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Recent efforts to extend the reduction chemistry of ¥NZand LnZZ'/M (Ln = lanthanide; Z=
CsMes, CsMeyH; Z' = BPhy, ClI; M = alkali metal) to substrates beyond have identified unexpectedly
facile insertion of CQinto lanthanide cyclopentadienyl linkages to make carboxylate ligands. The insertion
was initially identified in [(GMesH)La(THF)x(u-1:n'-0,CCsMegH)s(us-n%1%1n>-COs)(us-Cl), 1, a product
of a (GMe4H)sLa/Na/CQ reaction in the presence of chloride. In this case, both insertion and reduction
of CO, to carbonate was observed. A [@es),La][(«-PhyBPh]/KCg/CO; reaction also provided a GO
insertion product, [(eMes)La(u-17%17*-0.,CCsMes) (u-n1:n?-0,CCsMes)] 2, 2, but in this case a Ceduction
product was not identified. COnsertion also occurs in the absence of an alkali metal. Hence, the (C
MeyH)sLn complexes (Ln= La, Nd, Sm, Gd) react with C£to form mixtures of tetramethylcyclopen-
tadienyl carboxylate products. In the La complex, single crystal§[@sMe;H),La](u-1*:1n*-0,CCs-
MesH)} 2, 3, could be isolated and structurally characterized. Crystallographic characterization of a rare
example of a tetramethylcyclopentadienyl lanthanide ate sahCi{1e;H)(CsMe;H)LaCl(u-Cl)K (18-
crown-6)}, 4, was also obtained as part of this study, and it was found to have a chain structure in the
solid state involving bridging methyl groups as well as bridging chloride ligands.
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ave included the use of the LglRl system, where Z is a i N__
monoanionic ligand such as [N(SiMg]~ or (CsMesH)'~ and Ln =Nd, Dy, Tm Messt Me;,Sl/ SiMe;

M is an alkali metal,~1! to mimic the reductive chemistry of

the divalent “Ln2" lanthanides, particularly in reducing dini-  combination of trivalent Ln[N(SiMg)]z complexes with Na,
trogen. Hence, dinitrogen reduction using divalentTpDy?2*, K, or KCg for Ln = Nd, Gd, Tb, Dy, Ho, Er, Tm, Lu, and Y,
and N&* reagent$;’>14 eq 1, can be mimicked by the eq 278 By extending the LngM system to heteroleptic
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since there is independently reported chemistry between CO
and alkali metald>~17 For example, alkali and alkaline earth
metal amalgams react with G@t temperatures from 25 to 180
°C to make a variety of products including carbonates and
oxalates.

Both of these products have been observed from, CO
reduction by Sr". With (CsMes),Sm(THF) the reductive
coupling of CQ to oxalate, [(GMes),SmL(O,CCO,), was
observed, eq # Recently, a porphyrinogen complex of 8m

/

j=}

“

w

S

SM(GgN4Hs4)(THF),, has been found to reduce €@ carbon-
ate, eq 5 iheseethyl groups not shown for clarity.

To determine if this S# reductive chemistry could be

Evans et al.

or as described in the Supporting Information rGd). GMesH
was dried over molecular sieves and degassed by three freeze
pump-thaw cycles prior to use. ##e;H, was distilled onto
molecular sieves and degassed by three frepmenp—thaw cycles
prior to use. KGMe4H and KGMes were prepared by addingsC
MesH, and GMesH, respectively, to either excess potassium bis-
(trimethylsilyl)amide or excess potassium bis(dimethylphenylsilyl)-
amidé* in toluene. Hydrated lanthanide trichlorides were desolvated
with NH4CI.?> Sodium was purchased from Strem and freshly
shaved before use. Solvents were sparged with argon and dried as
previously described NMR solvents were dried over sodium
potassium alloy, degassed, and vacuum transferred beforé-use.
NMR and3C NMR spectra were recorded with a Bruker GN 500
MHz or Bruker Cryo 500 MHz spectrometer. Infrared spectra were
recorded as thin films obtained from benzene using an ASI ReactIR
1000 spectrometéf.Elemental analyses were performed by Desert
Analytics (Tucson, AZ) or by complexometric titrati@hAir/water-
free ES-MS analyses were recorded on a Waters LCT Premier-
MS set in the atmospheric pressure chemical ionization (APCI)
mode?® masses reported are for the most abundant isotope.
[(CsMe4H)La(TH F)] 3(11-7]1:ﬁLOZCC5ME4H)3(ﬂ3-7]2: 172: 772'C03)'
(us-Cl), 1. Complex1 was originally isolated from a reaction of
(CsMeyH)sLa and N& that evidently contained chloride as a
contaminant. Since a reduced carbonate product could not subse-
quently be crystallized in the absence of chloride, the following
synthesis ofl was developed. THF (ca. 15 mL) was degassed
through three freezepump-thaw cycles and condensed ontg{C
MesH)sLa (142 mg, 0.28 mmol), Lagl(38 mg, 0.15 mmol), and
sodium that had been smeared on the bottom of a sealable flask.
CGO; (1 atm) was introduced and the solution was allowed to stir
overnight. The solvent was removéad vacug and solids were
extracted with toluene. Toluene was remowedacuq and solids
were dissolved in a minimal amount of diethyl ether and centrifuged
to remove solids. At—35 °C over 1-3 weeks, a concentrated
sample gave colorless, X-ray quality crystalslaflO mg).1 was
also successfully obtained from [{kde;H).La]Cl,K(THF), and
excess Na using a procedure like that abdteNMR (C¢Dg): 0
1.41 (12H,THF), 1.70 (s, 18H, GCCsMeyH), 1.98 (s, 18H, @
CCsMeyH), 2.34 (s, 18H, @MeyH), 2.36 (s, 18H, gMeH), 3.47

extended to diamagnetic lanthanides and to see if new reaction(s, 3H, QCCsMe;H), 3.73 (br s, 12HTHF), 5.83 (s, 3H, €Me,H).

products would be accessible, thathanunmreduction systems
(CsMesH)sLa/M and [(GMes),La][(u-PhypBPh]/M were cho-

13C NMR (CiDe): 6 11.6 (QCCsMesH), 11.7 (GMeH), 13.4
(CsMeyH), 13.7 (QCCsMeyH), 26.0 THF), 68.5 (5-QCCsMegH),

sen. These were selected because both gave isolable diamagne®-9 (THF), 113.3 (5€sMesH), 121.0 CsMeqH), 121.7 CsMeaH),

products in good yield with Nas a substrate?

Experimental Section

The manipulations described below were performed under
nitrogen with the rigorous exclusion of air and water using Schlenk,
vacuum line, and glovebox techniques.4{@s),La][(u-PhypBPh]2°
and KG?! were prepared according to the literaturesNi§4H)sLn
was prepared according to the literature EnLa,?? Nd,2® Sn¥?)
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Inst. 1962 133 113. (c) Semchenko, V. D.; Smirnov, V. Ar. Novochrk.
Politekhn. Inst1964 141, 15. (d) Semchenko, V. D.; Smirnov, V. &h.
Prikl. Khim. 1965 38, 2452. (e) Smirnov, V. A.; Semchenko, V. D.;
Semchenko, D. P.; Antropov, L. Eh. Prikl. Khim.1967, 40, 2345.
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2126.

133.2 (QCCsMeyH), 138.1 (QCCsMeyH), 177.7 (QCCsMeyH).
Elemental analyses were performed on single crystals B0
(see below). Anal. Calcd for gH1020:2ClLaz*C4H100 (i.e., 1+
Et,0): C, 53.48; H, 6.79; Cl, 2.13; La, 25.08. Calcd fowithout
Et,O in the crystal unit cell, @H1020:.ClLas: C, 52.95; H, 6.42;
Cl, 2.23; La, 26.25. Calcd fat—3THF, GgH7zg0oClLag: C, 50.79;
H, 5.73; Cl, 2.58; La, 30.39. Found: C, 51.52; H, 6.26; Cl, 2.3;
La, 24.4.IR: 2957m, 2926m, 2856m, 1644m, 1567m, 1513s, 1494,
1409vs, 1363s, 1328m, 1305m, 1189w, 1100w, 1069w, 850w,
815w, 776w, 714w, 676s, 656m cfm
{[(C5Me4H)2Ln](‘u-771:771-OZCC5Me4H)}2, 3.ATHF (ca. 15 mL)
solution of (GMe4H)sLa (146 mg, 0.3 mmol) was degassed through
three freeze pump—thaw cycles. CQ@(1 atm) was introduced, and

(22) Schumann, H.; Glanz, M.; Hemling, Bl. Organomet. Cheni993
445 C1.

(23) Schumann, H.; Glanz, M.; Hemling, H.; Hahn, FZEAnorg. Allg.
Chem.1995 621, 341.
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(25) Taylor, M. D.; Carter, C. PJ. Inorg. Nucl. Chem1962 24, 387.

(26) Evans, W. J.; Johnston, M. A.; Clark, R. D.; Ziller, J. Worg.
Chem.200Q 103 6672.
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Table 1. Air-Free Anhydrous APCI-MS of (CsMe4H)sLn/ techniques. The analytical scattering fact®fsr neutral atoms were
CO, Reaction Products (Ln = La, Nd, Sm, Gd), m/z used throughout the ana|ysis_
fragment identification La Nd Sm @&d [(CsMegqH)La(THF)] 3(u-7t:1-0,CCsMesH) 3(uz-n% 1% n>-COs)-

[(CsMesH)(O,CC:MeH)(toluene)Lnf 517 522 530 536 (,L‘t3-C|)‘Et20, 1-Et,0. A colorless crystal of approxmqte dimen-
[(CsMesH)2(0,CCsMegH)Ln]* 546 551 559 565 sions 0.27x 0.33 x 0.36 mm was handled as described above.
[(CsMe4H)3(02CCsMegH) L] ™ 971 981 994 1009 The diffraction symmetry was 2/and the systematic absences were
[(CsMe4H)z(OzCC5M64H)3Ln2]: 1015 1025 1038 1053 consistent with the centrosymmetric monoclinic space g2y
[(CsMesH)(OCCsMesH)alnz] 1059 1069 1082  nfa ¢ which was later determined to be correct. Hydrogen atoms were

aThe APCI mass spectrum of the{@e;H)3Gd/CQ; reaction products included using a riding model. There was one molecule of diethyl
also showed a peak at 834. ether solvent present. The tetramethylcyclopentadienyl ring defined

by atoms C(19)-C(28) was disordered. Each methyl carbon was

the solution was allowed to stir overnight. The solvent was removed included with a site occupancy of 0.80 to account for an even
in vacug and solids were extracted with toluene. The toluene was distribution of those atoms over the five ring positions. The methyl
then removedh vacuq leaving a pale yellow solidH NMR (THF- carbons were also assigned the same isotropic thermal parameters.
dg): 0 1.39, 1.73, 1.75, 1.79, 1.80, 1.84, 1.89, 1.91, 1.97, 1.99, The (GMe,sH)~ ring hydrogen atom was not included. At conver-
2.02,5.41, 5.43, 5.45, 5.8%C NMR (THF-dg): 6 10.77, 10.79, gence, wR2= 0.1051 and Goof 1.059 for 777 variables refined
11.1, 115, 12.1, 12.9, 13.0, 13.1, 13.2, 13.36, 13.39, 13.4, 13.5,against 16 715 data (0.78 A). As a comparison for refinement on
13.6,117.8,118.0, 119.1, 120.2, 120.7,121.1, 125.9, 126.1, 129.0,F, R1 = 0.0365 for those 14 267 data with> 2.00(l). Crystal-
129.7, 132.0, 132.6, 133.5, 136.56, 137.6, 138.3, 146.7, 148.0,|ographic data are presented in Table 1.
1535, 168.7, 177.5, 183.0, 184.7. IR: 3613w, 2968m, 29105,  [(CoMeqLa(u-ky-0,CCMes) (-1 72-0,CCaMeslo, 2. THF
2860m, 2729W, 1654W, 1552VS, 1478m, 14405, 13935, 13743,(10 mL) was degassed through three freeﬂemp—thaw Cyc|es
1355s, 1328m, 1239w, 1177w, 1146w, 1108m, 1073w, 1034m, and condensed onto [{Res).La][(u-PhyBPh] (282 mg, 0.39
992w, 973w, 934w, 907w, 842m, 768m, 706w, 676m, 641wtm mmol) and KG (57 mg, 0.42 mmol). CE(1 atm) was introduced,
The Nd analogue was pale blue; the Sm and Gd analogues wereand the solution was allowed to stir overnight. The solvent was
yellow. IR data for Ln= Nd, Sm, and Gd can be found in the  removedn vacuq and solids were extracted with toluene. Toluene
Supporting Information. APCI-MS (toluene) for l=aLa, Nd, Sm,  was removedn vacug and solids were dissolved in a minimal
and Gd are given in Table 1. At26 °C over -3 weeks, &  amount of methylcyclohexane. At26 °C over a period of months,
concentrated sample & gave yellow X-ray quality crystals of 5 concentrated sample gave colorless, X-ray quality crystads of
{[(CsMesH) La](u-n"n*-O.CCMesH)} 2 (41 mg, 26%)*H NMR A colorless crystal of approximate dimensions 0:19.22 x 0.38
(CeDe): 0 1.6, 1.73, 1.75, 1.77, 20.6, 2.08, 2.11, 2.12, 2.13, 2.15, mm was handled as described above. There were no systematic
2.18, 2.20, 2.33 (d), 5.77, 5.82, 5.83C NMR (CgDe): 6 11.0, absences nor any diffraction symmetry other than the Friedel
11.6,11.7,11.8,11.9,12.0,12.6, 13.1, 13.2, 13.3, 15.6, 14.6, 15.6,condition. The centrosymmetric triclinic space gro@i was
17.0,51.1,114.4, 119.8, 120.3, 121.1, 121.2, 121.6, 121.7, 122.0,35signed and later determined to be correct. Hydrogen atoms either
1222, 1320, 1330, 1352, 1374, 1384, 1386, 1490, 1560, 174.3were located from a difference Fourier map and refineﬁiand
181.5, 181.5. Anal. Calcd for L@seH7zs: C, 61.53; H, 7.19; La, ) or were included using a riding model. The molecule was
25.42. Found: C, 50.56; H, 5.86; La, 22.1 (elemental ratio |ocated about an inversion center. There was one molecule of
La2C53H73)._ methylcyclohexane present per formula unit (also located about an

Synthesis of [(GMe4H),La]CIK(THF) « and [(u-CsMesH)- inversion center). The solvent methyl group and associated hydrogen
(CsMe H)LaCl(u-CK(18-crown-6)],, 4.KCsMeH (225 mg, 1.4 atoms were included at 1/2 site occupancy. The disordered hydrogen
mmol) was added to a stirred suspension of La@62 mg, 0.7 atom attached to C(35) was not included. At convergence, wR2
mmol) in ca. 20 mL of THF, and the mixture was allowed to stir . 0467 and Goof= 1.064 for 570 variables refined against 8065

overnight. The solution was then centrifuged, and subsequentata (0.76 A). As a comparison for refinement®rR1= 0.0185
removal of solvenin vacuogave [(GMe4H),LaCLK(THF),] as a for those 7693 data with > 2.00(1).

flaky, yellow powder (188 mg, 45%JH NMR (THF-dg): 6 1.94
(s, 12H, GMeyH), 2.00 (s, 12H, GMeyH), 5.54 (s, 2H, GMeyH).
13C NMR (THF-dg): 6 11.8 (GMeyH), 13.4 (GMeyH), 112.1 Cs-
MegH), 119.0 CsMesH), 121.3 CsMesH). Anal. Caled for (G-
MesH),LaCLK: La, 28.27. Found: La, 28.1. A solution of
[(CsMe4H),La]ClLK(THF), (92 mg, 0.14 mmol) and 18-crown-6
(45 mg, 0.16 mmol) in ca. 0.5 mL of THF at35 °C over 1-3
weeks produced colorless crystals of Jid&4H).LaCl(u-Cl)K(18-
crown-6)}, 4 (104 mg, 82%).

X-ray Data Collection, Structure Solution, and Refinement
for 1-Et,0 and 2. X-ray crystallographic data were obtained by

mounting a crystal on a glass fiber and transferring it to a Bruker The space group was found to B2/c (No. 15). The data were
CCD platform diffractometer. The SMARTprogram package Was  jyweqrated using the Bruker SAINT software program and scaled

used to determine the unit-cell parameters and for data collection using SADABS. Solution by direct methods (SIR-2004) produced

(25 s/frame scan time for a sphere ??le diffraction d;[a)' The raw 5 complete heavy-atom phasing model consistent with the proposed
frame data were processed using SAfidnd SADABS" to yield structure. All non-hydrogen atoms were refined anisotropically by

the reflection data file. Subsequent calculations were carried out ¢ ||_matrix least-squares (SHELXL-97). All hydrogen atoms were
; - :
using the SHELXTE® program. The structures were solved by 5aceq using a riding model. Their positions were constrained

direct methods and refined of® by full-matrix least-squares  y|ative to their parent atom using the appropriate HFIX command

X-ray Data Collection, Structure Solution, and Refinement
for {[(CsMesH)oLn](u-nt:nt-0,CCsMesH)}2, 3. A light yellow
block 0.12x 0.10 x 0.10 mm in size was mounted on a Cryoloop
with Paratone oil. Data were collected in a nitrogen gas stream at
100(2) K usingp andw scans. The crystal-to-detector distance was
60 mm, and exposure time w& s per frame using a scan width
of 0.3. Data collection was 99.9% complete to 25.00 6. A
total of 24 812 reflections were collected covering the indie@2
<h=<21,-33<k=<32-18<1| < 17; 6768 reflections were
found to be symmetry-independent, withi&g of 0.0311. Indexing
and unit-cell refinement indicated@centered, monoclinic lattice.

(29) SMART Software Users Guid¥ersion 5.1; Bruker Analytical in SHELXL-97.
X-Ray Systems, Inc.: Madison, WI, 1999.

(30) SAINT Software Users Guidéersion 6.0; Bruker Analytical X-Ray (32) Sheldrick, G. MSHELXTLVersion 6.12; Bruker Analytical X-Ray
Systems, Inc.: Madison, WI, 1999. Systems, Inc.: Madison, WI, 2001.

(31) Sheldrick, G. MSADABSVersion 2.10; Bruker Analytical X-Ray (33) International Tables for X-Ray Crystallographyluwer Academic

Systems, Inc.: Madison, WI, 2002. Publishers: Dordrecht, 1992; Vol. C.
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product was not the oxalate of the Bnmetallocene reaction,
eq 4, but a carbonate ligand, ()%, as observed in the Sth
porphyrinogen reaction, eq 5. The half reaction for this reduction
is shown in eq 6.

2e +2C0,—CO° +CO (6)

The structure ofl revealed that C@also reacted in another
way in this system. One @esH)~ ligand per La had been
converted to a tetramethylcyclopentadienyl-substituted carboxy-
late, (QCCsMe4H)~. Insertion of CQ into metal ligand bonds
is well-knowr?>45 and includes insertion into LrC bonds*®—4°
However, insertion of C@into lanthanide cyclopentadienyl ring
linkages, to our knowledge, has been observed only with the
sterically crowded (6Mes)sLn complexes, eq 72 In these cases,

Ln = La, Ce, Pr, Nd, Sm

Figure 1. Thermal ellipsoid plot of [(@MesH)La(THF)la(u-n*:

17-0;CCsMeyH)s(us-n%n%n?-COs)(us-Cl), 1, drawn at the 30%  the unusually long LirC(CsMes) distances impanp!-(CsMes)
probability level. The disorder of the La(3) tetramethylcyclopen-  alkyl-like reactivity and insertion reactivity to the rings in these

tadienyl ring has been omitted for clarity. complexes.
X-ray Data Collection, Structure Solution, and Refinement Atte_mpts to isollate a crystaliine carbonate product from
for [(u-CsMe4H)(CsMeqH)LaCl(u-Cl)K(18-crown-6)],, 4. A col- reduction of chloride-free (§e4H)sLa were unsuccessful.

orless plate 0.15¢ 0.10 x 0.04 mm in size was handled as However, the synthesis dfcould be reproduced from mixtures

described foB. A total of 41 555 reflections were collected covering  Of (CsMesH)sLa and LaCi in a 2:1 ratio as well as from the
the indices—10 < h < 10, —23 < k < 23,-29 < | < 30; 8058 -ate” salt, (GMesH).LaCLK(THF),, although the yield was low

reflections were found to be symmetry-independent, wittRan in all cases. _
of 0.0294. Indexing and unit-cell refinement indicated a primitive, ~ As shown in Figures 1 and 2, the structurel@ontains three
monoclinic lattice. The space group was found toR#/n (No. [(CsMesH)(THF)La]t units that form a nearly equilateral

14). Solution by direct methods (SIR-97) produced a complete triangle with La--La distances of 4.433, 4.457, and 4.491 A.
heavy-atom phasing model consistent with the proposed structure.The three metals are connected on one side of thelaae by

a triply bridging chloride ligand and on the other by a triply

Results bridging carbonate. All of the (§Me4H)~ ligands are located
on the same side of the lanthanide plane as thef@oiety,
[(CsMesH)La(THF)] s(u-n*:7*-O,CCsMesH)s(usn? 525> while the THF ligands are all on the same side of the lanthanide

CO3)(u=-Cl), 1. To test LnZ/M reduction of carbon dioxide,  5ane a5 the chioride. The metals are also connected by the three
CO, at 1 atm was added to excess sodium and a sample of

- . -ptnl-tetramethylcyclopentadienyl carboxylates. The tetra-
(CsMe4H)3La. Unexpectedly, achll.orllde-contalnlng prod;c;was methylcyclopentadienyl carboxylates are oriented away from
obtained, [(GMesH)La(THR)(u-"y"-0:CCMeaH)s(us”n% e (GMeyH)- ligands and toward the THF side of the plane.
7°-CO3)(uz-Cl), 1, Figures 1 and 2. The glesH)sLa starting — tpe "c..c(carbonate) vector is perpendicular to the plane of
material evidently contained residual chloride that originated (o three lanthanum atoms.

from the LaC} precursor. Retention of chloride in lanthanide

syntheses often is a probleth. (35) Gibson, D. HChem. Re. 1996 96, 2063.

Although complexl contained a chloride from an impurity (36) Volpin, M. E.; Kolomnikov, I. S. IfDrganometallic Reactions, Vol.
in the starting material, it did reveal that this LiZZ/M 5; Becker, E. I., Tsutsui, M., Eds.; Wiley-Interscience: New York, 1975;
contaminant could effect reduction of @Qn this case the P 3(%% Chang, C.-C.; Srinivas, B.; Wu, M.-L.: Chiang, W.-H.; Chiang, M.

Y.; Hsuing, C.-S.Organometallics1995 14, 5150.

(34) (a) Mazdiyasni, K. S.; Lynch, C. T.; Smith, J.I8org. Chem1966 (38) Yang, K.-C.; Chang, C.-C.; Yeh, C.-S.; Lee, G.-H.; Wang, Y.

342. (b) Misra, S. N.; Misra, T. N.; Mehrotra, R. Bust. J. Chem1968 Organometallics2002 21, 1296.

21, 797. (c) Mehrotra, R. C.; Batwara, J. Morg. Chem.197Q 9, 2505. (39) Kohl, F. X.; Jutzi, PChem. Ber1987, 120, 1539.

(d) Mehrotra, R. C.; Kapoor, P. N.; Batwara, J. Koord. Chem. Re (40) Deacon, G. B.; Mackinnon, P. I.; Tuong, T.Bust. J. Cheml1983
198Q 31, 67. (e) Evans, W. J.; Sollberger, M. S.; Hanusa, TJPAm. 36, 43.

Chem. Soc1988 110, 1841. (f) Evans, W. J.; Sollberger, M. $org. (41) Schumann, H.; Meese-Marktscheffel, J. A.; Dietrich, AlrlEn
Chem.1988 27, 4417. (g) Evans, W. J.; Boyle, T. J.; Ziller, J. \Morg. F. H.J. Organomet. Chenl992 430 299.

Chem.1992 31, 1120. (h) Evans, W. J.; Boyle, T. J.; Ziller, J. \&/. Am. (42) Evans W. J.; Seibel, C. A,; Ziller, J. W.; Doedens, ROdgano-
Chem. Soc1993 115 5084. (i) Roesky, P. W.; Denninger, W.; Stern, C.  metallics1998 17, 2103.

L.; Marks, T. J.Organometallics1997, 16, 4486. (j) Lin, J.; Zhang, P.; (43) Evans, W. J.; Perotti, J. M.; Ziller, J. W. Am. Chem. So2005
Wang, Z.Yingyong Huaxud 998 15, 116. (k) Lin, X.; Doble, D. M. J.; 127, 3894.

Blake, A. J.; Harrison, A.; Wilson, C.; Scider, M. J. Am. Chem. Soc. (44) Evans, W. J.; Miller, K. A,; Ziller, J. Winorg. Chem.2006 45,
2003 125 9476. (I) Zi, G.; Yang, Q.; Mak, T. C. W.; Xie, Zorganome- 424.

tallics 2001, 20, 2359. (m) Wang, R.; Selby, H. D.; Liu, H.; Carducci, M. (45) Evans, W. J.; Perotti, J. M.; Kozimor, S. A.; Champagne, T. M.;
D.; Jon, T.; Zheng, Z.; Anthis, J. W.; Staples, Rlnbrg. Chem2002 41, Davis, B. L.; Nyce, G. W.; Fujimoto, C. H.; Clark, T. D.; Johnston, M. A,;

278. Ziller, J. W. Organometallic2005 24, 3916.
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(CSMe4H)Cnt
(CSMe4H)Cnt (C5Me4H)CIlt

0,0C,Me H

Figure 2. “Core” of [(CsMesH)La(THF)]s(u-nt:n1-0,CCsMesH)s(us-n%1n%n2-COs)(us-Cl), 1, as seen along the edge of the lanthanide
plane.

Table 2. X-ray Data Collection Parameters for [(GMe4sH)La(THF)] s(u-n1:n*-0,CCsMesH)s(u3-125%n?-CO3)(us-Cl), 1,
[(C5Me5)La(;H]1:1]2-02CC5Me5)(p-171:ql-OZCC5Me5)]2, 2, {[(C5Me4H)2La](;¢-1]1:171-02005Me4H)}2, 3, and
[(CsMe4H) LaCl(u-Cl)K(18-crown-6)],, 4

empirical formula GOH102C|L83012' C4H100 C64H9008L32'C7H 14 C56H78La204 C30H5006C|2KL8.
1 2 3 4

fw 1661.82 1363.36 1093.00 755.61

temp (K) 163(2) 163(2) 100(2) 100(2)

cryst syst monoclinic triclinic monoclinic monoclinic

space group P2i/c P1 C2/c P2i/n

a(d) 23.814(3) 12.0519(15) 17.136(3) 8.572(3)

b (A) 12.5446(15) 12.3970(16) 25.010(4) 17.910(6)

c(A) 26.514(3) 12.8787(16) 13.844(2) 22.612(7)

a (deg) 90 68.495(2) 90 90

B (deg) 106.749(2) 74.493(2) 100.998(3) 95.777(5)

y (deg) 90 77.091(2) 90 90

volume A3 7584.6(16) 1708.1(4) 5824.3(17) 3454.1(19)

VA 4 1 4 4

pcaica (Mg/m?) 1.455 1.325 1.246 1.453

w (mmL) 1.752 1.285 1.485 1.549

R22[I > 2.00(1)] 0.0365 0.0185 0.0401 0.0256

wR2 (all data) 0.1051 0.0467 0.1229 0.0613

R1= 3|IFol = IFcll/ZIFol. "WR2 = [Z[W(Fo* = F)F/ T [W(Fo?)7 12

The (CQ)?~ moiety is planar, with @-C—0O angles of 119.7- distances average 3.086 A and are longer than the terminal nine-
(3)°, 120.1(3y, and 119.5(3) The C-O carbonate distances coordinate lanthanide chloride bond lengths of 2.789(2) and
are equivalent within the error limits: 1.247¢(5).261(5) A. 2.893(2) A for {LaCl(OH)[O(CH,CH,OCH,CH,OH)]} Cl-

As shown in Figure 2, the plane of the (& ligand is parallel H,0%° and 2.816(2) and 2.872(2) A for LagiNsC1gH1g)°!and
to the plane of the three lanthanide atoms. The Q¢carbonate) are also longer then the-bridging distances of 2.781(1) and
distances vary from 2.556(3) to 2.603(3) A, Table 3, which are

typical for La—O(carbonate) distancé%46 16) F . 2.409(3) 10 2.608(3) A f CHCNIOh
The six La-O(carboxylate) distances vary from 2.435(3) A w;nl:)nz%rz_eég;f&;_ ;71:01(:,7)2}80'3)2][(%%] G.Srcﬁégg;eﬁ)‘((,\,afraja)ﬁ,( |_2_; )Se
for La(1)—O(1) to 2.480(3) A for La(2}O(3). These are within  caut, J.; Mazzanti, MDalton Trans.2006 1002). Additionally, the Sm

i i O(carbonate) distances in [Co(WE[Sm(COs)3(H20)] vary from 2.408(3)
:jhetbroad range otf)servezdA%—é:@z(cagngylﬁte%gséancas, €.g. to 2.565(6) A, which when normalized to La, are 2.492 to 2.607 A (Clark,
Istances range trom 2. (2) or LafCC(CH,)Me]s- D. L.; Donohoe, R. J.; Gordon, J. C.; Gorden, P. L.; Keogh, D. W.; Scott,

(H20),4" to 2.738(3) A for{La[O,CC(CH)Me]s(phen)(CH- B. L.; Tait, C. D.; Watkin, J. GJ. Chem. Soc., Dalton Tran200Q 1975),
CMeCQH)}2.48 The 2.533 A average La(CsMesH ring and the Ne-O(carbonate) distances in Nd(g@~ vary from 2.452(3) to

centroid) distance is close to other-£6CsMe;H ring centroid) \2,\',5.43(633 A,v’lw,f'.c\r};‘;hggl?oémashégg tg Lﬁq’oar;e %Eg;%%g'g’g 71}(5)‘5(5)“”(18’

distances such as 2.573 A in Y@esH)o(THF)Lak(u-n%n?* (47) Lu, W.-M.; Wu, J.-B.; Dong, N.: Chun, W.-Gcta Crystallogr. C

N2)® and La(GHg)(CsMesH)(THF),,4° and 2.616 A in (G 1995 C51, 1568.

Me4H)3La.22v23 The 2.587(3) and 2.612(3) A EeO(THF) (48) Lu, W.-M.; Shao, Z.-P.; Hu, J.-B.; Luo, X.-Y.; Gu, J.-NL Coord.
. . . / Chem.1996 40, 145.

distances are similar to the 2.636(3) A+@(THF) distance in (49) Schumann, H.; Glanz, M.; Winterfeld, J.; Hemling,HOrganomet.

[(CsMesH)o(THF)Lal(u-7%12-N2).° The lanthanide chloride Chem.1993 456, 77.
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Table 3. Selected Bond Distances (A) and Angles (deg) for
[(CsMe4H)La(THF)] 3([[-1]1:1]1-02CC5M94H)3'
(u31%n%n*-COz)(us-Cl), 1

La(1)-0(7) 2.563(3)  La(1}0O(10) 2.603(3)
La(1)-0(9) 2.557(3)  La(2)O(11) 2.587(3)
La(2)-0(7) 2.564(3)  La(3Y0(12) 2.612(3)
La(2)-0O(8) 2.501(3)  La(1)}CntR 2.537
La(3)-0(8) 2.603(3) La(2}Cnt® 2.528
La(3)-0(9) 2.556(3)  La(3yCnt3 2.538
La(L)+-C(59) 2.879(4)  La(1yCl(1) 3.1278(9)
La(2)--C(59) 2.907(4)  La(2¥CI(1) 3.0720(9)
La(3)+-C(59) 2.904(4)  La(3)Cl(1) 3.0581
La(1)-O(1) 2.435(3)
La(1)-0(6) 2.445(3)
La(2)-0(2) 2.445(3) O(FLa(l)-O(9)  51.57(8)
La(2)-0(3) 2.480(3) O(7yLa(l)-Cl(1)  68.80(6)
La(3)-0(4) 2.453(3) O(9yLa(l)-Cl(1)  68.87(6)
La(3)-0(5) 2.460(3) O(10yLa(1)-Cl(1)  79.58(7)
O(1)-La(1)-0(10)  72.62(10)
C(59y-La(l)-Cl(1) 60.24(7) O(6yLa(l)-O(10)  75.24(10)

acCntl is C(1)-C(5), Cnt2 is C(10)C(14), and Cnt3 is C(19)C(23).

Figure 3. Thermal ellipsoid plot of [(GMes)La(u-1%:72-O,CCs-
Mes)(u-nt:nt-0,CCsMes)],, 2, drawn at the 50% probability level.

2.86(3) A for [LaCh(NO3)(12-crown-4)}°2 and 2.85(1)-3.013-
(2) A for { LaCls[O(CH,CH,OCH,CH;OH),]} .22 Longer dis-
tances are expected for a triply bridging ligand.
[(C5Me5)La(,u-171:nl-OZCC5Me5)(,u-171:172-02CC5Me5)]2, 2.
Attempts were also made to reduce £®ith a LnZZ'/K
reaction like that in eq 3. Addition of CQo [(CsMes),La][(u-
PhyBPh] and KG in THF gave a mixture of products with a
complicatedH NMR spectrum indicative of numerous species.
Although no single C@reduction product was isolated, single
crystals of a CQinsertion product were obtained in low yield
that could be characterized by X-ray crystallographysl{€s)-
La(u-n-:n*-0,CCsMes) (u-nt:1?-0,CCsMes)],, 2, Figure 3. Since
each metal in comple had three (6Mes)~ groups in the form
of (CsMes)™ or (O,CCsMes) ™ and the starting material had only
two, ligand redistribution must have occurred in this reaction.
Complex 2 contains two symmetry-related [{fes)La]?"
units bridged by two crystallographically independemtC-
CGsMes)~ carboxylates. One carboxylate adoptsuat:n?®
bridging mode, and the other ig-yty. Both of these
have previously been observed in[@,CC(CHz),CH,CHg)e-

(50) Rogers, R. D.; Rollins, A. N.; Etzenhouser, R. D.; Voss, E. J.; Bauer,
C. B. Inorg. Chem.1993 32, 3451.

(51) Lisowski, J.; Mazurek, Polyhedron2002 21, 811.

(52) Rogers, R. D.; Rollins, A. Nlnorg. Chim. Actal995 230, 177.

(53) Rogers, R. D.; Etzenhouser, R. D.; Murdoch, J. S.; ReydapE].
Chem.1991, 30, 1445.

Evans et al.

Table 4. Selected Bond Distances (A) and Angles (deg) for
(C5Me5)La(;4-7/1:172-02C05Me5)(y-171:nl-OZCC5Me5)]2, 2

La(1)-Cn# 2.490 Cnt-La(1)-0(1) 109.4
La(1)-0(1) 2.4202(11)  CrtlLa(1)-0(2) 110.0
La(1)-0(2) 2.4363(11)  CrtLa(1)-0(3) 100.8
La(1)-0(3) 2.4542(12)  CntlLa(1)-0(4) 123.4
La(1)-O(4) 2.4715(11)  La(1yO(4)-La(l) 91.73(3)
La(1)-0(4) 2.9073(11)  O(3yLa(1)-O(4) 99.90(4)
La(l)-La(l)  3.8700(4)

aCntis C(1-C(5).

(CsHsN)4.54 A variety of carboxylate bridging modes have been
observed in dimeric lanthanide complexé8> and variations

in structure depending on the particular cyclopentadienyl ligand
have been describé&5’

The three La-O(carboxylate) distances, Table 4, for the
nonbridging oxygen atoms are similar to thoselinLa(1)—
0O(1), La(1>-0(2), and La(1)-O(3) are 2.420(1), 2.436(1), and
2.454(1) A, respectively. The bridging oxygen has a distance
of 2.471(1) A for La(1}-O(4) and a long-range interaction of
2.904(1) A for La(1)}-O(4). The La-(CsMes) distance is 2.490
A and can be compared to other mona@s) complexes of
lanthanum: 2.503 A for (@Mes)La(AlMey),,%8 2.517, 2.537,
and 2.541 A fof{ [CsMes)La]s(u-Cl)s(thf) (u-17%35:175-C1eH10)} ,>°
2.528 and 2.534 A for (Mes)La[CH(SiMe)]2,6%61and 2.559
A for (CsMes)La[CH(SiMes),]o(THF) 61

Reaction of (GMe4H)sLn with CO ; (Ln = La, Nd, Sm,
Gd). To determine if the C@insertion chemistry could be
observed without the alkali metal reagentsesH)sLa was
treated with CQwithout the presence of an external reductant.
The IH NMR spectrum of the bulk product showed 11 peaks
in the (GMeyH)~/(0,CCsMeyH) ™~ region. The*C NMR spec-
trum showed four distinct peaks in the carboxylate region, with
the most prominent at 178 ppm, which is typical of metal
carboxylate®6263and similar to that found id. This suggested
that insertion of CQ into La—(CsMe4H) units had occurred,
but that multiple products were present.

A few crystals of the (@Me4H)3La/CO; reaction product were
obtained along with a powdery byproduct. Unfortunately, the
determination was complicated by a highly disordered structure.
Data on a high-quality crystal, however, did allow for modeling
of the disorder. The structure shows the insertion of, @b
one of the (GMesH)~ rings to form a complex of composition
{[(CsMegH) La](u-1t:3*-0.CCsMesH)} 2, 3, Figure 4. The La
and carboxylate moieties form an eight-membered ring in a
structure similar to other lanthanide carboxyleted? However,

(54) Evans, W. J.; Giarikos, D. G.; Ziller, J. \@rganometallic2001,
20, 5751.

(55) (a) Lu, W.-M.; Wu, J.-B.; Dong, N.; Chun, W.-@cta Crystallogr.
1995 C51, 1568. (b) Petrochenkova, N. V.; Bukvestskii, B. V.; Mirochnik,
A. G.; Karasev, V. EKoord. Khim.2002 28, 67. (c) Lu, W.-M.; Shao,
Z.-P.; Hu, J.-B.; Luo, X.-Y.; Dong, N.; Gu, J.-Ml. Coord. Chem1996
40, 145. (d) Wu, B.; Guo, Y.-SActa Crystallogr.2004 E60, m1261. (e)
John, D.; Urland, WEur. J. Inorg. Chem2005 4486. (f) Manna, S. C.;
Zangrando, E.; Ribas, J.; Chaudhuri, N.FRlyhedron2006 25, 1779.

(56) Schumann, H.; Zietzke, K.; Weimann, Rur. J. Solid State Inorg.
Chem.1996 33, 121.

(57) Deacon, G. B.; Quitmann, C. C.; Mer-Buschbaum, K.; Meyer,
G. Z. Anorg. Allg. Chem2001, 627, 1431.

(58) Dietrich, H. M.; Zapilko, C.; Herdweck, E.; Anwander, Rrga-
nometallics2005 24, 5767.

(59) Thiele, K.-H.; Bambirra, S.; Sieler, J.; Yelonek,Agew. Chem.,
Int. Ed. 1998 37, 2886.

(60) Klooster, W. T.; Brammer, L.; Schaverien, C. J.; Budzelaar, P. H.
M. J. Am. Chem. Sod.999 121, 1381.

(61) van Heijden, H.; Schaverien, C. J.; Orpen, A.@Bganometallics
1989 8, 255.

(62) Hill, M.; Wendt, O. F.Organometallic2005 24, 5772.

(63) Yang, K.-C.; Chang, C.-C.; Yeh, C.-S.; Lee, G.-H.; Peng, S.-M.
Organometallic2001, 20, 126.
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Figure 4. Thermal ellipsoid plot of [(CsMe4H) La](u-1%:n*-O-
CGCsMe4H)}, 3, drawn at the 50% probability level.

Table 5. Selected Bond Distances (A) and Angles (deg) for
{[(CsMesH)oLn](p-n':n'-O,CCsMeqH)} 2, 3

La(1)-Cnt2 2.529 Cnttla(l)-Cnt2  129.85
La(1)-Cnt2 2.548 C(20)-C(19)-C(20)  109.2(5)
La(1)-O(1) 2.386(3) C(19YC(20)-C(23) 133.1(5)
La(1)-0(2) 2.387(3) C(21)C(20)-C(23)  120.8(5)
La(1)--La(l) 5.219 C(19¥-C(20)-C(21)  106.1(4)
C(19)-C(20) 1.424(5)  C(23)C(20)-C(23)  47.3(6)
C(20)-C(21) 1.488(6) C(19)C(20)-C(23) 117.8(5)
C(21)-C(21) 1.338(10) C(213C(20)-C(23) 111.0(5)
C(31)-C(32) 1.325(12) C(20)C(21)-C(21) 109.3(3)
C(27)-C(28) 1.346(15) C(24)C(21)-C(24) 127.5(3)
C(26)-C(28) 1.374(9)  C(20yC(21)-C24)  123.2(5)
C(27)-C(31) 1.477(16) C(28}C(26)-C(25) 118.0(4)
C(26)-C(32) 1.646(9)  C(28)C(26)-C(32) 102.3(6)
C(25)-C(26)-C(32)  107.3(3)
C(32-C(31)-C(27) 109.5(9) C(28)C(27)-C(34) 134.7(11)
C(32)-C(31)-C(30) 137.0(10) C(28)YC(27)-C(31) 109.0(8)
C(27)-C(31)-C(30) 113.3(9) C(34)YC(27)-C(31) 115.9(10)
C(31)-C(32)-C(29) 129.7(10) C(2AC(28)-C(26) 113.4(8)
C(31)-C(32)-C(26) 105.8(7) C(2AC(28)-C(33) 130.6(10)
C(29)-C(32)-C(26) 124.5(8)  C(26)C(28)-C(33) 116.0(10)

aCntl is C(1)-C(5) and Cnt2 is C(16)C(14).

in contrast to the [(EMes),SmM(G:CR)], structures (R=
phenyl#? allyl,*3 EPH4), which have planar eight-membered
(SmQC), rings, the structure o8 has a kinked arrangement,
similar to that seen ii[(CsMeH,)Yb](u-1t:nt-0,CCeHs)} 2.57

In contrast with2, only u-1:7%-0,CR bridging of the carbox-

Organometallics, Vol. 26, No. 19, 20073

Figure 5. Ball-and-stick diagrams of the disordered,G@sMe,H)~
moieties. (Top) The (&CCMe,H)~ moiety associated with the
C(25) carbonyl; (bottom) the ({@CsMe4H)~ moiety associated with
the C(22) carbon. Both ({@CsMe,H)~ moieties are shown in the
context of the La(u-nt:n’-O,CR), ring.

Both (O,CCsMeyqH)™ ligands are disordered, each in a
different way. The (@CCsMesH)~ unit involving C(25) is
disordered over two positions, with C(26) being common for
both, Figure 5. The model suggests insertion of,GD the
H-substituted carbon of the éNle,H)~ ring. In the case of the
other ring, disorder occurs in the methyl groups attached to the
C(20) atoms adjacent to the carbon at which the, @Serted.

The data suggest that this latter carbon atom, C(19), 4s sp
hybridized and that a hydrogen shift has occurred such that the
C(20) atom is substituted with both a methyl group and

ylate is seen. This is consistent with the more sterically crowded hydrogen. This would be consistent with the very complicated

environment of [(GMe4H),La]" compared to [(EMes)La]?+

NMR spectra observed in these systéfms.

and the propensity of bridging to increase with decreasing steric  Attempts to find an ordered system were made with other

crowding®® Differences in the LAO—C angles have been
ascribed to a coordination approaching':7?-O,CR rather than
u-nt:nt-O,CR. In the case 08, the two angles are 151.2(2)
and 157.0(3)for La(1)—0O(1)—C(22) and La(1}0O(2)—C(25),
respectively, which give a difference of about Svhich is in
contrast to 16-12° in {[(CsMeH,)Yb](u-nt:n1-0,CCsHs)} 257
or 14-34° in {[(C5H5)Yb](‘u-771:171-02CC6F5)} 264

The La(1)-(CsMeyH ring centroid) average, 2.539 A, Table
5, is comparable to that found th The La(1)-O(1) and La-
(1)—0O(2) distances of 2.386(3) and 2.387(3) A, respectively,
are equivalent to those found in The La(1)--La(l’) distance
is 5.219 A, which is much longer that the 1:d_a distances of
4.433, 4.457, and 4.491 A ih

(64) Deacon, G. B.; Fallon, G. D.; MacKinnon, P. |.; Newnham, R. H.;
Pain, G. N.; Tuong, T. D.; Wilkinson, D. LJ. Organomet. Cheni984
277, C21.

lanthanides, but this led to even more complexitysMEsH)s-

Ln complexes of Nd, Sm, and Gd also react with £@s
evidenced by rapid color changes upon CGf@dition in each
case. X-ray diffraction on crystals obtained from the Nd
reactio{® gave a unit cell isomorphous with that&fand those
data similarly gave a highly disordered structure. Sm gave
crystals in a different space grdidrom that of La and Nd,
but also showed a similar extensive disorder. In this case, the
limited data indicated that insertion occurred at the methyl-
substituted carbon atomgthouthydrogen migration. No X-ray
quality crystals were obtained from the Gd reaction.

(65) Evans, W. J.; Kozimor, S. A,; Ziller, J. W.; Fagin, A. A.; Bochkarev,
M. N. Inorg. Chem 2005 44, 3993.

(66) Space groug2/c; a = 16.97 A,b = 25.00 A,c = 13.86 A,a =
90°, f = 101.70, y = 90°, V = 5755.8 &

(67) Space groufl;, a= 11.09 A,b = 11.65 A,c = 1255 A,a =
72.68, f = 66.67, y = 80.24, V = 1419.17 R,
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The infrared spectra of these @esH)sLn/CO, reaction
products (Ln= La, Nd, Sm, Gd) are virtually identical.
Absorptions in the 1300 to 1700 crhregion were characteristic
of symmetric and asymmetric stretching of the carboxylate
moietie$® suggested by X-ray crystallography, but multiple
peaks in this region, as well as in the lower wavelength region,
characteristic of the OCO bending/rocking region, suggest that
more than a single product is preséhthis is consistent with
the complicatedH and13C NMR spectra.

To obtain additional data on insertion of g@nto the
(CsMe4H) ™ rings, the (GMe4H)sLn/CO, reaction products were
investigated by anhydrous/water-free atmospheric pressure
chemical ionization mass spectrometry (APCI-M&Bpectra
for the products of all four reactions were similar, Table 1. The
major peaks were due to [{desH)(0.CCsMesH)(toluene)Lnf
and [(GMesH),(0,CCsMezH)LN]* fragments. The next most
prominent ions were [(EMesH)3(0.CCsMesH).Lno] ", [(Cs-
MesH)2(02CCsMegH)sLno]*, and [(GMesH)(O.CCsMesH)s-
Lno]*.

[(u-CsMeH)(CsMe4qH)LaCl( u-Cl)K(18-crown-6)],, 4. In
the course of these studies, it was of interest to obtain more

S
Figure 6. Thermal ellipsoid plot of a monomer of{{CsMe,H)(Cs-

MeyH)LaCl(u-Cl)K(18-crown-6)}, 4, drawn at the 50% probability
level.

Evans et al.

Table 6. Selected Bond Distances (A) and Angles (deg) for
[(#-CsMeyH)(CsMeyH)LaCl( u-Cl)K(18-crown-6)],, 4

information about the chloride intermediates formed from LaCl
and KGMe4H. Although this type of information is well-known
in the (GMes)~ system, in which “ate” salts of formula §€
Mes),Ln(u-Cl).K(donor solvent) are commort? only one
structurally characterized (®esH)~ analogue had ever been
reported to our knowledge, §MlesH),Yb(u-Cl),Li(THF),.7°
This was obtained as a byproduct of a carborane metallocene
reaction. Attempts to obtain an “ate” salt ofs{@e4H),LnCI,K

were aided by the addition of 18-crown-6, and an unusual
structure was obtained f{CsMesH)(CsMesH)LaCl(u-Cl)K (18-
crown-6)}, 4, Figure 6, which contains a bridging {&e,H)~
ligand.

The structure of4 differs from (GMesH),Yb(u-Cl),Li-
(THF),"%in that the alkali metal is not coordinated by both halide
ligands. The presence of a terminal Cl cannot be attributed solely
to the presence of the crown ether, since an “ate” salt containing
a K(18-crown-6) moiety is known in which both halides are
bridging: [GHa(‘Bu)s].Dy(u-Cl),K(18-crown-6)7* In 4, CI(1)
is a terminal ligand with a Cl()La(1) distance of 2.732(1)

A, Table 6. There are no long-distance interactions with other
lanthanum ions: the closest La is 5.857 A away and the closest
distance between CI(1) and another unitdgis a 3.901 A
distance to a methyl group of adkde4H)~ group. CI(2) bridges
between La(1) and K(1) with a La(%)Cl(2) distance of 2.770-

(1) A and a K(1)-CI(2) distance of 3.022(1) A. The €ELa—

Cl angle and the CtLa—Cnt angles are all within the narrow
range 102.6:105.9. This is in contrast to (€MesH).Yb(u-

(68) (a) Paterl, K. S.; Faniran, J. A.; Earnshaw,JAlnorg. Nucl. Chem.
1976 38, 352. (b) Alcock, N. W.; Tracy, V. M.; Waddington, T. Q.
Chem. Soc., Dalton Trand976 2243. (c) Deacon, G. B.; Huber, F.;
Phillips, R. JInorg. Chim. Actal985 104, 41. (d) Karraker, D. GJ. Inorg.
Nucl. Chem1969 31, 2815.

(69) (a) Junk, P. C.; Smith, M. KAppl. Organomet. Chen2004 18,
252. (b) Albrecht, I.; Hahn, E.; Pickardt, J.; Schumann,litorg. Chim.
Acta1985 110, 145. (c) Schumann, H.; Albrecht, I.; Loebel, J.; Hahn, E.;
Hossain, M. B.; van de Helm, Mrganometallics.986 5, 1296. (d) Rausch,
M. D.; Moriarty, K. J.; Atwood, J. L.; Weeks, J. A.; Hunter, W. E.; Brittain,
H. G. Organometallicsl986 5, 1281. (e) Evans, W. J.; Broomhall-Dillard,
R. N. R.; Foster, S. E.; Ziller, J. WI. Coord. Chem1999 46, 565. (f)
Evans, W. J.; Broomhall-Dillard, R. N. R.; Foster, S. E.; Ziller, J. W.
Coord. Chem.1998 43, 199. (g) Gamer, M. T.; Canseco-Melchor, G.;
Roesky, P. WZ. Anorg. Allg. Chem2003 629, 2113. (h) Evans, W. J,;
Olofson, J. M.; Zhang, H.; Atwood, J. IOrganometallicsL998 7, 629. (i)
Evans, W. J.; Boyle, T. J.; Ziller, J. Wnorg. Chem.1992 31, 1120.

(70) Zi, G.; Yang, Q.; Mak, T. C. W.; Xie, ZOrganometallics2001,
20, 2359.

(71) Jaroschik, F.; Nief, F.; Le Goff, Rrganometallic007, 26, 1123.

La(l)-Cl(1)  2.7322(10) Cl(I¥La(1)~-CI(2)  102.637(18)
La(1)-Cl(2)  2.7695(10)  CntiLa(l)-Cnt2 132.4(5)
La(l-Cntl2  2.551(2) cnt(lyLa(l)-Ci(1)  105.1(4)
La(l-Cnt®  2.553(2) Cnt(LyLa(1)-Cl(2)  103.3(4)
K(1A)—CI(2)  3.0222(9)  Cnt(2La(1)-Cl(1)  105.9(5)
K(1)—O(1) 2.849(3) cnt(2yLa(1)-Cl(2)  104.1(4)
K(1)—0(2) 2.736(3) La(1yCI(1)—K(1) 146.61(2)
K(1)—0(3) 2.850(3) C(13)yC(18)}-K(1)  171(1)
K(1)—O(4) 2.776(3)

K(1)—0(5) 2.895(3) H(18AYK(1") 2.982
K(1)—0(6) 2.815(3) H(18GYK(1") 2.915
C(18)-K(1')  3.201(2) H(18B)-K(1") 3.167

acntl is C(1)-C(5) and Cnt2 is C(16)C(14).

Figure 7. Ball-and-stick representation of the polymer chain of
[(u-CsMe4H)(CsMeyH)LaCl(u-Cl)K(18-crown-6)], 4.

Cl),Li(THF),, which has a C+Yb—CI angle of 86.7. All the
K(1)—O(18-crown-6) distances are typi¢al2 and fall in the
range 2.736(3y2.895(3) A.

Unexpectedly, a methyl group on one of theN@sH)~ rings
in 4, C(18), is oriented toward a potassium of another molecule
of 4, resulting in the formation of a polymeric network, Figure
7. The K(1)—C(18) distance is 3.201(2) A, which is within
the range of methytpotassium agostic bonding: 3.082 to 3.357
A.73 This methyl bridging produces the chain structure in the
solid state.

(72) (a) Cambillau, C.; Bram, J.; Corset, C.; Riche, C.; Pascard-Billy,
C. Tetrahedrornl978 34, 2675. (b) Evans, W. J.; Rego, D. B.; Ziller, J. W.
Polyhedron2006 25, 2691.
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Attempts to use the LrggM and LnZZ'/M reduction systems
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this study have no obvious steric crowding. Their-& bond
distances are quite normal, yet gi@sertion is facile. Observa-
tion of CG; insertion in the formation of and in the reactions

with CO; have revealed a much more general reaction of carbonwith the (GMesH)sLn complexes could be rationalized as a

dioxide with lanthanide metallocenes, namely, insertion. Al-

special reaction for the tetramethylcyclopentadienyl ligand with

though CQ can be reduced to carbonate by these systems asCO,. However, formation of the (§Mes)~ product,2, from a

observed inl, the more general and pervasive reaction is
insertion of CQ to make cyclopentadienyl carboxylates. This
complicates the reduction chemistry of €®mith (CsMesH) .
With CO,, the Sm' reductions in eqs 4 and 5 are more
selective, higher yield reactions than the kfM and Ln4Z'/M
reductions. The obervation of two reaction pathways, insertion
and reduction, in the synthesis df has parallels in the
complicated CQ@reaction chemistry of Yb(gFs), reported by
Deacon et al., in which CQnsertion is accompanied by~
activation#®

The propensity of C@insertion with these metallocenes was
unexpected. C@insertion reactions with (§Mes)sLn complexes
to make (GMes),Ln(O,CCsMes) products has been rationalized
to occur due to the extreme steric crowding in theMEs)sLn
starting material4>74 The starting materials that insert g

(73) Typical K—C(methyl) distances in these complexes are 3.082 and
3.089 A for {KZn[N(SiMes)s]2(CH.Ph} . (Clegg, W.; Forbes, G. C.;
Kennedy, A. R.; Mulvey, R. E.; Liddle, S. Them. Commur2003 406);
3.14 and 3.30 A for{5!-[(PN'Bu)(N'Bu)]} Zr=N'Bu[N(‘Bu),PPNBuU]-
[K(C6He)]w (Bai, G.; Roesky, H. W.; Noltemeyer, M.; Schmidt, H.-G&.
Chem. Soc., Dalton Trang002 2437); 3.187(3) and 3.223(4) A f¢t.a-
[(173-C3H3SiMes),SiMey] o[ u-K(THF)]n* THF} .. (Woodman, T. J.; Schormann,
M.; Bochmann, MOrganometallic2003 22, 2938); 3.245(2) A for [KN-
(SiMePh)(C7Hg)] 224 3.247(8) A for { Yb[N(SiMes)s]a} Ko[Zr2(O'Pr)]
(Evans, W. J.; Johnston, M. A,; Clark, R. D.; Anwander, R.; Ziller, J. W.
Polyhedror2001, 20, 2483); 3.261 A for [K(THRJ|{ SIINCH,CHMey),CeH4-
1,2} 4 (Gehrus, B.; Hitchcock, P. B.; Pongtavornpinyo, R.; Zhand)&lton
Trans. 2006 1847); 3.327(5) A for K(carbazolgNMe[CH4(NMey)]}
(Gregory, K.; Bremer, M.; von Rague Schleyer, P.; Klusener, P. A. A;;
Brandsma, LAngew. Chem., Int. Ed. Engl989 28, 1224); 3.328(10) A
for [K2(CsHs)]{ Zn[N(SiMes),]3} (Forbes, G. C.; Kennedy, A. R.; Mulvey,
R. E.; Roberts, B. A.; Rowlings, R. BDrganometallic2002 21, 5115);
3.290(3) A for K[C(Ph)(SiMg);] (Feil, F.; Harder, SOrganometallic200Q
19, 5010); 3.349(3) A for (18-crown-6)K[Si(OMe)(SiMg] (Likhar, P. R_;
Zirngast, M.; Baumgartner, J.; Marchner,Chem. Commur2004 1764);
3.357 A for [(DME)K(18-crown-6)J[(MeSiCy2Hs)>CoH4] (Liu, Y.; String-
fellow, T. C.; Ballweg, D.; Guzei, I. A.; West, R. Am. Chem. So002
124, 49).

(74) Evans, W. J.; Davis, B. LChem. Re. 2002 102, 2119.

[(CsMes),Ln][(u-PhyBPhy] precursor shows that this is not
limited to (GMegH) .

The complexity of the product mixtures found in this study
suggests that CQOnsertion into cyclopentadienyl ligands can
occur in a variety of ways. Given the disordeiSiand the ligand
redistribution in2, it is quite possible that these reactions would
form intractable mixtures. Perhaps this is why crystallographic
data on this type of reaction have not been reported earlier. This
type of reactivity must be kept in mind in any reactions of
(CsMe4H)~ complexes with C@and related reagents. Formation
of a variety of insertion products could complicate any other
type of reactivity being pursued with these reagents.

Conclusion

Evaluation of the reduction chemistry of GQvith the
LnZs/M and LnZZ'/M reduction systems has revealed that,CO
insertion into both (gMe4H)~ and (GMes)~ ligands attached
to lanthanides is much more facile than previously thought.
Complicated mixtures of cyclopentadienyl carboxylates can be
readily generated in these reactions.
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