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Molybdenum Oxo Nitrosyl Complexes. 1. Defect Lindqvist Compounds of the Type 
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Reactions of hydroxylamine with isopolyoxomolybdates in methanol or ethanol yield nitrosylpolyoxomolybdates of 
the type [ M o s O ~ ~ ( O R ) ~ ( N O ) ] ~  (R = Me, Et). The structures of (~-BU~N)~[MOSO~~(OM~)~(NO){N~- 
(MeOH))I*3MeOH (11, K~[M~SO~~(OM~)~(NO){N~(H~~)(M~H))I (21, (M~~N)~[MO~OI~(OM~)~(NO){N~- 
(HzO))] (3), and (~-BWN)~[MO~O~~(OM~)~(NO){N~(DMF))] (4) have been determined by X-ray crystallography. 
Crystal data for 1: monoclinic space group P21/u, u = 23.325(7) A, b = 15.917(5) A, c = 18.433(7) A, /3 = 
105.82(6)', Z = 4; structure refinement based on 5281 reflections (I > 341); Mo Ka radiation X = 0.710 69 A 
in all cases), R = 0.059. Crystal data for 2: triclinic space group Pi, u = 9.897( 1) A, b = 9.993(2) A, c = 12.548(2) 
&a = 94.17(1)O,/3= 90.06(1)O,7 = 100.18(1)0,Z=2;3701 reflections, R=0.055. Crystaldatafor3: monoclinic 
space group P21/n, u = 16.733(1) A, b = 13.855(2) A, c = 13.934(5) A, /3 = 107.8(2)O, Z = 4; 3048 reflections, 
R = 0,044. Crystal data for 4: monoclinic space group P21/c, u = 19.437(9) A, b = 13.818(6) A, c = 22.920(9) 
A, /3 = 106.93(3)", Z = 4; 5461 reflections, R = 0.045. The [ M O ~ O ~ ~ ( O M ~ ) ~ ( N O ) ] ~  anion has an approximate 
Cb symmetry; it contains a linear Mo"(NOp unit and may be viewed as deriving from the hitherto unknown 
lacunar [Mo5018l6 Lindqvist anion. The sixth position is occupied by a sodium cation, which interacts with the 
four terminal axial oxygen atoms of the anion and attains coordination numbers of 5,6, and 7, in 1 and 4,3, and 
2, respectively, by further ligation to solvent molecules and to an oxygen atom from a second anion. Solutions of 
1 in methanol are quite stable, while the ethoxo derivative transforms easily into (n-Bu~N)3[Mo~Ols(NO)]. The 
defect [MosO13(0Me)4(N0)l3- species is a convenient starting material for the synthesis of a number of other 
nitrosyl-containing polyoxometalates. 

Introdllction 

The coordination chemistry of polyoxometalates is an area of 
increasing interest owing to the structural analogy of these species 
to metal oxide surfaces.' Specific interest in organic derivatives 
of polyoxometalates derives from the expectation that their 
chemistry will provide some insight into the mechanisms of 
heterogeneous catalytic processes employing metal ~ x i d e s . ~ . ~ ~ + ~  
An interesting development in this area has been the synthesis 
of polyoxomolybdate coordination complexes with branched 
polydentate oxygen donor ligands, in particular alkoxy com- 
pound~ .~ .~  Besides polynuclear oxomolybdenum complexes with 
chelating and bridging chelating ligands, the area of derivatized 
polyoxometalates, where some terminal oxo groups are replaced 
by inorganic or organic ligands, is rapidly expanding. Repre- 
sentative examples include metho~y,~' formyl,6 and pyridine' 
derivatives of octamolybdates and cyclopentadieny1,s.l lb  organo- 
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imido,& organodiazenido? and organohydrazido(2-) lo derivatives 
of [MsOl9I2-anions (M = Mo, W). Theneutral [w6017(cp*)2]8 
is remarkable among a broad range of organometallic oxides.ll* 
The chemistry of molybdenum oxo organoimido complexes has 
been investigated as part of modeling studies of the SOH10 
ammoxidation process,' while the organodiazenido and organo- 
hydrazido groups are of interest as potential models of NNH and 
NNH2, which are intermediates in the conversion of coordinated 
dinitrogen into ammonia and are also postulated to be involved 
in enzymatic nitrogen fmation.'2 

As a part of our continuing interest in derivatized polyoxo- 
metalates and in the chemistry of Mo-N multiple b O n d ~ , ~ ~ J ~  we 
have explored the chemistry of nitrosyl derivatives of polyoxo- 
molybdates with the a& of (i) assessing the change in the 
electronic structure of oxomolybdate clusters arising from the 
replacement of a terminal r-donor oxo ligand by the very strong 
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*-acceptor nitrosyl ligand and (ii) looking for models for catalytic 
oxygenation of NOx on metal oxides. Despite the obvious 
analogyls between RN2+ and NO+ and a number of reports of 
organodiazenido derivatives of iaopolymolybdates?J6 nitrosyl 
derivatives of oxomolybdates were unknown until the report of 
[Mo~~O~~~(N~)~(HZO)I~].~~HZO by Zhang et al. in 1986." A 
variety of mononuclear nitrosylmolybdenum( 11) complexes had 
been previously characterized by the groups of Malerl* and 
Wieghardt.19 Most of them are diamagnetic mononuclear 
complexes containing the M o ( N O ) ~ +  or Mo(NO)z2+ moieties, 
while a few contain the paramagnetic Mo(NO)~+  unit. A few 
polynuclear nitrosylmolybdenum( 11) complexes had also been 
characterized." However, Mood2- and NH20HqHCl in the 
absence of any other reagents are known to afford a poorly 
characterized polymeric nitrosyl complex, which has been used 
as a starting material for the preparation of a number of 
mononuclear nitrosyl complexes.1hJ1 

We have recently found that the reaction of hydroxylamine 
with isopolymolybdates in nonaqueous solution provides a 
convenient route to nitrosyl derivatives of polyoxomolybdates, 
and we have now succeeded in preparing a fairly large number 
of molybdenum oxo nitrosyl complexes. Some of them, such as 
the Lindqvist or Keggin derivatives, may beviewed as derivatives 
of known iso- or heteropolyoxomolybdates, while others, such as 
nitrosyldecamolybdates, have no counterpart in classical poly- 
oxomolybdate chemistry. The keystone in this area is the species 
[MosOl3(OMe)4(NO) ]*, which is a convenient starting material 
for the synthesis of other oxo nitrosyl derivatives; moreover, it 
behaves l i e  an inorganic porphyrin and exhibits a varied 
coordination chemistry. W e  report here the synthesis of 
[Mo5013(OMe)4(NO) J3- in the presence of alkali-metal cations. 
A preliminary account of these results has been and 
a short review of our current work on molybdate oxo nitrosyl 
complexes is a ~ a i l a b l e . ~ ~  

Experimeabl Section 

Startbg M.tSri.b d Reqeota Fumaronitrile, ammonium molyb 
date tetrahydrate, tetrabutylammonium bromide, n-BwNBr, and hy- 
droxylamine chlorhydrate were purchased from Aldrich and used without 
further purification. Tetrabutylammonium tetrafluoroborate, n-Bu- 
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NBF4, (Fluka) was recrystallized twice from H2O and dried at 80 OC 
under vacuo. Reagent grade solvents (Merck or Aldrich) were used as 
received. (n-Bu4N)r [ a-MosOzs] and Ks [ Mod31 12(H2O) i6]-40H~@~ 
were prepared as described in the literature. An approximately 1 molar 
solution of NH2OH in methanol saturated in NaCl was prepared from 
(NHsOH)CI, which was poured into a methanolic solution of eodium 
methoxide; then the precipitate of NaCl was removed by filtration. 

Syotkda of N4!C!H==CHC(NH,)NOH. The monoamidoxime of 
fumaronitrile was prepared in a way similar to that described for the 
diamidoxime.% Fumaronitrile (5 g, 0.064 mol), (NH3OH)CI (4 g, 0.057 
mol), and Na2COs (3.4 g, 0.032 mol) were dissolved in water (40 mL); 
afteretirringofthemixtureforca. 20min,awhilesolidbeeantoprccipitate 
and the mixture suddenly got thicker. After filtration, the crude solid 
wasextractcd with ether. Themixturewas fdtered to remove theinsoluble 
diamidoxime, and the solvent was removed in vacuo to give a white solid. 
Yield: 4.2 g (59%). Anal. Calcd for CfisN30 C, 43.24; H, 4.54; N, 
37.84. Found C, 43.1; H, 4.6; N, 37.8. 

S-of- (*W4N)4M@rt(NCtHC!HC(NH,)NOhJ. 
A mixture of (n-BwN)4[a-MosOzs] (46 g) and fumaroamidoxime (9.5 
g) in methanol (200 mL) was refluxed for 1 h. After initial darkening, 
the mixture cleared up when a white solid began to precipitate. The 
crude solid was collected by filtration. Yield: 39 g (71%). Then, crystals 
of the same compound slowly grew from the filtrate (additional crop: 0.5 
g). Anal. Calcd for C&~N&l04014: C, 37.51; H, 6.29; N, 8.75; Mo, 
29.96. Found C, 37.2; H, 6.4; N, 8.5; Mo, 30.9. 
(,&rN)4MoPr,(OMe),(NO)(N8(MeOH))1.3MeOH (1 ). Metbod 

1. Methanolic NHzOH (80 mL, cu. 80 "01) was added to a suspension 
of (~-B~N)~[Mo~O~Z(NCCHCHC(NH~)N~~~~ (32 g, 25 mmol) in 
methanol (20 mL). The mixture was refluxed for 3 h to give a dark 
solution. After cooling at room temperature and standing for cu. 12 h, 
the solution afforded 5 g of 1 as violet plate crystals (yield: 18%). 

MdLod 2. Methanolic NH2OH (40 mL, cu. 40 "01) was added to 
a suspension of (n-BwN)r[a-MosOzs] (13.45 g,6.25 mmol) in methanol 
( S o d ) ,  and the mixture was refluxed for 7 h upon which its color turned 
yellow, then brown, and finally violet. The hot mixture was filtered, 
giving a light-brown solid, which was discarded. When the filtrate was 
kept at room temperature for 24 h, violet crystals of 1 were obtained, 
which were separated and washed with diethyl ether. Yield: 8 g (59%). 
Anal. Calcd for (~-B~N)~[MO~O~~(OM~)~(NO)("(M~OH))]: C, 
32.16; H, 6.42; N, 3.04, Mo, 34.72; Na, 1.66. Found C, 32.1; H, 6.4; 
N, 3.2; Mo, 34.9; Na, 1.9. IR (an-', KBr pellet): 1635 (s), u(N0); 1040 
(s), u ( 0 - C ) ;  945 (sh), 930 (s), 900 (s), 875 (sh), u(MoOt); 700 (s), Y- 

(MoOMo). 
K@oPls(OMe)r( NO)(Na(Hfl)(McOH))] (2). Methanolic NH2- 

OH (25 mL. ca. 25 "01) was added to a suspension of &[MO&l2- 
(HzO)l6]4H20 (0.543 g, 0.08 "01) in methanol (20mL). After being 
refluxed for 7 h, the mixture was filtered while hot, giving a light-brown 
solid, which was discarded. A small quantity of rose-violet plate crystals 
of K~[MO~O~~(OCH~)~(NO)(N~(H~O)(M~OH))] (2) formed from the 
filtratewithiin a few days. IR (an-', KBrpellet): 1625 (s), u(N0); 1030 

(81, v(MoOMo). 
(MyN)~oP~~(OMe)~(NO)(N8(Hfl~)] (3). Addition of metha- 

nolic NH2OH (19.2 mL, cu. 19.2 "01) to a suspension of (n-BuN)4[a- 
M q O s ]  (6.5 g. 3 mmol) and Me4NBr (3.08 g, 20 "01) in methanol 
(100 mL) led to the formation of a yellow precipitate, which dissolved 
upon heating whilea new violet precipitate appeared. After being refluxed 
for 7 h, the hot mixture was filtered, giving 3 as a rose powder, which 
was waahed with Et20 (4.3 g, 87% yield). The crude product later proved 
to be contaminated with MQNBr. Rose-violet hexagonal plate crystals 
of 3 suitable for an X-ray study were obtained from the reaction of NH2- 
OH with a sample of (n-BwN)3[VMosOl9] that contained a small 
percentage of MyN+ cations. Anal. Calcd for C I ~ H ~ S N ~ M O ~ N ~ O ~ ~ :  
C, 13.98; H, 3.71; N, 4.08. Found C, 14.3; H, 3.7; N, 4.2. IR (an-', 
KBr pellet): 1605 (s), v(N0); 1040 (a), v ( 0 - C ) ;  955 (w), 940 (w), 930 

(,~)4MoPu(OMe),(NO)(N8(DMF))I (4). Violet crystals of 
4wsreobtainsdinitiallyfromthereactionof 1 with(n-BurN)4[SiMol2Oro] 
and n-BwNOH in DMF, which failed to yield the expected nitrosyl 
Keggin derivative [SiM012039(NO)]~. Then it was found that 4 can be 
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Table I. Summary of X-ray Diffraction Data for Compounds 1-4 

"Pd 
1 2 3 4 
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1477.93 
PZlla 
23.325(7) 
15.917(5) 
18.433(7) 
90 
105.82(6) 
90 
6584(8) 
4 
20 
0.710 69 
9.73 
1.49 
0.059 
0.063 

993.07 

9.897(1) 
9.993(2) 
12.548(2) 
94.17(1) 
90.06( 1) 
100.1 8( 1) 
1218( 3) 
2 
20 
0.710 69 
28.89 
2.71 
0.055 
0.064 

pi 
103 1.13 

16.733(1) 
13.855(2) 
13.934(5) 
90 
107.8(2) 
90 
3076 
4 
20 
0.710 69 
20.27 
2.23 
0.044 
0.049 

€%In 
1422.86 

19.437(9) 
1 3.8 1 8 (6) 
22.920(9) 
90 
106.93(3) 
90 
5889(48) 
4 
20 
0.710 69 
10.82 
1.61 
0.045 
0.048 

P 2 1 / C  

obtained by recrystallization of 1 in DMF with methanolic n-BwNOH 
added. IR (cm-I, KBr pellet): 1615 (s), v(N0); 1045 (I), u ( 0 - C ) ;  945 

(~lkqN)mOpl~( OMe)4( NO)(Li( M&H)))xMeOH (5). LiOH 
(0.17 g) was added to the solution of (NH3OH)Cl(O.44 g, 6.4 mmol) 
in MeOH (10 mL). (n-BwN)r[a-MqO%] (2.15 g, 1 "01) was then 
added to this cloudy solution. After the mixture was boiled under reflux 
for 7 h. a brown solid was separated by hot filtration. Violet crystals of 
5 were obtained from the refrigerated filtrate. Yield 0.7 g (32%). Anal. 
Calcd for (~-B~N)~[MO~O~~(OM~)~(NO)(L~(M~OH))]: C, 32.54; H, 
6.49; N, 3.08; Mo, 35.12; Li, 0.51. Found: C, 32.6; H, 6.6; N, 3.6; Mo, 
34.6; Li, 0.4. IR (cm-I, KBr pellet): 1630 (s), v(N0); 1040(s), v ( 0 - C ) ;  
930 ((I), 895 (s), 880 (s), u(MoOt); 700 (s), v(MoOM0). 

(mm)mo@13(OMe)4( NO){Na( Et0H)))XEHIH (6). Methanolic 
NHzOH (3.2 mL, ca. 3.2 "01) was added to a suspension of (n-BwN)4- 
[a-MqO%] (1.075g,0.5 mmol)inethanol(lOmL). Afterbeingrefluxed 
for 7 h, the mixture was filtered while hot, giving a light-brown precipitate, 
which was discarded. Violet crystals of 6 grew from the filtrate within 
1 day. Yield: 0.26 g (23%). Anal. Calcd for (n-BurN)2[MosOl,- 
(OMe)4(NO){Na(EtOH))]: C, 34.74; H, 6.80;N, 2.89. Found: C. 33.2; 
H, 6.7; N, 3.0. IR (cm-I,  KBr pellet): 1635 (s), u(N0); 1050 (I), 

Physical Studies. Infrared spectra (KBr pellets) were recorded with 
a Perkin-Elmer 597 spectrophotometer. Electronic absorption spectra 
were recorded on a Shimadzu UV 160A spectrophotometer. Cyclic 
voltammetrywascamedoutonaPAR Model273 instrument. Astandard 
three-electrode cell was used, which consisted of a platinum or carbon 
working electrode, an auxiliary platinum electrode, and a saturated calomel 
reference electrode (SCE). Measurements were made at room temper- 
ature in CH3CN under nitrogen. Solution concentrations were 1 mM 
for the compounds under study and 0.1 M for the supporting electrolyte, 
n-BuNBF4. 

X-ray Structwe Dete"ti0mr. Data were recorded at room 
temperature either on a Philips PWl100 diffractometer (1 and 3) or on 
an Enraf Nonius CAD4 diffractometer (2 and 4) using graphite- 
monochromatcd Mo Ka radiation. A crystal of 1 was scaled in a thin- 
walled capillary containing a few drops of the mother solution, while 
crystals of 24 were mounted on glass fibers and scaled with an epoxy 
cement. Lattice parameters and the orientation matrix were obtained 
from a least-squares fit of the setting angles of 25 automatically centered 
reflections. The intensities of two standard reflections were monitored 
every 1 h; a linear decay was observed for 1 while no significant change 
was observed in the course of data collection for 24. Crystal data are 
summarized in Table I. Data processing was performed on a MicroVAX 
I1 using the CRYSTALS system.n Intensities werccorrtctcd for Lorcntz 
and polarization effects. Reflections with I h 3 4 )  were kept in further 
calculations. The structures were solved by direct methods (SHELXS 
86),28 which gave the coordinates of the Mo atoms and most of the oxygen 
atoms of the anion. The remaining non-hydrogen atoms were located 

(sh), 925 (I), 910 (8). 890 (s), v(MoO,); 700 (s), u(MoOM0). 

~(O-C);945 (sh),930(s),900(s),880(sh),~(MoOt);700(s),v(MoOMo). 

~~ 

(27) Watkin, D. J.; Carruthers. J. K.; Betteridge, P. W. Crystals User Guide. 

(28) Sheldrick, G. M. SHELXS 86, A Program for Crystal Structure 
Chemical Crystallography Laboratory, University of Oxford, 1990. 

Determination, Goettingen, 1986. 

Table II. Atamic Positionala Parameters and Temperature Factorsb 
for ( ~ - B ~ N ) I [ M ~ ~ O I ~ ( O M ~ ) ~ ( N O ) ( N ~ ( M ~ O H ) U ~ ~ M ~ O H  (1) 

atom x l a  Ylb  Z I C  u(ecl), A2 
0.89076(4) -0.0507715) 0.3223615) 
0.76907i4j 
0.74788(4) 
0.82724(4) 
0.80709(4) 
0.9604(4) 
1.0080(4) 
0.8055(2) 
0.8619(3) 
0.8449(3) 
0.9 128(3) 
0.8949(3) 
0.701 O( 3) 
0.7673(4) 
0.75 17( 3) 
0.8 151 (3) 
0.6825(3) 
0.7288(4) 
0.7829(3) 
0.7564(3) 
0.8665(4) 
0.8476(3) 
0.7363(3) 
0.8330(4) 
0.8948(6) 
0.8586(6) 
0.9609(6) 
0.9264(6) 
0.6765(2) 
0.5930(4) 
0.589( 1) 
0.6150(8) 
0.633(1) 
0.4998(6) 
0.49 1 (2) 
0.4689(5) 
0.5 123(9) 
0.8490(4) 
0.8482(5) 
0.8042(8) 
0.821(1) 
0.786(2) 
0.7890(5) 
0.7570(6) 
0.6965( 8) 
0.6629(8) 
0.8739(6) 
0.9355(8) 
0.956( 1) 
0.952(2) 
0.8934(6) 
0.8955(9) 
0.949( 1) 
0.948(2) 
0.8132(4) 
0.761 3(7) 
0.7342(9) 
0.700(1) 
0.648(1) 
0.7924(7) 
0.74O8( 8) 
0.733(1) 
0.676( 1) 
0.8361 (6) 
0.8834(7) 
0.9061 (7) 
0.952( 1) 
0.8642(6) 
0.8884(7) 
0.938( 1) 
0.971( 1) 

0.01805~5 j 
-0.12309(5) 
0.14330(5) 
0.00170(5) 

-0.0944(6) 
-0).1263(6) 
O.OOO9 (3) 

-0.0365(4) 
-0.1579(4) 
0.0706(4) 

-0.0537(4) 
0.0587(5) 
0.01 70(5) 

-0.0968(4) 
0.1173(4) 

-0.0705(5) 
-0.2264(5) 
-0.1097(4) 
0.1739(4) 
0.2339(4) 
0.1017(4) 
0.0459(5) 

-0,.0100(S) 
-0.049( 1) 
-0.2319(7) 
0.1082(9) 

-0.1170(9) 
0.0764(3) 
0.1556(8) 
0.204(2) 
0.066( 1) 
0.118(2) 
0.2044(9) 
0.158(2) 
0.3684(8) 
0.430( 1) 
0.2901 (6) 
0.1975(7) 
0.1793(8) 

0.066(2) 
0.3260( 8) 
0.28 17( 8) 
0.326( 1) 
0.288( 1) 
0.3455(9) 
0.322( 1) 
0.382(2) 
0.320(2) 
0.294( 1) 
0.385(1) 
0.38 1 (2) 
0.471 (2) 
0.2638(7) 
0.235( 1) 

0.1 14(1) 
0.172(2) 
0.278( 1) 
0.344( 1) 
0.359(1) 
0.41 8(2) 
0.3457(9) 
0.389(1) 
0.465( 1) 
0.516(2) 
0.200(1) 
0.178( 1) 
0.1 14( 1) 
0.102(2) 

0.091(1) 

0.151(1) 

~ ~~~~ 

0.37679iSj 
0.24425(5) 
0.27690(5) 
0.14433(5) 
0.3678(6) 
0.4002(6) 
0.2711(3) 
0.4139(3) 
0.3019(4) 
0.3298(3) 
0.2153(4) 
0.3285(4) 
0.4683(4) 
0.3470(3) 
0.3725(4) 
0.2034(4) 
0.2378(4) 
0.1623(3) 
0.2319(4) 
0.2942(4) 
0.1883(4) 
0.1 1 1 l(4) 
0.0677(4) 
0.4907 (6) 
0.3484(8) 
0.3869(7) 
0.1864(8) 
0.1942(3) 
0.1370(7) 
0.074(2) 
0.413(1) 
0.477(2) 
0.1856(8) 
0.244( 1) 
0.1933(7) 
0.213(1) 
0.5422(6) 
0.5627(7) 
0.6106(8) 
0.643(1) 
0.697(2) 
0.5063(7) 
0.4317(7) 
0.401(1) 
0.324(1) 
0.6124(8) 
0.657( 1) 
0.728(1) 
0.788(2) 
0.4935(9) 
0.461( 1) 
0.423(2) 
0.385(2) 
0.0057(6) 

-0.0618(8) 

-0.124(2) 
-0,.139(3) 
0.0778(8) 
0.064( 1) 
0.141( 1) 
0.128(1) 

-0.02 1 3( 8) 
0.0385(9) 

-0.003( 1) 

-0.045( 1) 

0.062(2) 
0.0282(8) 

-O.037( 1) 
4.008(1) 
-0.066(2) 

0.0608 
0.0626 
0.0620 
0.0634 
0.0625 
0.0857 
0.1147 
0.0453 
0.0667 
0.07 1 5 
0.0659 
0.0692 
0.0795 
0.0890 
0.0658 
0.0687 
0.0822 
0.0855 
0.0657 
0.0778 
0.0870 
0.0617 
0.0807 
0.0936 
0.0976 
0.0979 
0.0982 
0.0980 
0.0953 
0.1344 
0.21 14 
0.2087 
0.2339 
0.1654 
0.2261 
0.1337 
0.1561 
0.0889 
0.0884 
0.1 101 
0.1564 
0.3060 
0.0878 
0.0935 
0.1286 
0.1420 
0.0963 
0.1374 
0.1783 
0.2794 
0.1008 
0.1433 
0.1661 
0.2375 
0.0914 
0.1100 
0.1245 
0.2089 
0.2559 
0.1144 
0.1286 
0.1545 
0.2071 
0.1025 
0.1161 
0.1197 
0.2483 
0.1061 
0.1327 
0.1591 
0.2264 

a Estimated standard deviations in the least significant digits are given 
in parentheses. V(q) = [U(1 l)*U(22)4(33)]1/3. 

through subsequent Fourier synthcsts and least-squares refinement. 
Because only some of the hydrogen atoms could be located on difference 
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T8bk IU. Atomic Positional Parametersa and Temperature Factorsb 
for K~[M~~~I~(OM~)~(NO)(N~(H~O)(M~OH~~~ (2) 

atom x l a  Y l b  S I C  U(es)* A2 
-0.2754( 1) 
-0.4181 (1) 
-0.2765( 1) 
4.1337( 1) 

-0.3 19( 1) 
-0.345( 1) 
-0.2 16 1 (9) 
-0.4528(9) 
-0.539(2) 
-0.325(1) 
-0.3 16(2) 
-0.208(1) 
-0.203(2) 
-0.08 13(9) 
0.007(2) 
-0.359(1) 
-0.582( 1) 

-0.3270(9) 
-O.230( 1) 
-0.336(1) 
-0.0951 (9) 
-O.089( 1) 

0.0102(1) 

-0.4393(9) 

-0.091(1) 
0.0202(9) 
0.042( 1) 
0.159(1) 
-0.1142(6) 
-0.065(1) 
-O.228( 1) 
-0.35 l(2) 
-0.3350(4) 
-0.2777(4) 

-0.3259( 1) 
4.2099( 1) 
-0.4796( 1) 
4.031 5( 1) 
-0.2993( 1) 
-0.371( 1) 
-0).404(1) 
-0.2663(9) 
-0.275( 1) 
-0.208(2) 
-0.5070(9) 
-O.634( 1) 
-0).129(1) 
-0.054(2) 
-0.3507(9) 
-0.328(2) 
-0.166(1) 
-0.187( 1) 

-0.0484(9) 
-0.418(1) 
4.648( 1) 
-0.4742(9) 
0.0062(9) 
0.1 18(1) 
-0.1 188(9) 
-0.245(1) 
-0.343( 1) 
-0,.1797(6) 
-O.322( 1) 
-0.056(1) 
-0).119(2) 
-0.4835(4) 
0.1 155(3) 

4.402( 1) 

0.36149(9) 
0.14599(9) 
0.10706(9) 
0.24571(9) 
0.20367(9) 
0.49 16(9) 
0.5802(8) 
0.2042(7) 
0.3 166(7) 
0.385( 1) 
0.2834(7) 
0.330( 1) 
0.3971(7) 
0.499( 1) 
0.3637(7) 
0.459( 1) 
0.0231(8) 
0.1487(9) 
0.1198(7) 
0.2233(7) 
-0.0143(8) 
0.08 16(8) 
0.1633(7) 
0.1163(7) 
0.3 193(8) 
0.2704(7) 
0.0779(8) 
0.2454(9) 
-0.0491(4) 
-0.2021 (8) 
-0).1695(8) 
-0.226(1) 
-0.2202(3) 
0.0100(3) 

0.03 18 
0.0334 
0.0335 
0.03 1 1 
0.0334 
0.0406 
0.0613 
0.0335 
0.0373 
0.0528 
0.0343 
0.05 1 1 
0.0357 
0.0567 
0.0346 
0.0528 
0.0444 
0.0512 
0.0349 
0.0362 
0.0468 
0.047 1 
0.0375 
0.0375 
0.0436 
0.0334 
0.0433 
0.0492 
0.04 18 
0.0465 
0.0491 
0.0534 
0.0483 
0.0459 

* Estimated standard deviations in the least significant digits are given 
in parentheses. U(eq) = [U(lI).U(22).U(33)l1/). 

Fourier map,  they were not included in the refinement. All atoms were 
refmed anisotropically. There are signs of a slight disorder in the 
tetrabutylammonium cations of 1, but no attempt was made to introduce 
a disorder model in the refinement. An empirical absorption correction 
was applied usingDIFABS.B Neutral-atom scattering factors were used, 
with anomalous dispersion correction applied.30 Final residuals are given 
in Table I. Final atomic coordinates are listed in Tables 11-V. Selected 
bond distances and angles are given in Table VI. A view3' of the anion 
in 4 is presented in Figure 1. The following numbering scheme has bccn 
used for all the compounds containing the [MO~OI~(OCH~)~(NO)]~ 
unit: the Mo*I center is labeled Mo(l), while the MoV' centers are 
numbered from Mo(2) up to Mo(5). The nitrosyl ligand is labeled N( 1)- 
O( 1). Terminal oxygen atoms (01) are labeled Ojj, where i refers to the 
number of the M o  atom and j  = 1 or 2 depending on whether the oxygen 
atom is axial or equatorial. Bridging oxygen atoms (01,) are labeled Ow 
where i and i'refer to the numbers of the bridged M o  atoms. The central 
oxygen atom (9) is labeled O(10). Views" of one hydrogen-bonded 
chain in 1 and of the dimeric units in 3 and 2 are given in Figures 24, 
respectively. 

Syntheses. Although we had been looking for nitrosyl deriv- 
atives of polyoxomolybdates for some time, such a compound 
was first obtained by serendipity while reacting hydroxylamine 
with (n-BNN)z [ Mod01 z(N=CCH=CHC(NH2)NOh] in met h- 
anol with the aim of transforming the pendant cyano groups into 
amidoxime functions. The mixture was refluxed for a few hours 
and filtered while hot. The violet crystals which formed 
immediately from the filtrate were filtered out and identified as 
(~-BU~N)~[MO~O~~(OM~)~(NO){N~(M~OH)~]~~M~OH(~)~~ 

(29) Walker, N.; Stuart, D. Acta Crystallogr. 1983, A39, 158. 
(30) International Tables forX-Ray Crystallography; Kynwh Birmingham, 

( 3 1 )  Pearce, L. J.; Wstkin, D. J. CAMERON. Chemical Crystallography 
England, 1974; Vol. IV, pp 149-150. 

Laboratory, University of Oxford, 1992. 
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Table W .  Atomic Positional Parameter@ and Temperature Factors' 
for (M~~NN)z[M~~O~~(OM~)~(NO)(N~(HZO)JJ (3) 

atom x l a  Y l b  Z I C  U(cq), A' 
0.32239(6) 4.1656 l(8) -0.07303(8) 0.0208 
o.i9158(7j 
0.23035(7) 
0.11895(7) 
0.15894(7) 
0.4220(6) 
0.4887(6) 
0.1990(5) 
0.3205(5) 
0.3691 (9) 
0.3539(5) 
0.428( 1) 
0.2555(5) 
0.279(1) 
0.2901 (5) 
0.315( 1) 
0.09 19(5) 
0.2247(6) 
0.2493( 5 )  
0.1588(5) 
0.1283(6) 
0.2872(6) 
0.2233(6) 
0.0265( 5 )  
0.0934(7) 
0.1312(5) 
0.0624( 5) 
0.1650(7) 
0.0047(3) 
-0.1 151(7) 
0.063 5( 7) 
0.135(1) 
0.035( 1) 
-0.008(1) 
O.O93( 1) 
0.3794(7) 
0.453( 1) 
0.3466(9) 
0.403(1) 
0.310(1) 

0.0 1 i56(8 j 
-0).18000(8) 
4.13338(9) 
-0.32333(8) 
-0.1802(8) 
-0.1954(8) 
-0.1 563(6) 
-0.0237(6) 
0.046( 1) 
-0.1863(6) 
-0.235( 1) 
4.1473(6) 
-0.152(1) 
-0.3061(6) 
-O.368( 1) 
0.0 1 38(6) 
0.1295(7) 
-0.0448(6) 
-0.0052(6) 
-0.1716(7) 
-0.1971(7) 
-0.309 l(6) 
-0.1232(6) 
-0.1 157(8) 
-0.2715(6) 
-0.3055(7) 

-0,.1369(4) 
-0.2367(8) 
-0.4440(8) 
-O.380( 1) 
-0.501( 1) 
-0.383(1) 
4.513( 1) 
0.4438(9) 
0.393( 1) 
0.518(1) 
0.497(1) 
0.371(2) 

-0.4453(7) 

-0.031 ~ ( 9 j  
0.11436(7) 
-0.22297(8) 
-0.07809(8) 
-0.0902(8) 
4.1056(8) 
-0.0555(6) 
-0.05 16(6) 
-0.085( 1) 
0.0733(6) 
0.134( 1) 
-0).2168(6) 
-O.307( 1) 
-0).0925(6) 
-0.162(1) 
-0.0164(7) 
-0.0136(8) 
0.0987(6) 
-0.1719(6) 
0.1157(7) 
0.2374(6) 
0.0622(6) 
-0.1931(7) 
-0.3488(7) 
-0).2104(6) 
-0.0605 (7) 
-0.093 5 (8) 
-0.0321(4) 
-0.0616(9) 
0.2048(8) 
0.260( 1) 
0.279( 1) 
0.142( 1) 
0.136( 1) 
0.1404(8) 
0.2 1 O( 1) 
0.202( 1) 
0.059( 1) 
0.095( 1) 

0.0243 
0.0243 
0.0256 
0.0242 
0.0280 
0.0429 
0.0220 
0.0223 
0.0351 
0.0266 
0.0376 
0.0263 
0.0360 
0.0214 
0.0396 
0.0300 
0.0362 
0.0269 
0.0263 
0.0345 
0.0386 
0.0270 
0.0294 
0.0419 
0.0277 
0.0358 
0.0428 
0.0375 
0.0536 
0.0324 
0.0430 
0.0450 
0.0474 
0.0570 
0.0364 
0.0469 
0.0444 
0.0539 
0.0599 

Estimated standard deviations in the least significant digits arc given 
in parentheses. U ( q )  = [U( 1 1).U(22).U(33)]1/3. 

the basis of an X-ray structure determination. Quite obviously, 
the Na+ cation comes from the hydroxylamine solution. It was 
soon recognized that this compound can be obtained more 
conveniently by reacting hydroxylamine with (n-BurN)r[a- 
MQOza] in methanol. Indeed, a variety of polyoxomolybdates 
can be used as starting materials: K~[MO~OI~(OMC)~(NO)(N~-  
(H2O)(MeOH)j] (2) is formed when K~[M0360112(H20)1& 
40Hz0 is reacted with hydroxylamine in methanol, and (Me4N)z- 
[M~~OI~(OM~)~(NO)(N~(H~O)~] (3) has been isolated from 
the reaction of NH2OH with (n-Bu4N)4[a-Mos02s] in the 
presence of Me4NCl. The maximum yield in 1 (ca. 60%) has 
been reached with (~ -B~~N)~[CY-MQOZ~] .  Whatever thestarting 
material, the yield is maximum for a ratio of the reactants close 
to 0.8 mol of NHzOH per Mo atom. The ethoxy derivative (n- 
BU~N)ZN~[M~~O~~(OE~)~(NO)].~E~OH ( 6 )  has been 
similarly prepared by reactingNH2OH with ( ~ - B u ~ N ) ~ [ M o ~ O ~ Z -  
(N=CCH-CHC(NHZ)NO}Z] or ( ~ - B I ~ N ) ~ [ ~ - M O @ Z ~ ]  in etb- 
anol. (~-B~~N)Z[MOSO~~(OM~)~(NO)(N~(DMF)}] (4) has been 
obtained by recrystallization of 1 in DMF in the presence of 
n-BNNOH. Complexes 1-6 have been obtained as transparent 
violet crystals. However crystals of 1 and 6 were found to become 
quickly opaque when standing in air due to loss of solvent. 
Chemical analyses of 1, 5, and 6 were performed on partially 
desolvated compounds. 

Mared Spectra. The infrared spectra of compounds ldshow 
similar patterns characteristic of the [ M o s O ~ ~ ( O R ) ~ ( N O ) ] ~  
unit: thesearea strong bandin therange 1605-1635 cm-1 assigned 
to u(NO), a feature at ca. 1040 cm-I arising from the 0-C 
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Table V. Atomic Positional Parametersa and Temperature Factorsb 
for (ABU~N)Z[M~~O~~(OM~)J(NO)(NB(DMF)~I (4) 

atom x/a v/b Z I C  U(Cq), AZ 
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Tabk VI. Selected Bond Lengths and Angles in Compounds 1 4  

Bond Lengths (A) 
1 2 3 4 

0.19082(4) 
0.14O50( 5) 
0.21 327(5) 
0.28167(5) 
0.35425(5) 
0.1 503(5) 
0.1183(6) 
0.2376(3) 
0.1062(3) 
0.0384(6) 
0.1682(3) 
0:1114(7) 
0.2264(4) 
0.1994(8) 
0.2902( 3) 
0.3232(7) 
0.185 l(4) 
0.0556(4) 
0.1284( 3) 
0.1829( 3) 
0.2557(4) 
0.1826(4) 
0.2997(3) 
0.3167(4) 
0.2998(4) 
0.3533(3) 
0.3850(4) 
0.4260(4) 
0.3081 (3) 
0.3408(7) 
0.3256(8) 
0.312( 1) 
0.377(1) 
0.287( 1) 
0.0903(5) 
0.0600(6) 

-0.0127(6) 
-0.0340(8) 
-0.1035(9) 

0.0401(6) 
0.0334(7) 

-0.0070(8) 
0.034 (1) 
0.0974(7) 
0.14 1 8( 8) 

0.192( 1) 
0.1638(5) 
0.2053(6) 
0.2694(8) 
0.304(2) 
0.256( 1) 
0.4023(4) 
0.41 59(6) 
0.4887(7) 
0.4977(8) 
0.567( 1) 
0.4100(7) 
0.3577(9) 
0.374( 1) 
0.426( 1) 
0.3254(6) 
0.3061(7) 
0.2263(7) 
0.179( 1) 
0.4589(6) 
0.4580(8) 
0.5 1 O( 1) 
0.5 19( 1) 

0.146(1) 

0.00849(6) 
0.01327(7) 

4.18265(6) 
0.13934(6) 

-0.05888(7) 
0.0373(7) 
0.0588(8) 

-0.0194(4) 
0.0362(4) 
0.07 1 (1) 

-0.1300(4) 
-0.1780(9) 

0.1423(4) 
0.2285( 8) 

4.0216( 5 )  
0.030( 1) 

-0.0100(6) 
0.0453(6) 

-0.1 187(4) 
0.1370(5) 

-0.1972(6) 
-0.2937(5) 
4.1741 ( 5 )  

0.1054(6) 
0.2598(5) 
0.0799(5) 

-0.0780(5) 
-0.0807(6) 
-0.0570(4) 
-0.1 11( 1) 
-O.230( 1) 
-0.145(1) 
-0.292(2) 
-0.267( 1) 

0.3117(7) 
0.2875(9) 
0.3361(9) 
0.313( 1) 
0.364(1) 
0.2758(9) 
0.164(1) 
0.130(1) 
0.139(2) 
0.4209(8) 
0.474( 1) 
0.584( 1) 
0.603( 1) 
0.26 lO(9) 
0.277(1) 
0.208( 1) 
0.185(3) 
0.12 l(2) 
0.5703(7) 
0.6671 (8) 
0.670( 1) 
0.767( 1) 
0.772( 1) 
0.4825(9) 
0.487(1) 
0.402(2) 
0.423(2) 
0.5784(8) 
0.493( 1) 
0.506( 1) 
0.478( 1) 
0.555( 1) 
0.637( 1) 
0.558(2) 
0.639(2) 

0.08992(3) 
0.22109(4) 
0.18875(4) 
0.21803(4) 
0.18443(5) 
0.0141(4) 

4.0380(4) 
0.1847(2) 
0.1 187(3) 
0.0841(6) 
0.0885(3) 
0.0446(5) 
0.1 16 1 (3) 
0.0846(7) 
0.0868( 3) 
0.0475(6) 
0.2958(3) 
0.2205(4) 
0.1943(3) 
0.2163(3) 
0.2655(3) 
0.1633(4) 
0.1634(3) 
0.2926(3) 
0.2162(4) 
0.1890(3) 
0.2608(4) 
0.158 1 ( 5 )  
0.3239(2) 
0.4 199(5) 
0.4793(6) 
0.4549(7) 
0.467(1) 
0.5207(9) 
0.3079(4) 
0.2399(4) 
0.2102(5) 
0.141 1 (6) 
0.1067(6) 
0.3447(5) 
0.3434(6) 
0.3881(7) 
0.4536(8) 
0.3187(5) 
0.2830(6) 
0.2979(8) 
0.358(1) 
0.3272(4) 
0.3953(5) 
0.41 25(6) 
0.471(2) 
0.433( 1) 
0.2256(5) 
0.2604(6) 
0.3111(6) 
0.3407( 8) 
0.3940(8) 
0.2672(6) 
0.3068(8) 
0.351( 1) 
0.407( 1) 
0.18 14(6) 
0.1365(7) 
0.0936(7) 
0.1306(9) 
0.1903(6) 
0.1451(7) 
0.092(1) 
0.096(2) 

0.041 1 
0.047 1 
0.0463 
0.0470 
0.0540 
0.0599 
0.0897 
0.0370 
0.0476 
0.0876 
0.0436 
0.0746 
0.0492 
0.0853 
0.0520 
0.0754 
0.0665 
0.0710 
0.0426 
0.0532 
0.0682 
0.0675 
0.0532 
0.0666 
0.0714 
0.0504 
0.0686 
0.08 16 
0.0819 
0.1141 
0.1031 
0.1074 
0.2012 
0.1409 
0.0546 
0.0596 
0.0667 
0.0848 
0.1104 
0.0684 
0.0837 
0.1095 
0.1 376 
0.0643 
0.0916 
0.1148 
0.1524 
0.0538 
0.0726 
0.0947 
O.ll(1) 
0.078(6) 
0.0641 
0.0660 
0.0836 
0.0962 
0.1217 
0.0792 
0.1162 
0.1461 
0.1667 
0.0687 
0.0903 
0.0974 
0.1263 
0.0761 
0.1093 
0.1642 
0.1914 

a Estimated standard deviations in the least significant digits are given 
in parentheses. * u(q) = [U(ll).U(22).U(33)]1/3. 
stretching vibrations, strong bands in the range 860-955 cm-' 
characteristic of terminal oxo groups, and a strong band at 700 
cm-' assigned to v(M&Mo). The structure of the features 
associated with the MoOt stretch displays some variation 

Mo(1)-N(1) 1.75(1) 1.76(1) 1.77(1) 1.733(8) 
Mo(l)-O(lO) 2.122(5) 2.154(8) 2.155(8) 2.131(51 
~ ~ ( 1  j-0i12j 
Mo( 1)-0(13) 
Mo( 1)-0( 14) 
Mo( 1)-0( 15) 
Mo(2)-0(10) 
Mo(2)-0( 12) 
Mo( 2)-0( 2 1) 
Mo( 2)-0( 22) 
Mo(2)-0(23) 

Mo( 3)-0( 10) 
Mo(3)-0( 13) 
Mo( 3 )4 (23)  
Mo(3)-0(3 1) 
M0(3)-0(32) 
Mo(3)-0(35) 

Md4)-0(10) 
Mo(4)-0(14) 
Mo( 4 ) 4 (  24) 
Mo(4)-0(4 1) 
Mo(4)-0(42) 
Mo( 4)-0( 45) 
Mo(5)-0(10) 
Mo(5)4 (  15) 

Mo(5)4(45) 
Mo(5)4(51) 
Mo(5)-0(52) 
N(1)-0(1) 
O( 12)-C( 12) 
O( 13)-C( 13) 
O( 14)-C( 14) 
O( 15)-C( 15) 
Na( 1)-0(2 1) 
Na( 1)-0(31) 
Na(l)-0(41) 
Na(l)-0(51) 

~ 0 ~ x 2 4 )  

Mo(~)-0(35) 

i . m ( a j  
1.993(7) 
1.994(6) 
2.003(6) 
2.343(5) 
2.259(6) 
1.720(7) 
1.698(7) 
1.920(6) 
1.924(6) 
2.363(5) 
2.291(7) 
1.917(6) 
1.723(8) 
1.699(7) 
1.915(6) 
2.3 19(5) 
2.282(6) 
1.905(6) 
1.705(7) 
1.691 (7) 
1.937(6) 
2.348(5) 
2.285(7) 
1.917(6) 
1.9 14(6) 
1.746(7) 
1.691(7) 
1.22(1) 

1.44(1) 
1.44( 1) 
1.43(1) 
2,401 (9) 
2,35(1) 
2,379(9) 
2,386(9) 

1.43(1) 

2.003igj 
1.976(9) 
1.980(9) 
1.980(9) 
2.304(9) 
2.291(9) 
1.71(1) 
1.68(1) 
1.90( 1) 
1.901(9) 
2.357(9) 
2.291(9) 
1.912(9) 
1.72(1) 
1.69(1) 

2.363(9) 
2.263(8) 
1.9 lO(9) 
1.735(9) 
1.68(1) 
1.919(9) 
2.320(9) 
2.260(9) 
1.904(9) 
1.9 18(9) 
1.716(9) 
1.70(1) 

1.919(9) 

1.20(1) 
1.43(2) 
1.45(2) 
1.43(2) 
1.46(2) 
2,61(1) 
2,52(1) 
2,66(1) 
2,59(1) 

i.ggo(s j 
1.965(8) 
1.990(8) 
2.016(8) 
2.359(8) 
2.313(8) 
1.743(8) 
1.719(9) 
1.936(9) 
1.883(8) 
2.286(8) 
2.309(8) 
1.924(9) 
1.7 17( 8) 
1.704(9) 
1.920(9) 
2.330(8) 
2.268(8) 
1.953(9) 
1.726(8) 
1.691(9) 
1.926(9) 
2.404(8) 
2.277(8) 
1.932(8) 

1.723(9) 
1.71(1) 

1.900(9) 

1.22( 1) 
1.43(1) 
1.43(2) 
1.43(1) 
1.46(1) 
2,52(1) 
2,48(1) 
2,39(1) 
2,60(1) 

i.g79(6j 
1.962(6) 
2.004(6) 
1.997(6) 
2.320(5) 
2.268(6) 
1.709(7) 
1.705(7) 
1.9 17(6) 
1.915(6) 
2.312(6) 
2.323(6) 
1.907(6) 
1.723(7) 
1.688(7) 
1.934(6) 
2.398(6) 
2.269(6) 
1.9 1 O(6) 
1.7 12(7) 
1.705(7) 
1.897(6) 
2.333(5) 
2.280(7) 
1.895(6) 
1.921(6) 
1.697(8) 
1.701 (7) 
1.21 (1) 
1.41( 1) 
1.42( 1) 
1.41(1) 
1.44(1) 
2,377(9) 
2,407(9) 
2,376( 1) 
2,38(1) 

Bond Angles (deg) 
1 2 3 4 

O(l0)-MO(1)-N(1) 177.8(4) 178.0(5) 176.6(4) 176.5(4) 
O( 14)-M0( 1 )-0( 13) 163.1(3) 163.0(3) 162.4(3) 164.0(2) 
0(15)-M0(1)-0(12) 162.8(3) 162.0(3) 163.3(3) 163.4(3) 
0(21)-M0(2)-0(12) 167.0(3) 168.3(4) 168.8(4) 166.7(3) 
0(22)-M0(2)-0(10) 159.5(3) 158.6(4) 158.2(4) 159.2(3) 
0(24)-M0(2)-0(23) 147.8(3) 148.1(4) 145.8(4) 147.7(2) 
O(3 l)-M0(3)-0( 13) 164.9( 3) 166.1(4) 166.9(4) 167.4(3) 
0(32)-M0(3)-0(10) 161.1(3) 159.5(4) 160.5(4) 158.2(3) 
O( 35)-M0(3)4( 23) 147.1 (3) 145.1 (4) 149.0(3) 146.6( 3) 
0(41)-M0(4)-0(14) 166.1(3) 167.0(4) 164.7(4) 164.7(3) 
0(42)-Mo(4)-0(10) 160.4(3) 159.3(4) 160.7(4) 160.6(3) 
0(45)-M0(4)-0(24) 146.9(3) 148.3(4) 148.7(4) 145.3(3) 
0(45)-M0(5)-0(35) 146.1(3) 149.4(4) 147.0(4) 147.0(3) 

0(52)-M0(5)-0(10) 159.6(3) 160.0(4) 160.5(4) 160.1(4) 
MO(l)-N(l)a(l)  178.3(10) 178.3(12) 175.9(10) 176.1(10) 

0(51)-M0(5)-0(15) 166.2(3) 165.7(4) 165.4(4) 167.1(3) 

Estimated standard deviations in the least significant digits are given 
in parentheses. 

attributable to differences in the interaction of terminal oxogroups 
with alkali-metal cations and solvent molecules (vide infra). 
Additional features in the IR spectra arise from the OH stretching 
and the OH bending modes of the solvent molecules (MeOH in 
1,2, and 5; HzO in 2 and 3) and from the CH stretching and CH 
bending modes of the cations (Me4N+ in 3; n-BuN+ in other 
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Figure 1. View” of the [Mo~O~~(OCH~)~(NO){N~(DMF))IZ- anion in 
4, showing the atom-labeling scheme. 

compounds). In 4, a strong band at 1680 cm-1 is assigned to the 
C - 0  stretching vibration of the DMF molecule. 

Electronic Spectroscopy. Compounds 1-6 are violet. This 
color results from an absorption band at 530 nm (c -50 mol-l 
L cm-l for complexes 1-5 in methanol), which appears to be 
characteristic of the [MosO~~(OR)~(NO)]~-  unit. Indeed, all 
complexes containing this unit, including salts with hydrogen- 
bonded cations to be described in a subsequent paper, are violet 
while all other oxo nitrosyl derivatives known at this time are 
either brown (“complete” Lindqvist derivatives), yellow-green 
(“complete” Keggin derivatives), or blue (reduced decamolyb- 
dates). This band is assigned to the d, - d,,, dyz transition 
within the Mo”(N0) unit. 

HMO NMR spectroscopy. The 9sMo NMR spectrum of 1 in 
CH~OH/acetone-da at 323 K exhibits two lines in intensity ratio 
4:l at 61 and 758 ppm relative to external Na2Mo04 in D2O at 
pH 11. This is in agreement with the expected Cp, symmetry of 
the anion in solution and support its description as a localized 
mixed-valence Mo(VI)/Mo(II) species. The high deshielding of 
the Mo(1I) likely arises from paramagnetic shifts. 95Mo NMR 
spectroscopy of molybdenum oxo nitrosyl complexes will be 
discussed into details in part 2 of this series of papers.32 

X-ray Structures. Compounds 1 4  all contain the [Mason- 
(OMe)4(NO)]> unit. This anion has an approximate Cp, 
symmetry. According to the charge balance, it contains the 
common MO(NO)~+ unit, which is written as (MoNOj4 by using 
the classification schemeof Enemarkand Feltham.33 This MONO 
group displays the expected linear geometry and thus is formally 
considered as containing a MolI center and a NO+ species. The 
[MosOI~(OCH~)~(NO)]~-  anion may be viewed as a function- 

~ 

(32) FVowt,A.;Thouvenot, R.; Robert, F.; Gouzerh, P. Inorg. Chem., following 

(33) Enemark, J. H.; Feltham, R. D. Coord. Chem. Rea 1974, 13, 339. 
paper in this issue. 

alized lacunar Lindqvist-type compound,” which derives from 
the hitherto unknown [ M o s 0 1 ~ ] ~  anion by replacing the apical 
M O +  unit by a Mo(NOp+ unit and replacing the bridging 
oxygen atoms linking the Mo(NO)~+ unit to its four Mo(V1) 
neighbors by methoxo groups. The sixth position is occupied by 
a sodium cation which interacts with the four axial Ot atoms of 
the anion. The four Mo(V1) centers are nearly coplanar 
(maximumdeviationofany Moatom from themean plane: 0.012 
A) and the central oxygen atom is displaced by cu. 0.4 A from 
this plane toward the Mo(I1) center. It follows that the M e  
( II)-Oc distance (2.14 1 A, average for 1-4) is significantly shorter 
than the Mo(VI)-O, distance (2.341 A, average for 14). The 
alkoxo bridges are clearly asymmetrical: Mo(II)-O = 1.99 A 
(average for 14); Mo(VI)-O = 2.28 A (average for 14) .  The 
environment of the methoxo oxygen atoms departs more or less 
from planarity. The geometrical parameters of the anion, 
averaged on equivalent bond and angles within the four anions, 
are given as follows: 

0 

In complexes 14,  the sodium cation is coordinated by either 
five, six, or seven oxygen atoms, four of which being the axial 
terminal Ot of a [ M o ~ O ~ ~ ( O M ~ ) ~ ( N O ) ] ~  anion. In both 1 and 
4, the Na+ displays square pyramidal coordination respectively 
with a methanol molecule and a DMF molecule in the apical 
position. In 3, the Na+ ion attains a coordination number of 6 
through further ligation to a water molecule and to an axial Ot 
of a second [ M O ~ O ~ ~ ( O C H ~ ) ~ ( N O ) ] ~  anion. In 2, the Na+ ion 
shows a coordination number of 7, its surrounding being completed 
by a water molecule, a methanol molecule, and an axial 0, of a 
second [ M o ~ O ~ ~ ( O C H ~ ) ~ ( N O ) ] ~  anion. As expected, the mean 
Na-O distance increases with the coordination number: 

compd 
1 4 3 2 

coord no. of Na+ 5 5 6 7 
mcanNa-Odist (A) 2.38 2.39 2.50 2.54 

Compounds 1-4 differ in intermolecular interactions. While 
4 contains discrete [MO~O~,(OM~)~(NO)~~(DMF))]~- anions 
(Figure l),  the [MosOI~(OM~)~(NO)(N~(M~OH))~~- anions in 
1 are linked in chains by methanol molecules. These chains, 
running along the u axis, can be vewied as made up of 
[MosOl3(OMe)4(NO)Nal2- clusters linked by three hydrogen- 
bonded methanol molecules, one end of the link being attached 
to the sodium cation of one cluster and the other one to an 
equatorial 6 of a second cluster. The fourth methanol molecule 
in 1 is linked to an axial Ot through an 0-Ha-0 bond (Figure 
2). More complicated structures are found in 2 and 3. In both 
compounds, the Na+ links two [MosO13(OMe)4(NO)]” anions. 
In compound 3, the ~ [ M o ~ O ~ , ( O M ~ ) ~ ( N O ) ( N ~ ( H ~ O ) ) ] ~ ~ ~  dimer- 
ic units are held together through hydrogen 0-H*-0 bonds 
involvingthe water molecule and equatorial Ot: the water molecule 
is involved in two hydrogen bonds with two different [ M o ~ O ~ J -  
(OMe 4(NO)])- anions. This results in sheets parallel to the (a 

(Na(H20)(MeOH))]2)Cdimeric units are C O M C C ~ ~ ~ V ~ U  hydrogen 
and coordiiation bonds among oxygen anions, water and methanol 

+ E, i! ) plane (Figure 3). In 2, the ([MosO~~(OMC)~(NO)- 

(34) (a) Lindqvist, I. Ark. Keml1%3,5,247. (b) Lindqvist, I.; Aromaon, 
B. Ark. Kemi 1954, I, 49. 
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b 

I 

Figure 2. View31 

Flgm 3. Vicw3’ of a ([M050~3(0Me)4(NO){Na(HzO))]z)~ unit in 3. 

molecules, and potassium cations: this results in ribbons running 
along the b axis and connected by K+ which display irregular 
surroundings of six oxygen atoms (Figure 4). The distances 
between the K+ ions and the coordinated oxygen atoms range 
from 2.67 to 3.08 A for K(1) and from 2.63 to 2.83 A for K(2). 

Ektmchhtry. The electrochemistry of compound 1 at a 
platinum electrode has been monitored by cyclic voltammetry in 
CH3CN. Under these conditions, the [Mo5013(OMe)4(N0)I3- 
anion is not reducible up to -1 .SO V vs SCE. Such a behavior 
is not unexpected for a cis-dioxoisopolyoxomolybdate, Le. a type 
I1 compound in the classification of P0pc.3~ Otherwise, this 
compound displays an ill-defined irreversible oxidation peak at 
+1.09 V vs SCE, associated with the Mo(N0)3+ group. 

Figure 4. View’ of a ( [ Mo5013( OMe)4( NO)(Na(HzO) (CH3OH))]#- 
unit in 2. 

Hofmann et a1.,96 who described their compounds as hydroxy- 
lamine complexes of Mo(V1). It was not until the end of the 
seventies that it was recognized independently by Mtiller et ~ l . ’ ~  
and by Wieghardt et aI.l9 that the reaction products were nitrosyl 
complexes of molybdenum(I1). 

Reductive nitrosylation of oxomolybdenum complexes can also 
be achieved in nonaqueous solution. For instance, we have found 
that both acetamidoxime MeC(NH2)NOH” and acetoneoximd8 
react with [MoO~(acac)z] in MeOH to give mononuclear 
nitrosylmolybdenum(I1) complexes [Mo(NO)(acac)z(RC(Y)- 
NO]] (Y = NHz, CH3) with a side-on, N,U-coordinated oximate 
ligand. Other amidoximes are generally less reactive than 
acetamidoxime 80 that N H P H  needs to be added to the reacting 
mixture in order to achieve nitrosylation. In the absence of any 
additional ligand, NHzOH reacts on isopolyoxomolybdates in 
methanol to give nitrosyl-containing polyoxomolybdates. The 

Discweion 
(36) Van der Heide, K.; Hofmann, K. Z .  Anorg. Chem. la%, 12, 277. 

Kobrchiitter, V.; Hofmann, K. Justus Liebigs Ann. Chem. 1899,307, 
314. 

(37) Chilou, V.; Gouzerh, P.; Jeannin, Y.; Robert, F. Inorg. Chim. Acto 
1987, 133, 205. 

(38) Prouat, A.; Rob, S.-G.; Gouzerh, P.; Robert, F. Unpublished multr. 

Sptbcr+a The reaction of Mo(V1) oxo anions with hydrox- 
had first investigated by ylamine in aqueous 

(35) Pope. M. T. Inorg. Chem. 1972.11, 1973. 
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initial step of the reaction could be the formation of oxo-methoxo 
species which subsequently react with hydroxylamine with 
reaggregation to yield the pentanuclear species. The following 
scheme have been suggested by Wieghardt for the reductive 
nitrosylation of Mo(V1) oxo compounds:39 

MoV'O4+ + NH,OH - MO"'O(NH~OH)~+ 

MO~'O(NH,OH)~+ - Mo(NO)~+ + H30+ 

Although thecompound isolated by Lassner2I and by Wieghardt 
et ai.'" wasassumedtobeapolymericMo(II) nitrosylcomplex,'" 
it could be actually an oxo nitrosyl derivative. Indeed, by refluxing 
of this compound in MeOH in the presence of n-BudNBr, both 
(n-Bu4N)3[MosOls(NO)] and a violet solid tentatively formulated 
as (n-Bu4N)2(NH30H)[Mo5013(OMe)4(NO)] on the basis of 
its infrared spectrum were obtained. 

Structures. As previously stated, [ M O S O ~ ~ ( O R ) ~ ( N O ) ] ~  
complexes can be viewed as defect Lindqvist structures. To the 
best of our knowledge, the parent [M05018]~ anion has not yet 
been described although its tungsten analogue [w5O18l6 has 
been characterized in cerium(1V)Mand ~ranium(IV)~l complexes. 
Other related compounds include the organometallic oxide 
[ (Cp)sYsO(OMe)s] ?2 the oxo-alkoxide [YsO(OPr-i)13] ?3 and 
the poly(amido imido) nitride [ Z ~ ~ N ( N H ) ~ ( N H Z ) ~ ( O R ) ~ ]  
Strangely enough, the framework of the iodoantimonate 
[Sb5I18I3- 45 alsobearsdistinct resemblance to thedefect Lindqvist 
structure. The enhanced stability of the lacunar [Mo5Ol3- 
(OR)4(NO)]s anions compared to [Mo~OIS]" probably arises 
from the electron-withdrawing effect of the nitrosyl ligand and 
from the decrease in charge resulting from alkylation of the parent 

(39) Wieghardt, K. Adv. Inorg. Bioinorg. Mech. 1984, 3, 213. 
(40) Iball, J.; Low, J. N.; Weakley, T. J. R. J.  Chem. Soc., Dalton Tram. 

1974,2021. 
(41) Golubcv, A. M.; Murandyan, L. A,; Kazaskii, L. P.; Torchenkova, E. 

A,; Simonov, V. I.; Spitsyn, V. I. Sou. J .  Coord. Chem. (Engl. Trawl.) 
1977, 3, 715. 

(42) Evans, W. J.; Sollberger, M. S. J .  Am. Chem. Soc. 1986, 108, 6095. 
(43) Poncelct,O.;Sartain, W. J.;Hubett-F'falzgraf,L.G.;Folting, K.;Caulton, 

K. G. Inorg. Chem. 1989,28,263. 
(44) Banaszak Holl, M. M.; Wolczanski, P. T. J .  Am. Chem. Soc. 1992,114, 

3854. 
(45) Pohl, S.; Lotz, R.; Saak, W.; Haase, D. Angew. Chem., Inr. Ed. Engl. 

1989, 28, 344. 
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oxo anion. The nucleophilicity of the terminal oxygen atoms 
shows itself in hydrogen bonding to solvent molecules or cations. 
Indeed, the [ M O ~ O I ~ ( O R ) ~ ( N O ) ] ~  anions need further stabi- 
lization, which can be achieved by complexation with inorganic 
(Na+, Li+, NH30H+, ...) or organic (ArNH3+, R C ( N H Z ) ~ + ) ~ ~  
cations. Solutions of 1 in methanol have been kept for several 
months at room temperature without any decomposition. On 
the contrary, the ethoxo derivative transforms easily into (n- 
BU"[MOSOIS(NO)I. 

C o e c l ~ .  The synthesis of nitrosylpolyoxomolyWtcs 
demonstrates the feasibility of incorporating the soft r-acceptor 
nitrosyl ligand into an oxometalate framework. The defect 
[MosOI~(OM~)~(NO)]~-  species is a convenient starting material 
for the synthesis of a number of other nitrosyl-containing 
polyoxometalates. First, as other monovacant polyoxo- 
metalates,4M8 it can act as an inorganic porphyrin-like ligand. 
The sodium cation is easily displaced by lanthanide cations2' and 
by unsaturated organometallic cations.49 Second, it can act as 
a source of the MOII(NO)~+ fragment. Recrystallization of 1 in 
acetonitrile or dichloromethane affords ( ~ - B ~ ~ N ) ~ [ M o ~ O I S -  
(NO)].22g32 Reaction of 1 with (~-B&N)~[PMI~OM] in aceto- 
nitrile in the presence of n-BUNOH yields (n-B~N)4[PM11039- 
Mo(NO)] (M = Mo, W).50 
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