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The slope of this plot, 1.26 f 0.05, indicates that the nu- 
cleophilic discrimination power of the dimethyl sulfoxide 
complex is some 26% greater than that of the ammonia com- 
plex. A relationship between cis effect and the nucleophilic 
discrimination factor of the substrate indicates that we must 
look to the bond-forming transition state for the main site of 
the effect. The greater nucleophilic discrimination of the 
dimethyl sulfoxide complex suggests that it is better able to 
counteract the effects of the extra electron density brought 
in by the entering nucleophile than the ammonia complex. 

Also included in Table I11 are rate constants for the re- 
placement~ of C1- from [Pt(dien)Cl]+ (dien = 1,5-diamino-3- 
azapentane) which have been extrapolated to y = 0, by using 
the expression discussed above, and to 25 “C, by using pub- 
lished activation parameters. It is of interest to note that, while 
the solvolytic rate constant is similar in magnitude to those 
of the other two complexes, the values of k20 are somewhat 
larger than the corresponding values for the [Pt(en)(NH3)C1]+ 
cation. A log-log plot comparing these two sets of data is 
shown in Figure 2 and suggests that the difference in behavior 
is due to a small (slope = 1.038 f 0.020) but significant 
difference in the nucleophilic discrimination factors of the two 
substrates. It has been shown that the cis effect of an amine 
is quite significant and depends upon its proton basicity, the 
least basic amine generating the most labile substrate.6 If one 
assumes that the ethylenediamine ring and one of the dien rings 
were equivalent and that ammonia had a stronger cis effect 
than the more basic -CH2NH2, then one would predict that 
[Pt(dien)Cl]+ should be less reactive than [Pt(en)(NH,)Cl] +. 
The contrary observation indicates that the problem is more 
complicated. It might be argued that coordination of the other 
nitrogens in dien might greatly decrease the basicity of the 
third, but the relative importance of transmitting these effects 
through the aliphatic chains and through the platinum has been 
discussed elsewhereg and it was concluded that the linking of 
the nitrogens by aliphatic chains was only of secondary im- 
portance. 

The greater cis effect of the sulfur in dimethyl sulfoxide 
compared to that of nitrogen in ammonia cannot be ascribed 
to the weaker Q donation that was invoked to account for the 
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variation of the amine cis effecte6 There is strong evidence 
to suggest that, in the ground state at least, sulfur is the better 
donor. However, the greater polarizability of the sulfur may 
allow some transfer of charge away from the reaction center 
through the Q framework as the incoming group becomes 
bound. Although we cannot rule out the possibility of charge 
withdrawal through the 7-acceptor properties of sulfur, it 
should be realized that in these cationic complexes, the non- 
bonding d electrons on the metal are not readily available for 
such interaction. The most important thing to realize is that 
the magnitude of the “electronic” cis effect is small and the 
meaningfulness of any naive attempt to characterize these 
electron displacements in terms of polarizations, polarizabil- 
ities, or Q or i~ effects is equally small. 

Mention should be made in passing of the departures from 
the reactivity order predicted by the nPto values assigned to 
the nucleophiles. The potentially biphilic reagents are less 
reactive than predicted because the substrate is cationic and 
the relevant nonbonding electrons on the metal are less 
available for bonding with the entering group. It is less clear 
why thiocyanate should be less reactive than expected toward 
MezSO complex, becoming less reactive than iodide, and why 
azide becomes more reactive than bromide toward the am- 
monia complex but not toward the dien or the Me2S0 com- 
plex. These effects are small but, nevertheless, significant. It 
is possible that they are a minor manifestation of the well- 
known “steric hindrance” cis effect but much remains to be 
done before this aspect of the problem can be adequately 
discussed. 
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Crystal Structure of Ammonium Dicobalto(II)-40-tungstotetraarsenate(III). Allosteric 
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Crystals of (NH4)23(NH4As4W400140C02(H20)2)~~H20 (18 5 n 5 20) are orthorhombic, of space group Pmmn, with a 
= 29.688 (7) A, b = 23.327 (6) A, c = 12.794 (3) A, and Z = 2. The structure was determined from 3989 reflections 
collected on an automatic diffractometer and refined by a full-matrix least-squares method to R = 0.065. The ligand shows 
two types of coordination sites: an NH4+ ion is in a central site (Sl) and two NH4+ and two Co2+ are in external coordination 
sites (S2). Interactions between these sites, depending on their relative positions, are discussed. In this complex the ligand 
is a cyclic system consisting of four AsW,O,, subunits related through a pseudo 4 axis and joined up by four extra WO6 
octahedra. 

The formation of polynuclear complexes between tungsten 
and arsenic or antimony at  the oxidation state I11 has been 
previously We recently developed this study for 

(1) M. Leyrie, J. Martin-Frtre, and G. Hervb, C. R. Hebd. Seances Acad. 
Sci., Ser. C, 279, 895 (1974). 

(2) M. Leyrie and G. Hervt, Nouu. J .  Chim., 2, 3, 233 (1978). 
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two reasons: (a) As”’ and Sb”’ have a stereochemically active 
lone pair of electrons which is involved in the formation of the 
polyanionic structures; (b) these complexes show antiviral and 
antitumoral activities at noncytotoxic doses “in ~ i t r o ’ ’ ~ ~  and 

(3) C. TournE, A. Revel, G. Tournb, and M. Vendrell, C. R. Hebd. Scances 
Acad. Sei., Ser. C,  277, 643 (1973). 
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“in v ~ v o ’ ’ ~ , ~  and are powerful inhibitors of cellular, bacterial, 
and viral DNA and RNA polymera~es.~ Structural studies 
were necessary to understand the relationships between the 
structure and t h e  chemical  or biological properties. A first 
structure was determined by Fisher et al. of the tungsto- 
antimonate (NaSb9W21086)18-.’o 

With arsenic, the format ion  and the physicochemical 
properties of the ligand (As4W400140)28- (hereafter noted L) 
have been reported.2 The main features are (1) L reacts with 
alkal ine and alkaline-earth ions (noted M”’), leading to 
cryptates ML, with the highest affinity for K+ and Ba2+; (2) 
ML reacts with transition-metal ions (noted Zn+), leading to 
MLZ2 complexes, and (3) ML reacts with Ag’, leading to 
MLAg4 complexes; MLZ2Ag2 complexes can be obtained by 
either action of Ag+ on MLZ2 or subsituting Ag with Z on 

Several  questions arise from these results. In particular, 
what is the basis of the selectivity for K+ and Ba2+? W h y  do 
only two Z* transition-metal ions but four Ag+ ions react with 
ML? So, an X-ray investigation appeared necessary to es- 
tablish the whole geometry of the ligand and its s t ructural  
relationships with the complexed metals. 

Experimental Section 

Preparation of the Compound. The crystallographic study has been 
carried out on (NH4)zs(NH4A~4W400140(C~H20)2)~nH20 with 18 
I n I 20. 

A molar solution of C O ( N O ~ ) ~  (10 mL) was added to a solution 
of the sodium salt of the ligand prepared as previously described2 (60 
g in 300 mL of water). The ammonium salt of the complex was 
precipitated by addition of solid ammonium nitrate (30 8). After 
filtration, the precipitate was twice dissolved and precipitated again 
by ammonium nitrate in order to obtain a sodium free salt. The latter 
was crystallized from aqueous solution at  pH 26 .  The crystals were 
shaped as thin green needles. 

X-ray Diffraction, The unit cell dimensions and space group were 
preliminarily determined from oscillation and Weissenberg photo- 
graphs. The symmetry was orthorhombic and the systematic absences 
(hkO with h + k # 0) led either to centrosymmetric Pmmn or to 
noncentrosymmetric Pmn2, space groups. Statistics on normalized 
structure factors Ehk,  led unambigously to the centrosymmetric Pmmn 
group. Thereafter the second setting of ref 11 (origin at  1) has been 
used. The measured density agreed with the calculated one (doald 
= 4.10, dmeasd = 4.05) for Z = 2. This implies that the asymmetric 
unit is only one-fourth of the polyanion. A 0.30 X 0.17 X 0.07 mm3 
parallelepipedic crystal was set with its “c” axis along the q5 axis of 
a CAD-3 Enraf-Nonius diffractometer. A least-squares fit to the 
setting of 24 independent reflections led to the cell parameters a = 
29.688 (7), b = 23.327 (6), and c = 12.794 (3) A. Intensities were 
collected a t  room temperature in the 8-28 scan mode with Mo Ka 
radiation ( X M ~ K ~  = 0.71069 A) Zr filtered up to (sin €’)/A = 0.4822. 
A standard deviation based on counting statistics was assigned to each 
reflection. A total of 3989 independent reflections of one octant were 
collected; among them 2343 with I > 1.5u(I) were considered as 
observed. Their intensities were corrected for the Lorentz and po- 
larization factors. Absorption corrections were necessary (p = 284 
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(4) C. Jasmin, N. Raybaud, J. C. Chermann, F. Sinoussi, and G. H. 
Werner, Biomedicine, 18, 319 (1973). 

(5) D. V. Ablashi, D. R. Twardzik, J. M. Easton, G. R. Armstrong, J. 
Luetzeler, C. Jasmin, and J. C. Chermann, Eur. J .  Cancer, 13, 713 
(1977). 

(6) H. Tsiang, P. Atanasiu, J. C. Chermann, and C. Jasmin, J.  Gen. Virol., 
40, 665 (1978). 

(7) C. Jasmin, J. C. Chermann, G. HervB, A. TCzC, P. Souchay, C. Boy- 
Loustau, N. Raybaud, F. Sinoussi, and M. Raynaud, J .  Natl . ,  Cancer 
Inst., 53, 469 (1974). 

(8) G. H. Werner, C. Jasmin, and J. C. Chermann, J .  Gen. Virol., 31, 59 
I1 976) ~ . -  _,. 

(9) J. C. Chermann, F. Sinoussi, and C. Jasmin, Biochem. Biophys. Res. 
Commun., 65, 1229 (1975). 

(10) J. Fisher, L. Ricard, and R. Weiss, J.  Am. Chem. Soc., 98,3050 (1976). 
(1 1) “International Tables for X-Ray Crystallography”, Vol. IV, Kynoch 

Press, Birmingham, England, 1974. 

Inorganic Chemistry, Vol. 19, No. 6, 1980 1747 

Figure 1. Polyhedral model of the ligand As4W40014028- structure 
in the complex. Octahedra outline the octahedral tungsten coordination 
polyhedra. Arsenic atoms are omitted for clarity. Arrows indicate 
the coordinative oxygen atoms of the central site S1 and of the four 
coordination sites S2. 

cm-I). They were carried out with a local version of O R A B S . ~ ~  The 
highest and lowest values of the transmission coefficient were re- 
spectively 0.136 and 0.013. A Wilson plot gave the scale and the 
overall temperature factor ( B  = 1.84 A2). 

Solution of the Structure. The structure was solved by direct 
methods. Normalized structure factors Ehk,  were computed and 
introduced in a MULTAN procedure.” A total of 400 reflections with 
Ehkr > 1.96 were used to determine the starting sets. As it was not 
possible to interpret the E map in chemical terms, the most probable 
starting set was assumed to be the right one. The 11 highest peaks 
were introduced as tungsten atoms in a least-squares refinement which 
gave an R factor of 0.23. Alternate Fourier syntheses and least-squares 
refinements showed up all the other atoms of the polyanion. Then 
the R factor was 0.15. The anisotropic treatment of the thermal 
parameters of W, As, and Co atoms led to R = 0.10. The 17 remaining 
peaks (ammonium ions and water molecules) were introduced as 
oxygen atoms and refined to an R factor of 0.078. The R values for 
these atoms appeared divided in two grou s, the first one ranging from 
0 to 5 A2 and the second from 5 to 12 i2. In the last least-squares 
cycles an attempt to differentiate the ammonium ions from the water 
molecules was to assume that the ammonium ions had the greatest 
temperature factors when introduced as oxygen atoms. The intro- 
duction of the scattering factors of nitrogen for these atoms reduced 
the B value scattering (0 to 6), and the R factor dropped to 0.075. 
However these assignments remained doubtful because the electron 
densities of the ammonium ions and water molecules are too close 
and too weak with respect to tungsten atoms. Moreover, for the same 
reason, while thermogravimetric determinations led to a number of 
hydration molecules 18 5 n I 20, only 16 molecules of water were 
found by X-ray diffraction. In the last least-squares cycles a weighted 
scheme of the form w = (1055 - 7FJ-I for Fa < 150 and w = (6 + 
1.08Fa)-’ for Fa > 150 was applied. The final R values are R = C(IIFd 
- IFcll)/CIFaI = 0.065 and R, = (Cw(lFal - I F c ~ ) 2 / C w F ~ ) 1 / z  = 0.077. 
In the last refinement cycle, the ratios of largest shift to standard 
deviation in coordinates were smaller than for W, As, and Co 
atoms and smaller than 2 X for other atoms. The final coordinates 
and the symmetry code are listed in Table I. 

All calculations were carried out on an IBM 370-168 computer 
with local versions of ORFLSI4 for least-squares calculations, GEST” 
for Fourier syntheses, and NRC programs16 for geometrical calculations. 
The scattering factors were taken from ref 11 for neutral atoms. Real 
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Program for Calculating Single Crystal Absorption Corrections”, Re- 
port ORNL-TM-229, Oak Ridge National Laboratory, Oak Ridge, 
Tenn., 1962. 

(13) G. Germain, P. Main, and M. M. Woolfson, Acta Crystalloar.. Sect. - 
A,  27, 368 (1971). 
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Oak Ridge National Laboratory, Oak Ridge, Tenn., 1962. 
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Figure 2. Polyhedral model and tungsten numbering of the two 
independent A S W ~ O ~ ~  units linked by a W( 11) octahedron. 

and imaginary parts of the anomalous dispersion were introduced for 
W and As atoms. 
Results 

The results are interpreted by the occurrence on L of two 
independent types of coordination sites: a cryptant site S1 and 
four coordinative sites S2 (Figure 1). 

Four kinds of oxygen atoms are to be considered: oxygens 
bridging tungsten atoms and the central As heteroatom (re- 
ferred to as Oa), oxygens bridging two tungsten atoms (referred 
to as Ob when they belong to two different w3013 groups and 
0, when they belong to the same w3013 group), and oxygens 
linked to only one tungsten (referred to as od). Numbers in 
parentheses refer to the W atoms to which they are linked. 
An atom A related by the second symmetry code I1 is A" 
(Figure 2). 

General Description of the Complex. In the complex the 
ligand L consists of four A S W ~ O ~ ~  subunits related through 
a pseudo 4 axis and joined up by four extra W 0 6  octahedra 
W( 11). Each W( 11) atom joins two A S W ~ O ~ ~  subunits by 
sharing two cis oxygen atoms with each one. The unshared 
oxygen atoms (od(11), od(l1,Co) in cis position) and the 
symmetry-related ones define the central site S1. These same 
oxygen atoms also define together with two oxygen atoms of 

0,.~(5,N(2))"' and symmetry-related ones) the S2 sites. 
In the actual crystal structure, an NH4+ ion fills the S1 site, 

two "opposed" (see below) S2 sites are occupied by Co2+ and 
the two others are in interaction with NH4+ ions. Thus, we 
have to consider two independent A S W ~ O ~ ~  subunits, one in- 
cluding Co2+ and the other NH4+. 

The A S W ~ O ~ ~  Subunit. Each A S W ~ O ~ ~  subunit consists of 
a Keggin type a~semblage'~ of three w3013 groups around the 
As heteroatom which has a trigonal surrounding. The lone 
pair of As"' is directed toward the opening of the A S W ~ O ~ ~  
structure. This structure has been referred to as a-B-XW9 
bg Hervi: and TCz6.'* 

The equivalent bond distances are listed in Table I1 for the 
two independent half groups A S W ~ O ~ ~  of the asymmetric unit. 
There are no particular variations between the two sets of 
values. The mean values are, for W-O,, 2.38 A, for w-ob, 
1.93 A, for W-o,, 1.93 A, and, for w-od, 1.71 A. These 
distances agree with those found in other Keggin like struc- 
t u r e ~ . ' ~ - ~ ~  The Ob and 0, atoms lie in a square plane with 

each A~Wg033 subunit (od( lo,&), O~(~0,cO)"  or Od(S,N(2>), 

(17) J. F .  Keggin, Proc. R.  SOC. London, Ser. A ,  144, 75 (1934). 
(18) G. HervC and A. TCzC, Inorg. Chem., 16, 2115 (1977). 
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E ,  36, 11 (1980). 
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Table 11. Interatomic Distances (A)= 

2.47 (8) W(6)-0,(6,7,7"') 2.33 (6) 
1.85 (5) W(6)-%(6,8) 1.93 (5) 
1.90 (5) W(6)-OC(6,7) 1.77 (4) 
1.79 (6) W(6)-0d(6) 1.56 (6) 

1.85 (6) W(7)-%(7,9) 1.93 (5) 
1.97 (4) W(7)-%(7,11) 1.93 (4) 

1.90 (4) W(7)-OC(6,7) 2.04 (4) 
1.72 (4) W(7)-0d(7) 1.68 (5) 
2.37 (4) W(8)-0,(8,9,10) 2.39 (3) 
2.00 (5) W(8)-%(6,8) 1.92 (5) 
1.93 (2) W(8)-%(8,8"') 1.96 (2) 
1.86 (4) W(8)-OC(8,9) 1.75 (4) 
1.89 (4) W(8)-0,(8,10) 1.85 (6) 
1.73 (5) W(8)-0,(8) 1.79 (4) 

1.99 (6) W(9)-%(7,9) 1.95 (5) 
1.83 (4) W(9)-%(9,ll) 1.84 (4) 
2.05 (4) W(9)-OC(8,9) 2.03 (4) 
1.87 (5) W(9)-0,(9,10) 1.80 (5) 
1.63 (5) W(g)-od(g) 1.67 (6) 

2.31 (3) W(7)-0,(6,7,7"') 2.45 (4) 

1.98 (3) W(7)-0c(7,71") 1.93 (3) 

2.36 (4) W(9)-0,(8,9,10) 2.45 (4) 

2.38 (4) W(1O)-Oa(8,9,10;) 2.25 (4) 
1.97 (2) w ( 1 0 ) - 0 b ( 1 0 ~ ~ 0  'I) 1.99 (3) 
2.08 (4) W(10)-OC(8,10) 2.01 (6) 

1.82 (7) w(1O)-od(10) 1.74 (7) 
2.05 (5) W(10)-Oc(9,10) 2.01 (5) 

1.70 (4) w(1o)-od(~o,co)  1.81 (4) 
1.77 (8) W(11)-&(2.11) 1.86 (4) 

a The esd's in parentheses refer to last decimal places. 
__ 

Table 111 

Bond Angles around Cobalt Atom (Deg) 
AS(2)-CO-Od(l1,cO) 94.7 (13) 
AS( 2)-CO-od( 10,CO) 80.8 (11) 
As(2)-C0-Ow( 1) 172.9 (20) 
od( 11~co) -co -od(~o~co)  93.3 (17) 
od( 1 1 ,co)-co-ow( 1 ) 90.3 (23) 
od( 10, co)-co-ow( 1 ) 93.9 (23) 
o d ( ~ 1 ~ c o ) - c o - o d (  11,co)"' 90.8 (17) 
Od (1 o~co)-co-od( 1 o,co)l" 82.4 (16) 

Bond Angles around Arsenic Atoms (Deg) 
0a(8,9,10)-As(2)-0a(8,9,10~"' 102 (2) 
0,(8,9,1O)-A~(2)-0,(6,7,7~ I) 94 (2) 

0,(3,4,5)-A~(l)-0,(3,4,5)~~ 99 (3) 

0,(8,9, 1 O)-As(Z)-Co 103 (1) 
0a(6,7,7'11)-A~(2)-C~ 152 (2) 

Oa(3,4,5)-A~(1)-0,(1,2,2'I) 96 (2) 

almost equivalent w-0, and W-0, bond lengths; orthogonal 
to this plane, there is a shorter bond (w-od) corresponding 
to a multiple-bond character and a longer one (W-0,). The 
tungsten atom lies out of this plane on the side of od. The 
o,-w-od mean angle value is 168'. The distances As(1)-0, 
or As(2)-0, are almost the same (mean value 1.78 A) except 
for As(2)-0,(6,7,7I1') (1.66 A). This small shortening is 
probably related to an interaction between As(2) and Co 
(As(2)-Co = 2.65 A) while an interaction cannot be consid- 
ered between As(1) and NH4+ (As(1)-N(2) = 3.88 A). Bond 
angle values around arsenic atoms are listed in Table 111. 

The W06 Bridging Octahedra (W(11)). The shared oxygen 
atoms 0b(2,1 l), Ob(4,1 1) and Ob(7,1 l) ,  0, (9 , l l )  bridge each 
A S W ~ O ~ ~  subunit through W(2), W(4) and W(7), W(9) which 
belong to different W3O13 groups (Figure 2). The distances 
w(11)--0b(2,11) (1.86 A) and W(11)-Ob(7,11) (1.90A) are 
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Table IV. Equivalent Distances (A) of Symmetry-Related W 
Atoms for the Two Crystallographically Independent AsW,O,, 
Units and Theb Differences (A) - __1^_-_11 

d(2) - 
d(2) d(1) 

W(l)-W(l)x'' 16.89 W(6)-W(6)" 17.58 0.69 
W(2)-W(2)11' 11.43 W(7)-W(7)11 12.05 0.63 
W(3)-W(3)"' 16.84 W(8)-W(8)11 17.44 0.60 
W(4)-W(4)'" 11.34 W(9)-W(9)" 12.05 0.71 
W(S)-W(S)'" 11.1 8 W(lO)-W(lO>" 11 -62 0.44 
AS(1)-AS(l)"' 10.44 As(Z)-As(Z) ' 11.20 0.46 

-- I -.I- 
d(1) -- 

Figure 3. Geometrical features of occupied coordination sites in the 
crystal. For clarity, only the coordinative oxygens and arsenics and 
the complexed cations are represented. 

within the range of w-ob and W-0, mean values found for 
the A S W ~ O ~ ~  subunits. The two others W( 1 l)-Ob(4,1 I )  and 
W( 11)-0b(9,11) are somewhat longer (2.03 arid 2.08 A, re- 
spectively). It can be noticed that they are trans to the shortest 
W( 11)-0d distances related to oxygen unshared with the 
AsW903, subunits: w (  1 l)-od( 11,N(2)) (1 -70 A) is nearly 
the w-od mean value, and W( 1 l)-Od( 1 1 ,Co) (1.83 A) is 
intermediate between W-Od and W-Ob or W-0,. The 0- 
W(11)-0 angle values are in the range 85 to 100' except for 
the angles Ob(4,1 1)-W(l 1)-0b(2,11) (77.1') and ob- 
(7,11)-W(ll)-Ob(9,11) (77.0') which intercept the 
subunits. 

The S1 Central Site Occupied by NM4+. This site can be 
considered as a cryptant site. The coordinative oxygen define 
two parallel planes P1 (Od(ll,N(2)) and symmetry related) 
and Pi' (Od(11,CO) and symmetry related). The distance 
between these planes is 2.49 A (Figure 3). 

The central atom N(1) is nearer to Od(ll,N(2)) (2.73 A) 
than to Od(ll ,Co) (3.08 A), but N ( l )  is nearer to PI (1.18 
A) than to P1' (1.3 1 A). This is related to the inequality of 
the corresponding dimensions of the rectangles which define 
P1 and P1' (3.61 X 3.14 A and 4.95 X 2.82 A, respectively). 

The S2 Sites Occupied by Co2+. The four-coordinative 
oxygens od( 10,Co) and od(l1,Co) and symmetry-related ones 
define the Pz plane. The cobalt atom lies in this plane (Figure 
3). The distances from Co to od( 10,Co) and od( 11,Co) are 
2.02 and 1.98 A, respectively. The cobalt is four-coordinated 
by the ligand NH4L and has a fifth coordination position 
occupied by a molecule of water Ow( I )  at a distance of 2.07 
A in a direction perpendicular to the Pz plane. Angle values 
around Co are listed in Table 111. 

About Co coordination, two possibilities can be considered: 
The first is six-coordinate Co with a distorted octahedral 

geometry. An empirical evaluation of the direction for the 
lone pair of As(2) was performed in order to obtain the same 
angle value between this direction and each As(2)-0, one. 
The evaluated direction for the lone pair is consistent with an 
interaction between As(2) and Co. A problem arises from the 
As(2)-Co distance (2.65 A) which is greater than the usual 
covalent ones (from 2.3 to 2.45 A) but considerably less than 
the nonbonded one (sum of the van der Waals radii of As and 
Co is about 3.95 A). So, only a weak interaction can be 
assumed. 

Second, we consider five-coordinate Co with a square-py- 
ramidal geometry. Thus, it is very surprising that Co lies in 
the P2 plane. Generally, the metal lies from 0.3 to 0.6 A above 
the basal plane inside the pyramid in most complexes. It is 

also difficult to explain that the As(2)-0,(6,7,7"') distance 
is shorter than the other As(2)-0, and As( 1)-0, ones by about 
0.12 A ('Table 11). 

From these whole considerations a six-coordinate Co appears 
as the most suitable. 

The S2 Sites in Interaction with NM4+. These two sites are 
defined by the four atoms Od(5,N(2)) and Od(11,N(2)) and 
symmetry-related ones which constitute the P3 plane. The 
N(2) atom of the NM4+ ion lies 1.50 A out of this plane. The 
distances N(2)-Od(5,N(2)) (2.79 A) and N(2)--0d( Il ,N(2)) 
(2.85 8) are consistent with an interaction between the am- 
monium ion and these four oxygens by hydrogen bonds (Figure 

Discussion 
The structural results relevant to the complex NH4LCo2 

define the ligand geometry in the complex and the coordination 
sites SI and S2. In this discussion, we analyze the deformation 
which affects L when two Co2+ ions are coordinated and the 
consequence of this deformation on the reactivity of the co- 
ordination sites. 

Conformational Changm in L due to CoZc Coordination. The 
ligand is defined by the association of four subunits 
through four tungsten atoms octahedrally surrounded. It may 
be assumed that, in the free ligand, these subunits are identical 
and are related by the symmetry elements 4mm (point group 

In the complex the ligand symmetry is lowered (point 
group C2J. Two points may be noted: (1) the overall dis- 
tortion of L (The distarxes between the R s W ~ O ~ ~  symme- 
try-related subunits differ by about 0.64 A (Table IV); note 
(Figure 3) also the dimensions of the rectangles which define 
the PI and P1' planes) and (2) the positions of the arsenic atoms 
with respect to the P1 and P1' planes (As( 1) lies 0.65 A out 
of PI in the side of N(2) while As(2) lies in the P1' plane). 

The conformational change of 1, is due to the coordination 
of two eo2+ ions and may be described in the following way: 
when Co2' binds od(lo,co), Od( 11,Co), and symmetry-related 
ones by code 111, these oxygens move in the plane P2 toward 
Co2+ by about 0.4 A so that the Co-0 distance is close to 2.0 
61, characteristic of oxo complexes of Co2+. In the free ligand, 
the W( I o)--od( 10,Ca) and W( 1 1)-od( 1 1 ,co) bonds are of 
W-  Od type (1.70 A) (see Table IT), and in the complex, the 
length of these bonds are 1 .S 1 and 1.83 A, respectively. This 
suggests that, besides this lengthening by about 0.10 and 0.1 5 
%., the W(11) and cbd(11,N(2)) atoms move approximately 
in the same direction as od( 11,co). 

The transmission of these shifts to the A S W ~ O ~ ~  subunits 
by the 0 - W (  1 1)-0 bridges explains the overall conformational 
changes observed. 

Selectivity of the Cryptant Site S1. A first consequence of 
the ligand deformation in NM4L,Co, i s  the significant distortion 
of the central site SI (Figure 3). The calculated distance from 
the center of this site to o d ( l 1 , ~ ( 2 ) )  or od(1 I,CO) is 2.92 A, 
which is consistent with the highest affinity observed in the 
alkaline family for K+ or Rb'. A suitable rule is that the 
stability is maximum when the rnetal-oxygen distance is close 
to the sum of the ionic radius of M"+ and the oxygen van der 

3) 8 
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Figure 4. Schematic model of interactions between the binding S2 
sites of the ligand ML: (a) Co2+ reacts successively only on two 
opposed S2 sites; (b) the modified vacant S2 sites react with Ag'; 
(c) with Ag', no important conformational change occurs and the 
four sites are successively occupied. Two isomers of MLAg2 can be 
considered; the dissociation constants k, are indicated. 

Waals radius. For Rb', this sum is 2.88 h; and for NH4+, 2.86 
A. We have previously pointed out2 that, in the free ligand, 
the highest affinity is observed for K+ for which the sum is 
2.73 A; this may be explained by the increase of the S1 site 
size because of Co2+ complexation. 

Moreover, it may be noted that the NH4+ ion N ( l )  is not 
equidistant from Od(ll,N(2)) (2.73 h;) and od(l1,co) (3.08 
h;). If we assume that the NH4+ ion is perfectly tetrahedral 
with N-H distances of 1.0 A, this position is suitable for 
hydrogen bonding with Od(ll,N(2)) and od(11,co) even if 
the N-H bonds are statistically directed toward these oxygens 
or if hydrogen bonds are of bifurcated type. 

Interactions between the S2 Coordination Sites Related to 
the Binding of a Metal Cation. A second consequence of L 
conformational changes is an interaction between the four S2 
sites which affects their reactivity. In the following discussion, 
two S2 sites joined by a W( 11) atom are described as adjacent 
(ad) and, if not, as opposed (op). 

Effects of Co2+ Coordination. It can be explained why, in 
NH4LCo2, the cobalts occupy opposed positions and why the 
coordination of two further Coz+ in the remaining vacant sites 
does not occur. The formation of a stable oxo complex of Co2+ 
needs a Co-0 bond length of about 2.0 h; that agrees with 
the Co-0 distances in the occupied sites. In the two vacant 
S2 sites of the complex NH4LCo2, the calculated distance from 
the center of these sites (in the P3 lane) to the ligating oxygens 

in these sites would involve a large shift of these ligating 
oxygens which cannot occur because of the "clamping" of the 
ligand by the previously coordinated Co atoms. In the same 
way, the linkage of one Co2+ ion on one of the four vacant S2 
sites of the ligand ML alters this site and induces changes in 
the conformation of the two adjacent S2 sites while the opposed 
one remains unchanged. Thus, only this latter site can bind 
another Co2+ ion. 

Thus, for their reaction with Co2+ ions and generally, with 
the first-row transition metals Zn+, the four S2 sites of the 
ligand are not independent; only opposite sites are independent, 
and a negative cooperativity is observed for the two adjacent 
ones. These interactions between sites of a molecule are 
analogous to those observed on oligomeric proteins, which have 
been described as allosteric effects. The effects observed here, 
schematically represented (Figure 4a), are coherent with the 
sequential model proposed by Koshland.21 

Od(5,N(2)) or od(l1,Co) is 2.49 K , The coordination of Co2+ 

(21) D. E. Koshland Jr., and K. E. Neet, Annu. Reu. Biochem., 37, 359 
(1968). 
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Effects of Ag+ Coordination. It has been previously shown 
that the S2 sites can also be occupied by Ag+ cationse2 The 
behaviors of Ag+ and Co2+ are different because Ag+ can react 
with the two vacant sites of MLCo2 (Figure 4b) or with the 
four sites of ML (Figure 4c). This behavior is related to the 
Ag-0 bond length (usually 2.4 or 2.6 A); therefore the for- 
mation of stable complexes with Ag+ does not induce large 
changes in the size of S2 sites and, consequently, in the con- 
formation of the ligand (in ML or MLCo2). This formation 
of the MLAg4 complex indirectly supports our early as- 
sumption: the ligand in ML is more symmetrical than in 

A quantitative study of the Ag+ coordination can be at- 
tempted from the analysis of the potentiometric titration curve 
of the ligand ML by Ag+.= This curve showed only one 
equivalent point for four Ag+ ions added to ML; no inter- 
mediate complex was quantitatively made. The reaction of 
Ag+ with the ligand occurs according to the successive 
equilibria 

MLCo2. 

MLAg, F! MLAg,-, + Ag+ (i = 1, 2, 3, 4) 

We can define the corresponding conditional dissociation 
constants 

Ki = [MLAgi-,laAgt/ [MLAgtl 

written with the concentration for the complexes and the ac- 
tivity for Ag+. Because of the high charge of the compounds 
involved, the ionic strength can be considered as unchanged 
during the titration. Using the reaction scheme of Figure 4c, 
which takes into account the existence of two MLAg, isomers 
(adjacent or opposite S2 sites occupied), we may obtain the 
following relation between the number x of Ag+ added per 
mole of ligand and the activity of Ag': 

x = A(1 - x)a,h,g+ + B(2 - X)aAgt2 + c(3 - x)aAgt3 + 
D(4 - x)uAgt4 

where A = l /k l ,  B = (l/kzad + l/kzoP)dkl, C = l/klk2adk3ad 
= l/klk20Pk30P, and D = l/klkzadk3a k4 = l/k,k20Pk30Pk4. 
Approximate values of A,  B,  C, and D were obtained from 
potentiometric data by solving the above equations. Then 
least-squares refinement gave accurate values used in further 
calculations. In order to obtain the successive constants k,, 
we propose a simple mathematical model in which each pk, 
is written as the sum of four terms: 

pki = pk + A,(stat) + A,(elec) + Ai(conf) 

which takes into account (1) the intrinsic affinity of a site (pk), 
supposed isolated, corresponding to the equilibrium S2Ag+ e 
S2 + Ag', (2) a statistical effect due to the existence of several 
identical sites [If only this effect was involved, the relations 
between the ki would be 

k = 4kl = k20P/2 = k2ad = 2k30P = k ad = 3 k4/4 

The values of Ai(stat) = log aj are deduced from these relations 
of the type k = (~~k , . ] ,  (3) an electrostatic effect between sites 
which expresses that the positive charge of the cation in a S 2  
site decreases the affinity of the other vacant sites [In this 
simple model we assume that the electrostatic interactions do 
not depend on the location of the sites (the distances between 
adjacent or opposed sites are not very different) and are the 
same for all the successive complexes MLAg,. Thus, each 
coordinated Ag+ introduces an electrostatic increment A(e1ec); 
A,(elec) can be evaluated by Ai(elec) = ( i  - l)A(elec).], and 
(4) a conformational effect which expresses that the occupation 
of a site induces changes in the conformation of the adjacent 
sites and, consequently, in their affinity (conformational in- 
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Table V 

Robert et al. 

pki = pk + A(stat) + 
ligand const (i - l)A(elec) + jA(conf) obsd calcda 

MLCO, 

ML 

Pk’l pk‘ + 0.30 8.85 
Pk’, pk‘ -. 0.30 t A(e1ec) 7.95 
Pk, pk + 0.60 9.08 
Pk 4 pk - 0.60 + 3A(elec) -t 6.78 

1pk,OP pk - 0.30 + A(e1ec) 7.88 
pk t A(e1ec) + A(conf) 8.08 

Ipk,OP pk + 0.30 + 2A(elec) + 7.98 

P b a d  pk + 2A(elec) + A(conf) 7.78 
log (l/k2Op + 8.24 8.29 

Pk, + Pk, 15.81 15.86 

2A(conf) 

2A(conf) 

I l k  2ad) 

(op or ad) 

a The values in this column were calculated from the equation in 
the previous column, by using the following values: pk’ = 8.55, 
A(e1ec) -= -0.30, pk 7 8.48, and A(conf) = -0.10, which were oh- 
tained from the observed values of pk’, , pk’, , pk, , and pk,, re- 
spectively. 

crement A(conf)) but not in the affinity of the opposite ones 
[Thus, the value of A,(conf) can be evaluated by A,(conf) = 

jA(conf) in which the parameter j for a site is equal to the 
number of occupied adjacent sites (0, 1, or 2 ) . ] .  

With use of this model, the intrinsic pk value 8.48 has been 
obtained from log A = pkl = pk -k 0.60, since only the sta- 
tistical term is involved (Table V). The value of A(elec) 
(-0.30) has been deduced from the dissociation constants of 
Ag’ complexes of MLCo2 previously reported:2 in MLCo2Ag2, 
both Agf ions are in two opposite S2 sites and only statistical 
and electrostatic effects are involved; as a first approximation, 
it has been assumed that the electrostatic interactions in ML 
and MLCoz are the same. The conformational term A(conf) 
(-0.10) has been dehuced from the value of pk4 (log (U/C) ) .  
Finally k2 and k3 (adjacent and opposite) have been calculated. 
Their values are in good agreement with the experimental 
values of k20P 9 kZad and k2k3. Moreover, the values of A(e1ec) 
(-0.30) and A(conf) (-0.10) show that, in the Ag’ reaction, 
there is a low negative cooperativity between sites. The be- 
havior of Co2+ can be described with the same model; the high 
negative cooperativity observed between a site and the adjacent 
ones involves a largely negative value of A(conf). 

Conclusion 
This study shows that  the polyanionic ligand 

(As4W40Q140)28- results from the connection of four identical 
A s W ~ ~ ~ ~ ~ -  subunits through four W 0 6  extra groups. The 
mechanism of formation of this species is not known. However, 
it can be noticed that each subunit has the so-called “a-B-type” 
9-tungstoheteropolyanionic structure,18 Le., three w@13 groups 
around the heteroatom, using the three bonds of As1” according 
to the pyramidal geometry. This is different from the so-called 
“A-type” 9-tungstoheteropolyanionic structure observed with 
Sirv, i.e., on W3QI3 group and three W2OlO groups around the 
heteroatom, using the four bonds of SiIV according to a tet- 
rahedral geometry.22 We have reported that this latter 
structure can be completed by one W2Q11 group (formation 
of 1 1-tungstoheberopolyanionic structure) or one W3OI5 group 
leading to the well-known closed “Keggin s t r u ~ t u r e ” . ~ ~ , ~ ~  In 
the “a-B-type” A s W ~ ~ ~ ~  subunit structure, the lone pair of 
electrons directed toward the opening of the structure prevents 
As”’ from nucleophilic attack by the oxygen ligands of tungstic 
groups. Thus, this structure cannot be closed as the “A-type”, 
and we observe an association in which the electron pair re- 
mains free. Another compound, the tungstoantimonate 
(Sb9W21Q86)19 , has a structure in agreement with these views: 
three subunits are linked by two Sb3Q7 extra groups, all the 
Sb”’ having a pyramidal geometry with a lone pair.1° 

In these two ligands, the association of several subunits 
defines two types of coordination sites: (i) a central cryptant 
site S1 with a selectivity for alkaline or alkaline-earth cations 
depending on its size; (ii) several external coordinative sites 
S2, which react with transition- and post-transition-metal 
cations. In the title compound, the flexibility of the association 
allows conformatiorial changes of the ligand which involve 
interactions between S2 sites, depending on their relative 
positions. This is an inorganic example of the allosteric effect 
observed with biological oligomeric macromolecules such as 
proteins. 

Registry No. (NH4)23(NH4As4W400140C02(H20)2), 73261-70-8. 
Supplementary Material Available: A listing of structure factor 
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masthead page. 
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