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isfactory for the formula Zr(03POH)(03P(CHz)P03)1~z, and 
the X-ray powder pattern exhibited a broadened reflection at 
13.6 A. A single weight loss at ca. 600 OC was observed in 
the thermogravimetric curve, as expected for the hydrolyzed 
material. The dried product now has a surface area of 209 
m2/g, which we suggest is greatly increased due to available 
void space within the particles. The maximum surface area 
estimated on the basis of 24 Az being available per OH group4 
is about 430 mz/g. We have assumed that the particle size 
has not changed considerably in the hydrolysis and that ni- 
trogen may freely diffuse to cover all internal surface. 

The 31P MAS NMR spectrum of the hydrolyzed product 
(Figure 2b) exhibits two peaks of equal intensities with 
chemical shifts as expected for phosphonate (10.5 ppm) and 
disordered orthophosphate (-17 ppm). In future experimen- 
tation, we hope to demonstrate that such materials can 
manifest molecular sieving properties, by virtue of specific 
micropore structure. 

It is worthy of note that, when we attempted to prepare such 
pillared products by anion substitution of y-zirconium phos- 
phate with the rigid bisphosphonic acid substituted in the p , p  
positions of biphenyl 

HZ03P*P03HZ 

the product obtained seems to have a bilayered structure (with 
a pendant free phosphonic acid group on each layer). This 
assignment is based on X-ray diffraction data (d  spacing 26.4 
A) and the observation of three 31P signals in the NMR 
spectrum, attributable to phosphate and free and sheet-bound 
phosphonate. 

When the exchange reaction was carried out with a more 
flexible bisphosphonic acid, the desired pillared product was 
obtained. Thus HzO PClzHZ4PO3H2 yielded a product with 
a d spacing of 20.3 1 while the HZO3PCH2(4,4'-biphenyl 

Neither product exhibited a 31P resonance indicative of free 
phosphonate. We can only presume that, since the inorganic 
layers are already formed and are in place, the steric acces- 
sibility of two exchange sites to a bisphosphonic acid deter- 
mines whether the product has a pillared or bilayered structure. 
Registry No. Zr(03PO(CH2)60P03), 84057-65-8; Zr(03P(C- 

CH2PO3HZ-exchanged product had a d spacing of 15.9 1: 

H2)8PO3), 84057-66-9. 

(4) This is the area available per site in a-zirconium phosphate, which is 

( 5 )  Deceased Aug 16, 1982. 
the structure assumed for precipitated ph0sphonates.l 
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Formation of a New Nihido Cluster from a Cluster 
Coordinated Isocyanate 
Sir: 

The dissociative chemisorption of small molecules having 
multiple bonds between the atoms is often the pivotal step in 
any catalytic scheme utilizing the molecule. This step is 
proposed to occur with N2 in the Haber process' and with CO 

(1) Emmett, P. H. "The Physical Basis for Heterogeneous Catalysis"; 
Drauglis, E., Jaffe, R. I., Eds.; Plenum Press: New York, 1975; pp 
3-34. 
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in some mechanisms of the Fisher-Tropsch reaction.2 These 
reactions have few analogues in mononuclear metal complexes 
and only a small number with metal clusters. For instance, 
the formation of many carbid0~9~ and nitrido clusters5 results 
from the dissociation of CO and NO with subsequent (or 
concomitant) loss of the oxygen as C02,  precluding studies 
of the reverse process. Examples of such scissions in which 
all the fragments of the molecule remain bound to the complex 
have been reported for CS2 to give a coordinated CS and S 
ligand6 and ultimately a carbide and two sulfide ligands7 and 
for substituted acetylenes to give alkylidyne clusters.8 Once 
again, these reactions have not been found to be reversible. 
We report here the dissociation of a coordinated isocyanate 
(NCO) into a coordinated nitrogen atom and carbon monoxide 
and also evidence that an isocyanate can be re-formed under 
the appropriate conditions. 

The reaction of R U ~ ( C O ) ~ ~  and PPN(N3) has been found 
to generate isocyanato carbonyl clusters within minutes at 
room temperat~re.~ The initial products are [Ru3(NCO)- 
(CO)ll]- and [RU~(NCO)(CO),~]-, the former having a ter- 
minal isocyanate ligand and the latter species containing a 
bridging NCO. At room temperature in the absence of CO 
the trinuclear clusters slowly form the tetranuclear species 
[Ru,(NCO)(CO),~]-. In refluxing tetrahydrofuran (THF) 
the trimers generate some [Ru,(NCO)(CO),,]- and a new 
nitrido cluster characterized as [Ru,N(CO),,]-. When the 
stoichiometry was appropriately adjusted according to eq 1, 

THF, A 
2RU3(C0)12 + PPN(N3) 7 

PPN[RU~N(CO)I~]  + N2 + 8CO (1) 

maroon, slightly air-sensitive crystals of [Ru6N(CO),,]- were 
isolated in 92% recrystallized yield. The new cluster has been 
characterized by elemental analysis,'O "N and 13C NMR, and 
infrared spectroscopy, its degradation to a known compound, 
and its independent synthesis by a precedented method of 
nitrido cluster preparation (eq 2). Martinengo and co- 

CH2C12 
[Ru6(C%12- + NO+ [Ru6N(CO),,I- (2) 

workers" used the analogous reaction of NO+ with M6- 
(CO)152- (M = Co, Rh) to form [M,N(CO),,]-, the first 
low-valent clusters with an interstitial nitrogen atom.12 The 
infrared spectrum of [Ru6N(CO),,]- is quite simple, having 
one intense peak with a weak shoulder at 2010 and 1965 cm-I, 
respectively, in the terminal carbonyl region and a weak ab- 
sorbance at 1839 cm-' in the briding CO region. This pattern 
is commonly observed for octahedral clusters such as [H- 
R U ~ ( C O ) ~ ~ ] - . ' ~  The 13C NMR spectrum even at -87 O C  

exhibits only one sharp resonance at 207.5 ppm (downfield 
from Me4Si) indicative of rapid CO exchange. 

(2) Rofer-DePoorter, C. K. Chem. Rev. 1981,81,447-474. 
(3) Tachikawa, M.; Muetterties, E. L. Prog. Inorg. Chem. 1981, 28, 

203-238. 
(4) Hayward, C.-M. T.; Shapley, J. R. Inorg. Chem. 1982,21, 3816-3820. 
( 5 )  Fjare, D. E.; Gladfelter, W. L. Inorg. Chem. 1981, 20, 3533-3539. 
(6) Broadhurst, P. V.; Johnson, B. F. G.; Lewis, J.; Raithby, P. R. J. 

Organomet. Chem. 1980, 194, C35-C38. 
(7) Bor, G.; Gervasio, G.; Rossetti, R.; Stanghellini, P. L. J .  Chem. SOC., 

Chem. Commun. 1978, 841. 
(8) Fritch, J. R.; Vollhardt, K. P. C. Angew. Chem., Int. Ed. Engl. 1980, 

19, 559-561. 
(9) Fjare, D. E.; Jensen, J. A.; Gladfelter, W. L. Inorg. Chem., in press. 

(10) Anal. Calcd for PPN[Ru,N(CO),,]: C, 38.86; H, 1.88; N, 1.74. 
Found: C, 38.68; H, 2.00; N, 1.63. 

(1 1)  Martinengo, S.; Ciani, G.; Sironi, A,; Heaton, B. T.; Mason, J. J .  Am. 
Chem. SOC. 1979, 101, 7095-7097. 

(12) John R. Shapley and Chi-Mi Tai Hayward have also found that ni- 
trosylation of [Ru,(CO),~]*- with NO* generates [Ru6N(CO),,]-. 

(13) Eady, C. R.; Jackson, P. F.; Johnson, B. F. G.; Lewis, J.; Malatesta, M. 
C.; McPartlin, M.; Nelson, W. J. H. J .  Chem. SOC., Dalton Trans. 1980, 
383-392. 
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The 15N NMR spectrum exhibits a resonance at 559.4 ppm 
downfield from liquid ammonia. This spectrum was obtained 
on a cluster that was -48% enriched with 15N resulting from 
the reaction of 95% enriched [I5N=N=N]- with R U ~ ( C O ) ~ ~ .  
It is similar to the shift obtained for [Fe,N(CO),,]- (618.3 
ppm) and several related nitrido clusters and is about 150 ppm 
downfield from the terminal metal nitrosyl region (-400 
ppm).14 For similar functional groups, the nitrogen chemical 
shifts often follow the same trends as their carbon ana10gues.I~ 
However, unlike the 13C chemical shifts of metal carbonyls 
and carbido clusters, in which the pattern consistently is 
terminal CO < bridging CO < carbido, the shifts of bridging 
nitrosyls appear several hundred ppm downfield (at - 800 
ppm)14 of the nitrido chemical shifts. Adding to this com- 
plexity are the shifts observed for [Co6N(C0),,]- and [Rh6- 
N(CO),,]- at  196.2 and 107.6 ppm, respectively. These 
clusters are known to have trigonal-prismatic (I) rather than 

I 

octahedral structures, which may in part be responsible for 
the dramatic upfield shifts." Although we were not able to 
obtain X-ray-quality single crystals, we propose that the 
structure of [Ru6N(CO) 16]- contains an octahedral arrange- 
ment of ruthenium atoms with a possible distribution of 
carbonyl ligands shown in 11, similar to R U ~ C ( C O ) ~ ~  (I1I).l6 

E m 
Both of these structures obey the skeletal electron pair bonding 
arguments for a closo octahedral cluster, whereas Co,N(CO),< 
and Rh6N(CO) 15- have four additional electrons, resulting in 
a structure based on an arachno square antiprism. 

Within minutes under 1 atm of carbon monoxide [Ru6N- 
(co)16]- quantitatively converts to [Ru,N(CO),,]- and 
R U ~ ( C O ) ~ ~  (eq 3). The latter is presumably formed by the 

[Ru5N(CO)i4]- + ' / 3  b ( C O ) i 2  (3) 

trimerization of three Ru(CO)~  molecules, which were not 
individually detected because of the overlapping absorbances 
of both the hexaruthenium and pentaruthenium clusters. This 
facile degradation is unusual for interstitial-atom-containing 
clusters which are commonly more robust than their related 
clusters without the interstitial atom. For instance, even the 
closely related carbido cluster R U ~ C ( C O ) ~ ~  (111) requires 80 
atm of CO at 70 O C  for 3 h to convert to Ru,C(CO),~.'~ The 
pentaruthenium nitrido cluster, [Ru5N(C0),,]-, had previously 
been formed in low yield by the thermolysis of [ R u ~ ( C O ) ~ ~ -  

[RU&(CO)16]- + 2 c 0  - 

~ ~~ ~~~~ 

(14) Stevens, R. E.; Gladfelter, W. L. Inorg. Chem., in press. 
(15) Levy, G. C.; Lichter, R. L. 'Nitrogen-15 Nuclear Magnetic Resonance 

Spectroscopy"; Wiley: New York, 1979. 
(16) Sirigu, A.; Bianchi, M.; Benedetti, E. J .  Chem. SOC. D 1969, 596. 
(17) Farrar, D. H.; Jackson, P. F.; Johnson, B. F. G.; Lewis, J.; Nicholls, J. 

N.; McPartlin, M. J .  Chem. SOC., Chem. Commun. 1981, 415-416. 
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Figure 1. View of the [Ru,N(CO),,]- anion with atomic labeling 
scheme. Selected distances (A): Rul-Ru3, 2.868 (4); Ru3-Ru2, 
2.809 (3); Ru2-R~4,2.911 (4); R~4-Rul,2.818 (3); RuS-Rul, 2.747 
(3); R ~ 5 - R ~ 2 , 2 . 8 1 7  (3); RuS-RU~, 2.848(3); Ru5-Ru4,2.751 (4); 
N1-Rul, 2.01 (2); Nl-Ru2, 2.06 (2); Nl-Ru3,2.07 (2); Nl-Ru4, 

167 (1); Rul-Nl-Ru4, 90.1 (8); Rul-Nl-RuS, 83.0 (7). 
1.97 (2); N1-Ru5, 2.14 (2). Selected angles (deg): Rul-N1-Ru2, 

(NO)]-.'* A single-crystal X-ray crystallographic analysis 
of ( B Z E ~ , N ) [ R U ~ N ( C O ) , ~ ] ~ ~  revealed that it has the expected 
square-pyramidal structure and ligand arrangement (Figure 
l), similar to [Fe4RhC(C0)14]2-.20 The basal ruthenium to 
nitride bond distances are slightly shorter than those observed 
for the related carbido clusters [RU6C(CO)16]2-21 (2.045 (7) 
A), RU6C(C0)1716 (2.05 ( 5 )  A), RugC(C0)15 (2.04 (2) A),'7 
and RU,C(CO)~~(PP~ , )  (2.06 (2) However, the apical 
ruthenium to nitrogen distance is noticeably longer at 2.14 (2) 
A. It is interesting to note that the nitrogen atom is actually 
0.21 (2) A below the average plane of the basal ruthenium 
atoms. In HFe,N(C0)1422 the analogous distance is 0.093 A 
while the carbide is even closer to the plane in Fe,C(C0)15.23 
For Ru5C(CO) and R U ~ C ( C O ) ~ ~ ( P P ~ ~ ) ,  the carbon is located 
0.1 1 and 0.19 A, respectively, below the basal plane." This 
somewhat unexpected preference of nitrogen to protrude below 
this plane may be related to the observation of the ease of 
removal of the sixth ruthenium atom of [Ru,N(CO),,]-. 

The migration of the CO from the nitrogen to the metal is 
related to recent work that involves the analogous equilibrium 
of the ketenylidene (CCO) ligand with a carbide and C0.24-31 

(18) Stevens, R. E.; Gladfelter, W. L. J .  Am. Chem. SOC. 1982, 104, 
6454-6451. 

(19) X-ray diffraction data for ( B Z E ~ ~ N ) [ R U ~ N ( C O ) , ~ ] :  crystal system 
triclinic; space group P1; a = 12.123 (6) A, b = 14.263 (5) A, c = 
10.642 (3) A; a = 104.74 (3)", @ = 93.28 (3)", y 80.25 (4)'; V =  
1754 (2) AS; Z = 2; absorption coefficient 21.2 cm-I; diffractometer 
Enraf-Nonius CAD4; radiation graphite-monochromatized Mo Ka; 
scan range 0" S 20 5 36'; reflections collected 2314 unique, 1437 with 
F, > 2.047,); R = 0.068, R, = 0.074. Severe decay (80%) of the 
crystal in the X-ray beam precluded collection of higher angle data and 
limits the overall quality of the structure. 

(20) Tachikawa, M.; Sievert, A. C.; Muetterties, E. L.; Thompson, M. R.; 
Day, C. S.; Day, V. W. J .  Am. Chem. SOC. 1980, 102, 1725-1727. 

(21) Bradley, J.  S.; Ansell, G. B.; Hill, E. W. J .  Orgunomet. Chem., 1980, 

(22) Tachikawa, M.; Stein, J.; Muetterties, E. L.; Teller, R. G.; Beno, A.; 
Gebert, E.; Williams, J.  M. J .  Am. Chem. SOC. 1980, 102, 66484649. 

(23) Braye, E. H.; Dahl, L. F.; Hubel, W.; Wampler, D. L. J .  Am. Chem. 
SOC. 1962, 84, 4633-4639. 

(24) Kolis, J. W.; Holt, E. M.; Drezdzon, M.; Whitmire, K. H.; Shriver, D. 
F. J .  Am. Chem. SOC. 1982, 104, 6134-6135. 

(25) Seyferth, D.; Hallgren, J. E.; Eschbach, C. S.  J .  Am. Chem. Soc. 1974, 
96, 1730-1737. 

(26) Bradley, J.  S.; Ansell, G. B.; Hill, E. W. J .  Am. Chem. Soc. 1979,101, 

184, C33-C35. 
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Shown below is a scheme that illustrates why the decompo- 
sition of NCO may be promoted by polynuclear species via 
the successive weakening of the N-C bond. 

VI 

Structures IV and V are doc~men ted ,~~  but examples of NCO 
bridging more than two metals either as a mono, di, or trihapto 
ligand are unknown. The reverse reaction of a nitrido cluster 
to form an isocyanate would not occur under mild conditions 
but was clearly demonstrated at high CO pressure. [Ru6N- 
(co)l6]- was dissolved in T H F  and the solution pressurized 
to 3000 psig CO at 70 OC for 3 h. The infrared spectrum of 
the solution observed after the pressure was released revealed 
absorbances characteristic of a mixture of [Ru,N(CO),~]- and 
[RU~(NCO)(CO)~,]-. In particular, the sharp peak at 2189 
cm-' confirms the re-formation of a coordinated isocyanate. 
The details of this unique method of forming carbon-nitrogen 
bonds and the reactivity of [Ru,N(CO),,]- are being studied. 
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Trivacant Heteropolytungstate Derivatives. 2. Synthesis, 
Characterization, and lS3W NMR of 
P4W&4(Hz0)z011z16 (M = Co, Cu, Zn) 
Sir: 

Recently', we described the high-yield, rational synthesis 
and full characterization of the M = Co, Cu, Zn disubstituted, 
tri(tungsten)vacant2a heteropolytungstates B-P2W18M4- 

(1) (a) Finke, R. G.; Droege, M.; Hutchinson, J. R.; Gansow, 0. J .  Am. 
Chem. SOC. 1981, 103, 1587. (b) The B-P2W1&f4(H20)20681* het- 
eropolytungstates were first reported in 1973: Weakley, T. J. R.; Evans, 
H. T., Jr.; Showell, J. S.; Tourn& G. F.; Tournt, C. M. J .  Chem. SOC. 
Chem. Commun. 1973, 139. 

0020-1669/83/ 1322- 1006%01.50/0 

(H20)20681&. As a result of these studies, we concluded that 
an important implication is that B-P2W18M4(H20)20681* is 
not unique but rather is just the first memberlb of a previously 
unrecognized class of massive, disubstituted, trivacant heter- 
opolytungstate dimers. 

Herein we report the synthesis, characterization, and 31P 
and le3W NMR of B-P4W30M4(H20)2011216- (M = Co, Cu, 
Zn), thereby providing the second member of this class of 
heteropolytungstates. The results described below fortify our 
earlier preliminary conclusionla that a B-type2b trivacant 
heteropolytungstate is a key structural requirement for the 
formation of this class of heteropolytungstates. The results 
also support a single structural assignment from among the 
16 possible structural isomers and correct the previous mis- 
formulation of these complexes3 as "P2W16M2(H20)20601+" 

The trivacant heteropolytungstate starting material, a- 
Na12P2W15056.xH20 (previously thought to be a- 
Na12P2W16059),3a was prepared as described in the literature3b 
by base degradation of a-I(gP2W18062. The Co, Cu, and Zn 
derivatives of cU-P2w1@~6'2- were prepared in 77-88% yields 
from CO(NO,)~.~H~O, CuC12.2H20, and ZnBr, in 1 M NaCl 
or in an acetate buffer.3d In the case of the Zn complex, 0.56 
g (2.0 equiv) of ZnBr2 was dissolved in 50 mL of 1 M NaCl 
followed by 5.0 g of Na12P2W15056 and gentle heating and 
stirring to obtain a homogeneous solution. Cooling overnight 
at 5 OC yielded 4.44 g (88%) of white crystalline solid, which 
was dried at 80 OC under vacuum for 10.5 h but not for longer 
times or at higher temperatures as it was discovered, after 
considerable experimentation, that more vigorous drying 
produces a product with different 31P and 18,W NMR data4 
(vide infra) via an apparent solid-state isomerization rea~tion.~ 
The white crystalline solid was formulated as the disubstituted 

0112 on the basis of a f0.4% Na, P, W, Zn elemental analysis, 
molecular weight measurements (M,(calcd) for P4W3,Zn4- 
(H20)2011216- = 7728; M,(obsd) = 7652) obtained by using 
an ultracentrifuge and the sedimentation equilibrium method? 
and the 31P and 183W NMR data presented below. 

In the case of the Co and Cu derivatives, 4.20 g (83%) of 
a dark green powder (A-(H20) = 570 nm) and 3.92 g (77%) 
of light green-yellow crystals (h,,,(H20) = end absorption 
beginning at 600 nm) were formed, respectively. Significantly, 
the distinctive7 A,,, = 570 nm of the cobalt derivative of 
P2w1505612- is identical with the A,,, = 570 nm of the 
PW9O32--derived dimer, [PW9C02(H20)034]21s, indicating 
a very similar ligand field and thus primary coordination 

dimer Nal6 [P2W1&l2(H20)056] 2 = Nal,$4W3&,(H20)2- 

(2) p) P2wl+12- and PW903.,+ are derived by formally removing a 
unit from the saturated tungstates P2w&,26-  and 

PWI2OM3-, respectively, and hence are referred to as tri(tungsten)va- 
cant, or just trivacant, heteropolytungstates. (b) For a discussion of A, 
B, a, and B isomerism see: Massart, R.; Contant, R.; Fruchart, J. M.; 
Ciabrini, J. P.; Fournier, M. Inorg. Chem. 1977, 16, 2916. 

(3) p) The N ~ & W I S O ~ ~ ' X H ~ O  preparation used was that listed under3b 
a-Nal2P2W&s9". In a subsequent paper,3c it is noted that "new 

samples (of YNa12P2W160s9") agree with Nal2P2WI5O5~~xH20".  The 
data presented in the text strongly suggest that this material IS pnmarily, 
but maybe not completely, Na12P2W1s0s6.xH20. (b) Contant, R.; 
Ciabrini, J. P. J .  Chem. Res., Miniprint 1977, 2601; J .  Chem. Res., 
Synop. 1977,222. (c) Contant, R.; Ciabrini, J. P. J. Inorg. Nucl. Chem. 
1981, 43, 1525. (d) Use of an acetate buffer produced identical 
P4W30M4(H20)2011216 by IIP and IS3W NMR and elemental analysis 
(M .= Zn2+). 

(4) Major NMR peaks: ,IP in D 2 0  6 = -3.43, -3.90, -4.01, -12.27; lS3W 
in D 2 0  6 = -122.1, -132.3, -152.6, -157.8, -180.1, -183.4, -186.7, 
-237.3, -267.4, -272.4, -272.8. 

( 5 )  Finke, R. G.; Droege, M. W., unpublished results. 
(6) Chervenka, C. H.  "A Manual of Methods for the Analytical 

Ultracentrifuge"; Spinco Division of Beckman Instruments: Palo Alto, 
CA, 1969. 

(7) (a) The following monosubstituted heteropolytungstates appear at 
shorter wavelengths: P W17Co(H20)0611* (X,,(H20) = 540-550 
I I ~ ) ; ~ ~ P W , ~ C O ( H ~ O ) O ~ $  (&(H20) = 540,526,505 (sh) t ~ m ) . ' ~  (b) 
Komura, A.; Hayashi, M.; Imanaga, H. Bull. Chem. SOC. Jpn. 1976, 
49, 87. 

w 3 O 2 +  
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