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A. INTRODUCTION 

The dihydroxydicarboxylic acid, tartaric acid, and its anions react readily 
with metal ions to form a variety of complexes, many of which are well-known 
(tartar emetic, Fehling’s solution, boro- and ferric tartrates, etc.) and have well- 
characterized properties. Despite extensive investigations, however, the structures 
of most metallotartrates have remained extremely uncertain. This uncertainty, for 
the most part, is a result of 1) the presence of several possible coordination sites 
in the tartrato ligand, 2) the presence of four potentially ionizable protons in 
tartaric acid, and 3) the possibility of-and perhaps tendency towards-molecular 
association owing to the polydentate nature of the tartrate group. Thus the tar- 
trate group atoms which are actually coordinated, the state of ionization of the 
ligand, and the degree of aggregation of the coordinated species are still uncertain 
for a great many of the tartrato complexes, although a multitude of structures have 
been proposed. This problem, with ample reference to early work, has been dis- 
cussed by several authors1-3. 

Since 1964, several X-ray structure determinations and chemical investiga- 
tions have shown the existence of a stereochemically unique binuclear structure 
for tartrato complexes of antimony(III) and vanadyl(IV). Investigations have also 
implied the presence of a similar structure for two chromium(III) tartrate deriva- 
tives. The anionic complexes contain two metal ions bridged by two tetradentate 
tartrato(4) ligands. (The tetranegative ligands are formed from tartaric acid when 
all the carboxyl and hydroxyl groups have been ionized.) 

In this article, we shall discuss the stereochemistry of these tartrato(4) 
bridged dimers. The geometries of the various vanadyl(IV) and antimony(III) 
tartrate complexes will first be examined separately and then compared with each 
other and with the geometries of related compounds whose structures are known. 
The possible isomers, both known and unknown, and their related stabilities will 
also be discussed. Possible reasons for the geometrical differences among the va- 
rious tartrato(4-) complexes and for the relative stabilities of the isomers will then 



be presented. In so doing, we will have occasion to examine the conformations and 
geometries determined for the tartrate groups in other tartrate compounds. Finally, 
evidence indicating the existence of similar tartrato(4-)-bridged binuclear species 
in other metallotartrate systems will be cited and discussed. 

B. VANADYL(W) TARTRATES 

(i) Chemistry and properties 

The 1: 1 complex formed by tartrate ion and vanadyI(IV) ion (VO”) in 
aqueous solution above pH 7 can be isolated as salts having the empirical formula 
M&,~O(C,H,O,)J - xH,O, where M is a univalent or divalent cation4-?. Al- 
though various states of ionization were proposed for the tartrate group in these 
complexes8*‘, the stoichiometries of the salts isolated, spectral studies”, and 
potentiometric titrations of vanadyl(IV) tartrate solutionsl’ indicated that the 
tartrate ligand was both tetranegative and in a quadridentate coordination to the 
vanadyl(IV) ion. Until recently, the complex was usually assumed’* to consist of 
a va~adyl~ ion, around which was wrapped the tartrato(4-) group to give the 
square-pyramidal coordination geometry which has since been found to be char- 
acteristic of most vanadyl(fV) compounds’3-’ ‘* 13’ : 

Molecular models, however, indicated that a monomeric 1: 1 v~adyl~~ 
complex containing a quadridentate tartrate group would be impossibly strained 
for any reasonable geometry about the vanadyl(IV) ion*‘. Moreover, spectral dif- 
ferences between aqueous solutions of vanadyl(IV) ion with active and racemic 
tartaric acids at about pH 7 showed that the 1: 1 anionic complexes present could 
not be monomeric20*21. Based upon molecular weight determinations, e.p.r. spec- 
tra, and potentiometric titration data, tartrato(4-)-bridged binuclear structures 
were proposed for the tartrato complexes present in the active (Fig. 1) and racemic 
(Fig. 2) solutions ‘* The essential features of these proposed structures have re- . 

cently been verified by X-ray structure determinations on the salts (JSH4)4[(VO)2- 

(d-b&f - 2H202* and ~a*[~O)~(~-ta~) (Z-tart)] - 12H2023, where %rt” de- 
signates the ~rtrato(~) (C4H20e-4) ligand. 

Coordim Chem. Rev., 4 (1969) 323-359 



326 R. E. TAPSCOTT, R. L. BELFORD, I. C. PAUL 

Fig. 1. Idealized geometry for the [(VO)z(d-tart),l*- (active) complex. 

(ii) Structure 

The vanadyl(IV) tartrate complex formed with active (d) tartaric acid con- 
tains two &tartrato(4-) bridging groups whereas that formed with racemic (dr) 
tartaric acid contains two bridging groups of opposite enantiomeric form. For 
convenience, these isomeric forms will be referred to as dd and dl. 

If all chemically equivalent bond lengths and bond angles were equal, the 
dd isomer would possess D, symmetry with three mutually perpendicular twofold 
rotation axes (Fig. 1). Only the rotation axis perpendicular to the central carbon- 
carbon bonds of the bridging groups is required by crystallographic symmetry for 
the anionic complex 22 found in (NHJ&VO),(d-tart),1 - 2H,O. Therefore, the two 
tartrato groups iu the dimer are unrelated by symmetry, although each possesses 
C, symmetry. The angle of 177.3 deg. (calculated from the atomic positions re- 
ported for the ammonium salt) between either vanadyl group and the vanadium- 
vanadium vector shows that the V02+ ions are approximately collinear. Collinear- 
ity of the vanadyl@V) groups is required for perfect D, symmetry. 

A dl-type dimer ideally would be centrosymmetric with symmetry C2,,, the 
twofold rotation axis passing through the central carbonxarbon bonds of the 
tartrato(4-) bridges (Fig. 2). The anionic complex found in Na.&VO),(d-tart)- 
(Z-t&t)] - 12H,O, however, is required by crystallographic symmetry to have only 
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Fig. 2. Idealized geometry for the [(V&&art) (f-tart)14- (racemic) complex. 

an inversion center. Molecular models indicate that the vanadyl ions in the racemic 
complex will be parallel but not collinear. This prediction is supported by the 
observed vanadyl oxygen-vanadium-vanadium angle of 152.1 deg. in the d2 iso- 
mer23. 

The presence of two different tartrate enantiomers and the restrictions im- 
posed by the binuclear structute require the dt dimer to have a cis coordination 
geometry about the vanadium atom (Fig. 3). A ?runs coordination in a vanadyl(IV) 

I cis 
I 

Fig. 3. Cis and irans coordination geometries of the df and ti vanadyl~~ tartrate dimen. 

Fig. 4. Pseudo-trigonal-bipyramidaI coordination geometry (exaggerated) of the dd isomer of’ 
vanadyI(iV) tartrate. 

Cowdin. chefn. Rev., 4 (1969) 323359 
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dimer bridged by one d- and one Hartrato(4-) ligand is impossible for any reason- 
able geometry for the complex. On the other hand, the presence of two ligar ‘s of 
the same enantiomeric form requires a tram coordination geometry in the dd 
(or Jr) complex. 

In addition, there is another dissimilarity between the coordialation geome- 
tries of the active and racemic vanadyl(IV) tartrate species. As is found in the 
majority of vanadyfo complexes l 3-1 9, the d2 anionic complex of sodium vana- 
dyi(IV) tartrate exhibits an appro~mately ~u~~y~id~ coordination geo- 
med3. .The coordination geometry determined for the dd isomer in the ammo- 
nium salt, however, is decidedly distorted from a square pyramid and, in fact, 
resembles a trigonal bipyramid with the hydroxyl oxygen atoms ancl the vanadyl 
oxygen atom occupying equatorial sites and the coordinating carboxyl oxygen 
atoms occupyings2 axial positions (Fig. 4). Similar distortions from a square pyra- 
mid have been found by X-ray structure determinations in only three other vana- 
dyl(IV) compounds - dic~orobis(t~methylamine)oxovanadium~V), in which the 
bond angles describe an almost perfect trigonal bip~id with the ~Methylamine 
groups a&l and the chlorine and vanadyl oxygen atoms equatoria12’ ; vanadyl(IV) 
p~din~2,~i~~xylate tetrahydrate, which is also tmm but has a sixth co- 
ordination and exhibits only a small distortion25 ; and the mixed sodium-tetra- 
e~yl~mo~um salt of di~~ilato(2-)oxov~adium~ diisoprop~tolate26. The 
latter structure is of particular interest’since the complex contains two fully ionized 
benzilic (diphenylglycollic) acid groups coordinated truns with a distorted coordina- 
tion geometry somewhat similar to that found in the ddvanadyl(IV) tartrate isomer. 
It should be noted that the v~adyl~~ dibenzilate anionic complex is the only 

TABLE 1 

COORDINATlON GEOMETRIES OF VANADYt(lV) a-HYDROXYCARBOXYLATESa 
--y __-i -_...----. ---.--- --.. I_--...-.---I.~ 

Compound Bond angleb Bond iengt hb Ref. 
-Axial EquatoriaC Axial Ekpiatiwial 

Perfect trigonal bipyramid 180 120 
~H~).[~D)~(d-~~)zl* 2tfzO 161.9(7) 123.2(7) 2.01(2) 1,79(2) 22 

2.03(2) 1.93(2) 
Na&VO)zfd-tart) (i-tart)] = 12Hz0 143.7(2)* 2.004(6)d 23 

fSOS(2) 1.994+5) 
1.902(+5) 
I.917(15) 

Na[(C2H&N] fvO@enz)~I - 2isoc 151.6(S) 132.9(5)= 1370(9) I .900(S) 26 
1*971(S) 1.933(S) 

* See Fig. 4 for definition of axial and equatorial parameters. b Bond angles are in degrees and 
lengths, in &stroms. The e.s.d. of the last figure is in parentheses. c CalcuLited from the 
reported atomic positions and standard deviations. d Since the racemic vanad:rl@V) tartrate 
complex is approximately square-plods, the designations “axial” and “equatorial” do not 
apply. The angles given are the trun.r bond angles, The first two bond lengths involve carboxyi 
and the second two, hydroxyl oxygen atoms. * Sodium tetraethylammonium diberzilato(2-)oxo- 
vanadium(W) diisopropanolate. 
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complex containing a fully ionized (i.e., both the hydroxyl and carboxyl protons 
are missing) a-hydroxy~r~xylate ligand whose structure has been determined by 
X-ray methods other than the tartrato(4-) complexes of vanadyl(IV) and anti- 
mony(IXI) discussed herein. ” 

Table 1 presents some of the coordination bonding parameters found for the 
three vanadyl(IV) a-hydroxycarboxylates whose structures have been determined. 
In both the dd tartrato(4-) and the dibenzilato(2-) complexes, the carboxyl oxygen 
atoms are pseudo-axial, and the hydroxyl oxygen atoms are pseudo-equatorial. 

As Table 1 shows, the active tartrato@-) complex is very definitely distorted 
toward a trigonal-bipyramidal coordination geometry, while the racemic tartra- 
to(4-) complex is approximately square-pyramidal. The dibenzilato(2-) derivative 
exhibits a geometry intermediate between those of the two tar&&o@) isomers. 
These differences will be discussed later in this article. 

The hydroxyl oxygen-vanadium bond lengths cited in Table I are sign&- 
antly shorter than the carboxyl oxygen-vanadium bond lengths. In fact, the vana- 
dium-hydroxyl oxygen distances of about 1.9 A in these complexes are si~~~~y 
shorter than any other vanadium-ligand distance reported’3-1 g*2472 5*X3’ for a vana- 
dyl(IV) complex (excluding the vanadyl group bond length) with the single excep= 
tion2’ of V204, in which a sharp distinction cannot be drawn between the vanadyl 
group and other vanadium-oxygen pairs. The very short coordination distances 
involving the ionized hydroxyl group imply a strong tram ~rturbation in the 
active vanadyl(W) tartrate complex and the unusual splitting of the d-d absorption 
bands exhibited by this isomer has been explained accordingly26*28. 

(iii) Isomer stabilities 

The structural differences between the dd and dl vanadyl(IV) tartrate dimers 
result in significant dissimilarities in their optical and e.s.r. spectra and stabilities. 
It is clear that the racemic complex is more stable than the active one2*, since 
otherwise the dl dimer would disproportionate in solution to give a racemic (dd 
and @ mixture, which would not differ si~ifi~tly from a caution containing 
only the dd (or N) form 142. Contrarv to what is often expected for diastereoisomeric 
systems , 21 large spectral differences are observed between the dd and df isomers. 
It is apparent, therefore, that when polynuclear species are present, stereospecific’ 
effects can cause large differences in the properties of diastereoisomeric complexes. 

Since tartaric acid also has a Meso isomer (Fig. S), there is the possibility of 
other vanadyl(IV) tartrate isomers containing meso-tartrato(4) bridging groups--- 
the enantiomeric pair mem-d and meso4 (both of which would contain one vana- 
dyl(lV) ion in a trans coordination and one in a cis and neither of which cobId 
exhibit any symmetry elements) and an optically inactive meso-meso dimer. The 
last isomer woutd provide interesting possibilities for isome~sm since both cis 

(C,, symmetry) and trans (C2,, y s mmetry) forms are sterically feasible (Fig. 6). 

Comiin. C&em. Rev., 4 (1969) 323-359 
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Fig. 5. Isomers of tartaric acid. 

Attempted syntheses and potentiometric titration studies, however, imply that 
vanadyl(lV) biuuclear species containing meso-tartrato(4-) groups are non-existent 
or at least very unstable 28Jg. Thus the apparent stability ordering for the various 
isomers of vanadyl(IV) tartrate is df > dd 3 meso-meso, mesa-d, or meso-f. 

cis 

Fig. 6. Hypothetical meso-meso tartrato(4-)-bridged vanadyI(IV) dimem. 

C. ANTINONY(f~I) 1-ARTRATES 

(i) Chemistry and properties 

The structures of tartar emetic (potassium antimony tart&e-a compound 
of pharmace&cal importance for over 300 years3’} and other antimo~y(~~~ iar- 
trate salts have, until very recently, been vigorously debated3*30-33. Ordinary 

tartar emetic is often referred to as potassium antimony1 tartrate31; however, for 
some time it has been generally accepted that there is no discrete antimony1 (SbO+) 
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ion present3*34. Based upon the empirical formula KSbC4H50,_5 for solid crys- 
talline tartar emetic, structural formulae such as K(SbO)C,H,O, - 3H,O (ref. 35, 
36) K(SbOH)C4H306 l &H,O (ref. 37) and KSb(H,0)C4H206 l 4H20 (ref. 38). 
or KSbC4H,06 - lfH,O (ref. 39), (containing, respectively, dinegative, trinegative, 
and tetranegative tartrate groups) have been proposed. That antimony(W) would 
form hydrolytically stable complexes at higher pH only with carboxylates which 
contained ar-hydroxy groups indicated that one or both of the tartrate hydroxy 
groups were ionized and coordinated40a41, a conclusion which has also been 
reached by examination of potentiometrio titration data42. The structure until 
recently generally accepted jt31 for the anionic complex present in tartar emetic was 
that which was proposed by Reihlen and Hezel-namely, a monomeric species 
containing a tetranegative tridentate tartrate ligand38. The observed acidity of 
tartar emetic solutions was explained by proposing that a fourth antimony co- 
ordination site was occupied by a water molecule capable of ionizing in solu- 
tion38. Other explanations for this acidity have, however, been advanced37*43- 

In 1964, an X-ray structure determination (the first on any tartrate complex) 
showed the presence of a tartrato(4-)-bridged binuclear complex in racemic am- 
monium antimony(III) tartrate 44 &(NH4)JSb,(tart),] - 4H20. This compound , 
should therefore be designated as racemic diammonium di-p-tartrato(4-)-bis(anti- 
monate(lII)) tetrahydrate, although for simplicity we will simply refer to it as 
racemic ammonium antimony(II1) tartrate. Additional X-ray structure investiga- 
tions have since determined that tartrato(4-)-bridged complexes are also present 
in several other antimony(III) tartrate salts-namely, Z-tris(l,lO-phenanthroline)- 
iron(H) antimony(II1) d-tartrate octahydrate4’, Z-Fe(phen)3[Sb,(&art)2] - 8H20; 
theisomorphous active potassium (ordinary tartar emetic)46 and ammonium47 salts, 
M,[Sb,(d-tart),] - 3H20; and the racemic potassium salt48, dl-K,[Sb,(tart),] - 

3H20. Unfortunately, a preliminary report 4g based on an incomplete two-dimen- , 

sional X-ray structure determination, erroneously stated that the latter compound 
contained monomeric complex anions with a structure similar to that proposed 
by Reihlen and HezeP8. 

It is surprising that a dimeric structure with tetranegative tartrate ligands 
had not been deduced previous to the X-ray structural studies for the antimony(II1) 
tartrate complexes, which have probably been investigated more thoroughly than 
have any other tartrato complexes. That the formulae of many antimony(III) 
tartrate salts give the number of water molecules per antimony atom as an odd 
multiple of one-half induced some early workers to propose a dimeric (though not 

Coordin. Gem. Rev., 4 (1969) 323-359 
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a tartrato(4)bridged) structure for the complex anion present “. Moreover, 
Kahlenberg as early’ ’ as 1895, and, later, Reihlen and Heze13’ reported that the 
freezing point depression of solutions of antimony(III) tartrate salts was incon- 
sistent with a monomeric complex_ The latter workers, however, rejected a dimeric 
structure and concluded that the anomalous colligative properties were the result 
of simple intermolecular association in the comparatively concentrated solutions 
studied. They based their conclusion on the known tendencies of carboxylic acids 
and carboxylates to associate in solution and on their observation that the freezing 
point depression of antimony(III) tartrate solutions indicated a progressive decline 
of molecular association with dilution. This concentration dependence of the ap- 
parent molecular association has been noted by others32*52. 

Many workers have shown that when ordinary tartar emetic is dried, 13 
moles of water are lost for each mole of antimony present28’33V34*53. The 
residue obtained is water-soluble and crystalline tartar emetic is obtained again 
upon evaporation of the solution, observations which indicate that no destruction 
of the complex has occurred to give, for instance, Sb,O,. These results indicate 
that 13 moles of water of crystallization per antimony are given off when potas- 
sium antimony(II1) tartrate is dried and agree with the simple formula KSbC4- 
H20s - 14 H,O (as determined conclusively from the crystal structure determina- 
tion)46. Schmidt3’, in fact, proposed tetradentate coordination of a tartrato(4-) 
ligand in these antimony(II1) complexes. Reihlen and Hezel, however, rejected 
such a structure as sterically unlikely (for a monomer)38. 

Perhaps an unwillingness on the part of many workers to believe that protons 
are Iost from both the hydroxyl and carboxyl positions of the tartrate ligand in 
the relatively acidic media in which tartar emetic formss4 has hindered the ac- 
ceptance of a quadridentate tartrato(4-) ligand even though ionization of a-hydroxy 
groups upon coordination at lower pH in other a-hydroxycarboxylatometallate 
systems has previously been reported 55*56_ It is now irrefutable, however, that 
tartaric acid can and often does act as a quadridentate tetranegative ligand even 
under relatively acidic conditions. 

(ii) Structure 

The X-ray structure determinations4448 show the geometry of the anti- 
mony(III) binuclear tartrato(P) dinegative complex (Fig. 7) to be strikingly similar 
to that of the vanadyl(IV) tartrato(4-)-bridged dd isomer (Fig. 1). All of the anti- 
mony(II1) tartrate salts whose structures have been determined contain tartrato(4-)- 
bridged dimers of the dd (or ZZ) type (which are necessarily tram) with a four- 
coordinate, pseudo-trigonal-bipyramidal coordination geometry. The fifth position 
of the antimony(III) coordination (Le., the equatorial site occupied by the vanadyl 
oxygen atom in the analogous vanadyl(IV) compound-Fig. 4). Presumably con- 
tains a lone pair of electrons “. Precisely such a coordination geometry had pre- 
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Fig. 7. Geometry of the antimony(ILI) tartrato(rl-)-bridged binuclear complex. 

TABLE 2 

COORDINATION GEOMETRIES REPORTE-&FOR TARTRATO@-)-BRIDGED ANTIMONY(III) DIMERS AND FOR 

OTHER PSEUDO-TRIGGNAL-BIPYRAMIDAL ANTIhlONY(III) COMPOUNDS= 

Compound Bond angleb Bond lengthb Coordinated Ref 

Axial Equatorial Axial Equatorial atom 

Perfect trigonal bipyramid 180 120 
Tartrato(rf-)-bridged dimers 

df-(NH&[Sb,(tart),] - 4Hz0’ 149 98 2.14 2.03 0 44 
2.16 2.04 

I-Fe@hen)s[Sb,(d-tar&] - 8H20C 153(l) 100(l) 2.13(4) l-93(4) 0 45 
2.16(4) 1.94(4) 

Kz[Sbz(d-tart)J - 3Hz0 46 
Sbl“ 148 99 2.11 1.97 0 

2.11 1.99 
Sb,l 152 95 2.18 1.98 0 

2.19 2.01 

(NH&lSb,(d-tart),] - 3H20c*C 47 
Sbzd 152 96 2.12 1.94 0 

2.28 2.02 
Sbz 144 111 1.96 2.05 0 

2.26 2.07 
dl-KJSb,(tart),] - 3H,0C*f 

Sb Id 148 93 2.19 2.04 0 
48 

Sb 2 

Averag@ : 

2.22 2.13 
151 105 2.14 1.89 0 

2.23 
15Oi2) lOO(4) 

2.10 
2.16(5) 2.01(5) 

lcontinuedJ 

Coordin. Chem. ‘Rev., 4 (1969) 323-359 
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TABLE 2 fconrinmdj 

compound Bond angk+ Bond iengtiP Coordinated. ReJ 

Axial Equatorial Axial Equatorial atom 

Other pseudo-trrgonal-bipyromidat complexes 

SbNbOjh - 150.7(4) 92-l(4) 

/%Sb.O, 148.1(4) 87.9(4) 

NaSbF,‘*‘*’ 148 85 

Sb.,OSClze*’ 149 97 

Sb,OsBr,‘*‘*’ 154 95 

CsSbzF, C.C.k 135 88 

SbOCI’~‘*J 138 80 

SbaOlo(OH)&=.’ 
Sbld 

Sbz 

Sbs 

Sk 

ESbeOs(OHM- 
[(OHL~U-LO)I +.lC~ez tx 

(CsHsNH) [SbClalm 

HISbGH,OSM’ 

SbCI&sH5NHzP 

145 

145 

145 

145 

143 

157.6 

194(2) 

103 

80 

100 

101 

85 

94 

97.5 

96-l(6) 

2.134(g) 2.008(9) 0 63 
2.331(9) 2.035(9) 
2.218(P) 2.032(P) 0 64 
2.218(g) 2.032(9) 
2.08 1.93(10-20) F 65 
(10-20) 
2.19 2.03(10-20) 
(10-20) 

2.02 1.89 
2.06 2.22 
2.03 1.89 
2.07 2.25 
2.02 2.08 
2.22 2.37 
2.1 l(30) 2.00(30) 
2.18(30) 2.18(30) 

2.17 2.03 
2.17 2.20 
2.17 2.04 
2.17 2.24 
2.17 2.03 
2.17 2.24 
2.17 2.02 
2.17 2.22 

0 66 

0 66 

F 67 

0 68 

69 
0 

0 

0 

0 

2.15(30) 2.04(30) 
2.15(30) 2.17(30) 
2.63 2.38 
2.63 2.38 
2.26(2) 2.426(8) 
2.30(2) 2.43 l(8) 
3.52(4) 2.32(l) 
2.54(2) 2.34(2) 
2.16(5) 2.09(10) 

0 70 

Cl 71 

0, S 72 

CI,N 138 

Average” : 147(4) 92(7) 

a See Fig. 7 for definition of axial and equatorial parameters. b Bond angles are in degrees and 
lengths, in Angstroms. Where known, the e.s.d. of the last figure is in parentheses. c Bonding 
parameters were calculated from the reported atomic positions. * The nomenclature in the 
original paper was used for these crystallographically nonequivalent antimony atoms. ’ Positions 
of the light atoms are very uncertain. r Partially refined structure. g Unweighted average over 
all antimony sites with mean absolute deviation of the last figure in parentheses. h An additional 
oxygen atom lies at 2.58 A from the antimony atom. J The antimony atom has a fivefold co- 
ordination if a fluorine atom at 2.5 A is included. J Other, crystallographically nonequivalent 
antimony(II1) atoms, which do not exhibit a pseudo-trigonal-bipytnidal fourfold coordination, 
are present. Ir The fluorine atom positions are questioned in a later paper73. r The isomorphous 
bromine compound exhibits very similar bond parameters. m Pyridinium tetrachloroantimo- 
nate(II1). The antimony atom is reported as hexacoordinate, but if two chlorine atoms at 3.12 A 
are neglected, the geometry is pseudo-trigonal-bipyramidal. n Hydrogen bis(thioglycollato(2-))- 
antimonate(II1). Oxygen atoms occupy the axial positions and sulfur atoms, the equatorial posi- 
tiOllS_ o Unweighted average for bonds invoIving oxygen coordination with mean absolute 
deviation of the last figure in parentheses. p Antimony trichloride - aniline acceptor- donor 
complex. The nitrogen atom is axial. 
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viously been predicted (for a monomer) ’ *. Both the axial and equatorial angles of 
the antimony(III) tartrate complex anions are depressed from the respective values 
of 180 and 120 deg., which are required for an ideal trigonal bipyramid. This de- 
pression can be explained in terms of the relative magnitudes of the lone pair- 
bonding pair and bonding pair-bonding pair repulsions”. 

A pseudo-trigonal-bipyramidal fourfold coordination for trivalent antimony 
was first described by Edstrand 6o for several antimony(II1) oxyhalides and has 
since been reported for a large number of antimony(III) compounds61. Table 2 
contains a compilation of pertinent axial and equatorial dimensions (refer to Fig. 7) 
determined by X-ray studies. Some of these results are inaccurate as the positions 
of the lighter atoms in some of the structure determinations (mainly the earlier 
ones) were not fully refined. Moreover, some of the results presented are for 
highly ionic or bonded crystals (specifically those containing oxide or halide anions) 
and there may be some doubt as to the validity of comparing their geometries with 
the other cases. Attempts have been made, however, to select those structures 
where there appears to be a definite fourfold pseudo-trigonal-bipyramidal co- 
ordination. It is interesting to note that, with the possible exception of PbSbOzCl 
-which has been reported as four-coordinate, square-pyramida162, but whose 
structure determination has been seriously challenged6’-,all antimony(III) com- 
pounds studied to date by X-ray diffraction techniques exhibit a coordination geo- 
metry which may be described as approximating a trigonal bipyramid when there 
is a definite fourfold coordination and a decet of electrons about the antimony 
atoms. 

We see that the geometry about the antimony atom in the tartrato(4-)-bridged 
dimers is quite similar to that found in other four-coordinate antimony(II1) com- 
pounds. As does the vanadyl(IV) dd dimer (Table l), the antimony(II1) tartrato(4) 
anions exhibit hydroxyl oxygen-metal (equatorial) bond lengths which are signi- 
ficantly shorter than the carboxyl oxygen-metal (axial) bond lengths. This axial- 
equatorial bond length difference is a usual feature of trigonal-bipyremidal mole- 
cular geometries74 and has been explained by electron-pair-repulsion arguments’ 5 ; 
also, we note that there cannot be five equivalent sp3d hybrid orbitals of 
the antimony(III) atom. Hydrogen bis(thioglycollato(2-))antimonate(III)72, 
about which more will be said later, presents a clearly-established case where the 
equatorial bond length is longer than the axial (Table 2) and might appear 
to contradict the statement that axial bonds are “always longer” than equa- 
torial bonds in trigonal-bipyramidal-type molecules76; in this specific case, how- 
ever, the axial and equatorial ligands are not identical. The larger size of the 
equatorial atoms (sulfur) relative to the axial atoms (oxygen) favors formation of 
a longer equatorial bond; this apparently reverses the usual bond length ordering. 

To date, we have found only one report” of structures of coordination 
compounds containing a-hydroxycarboxylate ligands with the a-hydroxy group 
both unionized and coordinated. In trans-bis(glycollato)copper(II) and in crans- 

Coordin. Chem. Rev., 4 (1969) 323-359 
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aquobis(d,Z-lactato)copper(II) hemihydrate, the hydroxyl oxygen-metal distances 
(1.93-1.97 A) are slightly longer than the carboxyl oxygen-metal distances (1.91- 
1.93 A), while in diaquobis(2-hydroxy-2-methylpropionato)copper(II), the cor- 
responding values” are 2.01 and 1.89 A. This bond length ordering is just the 
opposite of that observed in the vanadyl(IV) and antimony(III) a-hydroxycarboxyl- 
ates, in which the a-hydroxy groups are ionized (Tables 1 and 2). This fact indicates, 
as one might expect, that an ionized ar-hydroxy group coordinates more strongly 
than an unionized one. It is interesting to note that in the corresponding complexes 
where the hydroxyl hydrogen has been replaced by alkyl or aryl groups, the dif- 
ference between the a-oxygen-metal and carboxyl oxygen-metal distances (re- 
spectively, 2.1-2.5 A and about 1.94 A) is still larger”. This observation might 
indicate a lower basicity for -OR and -0Ar groups than for -OH groups (see, 
however, ref. 78). 

Although a M-type tartrato(4-)-bridged dimer will possess D, symmetry 
with three mutually perpendicular twofold rotation axes when all chemically equiv- 
alent bond lengths and bond angles are equal (Fig. 1 and 7), only two of the five 
antimony(III) tartrate structures which have been solved contain anionic com- 
plexes with any crystallographic symmetry at all. All of these complexes, however, 
do approximate D2 symmetry. The binuclear complex of the racemic ammonium 
salt44 possesses a crystallographic twofold axis passing between the tartrato(4) 
chains, equidistant from them, and perpendicuhu to the antimony-antimony vec- 
tor. This symmetry element provides two crystallographically equivalent tar- 
trato(4-) ligands in each dimer. The I-tris( 1 , lo-phenanthroline)iron(II) com- 
pound4’ contains anions in which a crystallographic twofold axis passes through 
the central carbon+arbon bonds of the bridging groups giving two crystallo- 
graphically nonequivalent tartrate groups (each with C, symmetry) in each bi- 

nuclear anion. Thus the symmetry of the complex is the same as that of the active 
dimer in ammonium vanadyl(IV) tartrate”. 

(iii) Isomer stabilities 

In contrast to the vanadyl(IV) tartrate system, neither of theracemicanti- 
mony(III) tartrate salts whose structures have been determined contains dl-type 

dimers. Crystals of both dl-(NH&[Sbz(tart)z] - 4HzOc4 and dl-Ks[Sb,(tart),]- 
3H,048 consist of a racemic mixture of dd and II isomers. E.g., the latter compound 
should actually be formulated as K,[Sb,(d-tart),] [Sb,(Z-tart)J - 6H20. The case 
of Na,[(VO)z(d-tart) (Z-tart)] - 12H,O 23 has to date provided the only structural 

data for a dZ-type tartrato(4-)-bridged dimer. However, N. D. Chasteen in these 
laboratories has isolated crystalline Na4Cu,(d-tart)(Z-tart).lOH,O and shown its 
dimeric nature by e.p.r. techniques (to be published). 

The absence of a dZ bin&ear species in the two racemic antimony(III) tar- 
trate salts whose structures have been determined provides weak evidence that the 
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racemic antimony(III) dimeric isomer is unstable with respect to disproportiona- 
tion to the active isomers. Moreover, a meso-tartrate-containing complex of anti- 

mony(III) is apparently also unstable 38 We have already noted the apparent ab- . 
sence of a vanadyl(JY) meso-tartrate species. 

(iv) Intermetallic distances in the tartrato(4-)-bridged dimers 

The data in Tables 1 and 2 show that the equatorial angles are larger (i.e., 
the hydroxyl oxygen atoms are depressed less) in the active vanadyl(IV) tartrato(4-)- 
bridged dimer than in the corresponding antimony(II1) complexes. The vanadyl(IV) 
dd dimer better approximates a trigonal-bipyramidal coordination geometry than 
does the antimony(III) tartrato(4-) species. The differences in the depressions of 
the hydroxyl groups for the various tartrato(4-)-bridged complexes probably ac- 
count to a large extent for the observed increase in the metal-metal distances 
within these dimers: vanadyl(IV) dt c vanadyl(IV) dd < antimony(III) dd pa- 
ble 3). In the absence of distortion from a square-pyramidal coordination geometry 

TABLE 3 

BfETAL-METAL DISTANCES IN THE TARTRATO(d-)-BRIDGED DIMERS 

Compound Metal-metal distant? RejI 

Vanadyl(I V) complexes 

N-LL[O’OL(~-tart).1~ 2Hz0 4.352(7) 22 
Na,[(VO),(d-tart) (I-tart)] - 12Hz0 4.082(2) 23 

Antimony(III) complexes 

df-(NH.,),[Sb,(tart),] - 4H,O 5.22 44 
I-Fe(phen)&b,(d-tar&] * 8H20 5.025(2) 45 
K,[Sbz(d-tart),] - 3H,O 5.05 46 
(NH&iSb&-tart)A - 3HzO 5.13 47 
dl-K,[Sb,(tart),] - 3HZOb 5.18 48 
Average for Sb”’ dime& : 5.12(7) 

4 All distances (in hgstroms) were calculated from the reported atomic positions. Where known, 
the e.s.d. of the last figure is in parentheses. b Partially refined structure. 5 Unweighted average 
with mean absolute deviation of the last figure in parentheses. 

for the vanadyl(IV) dd complex, one would expect this binuclear species to have 
a smaller metal-metal distance than the dl isomer since, as we have already pointed 
out, the vanadyl groups are staggered in the latter isomer but are opposed (and 
ideally collinear) in the former. It has been proposed28 that the greater metal- 
metal distance in the active vanadyl(IV) tartrato(4-) complex causes its e.p.r. spec- 
trum to differ from that of the racemic isomer-in which electron exchange be- 
tween the vanadium atoms occurs to a significant extent20B7g-in part by 
modifying the zero-field splitting. Subsequent measurements of e.p.r. spectra 
of frozen solutions and single crystals showed that the two isomers differ more in 
the orientation than in the magnitude of their zero-field splitting tensorsso. 

Cuordin. Chem. Rev., 4 (1969) 323-359 
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D. GEOMETRIES OF COORDINATED AND UNCOORDINATED TARTRATE GROUPS 

(i) Introduction 

There have been many X-ray structure reports of the various forms of tar- 
taric acid-active, racemic, and meso (Fig. 5)-and their salts; however, the only 
crystal structure studies of compounds containing coordinated tartrate ligands, 
excluding some of the alkali metal and alkaline earth tartrates which involve elec- 
trostatic coordination to the cation (e.g., strontium and calcium tartrates141), are 
those of the tartrato(4-)-bridged dimers. The abundance of structural data for 
compounds containing uncoordinated tartrate groups provides an ideal opportun- 
ity for comparing the geometries and conformations of the tartrato(4-) ligands 
with those of free tartrate groups. We will see that such a comparison will prove 
fruitful in our discussion of the relative stabilities and coordination geometries of 
the binuclear tartrato(4-) complexes. 

It should perhaps be pointed out at this time-before discussing the geo- 
metries of the various tartrate isomers-that there is considerable disagreement 
concerning the naming of the two enantiomers of tartaric acids2. Throughout this 
review, we will designate the “natural”, dextrorotatory isomer, whose absolute 
configuration has been determined83*84 and is illustrated in Fig. 5, as the d form. 

(ii) Planar features of tartrate groups and chelation 

An apparently generic feature of a-hydroxycarboxylates is the approximate 
coplanarity of the carboxyl group, adjacent central carbon atom,and a-hydroxyl 
oxygen atoms’. This coplanarity allows all of the non-hydrogen atoms of both 
active and meso-tartrate groups to be described as lying in two planes (Figs. 8 
and 9)-the one containing the two carboxyl oxygen atoms, the a-hydroxyl oxygen 
atom, and the two carbon atoms at one end of the tartrate group, the other con- 
taming the corresponding atoms at the other end. Table 4 gives the average devia- 
tions of the five non-hydrogen atoms from their best least-squares planes as de- 
fined in Figures 8 and 9, and of the four carbon atoms from their best planes, as 

Fig. 8. Configuration of the d-tartrate group in the solid state. 
Fig. 9. ConGguration of the meso-tartrate group in the solid state. 



TABLE 4 
OEOMETRICAL PARAMETERS ILLUSTRATING PLANAR FEATURES OF TARTRATE GROUPS 

C~rn~ound Dee~a~iu~s of atoms from Angles be~~eer~ 
best planes” best plonesb _-_ 
p/am? 1 ph? 2 plane 3 1-3 2-3 1-2 

~-~ydr5xyi to a~acetl$ carboxyf 
oxygetl distances 

Aton# Distarrce” ReJ 

dk(NHMSb,(tart),] + 4Hz0 .05(+26) ,03(,06) 

I-WOlhen)3[Sbl(d-tart)zl l 8Ha0 
tart 1” 
tart 2 

Kz{Sb&tnrt),] * 3H10 
tart lo 

tart 2 

(NH&[Sbl(d-tart)J * 3HzOh 
tart lo 

tart 2 

di=K&Jbl(tarM. 3Hz0’ 
tart lo 

tart 2 

Average for Sb cornpoundsJ: 

* 10(.03) 
.08(.04) 
.07(.42) 

.Ol(.OQ 
,00(.15) 

.15(,72) 

.03(.30) 

.09(.41) .19(.02) 

.12(.42) .05(,28) 

,05(#03) .05(.3 1) 

.06(.20) .01(,06) 

Tartrato(l-) -bridged dimers 

Vanadyll I Y) 

.10(.03) ,32 44 

.08(.04) .47 47 
,01(,29) 602 68 

. An~imony~Iii) 

.01(.08) 

.OO(*lS) 

.09(.13) 

,02(.09) 

.06 51 

,60 60 
836 43 

*Ol 74 

,04 58 

.08 89 

.13 59 

,23 90 

.27 17 

60( 16) 

57 73 Ow-o(3) 2.68’ 
0(6W(4) 2066 

60 
44 

56 

51 

71 02Tarl-03Tarl 2,59(4)( 
65 02Tar2-03Tar2 2.60(5) 

50 

71 

OK-l-Of-5 2.80’ 
01-3-01.6 2.71 
OII*l-OII-5 2,91 
011-3-011.6 2.52 

31 

65 

62 

57 

0(12)-O( 10) 2.79’ 
0(7)-O(9) 2.44 
Ow-w3) 2.80 
0(6)-O(4) 2.62 

28 69 

89 75 

who@) 2.73’ 
0(13)-O(4) 2.79 
O(6)-O(7) 2.74 
O(lO)-O(l!) 2.69. 

-- 
53( 13) 66(7) 2.69(9) 
- 

Iconlbred] 

44 61 
47 61 
63 49 

0(2)-o(4) 2.57(2)’ 
0(5)-O(7) 2.55(Z) 
0(3)-O(5) 2,58(l)’ 
0(4)-O(6) 2,54( 1) 

- 



TABLE 4 (continued) 

Comporin~ Deviations of atoms from Angles bet ween a-Hydroxyl to a&cent carboxyl 
best planes” best planes” oxygen distances 

plane I plane 2 plane 3 l-3 2-3 l-2 Atoms0 Distartced ReS, 

Tartaric acids’ 
&HaOs 

dl-C,HbOs 0 HzOm 

Average for acids’ : 
Bitartrate salts” 
NH+ H d-C,H406 

NH4 H dGH40,jP 

Average for bitartrates’ : 
Divalent tartrate salts 
Li NH* d-CdHo06 - Hz0 

Na K d-C4H406 * 4Hz0q 

Na K dl’CIH406 l 4H10 

Li NH., dhC4Ho06 * HzOs 

Sr d-C,,H,+Oa - 3Hz0’ 

Ca d-C4H406 l 4Hz0’ 

Average for diualent tartrate salts’“: 

Tartaric acidsk 
meso-C~H~Oe * Hz0 (triclinic) 

.02 

*OS 

.04 

.04 

.03 

.Ol *OS 

.03 .09 

.12 .09 

.02 .06 

.04[.04] .10[.07] 

.04[.04] .05[.06] 

.12[.12] .Ol[.Ol] 

.02 

Tartaric acids and salts 

Compounds with active tartrate groups 

.03 

.09 

.02 

.04 

no2 

.03 

.oo 

.Ol 

.Ol 

.Ol 

.07 

.Ol 

.OO 

.Ol 

.02[.02] 

.18[.06] 

.Ol[.Ol] 

64 

61 

62(2) 

64 

63 

65 

64(l) 

55 

61’ 

56 

52 

64[65] 

86[64] 

36[37] 

58(5) 

60 56’ 

50 69 

55(5) 62(7) 

53 62 

55 63 

52 63 

530) 63(O) 

71 54 

68’ 51 

72 54 

61 67 

64(70) 52[45] 

43 [70] 44[47] 

54 89 

65(5) 54(5) 

Compounds with meso-tartrate groups” 

.03 59 

0(3)-O(l) 
0(6)-O(4) 
0(2)-O(3) 
0(5)-O(4) 

2,655(5j 
2.752(6) 
2068’ 
2069 
2.69(2) 

0(2)-O(3) 
0(6)-O(4) 
0(2)-O(3) 
0(6)-O(4) 
0(2)-O(3) 
0(6)-O(4) 

2.71’ 
2.69 
2.73’ 
2.66 
2,79’ 
2072 
2,72(3) 

0(2)-O(3) 2,61’ 
0(5)-O(4) 2,62 
0(2)-O(5) 2,70’ 
0(3)-O(6) 2.67 
O(2)-0H(5) 2.78’ 
O(3)-0H(6) 2.80 
0(2)-O(3) 2065 (2) 
0(5)-O(4) 2.59 (3) 
0(1)-O(3) 2.60 
0(6)-O(4) 2.71 
0(1)-o(3) 2.70 
0(6)-O(4) 2.65 
0(1)-O(3) 2.61 
0(6)-O(4) 2.65 

0(1)-O(3) 2.64I 
0(6)-O(4) 2.63 

86 

87 

88 

89 

90 

91 

92 

93 

90 

140 

141 

141 

94 



Compoand Devialions of atoms from Angles between a-Hydroxyl to adjacent carboxyi 
Q best planesa best planes” oxygen distances 
B 
$ plume 1 plane 2 plane 3 l-3 2-3 l-2 Atomf Distance* Re$ 
F 
cl meso-C&f& 0 Ii10 (monoclinic) .04 .04 47 W-O(3) 2.57fgw 94 
z 0(6)-O(4) 2,65 
jt ~e~o*C~H~O~ (triciini~) .04 .OS 69 W-0(3) 2.60’ 94 

$ 
0(6)-O(4) 2668 m 

t Average for acidsl : 5W 2,63(3) EI 
P Dlvalent tartrate salts 
‘$ Kz nreso-Cp&Oos * 2HzOS .05 SO3 58 W-O(3) 2‘75 95 

3 0(6W(41 2,68 m 
E Rbl meso-C,+H,+Oa l 2Hz0 ‘03 ‘03 61 0(1)-O(3) 2.63’ 95 

z! 
r 0(6W’(4) 2,67 

Average for divalent tartrate salts’ : P 

3 
WI 2,68(3) 

0 Absolute deviation (distance to plane in Angstroms) averaged over all the atoms used in calculating the best plane. The distance of the coordinated E 
metal atom to the lane in the tartrato~4-)-bridged dimers is given in parentheses. Planes X and 2 are the best teast-squares planes containing the car- 8 
boxy1 group and a a) jacent central carbon atom-a-hydroxyl group at the two ends of the tartrate chain (see text), Plane 3 is the best lane for the four- 
carbon tartrate charn. Except where noted, we calculated these best planes from the reported atomic coordiiates, b In degrees. + he angle between 
planes 1 and 2 corr~ponds to (p in Figures 8 and 9. o Atom designations in the original pnper. The first atom listed is the carboxyl oxygen atom; 
the second atom is the a-hydroxyl oxygen atom. d The distances given (in Angstroms) are those reported in the original paper except where noted. 
The e.s.d, of the last figure, wher,e known, is in parentheses. c There are two crystallographically non-equivalent tartrate groups present. f Calculated 
from the reported $ornic posmons: b The atomic coordinates reported for this compound*’ a pear to be highly inaccurate. 1 Partially refined 
structure, Unwelghted average with mean absolute deviation in parentheses. k The shortest a- R ydroxxl .fo adjacent cqrbo;yl oxygen distances for 
unionized tartaric acids all involve the u~~rotonated carboxyl oxygen atom except in the case of rnonoc~lnl~ ~eso.tartarlc qcid monohyd~ate. ‘Re- 
ported as 54.6 deg. in the original paper m The atomic coordmntcs reported m Skwcture Reportsfir 1$5Zg6 were used m the calculations as the 
atomic coordinates were not given m the o&inal papers’, n Bitartrate is defined as a monovalent acid tartrate. Plane 1 includes the protonated car- 
boxy1 group (where mown) and plane 2, the ionized carboxyl group. The u set of a-hydroxyl to adjacent carboxyl oxygen distance? 
is for a contact with the un~r~tona~ed carboxyl oxygen of the umomzed car ’ The t coordinate of O(4), reported in the orlgmal paper as 
0.496 fractional cell unit@ , IS obnously in error. A z coordinate of 0,388 data for the isomorphous ammonium saltee and was used 
in the calculations. p There is no indication as to which carboxyl oxygen atom is protonated. a The accuracy of this structure is low. r Reported 
as 60 f 2 de&, in the original paperg’. ’ That some of the reported bonding parameters involving atoms C 2) and C(3) of this structure could not 
be SC reduced using the reported atomic positionsgo indicates an error in the coordinates given for one or bot of these atoms. The calculations were 

F 
Ii 

there ore carried out on a new set of atom positions obtained by a least-squares refinement of theori inal data (A# Y, J. Sprenkels, private communba- 
tion). L The deviations of atoms from best lanes given in brackets are those re orted by Amba yeL. The interplanar angles glvon in brackets are 

B 8 
d 

those which we calculate from these reporte best planes, The y coordinates of (3) and O(4) reported as 0.6787 and 0.5340 for strontium tartrate 
trih dratetql are in error, Corrected values of 0.6687 and 0.6340 were used in these calculations (G. K, Ambad private communication). u The 
ang es involving plane 1 of the calcium tartrate tetrah drate structure and plane 3 of the strontium tartrate trihy rate strdcture were not included in I 

r 
d 

these averages owing to rather significant deviations rom planarity, Ambady attributes the distortion of the tartrate ion in the former structure to 
hydrogen and ionic bonding forces, 14’ ” The carbon atoms of the meso-tartrate groups are nonplanar owing to the conformation of the carbon 
chain m this isomer. Accordingly, no d$a for plane 3 have been reported. w This distance involves a protonated carboxyl o?ygen, O(f). The mono= x 
clmlc-monoh drate form of meso.tartanc acid IS tht? only tartrate compound known to have p protonate carboxyl oxqen adJacent to the a-h droxyl _ 
oxygen. YJ e x coordinates of O(1) and O(4), which are reported as 0.8852 and 0.8534 fractional cell umts, are in error ‘I. Corrected values o ty 0.8552 
and 0.8354 were used in these calculations. y Reported as 57 degss. 
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determined from X-ray structure data for both coordinated and uncoordinated 
tartrate groups. In addition, this Table also lists the interplanar angles and 
the distances between the or-hydroxyl atoms and adjacent carboxyl oxygen 
atoms. 

One sees that in tartrate groups, whether coordinated or uncoordinated and 
whether ionized or unionized, the five non-hydrogen atoms at one end of the 
residue do, indeed, exhibit an approximate coplanarity. This planarity is indicated 
also by the close contacts between the a-hydroxyl oxygen and adjacent carboxyl 
oxygen atoms. The values found for this contact lie very close to the distance of 
2.60 A (2.62, 2.64) calculated for a perfectly planar group in which the sarboxyl 
oxygen atom-carbon atom bond adjacent to the cr-hydroxyl group has a bond 

order of 2 (15, 1). Standard bond lengths” and bond angles, which for this 
purpose are sufficiently close to those observed for tartrate groups, were used for 
the calculation (the angle given as 120” in the following diagram is usually slightly 

C==O 126 2.62 
c-o 1.31 2.64 

smaller). If the carboxyl group were rotated 90 deg. about the C(sp”)-C(sp’) bond 
from the planar eclipsed position, the distance (b) between the a-hydroxyl and 
carboxyl oxygen atom would increase to about 3.1 A. 

Intramolecular electrostatic attractions between the a-hydroxyl and adjacent 
carboxyl oxygen atoms in the solid state” and Pauling’s bent-bond conception of 
the double bonds5 have been proposed to explain the eclipsing of the a-hydroxyl 
oxygen atom by the carboxyl group. Calculations” indicate that a minimum in 
the intramolecular contact potential energy curve for rotation about the C(sp’)- 
C(sp3) bond in tartrates occurs at a position close to the eclipsed conformation 
observed. Hydrogen bondings5*” and intermolecular forces in the crystalline 
state” are apparently not the determining factors for the short a-hydroxyl to 
adjacent carboxyl oxygen atom contacts. Chelation, as observed in the tartrato(4-)- 
bridged dimers and in the alkaline earth tartrates14’, may, in some cases, aid in 
maintaining a planar geometry. It is interesting to note that in the absence of an 
a-hydroxy substituent,:the Cc;+ bond eclipses theC= 0 of the carboxylgroup8 5*13 6_ 

The coplanarity of the carboxyl and a-hydroxyl groups in a-hydroxycar- 
boxylates provides an ideal geometry for chelation such as that observed in the 
tartrato(4-)-bridged dimers. Using standard bond lengths” and bond angles, and 
assuming sp2 hybridization of the coordinating oxygen atoms (as indicated by the 
angles observed about the coordinated oxygen atoms in the vanadyl(IV) and anti- 
mony(III) cc-hydroxycarboxylates), we calculate an “ideal” oxygen to metal dis- 
tance of about 2.25 A for an a-hydroxycarboxylate chelate: 
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This distance can be compared with the average coordination distances of about 
1.95 A and 2.08 %L observed, respectively, for vanadyl(IV) ct-hydroxycarboxylates 

and antimony(III) tartrates (Tables 1 and 2). The slightly shorter than “expected” 

coordination distances observed result in part from the slightly smaller than 120 

deg. angles found about the carboxyl carbon and the nominally sp2 coordinated 
oxygen atoms (the average C-O-M angle for the vanadylo a-hydroxycarboxyl- 
ates22.23.26 is 116 deg.; the average for the antimony(III) tartrates is 114 deg.) 

and from the deviations of the coordinated metal atoms from the best planes 
of the ligands (Table 4). It would be interesting to determine whether the stabilities 
of a-hydroxycarboxylate complexes can be related to the metal ion-coordinated 

oxygen atom distance needed to maintain the approximate planarity and normal 

bonding parameters of the chelating ligand. Thus, one might expect that for metal 
ions giving metal atom-oxygen atom coordination distances above and below 

some certain range, there would be a decrease in stability of cc-hydroxycarboxylate 
complexes owing to distortion of the chelating ligand. Small distortions in the 

ligand, however, can undoubtedly give a relatively wide range of acceptable co- 
ordination distances. Chelation of tartrate groups with Ca2 + and Sr2 f ions results 

in much longer coordination distances (about 2.5 and 2.6 w141) than in the vana- 

dyl(IV) and antimony(III) compounds. 

(iii) Interatomic distances and bond angles in coordinated and uncoordinated tartrate 

groups 

Tables 5 and 6 present the tartrate group bonding parameters as determined 

by X-ray structural studies. These data are given, not only to facilitate compari- 
sons between the geometries of uncoordinated tartrate groups and those of the 
ligands in the tartrato(4-)-bridged dimers, but also to provide a complete compila- 

tion of the structure parameters determined to date for tartrate compounds. Several 
of these tartrate structures have been reported in sources which are not readily 
available; moreover, in many cases, only the atomic coordinates were given. 

Tables 5 and 6 show that the bonding parameters of uncoordinated and 

coordinated tartrate groups are very similar. The carbon atom-cc-hydroxyl oxygen 
atom and the carbon atom-coordinated carboxyl oxygen atom distances in the 
tartrato(4-)-bridged complexes (respective averages, 1.43 and 1.31 A) are those 

expected for single bonds9 * and are very close to those found for the correspond- 

ing carbon atom-protonated oxygen atom distances in the free tartrates. Thus, 

Coordin. Chem. Rev., 4 (1969) 323-359 



TABLE 5 

LIOAND BOND LENGTHS AND DOND ANGLES IN TARTRAT0(4*)-JIRIDGED DIMERS 

Compound 

Vonudyl (I VJ 
~H4)4~~~~z(d.ta~)21 l 2Hz0 

tart lb 
tart 2 

Nar[(VO)a(d-tarl) (Mart)] * 12Hz0 

1,49(3) 1.45(3) 1,22{4) 1.2814) f&46(3) 
1,54(4) 1.51(3) l&37(3) 1.35(3) 1.41(3) 
1,553(11) 1.523(11) 1,227(10) 1.277(10) 1,407(10) 

~~-(NH~)~[Sb~(ta~)~] * 4HzO* I.46 

I~Fe(phcn)3[sb,(d-tart)2l l 8H10cld 
tart lb 1.49 
tart 2 1JS 

K~[Sb~(~tart)~] 8 3&O* 
tart lb 

tart 2 

(NH&[Sb,(d-tart)l] + 3H100*0 
tart lb 

1. 

1. 

s4 

.53 

-63 

tart 2 

&K,[Sbz(tart)J l 3HzOeJ 
tart lb 1.55 

tart 2 1.43 

AuercigC: l.Sl(4) 

1.534(1!) 1*229(9) 

L43 1.17 
1.53 1‘29 

117 112 116 108 108 110 
123 120 130 118 109 115 

1.56 1.19 
1.52 1.25 

126 115 119 111 114 105 
124 119 x17 109 111 108 

1.54 1.17 
1.57 1.30 
1.53 1,22 
1.56 1.27 

1.X2(9) 1.410(9) 

Antinrony(UIJ 
1.29 1‘46 
1.42 1.47 

1.28 la38 
1.25 1.41 

1.19 1.36 
1.25 1.39 
1*20 I.40 
I,30 1.42 

I.32 1.44 
1.91 1.77 
1.31 1.36 
1.44 1.5s 

124 117 114 113 106 108 
126 120 11s 119 115 114 
120 109 If5 114 99 109 
127 119 131 122 116 110 

1.70 0.65 
2.08 1.26 
1.36 1.08 
1.44 1.40 

x13 61 115 93 87 
125 130 121 140 133 
100 109 109 103 95 
124 127 127 124 105 

1.49 1.15 1*38 1.42 117 114 117 117 104 
1.54 1.33 I*44 1.47 129 114 128 118 108 
1.46 1.27 I,29 1.44 113 120 120 109 109 
1.51 1.33 1‘38 1.51 119 122 125 114 113 
1.52(3) 1.2X5) 1.31(6) 1.43(3) 122(4) 117(3) 120(4) 113(4) 108(4) 

22 
122(1-2) 118(1-2) 115(1-2) 110(1-2) 103(1-2) 120(1-2) 
115(1-2) 118(1-2) 124(1-2) 100(1-2) 94(1-2) 119(1-2) 
124.1(6) 113.9(S) 120.8(6) 109.9(7) 108.5(6) 107.0(4) 23 
125.3(4) 114.5(5) 121.2(6) 110.6(7) 109.5(7) 107.5(4) 

87 
92 

105 
112 

105 
113 
109 
113 
ill(4) 

44 

45 

46 

47 

48 

A Bond lengths are in Angstroms and angles, in degrees. Where known, the e.s.d, of the last figure is in parentheses. b There are two crystallbgraphically 
nonequivalent tartrate groups present. c The bonding parameters were calculated from the reported atomic positions. d The maximum e.s,d. in bond lengths 
is about 0.05 A and that in the bond angles is about 2 degqs. e The structure paramele~ for this compound appear to bevery inaccurate. f partially refined 
structure. 1 I&weighted average with mean absolute deviation of all parameters listed except those of active ammonium antimony(M) tartrate (see foetnote e)* .I 
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Cvmpmmd 

Naz dGH406 l 2Hz0 

SF d.CeH,+O6 * 3HzO 

Ca dGH&Oe * 4H20 

Bond Iertgrlts 

I 2 3 4 5 

1.533(4) l.526(4) I.24O(r 1.248(4) l.414(4) 
I ,~40(4) 1.25 I(4) 1.249(4) I ,420(4~ 

f,54(3) 1.54(3) 1.23(3) 1 Z(3) 1,42(3) 
I.56(3) 1.27(3) 1,27(3) 1.45(3) 

1.52(l) 1.50(I) 1.27(l) 1,24(l) 1.43(I) 
Ml(l) 1.31(l) 1.26(I) 1,44(I) 

---- --- 
Bond n&.$?sc Re$I 

“I 
-- 

Ii Iff Iv Y a YI .-- E 
125,7(3) 1155(3) 116.9(3) 1 l&O(3) 109.5(3) 107.2(3) I40 
127,513) 1 l5,8(3) 118,3(3) 113.0(3) 11 M(3) I l~.5(3) 
124(2) 113(2) l16(2) 108(2) 11 O(2) 108(2) 141 
125(2) 120(2) 121(2) 1 lO(2) 113(2) 108(2) 
123(l) 118(l) 116(l) 110(l) Ill(l) 110(l) 141 
124(l) 122(l) 118(l) lI2(I) 112(l) 115(l) 

Average for div~le~~t tartrate 
sak@ : 

Tariaric acids 
rne~5-~4~~0~ l Hz0 ~tric1inic~ 

1.53(f) l,53(2) t-26(2) l.27(2} 1,43(2) iZS(l) t i7(2} 118(2) ill(2) 

Cv~~~vllnd~ wit14 l~~e~~.tartt~te groups 

1.536(12) 1.517(12) 1.2a3(12) I.321(12) ~.409(12) 124,5(S) lll,3(8~ I23.9(8) 106,9(8) 
1,517(I2) 1.206(12) f.32302) 1,418(i2) 124,6(8) 111.4(8) 124,2(8) 107,4(8~ 

11 f(3) llO(2) 

meso-ChHeOe * Hz0 (monocIinic)k 1,534(12) 1.51 l(I2) 1.213(12) 1.302(12) I+414(12) 
1,521(12) 3,223(12) 1.304(l2) l,4l5(12) 

l.S23(20) 1.520(20) 1.212(20) l.307(20) 1.413(20) 
1,520(20) 1.222(20) 1.341(20) 1.414(20) 

lS31(5) 1.518(3) 1,213(6) 1.316(12) 1.414(2) 

I 10,3(8) I1 1.5(8) 94 
I t 2,6(8) 113.0(8) 

124.7(8) 111,4(8) 120,9(8) 107.9(8) 108,8(3) 108.3(8) 94 
I24‘8(8~ Il4.2(8) 123.8(8) lllO(8) 1 I2,6(8) 112,9(8) 
122,5(14) 113.0(14) l21.8(14) 106,9(14) 108,6(14) 110.6(14) 94 
125,3(14) lI3,0(14) 124,3(14) 108,2(14) 109.6(14) 115.0(14) 
124.4(6) 112,4(10) 123.2(12) 108,0(8) I10,4(14) 111.9(18) 

Average for d~valejlt far&are 
suits” : 

M(2) lSO(2) 1.27(2) 1.28(2) l.40(2) l20(2) 117(2) 119(2) 1 l2(2) 109(2) ill(2) 95 
M(2) 1.30(2) l.fO(2) l-42(2) 124(2) 1 l7(2) 123(2f 114(2) 11212) 114(2) 

I.49 1Sl I.24 1.25 l-38 123 115 118 Ii2 II0 Ill 95 
I,52 1.25 1.28 1.40 127 119 118 I13 111 114 

ISO l,%(l) 1.2612) 1.28(l) I.40(1) 124(2) 117(l) 120(2) 113(l) 110(l) f l2(2) 

* Bond lengths are in &?gstroms and angles, in degrees. Where known, the e&d. of the last figure is in ~arcntheses, b The assignments of the protonatcd 
oxygen atoms are those given in Str~~r~lr~ reports for 1951”6. c Unweighted average with mean absolute deviatio~l, d Bond Icngths 3 and 4 and bond angles 
iI and XII arc diff~rcnti~t~ for these compounds according to whether the parameter involves a carboxyl oxygen on the same side of the tartrate chain as 
thec+hydroxy oxygen or on the opposite side and not according to which carboxyl oxygen, if any, is protonated (see Figure at top of Table). The latter criterion 
was used to differentiate these bonding parameters for the free acids; however, with only one cxccption (see footnote k), the protonated carboxyl oxygens of 
the tartaric acids lie opposite the cl-hydroxy group. @ These parameters involve the ionized carboxyl group. r The bonding parameters were ~aiculatcd 
from the reported atomic positions. s The z coordinate of O(4) reported in the original paper as 0,496 fractionaf ceil unitsag is obviously in error, The z 
coordinate of 0.388 used in the calculations was taken from data for the isomorphous ammonium salt**. h The crystal structure determination gives no 
indication of which oxy8en is protonated. i The accuracy of this anaiysis is low, J The parameters for Na K d-ChHhOs l 4H20g2 were omitted owing ta 
the relatively low accuracy of this analysis, I( One of the protanated oxygen atoms in this structure lies adjacent to the a-hydroxy oxygen. This is the only 
tartrate structure which is known to exhibit such a configuration, 
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whether metal ions or protons are attached to the tartrate group oxygen atoms, 
the corresponding carbon atom-oxygen atom distances are essentially the same. 
The carbon atom-uncoordinated carboxyl oxygen atom distances in the dimeric 
complexes (average, 1.25 & indicate a double-bonded (carbonyl) group. It is in- 
teresting to note that the geometry of the tartrato(4-) ligands might be considered 
anomalous in one respect. In these ligands, the carbonyl group of the carboxyl 
residue is on the side of the tartrate chain opposite to that of the a-hydroxyl oxygen 
atom. In contrast, in all tartrate compounds containing unionized carboxyl groups, 
with only one known exceptiong4, the carbonyl (unprotonated) oxygen atom of 
that group is adjacent to the a-hydroxyl oxygen atom: 

6 b 
Tartmto (4-J ligonds 

E. STABILITIES AND COORDINATION GEOMETRIES OF THE TARTRATO(b)-BRIDGED-DI- 

MERS -AN HYPOTHESIS 

(i) Observations 

In preceding sections of this article, some observations on the relative stabil- 
ities and coordination geometries of the tartrato(4-)-bridged dimers have been 

presented. These observed features were: 
1. 

2. 

3. 

4. 

Meso-tartrate apparently does not form stable binuclear tartrato(4-)-bridged 
complexes with either vanadyl(IV) or antimony(II1). 
The vanadyl(IV) tartrato(4-)-bridged dimer containing two different tartrate 
enantiomers (the dl, racemic, cis isomer) is more stable than the vanadyl(IV) 
dimer containing two ligands of the same enantiomeric form (the dd or If, 
active, tram isomer). 
In the antimony(II1) tartrate system, there is evidence that, in contrast to the 
corresponding vanadyl(IV) system, a dl dimer is less stable than the dd (or II) 
isomer. 
All of the dd-type binuclear structures which have been determined, whether of 
antimony(II1) or vanadyl(IV), exhibit a pseudo-trigonal-bipyramidal coordina- 
tion geometry. The dl vanadyl(IV) complex, however, is square pyramidal. 

In this section, we shall propose an explanation for these relative stabilities 
and geometries. It is necessary first to discuss further some features of tartrate 
group conformations. 

Coordin. Chem. Rev., 4 (1969) 323-359 



348 R. E. TAPSCOlT, R. I.. EELFORD, I. C. PAUL 

(ii) Co~for~ufio~s of tarfrafe groups 

Rotation about carbon(sp3)-carbon(sp3) bonds permits a variety of confor- 
mations for the tartrate group. For active (d or I) tartrate groups, however, and 
similarly for meso-tartrate groups, only one conformation has been found in the 
solid state by X-ray diffraction techniques. The conformationd isomer found for 
the active tartrates has the carboxyl groups opposite each other and is staggered 
(Fig. 10). The dihedral angles (the staggering angles between the various atoms 
attached to the tetrahedral carbon atoms as observed when sighting along the 
central carbon-carbon bond) are, therefore, ideally 60 and 180 deg. 

H ~ OrHI H 
A / 

‘OfHI 
l-3 OWJ 

~O~(HJ &XW 

Fig. 10. Conformation of d-tartrate groups found in the solid state by X-ray methods. (Left). 

Fig. 11. The two possible symmetric conformers of meso-tartrate. (Right). 

COOiHl COOCHJ 
CcaHJ 

OfHJ 
H-._ _/- /J+k 

(HJ~.__ 
c- .-H 

It is perhaps surprising that the conformation found for me,so-tartrate groups 
is neither of the two possible symmetric structures (Fig. 11) often invoked to 
explain the optical inactivity of meso-tartrate compounds. In all X-ray structure 
determinations of meso-tartrates carried out thus farg4*g5, racer& mixtures of 
two asymmetric rotamers have been found (Fig. 12). The conformation is again 
staggered, as expected, but the carboxyl groups are adjacent rather than opposite 
each other as in the active tartrate isomer. Presumably this enantiomeric pair is 
also the principal species in meso-tartrate solutions. Although it is doubtful that 
they could be resolved, owing to the expected rapid interconversion, the use of an 
optically active base has been proposed for separating these enantiomers in the 
solid stateg5. 

Table 7 gives the dihedral angfes calculated from X-ray structural data for 
both coordinated and uncoordinated tartrate groups. Dihedral angles involving 
the hydrogen atoms bonded to the sp3 carbon atoms are not given as the positions 
of these hydrogens were not determined, at least with any degree of accuracy, for 

most of the tartrate structures reported. Owing to small deviations from a tetra- 

COO(H) 

Fig. 12. Enantiomers of meso-tartrate groups found in the solid state by X-ray methods. 
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hedral geometry about the nominally sp3 carbon atoms (presumably due to im- 
perfect hybridization, intramolecular steric effects, and crystal packing forces), one 
must examine the dihedral angles in tore for a particular compound in order to 
evaluate the conformation exhibited by the tartrate group present. No single spe- 
cific angle listed in Table 7 suffices as a determiningparameter in comparisons of, 

TABLE 7 

DIHEDRAL ANGLES OF TAR-CRATE GROUPS 

Compound Dihedral angles” Ref- 

a B Y S 

Compounds with active tartrate groups 

Tartrato (4-)-bridged dimers 
Vanadyl(IV) 

(NH4)&YOMd-tartJ,3 * 2Hz0 
tart lb 198 37 
tart 2 201 48 

Na&VO)l(d-tart) (I-tart)] - 12H20 183 59 

Antimony(IIZ) 

dl-(NH&[Sb&ar&] - 4H20 192 36 
f-Fe(phen)&3b,(d-tart)*] - 8H20 

tart lb 191 48 
tart 2 189 51 

Kz[Sb2(d-tart)z] - 3H20 
tart lb 179 53 
tart 2 186 45 

(NH&[Sb,(d-tart),] - 3HzOc 
tart lb 190 351 
tart2 202 20 

dl-Kz[Sb,(tart),] - 3HZOd 
tart 1” 190 41 
tart2 194 45 

Average for Sb compound.+‘: 189(3) 46(4) 

Tartaric acids and salts 

Tartaric acids 
d-C4HsOs 175 60 
d&Cd&O6 - Hz0 180 61 

Average for acids’: 178(3) 60(l) 

Bitartrate saIt.+ 

NH4 H d-C4HdOs 181 53 
Rb H d-C,HdOs” 182 55 
NI& H df-W&O, 182 51 

Average for bitartrates=: 182(l) 5X2) 

88 37 
64 48 
62 57 

86 46 

73 48- 
68 51 

79 
86 

49 
43 

102 78 
85 53 

84 45 
82 39 

8’X5) 46(3) 

58 
64 
6X3) 

66 86 
54 87 

69 57 
69 55 
68 58 

69(l) 57(z) 

22 

23 

44 
45 

46 

47 

48 

88 
89 
90 

Coordin. Chem. Rev., 4 (1969) 323-359 
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TABLE 7 (continued) 

Compound 

R. E. TAPSCOTT, R. L. BELFORD, I. C. PAUL 

Dihedral angle9 Ref- 

a B Y 6 

Divalent tartrate salts 

Li NH4 d-C4H406 - Hz0 169 68 
Na K d-C4H406 - 4H+O’ 179 50 
Na K df-C4H406 - 4HZ0 180 57 
Li NH, dl-C4H,06 - H,O’ 181 65 
Naz d-C4H406 - 2H20 183 53 
Sr d-C;H,O, - 3H,OJ 170 73 
Ca d-C4HJOs - 4H20 178 57 

Average for dioalent tartrate salts’ : 177(4) 60(7) 

Compounds with meso-tartrate groups 

54 70 
74 57 
86 38 
60 54 
69 55 
49 68 
Z(lO) 57 

57(7) 

91 
92 
93 
90 

140 
141 
I41 

Tartaric acids 
meso-CaHsOs - H,O (triclinic) 
meso-C4HsOs - Hz0 (monoclinic)k 
meso-CJHbO~ (triclinic) 

Average for tartaric acids’: 

Divalent tartrate salts 

Kz meso-CSHJOc * 2H20’ 
Rb2 meso-CJHdOe - 2Hz0 

Average for diralent tartrate salts’: 

73 48 - 
75 47 
75 46 
74(2) 47(l) 

63 66 
66 
64(2) 

71 167 
73 164 
71 167 

720) 166(2) 

61 170 
63 169 
62(l) 170(l) 

94 

94 
94 

95 
95 

a In degrees. Calculated from the reported atomic positions. b There are two crystallographically 
nonequivalent tartrate groups present. c The atomic coordinates reported for this compound4’ 
appear to be highly inaccurate. d Partially refined structure. 5 Unweighted average with mean 
absolute deviation in parentheses. r The dihedral angles calculated for the active ammonium 
antimony tartrate saW7 were not included in the average (see footnote c)_ g The angle /? given 
for the active ammonium and rubidium bitartrates involves the carbon atom of the unionized 
carboxyl soup. In the racemic ammonium compound, there is no indication of which carboxyl 
group is ionized. LJ The .z coordinate of O(4), reported in the original paper as 0.496 fractional 
cell unitsSg, is obviously in error.Azcoordinate of 0.388 was taken from data for the isomorphous 
ammonium hydrogen saItES and was used in calculating the angles p and y. ’ The accuracy of 
this analysis is low. J Errors are apparent in the coordinates reported for some atoms in these 
structures. Accordingly, corrected or redetermined atomic positions, obtained from the authors 
of the original papers, were used in these calculations (see footnotes s and t, Table 4)_ k The 
monoclinic-monohydrate form of meso-tartaric acid is the only tartrate compound known to 
have a protonated carboxyl oxygen atom adjacent to the a-hydroxyl oxygen atom. The angle p 
involves this unique group. ’ The x coordinates of O(1) and O(4), which are reported as 0.8852 
and 0.8534 fractional cell unitsg5, are in errorg7. Corrected values of 0.8552 and 0.8354 were 
used in these calcdations. 

e.g., the degree of staggering for different tartrate groups. The dihedral angle be- 

tween the carboxyl groups (o! in Table 7) appears to vary to a much smaller degree 
within a particular class of tartrate compounds than do the other angles. This 
angle is apparently less sensitive to an imperfect tetrahedral geometry about the 
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central carbon atoms and the information imparted by comparisons of this angle 
should perhaps be weighted accordingly. 

(iii) An hypothesis 

We have already noted that molecular models of dimers containing two 
meso-tartrate groups can be constructed with either a cis or a trans coordination 
geometry (Fig. 6) In both cases, however, independent of whether the coordina- 
tion geometry is pseudo-trigonal-bipyramidal or square-pyramidal (as observed, 
respectively, in the dd and dt dimers), the conformation exhibited by the tartrate 
groups would be the eclipsed conformation shown on the right in Fig. 11. 

Similarly, exa~nation of models constructed using active tartrate groups 
indicates that in dimers containing one d and one I bridging group (the cis isomer), 
a nearly perfectly staggered conformation is attained if the geometry is square- 
pyramidal but that as the coordination geometry is distorted toward a trigonal 
bipyramid, the dihedral angle between adjacent atoms in the tartrate groups decrea- 
ses steadily (to about 5 deg. for a perfect trigonal bipyramid). Just the reverse 
behavior is indicated for dimers containing two tartrate groups of the same enan- 
tiomeric form (the tram isomer). In add- (or If-) type binuclear tartrato(4-)-bridged 
complex, a small dihedral angle (about 13 deg.) between adjacent atoms is pre- 
dicted for a square-pyramidal coordination geometry but the angle increases as 
the geometry is distorted toward a trigonal bipyramid. The molecular models in- 
dicate, however, that in an active dimer, perfect staggering is not realized by the 
tartrate groups even for an ideal trigonal-bipyramidal geometry. 

The date presented in Table 7 substantiate some of these predictions. The 
tartrato(4-) bridging ligands in the racemic vanadyl(lV) complex are very nearly 
perfectly staggered. The tartrate groups in the dd isomers of vanadyl(IV) and anti- 
mony~, on the other hand, exhibit a si~~cant deviation from a staggered con- 
formation, though in no instance (except, perhaps, in the ammonium antimony(II1) 

47 d-tartrate salt, whose structure is very imprecisely determined) can the bridging 
groups be described as eclipsed. Moreover, the conformations of the ligands in the 
active dimers are much less staggered than are those observed for uncoordinated 
tartrate groups. 

A bkmclear structure requires either active or meso-tartrate groups to possess 
configurations similar to, though not identical with, those found for uncoordinated 
tartrate groups. Thus in order for two active tartrate groups to bridge a pair of 
metal ions, the carboxyl groups must be opposite each other (Fig. 10). Similarly, 
a meso-tartrate-containing dimer constrains the bridging groups to exhibit a con- 
formation which is close to that found for t+tcoordinated meso-tartrate groups- 
i.e., where the two carboxyi groups are adjacent (Fig. 12). For the meso complex, 
however, the carboxyl groups must not only be adjacent but they must be eclipsed. 
One can visualize these two situations as shown in Fig. 13. Here we see that in an 
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hypothetical meso-tartrate-containing binuclear species, the carbon chain must be 
folded back upon itself in order for the ligand to achieve coordination. 

If a staggered conformation of the tartrate group is a significantly lower 
energy form, as would be consistent with the structural data presented in Table 7, 
a cause of the apparent instability of vanadyl(IV) and antimonylm) meso-tartrate- 
containing dimers can now be postulated. These dimers do not form because they 
would have an unfavorable eclipsed conformation for the bridging ligand. 

oN,-o 
I >M H-C-O 
I 

H-C-O 

I % 

//“-” 
0 

C--c 

I 

c-c 
I 

c-c 

c-c 
ACtiVe tortrote 

meso-tortrote 

Fig. 13. Conformations required for the bridging of two metal ions by active and meso-tartrate 
groups. The totally eclipsed rne~~ form is distorted for clarity in the drawing. 

A similar argument may be advanced to explain the severe distortion ob- 
served for the coordination geometry of the active vanadyl(IV) tartrate dimer 
relative to the geometries observed for other vanadyl(IV) complexes, in particular, 
the a-hydroxy-carboxylates (Table 1). Since a square-pyramidal geometry would 
give a nearly ecIipsed tartrate group conformation in a dd tartrato(4-)-bridged 
dimer, we propose that a square-pyramidal geometry is unfavorable for this isomer 
and that the vanadyl(IV) d-tartrate complex therefore distorts toward a trigonal 
bipyramid in order to achieve a more favorably staggered tartrate bridge. Since 
such a distortion would be expected to result in a loss of coordination energy, the 
dd vanadyl(IV) tartrate complex ought to be less stable than the dl complex as is 
observed. We should note that the difference in stability for the vanadyl(IV) dd 
and dl dimers cannot be explained by cis-tram effects. Spectral studies indicate 
that monomeric vanadyI(IV) a-hydroxycarboxylates always occur as the tram iso- 
mer23~26D28*2g, which thus would seem to be generally more stable than the cis. 

Just the reverse ordering, however, is found for the vanadyl(IV) tartrates. 
For four-coordinate complexes of trivalent antimony, a trigonal-bipyramidal 

geometry is apparently preferred (Table 2). As we have seen, such a geometry 
would give an unfavorable conformation to the ligands in a di dimer, which there- 
fore ought to be unstable towards disproportionation to the dd and II isomers. 
Thus the apparent stability ordering for the antimony(III) tartarte system is dd 

or ii > dl. 
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In summary, the following proposals are advanced: 
1. T~tra~o(~)-budged dimers of vanadyl(IV) and ~timo~y~I1) containing meso- 

tartrate groups are unstable because their formation requires an unfavorable 
eclipsed conformation for the bridging ligands. 

2. The dd vanadyS(IV) tartrate dimer is distorted at the cost of some coordination 
energy towards a trigonai-bipyramidal coordination geometry in order to achieve 

a more staggered co~ormation for the tartratc groups. Even with. such a distor- 
tion, however, perfect staggering is not realized by the bridging groups. 

3. In the antimony(IJI) tartrate system, the dl dimer is unstable towards dispropor- 
tionation to the dd and 22 dimers because the trigonal-bipyramidal coordination 
geometry favored by four-coordinate trivalent antimony gives a more eclipsed 
conformation to the ligands in a racemie isomer than to those in the active 
isomer. 

We wish to point out that somewhat similar arguments (i.e., based on 
” 144 “preferred conformation ) have been advanced to explain stereospecific effects 

in other ~e~lloche~ate systems 145. 
There is another possible explanation for the absence of meso-tartrate-con- 

taining dimers. It may be that the ionizable protons in meso-tartaric acid are less 
acidic than those in the active isomer. If this were true, the absence of a meso- 
tartrate binuclear complex could just be due to the higher pH required for forma- 
tion of the tartrato(t) ligand. In a higher pH region, there is more oppor~u~ty 
for hydroxide ions to compete successfullywith the meso-tartrate for coordination 
with antimony~I1) or vanadyl(Ivf. It is known that the acid dissocation constants 
for ionization of the carboxyl groups in meso-tartaric acid are smaller than the 
corresponding constants for d-tartaric acid (at 25 “C, K1 = 0.60 x 10w3, K2 = 
I.53 x foes for meso-tartaric acid; lu, = 1.04 x 10e3, K+- = 4.55 x IO-’ for d-tar- 
taric acid’O’); h owever, no dissociation constants for proton removal from the 
rx-hydroxyl groups of the pneso isomer have been reported, although these con- 
stants are known for the active isomer (approximately lo-l4 and 3 x 10-l 6 for KS 
and KqlO1). E ven if all of the acid dissociation constants were known for n?eso- 
tartaric acid, it might be difficult to evaluate the effect of different acidities on the 
relative complexing abilities of the two tartrate isomers. 

F. EVIDENCE FOR ADDITIONAL TAFtTRATO(LZ-)-BRIDGED BINUCLEAR STRUClXURES 

Tartrates complex with many metal ions other than vanadyl(IV) and anti- 
mony(fn) to give “emetic-type” salts (compounds whose stoichiometries or prop- 
erties indicate that one or both tartrate hydroxyl protons may be ionized)“‘. A 
common feature of these compounds is that the metal-ligand ratiot*La3 is usually 
1: 1. The following is a brief discussion of evidence for additional tartrato(4-)- 
bridged dimeric complexes in some of these other metallotartrate systems. 
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(i) Chromium(II1) tartrates 

A tartrato(4-)-bridged binuclear structure has recently been postulated for 
two mixed chromium(III) complexes lo4 These species are propost d to contain . 
two chromium(III) ions bridged by two quadridentate d-tartrate ligands with the 
other two coordination positions on the metal ions filled by bidentate ligands 
(2,2’-dipyridyl or l,lO-phenanthroline). Owing to the restrictions imposed by the 
binuclear structure, only a A-A absolute configuration’ OS about the chromium(II1) 
ion is possible when the bridging ligands are of the d-enantiomeric form. It would 
be interesting to determine whether a dl dimer can form, since the tartrate coor- 
dination geometry in this distorted octahedral system is quite similar to that in 
pseudo-trigonal-bipyramidal compounds, the equatorial angle here being nearer 
to 90” than 120”. Following the reasoning outlined previously, we would expect 
the dl dimer to have an unfavorable conformation of bridging ligands. 

(ii) Arsenic(III) and bismuth(II1) tartrates 

Both arsenic(III)‘06 and bismuth(III)‘07-‘0g form “tartar-emetic-type” 
salts, to which have been assigned the formulae M[AsOC,H,O,] - xH,O and 
M[BiOC,H,O,] - xH,O, where M is a univalent cation. These formulae are similar 
to those advanced at one time for the antimony(II1) tartrate salts35*36. It has been 
noted that the bismuth salts can be dehydrated to give crystalline materials” ‘J OS 
with the general formula M[BiC4H206]. Moreover, potassium bismuth(II1) tar- 
trate, KBiC4H507.s, has an empirical formula which is the same (except for the 
metal ion) as that of normal tartar emetic”’ and a stable crystalline ammonium 
salt with a formula NH,[l%C,H,O,] has been isolated from an aqueous me- 
dium’il. One is tempted to speculate that all of the members of the trivalent 
arsenic family (As, Sb, Bi) form tartrato(4-) binuclear complexes, particularly as 
both trivalent bismuth63*“2 and arsen.ic113 exhibit pseudo-trigonal-bipyramidal 
fourfold coordinations to oxygen atoms and these coordinations possess a geo- 
metry very similar to that found in the antimony(III) tartrates. Furthermore, both 
arsenic(III)’ l4 and bismuth(III)’ l5 are reported to give no tartar-emetic-type com- 
pounds with meso-tartrate under the same conditions used for synthesis of the 
corresponding d-tartrate compounds. Finally, there is an unconfirmed report, based 
on an old study of the relative crystal morphologies, that one of the arsenic tartrate 
salts is isomorphous with potassium antimony(II1) d-tartratelo6, which is now 
known to contain dimeric anions46. 

The arsenic(III) and bismuth(III) tartrates have been only poorly character- 
ized. Investigations of these compounds are presently in progress in this laboratory. 
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(iii) Antimony(III) a,a’-dimercaptosuccinate salts 

@,a’-dimercaptosuccinicacid(HOOCCHSHCHSHCO0I-Q amercapto analog 
of tartaric acid, complexes readily with many metal ions”6. Among the complexes 
formed is a pharmaceutically important” ’ antimony(III) complex isolated as the 
sodium salt, Na[Sb(OH)C,H,O,S,] I1 * . Since this salt has not been well-character- 
ized, an empirical formula of Na[SbC4H,04S,] - Hz0 could just as well be ad- 
vanced for this compound. A totally ionized ligand is indicated since mercapto 
groups are much more acidic than hydroxy groupsL3’. Furthermore, thioglycollic 
acid (CH,SHCOOH) is known to ionize completely upon coordination with 
antimony(II1) to give the salt, hydrogen bis(thioglycollato(2-))antimonate(III). 
This thioglycollate derivative exhibits a tram pseudo-trigonal-bipyramidal 
coordination geometry with the carboxyl oxygen atoms in axial sites- and the 
a-mercapto groups in the equatorial positions ” This geometry is precisely that _ 

required to form a hypothetical a&-dimercaptosuccinato(4-)-bridged binuclear 
complex. It has been reported that the meso-dimercapto ligand is a much stronger 
complexing ligand toward antimony(II1) than is d-tartaric acid and it has been 
proposed that the product is dimeric llg. Arsenic(II1) is also reported to give salts 
with this mercapto derivative of tartaric acid”‘. 

(iv) Copper tartrates 

The structures of the copper(H) complexes present in Fehling’s solution are 
not at all certain2. Among the many crystalline compounds reportedly isolated 
from basic copper(H) tartrate solutions are salts having the formula121 M,- 
[CuC,H,O,] - xH20. No extensive studies of these compounds have yet been re- 
ported. The presence of polynuclear complexes in this system has been implied by 
potentiometric titrations’22 and by spectral differences between active and racemic 
copper tartrate solutions at higher pH 21. It is interesting that similar spectral dif- 
ferences were the first indication of the existence of tartrato(4-)-bridged dimers in 
the vanadyl(IV) tartrate system2’. Colligative p ro p erties of basic copper(I1) tar- 
trate solutions indicate a dimeric species 5 1 . Racemic copper(I1) tartrate salts with 
the formula M,[CuC,H,O,] - xH,O are reported to be more stable than the cor- 
responding active compounds 123. It should be noted that just such a stability dif- 
ference would be predicted if these compounds contained tartrato(4-)-bridged 
dimeric complexes since the square-planar coordination geometry normally exhi- 
bited by copper should give a better staggering angle to the bridging groups in 
a dl dimer than in a dd dimer. There is a single report’24, however, that meso- 
tartrate complexes as readily as the d-enantiom_er with copper(H) and gives solid 
salts similar to these described above. 
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(v) Other potential tartrato(4-)-bridged bimclear complexes 

Thorium(W) combines with tartaric acid to give species in which the a-hy- 
droxyl groups are apparently ionized”’ and a tartrato(4-)-bridged dimeric struc- 
ture has been proposed I26 Praeseodymium is reported to give complexes contain- . 

ing tetranegative, quadridentate tartrate ligands12’, and binuclear species have 
been proposed lz8 Iron tartrate solutions have been postulated to contain . 
dimers in which the tartrate ligand is quadridentate’2g. Polynuclear structures 
containing both chromium(III) and indium(III) or tin(II) have also been sug- 
gested _ 13’ It is interesting to note that a similar mixed-metal binucIear structure 
containing both copper and chromium(LII) ions has been advanced for a citrate 
complexL3’. A diamagnetic binuclear rhenium(IV) tartrate complex has reportedly 
been isolated as the potassium salt’32. 

Potentiometric titrations indicate that tungsten(W) forms a 2:2 complex 

with tartaric acid at higher pH in aqueous solution’33 and a crystalline material, 
Na,~O,C,H,O,] - 8H20, which is dehydrated completely at 105”, can be iso- 
iated134. The X-ray powder patterns of both the hydrated and anhydrous tetra- 
sodium tungsten(W) tartrates differ completely from those of sodium tungstate 
dihydrate and sodium tartrate dihydrate 134. Although a-hydroxy acids complex 
readily with tungsten(W), /3-hydroxy acids apparently do not’ 3 ‘. This observation 
indicates that the hydroxyl oxygens are involved in the bonding of the tungsten(W) 
tartrate complex. 
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