J. Am. Chem. S0d.996,118, 1981-1996 1981

Reactions of Cplra(CH,)(CHs) with Substituted and
Unsubstituted Metal Carbonyls (Groups 7, 8, and 9).
Evidence for Intermediates Involved in the
Carbon-Carbon Bond-Forming Steps of the
Reduction and Deoxygenation of CO

Grant Proulx* and Robert G. Bergman*

Contribution from the Department of Chemistry, ueisity of California,
Berkeley, California 94720-1460

Receied May 24, 1995. Résed Manuscript Receéd Naember 29, 199%

Abstract: The mechanisms of surface-catalyzed reactions that deoxygenate carbon monoxide (CO) and convert it
into longer chain hydrocarbons are not well understood. Homogeneous models involving soluble, well-characterized
organometallic complexes would be helpful in developing an understanding of these reactions. Reported here are
transformations in which CHl CO, alkyl, and aryl fragments incorporated in soluble metal complexes undergo a
variety of changes that lead to new multicarbon ligands. In one example, treatment of the tantalum methylene
complex CpTa(CH)(CHs) (1, Cp= 5°CsHs) with the methyl- or phenylrhenium pentacarbonyl complexese-

(CO) (R = CHs (2a), Ph b)) above 0°C leads to>90% vyields of the bridging oxo complexes £PHs) Ta(u-
O)Re(CR=CH,)(CO), (R = Me (3a) and Ph 8b)). Low-temperature NMR monitoring and use of a perfluoroalkyl
ligand has provided information about the initial steps in these transformations. These demonstrate the first observation
of “Wittig-like” attack of a metal alkylidene group on a CO ligand to give a zwitterion (e.g., fully charactet@ed
followed by cleavage to oxometal and vinylidene complexes. In another example, the tantaddinylene complex

1 reacts with the dinuclear metal carbonyls(@0O) and Fg(CO) to yield new complexesl{y and18) that incorporate

a GH,0; ligand bridging three metal centers. Reaction of the tantalomathylene complex with RECO)o, Mny-

(CO)o, or Fe(COy leads tal9, 20, and21, requiring even more deep-seated changes in which extensive rearrangement
along with three-carbon coupling occurs. In this process, an oxygen atom is removed from one CO group, leading
to the oxotantalum compound g&@Hs)Ta=0O. The carbon atom from the transformed CO couples with twg CH
groups initially bound to tantalum, and the €hlydrogens are simultaneously rearranged to producesa CEC~

ligand. This G fragment is stabilized by binding to a tantaltate-metal chain. These products also contain the

first examples of tantalumcarbon monoxide bridges. A reaction betwekand Ry(CO), that results in CO
deoxygenation along with coupling of the CO carbon to methylidene groups and other CO carbons to yield the
cluster complex CHCHs)Ta(u-O)Ru(CsH4)(CO) (23) and the unstable free tantalum oxo speciesT@g=0)-

(CHgy) is also reported. The TaRproduct contains a 4-carbon cumulene ligand that bridges the three late-metal
centers. The crystal structures of compleg8bs 16, 17, 18, 19, 20, 21, and23 are reported.

The reduction of carbon monoxide and its incorporation into and H into methanol, and a few homogeneous solution reactions
longer-chain hydrocarbons is one of the most intensely studied are known in which CO molecules are cougietbr cleaved.°
fields in organotransition metal chemistry. An example of such However, homogeneous CO oligomerization processes are still
a transformation, the heterogeneous Fiseffebpsch process, rare. Organometallic reactivity relevant to the dissociative
converts synthesis gas (CQJHinto an array of products cleavage of CO is observed in certain metal carbonyl clusters
including a number of differing hydrocarbons, olefins, alcohols, and low-valent early transition metal species, but external
aldehydes, acids, and aromatics. Its mechanism is still not well reagents are often needed to formC bonds from the resulting
understood, but a proposed initial step involves attack of a carbides. Conversely, early transition metal and actinide hydride
nucleophilic transition metal hydride on an electrophilic metal complexes model CO reduction andg-C bond-forming reac-
carbonyl? This leads to a formyl complex that is believed to tions, yet few examples of €0 bond scission have been
decompose to a metal oxide (which is later given off a®H observed. Other systems have used highly electronically
and a surface-bound methylidene fragment. Oligomerization unsaturated early-metal species to cleave ts®ond of free
of methylidene fragments is thought to be responsible for many carbon monoxide.
of the chain growth products observed in the F-T process. (3) Anslyn, R. V.; Santarsiero, B. D.; Grubbs, R. Brganometallics

Carbon monoxide reduction and oligomerization processes 198§ 7, 2137.
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information relevant to analogous heterogeneous processes. A (6) Bercaw, J. E.; Sanner, R. D.; McAlister, D. R.; Manriquez, J.IM.
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We have recently published preliminary information on a Table 1. Selected Intramolecular Distances and Angles for
series of reactions between Jja(CHs)(CH,) (the first stable ~ CPeTa(CH;)(u-O)Re(C(CH)Ph)(CO) (3b)

transition metal methylene compfé€y and a number of metal Distance (A)

carbonyls and their derivativé&12 In this full report, we Re-05 2.147(11) Ctol 1.191(19)

describe Ta-mediated processes that couple CO andEttell Re-C1 1.922(17) €202 1.159(19)

as alkyl, alk_enyl, and aryl groups in h_omogeneous solution._ E:gg 182288 gigi ii;gggg

These reactions occur at or below ambient temperatures and in  re—ca 1.865(17)

the absence of light, and lead to an array of products whose Re-C16 2.234(17) C16C17 1.34(2)

identities depend on the metal center and the ligand environment. C16-C18 1.47(2)

This appears to be the first detailed study of homogeneous Ta—05 1.761(11) C18C19 1.41(2)

reactions that utilize the vastly different electronic properties C18-C23 1.40(2)

X o . . Ta—C5 2.214(17)

available from the early and late-metal series in which extensive

CO bond reduction and cleavage is observed along with Ta—cp1 2.124

incorporation of the carbonyl carbon into an array of CH- and Ta—CP2 2.149

CHO-containing products. We have accomplished the spec- Angle (deg)

troscopic identification and isolation of several intermediates, o5_Rre-c16 87.0(5) ReO5-Ta 179.0(6)

which has led to progress in our understanding of how these c2-Re-C16 85.3(6)

transformations occur. C3—-Re-C16 87.5(6) C17C16-C18 116.6(15)
C4—Re—C16 93.9(7) C16C18-C19 120.9(14)

Results Cl16-C18-C23 119.2(14)
05-Ta—C5 94.4(6) C19-C18-C23 119.9(14)

Reaction of 5-CsHs),Ta(CH2)(CH3) with the Hydrocar- CP1-Ta—Cp2 128.3

bon-Substituted Metal Carbonyls (CHz)Re(CO) and (CgHs)-

Re(CO). The reaction between the tantalum methylidene

complex, CpTa(CHy)(CHs)1® (Cp = #°-CsHs) (1), and the 01

hydrocarbyl-substituted rhenium pentacarbonyl complexes oc- cs

curs rapidly and in good yield in a variety of solvents even at c1
significantly reduced temperatures.

c12§
C10

CH, R
N4 A
|o’ C
CH, THF or CgH c11
CpZTa/< . ¢ ——"%  CpTa=0—M (1 co
CH, I\'A—R 25°C
H,C c7
1 M = Re(CO), M = Re(CO), cs
2a, R=CHj4 3a, R=CHj,
2b, R = CgHs 3b, R = CgHs

For example, treatment of a THF solutionbivith 1 equiv of
the methyl- or phenylrhenium pentacarbonyl complexesie-
(CO)% (R = CHsz (2a), Ph b)) yielded gold to yellow
compounds with the general formula £PHs)Ta-O)Re- €21
(CR=.CH2)(CO)4 (R = Me (3a) and Ph Sb))ls'm (eq 1). This . Figure 1. ORTEP diagram of GffCHs)Tau-O)Re(CPR=CH,)(CO)
reaction occurs at room temperature and in the absence of Ilght,(3b)'
requiring only seconds to provide a high yield of produec90%
by H NMR spectroscopy). Compound3a and 3b were tion geometry, with the styryl group cis to the bridging oxide
isolated in 61% and 67% yield, respectively, in pure crystalline unit. The CH group of the styryl ligand is directed toward the
form by slow diffusion of pentane into a benzene solution Cp,Ta center and the more sterically demanding phenyl group
followed by slow cooling to—30 °C. The'H NMR spectrum directed away from it. The bonding situation regarding the
of the product3b, suggested its identity as an alkenyl complex bridging oxo ligand is a little more unusual. The length of the
by showing two doublets attributable to inequivalent vinylic Ta=O bond was found to be 1.761(11) A, while the Re
protons, and thé3C{'H} NMR spectrum also showed reso- bond is 2.147(11) A5 suggesting that the complex possesses a
nances consistent with a new phenyl-substituted vinyl group Ta=0O double bond and a ReéD donor-acceptor interaction.
bound to Re. The IR spectra 8&and3b have absorbances at The Ta-O—Re bond angle of 179.0(6)s nearly linear. A
833 and 831 cmt, respectively, which we assign to F&— linear structure with a large difference in metalxo bond
Re bridging oxo stretches. lengths between an early and a late transition metal is rare but
To confirm these inferences, an X-ray crystallographic is generally viewetf as being due to a dative interaction
analysis of3b was performed (see Table 1, Figure 1). This between oxygen and the metal center. Formally, this makes
revealed a heterobimetallic structure in which there was a an 18e Ta(V) and an 18e Re(l) species which is consistent
bridging oxo group along with a new-styryl group bound to with the diamagnetic character 8b. Also, there does not
the late metal. The Re center has a pseudo-octahedral coordinaappear to be any bonding interaction between the vinyl fragment

(10) Schrock, R. R.; Sharp, P. R. Am. Chem. Socl978 100 (15) Herrmann, W. A.; Fischer, R. W.. Am. Chem. Sod 995 117,
2389. 3223.
(11) Proulx, G.; Bergman, R. Gsciencel993 259, 661. (16) The formation of a bridging oxo complex by displacement of a
(12) Proulx, G.; Bergman, R. Gl. Am. Chem. Sod.993 115 9802. solvent molecule from a late-metal species by the oxo ligand of an early-
(13) Fryzuk, M. D.; Huang, L.; McManus, N. T.; Paglia, P.; Rettig, S. metal center has been documented before; see: Pilato, R. S.; Rubin, D.;
J.; White, G. SOrganometallics1992 11, 2979. Geoffroy, G. L.; Rheingold, A. L.Inorg. Chem.199Q 29, 1986 and

(14) Selnau, H. E.; Merola, J. 8. Am. Chem. Sod.99], 113 4008. references cited there.



Reactions of CfTa(CH,)(CHs) with Metal Carbonyls

Scheme 1
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and the tantalum center which is consistent with the linearity
about the oxygen atom.

Isotope tracer and low-temperature NMR monitoring experi-
ments have also been performed. Reaction ofRHICO} (2a-
ds) (eq 2) with1 produced CgCHs)Tau-O)Re(CCR=CHy,)-
(CO) (3a-d3) (> 98% trideuterated), demonstrating that the vinyl
methyl group is derived essentially exclusively from the Re-
(CH) rather than the GFa(CH,)(CHs) center. A solution of

H,C.  CD
2 \\\\c/ 3
CH, co |
7 s .
Cp,Ta? o _25C L pTa—0—=Re(CO), ©)
- Re(CO)s |
° H,C
3
1 2a-dy 3a-dj

1 and 2a were mixed in a sealed NMR tube a0 °C and
then warmed slowly. At—35 °C, the 'H NMR spectrum
showed the formation of a new material whose concentration
builds up only at low temperature. Thd NMR spectrum was
consistent with zwitterich6a. The methyl proton resonance

at —0.49 ppm shows that this group has not yet migrated away

from the metal center (Scheme 1). Ab °C this first observ-

able intermediate began to decompose and two new thermally
One is the previously

unstable products began to appear.
characterized oxotantalum complex LpHz)Ta=0 (5).1112
Details of the characterization of compoubBdre provided in
another pape¥’ NMR data on the second of these products is
consistent with its assignment as the 2-propenylrhenium THF-
dg complex (CO)Re(CMe=CH,)(THF-dg) (8d).# Upon further
warming, resonances f& 6a, and8adisappear as resonances
for the isolable product3a begin to appea¥? At room
temperature the only product remaining véasn >90% yield.

We also monitored the reaction bfwith 2ain the presence
of excess PMgby H NMR at several sub-ambient temperatures
(Scheme 1). At-35°C we observed that zwitteridda formed

again at a rate comparable to that observed in the absence of

phosphine. Subsequently,-8b °C, CH;C(CH;)Re(CO)}PMe;)
(103 (87% by'H NMR) and additional free GCHz)Ta=0)
(5) are produced in place of THF compl8aand bridging oxo
complex 3a. Similarly, CHC(CH;)Re(CO} (11a) (91%)

(17) Proulx, G.; Bergman, R. Grganometallics1996 15, 133.
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appears in place ofOa if excess CO is used in place of
phosphine. Also, upon treatment of fpHs) Ta=0)Re(CHC-
(CH2))(CO) (38 with carbon monoxide, the tantalunoxo
linkage can readily be displaced to form gHCH,)Re(CO}
(118 and [Cp(CH3)Ta=0], (which precipitates from a room
temperature solution as a polymeric white flocculent powder
and cannot be redissolved in common organic solvents). This
demonstrates that the FaQ)—Re linkage is a relatively weak
2e donor-acceptor bond. We have synthesized;CHCH,)-
Re(CO} (118 and CHC(CH,)Re(CO)(PMey) (104 indepen-
dently (see Experimental Section) and the spectroscopic char-
acterizations match those of the vinylrhenium carbonyl complexes
generated above.

We have extended the vinyl chain by two more carbons via
deoxygenation of another carbonyl in gE{=CH,;)Re(CO}
(118 (Scheme 1). Treatinfilawith more CpTa=CH,)(CHs)

(1) leads to Cp(CHz)Ta=0O)Re(CH(C(CH,))(CO)M (123
(73%). Upon further treatment of this new species with CO,
the rhenium pentacarbonyl complex B(CH,)),Re(CO}

(138 can be regenerated with the appearance of a polymeric
tantalum-oxo species. This rhenium-bound 3-methyl-2-buta-
dienyl species appears to be quite stable thermally, but can
undergo further attack by more tantalum methyliddneWe

have repeated this sequence and spectroscopically characterized
the chain-extended product through three of these transforma-
tions, but continued NMR observation indicates that the chain
growth continues beyond this point (ca.-580%). We have

not established the limit for this process. However, it appears
that growth of the methyl-capped isomer of polyacetylene
generated by the repeating sequence is assisted by the tendency
for the tantalum oxide to precipitate from solution as a polymer
so that it does not build up in large concentration at room
temperature.

This deoxygenation/polymerization of carbon monoxide does
appear to have certain limits with respect to ligand environment
about the rhenium center. A second deoxygenation of carbon
monoxide byl does not appear to occur unless and until the
Ta=0 linkage is replaced by a CO ligand. One can also
successfully shut further reaction down by allowing a good
electron donating group (such as phosphines) to coordinate to
the rhenium center. It appears with this (and most other systems
reported here) that phosphines (with the exception gj BRd
other electron donating groups on the late-metal center will shut
down the reaction betweehand the metal carbonyls.

Isolation of a Zwitterionic Intermediate in the Reaction
of (1]5-C5H5)2T8(CH2)(CH3) with (CF3CF,CF2)Re(CO)k. In
an attempt to further understand the mechanism of thg @H
metathesis reaction that occurs between the tantalum meth-
ylidene complex and the substituted rhenium pentacarbonyl
complexes, we attempted to use the known stability of perflu-
orinated alkylrhenium species to isolate and characterize an
intermediate analogous to the one seen in low-temperature
spectroscopic experiments betwekand RRe(CQ)

The reaction between gpa(CHy)(CHs) (1) and GFRe(CO}

(15) proceeds in a fashion similar to those described for the
alkyl- and aryl-substituted complexe8a and 3b) at low
temperature (see eq 3). Upon mixing a THdsolution of1

H
|

0 C—H
CH, o/
/ i THF/R.T. -
szTa< * Cf E—— Cp{l{a& G B @)
s Re(CyF)(CON th. FelCsFAICO),
3

1 15 16

and15 at —50 °C and slowly warming to-30 °C in a cooled
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with the GF; ligand oriented cis with respect to theH;O
bridging ligand. The rheniumcarbon linkage to the ketene
bridge appears to be a normal single bond{R€H; is 2.192-
(12) A). The C-O (1.387(14) A) and &CH, (1.366(17) A)
distances are in the normal range for @ single and &C
double bond, respectively. The F& distance (1.838(8) A) is
significantly shorter than that in some related complexes with
a “true” Ta—O single bond. The TaO single bond distances

in the Cp*%Ta(@;?-02)CH,CsHs moiety are 1.996(6) and 1.955-
(6) A 2% and the T&=O distance irBb (Ta=0)—Re) is 1.761-
(11) A. Thus, the formal bonding scheme appears to be
consistent with a TaO single bond with considerable back-
donation to the tantalum center by one or both lone pairs on
the oxygen. A second lone pair interaction is possible consider-
ing that the Ta-O—C linkage is not far from linear at 160.8-
(8)° even though the tantalum would be formally 18sith
Figure 2. ORTEP diagram of CffCHs)Ta-OC,H,)Re(GF7)(CO) only a single interaction (this is quite a common occurrence
(16). and is well-documented in some related tantalum imido
complexesf® The angle with respect to this linkage also makes
any Ta-CH; interaction (which would formally lead to an
oxametallacyclobutane) unlikely.

c4

Table 2. Selected Intramolecular Distances and Angles for
Cp2(CH;) Ta(OC(CH))Re(GF7)(CO) (16)

Distance (A) Reaction of (7°-CsHs)2Ta(CH2)(CH3) with the Dinuclear
Re-C12 2.192(12) c1201 1.387(14) > 52 A3
Re—GC14 2.206(12) C12C13 1.366(17) M.etal Carbonyls Coy(CO)gand Fez(CO)g. Cpmplexl reacts
Re-C17 1.932(15) with dinuclear metal carbonyls having relatively short metal
Re—-C18 1.991(13) C1702 1.184(17) metal bond lengths<(2.54 A). These reactions occur rapidly
Re-C19 1.966(13) C1803 1.148(15) even at low temperatures in solvents in which the metal
Re-C20 1.949(13) Cgé?gg i-igg(ig) carbonyls are at least slightly soluble. Treatment of 1 equiv of
- 191(16) CpeTa(CHy)(CHs) (1) with 1 equiv of Ca(CO) or Fe(CO
Ta-01 1.838(8) C14C15 1.538(17) . - .
Ta—C11 2.212(13) C14F1 1'397(14) n tetrahydrOfUran above-30 °C for 3 h results in>90% (lH
Cl14-F2 1.415(14) NMR) yields of dark brown and dark red compounds, respec-
TA—CP1 2.087 tively, with the stoichiometries GFa(CHg)(CsH20,)C0ox(CO)s
TA-CP2 2.115 (17) and CpTa(CHy)(CsH20,)Fex(CO), (18) (eq 4). Crystals
Angle (deg)
Cl12-Re-Cl4 84.9(4) Ta01-C12 160.8(8) HG o Ot
C12-Re-C17  179.6(5) ReC12-01 117.8(8) 0=C—ColCOk; 1 \ \?(\
C12-Re-C18 85.5(5) Re-C12-C13 127.7(9) | el LN ;30(00)3
Cl12-Re-C19  91.1(5) 0+C12-C13  114.4(11) o 0=0—ceco AT 0= co
Cl12-Re-C20 87.9(5) ot 17 ¢ .
C14-Re-C17 94.7(5) ReC14-F1 114.8(7) Pl o )
Cl4-Re-C18 86.7(5) Re C14-F2 114.0(7) N THE _ HG o CHe GOl
Cl4-Re-C19  176.0(5) ReC14-C15 119.3(8) TS0, T G T\/ \Cf(,.pe
Cl4-Re-C20 89.1(5) o=c—rs PRI __cY [ co
F1-C14-F2 102.0(9) (CO), o \Fe';\co
Cpl-Ta—CP2  132.93(3) FiC14-C15 103.2(9) 5 (O
01-Ta—C11 97.3(4) F2C14-C15 101.2(9)

C14-C15-C16  120.4(11)

were isolated of compounti7 in 49% yield and compounii8

in 47% vyield by slow diffusion of pentane into a benzene
probe while monitoring byH NMR, a new product 16) is solution of the filtered reaction mixture. THAel NMR spectra
observed which has spectroscopic characteristics nearly identicabf 17 and18 are similar and suggest the formation of an unusual
to those observed in similar reactions with the alkyl-substituted Oxoa"y”dene structure br|dg|ng the three metal centers. The
species at that temperature. The inequivalent proton resonancegpectra of each show two inequivalent Cp resonancé$at3

for this complex now appear at4.46 and 4.14 ppm which is  and 5.09 ppm (fod7) and a tantalum methyl resonance. The
in the proper range for an uncoordinated alkene (as comparedyo coupled inequivalent doublets @8.12 and 2.49 ppm) in

to 6 4.32 and 3.82 ppm for the TaReM&d) intermediate).  the correct region for late-metal bound allylic protons suggested
However, upon warming to 20C, formation of free Cpla- the presence of an allylic grodp. The methylidene fragment
(=0)(CHp) (5) or its polymer is not observed. By not allowing s no longer bound to the quadrupolar tantalum center as shown
this solution to warm past 20C (<10 °C is ideal), it was  py the large upfield shift and increased sharpness of the
possible to isolate and recrystallize this complex at subambientmethylene resonances. THE{*H} NMR spectra ofl7 and
temperature to obtain pure, golden-yellow crystal$@in 73% 18 are also quite similar with three resonances attributable to

yield.!® The complex was characterized by X-ray diffraction gajlylic carbons, two Cp resonances, a-TaHs; resonance, and
(Figure 2; Table 2).

The bridging ketene ligand in this product formally arises ~ (19) van Asselt, A.; Trimmer, M. S.; Henling, L. M.; Bercaw, J. E.

. ! . : . Am. Chem. Socl988 110, 8254.
by insertion of a bound carbon monoxide ligand into the (20) Parkin, G.: van Asselt, A.; Leahy, D. J.; Whinnery, L.; Hua, N. G.:

Ta=CH2 double bond. There is some disorder in one of the Quan, R. W.; Henling, L. M.; Schaefer, W. P.; Santarsiero, B. D.; Bercaw,

Cp rings bound to tantalum. The Re center is psuedo-octahedral. E.Inorg. Chem.1992 31, 82.

(21) Collman, J. P.; Hegedus, L. S.; Norton, J. R.; Finke, RR@ciples
(18) The zwitterion appears to be stable with respect to addition of and Applications of Organotransition Metal Chemisttniversity Science

more 1. Books: Mill Valley, CA, 1987.
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Cpz(CH3) Ta(GH20,)Co(CO} (17)

Table 3. Selected Intramolecular Distances and Angles for

Ta—04
Ta—08
Ta—C10

Col-Co2

04-Ta—08
04-Ta—C10
08-Ta—C10

Co2-Col-C4
Co2-Co1-C8
Co2-Co1-C9
Col-Co2-C4
Ta—04—-C4
Ta—08-C9

Distance (A)

2.150(7) CotC4
2.074(7) Co%C8
2.278(12) CotC9
Co2-C4
2.573(2)
C4-04
C9-08
C4-C9
C8-C9
Angle (deg)
72.7(3) Co2C4-04
143.2(4) Co2C4-C9
70.5(4)
04—-C4—-C9
46.0(3) 08-C9-C4
87.9(3) 08-C9-C8
76.8(3) C4C9-C8
57.5(3)
120.7(7) CotC4—Co2
120.1(6) CotC4-04
Col-C9-08

2.233(11)
2.105(12)
2.151(11)
1.904(11)

1.308(13)
1.361(13)
1.459(15)
1.398(16)

125.7(8)
122.2(8)

112.1(9)
114.0(9)
122.8(10)
122.8(10)

76.4(4)
129.5(8)
125.7(8)

Table 4. Selected Intramolecular Distances and Angles for
Cpx(CH3)Ta(GH,0,)Fex(COY), (18)

Distance (A)

Ta—08 2.107(8) Cc808 1.311(13)
Ta—09 2.073(7) Cc9-09 1.341(13)
Ta—C11 2.291(12) c8c9 1.426(15)
C9-C10 1.419(15)
Fel-Fe2 2.648(2)
Fel-C3 1.771(12)
Fel-C8 2.177(11) Fe2C4 1.800(12)
Fel-C9 2.192(10) Fe2C3 2.873(12)
Figure 4. ORTEP diagram of GfTa(CHs)(u-CaH-0,)Fe(CO), (18). Fel-C10 2.143(12) FetC4 2.671(12)
Fe2-C8 2.001(11) C303 1.150(14)
M—C=0 resonances. The TaFeomplex18 does, however, C4-04 1.148(14)
have quaternary®C resonances (e.d.144.4 ppm) which are Angle (deg)
indicative of semibridging carbony?3,and the TaCgpcomplex 08-Ta—09 71.9(3) Fe2Fel-C3 78.4(4)
17does not. The large differences between the chemical shifts 08-Ta-C11 142.6(4) Fe2Fel-C8 47.8(3)
of the allylic carbon resonances suggest that each of the carbons ©9-Ta-C11 70.7(4) FezFel-C9 79.3(3)
are in unique chemical and magnetic environments. Infrared .1 g5 g 132.6(8) Fgg;'lzg;:gio ?3:3((2))
data also show that along with numerous termina:CC Fe2-C8-08 118.1(8) FelFe2-C8 53.7(3)
stretches, absorbances for-O single bonds also are observed.  Fe1l-C9-09 127.2(7) C4Fe2-C8 96.9(5)
The structures of 7 and18 were established by single-crystal Fel-C8-Fe2 78.5(4) FexC3-03 174.9(11)
X-ray diffraction analyses (Figures 3 and 4, Tables 3 and 4). FeZ2-C8-C9 129.4(8) Fe2C4-04 166.2(11)
The bridging GH>0;, unit is b_ound to_the Ta_ center through 08-C8-C9 112.2(9)
two Ta—O single bonds and is associated with one late metal og cg cg 113.2(9)
center in an allylic type fashion with all three carbons of the 0g9-c9-c10 121.7(9)
ligand. The second late metal center is bound to only a single C8-C9-C10 124.1(10)

C atom of this ligand® The different magnetic and chemical
environments of each of the carbon atoms are apparent from
the structure. One of the late metal centers sits significantly
below the nearly planar dioxoallylic group accounting for the
inequivalent TaeCp NMR resonances. The tantaltmmethyl
bond is retained but the GHjroup is no longer associated with

stoichiometry Cp(CH3)Ta(GHz)(CO)Re(CO) (19), Cp(CHs)-
Ta(GH3)(CO)Mmny(CO) (20), and Cp(CH3)Ta(GH3)(CO)Fe-
(COX (22) result (eq 5). These deep red compounds are isolated

the tantalum center. o CHE\C

Reaction of 5-CsHs);Ta(CH)(CH3) with the Metal o Se
Carbonyls Re(CO)10, MN2(CO)10, and Fe(CO). In contrast 2 szTa/< . m THE cpzTa.'{,...\.M + CH, + CpJa{ ®)
to the 1:1 stoichiometry of the reaction dfwith the dicobalt CH, c RT \C/ CH,
and diiron carbonyls, the dirhenium and dimanganese carbonyls 1 o/// S 5
(which have M-M bond lengths of>2.8 A), as well as Fe- M = Re,(CO)s 19, M = Re,(CO)q
(COJs, react rapidly at room temperature with 2 equiv of,Cp :hFAen(égi)g 5‘1’ m - :‘:A;(zég)oa)s

Ta(CH)(CHs). After 1 h atT = 5 °C, compounds with the

(22) Cotton, F. AProg. Inorg. Chem1976 21, 1.

(23) Phosphine-substituted uranium carbene complexes have been show
to undergo a similar reaction with dinuclear iron carbonyls; compare with:
Gilje, J. W.; Cramer, R. Elnorg. Chim. Actal987, 139, 177.

in crystalline form in good yield (62%, 58%, and 47% fi8,
0, and 21, respectively, based on the metal carbonyls) upon
pentane diffusion into a benzene or toluene solution of product
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Figure 7. ORTEP diagram of one of the two crystallographically
independent molecules of [QEHs)Tau-CsHs)(u-CO)Fe(COy)z
(CeHe) (21).

Table 5. Selected Intramolecular Distances and Angles for
CpzTa(GH3)(CO)Re(COX (19)

Distance (A)

Rel-Re2 3.001(1) TaC9 2.313(21)
Re2-Ta 3.017(1) TaC10 2.283(19)
Ta—C11 2.289(18)
Re2-C9 2.018(22)
Re2-C10 2.029(18) C909 1.216(23)
Cl0-C11 1.28(3)
Cli1—-Ci12 1.52(3)
Angle (deg)
Re2-C10-Ta 88.6(7) C9-Ta—C10 84.2(7)

Re2-C10-C11  162.1(16) C9Ta—Cll  116.4(7)
C10-C11-C12  152.4(20) Re2C9-09  143.4(17)

Ta—C11-C12 134.0(14) TaC9-09 128.3(16)
Re2-C9-Ta 88.0(8)
_ _ Rel-Re2-Ta 144.37(3)
Figure 6. ORTEP diagram of Gf§CHs) Ta(u-CsH3)(u-CO)Mn(CO) Rel-Re2-C9 165.0(6)
(20). Rel-Re2-C10 95.3(5)
C9-Re2-C10 99.1(8)

followed by slow cooling to—40 °C. Also formed in these

reactions are 1 equiv of Gpa(=0)(CHj) (5) and CH. The Table 6. Selected Intramolecular Distances and Angles for
polynuclear products formed contain a bridging carbonyl and Cp;Ta(GHs)(CO)Mny(CO) (20)

an unusual methylacetylide ligand, both of which bridge the Distance (A)
tantalum and a single late-metal center. Ta—Mn2 2.931(1) cle-c11 1.259(10)

The 'H NMR spectra ofl9, 20, and 21 are all similar and [}_":253””1 gggg(é)) C1xC12 1.492(11)
stra!ghtforward._ Only two resonances occur in each, the Ta—G10 2.243(7) C909 1.211(8)
equivalent Cp rings of the tantalum and a methyl group in the
proper region for a bound methylacetylide ligadd3;01 ppm Ta—Cl11 2.280(7)
for 19). The 3C NMR spectrum of these show resonances  Mn2—C9 1.931(7)
attributable to two quaternary and one primary carbon (in ~ Mn2—-C10 1.921(7)
addition to those associated with CO and Cp ligands). The Angle (deg)
chemical shift and the sharpness of the meth@ andH C9-Ta—C10 82.1(3) Mn2C10-Ta 89.1(3)
resonancesd(3.01 ppm in'H NMR for 19) suggest the idea Ta—Mn2—Mn1l 142.39(4) Mn2-C10-C11 164.1(6)
that it is no longer bound directly to the tantalum center. Also, C10-Cl11-C12 151.9(8)

a downfield CO resonance is observed in each of the spectra Ta-C9-09 131.5(6) TaCl1-C12 135.7(6)
- : Mn2—C9-09 139.8(6)

(6 266.5 ppm int3C NMR for 19) and an IRvco stretching Mn2—C9—Ta 88.6(3) MnEMn2—C9 167.3(2)

absorption at around 1713 ci(for 19) suggests that there is Mn1—Mn2—C10 92.5(2)

an unusual bridging carbonyl ligand between the tantalum and

a late metal center. 2.931(1) A, and TaRe is 3.017(1) A. The bridging<€0 bond

Once again X-ray diffraction was used to conclusively distance does not change significantly from metal to metal
establish the structures @9, 2Q and21 (Figures 5-7; Tables indicating that there is no systematic change in electron donation

5-7). The molecular geometry revealed conclusively the from the two metal centers into the CO antibonding orbitals.
multinuclear structures in which the early and late metal centers  |n order to determine whether the carbon atoms in tktésC
are bridged by both a CO ligand and a three-carbon methyl- ligand originate from the tantalum complex or from carbon
acetylide ligand. Interestingly, these structures are also the firstmonoxide, the labeled tantalum methylidene complex{@p
examples of bridging carbonyls attached to Ta. (13CH,)(*3CHg) (1-13Cy)) was allowed to react with RECO);o.

The general geometry about the Tgig)(CO)M fragment The resulting Re12C=13C—13CHj; labeling pattern demon-
has allowed us to determine some bonding distances that havestrated conclusively that th®carbon and methyl carbon of the
thus far been absent from the literature. The-Wadistances acetylide ligand came from the tantalum center and not from a
seem to vary directly with respect to the size of the late-metal carbonyl ligand. Also, thé3CH, and oxotantalum complex
radii: the Ta-Fe bonding distance is 2.880(1) A, F&In is generated concurrently witt® contained a singl&C label each.



Reactions of CfTa(CH,)(CHs) with Metal Carbonyls

Table 7. Selected Intramolecular Distances and Angles for One of

the Two Crystallographically Independent Molecules of
[Cp2Ta(GH3)(CO)Fe(COjl2+(CeHe) (21)

Tal-Fel
Tal-C11

Tal—-C12
Tal—-Ci14

Cl4-Tal—-C11
Cl14-Tal-C12

Cll-Fel-C14

Distance (A)

2.880(1) Fe1C11
Fel-C14
2.248(10)
2.307(11) CiliC12
2.234(10) C12C13
C14-01
Angle (deg)

82.9(4)  FeiC11-C12
114.9(4)  FeiCll-Tal
C11-C12-C13

102.0(4)  TatCl2-C13

Tal-Cl4—Fel
Tal-C14-01
Fe-C14-01

1.881(10)
1.935(11)

1.258(14)
1.500(16)

1.193(12)

164.3
88.0(4)
153.8(11)

134.8(8)

87.1(4)
136.2(8)
136.7(8)

In another labeling experiment, tHéC-enriched alkylidene
complex, CpTa(*3CH,)(CHz) (1-*°C), was prepared by pho-
tolysis of the ethylene complex, €pa(GH4)(CHg), in the
presence of (§Hs)sP='%CH,. This labeled alkylidene complex
did not show any significant scrambling to the methyl position
(<5% by NMR) over the coursef® h atroom temperature.
Metal carbonyl (RECO).,o or Fe(COy) was added at low
temperature in THR) to this mixture, and the sealed tube

J. Am. Chem. Soc., Vol. 118, No. 8, 195887

a new material was formed whose spectral characteristics were
consistent with its assignment as zwitteri@@ (eq 7). On
reaching 5°C, a second equivalent of was consumed,
concurrent with the formation of C+and 1 equiv of Cg(CHa)-
Ta=0 (5) to give the isolable produdto.

CH,

o,

-35°C + —5°C
2 1 + Rey(CO)yg —> 1 + CpZTa{ -Rey(CO)y —> 19+ 5 (7)
THF—d, oH, —CH,
22

In these structures in which acetylide and carbonyl ligands
bridge the two metal centers, there is some question as to the
presence or absence of an early metate metal bond. Part
of this has to do with the presence of a bent semibridging
carbonyl, a geometry in which the carbonyl is associated much
more closely with the late metal center than with the tantalum.
A widely accepted rationade for the nature of semibridging
carbonyls would suggest that the carbonyl accepts electron
density from the Ta center into itst2orbital thus stabilizing
the charge difference between the two metaks. However,
the presence of a semibridging carbonyl does not necessarily
signify strong metal-to-metal binding, so the presence of a
metak-metal bond must be rationalized further on electronic
bases. In the case of the TaFe compl2X) (we consider the
oxidation states as Ta(Ifj and Fe(ll); the number of valence
electrons around the Fe(ll) center (ignoring the presence of a

containing the mixture was inserted into a pre-cooled NMR eiatmetal bond) is 16. Donation of two d electrons from
probe. The progress of the reaction was then monitored by yhe Ta(111) center to the Fe center would bring the total electron
variable-temperature NMR. Unexpectedly, in the presence of .5unt on Fe to 18. The TFeFe distance of 2.880 A does not

the metal carbonyl, there was rapid prescrambling of'f@
label in 1-13C (eq 6). Subsequent reaction of label-scrambled

*CH,

CH,
1-%¢

y —50°C ‘/jCHg CH;

2 CpTal  + Rey(CO)yy —> CpoTal  + CppTal
THF CH, 13CH3

R.T.l N
CHy

1 with the metal carbonyl gave product having a statistical
mixture of the labeled carbon in theandy positions of the
methyl acetylide ligand, in the methyl group of g@E=0)-
(CHg), and in the methane produced. There was 16% by
NMR) labeled!3C in the a-position of the methyl acetylide
ligand of the product. The mechanism of the rapid rhenium-
catalyzed pre-scrambling is unclear. A further control experi-
ment was performed to show the origin of tecarbon of the
acetylide ligand. Labeled R@3CO),owas allowed to react with

1, and analysis of the final products show€@ label in only
the Re-bound carbons, including thecarbon of the acetylide

//O
CHjy
5

(starred atoms have ca. 50%
13C incorporation)

ligand ([Re}-13C=C—CHy).

By performing variable-temperature NMR experiments during
the reaction ofl and Rg(CO),, we were able to observe the

N
C
Y O\

CpoTdl |~ + GH, + Cp.Ta

/
N

+ Re,(CO)yg

(6)

Re,(CO)q

rule out this kind of interaction. Little is known about T&e,
—Mn, or —Re interactions. In the only structurally characterized
case which contains one of these bonds (aMa bond), the
literature claims a TaMn bonding distance of 3.441(1)& This
compares with the TaMn distance 20 of 2.931(1) A. We
conclude that there is significant metahetal overlap in20.
Reaction of Cp,Ta(CH_2)(CH3) with the Trinuclear Metal
Carbonyl Cluster Ru3(CO)1,. Treatment of a THF slurry of
(Rug(CO)1p) with 2 equiv of the tantalum alkylidene complex
Cp:Ta(CH,)(CHs) (1) at temperatures greater thafi@ results
in the formation of 1 equiv of the previously characterized oxo
complex, CpTa(=0)(CHs) (5), and a TaRgtcontaining cluster
complex, 23 (eq 8). Monitoring this reaction by NMR

C—CH
CH, He /é\ / 2
THF AP | 77 ON ®)
2 1 * Ruy(CO),, —=> Cp,Ta + Cp,Ta=0O—>Ru—Ru—Ru
-Co “cH, (CO)3 (CO); (CO)g

5
23

demonstrated that this species was formed in 57% yield (based
on!H NMR). Recrystallization from benzene/pentane by vapor

(25) Jemmis, E. D.; Pinhas, A. R.; Hoffmann, R. Am. Chem. Soc.
198Q 102 2576.

(26) It is also possible that the difference in geometry concerning the
metat-carbonyl bond lengths can be attributed to the difference in metal
orbital character between the early- and late-metal centers; see: Simpson,
C. Q.; Hall, M. B.J. Am. Chem. S0d992 114, 1641 and references cited
therein.

(27) The formal oxidation state (Ta(lll) vs Ta(V)) is unclear because

formation of unstable intermediates which have been character-the bridging propyne ligand is neither linear (an argument for a Ta(lll)

ized by'H NMR. A sealed NMR tube containing a THfg-
solution of 1 and Rg(CO)¢** at —78 °C was inserted into a
pre-cooled probe. Upon slow warming of the reaction mixture,

(24) Due to the lack of solubility of R€CO) at —78 °C, the mixture

was heterogeneous during the initial stages of the reaction.

center) nor bent to the extent of a normal alkene (the TaC angle in20
is 151.9(8}) which would lead to a cyclopropene-like Ta(V) structure. We
believe that there is at least a significant contribution from the Ta(lll)
resonance form.

(28) Balbach, B.; Baral, S.; Biersack, H.; Hermann, W. A.; Labinger, J.
A.; Scheidt, W. R.; Timmers, F. J.; Ziegler, M. Organometallics1988
7, 325.
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Table 8. Selected Intramolecular Distances for
Cpo(CH3)Ta(O)Ry(CaH4)(CO)+0.5GHs (23)

Distance (A)

Rul-Ru2 2.942(1) RutO1 2.102(3)
Ru2-Ru3 2.767(1) RuzC12 1.953(5)
Rul-C13 1.853(5)
Rul-C21 2.216(5) RuC14 1.927(6)
Ru2-C23 2.043(5) Ru2C15 1.897(5)
Ru3-C22 2.132(5) Ru2C16 1.883(5)
Ru3-C23 2.156(4) Ru2C17 1.930(5)
Ru3-C24 2.289(5) Ru3C18 1.894(5)
Ru3-C19 1.932(6)
C21-C22 1.366(7) Ru3C20 1.934(6)
C22-C23 1.410(7)
C23-C24 1.391(7) TaO1 1.791(3)
Ta—C11 2.205(6)
Ta—CP1 2.138
Ta—CP2 2.146

. . Table 9. Selected Intramolecular Angles for
CO) (23).

Angle (deg)

Ru2-Rul-01 86.71(9) Ru*C21-C22 82.4(3)
Ru2—Rul-C21 89.74(14) RutC21-H21A 106.6(26)
O1-Rul-C21 84.07(17) RuxC21-H21B 100.4(34)
Cl2-Rul-C21 86.12(21) C22C21—H21A 114.8(25)
C13-Rul-C21 92.48(22) C22C21-H21B 117.4(34)
Cl4-Rul-C21 169.65(20) H21AC21-H21B 123.5(43)

Ru3-C22-C21 145.3(4)

Rul-Ru2-Ru3  91.33(2) C21C22-C23 140.2(5)
Ru2-C23-Ru3 82.37(16)
RU1-Ru2-C23  78.60(14) Ru2C23-C22 95.1(3)
Ru3-Ru2-C23  50.58(12) Ru2C23-C24 129.8(4)
C15-Ru2-C23 107.40(20) C22C23-C24 118.9(5)
C16-Ru2-C23  93.02(22) Ru3C24-C23 66.6(3)

Figure 9. ORTEP diagram of the OR(C4H,) fragment of23. C17-Ru2-C23  148.66(20) Ru3C24—H24A 111.3(34)

e . . . Ru3-C24-H24B 99.0(30)
0
diffusion provided analytically purg as yellow crystals in 32% RU2—RU3-C22 62.08(13) C23C24-H24A 116.2(36)

isolated yield. RU2-Ru3-C23  47.05(13) C23C24-H24B  118.3(32)
The mass spectrum &3 showed a parent ion at [M = Ru2-Ru3-C24 75.62(15) H24AC24-H24B 124.6(48)

950.8m/z and the fragmentation pattern was consistent with a C22-Ru3-C24  66.00(19)

general formula of CCHs)Ta(O)RW(CsH4)(CO). A CeDs Ta—O1-Rul 162.85(18)

solution of23 shows a methyl singlet @ 0.35 ppm, a singlet CP1-Ta—CP2 129.78

for each of two inequivalent cyclopentadienyl groups &t 10 01-Ta—C11 94.23(20)

and 5.17 ppm, and signals for four inequivalent methylene
protons. One set of methylene doublets appearing 4t39
and 4.26 ppm are coupled to each other Withy = 2.6 Hz reported above. However, the F0)—Ru bonding in the two
while a second set of doublets &®2.00 and 1.51 ppm have a complexes appears to be different. In the=F@)—Re case,
coupling constartdyy = 1.3 Hz. The'3C NMR spectrum with the angle between the three atoms is essentially linear (179.0-
DEPT analysis showed (in addition to the carbonyl resonances)(6)°), whereas the TaO)—Ru angle in23 is 162.8(2}. We

the presence of two methylene carbons and two quaternarydo not know whether this difference is caused by electronic or
carbons and characteristic resonances for the(CH)- steric factors.

Ta(=0) bridging oxo species. Our initial assignment of the  As expected for third-row metat8the CO’s in this structure
species as a triruthenium cluster core, to which are bound aare not bridging as was observed in the Tataster described
Cp(CH3)Ta=0O fragment and a butadiene or [3]-cumulene above. There are also two apparentfRu bonds, from Ry
(H,C=C=C=CHj) ligand, was based on its similarity to the to Rw (2.942(1) A) and from Ruto Ru; (2.767(1) A). The

allylic species described above in the reactiond afith the Ru—Ru—Ru angle is 91.3 indicating that there is no third Rt
Co,(CO) and Fg(CO), clusters. A single-crystal X-ray dif- Rus bond (ca. 4.1 A). The longer RtRw, interaction may or
fraction analysis was undertaken-&83 °C to confirm our initial may not correspond to a full single bond. Distances ranging

hypothesis. In the solid state, the structure consists of two from 2.64 to 3.16 A have been found in 140 other ruthenium
crystallographically related molecules 28 and one molecule  cluster structures that contain a RRu—Ru fragment. Dis-
of benzene in the triclinic unit cell. The hydrogen atoms, tances at the higher end of this range3(1 A) are probably
including the methylene hydrogens on theHg ligand, were too long to be conventional two-electron covalent bonds and
located in difference Fourier maps and allowed to refine with most likely represent bridging structures that do not require a
isotropic thermal parameters (Figures 8 and 9; Tables 8 and 9).large degree of metaimetal interaction. Each Ru center is
Within the cluster, the Gf§CHs)Ta=0O moiety bound to one  approximately octahedrally coordinated. The pseudo-octahedron
end of the Ru chain appears to simply fill one of the of Rulis tilted about 45with respect to the pseudo-octahedra
coordlnat|o_n Slt_eS left V;.icant by .IO.SS of a (.:O ligand at the Ru (29) Ru carbonyl clusters typically have fewer bridging carbonyls when
center, a situation that is superficially similar to that observed compared to the analogous Fe clusters. For example, see: Churchill, M.
in the Cp(CHs3)Ta=0)—Re(CECH,)Ph)(CO), (3b) complex R.; Hollander, F. J.; Hutchinson, J. Porg. Chem.1977, 16, 2655.
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Scheme 2
CHg ;,q Hzc\\
CH; - o} o)
CHs Path A Cp,Ta—CH, 3 "Re(CO)4 Ly 74
Cp,Ta + Re(CO)R —» | k,| > [, K/Re(cox, + CpoTd
AN THF-g CpeTay | CHs
CH, 2 -dg o—c\\ \o CH, !
(,Re(CO), 5
4 ] 7
R 6a,R = CHs
16,R =C3F,
Path B +THF +THE
H,G A
CHs CH,
[e] CpzTa——CH, )K —
T R Cpp,Ta—0->Re(CO
/CHs + )k S el {‘l ﬁ' R” 'Re(CO)4(THF) —»TSHF P2 T (GOl
——C—| +
CDzTa\\CH R Flie(CO)4 Oo— <|3 R //o CHy
2 8
1 THF Re(CO), Cp2Tal 3
9 1|'HF 5 CH, a series: R = CHj

b series: R = CgHs

of R, and Ry, and the latter are approximately parallel to each This is difficult to say decisively, but we have not found any
other. There are no apparent systematic differences in theclear evidence for a RuC bonding distance of greater than
Ru—C distances or RuO distances to the carbonyl ligands.  2.35 A. Thus our formulation does not include a bond between

“Above” the Ry plane lies a twisted non-cyclic ligand of these two atoms. Because it seems clear that theaspon is
composition GH4. The hydrogen atoms at each terminus were in the proper arrangement for it, we postulate a donor coordina-
located and refined. Each carbon atom of the ligand coordinatestion from G to Ru.
to at least one Ru atom, and{bridges the Re—Ruz bond. . .

The Ru-C distances vary from 2.043(5) to 2.289(5) A with ~Discussion

the longest distance being RtCy4. The CG-C distances and The metal carbonyls that react with g@(CH,)(CHs) span
angles and €C—C—C torsion angle are not consistent with groups 7, 8, and 9 of the periodic table, include 3d, 4d, and 5d
any obvious simple bonding scheme. The hybridizationzat C metal centers, can be monomeric, dimeric or trimeric metal
appears to be essentially’spith a somewhat lengthened=<C complexes, and in some cases have alkyl, aryl, or vinyl groups
double bond, but this atom is also bonded to; Ruith a attached to the late metal center. As a result, an unusually wide
C=C—Ru angle of 82.4(3)and a C-C—C—Ru torsion angle range of structural types are formed as products in these
of 92.41(68). The hydrogen atoms are located nearly in the reactions. However, in the initial stages these reactions appear
C—C—C plane, with both displaced slightly away from the to proceed similarly despite any difference in the metal centers
coordinated Ru. involved.

The bonding at & and Gz is more complex. The €C—C In the reaction ofL with substituted rhenium carbonyls, the
angle of 140.2(5)at G, is reasonable for two coordinated sp- two most likely mechanisms, illustrated in Scheme 2, differ in
hybridized carbons, such as those found in complexed alkynes,the relative timing of the migratory insertion and CO deoxy-
but the angle at & (118.9(5%) is more typical of a relatively genation steps that must occur in the conversior2 b 3.
undistorted spcarbon. Ryis in the G;—Cy—Cy3 plane, but Another mechanism, which is not shown, involves preliminary
the coordination is more consistent with that of &C double CO loss from the Re center. However, it is unlikely that the
bond, with both G, and G3 at essentially the same distance reaction proceeds by an initial loss of CO from Re because such
from Ry and with the G-C distance lengthened to 1.410(7) dissociation normally requires light or relatively high temper-
A. In addition, there is an obvious RiC single bond from atures’® A more likely mechanism (path A in Scheme 2)
Ru, to Cy3, but Ry lies out of the plane of §—Cy—Cy3 by proceeds by “psuedo-Wittig-type” cyclization of the=F@H,

1.81 A (and out of the §—Cy3—Cy4 plane by 1.26 A). moiety and a Re€O group, leading initially to oxametallacycle

This is further complicated by a twisting of the, Ggand, 4. At this point, the reactive metallacycle undergoes rapid
leading to a G-C—C—C torsion angle of 101.3(7) This twist cleavage of the remaining F&CH, bond to yield a zwitterion
clearly excludes the possibility of an undistorted cumulene (6) with an oxo-vinyl group (or formally a bridging ketene,
structure. Instead, Rwoordinates to three of the carbons in  u-tn'-O=C=CH,) connecting the early- and late-metal cen-
what at first appears to be an allylic-type bonding arrangement ters. This zwitterion is a thermally unstable species when the
with respect to the £—C,3—Cy4 plane. The Gz—Cy4 distance rhenium alkyl ligand is not perfluorinated, but was observed
of 1.391(7) A reflects a typically allylic bond order of spectroscopically at low temperatures. Thermal fragmentation
approximately 1.5, but the bonding distance tgy ¢ much of the zwitterion (which cleaves the remaining carbaxygen
longer than the distances to£and Gs, making even this bond) leads to the oxotantalum specksnd the alkyl- or
interaction highly unsymmetrical. In addition, the hydrogen arylrhenium vinylidene compleX. The vinylidene complex
atom positions on & are twisted with respect to the2C,,- then undergoes rapid solvent-induced migratory insertion to give
Cas plane so as to give them more equivalentf+H angles. THF solvate8. At this point, the solvent molecule is displaced

With these unusual positional parameters in mind, a formal by the tantalum oxo linkage iB to form the stable bridging
bonding scheme is still difficult to formulate. However, a 0xo complex3.16
somewhat distorted allylic-type interaction, as discussed later The second possible reaction pathway (path B in Scheme 2)
and illustrated in Scheme 6, is the simplest formulation of the involves initial migration of the alkyl or aryl group to a CO
bonding between £—C,3—C,4 and the Rucore. With a Gs— ligand. Subsequently, the tantalum alkylidene complex attacks
Ruw, single bond, the only bonding assignments left are those the acyl species much as the Cp* (Cp*;®>-CsMes) analog of
between G, Cy, and Ry. If the 1.366(7) A distance between 1 has been shown to attack aldehydes (see intermegljgfe
Cz1 and G2 is a somewhat lengthened double bond, then one ™ (30) For example, see: Hieber, W.; Braun, W.; BeckORem. Ber.
must consider whether there is any significapt-Ru bonding. 196Q 93, 903.
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Scheme 3 Scheme 4
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a 1 _ driven by the tendency for the tantalum oxide to fall out of

i solution as a polymer and not build up in large concentration

; Cp2Ta=0—=Re(CO), at room temperature.
Re(CO)s CHa Migratory insertion reactions of vinyl or alkyl vinylidene
13 14 species have been documented recéthy323%ut we believe

the formation of3b is an unusual example of the much stronger

The isotope tracer and low-temperature NMR monitoring metal aryl boné-34 undergoing migratory insertion with a
experiments allowed us to distinguish between these mechanisticvinylidene ligand to form an arylvinylo(-styryl) complex. Also
alternatives. First, it was demonstrated that the vinyl methyl unusual are the rates of the migratory insertion reactions, which
group arises essentially exclusively from the RegCkather occur at temperatures below ambiént.To our knowledge
than the CpTa(CH,)(CHs) center. Because the proton reso- conversion of2 to 3 is the first observation of the “psuedo-
nance due to the rhenium methyl group in the first intermediate Wittig type” sequence illustrated in Scheme 1, involving
appears ad —0.49 ppm, it is clear that it has not yet migrated 0oxametallacycle and zwitterion formation from an alkylidene
away from the metal center. These observations are clearlyand metal-bound CO, followed by breakdown of the zwitterion
more consistent with intermedia® in path A rather than intermediate to give a vinylidene product in which the carbon
intermediate9 in path B. monoxide oxygen atom has been replaced with & Gidup.

In examining further the mechanism of the g8 metathesis Mechanism of Formation of CpTa(CH3)(O2CsHz)M2-
reaction that occurs between the tantalum methylidene complex(CO)x (17, M = Co, X = 6; 18, M = Fe, x = 7). Although
1 and the substituted rhenium pentacarbonyl complexes, we usedve have collected somewhat less mechanistic information on
the known stability of perfluorinated alkylrhenium complexes the reaction ofl with the dinuclear metal carbonyls £€QO)
to isolate and characteriZe&. Because théH NMR spectro- and Co(CO)g, our observations again point toward initial attack
scopic properties of the intermediate observed in the reactionof the nucleophilic tantalum methylidene carbon on an elec-
of 1 with MeRe(CO} (2a) are analogous to those of the trophilic carbonyl carbon of the late metals.
structurally characterized perfluorinated zwitterionic spédés In Scheme 4, a possible sequence is shown that we feel is
(Scheme 2), we believe that intermedidiehas a similar the most likely pathway to the isolable complexesand18.
zwitterionic character. We attribute the stability of this zwit- Both reactions are initiated by an overall cycloaddition between
terion (relative to the unsubstituted or hydrocarbon-substituted the Te=CH, group of1 and a CO ligand of the dinuclear metal
rhenium carbonyls) to the ability of the strongly-electron carbonyl complex to giv@4. The ring in24 rapidly opens by
withdrawing perfluoroalkyl group to stabilize the negative cleaving the tantalummethylidene bond, at which point the
charge that is apparently localized on the rhenium metal center.reactive zwitterionic intermediat25 is formed that contains a

In further support of pathway A, carrying out the low- CoH>O ligand bridging the tantalum and a single late-metal

temperature NMR-monitored reaction @f with 2a in the center. This proposed intermediate is similar to the isolable
presence of excess PWScheme 3) allowed us to trap GEF intermediatel6 formed in the reaction of with CsFRe(CO}
(CH2)Re(CO)(PMes3) (108) and see free GfCH3)Ta(=0) (5) in which carbon monoxide has inserted into the tantatum
produced in place of THF compléaand bridging oxo complex ~ methylidene double bond.

3a. Similarly, trapped product C¥(CH;)Re(CO} (118 is Following this initial reaction, we believe the second late-

formed when excess CO was used in place of phosphine. metal center of the iron or cobalt dinuclear carbonyl intermediate
We were able to demonstrate the weakness of the tantalum(25, Scheme 4) brings a second carbonyl into position to interact.

oxo Imkage by treating Q(CH;,)TFO—RG(QI—Q;C(CI-&))(CO% (32) Beevor, R. G.; Freeman, M. J.; Green, M.; Morton, C. E.; Orpen,

(3a) with carbon monoxide, which leads quickly to @E{CH;,)- A. G. J. Chem. Soc.. Chem. Comma®s5 68.

Re(CO} (11a and [Cp(CH3)Ta=0O],. We continued this (33) Hthn, A.; Werner, HOrganomet. Cheml99Q 382, 255.

carbon chain growth by two more steps via deoxygenation of (|34% Group thEta’rpheW?l bonds hatl\éelbgendmported t((); be abOUJt 5K0a|/

mol stronger an group metamethyl bonds; see: onnor, J. A,
anOth,er carbony| fromj'a,(SCheme 3) We do not know how . Zafarani-Moattar, M. T.; Bickerton, J.; El Saied, N. |.; Suradi, S.; Carson,
far this methylene-substituted chain can be extended, but itRr.: Al Takhin, G.; Skinner, H. AOrganometallics1982 1, 1166.

appears that growth of this unusual isomer of polyacetylene is  (35) In a related (alkyl)(aryl) rhenium complex, methyl migration has
been reported to occur approximately 30 times faster than the corresponding

(31) Whinnery, L. L.; Henling, L. M.; Bercaw, J. B. Am. Chem. Soc. phenyl group migration; see: Casey, C. P.; Scheck, DJMAM. Chem.
1991, 113 7575. So0c.198Q 102 2723.
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Scheme 5
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Scheme 6 discussed above support the first steps in which all reactions
[Talt are initiated by an overall cycloaddition between the=Ci,
Tal , O o [Ta]—0 o o) o group of1 and a CO ligand of the metal carbonyls, and the
||qu I I~ 1 i | | A , :
ChHY Co G, H.C—-C, C, HC=C, G, oxametallacycle formed in this way then undergoes ring-opening
1 R[L_R"ua G A [ to a thermally unstable zwitterionic intermediate that contains
\ / \ / \ / a GH,0 ligand bridging the tantalum and a single late-metal
Ru, Ru, Ru, center. The Rg Mn,, and Fe zwitterionic intermediates
26 apparently do not allow a second carbonyl ligand into a close
{Ta]=0 enough orientation to interact productively like the,@ad Fe
intermediates described above. Steric effects must play an
ﬁ“? CH, CH,  GHe Qe @ important role in differentiating these two unique pathways,
C‘l\c/ CHXJ ﬁv +[TalcH, " ﬁv especially if one considers the electronic properties of the iron
RLQRLB 7 Ru—Ruy ﬁ Ru;—Rus centers in Fe(CQ)and Fg(CO), to be relatively similar.
\ / \Ru/ \R( After its formation the thermally unstable zwitteri@@ reacts
Ru, ! at 25°C with another equivalent of. In this next step, the
7 zwitterion is proposed to break apart by undergoing cleavage
of the carbor-oxygen bond to form the free tantalum oxo
Ho o2 species5, and a highly reactive vinylidene fragment which
/C C,/ . rapidly reacts with another equivalent ®f Upon extensive
C|<C‘v\ -co f?.‘ly\m further rearrangement (as shown in Scheme 5) and loss of
B T A 1 / ‘ methane, the final product9, 20, and21 are formed.
,/ Overall, formation of19, 20, and 21 stoichiometrically
(2‘8)4 ek /(Zg)a requires a net loss of 1 equiv of g@E=0)(CHs) and CH, in

each reaction. An alternative explanation for this could involve
23 free HO reacting withl. However, our inability to trap or

When a CO ligand moves into proximity, this group is attacked observe water leads us to believe thaOHs not produced first

by the GH,O ligand with the aid of the highly oxophilic and and therefore cannot subsequently react with another equivalent

unsaturated (electronicalndsterically) tantalum center. We  ©Of 1 to produce5 and methane.

believe the intramolecular attack of the second carbonyl is fast  The mechanism proposed in Scheme 5 is further supported

(relative to the initial intermolecular attack) because it must by low-temperature spectroscopic experiments that indicated the

happerbeforethe cleavage of the carbemxygen bond (asis  formation of unstable intermediates. This is also consistent with

seen in other systems described in this paper) and because wéhe *C and 2H labeling reactions which were carried out,

were unable to observe an intermediate during low-temperatureshowing that theg-carbon and methyl carbon of the acetylide

reactions monitored bjH NMR. ligand arise from the tantalum center and not from a carbonyl
Mechanism of Formation of Cp;Ta(u-CsHsz)(u-CO)My- ligand.
(CO)y (19, My =Rey, y=8; 20, My = Mn,, y = 8; 21, My = Mechanism of Formation of Cpy(CH3)Ta(u-O)Rus(C4aHa4)-

Fe,y = 3). The products formed in the reaction between (CO)q. The formation of comple8 requires that a still different
and Rg(CO)g, Mny(CO)o, and Fe(CQ)offered a sharp contrast  mechanism is operating in the reaction betwdeand Ru-

to those described above and therefore there must be significan{(CO);,. However, we believe its initial steps are similar to the
mechanistic differences in these processes as well. It is difficult others reported here. As shown in Scheme 6, we suggest that
to understand how the extensive bonding changes occur thatthe reaction is initiated by an overall cycloaddition between the
result in the formation of methylacetylide complexEs 20, Ta=CH, groups from two molecules df and two CO ligands
and21l. In Scheme 5, a mechanism is proposed that suggestsat separate Ru centers, probably through a zwitterionic species
at least one way this might happen (for brevity illustrated only 26 that is similar to the one structurally characterized earlier in
for the Fe system). The spectroscopic and structural datathe reaction of Cf{CHs)Ta=CH, with CsFRe(CO}. Follow-
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Scheme 7
(betaine intermediate)
RsP*—CR',
 E—
RP* “O—CRy"
3 " 28a CR",
3 gR" R’ e I +
CR, 2 R:P—C RqP CR%
— |
o0—¢C
B,

28b
(oxaphosphetane intermediate)

ing this step, two molecules of G€Hsz)Ta=0 are extruded to
give the bis-vinylidene speciex’. Overall [2 + 2] cycload-
dition of the Re=C bonds then provides the carbecarbon
bond forming step necessary to reach #£fragment. We

Proulx and Bergman

the reaction pathways apparently diverge depending on the metal
center, the nuclearity of the cluster, and the ligand sphere of
the metal. When the only ligands on the metal are CO's, the
pathways seem to take one of two directions. Interestingly, there
is a correlation between which pathway is taken and the distance
between the two metal centers in the parent carbonyl complex.
If the metat-metal bond length is relatively short in the ground
state (such as HCO) (2.52 Ay4 and Co(CO) (2.52 AyS)
then the product obtained (e.@7 and18) contains two coupled
carbonyls attached to the methylidene fragment. If the short
bond length is retained in the critical intermediate, this may
help the adjacent late-metal center to “swing” a second carbonyl
oxygen into proximity for attack by the OCGHyroup in25
(Scheme 6).

The second observed pathway is seen when the meiztial

propose this complex then rapidly rearranges, as shown inpond length is relatively long in the ground state (such as-Mn

Scheme 6, to give the final produ28. During the reaction
there must also be loss of CO and addition of one of thg Cp
(CH3)Ta=0) fragments to the terminal Ru center, but it is

unclear at which point in the overall transformation this occurs.

Mechanistic Summary

In spite of their overall diversity, the first and probably most

(CO)p (2.9038(6) A) or Rg{COYp (3.0413(11) A)¥® or non-
existent (such as in the monomeric Fe(g©ase). In these
cases, the adjacent metal center (if there is one) apparently
cannot bring a second carbonyl into the correct position to
interact with the organic fragment. Instead, the,Zx=0)-
(CHg) fragment in22 (Scheme 5) breaks off upon cleavage of
the remaining €O bond of the zwitterionic fragment. This

important step involved in all the reactions observed here is leaves a highly reactive vinylidene species bound to the late
the attack on a metal bound carbonyl by the methylidene speciesmetal.

1. Although this appears to be similar to a simple Wittig-type

metathesig® the mechanism is significantly different. The

The coordination sphere is also important in determining the
next step that the vinylidene takes and the ultimate structure of

mechanism originally proposed for the Wittig reaction involves the organic fragment. If there is an alkyl or aryl group bound
nucleophilic addition of a phosphorus ylide carbon to an organic to the vinylidene late-metal center, solvent-induced migration
carbonyl group to yield a dipolar (betaine) intermediate (inter- of this group to thex-carbon of the vinylidene (e.géa — 8a

mediate28ain Scheme 7), followed by elimination of phosphine

in Scheme 1) can occur. At this point the organic fragment is

oxide. The elimination might be concerted, or it might take stabilized, but the late metal center still has a weakly coordinat-
place via a four-membered oxaphosphetane intermediate (in-ing solvent molecule bound to it. This solvent molecule can
termediate28b in Scheme 7§7 Alternatively, this oxaphos-  then be displaced by a better 2elonor such as the O
phetane may be formed directly by a cycloaddition reaction of species.

the ylide and the carbonyl compound, thus bypassing the betaine When there is no group other than a carbonyl ligand bound
intermediate®®3® The formation of oxaphosphetanes at low to the vinylidene late-metal fragment, then the system again
temperature and their fragmentation on warming has been clearlycan proceed in another direction. If there is only a mono- or
demonstrated, while the evidence for authentic betaine inter- dimeric metal fragment, the vinylidene rapidly reacts with a
mediates has been questiorf€dThis betaine intermediate has  second equivalent of the methylidene £f@H,). The product
recently come under renewed scrutiny, and current evidenceof this reaction then undergoes extensive rearrangement and

does not favor this conventional pathwdy? Although we

forms the bridging propynyl/carbonyl species with extrusion of

propose a concerted first step to form an oxametallacyclobutanemethane (Scheme 5).

similar to the Wittig oxaphosphetane intermediate, to our

knowledge a structure analogous to the zwitterionic spekfes

Finally, when the cluster is trimeric (B{CO).»), the adjacent
metal centers appear to be electron deficient enough to allow

has not been reported or proposed for the Wittig reaction. In another carbonyl ligand to be attacked by a second equivalent
addition, we have found no evidence to support ligand preco- of the tantalum methylidene. Upon extrusion of one more
ordination to the tantalum methylidene complex. Therefore, it equivalent of “Ta=0", two vinylidene fragments couple with

is doubtful that attack by the methylidene carbon occurs after each other to form a £, cumulene fragment. Loss of CO
initial coordination of the carbonyl oxygen, as proposed in the and coordination of “Te&¢O” form the final cluster product

insertion mechanisms of Stuc®yand Grubbs$, who invoke

precoordination of a carbonyl oxygen to electronically unsatur-

ated early-metal centers.
Following the initial addition of the T&CH, to the CO ligand

of the late-metal center and subsequent zwitterion formation

(36) For a general review of the Wittig reaction, see: MaerckeQ®y.
React.1965 14, 270.

(37) Trindle, C.; Hwang, J.-T.; Carey, F. A. Org. Chem1973 38,
2664.

(38) For a theoretical study, see: Holler, R.; LischkeaJHAm. Chem.
Soc.1980 100, 4632.

(39) Vedejs, E.; Snoble, K. A. J. Am. Chem. Sod.973 95, 5778.

(40) Vedejs, E.; Meier, G. P.; Snoble, K. A.J.LAm. Chem. S0d.981,
103 2823.

(41) Vedejs, E.; Marth, C. Rl. Am. Chem. S0d.99Q 112 3905.

(42) Maryanoff, B. E.; Reitz, A. BChem. Re. 1989 89, 863.

(43) Hamilton, D. M.; Willis, W. S.; Stucky, G. DJ. Am. Chem. Soc.
1981 103 4255.

(Scheme 6).

Conclusions

The rapid rate of these reactions appears to be a direct result
» of the interaction of two electronically different metal centers.
Since all of these reported reactions occur in homogeneous
solution, they have provided a unique opportunity to observe a
number of organometallic intermediates which could possibly
have analogs on heterogeneous surfaces during the Fischer
Tropsch process. It is unclear whether transformations exhibit-

(44) Cotton, F. A.; Troup, J. MJ. Chem. Soc., Dalton Tran§974
800.

(45) Sumner, G. G.; Klug, H. P.; Alexander, L. &cta Crystallogr.1964
17, 732.

(46) Churchill, M. R.; Amoh, K. N.; Wasserman, H. lhorg. Chem.
1981, 20, 1609.
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ing related types of cleavage and rearrangement on surfaces Cp.Ta(CHs)(u-O)Re(C(CDs)=CH,)(CO)4 (3a-d3). In a drybox,

proceed by mechanisms similar to those in the reactions
described here, but the potential analogies are interesting.

Experimental Section

General. For a description of the instrumentation and general
procedures used, please see an earlier paper from this labdfatory.

Unless otherwise specified, all reagents were purchased from
commercial suppliers and used without further purification. Solid metal
carbonyls were dried by stirring solutions of each over molecular sieves
for several days and then subliming each twice. Fe¢@@} distilled
twice prior to use and stored &30 °C in the absence of light. Pentane
and hexanes (UV grade, alkene free) were distilled from sodium
benzophenone ketyl/tetraglyme under nitrogen.
diethyl ether, and THF were distilled from sodium benzophenone ketyl
under nitrogen. Deuterated solvents for use in NMR experiments were
dried in the same way as their protiated analogs but were vacuum
transferred from the drying agent. g@(CHy)(CHs) (1),'° Cp;Ta-
(C2H4)(CHg),° PhsP=13CH,, CH;Re(CO} (2a),*® CeHsRe(CO3 (2b),*®
and GF,Re(CO}*° were prepared by literature methods.

Cp2Ta(*3CHy)(*CH3) (1-13C,). Cp.Ta(®CH,)(*3CHs) was prepared
in a fashion analogous to the literature method %t except that
13CH;l was used in place of unlabeled @H

Cp2Ta(*3CH5)(CHs) (1-%C). In the drybox, a solution of Gia-
(CH3)(CzH4) (93.1 mg, 0.263 mmol) in THF (7 mL) was added to a
quartz bomb (ca. 30 mL) equipped with a stirbar. A 5-mL THF solution
of PheP='3CH, (72.6 mg, 0.262 mmol) was added dropwise to the
bomb, and the solution was stirred magnetically for a few seconds. No
color changes were observed. The bomb was then irradiatddfat
0 °C with aliquots taken every 20 min to monitor the reaction (NMR).
Upon complete conversiorr(95% by NMR) of the ethylene complex
to the methylidenel(), the solution was concentrated to a brown gummy
solid and redissolved in toluene (20 mL) and filtered through a 0.5-in.
plug of silylated silica gel (Keiselgel 60). The filtrate was then layered
with pentane (40 mL) and allowed to crystallize-a40 °C overnight.

The tan crystals obtained were isolated and washed with 5 mL of cold
pentane. The yield was 51.1 mg (56%) and *C NMR spectra
showed>95% *C incorporation to the methylidene group arn&%
incorporation of*3C into the methyl group?

Re(CO)(CDs) (2a-ds). Re(CO}(CDs) was prepared in a fashion
analogous to the literature method #a except that CEl was used in
place of the unlabeled GH

Cp.Ta(CH3)(u-O)Re(C(CHz)=CH_)(CO)4 (3a). In a drybox, Cp-
Ta(CH)(CHs) (1) (155 mg, 0.456 mmol) dissolved in THF (5 mL)
was added to a large vial equipped with a stirbar. NextzFRECO}
dissolved in THF (5 mL) was added to the stirred solutiorloand
the solution color immediately changed from brown to golden-brown.
The solution continued to stir fdl h and was concentratéd vacua
The remaining residue was triturated with pentanex(3 mL) and
redissolved in benzene (12 mL). TheHg solution was then filtered
through a 1-in. plug of silylated silica gel (Keiselgel 60), and the yellow
filtrate was concentratdd vacuoto ca. 1 mL. The product was isolated
by vapor diffusion of pentane into the remaining benzene solution which
yielded 173 mg (61%) of golden platelike crystals3a NMR data
for Cpx(CHs) Ta(u-O)Re(CCH=CH,)(CO) (3a): *H NMR (400 MHz,
THF-dg, 25°C) 6 6.19 (s, 10H, €Hs), 5.99 (dg, 1H 2 = 4.6 Hz,
4JHH =1.0 HZ, CG"Z), 4.98 (dq, lH,ZJHH =46 HZ,4JHH =1.0 HZ,
CCHy), 2.29 (t, 3H,Jqy = 1.0 Hz, CCQH3), 0.91 (s, 3H, TaBlz); *°C-

{1H} NMR (101 MHz, THF#ds, 25°C) 6 195.4 (s, REO), 194.8 (s,
ReCO), 193.9 (s, R€O), 166.3 (s, RE=CH,), 122.2 (s, CCh), 111.7
(s, CsHs), 38.7 (s, ©H3), 15.8 (s, T&€H3); MS (FAB) 682 (M), 654
(M* — CO), 626 (M- — 2CO). IR (KBr, cn1l) 2918 (m), 2077 (m),
1965 (s), 1952 (s), 1896 (s), 1734 (m), 1570 (w), 1448 (w), 1435 (w),
1157 (w), 1024 (m), 897 (m), 835 (s), 615 (M), 594 (m). Anal. Calcd
for CigHig0sTaRe: C, 31.72; H, 2.66. Found: C, 31.99; H, 2.66.

(47) Baranger, A. M.; Bergman, R. @. Am. Chem. Sod994 116
3822.

(48) King, R. B.Organometallic Synthese&cademic Press: New York,
1965; Vol. 1.
(49) McClellan, W. RJ. Am. Chem. Sod.961, 83, 1598.

Benzene, toluene,

Cp.Ta(CH)(CHs) (1) (16.2 mg, 0.0476 mmol) dissolved ins0s (0.3
mL) was added to an NMR tube. Next, g®e(CO} dissolved in a
minimum amount of gDs (ca. 0.4 mL) was added to the solutionlof
The tube was capped and shaken, afdd &IMR spectrum was taken
of the resulting golden solution after approximgtél h of sitting at
room temperature. Th# NMR showed a similar spectrum to that
found for 3a except that the resonanced®.1 ppm was absent6%
expected of the integration).

Cp2Ta(CH3)(u-O)Re(C(CsHs)=CH,)(CO)4 (3b). In a drybox, Cp-
Ta(CH,)(CHs) (1) (200 mg, 0.590 mmol) dissolved ingBs (7 mL)
was added to a large vial equipped with a stirbar. Neat]:Re(CO}
dissolved in GHs (5 mL) was added to the stirred solution hfand
the solution color immediately changed from brown to yellow. The
solution was stirred for an additionah and was then filtered through
a 1.5-in. plug of silylated silica gel (Keiselgel 60); the yellow filtrate
was concentrateth vacuoto ca. 1 mL. The product was isolated by
vapor diffusion of pentane into the remaining benzene solution. After
washing with pentane (2 3 mL) golden-yellow crystals a8b were
obtained in a 260-mg yield (67%). NMR data for QpHs) Ta-O)-
Re(CPh=CH,)(CO) (3b): H NMR (400 MHz, GDs, 25°C) 6 7.46
(d, 2H,3JHH =7.0 HZ,O-C5H5), 7.30 (t, 1H.3-]HH =7.8 HZ,p-CsHs),

7.06 (t, 2H234n = 7.3 Hz,m-CgHs), 6.53 (d, 1HZJun = 4.6 Hz, CCQH)),
5.74 (d, 1H,234y = 4.6 Hz, C®H,), 5.28 (s, 10H, EHs), 0.65 (s, 3H,
TaCHs); B°C{'H} NMR (101 MHz, THFgs, 25°C) § 194.0 (s, REO),
193.8 (s, REO), 193.1 (s, REOD), 173.2 (s, RECH,), 159.7 (s, CHy),
128.3 (s,i-CeHs), 126.5 (s,0-CgHs), 125.8 (s,m-CeHs), 124.2 (s,
p-CeHs), 110.2 (s,CsHs), 15.9 (s, T&H3); MS (FAB) 744 (M), 716
(Mt — CO), 688 (M" — 2CO), 632 (M — 4CO). Mp 96-99 °C.
Anal. Calcd for GsHxOsTaRe: C, 37.15; H, 2.71. Found: C, 37.23;
H, 2.71.

Spectroscopic Observation of Cp(CH3)Ta(u-O(CH2)C=)Re-
(CH3)(CO)4 (6a) and (H.C=(CH3)C)Re(CON(THF-dg) (8a). In the
drybox, CHRe(CO} (23.6 mg, 0.0691 mmol) and €pa(CH)(CHs)

(1) (23.1 mg, 0.0679 mmol) were weighed as crystalline solids into an
NMR tube. The tube was attached to a cajon fitting and removed from
the box. After being attached to a vacuum line, the tube was frozen in
liquid N, and evacuated. Next, TH# (0.5 mL) was vacuum
transferred in, and the tube was sealed. The tube was warmedgto

°C at which point the crystals began dissolving. After dissolving as
much as possible at this temperature, the tube was inserted into a
precooled probe set at50 °C; at this pointH NMR analysis showed
little reaction. At—30 °C approximately 70% conversion to intermedi-
ate 6a was observed. At BC resonances for intermedia8a, Cp.-
Ta(CHs)(=0) (5), and product3a were observed as the signal for
intermediateéba began to decrease in intensity. Resonances for product
3acontinued to grow as resonances 8arand5 decreased in intensity.
Upon warming to room temperature, the only major resonances were
attributable to the isolable produga (>90%). *H NMR data for Cp-
(CH3)Ta(-O(CH;)C=)Re(CH;)(CO) (6d) (400 MHz, THFds, —20

°C): 6 6.52 (s, 10H, Cp), 4.32 (s, 1H, CH}, 3.82 (s, 1H, CHH),

1.16 (s, 3H, Ta-El3), —0.49 (s, 3H, Re-B3). H NMR data for Re-
(C(CHs)=CH,)(CO), (THF-dg) (8a) (400 MHz, THF¢s, 10°C): 6 6.41

(dg, 1H,2344 = 4 Hz,%Jyn = 1 Hz, CHH), 5.07 (dq, 1H2Jun = 4Hz,

“Jun = 1 Hz, CHH), 2.33 (m, 3H,20uy = 1 Hz, C-(Hy).

Spectroscopic Observation of Re(C(Ch=CH,)(PMe3)(CO),
(10a). In the drybox, CpTa(CH,)(CHs) (6.1 mg, 0.179 mmol) and
CH;Re(CO} (6.8 mg, 0.020 mmol) were added as crystalline solids to
an NMR tube. The tube was attached to a cajon fitting and removed
from the box. After being attached to a vacuum line, the tube was
frozen in liquid N> and evacuated. Next, THé (0.6 mL) and PMe
(2.6 mg, 0.034 mmol) were vacuum transferred into the tube, and the
tube was sealed. At this point the tube was treated similarly to the
reaction described above to obsebazand8a. The same observations
were made as above except that upon the final warming, the usual
product3awas not observed, but the PMadductl0awas observed
along with5. H NMR of Re(PMe)(CO)(C(CHs)=CHy): *H NMR
(400 MHz, THFdg, 25°C) 6 6.40 (m, 1H, CCH), 5.04 (m, 1H, CEl,),

2.34 (d, 3H,A3un = 1 Hz, CMHy), 1.67 (d, 9H2Jpy = 9.3 Hz, PCHy);
31P{H} NMR (THF-dg, 25°C) 6 —37.5.

Re(C(CH3)=CH>)(CO)s (11a). (a)A NMR tube was charged with

3a (9.4 mg, 0.014 mmol) and dry THés (0.5 mL). The tube was
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attached to a vacuum line through a cajon fitting and frozen in liquid dropwise into the stirred slurry over a period of 5 min. The mixture
N2. Next, the tube was pressurized with CO (2.4 atm), sealed, and remained brown in color during &2 h ofstirring at room temperature.

allowed to warm to room temperature. After 24 h at ambient
temperature a white flocculent solid characteristicodfiad formed.
The solid was centrifuged to the bottom of the tube arith NMR
spectrum was taken showing the major product waa NMR of
Re(CO}(C(CHs)=CH,) (118): *H NMR (400 MHz, THF4ds, 25 °C)

0 5.76 (s(br), 1H, CHH), 5.44 (s(br), 1H, CHH), 1.65 (s(br), 1H,
CCHy).

(b) A procedure similar to that used in the formationldfa was
used to formllaalso except that CO (2.9 atm) was used in place of
PMe; (91%). The'H NMR spectrum was identical to that given above.

(c) In a drybox, a THF (15 mL) solution of freshly prepared NaRe-
(COX (1.83 g, 5.24 mmol) in a large vial equipped with a stirbar was
cooled to—40 °C. While stirring the solution rapidly, methacrolyl
chloride (0.658 g, 6.30 mmol) was added dropwise. Upon warming,
the solution color changed from red to yellow. After stirring for 1 h
while warming to room temperature, the solution was concentiated
vacuoto a yellow solid. The product was then sublimed at 205
under vacuum onto &78 °C cold finger to yield a mixture of CH
(CH3)C(CO)Re(COy and CH(CH3)CRe(CO} (118 (1.266 g). The

The reaction mixture was then concentraitedacuoand redissolved
in CgHs (15 mL). The solution was filtered through a 2-in. plug of
silylated silica gel (Keiselgel 60) and the eluent was concentriated
vacuoto ca. 7 mL. Slow vapor diffusion of pentane into this benzene
solution yielded 38 mg of dark brown crystals bf (55%) suitable
for X-ray diffraction studies.*H NMR (400 MHz, GDe, 25 °C) 6
5.23 (s, 5H, GHs), 5.09 (s, 5H, @Hs), 3.12 (d, 1H,2J4y = 2.5 Hz,
CH-H), 2.49 (d, 1H2Juy = 2.6 Hz, CHH), 0.65 (s, 3H, Ta-Bl3); °C
{H} NMR (101 MHz, THFdg, 25°C) é 209.0 (s,CO), 207.8 (s(br),
CO), 207.6 (s(br)CO), 204.2 (s(br)CO), 139.0 (s,C;0,), 129.0 (s,
C,0,), 112.9 (s,CsHs), 112.8 (s,CsHs), 49.0 (s,CHy), 36.8 (s, Ta-
CHa); FAB mass speavz = 626 [M — 2COfJ*, 570 [M — 4CQJt, 542
[M — 5COJ", 514 [M — 6COYJ*, 499 [M — 6CO — CH3]*; IR (KBr,
cmt) = 2057 (s), 2010 (s), 1992 (s), 1960 (s), 1946 (s), 1887 (m),
1734 (m). Anal. Calcd for gH15Co050Ta: C, 35.22; H, 2.22.
Found: C, 35.17; H, 2.13.

Cp2(CHz)Ta(u-nt:np2%n3-CsH0,)Fe(CO); (18). In a drybox,
freshly sublimed FECO), (212. mg, 0.584 mmol) was slurried in THF
(10 mL) and stirred rapidly, forming a faint orange slurry with solid

impure product was heated again in a sublimator under vacuum to 135Fe,(COY floating in the mixture. Cgra(CH)(CHs) (1) (198 mg, 0.583
°C at which point there appeared to be gaseous evolution (CO) and mmol) was dissolved in THF (7 mL) and slowly added dropwise into

pure product sublimation onto the cold finger. The pure proddet
was then collected from the cold finger (0.957 g) in 48% overall yield.
IH NMR of CHy(CH3)C(CO)Re(COy 6 6.12 (s(br), 1H, CHH), 5.22
(s(br), 1H, CHH), 2.36 (s(br), 3H, CE3). The'H NMR spectrum of
CH(CH3)CRe(CO3 was identical to that given above.

Generation of Cp(CH3)Ta(u-O)Re((C(CHy)).CH3)(CO)4 (12a).

In the drybox, CpTa(CH)(CHs) (1) (68.5 mg, 0.201 mmol) was
dissolved in THF (15 mL) and cooled te40°C. A solution of (CH)-
(CH3)CRe(CO3 (119 (71.4 mg, 0.201 mmol) in THF (10 mL) was
added dropwise to the stirred solution df The resulting yellow
solution was allowed to warm to room temperature before the volatile
materials were removedh vacug at which point the residue was
redissolved in @Hs (30 mL). This was then filtered through a 0.75-
in. plug of silylated silica gel (Kieselgel 60). An aliquot of the filtrate
was then used for & NMR. 'H NMR of 12a (400 MHz, GDs) &
6.47 (d, 1H 234y = 4.0 Hz, ReCCHH), 5.94 (d, 1H 24y = 4.0 Hz,
ReCCHH), 6.26 (m, 1H, C(CHCHH), 5.71 (m, 1H, C(CH)CHH),
5.43 (s, 10 H, @Hs), 2.12 (br, 3H, CEi3), 0.60 (s, 3H, Ta-El3).

Generation of Re((C(CHy)).CH3)(CO)s (13a). A procedure analo-
gous to that used in the formation bfa(preparation4)) was used to
form 13a NMR of Re((C(CH)),CHs)(CO) (13a): 'H NMR (400
MHz, THF-dg, 20°C) 6 5.82 (s(br), 1H, CHH), 5.57 (s(br), 1H, CH-
H), 5.21 (s(br), 1H, CHH), 5.05 (s(br), 1H, CHH), 1.71 (s(br), 3H,
CCHjy).

Cp2(CH3)Ta(u-CH(0O)C=)Re(CsF7)(CO)4 (16). In the drybox, a
large vial (20 mL) equipped with a stirbar was charged with a solution
of CsF7Re(CO} (15) (54.5 mg, 0.110 mmol) dissolved in THF (5 mL)
and cooled to-40 °C. Next, CpTa(CH,)(CHs) (1) (40.1 mg, 0.118
mmol) was dissolved in THF (5 mL) and cooled 640 °C. The
solution of 1 was then added to the stirred solution I8 and the
resulting mixture was warmed slowly to Q. At this point, the THF
solution was concentrated vacuoto ca. 3 mL and layered with 0.5
mL of cold THF and finally 3 mL of cold pentane. The vial was then
allowed to stand at40 °C in a pentane vapor diffusion recrystallization
apparatus for 2 weeks during which time yellow crystals of product
16 formed (49 mg) in 53% yield. These crystals were suitable for a
single-crystal X-ray diffraction analysis and were not allowed to warm
to room temperature for more than 5 min (the thermal instability of

the stirred slurry over a period of 2 min. The mixture became
homogeneous and turned a deep red color while it was stirred for 1 h.
The volatile materials were removetdvacuoleaving a dark red residue
which was washed with pentane {32 mL). The remaining residue
was redissolved in &l (15 mL) and the resulting red solution was
filtered through a 0.5-in. plug of silylated silica gel (Keiselgel 60) and
recrystallized from vapor diffusion of pentane into a saturated benzene
solution of18. The crystals 0f.8 obtained were suitable for a single-
crystal X-ray diffraction analysis and were obtained in 47% yield (197
mg). *H NMR (400 MHz, GDs, 25°C) 6 5.39 (s, 5H, GHs), 5.16 (s,
5H, GsHs), 2.77 (d, 1H,234y = 5.4 Hz, CHH), 1.97 (d, 1H 20 =
5.4 Hz, CHH); 3C{*H} NMR (101 MHz, THF#ds, 25°C) 6 214.19
(s,CO), 198.40 (sCO), 189.3 (sCO), 144.4 (sCO), 112.72 (sCsHs),
112.61 (s,CsHs), 100.48 (s,C.0,), 89.20 (s,C,0,), 39.65 (s,CHy),
36.38 (s, TacHs3); MS (El) mz= 186 (FeCp)', 121 (FeCp}, (no Ta
containing fragments were found); MS (FABYz = 704 [M]*, 676
[M — CQJ*, 648 [M — 2COJ", 620 [M — 3COJ", 592 [M — 4COJ*,
577 [M — 4CO — CHg]*, 564 [M — 5COJ*, 536 [M — 6CO]Jt, 508
[M — 7COJ", 493 [M — 7CO — CH3]™; IR (KBr, cm™t) 2075 (s),
1998 (s), 1968 (s), 1949 (s), 1730 (m). Anal. Calcd ferHGsFe,Oq-
Ta: C, 35.83; H, 2.15. Found: C, 35.76; H, 2.30.
Cp:Ta(u-CO)(u-n*:n>C3H3)Re(COXRe(CO) (19). In a drybox,
Cp:Ta(CH,)(CHs) (1) (212 mg, 0.624 mmol) was dissolved in THF (4
mL) and added to a large vial (20 mL) equipped with a stirbar. Then,
Re(COo (396 mg, 0.606 mmol) was dissolved in THF (8 mL) and
slowly added dropwise to the stirred solution of,C@(CH,)(CHs). The
resulting solution turned red after a few seconds and after 5 min the
solution was reddish-brown. The solution was stirred for a total of 35
min and was concentratéal vacuoto an orange solid. This solid was
washed with pentane (2 10 mL) leaving a light orange powder. Dark
orange crystals were isolated by THF/pentane layering and slow cooling
to —40°C to yield 366 mg of crystalline solid (62%) suitable for X-ray
diffraction studies.H NMR (400 MHz, THF4ds, 25 °C) 6 5.27 (s,
10H, GHs), 3.01 (s, 3H, €l3); *C{*H} NMR (101 MHz, THFgg, 25
°C) 0 266.53 (su-CO), 200.57 (s,CO), 197.65 (sCO), 197.40 (s,
CO0), 139.69 (s}Jcc = 101.4 Hz,2Jcc = 5.0 Hz,%Jcy = 6.0 Hz, Ta-
C-Re), 127.74 (stJcc = 101.4 Hz,2Jcy = 8.0 Hz,C-CHg), 102.35 (s,
CsHs), 18.71 (s cn = 128.8,2]cc = 5.0 Hz, G=C-CHjy); MS (FAB)

this material also precluded elemental analysis). A second crop wasmz = 974 [M]*, 918 [M — 2COJ*, 890 [M — 3COJ", 862 [M —

obtained by layering further with 5 mL of cold pentane to yield another
18 mg (20%) of pure product (total yield: 67 mg, 73%} NMR
(400 MHz, THFds, 15 °C) 6 6.53 (s, 10H, @Hs), 4.46 (s(br), 1H,
CH-H), 4.14 (s(br), 1H, CHH), 1.28 (s, 3H, Ta-Ch); **F{*H} NMR
(CeDs, 15°C) 6 —9.6 (q, 2F, Re-€,), —15.0 (t, 3F, CECF3), —51.8

(s, 2F, CRCF.CR).

Cp;Ta(CH3)(u-pt:n%n3*-CsH,0,)Cox(CO)e (17). In a drybox, Ce-
(COX% (36.0 mg, 0.0316 mmol) was slurried in THF (10 mL) in a round-
bottom flask (50 mL) equipped with a stirbar. Ja(CH)(CHs) (1)
(35.2 mg, 0.103 mmol) was dissolved in THF (5 mL) and slowly added

4COfJ*, 834 [M — 5CO}*, 807 [M — 5CO — CCHy]*, 778 [M —
7COJ, 750 [M — 8COT"; IR (KBr, cm™1) 2097 (s), 2070 (s), 2030
(s), 2007 (s), 1994 (s), 1980 (s), 1921 (s), 1847 (m), 1713 (s). Anal.
Calcd for GoHisReOqTa: C, 27.11; H, 1.34. Found: C, 27.06; H,
1.38.

CpzTa(u-CO)(u-n*:n?*CsH3)Mn(CO)sMn(CO)s (20). A procedure
similar to the one used to prepat® was used to prepar20 except
Cp.Ta(CH)(CHs) (1) (76.1 mg, 0.223 mmol) and M(CO)yo (43.3
mg, 0.111 mmol) were used. Yield 46 mg (58%H NMR (400 MHz,
CsDe, 25°C) 0 4.52 (s, 10H, €Hs), 2.47 (s, 3H, Ei3); 13C{H} NMR



Reactions of CfTa(CH,)(CHs) with Metal Carbonyls

(101 MHz, THF4ds, 20°C) 6 268.1 (su-CO), 201.9 (sCO), 199.4 (s,
CO), 195.3 (s,CO), 148.1 (s, Ta&=-Mn), 123.5 (s,C-CHs), 108.5 (s,
CsHs), 20.8 (s, &C-CHgs); MS (FAB) m'z = 712 [M]*, 628 [M —
3COfJt, 600 [M — 4COf}", 517 [M — Mn(CO)]*, 461 [M — Mn —
7CQJ", 405 [M — Mn — 9COJ", 350 [M — Mnx(CO)]*; IR (KBr,
cm1) 2075 (s), 2015 (s), 1986 (s), 1957 (s), 1916 (s), 1722 (s). Anal.
Calcd for GoHi1sMn,OgTa: C, 37.10; H, 1.84. Found: C, 36.76; H,
2.02.

Cp;Ta(u-CO)(u-n*:n?>-C3H3)Fe(CO) (21). In a drybox, CpTa-
(CHR)(CHs3) (1) (529 mg, 1.55 mmol) was dissolved in THF (13 mL)
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15.7 (s,CHg); MS (FAB) m/z 950.8 [M'], 922.8 [M" — CO], 894.7
[M* — 2CO0O], 866.7 [M — 3COQ], 838.7 [M" — 4CO], 782.7 [M" —
6CO], 500.0 [M" — Ru(COY(CsHa)], 472.0 [M* — Ruy(CO)(CaHa)],
444.0 [M' — Ru(CO)(C4H4)]. Anal. Calcd for G4H170:0TaRW(0.5
CsHe): C, 32.80; H, 2.04. Found: C, 32.75; H, 2.42.

X-ray Crystal Structure Determinations. A detailed description
of the crystallographic analysis @3 is given below. However, the
structures of compoundsb, 16, 17, 18, 19, 20, and21 were solved
similarly, and for brevity only a short description of the experimental
details of the analyses of these compounds is presented.

and transferred to a glass bomb equipped with a stirbar. The bomb  X-ray Crystallographic Analysis of Cp(CH3)Ta(u-O)Rus(u-n*:
was removed from the box, attached to a vacuum line, and degassedy®:53-C4H4)(CO)s (23). Yellow crystals, shaped as blocks and points,

by 3 freeze-pump-thaw cycles. Next, Fe(C®}152 mg, 0.777 mmol)
was vacuum transferred into the bomb which was frozen in liquid N
The bomb was allowed to warm slowly to room temperature with
constant stirring, and it was then stirred for another 10 min. The red-
brown solution was concentrat@dvacuoand the residue was extracted
with benzene (21 mL). The resulting solution was filtered through a
1-in. plug of silylated silica gel (Keiselgel 60) affording a reddish-
orange filtrate which was concentrated to ca. 10 mL. The pro2ict

were obtained by slow crystallization from benzene/pentane vapor
diffusion as described above. A fragment cut from one of these crystals
was mounted on a glass fiber using Paratone N hydrocarbon oil. The
crystal was then transferred to an Enraf-Nonius CAD-4 diffractometer
and centered in the beam. It was cooled-883 °C by a nitrogen-flow
low-temperature apparatus which had been previously calibrated by a
thermocouple placed at the sample position. Automatic peak search
and indexing procedures yielded a triclinic reduced primitive cell.

was recrystallized using a benzene/pentane vapor diffusion apparatudnspection of the Niggli values revealed no conventional cell of higher

and was isolated in 47% yield (189 mg)H NMR (400 MHz, GDes,
25°C) 6 4.45 (s, 10H, €Hs), 2.413.01 (s, 3H, B3); °C{'H} NMR
(101 MHz, THF4ds, 25 °C) 0 288.99 (s,u-CO), 218.20 (s(br)CO),
153.85 (s, Tae-Fe), 123.11(sC-CHs), 101.89 (s,CsHs), 18.34 (s,
C=C-CHa); MS (FAB) m/z= 518 [M — COJ*, 490 [M — 2CQOJ*, 462
[M — 3COT"; IR (KBr, cm™1) 2000 (s), 1938 (s), 1915 (s), 1886 (sh),
1732 (s), 1714 (s). Anal. Calcd forfiisFeQTa(0.5 GHe): C, 43.11;
H, 2.87. Found: C, 42.89; H, 2.48.

Generation of Cp(CH3)Ta(u-O(CH2)C)Rex(CO)s (22). In a
drybox, CpTa(CHy)(CHs) (22.3 mg, 65.5umol) and Re(CO)yo (23.5
mg, 36.1umol) were added to a NMR tube as crystalline solids. The

symmetry.

The 5126 unique raw intensity data were converted to structure factor
amplitudes and their esd’s by correction for scan speed, background,
and Lorentz and polarization effects. No correction for crystal
decomposition was necessary. Inspection of the azimuthal scan data
showed a variatiotmin/lmax = 0.63 for the average curve. However,
examination of several of the azimuthal scans showed a pattern of
misorientation which was not accounted for in the accepted scans. The
structure was solved initially with data corrected by the azimuthal scan
data, but the final absorption correction was an empirical correction
based on the combined differences-gfsandF following refinement

tube was attached to a cajon fitting and after being removed from the of all atoms with isotropic thermal parameters (Corr(max).16, Corr-
box, it was degassed on a vacuum line. While the tube was frozen in (min) = 0.87)%° The choice of the centric group P was confirmed by

liquid N2, THF-ds (0.5 mL) was vacuum transferred into the tube, and
the tube was sealed. The tube was thawed and warmed&dsC at
which point it was shaken vigorously. Compourid dissolved
completely, but the R€CO), only dissolved partially. At this point

the successful solution and refinement of the structure. Removal of
77 data affected by misorientation just prior to a recalculation of the

orientation matrix during data collection left 4980 unique data in the

final data set.

the tube was treated similarly to the reaction described above to observe The structure was solved by Patterson methods and refined via

6aand8a. Resonances for the intermedi2@were observed initially
at —35 °C and did not begin to disappear until ca2®@. *H NMR for
Cpx(CHs) Ta(u-O(CH,)C)Re(CO) (22) (400 MHz, THFds, —5 °C) 6
6.52 (s, 10H, GHs), 4.27 (s(br), 1H, CHH), 4.12 (s(br), 1H, CHH),
1.26 (s, 3H, Ei3).

Scrambling Experiment with 1-13C and Rey(CO)10. An experi-
ment identical to that used to gener2@was performed except that
1-13C was used in place df. Upon the initial signs of reaction, the
starting material began to show resonances for bofT &FCH,)(CHs)
and CpTa(CH,)(*3CHj) in approximately equal amounts. The product
obtained 19) had enriched*C-resonances in thg- andy- positions
of the methyl acetylide ligand.

Cp2(CH3)Ta(u-O)Rus(u-nt:pt:53-CsH4)(CO)s (23). A THF (5 mL)
solution of CpTa(CH,)(CHs) (76.2 mg, 0.224 mmol) at iC was added
dropwise to a rapidly stirred slurry of R€CO)2 (138 mg, 0.217 mmol)
in THF (12 mL) in a large vial at 0C. The slurry turned deep red/
brown and was stirred for a period of 25 min with slow warming to

standard least-squares and Fourier techniques. In a difference Fourier
map calculated following the refinement of all non-hydrogen atoms
with anisotropic thermal parameters, peaks were found corresponding
to the positions of most of the hydrogen atoms. Hydrogen atoms were
assigned idealized locations and value8gfapproximately 1.3 times
the Beqy Of the atoms to which they were attached. They were then
allowed to refine with isotropic thermal parameters. The methylene
hydrogens on the ligand were located on a subsequent difference Fourier
map and also allowed to refine. In the final cycles of least squares, 24
data with abnormally large weighted difference values (possibly caused
by multiple diffraction effects) were given zero weight.

The final residuals for 451 variables refined against the 4112 accepted
data for whichF? > 3¢(F?) wereR = 2.24%,wR = 2.27%, and GOF
= 1/245. TheR value for all 4956 accepted data was 3.35%. In the
final cycles of refinement a secondary extinction paranittens
included (maximum correction: 15% on F).

The p-factor, used to reduce the weight of intense reflections, was

room temperature. The slurry was then filtered to remove excess Sét to 0.02 in the last cycles of refinement. The analytical forms of

starting RY(CO).. The filtrate was concentratéd vacuoleaving a
brown residue. This residue was extracted wighi§Xca. 20 mL) and
filtered through a 1-in. silylated silica gel plug (Kieselgel 60). The
yellow filtrate was then concentrated vacuoto ca. 5 mL, and the
product was recrystallized from vapor diffusion of pentane into a
saturated benzene solution 8. The yellow crystals o3 which
formed were isolated (34.1 mg) in 32% yield. NMR data for,Cp
(CH,) Ta(u-O)RW(C4H4)(COY (23): H NMR (400 MHz, GDs, 25°C)

0 5.17 (s, 5H, @Hs), 5.10 (s, 5H, @Hs), 4.39 (d, 1H2J4n = 2.6 Hz,
CHy), 4.26 (d, 1H2Jun = 2.5 Hz, (Hy), 2.00 (d, 1H 23 = 1.3 Hz,
CHy), 1.51 (d, 1H,234y = 1.3 Hz, (H,), 0.35 (s, 3H, Ta-@); °C-
{*H} NMR (101 MHz, THF#s, 25°C) § 208.6 (s, Ruc0), 201.9 (s,
Ru-CO), 200.3 (s, RUE0), 199.8 (s, RU=0), 199.1 (s, RUE0), 195.3
(s, Ru€O), 190.2 (s, RU=0), 143.4 (s, HCCCCH,), 112.0 (sCsHs),
111.9 (s,CsHs), 85.1 (s, HCCCCHy), 66.7 (s,CH>), 18.6 (s,CH>),

the scattering factor tables for the neutral atoms were“éised all
scattering factors were corrected for both the real and imaginary
components of anomalous dispersion.

The largest peak in the final difference Fourier map had an electron
density of 0.75 &/A3, and the lowest excursion0.22 e/A3. All large
peaks were located near the metal atoms.

X-ray Crystallographic Analyses of 3b, 16, 17, 18, 19, 20, and
21. Crystals of compound3b, 16, 17, 18, 19, 20,and21 were grown
as described in the respective syntheses of each compound. The crystal
mounting procedures and diffractometer were similar to that described

(50) Walker, N.; Stuart, DActa Crystallogr.1983 A39, 159.

(51) Zachariesen, W. HActa Crystallogr.1963 16, 1139.

(52) Cromer, D. T.; Waber, J. Tlnternational Tables for X-Ray
Crystallography The Kynoch Press: Birmingham, England, 1974; Vol.
\2
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