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Carbon Dioxide Complexation: Infrared Spectroscopy of Iron and Ruthenium
n°-Cyclopentadienyl Carbonyl Metallocarboxylates
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The metallocarboxylates FpGO(1-Mg?™, -Lit, -Na*, -KT), Cp*(CORFeCQ K™ (3-K*), and Cp(CORUCQ,~
(4-Na', -K*) were generated in THF at78 °C by treating the CpM(CQJ-Li ™, -Na', -K*, or -Mg?™ metalate

with 1.0—1.2 equiv of CQ (or 3CQ,). The results of studies that were carried out onsS4€l trapping of
1-Mg?*, -Lit, -Na", -K*+, "BuyN™, and -(dibenzo-18-crown-6)Kas Cp(CO)FeC(O)OSiMe (5) indicated that
1-Mg?t, -LiT, -Na", and -K" are stable at room temperature for at least 1 h, and with proper precautions their IR
spectra can be obtained. TH& NMR and IR spectrab(OCO) andv(CO) assignments—15 °C to room
temperature) are consistent with (a) ionic g¥-C:;2-O,0) metallocarboxylate structures that are symmetrically
chelated to the metallic counterion and (b) increasing charge density on the Fp moiety through the counterion
sequencé-Mg?", -LiT, -Na', and -K". This counterion sequence reflects an attenuation of carboxydatenterion

ion pairing that influences the (a) exchange of tA@ label between the carboxylate and carbonyl ligands on
Cp(CORMICO,~ [« Cp(CO)ECO)MCO,7] and (b) reversible dissociation of carbon dioxide from these
metallocarboxylates. A net effect of these coupled reactions is that CEgE&)O,~ converts residual (unbound)
13CO; to unlabeled C@ Both of the reactions were observed only with the more readtida™ and 1-K ™,

which less tightly bind their Naand K" counterions to the carboxylate oxygens. An example of the postulated
metalloanhydride intermediate Cp(COY@(O)OC(O) for the carboxylate carbonyl label exchange may have
been detected for M= Ru. Cp(CO}RUCG,~ (4-Na') isomerized to (the tentatively assigned) Cp(COYRO)-
OC(O) above~—10 °C, which then degraded upon further warming abovicto Cp(CO}RuH.

Introduction Anionic metallocarboxylates typically have varying degrees of

: . . . " ... ion pairing/chelation of alkali metal counteriof?1° This ion
Despite the intense interest in transition-metal carbon dioxide

complexe$ —especially those used as templates for catalytic (4) chatt, J.; Kubota, M.: Leigh, G. J.; March, F. C.; Mason, R.; Yarrow,

CO, reductio? and related coordinated ligand reactibns D. J.J. Chem. Soc., Chem. Commua874 1033. Recent examples:
—relatively few examples involving a single transition metal g‘) Ab'l\’afgzg ,\Fz-? Ca”%”"k E-?C'\ﬂla”“' é %8':’0‘1’8‘132'%-6'--/?\?Ut'e”ez'
have be_en characte_r_ized. This has been ascribed id)é)’_@_g Rl.‘l;eAt\?v’ooa, J_Ofg%am'qor:g; E.;?Fg, F‘,’_ I gove%a’ M. L. Eaégé’rs,
a poor ligand; transition-metal compounds that are sufficiently R. D. Inorg. Chem.1991, 30, 1493. (b) Lee, G. R.; Maher, J. M.;
electron-rich to bind C@often reduce it to carbon monoxide go%leth- JJi /-l\quC*}em_- ?0298&109’\/'2926- N(?)thlmoée,mK-

: : ; : ; ; .; Vanderpool, R. A.; Tsai, J.-C.; Khan, M. A,; Nicholas, K. NL
via reductive disproportionatidror oxygen atom abstra(_:tlén Am. Chem. S0d98§ 11, 2004 (d) Reinking, M. K. Ni, J.; Fanwick,
pathways. Nevertheless, two structural types o Cabrdina- P. E.: Kubiak, C. PJ. Am. Chem. S0d.989 111, 64509.
tion have been identified for a limited number of stable,CO (5) (a) Lee, G. R.; Cooper, N. @rganometallics1985 4, 1467. (b) Bryan,

- 61 2_ J. C.; Geib, S. J.; Rheingold, A. L.; Mayer, J. M. Am. Chem. Soc.
cpmplexes. ﬁ C).COZ metallgcarboxylal%and 67 C.0)CQ 1987 109 2826. Bryan, J. C.; Mayer, J. M. Am. Chem. S0d99Q
side-on coordination (Chart 1y. 112, 2298. Hall, K. A.; Mayer, J. MJ. Am. Chem. S0d.992 114,

Metallocarboxylate complexes can be further divided into 1?1402. (c) Alt, H. G.; ?dc)hwmd' K. H.; Rausch, M. D. Organomet.
iOnNi c,8 iOni Chem.1987 321, C9. Aresta, M.; Quaranta, E.: TommasiJl.
those that are cationic, neutfaic-8or more commonly anionic. Chem. Soc., Chem, Commu2g8 450, (e) Tsai, J.-C.. Khan, M.
Nicholas, K. M.Organometallics1989 8, 2967. Fu, P.; Khan, M. A ;

® Abstract published idvance ACS Abstract®ecember 1, 1996. Nicholas, K. M.Organometallics1991, 10, 382.

(1) (1) Reviews on C®@ complexes: (a)Organic and Bio-Organic (6) Metallocarboxylate structures established by X-ray crystallography:
Chemistry of Carbon Dioxiddnoue, S., Yamazaki, N., Eds.; Wiley: (a) (Pr-salen)CoC®OK™, Gambarotta, S.; Arena, F.; Floriani, C.;
New York, 1982. (b) Behr, AAngew. Chem., Int. Ed. Engl988 Zanazzi, P. FJ. Am. Chem. S0d.982 104, 5082. Floriani, CPure
27, 661. Carbon Dioxide Actiation by Metal ComplexesVCH Appl. Chem.1983 55, 1. (b) t-Cl(diarsyRhCO, Calabrese, J. C.;
Publishers: Weinheim, Federal Republic of Germany, 1988. (c) Herskovitz, T.; Kinney, J. BJ. Am. Chem. S0d.983 105, 5914. (c)
Braunstein, P.; Matt, D.; Nobel, BChem. Re. 1988 88, 747. (d) t-(CO)(bpypRUCO3H,0, Tanaka, H.; Nagao, H.; Peng, S.-M.;
Catalytic Actvation of Carbon DioxideACS Symposium Series 363; Tanaka, K.Organometallics1992 11, 1450. Tanaka, H.; Tzeng, B.-
Ayers, W. M., Ed.; American Chemical Society: Washington, DC, C.; Nagao, H.; Peng, S.-M.; Tanaka, Ikorg. Chem1993 32, 1508.
1988. (7) For a recent listing of COcomplexes, see ref 6¢c. Sakamoto, M.;

(2) Recent examples of homogeneous catalytic hydrogeratfoand Shimizu, I.; Yamamoto, AOrganometallics1994 13, 407.
hydrosilatio?d of CO,: (a) Tsai, J.-C.; Nicholas, K. M. Am. Chem. (8) (a) t-Cl(dmpe}IrCO,: Herskovitz, T.; Guggenberger, L. J. Am.
S0c.1992 114, 5117. (b) Graf, E.; Leitner, WI. Chem. Soc., Chem. Chem. Soc1976 98, 1615. Herskovitz, TInorg. Synth.1982 21,
Commun.1992 623. Leitner, W.; Dinjus, E.; Grassner, F. Orga- 99. (b) (N-macrocycle)CoCg and (L)(en}CoCQ™: Katz, N. E.;
nomet. Chem1994 475, 257. (c) Jessop, P. G.; Ikariya, T.; Noyori, Szalda, D. J.; Chou, M. H.; Creutz, C.; Sutin, N.Am. Chem. Soc.
R. Nature1994 368, 231. Jessop, P. G.; lkariya, T.; Noyori, Bhem. 1989 111, 6591. Fujita, E.; Creutz, C.; Sutin, N.; Szalda, DJ.JAm.
Rev. 1995 95, 259. (d) Eisenschmid, T. C.; Eisenberg, ®&gano- Chem. Soc1991, 113 343. Creutz, C.; Schwarz, H. A.; Wishart, J.
metallics1989 8, 1822. F.; Fujita, E.; Sutin, NJ. Am. Chem. Sod991 113 3361. Szalda,

(3) (a) Cutler, A. R.; Hanna, P. K.; Vites, J. Chem. Re. 1988 88, D.; Chou, M. H.; Fuijita, E.; Creutz, Gnorg. Chem1992 31, 4712.
1363. (b) Khan, M. A.; Nicholas, K. MOrganometallics1992 11, Fujita, E.; Creutz, C.; Sutin, N.; Brunschwig, B.I8org. Chem1993
2607. (c) Tsai, J.-C.; Khan, M. A.; Nicholas, K. Mhrganometallics 32, 2657. (cit-(CO)(bpypRUCQO::6¢ Tanaka, H.; Nagao, H.; Peng, S.-
1991 10, 29. Tsai, J.-C.; Khan, M. A.; Nicholas, K. MOrganome- M.; Tanaka, K.Organometallics1992 11, 1450. Tanaka, H.; Tzeng,
tallics 1989 8, 2967. (d) Aresta, M.; Gobetto, R.; Quaranta, E.; B.-C.; Nagao, H.; Peng, S.-M.; Tanaka, Btganometallics1992 11,
Tommasi, l.Inorg. Chem.1992 31, 4286 and references cited. 3171.
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Chart 1 Scheme 1. Reactions of Electrophiles with Cp(CeCQ—
o (1-Lit, -Na*, -K™)
/C < co
LM—C LM —| + CO2
X \0 X c . (:_} - 4: :; /o
Yo Fe 3 Fe—C C_
/\ /\ \o
(m'- C) Cco, (m2- C, 0) CO» oc co - co, oc co
1 Li*,Na*, ork*
& o & o @ 0
v _C/C_ Fa— /C_ ST - Me3Si-Cl
e—C Fe C\
1 M=Fe 2 3 V4
4 M =Ru CpFe— C\
pairing, referred to as bifunctional GQactivation3-6a.9a11 o C/ \C o ©-Si(CHas
stabilizes the C@adduct? and potentially influences subsequent 5

chemical reactivity. Alkali or alkaline earth metal counterions V
accordingly promote metal alkyiCO; insertiort? and catalytic
electrochemical C@reduction by Fe(0) porphyrind¢ Further

stabilization of metallocarboxylates also occurs through hydro- 72

. . . CpFe—CH —C ZrC
gen bonding that typically involves wat&8b9.¢ The water p/ \ 3 Cp/Fi \( / |r P2
originates through the use of pH-dependent equilibria involving OC CO OoC CO 0 cl

carbonyt(r1-C)metallocarboxylate metallocarboxylic acid

ligands-*2 to synthesize the ligated G@f many metallocar- Cp(COYFeCQ~ (1) and Cp(PPE)(CO)FeCQ™ (2) with Li+,

boxylate§e-9b-¢.100-, _ Na*, K*, or Mgt counterion$210 The stable phosphine-
Infrared (IR) spectroscopy has proved to be especially useful containing metallocarboxylatés which have been isolated, are

for distinguishing between metallocarboxylate and side-oa CO  synthesized by adding OHo cationic carbonyl salts Cp(PBh

coordination and for characterizing metallocarboxylate chelation (CO)FeC; whereas the less stable Fp adductssually are

to alkali or alkaline earth metal counteriosThis IR spectral  generated at lower temperatures and under anhydrous conditions

characterization of metallocarboxylates came from spectral cor- py adding CQ to the nucleophilic metalate Cp(CHE (i.e.,

relations involving absorptions for ligated organic carboxylate Fp-) in tetrahydrofuran (THFJ® In a recent report, however,

RCO;™ M, Av(CO,) = [v(CO)asym — v(CO)syn]. * Gibson and co-workers extended the basic hydrolysis of cationic
The most extensively documented metallocarboxylate com- carhonyl salts to generating transienK*+ from FpCO" and

plexes correspond to two series of CpFe-containing &fducts

(©)

(10)

11

(12)

(a) [N(CH:CH,PPh)3]CoCQO,: Bianchini, C.; Meli, A.J. Am. Chem.
Soc. 1984 106, 2698. (b) Cp(NO)(CO)ReCONa" or -Et;NH™:
Sweet, J. R.; Graham, W. A. ®rganometallics1982 1, 982. (c)
Cp(N:Ar)(CO)ReCQ~ Lit, -Na, or -C&*: Barrientos-Penna, C. F.;
Gilchrist, A. B.; Klahn-Oliva, A. H.; Hanlan, A. J. L.; Sutton, D.
Organometallics1985 4, 478. (d) Cp(PPH(NO)ReCQ~ Li™ or -K™,
Senn, D. R.; Emerson, K.; Larsen, R. D.; Gladysz, Jnarg. Chem.
1987 26, 2737. (e) (COWCO, 2Li+. %

Cp(COYFeCQ~ (1-LiT, -Na*, -K*, or -Mg?"): (a) Evans, G. O.;
Walter, W. F.; Mills, D. R.; Streit, C. AJ. Organomet. Chenmi978
144, C34. (b) Bodnar, T.; Coman, E.; Menard, K.; Cutler, |Aorg.
Chem 1982 21, 1275. (c) Forschner. T.; Menard, K.; Cutler, A.
Chem. Soc., Chem. Commur984 121. (d) Lee, G. R.; Cooper, N.
J. Organometallics1985 4, 79452 (e) Giuseppetti, M. E.; Cutler, A.
R. Organometallicsl987, 6, 970. (f) Giuseppetti-Dery, M.; Landrum,
B. E.; Shibley, J. L.; Cutler, A. RJ. Organomet. Chen1989 378
421. Cp(PP¥)(CO)FeCQ™ (2-Lit, -Na', or -K*): (g) Grice, N.; Kao,
S. C.; Pettit, RJ. Am. Chem. Sod.979 101, 1627. (h) Gibson, D.
H.; Ong. T.-S.J. Am. Chem. Sod 987 109 7191. Gibson, D. H.;
ong, T.-S.; Ye, M.Organometallics1991, 10, 1811. (i) Gibson, D.
H.; Franco, J. O.; Harris, M. T.; Ong. T.-8rganometallics1992
11,1993. (j) Gibson, D. H.; Ye, M.; Richardson, J. ..Am. Chem.
S0c.1992 114, 9716. Cp*(CO)FeCQ~ (3-K™; Cp* = 5>-CsMes):
(k) Pinkes, J. R.; Cutler, A. Rlnorg. Chem.1994 33, 759.
Cp*(PPh)(CO)FeCQ~ K*: Reference 10h. Cp(C@RuCQ~ (4-Na',

-K™): () Vites, J. C.; Steffey, B. D.; Giuseppetti-Dery, M. E.; Cutler,

A. R. Organometallics1991, 10, 2827. (m) Steffey, B. D.; Vites, J.
C.; Cutler, A. R.Organometallics1991 10, 3432.
(a) Schmidt, M. H.; Miskelly, G. M.; Lewis, N. S. Am. Chem. Soc.

199Q 112 3420 and references therein. (b) Darensbourg, D. J.; Pala,
M. J. Am. Chem. S0d.985 107, 5687. (c) Hammouche, M.; Lexa,

D.; Momenteau, M.; Sawant, J.-M.J. Am. Chem. Sod 991, 113
8455.

(a) Ford, P. C.; Rokicki, AAdv. Organomet. Chenml988 28, 139.
(b) Yoshida, T.; Ueda, Y.; Otsuka, 3. Am. Chem. S0d.978 100,
3941. (c) Bercaw, J. E.; Goh, L.; HalpernJJAm. Chem. Sod972
94, 6534.

intercepting it with PBSnCl as FpCgBnPh.16

These two series of iron GOadducts undergo similar
chemical reactions. Treatment K™ with Mel, PhkSnCl, or
Re(CO)(PPh)(FBF;) afforded stable metalloester derivatives
Cp(PPR)(CO)FeCQR; similar reactions betweeh and silyl
chlorides or zirconocene dichloride yielded the metalloester
derivatives depicted in Scheme 1. Attempts to ttapith Mel
or PhSnClI, however, extruded GQand left FpR and Fp
Gibson and co-workers demonstrated that the reaction between
1-K* and PRSNCI in fact provides FpC§3nPh, but this
metallotin ester readily decarboxylates in THA he difference
in reactivity of1 toward Mel or MgSiCl has been rationalized
by the presence of a (previously) undetected equilibrium be-
tweenl and the corresponding metalate FpAlthough the hard
or more oxophilic electrophiles preferentially react at the
carboxylate oxygens, the softer Mel intercepts the Bnd
drives the equilibriunt? Alkylation of 1 to give FpCQMe

(13) (a) Jegat, C.; Fouassier, M.; Tranquille, M.; Massetti, J.; Tommasi,
I.; Aresta, M.; Ingold, F.; Dedieu, Alnorg. Chem.1993 32, 1279.
(b) Jegat, C.; Fouassier, M.; Massettilnbrg. Chem1991, 30, 1521.
(c) Jegat, C.; Fouassier, M.; Tranquille, M.; Massettindrg. Chem.
1991, 30, 1529. (d) Massetti, J.; Tranquille, M. Phys. Chenil 988
92, 2177.

(14) (a) Deacon, G. B.; Phillips, R. @oord. Chem. Re 198Q 33, 227.
Deacon, G. B.; Huber, F.; Phillips, R.l&org. Chim. Actal985 104,
41. (b) Nakamoto, Kinfrared and Raman Spectra of Inorganic and
Coordination Compoundsith ed.; Wiley: New York, 1986; p 231.

(15) Other metallocarboxylates that were synthesized by directly complex-
ing CO, to a metalate nucleophile: Cp(CRUCO~ (4) Na0m
Cp*(COxFeCG~ (3) Ktk (COXWCO,2 2Lit% and a few
otherSQa,b,Ba,b,Qa,lla

(16) Gibson, D. H.; Ye, M.; Sleadd, B. A.; Mehta, J. M.; Mbadike, O. P.;
Richardson, J. F.; Mashuta, M. Srganometallics1995 14, 1242.
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nevertheless occurred with methyl triflate ak1g?+, presum- Cp*(CO)Fe K* with 1.0 equiv of CQ or of 99% C3labeled CQ

ably because of tighter binding between the chelating magne- (=78 °C) have been describét™ Standard procedures were used

sium cation and the meta”ocarboxy|é9él In reducmg THF solutions of [CpFe(CQ)), [Cp*Fe(CO)]z, and [CpRU-
Recent advances in indirectly characterizings its metal-  (COX2 {0 their carbonyl metalaté“[Cp(CO)Fe=C=OLMg(THF):

Ve - [with Mg(Hg)], v(CO) 1915 (m), 1882 (vs), 1850 (m), 1713 (vs)
loester derivatives overshadowed the conflicting reports con- e 119 FpLi/Cp(CO)Fe=C=0—Li* [with Li(Hg)], v(CO) 1883 (s),

cerning its IR spectral characterization and even its solution ;g67 (s), 1811 (s), 1787 (w), 1749 (s) chi® FpNa [sonication with
thermal stability. Originally prepared by Evans and co- gxcess Na]p(CO) 1881 (s), 1864 (m), 1809 (s), 1771 (m) CrA®
workers1® FpCONa (1-Na*) was generated at room temper-  FpK [with KH-secBus (isolated)],v(CO) 1869, 1793, 1774 cri;lo
ature by treating THF solutions of FpNa with excess,G@hder Cp*(CO)FeK (sonication with K),»(CO) 1844, 1756 cm;10k19c.d

these conditions]-Na" promptly degraded to Bp In bench- Cp(COpRuNa [sc_)nic_ation_ with NaJp(CO) 1904, 1823 cm;1% and
mark studies, Lee and Coop&festablished that in cold THF ~ Cp(CO}RUK [sonication with K],v(CO) 1894, 1810, 1786 (sh) crh'®
solutions 1 equiv of C@transforms Fp to the metallocar- IR spectra of these extremely air and moisture sensitive metalates

boxylates1, which apparently decreased in solution stability: rou'tinely Qxhibited the presence of only negligiblg concentrations of
Li*> Naf > K* > n-BuN*. In particular,1-Li* exhibited a Eg‘z'gﬂ?éggfzngﬁ(gp?gﬂe'?cgiCp (CO)FeH, or dimer precursors,
solution half-life d 4 h atroom temperature, during which Fp '

Fp(-BusN)?® was generated by treating a THF solution of FpNa
plus formate and carbonate salts accumulated. By usiDg (0.033 M, 15 mL) withn-Bu:NBF, (161 mg, 0.49 mmol). The solution

and*®0- labeled CQ@to generate labelettLi* and Meltotrap a5 stirred for 10 min as the NaBEettled and left Fp¢Bu:N) as a

it (as FpCH with labeled CO ligands), Lee and Cooper also cherry-red solution:f(CO) 1863, 1789 cmi]. Fp(dibenzo-18-crown-

demonstrated reversible metallocarboxylate-to-carbonyl ligand 6)K was generated as a red solutiafCO) 1862, 1789 cnt, by

oxygen atom interchangeide infra. Of particular relevance  treating a THF solution of FpK with 1.2 equiv of the vacuum-dried

to the present work are the solution IR spectral data that were crown ether for 30 min.

attributed tol-Lit, -Na*, -K*, and n-BusN™. Low-Temperature IR Flow Cell. A recently cleaned and reas-
Our experience withl has resulted in somewhat different sembled IR solution cell with NaCl plates, Luer ports, and a 0.1-mm

: P : ; Teflon spacer was fitted with an insulated 38-cm length of Teflon tubing
g%rg:(l;fl(()? i/'lgﬁt’h_?_lijg’h_;El;,re_:?ﬂglierlly.rs:s Ig?lt;?lvn?:rfggrgfunrgsate (1.5-mm i.d.) that attached to a three-way Teflon valve (Rainin Model

d ; - f ! derivati ften i 45-1102). Rainin polypropylene low-pressure and Luer fittings were
and trap it as a variety of metalloester derivatives, often in near- ,qo for connections with this tubing, which was insulated with glass

quantitative spectroscopic yieldsproved extremely difficult \y50] and wrapped with 0.25-in. Tygon tubing. A three-way T-fitting
to characterize by IR spectroscopy. Whether #as converted  and valve (Rainin Model P-173) that was inserted into this tubing 6
to 1 by bubbling excess CQOor by transferring 1 equiv of CO  cm from the IR cell also was fitted to the thermocouple probe (type
by syringe or vacuum line techniques made little differ- K) of a Digi-sense Model 8528-40 digital thermometer. This ther-
enceltbeefkm \We gradually have come to appreciate that ~mometer was used to continuously monitor the temperature of the
generated in the reaction vessel will only correspond to the solution as it entered the cell.

sample in the solution IR cell when extreme precautions are The second port of the three-way Teflon valve was connected to a

undertaken. For example, the perception of solution stability 20-CM length of insulated Teflon tubing that had a 6-in. 18-gauge
ordered as follows,1-Mg2t > -Lit > -Nat > -K* > sampling needle attached to the other end. This sampling needle was

-n-BuN* 32104 is inaccurate: anv inherent thermal stabilit used to transfer either cold solvent or reaction mixture into the flow
PN N ’ y . . Y cell. The third port of the three-way valve also was fitted with a Teflon
differences are insignificant compared to their sensitivity toward tube; solvent was introduced through this tube in order to flush

the usual solution transfer and IR spectroscopic recording syspended or solid degradation residues from either the cell or the

procedure. sampling needle. The outlet from the cell consisted of a 15-cm Teflon
For the present study, we adopted two procedures to tube, connected to the cell by a Luer fitting, that transferred cell effluent

characterize the Fp series of g@ducts. First, the amount of to a waste container.

1 present in the reaction flask was assayed at a specified tem- Operation of the low-temperature flow cell first entailed precooling

perature after trapping it with M8iCl as FpCGSi(CH)s (5).10¢ the cell to—25 °C with cold THF. A 200-mL round-bottom flask

Second, variable-temperature IR spectral data were acquired foicontaining 100 mL of dry, degassed THF and sealed with a rubber
FpCO~ (1-Mg?*, -Li*, -Na*, -K*), as well as for Cp*(CQ) septum was attached to a nitrogen line and cooled-78 °C. The

1 V10K  Nat e 100 septum was pierced by the 18-gauge sampling needle with its attached
FeCOK (?1 K*)™ and Cp(CO}RuCQ (.4 Na, -K*). . " Teflon tube, and nitrogen pressure was used to control the flow of cold
Analogous*CO, adducts were examined in order to assign the T through the cell (1611 mL/min). An IR spectrum of the cold

IR carboxylatev(OCO) bands, and low-temperatuf€ NMR THF was obtained and saved for subtraction from the sample spectrum.
spectra of1-Mg?* and -Li* also were recorded. Two other The needle then was quickly switched from the solvent flask to the
objectives of this study were to relate this spectral data with sample flask (by insertion through a septum and stopcock on the the
(1) the extent of carboxylatecarbonyl label shuttle [for  side arm) and the cold{78 °C) sample solution was forced through
Cp(COYM3CO,~ = Cp(CO)ECO)MCO, 1% and (2) the pre- the IR cell. IR spectra were recorded (typically one transient) as the
sence of reversible Cinding for these metallocarboxylates. —temperature was monitored betwee8 and—15°C. Once the low-

Experimental Section (18) (a) Ellis, J. EJ. Organomet. Cheni975 86, 1. (b) Darensbourg, M.

Y. Prog. Inorg. Chem1985 33, 221. (c) Kochi, J. K.; Bockman, T.

Materials. Synthetic manipulations were performed in a nitrogen M. Adv. Organomet. Chenl991, 33, 51. (d) Nucleophilicity of metal
atmosphere using a combination of standard Schlenk line, glovebox, carbonyl anions: Wang, P.; Atwood, J. D.Am. Chem. Sod.992

and vacuum line procedurés.Infrared spectra of the carbony(CO) 133763:,2}41 Henderson, S.; Henderson, RAtb. Phys. Org. Chem.

and carboxylater(OCO) frequency region (22681200 cn*) were (19) (a) McVicker, G. B.Inorg. Synth.1976 16, 56. (b) Gladysz, J. A.;

recorded on a Perkin-Elmer Model 1600 spectrophotom&ief!H} Williams, G. M.; Tam, W.; Johnson, D. L.; Parker, D. W.; Selover, J.
NMR spectra were obtained on Varian Models XL-200 and Unity-500 C.; Inorg. Chem.1979 18 553. (c) Catheline, D.; Astruc, D.
spectrometers. The apparatus and vacuum line procedure for treating 8rganrc1)meta\1}hcsl_19&t 3;3 1g94- (d) ?%}ﬁfm%gg'r;ggri? M()J
i GOy - uerchais, V.; Lapint, CJ. Organomet. Che . (e
THF solutions of the metalates Cp( M Fe, Ru) and Brookhart, M.; Studabaker, W. B.; Husk, G. BrganometallicsL987,
6, 1141.
(17) Shriver, D. F.; Drezdon, M. AThe Manipulation of Air-Sensite (20) Burlitch, J. M.; Leonowicz, M. E.; Petersen, R. B.; Hughes, R. E.

Compounds2nd ed.; Wiley-Interscience, New York, 1986. Inorg. Chem.1979 18, 1097.
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temperature IR spectrum was obtained, the sample flow was stoppedTable 1. Thermal Stability of FpC® (1): Results of Trapping
and additional IR spectra were recorded over a few minutes as the cellExperiments with Trimethylsilyl Chloride at Room Temperature

warmed to room temperature. Excellent quality IR spectra were
obtained over the region of interest (2460100 cnt?), except for the
25-cnT?! area centered at 1455 cirfor the intense solvent absorption.
Preparation of Cp(CO),FeC(O)OSi(CHs)s (5). A 100-mL Schlenk
flask containing a magnetric stirring bar and FpK (864 mg, 4.0 mmol)
in 50 mL of THF was attached to a vacuum line and frozel {8
°C). CQG (4.0 mmol) was deposited, and the reaction was warmed to
—78°C. Within 8 min, the vigorously stirred cherry-red solution turned
yellowish brown; after 30 min, trimethylsilyl chloride (0.52 mL, 4.1

mmol) was added, and the reaction was warmed to room temperature.,

The resulting red-brown solution was evaporated; the red-brown gum
was extracted with hexane (20 mL); and the filtrates (medium sintered-
glass frit) were evaporated to a red-brown gum (791 mg) that was
identified as5'¢ (yield 67%): IR (THF) 2030, 1975 (€0), 1627
(C=0), 1250 (C-0O) cnT*; 'H NMR (C¢Dg) 6 4.19 (Cp), 0.29 (SiMg);

B3C NMR (CsDg) 0 214.7 (G=0O), 199.9 (G=0), 86.3 (Cp), 0.52
(SiMe;). Anal. Calcd for GiH1404SiFe: C, 44.91; H, 4.80. Ob-
served: C, 45.21; H, 5.33.

Assay of Cp(CO}FeCO, (1) via Yields of Cp(CO),FeC(O)OSi-
(CH3)3 (5). A50-mL Schlenk flask containing a 0.033 M THF solution
of FpK (10 mL) and a magnetric stirring bar was attached to a vacuum
line and subjected to three freezgump-thaw cycles. The frozen
FpK (=178 °C) was treated with 0.35 mmol of G@nd warmed to
—78°C (30 min). The resulting thick yellowish tan suspension was
treated with trimethylsilyl chloride (4&L, 0.34 mmol), producing a
clear reddish brown solution. The IR spectrum of the cold solution
indicated essentially quantitative conversiorbfavith only a trace of
Fp. evident.

In related experiments, 10-mL aliquots of 0.033 M THF solutions
of Fp~ as its Mg?, LiT, Na", K*, andn-Bu,N™ salts were treated
similarly with 1 equiv of CQ (—178 to —78°C). In these reactions,
the resulting suspensions containing FpCQL) were maintained at
22 °C (measured) for either 5 mirr @ h before the 1 equiv of Me
SiCl was added. Concentrations ®fvere estimated by quantitative
IR spectroscopy (Table 1), with an observed reproducibility of
absorbancy values af10%.

Preparation of Metallocarboxylate Solutions for IR Spectral
Studies. A THF solution of a metalate Cp(CeWl~ (M = Fe, Ru) or
Cp*(CO)FeK (0.50 mmol in 15 mL) was transferred to a 50-mL round-
bottom flask that was equipped with a rubber septum on its side arm,
a magnetic stir bar, and an adapter for connecting it to the vacuum

line. The metalate solution was sampled via syringe needle inserted
through the septum and stopcock on the the side arm, and an IR
spectrum was recorded. Then the solution was treated with 1.0 equiv

of CO;, or of 99% C3labeled CQ as previously describé®™ and
stirred at—78 °C for 30 min. Nitrogen was introduced into the flask;
the reaction flask (maintained at78 °C) then was removed from the
vacuum line and attached to a nitrogen manifold.

A similar procedure was followed in preparing metallocarboxylate
solutions for low-temperatur€C NMR spectral studies, except that a
10-mm NMR tube fitted with a J. Wiley-Young valve also served as
the reaction vessel. The NMR tube containing the THF metalate
solution (0.50 mmol in 5 mL) was attached to the vacuum line and 1.0
equiv of 99% labeled*CO, was transferred. After warming te78
°C, the NMR tube and attached valve was removed from the vacuum
line and gently swirled (at-78 °C) before it was inserted into the
precooled NMR probe.

Results and Discussion

Derivitization of Cp(CO) ,FeCO,~ (1) as Its Silyl Ester Cp-
(CO),FeC(0)OSiMe; (5). Treatment of Fp with CO, fol-
lowed by addition of MgSICl efficiently derivatized the
metallocarboxylatel as its more stable silyl estes. A
particularly efficient preparation d involved treatingl-K+,
which was generated and maintained-at8 °C in THF, with
1 equiv of trimethylsilyl chloride. Under these conditions, the
initial thick yellowish tan suspension dfK* afforded a clear

reddish brown solution, and this showed no further changes after

reaching room temperature. Its IR spectrum (Figure 2D) then

yield (%) FpCQSiMe; (5)

metallocarboxylatd lat22°C lat22°C

treated with MeSiCl for 5 min for2 h
(FpPCG)Mg 74
FpCOLi 85 65
FpCQONa 55 54
FpCOK 77 69
FpCQy(n-BusN) 43

indicated nearly quantitative conversiorBiovhich was isolated
analytically pure in 67% vyield as a red-brown gum that
contained only a trace of B! In contrast to the facile
decarboxylation of FpC&snR; (R = Me, Ph) in THF to yield
FpSnR,!® the Fp silyl ester5 appears to be stable in THF
solution at room temperature. Attempts to crystallizérom
pentane at low temperatures or otherwise purify it inevitably
increased the amount of kp

We previously reported generatisgrom 1-Li*, although it
degraded to Fpupon attempted isolation. In contrast, its much
more stableert-butyldimethylsilyl ester analog FpC(O)OSiMe
(t-Bu) was isolated and fully characteriz€d.The #*-O or
nonchelating silyl ester structure féris consistent with the
presence of its IR acyl(C=0) at 1627 cm?, analogous to the
acylv(C=0) 1647-cm? absorption of Cp(CQFeC(O)OCH.
NMR spectra of the isolatel although important for establish-
ing its purity, are not useful for probing the chelating vs
nonchelating interactions of the metallocarboxylate ligaé@.
NMR spectral assignments of the terminal and acyl carbonyl
groups § 213.3 and 199.9, respectively, igl), for example,
are comparable to those of FpC(O)O£d 213.3, 200.8) and
FpC(O)OSiMe(t-Bu) (6 213.6, 200.7) (CDG)%¢ which are
n*-C:;1-O metalloesters, as well as those of FpC(O)OSr{Ph
213.3, 209.8f and FpCGZr(Cl)Cp, (6 213.9, 206.2) (CDGI
and GDe),1% which aren’-C:;?-0,0 metalloesters.

Since the trapping ofl by Me;SiCl occurs rapidly and in
high yield, we used this reaction to quantify the amount 0bCO
adductl that was present in solution as a function of solution
temperature, residence time, and choice of counterion for
FpCQ~ (1). Solutions containing were warmed to room tem-
perature either for 5 min or fo2 h before treatment with 1
equiv of MgSICIl. Concentrations of the resultidgvere mea-
sured by IR spectroscopy (Table 1). Figure 1E illustrates the
IR spectrum for the MgSiCl trapping of1-Li* after 5 min at
room temperature. Most reactions produced trace quantities to
10% Fp [v(CO) 1992, 1951, 1781 cmj] as the only detectable
organoiron byproduct, although N&iCl trapping ofl-Na' also
left variable amounts of FpR[v(CO) 2011, 1950 cmi]. The
iron silyl complex FpSiMe?® [v(CO) 1988, 1932 cmi],
however, was conspicuously absent from all reactféns.

From these results we conclude that (1) FpC@L) has
limited solution stability at room temperature and (2) the choice
from among the counterions Mg through K™ has relatively
little effect on its thermal stability. Indeed, all four metal cations
stabilizel to the extent that after sitting f@ h atroom tem-

(21) Similar results were observed for the metalatiot-&f+ by CpZrCls.
Near-quantitative yields of th&#*-C:72-0,0) CO, complex FpC@
Zr(Cl)Cpt% but not FpZr(Cl)Cpwere observed. Pinked. R.; Steffey,
B. D.; Vites, J. C.; Cutler, A. ROrganometallics1994 13, 21.

(22) Ferguson, S. B.; Sanderson, L. J.; Skackleton, T. A.; Baird, M. C.
Inorg. Chim. Actal984 83, L45. Shackleton, T. A.; Mackie, S. C.;
Fergusson, S. B.; Johnston, L. J.; Baird, M@2ganometallicsL99Q
9, 2248.

(23) (a) King, R. B.; Pannell, K. Hnorg. Chem1968 7, 1510. (b) Abel,
E. A.; Moorhouse, SJ. Organomet. Chen197Q 24, 687. (c) Brooks,
E.; Cross, ROrganomet. Chem. ReA 197Q 6, 227. (d) Roberts, R.
M. G. J. Organomet. Chen1973 47, 359.
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Figure 1. Infrared spectra of FpCOLi* (1-Li*). (A) Solution of1-Li*
(0.033 M in THF), prepared at78 °C and maintained at room
temperature for 5 min. (B) Decomposition residues depositeltlhy

on cell windows (results of eight experimental runs; THF in cell). (C)
1-Li* after 2 h atroom temperature. (D) Spurious run in whith.i*
decomposed (to FpH) due to handling problems. (E) Treatmeiat of

(A) with MesSiCl. (x) [CpFe(CO)]..

perature, treatment with M8iCl provided 54-74% vyields of
5. Of the four bimetallocarboxylates examinddNa" repro-
ducibly incurred the unusually low yields @, which we
attribute to its lower solution stability than observed with either
the Lit or K* counterions. When the-BusN* counterion was
used, the resulting-n-Bus;N™ proved to be the least stable. We
obtained the lowest yields & upon treatment with MgSiCl,
and we were unable to detedtn-BuyN*t by IR spectral
monitoring using procedures outlined in the following section.
IR Spectral Studies of Cp(CO»FeCOM (1) and Cp-
(CO),Fel*CO,M [1(*2C)]. In initial studies, IR spectra of
aliquots ofl were irreproducible; IR spectral monitoring of some
experimental runs indicated thhimmediately degraded to FpH,
as opposed to slowly decomposing to,FThe THF solutions
of 1 were generated using 0.033 M Fpnd 1.6-1.2 equiv of
CO, at—78°C, and aliquots were removed at room temperature
for recording their IR spectra. Results obtained viithi* are
typical: for most of these reactions, we observed the slow
degradation ofl-Li* at room temperature to kfry, = ~6 h);

Pinkes et al.

Chart 2
4::> o <:> o)

13 /7 4 13_7
Fe—C.(- M Fe—C( [Mg
/N Ny AN

oc co oc co
1%c) u*, Na*, K* 1%c) mg*?
ﬁ o, & o
13,77 "~ + 13,77 "~ +

Fe—c(— K Ru—c /(- Na

/\ \O, /\ \O,

oc co oc co

3("%c) k* a(%c) Na*

position (l-Li ~ was not detected) at or below room temperature
to yield FpH.

Figure 1 compares IR spectra dfLi* that were recorded
under different conditions. Scans A and C are for samples that
were removed after 5 min dn2 h atroom temperature,
respectively. They differ by the slight increase ofBmd the
growth of broad bands between 1600480 (max 1530 cm™2)
and 1466-1320 cm™! (vmax 1390 cm™1). These broad bands
correspond to unidentified decomposition residues that were
evident as a white coating on the IR cell. An IR spectrum,
scan B, of this coating was recorded independently with an IR
cell that had been used for eight experimental runs Wigéimd
flushed again with THF. IR spectrum E depicts Hihat results
from treatingl-Li*, which sat at room temperature for 5 min
(cf. Table 1), with MgSIiCl. IR spectral scan D, on the other
hand, is an example of the occasionally observed immediate
decomposition ol-Li* to FpH and our decomposition residues.

We ascribe the immediate degradationldb FpH in some
experimental runs to the extreme sensitivity of its solutions
toward contamination during transfer to the IR cell or during
acquisition of its spectrum in the cell. In some experimental
runs, the degradation df resulted from hairline cracks in the
cell. Interestingly, the acquisition of IR spectra of the extremely
air and moisture sensitive metalates Fpvhich routinely had
negligible Fp or FpH present, did not guarantee that IR spectra
of 1 subsequently would be obtained. It is worth noting that
Mg™ appeared to be less prone toward the immediate solution
degradation to FpH than when™,iNa", or K™ counterions
were used.

The best expedient was to use a freshly cleaned and
reassembled cell each day. It made no difference whether lead
amalgam or Teflon spacers were used between the sodium
chloride plates of the solution cell. Only by taking this
precaution were we able to reproducibly get IR spectrd.of

The resulting IR spectral data for FpgO(1-Mg?*, -Li™,
-Naf, -K*), as well as that for Cp*(CQFeCQK (3-K*) and
Cp(COYRUCOH™ (4-Na', -KT) are summarized in Table 2.
Terminal carbonylv(CO) bands are reported only for the
unlabeled metallocarboxylates; those for 99% labeled Cp-
(COXMI3CO,~ (Chart 2) absorb at essentially identical frequen-
cies. The carboxylate absorptions (16A000 cntl) are
assigned on the basis of isotopic frequency shifts that were
observed for thd?CO, vs 13CO, adducts.

These isotopic frequency shifts are illustrated in Figure 2 for
the IR spectra of FpC& (1-K*), scan B, and FSCOXK
(1(*3C)-K™), scan C. The higher frequency pair of carboxylate
bands ofl-K* and 1(*3C)-K* correspond ta(OCO)sym and

whereas some experimental runs occasioned immediate decomthe lower frequency pair to(OCO)ym. We do not discern the
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Table 2. Infrared Spectral Data of Metallocarboxylates

entry no. metallocarboxylate v(CO) v(OCOksym v(OCOkym Av(OCOY V(OBCO)asym v(OBCO)ym
1 o 2011 1541 (br) 1265 301 15009 (br) 1247
<3p(CO)2Fe—C<( -> Mg2* 1950 1240 1221
o 2
1_M92+
2 0 2002 1571 (br) 1261 323 1529 1243
cp(coyFe—c( - Li* 1942 1530 (br) 1227 (344) 1494 1212
o
1-Lit
3 0 1998 1536 (br) 1262 305 1490 (br) 1244
Cp(CO)oFe—C( — Na 1935 1231 1216
0
1-Na*
4 0 1991 1543 1258 310 1501 1238
Cp(COpFe—C (- K* 1907 1525 1224 (319) 1486 1211
o
1-K*+
5 0 1973 1520 (br) 1261 294 1480 (br) 1238
Cpr(CO)Fe—C( - K* 1907 1226 (br) 1202 (br)
o
3-K*
6 0 2015 1569 1327 295 1483 (br) 1290
Cp(CO),Ru—C( — Na* 1938 1527 1253 (316) 1228
o
4-Na*
7 /o 1923 (br) 1526 1321 280 1484 (br) hd
Cp(CO)RLIJ_—IC/ Na* 1246
c-0
O//
5
8 0 2003 1546 1243 (br) 303
Cp(COpRU—C( — K* 1913 1525
o
4-K*
od 0 1893 1480 1204 (br) 276
Cp(COFe—C (-K 1885 (sh) 1438 (br)
PhgP ©
2-K*
10 0 1550 1230 320 1515 1220
trans-CI(dmpe)zlr—C\(
o
11f 0 1911 1428 1242 186 1407 1213
cis—CO(bpy)gRu—C\(
o
1 0 1650 1280 370 1610 1250
(Pr-salen)Co—C\( - K* 1215 435 1192

@)

a Metallocarboxylates were generated-at8 °C in THF by treating the Mg, Li*, Na', or Kt metalate Cp(CQM~ with 1.0 to 1.2 equiv of
CO, or °CO; (99% label); metalate was not detected thereafter. IR spectra were recorded betifeamd 22°C; terminal carbonylk(CO)
assignments for Cp(C@)*3CO,~ are identical to those of its unlabeled 1:1 L@lduct.? Av(OCO)= [v(OCOhsym — v(OCO)yn], USiNg average
of the two v(OCOsym absorptions (or the single broagOCO)sym absorption) and the lower frequenofOCO),m band. Av(OCO)] refers to
maximum possible separatione@fOCO) values¢ Observed for Cp(COMCO,. 9 Reference 10h, KBr datd Reference 8a, Nujol datdReference
6¢c, KBr data.9 Reference 6a, Nujol datdNot detected.

O0(OCO)sym deformation that should appear near the latter the twov(OCQO)symabsorptions (or more commonly, a single
stretching frequencié$. Also of interest are values for the  broadv(OCO)symabsorption) to the lower frequenefOCO)ym
carboxylate peak separationsy(OCO) = [v(OCOkhsym — v- band.
(OCO)yn, which correlate with the mode of carboxylate O,0 The appearance of these IR spectralfoemained unchanged
bonding. We observed a maximuw(OCO) value of 319 between—15 °C and room temperature. By using the low-
cm~! with 1-K* that is consistent with an ionic op¥-C:? temperature flow cell described in the Experimental Section,
0,0) metallocarboxylate structufé. These symmetrically  we recorded IR spectra 4fand related metallocarboxylates in
chelated metallocarboxylates typically hade(OCO) values THF between—-8 and—15°C. This IR cell was precooled by
of <400 cnt? (cf. entries 16-12, Table 2), whereasv(OCO) passing cold THF before small volumes of the cold metallo-
values for {?-C,0) CQ adducts are>500 cntl. carboxylate reaction mixture were forced through the same
IR spectra for the metallocarboxylates in this study resemble precooled transfer tubing into the cell. IR spectra were run at
those of1-K*, although thev(OCO)sym absorptions appeared  the limiting low temperature and then as the sample warmed to
either as two resolved peaks or as a broad band. Neverthelesg,oom temperature.
the carboxylate IR absorptions for these (unlabeled) metallo- The ~—15 °C low-temperature limit for recording solution
carboxylates fall into the regiong(OCO)sym (1580-1520 IR spectra of these metallocarboxylates is due to the increased
cm~) and v(OCO)ym (1330-1220 cntl), and theAv(OCO) viscosity of the suspensions df at lower temperatures,
values fall within 296-340 cntl. The Av(OCO) values in especially with the K counterion. Attempts to alleviate this
Table 2 were calculated as the separation from the average ofproblem by switching to 2-methyltetrahydrofuran, 1,2-dimethox-
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Figure 2. Infrared spectra of FpCOK™ (1-K*) in low-temperature
flow cell. (A) Starting FpK* (0.50 mmol in 15 mL of THF). (B)
FpCQ~ (1-K™), result of adding 1.2 equiv of GO—78 °C). Cell at
—10 °C; weak(CO) bands at 1992 and 1950 chcorrespond to
[Cp(COYFel. (C) FPRCO,~ [1(*3C)-KH], result of adding 1.2 equiv
of 13CO, (=78 °C); cell at—16 °C. (D) Treatment ofl-K™ with Mes-
SiCl at—78 °C.
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workers for Co(Pr-salen)CO (Li™, Na", K*, or Cs"),%2
similarly elicits no obvious trend. Thelkv(OCO) values var-
ied from 405 to 455 cm! (Na' is the highest). The relative
insensitivity of metallocarboxylatav(OCO) values is consistent
with an ionic formulation, even though magnitudes of thase
(OCO) values exceed the200 cnt?! that is associated with
organic carboxylate salté.

The IR terminal carbonyh(CO) absorptions fot, however,
uniformly decrease as the cation size increasg¢§:0).symand
v(CO)ym drop 20 and 43 crmt, respectively, through the
counterion sequence Mg -Li*, -Na, and -K". Their iron
centers evidently become progressively more electron-rich,
perhaps as the degree of tight ion pairing or covaléteéy
involving the carboxylate ligand diminishes from Nfgto K.

Two issues concerning the IR spectral datdl afeed to be
addressed, the number of metallocarboxylate(@CO) bands
that we observed and a discrepancy between the present IR
spectral data and that previously reported. Our observation of
two sets of metallocarboxylaiOCO) bands is (a) independent
of counterion, (b) independent of temperaturd b to+22 °C),

(c) independent of using 1 equiv of or excess of ;C(l)
consistent with results of labeling studies usifgO;, (e)
consistent with results of derivatizing the metallocarboxylate
ligand as its Fp silyl estés in moderate to high yields, and (f)
reproducible once proper precautions are taken.

Although only one set of metallocarboxylatéOCO) bands
is expected? multiple v(OCO) bands are prevalent for a number
of well-characterized metallocarboxylates such as (Pr-salen)-
CoCQ~ (with Li*, Nat, K*; cf. entry 12, Table 2) and
Cp(PPR)(CO)FeCQ™ (2) (with Li*, Kt; cf. entry 9, Table 2).

An X-ray structure determination of the former cobalt carboxy-
late, moreover, verified the presence of two different carboxylate
ligand to K" bonding modes. In a study to be publisttéaye
demonstrated that the more tractable rhenium carboxylates Cp*-
(CO)(NO)ReCGM (M = Li, Na) also exhibit two sets of IR
v(OCO) bands in THF: M= Li, v(OCOksym (1514, 1484
cmY), v(OCOkym (1332, 1257 cm); M = Na, v(OCO)sym
(1490, br, cm?), v(OCO)ym (1320, 1248 cm'). These
rhenium CQ adducts were generated by deprotonation of Cp*-
(CO)(NO)ReCQH with LiH or NaH at 0°C.

We speculate that isomeric mixtures bf differing in the
FpCGOy/metal cation association, account for the two sets of
IR v(OCO) bands. The presence of the illustrated isomers of
1-K* with chelating and bridging K, for example, could justify
the two sets ob(OCO) bands and one set of terminal carbonyl

yethane, or dimethoxymethane as solvents were unsuccessful,(CO) absorptions (the latter due to imperceptible differences
due to solubility limitations and the presence of intense solvent in the charge density on the Fp moiety for a given metal
absorptions in the 20601100-cnT? region. counterion). Nevertheless, the appearance of two sets of IR
The design of this low-temperature flow cell, particularly the  (OCO) bands forl and the relative insensitivity of their
cell spacing and the diameter of the entrance needle and Teflonpositions to the choice of counterion [in contrast to the carbonyl
tubing, optimizes the balance between the need for a fastery(CO) bands] is counterintuitive. Further studies clearly are
solution throughput for the cell (hence lower temperatures) and required with other anionic metallocarboxylates in order to
athinner cell path length (for better solvent subtraction). With clarify the counterion dependency on both the number and
a 0.5 mm cell spacer, IR spectra of these metallocarboxylatespositions of the carboxylate IR(OCO) bands.
were recorded down te-40 °C, but only in the carbonyb-

(CO) region (the solvent cutoff is below 1500 chh It is worth +
ng that o S o 0--k--o
noting that this same temperature minimum can be reached even AN /o N
with the 0.1-mm cell spacer when determining IR spectra of /F‘i_ C\C K FD-C\C . )/C‘ Fp
the moisture-sensitive metalates, e.g.;IRg", which are not oc co © 0--K---0
viscous. .
1K* 1K* dimer

In ascertaining a counterion dependency on the physical and
chemical properties of these metallocarboxylates, we compared
the IR spectral data fot-Mg?*, -Li*, -Na", and -K". Their
Av(OCO) values exhibit no discernible trend; those for'¥lg
Nat, and K" vary from 301 to 310 cm' and the Li" value is
323 cntl. The only related IR data, that of Floriani and co-

The remaining issue concerns the discrepancy between the
present IR spectral data and that of Cooper and co-wdf¥ers

(24) DiBiase Cavanaugh, M.; Tetrick, S. M.; Masi, C. J.; Cutler, A. R,
manuscript submitted.
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for 1. They reported that-Li*, -Na', -K*, and n-BusN™ in

THF exhibited the same IR terminal carbomyCO) absorptions
(2015, 1950 cm?) and thatl-Li* has a broad/(OCOksym
absorption at 1510 cm (1480 cnt! with 13CO,). Our IR
spectral data fofl [and 1(*3C); Table 2], in contrast, features
carbonyl absorptions in which(CO).sym drops from 2011 to
1991 cm! and v(CO)ym ranges from 1950 to 1907 crh
through the counterion sequence Mg-Li*, -Na*, and -K",
respectively. In addition, our metallocarboxylat€OCO)sym
absorptions reproducibly varied from 1525 to 1541 ém
(verified with 13CO;). We submit that Cooper’s IR spectral
datd% correspond to FpH plus the decomposition residues, as
we present in Figure 1D. This suggestion by no means impugns
the results of their labeling studies. They undoubtedly worked
with 1 but did not appreciate the exceptional difficulty of
recording their IR spectra, an observation that admittedly took
us several years to adequately resolve.

One outcome of this work is that the choice from among the
Mg?t, -Lit, -Nat, and -K' counterions has relatively little effect
on the THF solution stability of. Nevertheless, the presence
of a metal counterion, as opposedrtdusN* or K** crown
ether, stabilized. Previous observations by Cooff¥rand by
us*@regarding a qualitative solution stability afwith respect
to choice of counterion, M > Li* > Na* > K™ > n-BusN™,
must be revised. The difficulty of reproducibly collecting their
IR spectral data obscured any solution stability differences.
Apparentlyl-n-Bus;N* remains the least stable: we were unable
to detect it. The results of our M8ICl trapping experiments
thus are consistent with the following stability order, Mg
Lit ~ Na" ~ KT > n-BusN™.

We now add qualitative judgments concerning the relative
thermal stabilities of Cp*(CQFeCQK (3-K*) and Cp(CO}
RuCQ~ (4-Na', -K*). Thus3-K™* proved to be more thermally
sensitive; its dark orange THF solutions immediately turned red
above —20 °C as 3-K™ rapidly degraded to *FpH. The
ruthenium CQ adducts4-Na" and 4-K*, on the other hand,
appeared to exhibit stability comparable to thatlp&lthough
warming THF solutions o#f to room temperature (10 min)
cleanly produced Cp(CGRuH [v(CO) 2021, 1958 cmi] as
the final species.

CO,/13CO, Dissociation Exchange and the Carboxylate
Carbonyl 13C Label Shuttle Cp(CO),FeCOM (1) and Cp-
(CO)Fel3CO,M [1(13C)]. In addition to facilitating the
assignment of the metallocarboxylatedfOCOsydv(OCO)ym
absorptions, thel®C-labeled metallocarboxylates Cp(GO)
M13CO,~ proved to be useful for studying reversible £lnd-
ing and the interchange of carboxylate and carbonyl ligand sites
(Scheme 2). The coupling of a label shuttle between carboxylate
and carbonyl ligand sites, which interconverts Cp(@CFCO,~
and Cp(CO¥CO)MCO,~,10d with reversible carbon dioxide
coordination transformed remaining uncoordinaté@0, to
CO..

These studies were carried out by warming THF solutions
of 13C-labeled metallocarboxylates to room temperature and
monitoring the changes in the concentrations of unligdfed
CO,. (Typically 1.0-1.2 equiv of CQ per metalate were used
in quantitatively forming the metallocarboxylate.) The trans-
formation of this unligated3CO, to free CQ commensurate
with the buildup of!3C label in a terminal carbonyl ligand was
monitored by variable-temperature IR aF€ NMR spectros-
copy. The facility of thé3CO,/CO, and carboxylate carbonyl
label exchanges depended on the choice of both the iron or
ruthenium metallocarboxylate moiety and the counterion.

With 1(*3C)-K, for example, the IR spectra of the solutions
(—20 to —5 °C) were consistent with the appearance of
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Scheme 2. Postulated Metalloanhydride Pathway for
Carboxylate-Carbonyl Exchange and £Gabel Exchange

o)
SN 13/ SN
- 1
v=c(- 2= M~ == wum-to
/N N /\ o /N
oc co oc ¢~ oc ©=0
// [
M = Fe(1) o o
Ru (4)
label shuttle
M~  +Bco. -
2 M + CO2
/\ 13/ \
oc co oc co

C O2 exchange / dissociation

unlabeled CQ@ (2336 cntl) along with residuaf3CO, (2270
cmY). Significantly, unlabeled C&accumulated befori(*3C)-
K* started degrading. Although we did not definitively identify
the requisite CPECO)(CO)FeCGK, its anticipated IRv(CO)
peaks 1975 and 1877 cm)2® were evident as shoulders on
the broadv(CO) bands. The carboxylatgOCO) absorptions
appeared as broad bands that conformed tou{{@CO) and
v(0O13C0O) assignments (Table 2). Solutionsl¢fC)-Na" upon
warming above-15 °C likewise gave mixtures of C{and13-
CO..

The labeled Cp*Fe metallocarboxyla3€-<C)-K™ was more
reactive. Its THF solutions immediately converted any residual
13CO; to unlabeled C@and approached a 1:1 mixture of these
gases. Solutions &(*3C)-K* above—20 °C invariably con-
tained substantial concentrations of unlabeled,@@ich also
started to build up prior to the decomposition3§#3C)-K™.

The presence of lithium and magnesium counterionslfor
hindered the conversion 6CO, to CO,. IR spectra ofl(13C)-

Lit and 1(13C)-Mg?" thus indicated the absence of either
unlabeled CQ® or incorporation of label into the terminal
carbonyls below-15°C. Between—15°C and room temper-
ature, onlyl(*3C)-Li™ underwent carboxylatecarbonyl (label)
exchange. Reversible G@lissociation, as detected by build
up of unlabeled C@at the expense of freCO,, however,
was not evident at room temperature (0.5 h).

13C NMR spectra oft(*3C)-Li* in THF between—80 and
—50°C retained only one intense resonance for the carboxylate
carbon (202.32 ppm) and weak absorptions for the terminal
carbonyls (216.51 ppm) and the Cp moiety (85.42 ppm).
Warming these solutions and holding a0 °C (20 min)
noticeably broadened the carboxylate carbon resonance and
increased the intensity of the carbonyl absorption. Our previ-
ously reported3C NMR spectral assignments for the carboxy-
late and terminal carbonyl carbons on unlabeldd* in THF
therefore must be reversedd®02.4 and 217.0, respectivel}®.
13C NMR spectra ofl(13C)-Mg™2 under comparable conditions
were inconsistent with any detectable carboxytatarbonyl

(25) (a) Alexander, J. J.; Wojcicki, A. dJnorg. Chem.1973 12, 74.
Alexander, J. JJ. Am. Chem. Sod.975 97, 1729. (b) Fettes, D. J.;
Narayanaswamy, R.; Rest, A.Jl. Chem. Soc., Dalton Tran$981,
2311. Mahmoud, K. A.; Rest, A. J.; Alt, H. G. Chem. Soc., Dalton
Trans.1985 1365. (c) Kazlauskas, R. J.; Wrighton, M. Grgano-
metallics1982 1, 602. (d) Bodnar, T. C.; Cutler, A. R. Am. Chem.
Soc.1983 105 5926.
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exchange (resonances: 210.01, 216.11, and 86.16 ppm, assigned

as above) even after slowly (30 min) warming to room
temperature.

Results of IR spectral studies on the unlabeled'@@elabeled
ruthenium systemé-Na™ and Cp(CO)RUBCONa [4(13C)-Na']
proved to be especially informative on the coupling of the
carboxylate-carbonyl label exchange and reversible carbon
dioxide binding (Scheme 2). IR spectradsNa* as the solution
slowly warmed appear in Figure 3. Spectrum A shows the
starting metalate Cp(C@uNa; scan B corresponds to the
initially formed 4-Na' that entered the cell at15°C. Upon
sitting in the cell 4-Na* transformed first to mixtures af-Na"
plus an intermediate that we tentatively formulate as the

1
metalloanhydride Cp(CO)RuC(O)OC(O)Ng) (scan C), then
to mixtures of6 and Cp(CO)RuH (eq 1). IR spectral scans D

o 2 o

Ru Na* —» Ru—C C‘ Nat ——
/\ . /N Y% .
oc co -78°C oc co >-20°C
4 Na*
/O degrad
7 egrade
Sy =)
Ru \ —_— Ru—H (1)
/ \ fo) >0°C / \
oc /C oC CO
o/ 6

and E monitor the degradation 6fto Cp(CO}RuH as a 5C
solution was warmed to room temperature over 4 min. Similar
experimental runs starting with’CO, produced detectable

1
metalloanhydride Cp(CO)RC(O)OC(O)Na §(*3C)] (Table 2)
and then 1:1 mixtures of Cp(C&RuH and Cp¥CO)(CO)-
RuHM and of CQ and13CO, at 20°C.
Our formulation of the metalloanhydride intermedi@teust

be regarded as tentative since it was assigned solely on the basis 1

of its IR spectrum, i.e., the presence of one terminal carbonyl
v(CO) band at 1923 cnt plus lower energy(CO)sym and
v(CO)ymbands (1526, 1246 cm) that may be appropriate for
an anionic metalloanhydride. Several attempts at recofdiig
NMR spectra betweer78 and—10 °C afforded only broad,
unresolved absorptions in tlde160—200 carbonyl region and

Pinkes et al.

1569 1526

%T }‘W
1
|

4 2015
1938

B

2015 1526

1923

2021

1958

2000 1800 1600 1400 1200 cm-!
Figure 3. Infrared spectra of Cp(CGRUCG:"Na* (4-Na') in low-
temperature flow cell. (A) Starting Cp(C&u~ Na* (0.50 mmol in
15 mL of THF). (B) Cp(CO)RuU—CO;,~ (4-Na'), result of adding 1

several Cp resonances. Similar metalloheterocycles previously€quiv of CQ (=78 °C); cell at—18 °C. x, impurity. (C) 4-Na" and

had been reported by Fehlhammer and co-workers as a resul

1

of adding heterocumulenes to Fe.g., Cp(CO)FeC(O)NRC
(=NR)Naz2¢

Observations on the thermal degradation of the ruthenium
13C-labeled metallocarboxylate Cp(CRU=CONa [4 (13C)-
Na™] and its putative metalloanhydride tautom&f3C) are
consistent with the intermediacy of similar metalloanhydrides
for the iron and ruthenium metallocarboxylates in this study
(Scheme 2). These metalloanhydrides presumably mediate th
reversible interchange of tH€C label between the carboxylate
and carbonyl ligands.

The reactions between the Nand K" metallates Cp(CQM ™~
and 1°CQO; yielded unlabeled C© Initially produced Cp-
(COXRMI3CO,~ underwent label interchange giving CH#{O)-
(CO)MCGQ,, which in the presence of Naand K" counterions
reversibly dissociated unlabeled €OReversible dissociation

(26) (a) Fehlhammer, W. P.; Christian, G.; Mayr, AJJOrganomet. Chem.
198Q 199 87. (b) Fehlhammer, W. P.; Hirschmann, P.; Mayr, A. J.
J. Organomet. Chenil982 224, 153. (c) See also: Jernakoff, P.;
Cooper, N. JJ. Am. Chem. S0d 989 111, 7424.

p(CO)RUC(O)OC(O)Na" (6); cell (0.50 mm spacer) at9 °C. (D)
-Na+t and Cp(CO)RuH; cell at+5 °C. (E) Solution in (D) was warmed
to room temperature over 4 min.

entails the resulting metalate GHLO)(CO)Ru preferentially
associatingt3CO, from the initial pool of residual (unbound)
13C0O,. Concentrations of unlabeled G@erefore accumulated

at the expense of residudiCO,. This reversible ligation of
carbon dioxide to the metalate accounts for the production of

dinlabeled CQ [from 1(*3C)-K* and 3(*3C)-K*] before the

metallcarboxylate degrades.

Lee and Cooper first reported the carboxytatarbonyl label
shuttle for 1(*3C)-Li* and postulated the metalloanhydride
intermediaté® In their experiments, label exchange began
at —20 °C (6% after 1 h) and was rapid at°Z (43% after
1 h). [They quantitated CB{CO)(CO)FeCH that formed after
qguenching the reactions with Mel.] We also observed sluggish
label shuttle forl(*3C)-Li™ between—20 °C and room temper-
ature. Similar label shuttling between carboxylate and ter-
minal carbonyl sites has been observed for [Cp(E&F

—
C("0)0—WCpy]",2” Cp(COYMIECOZr(CCp, (M = Fe?2l



n°>-Cyclopentadienyl Carbonyl Metallocarboxylates

Ru™), and Cp*(CO)FeCO,SnMe 1% Metalloanhydride spe-
cies (cf. Scheme 2) were proposed as intermediates.

Conclusions

The ¢*-C) CO, adducts FpC@ (1-Mg?™, -LiT, -Na', -K™),
Cp*(COXRFeCQK (3 K*), and Cp(CO)RUCO,~ (4 Nat, KT)
were generated at78 °C in THF by treating the CpM(CQ)
LiT, Na, KT, or Mg™2 metalates with 1.81.2 equiv of CQ
(or 3CQ;). A surprising development was the initial difficulty

Inorganic Chemistry, Vol. 36, No. 1, 19979

exchange of th&*C label between the carboxylate and carbonyl
ligands and (b) reversible dissociation of carbon dioxide from
the metallocarboxylates. The initigdC label shuttle intercon-
verted Cp(COMICO,~ and Cpl3CO)(CO)MCQ~ via the
proposed metalloanhydride intermediates Cp(CBIND)OC(OY

(the ruthenium example may have been detected). Then
Cp(3CO)(CO)MCQ~ dissociated unlabeled GOand ex-
changed it for residudPCoO,.

The facility with which the labeled metallocarboxylates

encountered in reproducibly recording solution IR spectra of Cp(COYM3CO,~ exchanged thé3C label between the car-
these metallocarboxylates, which proved to be independent ofpoxylate and carbonyl ligands and reversibly dissociated carbon

any intrinsic instability ofl. The results of studies that were
carried out on MgSICl trapping of1-Mg?*, -Li*, -Na*, -K*,
-n-BuyN™, and -(dibenzo-18-crown-6)Kas Cp(CO)FeC(O)-
OSiMe; (5) indicated thatl-Mg2*, -Li*, -Na', and -K" are

dioxide depended on the choice of the counterion. Timis;

and especiallyl-Mg?" were much less labile toward the first
step and were unreactive toward £@issociation. These
observations are consistent with tight binding of the counterions

stable at room temperature for at least 1 h, and with proper to the carboxylate oxygens, commensurate with localization of

precautions, their IR spectra can be obtained. 3{@CO)

the negative charge on the carboxylate oxygens. Hence, their

assignments, confirmed by isotope shifts for 99% labeled |R spectra exhibit high(CO) values. On the other harNa*

Fpl3CO,~ [1(*3C)], are consistent with an ionic op¥-C:n?-
0,0) metallocarboxylate. A decrease in the IR terminal
carbonyl v(CO) absorptions forl through the counterion
sequence Mt?, -Lit, -Na', and -K" is consistent with

and1-K™* delocalized more of the negative charge onto the Fp
moiety [exhibiting lowerv(CO) values] due to their Naand

K™ counterions being less tightly bound to the carboxylate
oxygens. Thusl-Nat and 1-K* were more reactive than

increasing charge density on the Fp moiety due to attenuationj_pg2+ and1-Li+ toward label shuttle and exchange.

of carboxylate-counterion ion pairing.

Results of variable-temperature 15 °C to room temperature)
IR and 13C NMR spectral studies were consistent with
Cp(COpMI3CO,~ gradually transforming exogenotiCO, to
unlabeled CQ@ This results from two coupled reactions: (a)

(27) Pilato, R. S.; Housmekerides, C. E.; Jernakoff, P.; Rubin, D.; Geoffroy,

G. L.; Rheingold, A. L.Organometallics199Q 9, 2333.
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