
[Bi2Cl3(thf)2]2� is a discrete centrosymmetric dimer, with bismuth in a
six-coordinate near-octahedral bonding environment. The axial sites
are occupied by a thf oxygen atom [Bi–O 2.594(10) Å] and a chlorine
atom [Bi–Cl 2.555(4) Å], while the equatorial sites are occupied by two
cis bridging chlorine atoms [Bi–Cl 2.902(4) Å] and two terminal chlo-
rine atoms [Bi–Cl 2.573(4) and 2.2.551(3) Å]. A trisiloxide complex Bi
(OSiPh3)3(thf)3 has been shown to adopt a solid-state structure similar
[Bi–O 2.04 Å; thf; Bi–O 2.95(1) Å] (20) to that observed for the tribro-
mide. Dioxane is speculated to bridge two bismuth trichloride acceptors
in a system with the empirical formula [(BiCl3)2(diox)3]) based on ele-
mental analysis data (107).
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Nitrate anions can be substituted on bismuth nitrate by reaction
with polyethylene glycols effecting deprotonation (or ionization) of one
end of the ligand chain (101). Centrosymmetric dimers of the general
form 29 are observed, with nitrate anions asymmetrically coordi-
nated, staggered, and trans to one another [Bi–O 2.240(1)–2.28(2) Å]
in [Bi(NO3)2(Heo3)]2 , [Bi(NO3)2(Heo4)]2(MeOH)2 , and [Bi(NO3)2

(Heo6)]2 . Bismuth centers are doubly bridged by alkoxide oxygen
atoms [Bi–O 2.20(1)–2.28(1) Å], and most ether oxygen atoms are co-
ordinated to bismuth [Bi–O 2.51(1)–2.98(1) Å]. The protonated termi-
nus of the ligand provides a hydrogen bond to a neighboring dimer.
The ionic compound [Bi(NO3)2(H2eo5)][Bi(NO3)2(eo5)Bi(NO3)3](2H2O)2

contains a dianionic ligand in the anion [Bi–O 2.217(9) and 2.29(1) Å]
and a neutral ligand in the cation [Bi–Oether 2.43(1)–2.69(1) Å]. The
coordination number for bismuth in these compounds is 9 or 10.

Deprotonation of the ligands is not observed for the analogous reac-
tions with bismuth halide complexes (102). Derivatives of BiX3(H2eo4)
30 (X � Cl, Br) [avg. Bi–Cl 2.55(3) Å; avg. Bi–Br 2.2.70(2) Å] involve
all five oxygen atoms bound to bismuth [Bi–O 2.627(8)–2.901(7) Å],
while in BiCl3(H2eo5) [avg. Bi–Cl 2.56(3) Å] only five of the six ligand
oxygen atoms interact with bismuth [Bi–O 2.73(1)–2.91(1) Å]. In gen-
eral, bismuth adopts eight-coordinate environments in bicapped trigo-
nal prism geometries. The BiX3 unit is more susceptible to ligand ex-
change when X � Br or I, and unusual ionic complexes are observed,
including [BiI2(H2eo5)][Bi2I7].2MeOH and [BiBr2(H2eo6)][BiBr4].

Crown ether complexes of bismuth nitrate were prepared by re-
acting Bi(NO3)3 � 5H2O in 3 : 1 MeCN : MeOH with a stoichiometric
amount of the crown ether (101). Bi(NO3)3(12-crown-4) has bismuth
in a 10-coordinate Cs 4A,6B-expanded dodecahedral geometry 31, in
which all four ether oxygen atoms are bound to the bismuth center
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[Bi–O 2.54(1)–2.68(2) Å]. In contrast, the nine-coordinate capped
square antiprism geometry for bismuth in [Bi(NO3)3(H2O)3] � (18-
crown-6) does not involve the expected multidentate ether coordina-
tion to bismuth, but rather a hydrogen-bonded interaction of the
crown ether with the hydrated bismuth center chelated by bidentate
nitrate groups [Bi–O 2.38(2)–2.56(2) Å] 32, implying that the hexado-

nor nature of the crown ether in the presence of three nitrate ligands
is overwhelming the maximum coordinate capacity of the bismuth
center.

A series of corresponding and related halide crown ether complexes
have been isolated, and their ionic or covalent formulas seem to pre-
dictably depend on the reaction conditions. The structural observa-
tions made for [BiX3(12-crown-4)] (X � Cl, Br) [avg. Bi–Cl 2.52(1) Å;
Bi–O 2.652(8)–2.742(9) Å; avg. Bi–Br 2.72(4) Å] (102, 103), [BiX3(15-
crown-5)] (X � Cl (102, 108) Br) [avg. Bi–Cl 2.54(1) Å; Bi–O 2.77(1)–
2.91(1) Å; avg. Bi–Br 2.69(2) Å; Bi–O 2.72(2)–3.00 (4) Å] (103), BiX3

(benzo-15-crown-5) (X � Cl, Br) [avg. Bi–Cl 2.53(2) Å; Bi–O 2.793(9)–
2.844(9) Å; avg. Bi–Br 2.68(2) Å; Bi–O 2.80(1)–2.88(1) Å],
BiCl3(MeOH)(18-crown-6) (103), [BiCl2(18-crown-6)]2Bi2Cl8] (103),
[BiBr2(18–crown-6)][BiBr4] (102), and [BiCl3(18-crown-6)[BiCl3(18-
crown-6)H2O] (104) exhibit similar structural features to those of the
corresponding polyethylene glycol halide complexes. The absence of
hydrogen-bond donors in the crown ether complexes imposes alterna-
tive structural types, including puckering of the crown ether. Al-
though Bi–O interactions are weaker, the pyramidalization of BiX3 is
retained, and symmetric structures are achievable for smaller rings,
as represented by 33. In contrast to the nitrate complex, which was
apparently restricted by the hexadonor nature 18-crown-6, the bis-
muth center of BiCl3(MeOH)(18-crown-6) [avg. Bi–Cl 2.54(2) Å] binds
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only three adjacent ether oxygen atoms [Bi–O 2.776(7)–2.805(7) Å]
and the oxygen of methanol [Bi–O 2.549(9)(9) Å] 34. In this context,
it is interesting to note that the structure of [BiCl3(18-crown-6)]
[BiCl3(18-crown-6)H2O] (104) contains discrete component molecules.
The former (nonhydrated molecule) has the BiCl3 apex [avg. Bi–Cl
2.495(9) Å] oriented at the center of the crown ether cavity with all
six oxygen atoms coordinated to bismuth [Bi–O 2.84(3)–3.16(2) Å],
while in the latter, BiCl3 engages only three of the sites and the pyra-
mid [avg. Bi–Cl 2.51(3) Å] in the hydrated molecule is off-center to
the cavity of the crown ether [Bi–O 2.76(2)–2.88(2) Å].

The ionic compounds [BiCl2(18-crown-6)]2[Bi2Cl8] (103) and [BiBr2

(18-crown-6)][BiBr4] (102) show each bismuth bound to two halide
atoms [avg. Bi–Cl 2.501(6) Å; avg. Bi–Br 2.666(5) Å] and all six ether
oxygen atoms [Bi–O: 2.49(1)–2.66(2) Å; 2.47(2)–2.73(2) Å]. Similar
features are evident in a complex involving the smaller crown ether,
which has been isolated as an antimonate salt, [BiCl2(15-crown-5)
(CH3CN)][SbCl6] [Bi–Cl 2.515(7) and 2.489 Å and Bi–N 2.65(3) Å]
(105). Acetonitrile adducts of the corresponding dication [BiCl(18-
crown-6)(CH3CN)2][SbCl6]2 (105) and trication [Bi(12-crown-4)2

(MeCN)][SbCl6]3 (106) have also been isolated. The dication has bis-
muth encompassed by the crown ether and bonded to all ether oxygen
atoms, and the chlorine atom [Bi–Cl 2.479(6) Å] and the pair of aceto-
nitrile nitrogen atoms [Bi–N 2.82(2) and 2.86(3) Å] are bound from
the opposite side to the crown ether. The trication adopts a sandwich
structure in which bismuth is bound to all four oxygen atoms of each
crown ether [Bi–O 2.436(5) and 2.545(5) Å]. The acetonitrile nitrogen
atom occupies a position between the two ligands [Bi-N 2.650(9) Å].

B. THIOETHERS

(See Table VI.) Crown thioethers of various sizes ([12]aneS4 �
1,4,7,10-tetrathiacyclododecane, [15]aneS5 � 1,4,7,10,13-pentathia-
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TABLE VI

ANALYTICAL DATA FOR BISMUTH THIOETHER COMPLEXES

X-ray
structure Yield

Empirical formula # (%) mp EA IR UV NMR MS Ref.

BiCl3([12]aneS4) x 66 x x x x x — 109
�BiCl3([15]aneS5)�2(MeCN) x 82 x x x x x — 109
BiCl3([18]aneS6) x 79 x x x x x — 110
(BiCl3)2([24]aneS8) 35 72.6 x x x — — x 111
BiCl3(MeSCH2CH2CH2SMe) 36 �20 — x x — — — 112
[SMe3]2[Bi2I8(SMe2)2] x small — — — — — — 113

cyclopentadecane, [18]aneS6 � 1,4,7,10,13,16-hexathiacyclooctade-
cane, [24]aneS8 � 1,4, 7,10,13,16,19,22-octathiacyclotetracosane) form
1 : 1 complexes with bismuth trichloride that are essentially analogues
of the prototypical crown ether complexes described earlier. The solid-
state structures observed for BiCl3([12]aneS4), �BiCl3([15]aneS5)�2/
(MeCN) (109) and BiCl3([18]aneS6) (110) confirm that all sulfur centers
interact with bismuth, although the bonds are weak [avg. Bi–S 

3.0 Å]. Consistently, the three bismuth chlorine bonds are similar to
those of the free acid [avg. Bi–Cl 2.571 vs 2.496 Å; Cl–Bi–Cl 92.3 vs
90.9�, respectively]. The larger, more flexible octathioether is able to en-
gage two molecules of bismuth chloride in (BiCl3)2([24]aneS8) (111). Two
pentasulfur cradle sites [avg. Bi–S 3.21 (3) Å] are centrosymmetrically
related on opposite sides of the thiamacrocycle, and together with the
three chlorine atoms, bismuth is eight-coordinate (35).

The only two examples of bismuth complexes involving acyclic thi-
oether ligands are unique. Bismuth chloride forms a 1 : 1 complex
with a dithioether, which adopts a polymeric structure of tetrameric
units 36, [Bi4Cl12(MeSCH2CH2CH2SMe)4]n � nH2O (112). Bismuth occu-
pies a six-coordinate distorted octahedral environment composed of
two cis terminal chlorine atoms [Bi–Cl 2.538(7) and 2.533(7) Å], two
�2 bridging chlorine atoms [Bi–Cl 2.913(7) and 2.969(6) Å], and two
sulfur atoms from different bridging thioether ligands [Bi–S 2.857(7)
and 2.977(7) Å]. The presence of long-range Bi-- -Cl contacts [3.268(7)
Å] across the Bi4Cl4 ring of the tetramer results in a pseudo-cuboidal
arrangement. The reaction of bismuth iodide with dimethyl sulfide
gives the salt [SMe3]2[Bi2I8(SMe2)2] as a minor product (113). Bismuth
occupies a six-coordinate near-octahedral environment, made up of
sulfur [Bi–S 3.054(8) Å], three terminal iodine atoms [avg. Bi–I 2.948
Å], and two bridging iodine atoms [Bi–I 3.234(3) and 3.229(3) Å] in a
centrosymmetric dimeric unit.
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V. Ketones and Thiones

(See Table VII and Chart 3.) [Bi(dmpu)6][Bi3I12] represents a unique
example of a ketone complex. It was prepared from the reaction of
excess dmpu with BiI3 in thf or toluene and has been characterized
by elemental analysis and X-ray crystallography (114). The cation is
a classical six-coordinate near-octahedral complex [Bi–O 2.312(8) Å;
Bi–O–C 155.7(8)�]. Hexacoordinate, near-octahedral complexes are
typical for thione ligands as well, but higher coordination numbers
are also observed. Pentathiourea and trithiourea complexes are iso-
lated from solutions of Bi(NO3)3 and thiourea (115). A seven-
coordinate pentagonal bipyramidal geometry is observed for bismuth
in [Bi(NO3)(tu)5][NO3]2 � H2O by virtue of sulfur atoms in the axial
sites [Bi–S 2.909(2) and 2.767(2) Å] and three equatorial sites [Bi–S
2.637(2)–2.937(2) Å], together with two oxygen atoms of a bidentate
nitrate ligand [Bi–O 2.814(5) and 2.916(5) Å]. Bismuth is eight-coor-
dinate in Bi(NO3)3(tu)3 with three thiourea ligands in a facial-type
arrangement [Bi–S 2.668(3)–2.681(3) Å] and the oxygen atoms of one
monodentate [Bi–O 2.579(9) Å] and two asymmetrically bound biden-
tate nitrate ligands [Bi–O 2.66(1)–2.94(1) Å].

Two salts involving bismuth complexes as both ions have been
structurally characterized (116). [Bi2Cl4(tu)6][BiCl5(tu)] consists of a
binuclear centrosymmetric dication (117), and bismuth adopts a six-
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TABLE VII

ANALYTICAL DATA FOR BISMUTH THIONE COMPLEXES

X-ray
structure Yield

Empirical formula # (%) mp EA cond IR NMR Ref.

[Bi(NO3)(tu)5]̆NO3]2 · H2O x — — — — — — 115
Bi(NO3)3(tu)3 x — — — — — — 115
[Bi2Cl4(tu)6][BiCl5(tu)] x — x — — — — 116, 117
[Bi(tu)6][Bi�(tu)1.5Cl1.5�Cl3]2 x — x — — — — 116
BiCl3(aptu)2 x — — — — — — 118
[Bi(aptu)6][NO3]3 x — — — — — — 118
BiCl3(pptu)3 x — — x — x — 119
BiCl3(deimdt)2 x — — x — x — 119
BiBr3(etu)3 x — — — — x — 120
[Bi(etu)4]2[SO4]3 x — — — — x — 120
BiCl3(thpt)3 x 93.4 x x x x — 121
BiX3(thpt)3(X � Br, NO3) — 71.2–88.8 x x x x — 121
BiX3(bit)4 · 4H2O(X � Cl, Br, NO3), — 71.2–88.8 x x x x — 121

Bi(ClO4)L5 (L � thpt, bit)
[Hamp]2[BiCl5(Hamp)]Cl · 5H2O x — — x — — — 122

[Hamp][BiCl5(Hamp)] · 2H2O
BiCl3�RNHC(S)C(S)NHR�2 · Me2CO — — — x — x — 123

(R � Me, Et, iPr, nBu)
BiCl3�RNHC(S)C(S)NHR�2(R � CH2Ph)

BiCl3�EtNHC(S)C(S)NHEt�2 x — — x — x — 123, 124
Bi(tm)Cl2 x — — — — — — 125
[Bi(tm)2][Na(tp)2] · 4CH2Cl2 · ClCH2CH2Cl x 68 — x — x x 125

coordinate octahedral geometry in both ions. This is imposed in the
cation by three facial sulfur atoms [Bi–S 2.680(6)–2.739(10) Å], a ter-
minal chlorine atom [Bi–Cl 2.677(10) Å], and two bridging chlorine
atoms [Bi–Cl 2.934(6)–2.939(6) Å], and the coordination sphere is ac-
cording to the formula of the anion [Bi–Cl 2.709(6)–2.763(10) Å; Bi–S
2.763(10) Å]. The trication of [Bi(tu)6][Bi�(tu)1.5Cl1.5�Cl3]2 contains a
nearly octahedral coordination sphere of sulfur atoms [Bi–S 2.848(4)
Å], (116), whereas the anion is disordered [Bi–Cl 2.728(3) Å; Bi–Cl/S
2.714(8) Å], giving a formula of [BiCl6]3� or BiCl3(tu)3 .

The asymmetrically substituted thiourea derivative aptu gives a
chloride bridged centrosymmetric dimer with bismuth chloride
[BiCl3(aptu)2]2 , two cis terminal sulfur atoms [Bi–S 2.735(6) and
2.786(6) Å], two cis terminal chlorine atoms [Bi–Cl 2.503(5) and
2.723(5) Å], and two cis bridging chlorine atoms [Bi–Cl 2.894(5) and
3.073(5) Å] (118). Analogous chloride bridging is observed for
[BiCl3(deimdt)2]2 with bismuth in a more distorted octahedral environ-
ment [Bi–S 2.783(5) and 2.871(4); Bi–Clterminal 2.558(4) and 2.613(5);
Bi–Clbridging 2.934(5) and 2.807(6) Å] (119). Bismuth nitrate reacts with
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aptu to give [Bi(aptu)6][NO3]3 (118), in which the mononuclear cation
is hexacoordinate octahedral complex [Bi–S 2.797(9)–2.808(10) Å],
analogous to that described for thiourea. The thiourea derivative li-
gands pptu and etu form meridional octahedral mononuclear com-
plexes BiCl3(pptu)3 [Bi–S 2.800(3)–2.872(2) Å; Bi–Cl 2.675(2)–
2.800(3) Å] and BiBr3(etu)3 [Bi–S 2.812(5)–2.869(5); Bi–Br
2.770(2)–2.881(2) Å]. A near-octahedral geometry is also evident in
the salt [Bi(etu)4]2[SO4]3 (120) by virtue of four sulfur atoms [Bi–
S2.665(4)–2.830(4) Å] and two cis oxygen atoms of two monodentate
sulfate groups, which are bound at different distances [Bi–O
2.413(12) and 2.716(15) Å]. A facial configuration is observed in
BiCl3(thpt)3 [Bi–S 2.741(4)–2.779(4) Å; Bi–Cl 2.669(5)–2.784(4) Å].
Complexes with higher thione substitution have only been spectro-
scopically characterized, including [BiX3(bit)4] � 4H2O (X � Cl, Br,
NO3) and [Bi(ClO4)(L)5] (L � thpt, bit) (121).

The unusual salts [Hamp]2[BiCl5(Hamp)]Cl � 5H2O and [Hamp]
[BiCl5(Hamp)] � 2H2O involving the protonated (cationic) ligand Hamp
were isolated from the reaction of BiCl3 with (Hamp)Cl (122). They
both contain the [BiCl5(Hamp)]� anion, which is a near-octahedral
complex [Bi–Cl: 2.536(6)–2.825(6); 2.576(3)–2.883(3) Å; Bi–S:
2.829(5); 2.935(3) Å].

Complexes of bismuth chloride with 2 equiv of the N,N�-substituted
dithioxamide ligands of the general formulas [BiCl3�RNHC(S)C(S)
NHR�2] (R � Me, Et, iPr, nBu, CH2Ph) likely involve five-membered
chelate interactions (123) as demonstrated by the structurally
characterized example [BiCl3�EtNHC(S)C(S)NHEt�2] � Me2CO, which
involves a seven-coordinate pentagonal bipyramidal environment
for bismuth (124), with chlorine atoms in axial positions [Bi–Cl
2.635(10) and 2.717(1) Å] and one equatorial [Bi–Cl 2.651(12) Å] with
four sulfur centers [Bi–S 2.818(13)–3.042(12) Å].

The tridentate hydrotris(methimazolyl)borate (tm) ligand forms a
neutral dichloro complex [Bi(tm)Cl(�-Cl)]2 in the reaction of BiCl3

with 3 equiv of Na(tm) (125). A typical dichloride bridged [Bi-�2-Cl
2.887(5) and 3.009(5) Å] dimer is observed in the solid state with near
octahedral environment for bismuth and facial configuration of the
corresponding three chlorine atoms [Bi–Cl 2.807(5) Å; Bi–S(ax)
2.714(5) Å, (eq) 2.635(4) and 2.687(5) Å]. In the presence of NaTp, the
unusual bis-substituted monocation is formed in the salt [Bi(tm)2]
[Na(tp)2] � 4CH2Cl2 � ClCH2CH2Cl (125). The cation involves near-
octahedral bismuth ‘‘sandwiched’’ between two tm ligands [Bi–S
2.802(2)–2.806(2) Å].
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VI. Amides

Bismuth amides (aminobismuthines) (see Table VIII) are rare, but
those established examples can be conveniently prepared by the reac-
tion of bismuth trichloride with the aminolithium salt in thf or thf–
petroleum ether. The homoleptic derivatives Bi(NR2)3 [R � Me (126,
127), Et (126) nPr (126), and Ph (128)] are unstable at room tempera-
ture in most solvents except thf. Bi(NMe2)3 is volatile, implying the
absence of strong intermolecular interactions [shortest intermolecular
contacts Bi- - -N3.192 Å; Bi- - -Bi 3.849 Å], which is confirmed in the
solid-state structure (127), revealing a monomeric trigonal pyramidal
geometry around the bismuth, also observed for Bi(NPh2)3 . The Bi–N
bond lengths (average Bi–N 2.20Å) (128) can be considered typical,
with each nitrogen center trigonal planar. A series of monosilylated
amidobismuthines (129) and the corresponding disilylated derivative
(130) are spectroscopically characterized.

Incomplete metathesis occurs between bismuth chloride and lithi-
ated diisopropylaniline, giving a dimeric cyclic bismetidine
[(C6H3

iPr2)NHBiN(C6H3
iPr2)]2 (37) (132), independent of reaction condi-

tions. The solid-state structure shows that both the Bi–Ncyclic [2.158(4)
and 2.174(5) Å] and Bi–Nacyclic [2.164(4) and 2.158(4) Å] bonds are equiv-
alent. The geometry at each bismuth is trigonal pyramidal with

TABLE VIII

ANALYTICAL DATA FOR BISMUTH AMIDE COMPLEXES

X-ray
structure Yield

Empirical formula # (%) mp EA solub IR Raman UV-vis NMR MS MW Ref.

Bi(NMe2)3 x 20/ca.6 x x — — — — x — — 126, 127
0

Bi(NEt2)3 — 52 x x — — x — x — — 126
Bi(NnPr2)3 — 41 x x — — x — x — — 126
Bi(NPh2)3 x 30 — x x — — — x — — 128
Bi[NH(C6H2

tBu3)]3 — 11 x x — x x — x — — 131
Me2Bi[NMe(SiMe2)] — 37.6 x — — — — — x — — 129
MeBi[NMe(SiMe3)]2 — 43 x — — — — — x — — 129
Bi[NMe(SiMe3)]3 — 54 x x — — — — x — — 129
Bi[N(SiMe3)2]3 — 30 x x — — — — x — — 130
(C6H3

iPr2)NH 37 57 x — — x — — x x — 132
BiN(C6H3

iPr2)
[Bi3��-N-(2,6-Me2C6H3)4� 38 — — — — — — — — — — 27

�NH(2,6-Me2C6H3)�]
[Me2Si(NtBu)2Bi]Cl 39 60/81 x x — — — — x x x 133
Bi2[NtBu)2SiMe2]3 40 22 x x — — — — x x x 133
[Me2Si(NtBu)2Bi][AlCl4] x — x x — — — x x x — 134
[Me2Si(NtBu)2Bi][GaCl4] — — x x — — — — x x — 134
[Me2Si(NtBu)2Bi][InCl4] — — x x — — — — x — — 134



COORDINATION COMPLEXES OF BISMUTH(III) 325

bond angles from 78.5 (2) to 97.4(2)�, suggesting an exclusive p char-
acter of the bismuth atom orbitals contributing to the Bi–N bond with
the lone electron pair held in the s orbital. The unusual bicyclic com-
pound [Bi3(�-N(2,6-Me2C6H3)4��NH(2,6-Me2C6H3)�] 38 has been iso-
lated with the slightly less sterically encumbering ligand (27). A
unique bismuth atom is bound to a terminal exocyclic amido group
[Bi–N 2.16(2) Å] and two endocyclic imido nitrogen atoms [avg. Bi–N
2.17 Å]. These are in turn bound to two endocylic bismuth atoms
[Bi–N 2.15(2) and 2.17(2) Å], which are bridged by two endocyclic
imido nitrogen atoms [average Bi–N 2.21 Å].

The bis(amino)silabismetidine heterocycle is observed in the com-
pounds [Me2Si(NtBu)2Bi]Cl 39 and Bi2[(NtBu)2SiMe2]3 40 (133). The

former contains bismuth in a four-coordinate see-saw type geometry,
with the equatorial sites are occupied by the two ligand nitrogen
atoms and short Bi–N bond distances [2.124(9) Å]. The axial sites are
occupied by two chlorine atoms [Bi–Cl 2.748(4) Å], forming a one-
dimensional polymeric structure. A molecular tethered bicyclic struc-
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ture is observed for the latter. Compound 39 reacts with ECl3 [E �
Al, Ga, or In] to give salts of the cation [Me2Si(NtBu)2Bi]� that exhibit
similar structural trends (134), but with shorter Bi–N bond distances
[2.08(1) and 2.086(9) Å].

VII. Amines, Phosphines, and Arsines

A. AMINES

Formation constants for polyamine complexes of the Bi3� cation (Ta-
ble IX and Chart 4), determined by differential pulse polarography
(151, 152), show one of the highest affinities of any metal ion. While the
weaker bidentate (e.g., ethylenediamine) or monodentate (e.g., ammo-
nia) ligands do not form stable complexes, demonstrating the signifi-
cance of the chelate effect, pyridine (py) complexes represent the only
monodentate examples and are usually formed by recrystallization of
the bismuth-based Lewis acid from pyridine. [Bi(S2CNEt2)X2(pyr)3] �
pyr(X � Cl or I) (135) are isomorphous, consisting of a seven-coordinate,
pentagonal bipyramidal bismuth environment. The halide atoms oc-
cupy the axial positions, while the dithiocarbamate S atoms, with the
pyridine ligands [X � Cl, Bi–N 2.668(7)–2.794(8) Å; X � I, Bi–N
2.71(1)–2.86(1) Å] in equatorial positions. The compounds lose pyridine
rapidly on exposure to air. [C5H6NCSNEt2]2[BiCl5(pyr)] was isolated as
a second product and contains the first example of a structurally char-
acterized anion of the type [MX5(base)]2� with six-coordinate pseudo-oc-
tahedral environment [Bi–N 2.615(8) Å] (136). The long Bi–N bond is
accredited to electronic effects.

The 2,2�-bipyridyl (bipy) adducts [BiX3(bipy)] (X � Cl, Br, I) are
prepared from combinations of BiX3 and bipy in acetone (137) and are
air stable. Slow cooling of concentrated solutions at various stoichio-
metries enabled the isolation of a number of important representative
complexes (138–140, 145, 153) and provides a systematic assessment
of structural features. [BiI3(bipy)] (138) is a diiodide bridged dimer 41
involving six-coordinate near-octahedral bismuth centers. The axial
sites are occupied by a terminal iodine atom [Bi–I 2.873(3) Å] and a
bridging iodine atom [Bi–I 3.330(2) Å]. The equatorial sites are occu-
pied by two nitrogen atoms [2.48(2) and 2.46(1) Å], a terminal iodine
atom [Bi–I 2.966(3) Å], and a bridging iodine atom [Bi–I 3.141(2) Å].
Introduction of another donor molecule, as in the dmso adduct (145),
imposes a mononuclear unit with the coordination sphere of bismuth
occupied by the three iodine atoms in a facial arrangement [Bi–I
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TABLE IX

ANALYTICAL DATA FOR BISMUTH AMINE COMPLEXES

X-ray
structure Yield

Empirical formula # (%) mp EA solub Cond IR Raman UV NMR MS Ref.

Bi(S2CNEt2)X2(py)3] · py(X � Cl or I) x — — — — — — — — — — 135
[C5H6NCSNEt2]2[BiCl5(py)] x — — x — — — — — — — 136
[BiX3(bipy)](X � Cl, Br, I) x — — x — x — — — — — 137
BiI3(bipy) 41 — x x — x x — — — — 137, 138
BiI3(bipy) · dmso x — x — — — — — — — — 138
BiBr3(bipy) · MeCN 41 — x — — — — — — — — 138
[bipyH][BiCl4(bipy)] x — x x — — x x — — — 139
[bipyH][BiBr4(bipy)] x — — — — — — — — — — 139
[bipyH][BiCl4(bipy)] · 1.5MeCN x — x — — — x x — — — 139
(BiCl3)2(bipy)3 42 — x — — — x — — — — 138
(BiX3)(bipy)2(X � Br, I) x — x x — — x — — — — 140
(Bi(NO3)3)(bipy)2 x — x x — — x — — — — 141
Bi(S2CNEt2)I2(bipy) x — — — — — — — — — — 142
[Bi(CNS)2(bipy)2]2 x — x x — — x — — — — 143
BiCl3(phen)1.33BiX3(phen)(X � Br, I) — — x x x x x — — — x 144
(BiX3)(phen)(dmso)3 x — x x — — x x — — — 145

(X � Cl, Br) ·
3 dmso

[(phen)BiI2(O-dmso)3][(phen)BiI4] · x — x x — — — — — — — 145
1.5 dmso

(BiBr3)(phen)(dmso)3 · MeCN x — x x — — — — — — — 138
(phen)2BiCl3 x — x x — — x x — — — 140
(phen)2BiBr3 x — — — — — — — — — — 140
(phen)2BiBr3(MeCN) · MeCN x — — — — — — — — — — 140
(phen)2BiI3(CH2Cl2) · CH2Cl2 x — x x — — — — — — — 140
(phen)(NO3)2Bi(�-OH)2Bi(NO3)2(phen) 43 — x x — — x — — — — 141
(phen)2Bi(NO3)3 x — x x — — x — — — — 141
BiX3(paphyH) (X � Cl, Br, I) — — x x x x x — — — x 144
Bi(CNS)3(paphyH) — — — x x — x — — — — 146
Bi(CNS)3(terpy) — — — x x — x — — — — 146
Bi(S2CNEt2)I2(terpy) x — — x — — — — — — — 142
Bi(CNS)3(dqp) Bi(CNS)3(tpta) — — — x x — x — — — — 146
(BiCl3 · Me3[9]aneN3 x 90.3 x x — — x — — x — 147, 148
Bi(cyclen)(H2O)(ClO4)3 x — — x — — — — — — — 149
[nBu4N][Bi(pc)2] — — — x — — x x x — — 150

[Ph3PNPPh3][Bi(pc)2]
Bi(pc)2 · CH2Cl2 x — — x — — x x x — — 150
Bi(pc)2(Br)x (1.5 � x � 2.5) — — — — — — x x x — — 150

2.913(4) and 3.011(3) Å], the two nitrogen atoms of the bipy ligand
[Bi–N 2.56(2) Å], and the oxygen atom of the dmso ligand [Bi–O
2.53(2) Å]. Interestingly, the acetonitrile adduct of BiBr3(bipy) (138)
has the same dimeric structure 41 with lattice MeCN molecules
[axial: Bi–Brterminal 2.681(1) Å; Bi–Brbridging 3.032(2) Å; equatorial: Bi–
Brterminal 2.779(2) Å; Bi–Brbridging 2.95(1) Å; Bi–N 2.51(1) and 2.423(8)
Å]. Salts of the general formula [bipyH][BiX4(bipy)] (X � Cl, Br) (139)
contain monomeric, anionic near-octahedral bismuth complexes
[Bi–Cl 2.681(6) and 2.678(5) Å; Bi–Br 2.824(4) and 2.804(4) Å; Bi–Ncl
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2.50(1); Bi–NBr 2.45(3) Å]. (BiCl3)2(bipy)3 42 involves a similar bridging
arrangement in the solid state with two different bismuth centers
(138). One occupies a seven-coordinate environment composed of four
nitrogen atoms [Bi–N 2.58(2) and 2.52(3) Å; 2.71(3) and 2.65(3) Å],
two terminal chlorine atoms [Bi–Cl 2.62(1) and 2.574(8) Å], and a
bridging chlorine atom trans to a terminal chlorine atom [Bi–Cl
2.872(8) Å]. The second bismuth center occupies a six-coordinate,
near-octahedral environment imposed by three terminal chlorine
atoms in a facial arrangement [Bi–Cl 2.63(9), 2.63(1), and 2.539(9)
Å], the bridging chlorine atom trans to a terminal chlorine atom
[Bi–Cl 2.973(8) Å], and the two nitrogen atoms [Bi–N 2.51(3) and
2.55(3) Å].

The 1 : 2 adducts (BiX3)(bipy)2 (X � Br, I) (140) adopt a predictable
seven-coordinate distorted pentagonal pyramidal environment. The
axial sites are occupied by two halide atoms [Bi–Br 2.818(3) and
2.903(3) Å; Bi–I 3.304(2) and 3.127(3) Å], while the equatorial sites
are occupied by a halide atom [Bi–Br 2.753(4) Å; Bi–I 2.973(3) Å],
and four nitrogen atoms [Bi–NBr 2.60(2) and 2.53(2), 2.59(2) and
2.65(3) Å; Bi–NI 2.58(2) and 2.61(2) Å; 2.66(2) and 2.71(3) Å]. The
nitrate derivative (Bi(NO3)3)(bipy)2 was recrystallized from a dmso so-
lution (141) and a 10-coordinate, near-sphenocoronal environment oc-
cupied by four nitrogen atoms [average Bi–N 2.489(3) Å] and three
relatively symmetrically bound bidentate nitrate ligands [Bi–O
2.613(3), 2.678(3), and 2.673(3) Å], all in a cis arrangement.

A dithiocarbamate complex Bi(S2CNEt2)I2(bipy), prepared from
[Bi(S2CNEt2)I2] with a fivefold excess of bipy (142), exists as an iodide
bridged dimer reminiscent of 41. The central bismuth atom is seven-
coordinate with a pseudo-pentagonal–bipyramidal geometry occupied
by a terminal I atom and a bipy nitrogen atom [Bi–N 2.56(1) Å] in
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the axial positions, and the sulfur atoms, the N atom [Bi–N 2.61(1)
Å], and two bridging I atoms in the equatorial sites. The bond dis-
tances to the bridging iodine atoms are exceptionally long [Bi–I
3.501(2) and 3.250(2) Å]. [Bi(CNS)2(bipy)2]2 is obtained from a metha-
nolic solution of NH4NCS, Bi(NO3)3 � 5H2O and bipy (143). Eight-coor-
dinate geometry is imposed by seven nitrogen atoms, four from two
unequally bound bipy ligands [Bi–N 2.542(8) and 2.553(7) Å; 2.620(7)
and 2.624(5) Å] and three from thiocyanate groups. The eighth site is
occupied by a thiocyanate sulfur atom of an adjacent group, which
acts as a bridge to form a centrosymmetric dimer. The irregular geom-
etry around the bismuth atom contains no regular gaps in the coordi-
nation sphere, suggesting a non–stereochemically active lone pair.
The angles at the metal for each of the bipy ligands [62.6(2) and
63.4(2)�] are the smallest in the complex as a result of the bite and
symmetric chelation of the ligands. The longest Bi–N bond [2.648(9)
Å] is that of the bridging thiocyante group, while the remaining two
Bi–N bond distances to the terminal thiocyanate groups are shorter
[2.453(8) and 2.408(9) Å], corresponding to strong interactions. Eight-
coordination is rare for bismuth but has been seen for bismuth thio-
phosphate.

1,10-Phenanthroline (phen) adducts of bismuth are numerous. Ha-
lide complexes BiCl3(phen)1.33 and BiX3(phen) (X � Br, I) are prepared
by mixing methanolic solutions of the appropriate bismuth halide and
phen (144). The relatively high melting points, the low solubilities,
and the IR spectra suggest the presence of bridging halide atoms,
while the absence of a molecular ion in the EI mass spectra suggests a
weak complex. A systematic structural study of bismuth halide phen
adducts, similar to that for bipy adducts described above, has been
reported (138, 140, 145, 153). (BiX3)(phen)(dmso)3 (X � Cl, Br, I) (145)
generally involve seven-coordinate bismuth in a regular pentagonal
bipyramidal geometry. The axial sites are occupied by two halogen
atoms [Bi–Cl 2.636(3) and 2.682(3) Å; Bi–Br 2.784(1) and 2.8510(8)
Å], while the equatorial sites are occupied by a halogen atom [Bi–Cl
2.740(3) Å; Bi–Br 2.875(1) Å], two cis oxygen atoms of dmso molecules
[Bi–Oce 2.501(8) and 2.560(9) Å; Bi–OBr 2.513(5) and 2.552(6) Å], and
two nitrogen atoms of a chelating phen ligand [Bi–Nce 2.514(8) and
2.578(7) Å; 2.541(6) and 2.600(6) Å]. The third dmso molecule is unco-
ordinated in a lattice site. (BiI3)(phen)(dmso)3 � 1.5 dmso is ionic, as if
disproportionated in the solid state. The [(phen)BiI2(O-dmso)3]� cation
is composed of a seven-coordinate bismuth center in a pentagonal bi-
pyramidal geometry. The axial sites are occupied by two iodine atoms
[Bi–I 3.064(3) and 2.952(3) Å], while the equatorial sites are occupied



330 BRIAND AND BURFORD

by oxygen atoms [Bi–O 2.46(1) and 2.59(3) Å] and two nitrogen atoms
[Bi–N 2.53(2) Å]. The six-coordinate near-octahedral anion [(phen)
BiI4]� has two iodine atoms in the axial sites [Bi–I 3.007(3) and
3.089(3) Å], and two iodine atoms [Bi–I 3.033(2) Å] and two phen
nitrogen atoms [Bi–N 2.52(2) Å] in the equatorial sites. The acetoni-
trile solvate of the bromide adduct (BiBr3)(phen)(dmso)3 � MeCN (138)
is isomorphous with the bipy analogue [axial: Bi–Brterminal 2.697(3);
Bi–Brbridging 3.018(3) Å; equatorial: Bi–Brbridging 2.991(2) Å; Bi–Brterminal

2.737(2) Å; Bi–N 2.53(1) and 2.43(1) Å].
The 1 : 2 bismuth chloride and bromide phen adducts [(phen)2BiX3]

(X � Cl, Br), as well as the solvated bromide and iodide adducts
[(phen)2BiBr3(MeCN)] � MeCN and [(phen)2BiI3(CH2Cl2)] � CH2Cl2 (140),
have similar pentagonal bipyramidal structures to those of the 1 : 2
bismuth bromine and iodine bipy adducts [Bi–Claxial 2.593(9) and
2.741(8); Bi–Clequatorial 2.650(6); Bi–N 2.56(2) and 2.46(2), 2.69(2) and
2.71(2) Å; Bi–Braxial 2.78(1) and 2.85(1); Bi–Brequatorial 2.79(1); Bi–N
2.64(6) and 2.39(5), 2.68(7) and 2.83(4) Å; Bi–Braxial 2.836(4) and
2.859(4); Bi–Brequatorial 2.795(4); Bi–N 2.58(3) and 2.50(2), 2.67(3) and
2.70(3) Å; Bi–Iaxial 3.035(2) and 3.103(2); Bi–Iequatorial 3.002(2); Bi–N
2.52(2) and 2.53(1), 2.71(2) and 2.73(2) Å]. The solvent molecules
occupy lattice sites.

Two nitrate complexes have been crystallized from 1 : 1 and 1 : 2
dmso solutions of Bi(NO3)3 � 5H2O and phen, respectively (141). While
(phen)2Bi(NO3)3 is structurally analogous to the bipy derivative [aver-
age Bi–N 2.51(1); Bi–O 2.60(1), 2.62(1) and 2.65(1) Å], (phen)(NO3)2

Bi(�-OH)2Bi(NO3)2(phen) is a hydroxide bridged dimer 43 involving

eight-coordinate bismuth occupied by the oxygen atoms of two asym-
metrically bound bidentate nitrate ligands [Bi–O 2.826(4) and
2.650(4) Å; 2.766(4) and 2.685(4) Å], two phen nitrogen atoms [Bi–N
2.426(4) and 2.539(4) Å], and two oxygen atoms of bridging hydroxy
groups [Bi–O 2.214(3) and 2.232(3) Å].
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The distinct N–H IR stretching frequency of Hpaphy is a probe of
its behavior as a neutral tridentate ligand, which is analogous to
phen. The halide BiX3(Hpaphy) (X � Cl, Br, I) (144) and thiocyanate
Bi(CNS)3(Hpaphy) complexes (146) are stable in air, and the IR spec-
tra and low solubility suggest a bridging polynuclear bismuth-thio-
cyano structure. Similar observations and speculations are made for
Bi(CNS)3 (terpy) (146). Bi(S2CNEt2)I2(terpy) was prepared from an n-
butanol solution of Bi(S2CNEt2)I2 with excess terpy (142) and exists
as a monomer in the solid state, with a seven-coordinate, pentagonal–
bipyramidal environment for bismuth. Iodine atoms occupy the axial
sites, and a drastic distortion in the terpy ligand sites enforces weak
Bi–N bonds [Bi–N 2.61(2), 2.63(2), and 2.61(2) Å]. Other derivatives
of pyridine form analogous adducts with bismuth thiocyanate,
Bi(CNS)3(dqp), and Bi(CNS)3(tpta) (146).

A facial octahedral configuration is observed for BiCl3(Me3[9]aneN3)
(147) [Bi–Cl 2.643(8), 2.665(5), and 2.656(8) Å; Bi–N 2.44(3), 2.45(2),
and 2.47(2) Å] enforced by the endotridenate ligand (148). This half
sandwich structure also exists in solution (1H and 13C NMR) and is
similar to the eight-coordinate bismuth environment of Bi(cyclen)
(H2O)(ClO4)3 (149), which is prepared by dissolving Bi2O3 and cyclen
in 70% HClO4 [avg. Bi–N 2.39 Å].

Salts of the anion [Bi(pc2�)2]� were synthesized by reacting BiO
(NO3) with molten 1,2-dicyanobenzene in the presence of potassium
methylate, and isolated as salts of [nBu4N]� or [Ph3PNPPh3]� (150).
Anodic oxidation gave the mixed-valence paramagnetic compound
[Bi(pc)2] � CH2Cl2 , which involves bismuth sandwiched between the
cavities of two pc ligands, resulting in an eight-coordinate square
antiprismatic geometry around bismuth. The average Bi–Niso bond
length to the slightly distorted Pc ligands is 2.467 Å. Oxidation with
bromine gives [Bi(pc�)2]Brx (1.5 � x � 2.5).

B. PHOSPHINES

The limited number of isolated bismuth phosphine complexes
(Table X) are dimeric in most cases, by virtue of halide bridges, often
as centrosymmetric edge-sharing bioctahedra 44. They are generally
prepared by the reaction of the bismuth halide with the neutral phos-
phine, and most examples have been definitively structurally charac-
terized. Bi2Br6(PMe2Ph)2(OPMe2Ph)2[Bi–P 2.725(2) Å] contains a
phosphine oxide ligand [Bi–O 2.371(6) Å] that results from partial
oxidation during reaction and occupies an apical site together with a
bromine atom [Bi–Br 2.788(1) Å] (154). The cis bridging bromine
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TABLE X

ANALYTICAL DATA FOR BISMUTH PHOSPHINE COMPLEXES

X-ray
structure Yield

Empirical formula # (%) mp EA Sol Cond IR NMR MS Ref.

BiBr3(PMe2Ph)(OPMe2Ph) 44 — — x — — — — — 154
BiBr3(PMe3) 44 12 — x — — — x — 155
[PMe3H][Bi2Br7(PMe3)2](MeCN)2 44 26 — — — — — x — 156
[PMe3H][Bi2I7(PMe3)2](MeCN)2 44 — — — — — — x — 156
[PPh4][BiI4(PMe2Ph)2] x 53 — x — — — — — 157
BiBr3(PEt3) 45 44 — x — — — — — 155
BiBr3(dmpe) x 86(pdr) — x — — — — — 155

75(crs)
BiCl3(dppm) 46 71 x x — — x x — 158
BiCl3(dppe) 44 63 x x — — x x — 158
Bi2Cl6(dppe)3 47 63 x x — — x x — 158
BiX3(dpe) (X � Cl, Br, I) — — x x x x x — x 144

atoms [Bi–Br 3.362(1) and 2.926(1) Å], a terminal bromine atom
[Bi–Br 2.741(1) Å], and the phosphorus atom accommodate the equa-
torial sites [Bi–P 2.725(2) Å]. In Bi2Br6(PMe3)4, the phosphine ligands
occupy axial (ax) and equatorial (eq) positions [Bi–P 2.866(3)
and 2.714(2); Bi–Braxial 2.916(1); Bi–Brbridging 2.875(1) and 3.403(1);
(equatorial) Bi–Brterminal 2.774(1) Å], but the 31P solution NMR spectra
shows a single phosphine signal indicating a fluxional process or in-
termolecular exchange (155).

The salts [PMe3H][Bi2X7(PMe3)2](MeCN)2(X � Br, I) contain cen-
trosymmetric ‘edge-shared’ bioctahedral anions possessing phos-
phines in axial sites [Bi–P 2.762(3); (equatorial) Bi–Brbridging 2.988(1);
Bi–Brterminal 2.747(1) Å], and the corresponding (trans) axial bromine
atom [Bi–Br 3.103(1) Å] interacts (bridges) with the next dimer, to
give a polymeric solid-state structure (156). The anion of [PPh4]
[BiI4(PMe2Ph)2] is uniquely monomeric with a six-coordinate, near-
octahedral environment for bismuth composed of cis phosphorus
atoms at relatively long bond distances [3.005(2) and 2.981(2) Å] and
four iodine atoms of similar bond distance [avg. Bi–I 3.048 Å] (151).
A tetrameric structure 45 is observed for Bi4Br12(PEt3)4 in which the
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six-coordinate near-octahedral subunits [Bi-P 2.733(6), 2.747(7) Å;
Bi–Br 2.694(3), 2.691(3), 2.701(3) Å] are bound by bridging �2-bro-
mine atoms [Bi–Br 2.776(3)–3.302(3); 3.112(3)–3.313(4) Å] and �3-
bromine atoms [Bi–Br 3.058(3) Å] (155). This may be viewed as two
linked ‘edge-shared’ bioctahedral units.

Diphosphine ligands (dmpe, dppm, dppe) are observed in both che-
lating and bridging capacities, with the recurring centrosymmetric
edge-shared bioctahedral structure imposed by halide bridging 44.
Bi2Br6(dmpe)2 [(axial) Bi–P 2.791(7); Bi–Br 2.992(3); (equatorial)
Bi–P 2.678(8); Bi–Brterminal 2.788(3); Bi–Brbridging 2.887(3) and 3.345(3)
Å] (155) and [Bi2Cl6(dppe)2] (one of two structurally unique molecules
in the structure) [(axial) Bi–P 2.956(10); Bi–Cl 2.470(11); (equatorial)
Bi–P 2.699(8); Bi–Clterminal 2.409(9); Bi–Clbridging 2.619(9) and 2.945(9)
Å] (158) involve terminal chelate diphosphines occupying cis axial and
equatorial sites. [Bi2Cl6(dppm)2][Bi–P 2.872(3) and 3.090(3); Bi–
Clbridging 2.808(4) and 2.820(3); Bi–Clterminal 2.475(3) and 2.530(4) Å] is a
centrosymmetric dimer involving both halide and diphosphine bridges
46 (158). [Bi2Cl6(dppe)3] is crystallized with [Bi2Cl6(dppe)2], and con-
tains two octahedral sites BiCl3(dppe) linked by a single tethering

dppe molecule 47 [Bi–Cl 2.514(8)–2.555(9) Å; Bi–Pchelate 2.654(8),
2.916(6); Bi–Pbridge 2.973(9) Å] (158). Complex vibrational spectra have
been obtained for BiCl3(dpe)1.5, BiBr3(dpe), and BiI3(dpe) indicating
the formation of dimeric structures (144).

Bismuth phosphine complexes represent a substantial component
of the established phosphine complexes of heavier p-block elements,
and an excellent overview has presented an important bonding model
for these systems (7). The observed structures are considered as trigo-
nal–pyramidal BiX3 units with three secondary trans bonds. If the
acceptor orbitals are the Bi–X 	* orbitals, this trans arrangement is
expected, as the relationship between the trans X–Bi–P bond dis-
tances. The shortest Bi–P distance [2.7614(2) vs 2.866(3) Å] is trans
to the longer Bi–Br distance [3.403(1) vs 2.9916(1) Å], as the only
arrangement that will allow the phosphine ligands to occupy trans
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positions with respect to the most electronegative ligands while main-
taining the trigonal–pyramidal BiX3 unit.

C. ARSINES

The only isolated arsine complexes of bismuth BiX3(pbda) (see
Chart 4) (Cl, Br, I) are prepared from the reaction of stoichiometric
amounts of Bi(NO3)3 � 5H2O and pbda in dilute hydrochloric acid, hy-
drobromic acid, and a hydrochloric acid/KI solution, respectively
(159). Conductivity and molecular weight determinations in nitroben-
zene suggest that the complexes are nonelectrolytes and monomeric.

VIII. Nonsymmetric Bifunctional and Multifunctional Ligands

The characteristics of bismuth complexes involving ligands pos-
sessing more than one equivalent donor site are discussed throughout
Sections III–VII and are generally consistent with the coordination
chemistry of most metals, with the ligands functioning in both multi-
dentate and bridging capacities. Complexes involving ligands with
different types of donor sites represent an extensive component of the
established chemistry of bismuth and predictably present more exten-
sive and diverse features of structure, stability, and reactivity. The
complexes are presented here according to the combinations of donor
types within the ligand.

A. HYDROXY- AND ALKOXIDE CARBOXYLATES

As illustrated in Sections III, IV, and V, complexes involving oxy-
gen-based ligands have been extensively studied, including substan-
tial efforts with bifunctional and multifunctional ligands. However,
the lability of the Bi–O interaction is naturally sensitive to the basic-
ity of the donors and reactions involving multifunctional ligands are
very dependent on reaction conditions. This together with the versa-
tility or flexibility of the ligand backbone results in structural vari-
ability in terms of chelation and bridging, so that complexes are diffi-
cult to isolate from complicated mixtures. Consequently, the limited
number of isolated compounds do not yet represent or define the
chemistry of these complexes. Moreover, the formulas are sometimes
speculatively assigned on the basis of minimal or incomplete experi-
mental data.

Mixtures of bismuth nitrate or hydroxide with common hydroxycar-
boxylic acids (gallic, H4gal; tartaric, H4tar; lactic, H2lac; malic, H3mal;
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and citric, H4cit) have been used in a wide range of medicinal capacit-
ies since 1900 (4), which has prompted extensive efforts to character-
ize the complexes isolated from such solutions. However, there are
relatively few reports of elemental analysis data and X-ray crystallo-
graphic studies, and factors such as ligand stoichiometry or derivati-
zation have not been systematically determined.

Solid-state structures of two bismuth tartrate complexes reveal a
similar asymmetric unit composed of two tartrate ligands on a bis-
muth center and are distinguished by replacement of a proton in
Bi(H3tar)(H2tar) � 3H2O (160) with by an ammomium ion in NH4[Bi
(H2tar)2(H2O)] � H2O (161). The nine-coordinate bismuth environments
in each structure are very similar, as illustrated in 48, respectively,

and involve bidentate interactions with three alkoxide/carboxylate
(five-membered ring) and one carboxylate (four-membered) of four dif-
ferent tartrate ligands. Consequently, bismuth centers are bridged by
the ligands to give coordination polymeric arrays supplemented by
hydrogen bonding between ligands and with water.

Although Bi(Hlac)3 is formally homoleptic, two lactate ligands are
bound more tightly [Bi–Ocarboxylate 2.205(7) Å, Bi–Ohydroxy 2.474(8) Å; Bi–
Ocarboxylate 2.364(8) Å, Bi–Ohydroxy 2.457(9) Å] than the third [Bi–Ocarboxylate

2.628(9) Å, Bi–Ohydroxy 2.800(1) Å], which bridges a second bismuth
center via a bidentate carboxylate interaction (162). A carboxylate ox-
ygen interacts with a third bismuth center, giving bismuth a total
coordination number of 9 (49) and resulting in a complex three-
dimensional network.
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The structure of Bi(mal) � H2O (160) involves bismuth coordinated
by four malate ligands in three different bidenate fashions 50, an al-

koxide [2.244(6) Å]/�-carboxylate [2.407(8) Å] five-membered ring, an
alkoxide [2.255(6) Å]/�-carboxylate [2.571(9) Å] six-membered ring,
and two carboxylate [�-2.959(9) and 2.553(8) Å; �-2.351(9) and
3.233(9) Å] four-membered rings. A water molecule [Bi–Owater 2.80(1)
Å] completes the coordination sphere for a total coordination number
of 9 and a highly coordinated polymeric network.

Widespread medicinal use of ‘‘colloidal bismuth subcitrate’’ (CBS)
has prompted extensive studies of bismuth compounds involving the
citrate anion. Bismuth citrate is essentially insoluble in water, but a
dramatic increase in solubility with increasing pH has been exploited
as a bio-ready source of soluble bismuth, a material referred to as
CBS. Formulation of these solutions is complicated by the variability
of the bismuth : anion stoichiometry, the presence of potassium and/
or ammonium cations, the susceptibility of bismuth to oxygenation to
BiuO, and the incorporation of water in isolated solids. Conse-
quently, a variety of formulas are classified in the literature as CBS.
Solids isolated from various, often ill-defined combinations of bismuth
citrate, citric acid, potassium hydroxide, or ammonium hydroxide
have been assigned formulas on the basis of elemental analysis data
or by determination of water and ammonia content, but are of low
significance in the absence of complementary data other than thermal
analysis (163), infrared spectroscopy (163), or NMR spectroscopy
(164). In this context, the Merck index lists the chemical formula of
CBS as K3(NH4)2Bi6O3(OH)5(C6H5O7)4 in the 11th edition (165), but in
the most recent edition provides a less precise name, ‘‘tripotassium
dicitrato bismuthate’’ (166).

More definitive formulas are available from eight X-ray crystallo-
graphic reports, as listed in Table XI, which reveals closely related
structures by virtue of potassium and ammonium cations being essen-
tially interchangeable. Most are constructed from a complex of Bi3�
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TABLE XI

X-RAY CRYSTALLOGRAPHIC DATA FOR SOLIDS DESCRIBED AS ‘‘COLLOIDAL BISMUTH

SUBCITRATE’’ (Hcit � [CO2CH2C(OH)(CO2)CH2CO2]3�)

Space
Formula group Cell parameters a, b, c, � Ref.

KBi(cit)(H2O)3 P21/n 10.924, 15.280, 14.967, 105.48 167
K0.5(NH4)0.5Bi(cit)(H2O)3 P21/n 10.923, 15.424, 15.037, 105.67 168
NH4Bi(cit)(H2O)2 C2/c 16.805, 12.544, 10.401, 91.27 169
K0.5(NH4)0.5Bi(cit)(H2O)2 C2/c 16.860, 12.395, 10.328, 91.79 168
Na2[Bi(cit)]2(H2O)7 C2/c 15.723, 13.899, 10.423, 94.39 164
K4.75(NH4)0.25[Bi(cit)]2(Hcit)(H2O)13 P-1 11.801, 12.973, 15.856, 98.15, 108.39, 100.91 170
(NH4)4Bi(cit)(Hcit)(H2O)3 P21/c 8.998, 9.492, 27.021, 99.42 170
(NH4)6(Bi6O4)(cit)4(H2O)5 initially assigned R-3 17.807, 17.807, 31.596 171, 172

(NH4)6(Bi6O4OH)(cit)3(H2O)5Hcit

with a tridentate tetra-anionic citrate ligand, which adopts a well-
defined dimeric arrangement imposed by chelate coordination of the
pendant carboxylate moiety to a neighboring bismuth center 51. The
macrostructures (space groups) are distinguished by the different
packing modes of these dimers, governed by water molecules and/or
extra citrate ligands (a more detailed structural comparison/assess-
ment is available in Ref. (4)).

Tridentate (alkoxide/carboxylate/carboxylate) chelation by citrate
precludes chelation by the third carboxylate because of the required
tetrahedral geometry of the central carbon center of the ligand, so
that the five- and six-membered chelate heterocycles are favored over
two seven-membered heterocycles imposed by coordination of three
carboxylate oxygen atoms. More importantly, the alkoxide has a sub-
stantially higher basicity than the carboxylate. In the carboxylate
chemistry of bismuth, the citrate salts are uniquely water soluble at
high pH with avoidance of hydrolysis, which typically gives BiO for
other salts. The tridentate chelate involving the alkoxide dominates
this behavior relative to other polycarboxylates and relative to bis-
muth citrate [Bi(HCit)] at neutral or low pH, which is deprotonated
at high pH.

B. KETOALKOXIDES

Bismuth complexes involving ketoalkoxide ligands are rare and are
represented by comprehensively characterized examples of an ethyl-
maltolate Bi(emal)3 (173), a tris(acetylacetonate) (174), an acetylacet-
onate Bi(�-OiPr)(OiPr)(�2-acac) (175), and series of tropolonate deriva-
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tives, which have been extensively derivatized (see Chart 2) in con-
junction with assessment of their anti-Helicobacter pylori activity
(10). Tris(acetylacetonate)bismuth was prepared by ligand exchange
from triphenylbismuth, and further alkoxide ligand exchange gave
the monoacetylacetonate complex. The maltolate (173) and tropolo-
nate (176–179) complexes are obtained from reactions of the conju-
gate acid of the ligand with bismuth chloride and bismuth nitrate,
respectively. The structures are predictable in terms of the chelate
nature of the ligands, the monomeric solid state structure of the malt-
olate, and the alkoxide bridged dimer arrangement of the acetylaceto-
nate complexes (see Section II,A), with interdimer interactions be-
tween the terminal alkoxide and bismuth to give a one-dimensional
polymer. The bismuth–acac oxygen bond distances are distinctly dif-
ferent [2.27(3) and 2.43(4) Å] and may represent the bismuth–
alkoxide and bismuth–ketone bonding modes, respectively. Consis-
tently, the endocyclic C–C bond is shorter than the ketone carbon
C–C bond [1.34(6) vs 1.50(6) Å].

A variety of derivatives of bis-[Bi(tr)2X, X � Cl or NO3], tris-(Bitr3),
and tetra-([Bi(tr)4X][Na]) tropolonate complexes of bismuth (178, 179)
have been prepared and spectroscopically characterized (176, 177,
180). Solid-state structures for examples of bis-(tropolonate) deriva-
tives confirm the chelate interaction (171) and in the case of the ni-
trate derivative, reveal intermolecular alkoxide–bismuth [Bi–O 2.688
and 2.666 Å] dimer contacts 52, which are slightly longer than the
chelate bonds [Bi–O 2.130–2.323 Å].

C. AMINO-, IMINO-, AND AZATHIOLATES

(See Table XII and Chart 5.) The stability of the thiolate–bismuth
bond has allowed for the assessment of interactions between bismuth
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TABLE XII

ANALYTICAL DATA FOR BISMUTH AMINO-, IMINO-, AND AZATHIOLATE COMPLEXES

X-ray
structure Yield

Empirical formula # (%) mp EA sol cond IR Raman UV NMR MS pot Ref.

Bi(abt)3 — — x x x x x — — — x x 184, 185
Bi(Habt)3Cl3 — — — x x x x — x — — — 185
Bi(SCH2CH2NR2)3 (R � H, Me) x 38, 22 x x — — x x — x x — 189
Bi(2-SC5H3N-3-SiMe3)3 53 55 — x x — x — — — — — 186
Bi(mmq)3 x — — — — — — — — — — — 187
Bi(Hdz)3 x — x x — — — — — — — — 188
Bi(SCH2CH2NR2)2Cl (R � H, Me) x 17, 31 x x — — x x — x x — 189
Bi(SCH2CH2NH2)2(NO3)(H2O) 54 35 x — x — x x — x — — 189, 190
Bi(pmq)2Cl 55 78 — — — — — — — — — — 191
Bi(tscR1R2)2(NO3) x 76 x x — x x — x x x — 192
Bi(tscR1R2)(HtscR1R2)Cl2 56 55 x x — x x — x x x — 192

(R1 � C4H3S, R2 � NC6H12

Bi(tscR1R2)2(NO3) x 71 x x — x x — x x x — 192
Bi(tscR1R2)Cl2 57 91 x x — x x — x x x — 192

(R1 � C5H4N, R2 � NC6H12)
Bi(SCH2CH2NMe2)Cl2 58 — — — — — — — — — — — 189
Bi(SCH2CH2NMe2H)Cl3 59 97 x x — — x x — x x — 189
Bi(dapts)N3 60 — — x — — x — — — — — 193

and relatively weak donors using bifunctional ligands possessing a
thiolate ‘‘anchor.’’ 2-Aminobenzenethiol (Habt) was the first ligand to
be examined (181–183) and the tristhiolate Bi(abt)3 (184), as well as
the corresponding conjugate acid Bi(Habt)3Cl3 (185), have been identi-
fied. Although IR data do not suggest interaction of the amino group
with bismuth in these complexes, related tris(thiolate) derivatives
have been shown to adopt predictable chelate structures in the solid
state as illustrated for Bi(2-SC5H3N-3-SiMe3)3 (53) (186), which has a
distorted pentagonal pyramidal geometry for bismuth with the sulfur
centers in a cis configuration. The Bi–S bonds are substantially
shorter than the Bi–N bonds [Bi–S 2.544(6)–2.647(7); Bi–N 2.69(2)–
2.83(2) Å]. The five membered chelate -BiSCNN- and -BiSCCN- rings
of the tris(merecaptoquinolinate) Bi(mmq), (187) [Bi–S 2.571(2)–
2.623(3); Bi–N 2.689(4)–2.796(4) Å], the tris(dithizone) Bi(Hdz)3 (188)
[Bi–S 2.607(3)–2.613(3) Å; Bi–N 2.678(8)-2.746(10) Å], and the tris
(aminothiolate) Bi(SCH2CH2NH2)3 (189) achieve similar geometrical
environments for bismuth and also involve weak interactions with
nitrogen.

Thiolation is restricted by more effective nitrogen donors or steric
limitations. The bis(aminothiolate) complexes are obtained from bis-
muth nitrate or chloride and the hydrogen chloride adduct of the thiol
and essentially independent of stoichiometry. The nitrogen–bismuth
interactions in these complexes [e.g., Bi(SCH2CH2NH2)2(NO3)(H2O) 54,
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Bi-S 2.549(2) and 2.589(2) Å; Bi–N 2.462(5) and 2.455(6) Å] (190) are
significantly stronger than observed for the tris(N-thiolates) pre-

viously. The relatively long Bi–N distances in Bi(pmq)2Cl 55 [Bi–S
2.532(3) and 2.591(3) Å; Bi–Cl 2.579(3) Å; Bi–N 2.628(9) and 2.880(7)
Å] (191) are likely due to the steric bulk of the ligand, and a long
sulfur contact [Bi- - -S 3.304(3) Å] effects hexacoordination and a
meridional arrangement of sulfur ligands.

Monothiolates of bismuth are rare and seem to require the influ-
ence of auxiliary donors. Bi(tscR1R2)(HtscR1R2)Cl2 (R1 � C4H3S, R2 �
NC6H12) contains an S,N-chelate thiolate [Bi–Sthiolate 2.527(3); Bi–N
2.518(8); Bi–Cl 2.605(4) and 2.630(4) Å] and a neutral thione (tauto-
mer) ligand [Bi–Sthione 2.992(3) Å] (56) (192). The dimeric structure of

Bi(tscR1R2)Cl2 (R1 � C5H4N, R2 � NC6H12) involves bridging chlorine
atoms, but hexacoordination of bismuth includes a tridentate interac-
tion of the tsc ligand 57 [Bi–S 2.583(3); Bi–Naza 2.355(8); Bi–Nimine

2.501(8); Bi–Cl 2.585 (3); Bi—Cl 2.791(3) Å] (192). The aminothiolate
was isolated as a hydrogen chloride adduct [Bi(SCH2CH2NMe2)Cl2]4 �
HCl and adopts a cluster arrangement with the unique chloride anion
in a tetragonal site, giving a pentacoordinate environment for each
bismuth center 58 (189). The chelate interaction of this amine is la
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bile and is protonated in aqueous chloride solution to give the
aminothiol–bismuth chloride adduct 59, involving the ammoniumthi-
olate tautomer of the aminethiol (189, 194). The bis(thiosemicarba-
zone) dapts behaves as a dithiolate ligand in Bi(dapts)N3 , imposing a
six-coordinate distorted pentagonal pyramidal environment for bis-
muth 60 (193). All basal sites are occupied by the S,N,N�,N�,S�-pen-

tadentate ligand [Bi–S 2.685(7) and 2.717(8); Bi–Naza 2.46(2) and
2.58(2); Bi–Nimide 2.44(2) Å] with an azide nitrogen in the apical site
[Bi–N 2.25(2) Å].

The most effective synthetic control of the thiolation of bismuth has
been achieved using reactions of bismuth chloride with aminothiolate
salts (potassium) prepared in situ. Although the reactions are not
quantitative, the molecular stoichiometry can be reliably selected and
a systematic series of mono-, bis-, and tris-thiolates have been iso-
lated and comprehensively characterized. (189).

D. HYDROXY-, ALKOXIDE, ETHER, AND KETOTHIOLATES

Mercaptoethanol reacts rapidly with most bismuth salts with the
typical mineral acid metathesis to give bis(thiolate) Bi(SCH2

CH2OH)2X derivatives as the prominent and most easily isolated
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TABLE XIII

ANALYTICAL DATA FOR BISMUTH HYDROXY-, ALKOXIDE, AND KETOTHIOLATE COMPLEXES

X-ray
structure Yield

Empirical formula # (%) mp EA sol cond IR Ram UV NMR MS Ref.

Bi(SCH2CH2OH)2(NO3)(H2O)0.5 61 41–76 x x x x x x x x x 195, 197
Bi(SCH2CH2OH)2Cl 61 73–78 x x x — x x — x x 197
Bi(SCH2CH2OH)2Br — 19–22 x x x — x x — x x 197
Bi(SCH2CH2OH)2(ClO4) 61 — — x — — x — x — — 198
Bi(SCH2CH2O)(SCH2CH2OH) x 29–47 x x x x x x — x — 195, 197
Bi(SCH2CH2OH)2(CH3COO) 61 92 x — x — x x — x x 197
Bi(SCH2CH2OH)3 — 33–70 x x x x — — x x — 16, 195
Bi(dbt)3 — 69–90 x x x — — — — x — 196
[Bi(PhCH�S�CH2C�O�Ph)3]2 62 85–90 — x — — x — — x — 199

(CH2Cl2)
Bi(PhCH�S�CH2C�O�C6H4X)3 — 85–90 — x — — x — — x — 199

(X � Me, Cl)

products (Table XIII), although the tris(hydroxythiolate) has been iso-
lated (195), and the aryl derivative Bi(dbt)3 has been spectroscopically
characterized (196). As observed with aminothiols, restricted thiola-
tion is likely due to a decrease in Lewis acidity of the bismuth center
effected by the pendant chelation of two hydroxy moieties. The re-
sulting bicyclic framework 61 is structurally flexible in the solid state,

with the chelates adopting cis-coplanar and twisted (nonplanar) ar-
rangements depending on the substituent X(X � Cl, NO3, CH3COO,
ClO4), but the Bi–S and Bi–O bond distances are not substantially
affected. The chloride is polymeric with bismuth in a seven-coordinate
environment [Bi–S 2.595(3) and 2.558(4); Bi–O 2.86(1) and 2.80(1) Å]
by virtue of two �2-chlorine bridges [Bi–Cl 2.589(3) and 3.488(4) Å],
and a sulfur contact [Bi- - -S 3.124(4) Å] to a third molecule (197). In
the absence of water, the nitrate salt engages bismuth in a six-coordi-
nate environment including the bidentate nitrate [Bi–S 2.639(5),
2.655(5); Bi–O 2.63(1), 3.01(2), and 3.17(2) Å] (197). In contrast, the
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acetate ligand is monodentate [Bi–O 2.35(2), 2.54(2), and 2.72(2);
Bi–S 2.608(7) and 2.577(7) Å] (197).

The alkoxy–hydroxy complex Bi(SCH2CH2O)(SCH2CH2OH) is a rare
example of an alkoxythiolate chelate complex and is obtained by ei-
ther the reaction of bismuth acetate with mercaptoethanol (197) or
the deprotonation of the nitrate salt of 61 in basic solution (195). The
bicyclic framework is similar [Bi–S 2.527(3) and 2.564(3) Å], but with
significantly different Bi–O distances clearly distinguishing the al-
koxide [Bi–O 2.195(9) vs 2.577(9) Å]. A polymeric lattice is effected
by intermolecular contact between bismuth and an alkoxide oxygen
of a neighboring molecule [Bi–O 2.982(8) Å]. The complex is readily
reprotonated in acetic acid (197) or by reaction with excess mercapto-
ethanol to give the tris(thiolate) Bi(SCH2CH2OH)3 (195).

The only example of a ketothiolate adopts a dimeric structure
[Bi(PhCH�S�CH2C�O�Ph)3]2[CH2Cl2] in which one of the three S,O che-
late ligands effects a secondary interaction with a neighboring bis-
muth [Bi- - -S 3.494(5) and 3.551(5) Å] to impose heptacoordination 62

(phenyl substituents omitted from drawing for clarity) (199). Interest-
ingly, the bridging sulfur center is more tightly bound [avg. of two
unique bismuth centers Bi–S 2.581(4) Å] than the nonbridging sites
[Bi–S 2.627(5)–2.731(3); Bi–O 2.536(9)–2.650(9) Å].

E. THIOLATOCARBOXYLATES

Reactions of thioglycolic acids (H2tga, H22mpa, H23mpa, H2tsal)
with basic bismuth salts or with the addition of base to ensure depro-
tonation of the carboxylic acid group give complexes of the type
Bi(A)(HA), (Table XIV and Chart 5) in an analogous fashion to thio-
lates and carboxylates. Infrared spectra of the complexes suggest
polymeric structures, with bridging mercaptocarboxylate ligands and
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TABLE XIV

ANALYTICAL DATA FOR BISMUTH THIOLATOCARBOXYLATE COMPLEXES

X-ray
structure Yield

Empirical formula # (%) mp EA IR NMR MW Ref.

Bi(tga)(Htga) — 80 x x x x x 200
Bi(2mpa)(H2mpa) — 80 x x x x x 200
Bi(3mpa)(H3mpa) — 65 x x x x x 200
Bi(tsal)(Htsal) — 77 x x x x x 200
�Bi8(tsal)12(dmf)6�(dmf)6 x 28 — — — — — 201
Bi(pen)Cl 63 96 — x — x — 202

four-coordinate bismuth atoms (200). A structurally complicated octa-
nuclear arrangement is observed with the tris(thiosalicylate) ligand
in [�Bi8(tsal)12(dmf)6�(dmf)6] (201). The cluster has C3 symmetry with
two unique bonding situations for bismuth. One is chelated in an S,O
(thiolate, carboxylate) manner by three tsal ligands with sulfur atoms
in a fac arrangement [Bi–S 2.596(8) Å] and all three oxygen atoms
bridge to other bismuth centers [Bi–O 2.74(2) Å]. The second bismuth
center is chelated by one ligand in an S,O manner [Bi–S 2.567(5) Å;
Bi–O 2.46(2) Å] and two ligands in an asymmetrical O,O� manner
[Bi–O 2.20(2)–2.79(1) Å].

A structurally simple complex Bi(pen)Cl 63 is observed with the
aminothiolatocarboxylate ligand, which engages bismuth as a tri-
dentate O,S,N ligand [Bi–O 2.414(5) Å; Bi–S 2.527(2) Å; Bi–N
2.345(6); Bi–Cl 2.680(2) Å] forming both a -BiSCCN- and a -BiOCCN-
ring (202). Long contacts from a chlorine atom [Bi- - -Cl 3.182 Å] and
two carbonyl oxygen atoms of neighboring molecules [Bi- - -O 2.779(5)
and 2.698(5) Å] create a polymeric structure and a seven-coordinate
environment for bismuth, which may be important as a model for
amino acid complexation by bismuth and heavy metals in general.

F. AMINOCARBOXYLATES

The strong chelating ability of (multi)amino(multi)carboxylate li-
gands renders complexes of bismuth substantially more hydrolytically
stable than those of bifunctional aminocarboxylate ligands (e.g., gly-
cine). Several compounds have been successfully examined as ligands
for bismuth, in that complexes are readily isolable as molecular sys-
tems with weak intermolecular interactions. The extent and diversity
of these complexes is enhanced by substituent derivatization with, for
example, cyclohexyl (e.g., cydtpa) and alkoxyethyl (e.g., oedta) groups.
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TABLE XV

ANALYTICAL DATA FOR BISMUTH AMINOCARBOXYLATE COMPLEXES

Yield
Empirical formula X-ray (%) ea ir uv nmr ms tga pot Ref.

Bi(qui)3(H2O)2 — 80 x x — — — — — 65
Bi(pdc)(Hpdc)(dmso) x — — x — — — — — 208
Bi(onda)(H2O)2 x — — — — — — — — 209
[NH4][Bi(Honda)2(H2O)3] x — — — — — — — — 210
[C(NH2)3]2[Bi(onda)(Honda)(H2O)3] x — — — — — — — — 210
Bi(nta)(H2O)2 x — x — — — — — — 203
[NH4]3[Bi(nta)2] x — — — — — — — — 211
[NH4]4[Bi(nta)2(NCS)] · 2H2O x — — — — — — — — 205
Bi(Hoedta)(H2O) — — x x x — — x x 206, 212
NaBi(oedta)(H2O)4 — — x — x — — x x 212
Bi(Hedta)(H2O)2 x — x x — — — — — 213, 214
Bi(Hedta) x — — — — — — — — 207
Bi(Hedta)(tu)2 x — — — — — — — — 215
[C(NH2)3][Bi(edta)H2O] x — x — — — — — — 216
[Ca(H2O)7][Bi(edta)]2 · 2H2O x — — — — — — — — 217
[Co(H2O)6][Bi(edta)]2 · 3H2O x — — — — — — — — 218
[Ni(H2O)6][Bi(edta)]2 · 3H2O x — — — — — — — — 218
NaBi(edta)(H2O)3 x — x — — — — x — 219
[NH4][Bi(edta)(H2O)] x — — — — — — — — 207
Bi(Hcydta)(H2O)5 x — x x — — — — — 220
Bi(H2dtpa)(H2O)2 (221) x 47 x x — x x — — 206
Bi(Na2dtpa)(H2O)4 — — x x — — — — — 206
[C(NH2)3]2[Bi(dtpa)(H2O)4] x — x — — — — — — 203
KBi(Hdtpa)(H2O)5 x — — — — — — — — 222
[C(NH2)3]2[Bi(cydtpa)] x 82 x — — x — — — 221
Bi(H3ttha)(H2O)3 x — x x — — — — — 220
[C(NH2)3]2[Bi(Httha)(H2O)4] x — x — — — — — — 223

The water solubility of the complexes generally increases with the
number of carboxylate groups on the ligand, thereby facilitating crys-
tal growth, and many derivatives have been crystallographically char-
acterized as indicated in Table XV.

Preparative procedures usually involve mixtures of Bi2O3 , Bi(OH)3 ,
or (BiO)2CO3 with the appropriate ligand set to reflux in water. The
neutral hydrated [e.g., Bi(Hedta)(H2O)2 (203), Bi(nta)(H2O)2 (203),
Bi(nta)(H2O)3 (204)] (205, 206) and nonhydrated [e.g., Bi(Hedta)] (207)
complexes are reportedly synthesized by analogous reactions involv-
ing bismuth subcarbonate and bismuth hydroxide, respectively. Addi-
tion of a strong base, such as guanidinium carbonate or an alkali
hydroxide, to the reaction mixture effects deprotonation of carboxylic
acid moieties, thereby increasing the formal charge on the aminocar-
boxylate ligand above 3. The large covalent radius of bismuth (1.52
Å) allows for maximum chelation by the aminocarboxylate ligand,
currently observed up to decadenticity. For complexes with ligands
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of relatively low denticity, additional coordination sites are typically
occupied by oxygen atoms of water molecules or exocyclic carboxylate
groups of neighboring molecules, creating dimers or polymeric arrays.

Dimeric structures are observed for the tetradentate complexes
Bi(pdc)(Hpdc)(dmso)] [Bi–O 2.209(8)–2.507(6); Bi–N 2.418(9) and
2.481(9) Å; Bi- - -O 2.578(4) Å] (208), Bi(onda)(H2O)2 [Bi–N 2.49(2); Bi–
Ocarboxylate 2.33(1) and 2.34(1); Bi—Oalkoxide 2.14(1) Å], dimer[Bi- - -O
2.46(1) Å] (209), and Bi(nta)(H2O)2 [Bi–N 2.500(8); Bi–Ocarboxylate

2.258(6)–2.253(7) Å; Bi- - -O 2.665(6) and 2.435(6) Å] (203), where high
coordination numbers are acheived by auxiliary ligands as with the
ionic complexes involving tetradentate ligands. [NH4][Bi(Honda)2

(H2O)3] (210), [C(NH2)3]2[Bi(onda)(Honda)(H2O)3] (210), [NH4]3[Bi(nta)2]
[Bi–N 2.58(1) and 2.60(2); Bi–O 2.44(1) and Bi–O 2.40(1) Å] (211),
and [NH4]4[Bi(nta)2(NCS)(H2O)] [Bi–O 2.363(4)–2.551(5); Bi–N
2.605(4) Å] (205).

Hexadenticity is observed in all crystallographically characterized
bismuth complexes involving conjugate bases of H4edta, which have
been most extensively characterized (214, 217, 218, 224, 224–226).
Examples include both hydrated (214, 224, 225, 227, 228) and nonhy-
drated (229, 224, 227) Bi(Hedta), as well as the Na (206, 219, 228) K
(227), NH4 (207, 227), Mg (230), Ca (217, 230), Sr, Ba, Ni, Zn, Cd
(230), Co (218, 230), Cu (226), and Mo (218) salts of the [Bi(edta)]�

anion, and the potassium fluoride adduct K2[Bi(edta)F] � 3H2O (227).
Bi(Hedta)(H2O)2 (213) [Bi–N 2.396(10) and 2.577(9); Bi–O
2.295(7)�2.700(10) Å; Bi- - -O 2.678(7)–2.697(8) Å] is dimeric (214),
whereas the dehydrated analogue Bi(Hedta) (207) [Bi–N 2.465(5);
Bi–O 2.399(3)–2.472(4) Å; Bi- - -O 2.617(5) Å] adopts a one-dimen-
sional polymeric structure. The thiourea ligands in Bi(Hendta)(tu)2

[Bi–S 3.035(4) Å; Bi–N 2.510(7); Bi–O 2.378(7) and 2.521(9) Å] pre-
vent intermolecular coordinations and result in a monomeric struc-
ture (215). A number of ionic complexes are well established, includ-
ing [C(NH2)3][Bi(edta)(H2O)] [Bi–N 2.56(1) and 2.59(2); Bi–O
2.34(1)–2.46(1) Å; Bi- - -O 2.70(1) Å] (216), [Ca(H2O)7][Bi(edta)]2 � 2H2O
[Bi–N 2.460(6) and 2.543(6); Bi–O 2.360(6)–2.463(7) Å; Bi- - -O
2.778(6) and 3.038(7) Å] (217), [Co(H2O)6][Bi(edta)]2 � 3H2O (218),
[Ni(H2O)6][Bi(edta)]2 � 3H2O (218), [NaBi(edta)(H2O)3] [Bi–N 2.495(5)
and 2.508(5); Bi–O 2.315(4)–2.521(4); Bi- - -O 2.636(4) and 2.850(7) Å]
(219), and [NH4][Bi(edta)(H2O)] [Bi–N 2.479(9) and 2.490(10);
Bi–O 2.290(9)–2.494(8); Bi- - -O 2.792(9) and 2.805(8) Å] (207).
Bi(Hcydta)(H2O)5 is analogous to the parent edta complex [Bi–N
2.491(11)–2.513(10); Bi–O 2.286(9)–2.497(11) Å; Bi- - -O 2.612(9)–
2.916(10) Å] (220).
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Higher denticities include the heptadentate complex Bi(H2dtpa)
(H2O)2 (221) [Bi–N 2.449(4)–2.723(4) Å; Bi–O 2.290(3)–2.699(3) Å;
Bi- - -O 2.620(3) Å] (206), the octadentate complexes [C(NH2)3]2[Bi
(dtpa)(H2O)4] [Bi–N 2.536(7)–2.639(6); Bi–O 2.368(5)–2.599(5) Å;
Bi- - -O 2.686(6) Å] (203), KBi(Hdtpa)(H2O)5 (222), and [C(NH2)3]2[Bi
(cydtpa)] [Bi–N 2.458(5)–2.592(5); Bi–O 2.371(4)–2.610(4) Å] (221),
and the decadentate complex Bi(H3ttha)(H2O)3 [Bi–N 2.472(8)–
2.813(8); Bi–O 2.320(7)–3.055(8) Å] (220), which represents the high-
est denticity currently observed for bismuth. This distorted bicapped
square antiprismatic environment has the external nitrogen atoms
(N1 and N4) in capping positions. Interestingly, the pentanionic ligand
in the bis(guanidinium) salt [C(NH2)3]2[Bi(Httha)(H2O)4] is only non-
adentate [Bi–N 2.619(7)–2.688(7); Bi–O 2.327(6)–2.560(6) Å] (223).

G. HYDROXYAMINES AND AMINOALKOXIDES

Many of the multidentate features observed for aminocarboxylate
complexes of bismuth are evident in a small, diverse group of com-
plexes involving hydroxyamine and aminoalkoxides ligands (Table
XVI). Most of the examples in this section may be considered unique
and represent unusual structural arrangements.

The complexes can be classified into two general types. Those in-
volving neutral hydroxy and amine donor sites include complexes of
Bi3� with the multidentate, formally neutral ligands cyclenOH and

TABLE XVI

ANALYTICAL DATA FOR BISMUTH HYDROXYAMINE COMPLEXES

Yield
Empirical formula X-ray (%) mp ea ir nmr ms tga Ref.

Bi(cyclenOH)(ClO4)3(H2O) x — — x — — — — 231
Bi3(H3taci)2(NO3)3(CH3OH)0.5 — 97 — x x x x — 232
Bi3(H3taci)2Cl3(H2O)4 x 65 — x x x x — 232
Bi(bta)3 x 
90 x x — x — — 233
BiCl3cfh x — — x x — — — 234
Bi(Hdapt)Cl2(dmso)(H2O) x �80 — x x — — — 235
Bi(dapt)Cl(dmso) x �80 — x x — — — 235
Bi(Hdapt)X2(dmso) X � Br, I, NCS — — — x x — — — 235
Bi(dapt)N3(dmso) — — — x x — — — 235
Bi(dapt)(OH)(dmso)(H2O) x — — x x — — — 193
Bi(saltren) x 88 — x — — — — 236
Bi(O2CCH3)2(bdmap)(H2O)0.5 x 52 — x — x — x 237
Bi(Hdpmd)(O2CCF3)2(thf) x 46 x x x x — x 238
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taci. Bi(cyclenOH)(ClO4)3(H2O) was isolated from the reaction of Bi2O3

in 70% HClO4 (231) and contains eight-coordinate bismuth inter-
acting with all oxygen and nitrogen atoms of the ligand [Bi–N 2.51–
2.544; Bi–O 2.533–2.588 Å]. The hydroxy groups lie on one side of the
macrocycle, which is in a ‘‘boat’’-type conformation, so that the ligand
‘‘cradles’’ the bismuth atom. A weakly bound perchlorate anion coordi-
nates the bismuth center on the opposite side from the macrocyclic
ligand [Bi–O 3.34(1) Å]. Bismuth nitrate reacts with taci to give a
compound with the empirical formula Bi3(H3taci)2(NO3)3(CH3OH)0.5 .
The chloride analogue Bi3(H3taci)2Cl3(H2O)4 was obtained from the ni-
trate by ion exchange (232) and the solid-state structure involves
three crystallographically equivalent bismuth atoms sandwiched be-
tween two taci ligands in a distorted D3h cluster. The eight-coordinate
environment of bismuth is composed of four oxygen atoms [Bi–O
2.28(2)–2.40(1) Å], two nitrogen atoms [Bi–N 2.43(2)–2.71(1) Å], and
two weakly bound �2-chlorine atoms [Bi–Cl 3.000(3)�3.002(3) Å],
which bridge two Bi atoms of separate adjacent cations.

Complexes involving alkoxide and amine donor sites are slightly
more numerous. The trialkoxide chelate complex Bi(saltren) is formed
in the reaction of the sodium saltren (generated in situ) with 1 equiv
of BiCl3 in methanol (236). The four amine centers supplement the
oxygen donors so that the single ligand accounts for a heptadentate
environment for bismuth [Bi–N 2.512(8)–2.82(1); Bi–O 2.197(8)–
2.300(8) Å]. Bi(bta)3 represents the only homoleptic trisalkoxide in
this classification and is formed in an unusual redox metathesis reac-
tion between bismuth chloride and Hbta in the presence of triethyl-
amine (233). The tridentate nature of the ligand imposes a D3 sym-
metry propeller arrangement and a nine-coordinate environment
composed of three alkoxides, three imines, and three ketone donors.

The conjugate bases of the unusual bis(theonylhydrazone) H2dapt
forms complexes in which the anionic ligand can be considered either
an amide or an alkoxide. Structural studies on a series of complexes
reveal a consistent planar interaction of pentadentate ligand with bis-
muth in which the ligand occupies the equatorial sites of a pentagonal
pyramid or pentagonal bipyramid (235). The apical sites are occupied
by chlorine atoms or oxygen atoms of dmso. The hydroxide complex
Bi(dapt)(OH)(dmso)(H2O) is obtained from the reaction of BiCl3 with
a stoichiometric amount of H2dapt in acetone, followed by the reaction
with excess imidazole in dmso and water (193).

Alkoxide bridged dimers are observed for Bi(O2CCH3)2(bdmap)
(H2O)0.5 (237) and Bi2(Hdpmd)2(O2CCF3)4 (thf)2 (238). The stability of
the compounds is accredited to the coordinative saturation of bismuth
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imposed by the dimeric structure and the crystal lattice packing
forces. The ligand engages bismuth in a tridentate fashion via the two
pyridyl nitrogen centers and an alkoxide, which bridges the bismuth
centers [Bi–N 2.43(2) and 2.44(2); Bi–O 2.20(1) Å]. The eight-coordi-
nate environment of bismuth additionally consists of a thf molecule
[Bi–O 2.53(2) Å], two oxygen atoms from a chelating trifluoroacetate
ligand [Bi–O 2.50(2) and 2.88(2) Å], and a single oxygen atom from a
monodentate trifluoroacetate group [Bi–O 2.48(2) Å]. NMR studies
suggest that the complex retains its dinuclear structure in solution.

IX. Conclusions

A diverse coordination chemistry is emerging for bismuth(III) made
possible by a spacious and flexible coordination environment, allowing
for coordination numbers in excess of 9. Although the available data
are still limited, distinct trends are evident, and the polymeric solid-
state features that may be assumed on the basis of high coordination
numbers can be mediated by appropriate selection of organic-based
ligands. The unusual structural arrangements observed for many
types of complex may prove to be representative as the number of
examples of such systems increases.
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I. Introduction

The chemistry of cyclophanes may be traced back to the work of
Pellegrin on [2.2]metacyclophane in 1899 (1). Although the first
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[2.2]paracyclophane was isolated by Brown and Farthing from the po-
lymerization residue of p-xylene in 1949 (2), the chemistry of cyclo-
phanes has been developed greatly by the direct synthesis of a series
of paracyclophanes by Cram et al. (3). The name paracyclophane (1)
originates from the work of Cram.

Subsequently, over more than four decades, numerous studies have
been devoted to exploring this fascinating class of compound (4). In
addition to metacyclophane (2), analogues with more than two bridges
between rings such as 3 (5) are a part of the family. The limit is
superphane (4) (6). Compounds with a single benzenoid skeleton as a
part of a large cycle such as 5 and 6 are also synthesized (7). In a
strict sense, the name of cyclophane should be limited to analogues
with benzene ring(s), since phane comes from phenyl, but similar
compounds with other aromatic ring(s) are also included to the fam-
ily. In these cases, ‘‘cyclo’’ is replaced by the ring name to denote, for
example, thiophenophane (7) and furanophane (8) (8). Phanes have
been suggested as a general name for all such bridged aromatic com-
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pounds (8). The phane family expanded its scope further to include
non-benzenoid aromatic compounds.

Thus in the past decades, almost all types of phanes have been
prepared and structures and reactions have been investigated in de-
tail. One remaining interest in the chemistry is to replace the C–C
bridge(s) of phanes with bonds of other elements, in particular of
Group 14 heavy elements such as Si, Ge, and Sn.

What is the interest associated with pursuing the chemistry of such
compounds? First, the synthetic challenges to the compounds is obvi-
ous, because weaker M–M bonds (M � Si, Ge, Sn) than the C–C bond
require special precautions for synthesis. In addition to this, physical
properties due to the extensive mixing of �–� orbitals are interesting.
Higher �-orbital energies of these element bonds such as Si–Si, Ge–
Ge, and Sn–Sn should enable these bonds to mix with �-orbitals of
aromatic rings to result in through-bond conjugation. Bond lengths
that are longer than those of C–C bonds also create additional strains
to phanes. In this chapter, the author tries to summarize the present
status of the chemistry of phanes bridged by Group 14 heavy ele-
ments.

II. An Introductory Case Study on 3,4,7,8-Tetrasilacycloocta-1,5-diyne

Before going into a detailed account of the chemistry of phanes, the
author will touch on 3,4,7,8-tetrasilacycloocta-1,5-diyne briefly, since
the compound illustrates the importance of �–� mixing. The ioniza-
tion potential of the Si–Si bond is estimated by photoelectron spec-
troscopy to be 8.69 eV (9). Thus, the HOMO level of the Si–Si is com-
parable to most HOMOs of � systems. Consequently, the Si–Si bond
can conjugate efficiently with carbon–carbon double and triple bonds,
benzene rings, and other � systems. Most Si–Si bonds are stable
enough to construct sophisticated structures by themselves and with
organic molecules (10).

The first UV spectral evidence of the �–� mixing between the Si–Si
� and the benzene � bonds was reported by three independent groups
in 1964 (11). Since then, extensive �–� mixing has been shown to
occur between the Si–Si bond and various � systems in spectra and
reactions (12).

In 1983, prior to the studies on phanes, the author tried to con-
struct a new ring system, 3,4,7,8-tetrasilacycloocta-1,5-diyne, com-
posed of two Si–Si � and two CIC � bonds (13). As shown in the
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FIG. 1. Qualitative MO diagram of 9.

qualitative MO diagram (Fig. 1), two Si–Si � orbitals can overlap with
one of the two � orbitals of each CIC bond to make up new molecular
orbitals with through-bond conjugation. This is a unique situation for
the system since neither spatial nor through-bond interaction be-
tween two CIC bonds was observed for the corresponding cycloocta-
1,5-diyne, the smallest known cyclic diyne (14).

3,3,4,4,7,7,8,8-Octamethyl-3,4,7,8-tetrasilacycloocta-1,5-diyne (9),
prepared first by the ring contraction reaction of 10 together with a
seven-membered compound (11), exhibited a large bathochromic shift
in UV spectra at 250 nm (� � 13,400) compared with an open chain
analogue, Me3Si–CIC–SiMe2SiMe2–CIC–SiMe3 (�max � 230 nm).

(1)

This is a good indication of strong mixing between Si–Si � orbitals
and CIC � orbitals with through-bond conjugation as expected. The
molecular structure itself was not very much distorted, as evidenced
by the X-ray crystallographic analysis shown in Fig. 2.

The through-bond conjugation with strong �–� mixing for tetrasila-
cycloocta-1,5-diyne is further demonstrated by photoelectron spectro-
scopic (15) and ab initio (3-21G basis set) studies (16).
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FIG. 2. ORTEP drawing of 9.

III. [2.2]Cyclophanes

A. OCTAMETHYLTETRASILA[2.2]PARACYCLOPHANE,
METACYCLOPHANE, AND ORTHOCYCLOPHANE

In view of the interesting physical properties of 9 described earlier,
similar or even more interesting properties were expected for a
[2.2]paracyclophane bridged by two Si2Me4 units. The target com-
pound, 1,1,2,2,9,9,10,10-octamethyl-1,2,9,10-tetrasila[2.2]paracyclo-
phane (12), was prepared according to Scheme 1 in low yield (1.6%)
(17). Related compounds 13 and 14 were also prepared. The reaction
of 9 with �-pyrone gave 15, and acid-catalyzed isomerization of 15
afforded 16 (18). The yield of 12 was very low, but in spite of several
attempts, such as ring contraction reactions of 13 and 14 by photo-
chemical silylene extrusion, 12 was obtained only by the direct pro-
cess shown in Scheme 1.

(2)

Compound 12 is readily sublimed as colorless crystals. The crystal
belongs to the space group P21/n, the molecular structure being
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SCHEME 1

shown in Fig. 3. The compound 12 is highly symmetric with a center
of symmetry. The Si–Si bond lengths of 12 (3.376 Å) deviate only
slightly from the normal values (3.34 Å). The 3 and 6 (and 11 and 14)
carbon atoms of the aromatic rings are displaced slightly out of the
plane of the other four atoms inward. The degree of the displacement
is 4.3, which is far smaller than that of the [2.2]paracyclophane
(12.6�), indicating a smaller degree of distortion of the benzene rings
of 12 than those of [2.2]paracyclophane (19). However, the silicon
atoms of the bridges are displaced appreciably from the aromatic ring
toward the cyclophane cavity. The degree of this displacement is
15.0�, larger than that of [2.2]paracyclophane (11.2�). The distances
between aromatic rings, 3.347 Å for C3–C14 and 3.456–3.460 Å for
C4–C15 and C5–C16, are close to that observed in graphite (3.40 Å)
and longer than the mean intramolecular aromatic ring separation of
[2.2]paracyclophanes around 3.00 Å. Two benzene rings and methyl
groups eclipse completely.

Figure 4 compares the structures of tetrasila[2.2]paracyclophane
12, [2.2]paracyclophane 1, and [3.3]paracyclophane. Reflecting the
longer Si–Si bond (2.376 Å) than the C–C bond (1.562 Å), distortion
of the benzene ring in 12 (4.3�) is much less than that of 1 (12.6�),
being close to the value for [3.3]paracyclophane (6.4�).

Because of the symmetric structure, 1H NMR spectra of 12 show
only two signals assignable to methyl and phenyl protons at � 0.50
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FIG. 3. Molecular structure of 12.

and 6.75 ppm, respectively. The latter signal is shifted to the high
field by 0.45 ppm from unsubstituted benzene. This is similar to 1 (�
6.47 ppm) (10), but the degree of shift is smaller.

These structural data demonstrate that 12 is a rather less distorted
molecule than [2.2]paracyclophane. However, a dramatic effect of the
strong � (Si–Si)–� interaction was observed in UV spectra as shown
in Fig. 5. In the UV spectrum of phenylpentamethyldisilane, an intra-
molecular �(Si–Si)–� charge-transfer band appears around 231 nm
(11a, 12). Octamethyltetrasila[2.2]ortho- (15) and metacyclophane
(16) show similar absorptions, but the band splits into two bands at
223 nm (� � 19,100) and 263 nm (� � 22,500) in 12. This type of red
shift in the UV spectra occurs only in 12 among other polysilapara-
cyclophanes such as 13 and 14.
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FIG. 4. Comparison of structures of paracyclophanes.

The photoelectron spectrum of 12 was observed and the measured
ionization energies were compared with the orbital energies calcu-
lated for the parent tetrasila[2.2]paracyclophane (21). The He I photo-
electron spectra of 1 was recorded to have a broad first band at 8.1
eV that was well separated from other bands (22). The first bands of
12 are remarkably different from those of 1. A shoulder at 7.8 eV and
a broad band centered at 8.3 eV was observed. A comparison between
the band sequence of 12 and 1 based on both empirical and quantum
chemical studies shows a smaller through-space and a larger through-
bond interaction for 12. The through-bond interaction between the b3u

(�) orbital and the corresponding � orbital yielded a different orbital
sequence in 12 as compared to 1 (Fig. 6).

Yatabe has developed a slightly modified process for preparing 12
(23). Thus, the reductive coupling reaction of 1,4-bis(chlorodimethylsi-
lyl)benzene with sodium in toluene in the presence of 18-crown-6 pro-
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FIG. 5. UV spectra of 12 and related compounds.

vided the cyclophane 12 (Scheme 2). After removal of the solvent and
the resulting salt, silica gel chromatography with hexane followed by
recrystallization from ethanol gave 12 in 2.2% yield as colorless crys-
tals. The presence of 18-crown-6 is essential; otherwise the reaction
resulted in the formation of intractable polymers. In fact, Ishikawa
et al. (24) reported the polycondensation reaction of various 1,4-
bis(chlorodialkylsilyl)benzenes with sodium in toluene in the absence
of the crown ether. They did not succeed in the isolation of the corre-

SCHEME 2
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FIG. 6. Molecular orbital sequence for 12.
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sponding [2.2]paracyclophanes. The Wurtz-type coupling reaction is
highly affected by the reactivity of the silyl anion. The crown ether
would be expected to increase the reactivity of the silyl anions by
forming a crown ether–sodium ion complex in the hydrocarbon sol-
vent, resulting in an increase in the intramolecular reaction, although
the net yields are still very low. In relation to this work, Elschen-
broich reported that dechlorinative coupling of bis[bis(chlorodimeth-
ylsilyl)-�6-benzene]chromium with lithium naphthalenide in dimeth-
oxyethane (DME) led to the formation of (1,2,9,10-tetrasila-�6-
[2.2]paracyclophane)chromium as red crystals in 3.5% yield (25).

(3)

The reaction of 12 with Cr(CO)6 and Mo(CO)6 gave the correspond-
ing monocoordinated complexes in 54 and 47% yields, respectively
(26).

(4)

B. OCTAMETHYLTETRAGERMA[2.2]PARACYCLOPHANE

Although the one-pot process shown in Scheme 2 did not increase
the yield of 12 dramatically, the process can be applied to the synthe-
sis of a higher analogue of 12, octamethyltetragerma[2.2]paracyclo-
phane (17) (27). The precursor, 1,4-bis(chlorodimethylgermyl)benzene
(18), was prepared according to Scheme 3. 1,2,9,10-Tetragerma[2.2]
paracyclophane was synthesized in 2.6% yield as colorless crystals by
reductive condensation of the chlorogermane 18 with molten sodium
metal in refluxing toluene in the presence of 18-crown-6. After re-
moval of the solvent and the resulting salt, silica gel chromatography
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SCHEME 3

with a 1 : 1 hexane/benzene mixed solvent as an eluent followed by
recrystallization from benzene gave 17 as colorless crystals.

The [2.2]paracyclophane structure of 17 was confirmed by the fol-
lowing spectroscopic data. The mass spectrum showed the M� cluster
ion in the range of m/z 554–572, in agreement with the calculated
formula of C20H32Ge4 . The 1H and 13C NMR spectra are fully consistent
with the highly symmetrical structure: 1H NMR (CDCl3, �) 0.55 (s, 24
H, Me), 6.74 (s, 8 H, ArH); 13C NMR (CDCl3 , �) �4.78 (Me), 133.07
(ortho C), 140.12 (ipso C). In the proton NMR spectra, the aromatic
protons of 7, 6, and [2.2]paracyclophane 17 appear at 6.74, 6.79, and
6.48 ppm, respectively. Because of the shielding effect of each facially
arrayed benzene ring, these aromatic protons appreciably shift up-
field (	� � 0.59–0.63 ppm) relative to 1,4-bis(pentamethyldigerma-
nyl)benzene (7.35 ppm), 1,4-bis(pentamethyldisilanyl)benzene (7.38
ppm), and 1,4-diethylbenzene (7.11 ppm).

The cyclophane 17 is quite stable and does not change upon heating
to 300�C. Furthermore, the Ge–Ge bonds are inert to trimethylamine
N-oxide or sulfur in refluxing benzene, contrary to the case of 12. The
compound 12 can be oxidized easily to disiloxane-bridged paracyclo-
phane by oxidation with trimethylamine N-oxide.

The molecular structure of 1,2,9,10-tetragerma[2.2]paracyclophane
17 was determined by the X-ray diffraction study. The single crystals
of 17 for X-ray crystallography were obtained from a toluene solution.
Similar to 12, the crystal belongs to the space group P21/n, and the
data collection was carried out at 13�C. The ORTEP drawing of 17 is
shown in Fig. 7.

The molecule is highly symmetric with a center of symmetry. The
length of the bridging Ge–Ge bonds (2.438(1) Å) is close to that of
normal Ge–Ge bonds. The Ge–Car bond lengths (1.941(10)–1.946(10)
Å, av. 1.944 Å) are also normal. The bridged aromatic carbons bend
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FIG. 7. Molecular structure of 17.

inward from the planes of the other aromatic four carbons by 3.1� (C1)
and 5.9� (C4) (av. 4.5�). In addition, the germanium atoms at the
bridges deviate from benzene rings by 10.4 (Ge1) and 8.8 deg (Ge2)
(av. 9.6 deg). As a result, the two benzene rings are distorted slightly
into a boat form. The two aromatic rings completely eclipse each other
with interplanar space distances of 3.382 Å (C1–C4
) and 3.496 Å (av.
C2–C5
 and C3–C6
). Interestingly, the value is very close to those
observed for 12 and is close to that observed in graphite (3.40 Å), as
indicated in the case of 12.

C. TETRASTANNA[2.2]PARACYCLOPHANE

For comparison, it seemed extremely interesting to prepare octa-
methyltetrastanna[2.2]paracyclophane (19). However, the attempted
reductive coupling of 1,4-bis(chlorodimethylstannyl)benzene did not
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SCHEME 4

afford the desired product 19 (28). Fine grains of tin metal were liber-
ated during the reflux of toluene. Next, the synthesis of 19 was at-
tempted by dehydrogenative coupling reaction of 1,4-bis(dimethyl-
stannyl)benzene with tetrakis(triphenylphosphine)palladium. How-
ever, the reaction afforded only hexastanna[2.2.2]paracyclophane.
The methyl group on tin seemed to be too small to protect against
oxidative cleavage of the Sn–Sn bond (Scheme 4).

Then dehalogenative coupling of chlorostannane 20 and dehydro-
genative condensation of hydrostannane 21, both of which contain iso-
propyl groups as protecting groups, were examined. Dechlorination
coupling of 20 gave octa(isopropyl)tetrastanna[2.2]paracyclophane 22
in 0.3% yield as colorless crystals together with dodeca(isopropyl)hex-
astanna[2.2.2]paracyclophane 23. Alternatively, dehydrogenative con-
densation of hydrostannane 21 in benzene with a palladium catalyst
at 40�C afforded the cyclophane 22 in 1.1% yield. Both processes gave
22 only in very low yield, but the first paracyclophane bridged by
Sn–Sn bonds has been thus obtained (Scheme 5). The cyclophane 22
is stable toward atmospheric oxygen and moisture, although it decom-
poses upon heating to 200�C.

The molecular structure of 1,2,9,10-tetrastanna[2.2]paracyclophane
22 was determined by the X-ray diffraction method. The crystal be-
longs to the space group P21/a, and the data collection was carried
out at 13�C. The ORTEP drawing of 22 is shown in Fig. 8.

The molecule is also highly symmetric with a center of symmetry.
The two methyl groups of the two isopropyl groups on the tin atoms
protect efficiently the Sn–Sn bonds. One of the methyl groups is lo-
cated above the tin atom as viewed along the Sn–Sn bond. The other
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FIG. 8. Molecular structure of 22.
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is located around the Sn–Sn bond. The lengths of the bridging Sn–Sn
bonds (2.808(1) Å) are close to those of the normal Sn–Sn bonds (e.g.,
2.780 Å in Ph6Sn2) (29). The Sn–C bond lengths (2.160(5)–2.164(5),
av. 2.162 Å) are also normal. The benzene rings are nearly planar.
Thus, the bridged aromatic carbons (C1, C4) are displaced only
slightly inward out of the plane of the other four aromatic carbons
(C2–C3–C5–C6) by 1.9� (C1) and 2.5� (C4) (av. 2.2�). In contrast, the
C–Sn bonds at the bridges are appreciably inclined from the benzene
ring by 8.3� (C1–Sn1) and 9.5� (C2–Sn2) (av. 8.9�).

Of great interest is the conformation between the aromatic rings
and the bridging Sn–Sn bonds. The benzene rings are connected by
the bridging Sn–Sn bonds not perpendicularly but in a stepped con-
formation; surprisingly, the dihedral angle is 67.4�! The two benzene
rings are completely parallel with an interplanar space distance of
3.48 Å; again it is very close to that found for graphite (3.4 Å).

The side view of the molecular structure is illustrated in Fig. 9.
Interestingly, C1
, C5, C6, and C4
 atoms are arranged in a plane.
The conformation between the two separated rings is apparently simi-
lar to that of the layered structure of graphite. The steric congestion
among the neighboring alkyl groups is very small because of the rela-
tively long the Sn–Sn and Sn–C bonds. The shortest distance be-

FIG. 9. ORTEP drawing of 22 viewed down the vector C2–C3.
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tween the hydrogen atoms is 2.54 Å between H2 (aromatic) and H9
(methyl), indicating that the steric repulsion is also very small. Fur-
thermore, the crystal packing is normal and probably does not influ-
ence the conformation between the benzene rings. Therefore, it is rea-
sonable that the stepped conformation in 22 results from the factor
similar to that on graphite structure.

D. COMPARISON OF STRUCTURES OF [2.2]PARACYCLOPHANES BRIDGED BY

GROUP 14 ELEMENTS

An interesting systematic comparison of the geometries by X-ray
diffraction in a series of [2.2]paracyclophanes, 1, 12, 17, and 22, is
given in Table I and Fig. 10. In all the [2.2]paracyclophanes, the
bridging bonds (b) are somewhat elongated from the normal bond
lengths, and the benzene rings are distorted into boat conformations.
The strain angles � of the aromatic rings appreciably decrease in the
order 12.6 (C) � 4.3 (Si) � 4.5 (Ge) � 2.2 (Sn). The rings of the cyclo-
phane 1 bridged by carbon atoms are considerably deformed into boat

TABLE I

BOND LENGTHS AND ANGLES IN [2.2]PARACYCLOPHANES

BRIDGED BY GROUP 14 E–E BONDS

C Si Ge Sn

a (Å) 1.511 1.883 1.944 2.163
b (Å) 1.593 2.376 2.438 2.808
p (Å) 2.778 3.347 3.382 3.454
q (Å) 3.093 3.458 3.496 3.482
� (deg) 12.6 4.3 4.5 2.2
� (deg) 11.2 10.6 9.6 8.9
� (deg) 113.7 105.0 104.1 101.0
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FIG. 10. Conformations of two benzenes in [2.2]paracyclophanes bridged by Group
14 E–E bonds.

shapes, whereas those of the cyclophane 22 bridged by tin atoms are
quite flat.

On the other hand, the bending angles � of the bridging atoms
slightly decrease in the order 11.2 (C), 10.6 (Si), 9.6 (Ge), and 8.9
(Sn). As a result, the � angles of 12, 17, and 22 are larger than the
corresponding � angles. In the cyclophane 1, however, the situation
is opposite. The distortions in cyclophanes 12, 17, and 22 are accumu-
lated in the E–C (E � Si, Ge, and Sn) bonds to a larger extent than
the benzene rings. In contrast, the distortion of 1 is concentrated on
the benzene rings. This can evidently be ascribed to the marked dif-
ferences in the bond lengths at the bridge.

Of particular interest are both the conformations between the sepa-
rated aromatic rings and the interplanar space distances (q). In the
cyclophane 1, a slight twist (3�) of the aromatic rings occurs in oppo-
site directions due to the transannular repulsion resulting from the
quite shorter distance (3.09 Å) than the van der Waals contact dis-
tance (3.4–3.6 Å) (30). On the other hand, the two benzene rings of
the cyclophanes 12 and 17 eclipse each other completely with the dis-
tances (3.46 Å for 12; 3.50 Å for 17) just equal to the van der Waals
contact distance. In sharp contrast, the benzene rings of the cyclo-
phane 22 are connected by the bridging Sn–Sn bonds not perpendicu-
larly, as in 12 and 17, but in a stepped conformation, the dihedral
angle being 67.4�. The rings of 22 are parallel with an interplanar
space distance 3.48 Å, which is almost the same as those of 12 (3.46
Å) and 17 (3.50 Å).
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[2.2]Paracyclophanes bridged by Group 14 heavy elements try to keep
interplanar distances constant to the value for graphite, regardless of
any increase in the bridging bond lengths: 2.38 Å for Si–Si, 2.44 Å for
Ge–Ge, and 2.81 Å for Sn–Sn! Such a motive is impossible for the
carbon analogue.

E. THROUGH-SPACE AND THROUGH-BOND INTERACTIONS IN

[2.2]PARACYCLOPHANES BRIDGED BY GROUP 14 ELEMENTS

A systematic comparison of through-space and through-bond inter-
actions in a series of [2.2]paracyclophanes bridged by Group 14 E–E
�-bond (E � C, Si, Ge, and Sn) is now possible. The UV spectra of
[2.2]paracyclophanes 1, 12, 17, and 22, bridged by E–E bonds (E �
C, Si, Ge, and Sn), are shown in Fig. 11 (23).

The cyclophane 12 bridged by two silicon atoms exhibits two ab-
sorption bands with maxima at 223 nm (� � 18,400) and 263 nm
(� � 22,400). Similar to 12, two absorption bands with maxima at 223
nm (� � 25,000) and 254 nm (� � 23,500) were observed for the cyclo-
phane 17 bridged by two germanium atoms. On the other hand, the
cyclophane 22 bridged by two tin atoms shows an absorption band

FIG. 11. UV spectra of [2.2]paracyclophanes, 1, 12, 17, and 22.
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with maximum at 265 nm (� � 26,500, sh). In the latter case, the
absorption bands observed for 12 and 17 are superimposed on the
absorption band attributed to the electronic transition between � and
�* orbitals of the Sn–Sn bonds in the 220–240 nm region. Actually,
an absorption band with maximum at 215 nm (� � 38,500), tailing
into the 280 nm region, was observed for hexaisopropyldistannane. In
sharp contrast, an absorption band with maximum at 223 nm (� �
18,200) and a shoulder at 245 nm (� � 2,800) was observed for the
cyclophane 1 bridged by the C–C bonds. The compound 1 exhibits no
appreciable absorption band in the long wavelength region as found
for 12, 17, and 22.

These observations are best explained by accounting for the differ-
ence of the HOMO levels resulting from through-space and through-
bond interactions (Fig. 12). In [2.2]paracyclophane systems, the two
facing benzene �-systems interact strongly because of the through-
space overlap. As a consequence, the bonding combinations are stabi-
lized (b3u and b2u), whereas the antibonding combinations are de-
stabilized (b2 g and b3 g). From the four linear combinations of the
benzene � MOs, the b3u linear combination depends very strongly on
the nature of the bridge due to through-bond interaction (31).

FIG. 12. MO energy diagram of [2,2]paracyclophanes bridged by Group 14 E–E bonds.
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In the cyclophane 1, although the overlap between the �-system
(2p) and the bridging �-bonds (2s2p) is most effective, these orbital
energy levels match worst, the first ionization potentials being 9.25
eV for benzene and 12.1 eV for ethane. As a result, the HOMOs are
the almost pure � MOs with the b2 g and b3 g combinations. Both the
PE spectrum and theoretical calculation demonstrate the degeneracy
of the two HOMO levels. The absorption bands are attributed to the
�–�* transitions associated with the HOMOs.

On the other hand, in the systems with high-lying �-orbitals, the
through-bond interaction effect can be predominant. In the cyclo-
phane 12 bridged by Si2Me4 units, the energy level of the �-bridge is
greatly raised compared to the C2H4 bridge of the parent system 1.
The first ionization potential of Me3Si–SiMe3 is 8.69 eV. Conse-
quently, the HOMO of 12 is the MO by �–� mixing with the b3 g com-
bination resulting from the through-bond interaction. Such an orbital
interaction causes considerable destabilization of the HOMO level.
The first absorption band in the long wave length region of 12 is at-
tributed to the (�–�)–�* transitions associated with the HOMO. The
second band is probably attributed to the �–�* transition between
the pure � MOs, judging from the fact that the absorption band ap-
pears at the same region as that observed for 12. Like 12, in the
cyclophanes 17 and 22 bridged by the Ge–Ge and Sn–Sn bonds, re-
spectively, the HOMOs are formed with the b3 g linear combination
and the HOMO levels are similarly destabilized relative to those of
MOs with the b2 g and b3 g symmetries. The absorption bands in the
long wavelength region for 17 and 22 are the result of the effective
through-bond interaction.

Among the cyclophanes 12, 17, and 22, the absorption band of 22
appears at the longest position. However, the bathochromic shifts in
these cyclophanes should be compared with the corresponding acyclic
compounds: 1,4-bis(pentamethyldisilanyl)benzene 23, 1,4-bis(penta-
methyldigermanyl)benzene 24, and 1,4-bis(pentaisopropyldistanna-
nyl)benzene 25 (Fig. 13).

The degree of bathochromic shift decreases in the following order:
(	v/cm�1) 2500 (12–23) � 2000 (17–24) � 1100 (22–25). This is a
consequence of the decreasing effect of the orbital interaction due to
both the higher lying orbital energy level of the bridging E–E �-bond
(Me3Si–SiMe3 : 8.69: Me3Ge–GeMe3 8.57: Me3Sn–SnMe3: 8.20 eV) and
the less effective overlap of the benzene �-system (2p) with the bridg-
ing �-orbitals (Si: 3s3p; Ge: 4s4p; Sn: 5s5p) as the bridging units are
replaced by the heavier atoms.
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FIG. 13. UV spectra of acyclic compounds 23, 24, and 25.

IV. Tetrasila[2.2](2,5)heterophanes

Effects of �–� interaction are maximized if the interacting orbitals
match energetically. Since the HOMOs of heteroaromatic systems
such as furan (8.89 eV), thiophene (8.80 eV), and pyrrole (8.20 eV) are
higher than that of benzene (9.25 eV), better energy matching with �
(Si–Si; 8.69 eV) orbitals is expected. Therefore, tetrasila[2.2](2,5)het-
erophanes should be interesting synthetic targets.

A. OCTAMETHYL-1,2,8,9-TETRASILA[2.2](2,5)FURANOPHANE

AND THIOPHENOPHANE

Lithiation of furan and thiophene, followed by the reaction with
1,2-dichlorotetramethyldisilane, gave linear compounds 26 and 27
(Scheme 6). The second lithiation and reaction with 1,2-dichlorotetra-
methyldisilane under the conditions of high dilution afforded the de-
sired furanophane (28) and thiophenophane (29) (32).

Figures 14 and Fig. 15 show UV spectra of furanophane (28) and
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FIG. 14. UV spectra of 28 and related compounds.
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FIG. 15. UV spectra of 29 and related compounds.

thiophenophane (29), respectively. UV spectra of the corresponding
derivatives are also included in both figures.

As clearly shown, the absorption maxima of 28 and 29 are red-
shifted considerably as compared with the corresponding acyclic com-
pounds. The C–C bridged parent thiophenophane (7) also shows a
redshift in UV spectra. Thus, 7 gave two absorption maxima at 245
nm (� � 7700) and 275 mm (� � 5720), quite different from that of
2,5-dimethylthiophene (�max � 238 nm; � � 7250). This is attributed
to the transannular �–� interaction between two thiophene rings (33).
However, furanophane (8) did not show such a redshift and indicated
no such �-� interaction between two furan rings. At room temperature
by NMR studies, it is reported that two furan rings in 8 rotate freely,
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TABLE II

IONIZATION ENERGIES AS DETERMINED BY PHOTOELECTRON SPECTRA

Compound Band (eV)

12 7.8 8.4 9.3 9.9

— 9.88.2 9.0

28 7.4 8.1 8.9 9.4

8.1 8.5 9.3 10.0

29 7.4 8.0 8.7

8.0 8.6 9.0 9.3

whereas in 7, rotation of two thiophene rings is frozen to force a
transannular interaction (34).

NMR studies on 28 and 29 indicate that both the thiophene and
furan rings rotate freely at room temperature (vide infra) and there-
fore, anomalies in the UV spectra of 28 and 29 should be attributed
to the through-bond interaction between the Si–Si � bonds and aro-
matic � bonds. This was further confirmed by photoelectron spectral
studies. As shown in Table II, the lift of HOMO for 12 relative to the
model compound was 0.4 eV, but those for 28 and 29 were 0.7 and 0.6
eV, respectively. Apparently, more effective through-bond interaction
occurs for 28 and 29 (21).

B. TETRASILA[2.2](2,5)PYRROLOPHANE

N,N,1,1,2,2,8,8,9,9-Decamethyl-1,2,8,9-tetrasila[2.2](2,5)pyrrolo-
phane (30) is prepared by a procedure similar to that applied to 28
and 29 through 1,2-bis(N-methylpyrrolyl)disilane 31 with slight modi-
fication of the reagents. The lithiation was performed with t-BuLi/
TMED. Under dilute conditions pyrrolophane 30 was obtained in 4%
yield from 31 as air-stable colorless crystals besides a polymeric resi-
due (35) (Scheme 7).

The UV spectrum of 30 (Fig. 16) exhibits a large bathochromic shift
(�max � 270 nm) compared to other related compounds such as 2-pen-
tamethyldsilanyl-N-methylpyrrole (�max � 248 nm). A similar batho-
chromic shift is observed in charge-transfer complexes of pyrrolo-
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phane 30 and related compounds with TCNE (Fig. 17). Thus, the
maximum absorption of the CT complex of 30 and TCNE occurs at
718 nm compared with, e.g., 630 nm for the complex of 30 and TCNE.
The spectroscopic behavior of 30 reveals the strong interaction be-
tween the Si-Si � bonds and the � systems of the pyrrole rings. Such
an interaction has been shown to result in a destabilization of HOMO
and thus a bathochromic shift in electronic spectra.

C. NMR STUDIES AND MOLECULAR STRUCTURE

Similar to [2.2]metacyclophane (2), relative conformations of two
aromatic rings in [2.2](2,5)heterophanes have been studied in detail

FIG. 16. UV spectra of 30 and related compounds.
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FIG. 17. CT spectra of 30 and related compounds with tetracyanoethylene.

by NMR. Scheme 8 shows equilibration of conformational isomers in
heterophanes. The most stable conformation of heterophanes are be-
lieved to be anti-A or anti-B. In fact, anti conformations are observed
in crystals (36). In solution, furanophane 8 undergoes rapid equilibra-
tion between anti-A and anti-B at room temperature. Dynamic NMR
studies indicate that the energy barrier between two conformations is
	G � 16.8 kcal/mol for [2.2](2,5)furanophane 8. However, no change
was observed for proton signals of [2.2](2,5)thiophenophane 7 even at
200�C, indicating a very high rotational barrier for 7. Namely, at

SCHEME 8
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room temperature, flipping of rings occurs in furanophane but not in
thiophenophane.

Tetrasila[2.2](2,5)thiophenophane 29 shows a singlet for SiMe sig-
nals at room temperature. Thus, contrary to the parent thiopheno-
phane 7, thiophene rings of 29 undergo free rotation at room tempera-
ture. However, at low temperature, the methyl signal starts to split
into two signals. The coalescent temperature is 15.0�C and inversion
barrier is determined to be 14.9 kcal/mol. The greater length of the
Si–Si bond is reflected in the smaller barrier to rotation. Contrary,
the methyl signal of furanophane 28 retains singlet even at �78�C,
indicating a very low barrier for rotation.

1H NMR of pyrrolophane 30 shows two singlets for SiMe groups
that do not coalesce in the temperature range of �80 to �110�C, in
contrast to furanophane 28, which shows rapid anti/syn isomeriza-
tion down to �78�C, and thiophenophane 29, with a coalescence tem-
perature of 15�C. The rigidity of 30 is obviously due to the steric bulk
of the N-methyl groups.

The great steric demand of the methyl group on N was further dem-
onstrated by NMR characteristics of Si–O–Si bridged pyrrolophane
32 prepared by oxidation of 30 with excess Me3N–O in refluxing ben-
zene (74% yield). Even with the considerably longer Si–O–Si bridges,
no anti/syn isomerization occurs for 32 between �80 and �110�C.

(5)

Insertion of oxygen into the Si–Si bond of 30 also blocks �–� conju-
gation effectively. The fact can be seen by the shift toward short
wavelength for both absorption of 31 in UV (�max � 239 nm) (Fig.
16) and the CT complex with TCNE (�max 593 nm) as compared to
pyrrolophane 30 (Fig. 17).

The crystals of thiophenophane 29 belong to the P21/n group and
are monoclinic, with two molecules in a unit cell similar to that for
12. An ORTEP drawing is shown in Fig. 18 with pertinent distances
and angles. Figure 19 shows a side view of 29.

In crystals, two thiophene rings take an anti conformation. The
Si–Si bond length is 2.361 Å, which is slightly longer than the normal
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FIG. 18. Molecular structure of 29.

value (2.34 Å) but shorter than that observed for 12 (2.376 Å). This
indicates smaller distortion for 29 than for 12. The sulfur atoms are
not on the plane composed of four carbons but deviate outward by
1.9�. This results from avoiding interactions between the lone-pair
and � electrons, and the phenomenon is also observed for the carbon
analogue 7 (37). Two thiophene rings are staggered with respect to
each other in the direction where each sulfur atom directs the center
of the five-membered ring.

FIG. 19. Side view of 29.
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Suitable single crystals of 30 for X-ray analysis were also obtained
by slow crystallization from toluene at 10�C. Results for the molecular
structure of pyrrolophane 30 are shown in Fig. 20. Pyrrolophane 30
crystallizes in anti configuration, with the N-methyl groups placed
directly above the plane of the opposite pyrrole ring. The Si–Si bond
(2.386 Å) is the same length as that found in paracyclophane 12
(2.376 Å) and is inclined against the plane of the pyrrole rings by
about 64�.

The same characteristic is observed in the corresponding tetrasila
[2.2](2,5)furanophane 28. In contrast, in the case of thiophenophane
29, the Si–Si bond is nearly perpendicular to the aromatic rings.
Table III summarizes important characteristics of these compounds.
All tetrasila[2.2](2,5)heterophanes show only a small deviation of the
heteroatoms from ideal planar arrangement in the rings. Also the Si-
ring bonds are bend inwards with the biggest deviation occurring in
the thiophenophane, which also has the biggest interplanar distance
between the heterocycles (3.21 Å). In the case of furanophane 28 the
bridge torsion angle of 47� is relatively close to a staggered arrange-
ment (60�) of substituents around the Si-Si bond. In pyrrolophane 30,

FIG. 20. Molecular structure of 30.
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TABLE III

STRUCTURAL DATA FOR TETRASILA[2.2](2,5)HETEROPHANES

X � O (28) S (29) NMe (30)

Envelope-shaped ring (�) (�) 1.3 1.9 1.1
Bending of bridge atom (�) (�) 7.0 13.4 13.0
Distance between rings (d ) (Å) 2.63 3.21 2.94
Si–Si bond length (Å) 2.347 2.361 2.363
Bridge torsion (�) 47.0 30.6 25.1

however, the bridge is considerably twisted towards eclipsed confor-
mation (torsion angle 25�) possibly reflecting the greater steric de-
mand of the methyl group.

D. REACTIONS OF OCTAMETHYL-1,2,8,9-TETRASILA[2.2](2,5)FURANOPHANE

[2.2](2,5)Furanophane 8 is reactive and undergoes interesting reac-
tions with dienophiles. The reaction of 8 with dimethyl acetylenedi-
carboxylic acid gave a polycyclic compound, as shown in the following
equation. The compound was derived by intramolecular Diels–Alder
reaction of the initially formed 1 : 1 adducts (38).

(6)

Tetrasila[2.2](2,5)furanophane 28 did not react with dimethyl acet-
ylenedicarboxylic or with 4-phenyl-1,2,4-triazoline-3,5-dione. Low dis-
tortion of the furan rings in 28 together with steric hindrance of



390 HIDEKI SAKURAI

FIG. 21. ORTEP drawing of 33.

methyl groups prevented the reaction. However, the reaction of 28
with benzyne did afford 33 in good yield.

(7)

Figure 21 shows an ORTEP drawing of 33. Photochemical reaction
of 33 gave a new Si–Si bridged benzooxepinophane 34. The latter is
a new type of phane. In general, photochemical conversion of 1,4-
epoxy-1,4-dihydronaphthalene to benzooxepin occurs only in very low
yield, but 1,4-bis(trimethylsilyl)- and 1,4-bis(pentamethyldisilanyl)-
1,4-epoxy-1,4-dihydronaphthalene gave the corresponding benzooxe-
pin in 87 and 59% yield. Apparently steric hindrance of silyl groups
protects the unstable oxepin structure.

(8)
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(9)

V. Hexasila[2.2.2](1,3,5)cyclophane

A. PREPARATION AND PROPERTIES OF 1,2,9,10,17,18-HEXASILA

[2.2.2](1,3,5)CYCLOPHANE

The degree of through-bond interaction in [2.2]paracyclophane 12
bridged by two Si–Si bonds is the greatest among the series of the
cyclophanes bridged by Group 14 elements. Therefore, the properties
of [2.2.2](1,3,5)cyclophane 35 bridged by three Si2Me4 units are of spe-
cial interest because of the extremely rigid structure and the expect-
edly strong �–� conjugation.

The cyclophane 35 was obtained by a reductive coupling reaction
of 1,3,5-tris(chlorodimethylsilyl)benzene with molten sodium metal in
refluxing toluene in the presence of 18-crown-6. The GCMS spectrum
of the reaction mixture showed the presence of a very small amount
of the cyclophane 35 with its parent ion (M� � 498). After careful
isolation, pure samples of 35 were obtained as white solids. This pro-
vides the most direct route to 35, but the yield is very low (0.22%)
(39) (Scheme 9).

The structure of [2.2.2](1,3,5)cyclophane 35 was first confirmed by
the mass spectrum, which showed the M� cluster ion in the range of
m/z 498–502 in agreement with the calculated formula of C24H42Si6 .
The 1H and 13C NMR spectra are fully consistent with the highly sym-
metrical structure. In the proton NMR spectrum, the aromatic pro-
tons of 35 appear at 6.69 ppm and are shifted appreciably upfield
(	� � 0.79 ppm) compared to 1,3,5-tris(pentamethyldisilanyl)benzene
(7.48 ppm). The magnitude of the 	� value is somewhat larger than
that between [2.2]paracyclophane 12 (6.79 ppm) and the acyclic com-
pound (7.38 ppm); the fact points to the shortening of the inter-ring
distance. The 29Si NMR (CDCl3) spectrum of 35 revealed a single reso-
nance at �15.08 ppm, which shifts somewhat downfield compared
with that observed for 12 (�18.36 ppm).
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The cyclophane 35 is stable and remains unchanged upon heating
to 300�C. The compound 35 is, however, readily oxidized at the Si–Si
units by trimethylamine oxide in refluxing benzene, giving the cyclo-
phane 36 containing three Si–O–Si bonds.

(10)

B. MOLECULAR STRUCTURE OF 1,2,9,10,17,18-HEXASILA

[2.2.2](1,3,5)CYCLOPHANE

The crystals of 1,2,9,10,17,18-hexasila[2.2.2](1,3,5)cyclophane be-
long to the space group P21/n. The ORTEP drawing is shown in
Fig. 22. The molecule has no crystallographic symmetry. The three
Si–Si bonds, Si1–Si2: 2.378(6), Si3–Si4: 2.373(6), and Si5–Si6:
2.384(5) Å (av. 2.378 Å), are different in length and somewhat longer
than the normal Si–Si bond (2.34 Å), whereas those in 12, which has
a center of symmetry, are identical (2.376 Å). The benzene rings of
the cyclophane 35 are almost flat.



FIG. 22. ORTEP drawing of 35.
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The aromatic carbons (C1, C3, C5, C7, C9, C11) attached to the
silicon atoms lie only slightly (0.003–0.029 Å) outside the mean
planes of the aromatic rings. However, the Si–C(ring) bonds deviate
considerably from the planes of the benzene rings (Sil–Cl/Cl–C2–
C6: 11.0�, Si2–C7/C71–C8–C12: 14.8�, Si3–C3/C2–C3–C4: 13.5�,
Si4–C9/C8–C9–C10: 16.6�, Si5–C5/C4–C5–C6: 12.6�, Si6–C12/C10–
C11–C12: 16.2� av. 14.1�). The deviation angles are greater than that
of 12 (10.6�). The two aromatic rings are so arranged to take the
eclipsed position. The average distance between the two aromatic
rings of 35 is 3.32 Å, somewhat shorter than that in 12 (3.35 and
3.46 Å). Because the Si–Si bond is 1.5 times longer than the C–C
bond, the strain in the cyclophane must be much smaller than that of
the carbon analogue.

The UV spectra of hexasila[2.2.2](1,3,5)cyclophane 35 and tetrasila
[2.2]-paracyclophane 12 are shown in Fig. 23. The cyclophane 35 ex-
hibits two absorption bands with maxima at 224 nm (� � 35,200, sh)
and 264 nm (� � 20,900) and a shouldered absorption band at
240 nm (� � 25,000) similar to those for 12 (223 (� � 18,400) and
263 nm (� � 22,400)). Furthermore, the absorption band with maxi-
mum at 264 nm for 35 is largely redshifted compared to that for
1,3,5-tris(pentamethyldisilanyl)benzene (�max � 233 nm, � � 30,500).
The through-bond interaction between the three Si–Si �-bonds and
the benzene �-systems should be the origin of the bathochromic
shift.

FIG. 23. UV spectra of 12 and 35.
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VI. [2n]Paracyclophanes Bridged by Si, Ge, and Sn

The direct coupling reactions of ClMe2M–C6H4–MMe2Cl with sodium
naphthalenide in toluene at �78�C afforded [2.2]paracyclophanes (M �
Si, 12, 2.5%; M � Ge, 17, 1.7%) as described earlier. Careful examina-
tion of the products has revealed that several macrocyclic [2n]paracyclo-
phanes such as 37 and 38 (M � Si) and 39 and 40 (M � Ge) exist as well
in low yield. The corresponding reaction for M � Sn gave no [2.2]para-
cyclophane 19 with the Me2SnSnMe2 bridge, but produced dodeca-
methyl hexastanna[23]paracyclophane 41 in 12% yield.
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The possible through-bond interactions in these compounds are
schematically indicated in Scheme 10.

Through-bond conjugation is possible for [2.2]paracyclophane and
[2.2.2.2]paracyclophane because of the Hückel overlap between the
interacting orbitals, but is not possible for [2.2.2]paracyclophane be-
cause of the Möbius conjugation. Thus, it is interesting to examine
the point by UV spectra. Figures 24 and 25 show UV spectra of silicon
and germanium series of paracyclophanes. In both cases, [2.2]para-
cyclophanes 12 and 17 exhibit absorption at the longest wavelength
in the series. [2.2.2]Paracyclophanes, 37 and 39, exhibit absorptions
at almost the same position as acyclic reference compounds, 42 and
43, although absorption intensities increase about three times more.

SCHEME 10
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FIG. 24. UV spectra of [2n]paracyclophane bridged by Si.

This indicates that effective through-bond conjugation does not exist
in [2.2.2]paracyclophanes. In contrast, [2.2.2.2]paracyclophanes, 38
and 40, show slightly redshifted absorptions, indicating the existence
of through conjugation, although the degree of conjugation is smaller

FIG. 25. UV spectra of [2n]paracyclophane bridged by Ge.
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SCHEME 11

than in 12 and 17. Hexastanna[2.2.2]paracyclophane 41 shows simi-
lar absorption to 37.

Yoshida et al. have reported the preparation of trisila[1.1.1]meta-
cyclophane (trisilacalix[3]arene, 44) and tetrasila[1.1.1.1]metacyclo-
phane (tetrasilacalix[4]arene, 45) (40) (Scheme 11) and indicate con-
formational analyses by using semiempirical MO calculations.

A one-pot reaction gave the two different organosilicon macrocyclic
compounds concomitantly. The structures of these metacyclophanes,

FIG. 26. Molecular structure of 44.
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FIG. 27. Molecular structure of 45.

44 and 45, were determined by X-ray crystallography. As shown in
Figs. 26 and 27, 44 and 45 adopted a saddle structure and a 1,2-
alternate structure, respectively. The conformations of these silacali-
xarenes were also analyzed by semiempirical PM3 calculations, which
indicate that the conformations of the silacalixarenes in the crystal
do not represent an energy minimum. A completely C3 symmetric
cone structure of 44 and a 1,3-alternate structure of 45, respectively,
were estimated as the most stable conformations.

They have also examined the formation of the �-complex between
the silacalixarenes and silver cation by FAB mass spectrometry. Simi-
lar �-complex formation with silver cation was observed for hexasila
[2,2,2]paracyclophanes 37 (41).

Trisila[1.1.1]orthocyclophane (46) was prepared by the reaction
of 3,3,6,6,9,9-hexamethyl-3,6,9-trisilacyclonona-1,4,7-triyne and �-
pyrone. The structure of 46 determined by X-ray crystallographic
analysis (Fig. 28) indicates a twisted saddle conformation (10).

(11)
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FIG. 28. Molecular structure of 46.

VII. [n]Cyclophanes Bridged by Si

A. HEPTASILA[7]PARACYCLOPHANE

The smallest [n]paracyclophane so far isolated is the [6]paracyclo-
phane, first prepared by Jones et al. in 1974. Bickelhaupt prepared
and succeeded in spectroscopic characterization of [5]paracyclophane,
which is stable at low temperature in solution, but not isolable. As
the first example of [n] paracyclophanes bridged by heteroatom
chains, Ando et al. reported preparation and the crystal structure of
heptasila[7]paracyclophane (47) (42) (Scheme 12).

Reductive coupling of 1-chloro-6-[4-(chlorodimethylsilyl)phenyl]-
1,1,2,2,3,3,4,4,5,5,6,6-dodecamethylhexasilane with sodium in reflux-
ing toluene in the presence of [18]crown-6 afforded heptasila[7]para-
cyclophane 47 in 1.2% yield. Compound 47, obtained as colorless crys-

SCHEME 12
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FIG. 29. Molecular structure of 47.

tals (UV (hexane) � 248 nm (log � � 4.63)), is stable toward atmo-
spheric oxygen and moisture and does not decompose even when heated
to its melting point of 88–88.5�C. Similar to the previous cases, the
presence of [1.8]crown-6 is also essential; otherwise, only polymeric ma-
terials were obtained. In addition to NMR studies, the X-ray structural
determination established the molecular structure of 47 as shown in
Fig. 29. The molecule had no crystallographic symmetry.

Although the Si–Si bond lengths are normal and range between
2.336(5) and 2.371(4) Å, an alternation in the bond angles around the
polysilane chain is observed. Similar to other cyclophanes, the ben-
zene ring of 47 deformed from planarity. The strain angles � of the
aromatic rings are 6.6 and 4.5�, while the bending angles � of the
bridging atoms are 6.5 and 9.0�. These values are comparable with
those observed in 12 and are smaller than those of the [7]paracyclo-
phane derivative 43 and the [8]paracyclophane derivative 44. Thus,
the deformation in the benzene ring is smaller in 47 than in the anal-
ogous compounds. However, it should be noted that an appreciable
increase in the deformation in the polysilane chain was observed.

C. PENTASILA[5](2,5)THIPHENOPHENE AND

HEXASILA[6](2,5)THIOPHENOPHANE

Decamethylpentasila[5](2,5)thiophenophane (48) and dodecameth-
ylhexasila[6](2,5)thiophenophane (49) were prepared as shown in
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SCHEME 13

Scheme 13 (45). Major by-products are unidentified polymeric materi-
als. Both compounds are stable to air and water.

Molecular structures of 48 and 49 are shown in Figs. 30 and
31. The strain angles � of the thiophene rings of 48 and 49 are 1.1
and 2.1�, while the bending angles � of the bridging atoms are
9.9 and 13.7�, respectively. Thiophene rings are almost planar in

FIG. 30. Molecular structure of 48.
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FIG. 31. Molecular structure of 49.

both compounds, but the pentasilane chain in 49 is much more dis-
torted.

Figure 33 shows UV spectra of 48 and 49. Since the reference
compounds, 1,5-dithienyl-1,1,2,2,3,3,4,4,5,5-decamethylpentasilane
and 1,6-dithienyl-1,1,2,2,3,3,4,4,5,5,6,6-dodecamethylpentasilane,
have absorption maxima at 258 and 265 nm, respectively, consider-
able bathochromic shifts are observed for 48 and 49.

Ring opening polymerization of hexasila[6](2,5)thiophenophane
49 was examined (46). Anionic ring opening polymerization of 49 with

FIG. 32. Comparison of structures of 48 and 49.
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FIG. 33. UV spectra of 48 and 49.

BuLi, Ph2MeSiNa � cryptand[2.2.1], Ph2MeSiK � cryptand[2.2.2],
and 2-lithiothiophene gave poly[2,5](dodecamethyl-1,6-hexasilanyl-
ene)thienylene (50) in 15–76% yield. The molecular weight (MWt) was
5500–9500 and MWt/Mn was 1.5–1.8.

(12)

Interestingly, 1H NMR of 50 shows three sharp signals at 0.05,
0.10, and 0.38 ppm in addition to the signal assigned to the thiophene
ring at 7.20 ppm. The 29Si NMR also shows three sharp signals at
�43.1, �39.0, and �20 ppm. These facts indicate that the polymer 50
has a perfectly regulated alternate structure. The reaction of 49 with
excess RLi (R � Me and 2-thienyl), followed by quenching with etha-
nol, gave R-(SiMe2)6-substituted thiophen, exclusively.
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SCHEME 14

(13)

Based on this observation, the mechanism of polymerization was
proposed as indicated in Scheme 14.

It has been reported that anionic polymerization of tetraphenylger-
mole-spiro-cyclogermatetrasilane proceeds by a similar mechanism
involving 2-germolyl anions as propagating species (47). In contrast,
ring opening polymerization of similar silole derivatives, tetraphenyl-
silole-spiro-pentasilane, occurs in a different way involving pentacoor-
dinate silicon species (48).

VIII. Conclusion

To date, almost all types of phanes bridged by silicon have been
prepared, whereas those bridged by germanium and tin are fewer.
Much remains to be explored. At present, a particular drawback of
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the field is the low yield of products; new methods are needed there-
fore for further development. However, structures and reactions of
these compounds are quite interesting and polymerization of the
phanes to polymers of �–� systems is expected to be important as a
contribution to materials science of the future. The author wishes to
thank all his co-workers whose names are listed in relevant refer-
ences.

REFERENCES

1. Pellegrin, M. Rec. Trav. Chim, 1988, 18, 457.
2. Brown, C. J.; Farththing, A. C. Nature (London) 1949, 164, 915.
3. Cram, D. J.; Steinberg, H. J. Am. Chem. Soc. 1951, 73, 5691.
4. For reviews see: (a) Boekelheide, V. Acc. Chem. Res. 1980, 13, 65; (b) Hopf, H.

Naturwiss. 1983, 70, 349. (c) The Cyclophanes. Vols. I and II; Keehn, P. M.; Rosen-
feld, S. M., Eds.; Academic Press: New York, 1983; (d) ‘‘Cyclophanes;’’ Vögtle, F.,
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Chlorophosphole, reduction, 97–98
Complexones, with beryllium ion, 154
Conformation, tri- and tetrametaphosphi-

mate ions, 200–201
Cristobalite-type PON, phosphorus oxyni-

tride, 212
Crown ethers

complex with bismuth nitrate,
311–312

halide, Bi complexes, 312–313
Crown thioethers, Bi complexes, 313–314
Cryoscopy, phosphoranes and arsanes,

complexed clusters, 253–255
Crystallization, silylarylphosphide, 46
Cs3MII

2P6O17N, crystal structure, 221–222
CVD, see Chemical vapor deposition

Cyclic PON compounds
phosphimatometallates, 206–208
polymetaphosphimates, 197–200
tetrametaphosphimate

crystal structures, 204–206
ion conformations, 200–201

trimetaphosphimate
crystal structures, 201–204
ion conformations, 200–201

trimetaphosphimatometallate crystal
structures, 208–209

Cyclopentadieneide ligand, in organo-
metallic chemistry, 182

[n]Cyclophanes, Si-bridged, heptasila[7]-
paracyclophane, 400–401

Cyclopropenylidene, complexes of Ge, Sn
and Pb amides, 19–20

D

Decamethylpentasila[5](2,5)thiopheno-
phane, preparation, 401–402

Dianionic phosphinomethanides, synthe-
sis, 84–85

2,6-Di-tert-butyl 4-methylphenol, reaction
with strontium metal, 179–180

Dicarboxylates, interaction with beryl-
lium ion, 139

Dicopper phosphandiides
preparation, 258–259
X-ray structure, 259

Diethyl magnesium, reaction with car-
benes, 5–6

Diethyl zinc, reaction with carbenes, 5–6
Differential pulse polarography, for Bi

polyamine complex formation con-
stants, 320

Dihydroxy ligands, with beryllium ion,
155–156

Diisopropylaniline, lithiated, reaction
with bismuth chloride, 318–319

1,3-Diisopropyl-4,5-dimethylimidazol-2-
ylidene, reaction with indium trihal-
ides, 10–11

�-Diketonates
isolation and characterization,

185–187
with tetraglyme, 187–189

Dilithiation, primary phosphanes and ar-
sanes, 242–243
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Diphosphine diamide ligand, complex
with lithium, 95

Diphosphino–phosphide complexes, with
lithium, 50

Diphospholide complex, structure, 98
Disodium, derivatives of phosphanes and

arsanes, 244–246
Dithiols, in bismuth thiolate synthesis,

298
Dodecamethylhexasila[6](2,5)thiopheno-

phane, preparation, 401–402

E

Electrical resistance, in superconductors,
176

Electronic materials, CVD, Group 2 ele-
ment precursors

barium bis-tetramethylheptanedionate,
187

categories, 174–175
CVD components, 173–174
CVD definition, 173
�-ketoiminate ligand, 189–190
photonic devices, 184
semiconductors, 175–177
superconductors, 175–177
tetraglyme with �-diketones, 187–189
2,2,6,6-tetramethylheptanedionate,

185
Electronics, pnictides, 237–240
Enthalpy, beryllium hydrolysis, 128–129
Entropy, beryllium hydrolysis, 128–129
Equilibrium constants, notation,

112–114

F

Fluorides
complexed clusters of primary phos-

phanes and arsanes
NMR and cryoscopic measurement,

253–255
X-ray structure, 246–251

interaction with beryllium ion,
131–135

Fluorosilyl groups, substituted lithium
phosphides, 47–48

G

Gallium arsandiides
NMR spectroscopy, 270
preparation, 267–270
X-ray structures, 270–272

Gallium phosphandiides
NMR spectroscopy, 270
preparation, 267–270
X-ray structures, 270–272

Gallium trihydride, carbene complex,
11–13

Germanium amides, cyclopropenylidene
complexes, 19–20

Germanium-bridged [2n]paracyclophanes,
395–399

Germanium halides, carbene complexes,
17–19

Group 1, carbene complexes, 3–9
Group 2

alkoxide chemistry, 177–179
carbene complexes, 3–9

Group 2 element precursors, CVD
alkaline-earth amides, 183–185
barium aryloxides, 180–181
barium bis-tetramethylheptanedionate,

187
categories, 174–175
components, 173–174
definition, 173
�-ketoiminate ligand, 189–190
metallocene compounds, 182–183
organomagnesium reagent preparation,

181–182
semiconductors, 175–177
superconductors, 175–177
tetraglyme with �-diketones, 187–189
2,2,6,6-tetramethylheptanedionate, 185

Group 12, carbene complexes, 3–9
Group 13, carbene complexes

trialkyls, 13–16
triaryls, 13–16
trihalides, 9–11
trihydrides, 11–13

Group 14 elements, bridged [2.2]para-
cyclophanes

structure comparison, 375–377
through-bond interactions, 377–379
through-space interactions, 377–379
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Group 15
arsenidene carbene complex, 20–21
phosphinidene carbene complex, 20–21
phosphorane carbene complex, 22

H

Halide crown ether, Bi complexes,
312–313

Halides, substitution on bismuth alkox-
ides, 294

Halogens, carbene complexes, 25–28
Health, beryllium compounds, 163–164
Heavier alkali metal phosphinometha-

nides, complexes, 82–84
Heptasila[7]paracyclophane, preparation,

400–401
Heterometallic alkali metal (di)organo-

phosphides, 64–67
Heterometallic alkali metal phosphinedi-

ides, metathesis reactions, 64–67
Heterometallic phosphinomethanides,

synthesis, 85–87
Heterometallic phospholide complex, syn-

thesis, 99
Hexachlorocyclotriphosphazene, hydroly-

sis, 198–199
Hexadenticity, bismuth complexes, 344
Hexasila[2.2.2](1,3,5)cyclophane

molecular structure, 392–394
preparation, 391–392
properties, 391–392
UV spectrum, 394

1,2,9,10,17,18-Hexasila[2.2.2](1,3,5)
cyclophane

molecular structure, 392–394
preparation, 391–392
properties, 391–392
UV spectrum, 394

Hexasila[6](2,5)thiophenophane
molecular structure, 402–403
NMR studies, 404–405
preparation, 401–402
UV spectrum, 403

Homometallic alkali metal phosphinedi-
ide complexes, 61–64

Homometallic alkali metal polyphosphide
complexes, 61–64

Homometallic heavier alkali metal (di)or-
ganophosphides, synthesis, 51–61

Homometallic lithium (di)organophos-
phides, synthesis, 38–51

Hydrogen, carbene complexes, 3–5
Hydrolysis

beryllium
enthalpy and entropy, 128–129
precipitation equilibria, 129–131
soluble hydrolysis products

acid solutions, 116–125
alkaline solutions, 125

structures, 125–128
hexachlorocyclotriphosphazene,

198–199
octachlorocyclotetraphosphazene,

198–199
Hydroxycarboxylate ligands, with beryl-

lium ion
aliphatic ligands, 146–149
aromatic ligands, 149–153

I

Imidazole-2-thione, carbene complex,
22–23

Iminophosphides–phosphinoamide com-
plexes, 87–89

Indium arsandiides
NMR spectroscopy, 270
preparation, 267–270
X-ray structures, 270–272

Indium(III) halides, carbene complexes,
9–11

Indium phosphandiides
NMR spectroscopy, 270
preparation, 267–270
X-ray structures, 270–272

Infrared spectroscopy, tri- and tetrameta-
phosphimates, 199–200

Inorganic anions, interaction with beryl-
lium ion, 135–136

Inorganic ligands, interaction with beryl-
lium ion

fluorides, 131–135
inorganic anions, 135–136

Iodine, Bi complex, 306

K

�-Ketoiminate ligand, synthesis,
189–190
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L

Lead amides, cyclopropenylidene com-
plexes, 19–20

Lithium
in arsandiides and phosphandiides

Li/Al derivatives, 274–276
Li/Sb derivatives, 276–277
Li/Sn derivatives, 276–277

complex with diphosphine diamide li-
gand, 95

deficient phosphanes and arsanes, syn-
thesis, 243–244

diphosphino–phosphide complexes, 50
reaction with tetraphosphafulvalene,

99
treatment of trichlorosilanes, 99–100

Lithium diphenylphosphide, characteriza-
tion, 39–41

Lithium diphosphinomethanides, struc-
tures, 76–77

Lithium monophosphinomethanide com-
plexes, 74

Lithium oxide, complexed clusters of pri-
mary phosphanes and arsanes

comparison to mixed-valent clusters,
257

NMR and cryoscopy, 253–255
X-ray structures, 246–251

Lithium phosphides
aminophosphine-functionalized com-

plexes, 48
fluorosilyl-substituted complexes,

47–48
isolation, 41–44
Si-substituted complexes, 46

Lithium phosphinomethanides, alkali
metal complex, 72–82

M

Magnesium phosphandiides
synthesis

solvated derivative, 261
solvent-free derivative, 261

X-ray structures, 261–262
Magnetically levitated trains, supercon-

ductors, 176–177
Magnetic resonance imaging, supercon-

ductors, 176–177

Main group metal, pnictides, electronics
and structure, 237–240

Malonato complex, beryllium ion, 139,
144

Mass spectrometry
bismuth thiolates, 295, 297
octamethyltetragerma[2.2]paracyclo-

phane, 370
Measurement methods, notation, 114
Meissner effect, in superconductors,

176
2,6-(Me2PCH2)2C6H3Br, reaction with n-

butyl lithium, 90–92
Mercury, carbene complexes, 5–9
Mesitylphosphides, alkali metal com-

plexes, 56–57
Metacyclophane, preparation, 363–369
Metalation, chlorophosphine, 50–51
Metal halides, metathesis reactions with

alkali metal complexes, 64–67
Metallocenes, oligomeric nature, 182–

183
Metals, as CVD precursors, 174–175
Metathesis reactions, alkali metal com-

plexes and metal halides, 64–67
MI

2MIIP3O8N, preparation, 222–223
MI

2MII
2P3O9N, preparation, 219–220

MI
3MIIIP3O9N, preparation, 219–220

Moganite-type PON, phosphorus oxyni-
tride, 215–216

Molecular PON compounds, crystal struc-
tures, 195

Molecular structure
1,2,9,10,17,18-hexasila[2.2.2](1,3,5)

cyclophane, 392–394
hexasila[6](2,5)thiophenophane,

402–403
octamethyltetragerma[2.2]paracyclo-

phane, 370–371
pentasila[5](2,5)thiophenophane,

402–403
tetrasila[2.2](2,5)heterophanes,

384–389
1,2,9,10-tetrastanna[2.2]

paracyclophane, 372–375
tin(II) metalated phosphandiides,

265–267
Monocarboxylate ligands, interaction

with beryllium ion, 136–138
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Mono-dithiocarbamatedihalo complex,
with Bi, 307

Monomeric barium bis-alkoxide, first ex-
ample, 178–179

MS, see Mass spectrometry

N

Na3AlP3O9N, preparation, 219–220
Na4As12 , dimeric cluster, phosphoranes

and arsanes, 252–253, 255–257
Na2Mg2P3O9N, preparation, 219–220
Nitrate anions, substitution on bismuth

nitrate, 311
Nitrate complexes, Bi, 324–325
Nitridooxophosphate PON

Al–P–O–N system, 224–225
Cs3MII

2P6O17N, 221–222
general considerations, 209–210
MI

2MIIP3O8N, 222–223
MI

2MII
2P3O9N, 219–220

MI
3MIIIP3O9N, 219–220

PON sodalite structure, 217–219
Nitrogen-donor ligands, phosphine-func-

tionalized, synthesis, 94–95
Nonmetals, as CVD precursors, 174–175
Nuclear magnetic resonance

Al, Ga, and In arsandiides and phos-
phandiides, 270

hexasila[6](2,5)thiophenophane,
404–405

octamethyltetragerma[2.2]paracyclo-
phane, 370

octamethyl-1,2,8,9-tetrasila[2.2](2,5)
furanophane, 382–383

octamethyl-1,2,8,9-tetrasila[2.2](2,5)
thiophenophane, 382–383

pentasila[5](2,5)thiophenophane,
404–405

phosphoranes and arsanes
complexed clusters, 253–255
dimeric Na4As12 cluster, 255–257
mixed-valent clusters, 255

superconductors, 176–177
tetrasila[2.2](2,5)heterophanes,

384–389
tin(II) metalated phosphandiides,

265

Nucleophilicity, phosphinomethanide
carbanion center, 77–78

O

Octachlorocyclotetraphosphazene, hydro-
lysis, 198–199

Octamethyltetragerma[2.2]paracyclo-
phane

MS, 370
NMR, 370
synthesis, 369–370
X-ray diffraction study, 370–371

3,3,4,4,7,7,8,8-Octamethyl-3,4,7,8-
tetrasilacycloocta-1,5-diyne, 362

Octamethyl-1,2,8,9-tetrasila[2.2](2,5)
furanophane

NMR studies, 382–383
reactions, 389–390
UV spectrum, 380, 382

1,1,2,2,9,9,10,10-Octamethyl-1,2,9,10-
tetrasila[2.2]paracyclophane

photoelectron spectrum, 366
preparation, 363–364, 366–369
�(Si–Si)–� interaction, 365
structure, 364–365

Octamethyl-1,2,8,9-tetrasila[2.2](2,5)
thiophenophane

NMR studies, 382–383
UV spectrum, 380, 382

Octamethyltetrastanna[2.2]paracyclo-
phane, preparation, 371–372

Organic ligands
abbreviations, 287–289
interaction with beryllium ion,

161–163
biscarboxylate ligands, 138–145
monocarboxylate ligands, 136–138

Organomagnesium reagents, preparation,
181–182

Organometallic chemistry, with cyclopen-
tadieneide ligands, 182

Organosilicon compounds
carbene complexes, 16–17
as lithium phosphide substituent,

44–46
Organotin halides, carbene complexes,

17–19
Orthocyclophane, preparation, 363–369
Oxalato complex, beryllium ion, 139, 144
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Oxygen-donor ligand, phosphine-function-
alized, synthesis, 96–97

Oxynitride P4N6O, composition, 216–217

P

[2.2]Paracyclophanes
Group 14-bridged

structure comparison, 375–377
through-bond interactions, 377–379
through-space interactions, 377–379

structure, 364–365
[2n]Paracyclophanes, Si, Ge, and Sn-

bridged compounds, 395–399
[3.3]Paracyclophanes, structure, 364–365
Pentamethyl cyclopentadieneide pyrazine

barium compound, 183
Pentasila[5](2,5)thiophenophane

molecular structure, 402–403
NMR studies, 404–405
preparation, 401–402
UV spectrum, 403

1,10-Phenanthroline adducts, Bi,
323–324

Phosphandiides
Al, Ga, and In

NMR spectroscopy, 270
preparation, 267–270
X-ray structures, 270–272

Li/Al-mixed derivatives, 274–276
Li/Sn-mixed derivatives, 276–277
mixed-metalated

dynamic processes in solution,
277–278

X-ray structure, 278–280
Phosphanes, primary

dilithium derivatives, synthesis and
complexation, 242–243

dimeric Na4As12 cluster
NMR and cryoscopy, 255–257
X-ray structure, 252–253

disodium derivatives, 244–246
fluoride-complexed clusters

NMR and cryoscopy, 253–255
X-ray structure, 246–251

Li2O-complexed clusters
NMR and cryoscopy, 253–255
X-ray structure, 246–251

lithium-deficient mixed-valent clusters,
synthesis, 243–244

mixed-valent clusters
NMR and cryoscopy, 255
X-ray structure, 251–252

Na2O-complexed clusters
NMR and cryoscopy, 253–255
X-ray structure, 246–251

reactivity
Li2O-filled clusters vs. mixed-valent

clusters, 257
Na4–dication cluster, 257–258

tetrasodium–dication cluster, 244–246
NMR and cryoscopy, 255–257
X-ray structure, 252–253

Phosphides
heterometallic alkali metal (di)organo-

phosphides, 64–67
homometallic alkali metal phosphinedi-

ides, 61–64
homometallic heavier alkali metal (di)-

organophosphides, 51–61
homometallic lithium (di)organophos-

phides, 38–51
preparation, 35–37

Phosphimatometallates, as cyclic PON
compounds, 206–208

Phosphine, substituted benzyllithium
complex, 92

Phosphinediides
heterometallic alkali metal phosphine-

diides, 64–67
homometallic alkali metal polyphos-

phides, 61–64
preparation, 35–37

Phosphine-functionalized C-donor
ligands, preparation, 89–93

Phosphine-functionalized N-donor
ligands, preparation, 94–95

Phosphine-functionalized O-donor
ligands, preparation, 96–97

Phosphine-functionalized S-donor
ligands, preparation, 96–97

Phosphine-functionalized thiolate com-
plex, preparation, 97

Phosphinidene, carbene complex, 20–21
Phosphinoamides–iminophosphides, de-

velopment, 71
Phosphinomethanides

arsinomethanides, 87–89
development, 71
dianionic phosphinomethanides, 84–85
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heavier alkali metal phosphinometha-
nides, 82–84

heterometallic phosphinomethanides,
85–87

lithium phosphinomethanides, 72–82
polyanionic phosphinomethanides,

84–85
preparation, 72

Phosphole tetramer, reaction with Na
and K, 98–99

Phosphonate ligands, with beryllium ion,
157–160

Phosphorane, carbene complex, 22
Phosphorus oxynitride PON

cristobalite-type PON, 212
general considerations, 209–210
moganite-type PON, 215–216
preparation, 211–212
quartz-type PON, 212–214

Photoelectron spectrum, 1,1,2,2,9,9,10,10-
octamethyl-1,2,9,10-tetrasila[2.2]
paracyclophane, 366

Photonic devices, from alkaline-earth am-
ides, 184

Pnictides
main group metal, electronics and

structure, 237–240
structure–reactivity relationships,

240–241
Polyamine complex, with Bi, 320
Polyanionic phosphinomethanides, prepa-

ration, 84–85
Polymetaphosphimates, as PON com-

pounds, 197–200
PON compounds

acyclic molecular ionic, 196–197
Al–P–O–N system, characterization,

224–225
cristobalite-type, 212
cyclic, see Cyclic PON compounds
moganite-type, 215–216
molecular, 195
Na–P–O–N system, composition,

223–224
nitridooxophosphate, 209–210
phosphorus oxynitride, 212
quartz-type, 212–214
sodalites, structure, 217–219
solid-state, see Solid-state PON com-

pounds

Potassium phosphide, complex with al-
kali metals, 51–55

Potassium reactions
with phosphole tetramer, 98–99
with tetraphosphafulvalene, 99

Precipitation, equilibria for beryllium hy-
drolysis, 129–131

Pyridone, complex with beryllium ion,
161–163

Pyrimidinedione, complex with beryllium
ion, 161–163

Pyrone, complex with beryllium ion,
161–163

Q

Quartz-type PON, phosphorus oxyni-
tride, 212–214

R

Raman spectroscopy, tri- and tetrameta-
phosphimates, 199–200

Reductive coupling, for 1,1,2,2,9,9,10,10-
octamethyl-1,2,9,10-tetrasila[2.2]
paracyclophane preparation,
366–369

S

Safety, beryllium compounds, 163–164
Salicylic acid, ligands with beryllium ion,

149–153
Selenium, carbene complexes, 22–25
Semiconductors, definition, 175–177
�–� mixing, 3,4,7,8-tetrasilacycloocta-1,5-

diyne, 361–362
�(Si–Si)–� interaction, 1,1,2,2,9,9,10,10-

octamethyl-1,2,9,10-tetrasila[2.2]
paracyclophane, 365

Silicon
bridged [n]cyclophanes

heptasila[7]paracyclophane, 400–
401

hexasila[6](2,5)thiophenophane,
401–405

pentasila[5](2,5)thiophenophane,
401–405

bridged [2n]paracyclophanes, 395–
399
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Silicon halides, carbene complexes,
16–17

Silylarylphosphide, crystallization,
46

Sodium
Na–P–O–N system, composition,

223–224
reaction with phosphole tetramer,

98–99
Sodium oxide, complexed clusters of pri-

mary phosphanes and arsanes
NMR and cryoscopy, 253–255
X-ray structure, 246–251

Sodium phosphide, synthesis and charac-
terization, 51–55

Solid-state PON compounds
Na–P–O–N system, 223–224
nitridooxophosphate

Al–P–O–N system, 224–225
Cs3MII

2P6O17N, 221–222
general considerations, 209–210
MI

2MIIP3O8N, 222–223
MI

2MII
2P3O9N, 219–220

MI
3MIIIP3O9N, 219–220

PON sodalite structure, 217–219
oxynitride P4N6O, 216–217
phosphorus oxynitride

cristobalite-type PON, 212
general considerations, 209–210
moganite-type PON, 215–216
preparation, 211–212
quartz-type PON, 212–214

Solutions
arsandiide and phosphandiide dynamic

processes, 277–278
beryllium

acid solution, 116–125
alkaline solution, 125

Strontium metal, reaction with 2,6-di-
tert-butyl 4-methylphenol, 179–
180

Structure–reactivity relationships, pnic-
tides, 240–241

Substituent effects, in malonato com-
plexes, 144

Succinato complex, beryllium ion, 139,
144

Sulfur, carbene complexes, 22–25
Sulfur-donor ligand, phosphine-function-

alized, synthesis, 96–97

Superconductors, definition, 175–
177

Supermesitylphosphides, alkali metal
complexes, 56–57

T

Tellurium, carbene complexes, 22–25
Tertiary phosphine-functionalized li-

gands
C-donor ligands, 89–93
N-donor ligands, 94–95
O-donor ligands, 96–97
S-donor ligands, 96–97

Tetraglyme, with �-diketones, 187–189
Tetrametaphosphimate ions, conforma-

tion, 200–201
Tetrametaphosphimates

characterization, 199
crystal structures, 204–206
formation and decomposition, 200
IR and Raman studies, 199–200

2,2,6,6-Tetramethylheptanedionate, for
CVD precursor preparation, 185

Tetraphosphafulvalene, reaction with Li
or K, 99

3,4,7,8-Tetrasilacycloocta-1,5-diyne, �–�
mixing, 361–362

Tetrasila[2.2](2,5)heterophanes
molecular structure, 384–389
NMR studies, 384–389
octamethyl-1,2,8,9-tetrasila[2.2](2,5)

furanophane, 380–383, 389–390
octamethyl-1,2,8,9-tetrasila[2.2](2,5)

thiophenophane, 380–383
tetrasila[2.2](2,5)pyrrolophane,

383–384
Tetrasila[2.2](2,5)pyrrolophane

preparation, 383
UV spectrum, 383–384

Tetrasodium dication cluster, phos-
phanes and arsanes, 244–246, 252–
253, 257–258

1,2,9,10-Tetrastanna[2.2]paracyclophane,
molecular structure, 372–375

Thiolate complex, phosphine-function-
alized, synthesis, 97
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Tin
bridged [2n]paracyclophanes, 395–399
mixed clusters of arsandiides and phos-

phandiides, 276–277
Tin amides, cyclopropenylidene com-

plexes, 19–20
Tin halide, carbene complexes, 17–19
Tin(II) metalated phosphandiides

molecular structures, 265–267
NMR characterization, 265
preparation, 263–264

Trains, magnetically levitated, supercon-
ductors, 176–177

Trialkyl compounds, carbene complexes,
13–16

Triaryl compounds, carbene complexes,
13–16

Trichlorosilanes, treatment with Li com-
plex, 99–100

Trihalides, Group 13, carbene complexes,
9–11

Trimetaphosphimates
characterization, 199
crystal structures, 201–204
formation and decomposition, 200
ion conformation, 200–201
IR and Raman studies, 199–200

Trimetaphosphimatometallates, crystal
structures, 208–209

Triorganoboron complexes, with car-
benes, 14

Tris(dithiocarbamate) complex, with Bi,
303

U

Ultraviolet spectroscopy
1,2,9,10,17,18-hexasila[2.2.2](1,3,5)

cyclophane, 394
hexasila[6](2,5)thiophenophane, 403
octamethyl-1,2,8,9-tetrasila[2.2](2,5)

furanophane, 380, 382
octamethyl-1,2,8,9-tetrasila[2.2](2,5)

thiophenophane, 380, 382
pentasila[5](2,5)thiophenophane, 403
tetrasila[2.2](2,5)pyrrolophane,

383–384

X

X-ray structure
acyclic molecular ionic PON com-

pounds, 196–197
Al, Ga, and In arsandiides and phos-

phandiides, 270–272
amorphous metallophosphate oxyni-

trides, characterization, 224–
225

Cs3MII
2P6O17N, 221–222

dicopper phosphandiides, 259
Group 14-bridged [2.2]paracyclo-

phanes, 375–377
1,2,9,10,17,18-hexasila[2.2.2](1,3,5)

cyclophane, 392–394
homometallic lithium (di)organophos-

phides, 38–51
magnesium phosphandiides, 261–262
mixed-metalated arsandiides and phos-

phandiides, 278–280
molecular PON compounds, 195
octamethyltetragerma[2.2]paracyclo-

phane, 370–371
pentamethyl cyclopentadieneide pyra-

zine barium compound, 183
phosphoranes and arsanes

complexed clusters, 246–251,
253–255

dimeric Na4As12 cluster, 252–253
mixed-valent clusters, 251–252
tetrasodium-dication cluster,

252–253
Si, Ge, and Sn-bridged [2n]paracyclo-

phanes, 399
tetrametaphosphimates, 204–206
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