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ABSTRACT 

The coordination chemistry of beryllium with particular emphasis on chelates under physiological or 
near physiological conditions is surveyed. Hard donors such as oxygen are emphasized; equilibrium data and 
formation constants are reported as an indication of the strength of the complex. 

A. PRODUCTION 

Beryllium is the most toxic non-radioactive element in the Periodic Table [I], It is 
also the second lightest metal after lithium and its unique properties are a great asset in 
today’s nuclear, aerospace and electronic industries. A wide variety of applications have 
been deveIoped, tanging from aircraft landing gear bushings to undersea telephone cable 
housings; and Tom oil field drilling equipment to golf clubs [2,3 3. The demand for beryl- 
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lium is currently increasing at a rate of ca. 3-5% ammally. The 1985 world production 
was ca. 400 tonnes of beryllium [4]. A further expansion In its utilization is hindered by 
its high price, its complex processing and its toxicity. In September 1990, an accident oc- 
curred in a nuclear fuel processing plant in Ust-Kamenogorsk of the Soviet Union result- 
ing in tonnes of beryllium being released into the atmosphere [S]. The lack of awareness 
of the dangers of pallid poisoning was again hi~i~ted. 

Beryl, (Al~Be&Ots), and bertrandite, (Be~(O~Si~O,), remain the principal mm- 
erals for the extraction of beryllium, and it is here that occupational hazards are most ap- 
parent. Although oral ingestion of beryllium compounds is of minimal concern, inhalation 
of minute amounts (threshold limit value (TLV) = 0.002 mg m-3, cf. HCN, TLV = 10 mg 
m-3) [6] may lead to both acute and chronic effects. An interesting feature of beryllium 
poisoning is that it generally appears only after a significant latent period, most commonly 
5-9 years after termination of exposure. The toxicological, biomedical and environmental 
aspects of beryllium are well documented [3,7,8], however little is known about the bio- 
chemistry of Ben, and the bi~hemical mech~ism of be~lli~ toxicity remain 
speculative. Therefore, there is much interest in the search for suitable ligands as 
antidotes for beryllium poisoning [9]. 

There is at present no universally accepted antidote for beryllium poisoning. 
Problems are encountered due to the toxic nature of the antidotes and the time elapsed 
before its administration. In the event of beryllium poisoning, increased oxygen inhala- 
tion, judicious use of steroids, and absolute bed rest are necessary (there is no clear evi- 
dence that steroids have cured chronic beryllium poisoning). Skim poisoning requires 
surgical removal and, in severe cases, ~pu~tion may be required [lo]. 

In this review, we have surveyed the literature on the coordination chemistry of be- 
ryllium with particular emphasis on chelates under physiological or near physiological 
conditions. Where possible, equilibrium dam have been quoted as formation constants are 
good indicators of the strength of the complex in solution. This will serve as the basis for 
further development in our understanding of the coordination chemistry and the factors 
involved in designing Be” sequestering agents. “Hard” oxygen donor ligands which bind 
strongly to the “hard” Be2+ cations are highlighted as these donors reflect the likely pre- 
requisites for successful complexation. Other aspects of beryllium chemistry are more 
briefly outlined with leading references for further readiig. No attempt has been made to 
cover all aspects of beryllium coordination chemistry. References used in much of the 
earlier work describing the coordination chemistry are given by Everest [l I]. The equi- 
librium dam from the literature up to 197 1 are given by Sillen and Martell [ 121. 

As far as possible, organoberyllium and theoretical beryllium chemistry have been 
omitted. It is interesting to note that the number of theoretical papers on beryllium chem- 
istry outweigh those by experiment. Coates and co-workers [13,14] have covered the 
majority of organoberyllium chemistry up to 1974. Recent reviews and publications on 
both organometallic and theoretical work [15-201 give leading references to the subject 
areas. Hubbe~tey’s reviews [ 151 also cover recent research on other aspects of beryllium 
chemistry through his surveys on l7ze Eierne~~~ of Group 2. 
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B. SOLUTKON CHEMISTRY 

The important aspects of the solution chemistry of the hydrated Ber+ ion in both 
acid and alkalhre media, reported until 1964, have been dealt with by Everest [ 111. This 
includes values for the hydration of the Bere ion and the effects caused by the high charge 
to radius ratio. The most important feature of the hydrated BeZ+ ion is its ready hydrolysis 
to give ~l~ucle~ species such as ~~(O~~]~, where n = 2-4. 

In 1956, Kakiiana and Sill& ]21] carried out the first extensive study of BeZ+ in 
aqueous solution. They concluded that /J3e~(Ow),]3” (1) was the predominant species; 
[13ez(OI_Il13+ (2) and Be(OH)* (3) formed as the minor components under the experimen- 
tal conditions considered. The complex 1 was described as a cyclic structure in which the 
beryllium ions are linked by hydroxyl bridges and the four coordination of the beryllium 
ion is preserved by six water molecules (Fig. 1) Since 1956, there have been many efforts 
to gain more chemical ~fo~ation on the hy~l~c ~havio~ of Billie in aqueous 
solution. For the reaction, 

pBe2+ + qH20 ;=t [BeP(OH),,](*~ - @+ + qH+ (1) 

the equilibrium constant may be defined as 

Bpq= 
[Be~(OH)~~)4]~H’]q 

[Be2’3p 
(2) 

Recent equilibrium data have been reported by Bruno [22], Maeda et al. [23] and Brown 
et al. 1241 with equilibrium constants for complexes 1, 2 and 3, respectively Tom each 
author, of -logio& = 8.656 f 0.002, 8.700 f 0.002 and 8.804 f 0.002, -log10@2, = 
3.23 f 0.05, 3.52 f 0.07 and 2.955 f 0.007, and -logl0~12 = 11.09 f 0.04, 11.54 i 0.06 
and 11.320 f 0.008. It is now believed that species present upon hydrolysis also include 

Eae&Md4+ and [Be6(OH)s14+ in solution. These papers have also surveyed other 
hydrolytic investigations in this area up to the mid-1980s. It is important to note that in 
most of the formulations described above, sophisticated computational and theoretical 
analysis have been used to support the occurrence of the proposed polynuclear hydroxo 

k 

Fig. 1. Proposed structun: of the hydrated [Be3(OH)3]3* (1). 
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Fig. 2. X-Ray structure of Bej(OH)3(pic)s, where pit = picolinate. 

complexes. Kakihana and Sillen’s description of 1 was confirmed in 1974 when the X-ray 
single-crystal structure of Be3(0H)3(pic)3 (4), where pit = picolmate, was determined by 
Faure et al. [25] (Fig. 2). This, together with the solution studies, reflects the high stability 
of the “Bes(OH)s” moiety. 

Connick and Fiat [26] used I70 NMR spectroscopy to confirm the number of water 
molecules in the first coordination sphere of the Be2+ cation. By using I70 enriched water, 
Connick and Fiat were able to separate 170 NMR signals arising from the paramagneti- 
tally shifted free H2170 molecules and the comparatively unshifted [Be(H2r70)J2’ 
cations. 

The first vibrational spectroscopic assignment of alkaline beryllate solutions was 
carried out by Kulikova et al. [27]. The aqua-complex, [Be(H20)4]2+ (5), has characteris- 
tic bands at 520 cm-r and 870-900 cm-*. The band at 520 cm4 is both intrared and Raman 
active and has been unambiguously assigned, by deuteriation, as the or skeletal 

Fig. 3. [Be, + 1(OH)2, + 412- polymers. 
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vibration. The band at 870-900 cm-’ is infrared active. Data have been obtained, 
supporting the assignment of the intrared bands in the range 7OOt750 cm-’ to the 
[Be(OH),J2- (6) complex. Based on lH NMR intensity measurements, Akitt and Duncan 
[28] have shown the presence of 1, 2 and 5 in the hydrolysis reaction of 5. Further 
evidence by NMR was given for exclusive four-coordinate beryllium in solution. 

To summarize, on dissolution in water, beryllium salts rapidly hydrolyze to give a 
series of hydroxo complexes, initially forming mainly the trimer 1, and higher polymers 
near the point of p~~ipi~tion. Further addition of alkali produces polymeric species of 
the form [Be, + r(O& + J*- {Fig. 3) until ul~ately the mononuclear beryllate anion 6 is 
formed. 

C. lNORGANIC SALTS 

The preparation and properties of inorganic beryllim salts have been discussed by 
Everest [ 111. However, the salts are oflen used as starting materials for the formation of 
beryllium complexes and properties which may be of synthetic relevance are addressed 
here. Table 1 lists some of these salts giving solubility in water, equilibrium data, and ref- 
erences where applicable. Both solubility and formation constants are noteworthy factors 
in the study of beryllium chelation in solution. These properties are therefore highlighted. 

Beryllium oxosalts including the carbonate, sulphate, selenate and nitrate, all exist 
as tetrahydrates, and the iodate was described as a dodecahydrate f37]. These often heav- 
ily hydrated salts of pallid have been known for many years. As fm back as 1923, 
Ficke and Schfltufeller [38J concluded that the Be2+ ion is the most heavily hydrated of 
all the bivalent ions. 

TABLE 1 

Formation constants and water solubility of some beryllium salts 

Ligand Formation constants Solubility in water Ref. 

mlo) Cold Hot 

F- j4.j 13.1, 13.4 Infinite Infinite 29,30 
CI- K, 1.11,#82 0.30,/$ 1.40 Very soluble Very soluble 3 1 
Br K] -0.7, /!J* -0.8 Soluble Very soluble 32 
so,2- & 1.78,@3 2.08 42Sa 1oob 33 
NO,- Kl -0.60, #I2 1.62 Very soluble Very soluble 34,31 
p3010 4% 35 
p207 4- 

K(E3eHL.*-) -5.35 
K(BeL*-) 10.08 36 
@BeI%-) 5.98 
K(BQL) 5.37 

*g per 100 cm3, 25°C. 
bg per 100 cm3, 100°C. 
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Fig. 4. Proposed sbucture of the trimer, lBe(O’Bu)al3 (7) 

D. BER~~UM ALKOXIDES 

Relatively little work has been done on pallid alkoxides compared to other 
alkoxides of Group 2. This is despite the fact that in 1929 Schmidt f39J reported the syn- 
thesis of beryllium ethoxide by the reaction of metallic beryllium in ethanol catalyzed by 
iodine or mercuric chloride. Coates and co-workers [40] have syntheshd various beryl- 
lium and a~l~~lli~ a&oxides, by addition of alcohol to an ethereal solution of di- 
methyl beryllium. Depending on the conditions and the alcohol, the species may be di- or 
trimeric. On the basis of ‘H NMR and cryoscopy data, trimeric [Be(OlBu)& (7) (Fig. 4) 
and diieric [Be(OCEt&J2 (8) (Fig. 5) have been proposed. The X-ray crystal structure of 
the trimer [Be(NMe.&, which is ‘“isoelectronic” with 7, was reported in 1967 [4 11. The 
proposed sect of the oligomeric pallid alkoxides bong bridging alcohols 
have been recently confirmed by X-ray studies of halo~~lli~ alkoxides with tert- 
butanol as the bridging ligand for the formation of di- and trimeric species such as 
(BrBeO’Bu*OEt& (Fig. 6) (421 and [Cl~Bes(OBu),l(9) (Fig. 7) [43], respectively. 

A nmber of Alexis and beryllium bimetalic alkoxides have been described by 
A~wal and begot 1441. On the basis of infrared and NMR spectroscopic data, they 
proposed the formation of Be[Al(OR~OR’)~]* (Fig. 8) where R = R’ = Me, Et, “Pr, “Bu, 
iBu, sBu, ‘Am; R = iPr, R’ = Bu, ‘Am. There is a strong tendency for beryllium to aehieve 
rn~~~ (fo~old) coordination. In ~den~te ligated Beb complexes, maximum co- 
ord~ation can be achieved by the use of bridging ligands, thus fo~~g [BeL& polymers. 
Three-coordinate beryllium atoms (e.g. 7, 8 and 9) and two-coordinate beryllium atoms 
(e.g. Be(CMe& [45], Be[N(SiMq)& [46] and bis-(2,6-di-tert-butyl-phenoxy)beryllium 
[47]) are umtsual and exist only as a result of steric constraints. The steric bulk of the 
ligand may also lower the degree of polymerization (e.g. 7 is trimerie 

Fig. 5. Proposed structure of the dimer, [Be(OCEt3)& (8). 
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Br' 

c) 

Br A?-- 

Fig. 6. X-Ray structure of (BrBeO’Bu*OEt& 

Fig. 7. X-Ray structure of [Ci~Be@Bu)~] (9). 
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Fig. 8. Proposed structure of Be[AI(ORXOR’)& type complexes, where R = R’ = Me, Et, “Pr, “Bu, 
iBu, sBu, iAm, R = iPr, R’ = ‘Bu, ‘Am. 

and 8 is dimeric). As one might expect, beryllium alkoxides are highly susceptible to 
hydrolysis. Therefore, the alkoxides play an insignificant role in the biological aspects of 
beryllium chemistry, however, they provide some informative data on the unique be- 
haviour of the BG+ cation. 

E. BERYLLIUM OXIDE CARBOXYLATES 

The carboxylate moiety, RCOz-, possesses two oxygen atoms both of which have 
the capacity to donate electrons. Bidenticity is not observed for beryllium due to the large 
“bite” generated between the two oxygen atoms. However, both oxygen atoms are utilized 
by donation to different beryllium atoms, thus forming polynuclear species. The oxide 
carboxylate, Be40(02CR),, was first demonstrated in 1901 with the synthesis of 
beryllium oxide acetate or “basic beryllium acetate”, Be40(02CMe)6 (10) (Fig. 9), by 
Urbain and Lacombe [48]. The cubic structure was later confirmed by several 
independent workers using X-ray analysis [49-521. The structure may be described as 
four beryllium atoms tetrahedrally arranged with an @- in the centre and the four- 
coordination of beryllium preserved by six bridging acetates along the edges of the 

Fig. 9. Structure of “basic beryllium acetate”, Be40(02CMe)6 (10). 
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nn 

Fig. 10. Structure of Be6O~(O~~Me)s. 

tetrahedron. The principal synthetic route is by reaction of the organic acid or acid 
anhydride with beryllium oxide or hydroxide [53]. Transitions observed in the solid phase 
at higher temperatures (e.g. cubic to mono~l~ic), methods of synthesis and reactivities 
with various reagents are saved by Everest [Ill. In 1975, Atone et al. 1541 
reported the structure of Be602(02CMe)s which has a novel structure consisting of two p4 
oxygen atoms and can be likened to an inverse B& molecule with the four-coordination 
of beryllium preserved by eight bridging acetates (Fig. 10). Be&NO& was first 
synthesized by Addison and Walker [55]; Sipachev et al. [56,57] subsequently confinned 
the ~~-0~0 struc%ure analogous to that of 10 by bgmentation under electron impact and 
gas-phase electron difbction studies. 

Fig. I 1. X-Ray stmcture of ~is-(o~~o)~~liu~. 
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Oxalic acid Malonic acid Maleic acid 
(Ethanedioic acid) (propanedioic acid) (ci.r-Butenedioic acid) 

11 12 13 

OH HO 

o< H>o ox 
. / 

Swcinic acid 

(Butanedioic acid) 

14 

Scheme 1. Dicarboxylic acids. 

Phthalic acid 

(Benzene- 1,2-dicarboxylic acid) 

15 

F. DICARBOXYLIC ACIDS 

It is well known that complexes formed with metal ions are most stable with five- or 
six-membered chelate rings (a more detailed study of chelate ring size on metal ion selec- 
tivity has recently been reported [SS]). Therefore, it is not surprising that considerable 
volume of work has been reported on beryllium complexes derived from oxalic and ma- 
Ionic acids. In fact, the crystal structure of both bis-(oxalato)beryllium and bis- 
(malonato)beryllium dianions have been reported [59,60] (Pigs. 11,12). Both structures 
show the preservation of tetrahedral beryllium by the chelating oxygens. However, a 
comparison of the O-Be-O angles (Table 2) suggests that the beryllium atom in the ma- 
lonato complex is less distorted from a true tetrahedron and hence less strained in the 
solid state. 

In 1962, De Bruin et al. [61] reported the titrametrically determined stability con- 
stants (eqns. (3) and (4)) for beryllium complexes derived from 11 to 15 (Table 3). The 
higher stabilities of the malonate complex is again a reflection of the better “fit” in solu- 
tion as was observed in the solid state. Due et al. [63] reported a more refined 
potentiometry experiment on 12 and 14 beryllium derivatives. Apart from the standard 
stepwise equilibrium constants for BeL (16) and [BeL212- (17), [Be3(0H)sL313- (18) was 
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Fig. 12. X-Ray structure of bis-(malonato)beryllium. 

also identified for both systems and species corresponding to Be(IB& and 
[Be3(OH)$IL]2+ were described for the succinate system. 

B$+ + L2- = [BeL] K, (3) 

[BeL] + L2- = [BeL212- K2 (4) 

Jaber et al. [62] characterized species 1618, derived from oxalic acid, by infrared 
and Raman spectroscopy. By measuring the intensities of the Raman scattering spectra 

TABLE 2 

O-Be-O bond angles (“) of K2[Be(C20&] and K@e(CO$H$O&] 

0(2)-B+o(3) 99.6(2) C(WB+C(3) 109.3(2) 
0(2Pe-o(6) 115.4(2) W)_Be-o(5) 111.0(2) 

0(3)-B&(6) 113.8(2) 0(3)_Be+7) 107.1(2) 
O(6)-Bc-o(6’) 99.7(2) 0(3We+W) 109.6(2) 

W)_Bc-C(7) 111.4(2) 
CWB~(7) 108.3(2) 

=Ref. 59. 
bRef. 60. 
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TABLE 3 

Formation constants for some dicarboxylic derivatives of beryllium 

Acid log10 Kl mo& hho t% loaol% 

Oxalic 4.0Sa, 3.26b 5.91a,5.32b 39.94b 
MaIonic 5.73a, 5.35Q 9.28”, 8.8Y 0.8gC 
Succinic 4.69”, 2.74c 6.43”, 4.3@ 5.07” 2.ooc 
Maleic 4.338 6.46a 
Phthalic 3.978 5.69a 

& = [Be~(OH)~L~3-]/~~+]3[OH-]~[L2-]3 for the oxalate complex. 
0, = [Be3(OH)3L33-]~e3~O~~3+]~L2-]~ for malonate and succinate coinplexes. 

fe~~t~~~~~~,wL2+l~~~~~~~~~3+l~-l. 

bRef: 62. 
cRef. 63. 

over a pH range, stability constants were calculated (Table 3). Subsequen~y, Jaber and 
Thomas-David [64] studied the beryllium malonate complex using 9Be and t3C NMR 
spectroscopy at different pH. Characteristic QBe NMR chemical shifts of 16-18 have been 
identified for the system. Gruenewald and Knoche [65] studied beryllium chelation with 
11-14. From chemical relaxation and stopped flow experiments, rates and equilibrium 
constants were reported for the formation of both BeL fli: = ~eL][H+]/[B~HL)+] = 
(1 f 0.3) x lO-3, (2.2 f 0.2) x 10-2, (2 f 0.5) x 1O-3 and (3 f 1) x 1(/-4 dm3 mol-t, respec- 
tively) and [Be(H (K- ~e~)~~~e(~~~)~] = 17 rt 2, 18 f 2, 30 f 10 and 
30 f 10, respectively. 

G. 2-~~~~OX~C ACIDS (a-Ah-UN0 ACIDS) 

2-Ammocarboxylic acids (or a-amino acids) and derivatives represent an important 
class of ligands that are biochemically relevant. Gn chelation, the dianionic moiety forms 
a five-membered ring with an N-G donor set (Fig. 13). In 1952 and 1953, Perkins [66,67] 
calculated equilibrium data for a whole range of a-amino acid derivatives (Table 4). The 
equilibria data suggest that the overall formation constants, /?z, vary between 11 and 14. 
The substi~en~ ranging &om R = H to 2-~~~~dol-3’-yl) groups appear to have in- 
significant consequences on the overall formation constant. Subtle changes were observed 

Fig. 13. Beryllium chelation of 2-aminocarboxylates. 
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TABLE 4 

B 
HO N-H, 

x 
0 4*Hg R 

Formation constants of various bis~2-~in~~l~o)~lli~ complexes 

R 

-H 

-4H3 
-H, H, = CHs 
-CH20H 
-CH2C02H 
-CH2CONH2 
-H, H, = CGCH2MH2 
-CH2CH3 
-CH3, Hs = CH3 
-CH(OH)CHs 
_(CH&CO,H 
-4P!2hCO~2 

-tCH2h=3 

-CH(CH& 
_(cH2)3m2 
~H2CH2(SCH3~ 

-tCH&CH3 
~H(CH3)CH2C~3 
-CH2CH(CH3h 
-(CH2)3NHCONH2 
_(CH2)4m2 
_(CHMHC(=NWW 
-CH2Ph 
-CH2Cph-p-OH) 
-CH(OH)Ph 

Amino acid ho B2 

Glycine (aminoacetic acid) 13.3 
a-Alanine (2-aminopropanoic acid) 13.1 
Sarcosine (N-methylaminoacetic acid) 13.9 
Serine (2-amino-3-hydroxypropanoic acid) 12.1 
Aspartic acid (aminobutandioic acid) 13.4 
Asparagine (2-~nob~dioic acid&wide) 11.7 
Gly~I~ycine 9.8 
2-~inob~oic acid 12.9 
2-~n~2-rn~ylp~~oic acid 12.4 
Threonine (2-~n~3-hy~~bu~oic acid) 11.9 
Ghrtamic acid (2-aminopentandioic acid) 13.0 
Glutamine (2-aminopentandioic a&d-5-amide) 12.4 
Norvaline (2-aminopentanoic acid) 12.6 
Wine (2-amino-3-methylbutanoic acid) 12.4 
Omithine (2,5-di~ino~~oic acid) 11.7 
~e~ionine ~2-~~~~~yl~io~bu~o~~ acid] 12.0 
Norleucine (2-~inoh~~oic acid) 12.8 
DL-koleucine (2-~in~3-me~yl~~oic acid) 12.6 
DL-Leucine (2-~in~-me~yl~n~oic acid) 13.2 
t.Xitrulline (2~amino-kreidopentanoic acid) 13.0 
Lysine (2,6_diaminohexanoic acid) 11.4 
Arginine (2-amino-S-guanidopentanoic acid) 12.4 
3-Phenylalanine 11.9 
Tyrosine [2-amino-3-(4’-hydroxyphenyl)propanoic acid] 11.1 
3-Phenylserine 11.1 

due to different substituents but essentially the same N-O donor set preserves the same 
value of stability. The variation only reflect the dif%rences of ion~ion constants ob- 
served between the different ligands. Therefore, so long as the ~+amino acid moiety is not 
sterically impeded, then the liiely overall stability constants can be roughly estimated on 
the basis of the ionization constants of the a-amino acid moiety. That is, a linear 
p&,-log& relationship is observed. 

The ,~rep~tion of Be(acach (19) was first reported in the late 180&~ by Combes [68]. 

Numerous crystalline lJ-diketonate derivatives of beryllium have since appeared in 
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the literature. In general, I,3-diketonato complexes of the alkaline earth metals are well 
described [69,70]. Bis-(lJ-diietonato) complexes with a tetmhedrally coordinated beryl- 
lium atom was drop by experiments ranging from optical activity in ~~e~~ 
1,3-diketonato derivatives to X-ray crystallographic studies. The existence of optical iso- 
mers was first demonstrated for complexes of beryllium in 1924 by Burgess and Lowery 
f7 1) who observed that solutions of ~~~~~~ ~y~c~phor undergo a rapid rn~o~- 
tion. Two years later, Mills and Gotts [72] resolved bis~~lp~vato~~~lii~ 
stereoisome~ through the fo~ation of its brucine salt. Resolution of the bis- 
(benzoylacetonato)beryllium complex has been achieved on active quartz, or by copre- 
cipitation [73,74]. Variable temperature ‘H NMR spectroscopy on prochiral isopropyl 
derivatives (e.g. isobu~la~tone and ~ylisobu~~e~~e~ failed to separate the 
resonances characteristic for this optical a&& [75]. Various attempts have been made 
to obtain the correct strut for 19 and recently Onuma and Shibata [76] determined the 
X-ray sect at 119 K for improved accuracy. Crystals of 19 wem found to contain two 
independent molecules (Fig. 14). The geometry around the bet$lium atom is distorted 
tetrahedral with O-Be-0 angles in the range 106.9(2)-l 12.6(2)0. The stnicture is in good 
a~ement with the results previously deter&x&, by both X-ray dif%action at room tem- 
perature [77] and gas-phase electron diEaction studies [78]. 



257 

TABLE 5 

Formation constants of some 1,3-diketonato bzryllimn complexes 

R 

CH3 

CH3 

CH@CH~ 
CH2OCH3 

CH@CH3 
cH2a3 

CH20CHB 
Ph 
Ph 
Mes 
Mes 
Mes 

R’ 

H 
cH3 

H 
CH3 

c2H5 

K3H7 
eC4Hg 
H 
CH3 

H 
:: 

R” lo&o K1 h&2 Ref. 

CHS 12.36 10.94 79,w 
CH3 11.36, 10.15 80 
CH3 11.20 PPt. 80 
CH3 11.65 10.23 80 
CH3 1 I.89 10.65 80 
a3 11.88 10.76 80 
CH, 11.83 IO.64 80 
Ph 13.62 12.41 79,80 
Ph 12.36 PPt* 80 
CH3 11.02 10.05 81 
Ph 11.79 11.12 81 
Mes 10.66 9.74 81 

~~lib~~ studies have been reported for a number of 1,3-~eton~o be~lli~ 
complexes (Table 5). In 1962, Martin and Martin [SO] suggested that, in general, a linear 
pE;6i-logIo K relationship is followed for 1,3-diietonato beryllium complexes (cf. a-amino 
acids). However, there were notable exceptions and these were attriiuted to various types 
of steric ~~m~~ons which may have direct or indiiect consequence on the ch~~a~g 
ability of the &and. A few years later* Uhlemann and Frank [Sl] extended the study with 
equilibrium data for mesitoylacetone, mesitoylbenzoyhnethane and dimesitoylmethane 
derivatives. Ribeiro da Silva and co-workers [82] studied standard enthalpies of formation 
of some 1,3-d~etonates of beryllium. The mean be~lli~~gon homolytic bond 
enthalpies were essentially the same for different 1 f-diketonates; however, the values 
differ (by ca. 10%) on changing to the ahuninium analogue, possibly reflecting the differ- 
ence in electrostatic forces of the two metal ions. 

Kunz et al. [83] reported the major &agmenWion pathways observed in the mass 
spectra of partially fluo~ated his-{1,3~iketon~o)be~lli~ complexes. Apart from the 
molecular ion, initial ~~en~tion proceeds by the loss of the fluorine substi~en~ The 
loss of the CF3 * radical is preferred to the loss of a CH, * radical due to the higher stabii- 
ity of the CF, * radical. In the same paper, Kunz et al, also describe qe NMR studies of 
these complexes. The 9Be NMR chemical shifl for 19 is 2.97 ppm. ~ubsti~i~n of suc- 
cessive CF3 groups results in an upfield shift, this is consistent with the iucreased elec- 
~on-~~~a~ng ability of substituents. However, the trend is reversed on changing from 
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-0 OH 

Fig. 15. Tautomerism of tropolone 20. 

CFs to CzF, to CsF, which suggests that electronegativity is not the only criterion in the 
correlation of 9Be chemical shifts. 

I. TRoPoLoNEP3 

Tropolone (2-hydroxycyclohepta-2,4,6-trier&one) (20) is a seven-membered con- 
jugated carbocyclic compound. Previous theoretical work suggests that 20 may represent 
a non-benzenoid aromatic system which possesses a resonance stabilization tautomer 
(Fig. 15). It is now generally accepted that the contribution Tom the dipolar resonance 
form is small but that 20 and derivatives can be conveniently rationalized as the enol 
forms of 1,2-diketones. On complexation, 20 derivatives form five-membered as opposed 
to six-membered chelate rings displayed by the analogous 1,3-diketones. In many respects 
they share the same ligation properties, except that in general, 20 derivatives form less 
stable beryllium complexes. Another significant reason for the interest in 20 derivatives is 
that they represent the key structural element in a wide range of natural products, many of 
which display interesting biological activity [84]. 

Derivatives of 20 are comparatively difficult to synthesize and despite the potential 
interest in these ligands as chelates for metal ions, the amount of work described, is rela- 

TABLE 6 

Formation constants of some tropolonato beryllium complexes 

Ligand log10 &a 

Tropolone 8.4, 7.4b 
3-Methyltropolone 10.3 
4-Methyltropolone 9.4 
3-Isopropyltropolone 10.7 
4-Isopropyltropolone 9.1,7.oc 
3,4-Benzotropolone 9.2 
4,5-Benzotropolone 8.8 
3-Bromotropolone 8.1 

aRef. 85, unless otherwise stated. 
bRef. 86. 
cRef. 87. 

lwo K2a 

7.0 
9.0 
7.7 
9.1 
7.5 
7.9 
7.4 
7.3 
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tively modest; this is especially true for metals such as beryllium. Equilibrium studies 
(Table 6) on various tropolonato beryllium complexes were first described by Bryant and 
Femelius in 1953-1954 [85]. Since then, there have been few studies on tropolonato be- 
ryllium complexes. Hirai and Oka [86] have redetermined the stability constants of the 20 
beryllium system and correlated loglo Kr with the ionization potentials of various bivalent 
metal ions. Inamo et al. [87] have made a detailed study of 4-isopropyl~polone 
(hinokitiol or /%thujaplicin) with beryllium by variable pressure and temperature, kinetic 
and equilibrium experiments in acidic aqueous solution. On the basis of these results, they 
discuss the reaction mechanism for the complexation of beryllium(I1) ion. They propose 
that the ~te~edia~, ~e(H~~)~~H)]2+ (~iden~e ligation), undergoes rapid ring clo- 
sure to form [Be(H20)&]+ @dentate ligation). 

J. 3-HYDROXY-4~KETO-HETEROCYCLICS 

These are a group of ligands related to the tropolones and 1,3_diketones. The py- 
rone derivatives have been known for a long tie (e.g. malt01 has been reported to be a 
natural product of several plants [88]). The pyrklmone derivatives have a more recent his- 
tory, and is exemplified in nature by m~os~e. These ligands represent recent develop- 

0 0 

OH 

Kajic acid 

1,2-Dimethyl-3-hydroxy- 1-Ethyl-S-hyclroxy-2- 
pyriclir&one ~y~y~~4one 

Scheme 2.3-Hyd~xy-4-k~o-he~o~matics. 
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Fig. 16. Tautomerism of 3-hydroxy-4-keto-heterocycles. 

ment in the chelation therapy of iron overload. Feln is another hard metal ion and the suc- 
cess of the pyridinones in clinical trials has further stimulated interest in them as chelators 
for toxic metals [89-911. 

The ligands have a pseudo-aromatic tantomer formed by jc donation from the het- 
eroatom into the six-membered ring (Fig. 16). Equilib~~ studies on the kojate beryllium 
complexes (Table 7) indicate that these ligands give fo~ation constants comparable to 
the tropolones. We were unable to cite other quantitative data relating these type of lig- 
ands with beryllinm, however Evans and Wong [93] have recently reported the formation 
constants of various pyridinones determined by 9Be NMR spectroscopy. The quantitative 
study was carried out by integral analysis of the NMR data over a wide pH range. The 
9Be NMR spectra revealed separate resonances for the [BefJ$O)~]*+, [BeL]+ and [BeL2] 
species (Fig. 17). These were used to calculate the stepwise formation constants directly. 
The results indicate the stability constants are consistent with that found for the kojic acid 
derivative. The data suggest that the nnusually strong chelation of p~id~ones observed 
with Fen1 does not apply to the Ben cation. 

K.CATECHOLANDRELATEDDIHYDROXYAROMATICS 

Catechol(1 ,Zdihydroxybenzene) (21) and its derivatives are well known for both 
their ability to chelate strongly to metal ions and their “non-innocent” ligand behaviour. 
Many examples are found in nature and examples include gallic acid, pyrogallol, humic 
and tannic acids, dopamine, etc. The coordination of catechols has been widely studied 
for a range of transition metals [94f, however the corresponding complexes for the main 

IXBLE 7 

Formation constants of some 3-hydroxy-4-keto-heteroaromatic derivatives of beryllium 

Ligand log10 K, log10 K2 Reference 

Kojic acid 10.7 7.81 92 
3-Hydroxy-2-methylpyridin+one 8.4 7.2 93 
1,2-Dim~yl-3-hydro~~din~~ne 8.7 7.4 93 
1 -E~yl-3-hydroxy-2-m~ylp~din~-one 8.5 7.3 93 
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IO 8 6 4 2 0 

Fig. 17. Stack plot of %e NMR spectra for the Wdmp), system over a pH range between 2 and 8, 
where dmpH = 1,2-dimell?yl-3-hydroxypyridin-4-one and x = 1 or 2. The [Be(H@412+ ion is 
referenced at 6, 0; [Be(dmp)]+ occurs at 6 ca. 4; and Pe(dmph] occurs at B ca. 7.5 ppm (38.0 
MHz, H&I with D-&I lock). 

HO OH 

HO,S 

Catechol Tiron (45Dihydroxy- 1,3- 
(1 ,2-Dihydroxybenzene) benzenedisulphonic acid) 

OH OH 

HO,S S03H 

Chromotropic acid (45Diiydroxy- 
~~h~~ene-2,7~isulpho~ic acid) 

Scheme 3. Catechol and related dihydroxyaromatics. 
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TABLE 8 
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Formation constants of some dihydroxyaromatic derivatives of beryllium 

Ligand log10 K1 loglo K2 Reference 

Catechol(1 ,Zdihydroxybenzene) 

Tiron (4,5-dihydroxybenzene-1,3-disulphonic 
acid) 

DOPA (3,4-dihydroxyphenylalanine) 
Lawsone (Zhydroxy-1,4-napthquinone) 
Chromotropic acid (4,Sdihydroxynaphthalene- 
2,7-disulphonic acid) 
1 -Hyclroxyanthraquinone 
1,8-Dihydroxyanthraquinone 
1,2-Dihydroxyanthraquinone-3-sulphonic acid 

13.70 
13.52 
13.5 f 0.1 
12.88 
12.20 

5.62 
16.34 
16.20 
12.01 

10.96 

12.02 
9.83 

12.5 f 0.1 
9.37 
9.30 

B2= 11.6 
4.62 

11.85 
12.00 
11.44 
11.44 

97 
98 
99 
98 
93 
67 
92 
98 
93 
92 
92 
98 

group elements have been less well studied. Rosenheim and Lehmann [95] first reported 

the synthesis of bis-(catecholato)beryllium by the reaction of beryllium hydroxide in al- 

kaline solutions of 21. Recent catecholato beryllium complexes have been reported 
mainly with regard to their therapeutic merit. Tiron (4,5-dihydroxy-1,3-benzene-disul- 
phonic acid) (22) has received the most attention in this group of chelates. The sulphonate 
substituents provide both increased water solubility and reduced oxidation to semiqui- 
nones and benzoquinones. Basinger et al. [96] found that 22 was the most effective anti- 
dote for the treatment of beryllium intoxication in mice. As chelates, the equilibrium dam 
(Table 8) suggest that a related ligand, chromotropic acid (4,5-dihydroxynaphthalene-2,7- 
disulphonic acid) (23) is by far the strongest chelate. Essentially both 22 and 23 provide 
similar phenolic O2 donor sets; and the difference in ionization constants does not reflect 
the observed difference in stability. It may indicate the preference of the Ben ion for six- 
membered chelate rings to five-membered chelate rings as demonstrated in the oxalate 

X = H, CH,, Cl, SO,H, NO2 

Fig. 18. Monoazo derivatives of catechol [4-substituted-benzene-( 1 -azo-l’-)-3’,4’-dihydroxyben- 
zene] . 
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Fig. 19. Structure of bis-(P-oxidophemdenonato)beryIlium. 

and malonate analogues described earlier. The quinones and hydroxyquinones have softer 
oxygen donors and as a consequence, lower stabilities, reflecting the “hard” nature of the 
Ben cation . 

Reaction of azo derivatives of catechol (Fig. 18) with beryllium have been studied 
by Basargin et al. [loo]. The fo~ation constants for the 1:l li~~rn~ complexes were 
determined s~~~ophotome~c~~ (-loglo Kr = 8.4,7.8,7.5,6.6 and 5.6 for X = CH,, H, 
Cl, SOsH and NO,. respectively). A correlation was made between the formation constant 
and the variation of ionization constants of the ligand caused by the electronic effects of 
subs&tent X. 

The X-ray crystal structure of bis-(9-oxidophenalenonato)beryllium has been de- 
termined [loll. This represents the only solid state structure determined for complexes 

HO OH 

3 
0 

OH OH 

Glycollic acid 

(Hydroxyacetic acid) 

Maudelic acid 

3-Hydroxypropauoic 

acid 

0 0 

H H w 
HO OH 

Tartaric acid 
(2,3-Dihydroxybutanedioic acid: 

(2-Hydroxy-2-phenylacetic acid) 

Scheme 4. Aliphatic hy~~~~li~ acids. 
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TABLE 9 

Formation constants of some aliphatic hydroxy acid derivatives of pallid 

Ligand 

Glycollic acid (hydroxyacetic acid) 
3-Hy~ox~rop~ojc acid 
Mandelic acid (2-hy~oxy-2-ph~yl~c acid) 
Tartaric acid (2,3-dihydroxybu~~io~c acid) 

log1a Kl Reference 

1.49 * 0.01 102 
1.53 f 0.01 102 
1.64*0*01 102 
2.89 f 0.03 103 
2.57 f 0.01 104 

derived from this set of Iigands. The structure resembles that of the 1,3-diketone analogue 
with approximate tetrahedral geometry at the beryllium centre (Fig. 19). In the same pa- 
per, the electron delo~al~tion of the complex was studied by el~~oc~erni~ and ESR 

spectroscopy. 

L. ALIPHATIC HYDROXYCARBOXYLIC ACIDS 

Complexation of aliphatic hydroxy acids to beryllium is usually weak (Table 9) due 
to the nature of the ligand. Firstly, unlike the carboxylic acids, the hydroxy group is much 
less likely to deprotonate, thus making chelation more difficult. Secondly, the sp3 carbon 
adjacent to the hydroxy group twists the potential chelate ring out of plane and increases 
the size of bite. Both features result in unfavourable chelation and in some cases the acids 
act as &dentate ligands using the ionized earboxylate oxygen only. 

M. SALICYLIC ACIDS 

The salicylic acid derivatives are the most wideIy studied group of ligands for the 
chelation therapy of beryllium poisoning. There are munerous examples of naturally oc- 
curring salicylates (e.g. humic acids) which are known to bind to metal ions [105,106]. 
Beryllium salicylate has been of biological interest since it was first described in 1924 
[95], however the X-ray crystal structure of beryllinm salicylate dibydrate has only re- 
cently been reported (Fig. 20) [ 1071. Previously, BeL 0 2H20 [ 1081 was formulated as BeL 
*3H20 [log] and B~OH)~H)‘2H*O fl lo]. 

As a consequence of the low solubility of the salicylic acid itself, the sulphonated 
analogue, S-sulphosalicylic acid 24 is often used for solution studies. Banks and co-work- 
ers [ 11 I] first reported equilibrium data for these beryllium complexes. Several independ- 
ent workers have also determined equilibrium constants for various beryllium salicylate 
systems {Table 10). The salicylato moiety is formed by ionization of both the carboxylate 
and the phenolate protons. The aromaticity of the phenolate moiety makes for easier ioni- 
zation and the resultant chelate ring is planar (cf. aliphatic hydroxycarboxyIic acids}. The 
substituent effects on the formation constants of beryllinm salicylates have been described 
by Evans and Wong [93]. The electronic differences between S-nitrosalicylic acid and 5- 
s~phosalicylic acid are small and this is reflected in the formation constants. The in- 
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f/O 4” 

S03H 

Salicylic acid 5-Sulphosalicyk acid 

5-Nitrosalicylic acid 

Scheme 5. Salicylic acids. 

3,5-Dinitrosalicylic acid 

creased electronegativity of 3,5-dinitrosalicylic acid over 5-nitrosalicylic acid decrease 
the ionization constant of the ligand. As a consequence, the formation constants of the 
3,5-dinitrosalicylate beryllium system have also been lowered compared with the 5-nitro- 
salicylate beryllium system. This reflects the similarity between the proton and the B&+ 
cation. That is, as with the 2-aminocarboxylates and 1,3diietonates there is, in general, a 
linear pK,-logI K relationship for the complexes in solution. 

TABLE 10 

Formation constants of some salicylate beryllium complexes 

Ligand loglo KI loglo K2 Reference 

Salicylic acid 

5-Sulphosalicylic acid 

5-Nitrosalicylic acid 
3,5-Dinitrosakylic acid 

12.45 8.50 112 
12.61 9.99 61 
12.37 9.65 98 
11.52 8.90 112 
11.54 8.89 98 
11.2 8.5 93 
10.1 8.0 93 
7.8 5.5 93 
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Fig. 20. X-Ray structu~ of beryllium salicytate dihydrate. 

N. AURIN TRICARBOXYLIC ACID 

Aurin tricarboxylic acid (ATA, Fig. 21) is used as an analytical reagent for the de- 
termination of AP in solution, hence the trivial name, ahuninbn, has oRen been adopted. 
Following the first quantitative studies of the Be-ATA system by Kosel and Neuman 

HO OH 

Fig. 21. Structure of aurin trtcarboxytic acid, ATA. 
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[113]; Lindenbaum, White, Schubert and co-workers [114-1201 invest&ted the effec- 
tiveness of ATA as an antidote for acute experimental beryllium poisoning in mice. The 
chemical composition of ATA is essentially that of three salicylic acid derivatives joined 
together at the 5- position by a carbon atom. Each salicylate moiety is an effective 
chelate, and in solution one or more of the salicylate moieties chelalte with beryllium 
which results in an insoluble compound or *‘lake formation”. This effectively ~obil~es 
the Be2* ion and thus inactivates the toxicity. Unfortunately, unless ATA is administered 
in time, irreversible cellular damage will occur. Thrun [ 1211 indicated that two molecules 
of ATA to one of Be are necessary for lake formation, but that an excess of about 20: 1 is 
required to give maximum stability to the lake. In view of the number of biological ex- 
periments carried out using ATA, its coordination chemistry remains weak. The stability 
of the Be-ATA complex is more than ten times greater than that formed by salicylic acid 
and more than three times greater than that formed by 24 1: 1181. The greater effectiveness 
of ATA compared to the other compounds were principally ascribed to it forming a much 
stronger cheiate and because it is bound far more strongly to proteins (where the ionized 
Be2+ are aggregated). Contrary to these early experiments, Basinger et al. 1963 found that 
ATA was not as effative as some other simple chelates such as 22. 

Oxine 

(8Hydroxyquinoline) 

OH 

Z-(~-Hy~oxyphenyl)- 
benzoxazole 

N-Isopropylsalicylaldimine 

N 

~~ 

’ \ 
s 

2-(a-Hydroxyphenyl)- 
~n~~i~le 

Scheme 6. Mi~ell~eous chef&s, 
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0. MISCELLANEOUS CHELATES 

The crystal structure of an N-O chelate, 4, determined by Faure et al. [25] has al- 
ready been discussed. 

8-Hydroxyquinoline (oxine) and substituted derivatives have been investigated with 
various M3+ cations: t&-(8-hydroxyquinolinato) and tris-(8-hydroxy-2-methylquinoli- 
nato) (25) complexes have been successfully prepared for various M3+ cations with one 
notable exception, the A13+ cation, which did not form the tris-chelate with 25. This has 
been attributed to the very small size of the AP+ ion causing substantial steric hindrance 
of the 2-methyl groups in a hypothetical complex. The even smaller B$+ ion however 
forms the analogous bis-chelate (Fig. 22) [122]. The steric hindrance has been compen- 
sated for by the change from octahedral to tetrahedral geometry. 

Bottino et al. [ 1231 have used variable temperature ‘H NMR spectroscopy to inves- 
tigate the free energy of activation (22.1 kcal moP at 139%) of the enantiomerization 
process in bis-(N-isopropylsalicylaldiminato)beryllium complex in 1,2dichlorobenzene. 
The enantiomerixation process was found to be reversible with no decomposition or bond 
rupture processes occurring. The free energy was comparable to the reported values in 
other optically active systems [71,72]. 

Few examples exist where beryllium is chelated solely to nitrogen donors. 
Beryllium-phthalocyanine (Fig. 23) has been successfully prepared by Linstead and co- 
workers [124]. The geometry of the molecule forces the beryllium to adopt a planar con- 
figuration in contrast to its normal tetrahedral arrangement. It is therefore not surprising 
that the complex is unstable and hydrolyses to form the dihydrate where presumably the 

Fig. 22. X-Ray structure of bis-(8-hydroxy-2-methylquinolinato)beryllium. 
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Fig. 23. Structure of the beryllium-phthalocyanine complex. 

two Be-N bonds are broken and replaced by water molecules at distorted tetrahedral an- 
gles. 

Gladilovich and Stolyarov 11251 studied beryllium complexes derived from 2-(o- 
hy~ox~henyl)~ox~le (26) and 2~~hy~o~h~yl)~~~i~le (27) by spectro- 
photometric and hnninescence methods, and found that at least three complexes are 
formed: BeL+, Be(CIH)L and Beb. By a comparison of 26 and 27 beryllium derivatives, 
sulphur donors were considered too soft for chelation. 

P. CONCLUSIONS 

The be~lli~ cation binds strongly to hard oxygen donors. There are few examples 
of strong Be-N bonds and sulphur donors are non-existent. Uniden~~ ligands usually 
bind weakly and have a tendency to be replaced by hydroxyl moieties. Bide&&e 
catecholate and salicylates have the most favonrable properties. Both types of chelates 
possess hard oxygen donors with easily ionizable protons due to x electron delocaliza- 
tion. The catecholates form five-membered chelate rings whilst the salicylates form six- 
membered chelate rings. The geometry of the six-membered chelates gives a smaller bite 
which is favoured by the small Be2+ ion. The linear pK-logn,#12 relationship observed for 
a number of systems reflect the similarities of the BeZ+ ion with the H+ ion. 

There are at present no Ben specific sequestering agents. ATA, which possesses 
three salicylate moieties, remain the primary antidotal agent for beryllinm poisoning. 
There is obvious potential for designing specific encapsulating ligands which have ideal 
tetrahedral cavity for the Ben ion. 
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