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Abstract: The compounds Cp,Ta(CH,B(CgFs),)(u-H)(CH,), where Cp’ = CsHs, a series, and CsHsMe, b
series, are generated via treatment of Cp,Ta(=CH,)CH; with HB(CsFs).. When allowed to undergo
irreversible methane loss in the presence of an excess of the sterically modest alkynes 2-butyne or
phenylacetylene, the putative intermediates Cp’ZTa[nz-CHZB(CSFS)Z] la and 1b are trapped as the tantala-
3-boratacyclopentene compounds 2 and 3, respectively. In these complexes, the alkyne and borataalkene
ligands have reductively coupled at the d? tantalum center. For the unsymmetrical alkyne, a kinetic product
resulting from coupling in the opposite regiochemical sense is observed; the thermodynamic products 3-t
incorporate the phenyl group in the a position of the tantalaboratacyclic ring. Two of these compounds (2b
and 3b-t) were characterized crystallographically. For bulkier alkynes (diphenylacetylene, 1-phenyl-1-
propyne, and 3-hexyne), intermediates with similar spectroscopic properties to the tantala-3-boratacyclo-
pentenes were observed, but the ultimate products were the vinylalkylidene compounds 5-(R,R’). Compound
5-(Ph,Me) was characterized crystallographically, and it was found that the vinylalkylidene binds to the
metal in an 5*-bonding mode, with the tantalum center receiving further ligation through a hydridoborate
moiety. Mechanistic studies suggest that these products arise via retrocyclization of the tantala-3-
boratacyclopentenes formed kinetically. These studies represent the first studies concerning the reactivity
of a borataalkene ligand at a transition metal center and show that it can behave in an “olefin-like” manner,
despite having a more flexible array of bonding modes available to it than an olefin.

Introduction Chart 1
. . - Ho CHj _CHp
Borataalkenes are uninegative analogues of the ubiquitous M/C\BH M—2\ - M\S
olefin family of ligands? Whereas alkenes invariably bind to 2 BH BH:
one metal in any? fashion via the textbook DewatChatt- n' n2

Duncanson (B-C—D) description ofo-donation andr-back-  pong A priori, a fair degree of flexibility in the bonding of
donation? little is known about the coordination chemistry or these ligands may thus be expected.
reactivity of the borataalkenes. In principle, such ligands may  The lack of concrete information concerning the chemistry
bind in an »* mode through the carbon atom (Chart 1), of porataalkene ligands contrasts with the coordination chemistry
particularly in @ complexes| or via an? linkage. Fundamen-  of other families of “boratahydrocarbon” ligands (e.g., the
tally, the bonding description for this latter mode may mirror boratabenzengs which is well developed; indeed, transposition
the Dewar-Chatt-Duncanson model for olefirfspr be com- of carbon for boron in cyclicr ligands has been a fruitful
prised of a covalent metalC o bond and a metal to boron dative ~ strategy for new ligand developmetithe paucity of borataalk-
ene chemistry may stem in part from the fact that, unlike
*To whom correspondence should be addressed. boratabenzenes, borataalkenes are not easily generated, and
lUnivers@ty o; Xl?)lga;ry. convenient reagents for borataalkene installation are not widely
1) Lér;lgﬁsﬂ}(og_zzogr?ié. Fax: 403-289-9488. E-mail: wpiers@ucalgary.ca. available. Furthermore, they exhibit a tendency to dimerize.

S. Robert Blair Professor of Chemistry 2662005, E. W. R. Steacie Fellow  Those that have been prepdtede thus characterized by large
2001-2003

(2) Eisch. J. JAdy. Organomet. Chem996 39, 355. substituents on boron and/or carbon to provide the steric
(3) (a) Dewar, M. J. SBull. Soc. Chim. Fr.1951, 18 C79. (b) Chatt, J.;
Duncanson, L. AJ. Chem. Socl1953 2939. (6) (a) Herberich, G. E.; Greiss, G.; Heil, H. Angew. Chem., Int. Ed. Engl
(4) (a) Zhang, S.; Piers, W. E.; Gao, X.; Parvez, MAm. Chem. So00Q 197Q 9, 805. (b) Ashe, A. J., lll; Shu, Rl. Am. Chem. Sod 971, 93,
122 5499. (b) Scollard, J. D.; McConville, D. H.; Rettig, S.Qrgano- 1804. (c) Sullivan, S. A.; Sandford, H.; Beauchamp, J. L.; Ashe, A. J., lIl.
metallics1997, 16, 1810. (c) Thorn, M. G.; Vilardo, J. S.; Fanwick, P. E.; J. Am. Chem. S0d.978 100, 3737. (d) Herberich, G. E.; Ohst, Adv.
Rothwell, I. P.Chem. Communl998 2427. Organomet. Chen1986 25, 199. (e) Herberich, G. E.; Schmidt, B.; Englert,
(5) The relevance of the DCD bonding model in p-block element analogues U. Organometallicsl995 14, 471. See also: (f) Fu, G. @dv. Organomet.
of hydrocarbylz-complexes has been noted: Fehiner, T1.®Organomet. Chem.2001, 47, 101.
Chem.2001, 635, 92. (7) Berndt, A.Angew. Chem., Int. Ed. Engl993 32, 985.
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Scheme 1 reaction chemistry of bound olefins is extraordinarily rich and
@ H largely dependent on the metal fragment in question. Because
\ _C, the “CpTa[CH.B(CeFs)2]” fragment is a d metallocene iso-
Ta\CHH electronic to the group 4 olefin complexes (exemplified by
% N “Cp2Zr[CH.CH(R)]” moiety, Negishi's reagetd), we wondered
if the borataalkene ligand would reductively couple with an
HB(CgFs)2 alkyne function to give metallacyclopentene stuctures in analogy
T:;;S;C to the well-documented (and synthetically useful) coupling of

alkynes and olefins at a zirconium centéHerein we describe
the trapping of 1 with various alkynes and the ensuing

<

\

H CoF ) _ .
\ i . \  CHp organometallic chemistry of the resulting tantala-3-borata-
Tal_ BN 0cC Ta—\ LCeFs
NTHY o5 -cCH, B cyclopentenes.
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Results and Discussion

AN
@ As described previousl,the methyl hydride derivative
formed upon hydroboration of Gpa(=CH,)CHz'* with HB-
saturation necessary for stability. This presumably dampens the(CsFs)2'® (Scheme 1) can either be isolated as a reasonably well-
ability of the borataalkene to coordinate to metalgisbonding behaved solid or generated in situ in THF solution at temper-
modes which mimic the neutral olefinic ligand. atures below-40 °C. Analogous chemistry is observed for the
The lack of suitable borataalkene synthons for coordination 1,1 -dimethyl substituted derivative, which was also employed
to transition metals via traditional means suggests a syntheticin this study to impart crystallinity on the products. When
route in which the borataalkene fragment is assembled within génerated and allowed to undergo first order loss of methane
the transition metal's coordination sphere as an alternative. in the presence of an excess of an alkyne reagent, the course of
Recently, we showed that the elements of the borataalkenethe reaction was found to be quite dependent on the nature of

ligand [CH:B(CsFs);]~ can be conjoined via hydroboration of
the Ta=C double bond in Schrock’s methylidene methyl
complex CpTa(=CH,)CHs with 1 equiv of the highly reactive
borane HB(GFs)2 (Scheme 1¥.Loss of methane from Gpa-
(CH2B(CgFs)2)(1-H)(CHs) occurs rapidly at GC via reductive
elimination, producing the borataalkene complexn situ.
Although1 is isoelectronic to the well-known ethylene complex
of decamethyltitanocené,t is not isolable or stable in solution
for very long. DFT computations showed that it's instability
likely stems from a thermal equilibrium between a singlet state,
where the borataalkene ligand is essentiajfybound with
D—C—D bonding character, and ap*-bound triplet state.
However, by carrying out the methane reductive elimination in
the presence of ar-acidic trapping agent, such as CO or
CNBu, 1 was trapped as the adducts,Ta[;?-CH,B(CsFs),]L.

the alkyne. For the sterically less bulky alkynes 2-butyne or
phenylacetylene, the putative borataalkene intermediates
(a series, Cp= CsHs) and1b (b series, Cp= CsHsMe) were
trapped by alkyne to form the zwitterionic tantala-3-borata-
cyclopentene complexes shown in Scheme 2, in a reaction
analogous to the reductive coupling of an olefin and an alkyne
at a group 4 metallocene centés’

For the symmetrical 2-butyne, one product was observed, and
no intermediates were detected when the reactions were
monitored via NMR spectroscopy. Several lines of spectroscopic
evidence are consistent with the formation of the zwitterionic
tantala-3-boratacyclopenten2 For comparative purposes,
selected solution NMR data for these and other new compounds
are presented in Table 1. Ba, the chemical shift of 6.13 ppm
observed for the Cp protons is indicative of a cationic Ta(V)

Spectroscopic, crystallographic, and computational evidence allcenter (cf. the shift of 6.61 ppm for [GpaMe;] "[BF4] ™ in de-
supported a description of the borataalkene ligand consistentTHF). The!B chemical shifts of-32.7 and—-30.8 ppm for2a

with unsymmetrical;?-binding in the ground state. However,

and 2b, respectively, are as expected for an anionic, four-

some evidence was garnered to suggest that the borataalkeng

ligand can slip to arny!-bonding configuration, which may
influence its reactivity and is one distinct difference from
classical olefin/transition metal chemistry.

The study summarized above convincingly showed that the
borataalkene ligandinds like an olefin to the Cpra(L)
fragment. The question arises, doemeictlike an olefin? The

(8) (a) Olmstead, M. M.; Power, P. P.; Weese,XXAm. Chem. S0d.987,
109 2541. (b) Rathke, M. W.; Kow, R. J. Am. Chem. Sod.972 94,
6854. (c) Kow, R. J.; Rathke, M. WI. Am. Chem. S0d.973 95, 2715.
(d) Wilson, J. W.J. Organomet. Cheml98Q 186, 297. See also: (e)
Matteson, D. SSynthesidl975 147.

(9) (a) Cook, K. S.; Piers, W. E.; Woo, T. K.; Rettig, S. J.; McDonald, R.
Organometallic2001, 20, 3927. (b) Cook, K. S.; Piers, W. E.; Rettig, S.
J. Organometallics1999 18, 1575.

(10) Cohen, S. A.; Auburn, P. R.; Bercaw, J.EAm. Chem. S0d.983 105
113

(11) Nonclassical (&., d) olefin complexes are believed to bond unsymmetri-
cally to the metal, tending towardg-bonding which would be related to
such bonding in borataalkene complexes as depicted in Chart 1. The
resulting positive charge build-up on tfiecarbon aids in alkyl migration
during the olefin insertion process. See: Casey, C. P.; Klein, J. F.; Fagan,
M. A. J. Am. Chem. So@00Q 122 4320.
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(12) (a) Negishi, E. I.; Cederbaum, R. E.; Takahashi[dtrahedron Lett1986
27, 2829. (b) Negishi, E.; Takahashi, Acc. Chem. Red994 27, 124.

(13) (a) Lee, L. W. M.; Piers, W. E.; Parvez, M.; Rettig, S. J.; Young, V. G.,
Jr. Organometallics1999 18, 3904. (b) Takahashi, T.; Kageyama, M.;
Denisov, V.; Hara, R.; Negishi, Eletrahedron Lett1993 34, 687. (c)
Negishi, E.; Holmes, S. J.; Tour, J. M.; Miller, J. A.; Cederbaum, F. E.;
Swanson, D. R.; Takahashi, 3. Am. Chem. Sod 989 111, 3336. (d)
Negishi, E.; Swanson, D. R.; Cederbaum, F. E.; TakahasHiefrhedron
Lett. 1987 28, 917. (e) Dumond, Y.; Negishi, B. Am. Chem. S0d.999
121, 11223. (f) Takahasi, T.; Xi, C.; Xi, Z.; Kageyama, M.; Fischer, R;
Nakajima, K.; Negishi, EJ. Org. Chem1998 63, 6802.

(14) Schrock, R. R.; Sharp, P. B. Am. Chem. S0d.978 100, 2389.

(15) Parks, D. J.; Piers, W. E.; Yap, G. P. @rganometallics1998 17, 5492.

(16) To our knowledge, one example of the coupling of an alkyne and an olefin

at a tantalum center has been reported: (a) Smith, G.; Schrock, R. R,;

Churchill, M. R.; Youngs, W. Jlnorg. Chem.1981, 20, 387. (b) A

tantalacyclopentene prepared via a different route has also been reported:

Wallace, K. C.; Liu, A. H.; Davis, W. M.; Schrock, R. Rrganometallics

1989 8, 644.

The coupling of two alkynes to form tantalacyclopentadienes has been

studied in some detail by Wigley et al.: (a) Bruck, M. A.; Copenhaver, A.

S.; Wigley, D. E.J. Am. Chem. S0d.987, 109, 6525. (b) Strickler, J. R;

Wexler, P. A.; Wigley, D. EOrganometallics1988 7, 2067. (c) Strickler,

J. R.; Bruck, M. A.; Wigley, D. EJ. Am. Chem. S0d.99Q 112, 2814. (d)

Strickler, J. R.; Wexler, P. A.; Wigley, D. EDrganometallics1991, 10,

118. (e) Smith, D. P.; Strickler, J. R.; Gray, S. D.; Bruck, M. A.; Holmes,

R. S.; Wigley, D. E.Organometallics1992 11, 1275.
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Scheme 2

< @ H, CeFs
R /
@]Ba"\‘\\C\B\Cac E R=H, 2a -
R ﬁ;:i 6rs |R=CHg, 2b
x CHs
”SC X

H3C-C=C—CHj, H3C-C=C—CHg4
(excess) (excess)

S

R \ CH;
R=H,1
T
" % 3 ’
\Q CgFs

Figure 1. ORTEP diagram oBb. Non-hydrogen atoms are represented
by Gaussian ellipsoids at the 20% probability level.

Ph—C=C—H
(excess)
@ H2 CsF5 @ H2 CGFS
R \ wC /@ R WCl /@
®Ta B\C E + @Ta’ B\C F
R % 6Fs R \,;A 65
x " x "
H g Ph
| 2 hours, RT }

R =H, 3a-k R =H, 3a-t
R = CHjs, 3b-t

Table 1. Selected NMR Data for New Compounds

Cp (H) CH, (H) ug F Anyp

cmpd (ppm) (ppm) (ppm) (ppm)
2a 6.13 4.02 -32.7 25
gg K 6.30 i%% _32'8 ?2’2 Figure 2. ORTEP diagram o8b-t. Non-hydrogen atoms are represented

- . ) — . . - : h
3a-t 603 299 346 58 by Gaussian ellipsoids at the 20% probability level.
gf’(‘;h Py 565,557 2.85 %S Al Presumably, formation of an unfavored-TR bond, and the
5-(Ph.Me) 553 5.47 _129 48 41 steric problems it.irllerant with placemgnt ofa buH(ﬁ!(C6F5)2
5-(Et,Et) 5.60, 5.39 -13.1 4.4,3.9 group in thea position, are two factors in dictating the observed
oPhve) 613 a2 a2 27 regiocheristry.

-(Ph,Me . . —37. . ; ; }
6-(ELEY) 6.04 375 382 59 _ I_n_ the case of phenylacetylene, another regl_ocher_mcal pos
11-CO © 503 1.06 7.2 5.4 sibility stemming from the sense of alkyne addition arises, and,
II-CNR ® 4.90 1.13 85 5.1 indeed, when the reaction @& and this alkyne is followed by

NMR spectroscopy, a kinetic produda-k is in evidence in

) ) ] the early stages of the reaction. Thermal rearrangement to the

coordinate boron centéfwhile the separation between the meta thermodynamic produca-t occurs at room temperature over

and para quorlne. resonances in th& NMR spectrum  yhe course of a few hours. As can be seen in Table 1, all products

(Amp = 2.5 ppm.2& 2.8 ppm,2b) is strong empirical evidence 3 (including3a-k) share the spectroscopic characteristics of the

for a borate moiety? These data demonstrate the zwitterionic tantala-3-boratacyclopentene compoud©n the basis of a

nature_ of these products. The r_egioche_mistry of metgllacycle crystal structure oBb-t (see below), we assign the thermo-

formation (i.e., wnh_the B atom in A position) is established dynamic isomers as the coupled products where the phenyl

by two resonances in tHéC NMR spectrum for the methylene ety is attached to the-carbon; consequently, the kinetic

and vinyl carbons of the product, which are significantly jsomer3a-kis likely the 8-phenyl isomer. This assignment was

broadened due to bonding with the quadrupolar boron nUC|eUS-supported by the results of alH/1% NOESY experiment

In fact, the latter quaternary carbon was not detected in theseherein irradiation of the ortho fluorines iBa-t yielded

spectra. Thus, the alkyne undergoes cyclization _W'tt‘) the enhancement in the vinylic proton adjacent to the borate moiety.

borataalkene ligand exclusively via—-& bond formatior?: The tantala-3-boratacyclic nature of these compounds was
_ ) ) ) confirmed via crystal structure determinations2imand 3b-t;

18) Kidd, R. G. INNMR of Newly A ble Nucliaszlo, P., Ed.; Acad . -

e P;ess: NewnYork, ggsg?lvvyochc.ESS' e_ uasaszo cademie ORTEP diagrams are presented in Figuregh) énd 2 @b-t),

(19) Horton, A. D.; de With, JOrganometallics1997, 16, 5424. while comparative selected metrical data are given in Table 2.

(20) This B-C bond formation is reminiscent of a key step in the titanocene i . 2
catalyzed hydroboration of alkynes, which involves coupling of a borane The coupling of the alkynes with [CHB(CgFs),] ~ is indicated

and an alkyne: (a) Muhoro, C. N.; He, X.; Hartwig, J.FF.Am. Chem. . ;
Soc.1999 121, 5033. (b) Hartwig, J. F.; Muhoro, C. NDrganometallics b)_/' (1) a Iepgthenlng of the GH B bonds to values Conson_ant
200Q 19, 30. with B—C single bonds as compared to the values found in the

J. AM. CHEM. SOC. = VOL. 124, NO. 19, 2002 5413
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Table 2. Selected Metrical Data for Tantala-3-boratacyclopentene
Compounds 2b and 3b-t

2b 3b-t
Bond Lengths (A)

Cp(lp-Ta 2.128(3) Cp(P-Ta 2.1152(15)
Cp(2F—Ta 2.120(3) Cp(&-Ta 2.1135(13)
Ta—C(1) 2.116(6) TaC(3) 2.158(3)
Ta—C(3) 2.124(5) TaC(1) 2.128(3)
C(1)-B 1.734(9) C(3)B 1.672(4)
C(3)-C(4) 1.337(9) c(BcE) 1.327(4)
C(4)-B 1.677(10) c(¥B 1.675(4)
C(3)-C(2) 1.520(9) c(1rC4) 1.485(4)
C(4)-C(5) 1.508(8)

B—C(31) 1.672(10) B-C(31) 1.658(4)
B—C(41) 1.664(10) B-C(41) 1.667(4)

Bond Angles (deg)

Cp(1p-Ta—Cp(2F 127.4(3) Cp(l3-Ta—Cp(2f  128.53(15)
C(1)~-Ta—C(3) 98.6(3) C(1)Ta—C(3) 101.72(10)
Ta—C(1)-B 96.5(4) Ta-C(3)-B(1) 93.81(16)
Ta—C(3)-C(4) 103.5(55) TaC(1)-C(2) 96.91(19)
C(2-C(3)-C(4) 125.3(6)  C(4yC(1)-C(2) 124.9(2)
C(3)-C(4)-C(5) 121.6(6)

C(3)-C(4)-B 124.4(6) C(1yC(2)-B 131.1(2)
C(4)-B—C(1) 114.2(5) C(2¥B—C(3) 116.1(2)
C(41)-B—C(31) 108.9(5) C(4BB-C(31) 106.0(2)
C(4)-B—C(41) 110.1(5) C(2yB—C(41) 101.9(2)
C(1)-B—C(31) 109.4(5) C(3yB—C(31) 115.3(2)

aC(10)-C(14).> C(11)-C(15).¢ C(20)-C(24).9 C(21)-C(25).

n?-borataalkene complexes @m[y>-CH,B(CeFs)JL  of
1.525(7) A (L = 'BUNC) and 1.508(8) A (L= CO)? (2)
B—Cuiny bond lengths of 1.667(10) A2p) and 1.675(4) A
(3b-t), which are as expected fors—Cs single bonds; and
(3) a C(3-C(4) bond length of 1.337(9) A fdb and a C(1}
C(2) distance of 1.327(4) A foBb-t, indicative of carbor

carbon double bonds. The rings in these compounds are close

to being planar, with only slight puckering observed about the
methylene carbon. The boron centers are tetrahedral, and whil
the angles about the vinylic carbon centers sum86C, the

o carbon is somewhat more distorted from the ideal tharthe
center.

R

,@\ Hzc\&B/CGFS

Tall

T

N\
R CsFs

These reactions show that the borataalkene ligand in
behaves in an “olefin-like” manner and the reductive coupling
with an alkyne mimics the chemistry observed in group 4
chemistry with normal olefin ligand. The resulting tantala-

Cook et al.
Scheme 3
,@ R—C=C—R" vy o
R \ C\H2 (excess) HsC \ /C\B/
Ta \\ ,CeF5 Tal _,,” N\
KT T N
CH
x CeFs Q/ 2
Ref.1a &3]
R =CHg, 1b
R—C=C—R"| R=H
{excess)
ﬁ 'R' R
\ ¢C--HC/ R'=R"=Ph,  5-Ph,Ph)
Ta 2\ R' = Ph, R"= Me, 5-(Ph,Me)
%\H\B/C_H R'=R"=Et,  5-(EtEt)
'
FsCg C8's

complex,l,22which then undergoes reversible coupling to form
the heterometallacyclic products. Once ligated, it is unlikely that
the alkyne is labile, ruling out a dissociative mechanism for
the conversion oB8a-k to 3a-t. In support of this, treatment of
3a-t with an excess of 2-butyne does not result in formation of
2a(Scheme 2). Furthermore, when compoudsind3b-t are
mixed and heated gently, no crossover products (2k.pr
3a-t) are observed. On the other hand, a mechanism involving
rotation of coordinated alkyne also seems unlikely given the
generally large barrier to rotation of alkyne and oléfiigands
in d? tantalocenes; we could find no evidence for the exchange
of the vinylic methyl groups irRa on the NMR time scale. In
the absence of firm experimental evidence, we speculate that
the strong Lewis acidic boron center available inabonded
borataalkene ligand may play a role in the isomerizatioBesk
to 3a-t.
Use of more sterically encumbered alkynes in this reaction
e|orovides some evidence to support the viability of intermediates
akin tol, and shows that the reversibility of cyclization allows
for the isomerization of tantala-3-boratacyclopentenes to other
types of organometallic products. The chemistry is outlined in
Scheme 3. The alkynes diphenylacetylene, 1-phenyl-1-propyne,
and 3-hexyne are apparently too bulky to trap'-tiiinethyl
borataalkene complekb; in these reactions, the only product
observed is the self-trapped “tuck-in” compléxwhich is the
product observed wheth is allowed to form in the absence of
an external trapping agent. Compouhaas fully characterized
via NMR spectroscopy and microanalysis; details are found in
the Experimental Section. In thelds a series, however, alkyne
coordination with these bulkier substrates does occur, but the
ultimate products have been characterized as the vinylalkylidene
complexess-(R,R).

Compound$-(Ph,Ph)and5-(Ph,Me) were isolated in 76
80% vyield, while5-(Et,Et) was generated only in solution. In

3-boratacyclopentenes are, to our knowledge, unique hetero-the 'H NMR spectra of compound$, the most obvious
cycles which have not been observed to date. The conversiondifference in comparison to the produ@&a and 3a discussed

of 3a-k to 3a-t indicates that the coupling of the alkyne with

above is that the two Cp ligands are now diastereotopic,

the borataalkene ligand is reversible, another feature this reactionindicating that the plane of symmetry bisecting the Cp donors

shares with the olefin/alkyAgand alkyne/alkyn& coupling at
a zirconium center. However, the intimate details of the

mechanisms of the formation of these compounds and of the

conversion oBBa-k to 3a-t are to this point open to speculation.
Likely, 1is trapped by the alkyne to form an alkyne/borataalkene

(21) Schafer, L. L.; Nitschke, J. R.; Mao, S. S. H.; Liu, F.-Q.; Harder, G.; Haufe,
M.; Tilley, T. D. Chem:Eur. J.2002 8, 74 and references therein.

5414 J. AM. CHEM. SOC. = VOL. 124, NO. 19, 2002

(22) Several complexes of general formulaTa(2--RCCR)X are known: (a)
Labinger, J. A.; Schwartz, J.; Townsend, J. M.Am. Chem. Sod.974
96, 4009. (b) Green, M. L. H.; Jousseaume JBOrganomet. Cheni98Q
193 339. (c) Herberich, G. E.; Englert, U.; Heoveler, M.; Savvopoulous,
1. J. Organomet. Cheni99Q 399, 35. (d) Deutch, P. P.; Maguire, J. A,;
Jones, W. D.; Eisenberg, Rorg. Chem.199Q 29, 686. (e) Yasuda, H.;
Yamamoto, H.; Arai, T.; Nakamura, A.; Chen, J.; Kai, Y.; Kasai, N.
Organometallics1991 10, 4058.
(23) (a) Klazinga, A. H.; Teuben, J. H. Organomet. Chen1978 157, 413.

(b) Klazinga, A. H.; Teuben, J. Hl. Organomet. Chen198Q 194, 309.
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Table 3. Selected Metrical Data for Vinylalkylidene Compound

5-(Ph,Me)
Bond Lengths (A)
Cp(lp—Ta 2.095(2) Cp(®-Ta 2.174(2)
Ta—C(1) 2.062(5) TaH(1) 1.80(4)
Ta—C(2) 2.695(5) Ta—C(3fF 2.707(5)
C(1)-C(2) 1.408(6) C(2rC(3) 1.379(6)
C(3)-B 1.570(7) B-H(1) 1.34(4)
C(1)—C(21) 1.503(6) C(2yC4) 1.503(6)
B—C(31) 1.633(7) B-C(41) 1.643(6)
Bond Angles (deg)
Cp(lp—Ta—Cp(2p 125.8(2) C(1)Ta—H(1) 102.7(13)
Ta—C(1)-C(2) 100.2(3) TarH(1)—B(1) 115.5
C(1)-C(2)-C(3) 115.5(4) C(1yC(2-C4) 112.2(4)
C(2)-C(3-B 129.4(4) C(3yB—H(1) 109.2(17)
C(3)-B—C(31) 119.3(4) C(3yB—C(41) 111.5(4)
C(41y-B—C(31) 109.6(4)

aC(10)-C(14).° C(15)-C(19).¢ Nonbonded distance.

in other vinylalkylidene structures which have been described
Figure 3. ORTEP diagram of5-(Ph,Ph) Non-hydrogen atoms are  as “localized”?%@ However, the TaC(1)—C(2)—C(3) torsion
represented by Gaussian ellipsoids at the 20% probability level. angle of —38.8(5) allows for some conjugation between the

_ ) ~ Te=C and G=C bonds, partially delocalizing the electron
is absent in these products. The Cp resonances appear slightiensity across these atoms. In addition to the alkylidene unit,
upfield of those found in the zwitterionic tantala-3-borata- the tantalum center is satiated by the borohydride moiety, which
cyclopentenes in the region 5:5.7 ppm, reflecting less charge  pinds quite strongly to the tantalum atom; the-Fa distance
separation between tantalum and boron. In addition to signals of 1.80(4) Ais close to values found for terminal-Tiel bonds2®

derived from the alkyne moiety, resonances integratingne This supports the notion that charge separation is low in these
proton each are found at around 4.5 ppm and upfield rdad compounds.

ppm in the spectra of compounds The latter signal is
characteristic of a TaH—B(CgFs), hydridoborate moiety, while
the former is attributable to an olefinic hydrogen. When the

To probe the route by which these vinylalkylidene products
are formed, the reactions with the bulkier alkynes were followed
i X . by NMR spectroscopy at low temperature. In each case, an
synthesis of 5-(Ph,Ph) is performed starting from Gp intermediate was observed, and selected data for these species
Ta(=CD,)CDs and DB(GFs)z, both of the one proton reso- 50 yiven above in Table 1. For the alkynes 1-phenyl-1-propyne
nances dls_appear in tAel NMR spectrum, _showmg that these and 3-hexyne, the intermediat®gPh,Me) and6-(Et,Et) have
protons arise from the methylidene unit since th%ﬁb;d DB similar spectral characteristics to those found for the zwitterionic
de.ute.rons are Iost_as GDpon decomposition odi4-1_a_ The tantala-3-boratacyclopentersand3a-k/3a-t, and on this basis
anionic, four-coordinate nature of the boron center is supportedWe assign them these structures. In the case of diphenylacety-

1 9
by both the'!B and the'*F NMR data (Table 1), and thesEs lene, however, the NMR data are markedly different, particularly
groups are also diastereotopic as would be expected. Flnally,thellB andlF parameters. As can be seen in Table 1, the data

the_13C NMR spectrgl datq are consistent with _the presence of for 6-(Ph,Ph)are closer to that found for the CO and BN

a vinylalkylidene unit. Upfield resonances ranging from 2;3 to trapped products Gpafy?CH.B(CsFs)-L, which contain an
245 ppm are observed for the alkylldeng carbons, while signals intact dihapto borataalkene ligaAtiThus, diphenylacetylene

at 154-156 ppm are assigned to the vinyl carbon attached 0 4464 not appear to couple with the borataalkene ligand, and

the alkylidene moiety. Resonances broadened by the quadrupolagiq jntermediate has a structure akin to the proposed alkyne

boron nucleus in the region spanning GBl4 ppm were  iormediatel. The reasons for this may stem from the steric
detected using the HMQC pulse sequence and correlate to the) ik of the alkyne, but the greateracidity of this alkyne in
proton resonances at around 4.5 ppgday coupling constants

comparison to the others employed in this sfifdyay also
of about 137 Hz were measured for these CH groups.

) - ) k . stabilize the alkyne complex relative to the tantala-3-borata-
This assignment was confirmed by crystallographic analysis ¢y cjopentene structure. The observation of this species strongly

of 5-(Ph,Me), which also confirmed the regiochemistry of g gqests thag?-alkynek?-borataalkene intermediates such as
alkyne incorporation in this particular instance. Figure 3 shows | 416 viable ones in the formation of the tantala-3-boratacyclo-
an ORTEP diagram, while Table 3 gives selected metrical data pentene product® and3.

) By . . . : )
for 5-(Ph,Me)* The vinylalkylidene moiety is bonded in an As these reactions are monitored further, the intermedétes

" fashiort® to the tantalum center on the basis of the long are observed to convert smoothly and cleanly to the vinylalky-
distances from Ta to C(2) (2.695(5) A) and C(3) (2.707(5) A). lidene product®; no other intermediates are detected. Interest-

The Ta-C(1), C(1-C(2), and C(2)C(3) distances of
2.062(5), 1.408(6), and 1.379(6) A are in line with values found

(26) The terminal TaH bond in CQTaCl‘bB(CsFQz(Iu-H)&H) is 1.84(4) A?

while the average distance in gmaH; is 1.774(3) Wilson, R. D.;
(24) To our knowledge, only one other tantalum vinylalkylidene has been Koetzle, T. F.; Hart, D. W.; Kvick, A.; Tipton, D. L.; Bau, R. Am. Chem.
structurally characterized, see ref 16b. So0c.1977, 99, 1775.
(25) The most common modes of bonding for the vinylalkylidene moiety are (27) Note that thé!B chemical shifts for purely* [CH,B(CgFs),] ligands are
nt and 3. See, for example: (a) Hoffmann, P.;'idmerle, M.; Unfried, >50 ppm?#
G. New J. Chem1991, 15, 769. (b) Mayr, A.; Asaro, M. F.; Glines, T. J.; (28) Baker, P. K.; Drew, M. G. B.; Meehan, M. M. Chem. Soc., Dalton Trans.
van Engen, D.; Tripp, G. MJ. Am. Chem. S0d.993 115, 8187. 1999 765.
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this ligand to form an intermediaté. Although insertions of
olefins and presumably alkynes into tantalocene(lll) alkyl bonds
have high barrierd? the alkyl ligand here is not an ordinary
hydrocarbyl ligand. The boryl group may lower the barrier to
insertion by assuming ayf-bonding mode in the transition state
of the reaction. Another way to view this would be to look at
this “insertion” step as a coupling of the alkyne with the
borataalkene ligand with the opposite regiochemistry as that
observed for the formation of compounds and 3 and
intermediate$-(Ph,Me)and6-(Et,Et). The intermediatd can
collapse to the vinylalkylidene products via nucleophile-
induceda-hydride migration to the strongly Lewis acidic boron
center as shown. This type of migration has been implicated in
the chemistry of other RCHB(CgFs), compounds?! Vinyl-
alkylidenesb are relatively stable materials in the solid state,
but undergo further thermal conversions over the course of
several hours at room temperature in solution.

Summary and Conclusions

This study offers the first glimpses of the chemistry which
might be associated with borataalkene ligands. The reductive
coupling of an alkyne with the borataalkene ligand [BH

Ta<_CoFs
g \>H" (CeFs)2]~ has been conclusively demonstrated, and the fact that
' this ligand can exhibit “olefin-like” behavior despite the
flexibility in bonding mode available is striking, especially in
l light of the bulky substitution on boron in this particular ligand.
@ CoFs While the electron-withdrawing nature of theCgFs substi-
\ \\ tutents undoubtedly contributes to the favorability of tjfe
e | — Tal oz, e bonding mode for this ligand, our previous DFT computations
did show these groups to have considerable steric impact on
the stability of the dihapto bindinylt would, therefore, be of
interest to find systems in which borataalkenes with less steric
J @ baggage could be generated. Complexes of the parent ligand
[H2C=BH,]~ represent particularly attractive targets in this
regard, but present a significant challenge for synthetic chemists.

\ _Cuic R R _Ph  sPnen Finally, these results open up the chemistry of the unique tantala-
Ta( \\o_H ‘ R:;pn,_an;Me, 5prthe)) 3-boratacyclopentene ring, which represent an unprecedented
g R'=R"=Et  5-(EtEY) class of metallaheterocycle.

x HLB\\\\
[ CoF

ingly, the compound®a and 3a do not cleanly convert to

vinylalkylidene products when heated; instead a variety of dvia q Al hosed fi
ducts arise. These observations suggest that the vinylalk _ere preparecvia |teratgr © proceaures. Alkynes were purchased from
pro : 99 ylalky Sigma-Aldrich and purified by distillation or used as received.

lidenes form cleanly only when tantala-3-boratacyclopentene jicroanalyses were performed at least twice; some compounds
formation is readily reversible in the more sterically encumbered consistently analyzed low in carbon by about-9155%.

metallacycles. A plausible route to these compounds, which  synthesis of CpTa[k?-CH,B(C4Fs)2(Me)C=C(Me)], 2a. Cp;Ta-
accounts also for the labeling experiment result, is given in (CH,B(CsFs)2)(u-H)(CHs) (344 mg, 0.501 mmol) was weighed into a
Scheme 4?2 Although tantala-3-boratacyclopentene formation 50 mL glass bomb, and toluene (15 mL) was condensed47&t°C.
occurs, for bulkier alkynes the equilibrium is shifted more Under a flow of argon, 2-butyne (0.50 mL, 6.39 mmol) was syringed
toward the alkyne/borataalkene intermediatesndeed, for into the vessel which was sealed with a Kontes valve and allowed to

diphenylacetylene, this species is dominant and identified asWam to room temperature. The reaction was stirred for 1.5 h 4€25
6-(Ph,Ph) If the #2-borataalkene is allowed to slip to thd- to give a dark orange solution. The toluene was removed under reduced

bonding mode, the alkyne can insert into the-Tabond of pressure, and hexane (20 mL) was condensed onto the red-ongat

’ °C; the system was sonicated to produce a light orange precipitate.
- - - — ~ The precipitate was isolated by filtration and dried under reduced
(29) An alternative mechanism leading to a tantalacyclobutene derivative (which pressure. Yield oRa 279 mg, 77%. Anal. Calcd for GH1sBFTa:

can rearrange to a vinylalkylidene via cycloreveraf@ninvolves loss of
alkyne from intermediate$ fo give freel, which undergoes (reversible) ~ C, 44.78; H, 2.57. Found: C, 44.31; H, 2.4B.NMR (dg-THF): 6.13

a-elimination to yield an alkylidene hydride that is then trapped by alkyne (s 10H, GHs), 4.02 (br s, 2H, €l,), 2.35 (s, 3H, TaC8s), 1.36 (br
to give the metallacyclobutene complex. This possibility was considered ' ’ ’ e ’ B ’
less likely since we have no evidence that loss of alkyne from species such
asl or 6-(Ph,Ph)is kinetically or thermodynamically significant. Further-
more, freel is known to decompose readily at room temperature, and the
reactions to produce compounBisire clean and high yielding.

Experimental Section

General. General procedures have been described in detail elsefhere.
szTa(=CH2)CH3,1“ (175-C5H4Me)zTa(=CH2)CH3,14 and HB(Q;Fs)zlS

(30) Parkin, G.; Bunel, E.; Burger, B. J.; Trimmer, M. S.; Van Asselt, A,;
Bercaw, J. EJ. Mol. Catal.1987, 41, 21.
(31) Parks, D. J.; Piers, W. Hetrahedron1998 54, 15469.
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s, 3H, BCGH,). 3C NMR (dg-THF, —30°C): 180.1 (T&€,CHs), 110.0
(CsHs), 78.6 CH>), 25.0 (TaGHs), 21.2 (BGCH3). MB{*H} NMR (ds-
THF): —32.7.29F{H} NMR (dg-THF): —129.7 (4F0-F), —162.5 (2F,
p-F), —165.2 (4F,m-F).

Synthesis of §°-CsHsMe).Ta[k2-CH,B(CsFs)2(Me)C=C(Me)], 2b.

was weighed into a 50 mL glass bomb, and THF (20 mL) was
condensed in at-78 °C. The vessel was backfilled with argon and
closed. The solution was stirred at 40 for 1.5 h and then warmed to
room temperature and stirred for an additional 30 min to give a green
solution. The THF was removed unti3 mL remained, and hexane

The procedure used was identical to that for the synthesis and isolation(40 mL) was condensed in &t78 °C. This solution was stirred for 45

of 2a. Reagents usedn{-CsHsMe), Ta(CH.B(CgFs)2)(1-H)(CHs) (250
mg, 0.35 mmol), 2-butyne (0.50 mL, 6.39 mmol). Yield 2i6: 222
mg, 0.31 mmol, 87%. X-ray quality crystals were grown through
layering a saturated solution of GEl, with hexanes and cooling to
—35°C. Anal. Calcd for GgH2:BFgTa: C, 46.30; H, 2.95. Found: C,
45.35; H, 2.95H NMR (dg-THF): 6.25 (m, 2H, @HsMe), 5.86 (m,
4H, GH4Me), 5.55 (s, 2H, eHsMe), 3.90 (s, 2H, @), 2.30 (s, 3H,
TaCOHg), 2.15 (s, 6H, GH4CHg), 1.35 (s, 3H, BCEl3). 1°C NMR (ds-
THF, —30°C): 183.2 (T&CHs), 122.9 C-Me, GH:Me), 115.7 CsHa-
Me), 115.3 CsHsMe), 106.8 CsHsMe), 103.9 CsHsMe), 82.5 CHy),
25.0 (Ta@Hs), 21.8 (BGCH3), 14.9 (GH4CHa). MB{*H} NMR (dg-
THF): —30.8.1°F{1H} NMR (dg-THF): —126.6 (4Fo-F), —162.5 (2F,
p-F), —165.3 (4F,m-F).

Synthesis of CpTa[k?CH,B(CeFs);C(H)=C(CeHs)], 3a-t. Cps-
Ta(CHB(CsFs)2)(u-H)(CHs) (300 mg, 0.437 mmol) was weighed into
a 50 mL glass bomb, and THF (15 mL) was condensed in78 °C.
Phenylacetylene (150L, 1.37 mmol) was added via syringe under a

min at—78 °C to precipitate a gray/green solid. The solid product was
isolated by filtration and dried under vacuum. Yield &f 382 mg,
0.547 mmol, 81%. The crude product can be recrystallized in low yield
by layering a toluene solution with hexanes and placing 26 °C for
24 h. Anal. Calcd for GH2sNBFeTa: C, 43.01; H, 2.31. Found: C,
42.48: H, 2.351H NMR (THF-dg): 6.40 (s, 1H, GHa), 5.87 (s, 1H,
CsHa), 5.60 (s, 1H, GHa), 5.31 (s, 1H, GH4), 5.12 (s, 1H, GH.), 5.07
(s, 1H, GHa), 4.63 (s, 1H, GHy), 3.88 (s, 1H, GH,), 3.01 (s, 1H,
C5H4CHaHb), 2.94 (S, 1H, @"4CHaHh), 2.04 (S, 3H, (Hg), 1.49 (d,
1H, CHHp), 0.58 (d, 1H, CHHp), —3.85 (br s, 1H, BH)*C NMR
(THF-dg): 122.3 CsHa), 115.7 (pso-C, CsHa), 114.8 {pso-C, CsHa),
104.2 CsHa), 102.5 CsHa), 100.3 CsHa), 99.9 CsHa), 99.2 CsHa),
98.6 (CsHa), 92.8 CsHa), 57.1 (GH4CHAHb), 15.2 CH3), 11.1 CHHy).
HB{H} NMR (THF-dg): —33.5.%F{'H} NMR (THF-dg): —127.7 (2F,
o-F), —129.0 (2F,0-F), —160.1 (1F p-F), —160.8 (1F p-F), —163.9
(4F, m-F).

Synthesis of CpTa[k?C(CeHs)C(CeHs)=C(H)B(CsFs)-H], 5-(Ph,-

flow of argon, and the vessel was sealed with a Kontes valve. The Ph). Cp,Ta(CHB(CsFs)2)(«-H)(CHs) (300 mg, 0.44 mmol) and diphen-

solution was allowed to warm and was stirred at°25for 5 h. The

ylacetylene (78 mg, 0.44 mmol) were weighed into a 25 mL round-

orange solution was then transferred to a 25 mL round-bottom flask, bottom flask equipped with a filtering frit. THF (15 mL) was condensed
and the THF was removed under reduced pressure to give an orangénto the flask at—78 °C; the reaction mixture was allowed to warm

oil. Hexane (20 mL) was condensed in-a¥8 °C, and the solution and was stirred at 28C for 3 h during which time the solution turned

was sonicated to give a yellow powder. The hexane, residual THF, dark orange. Solvent was removed under reduced pressure, and hexane
and alkyne were removed in vacuo, and a second portion of hexane(20 mL) was added by vacuum transfer. The solvent was removed from
(15 mL) was then condensed in, the yellow precipitate filtered, and the resulting orange suspension under reduced pressure to remove any

dried under vacuum. Yield fa: 285 mg, 84%. Anal. Calcd for4&H s
BFoTa: C, 48.21; H, 2.35. Found: C, 47.70; H, 2.18. NMR (ds-
THF): 7.44 (m, 4H, GHs), 7.26 (t,3J4_n = 1H, GiHs), 6.38 (s, 1H,
CH), 6.03 (s, 10H, GHs), 2.98 (s, 2H, El,). 2°C NMR (dg-THF): 179.8
(Ta-CCeHs), 142.1 {pso-C, CeHs), 129.5 CsHs), 128.5 CeHs), 127.7
(CeHs), 108.2 CsHs), 92.3 CH), 42.8 CHy). 1B{*H} NMR (dg-THF):
—34.6.29F{*H} NMR (dg-THF): —135.2 (4F0-F), —164.0 (2Fp-F),
—166.5 (4F,m-F).

Generation of Cp,Ta[k?-CH2B(CeFs)2C(H)=C(CeHs)], 2a-k. Cpe-
Ta(CHB(CsFs)2)(1-H)(CHs) (35 mg, 0.051 mmol) was loaded into a

remaining THF. Hexane (10 mL) was again condensed into the flask
at —78 °C, and the orange precipitate was isolated by filtration and
dried under vacuum. Yield d-(Ph,Phy 293 mg, 0.35 mmol, 80%.
Anal. Calcd for G/H:BFoTa: C, 52.39; H, 2.61. Found: C, 50.20;
H, 3.12.3H NMR (dg-THF): 7.54 (m, GHs), 7.39 (m, GHs), 7.26 (m,
CeHs), 7.14 (m, GHs), 6.89 (m, GHs), 5.65 (s, 5H, @Hs), 5.57 (s,

5H, GsHs), 4.08 (br dJ = 3.4 Hz, 1H, CH),—3.96 (br s, 1H, BH)!*C
NMR (ds-THF, —25°C): 213.2 (Te=C), 156.9 C(CsHs)=CH), 154.3
(ipSO-C, C6H5), 143.0 (pSO-C, C6H5), 131.0 CGH5)1 128.5 CsH5), 128.1
(CeHs), 127.7 CeHs), 125.1 CeHs), 114.2 CeHs), 102.5 CsHs), 98.6

sealable NMR tube equipped with a sidearm isolated from the tube by (CH, Jcn = 136.5 Hz), 98.5CsHs). 1'B{*H} NMR (dg-THF): —11.2.

a Kontes valve. A solution of PhCCH (4B, 0.14 mmol) inds-THF

19F{1H} NMR (dg-THF): —125.8 (2F 0-F), —128.0 (2F 0-F), —158.2

was placed in the sidearm, and the whole apparatus was degassed. ThelF, p-F), —159.2 (1F,p-F), —163.2 (4F,m-F).

phenylacetylene solution was then condensed into the tub&&tC,

Synthesis of CpTa[k?C(CeHs)C(CH3)=C(H)B(CéFs)2H], 5-(Ph,-

and the sample was assayed by NMR spectroscopy under temperaturepe). Cp,Ta(CHB(CoFs)2)(1-H)(CHs) (300 mg, 0.437 mmol) was

controlled conditions. NMR data fd&a-k, *H NMR (THF-dg, 10 °C):
8.39 (s, 1H, @), 6.31 (s, 10H, GHs), 4.53 (s, 2H, Eiy). MB{H}
NMR (THF-dg, —78 °C): —24.3. F{1H} NMR (THF-ds, 10 °C):
—130.3 (4F,0-F), —163.6 (2Fp-F), —166.7 (4F m-F).

Synthesis of ﬁ5-C5H4Me)2Ta[K2-9H28(C5F5)2C(H)=9(C5H5)],

weighed into a 50 mL glass bomb, and THF (15 mL) was condensed
in at—78°C. 1-Phenyl-1-propyne (150, 1.20 mmol) was added via
syringe into the reaction vessel-a¥8 °C under a flow of argon. The

cold bath was removed, and the reaction was stirred &C2for 3 h.

The THF was removed under reduced pressure to leave a viscous orange

3b-t. The procedure used was identical to that for the synthesis and oil. The oil was broken into an orange powder by sonication under

isolation of3a-t. Reagents used#¥{-CsHsMe),Ta(CH.B(CsFs)2) (u-H)-
(CHs) (250 mg, 0.364 mmol), phenylacetylene (425 1.14 mmol).
Yield of 3b-t: 211 mg, 0.264 mmol, 72%. Anal. Calcd ford,-
BFoTa: C, 49.53; H, 2.77. Found: C, 49.87; H, 2.68. NMR (ds-
THF): 7.41 (m, 4H, GHs), 7.24 (m, 1H, GHs), 6.49 (s, 1H, @),
6.05 (m, 2H, GHy), 5.93 (m, 2H, GHy), 5.60 (m, 2H, GH4), 5.55 (m,
2H, GsHa), 2.85 (s, 2H, ®l,), 2.09 (s, 6H, GH4CH3). **C{*H} NMR
(dg-THF): 187.0 (Ta€CeHs), 145.7 (pso-C, CeHs), 129.4 CeHs), 128.3
(CeHs), 127.8 CsHs), 124.4 CMe, (}5H4Me), 112.3 C5H4), 110.9
(CsH4), 106.6 CsHa), 101.5 CsHa), 96.4 CH), 46.4 CH>), 14.5 CHa).
HB{1H} NMR (ds-THF): —32.9.2%{*H} NMR (dg-THF): —132.9 (4F,
o-F), —162.1 (2F p-F), —164.8 (4F,m-F).

Synthesis of {]5,1]1-C5H4CH2)(115-C5H4Me)Ta[CH zB(Cer)z](ﬂ-H),
4. (75-CsHaMe), Ta(CHB(CsFs)2) (u-H)(CHs) (480 mg, 0.672 mmol)

hexane (20 mL). The precipitate was isolated by filtration and dried in
vacuo. Yield of5-(Ph,Me). 255 mg, 323 mmol, 74%. X-ray quality
crystals were grown by layering a saturated solution in,ClHwith
hexane and cooling t&635°C. Anal. Calcd for GH.BFioTa: C, 48.88;
H, 2.35. Found: C, 50.24; H, 2.684 NMR (dg-THF): 7.25 (m, 2H,
CeHs), 6.98 (m, 1H, GHs), 6.63 (m, 2H, GHs), 5.53 (s, 5H, GHs),
5.47 (s, 5H, GHs), 4.38 (d, 1H, ®&), 1.70 (s, 3H, El3), —4.35 (br s,
1H, BH). 3C NMR (dg-THF, —25 °C): 225.9 (Ta=C), 155.4
(C(CeHs)=CH), 154.7 {pso-C, CsHs), 128.5 (GHs), 128.0 (GHs),
125.4 (GHs), 109.9 (CH ey = 137.0 Hz), 102.1 (6Hs), 98.3 (GHs),
23.1 (CHy). B{™H} NMR (dg-THF): —12.2.2%F{1H} NMR (dg-THF):
—122.3 (br, 1Fp-F), —125.0 (br, 1 Fp-F), —125.7 (2F o-F), —157.6
(1F, p-F), —159.0 (1F,p-F), —162.4 (br, 2F,m-F), —163.1 (2F,
m-F).
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Generation of Cp;Ta[k?-C(CH2CH3)C(CH2CH3)=C(H)B(CeFs)2H],

5-(Et,Et). The compound was not isolable but was generated in solution

Table 4. Summary of Data Collection and Refinement Details for
2b, 3b-t, and 5-(Ph,Me)

using the procedure described aboveZark. Reagent amounts: @p 2b 3b-t 5-(Ph,Me)

Ta(CHzB(Cer)z)(y-l—!)(CH3) (35 mg, 0.051 mmol), 2-hexyne (18, formula GoHaF1BTa  GiHooFigBTar  CaHagFioBTa

0.13 mmol). NMR yield of5-(Et,Et) > 95%.H NMR (dg-THF, —25 0.5GH.Cl

°C): 5.60 (s, 5H, @Hs), 5.39 (s, 5H, GHs), 4.74 (br d,J = 4.35 Hz, fw 752.23 849.74 786.24

1H, CH), 3.26 (m, 1H, TaCB.Hy), 3.01 (m, 1H, TaCCHHy), 2.35 cryst syst orthorhombic ~ monoclinic monoclinic

(m, 1H, BCQHHp), 2.20 (M, 1H, BCCEHy), 1.34 (m, 3H, TaCChLCHS), space group P2,2:2, P2y/n P2i/c

0.85 (M, 3H, BCCHCHy). ¥*C NMR (deTHF, —25 °C): 2454 @ 9.6947(6) 14.9651(7)  12.5920(6)

Ta=C), 157.8 (TaG-C), 115.6 CH), 101.6 CsHe), 98.2 CeHle), 34.4 DA 12.0858(8) 126093 11.5277(6)

(Te=C), 157.8 (TaC-C), 115.6 CH), 101.6 CsHs), 98.2 CoHs), 34. ¢ A 21.2732(14)  16.1443 19.4942(9)

(TaC—CHy), 27.1 (BC-CH,), 19.0 (BCCH—CHy), 13.9 (TaCCH— B,° 103.1000(10) 108.2173(11)

CHs). MB{H} NMR (dg-THF, —25 °C): —12.2. 9F{H} NMR Vv, A3 2492.5(3) 2967.1(2) 2687.9(2)

(ds-THF): (br, 1F,0-F), (br, 1F,0-F), (2F,0-F), (1F,p-F), (1F,p-F), Z 4 4 4

(br, 2F,m-F), (2F, m-F). dealc, mg nrs 2.005 1.902 1.943
Generation of Cp,Ta[?CH,B(CeFs);(PhCCPh), 6-(Ph,Ph) Cp>- o m 4204 3883 4382

Ta(CHB(CeFs)z) (1-H)(CHs) (35 mg, 0.051 mmol) and PRCCPh (9 mg, ¢y 1 024x0.08x 042x 0.34x 0.16x 0.15x

0.051 mmol) were loaded into a sealable NMR tube equipped with & = “gimensions, mi  0.03 0.12 0.06

sidearm isolated from the tube by a Kontes vateTHF was placed rel. transmission
in the sidearm, and the whole apparatus was degassed. The THF was factors

0.901G6-0.6644 0.65290.2923 0.78750.5542

then condensed into the tube-a78 °C, and the sample was assayed 20 (max), deg 52.80 52.78 52.76
by NMR spectroscopy under temperature-controlled conditiéils. ~ total data 12 482 14 551 13116
NMR (THF-dg, 10°C): 5.76 (s, 10H, €Hs), 2.62 (s, 2H, El,). 11B- '”de'%e”?e”t 5098 6057 5501
{H} NMR (THF-ds, —78°C): 4.0.19F{'H} NMR (THF-g, 10°C):  'o¢®O"™® 4022 S48 4404
~129.0 (4F,0-F), —154.5 (2F,p-F), —162.2 (4F m-F). observationss
Generation of Cp;Ta[k2-CH,B(CgFs)2(CH3)C=C(CeHs)], 6-(Ph,- no. of 374 426 402
Me). A procedure analogous to that describedZark was employed. variables
Reagent amounts: GPpa(CHB(CsFs)2)(u-H)(CHs) (35 mg, 0.051 restraints 0 0 0
mmol), PhCCCH (15xL, 0.12 mmol).H NMR (THF-dg, 10°C): 6.13 Re ;f(FZZ) 0.0367 0.0230 0.0329
(s, 10H, GHs), 4.12 (s, 2H, ®l), 1.27 (s, 3H, ©ls). UB{'H} NMR o
(THF-ds, —78 °C): —37.2.1%F{1H} NMR (THF-ds, 10 °C): —131.4 WRigf(FZZ) 0.0564 0.0623 0.0769
(4F, 0-F), —163.6 (2F p-F), —166.3 (4F,m-F). GOF 0.863 1.052 0.988
Generation of Cp;Ta[k?-CH,B(C¢Fs)2(CH3CH,)C=C(CH:CH3)], residual —0.917-1.516 —1.149-1.206 —0.982-1.249
6-(Et,Et). A procedure analogous to that described &a-k was density, e/R

employed. Reagent amounts: Lp(CHB(CsFs)2)(u-H)(CHs) (35 mg,
0.051 mmol), 2-hexyne (1aL, 0.13 mmol).*H NMR (THF-ds, 10
°C): 6.04 (s, 10H, €Hs), 3.75 (s, 2H, TaCH,), 3.05 (br s, 2H, Ta€
CHy), 1.23 (t, 3H, TaCCH-CHj3), 0.24 (t, 3H, BCCH—-CH,). 'B-
{H} NMR (THF-dg, —78°C): —38.2.1%F{H} NMR (THF-dg, 10°C):
—128.9 (4F,0-F), —162.0 (2F p-F), —164.9 (4F m-F).

aF2 = 20(Fe?).
and were given isotropic thermal parameters 20% greater than the
equivalent isotropic displacement parameters of the attached carbons.

Acknowledgment. Funding for this work came from the
X-ray Crystallography. Colorless crystals d2b, 3b-t, and5-(Ph,- Natural Sciences and Engineering Research Council of Canada

Me) were obtained by layering Gi8l, or CICH,CH,CI solutions with in the form of a research grant (to W.E.P.), an E. W. R. Steacie
hexanes. See Table 4 for crystallographic experimental data. Data wereF€llowship (200+2003) (to W.E.P.), and scholarship support
collected on a Bruker P4/RA/SMART 1000 CCD diffractom&esing (PGSA and PGSB) to K.S.C. K.S.C. also thanks the Alberta
Mo Ko radiation at—80 °C. Unit cell parameters were obtained from  Heritage Foundation for a Steinhauer Fellowship (262001).

a least-squares refinement of the setting angles of the number of ) ) ) L

reflections from the data collection. An empirical absorption correction ~ Supporting Information Available: Full listings of crystal-

was applied to the data through use of the SADABS procedure. The lographic data, atomic parameters, hydrogen parameters, atomic
structures were solved using the direct methods program SHELXS- coordinates, and complete bond distances and angle3bfor
862 and full-matrix least-squares refinement Brf was completed 3b-t, and5-(Ph,Me) (PDF). This material is available free of
using the program SHELXL-93. Hydrogen atoms were assigned charge via the Internet at http://pubs.acs.org.

positions on the basis of the geometries of their attached carbon atoms
JA025547N

(32) Programs for diffractometer operation, data collection, data reduction, and
absorption correction were those supplied by Bruker.
(33) Sheldrick, G. MActa Crystallogr.1990 A46, 467—473.

(34) Sheldrick, G. MSHELXL-93 Program for crystal structure determination;
University of Gdtingen, Germany, 1993.

5418 J. AM. CHEM. SOC. = VOL. 124, NO. 19, 2002



