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Introduction

In our previous potentiometric investigation of the aqueous
molybdoarsonate system, we established that the [(RAS) . T
M0gO24(OHy)]%~ (R = CHjz, CgHs) anion is the predominant 2 3 4 p5H 6 7 8
Species in a W'_de range pH and Mo/As ratio. The _dat‘? also Figure 1. Relative intensities of different peaks as a functiorpdf
showed that this well-known molybdoarsonate anion is not the 1ot5 concentrations of molybdate and arsonate are 49.9 and 26.9 mM,
only species that exists in solution. Our initial guess was that respectively. Peak C, whose intensity never exceeded 3% of the total
all these species had Mo/As ratios higher than 3. However, under these conditions, has been omitted for clarity. Solid lines show
during the attempt to fully characterize the system by the the distribution of free arsonate (peak A), bAs, species (peak B),
combined emENMR method® we found that one of these and MaAs; species (peak D) calculated by using the formation

o . - . . constants listed in Table 1. Although peaks A and B overlap at low
additional species formed in solutions of low3) Mo/As ratios. pH and are observed as a single peak whein< 3.5, the calculated

In addition, we discovered that the [(GA5)M0sO2s sum of free arsonate and s, species (dashed line) fits the observed
(OH,)]%~ species undergoes an exchange reaction with the freegata well.

arsonate anion in these low Mo/As ratio solutions on tHe
NMR time scale. Here we report the characterization of this intensities (peaks B and D) were obserfedhis result C|ear|y
new low ratio species together with the result of the kinetic tells us that there exist two different molybdoarsonates in
study on the [(CHAS),M0gO24(OH,)]°~ anion. solution as major species even at a Mo/As ratio as low as 1.86.
The intensity of peak B was always higher than that of peak D.
While peak B accounted for as much as 80% of the total arsonate
Reagents, Solvents, and General Procedures he following were in some solutions, the intensity of peak D never exceeded 30%
purchased from commercial sources and used without further purifica- of the total arsonate. Since there is accumulating evidence that
tion: D,O (Isotech), DCI (Aldrich), TSR, (Aldrich), NeeM0O,4:2H,0 4- R — . ;
(Kishid;).(NaCI (I\)/Ianac(k, JIS p)rimar?‘sgandard)) wgg drie?j at 331:)0 [(RAS)ZM%%Z“(O.HZ)] R= C.H3' CeHs, O.H’ _(12’ 6 _2) in(p,
for 30 min before use. C#AsO;Na*nH,0 was prepared according to a 1) .nOtat'P s the predominant species in acidic aqueous
1,7-9
the literaturé and characterized by IR, NMR, and elemental analysis. SOIUt_'On' N vye assigned peak B to (12, 6’_ 2). The r?su't of a
The concentration of the aqueous ¥&O:Na stock solution was ~ vertical titration” 2P where the Mo/As ratio was varied and
determined potentiometrically by using the formation constants reported PH was kept constant around 4.5, gave further support to this
earlier! The Na ion concentrations of all sample solutions were kept assignment (Figure 2). The relative intensity of peak B reached

constant at 1.00 M by adding appropriate amounts of NaCl. The least- a maximum at Mo/As= 3.

squares calculations were performed by using the program L*AKE The chemical shift of i ; ot
. peak B exhibited two kinds of variation.
the data in the ranges 3:8pH = 10.3, 19< [As]/mM = 39, and 1.3 One was observed betweerl 6 and 5, and the variation of

< [Mo]+/[As]r =< 2.6, where [Mo} and [As} stand for total concentra- . A
tions of Mo and As, respectively. the shift was dependent only @i. This indicates that (11, 6,

NMR Measurements. *H NMR spectra were recorded on a JEOL 2), the deprotonated species of (12, 6, 2), coexists in solution.
JNM-A400 (400 MHz) spectrometer and referenced externally to TSP- The other type of variation was observed in the rapge< 4
d; by the sample replacement method. Unless otherwise stated, alland dependent both giH and the Mo/As ratio. This indicates
measurements were performed at 2851 K. The spin-lattice that (12, 6, 2) is involved in some chemical exchange, which
relaxation timesT1) were evaluated by the inversion-recovery method. jill be discussed later.
In order to obtain reliable quantitative data,®9pulses and pulse
repetition times larger than 5 times the longéstvere used. Kinetic
measurements were performed using the polarization transfer metho

Experimental Section

Figure 2 also tells us that the species that gives rise to peak
q.D has aq/r ratio around 2. In order to determine the
composition of this species, we performe@agr search on the
Results and Discussion NMR intensity data using the general equilibrium analysis

Figure 1 shows the relative intensities of the peaks observed

in the!H NMR spectra as a function @H. In addition to the (6) Although one more peak (peak C) was observed in the spectra, it never
. ' 0,
peak of free arsonate (peak A), two other peaks of significant gf:‘::.ounted for more than 10% of the total arsonate when Mo7As
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Figure 2. Relative intensities of different peaks as a function of the
Mo/As ratio atpH = 4.5. Total molybdate concentration was kept
constant at 50 mM. The dashed curves that connect experimental points
are drawn in order to make it easier to follow the change of each peak.
Table 1. Results of the Final Least-Squares Calculation
chemical ®
(p.a, 1) proposed formula lo@pq®  shift/ppnt Figure 5. Probable structures for (12, 6, 2) (a) and (10, 5, 2) (b). The
(11,6,2) [(CHAS)MO0:Omu(OH)> 83.4(4) 2.26(1) oxygen atom of the water molecule is marked with an asterisk.
(12,6,2)  [(CHAS)M0sO2(OH,)]*  88.3(5) 2.32(1) . .
(10,5,2)  [(CHAS):M0sO2]* 75.2(4) 2.40(1) parametersAH* = 63 + 4 kJ mof! and ASf = —19 + 14
(0,0,1) CHAsSO:?~ 1.56(1) JK~1 mol~t for this process!
(1,0,1)  CHASOH™ 8.57(4) 1.90(1) The probable structures for (12, 6, 2) and (10, 5, 2) are
(2,0,1)  CHASOH. 12.46(5) 2.29(1) presented in Figure 5. Although an X-ray crystallographic study
aThe figures in parentheses are the estimated standard deviationsconfirmed that the hexamolybdobis(methylarsonate) ion con-
for the least significant digits. formed to a more symmetrical structure in sodittatramethyl-

ammonium double salt crystdlst has been later revealed that
program LAKE* (Figure 3)1° The result established that the hexamolybdobis(arsonates) take up a water molecule into its
species responsible for peak D is (10, 5, 2). All the other speciesframework in aqueous solution and assume the bent Matsumoto-
tested gave unacceptably high residuals in the least-squaredyPe structure depicted in Figure SaDissociation of a proton

calculations. The result of the final least-squares calculation is from this water molecule gives a structure for (11, 6, 2). The
summarized in Table 1. The proton consumption fagy(g composition and hence the charge of (10, 5_, 2) are consistent
+1), of (10, 5, 2) is 1.43. This is consistent with the result of With the Strandberg-type structdfeshown in Figure 5b.

the previous potentiometric studyyhere it was clearly shown Strandberg-type molybdopropyl- and molybdoallylarsonates

that the proton consumption factors of the species formed in have been structurally characterized receffillihough a
. . molybdomethylarsonate of this structure has not been isolated
low (< 3) Mo/As ratio solutions should be between 1.37 and y y

so far.
1.50. The Matsumoto- and Strandberg-type anions shown in Figure
As mentioned earlier, behavior of peak B suggested the 5 have a common structural feature. Both consist of a (B0
existence of a chemical exchange involvipg §, 2), the Mg- ring and two arsonate groups, which are bound to the ring by

As; species. This was confirmed by variable-temperature NMR relatively weak Me-O bondst* As can be seen from the figure,
measurements. Both peaks A and B became broader gkithe each arsonate unit in (10, 5, 2) is bound to the ring by five
of the solution was lowered, and they were observed as a singleve€ak Mo-O bonds. The arsonate unit on one side of (12, 6,
broad peak around 2.3 ppmpait = 3.8. When the temperature  2), labeleda in Figure 5a, is bound to the ring by six weak
was lowered, however, this broad peak split to give two distinct MO—O bonds, but that on the other side, labeftds bound
peaks. The result clearly showed that there is an intermolecularby only fou_r _MO_O bonds. Th_|s indicates that the latter
exchange betweerp,(6, 2) and the free arsonate in solution. arsonate unit is anchored to the ring less strongly than the other

; . . one and those in (10, 5, 2).
Spin saturation t_ransfer (SST) exper_lments revealed i, ( Bond order calculations give further support to this argument.
2) exchanged with free arsonate anion evepkats.2, where

i K : Bond orders of those weak M@ bonds that hold the arsonate
both peaks A and B were relatively narrow (half-height widths - it on the ring can be calculated from the length of these
2.6 and 3.7 Hz, respectively) and the chemical shift of peak B ponds following Brown’s metho# Two molybdoarsonates of
was independent of the Mo/As ratio (Figure'#)An interesting Strandberg-type structure, [{8:As),M0s0,1]4~ and [(CHCH-
thing to note here is that, unlike,(6, 2), (10, 5, 2) (peak D)
showed no sign of exchange in both variable temperature and(11) Small entropic termTAS" ~ —6 kJ mol at 295 K) tells us that the
SST experiments. The width of peak D was virtually invariant exchange process is enthalpy-controlled. This is not inconsistent with

. . . the discussion given later in the current note. Large experimental errors,
with the temperature. Saturation of peak A or B did not affect especially that ofASf, make further discussion on the activation
the intensity of peak D, and saturating peak D had no effects parameters difficult.
on peaks A and B, either. The result of a series of quantitative 83 g)ri?udtﬁrﬂh%c.t\?vgﬁge i §Zc€é1%9;§]02rg, é?g;igég'ﬂ 3868

polarization transfer experiments pH 5.2 gave activation 3871. (b) Wang, M.; Zeng, P.; Liu, B.; Gu, Ycta Crystallogr. Sect.
C 1988 44, 1503-1505. (c) Liu, B.; Ku, Y.; Wang, Xlnorg. Chim.
Acta 1989 161, 233-237.

(10) See paragraph at end of paper regarding Supporting Information.  (14) Day, V. W.; Klemperer, W. GScience1985 228 532-541.




128 Inorganic Chemistry, Vol. 36, No. 1, 1997 Additions and Corrections

CH,As),M050,1]*, have been structurally characterizédhe (MoOg3)s ring of (10, 5, 2) is relatively strong and makes this
bond order sums for the five MeO bonds that anchor each  species nonlabile on tHél NMR time scale. The arsonate unit
arsonate unit are 1.9 in both cases. The structure has a 2-foldon thea side of (12, 6, 2) is bound to the (M@} ring even
symmetry, and the arsonate unit on one side of the (40O  more strongly, but the one on tifeside is held less tightly and
ring is bound to the ring as strongly as the one on the other. is vulnerable to intermolecular exchange. If we make a rough
The sums for the arsonate units in a Matsumoto-type molyb- assumption that the activation enthalpy for the exchange reaction
doarsonate are, however, significantly different. The sum for between the MgAs; species and free methylarsonate corre-
the arsonate unit on the side of structurally characterized sponds to the energy needed to break the four-Kdcbonds
[(CeHsAS):M0024(OH)1+~ 1tis 2.1, and the sum for the other  that hold the arsonate unit to the ring, the average bond energy
is 1.6. Thus the arsonate unit that has only fourM®bonds for these bonds can be estimated to be 16 kJ fol

IS bound to the .(MOQX ring more weakly than that on the Acknowledgment. This work was supported in parts by a

side and those in (10, 5, 2). Grant-in-Aid for Scientific Research Nos. 08232276 and
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the arsonate units can explain different dynamic behaviors of 4 Japan (Monbusho).

(10, 5, 2) and (12, 6, 2) mentioned above. The cumulative

strength of the Me-O bonds that hold arsonate units to the _ SUPPOrting Information Available: ~ Figures 3 and 4, showing

results of thepgr search and spin saturation transfer experiments (2
pages). Ordering information is given on any current masthead page.
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I. Antes, S. Dapprich, G. Frenking, and P.
Schwerdtfeger*  Stability of Group 11 Carbonyl Com-
plexes C-M—CO (M = Cu, Ag, Au).

Pages 20892096. In the original paper we presented ab
initio calculations on group 11 carbonyl complexes-®1—
CO (M= Cu, Ag, Au). While CIAUCO is a well-characterized
compound and CIAgCO is unknown, we overlooked two
important papers on CICuCO by Jagner et4lln their first
paper! Hakansson and Jagner characterized CICuCO as a white
solid with chloride-bridged layers with significant deviation from
linearity. Hence it may be difficult to compare their experi-
mental work with our theoretical work. Nevertheless, the
experimental CuC distance of 1.86 A is somehow larger than
our calculated MP2 value of 1.73 A for the free species. The
Cu—Cl distance of 2.352.37 A is significantly larger compared
to that of the free CICUCO species (2.03 A at the MP2 level),
probably due to the bridging behavior of the chlorine ligand.
In a subsequent paper Jagner et al. studied the infrared spectrum
of solid CICUCQ? Their CO stretching frequency is in good
agreement with our calculated value.
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