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Abstract: A convenient method for the systematic introduction of a variety of organoimido ligands at terminal
oxo sites in the hexamolybdate cluster jRilo[M0gO1g] is described, consisting of reaction with the appropriate
organic isocyanate RNCO (R n-butyl, cyclohexyl, 2,6-diisopropylphenyl) in pyridine solution. Singly
functionalized imido-hexamolybdates [y g(NR)]?~ incorporating each of the above substituents are described.

In the case of the 2,6-(diisopropyl)phenylimido ligand (NAr), multiple functionalization has also been
achieved: hexamolybdate derivatives [{@p s (NAr)]?~ incorporating two, three, four, and five NAr ligands

at terminal sites have been prepared. The complexes have been characterized by cyclic voltammetry, multinuclear
(H, N, 170, and®*Mo) NMR and electronic spectroscopy, and single-crystal X-ray diffraction studies.

Introduction atoms. In general, the overall symmetry of these Lindqvist ions
approache®n.

The polyoxometalate ions formed by the early transition  In the case of the hexamolybdate ion, [§a¢]?~ 2 a sizable
metals are a rich and diverse class of inorganic cluster systemsclass of derivatives [MgD1g(L)]"~ has been prepared in which
characterized by fascinating structural, electrochemical, catalytic, an exogenous ligand L replaces a terminal oxo ligand within
magnetic, medicinal, and photophysical properti&be devel- the parent structure. Structurally characterized examples of such
opment of rational methods for the modification and function- (1) (@) An extensive and authoritative treatise on polyoxometalate

alization of polyoxometalate systems may provide the means chemistry is: Pope, M. THeteropoly and Isopoly Oxometalat&pringer-
to exploit more fully these desirable attributes. Preparation of Verlag: New York, 1983. (b) An updated overview of the field is: Pope,
polyoxometalates incorporating various main group, organic, M- T Mller, A. Angew. Chem., Int. Ed. Endl991 30, 34. (C) A recent

. . S monograph highlighting many aspects of current polyoxometalate research
and organometallic fragments now constitutes a significant areais: polyoxometalates: From Platonic Solids to Anti-Retral Actiity;

of research, whose scope and pace continue to incfease. Pope, M. T., Miller, A., Eds.; Kluwer Academic Publishers: Dordrecht,
A | talate struct fth tot . The Netherlands, 1994. (d) Comprehensive coverage of a broad range of
mong po yoxome a ate structures, _One_o € prototypes Is topics within polyoxometalate chemistry can be found@hem. Re. 1998
the so-called Lindgvist structure which is adopted by the 9g, 8 (Hill, C. L., guest editor).

hexametalates [§01g]"~ (M = Mo,3 W,* Nb,> Ta8 and V) as (2) Gouzerh, P.; Proust, Chem. Re. 1998 98, 77.

p . _ : . (3) X-ray structural studies of [Mg10]2~ with various countercations
well as by various mixed-metal analogues. The Lindgvist ;i e (@) Allcock, H. R.; Bissell, E. C.: Shaw, E. org. Chem1973

structure is represented below, and consists of a central oxygeni2, 2963. (b) Garner, C. D.; Howlander, N. C.; Mabbs, F. E.; McPhail, A.
T.; Miller, R. W.; Onan, K. D.J. Chem. Soc., Dalton Tran$97§ 1582.
(c) Nagano, O.; Sasaki, YActa Crystallogr.1979 B35, 2387. (d) Clegg,
W.; Sheldrick, G. M.; Garner, C. D.; Walton, I. Bcta Crystallogr.1982
B38 2906. (e) Dahlstrom, P.; Zubieta, J.; Neaves, B.; Dilworth, Ligst.
Struct. Commun1982 11, 463. (f) Arzoumanian, H.; Baldy, A.; Lai, R.;
Odreman, A.; Metzger, J.; Pierrot, M. Organomet. Cheml985 295,
343. (g) Shoemaker, C. B.; McAfee, L. V.; Shoemaker, D. P.; DeKock, C.
W. Acta Crystallogr1986 C42 1310. (h) Riera, V.; Ruiz, M. A; Villafane,
F.; Jeannin, Y.; Bois, CJ. Organomet. Chenl988 345 C4. (i) Zhang,
C.; Ozawa, Y.; Hayashi, Y.; Isobe, K. Organomet. Chenil989 373
C21. (j) Bernstein, S. N.; Dunbar, K. Rngew. Chem., Int. Ed. Endl992
31, 1360.

(4) Fuchs, J.; Freiwald, W.; Hartl, HActa Crystallogr.1978 B34, 1764.

(5) (a) Lindgvist, I.Ark. Kemil1952 5, 247. (b) Goiffon, A.; Philippot,
atom about which are arrayed six metal atoms in an octahedralE.; Maurin, M. Rev. Chim. Miner.198Q 17, 466.

geometry. Each metal bears one terminal oxygen atom, and (6) Lindqvist, I.; Aronsson, BArk. Kemi1954 7, 49.

h dditi |t t ith adi t tal (7) Although [Vs0148 is unknown, the hexavanadate core is present in
shares an addiuonal four-oxygen atoms with adjacent metal  geyeral structurally characterized systems such as the Rh and Ir derivatives

[(7>-CsMes)M]4[VeO1g): (a) Hayashi, Y.; Ozawa, Y.; Isobe, KChem. Lett.

TKansas State University. 1989 425. (b) Chae, H. K.; Klemperer, W. G.; Day, V. Worg. Chem.
* University of Delaware. 1989 28, 1423. (c) Hayashi, Y.; Ozawa, Y.; Isobe, Korg. Chem199],
§ UniversitePierre et Marie Curie. 30, 1025.
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systems include the nitrosyl [M@1g(NO)]3~,° diazenido species
[MogO15(NNAIN]3~,10 a hydrazido derivative [MgDig(NN-
MePh)E~,11 the organometallic [MgD15(7>-CsMes)] ~,*2 and the
diazoalkane complex [M@®;s(NNC(Me)Ar)]?~.13 The largest
class of [M@O1g(L)]"~ species is the organoimido hexamolyb-
dates [M@O15(NR)]?~.14721 Organoimido hexamolybdates also
include several examples of multiply functionalized systems
[M0gO9-x(NR)J%™;6-1821 presently, these organoimido spe-
cies are the only class of polyfunctionalized hexamolybdate
derivatives.

Here we present an account of our synthesis and characteriza-

tion of a large class of organoimido-hexamolybdate derivatives,
comprising both singly- and multiply-functionalized systems.

Results from X-ray crystallography, electronic and multinuclear
NMR spectroscopy, and cyclic voltammetry studies are com-
bined to provide a detailed description of this new class of
functionalized polyoxometalates. A portion of this work has been
communicated previoushp.

Results

Synthesis.The reactions of [BiN][M0eO19] With 1 equiv
of various isocyanates RNCO in pyridine occur to afford
monosubstituted imido hexamolybdates jR{p[M0gO15(NR)]
(1) in good yield as shown here:

[Bu,N],[Mo,0,4 + RNCO->

[BuyN],[MoO,¢(NR)]  + CO, (1)
1
1-Bu (R = n-butyl)
1-Cy (R = cyclohexyl)
1-Ar (R = 2,6-(-pr),CsH5)

In the case ofl-Ar, the reaction was heated at 1%D for 48 h,
while the preparations of-Bu and 1-Cy were carried out at
room temperature for 7 and 3 d, respectively. After the crude
reaction products were washed with diethyl ether, crystals of
complexesl were obtained by room temperature diffusion of
diethyl ether vapor into concentrated acetonitrile soluti@r3u

(8) Synthetic routes to [BiN];[M0ogO1g): (a) Fuchs, J.; Jahr, K. FZ.
Naturforch. B1968 1380. (b) Che, M.; Fournier, M.; Launay, J.>Chem.
Phys.1979 71, 1954. (c) Hur, N. H.; Klemperer, W. G.; Wang, R.48org.
Synth.199Q 27, 77.

(9) (a) Gouzerh, P.; Jeannin, Y.; Proust, A.; RobertARgew. Chem.,
Int. Ed. Engl.1989 28, 1363. (b) Proust, A.; Thouvenot, R.; Robert, F.;
Gouzerh, Plnorg. Chem.1993 32, 5299.

(10) (a) Hsieh, T.-C.; Zubieta, J. Rolyhedron1986 5, 1655. (b) Bank,
S.; Liu, S.; Shaikh, S. N.; Sun, X.; Zubieta, J.; Ellis, P.|Borg. Chem.
1988 27, 3535.

(11) Kang, H.; Zubieta, J1. Chem. Soc., Chem. Comma838 1192.

(12) (a) Bottomley, F.; Chen, Drganometallics1992 11, 3404. (b)
Proust, A.; Thouvenot, R.; Herson, .Chem. Soc., Dalton Tran$999
51.

(13) Kwen, H.; Young, V. G., Jr.; Maatta, E. Angew. Chem., Int. Ed.
Engl. 1999 38, 1145.

(14) Du, Y.; Rheingold, A. L.; Maatta, E. Al. Am. Chem. S0d.992
114, 345.

(15) Errington, R. J.; Lax, C.; Richards, D. G.; Clegg, W.; Fraser, K. A.
In ref 1c, p 105.

(16) Strong, J. B.; Ostrander, R.; Rheingold, A. L.; Maatta, EJ.AAm.
Chem. Soc1994 116, 3601.

(17) Proust, A.; Thouvenot, R.; Chaussade, M.; Robert, F.; Gouzerh, P.
Inorg. Chim. Actal994 224, 81.

(18) Clegg, W.; Errington, R. J.; Fraser, K.; Holmes, S. A.; $eha\.
J. Chem. Soc., Chem. Commua®895 455.

(19) Stark, J. L.; Rheingold, A. L.; Maatta, E. 8. Chem. Soc., Chem.
Commun.1995 1165.

(20) stark, J. L.; Young, V. G., Jr.; Maatta, E. Angew. Chem., Int.
Ed. Engl.1995 34, 2547.

(21) strong, J. B.; Haggerty, B. S.; Rheingold, A. L.; Maatta, EJA.
Chem. Soc., Chem. Commur®97, 1137.
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Figure 1. ORTEP diagram of one of the two crystallographically
independent [MgD15(NCy)]?~ anions of1-Cy. Selected bond lengths
(A) and angles (deg) within both anions: Mo€N(1) 1.719(10), 1.711-
(14); Mo(2)-0(3) 1.691(8), 1.672(12); Mo(3)O(5) 1.689(8), 1.668-
(9); Mo(4)—0(7) 1.686(8), 1.676(10); Mo(5)0(13) 1.675(7), 1.676(9);
Mo(6)—0(18) 1.689(6), 1.674(10); Mo(3)O(1) 2.231(6), 2.248(7);
Mo(2)—0(1) 2.334(6), 2.322(8); Mo(3)O(1) 2.334(6), 2.338(7); Mo-
(4)—0(1) 2.332(6), 2.325(8); Mo(5)O(1) 2.341(5), 2.319(7); Mo(6)
O(1) 2.317(5), 2.322(7); Mo(BHN(1)—C(1) 177.7(7), 176.1(15).

(56% isolated crystalline yield) ant-Cy (73%) are golden-
brown, while1-Ar (50%) is orange-red.

Multiple incorporations of the 2,6-diisopropylphenylimido
(NAr) ligand have been accomplished:

py
[Buy,N],[MogO,4 + XxArNCO ~
[BUuNJ;[M0gO(15 ,(NAT),] +XCO, (2)
2-Ar (x = 2); 3-Ar (x = 3); 4-Ar (x=4);5-Ar (x=05)

Prolonged reaction times {82 d) in refluxing pyridine were
employed to maximize the isolated yields of these derivatives,
and while the crude products generally contain an admixture
of higher- and lower-substituted hexamolybdates, in most cases
the targeted complexes could be obtainedB0% purity (as
judged by cyclic voltammetry and multinuclear NMR spectros-
copy) after an initial recrystallization. Using stoichiometric ratios
of reactants, crystals @&Ar and4-Ar were obtained in yields

of 67% and 35%, respectively, after workup as described above.
After investigating several variations in reaction conditions and
reagent stoichiometries, it was found that excellent yields of
5-Ar (86%) could be obtained by using a 9:1 ratio of ArNCO/
[MogO1¢]2~ in refluxing pyridine for 11 d. Production &-Ar

in such high yield under these conditions reflects the increasingly
crowded coordination environment within these highly substi-
tuted species and the accompanying restrictive orientational
requirements for further derivatization: indeed, the synthesis
of the hexakis(arylimido) hexamolybdate system Mo
(NAr)¢O13H]~ requires even more forcing conditiofisWithin

this group of poly-imido hexamolybdates, the isolation of the
tris-(NAr) derivative [MaO16(NAr)3]%~, 3-Ar, has proven to

be the most mercurial. Although we have used a variety of
reaction times and temperatures in which the ratios of ArNCO/
[MogO14]?~ have ranged from 2:1 to 18:1, our isolated yields
of 3-Ar have never exceeded 20%.

X-ray Structural Studies. (a) Mono-imido Hexamolyb-
dates. A summary of X-ray crystal data for these systems is
provided in Table 1. ORTEP representations of the anions within
1-Cy, 1-Bu, and 1-Ar are presented in Figures 1, 2, and 3,



A New Class of Functionalized Polyoxometalates

. Am. Chem. Soc., Vol. 122, No. 4,62000

c2 | | \
N N
o194 h o043 m 1.954
o—Mo—o o—Mo—g o
/ 1895 / \1:903 /0/ 0\1.901
Mo Mo Mo Mo Mo Mo
\ 19.927 \ /1027 \ /1.923
0—,, O O—y, -0
Mo Mo~ O— o
1918 1.933 Mo 037
1-Cy 1-Bu 1-Ar
(@)

1971, 1.904 1944 1935 1902 1.976
1.910/0/ 0\1,963 1.904/0/ 0\1 913 1.942/0 ?1,932
Mo Mo Mo Mo Mo Mo
1.963 \ 1880 1.947 \ 1932 1927\ /1.968

- 0 - 0 O— O
1.903 "'° 1.979 1.915 C1.955 1972 "°1.889
1-Cy 1-Bu 1-Ar

Figure 2. ORTEP diagram of the [M@1g(NBu)]?>~ anion within1-Bu;

Selected bond lengths (&) and angles (deg): Me(4j1) 1.720(16);
Mo(2)—0(2) 1.722(14); Mo(3}0(3) 1.646(14); Mo(4)0O(4) 1.671-
(13); Mo(5)-0(5) 1.666(13); Mo(6)0(6) 1.682(12); Mo(1)O(1)

2.239(10); Mo(2)-O(1) 2.313(11); Mo(3}O(1) 2.328(11); Mo(4)

0O(1) 2.346(11); Mo(5)0O(1) 2.335(11); Mo(6)-O(1) 2.348(10); Mo-
(1)—N(1)—C(1) 175.4(17).

(b)

Figure 4. (a) Site-averaged bond lengths (A) within the longitudinal
carbon atoms of the butyl group are drawn as spheres for clarity. {Mo4(Oy)s} belts of 1-Cy (esd range= 0.006-0.011 A), 1-Bu (esd
range= 0.011-0.013 A), and1-Ar (esd range= 0.011-0.013 A).
The values fol-Cy are averaged for the two independent anions within
its asymmetric unit. (b) Bond lengths (A) within the equatofiso,-
(Ov)a} belts of 1-Cy (esd range= 0.006-0.011 A), 1-Bu (esd range
=0.011-0.013 A), andL-Ar (esd range= 0.011-0.013 A). The values
for 1-Cy are averaged for the two independent anions within its

asymmetric unit.

Table 1. Summary of Crystallographic Data for Mono-imido

Hexamolybdates
1-Bu 1-Cy 1-Ar
formula GeHg1M0g- CagHgsMog-  CygHggMOg-
N3O1g N3O1s N3O1s
formula wt. 1419.7 1445.7 1523.8
cryst system orthorhombic triclinic orthorhombic
space group Pbca R—1) Pbca
a(h) 16.873(3) 12.489(3) 18.432(7)
b (A) 20.048(3) 19.340(5) 20.580(9)
c(A) 31.706(6) 23.022(6)  31.379(12)
o (deg) 94.08(2)
B (deg) 103.14(2)
y (deg) 91.65(2)
V (A3 10726(3) 5395.8(25) 11903(8)
z 8 4 8
D(calc), g cn® 1.758 1.780 1.701
u(Mo Ka), cmt 14.25 14.18 12.91
Figure 3. ORTEP diagram of the [Ms®D;5(NAr)]?~ anion within1-Ar. Elie(mg;(;(fl'(min) g ?L?é(ozl)o 165 245(2) 236(2)
Selected bond lengths (A) and angles (deg): Me(4j1) 1.739(15); no. of indpt rfins 8406 18960 10467
MO(Z)—O(3) 1.698(13); MO(3)'O(5) 1.649(14); MO(‘H’O(7) 1.655- no of indpt obsvd rfins 3729 11804 5286
(12); Mo(5)-0(13) 1.668(13); Mo(6)0O(18) 1.711(12); Mo(1yO(1) Fo = 40(Fo)
2.254(10); Mo(2)-0(1) 2.337(12); Mo(3yO(1) 2.312(10); Mo(4y R(F), % 6.95 6.1% 7.80¢
0O(1) 2.322(12); Mo(5y0O(1) 2.344(10); Mo(6)-O(1) 2.320(10); Mo- R(WF), % 7.46 8.55 10.56
(1)—N(1)—C(2) 176.3(15). No/Ny 9.1 14.2 8.3

a tity minimized= YA% R = YA/Y(Fo); Rw) = YAwYY/
respectively, along with selected bond lengths and angles; in z(pgvli%r? IAy:m|l(n|:lTEe|:C)|_ 2 2AZ(F) RW) = 24w

the case ol-Cy, there are two crystallographically independent
anions within its asymmetric unit. In each of these mono-imido
hexamolybdates, the organoimido ligand occupies a terminal
site on the hexamolybdate cage. The shortNbbond lengths
(1-Cy: 1.719(10), 1.711(14) A1-Bu: 1.720(16) A;1-Ar:
1.739(15) A) and near-linear MeN—C bond angles 1(-Cy:
177.7(7), 176.1(18) 1-Bu: 175.4(17y; 1-Ar: 176.3(159) are
typical of organoimido ligands bound at an octahedfahetal
center and are consistent with a substantial degree cENlo
triple bond characte® While there are no substantial variations
observed in the terminal M8&O bond lengths within any of (23) Che, T. M. Day, V. W.; Francesconi, L. C.; Fredrich, M. F.:
the three structures, in each complex the bond length from the kiemperer, W. G.; Shum, Wnorg. Chem.1985 24, 4055.

(24) Mohs, T. R,; Yap, G. P. A.; Rheingold, A. L.; Maatta, E.lAorg.
Chem.1995 34, 9.

imido-bearing Mo(1) atom to the central @om is significantly
shorter than the corresponding MO, distance involving the
trans [G=Mo] site. The magnitudes of these discrepancies are
as follows: 1-Bu, 0.11 A; 1-Cy, 0.10, 0.09 A; and.-Ar, 0.06

A. Similar displacements of thec@tom toward the substituted
metal site have been observed in the structures of other
[MogO14(L)]" derivative§~17.1920as well as in those of {-
C5H5)Ti(M05018)]37 23 and [W5018(NATI)] -2

(22) Wigley, D. E.Prog. Inorg. Chem1994 42, 239.
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Table 2. Summary of Crystal Data for Poly(arylimido) Hexamolybdates

Strong et al.

2-Ar 3-Ar -:3C;H4Cl> 4-Ar-2CHsCN 5-Ar-2C;H.Cl,

formula GeH106M06N4017 Cr4H135CleM0gN5016 CgaH14éM06NgO15 CogH165C14M0ON7014
formula wt. 1683.1 2139.2 2083.7 2358.8
cryst system triclinic triclinic monoclinic monoclinic
space group P(—1) P(-1) P2:/n C2lc
a(h) 12.863(5) 19.573(4) 16.227(9) 59.943(9)
b (A) 12.829(5) 21.725(5) 22.868(7) 15.487(4)
c(A) 22.090(12) 23.668(6) 26.766(13) 28.986(6)
o (deg) 88.51(3) 92.03(3)
p (deg) 86.21(3) 101.77(3) 93.30(4) 112.02(2)
y (deg) 78.19(3) 98.51(2)
V (A3) 3560(2) 9691(4) 9916(8) 24945.6(8)
z 2 4 4 8
D(calc), g cnm3 1.570 1.462 1.396 1.256
u(Mo Ko, cmt 10.87 9.70 7.95 7.22
temp, K 248(2) 220(2) 233(2) 220(2)
T(max)/T(min) 0.796/0.666 0.654/0.504
no. of indpt rflns 11207 14127 12955 15319
no. of indpt obsvd rfins 5511 8920 7353 9210

Fo = 40(Fo)
R(F), % 9.54 9.6 6.51 11.09
R(WF), % 13.23 13.83 8.43 29.68¢
No/Ny 11.8 11.7 7.3 10.2

a Quantity minimized= A% R= YA/S (Fo); Rw) = SAWYYY (Fow?); A = |(Fo — F¢)|. ® Quantity minimized= RWF?) = S [w(Fs? — F)4/

YIWRP)TYE R= F A3 (Fo); A = |(Fo — Fol. ° RWF?), %.

Bond length information for the longitudinal (i.e., those
containing the [Me=NR] unit) and equatorial [MgOy)4] belts
within 1-Cy, 1-Bu, and1-Ar is displayed in Figure 4. Within
the longitudinal belts, a slight, but consistent lengthening of
the Mo—0Oy, bonds at the [M&NR] sites can be discerned, and
is the expected result of replacing an [®®]*" unit with a
more electron-rich [M&NR]*" unit. Similar, albeit more
pronounced, effects were first detailed for the-{0Oy] sites of
[(17°-CsHs) Ti(M0osO1g)]3~ as described by Klemperer etZland
were subsequently observed by Bank et al. for thgH¢RN)-
Mo—0y] sites within [MasO15(NNCsFs)]3~.1% As seen in Figure
4b, the [Mo-Oy] bond lengths within the equatorial rings of

the three complexes generally adhere to the pattern of short/

long trans bond alternation that was originally noted for
[MogO162~ and [WsO1g]2~ by Fuchst and subsequently de-
scribed for both [f3-CsHs)Ti(M0sO15)]3~ 2% and [MasOss

(N N C6F5)] 3= .10b

(b) Poly-imido Hexamolybdates. A summary of X-ray

representations of the anions witt#mAr, 3-Ar, 4-Ar, and5-Ar

are provided in Figures-58, respectively, along with selected
bond lengths and angles. F&Ar, only one of the two
crystallographically independent anions within its unit cell is
shown in Figure 6. In each of these multiply substituted

0O
Ct32) C131

Figure 5. ORTEP diagram of the [M®;7(NAr)2]?~ anion within2-Ar.
: ) ! Selected bond lengths (A) and angles (deg): Me(4j1) 1.738(14);
crystal data for these systems is provided in Table 2. ORTEP Mo(2)—N(2) 1.612(26); Mo(3)-O(9) 1.674(14); Mo(4}O(7) 1.708-

(13); Mo(5)-0(8) 1.695(14); Mo(6YO(6) 1.685(14); Mo(1yO(1)

2.199(10); Mo(2)-O(1) 2.255(12); Mo(3)O(1) 2.407(10); Mo(4)

O(1) 2.324(13); Mo(5¥O(1) 2.332(11); Mo(6} O(1) 2.347(11); Mo-
(1)-N(1)-C(6) 175.1(13); Mo(2}N(2)—C(26) 161.3(24).

Keeping in mind the relatively low precision of the structure
derivatives, the organoimido ligands occupy terminal positions determinations, a consistent pattern nonetheless is discernible
and the metrical parameters associated with thesfMAr] units throughout this series: MeO, bond lengths are generally
are unexceptional. The substitution pattern within these deriva- longer at [M&=NAr] sites than at [Me=O] sites. An illustration
tives is noteworthy: contrary to expectations based on steric of this trend is provided in Figure 9, which presents the average
considerations, the structuresdfr (cis), 3-Ar (fac), and4-Ar [Mo—0y] distances within the [MgO)4] belts of both2-Ar
(cis) reveal a preference for mutual @sordination of [NAr]  and4-Ar. This trend is maintained both within the individual
ligands, suggesting that the presence of an extant [NAr] group [Mo,(Oy),] belts of each complex and between the comple-
exerts an activating effect at proximal [¥®] sites. mentary belts of the two complexes (note that the structures of
Along thetrans[O=Mo]—0O.—[Mo=NAr] axes within each 2-Ar and4-Ar are related by a mutual transposition of their
of the multiply substituted species, the centrab®ygen is again [Mo=NAr] and [Mo=0] sites).
displaced away from the [©Mo] site toward therans[Mo= Electronic Spectroscopy.Visible region electronic spectral
NAr] site. The magnitudes of this structutedns-influence are data are collected in Table 3. For the two mono-alkylimido
as follows: for2-Ar, 0.21(1) and 0.07(1) A; fo8-Ar, 0.17(2), systems,1-Cy and 1-Bu, both the energiesifax = 325 and
0.20(2) and 0.16(2) A (averages of symmetry-related sites within 329 nm, respectively) and the molar absorptivities= 7000
the two independent anions); fdrAr, 0.12(1) and 0.16(1) A, and 6000 M! cm™, respectively) of the lowest energy
and for5-Ar, 0.12(1) A. electronic absorptions are similar to that of the P@g]%~
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C(33)

Figure 6. ORTEP diagram of one of the two crystallographically
independent [MgD16(NAr)3]2~ anions of3-Ar. Selected bond lengths
(A) and angles (deg) within both anions: MofIN(1) 1.695(26), 1.701-
(21); Mo(2)-N(2) 1.705(24), 1.710(25); Mo(3)N(3) 1.745(20), 1.699-
(24); Mo(4y-0(13) 1.718(18), 1.704(23); Mo(50(14) 1.700(25),
1.676(22); Mo(6y-0(15) 1.641(22), 1.762(20); Mo()O(16) 2.235-
(21), 2.249(17); Mo(2y0O(16) 2.187(18), 2.225(18); Mo(3)O(16)
2.212(14), 2.243(17); Mo(4)O(16) 2.420(14), 2.406(18); Mo(5)
O(16) 2.398(21), 2.375(17); Mo(6)Y0(16) 2.433(18), 2.385(17); Mo-
(1)—N(1)—C(16) 177.3(16), 174.6(18); Mo(2N(2)—C(26) 174.0(19),
174.0(17); Mo(3)N(3)—C(36) 175.1(23), 170.9(20).

cusl
{2

Figure 7. ORTEP diagram of the [M@®15(NAr)4]?~ anion within4-Ar;

carbon atoms are shown as spheres for clarity. Selected bond lengths

(A) and angles (deg): Mo(BN(1) 1.760(10); Mo(2)}-N(3) 1.710-
(10); Mo(5)—N(13) 1.731(11); Mo(6)N(18) 1.742(11); Mo(3) O(5)
1.704(8); Mo(4)-O(7) 1.686(9); Mo(5)-O(1) 2.292(8); Mo(6)-O(1)
2.282(8); Mo(1)-N(1)—C(12) 178.8(10); Mo(2yN(3)—C(32) 177.8-
(9); Mo(5)—N(13)—C(52) 175.5(10); Mo(6)N(18)—C(72) 178.5(9).

parent fmax = 325 nm;e = 6300 M~ cm~1). In contrast, the
spectra of the three mono-arylimido hexamolybdateBh,
1-Tol, and1-Ar are bathochromically shifted by ca. 25 nm and

are considerably more intense. If, as seems reasonable, thes

J. Am. Chem. Soc., Vol. 122, No. 4,62G00

Figure 8. ORTEP diagram of the [M®14(NAr)s]?~ anion within5-Ar;
carbon atoms are shown as spheres for clarity. Selected bond lengths
(A) and angles (deg): Mo(HN(1) 1.698(14); Mo(2N(2) 1.729-

(14); Mo(3)-N(3) 1.706(14); Mo(4y-N(4) 1.686(14); Mo(5)-N(5)
1.70(2); Mo(6}-0(9) 1.699(12); Mo(1}0(11) 2.321(12); Mo(2}

O(11) 2.268(11); Mo(3y0O(11) 2.270(12); Mo(4yO(11) 2.285(12);
Mo(5)—0(11) 2.300(12); Mo(6)0O(11) 2.388(11); Mo(1yN(1)—C(16)
176.4(13); Mo(2)-N(2)—C(26) 173.3(14); Mo(3yN(3)—C(36) 171.5-

(13); Mo(4)-N(4)—C(46) 175.4(13); Mo(5yN(5)—C(56) 173.6(12).
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Figure 9. Comparison of averagevlo—Oy} distances (A) at the [Me
NAr] and [Mo=0] sites within the complementafyMo4(Oy)4} belts
of 2-Ar (left) and4-Ar (right).

Within the arylimido series [MgD19-x(NAN?~, AmaxValues
generally are observed to shift to lower energies with increasing
NAr] incorporation, although the band maxima recorded for
-Ar and 5-Ar are identical. Also evident in Table 3 is the

charge-transfer transitions originate in a state dominated by ;.1 4| additivity of the e values accompanying incremental

Mo—N z-bonding, then the bathochromic shift observed for
the mono-arylimido systems can be attributed to a relative
destabilization of the particular MeN z-bonding level as a
result of the mixing in of some NCjyso 7* character, which is
not a factor for the alkylimido systend®.

(25) Devore, D. D.; Lichtenhan, J. L.; Takusagawa, F.; Maatta, E. A.
Am. Chem. Sod 987 109, 7408.

[NATr] incorporation.

Cyclic Voltammetry. Table 4 presents;, values as
determined by cyclic voltammetry for the reductions of the
[M0eOpe-x(NR)J?™ to the corresponding trianions. It is seen
that every organoimido hexamolybdate complex is more difficult
to reduce than is the [M®:¢]2~ parent. This observation clearly
indicates that organoimido ligands are superior to oxo ligands
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Table 3. Visible Region Spectral Data for Complexes Table 5. %Mo NMR Data for Complexes [Mg1s-x(NR),J?~ 2P
2-a
[MosOus »(NR)M complex OCMO=NR) 0(*M0=0) O(°*M0)u
complex Amax, NM e, M~tcm™ [MogOr? 127
[M0gO1g)?> © 325 6300 [MogO15(NCy)]?~ (1-Cy) 1 153
[MOeolg(Ncy)]z_ (1-Cy) 325 7000 [MOeOlg(NBU)]z_ (1-Bu) —2d 152
[M0eO15(NBU)Z~ (1-Bu) 329 6000 [M0gO15(NPh)P~ (1-Ph)e 68 148
[MosO15(NPh)E~ (1-Ph)® 342 20000 [MogO15(NAF)]2~ (1-Ar) 123 152 147
[MogO1g(NToOI)]?~ (1-Tol)® 348 23000 [M0gO1ANAr);]%~ (2-Ar) 126! 172 157
[MoeO1g(NAr)] 2~ (1-Ar) 351 19000 [MoeO15(NATr)3]2~ (3-Ar) 130 191 161
[M0O17(NAr)5]?~ (2-Ar) 356 30000 [M0gO15(NAr) ]2~ (4-Ar) 136 209 160
[MogO16(NAr)3]%~ (3-Ar) 361 42000 [M0gO14(NAr)s)?~ (5-Ar) 146 225 159
[MoeOis(NAD4IZ” (4-Ar) 304 58000 2 [BusN]* salts, CHCN solution, 343 K> %Mo chemical shifts (in
2— (B 4 s , !
[MosO1(NANsJ™” (5-Ar) 364 77000 ppm) referenced to external PMoO, at pH 11.°6(**Mo)w =
2 [BugN] " salts, CHCN solution, 298 K From ref 17.° From ref (1/6)3 (n5(%M0)). ¢ 1Juay_95y, &~ 50 Hz. € From ref 17.
14,
Table 4. Cyclic Voltammetry Data for Complexes
[M06Ogs-»(NR)J* 2
complex Ey/p, mVP
[M05019]27 —707
[MoeO15(NPh)E~ (1-Ph)c —907
[MogO1(NBU)]?~ (1-Bu) —983
[Mo6O:(NCy)]* (1-Cy) —994
[MogO1g(NAIN)]?~ (1-Ar) —958
[MOGO]_7(NAI')2]27 (Z-Ar) —1168
[MOGO]_G(NAT):g]Z_ (3-Ar) —1392
[M0gO15(NAr)4]2~ (4-Ar) —1596
[M05014(NAI')5]2_ (5-Ar) —2038'

a[BusN]* salts, CHCN solution, 298 K, Pt working electrode,
[BusN]PFs supporting electrolyte, 100 mV's P Ey;p vs Ag/AgF. € From
ref 17.9 Eyc (irreversible reduction). or e e Ve R R ERRR A e [ e

| 1
200 150 100 50 0
PPM

Figure 11. The 26 MHz®*Mo NMR spectrum ofL-Cy (CHsCN, 333

K, unlocked, 36us (9C) flip angle, 24200 scans without recycle delay,
acquisition time 0.102 s/scan); the inset shows the expandeg=[Mo
NCy] resonance at = 1 as a 1:1:1 triplet due to scalar coupling with
UN (Nay—95y0 =~ 50 HZ).

%Mo NMR Spectroscopy.Data are summarized in Table 5.
For each of the mono-imido complexes [Mas(NR)]?~, the
resonance for the imido-bearind®lo=NR] site could be
unambiguously identified because of its appearance as a 1:1:1
triplet due to scalar couplingJi4y—%5vo ~ 50 Hz). Figure 11

E,;p vs. AgiAg*

-2300- T T T T presents théMo NMR spectrum ofl-Cy. For the two mono-
°c v 2 83 45 alkylimido complexesl-Cy (6 = 1) and1-Bu (6 = —2), the
# of (NAN) ligands x in [MogOyyg.4(NAr,J* [®*Mo=NR] resonances are considerably shielded with respect

Figure 10. Correlation between the degree of substitution in 10 [M0gO1g]?~ (0 = 127). For the mono-arylimido complexes
[MosOus-»(NAN,]?~ complexes and theiEy» values. An asterisk  1-Ph(d = 68'7) and1-Ar (6 = 123), this upfield shift is much
indicates arE,. value for an irreversible reduction. less pronounced. For these [Mg(NR)]2~ systems, their

as electron dono®. Within the group of mono-imido hexamo-  Virtual C4, symmetry generates tw°o=0] environments,
lybdates, the reduction potentials (vs Ag/Aare observed to ~ Cis and trans to the [M&NR] site, for which two resonances
shift cathodically in the ordet-Ph (—907 mV) > 1-Ar (—958 in a 4:1 ratio could be expected. As can be_ seen in Figure 11,
mV) > 1-Bu (—983 mV) > 1-Cy (994 mV); this sequence is  the "Mo=0] resonance o1-Cy (6 = 153) displays a barely

in accord with the relative inductive donor effects expected for résolved shoulder of lesser intensity on its upfield side; the
the substitutents within this group of organoimido ligands.  [*M0=0] resonances fat-Bu (6 = 152) andl-Ar (6 = 152)

For the series [MgDo-»(NAI),]2~, a continual accumulation display similar, albeit less conspicuous dissymmetry leading us
of electron density accompanying progressive [NAr] incorpora- 10 suspect that the expected tw&Mo=O] resonances are
tion is revealed by a steady decreaseBEpn, values. This wrtuglly degenerate. o .
relationship is presented graphically in Figure 10. The addition ~_ Within the [MasOo-»(NAT),J*" series, increasing the number
of each successive [NAr] ligand drives the reduction potential Of [NAr] ligands induces a slight but steady deshielding
of the [MosOgo-»(NAI),J2~ system more negative by ca. 220 Progression im(®*Mo=NR): 1-Ar (6 = 123),2-Ar (6 = 126),

mV; the correlation is near-linear for [M0:¢]2~, 1-Ar, 2-Ar, 3-Ar (6 = 130),4-Ar (6 = 136), and5-Ar (6 = 146). Scalar
3-Ar, and4-Ar. In the case o5-Ar, the reduction was observed ~ coupling with'Juy_ssy, ~ 50 Hz was observed in most cases,
to be irreversible aEpc = —2038 mV. although it was barely detectable #é+Ar and not discernible

(26) (@) Nugent, W. A~ Mayer, J. MMeta—Ligand Multiple Bonds in the broadened resonance®fr; at least in part, this lack

Wiley: New York, 1988. (b) Hogarth, G.; Konidaris, P. C.; Saunders, G. ©Of resolution may derive from the presence of two symmetry-
C. J. Organomet. Chenl991, 406, 153. distinct [P"Mo=NR] sites within4-Ar (C,,) and 5-Ar (Cy,).
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Table 6. N NMR Data for [Ma:Opo-x(NR)J?>~ ComplexedP

complex O(*NR)
[MOeolg(NBU)]Z_ (1-Bu) 60.9
[MosO1s(NAN] 2~ (1-Ar) 306
[M06017(NAI’)2]2_ (2-Ar) 27.7
[M06016(NAr)3]2’ (3-Ar) 24.4
[M05015(NAI’)4]2_ (4-Ar) 21.4
[M06014(NAr)5]2’ (5-Ar) 18.3

a[BusN]* salts, CHCN solution, 343 K, 36.1 MHZz? N chemical
shifts (ppm) with respect to neat liquid nitromethane.

Progressive [NAr] incorporation within the [MOg—x(NAr),J2~
series should also produce broadeffddo NMR resonances
as a result of a longer rotational correlation ting and
consequently a shorter spispin relaxation timeT) as the
complexes become larger. At th®fYlo=0] sites within this
series, increasing [NAr] incorporation produces a substantial
downfield progression in thMo chemical shifts:1-Ar (6 =
152), 2-Ar (6 = 172),3-Ar (6 = 191),4-Ar (6 = 209), and
5-Ar (0 = 225).

Also included in Table 5 is a compilation of the weighted
average of thé(®*Mo) values for the six Mo atoms within each
of the [MosO1s-»(NAr),]?>~ complexes. It can be seen that an
essentially constant value of ca. 160 ppm is maintainegd-far,
3-Ar, 4-Ar, and5-Ar (despite a growing disparity between the
chemical shifts of the®PMo=Q] sites and the’PMo=NR] sites
within the series), suggesting that the total electron density of
the six Mo atoms has attained a limiting value.

It should be noted that an authentic sampl&-&fr was not
available for these studies because of the synthetic difficulties
associated with its large-scale preparation (vide supra) and
therefore the assignment of its spectrum derives from studies
of samples containing mixtures of various [Mgx(NAr),|2~
species; our proposed assignments3féwr are, however, based
upon our knowledge of the composition of these mixed samples

J. Am. Chem. Soc., Vol. 122, No. 4,62800

PPM
Figure 12. The 36.1 MHz*N NMR spectra of (from bottom to top)

as determined by cyclic voltammetry studies, and are consistent1-Ar, 2-Ar (containing som&-Ar), 4-Ar, andS-Ar (containing some

with results obtained iA*N NMR studies.

1“N NMR Spectroscopy.“N chemical shifts for the orga-
noimido ligands within the complexes are collected in Table 6,
and the spectra of the [MOug x(NAr)J2 systems are
presented in Figure 12. THéN resonance fot-Bu is observed
at significantly lower field (60.9 ppm) than the arylimido ligand
resonance of-Ar (30.6 ppm). A similar effect has been noted
in the“N NMR spectra of the @tungsten systems [RIRWCl,-
(THF)]: for R = Et, thel*N resonance is observed at 78.3 ppm,
considerably downfield of that observed for the case when R
= Ph (53.2 ppm¥’ Each successive incorporation of an [NAr]
ligand into the hexamolybdate framework induces an upfield
shift in 6(**NAr) of ca. —3 ppm as shown in Figure 13. As
noted above, the symmetries dfAr (Cy,) and 5-Ar (Cy,)
generate two differentiated [NAr] environments within each of
these derivatives for which distintN resonances (in ratios of
2:2 and 4:1, respectively) could be expected, but which were
not resolved. Given the relatively narrow dispersion of dhe
(**N) values throughout this series, it is reasonable to conclude
that the chemical shifts of these symmetry-distinct [NAr] sites
are virtually coincident.

The observation of anpfield progression iny(Mo=NAr)
accompanying downfieldprogression id(®®Mo=NAr) for the
[MoeOps-x(NAr),J2~ series is striking and is at variance with
previous results from multinuclear NMR studies of various
monometallic organoimido systems ,4=NR].2” Our 7O

(27) Bradley, D. C.; Hodge, S. R.; Runnacles, J. D.; Hughes, M.; Mason,
J.; Richards, R. LJ. Chem. Soc., Dalton Tran$992 1663.

2-Ar, 3-Ar, and4-Ar) (CHsCN, 343 K, unlocked, 1Qis (25) flip
angle, 3000 to 5000 scans without recycle delay, acquisition time 0.205
s/scan).

32
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Figure 13. Correlation of 5(*NAr) with the number of (NAr)
substituents in [MgOs—x(NAr),]?>~ complexes.

NMR results (vide infra) also demonstrate this counter-intuitive
relationship and we shall address this point in the Discussion.
170 NMR Spectroscopy.’’0 NMR spectra were recorded
in natural abundance for the complexes and a summary is
presented in Table 7. For each complex studied, the number

and relative intensities of the observed terminal) (@nd
bridging (@) resonances agree with expectations from symmetry
considerations. Thus, the monosubstituted compléx®s and
1-Ar each display two @resonances in a 4:1 ratia-Bu: 916,

4
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Table 7. 70O NMR Data for [MaOuox(NR)J?>~ ComplexedP
complex O(r"0y)° O(* O O0(*"Op)e O(*Op)ut’

[M06O142 933 933 563 563
[M06O1(NBU)]~ (1-Bu) 916, 909 (4:1) 915 575, 565, 549 (4:4:4) 563
[M0eO1a(NAF)] 2~ (1-Ar) 918, 910 (4:1) 916 582, 566, 550 (4:4:4) 566
[M0ogO1(NAR)2]2~ (2-Ar) 900, 892 (2:2) 896 606, 581, 568, 550, 539 (1:4:2:4:1) 567
[M06O:15(NAR) 42~ (4-Ar) 862 862 605, 591, 571, 560, 543 (1:4:2:4:1) 574
[M0sO14(NAr) 5|2~ (5-Ar) 848 848 583, 569, 543 (4:4:4) 565

a[BugN] " salts, CHCN solution, 343 K? 170 chemical shifts (in ppm) referenced to externgDt O; = (2’O=Mo) sites.? 6(*'O)w = 3 (N6 (*’0O))/

S (n). €Oy = (Mo—"0O—Mo) sites.” 6(*Op)ut = (1/12)5 (n6(*70)).

L.

T
500

v ] ' 1 ' 1 )
800 800 700 600
PPM
Figure 14. The 67.8 MHz'’O NMR spectra of2-Ar (bottom) and
4-Ar (top) in the Qand Q regions (CHCN, 343 K, 20us (90) flip
angle, 10 scans for2-Ar, 1.8 x 10° scans for4-Ar, without recycle

delay, acquisition time 0.025 s/scan).

909 ppm;1-Ar: 918, 910 ppm); in each spectrum, the lesser
intensity of the upfield signal permits its assignment as the
unique Q site trans to the organoimido ligand.

Figure 14 shows th&’O; and 1’0, regions of the spectra of
2-Ar and 4-Ar. At the terminal ’O=Mo) sites of the
[MoeOnsx(NAr),]?2~ systems, a steady upfield progression of
0(*"0y) accompanies increasing [NAr] incorporation. In fact, as
shown in Figure 15, when the weighted average@fO,) is
plotted vs the number of [NAr] ligands present, a linear
correlation is observed. Sing€'’0) is a sensitive measure of
the degree ofr-bonding by oxo ligands within congruent sets
of complexes? these data clearly indicate that a systematic
reduction in bond order at;®ites accompanies increasing [NAr]
incorporation, inferring a buildup of electron density at terminal
oxo ligands.

For the bridging (Me-O—Mo) sites, the weighted averages

(28) (a) Kidd, R. G.Can. J. Chem1967, 45, 605. (b) Filowitz, M.;
Klemperer, W. G.; Messerle, L.; Shum, \§. Am. Chem. Sod.976 98,
2345. (c) Klemperer, W. GAngew. Chem., Int. Ed. Engl978 17, 246.
(d) Klemperer, W. G.; Shum, WI. Am. Chem. Sod.978 100, 4892. (e)
Filowitz, M.; Ho, R. K. C.; Klemperer, W. G.; Shum, Wnorg. Chem.
1979 18, 93. (f) Miller, K. F.; Wentworth, R. A. DInorg. Chem.1979
18, 984. (g) Heath, E.; Howarth, O. W. Chem. Soc., Dalton Tran$981
1105. (h) Freeman, M. A,; Schultz, F. A.; Reilley, C.INorg. Chem1982
21, 567
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Figure 15. Correlation of 6(*’Oy)w with the number of (NAr)
substituents in [MgOs—x(NAr),]?>~ complexes.

of 6(*’Op) throughout the [MgO9-x(NAr),|2~ series are nearly
identical (L-Ar, 566 ppm;2-Ar, 567 ppm4-Ar, 574 ppm5-Ar,

565 ppm). Furthermore, these values are quite similar to that
of the ¢"0y) resonance in [MgD1]>~ (563 ppm), suggesting
that the total electronic density at the twelvg €ites remains
essentially invariant throughout the entire series.

Discussion

There are several notable aspects regarding the syntheses of
these organoimido hexamolybdates. Unlike previous “assembly”
routes to hexamolybdate derivatives, the metathetical approach
employed here provides a direct means of functionalization
which employs [M@Oig?~ as the starting material. These
syntheses are broadly systematic and are applicable to a wide
variety of organoimido ligand substituents, thus allowing the
introduction of a range of appended functionalities. The capabil-
ity for polyfunctionalization is also noteworthy: the homologous
series [M@O(19-x(NAr),]?>~ described herein provides an op-
portunity to examine in detail what perturbations arise within
the polyoxometalate framework as a result of oxo/imido
substitution.

Let us first consider the mono-substituted complexes
[MogO15(NR)]?~. The cyclic voltammetry results (Table 4)
indicate that each of these organoimido derivatives is more
electron-rich than is [MgD1g]2~ with a relative ordering of-Cy
~ 1-Bu > 1-Ar > 1-Ph. The®Mo NMR spectra (Table 5) of
this series reveal a sizable dispersion for tfeVMp=NR]
resonances. Were the$eMlo=NR] chemical shifts determined
solelyby a dominant diamagnetic shielding teems,, then one
should expect the shieldings to increase in parallel with the
accumulating electron density in the ordePh < 1-Ar < 1-Bu
~ 1-Cy. In fact, the P®™Mo=NR] resonances for the two most
electron-rich systems are observed at highest field in accord
with this premise 1-Cy: 6 = 1; 1-Bu: 6 = —2), but the
observed ordering of the two arylimido derivativelsRh: 6
= 68; 1-Ar: 6 = 123) is contrary to such expectations. A
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comparison of the electronic spectra for this group (Table 3)
suggests that variations in the paramagnetic shielding aggm
provide a possible explanation for this “anomaly”. Note that
the visible region max values forl-Cy (325 nm) andL-Bu (329
nm) are similar to that of [MgD1¢]?>~ (325 nm), while those of
the arylimido systems are red-shifted substantidlirf: 342

nm; 1-Tol: 348 nm;1-Ar: 351 nm). Within a congruent set of
complexes, the magnitude of thgaacontribution increases as

J. Am. Chem. Soc., Vol. 122, No. 4,62G00

is accompanied by a slight but steady bathochromic shift in the
Amax value for the complex. As discussed above, it is likely that
these electronic transitions are predominately localized at the
[Mo=NAr] sites and therefore the small downfield progression
of 5(®*Mo=NAr) is consistent with the expected slight increase
in opara cONtributions throughout the series. Another possible
contribution to the downfield progression 6(°Mo=NAr) is
suggested by by ourN NMR data (Table 6 and Figure 13).

the relevant electron excitation energies decrease. Since enThe [“NAr] chemical shifts move slightlypfieldin response

hancedoparacontributions act to deshield a nucleus, driving its
chemical shift downfield, it seems likely that the deshielding
of 1-Ar compared tol-Ph results from an increasedpara
contribution in the former which effectively overrides its
relatively largerogia component.

The chemical shifts for the®Mo=0] sites within the
[MosO15(NR)]?~ complexes ¢ range= 148-153 ppm) are
uniformly deshielded compared to those of tPfo=NR] sites
within the same complex and also with respect to that of
[MogO14]?~ (127 ppm). The fact thai(®®Mo=NR) lies upfield
of §(®*Mo=0) is consistent with the superior electron-donation
abilities of organoimido ligands being expressed by larggr
contributions. In contrast to the wide variance in the corre-
sponding $®Mo=NR] resonances, th&Mo=0] resonances for
1-Cy, 1-Bu, 1-Ph, and1-Ar fall within a narrow range and are
insensitive to the system’émax value. This suggests that
variations in opara are less important in determining these
shieldings, and that the downfield chemical shifts are attributable
to a decrease ingi; at these sites. One mechanism by which
ogdia could be reduced at thé®’Mo=O] sites is through a
diminution of z-donation from the terminal oxo ligands. Our
170 NMR data (Table 7) are consistent with this picture: the
170, resonances fot-Bu and 1-Ar are shifted upfield of that
of [MogO1¢]2~ by ca. 17 ppm, indicative of lessened oxygen-
to-molybdenumr-bonding.

Now let us focus on the series of polysubstituted arylimido
systems [M@Oq9-x(NAr)]?~. Each successive incorporation
of an [NAr] ligand renders the complex more electron-rich,
driving the cluster'sk;j; value more negative by ca. 220 mV
(Table 4 and Figure 10). Given the steady accumulation of
electron density throughout the series, one might expect
enhancedyi, effects to cause a progressive upfield shift of the

%Mo NMR resonances as the degree of substitution increases

yet exactly the opposite trend is observed: as seen in Table 5
the resonances for both th&®Nlo=NAr] and the PMo=0O]
sites become less shielded with increasing imido incorporation.
The downfield shift of)(®*Mo) accompanying progressive [NAT]
incorporation is significantly more pronounced for tfeMo=

0] sites than for the®fMo=NAr] sites: the addition of each
subsequent [NAr] ligand in the serigsAr through5-Ar induces

a shift in 6(°®*Mo0=0) of ca. 18 ppm, while causing a corre-
sponding shift ind(®®*Mo=NAr) of only ca. 6 ppm. The
downfield shift of the $°Mo0=0] resonances again is explicable
in terms of a reducedqia component as discussed above, arising
from steadily decreasing-donation from the terminal oxo
ligands: as seen in Table 7 and Figure 15, increasing [NAr]
incorporation is accompanied by an upfield progression-of
(*"0=Mo). Expressed in simple valence bond terms, as the
number of [NAr] ligands is increased, electron density builds
at the terminal oxo ligands, resulting in a greater contribution
from the doubly bonded [M&O] canonical form, and a lesser
contribution from the [Me=Q] form.

Insight about the downfield progressiond(P®Mo=NAr) as
the number of [NAr] ligands increases is provided by the

to progressive [NAr] incorporation, with each addition causing
a change in(**NAr) of ca. —3 ppm. This small but steady
shielding progression id(**NAr) could occur as a result of
some electron density “leaking” back out onto the imido nitrogen
atoms from the cluster framework, thus diminishing the electron
density at the PMo=NAr] sites, leading to a slight but
systematic reduction in they; components at Mo. This effect

is therefore similar to, but smaller in magnitude than the parallel
buildup of electron density observed at the terminal oxo ligands
(Figure 15); such a preferential accumulation of electron density
at the terminal oxo ligands is in accord with the greater
electronegativity of oxygen vs nitrogen. This picture, which
postulates that electron density preferentially accumulates at
the terminal ligated atoms of the complexes rather than within
the {MoeO13} core, reconciles the overall buildup of electron
density with the virtual constancy of the weighted NMR
chemical shifts for both th&®Mo atoms (Table 5) and thHéO,
atoms (Table 7). Precedence for such an upfield response of
organoimido *N chemical shifts to accumulating electron
density is available from a study of a series of methylimido
tungsten(VIl) complexes of the fortnans[MeN=WCl4(L)].%°

A steady increase in thEN shielding of the [NMe] ligand is
observed as the electron-donation ability of L increases in the
sequence MeCN< OS(OMe) < CH3CO.Et < OPMe(OMe)

< [F]~. A similar effect has been observed in tH& NMR
spectra of the tphenylimido complexes [PHETaCkL,]: upon
changing L from THF to &P, (*°N) is shifted upfield by 16
ppm3*

As a final point, we wish to consider a possible explanation
for the observed decrease in reduction potential for the
[MogO15(NR)]>~ complexes vs that of [MfD;¢]2~ and for the
observed cathodic progression i, values for the
[MogOp9-x(NATr),]?~ complexes with increasing [NAr] incor-
poration. A detailed theoretical analysis is beyond the scope of
this manuscript, and only a simplified presentation will be
offered here. [MgO1¢)?™ is a “Type I” polyanion (in Pope’s
terminology®3), with each [=MoOs] site displaying virtual
tetragonal C4,) symmetry. Each Mo engages:nbonding with
its terminal oxo ligand producing aa(principally Gyp) and an
e* (principally dy; and d,) set of orbitals, assuming each [0
O] vector to lie along a locataxis. In the absence of equatorial
Mo—Oy z-bonding (in thexy plane), the ¢, orbital of each Mo
atom is nonbonding and unoccupied. This simple scheme
accords with the ready and reversible reductions displayed by
[MogO1g)%>~ and other Type | polyoxometalates and is consistent
with ESR and optical spectroscopy studies of §fag]3~.1a8b.3+35

(29) Chambers, O. R.; Harman, M. E.; Rycroft, D. S.; Sharp, D. W. A;;
Winfield, J. M. J. Chem. Resl977, (S) 150, (M) 1849.

(30) Rocklage, S. M.; Schrock, R. R.Am. Chem. So&982 104, 3077.

(31) Pope, M. Tlnorg. Chem.1972 11, 1973.

(32) Jeannin, Y.; Launay, J. P.; Sanchez, C.; Livage, J.; Fournier, M.
Now. J. Chim.198Q 4, 587.

(33) Sanchez, C.; Livage, J.; Launay, J. P.; Fournier, M.; Jeannid, Y.
Am. Chem. Sod 982 104, 3194.

(34) Fournier, M.; Louis, C.; Che, M.; Chaquin, P.; Masure,JDCatal.
1989 119, 400.

(35) Masure, D.; Chaquin, P.; Louis, C.; Che, M.; Fournier JMCatal.

electronic spectra of the series (Table 3). Progressive substitution1989 119, 415.
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m* (dxz, dy2) Experimental Section
All syntheses and manipulations were performed under an atmo-
T (dyy) sphere of purified nitrogen, using standard Schlenk, vacuum line, and
b (d T glovebox techniques. Pyridine and acetonitrile solvents were dried by
nb (dxy) P refluxing in the presence of Cakand were distilled prior to use.

Mo-Op

[BusN]2[MogO1] was prepared by a literature methddand was
recrystallized from anhydrous acetonitrile and dried under vacuum

nb (Op 2peq) n-bonding
— el 7 (Op 2Peq) before use. BUNCO, CyNCO, and ArNCO were obtained from
Ty (Ot 2py, Ot 2py) Tl 4 commercial sources and were used as received. Elemental analyses were
performed by Desert Analytics, Tucson, AZ. Cyclic voltammetry studies
were performed on C#CN solutions at 25C in an N-filled glovebox

using a BAS Model 50 electrochemical workstation employing a Pt

. o . . working electrode, [BsN]PFs supporting electrolyte, and a scan rate
F_|gur§ 16. Simplified molec;JJar orbital d_|agram_ for the _F(E)\/Ioos] _ of 100 mV s. Ey, values were measured vs Ag/Agand [BuN].-
sites in the [M@O(lw)(NR)_X] systems illustrating th_e increase in - \i0.0,4 (Er, = — 707 mV) was employed as an internal standard:
LUMO energy accompanying enhanced M0, -bonding. under these conditions, the [&e]/[Cp:Fe]" couple was observed at

Ei. = 119 mV.!H NMR spectra were recorded at 400.1 MHz at 298

Note, however, that the Moyg orbitals are of the proper K using a Bruker WM-400 instrumerif'O, Mo, and“N NMR spectra
symmetry to engage in-bonding with the O 2g, orbitals from were recorded at 67.8, 32.6, and 36.1 MHz, respectively, using a Bruker
the set of four @atoms occupying the basal plane at eachfMo  AM 500 spectrometer at 343 K. Some preliminary spectra were obtained
O] site: such interactions will serve to raise the LUMO energy at 333 K on a Bruker MSL 400 spectrometer at 54DJ and 26
by producing az-bonding orbital (principally @, in character) MHz (®*Mo). All heterongclear spectra were obtained without lock in
and as*-antibonding orbital (principally g in character) as anhydrous CECN solutions in 10 mm o0.d. NMR tubes. Sample
shown in Figure 16. The structures of the [Mag(NR)]Z~ and concentrations ranged from about 100 to 150 mg in 2.5 mL of@H

Mo:O. NAD.12- | I indicai f enh d (0.01 to 0.03 M) N chemical shifts were measured relative to that of
[M0gOus-»(NA), =~ complexes all are indicative of enhanced . internal CHCN reference and are reported as ppm with respect to

[Mo—0y] 7-bonding at their [Me=O] sites, reyeallng CONSIS-  heat liquid nitromethaned(CHsNO,) = d(CH,CN) — 135.83 ppm).
tently shorter [Me-Op] bonds at the [M&=O] sites than atthe  95\10 chemical shifts are reported with respect to that of an external
corresponding [M&NR] or [Mo=NAr] sites (Figures 4 and  aqueous alkaline solutiorf @ M Na;MoOs,.
9). At the imido-substituted sites, lengthening of [MOy] bonds [BusN]z[MoO15(NBuU)], 1-Bu. n-Butyl isocyanate (0.132 g; 1.3
is an expected result of the enhanced electron donation by themmol) was added to a solution of [B\]2[MosO1¢] (1.50 g; 1.1 mmol)
organoimido ligands, thus diminishing these Mo atoms’ demand in 50 mL of pyridine. After being stirred fo3 d atroom temperature,
for z-bonding from the equatorial set of,@toms. Conversely, the mixture was filtered, solvent was removed under vacuum, and the
since our’0 NMR results indicate that a reduction in [Fo residue was washed with £1. The crude product was recrystallized
0] bond order accompanies organoimido incorporation, those by the slow diffusion of B vapor into a concentrated GEN solution
Mo atoms bearing terminal oxo ligands should be prone to [© Produce golden-brown blocks dfBu (0.9 g; 56%). Anal. Calcd
engage in enhancedbonding with their set of four Patoms for CaeHtaiMoeN:Ous: C, 30.46; H, 5.75; N, 2.96. Found: C, 30.56; H,
. gy _ 5.89; N, 2.941H NMR (CDsCN, 25°C): 6 4.59 (t, imido NGH,, 2
in an attempt to mam}am their valence. To the extgnt that such H), 3.10 (m, NG, 16 H), 1.61, (m, imido and cationHg, 20 H),
[Mo—0Qy] 7-bonding is augmented at the [¥RO] sites, the 1.36 (M, Gz, 16 H), 0.96 (m, imido and cation G, 27 H). ®Mo
energy of theirr* —dy, LUMOs should be raised, and would  NMR (CH:CN, 70°C): & —2 (t, 234y %o &~ 50 Hz, Mo=NBuU), 152
therefore be consistent with the trends observed in the cyclic (Mo=0). "0 NMR (CH:CN, 70°C): ¢ 916, 909 (Q); 575, 565, 549
voltammetry data of Table 4 and Figure 10. (Op). *N NMR (CHzCN, 70°C): 6 60.9. Amax€) (CHCN, 25 °C):
329 nm (6000)Ey;, (CHsCN): —983 mV.
Conclusions [BuaN]2[M0osO15(NCy)], 1-Cy. Cyclohexyl isocyanate (0.137 g; 1.1
mmol) was added to a solution of [BW],[M0sO14] (1.50 g; 1.1 mmol)

Organoimido hexamolybdates constitute a new class of in 75 mL of pyridine. After being stirred fo3 d atroom temperature,
functionalized polyoxometalates, which permit a broad range the mixture was filtered, solvent was removed under vacuum, and the
of appended groups to be incorporated through variations in residue was washed successively with small portions of benzene and
the imido substituent. This flexibility, coupled with the capacity EO. The crude product was recrystallized by the slow diffusion of
for polyfunctionalization, has allowed a detailed examination EO vapor into a concentrated GEN solution to produce golden-

: . . R brown blocks of 1-Cy (1.17 g; 73%). Anal. Calcd for £gHss
of the perturbations induced by oxo/imido substitution. Each MogN:Os: C. 31.57 H. 5.79: N. 2.91. Found: C. 31.73: H. 5.64: N,

of the organc_)|m|do ligands employed here furnishes more 2.86.1H NMR (CD:CN, 25°C)- 6 4.55 (m, G4, 1 H), 3.12 (m, NG,

Qlectron densllty to the hexamolybdate cage than do.es an 0XOyg 4y 1 81 (m, Cy ®l, 10H), 1.62 (M, Gy, 16 H), 1.38 (M, El,, 16

ligand, rendering the [MgD15(NR)]?>~ complexes more difficult H), 0.97 (t, GHa, 24 H).%Mo NMR (CHsCN, 70°C): 6 1 (t, 145

to reduce than the [Mg®;9]2~ parent; the relative ordering of  ~ 50 Hz,Mo=NCy), 153 M0=0). Amad€) (CHsCN, 25°C): 325 nm

the systems’Ey;, values is in general agreement with the (7000).E;, (CHsCN): —994 mV.

expected inductive effects of the imido substituent. One  [Bu,N] [MosO(NAr)], 1-Ar. 2,6-Diisopropylphenyl isocyanate

structural consequence of this enhanced donation is a modest(0.30 g; 1.48 mmol) was added to a solution of JR{s[M0O:d] (1.50

but consistent, lengthening of the [M®y] bond lengths atthe  g; 1.10 mmol) in 50 mL of pyridine. After being stirredrf@ d at 110

imido-bearing sites as Compared to those at terminal oxo sites.°C, the mixture was filtered, solvent was removed under vacuum, and
For the series of polysubstituted arylimido systems §Mo the residue was washed successively with benzene and wh Hbe

o . . . _crude product was recrystallized by the slow diffusion ofEvapor
Ouo-x(NAN,*", a continual buildup of electron density ac into a concentrated G&N solution to produce red-orange blocks of

companies increasing arylimido incorporation, as indicated by ;_, (0.83 g; 50%). Anal. Calcd for GHasMosNsOrg: C, 34.68; H,
cyclic voltammetry studies. Multinuclear NMR studies suggest 5 gg: N, 2.76. Found: C, 34.73; H, 5.82: N, 2.38.NMR (CD:CN,
that this electron density accumulates preferentially at the 25 °c): 5 7.17 (d, GHa(m), 2 H), 7.06 (t, GHa(p), 1H), 3.86 (m,
terminal oxo ligands, and to a lesser extent at the imido nitrogen CH(CHs),, 2 H), 3.10 (m, N&l,, 16 H), 1.61 (m, G, 16 H), 1.36 (m,
atoms, rather than within the [M@13] core. CH,, 16 H), 1.29 (d, CH(E13)2, 12 H), 0.96 (t, Gl3, 24 H).9*Mo NMR
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(CHCN, 70°C): ¢ 123 (t, 214y ~ 50 Hz,Mo=NAr), 152 Mo=
0). 0 NMR (CHsCN, 70°C): ¢ 918, 910 (Q); 582, 566, 550 ().
N NMR (CHsCN, 70°C): 6 30.6.Amaf€) (CHCN, 25°C): 351 nm
(19000).Ey» (CHsCN): —958 mV.

[BuaN]2[M0sO17(NAT) 2], 2-Ar. 2,6-Diisopropylphenyl isocyanate
(0.252 g; 1.2 mmol) was added to a solution of JRis[M0eO1q] (0.75
g; 0.54 mmol) in 50 mL of pyridine. After being stirredrf8 d at 110
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70°C): 6 146 (Mo=NAr), 225 (M0=0). 'O NMR (CH;CN, 70°C):
0 848 (Q); 583, 569, 543 (§). 1“N NMR (CHiCN, 70°C): ¢ 18.3.
Amad€) (CH3CN, 25°C): 364 nm (77000)Ep; (CH3CN): —2038 mV
(irrev). Dark red crystals of the solvate-Ar-2CICH,CH.CI were
grown by the slow diffusion of EO vapor into a concentrated GH
CN solution containing a few drops of 1,2-dichloroethane.
Crystallographic Structural Determinations. Summaries of crystal

°C, the mixture was filtered, solvent was removed under vacuum, and data, data collection, and refinement parameters are given in Tables 1

the residue was washed with,€t The crude product was recrystallized

by the slow diffusion of BEO vapor into a concentrated GEN solution
to produce orange blocks &-Ar (0.61 g; 67%). Anal. Calcd for

CseH106M06N4O17: C, 39.96; H, 6.35; N, 3.33. Found: C, 39.59; H,

6.49; N, 3.32H NMR (CDsCN, 25°C): 6 7.14 (d, GH3(m), 4 H),
7.02 (m, GHa(p), 2H), 3.91 (M, GI(CHa)z, 4 H), 3.11 (m, NGy, 16
H), 1.61 (m, GH,, 16 H), 1.38 (m, El,, 16 H), 1.28 (m, CH(El3),, 24
H), 0.95 (t, (Hs, 24 H). ®*Mo NMR (CHCN, 70 °C): o 126 (t,
1wy o5y, &~ 50 Hz, Mo=NAr), 172 M0o=0). 1’0 NMR (CH:CN, 70
°C): 6 900, 892 (Q); 606, 581, 568, 550,539 (D *N NMR (CHs-
CN, 70°C): 6 27.7.Amad€) (CHsCN, 25°C): 356 nm (30000)E;,
(CH;CN): —1168 mV.
[BusN]o[M0eO16(NAT) 3], 3-Ar. 2,6-Diisopropylphenyl isocyanate

(3.99 g; 19.6 mmol) was added to a solution of JRi[M0eO1q] (1.50

g; 1.1 mmol) in 20 mL of pyridine. After being stirred for 13 d at 110

and 2. Suitable crystals were selected and mounted in nitrogen-flushed,
thin-walled glass capillaries. Unit cell parameters were obtained by
the least-squares refinement of the angular settings of 24 reflections
(20° = 20 = 25°). No evidence of symmetry higher than triclinic was
observed in either the photographic or diffraction datalf@y, 2-Ar,

and 3-Ar. The systematic absences in the diffraction datalf@u,

1-Ar, and4-Ar are uniguely consistent with the reported space groups.
The diffraction data fob-Ar indicated aC-centered monoclinic crystal
system E-statistics suggested the centrosymmetric space group options
P(—1) for 1-Cy, 2-Ar, and 3-Ar and C2/c for 5-Ar. Solution in the
assigned space groups yielded chemically reasonable and computa-
tionally stable results of refinement. The structures were solved by direct
methods, completed by subsequent difference Fourier syntheses and
refined by full-matrix least-squares procedures. Semiempirical ellipsoid
absorption corrections were appliedltdu, 2-Ar, and4-Ar, but were

°C, the mixture was filtered, solvent was removed under vacuum, and not required forl-Cy, 1-Ar, 3-Ar, and5-Ar because there was less

the residue was washed twice with small portions ofCEtInitial

crystallizations (EXO/CH;CN) of the crude product afforded two crops
of red crystalline5-Ar which were separated by filtration. A small

than 10% variation in the integratedscan intensities. The asymmetric
units of 1-Cy and3-Ar each contain two independent, but chemically
equivalent dianions and four independent, but chemically equivalent

amount of 1,2-dichloroethane (ca. 1 mL) was added to the mother liquor cations. One of the cations f@Ar was located only fragmentarily.

and subsequent slow diffusion of ;Bx vapor afforded dark orange
crystals of3-Ar-3CICH,CH,CI (0.40 g; 17%). Drying under vacuum
produced unsolvategtAr. 'H NMR (CDsCN, 25°C): 6 7.13 (m, GHs-
(m), 6 H), 6.98 (M, GHa(p), 3 H), 3.95 (M, GI(CHs),, 6 H), 3.08 (M,
NCH,, 16 H), 1.60 (m, €, 16 H), 1.35 (m, €5, 16 H), 1.29 (m,
CH(CHg)2, 36 H), 0.95 (t, 3, 24 H).**Mo NMR (CHzCN, 70°C):
0 130 Mo=NAr), 191 Mo=0). *“N NMR (CHsCN, 70°C): o 24.4.
Amax(€) (CH3CN, 25°C): 361 nm (42000)E1/» (CHsCN): —1392 mV.
[BusN]o[M0eO15(NAT) 4], 4-Ar. 2,6-Diisopropylphenyl isocyanate
(0.464 g; 2.3 mmol) was added to a solution of JR{,[M0eO1¢] (0.75

g; 0.54 mmol) in 30 mL of pyridine. After being stirred for 12 d at

Three dichloroethane solvent molecules, two acetonitrile solvent
molecules, and two dichloroethane solvent molecules were located in
the asymmetric units d3-Ar, 4-Ar, and5-Ar, respectively. The Mo,

N, and O atoms and the-butylimido group’s C atoms oi-Bu, all
non-hydrogen atoms of the dianionsLCy, all non-hydrogen atoms

of 1-Ar, the Mo, N, and O atoms &-Ar, the Mo atoms o83-Ar, all
non-hydrogen atoms except one of the two acetonitrile solvent
molecules of4-Ar, and the Mo, N, and O atoms and the phenyl and
tertiary isopropyl carbons ob-Ar were refined with anisotropic
displacement parameters. All other non-hydrogen atoms were refined
isotropically. One of the phenyl rings @Ar and all of the phenyl

110°C, the mixture was filtered, solvent was removed under vacuum, rings of 4-Ar and5-Ar were fixed as rigid planar groups. The-C
and the residue was washed successively with small portions of benzenelistances of the isopropyl carbon atoms ®#r and 5-Ar were

and EtO. Dark orange-red crystals of the solvdtér-2CH3CN (0.39
g; 35%) were grown by the slow diffusion of & vapor into a

concentrated acetonitrile/pyridine (9:1) solution. Drying under vacuum

produced unsolvatettAr. Anal. Calcd for GoH140Ml0sN¢O1s: C, 48.00;

H, 7.05; N, 4.20; O, 11.99. Found: C, 47.88; H, 7.02; N, 3.41; O,

11.61.3H NMR (CDsCN, 25°C): ¢ 7.10 (m, GHa(m), 8 H), 6.95 (m,
CsH3(p), 4 H), 3.99 (m, G1(CHzs),, 8 H), 3.08 (m, NG, 16 H), 1.58
(m, CHy, 16 H), 1.34 (m, €, 16 H), 1.28 (m, CH(El3),, 48 H), 0.94
(t, CHs, 24 H).%Mo NMR (CHsCN, 70°C): 6 136 (Mo=NAr), 209
(Mo=0). O NMR (CH:CN, 70°C): ¢ 862 (Q); 605, 591, 571, 560,
543 (Q). N NMR (CHsCN, 70 °C): 0 21.4. Amaf€) (CH:CN, 25
°C): 364 nm (58000)E;/, (CHsCN): —1596 mV.
[BuaN][M0sO14(NAT) 5], 5-Ar. 2,6-diisopropylphenyl isocyanate
(0.967 g; 4.8 mmol) was added to a solution of JRip[M0¢O1q] (0.75

g; 0.54 mmol) in 20 mL of pyridine. After being stirred for 11 d at

constrained to an average-C bond length. Due to the high thermal
activity of the atoms of one of the solvent moleculesdefr, the
hydrogen atoms on it were omitted. The hydrogen atong&Af were
omitted and all other hydrogen atoms were treated as idealized
contributions. All software is contained in versions of the SHELXTL
5 libraries of programs (G. Sheldrick, Bruker-AXS, Madison, WI).
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110 °C, the mixture was cooled to room temperature and filtered, coordinates fod-Bu, 1-Cy, 1-Ar, 2-Ar, 3-Ar, 4-Ar, and5-Ar;
solvent was removed under vacuum, and the residue was washed withORTEP diagrams of the second moleculed €€y and 3-Ar;

Et,0. Drying under vacuum afforded dark red sd@id\r (1.03 g; 86%).
Anal. Calcd for GaHisM0eN;O14: C, 51.14; H, 7.32; N, 4.54. Found:
C, 51.66; H, 7.48; N, 4.61*H NMR (CDsCN, 25°C): 6 7.06 (m,
CsHa(m), 10 H), 6.90 (m, GHs(p), 5 H), 4.03 (M, GI(CHa),, 10 H),
3.06 (m, NGH,, 16 H), 1.57 (m, Gl,, 16 H), 1.33 (m, Ei,, 16 H),
1.28 (m, CH(QH3),, 60 H), 0.93 (t, Gz, 24 H).*Mo NMR (CH;CN,

ORTEP diagrams of-Bu, 4-Ar, and5-Ar showing atoms as
thermal ellipsoids (PDF). X-ray crystallographic files (CIF). This
material is available free of charge via the Internet at
http://pubs.acs.org.

JA9927974



