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The closo-[1-M(CO)3(5*-Eg)]*~ (E = Sn, Pb; M = Mo, W) anions have been obtained by extracting the binary alloys KSn, s
and KPh,, in ethylenediamine (en) in the presence of 2,2,2-crypt or in liquid NH; followed by reaction with M(CO)z-mes (M
= Mo, W) or Cr(CO)stol in en or liquid NH; solution. Crystallization of the molybdenum and tungsten salts was induced by
vapor diffusion of tetrahydrofuran into the en solutions. The salts [2,2,2-crypt-K]4[1-M(CO)3(17*-Sng)]-en (M = Mo, W) crystallize
in the triclinic system, space group P1, Z = 4, a = 16.187(3) A, b = 25.832(4) A, ¢ = 29.855(5) A, o = 111.46(1)°, B =
102.84(2)°, y = 92.87(2)° at —95 °C (M = Mo) and a = 17.018(3) A, b = 27.057(5) A, ¢ = 28.298(6) A, o = 66.42(3)°,
= 76.72(3)°, y = 87.27(3)° at 20 °C (M = W). The salts (CO)sM(en)z[2,2,2-crypt-K]4[1-M(CO)s(17*-Phg)]-2.5en (M = Mo, W)
crystallize in the triclinic system, space group P1, Z = 2, a = 16.319(3) A, b = 17.078(3) A, ¢ = 24.827(5) A, o = 71.82(3)°,
B = 83.01(3)°, y = 81.73(3)° at —133 °C (M = Mo) and a = 16.283(4) A, b = 17.094(3) A, c = 24.872(6) A, oo = 71.62(2)°,
B = 8291(2)°, y = 81.35(2)° at =153 °C (M = W). The [1-M(CO)3(;7*-Sng)]*~ anions were also characterized in liquid NH3
solution by 119Sn, 117Sn, and %Mo NMR spectroscopy. Unlike their fluxional precursor, nido-Sng*~, NMR studies show that the
[1-M(CO)3(17*-Sng)]*~ anions are rigid on the NMR time scale. All possible inter- and intraenvironmental couplings, J(*1*117Sn—
19117gp), J(19117S5n-183\) and one J(1*17Sn—%Mo) coupling, have been observed and assigned. Complete spin—spin coupling
constant assignments were achieved by detailed analyses and simulations of all spin multiplets that comprise the 1°Sn and
117Sn NMR spectra and that arise from natural abundance tin isotopomer distributions and from natural abundance 83W, in the
case of [1-W(CO)s(i7*-Sng)]*~. Both the solid state and solution structures of the [1-M(CO)s(17*-Sng)]*~ anions are based on a
closo-bicapped square antiprismatic structure in which the transition metal occupies a cap position. The cluster structures are
consistent with Wade's rules for 22 (2n + 2) skeletal electron systems. Electron structure calculations at the density functional
theory (DFT) level provide fully optimized geometries that are in agreement with the experimental structures. Complete assignment
of the NMR spectra was also aided by GIAO calculations. The calculated vibrational frequencies of the Eq*~ and [1-M(CO)s-
(7*-Eg)]*~ anions are also reported and are used to assign the solid-state vibrational spectra of the [1-M(CO)3(#*-Eg)]*~ anions.

Introduction 205T1, and®*"Ph NMR spectroscopy, studied the homonuclear

Rudolph and co-workers? who first identified naked ~ Es*” (E = Sn, Pb) and the mixed series of isoelectronic

cluster anions of the group 335 elements by solutiod®sn, ~ anions SeGe’", SnPbS", and Sg-,PTI®™ (x=0-9,
y = 0—4). The B* anions (E= Si, Ge, Sn, Pb) and their
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closo-[1-M(Co}(n*Eg)]*~ Cluster Anions

mixed analogues possess (2 4) skeletal electrons and are

in solution. Local density functional theory (LDFT) calcula-

electron deficient. The structures are predicted to be, by thetions for P*~ show that theC,, structure is favored in the
polyhedral skeletal electron pair theory (PSEPT) or Wade’s gas phase. The low barrier ©,,—Dg, interconversion is

rules? 7 nido-clusters derived from the parent ten-vertex

also consistent with the low vibrational frequencies of the

deltahedron, a bicapped square antiprism. The X-ray crystalPky®~ and Plg*~ anions!®intimating that the clusters are very

structures of the $i~,2 Gey*~,910 Spy*~, 1112 gnd Plg*~ 1314

deformable, and with the observation that fluxional behavior

anions have been obtained and shown to possess nidoin Sny*~ and TISR®™ is not slowed in liquid NH at

structures of~C,4, symmetry, in accord with the PSEPT
predictions.

temperatures as low as74 °C2
Rudolph and co-workets'8 were also the first to report

The fluxionality of these nine-atom clusters has prevented the preparation of transition metal derivatives of the main-

their detailed structural characterization in solution by NMR
spectroscopy. The observation of singfsn,2°Pb, and?o5T|
resonances and singl*'°Sn—117Sn), J(?°"Pb—11711%p),
J(303:205T| —117.1195) andJ(?93:207T|—207Ph) spin-spin cou-

group metal clusters obtained by the reaction 6{R®h),
with Sny*~ and SRTI®~ (M’ = Pt, Pd) and P$~ (M' = Pt)
in en (ethylenediamine). The resulting ¢8H(PPh),*",
SnTIM'(PPh),>~, and PRPiL,* (L = PPh and/or en)

plings indicates that the three chemical environments of the anions were shown to be fluxional in solution B, 11Sn,
C,, structure are exchange-averaged by means of a facile2osT|, and 20Pb NMR spectroscopy; however, ri§5Pt

intramolecular rearrangement procéss.In the case of
Sny*~ 174 and Plg*~,124%3intramolecular exchange averages
the unique apical E(1), four coplanar E(2,3,4,5) atoms

resonances were reported. Rudolph and co-wotkEisere
unable to establish whether the clusters were nido- or closo-
structures by use of multi-NMR spectroscopy.

proximate to the apical atom, and the four coplanar E(6,7,8,9) Tq gate, the only clostransition metal derivatives of

atoms comprising the open nidiace of the cluster to a single
chemical environment on the NMR time scale. Rapid
rearrangement of the Bb cluster prevents the observation
of J(?*"Pb—2"Ph) spin-spin couplings, because of chemical
and magnetic equivalence. This contrasts witi*Srwhich

electron-deficient naked metal main-group clusters that have
been reported and structurally characterized by X-ray crystal-
lography are the [1-Cr(CQ);*Eg)]*~ (E = Sn}*20 Py,
[2-W(COX)(*>-Sm)]*~,*° Sr[M(CO)sle*~,* and Ge[M-
(COX]6> ?2(M = Cr, Mo, W) cluster anions. In accord with

possesses two natural abundance magnetically active iSOthe (2 +2) rule for closo-clusters having 22 and 14 skeletal

topes,'**Sn and''’Sn. A single exchange-averagéé!Sn—
117Sn) coupling constant is observed forySnwhich results

electrons, both the endo-skeletal Cr(GQY(CO); and exo-
skeletal M(COy groups donate zero electrons to the skeletal

in an overlapping series of satellites corresponding to the bonding of these anions. The [1-Cr(GO)-Eg)]* and

summation of the binomial multiplet subspectra arising from
the isotopomers®Sntt’SniSny iy* (X + y = 0-9),
where °Sn denotes tin isotopes having zero spin. The
fluxional behavior of the B~ cluster anions is attributed to
rapid intramolecular interconversion between nido-mono-
capped square antiprismatic,,) and closetricapped trigonal
prismatic (Day) structures by means of &, transition
state!31516The mechanism is presumed to be operative for
the related heteroanions. The barrierGg—Dg;, intercon-
version in nine-atom clusters has been calculated using
points-on-a-sphere model for the pseudo-isoelectrostitzB
aniort® and for Sg*~ by SCF-MO-CNDO calculatiortéand
indicate a preference f@s, symmetry in the gas phase. The
barrier is less than 0.1% of the total orbital energy of either
symmetry, suggesting that interconversion is likely to occur
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[2-W(CO)(15-Smy)]*~ anions are representative of the reac-
tion products expected between nidosters and a zero-
electron donor. Two related closo-metalloborane isomers
derived from BHi,~ and having 22 skeletal electrons have
also been reported, i.&lpso|[(7°-CsHs)-1-Ni(n*-BgHg)] ~ 2324
and closo[(175-CsHs)-2-Ni(575-BgHg)] ~.2%:24

In view of the facile intramolecular exchange behavior
exhibited by the 22-electromido-Sny*~ and nido-Phy*~
anions and by related isovalent anions, it was of interest to

dgetermine what type, if any, intramolecular exchange pro-

cesses might arise when the zero-electron donor transition
metal fragments M(CQ)M = Cr, Mo, W) are coordinated
to the nidefaces of B*~ anions.

At the point of submission of this paper, we learned of an
independent study on the [M(C&3ny]* (M = Cr, Mo, W)
anions by Eichhorn et al., who have obtained similar spectra,
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Table 1. Summary of Crystal Data and Refinement Results for [2,2,2-crygittk{i(CO)s(7*-Srg)]-en and
M(CO)s(eny[2,2,2-crypt-KL[1-M(CO)3(n*-Phy)]-2.5en (M= Mo, W)

Campbell et al.

[2,2,2-crypt-K}[1-M(CO)s(574-Srp)]-en

M(COX(eny[2,2,2-crypt-KL[1-M(CO)s(y*-Phy)]-2.5en

formula Gr7H152K4MON1¢027Sy Cr7H15K4N10027SnW Ceg7H180K4M02N17030Pky Cg7H180K4N17030PyW>
fw 2970.64 3046.54 4157.47 4333.29
space group (no.) P1(2) P1(2) P1(2) P1(2)
a(d) 16.187(3) 17.018(3) 16.319(3) 16.283(4)
b (A) 25.832(4) 27.057(5) 17.078(3) 17.094(3)
c(A) 29.855(5) 28.298(6) 24.827(5) 24.872(6)
a (deg) 111.46(1) 66.42(3) 71.82(3) 71.62(2)
5 (deg) 102.84(2) 76.72(3) 83.01(3) 82.91(2)
v (deg) 92.87(2) 87.27(3) 81.73(3) 81.35(2)
V(A3 11208.3(33) 11608.13(44) 6483.7(21) 6473.9(24)
Z 4 4 2
T (°C) —95 20 —133 —153
A (A) 0.71073 0.71073 0.71073 0.71073
peaiea(g cT) 1.760 1.743 2.130 2.223
1 (mm-) 2.293 3.095 12.022 13.621
R 0.0982 0.1215 0.0700 0.0544
WRy" 0.2759 0.3794 0.1781 0.1227

aR, = SIIFo| — |FdUS|Fol for | > 20(1). PWRs = [S[W(FZ — FR2/SWFRFY2for | > 20(1).

but of lower resolution, and have interpreted the spectra in M(CO);(en) complexes associated with the 1-M(G@}-
terms of a dynamic equilibrium between thy@é- and »°

isomers?®

The present pap&rreports the crystal structures of the
heteroatomiclosc[1-M(CO);(i*-Eg)]*~ anions (E= Sn, Pb;
M = Mo, W) and the comprehensive solution characteriza- clusters (Figure 1). All four anions exhibit the bicapped

tions of thecloso[1-M(CO)s(n*-Snp)]*~ (M = Cr, Mo, W)
anions by!°Sn, 1¥Sp, and®Mo NMR spectroscopy. A
preliminary study of theloso[1-Mo(CO)(;*-Ply)]*~ anion

Pky*") are illustrated in Figures S1 and S2 of the Supporting

Information.

The most important features of these structures are the

heteroatomic [1-M(CQJy*Eg)]*~ (M

= Mo, W) anion

square antiprismatic geometries predicted by PSEPT for (2
+ 2) skeletal electron systems and contain M(&@gments
which occupy the otherwise open square faces of the parent
by 27Pb NMR spectroscopy is also described. The solution nido-E¢*~ anions. Theeloso[1-M(CO)s(17*-Eg)]*~ anions are
NMR studies provide a means to study the effect on the isostructural with the known [1-Cr(Cg{();*-Eg)]* ana-
cluster dynamics upon coordination of a zero-electron donor logued®2! as well as with thecloso[(#°-CsHs)-1-Ni(7*-
group to an otherwise fluxionalido-Eg*~ cluster. In contrast

BoHg)]~ metalloboran®?* and the heteroatom-substituted

with the study of Eichhorn et al., the present solution study XBgHg (X = BH?",26 CH™,2” NH,® ) clusters. The

definitively establishes that trgoso[1-M(CO)s(17%-Sry)]*~

(M = Cr, Mo, W) anions are rigid on the NMR time scale.
Density functional theory calculations have been done at the posses€; point group symmetry. The symmetry differences
LDFT level to support and aid in the assignments of the arise from the orientation of the M(C®yroup relative to
experimental NMR and vibrational spectra and to provide a the & cage3® The E-E contacts (Table 2) within thegE
better understanding of the nature of the bonding betweenframework of [1-M(CO)(5*Eg)]*~ can be classified into

naked main-group metal clusters and transition metals.

Results and Discussion

X-ray Crystal Structures of the closo[1-M(CO)3(n*-
Eg)]*~ Anions (E = Sn, Pb; M = Mo, Cr). Details of

Table 1. The most significant-EE and E-M contacts, E-E
long contact distances, and-MC and C-O bond lengths in
the [1-M(COX(n*Eg)]*" anions are given in Table 2. Bond
angles are included in the Supporting Information. The

bicapped square antiprismatic geometries observed for th

[1-M(CO)3(*-Eg)]*~ clusters are shown in Figure 1 along
with the atom numbering scheme used throughout this paper(29) Pretzer, W. R.; Rudolph, R. W. Am. Chem. Sod973 95, 931.
The structures of the (2,2,2-crypttken) cations and the

(25) The X-ray crystal sructures, experimental NMR spectra with their full
assignments, and infrared data were originally reported in the Ph.D.

Thesis of J. Campbell (McMaster University, 1997).

88 Inorganic Chemistry, Vol. 41, No. 1, 2002

[1-M(CO)5(n*-Phy)]*~ anions possess essentially point
group symmetry, whereas the [1-M(GQ)*-Snp)]* anions

three categories: the shortestE contacts are those from
the apical E(1) atoms to the E(2,3,4,5) planes and those
within the E(6,7,8,9) planes; longer contacts are observed
between the two Eplanes of the square antiprisms; and the
longest contacts exist between the adjacent E atoms of the
synthetic and crystal growing procedures are given in the E(2,3,4,5) planes. A comparison of the—E contacts
Experimental Section and details of data collection param- between thaido-Es* precursors and theloso[1-M(CO)s-

eters and other crystallographic information are given in (7*Eg)]*" anions reveals that coordination of the M(GO)
fragments to the E(6,7,8,9) planes results in elongation of
the E-E distances within these planes. TheE distances

(26) Hawthorne, M. F.; Pilling, R. L.; Stokely, P. B. Am. Chem. Soc.

1965 87, 1893.

g(27) Knoth, W. H.Inorg. Chem 1971 10, 598.

(28) Arafat, A.; Baer, J.; Huffman, J. C.; Todd, L.ldorg. Chem.1986

25, 3797.

(30) For structural conformers possessiigsymmetry, one CO group
eclipses an E atom of the E(2,3,4,5) plane while it is staggered with
respect to the E(6,7,8,9) plane. All three CO groups of Ge
conformers are gauche with respect to the E atoms of the E(2,3,4,5)
and E(6,7,8,9) rings, so no CO groups lie in a mirror plane of the

MEg bicapped square antiprism.



closo-[1-M(Co}(n*Eg)]*~ Cluster Anions

Table 2. The E-E, E-M, M—C, and G-O Distances (A) in the [1-M(CQJy*Eo)]*~ (E = Sn, Pb; M= Mo, W) Anions

SryMo(CO)*-2 SnW(CO)*- 2 PkyMo(CO)*~ PyW(CO)*~
E—E Contacts from the Apical E(1) Atom to the E(2,3,4,5) Plane
E(1)-E(2) 2.959(2), 2.967(3) 2.955(5), 2.954(4) 3.0661(10) 3.0330(11)
E(1)-E(3) 2.919(2), 2.950(2) 2.946(3), 2.966(3) 3.0533(10) 3.0557(10)
E(1)-E(4) 2.958(2), 2.961(3) 2.978(3), 2.977(3) 3.0326(14) 3.0737(9)
E(1)-E(5) 2.954(2), 2.947(2) 2.935(3), 2.937(3) 3.0407(9) 3.0417(9)
E—E Contacts and £ E Long Contact Distances within the E(2,3,4,5) Plane
E(2-E(3) 3.187(3), 3.216(3) 3.209(4), 3.201(3) 3.3094(14) 3.3076(10)
E(2)-E(5) 3.170(2), 3.155(3) 3.167(4), 3.161(3) 3.3165(12) 3.3282(11)
E(3)-E(4) 3.283(2), 3.146(3) 3.192(3), 3.189(3) 3.3200(12) 3.3050(11)
E(4)-E(5) 3.137(2), 3.189(2) 3.225(3), 3.213(3) 3.3289(14) 3.3086(10)
E(2)--E(4) 4.527(3), 4.502(3) 4.550(4), 4.529(3) 4.696(2) 4.691(1)
E(3)-+-E(5) 4.507(2), 4.482(2) 4.495(3), 4.495(3) 4.690(2) 4.678(1)
E—E Contacts between the E(2,3,4,5) and E(6,7,8,9) Planes
E(2)—E(6) 2.976(2), 2.946(2) 2.984(3), 3.000(3) 3.1399(9) 3.1184(9)
E(2)-E(9) 2.978(2), 2.926(2) 2.979(3), 2.985(3) 3.1248(11) 3.1136(8)
E(3)—E(6) 2.950(2), 2.939(2) 2.968(4), 2.970(3) 3.1527(10) 3.0854(10)
E(3)—E(7) 2.961(2), 2.959(2) 2.977(3), 2.978(3) 3.0844(13) 3.1703(8)
E(4)—-E(7) 2.946(2), 2.984(2) 2.990(3), 3.001(3) 3.1082(9) 3.1471(10)
E(4)-E(8) 2.939(2), 2.968(2) 2.963(3), 2.972(3) 3.1059(9) 3.1289(9)
E(5)—E(9) 2.998(2), 2.984(2) 2.981(4), 2.962(3) 3.1200(9) 3.0813(10)
E(5)—E(8) 2.995(2), 2.980(2) 2.969(3), 2.977(3) 3.0765(11) 3.1364(8)
E—E Contacts and £:E Long Contact Distances within the E(6,7,8,9) Plane
E(6)—E(9) 3.064(2), 3.082(2) 3.095(3), 3.094(3) 3.1489(11) 3.2962(10)
E(6)—E(7) 3.096(2), 3.102(2) 3.049(3), 3.035(3) 3.2026(12) 3.2171(10)
E(7)-E(8) 3.053(2), 3.082(2) 3.094(3), 3.099(3) 3.2911(11) 3.1466(9)
E(8)—E(9) 3.029(2), 3.073(2) 3.115(3), 3.080(3) 3.1842(12) 3.1948(10)
E(7)--E(9) 4.329(2), 4.356(2) 4.412(3), 4.374(3) 4.556(2) 4.517(1)
E(6)--E(8) 4.327(2), 4.368(2) 4.323(3), 4.329(3) 4.513(1) 4.571(1)
E—M Contacts
E(6)—M(10) 2.976(2), 2.993(2) 2.947(2), 2.955(2) 3.052(2) 3.0081(8)
E(7)-M(10) 2.984(2), 2.999(2) 3.029(2), 3.020(2) 3.0055(12) 3.0347(10)
E(8)—M(10) 3.004(2), 3.004(2) 2.997(2), 2.999(2) 2.9852(11) 3.0768(10)
E(9)—-M(10) 3.028(2), 2.946(2) 2.952(2), 2.951(2) 3.0840(13) 2.9902(9)
M—C Bond Lengths
M(10)—C(11) 1.89(2), 1.77(2) 1.88(3), 1.98(3) 1.950(13) 1.939(9)
M(10)—C(12) 1.87(2), 1.86(3) 1.87(2), 1.94(2) 1.926(10) 1.928(13)
M(10)—C(13) 1.88(2), 1.84(2) 1.95(2), 1.87(2) 1.926(12) 1.935(12)
C—0O Bond Lengths

C(11-0(11) 1.16(2), 1.27(2) 1.22(3), 1.09(3) 1.19(2) 1.189(11)
C(12y-0(12) 1.21(2), 1.20(3) 1.26(3), 1.17(3) 1.175(13) 1.186(14)
C(13-0(13) 1.21(2), 1.27(3) 1.12(3), 1.24(3) 1.189(14) 1.171(14)

aValues are for the two noncrystallographically equivalent anions defined in the asymmetric unit.

within the E(6,7,8,9) planes increase in the order<C¥io

OH)(us-O)3(OE){ (COXW} -S>, 3 and (COWSN[W-

< W, with these increases being larger for the lead series (CO)],.2* The Pb-Mo distances in [1-Mo(CQjn*-Phky)]*~
than for the tin series. The distances within the E(2,3,4,5) are comparable to the P#o bond length in (GHs)(CO)-
plane show the opposite, less pronounced trend over theMoPbPh,% but they are longer than the PMo bonds in
chromium triad, but are larger than those of the E(6,7,8,9) [(CsHs).HM0]:Pb(Q:CCHs),.3¢ The M—C and G-O bond

plane coordinated to the metal. The-E contacts from the

lengths in the [1-M(CQJ*-Eg)]*~ anions (Table 2) are in

capping E(1) atoms to the adjacent E(2,3,4,5) plane andclose agreement with other values reported in the litera-
between the two square planes in the [1-M(&@}Eq)]*~ turet®-2232-34 gnd are equal, within experimental error, to
anions are similar to those in the’E anions. those of M(COj(en), reported in this study.

The Sr-Mo [2.977(2)-3.028(2) A] and SrW [2.949(2)- The structure of M(CQJen), and the coordination of en
3.030(2) A] distances (Table 2) are significantly longer than solvent molecules are discussed in the Supporting Informa-
the sums of their respective single-bond metallic radii [2.695 tion.
and 2.703 Ap! Similarly, the Pb-Mo [2.9852(11)- Characterization of the [1-M(CO)3(n*-Sng)]*~ (M = Cr,
3.0839(13) A] and PbW [2.9902(2)-3.0768(10) A] dis- Mo, W) Anions by NMR Spectroscopy.The [1-M(CO}-
tances are also longer than the sums of their respective singlez e - =
bond metallic radii [2.834 and 2.842 A, respectivélyThe 32) Veith, M.; Kunze, KAngew. Chem., Int. Ed. Engl99], 30, 95.
Sn—M distances in the [1-M(CQQ?74—Srb)]4_ (I\/I — Mo, W) (33) E&rct&eﬂrgﬁg;}utgt?eiege Zsolnai, L.; Driess, Angew. Chem., Int.
anions are longer than those ing®N(CO)s]¢?,22 TI(O'Bu)z (34) Huttner, G.; Weber, U.; Sigwarth, B.; Scheidsteger, O.; Lang, H;
Sn—Mo(CO),*? (COxMo—Sn(OBu)sIn—Mo(CO),%? [(us-

Zsolnai, L.J. Organomet. Chen1985 282, 331.

(35) Struchkov, Y. T.; Anisimov, K. N.; Osipova, O. P.; Kolobova, N. E.;
Nesmeyanov, A. NDokl. Akad. Nauk SSSF967, 172 107.

(31) Pauling, L. InNNature of the Chemical Bon8rd ed.; Cornell University (36) Kubicki, M. M.; Kergoat, R,; Guerchais, J.-E. Chem. Soc., Dalton
Press: lIthaca, NY, pp 116, 256, 261. Trans.1984 1791.
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spacings corresponding tf*°Sn—11°3n), J(*1°Sn—11"Sn),
J(117Sn—117Sn),J(117v1195n—95Mo), andJ(lN’llESﬂ_lga\/V), and

the satellite-to-central peak intensity ratios are consistent with
bicapped square antiprismatic MsSstructures having ap-
parentC,, point symmetries (unhindered M(C§ptation)

on the NMR time scale and with the solid-state geometries
of the [1-M(CO}(7*-Srp)]*" anions.

The NMR study not only shows that the structures of these
anions are retained in solution, but in contrast withriid-

Sny*~ precursor, the 10-vertestosoMSn, cages are stereo-
chemically rigid on the NMR time scale. Assignments of
the three tin resonances and the majén,1°Sn, and83W
satellite spectra of the [1-M(Cgp;*-Sry)]*~ anions that led

to the deduction of their solution structures are discussed
below.

(a) Chemical Shifts. The most deshielded resonance is
readily assigned to the apical Sn(1) based on its relative
intensity. The assignments of the resonances corresponding
to the two planes, Sn(2,3,4,5) and Sn(6,7,8,9), are based on
their relative atomic charges (see below and Computational
Results) and are confirmed by the relative magnitudes of
the 11%Sn—117Sn, 1195n—-1193n, and’Sn—"Sn couplings
between these planes and the apical Sn(1) atom (see-Spin
Spin Coupling in [1-M(COY#;*-Sry)]*"). As a consequence,
the most shielded of the three resonances is assigned to the
Figure 1. Structures of the (a) [1-Mo(C@)*-P)]*", (b) [1-W(CO)- Sn(2,3,4,5) plane adjacent to the apical Sn(1) atom and that

(7*-Phy)]*~, (c) [1-Mo(COX(»*-Smy)]*~, and (d) [1-W(CO)(*-Sre)]*~ ing i i ialding i i
anions. Thermal ellipsoids are shown at the 50% probability level. having mtermedlafce shielding IS_ assigned to the Sn(6,7,8,9)
plane for each anion of the series.

(7*-Sny)]* anions were structurally characterized in liquid _ The *°Sn NMR resonance of the apical Sn(1) atom in
NH; solutions by observation of the spifi-nuclides!'®Sn, [1-M(CO)(57*-Sry)]*" is very significantly deshielded [2493.2
1175, and®Mo at their natural abundance levels. A¥Sn (Cr), 2125.1 (Mo), and 2448.2 (W) ppm] relative to the Sn-
and 1¥7Sn NMR spectra were recorded at’G, while the (2,3,4,5) [1521.9 (Cr),—682.1 (Mo), and-735.7 (W) ppm]
1195, 1175, and®Mo spectra of [1-Mo(COJ;*-Sr)]*~ were and Sn(6,7,8,9) environments213.9 (Cr),—4_02._4 (Mo),
also recorded at 36C in order to minimize the effects of ~and —496.9 (W) ppm]. A pronounced deshielding of the
solvent viscosity on the rate of quadrupolar relaxation and apical atoms in bicapped antlprllsmauc clusters has also been
line broadening. observed in heteroatom-substituted boraie®:384° For

The experimental’®Sn, 17Sn, and®®Mo NMR spectra for example, _in thé!B NMR spectrum of the nonfluxional -
the [1-M(CO}(;*-Sn)]*~ (M = Cr, Mo, W) anions at 0C QSHS)—l—Nl(n4—BgH9)]‘ cluster?®*24the resonance correspond-
in liquid NHs are depicted in Figures5 and display three N to the B(1) atom appears at 73.6 ppm, whereas those
tin environments in a 4:4:1 intensity ratio along with corresponding to the two#planes appear at 29.0 and..3
accompanying!®Sn,117Sn, and'8W satellites’” The obser- ppm; however, the resonances could not be unamblguous_ly
vation of three tin resonances indicates that the M¢CO) 2assigned fo the B(2,3,4,5) and B(6,7,8,9) planes. The shift
groups are unhindered and rotate sufficiently rapidly about t©© higher frequency for the apical B atom located opposite
the Sn(1y-M pseudo 4-fold axis of the MSrcage, so the the gpmal heteroatom in a closo-cluster has been termed the
M(CO)s tripods do not lower the 4-fold symmetries of Msn  “antipodal effect’3-4?
cages on the NMR time scale. The possibility that the Sn-  Addition of the M(CO) group to the Sgt~ cluster results
(2,3,4,5) and Sn(6,7,8,9) rings are rotating relative to eachin appreciable changes in th&Sn chemical shifts of the
other has been considered. This intramolecular exchange1-M(CO)s(17%-Sry)]*~ anions relative to that of S~ This
process is definitively shown in the subsequent discussion behavior contrasts with the relative insensitivity of tiSn
to be inconsistent with the observed number of interplanar chemical shifts for the SM'(PPh);*~ and SgTIM'(PPh)2>~
coupling paths. The chemical shifts and spapin coupling ~ @nions upon replacement of a Pt(E2tgroup with a Pd-
constants extracted from the satellite spectra are summarizedPP")2 group?’**The weighted averages of théSn NMR
in Tables 3 and 4. The number of environments, the satellite 'esonances of the [1-M(Cey*-Srp)]*~ anions all occur to

83 7,{\\,;‘

Sn<6 WQ\\"
“v’

(37) In addition to the three intense resonances of the [1-WHGB$n)]*~ (38) HeEmanek, S.Chem. Re. 1992 92, 325.
anion and theido-Sny*~ anion (-1291.9 ppm,J(*1%Sn—11/Sn)= 280 (39) Hemanek, S.; Hnyk, D.; Havlas, Z1. Chem. Soc., Chem. Commun.
Hz)), two weak singlets were observed in theg®SAN(CO)-mes 1989 1859.
system, but they could not be assigned due to their low intensity [ (40) Bihl, M.; Schleyer, P. v. R.; Havlas, Z.; Hnyk, D.; Heanek, S.norg.
(119Sn) = —639 ppm;6(11%Sn) = —712 ppm]. Chem.1991, 30, 3107.
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Sn(1) 400 Hz

o

L | X 1 i

2455 2450 2445 2440
8“SSn (ppm from (CH,),Sn)

. ) JJJM

1 i | 1

-490 -495 -500 -505
8“°Sn (ppm from (CH,),Sn)

400 Hz
Sn(2-5) HEE

-725 -730 -735 -740 -745
81tssn (ppm from (CH;),Sn)

Figure 2. Thel1%Sn (111.922 MHz) NMR spectra of the Sn(1), Sn(2,3,4,5), and Sn(6,7,8,9) environments in the [13({Dy)]*~ anion. Simulated
spectra are the right-hand traces.

significantly higher frequency of St (—1287 ppm, NH The redistribution of charge is also reflected in Hislo
solvent,—10 °C) and shift progressively to lower frequency chemical shifts of (CQMo-mes (-1918.4 ppm) and [1-Mo-
relative to Sg* in the series Cr+50 ppm), Mo 246 (COX%(7*-Smy)]*~ (—2002.6 ppm), wher&Mo of the anion
ppm), and W {276 ppm) (Table 3). The global deshielding is shielded by 84.2 ppm relative to M(C@Wes (present as
accompanying coordination of the open vertex of th*Sn  excess reagent in the solution) and is more shielded than
cluster to a zero-electron donor transition metal center is thethe %Mo resonance of Mo(CQ)(—1865 ppm):! Interest-
result of electron transfer from the electron rich, $age to ingly, the chemical shift of the apical Sn(1) atom in the Mo

thez-acid transition metal center. The aforementioh€8n  gerivative is not intermediate with respect to those of the Cr
and!!®Sn chemical shift trends correlate with the calculated

charge delocalizations from they Eages and the charge (41) Vosegaard, T.: Skibsted, J.; Jakobsen, H. Phys. ChemA 1999
buildups on the transition metals (see Computational Results). 103 9144.
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500 Hz
Sn(1)
1 1 1 1
2455 2450 2445 2440
6msn (ppm from (CH,),Sn)
400 H.
Sn(6-9) :
1 1 | 1
-490 -495 -500 -505
Surg, (PP from (CH,),Sn)
Sn (2-5) 400 Hz
1 ) . 1
-730 -735 -740 -745

6“’3" (ppm from (CHy,Sn)

Figure 3. Thell’Sn (106.945 MHz) NMR spectra of the Sn(1), Sn(2,3,4,5), and Sn(6,7,8,9) environments in the [13(/{SDy)]*~ anion. Simulated
spectra are the right-hand traces.

and W analogues, as was observed for the other two tin'1°Sn satellite patterns in addition to intense central lines.
resonances, but is significantly more shielded. The latter arise from the most abundant isotopomer families
(b) Spin—Spin Couplings. The natural abundandé’sn 1SPSM(CO):*~ and *1'SrPSngM(CO)s*. The most in-
and!**sn NMR spectra of the three tin environments of the tense satellite patterns are doublet subspectra arising from
[1-M(CO)s(5*-Smy)]*~ anions each display complé¥Sn and the J(1*°Sn—119Sn), J(*19Sn—117Sn), andJ(*1’Sn—117Sn) cou-
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500 Hz
Sn(1)
2500 2495 2490 2485

Buieg, (PP from (CH,),Sn)

-205 210 -215 -220

SuaSn {(ppm from (CH,),Sn)

h B LV\/\\

Il 1 1 1

-516 -520 -525 -630

Buuag,, (PP from (CH,),Sn)

Figure 4. The19Sn (111.922 MHz) NMR spectra of the Sn(1), Sn(2,3,4,5), and Sn(6,7,8,9) environments in the [16/£SQy)]*~ anion. Simulated
spectra are the right-hand traces.

plings of the most abundant isotopomer famili&&sn,°Sn;- in the'*Sn and’Sn NMR spectra of [1-W(CQ{p*-Sry)]*~,
M(CO):*, 195t ’SPSnM(CO)s*, and’SnPSnM(CO)s*. which arise from the isotopomer famili€8SrSr eW(CO)*+

The next most significant contributors to the satellite spectra and 1*’SrPSng!83W(CO)*.

are the isotopomer familié&’SnSnM(CO)s*, 19S5t 7Srf- Two categories of tirtin spin—spin couplings are dis-
SnM(CO)s*, 19SS n%SngM(CO)s*~, and 17Sn’Sry- tinguishable among the various absolute isotopomers that
M(CO)s*~, which give rise to weak and more complex comprise an isotopomer family, namely, those that arise from
subspectra. Tungsten satellite doubl&tdN, | = 1/,, 14.28% intraenvironmental coupling within each Sslane and those

natural abundance) are observed for all three tin environmentsthat arise from interenvironmental coupling between the Sn
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Figure 5. The!'°Sn (111.922 MHz) NMR spectra of the Sn(1), Sn(2,3,4,5), and Sn(6,7,8,9) environments in the [1-MgtSDy)]*~ anion. Simulated

spectra are the right-hand traces.

planes or between an $Splane and the apical tin atoff.
The ratios)(***Sn—119Sn)J(*°Sn—17Sn) andJ(*1°Sn—117Sn)/
J(*'Sn—117Sn) (hereafter referred to &) are used to verify
the assignment of*’Snt1%Sn doublet satellite pairs to the
interenvironmental coupling&''°Sn—119Sn), J(119Sn—117Sn),
and J(**'Sn—117Sn). TheR; ratios are equal to the ratio of
the gyromagnetic ratios of thé°Sn and**’Sn nuclides;/-
(1°Sn)(117Sn) = 1.046 (hereafter referred to &).4® In
contrast, the intraenvironmental coupling§'**sn—1Sn),

94 Inorganic Chemistry, Vol. 41, No. 1, 2002

are observed as singté’Sn satellite doublets in thE°Sn
NMR spectrum and as singfé®Sn satellites in thé’Sn
NMR spectrum. Edge- and diagonal-type intraenvironmental
couplings are expected for each plane, el@n(2)-Sn(4))
andJ(Sn(2)-Sn(3)) for Sn(2,3,4,5) and{Sn(6)-Sn(8)) and
J(Sn(6)-Sn(7)) for Sn(6,7,8,9). Doublet satellites associated
with couplings along diagonal paths are readily assigned,
because they are half the intensity of the doublet satellites
arising from the edge couplings. The edge couplings typified
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Sn (8.58%) and*’Sn (7.61%) and that df3W (14.28%]}°
22 in the case of [1-W(CQJn*-Sm)]*". In the case of [1-Cr-
(COX%(p*Smy)]*~ and [1-Mo(CO)(#;*Sny)]*~, complete qua-
drupolar collapse of the transition metdin couplings was
assumed. Full spectral simulations were achieved by assum-
ing C4, symmetry for the MSgcage and required several
thousand absolute isotopomers (see Experimental; Simulation
of NMR Spectra). The most abundant isotopomers and their
subspectra that comprise th8Sn and*’Sn NMR spectra
of the [1-M(CO}(r*-Sny)]*~ anions are given in Tables 5
and 6. The simulated spectra are in excellent agreement with
the experimental spectra (Figures®), accounting forall
‘ ' : : ! ‘ of the observed spectral features including distortions arising
-1980 -2000 -2020 . . .
from second-order effects (vide infra) and falt coupling
By, (PP from 1.0 M NaMoO,) paths consistent with the rigid bicapped square antiprismatic
Figure 6. The *Mo (32.593 MHz) NMR spectrum of the [1-Mo(C®) geometries of the MSrclusters. The complete set of tin
(7*-Sry)]*" anion. tin spin—spin couplings and their assignments is given in
Table 4. Because the spectral analyses for all three [1-M¢CO)
by J(Sn(2)-Sn(3)) and)(Sn(6)-Sn(7)f? were differentiated  (*Sny)]*~ anions are very similar, only the major isotopomer
by their sensitivity to varying M, with the most variation contributions and their*°Sn and *'’Sn subspectra for
expected for the plang’-coordinated to the transition metal. [1-W(CO)(5*-Sry)]*~ are described in detail in the ensuing
This is also reflected in both the calculated and observed discussion.
Sn—Sn distances, and in the calculated charges (see Com- The experimental and simulatéé®Sn and!'’Sn NMR
putational Results). The unequivocal assignments of thespectra of the [1-W(CQfi*-Sny)]*~ anion are depicted in
intraenvironmental couplings allowed for definitive chemical Figures 2 and 3. The resonance assigned to the apical Sn(1)
shift assignments of the Sn(2,3,4,5) and Sn(6,7,8,9) planes(2448.2 ppm) consists of a singlet flanked 8V satellites
and of the interenvironmental couplingsn(1)-Sn(2)) and [J(M°SN—183W) = 125 Hz] as well as by several sets'dt
J(Sn(1)-Sn(6)). The assignments of the remaining two Sn and’Sn satellites. The two most intense sets of
interenvironmental couplingd(Sn(2)-Sn(6)) and}(Sn(2)—- symmetrically disposet’Sn and'*°Sn satellites are assigned
Sn(8)), cannot be differentiated, because their associatedo the two interenvironmental Sr8n couplings. The smaller
doublet satellites have the same intensities and the spectrabet of couplings,J(11°Sn—119Sn) = 357 Hz,J(*1%Sn—117Sn)
simulation (vide infra) is unable to distinguish between = 342 Hz, andJ(*'’Sn—'1"Sn) = 335 Hz R, = 1.046), is
coupling paths having the same symmetry relationships. assigned to the coupling between Sn(1) and the nonadjacent
Within the Sm square antiprism, we note that adjacent basal Sn(6,7,8,9) plane, which is coordinated to the W§CO)
couplings are smaller [e.gJ)(Sn(2)-Sn(3)) andJ(Sn(6)- group, while the larger set of coupling¥!°Sn—119Sn) =
Sn(7))] than couplings whose paths pass through the clustert091 Hz,J(*1%Sn—11"Sn) = 1043 Hz, and)(*1’Sn—117Sn) =
[e.g., I(Sn(2)-Sn(4)) andJ(Sn(6)-Sn(8))]. Accordingly, 995 Hz R; = 1.046), is assigned to couplings between Sn-
J(Sn(2)-Sn(6)) and its equivalerfshave been assigned to (1) and the adjacent basal Sn(2,3,4,5) plane. The next most
the smaller value (Table 4; also see Computational Results,intense satellites result from the doublet-of-doublets sub-
(9) Coupling Constants). spectra corresponding to td€!°Sn(1)-117-118n(2)) doublet
The 17Sn and'®*Sn NMR spectra of the [1-M(CQ(;*- whose transitions are further split into a doubletify’Sn(1)-
Sny)]4~ anions were fully assigned based on the above '17:115n(6)).
considerations and confirmed using the multinuclear NMR  The'’Sn and'!°Sn resonances assigned to the basal Sn-
simulation program ISOTOPOMER.Spectra were simu-  (2,3,4,5) plane{735.7 ppm) and to the middle Sn(6,7,8,9)
lated using the natural abundances of the $hinuclei*®- plane (-496.9 ppm) each consist of a singlet flanked by a
set of 183 doublet satellites)(**°Sn—183W) = 47 and 125
(42) With the exception od(M—Sn(1)), all couplings listed and discussed |z andJ(117Sn—183\N) = 45 and 119 Hz, respectively, and
in the paper represent one of several equivalent coupling paths. These 1 117 . 1 17
J coupling equivalencies are as follow3(Sn(1)-Sn(2))= J(Sn(1)- several sets of'°Sn and''’Sn satellites. Thé'*Sn (*’Sn)
sn(i))j(ggg)):gggggjggg)):gzggjgzg)):ggg;f jgzg)): satellites corresponding to the interenvironmental couplin_g
gﬂ%g: J§Sn(4r5n(5»: 3Sn(2)-Sn(5))- J(Sn(2)-Sn(4))= ASn(3)- between the Sn(2,3,4,5) and Sn(6,7,8,9) planes and the apical
Sn(5));J(Sn(6)-Sn(7))= J(Sn(7)-Sn(8)),J(Sn(8)-Sn(9)),J(Sn(6)-

Sn(9));J(Sn(6)-Sn(8))= J(Sn(7)-Sn(9));I(Sn(2)-Sn(6))= J(Sn(2)~ (44) Santry, D. P.; Mercier, H. P. A.; Schrobilgen, GISOTOPOMER,
Sn(9)), J(Sn(3)-Sn(7)), I(SN(3)-Sn(6)), I(Sn(4)-Sn(8)), I(Sn(4)- A Multi-NMR Simulation Programversion 3.02NTF.; Snowbird
Sn(7)),d(Sn(5)-Sn(8)),I(Sn(5)-Sn(9));I(Sn(2)-Sn(8))= J(Sn(2)— Software, Inc.: Hamilton, ON, Canada, 2000.
Sn(7)), J(Sn(3)-Sn(8)), I(SN(3)-Sn(9)), I(Sn(4)-Sn(6)), I(Sn(4)- (45) Emsley, J. W.; Feeney, J.; Sutcliffe, L. High-Resolution Nuclear
Sn(9)),J(Sn(5)-Sn(7)),d(Sn(5)-Sn(6));I(M—Sn(2))= I(M—Sn(3)), Magnetic Resonance SpectroscoBgrgamon Press: London, 1965;
J(M—Sn(4)),J(M—Sn(5));J(M—Sn(6))= J(M—Sn(7)),J(M—Sn(8)), Vol. 1, Chapter 8, pp 316320.
J(M—Sn(9)). These equivalencies were also used for averaging the (46) Gay, I. D.; Jones, C. H. W.; Sharma, R.DMagn. Resornl989 84,
bond lengths and bond orders given in Table 7. 501.

(43) Mason, J. I'Multinuclear NMR Mason, J., Ed.; Plenum Press: New (47) Kennedy, J. D.; McFarlane, W. Chem. Soc., Dalton Tran&976
York, 1987; Appendix, pp 626628. 12109.
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Table 3. Calculated and Experiment8ITin NMR Chemical Shifts (ppm) for SA~ and [1-M(CO}(;*-Sm)]*~ (M = Cr, Mo, W) Anions

S SnCr(COR* SryMo(CO)* SnW(CO)*
atom(s) GIAO expt GIAO expt GIAO expt GIAO expt
Sn(1) -530 3069 2493.2 2666 2125.1 2727 2448.2
Sn(2,3,4,5) —272 655 —521.9 543 —682.1 440 —735.7
Sn(6,7,8,9) —608 592 —213.9 539 —402.4 487 —496.9
Sn(1-9)y —450 —1291.9 895 —50.0 777 —245.9 715 —275.8

aCalculated chemical shifts are given relative to SngaH2934 ppm). Values obtained from th&'’Sn and'°Sn NMR spectra recorded at°C in
liquid NHs. ¢ The cluster numbering schemes are given in FiguréAlierage chemical shifts.

Table 4. Spin—Spin Coupling Constants (Hz) for the
[1-M(CO)3(7*-Srny)]*~ (M = Cr, Mo, W) Aniong-P

intraenvironmental(}71185n—-117.11%8n), Hz

anion Sn(2»Sn(3) Sn(2)-Sn(4) Sn(6)-Sn(7) Sn(6}Sn(8)
SnCr(COx* 129 621 544 656
SrsMo(CO)*~ 165 673 324 739
SnW(CO)* 154 700 238 745
interenvironmental(117.115n-117.1185n) Hz
anion Sn(1y3-Sn(2) Sn(1)-Sn(6) Sn(2)-Sn(6) Sn(2)-Sn(8)
SnCr(COx*~ 1048 328 393 783
[1098] [342] [821]
SrsMo(CO)* 1042 351 375 975
[1091] [367] [391] [1021]
SnW(CO)*~ 1043 342 63 943
(995) (335) (348) (901)
[1091] [357] [378] [985]
interenvironmental(11°Sn—M), Hz
anion Sn(1yM Sn(2-M Sn(6)-M
SnMo(COX~ 75 75° (M = %Mo)
SnW(CO)* 125 47 125 (M= 183)
(116) (45) (119)

aThe numbering scheme is given in Figure®Malues denotd(119Sn—
117Sn), whereas values in parentheses ded@téSn—117Sn) or J(*1’Sn—

183\) in the case of SW(CO)* and those in square brackets denote

J(*19Sn—1193n). ¢ Values are the unresolvéd’Sn and!'°Sn satellites on
the %Mo resonance at(®*Mo) = —2002.6 ppm (30C).

Consequently, th&°Sn (17Sn) satellites in thé'°Sn ¢17Sn)
spectrum havingl/v,d = 0.0368 (0.0353) exhibit a more
severe second-order perturbation than those hal/ing =
0.0141 (0.0136). Similar second-order effects are noted for
the Cr and Mo analogues, and more severe second-order
effects have been observed in fA&n NMR spectra of the
Sn[Sn(CH)]s~ anion od = 20 950 Hz,J(**°*Sn—119Sn) =
5185 Hz,J/v,0 = 0.25]6 and ((CH),SnS) [v.0 = 388 Hz,
J(M°Sn—119Sn) = 198 Hz,J/v,d = 0.51]%

The experimental and simulatéé®’Sn and!'’Sn NMR
spectra of the chromium and molybdenum clusters (Figures
4 and 5) are very similar to those of the [1-W(G@)-
Sry)]4~ anion but are somewhat broader, with the line widths
being broadest for the Cr anion (see Experimental; Simula-
tion of NMR Spectra). The second-order effects observed
for the ’Sn and!'®Sn resonances of the Splanes of
[1-W(CO)(1*-Smy)]*~ are also evident for the tin resonances
of the chromium and molybdenum analogues; however, the
broad line widths of thé*Sn and'*’Sn resonances of [1-Cr-
(COX(n*-Smny)]*~ preclude observation of these effects for
the smaller Sn(2}Sn(6) type interenvironmental couplings.
Although Mo and Cr possess quadrupolar isotogadd, |
= 5/2, 15.72% natural abundanc®Mo, | = 5/2, 9.46%
natural abundancéCr, | = 3/2, 9.55% natural abundand@),
the broader line widths are not attributable to quadrupolar
relaxation, because the natural abundances of these nuclides

Sn(1) atom are also symmetrically disposed about the centralgre too low. The line widths of the Cr and Mo anions showed

line in the'’Sn (1°Sn) spectrum. However, th&’Sn (17Sn)

no significant variation when recorded at 30, 0, artD °C

satellites corresponding to the two interenvironmental cou- or at different field strengths (7.046 and 11.744 T), thus

pling paths between the two Splanes, e.g., Sn(2)Sn(6)

and Sn(2)-Sn(8)#? do not symmetrically flank the central

line in the'°Sn (1’Sn) spectrum. The&; ratios for these
interenvironmental couplings [1.041 for SM{Z3n(6) and
1.045 for Sn(2)-Sn(8)] are in excellent agreement wH.
The centroids of satellites arising fradt*°Sn(2)-11°Sn(6))
= 378 Hz, 0(**’Sn(2)-11Sn(6))= 348 Hz) and)(**°Sn(2)-
1195n(8)) = 985 Hz Q(*'’Sn(2)-11"Sn(8)) = 901 Hz) are

apparently ruling out exchange and relaxation by quadru-
polar® and CSA (chemical shift anisotrogy)mechanisms.
The Mo NMR spectrum of [1-Mo(CO)#*-Smny)]*~ was
obtained at 30C in liquid NHsz (Figure 6) and consists of a
singlet 2002.6 ppm) flanked b3*"11%n satellitesJ(**Mo—
N7.1185n) = 75 Hz] for which the individuat’Sn and''°Sn
components were not resolved. Inability to observe’tivio
satellites in the''’Sn and'°Sn spectra at 30C and the

shifted relative to the central line of each environment, and ghservation of only a single set Bf115n satellites prevented

to high frequency and to low frequency by 1.2 and 8.8 (0.8 assignment of the(®®Mo—11711%n) coupling to a specific
and 7.7) Hz for the Sn(6,7,8,9) and Sn(2,3,4,5) environments,coupling path. However, thé(*83W—11%Sn) andJ(8W—

respectively, in the!®Sn (17Sn) spectrum. These asym-

metries arise because the magnitudes J§f°Sn(2)-
193n(6)) g(*'Sn(2)-1"Sn(6))) and J(**°Sn(2)-11°Sn(8))

1173n) couplings corresponding to coupling between tungsten
and the apical Sn(1) atom and between tungsten and the Sn-
(6,7,8,9) ring have been assigned in their respecti@n

(J(*'Sn(2)-"Sn(8))) are a significant percentage of the and!9Sn spectra and are essentially equal in magnitude. It
frequency difference between the Sn(2,3,4,5) and Sn(6,7,8,9)is therefore reasonable to ass'l]‘:[PFMo—llTll%n): 75 Hz

environmentsy,d = 26 736 (25 557) Hz in th&®Sn (17Sn)

spectrum, yielding/v,0 ratios of 0.0141 (0.0136) and 0.0368
(0.0353), respectively, and are attributed to second-order
effects that give rise to weakly coupled AB spin systeéms.
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New York, 1987; Chapter 5, pp 15052.

(49) Howarth, O. InMultinuclear NMR Mason, J., Ed.; Plenum Press:
New York, 1987; Chapter 5, p 149.
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Table 5. The Most Abundant Isotopomers and Subspectra Comprising!Ba and!’Sn NMR Spectra of the [1-W(C@)*-Srp)]*~ Anion

1198n(117SWOSrb_x_y_ 119Sn(117SWOSrb_x_y_ 1195w117sr1,05m_x_y_
BN, A i I8N W, A i iplicity® 18N, W2 . iplicity®
e fractional ?ﬂgﬁlgm) —————— fractional gqnlj(gf)g;: Itt)}én chbos fractional g]nu(g?g;;g)élt
119115 jsotopomer APICA S 119118 jsotopomer 18.118n  isotopomer

environ abundance %Sn 117Sn  x environ abundance 11%Sn 117Sn

X 'y z environ abundance '%Sn 17Sn x y z y

1.0 0 (1 00179 S — 1 0 0 (25) 00716 S - 1 0 0 (6-9) 00716 S -

1 0 1 (1) 00030 & - 1 0 1 (25) 00119 d - 1 0 1 (6-9) 00119 ¢ -

1 1 0 (1,25 00065 d d" 1 1 0 (1,25 00065 d di"

1 1 0 (1,69 0.0065 d dy"’ 1 1 0 (1,69 0.0065 d dy"’
1 1 0 (26) 00260 4 d' 1 1 0 (26) 0.0260 4 d3"
1 1 0 (28 0.0260 d d 1 1 0 (2,8 0.0260 bl ds"
1 1 0 (23) 00130 ¢ d 1 1 0 (67) 00130 d d
1 1 0 (24 00065 ¢ d’' 1 1 0O (68) 0.0065 & dg"

2 0 0 (1,25) 0.0073 d - 2 0 0 (1,25) 0.0073 d -

2 0 0 (1,6-9) 00073 & - 2 0 0 (1,69 00073 o -
2 0 0 (26) 00147 ¢ - 2 0 0 (26) 0.0147 4 -
2 0 0 (2,8 00147 4 - 2 0 0 (28) 0.0147 A -
2 0 0 (23 0.0073 g - 2 0 0 (67 0.0073 4 -
2 0 0 (24) 00037 ¢ - 2 0 0 (68) 0.0037 4 -

01 0 () 00159 — S 0 1 0 (25) 00635 — S 1 0 0 (69 00635 — S

01 1 (1 0.0026 - di" 0 1 1 (2,5 0.0106 — do' 1 0 1 (679 0.0106 - dy"

0 2 0 (1,25  0.0058 d” 0 2 0 (1,25  0.0058 —  d"

0 2 0 (1,679 0.0058 - dy"’ 0 2 0 (169 0.0058 - dy'’
0 2 0 (26) 00115 — d’' 0 2 0 (26) 0.0115 —  d3"
0 2 0 (2,8 0.0115 — ds" 0 2 0 (28 0.0115 - ds"
0 2 0 (23 00058 — d 0 2 0 (67) 0.0058 —  d
0 2 0 (24) 00029 — d' 0 2 0 (68) 0.0029 —  dg"

aNatural abundances of the spilanuclides used to calculate isotopomer abundances were taken from réf@8; 7.61%21°Sn, 8.58%183W, 14.28%.
The natural abundance 8£Sn (0.35%) is too low to contribute detectable isotopomer subspectra and is combined with the spinless tin hGotidastes
a singlet; d denotes a doublet arising frdh*Sn—11"Sn) orJ(119Sn—183); d’ denotes a doublet arising frod(1°Sn—119Sn); d' denotes a doublet arising
from J(*17Sn—117Sn) orJ(*1’Sn—183W). The right-hand subscript on d), &and d' denotes the coupling path, i.e.=J(Sn(1)-Sn(2)), 2= J(Sn(1)-Sn(6)),
3 = J(SN(2)-SN(6)), 4= J(SN(2)-Sn(8)), 5= J(Sn(2)-Sn(3)), 6= J(Sn(2)-Sn(4)), 7= J(Sn(6)-Sn(7)), 8= J(Sn(6)-Sn(8)), 9= J(SN(6)-W), 10 =
J(Sn(2-W), 11=J(Sn(1)-W). With the exception o8(Sn(1)-W), each of the designated couplings represents two or more equivalent coupling paths (see
ref 42).

Table 6. The Most Abundant Isotopomers and Subspectra Comprising!tBa and!’Sn NMR Spectra of the [1-M(CQ(;*-Srp)]*~ Anions Where
(M = Cr, Mo) (see Table 5 for footnotes)

fractional mu_ItipIicityb fractional multiplicity® fractional multiplicity®
11990 117Sn Sy yM2 isotopomer apical Sn(1) 1°Sn!7Sn Sy yM?2 isotopomer Sn(2-5) belt 1°Snt7Sn Sy yM?2 isotopomer Sn(6-9) belt
x y 1918nenviron abundance 11%Sn 117Sn x y 119118n environ abundance 11%Sn 117Sn x y 119118n environ abundance 1%n 17Sp
10 1) 0.0209 S - 10 (2-5) 0.0835 S - 10 (6-9) 0.0835 S -
11 (125 00076 d d” 1 1  (1,2-5) 0.0076 d  d"
11 (1,6-9) 0.0076 d dy’ 11 (1,6-9) 0.0076 d dy’
11 (2,6) 0.0152 ) d" 1 1 (2,6) 0.0152 d d3”
11 (2,8) 0.0152 d d' 11 (2,8) 0.0152 d d
11 (23 00152 ¢ d' 11  (6,7) 00152 d d
11 (2,4) 0.0076 ¢ dg' 1 1 (6,8) 0.0076 g dg"
20 (1,2-5) 0.0086 d - 20 (1,2-5) 0.0086 d -
20 (169 0.0086 d — 20 (169 00086 o —
20 (2,6) 00171 ¢ - 20 (2,6) 00171 ¢ -
20 (2,8) 001710 g - 20 (2,8) 00171 g -
20 (2,3) 0.0086 ¢ - 20 (6,7) 0.0086 d -
20 (249 00043 ¢ — 20 (68) 00043 ¢ -
01 (1) 00185 - S 01 (2-5) 00741 - S 10 (6-9) 00741 - S
0 2 (1,2-5) 0.0067 — d" 0 2 (1,2-5) 0.0067 — di"
02 (1,6-9) 0.0067 dy” 02 (169 0.0067 —  dy"
02 (2,6) 00135 — d' 0 2 (2,6) 00135 —  d3"
0 2 (2,8) 0.0135 -— d' 0 2 (2,8) 0.0135 - ds’
02 (2,3) 0.0067 — di' 0 2 (6,7) 0.0067 —  dy
02 (24 00034 — d&' 0 2  (68) 0.0034 — dg’

to one or both of the analogous coupling paths in [1-Mo- reaction of Pk~ with Mo(CO)*mes in en initially gave a
(COR(n*-Smy)]*. red-brown solution and led to the observation of two broad,
Characterization of the [1-Mo(CO)3(5%-Pho)]*~ Anion equally intense®Pb resonances at1869 ppm Avi, =
by NMR Spectroscopy.Solutions obtained from the reac- 1200 Hz) and-3100 ppm Av1, = 990 Hz). Each resonance
tions of Mo(CO)}-mes with Pg*~ are unstable over the was accompanied by a broad satellite doublet corresponding
periods of time required for acquisition of tR&Pb NMR to J(®**"Pb—2°"Pb) ~ 4500 Hz and is respectively assigned
spectra in en and liquid N§;idecomposing to give emerald to the Pb(6,7,8,9) and Pb(2,3,4,5) planes of the [1-MogcO)
green NH solutions characteristic of the paramagnetig®Pb  (3*-Phy)]*~ anion by analogy with the tin chemical shift
anion®® lead mirrors, and pale yellow en solutions. The assignments for the [1-M(Cg{);*-Srp)]*~ anions (see Char-
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acterization of the [1-M(CQJ5*-Smny)]*~ (M = Cr, Mo, W) the Mo/Sn and Cr/Pb anions optimized@ssymmetry, the
Anions by NMR Spectroscopy, (a)). Unfortunately, the rapid remaining anions optimized & symmetry.
decomposition of these solutions prevented the observation The calculated distances are in good agreement with the
of the apical Pb(1) atom resonance. Samples prepared irexperimental ones, although they are all longer by 8.10
liquid NH3 and recorded at 70 °C, however, yielded three  0.15 A than in the experimental structures of thé Eand
resonances having considerably narrower line widths (Figure [1-M(CO)s(»*Eg)]*~ anions (Table 7 and also see Supporting
S3). The two low-frequency resonances also displayed well- Information). The fact that the calculated bond distances are
resolvec?*’Pb satellites, with two satellite doublets appearing longer than the experimental ones is consistent with our
on the higher frequency resonance, i-€1,934 ppm Qv previous results for Rb .12 The calculated M-E distances
= 230;J(*°"Pb—2°"Pb)= 660 and 4630 Hz) anet3450 ppm are in better agreement with experiment than theEE
(Avi, = 200 Hz;J(?°"Pb—20"Pb) = 4580 Hz). Although the  distances. Both families of clusters have comparable bond
chemical shifts of the latter resonances are significantly distances, with those of the Sn clusters being slightly shorter
shifted to lower frequency relative to those in en at room than those of the Pb clusters, as expected. The trends
temperature, they are readily assigned to the pair of observed experimentally upon coordination of the M(€O)
resonances observed at room temperature in en solution basegroup are reproduced, i.e., the distances within the basal ring
on their satellite couplings. The sensitivity of the chemical #*-coordinated to the transition metal expand while those in
shifts to temperature and solvent is not unexpected, as thesehe middle ring contract (see Structural Characterization by
effects have been shown to be large for a number of heavyX-ray Crystallography). This is paralleled by increases and
NMR nuclides?® The third resonance at 27 ppmiy, = decreases in the bond orders, respectively (Table 7). The
250 Hz), assigned to Pb(1), does not display resolved bond order increases are surprisingly large considering the
satellites but does show pronounced broadening near its baseshange of less than 0.1 A for these distance8% of the
which is consistent with an unresolved pair of satellites bond distance). As shown by the bond orders, the interactions
corresponding to that observed on the resonance assignedithin the E(2,3,4,5) ring are somewhat weaker than the
to the Pb(6,7,8,9) planel(f°’Pb—2°"Pb) = 660 Hz). The interactions between this ring and the apical E(1) atom as
observation of two of the four interenvironmentdfPb— well as between this ring and the E(6,7,8,9) ring.
207Ph couplings expected for a rigid [1-Mo(C§D)*-Phy)]*~ Coordination of the transition metal leads to overall
anion establish that the fluxionality of the fimoiety has reductions in the EE bond orders relative to those of the
been modified. The most likely assignments for the observed Eg*~ anions, and as expected, those of the basal ring are most
couplings are to apicaladjacent plane coupling(**’Pb(1)- affected. The E(6,7,8,9) ring bond orders decrease so that
207Pp(2))= 660 Hz, and to the interplanar couplinifz°’Pb- they are lower than the E(2E(2,3,4,5) bond orders by0.1,
(2)—%'"Pb(8)) = 4580/4630 Hz. By analogy with the tin  but they are still larger than the bond orders in the E(2,3,4,5)
anions, the two remaining interplanar couplings are expectedring. The bond orders between diagonal pairs of E atoms
to be less than 660 Hz and are presumably not resolvedare essentially zero in the basal E(6,7,8,9) ring, in contrast
because of broad line widths. Alternatively, the, Pbanes with the diagonal bond orders in the E(2,3,4,5) ring. There
may be rotating relative to each other and rapidly enough is a weak interaction between the apical E(1) atom and the
on the NMR time scale to average the two interplanar transition metal atom of 0.670.08 (Sn) and 0.060.15 (Pb)
couplings to a single coupling. The broad line widths in liquid and another weak interaction between the middle ring and
NHz at —70 °C may, in part, also arise from spitattice the transition metal, which increases from 0.06 (Sn) and 0.04
relaxation arising from the CSA (chemical shift anisotropy) (Pb) for Cr, to 0.16 (Sn) and 0.15 (Pb) for Mo, and to 0.14
mechanisnt® It seems likely that the resonances of the Pb  (Sn) and 0.16 (Pb) for W. The bond orders between the basal
planes are further broadened in en solution & @s aresult  ring and the transition metal show a significant increase from
of additional chemical exchange processes that may beCr (0.50, Sn; 0.44, Pb) to Mo (0.74, Sn; 0.58, Pb) and W
dissociative in nature followed by rapid rearrangement of (0.78 Sn; 0.65, Pb). The interactions of the metal with the
the PRy cluster and/or involve intraanion migration of the Ph, cluster are smaller for Cr and W than with the, Sluster
Mo center from anmy*-apical position to am®-position in a but are comparable for the Mo cluster.
belt with concomitant migration of a Pb atom to an apical  (b) Charges and ValenciesFor the E*~ anions, the apical
position. The latter rearrangement has been proposed byatoms charges are the most negative followed by the
Rudolpi* and Eichhorr® E(6,7,8,9) rings of their nido-faces, with slightly larger

Computational Results. (a) Geometries and Bond  charges on the apical atoms (Table 7). The Mayer valencies
Orders. The fully optimized geometries show that theE range from 2.88 to 2.90 for $h and from 2.92 to 3.00 for
anions haveC,, symmetry and are based on monocapped Phy-. Bonding of the M(CO) group to the nido-face of an
square antiprisms consistent with PSEPT. The MEO) Eg* anion leads to a significant change in the electron
groupsn“-bonded to the nido-faces of thg’Eanions inthe  populations, with significant delocalization of charge from
optimized gas-phase structures. In all cases for the M{CO) the &*" cluster onto the M(CQ)group. The largest change
complexes, no symmetry was used in the calculation. While is calculated for the basal ring that binds to the transition

. . : metal. For Cr, this ring has charges-60.13 (Sn) and-0.25

(50) Eﬁ‘éarjd&%;V%irlgggg’szhgaq%%ol?kpow'gh'ReSO'“t'O” Multinuclear — pp) on each of the E(6,7,8,9) atoms. In the case of tin, the
(51) Pretzer, W. R.; Rudolph, R. W. Am. Chem. Sod.976 98, 1441. basal ring atom charges for M&-0.03) and W 0.04) are
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Table 7. Calculated Bond Distances, Mayer Bond Orders, Mulliken Charges and Mayer Valencies igt thené& [1-M(CO}(17*Eg)]*~ Anions (E=
Sn, Pb; M= Cr, Mo, Wy

Sy~ SnCr(COx*~  SnMo(CO)*  SnpW(CO)* Phy*~ PpCr(CO%* PlyMo(CO)* PhW(CO)*
Bond Distances and Bond Orders
E(1-E(2) 3.113[0.60] 3.117[0.55] 3.114[0.56] 3.112[0.56] 3.21[0.64] 3.196[0.61] 3.20[0.56] 3.199[0.61]
E(1)—E(6) [0.13] [0.11] [0.10] [0.10] [0.11] [0.10] [0.10] [0.09]
E(1)-M [0.07] [0.08] [0.08] [0.15] [0.08] [0.06]
E(2-E(3) 3.420[0.35] 3.352[0.44] 3.382[0.41] 3.378[0.42] 3.50[0.36] 3.419[0.47] 3.437[0.46] 3.437 [0.46]
E(2)-E(4) 4.84[0.11] 4.74[0.11] 4.78[0.11] 4.78[0.11] 4.94[0.07] 4.84[0.07] 4.86 [0.06] 4.86 [0.06]
E(2)-E(6) 3.133[0.60] 3.146[0.52] 3.133[0.51] 3.132[0.50] 3.23[0.63] 3.233[0.54] 3.236[0.51] 3.232[0.48]
E(2)—-E(8) [0.14] [0.09] [0.09] [0.09] [0.11] [0.06] [0.05] [0.05]
E(2-5)—-M [0.06] [0.16] [0.14] [0.04] [0.15] [0.16]
E(6)-E(7) 3.134[0.66] 3.196 [0.50] 3.229[0.45] 3.239[0.43] 3.24[0.69] 3.266[0.57] 3.297[0.52] 3.303[0.48]
E(6)-E(8P 4.43 4.52 4.56 4.58 4,58 4.62 4.66 4.67
E(6)-M 2.935[0.50] 3.068 [0.74] 3.079[0.78] 3.025[0.44] 3.155[0.58] 3.155[0.65]
M—-C 1.42 1.33 1.35 1.49 1.34 1.38
M—-O 0.14 0.27 0.26 0.16 0.29 0.27
c-0 2.00 1.86 1.85 1.97 1.81 1.80
c-C 0.07 0.11 0.09 0.08 0.10 0.08
Charges
E(1) —0.529 —0.423 —0.399 —0.398 —-0.591 —0.485 —0.459 —0.457
E(2-5) —-0.397 -0.370 —0.350 —0.358 —0.365 —0.336 —0.350 —0.360
E(6—-9) —-0.474 -0.130 +0.026 +0.042 —0.488 —0.246 —0.060 -0.018
M —0.950 —1.267 —1.185 —0.503 —0.668 -0.717
C +0.106 -0.018 —0.054 +0.110 —0.069 —0.093
(0] —-0.323 -0.327 —0.330 —0.339 —-0.341 —0.345
+1.376 +2.000 +2.064 +0.968 +1.712 +1.880 A(6—9)°
+1.597 +2.305 +2.338 +1.187 +1.901 +2.031 A(1-9)°
Valencies
E(1) 2.894 2.768 2.755 2.755 3.001 2.926 2.912 2.912
E(2-5) 2.882 2.861 2.855 2.853 2.924 2.892 2.914 2.915
E(6—9) 2.903 2.932 3.041 3.030 2.960 2.939 2.987 2.970
M 6.989 8.470 8.584 6.884 7.864 8.261
C 3.768 3.620 3.577 3.763 3.646 3.581
(0] 2.251 2.226 2.218 2.226 2.198 2.191

a For simplicity, and because the Enit is very close tcC,, point symmetry in all the anions, only average values are given. A full listening can be found
in Tables S1 and S2 of the Supporting Information. The atom numbering schemes used for the bond distances and bond orders are given in Figure 1. Charges
and valencies are per atom in the designated rih@ge bond order is essentially zefoA(m—n) denotes [total charge on atoms-n of [1-M(CO)s(17*-
Eg)]*"] — [total charge on atomsi—n of Eg*].

actually predicted to be positive, with increased electron Comparisons of the atomic charge differences between the
transfer to tungsten. The transition metal charges in the SnEg*~ and [1-M(CO}(17*Eg)]*~ anions,A(m—n) (Table 7),
clusters are negative-0.95 for Cr, increasing te-1.27 for reveal that 86-93% of the charge that is delocalized onto
Mo, and then decreasing te1.18 for W. The negative  the M(CO} originates from the basal E(6,7,8,9) ring that is
charges on the transition metals in the Plosters are about  #*bonded to the transition metal. The apical E(1) atoms
half that of the Sn analogue and show an increase in thedonate 6-9% of the delocalized charge, while the middle
negative charge as the atomic number of the transition metalE(2,3,4,5) rings donate comparable amounts of charge, i.e.,
increases. There is a decrease of 8:013 (Sn, Pb) e on  1-10%. The large charge depletions from the E(6,7,8,9)
the apical E(1) atom, whereas the middle E(2,3,4,5) ring rings are consistent with the assigned-E spin—spin
shows only a small change on the order of 6:0305 (Sn) couplings and chemical shifts of the Engs (see Charac-
and 0.005-0.03 (Pb) e per atom. The valencies in the E terization of the [1-M(CO)#*Smn)]*~ (M = Cr, Mo, W)
clusters show only small changes on complexation with the and [1-Mo(CO}(n*-Phy)]*~ Anions by NMR Spectroscopy).
metal, suggesting a strong electrostatic interaction (Table 7).  (c) NBO Populations. The NBO populations (Table 8)
The valency for the Cr is about 7.0 (Sn) and 6.9 (Pb), as show that the valence s orbital populations do not change
would be eXpeCted for interactions with four E atoms and on Comp|exation to M(CQ) The p orbital popu|ations show
three CO groups. The valencies for the Mo and W anions 3 significant change, and it is from the p orbitals that the
increase to 8.58.6 (Sn) and 7.98.3 (Pb). bulk of the charge is transferred to the M(G@agment.
There is less charge transferred from the Eloster to For the B fragment, the charge from the apical atom is
the M(CO} groups. The differences are most apparent for transferred from the in-plane p orbital perpendicular to the
the Pb atom charges of the basal Pb(6,7,8,9) ring, which, Cs;-axis of the & cluster. There is very little change in the
unlike the Sn analogues, are always negative, and the chargeerbitals along the&C,-axis. The total p orbital populations in
on the transition metals, which are always less negative for the middle ring change significantly for the [1-M(C£D)*-
[1-M(CO)s(5*-Phy)]*~ than for [1-M(COX(7*-Sm)]*". This Sny)]*~ series and show some charge transfer for the
is also seen in the transition metal valencies and in theNPb  [1-M(CO)s(5*-Phy)]*~ series. However, the charge-transfer
bond orders, which are lower for the £tlusters. per atom for the middle E(2,3,4,5) ring is smaller than the
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Table 8. Natural Atomic Orbital Populations for the Valence Atomic Orbitals of thé End [1-M(CO}(*-Eg)]*~ (E = Sn, Pb; M= Cr, Mo, W)

Campbell et al.

Anions
Syt~ SnCr(CO%* SrMo(CO)* SnW(CO)*
(1) (2345 (6789 (1) (2345 (6789 Cr (1) (2345 (67.809) (1) (2345 (67.89)
S 1.67 1.69 1.67 1.70 1.69 1.66 043 1.70 1.69 1.66 0.43 1.70 1.69 1.67
Px 1.17 0.83 0.93 1.19 0.86 0.77 1.20 0.87 0.85 1.19 0.86
py 0.86 0.88 1.09 0.74 1.01 0.77 0.75 0.73 0.87 0.74 0.98
Pz 0.85 0.94 0.80 0.74 0.76 0.97 0.75 1.02 0.90 0.75 0.77
Oy 1.22 1.09 1.19
dxz 1.21 1.09 1.18
dy, 1.35 1.25 1.28
G-y 1.37 1.29 1.32
dz 1.35 1.24 1.29
Phy* PhyCr(CO)*~ PhyMo(CO)4~ PhyW(CO)*
(1) (2345 (6789 (1) (2345 (6789 Cr (1) (2345 (67809) (1) (2345 (67.89)

S 1.75 1.77 1.76 1.76 1.77 1.74 041 177 1.77 1.75 042 1.77 1.77 1.76
Px 1.08 0.82 0.90 1.09 0.85 0.74 1.10 0.86 0.81 1.09 0.84
py 0.86 0.85 1.04 0.77 0.85 0.66 0.76 0.77 0.72 0.77 0.81
Pz 0.86 0.91 0.80 0.77 0.86 1.02 0.77 0.92 1.00 0.78 0.88
Oy 1.18 1.08 1.15

2 1.18 1.09 1.16
dy, 1.31 1.22 1.23
ey 1.36 1.28 1.32
dz 1.34 1.23 1.29

w
0.50

0.51

charge transfer for the apical E(1) atom. There is a significant orbitals on the apical Sn(1) atom that are perpendicular to
charge transfer from the basal E(6,7,8,9) ring to the MECO) the C,-axis.
fragment. The largest amounts of charge transferred per basal Several of the highest occupied molecular orbitals as well
E atom are for Cr (0.31 e for E Sn and 0.32 e for &=
Pb). The least amounts of charge transferred are for Mo, Figure 8. The focus of the discussion is on the orbitals
where the calculated amounts are 0.20 and 0.21 e for Sninyolving the Sk fragment and/or its interaction with the
and Pb, respectively. These values can be compared withcr(CO), fragment that also provides a qualitative picture of
transfers from the apical atom of 0:428.21 e for Sn and
0.16-0.17 e for Pb. The metal atoms hav®.4 e in the
valence s orbitals of the lighter metals Cr and Mo at@il5e
in the s orbital of the W atom. The d orbital populations for
all of the transition metals range froml.1 to~1.4 e.

(d) Molecular Orbitals. The highest occupied molecular
orbitals for Sg*~ are shown in Figure 7. The HOMO for
the cluster is a degenerate orbital of E symmetry and is the Cr with the HOMO-3 orbital of the Srcluster so that

predominantly composed of radial p orbitals involving the the radial p orbital on the apical Sn(1) atom along @e

Sn(6,7,8,9) atoms of the nido-face. The NHOM@volves

center of the basal ring, perfectly suited for interacting with NHOMO on the Sa fragment with the d orbital on Cr,

vacant orbitals on an incoming M(C®fragment. There is
also some p character on the apical Sn(1) alongXthaxis
polarized toward the center of the cluster that is antibonding HOMO-2 orbital of the S cluster, again leading to a

relative to the density in the center of the basal Sn(6,7,8,9) bonding interaction between thesmd Cr(CO) fragments.

as the LUMO are depicted for [1-Cr(C@)y*Sn)]* in

the bonding of the M(CQ)and & fragments for the
remaining [1-M(CO)(r*-Eg)]*~ anions of the series consid-
ered in this study. The HOMO and NHOMO of [1-Cr(CO)
(7*-Sm)]*~ are formed from the degenerate HOMO of the
Sny fragment, and there is a small delocalization of charge
into the 4, and d, orbitals of the transition metal. The next

orbital, HOMO-2, involves a mixing of the Adorbital on

axis has some interaction with the transition metal atom.
a set of radial p orbitals on the basal Sn(6,7,8,9) atoms thatThere are also some metadarbonyl interactions in the
constructively interact to place a significant density in the HOMO-3. The HOMO-5 orbital involves the mixing of the

leading to a bonding interaction. The HOMO-6 orbital

involves the interaction of the,gand d, orbitals with the

ring. The next orbital, HOMO-2, is degenerate with radial The HOMO-12 orbital involves GrCO interactions as well

density in the basal and middle ring planes. The HOMO-3 as Cr-Sn interactions. The $f orbital involved in HOMO-

orbital is essentially pure p in character along @eaxis

adjacent middle ring atoms, and there is a correspondingLUMO of the anion involves an antibonding €€0

12 of the transition metal cluster anion is HOMO-6. The
with some small interactions with the basal Sn(6,7,8,9) atoms.final orbital that is shown is a very strongly polarized
The orbital HOMO-4 involves the bonding between the chromium ¢ orbital interacting with the Syfragment. The

orbital, HOMO-6, for the basal ring atoms. Between is a interaction coupled wt a p orbital on the apical Sn(1) atom
doubly degenerate orbital, HOMO-5, involving the radial p that is perpendicular to th€,-axis. Several of the orbitals
that are depicted place electron density within the cluster

(52) NHOMO is defined as the next highest occupied molecular orbital, framework and possibly help account for the largerEE
nuclear spir-spin couplings observed between nonadjacent

i.e., the second highest occupied molecular orbital. The remaining

occupied orbitals are defined by their difference from the HOMO;

for example, HOMO-2 is the third highest occupied molecular orbital. tin and lead atoms (see Characterization of the [1-M@EO)
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HOMO-(E)

HOMO-4 HOMO-5(E) HOMO-6

Figure 7. Wave function plots of the valence molecular orbitals for thg*Sanion at the LDFT level contoured at 0.04.

HOMO-8 HOMO-12 HOMO-13 LUMO

Figure 8. Wave function plots of the LUMO and valence molecular orbitals for the [1-Cr§@®Bnp)]* anion at the LDFT level contoured at 0.04.
(7*-Sm)]*~ (M = Cr, Mo, W) and [1-Mo(COYn*-Phy)]*" (e) Infrared and Raman Spectra of the B* and
Anions by NMR Spectroscopy). [1-M(CO) 3(*-Sne)]*~ Anions (E = Sn, Pb; M = Cr, Mo,
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W). The experimental Raman and infrared frequencies and Mo(CO)-mes, and W(CQ)mes*® as well as for Mo(CQy
their assignments for thegE and [1-M(CO}(1*-Smy)]*~ (en) and W(CO)(en), (Table S4, footnoteSandg) can be
anions are listed in Tables S3 and S4 of the Supporting attributed to the low effective masses of the organic groups
Information, respectively, along with the calculated frequen- coordinated to the M(CQ@)moieties.

cies. The experimental Raman and infrared frequencies for The carbonyl stretching frequencies in [1-M(G@}-
[1-M(CO)s(*-Sry)]* are listed in the Experimental Section  gg)]4- (16811830 cnt?) (see Experimental Section, Infra-

(Infrared Spectroscopy and Raman Spectroscopy). red Spectroscopy) are shifted to lower frequencies relative
(i) E¢*". The only experimental vibrational data reported to those of their M(CQ) precursor® and are among the
thus far for the B anions is for Sgf~ in K4Sny (99 and lowest C-0O stretching frequencies reported for terminally

146 cml) and CgSny (91, 102, 133, and 149 c®)®2 and bonded metal carbonyls. Tw€¢CO) values of the [1-M(CQ)
for [2,2,2-crypt-K}[Sn] (108, 128, 148, 168 cri; present  (y*-Eg)]*~ anions are similar to those of the [1-M(CG0)*-
work). Calculated vibrational frequencies have been previ- Pry)]®~ (Pn= P, As, Sh; M= Cr, Mo, W) anions$® The

ously reported for P13 low »(CO) values for [1-M(CO)n*-Eg)]*~ are consistent
The calculated vibrational frequencies for theSrand ~ With enhanced metalCO d — z* back-bonding resulting
Ply*~ anions were derived from the fully optimize@,, from the buildup of negative charge on the transition metal

geometries of the anions at the LDFT level, and are all below atoms that results from electron donation from thec&ge

150 cnt?, showing that the clusters are quite deformable. into the frontier d orbitals of the metal (see (b) Charges and
As expected, the Bb modes appear at lower frequencies Valencies). The €0 stretches of the [1-M(CQQ;*-Phy)]*~

than those of Syi~. The experimental Raman spectrum of anions are lower in frequency than those of the corresponding
Sn*~ in the 2,2,2-crypt-K salt comprises four broad peaks [1-M(CO)s(n*-Smy)]*~ anions, and this trend is reproduced
having frequencies that are in good agreement with the in the calculated values. The experimental and calculated
calculated values, although it is clear from their broadness trends appear to be counterintuitive, however, suggesting that
that each of these peaks spans a range of frequencies. ThE'" is a betterz donor than Sgt~. The trend is opposite
calculated values are slightly underestimated. The low- to the conclusion drawn from a consideration of the changes
frequency values indicate that there is little separability in in the calculated charge distributions in thedage and on
terms of stretches, bends, torsions, etc., so we provide onlythe transition metal upon coordination of the M(G@joup.

general assignments. The latter clearly shows that §n is the betterr donor (see

(ii) [1-M(CO) s(*-Eq)]*". The vibrational frequencies were (b) Charges and Valencies). It appears that the relative CO
calculated at the LDFT level for their fully optimize@; stretching frequencies are not a reliable gauge of the relative
point group symmetries, which is also the symmetry observed 7 donor strengths of the coordinated éages.
for the [1-M(COX(5*-Snp)]* anions in their crystal struc- The features in the range 44898 cm' are mostly
tures. associated with M-C stretching motions and MC—0O

The three highest frequency modes are readily assignedbends- These modes were too weak to be observed in the
to the CO stretches, with the highest frequency being Raman spectra of [1-M(C@Q;*-Sry)]*". There are small
assigned to the in-phase-© stretch. The two low-frequency contributions from the M-E stretches in several of these
bands are approximate|y equa| and are assigned to the Outbands. The frequenCieS below 150 dmare associated with
of-phase C-O stretching modes, which are degenerate in the motions of the Efragment: the EM stretches; the
an isolated M(CQ) fragment. There is good agreement C—M—C, E-M—C, and E-M—E bends; and the M(CQ)
between the calculated and observed values, with thetorsion. The torsional frequencies for rotation of the M(€O)
calculated values being 3®0 cnt! higher than the experi- moieties relative to the basal planes of thecBges are very
mental values, as expected for calculated frequencies thatow. This is in accord with the tin NMR spectra of the
do not include anharmonic corrections. As observed experi- [1-M(CO)(17*-Sn)]*~ anions and thé”Pb NMR spectrum
mentally, the lowest €O stretches are calculated for the ©f the [1-Mo(COX(»*-Phy)]*~ anion, which are consistent
Cr complexes, consistent with the largesta* interaction with free rotation of the M(CQ)tripods (see Characterization
between the CO groups and the transition metal of lowest Of the [1-M(CO}(*-Sny)]*~ (M = Cr, Mo, W) and [1-Mo-
atomic number. With the exception of [1-Cr(GO)-Smn)]*", (COX(17*-Phy)]*~ Anions by NMR Spectroscopy). The ME
the three vibrational bands expected for t{€—0) modes cage modes and various bends associated with the cage atoms
are observed for each [1-M(C§)*Eo)]* anion in the are strongly coupled, preventing a simplified description of
infrared spectra, which are in good agreement with the the modes, and further demonstrates that the M{GOY
calculated values. As previously not&ds the observation ~ Es*” are rather strongly bonded. The experimental Raman
of only two »(C—0) bands for the precursors Cr(Gal, spectra of the [1-M(CQJy*-Srp)]*~ anions exhibit several

broad lines in this region (see Experimental Section, Raman

(53) von Schnering, H. G.; Baitinger, M.; Carrillo-Cabrera, W.; Bolle, U.; Spectroscopy) and, as in the case of the*Sanion, each

Curda, J.; Grin, Y.; Heinemann, F.; Llanos, J.; Peters, K.; Schmeding, band is comprised of several overlapping bands. Again, the
A.; Somer, M.Z. Anorg. Allg. Chem1997 623 1037.
(54) Deganello, G. IMransition Metal Complexes of Cyclic Polyolefins;

Academic Press: New York, 1979; pp 19799. (56) The CO stretching frequencies for the transition metal carbonyl
(55) Charles, S.; Eichhorn, B. W.; Rheingold, A. L.; BottJSAm. Chem. precursors are Cr(C@JCsHe (1970, 1894 cmt), Mo(CO) mes (1957,
Soc.1994 116, 8077. 1883 cn1?), and W(COj-mes (1946, 1879 cm).
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experimental frequencies are in good agreement with the As a consequence, there is a smaller contribution from the

calculated ranges of values. apical Sn(1) atom to the density inside the Sn(6,7,8,9) ring
(f) Chemical Shifts. The standard used for the relative for the higher lying orbitals. These results all show a
chemical shift calculations was Sn(gk (2934 ppm). significant change in the electronic structure at the apical

Although the calculated chemical shifts are too high (Table Sn(1) atom and are consistent with the large deshielding of
3), several experimental trends are correctly predicted. Thethe chemical shift that is observed upon coordination of the
apical Sn(1) is the most deshielded environment and is M(CO); moiety.
calculated to be deshielded by2000 ppm with respect to (g) Coupling Constants.The magnitudes o¥(*'"1*Sn—
the Sn planes, which is comparable with experiment. Most 117.115n) can be correlated with the s character in the skeletal
importantly, the weighted averages of the experimental andbonding and are consistent with an enhanced Fermi contact
calculated (in parentheses) tin chemical shifts of*Sand contributior?”®8 to the tin—tin spin—spin couplings within
of the [1-M(CO}(n*-Sny)]*~ anion series exhibit the same these clusters. The Fermi contact contribution to the-spin
trends, i.e.,—1291.9 (-450) ppm, Sgf~ < —275.8 (715) spin coupling is proportional to the s electron densities at
ppm, W < —245.9 (777) ppm, Mo< —50 (895) ppm, Cr. the coupled nuclei and is expected to be an important
As observed experimentally, the smallest Sn(1) chemical shift contributor to the spirspin coupling mechanism when
is that predicted for the Mo complex. The averages for the orbitals of high s character are involved in the coupling
other eight Sn atoms are in error by 992, 1033, and 1080 mechanism. The weighted averages for Jtfé*Sn—117Sn)
ppm for Cr, Mo, and W, respectively, which are similar to couplings of the nonfluxional [1-M(CQQ;*-Sr)]*~ anions,
the error in the average chemical shift for¢Sn The 589 Hz (Cr), 617 Hz (Mo), and 596 Hz (W), are significantly
calculated differences in the chemical shifts of the twa Sn larger than the exchange averagéd®Sn—117Sn) coupling
planes are small for the [1-M(C€f)*-Sny)]*~ anion series  in Sny*~ (256 Hz, —10 °C in liquid NHs; solvent) and in
(4—63 ppm) when compared with that calculated fog’Sn  SrgTI5~ (372 Hz, 30°C in liquid NHs solvent). The NBO
(336 ppm) and therefore do not allow definitive assignments populations (vide supra) show that the s orbital populations
of the Sn planes to be made for the [1-M(C)*-Sny)]*~ remain unaltered upon coordination of the M(G@)oup to
anions whose experimental differences are much greaterthe Sp*~ and Plg*~ clusters with the donated electron density
(239-308 ppm). It is noteworthy that only in the case of coming from the p orbitals. In the case of the [1-M(GO)
tungsten is the experimental trend reproduced. The differ- (y%-Sny)]*~ anions, the total p orbital populations are
ences between calculated and experimental values arediminished over the triad by 1.53 (Cr), 1.10 (Mo), and 1.44
attributed to the need for a better basis set and/or for the (W), with respect to those of $h, resulting in enhancement
need to include relativistic effects. In addition, the calculated of the s character of the cluster bonding in these anions and
chemical shifts represent gas-phase values, and heavy atorgorresponding increases in their averay{é®Sn—117Sn)
chemical shifts display large solvent-induced effects on their couplings.
chemical shifts that may be on the order of several hundred  As noted above ((f) Chemical Shifts), there are significant
ppm (see Characterization of the [1-Mo(G@Y-Phy)]* bond orders between the basal and apical atoms in the Sn
Anion by NMR Spectroscopy and ref 50). moieties of the [1-M(CO)#»*-Srp)]*~ anions and between
The fact that the apical chemical shift is significantly the apical atom and the transition metal. These interactions
deshielded on complexation can be seen from many of thejikely account for the fact that th#17-115n—183\/) coupling
electronic structure indicators and is consistent with the petween the two apical atoms, Sn(1) and W, is similar in
“antipodal effect’?*4° The large bond orders between the magnitude to the coupling between W and the adjacent Sn-
basal and apical atoms in the Sflagment suggest that  (6,7,8,9) plane. The observation that ti€°Sn—117Sn)
significant changes in the electronic environment at the apical couplings between nonadjacent tin atoms are larger than

Sn(1) atom occur when charge is transferred from the basalpetween adjacent ones may be accounted for in similar terms.
Sn(6,7,8,9) ring to the metal on complexation. In addition,

the significant bond order between the apical Sn(1) atom Conclusion
and M shows that the M further perturbs the electronic PN .
environment about the apical atom. In addition, the molecular TE‘_ec'OSO[l'MQ(CO)S(” -Eo)] sn(rj]closogl—W(CO)g(n "
orbitals of the Spfragment show a significant change on E9)]* cluster anions (E= Sn, Pb) have been structurally
binding to the Cr(CQ)moiety. The NHOMO of the Sfi~ characterized in the solid state by vibrational spec.troscopy
anion shows a radial p orbital along tBg-axis mixing with anﬂ X-ray crystallography.4The 2212+ 4)helectronr:|dc>
a set of radial p orbitals in the basal plane, and most of the Es*~ anions are found tm_-coordlnate the zherp-e ectron
density on the apical atom is inside the Sn(6,7,8,9) ring do_nor groups M(CQ) (M - Cr, Mo, W) to their vacant
(Figure 7). In contrast, this orbital in the complex (HOMO- @pical positions, resulting in 10-atonm(2- 2) heteronuclear
5) has essentially no density on the apical atom (Figure 8). lusters that are based on b|cap4|13ed square annsms. In
Rather, the HOMO-3 of Sfr is now the HOMO-2 of the contrast with the fluxionahido-Sny*~ and nido-Ply*~, the

] - 4_ 4— =
Cr complex and mixes strongly with thedrbital on Cr. ~ MSMe cages of thecloso[1-M(CO)(7*-Sm)]*” (M = Cr,
This orbital, which had more s character and was polarized . o _
essentially completely external to the ring, now has more p ©” ,flchvefgpk %g%%mcur'f;%‘fg'refé\‘g"gﬁ Mason, J., Ed.; Plenum Press:
character and is only partially polarized external to the ring. (58) Pople, J. A.; Santry, D. Rdol. Phys.1964 8, 1.
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Mo, W) anions have been shown BYSn,’Sn, and®®*Mo 99%) and tetrahydrofuran (Fisher, 99.9%) were initially dried over
NMR spectroscopy to be rigid and nonfluxional on the NMR CaH: powder (British Drug Houses, 99.5%) and sodium pieces
time scale in liquid NH solutions, whereas the M(C®)  (British Drug H_ou.ses, 99.8%), respectively, for several weeks and
groups are freely rotating. The simulation and summation then vacuum distilled onto and stored over fresh abivder and
of 119 and!'7Sn subspectra arising from all possible sodium, respectlvel_y, for at least an additional week prior to use.
isotopomer families and their absolute isotopomers haveAnhydrous ammonia (Matheson, 99'99%) was Condens‘?d under
. . . . . vacuum at=78 °C from the commercial cylinder into a previously
provided def|r1.|t|ve assignments and Interpr(.etatlons. of the vacuum-dried tube containing freshly cut sodium metal and stored
complex satellite spectra that result from spépin couplmg at —78°C for at least 1 week prior to use.
among the natural abundan€ésn,***Sn, and*\W nuclides KPb, 26 and KSn 05 The alloys were prepared as previously
of the MSn. The!'°Sn and'*’Sn chemical shifts of the apical  described213 KPhy.o6 (K, 0.4978 g, 12.73 mmol; Pb, 5.9621 g,
Sn atoms were significantly deshielded relative to those of 28.775 mmol), KSpgs (K, 0.6356 g, 16.26 mmol; Sn, 3.9553 g,
both Sn planes, and this finding is reproduced by GIAO 33.325 mmol).
calculations of the tin NMR shieldings. Lead-207 NMR [1-M(CO) 3(p*-Eq)]* (E = Sn, Pb; M = Cr, Mo, W) Solutions
studies of the [1-Mo(CQjn*-Ply)]*~ anion in en and liquid ~ for NMR Spectroscopy. Apparatus and techniques for NMR
NH; show that the fluxionality of the Rbmoiety has been ~ Sample preparation have t_Jeen previously descﬁbé@lu_tions of
modified. Density functional theory calculations at the local the [1'M(_CO)3(’74'SW_)]47 anions were prepared by reaction of deep
(LDFT) level have been used to derive the energy-minimized 69 Solutions of Ssi, which were obtained by extraction of the
geometries of the & and [1-M(CO}(*-Es)]*~ anions and binary KSn gsalloy in liquid NHz, with a ca. 40% molar excess of

Cr(CO)-tol or M(CO)s*mes with respect to $fr. The alloys were

to study the nature of the bonding in these anions, Corroborateextracted for at least 1 week and the tricarbonyl complexes were

specific trends among their NMR chemical shifts, and assign aqded 1 day prior to sample isolation and NMR spectroscopic
the experimental infrared and Raman spectra of thé™Sn  characterization. The following reagent amounts were used: [1-Cr-
and [1-M(COX(»*-Sm)]*~ anions (M = Mo, W). The (COX(7*Sn)]* (KSmy 05 0.1392 g, 0.4929 mmol; Cr(C@ipl,
calculated charges and orbital populations show that the E 0.0456 g, 0.200 mmol), [1-Mo(C@)*-Smy)]4~ (KSmy 5 0.1556
cages arer donors to the transition metal centers and that g, 0.5510 mmol; Mo(CQjmes, 0.0458 g, 0.153 mmol), [1-W(CL)
the & plane bonded to the transition metal is the most charge- (7*-Sr)]*~ (KSnp.05 0.1546 g, 0.5474 mmol; W(C@)nes, 0.0701

depleted, donating the bulk of the electron density to the 9 0-181 mmol). In the case of the [1-Mo(G0)'-Py)]*" solution,
transition metal. the KPb »salloy was extracted in both en (KRk, 0.1088 g, 0.214

mmol; Mo(CO)-mes, 0.0146 g, 0.049 mmol) and liquid BIH

Experimenta| Section (KPby26 0.0972 g, 0.192 mmol; Mo(C@)mes, 0.0164 g, 0.055
) o mmol).
Apparatus and Materials. The majority of compounds used Crystal Growth. Single crystals of [2,2,2-crypt-K]salts of the

and prepared are highly air sensitive. Manipulations were performed [1-M(CO)s(i*-Es)]*~ anions that were suitable for X-ray structure
under rigorously anhydrous conditions and in the absence of 0xygengeterminations were grown from en solutions by slow vapor phase
on a glass vacuum line or in a two-station nitrogen atmosphere gitt,sion of THF into these solutions. Crystals were isolated and
drybox as previously describéd. mounted as previously describ&dspecific details follow.
Potassium metal (British Drug Houses99%) was cleaned as Solutions of Sg*~ were prepared by extraction of KSg into
previously describeéf, and freshly cut samples were handled in a en in the presence of 2,2,2-crypt. Addition of Mo(G@)es '(0_0359
drybox. Lead shot (British Drug Houses, 99.9%), tin granules g, 0.119 mmol; ca. 40 mol % excess with respect tg*Srto the
(Baker Analyzed Reagent, 99.9%), and 2,2,2-crypt (1,10-diaza-4,7,- e en extract containing 0.0948 g (0.252 mmol) of 2,2,2-crypt (ca
13,16,21,24-hexaoxabicyclo[8.8.8]hexacosane; Merck, 99%) were 40 mol % deficit with respect to KSpg 0.1069 g, 0.3785 mmol)
vacuum dried prior to handling in the drybox. Tricarbonylmesity- egyited in a red-brown solution. An analogous procedure was
lenemolybdenum(0) and tricarbonyltolylchromium(0) were prepared employed for the preparation of [1-W(C§)*-Smn)]* and
by heating M(COy [Alfa Inorganics, 99% (Mo), 98% (Cr)] in an [1-M(CO)s(*-Phy)]*~ (M = Mo, W) solutions for crystal growth.
excess of mesitylene (British Drug Houses, 99%) and toluene pq following amounts of reagents were used: K&r0.1093 g,
(British Drug Houses, 98%), respectively, under reflux in a nitrogen ( 3g7¢ mmol), W(COymes (0.0480 g, 0.124 mmol), and 2,2,2-
atmosphere, as described in refs 61 and 62. A small amount of dry ¢yt (0.0852 g, 0.226 mmol); KRbs (0.0935 g, 0.184 mmol),
tetrahydrofuran (THF) was added to wash any M(g£k8ck into Mo(CO)mes (0.0312 g, 0.104 mmol), and 2,2,2-crypt (0.1287 g,
the reaction flask. The resulting precipitate was suction filtered and o 3418 mmol): KPh.s (0.0848 g, 0.167 mmol), W(C@mes
recrystallized from a CkCl, (Caledon, 99.5%)/hexane (Caledon) (0.0407 g, 0.105 mmol), and 2,2,2-crypt (0.1222 g, 0.3246 mmol).
mixture. Tricarbonylmesitylenetungsten(0) (Strem Chemicals, 98%) The resulting solutions were also red-brown in color. After 24 h,
was transferred into the drybox as received and was exposed toryE yas allowed to vapor diffuse into the en solutions over a period
the atmosphere of the drybox for at least 2 days prior to use. ot several days. Large-3 mm) parallelepiped crystals were isolated
(Al solvents were thoroughly dried, transferred by vacuum om the en/THF mixtures and were used for the crystal structure
distillation, and stored in round-bottom flasks equipped with glass/ geterminations. Note that the use of an excess or deficit (up to 20
Teflon stopcocks (J. Young). Ethylenediamine (Fisher Scientific, 1, %) of 2,2,2-crypt in the Mo and W tin solutions resulted in
the immediate precipitation of amorphous material upon addition
of liquid THF to the en solutions. Crystals used in this study had

(59) Borrmann, H.; Campbell, J.; Dixon, D. A.; Mercier, H. P. A.; Pirani,
A. M.; Schrobilgen, G. Jinorg. Chem.1998 37, 1929.
(60) Campbell, J.; DiCiommo, D. P.; Mercier, H. P. A.; Pirani, A. M,;

Schrobilgen, G. J.; Willuhn, Minorg. Chem.1995 34, 6265. (63) Burns, R. C.; Devereux, L. A.; Granger, P.; Schrobilgen, Garg.
(61) Muetterties, E. L.; Bleeke, J. R.; Sievert, A.L Organomet. Chem. Chem.1985 24, 2615.

1979 178 197. (64) Pirani, A. M.; Mercier, H. P. A.; Dixon, D. A.; Borrmann, H.;
(62) Nichols, B.; Whiting, M. CJ. Chem. Socl1959 551. Schrobilgen, G. Jinorg. Chem.2001, 40, 4823.
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the following dimensions: 0.5% 0.44 x 0.33 mn# (Sn/Mo), 0.54 KBr pellets. The KBr pellets were prepared in the drybox by mixing
x 0.41 x 0.34 mn# (Sn/W), 0.57x 0.39 x 0.25 mn¥ (Pb/Mo), KBr, which had been previously dried under dynamic vacuum, with
and 0.52x 0.43 x 0.31 mn?¥ (Pb/W). the M(CO)-mes precursors, crystals of the [2,2,2-crypi{K]
Multinuclear Magnetic Resonance SpectroscopyThe 11%5n M(CO)s(n7*-Smy)]-en, or M(CO)(en [2,2,2-crypt-KL[1-M(CO)s-
and117Sn (0°C, NHs) NMR spectra were recorded on a Bruker (7*-Phy)]-2.5en (M= Mo, W). The resulting mixtures were pressed
AC-300 (7.046 T) pulse spectrometer. T¥lo (0 °C, NHs), 11%Sn into pellets and sealed inside a chamber equipped with AgCl
(—70°C, 0°C, NHy) and2°Pb (0°C, en and NH) NMR spectra windows. The chamber was then placed inside the sample compart-
were recorded on a Bruker AM-500 (11.744 T) pulse spectrometer. ment of the spectrometer, which was closed and purged with dry
Spectra were routinely obtained without locking (field drift0.1 N, gas for at least 15 min prior to data acquisition. The spectra
Hz h™1) using 10-mm probes broad banded over the frequency consisted of 16 scans acquired with a resolutiortdfcnt?! and
ranges 14121 MHz (7.046 T) and 23202 MHz (11.744 T). The a 5 kHz scan speed and were simultaneously subtracted from the
spectrometer frequencies were 32.593 MP#10), 104.631 MHz background which was recorded prior to spectral acquisition: Sn/
(2°%Pb), 106.945 MHz¢7Sn) and 111.922 MHZLt°Sn, 7.046 T). Mo, 1703, 1718, 1830 cm; Sn/W, 1701, 1711, 1822 cri Pb/
Free-induction decays were typically accumulated in 16K or 32K Mo, 1702, 1736, 1813 cr; Pb/W, 1686, 1697, 1804 crh
memories. Spectral width settings of 25 and 100 kHz were  Raman SpectroscopyThe FT Raman spectra of the [1-M(GO)
employed, yielding data point resolutions of 3.05 and 6.10 Hz/ (»*Smny)]*~ (M = Mo, W) salts were recorded on a Bruker Equinox
data point and acquisition times of 0.328 and 0.164 s, respectively.55/FRA 106 spectrometer as described previofsijhe spectra
Relaxation delays were not applied. Typically, 10 6a@0 000 were recorded at100°C using a defocused laser spot of 400 mW
transients were accumulated, depending on the concentrations anq15% less at the sample) power. Eight (Mo) and four (W) blocks
sensitivities of the nuclides under study. Pulse-width settings of 500 scans were averaged for a combined acquisition time of
corresponding to a bulk magnetization tip anglepf ~90° were 120 (Mo) and 60(W) min. The randomly orientated single crystals
12.5 {19Sn), 13.0 {17Sn), 25.0 {°Ph), and 27.0%Mo) us. Line were sealed in Pyrex Lindeman capillaries inside a drybox; the
broadening parameters used in the exponential multiplication of capillaries had been previously dried at 28D under vacuum for
the free induction decays were-30 Hz for the'l’Sn, 11°Sn, and at least 1 day. The Raman spectrum of thg*Smanion salt was
%Mo NMR spectra and 50100 Hz for the?°’Pb NMR spectra. recorded on a Bruker RFS 100 FT Raman spectrometer as described
Zero-filling to 128K of memory and-©3 Hz line broadening factors ~ previously®¢ The spectrum was recorded-al30°C using a laser
were employed for resolution enhancement of #¥8n and!’Sn power of 178 mW and averaged over 400 scans. The sample was
Lorentzian lines and for observation of dlicouplings. Variable- a microcrystalline powder sealed in a Pyrex melting point capillary
temperature spectra were recorded by using the variable-temperaturénside a drybox; the capillary had been previously dried at 250
controllers of the spectrometers, and temperatures (accurate to under vacuum for at least 1 day. The spectral resolutions were 4
1 °C and stable to withint 0.1 °C) were checked by placing a cm % Sn/Mo, 93, 100, 108, 117, 124, 140 cmSn/W, 83, 92,
copper constantan thermocouple into the sample region of the108, 124, 139, 164 cni.
probes. Samples were allowed to equilibrate for at least 5 min while  X-ray Crystallography. (a) Collection and Reduction of X-ray
spinning before spectral accumulations were begun. The respectiveData. The data sets were collected on a P4 Siemens diffractometer
nuclei were referenced externally to samples of neatj{, neat equipped with a Siemens SMART 1K CCD area detector and a
(CHa)4Sn, and 1 M aqueous MdoO, at 30°C. The chemical shift  rotating anode with graphite-monochromated Ma Kadiation ¢
convention used was a positive (negative) shift signifies a chemical = 0.71073 A) using the program SMART The diffraction data
shift to high (low) frequency of the reference sample. collection consisted of a fulp rotation aty = 0° using (1200+
Simulation of NMR Spectra. The1’Sn and°Sn NMR spectra 50) 0.3 frames, followed by a series of short (100 frames3cans
of the [1-M(CO}(n*-Srp)]*~ (M = Cr, Mo, W) anions were at variousy andy settings to fill the gaps. The detector was located
simulated using the computer program ISOTOPOMER, as describedat 3.991 cm from the crystal, and a complete data set was acquired
previously** The process begins with the calculation of the weight at a @ setting of 330. A complete sphere of data was collected,
of each isotopomer family belonging to a cluster using binomial to better than 0.8 A resolution. The data were reduced with the
coefficients and the isotopic abundances. The program has aprogram SAINTE” which applied Lorentz and polarization correc-
threshold option allowing the rejection of those isotopomer families tions to the three-dimensionally integrated diffraction spots. The
whose percent abundances are less than or equal to a preselectggtogram SADAB$8 was used for the scaling of the diffraction data
value; the threshold applied for the simulations described in this and the application of an empirical absorption correction based on
work was 1x 1076 9% relative abundance. The selected isotopomer redundant reflections.
families are further expanded into absolute isotopomers by taking  (b) Solution and Refinement of the Structures The Siemens
all permutations of their isotopes among the sites within the SHELXTL PLUS® software package was used for the solution and
molecule. The NMR Hamiltonian is then calculated for each of refinement of the crystal structures. The XPREBrogram was
the absolute isotopomers and solved, and a subspectrum isused to confirm the unit cells and the crystal lattices. Direct methods
calculated. The resultant subspectra are weighted according to theifwvere used to solve the structures in the appropriate space groups
parent absolute isotopomer’s weight and added together to producewhich generally located the positions of the polyanions and most
the total simulated NMR spectrum for the cluster. Spectra in the
present study were not iterated. The number of absolute isotopomersgs) Borrmann, H.; Campbell, J.; Dixon, D. A.; Mercier, H. P. A.; Pirani,
used for each environment is as follows: Sn(1), 4273 (Cr, Mo) A. M.; Schrobilgen, G. Jinorg. Chem.1998 37, 6656.

and 4600 (W); Sn(2,3,4,5) or Sn(6,7,8,9), 10 989 (Cr, Mo) and (66) Fir, B. A; Mercier, H. P. A; Sanders, J. C. P.; Dixon, D. A;
. . . . . Schrobilgen, G. JJ. Fluorine Chem2001, 110, 89.
12 917 (W). The line widths were adjusted to fit the experimental (67) SMART and SAINT, Release 4.05, Siemens Energy and Automation
spectrum. The chemical shifts and coupling constants used are those  Inc., Madison, WI, 1994.
reported in Tables 3 and 4, respectively. (68) Sheldrick, G. M., Siemens Area Detector Absorption Corrections
. (SADABS), Personal communication, 1996.
Infrared Spectroscopy.The FT infrared spectra were recorded  (g9) Sheldrick, G. M., SHELXTL-Plus, Release 5.03, Siemens Analytical

on a Bio-Rad spectrometer (FTS-40) at ambient temperatures on X-ray Instruments Inc., Madison, WI, 1994.
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of the non-hydrogen atoms of the (2,2,2-cryptjkcations. Full- were done with the program Gaussian®®8hese calculations were
matrix least-squares refinements of the positions and isotropic done at the local level with the basis sets given above with the
thermal parameters of the assigned atoms and successive differencillowing changes: for Sn, a set of d polarization functions was
Fourier syntheses revealed the positions of the remaining non-added®* and the DZVP basis set was used for C, O, Cr, and Mo.
hydrogen atoms of (2,2,2-cryptif{and any solvent molecules. In  The NMR calculations for Sn were done with the program Gaussian
the crystal structure of [2,2,2-crypt-i{1-Mo(CO)(17*-Sr)]-en, two 98% using the GIAO approach for treating the origin probl&mP8
(2,2,2-crypt-K") cations were found to be disordered. The disorder The calculations were done with the DZVP basis set of Godbout
was treated by using a rigid body refinement (FRAG in the program et al.8! except for W, where the effective core potential (ECP) of

SHELXTL PLUS®). Disordered solvent molecules were generally

the Stuttgart group with their basis $evas used. Sixty electrons

not located until the atoms of the anions and/or cations were refinedwere included in the W ECP, the so-called small core ECP.

with anisotropic thermal parameters. The final structure solutions
involved the refinement of the non-hydrogen atoms of nondisor-
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closo-[1-M(Co}(n*Eg)]*~ Cluster Anions

assignments for thegE (Table S3) and [1-M(CQJp*-Eg)]*~ (Table crypt-K]4[1-M(CO)3(n*-Sry)] -en, where M= Mo, W. This material

S4) anions (E= Sn, Pb; M= Cr, Mo, W]; and an X-ray is available free of charge via the Internet at http://pubs.acs.org.
crystallographic file in CIF format for the structure determinations

of (COxM(en)[2,2,2-crypt-KL[1-M(CO)(*-Phy)]-2.5en and [2,2,2-  1C010695K
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