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Neutral and Cationic Alkyl Tantalum Imido Complexes: Synthesis
and Migratory Insertion Reactions
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The synthesis and reactivity of dibenzyl cationic tantalum imido complexes are described. The trialkyl
tantalum imido compounds Bhia=NCMe; (1) and NpTa=NCMe; (2) were synthesized as starting
materials for the study of dialkyl cationic tantalum imido complexes. Compdumadergoes insertion
reactions with diisopropylcarbodiimide and 2,6-dimethylphenylisocyanide to give (bisamidinate)imido
complex5 and (bisiminoacyl)imido compleg, respectively. Treatment of compouddwvith B(CgFs)3
gives the zwitterionic tantalum complex [Bre=NCMes][BnB(CsFs)3] (7), which is stabilized byy®-
coordination of the benzyl triaryl borate anion. The aryl anion can be displaced by 3 equiv of pyridine
to give the Lewis base complek Treatment of compound with [PhsC][B(CeFs)4] gives the cationic
tantalum imido complex [BfTa=NCMe;][B(CeFs)4] (3). This salt forms insoluble aggregates unless
trapped by THF coordination or an insertion reaction with an alkyne or an alkene. Gatiotlergoes
migratory insertion reactions with diphenylacetylene, phenylacetylene, norbornenasagdlooctene
to give the corresponding alkenyl or modified alkyl imido complexes. The characterization of these products
and the significance of these insertion reactions with respect to Zielyltta polymerizations and
hydroamination reactions are described.

Introduction group 5 and 6 complexes are generally less reactive than group
) o 4 analogues and have been used as ancillary groups for
Zirconocene imido complexes have been shown to undergo nolymerization and metathesis cataly$t” In an attempt to

a variety of stoichiometric transformations such ast32  extend the reactivity of group 4 imido compounds to group 5,
cycloadditions to form azametallacyclic compouddsactiva- e have synthesized isoelectronic cationic tantalum imido
tion of arene and alkane-€H bonds’#®epoxide ring-opening  complexes and investigated their reactivity with unsaturated
reactions’ stereochemical rearrangements of 1,3-disubstituted organic substrates.

allenes]® and $2' additions to allyl alcohol4? In addition to Many neutral tantalum imido compounds have been synthe-
these stoichiometric transformations, zirconocene imido com- sized!®2! but the reactivity patterns of these complexes are

pIe>_<es have al_so_ been |nvest|gaited as C?‘a!yStS_ for hydroaml'ambiguous. Tantalum imido functionalities have been used as
natiort12 and imine metathesi$ 1> Metal-imido ligands of

both ancillary ligands and reactive sites. As ancillary ligands,
they have been compared electronically to cyclopentadiefide.
rbergman@ gyyichiometric transformations such as protonations of tantalum-
amides?® additions of dihydrogen to tantalum-alkyl groufde?

and insertions of isocyanides into tantalualkyl bondg>-28
have been observed in the presence of tantalum imido groups.
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In contrast to these examples of tantalum imido functionalities
as spectator ligands, migratory insertions of isocyanides and
CO;,, imine and carbodiimide metatheses, imido to oxo ligand
exchange, and the activation of benzeneHCbonds have been
observed with Te&eNR bonds?® The tantalum imido complex
CpChLTa=NCMe; has also been studied as an imine metathesis
catalyst, and a (bisguanidinate) tantalum imido complex has been
investigated as a carbodiimide metathesis catdfyst.

Little is known about the reactivity trends of cationic tantalum
imido complexes since few of these species have been synthe-
sized and studied. Several examples have been generated in situ
and employed as polymerization catalysts, but the stoichiometric
reactivity of cationic tantalum imido complexes and the
mechanistic aspects of their polymerization reactions are not
well understood?~35 The most extensive investigation thus far
has been the Bercaw group’s study of the cationic tantalum
imido complex [(THF)Cp3Ta=NCMes][B(CsFs)4].2¢ Dihydro-
gen, phenylacetylene, and the methyl group of a Cp* ligand gjgyre 1. ORTEP diagram of the X-ray crystal structurelofra—
have been observed to add across the imido bond of this salt.c, = Ta—C; = Ta—C," = 2.216 A. Ta-N; = 1.737 A. Ta=N;—
Hermann and co-workers have also synthesized an amine-C, = 180.0.
coordinated cationic tantalum imido complex by protonation
of an amide group at a tantalum center with [PhNHMe
[BPhy],2 and Green has observed ethylene coordination to a
cationic niobocene complex by NMR spectroscépin addi- (oy),Cl:Ta=NCMe, RMgCl RyTa=NCMe,
tion, Meyer and co-workers have abstracted a chloride ligand 4 -2 pyr
from an amidinate tantalum imido complex to form an §bF
salt3> These encouraging reports prompted our search for a more
complete description of the reactivity of these complexes and a
comparison to group 4 imido compounds.

We have previously reported the hydroamination reactivity
of the neutral and cationic tantalum imido complexes B

Scheme 1. Synthesis of Trialkyl Tantalum Imido
Complexes 1 and 2

R = CH,Ph (Bn) (1)
CH2CMe; (Np) (2)

Results and Discussion

Synthesis of Trialkyltantalum Imido Complexes.Charge-

neutral trialkyl tantalum imido compounds were synthesized as
NCMe; (1), NpsTa=NCMe; (2), and [BnTa=NCMes][B(CeFs)d] simple starting materials to be used in the syntheses of cationic

(3).% All of these complexes are competent catalysts for the tanajum imido complexes. Compountignd 2 were synthe-
hydroamination of several different alkynes with a variety of gj;eq from the trichloride4 via a salt metathesis with the
anilines. Cationic complegwas shown to be the most efficient  555rqpriate Grignard reagent (Scheme 1). The neopentyl and
catalyst for these transformations. Here we report several penzy| groups ofl and 2, respectively, are equivalent By
stoichiometric transformations of compouficas well as the  an413c NMR spectroscopy. This observation is consistent with
reactivity of two different types of cationic dibenzyltantalum 1 and2 adoptingCs, symmetry in solution and having time-
imido complexes. Although the hydroamination catalysis of ayeraged linear geometry at the imido bond. Furthermore, the
these complexes is similar to that of group 4 metallocene imido chemical shift differences between thi€ NMR resonances
compounds, their stoichiometric reactivity is distinct. Below we  for the quaternaryert-butyl carbons and the primatgrt-buty!

will describe the synthesis of neutral and cationic tantalum imido carbons ofl and2 are 34.8 and 34.0 ppm, respectively.
complexes and discuss the reactivity of these compounds with Single crystals ot were grown from a diethyl ether solution

isocyanides, carbodiimides, alkynes, and alkenes. at—40°C. An X-ray diffraction analysis of one of these crystals
provided the structure depicted in Figure 1. Compound
crystallizes in theP31c space group and hd%; symmetry in
the solid state. All three benzyl groups are crystallographically
identical because of the symmetry of the space group. TheCTa

(28) Prashar, S.; Fajardo, M.; Garces, A.; Dorado, |.; Antinolo, A.; Otero,
A.; Lopez-Solera, |.; Lopez-Mardomingo, G. Organomet. Chen2004
689 1304-1314.

(29) Royo, P.; Sanchez-NievesJJOrganomet. Chen200Q 597, 61—
68.

(30) Burland, M. C.; Pontz, T. W.; Meyer, T. Yorganometallic2002
21, 1933-1941.

(31) Ong, T. G.; Yap, G. P. A.; Richeson, D. Ghem. Commur2003
2612-2613.

(32) Antonelli, D. M.; Leins, A.; Stryker, J. MOrganometallics1997,
16, 2500-2502.
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78-87.
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2519-2522.

bond length ofl is 2.216 A, and the Ta(®N(1)—C(8) bond
angle is 180.0 This Ta-C bond length is similar to other
reported values for tantalurbenzyl bonds in the literatuf8-4!
The Ta(1}-N(1) bond length is 1.737 A, which is the shortest
reported value for a tantalutert-butyl imido bond*—44
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Scheme 2. Migratory Insertion of Diisopropylcarbodiimide
into Two of the Tantalum—Benzyl Bonds of 1 Ph ipr
i-Pr. Ph P %N'
\N='=N %N 'H: 3.43 ppm i-Pr— /'T| _NCMej
2 opr  PrNi ] oNCMeq 13C:32.7, 325 ppm | ipr—N" [\
BngTa=NCMe; ————————> i pr—N" '\ }N\ Ph
1 CGDG’ 75°C,24h N\ Ph Ph i-Pr
Ph i-Pr

5 5 H: 3.04 ppm
2.39 ppm
Characterization of compoundsand 2 included the deter- 13C: 67.5 ppm

mination of the degree of-donation from the imido nitrogen
to the metal center. This feature was investigated in order to
classify these imido functionalities as eitheior X; ligands?®

Figure 2. H—13C HMQC correlations for the benzyl methylene
resonances of compourxd

The C3 symmetry of the crystal structure dfstrongly suggested /\

that the imido group of this complex was amnlXligand; Ph i-Pr

however, the 180bond angle for Ta(tyN(1)—C(8) could have i_Pr%chCM% CHj: 3.43 ppm

been imposed by the space group of the crystal structure. i-Pr’N'TI'\T ~ quat C: 172.4 ppm,171.3 ppm
Therefore, spectroscopic characteristics bfand 2 were Ph o

investigated for further evidence aof-donation. TheCs,
symmetry that was observed for these compound&Hognd

13C NMR spectroscopy supported the X-ray structure description
of 1. In addition, the difference iA3C NMR chemical shifts
between the quaternary carbons and the methyl carbons of th
tert-butyl imido groups of 1l and 2 are 34.8 and 34.0,
respectively. These differences have previously been used to
characterize imidemetal bonds, and larger values have been
shown to correspond to greater degrees-afonation3”46 The
values forl and?2 place these complexes at the high end of the
reported scale and corroborate the assignment of the imido
groups as XL ligands.

Migratory Insertion Reactions of Diisopropylcarbodiimide
and 2,6-Dimethylphenyisocyanide with BaTa=NCMej (1).

The reactivity of compoundl was investigated before the
corresponding cationic complexes were synthesized. Compoun
1 was initially treated with diisopropylcarbodiimide. This reagent
reacts rapidly with zirconocene imido complexes to form
diazazirconacyclobutane compleXé€arbodiimides have also
been observed to undergo stoichiometric metathesis reaction
with Cp*Cl,Te=NCMe;z and catalytic carbodiimide metatheses
with (bisguanidinate) tantalum imido compourfds! This
precedent suggested that diisopropylcarbodiimide was likely to
undergo a [2-2] cycloaddition withl at the imido functionality;
however, the alkyl ligands ol presented another potential
reactive site.

Treatment of a solution of in benzeneds with 1 equiv of
diisopropylcarbodiimide gave no reaction. Heating this mixture
in a sealed NMR tube at 78 for 24 h resulted in conversion
of half of the tantalum starting material to a new product and
complete consumption of the carbodiimide. To facilitate the
complete consumption df, the experiment was repeated with
a 2:1 ratio of the carbodiimide to the tantalum imido complex.
This reaction mixture gaveafter thermolysis at 73C (Scheme
2). Compound is formed by diisopropylcarbodiimide migratory
insertion into two different tantalumbenzyl bonds ofl.

Compounds was identified by NMR spectroscopy. The
NMR spectrum of5 contains distinct doublet resonances for
all eight methyl groups of the isopropyl substituents of the
amidinate ligands. These resonances initially suggested that th
insertion product lacked symmetry, but further examination of
the three sets of proton methylene resonances associated wit
the thr_ee benzyl groups &fprovided more specific information (47) Schaller, C. P.. Wolczanski, P. Thorg. Chem 1993 32, 131
regarding the structure of the complex. The two methylene 14,4

(48) Zhang, Y. H.; Kissounko, D. A.; Fettinger, J. C.; Sita, L. R.
(45) Green, M. L. HJ. Organomet. Chen1995 500, 127-148. Organometallic2003 22, 21—-23.
(46) Nugent, W. A.; Mayer, J. MMetal-Ligand Multiple BondsJohn (49) Littke, A.; Sleiman, N.; Bensimon, C.; Richeson, D. S.; Yap, G. P.
Wiley & Sons: New York, 1988; pp 133134. A.; Brown, S. J.Organometallics1998 17, 446-451.

Figure 3. 'H—13C HMBC correlations for the amidinate ligands
of compounds.

Soublets at 3.04 and 2.39 ppm in tHe NMR spectrum of5

are coupled to each other and correlate to a single carbon
resonance at 67.5 ppm in#&—1C HMQC spectrum. This
carbon resonance has a chemical shift similar to that of the
benzyl methylene groups dfas well as other tantalum-benzyl
complexes reported in the literattd®%47 Therefore, the
methylene doublets at 3.04 and 2.39 ppm were assigned as
diastereotopic geminal methylene resonances of a tantalum-
coordinated benzyl group (Figure 2). The two other sets of
methylene resonances in theé NMR spectrum ob overlap to
Gform a multiplet at 3.43 ppm and correlate to two carbon
resonances at 32.7 and 32.5 ppm fila-13C HMQC spectrum
(Figure 2). These carbon methylene resonances are shifted
upfield from typical tantalum-bound benzyl methylene reso-
nances and were assigned to the benzyl methylene groups of
She insertion product¥

After it had been determined that 2 equiv of diisopropylcar-
bodiimide had inserted into two of the tantaltimenzyl bonds
of 1, additional spectroscopic characterization provided a more
detailed picture of the structure 6f The two sets of overlapping
methylene resonances at 3.43 ppm in#HeNMR spectrum of
5 correlate to two quaternary carbon resonances at 172.4 and
171.3 ppm in atH—13C HMBC spectrum (Figure 3). Carbon
chemical shifts between 160 and 180 ppm are characteristic of
amidinate ligand3!-3>484%Correlation of the methylene protons
of the insertion products to these resonances suggested that the
imine nitrogens were coordinated to tantalum to give the
amidinate ligands shown in Scheme 2. The observed asymmetry
of the ancillary groups can be explained dg-coordination of
the imido functionality and the tantalum-coordinated benzyl
ligand.

In light of previously observed reactions between carbodi-
imides and early transition metal imido bonds, the insertion of
diisopropylcarbodiimide into the tantalunbenzyl bonds ofl
was surprising. Nevertheless, treatment of early metal alkyl
compounds with carbodiimides is a common method for the
ggynthesis of amidinate complex¥s>® These types of reactions
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Scheme 3. Migratory Insertion of "H: 3.76, 3.50 ppm
2,6-Dimethylphenylisocyanide into the Tantalum-Benzyl 13G: 432 ppm

Bonds of 1
CMejz
Ph— M _Ph Q\ N @
~. N/ )
7R\ Me 1 Tal Me
E,Taﬁ 6-c N
ANTJUNG Ph
Ar”ph Ar ; Me/Me
H: 2.91 ppm

2 Ar—N=C
BnsTa=NCMe; —Db or 3¢ 46.9 ppm
66
1 CMe3
75°C,24h Arg !I\II —Ph Figure 4. H—13C HMQC correlations for the benzyl methylene
_ @;Ta",\ 6-C, resonances of compourd
Ar = 2,6-dimethylphenyl N_
h—"pn Ar

associated with these signals are equivalertdA3C HMBC
spectrum also correlates the methylene resonances at 3.76 and
3.59 ppm to a single imino-acyl carbon signal at 254.7 ppm
and shows that the equivalent benzyl groups are attached to

amidinate ligand from a carbodiimide prior to a salt metathesis equivalentimino-acyl carbons. Based on these corrglatlons, the
reaction with a metathalide bond can also be used to synthesize Methylene doublets at 3.76 and 3.59 ppm were assigned as the
amidinate complexe®:4°This method has previously been used diastereotopic geminal methylene resonances of the benzyl
to synthesize amidinate-coordinated titanium imido com- 9rOUPS that undergo insertion reactions with the isocyanide.
pounds#*-56 Recently, however, the direct treatment of an alkyl These NMR charac.terlstlcs also méaltch other (bisimino-acyl)
titanium imido complex with diisopropylcarbodiimide has been tant;alum and zirconium complexes®t

reported to provide an amidinate compfxThe similar i -_C_:oordlnatlon of imino-acyl ligands is common for early
transformation observed for compoubgrovides an efficient ~ transition metal complexes and was, ?gfyyed to be the coordina-
way to make tantalum imido complexes supported by amidinate 00 mode for insertion produd.==" 2% ‘The symmetry of
ligands. It also shows that the imido bond bis either less ~ © Was determined by the observation of only one imino-acyl
reactive toward carbodiimides than the imido bonds of zir- Carbon resonance and equivalent diastereotopic methylene

conocene imido complexes or that the activity of the alkyl bond "eSonances for.bqth benzyl groups of the im!no-acyl I?gands.
of 1 obscures the reactivity of the imido functionality. In order for the imino-acyl groups @& to be equivalent, either

The reagent 2,6-dimethylphenylisocyanide has previously @ Mirror plane or &C; axis needs to include the tantalum-
been observed to undergo a 1,1-insertion into the tantalum coordinated benzyl group, the tantalum atom, and the imido
imido bond of CpCITa=NCMez2° and insert into the tantalum ligand (Scheme 3). A crystal structure of a similar tantalum

methyl bonds of CpM&a=NCMe.26 However, when com- aryloxide complex has been reported in which the imino-acyl
pound 1 was mixed with 2 6-diméthylphenyli,socyanide no ligands have ais-relationship® However, the structure of the

reaction occurred. When the reaction mixture was heated atZI'conium analogue of this aryloxide complex has symmetrical

75 °C, insertion of this isocyanide into two tantalurhenzyl imino-acy! ligands thaﬁ are rlelated by & Cbtaﬂon?’g. NMR

bonds provided comple& (Scheme 3). spectroscopy cannot distinguish between these two isomers, and
Complex6 was characterized by NMR spectroscopy. The W€ Were unable to determine which isomer was the product of

two benzyl methylene resonances in theNMR spectrum of ~ the reaction shown in Scheme 3. Theand!*C NMR spectra

6 were particularly important in the structural assignment of Of compounds also show two distinct methyl resonances for

this compound. One methylene singlet at 2.91 ppm integrates € 2,6-dimethylphenyl groups of the imino-acyl ligands. These
to two protons and correlates to a carbon resonance at 46.9 ppn{esonances indicate that the rotation of these aryl functionalities
in a 'H—13C HMQC spectrum. This carbon signal is shifted 'S hindered in this moIep_uIe. .

upfield in comparison to many tantalurbenzyl bonds but is To' extend the reactivity and selectlv.l.ty'observeq for the
still within the range of several aryloxide complex@ghese ~ reactions between compoutidand carbodiimides and isocya-
data are consistent with the assignment of a tantalum- nides to I_ess _actlve unsaturated substrates_, compbunds
coordinated benzyl group (Figure 4). The other methylene treatgd Wlth Q|phenylacgty[ene. Although this substrate reacts
resonances in théd NMR spectrum of6 are two doublets at readily with zirconocene imido complexes at room temperature,

3.76 and 3.59 ppm that are coupled to each other and integratd© réaction was observed between compaliadd this internal
to four protons. AH—13C HMQC spectrum shows a correlation ~ alkyne at 25 or /5C.
between these methylene doublets and a single carbon resonance Synthesis of [BaTa=NCMes]|[BnB(C¢Fs)4] (7). In an effort

at 43.2 ppm (Figure 4). This indicates that the two benzyl groups [© increase the reactivity of the ¥R bonds ofl, cationic
tantalum imido complexes were synthesized. Trispentafluoro-

(50) Gambarotta, S.; Strologo, S.; Floriani, C.; Chiesivilla, A.; Guastini, Phenylborane is a common alkide abstraction reagent that has
C. Inorg. Chem.1985 24, 654-660. been used to synthesize a variety of early metal cations including
44(?%;)8';_0‘1"(3'3{’ C. N.; DiLabio, G. A; Barry, S. Tinorg. Chem.2005 tantalum cationd2©2- This Lewis acid is often used as a

(52) Keaton, R. J.; Jayaratne, K. C.; Henningsen, D. A.; Koterwas, L. cocatalyst for ZieglerNatta polymerizations to increase the
A, Sita, L. R.J. Am. Chem. So@001 123 6197-6198.

are usually performed with simple transition metal starting
materials such as cyclopentadienyl or halide complexes. A two-
step procedure involving the synthesis of a lithium salt of an

(53) Sita, L. R.; Babcock, J. Forganometallics1998 17, 5228-5230. (58) Chamberlain, L. R.; Durfee, L. D.; Fanwick, P. E.; Kobriger, L.;

(54) Muller, E.; Muller, J.; Olbrich, F.; Bruser, W.; Knapp, W.; Abeln,  Latesky, S. L.; McMullen, A. K.; Rothwell, I. P.; Folting, K.; Huffman, J.
D.; Edelmann, F. TEur. J. Inorg. Chem1998 87—91. C.; Streib, W. E.; Wang, RJ. Am. Chem. S0d.987 109 390-402.

(55) Stewart, P. J.; Blake, A. J.; Mountford, ®. Organomet. Chem. (59) McMullen, A. K.; Rothwell, I. P.; Huffman, J. CJ. Am. Chem.
1998 564, 209-214. Soc.1985 107, 1072-1073.

(56) Guiducci, A. E.; Cowley, A. R.; Skinner, M. E. G.; Mountford, P. (60) Chamberlain, L. R.; Rothwell, I. P.; Huffman, J. £.Chem. Soc.,
J. Chem. Soc., Dalton Tran2001, 1392-1394. Chem. Commuril986 1203-1205.

(57) Bolton, P. D.; Clot, E.; Cowley, A. R.; Mountford, RChem. (61) Ong, T. G.; Yap, G. P. A.; Richeson, D.Srganometallic2003

Commun2005 3313-3315. 22, 387—-389.
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Scheme 4. Synthesis of Cationic Complex 7 Scheme 5. Displacement of8-Coordination of the Benzyl

+ Borate Counterion with Pyridine
B(CeFs)s  Bn,Ta=NCMe;

BnsTa=NCMes benzene - Bn,Ta=NCMe. 3 pyridine
1 B(CeFs)s 2 =2 2 > [(py)sBnTa=NCMes] X
7 B(CeFs)3 8
7
CMe;
(PhCH,);Ta=NCMes X = BnB(CeFs)s
B(CeFs)s The chemical shift differences between theta andpara-19F
P NMR resonances of BnB@Es); anions have also been used to
m-o identify 778-coordination of abstracted benzyl groups. Differences
Ta-CH, greater than 3.5 ppm indicate coordination of the abstracted
arene to the electrophilic metal center, and differences less than
ol mp 3 imply the presence of a free ani6hThe chemical shift
B-CH, [ l L difference between thmeta andpara-1°F resonances for is
— A | . 4.1 ppm and agrees with the assignmeng®%toordination of
7 70 e da 95 %0 45 40 45 d 25 2 15 1 the abstracted benzyl group.
Figure 5. 'H NMR spectrum of compound showing the upfield The benzyl borate counterion of compoufdan be displaced
chemical shifts of they®-coordinated aryl group. by 3 equiv of pyridine to give the Lewis base add8¢Scheme

5). This displacement was identified by the appearance of a set
reactivity of transition metal catalysts by forming the corre- of coordinated pyridine resonances in th& NMR spectrum
sponding cationic alkyl specié§.This reagent has also been as well as specifiéH and'*F NMR spectroscopic characteristics
used as an activator for polymerizations catalyzed by tantalum that were consistent with a noncoordinated benzyl borate anion.
imido complexe$? Treatment of a benzene solution bivith In contrast to7, theH NMR spectrum of8 did not contain a
B(CsFs)3 gave the yellow, analytically pure cationic tantalum set of upfield shifted aryl resonances, and the difference between
imido complex7 (Scheme 4). This compound dissolves in the meta and para-'F NMR resonances was only 2.8 ppm,
chloro- or fluorobenzene, polymerizes THF, and decomposesWwhich is significantly smaller than the values observedifor

in CH.Cly. coordination. One and two equivalents of pyridine also formed

The structure of catioi was determined by NMR spectros- ~ coordination complexes with, but these compounds had broad
copy and comparison to similar zirconium comple$&%. The 'H NMR signals for the pyridine and the benzyl borate anion,
BNnB(CsFs)z~ anion was initially identified by a characteristic suggesting that a fluxional process was exchanging these donor
tetracoordinate boron resonance in ## NMR spectrum at  ligands.

—12.6 ppm. The chemical shift for the boron resonance of  Synthesis of [BaTa=NCMe;][B(CeFs)4] (3) and Reactivity

B(CsFs)s appears at 59.7 ppm. A4—11B HMQC experiment ~ with THF and Unsaturated Hydrocarbons. The zwitterion7

also correlated the boron resonance-a2.6 ppm to a broad is stabilized byy®-coordination of the benzyl borate anion, and

methylene singlet in théH NMR spectrum at 3.35 ppm. This  the sali8is stabilized by Lewis base coordination. To synthesize

proton methylene resonance is associated with the abstracted cationic tantalum imido complex without the stabilizing effect

benzyl group and is broad due to the quadrupole of the of #°-aryl or pyridine coordination, the alkide abstraction reagent

neighboring boron nucleus. TH&l NMR spectrum of7 also [PheC][B(CeFs)s] was used to abstract a benzyl group from

contains a set of methylene doublets at 1.78 and 1.41 ppm thatl.3¢3".73

are coupled to each other and integrate to four protons. These Treatment of1 with [PhsC][B(CeFs)s] in fluorobenzene

resonances correlate to a single carbon resonance at 48.3 pprfesulted in the precipitation of a brown oil. After removal of

in a IH—13C HMQC spectrum and correspond to the diaste- Solvent, the crude product was washed with benzene to remove

reotopic geminal methylene resonances of the equivalentthe 1,1,1,2-tetraphenylethane byproduct and gave a dark brown

tantalum-bound benzyl groups. glass, which was insoluble in chlorobenzene, fluorobenzene, and
A striking aspect of théH NMR spectrum of7 is a set of ~ benzene, polymerized THF, and decomposed in@4 These

aryl resonances that are shifted approximately 1 ppm upfield characteristics prevented solution NMR characterization of this

(Figure 5). These resonances integrate for a single arene andomplex. The results of an elemental analysis of theSsakre

consist of anetaresonance at 6.83 ppm, artho-resonance at ~ consistent with the molecular formula [Bre=NCMes]-

6.31 ppm, and ara-resonance at 6.01 ppm. These upfield [B(CeFs)4]-CeHe. On the basis of these characteristi@syas

aryl resonances are characteristio;farene-coordination of a  identified as an aggregate of cati8rmand benzene (Scheme 6).

borane-abstracted benzyl group to an electrophilic metal center To prevent the aggregation & compoundl was treated

and suggest thatis stabilized by this type of coordinatiéfr. 7 with [PhC][B(CéFs)4] in the presence of 2 equiv of THF. Lewis

base coordination prevented aggregation, dddvas isolated

(62) Duncan, A. P.; Mullins, S. M.; Amnold, J.; Bergman, R. G. as an orange foam that was soluble in chloro- or fluorobenzene

Organometallics2001, 20, 1808-1819. ;
(63) Pellecchia, C.; Immirzi, A.; Grassi, A.; Zambelli, @rganometallics (SCheme 7)'. The results of an elememal analyS|$(?were

1993 12, 4473-4478. consistent with the proposed chemical formula, andtland
(64) Yang, X. M.; Stern, C. L.; Marks, T. J. Am. Chem. Sod.991

113 3623-3625. (70) Gauvin, R. M.; Osborn, J. A.; Kress,Qrganometallic200Q 19,
(65) Yang, X. M.; Stern, C. L.; Marks, T. J. Am. Chem. Sod.994 2944-2946.

116 10015-10031. (71) Thorn, M. G.; Etheridge, Z. C.; Fanwick, P. E.; Rothwell, I. P.
(66) Chen, E. Y. X.; Marks, T. Xhem. Re. 200Q 100, 1391-1434. Organometallics1998 17, 3636-3638.
(67) Shafir, A.; Arnold, JOrganometallic2003 22, 567—575. (72) Horton, A. D.; de With, J.; van der Linden, A. J.; van de Weg, H.
(68) Horton, A. D.; de With, JOrganometallicsl997, 16, 5424-5436. Organometallics1996 15, 2672-2674.
(69) Pellecchia, C.; Grassi, A.; Immirzi, Al. Am. Chem. Sod 993 (73) Chien, J. C. W.; Tsai, W. M.; Rausch, M. D. Am. Chem. Soc.

115 1160-1162. 1991 113 8570-8571.
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Scheme 6. Synthesis of 3 and Aggregation in Nonpolar

p
H: 3.72, 3.59 ppm
Solvent to Form 9

J=17Hz
3C: 46.0 ppm

PhsCX oh ph | BCeFos

Bn;Ta=NCMej3

[anTa:NCMe3]X
1 25 °C, CgHsF

1) CgHsF /

[BnoTa=NCMes: Cotte| X ~—5yc 'H: 2.95, 2.27 ppm
dimer or higher aggregate J=12 Hz

9 8¢ 732 ppm

Figure 6. H—13C HMQC correlations for the benzyl methylene

resonances of compourid.

Scheme 7. Synthesis of 10 and Aggregation Reversal with

THF Scheme 8. Synthesis of the Diphenylacetylene Migratory
O —1x Insertion Product of 3
X
9 - Ph Ph |
_ Ph—==—Ph _
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o}
Q 1 MHCI Ph  Ph

11

PhsCX, 2 THF ‘T a=NCMe, 1 ’
25°C, CgHsF / T 11

2 THF Ph H

9 —— 10 12

X =B(CeFs)g

13C NMR data indicated the coordination of 2 equiv of THF to a
a cationic tantalum center with two equivalent benzyl groups.

The IH NMR resonances corresponding to the benzyl
methylene and THF functionalities of compl&f are broad at
25 °C. This characteristic is most likely associated with a
trigonal bipyramidal isomerization process that is slow on the B
NMR time scale at 28C. When a solution o010 is cooled to oo 2 .'/\‘. LL
—31 °C, this fluxional process slows, the THF resonances ]
sharpen, and the benzyl methylene resonances decoalesce into ol _ N
two broad singlets. Due to the fact that the aryl resonances of o . - 1
the two benzyl groups 010 are equivalent, the inequivalent 0]
methylene resonances that are observed at low temperature are 0]
most likely diastereotopic geminal methylene signals. Additional 1o
cooling of the sample could not be pursued due to the freezing o]
point of chlorobenzends (=40 °C) as well as the lack of
solubility of 10 or its reactivity with other solvents. The fluxional : -
spectroscopic characteristics observedlfdare in contrast to M I I I A N
the sharp NMR spectra observed foand 8. Figure 7. 'H—3C HMBC spectrum of compountil.

In addition to preventing the aggregation ®hby trapping
the cationic tantalum complex during synthesis, THF can also  Two sets of inequivalent benzyl methylene resonances in the
be used to reverse the aggregatiorBoT reatment oB with 2 IH NMR spectrum ofl 1 initially indicated that diphenylacety-
molar equiv of THF in chlorobenzerd-provided a'H NMR lene had inserted into a single tantatatrenzyl bond of3. The
spectrum identical to that dfo (Scheme 7). One equivalent of ~ set of methylene resonances at 2.95 and 2.27 ppm correlate to
THF is sufficient to break up the aggregate; however, the NMR a carbon resonance at 73.2 ppm itHa-3C HMQC spectrum
data for the monocoordinated THF product are extremely broad. and are consistent with a tantalum-coordinated benzyl group
Addition of 2 equiv of the Lewis base facilitates the interpreta- (Figure 6)#°47 The set of methylene resonances at 3.72 and
tion of the NMR spectrum. 3.59 ppm correlate to a carbon resonance at 46.0 ppmiHir-a

After observing that3 could be trapped as a Lewis base C HMQC spectrum and are associated with the benzyl group
adduct, the cation was synthesized in the presence of diphenyl-that participated in the migratory insertion reaction (Figuré’6).
acetylene to determine whether the complex would favor The methylene doublets at 3.72 and 3.59 ppm also correlate to
aggregation or a reaction with the alkyne. When a fluorobenzenefive aryl carbon resonances in %i—3C HMBC spectrum
solution of 1 and diphenylacetylene was mixed with Felj (Figure 7). These correlations include the quaternary carbon
[B(CeFs)4], the reaction mixture immediately turned red and the resonances at 208.2 and 173.2, which match the alkenyl carbon
migratory insertion productl was isolated (Scheme 8). An  signals of a similar diphenylacetylene insertion product of a
elemental analysis of the isolated product was consistent with zirconium benzyl comple&’ The proton methylene signals at
the predicted molecular formula, and the details of its structure 2.95 and 2.27 ppm do not exhibit similar correlations. To
were confirmed by NMR spectroscopy. confirm the structural assignment of the insertion product,

T

it o ar

X A W

vinyl
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Scheme 9. Reversal of the Aggregation of 3 with Scheme 10. Synthesis of the Phenylacetylene Migratory
Diphenylacetylene and the Inability of Diphenylacetylene to Insertion Product of 3
Displace THF from 10 X
X Ph—=—=—H N i
Ph Ph Bn3Ta=NCM83_Ph3CX Ph_)___g-a:NCMes

— 1 f

Ph—==—"Ph _ pn Ta=NCMe;, !

g — - — T,
. 13
% X =-B(CeFs)4

cation dimerization by treatment with an alkene has previously

O R been observed by Hortéf However, diphenylacetylene cannot
o) be used to displace THF from0. When 10 was mixed with
Ph—=—ph diphenylacetylene, no reaction was observed (Scheme 9).

©/ ~Ta=NCMes no reaction The observation that diphenylacetylene undergoes a migratory
insertion reaction with a benzyl ligand 8fat room temperature
showed that this cation is more reactive than compalbdt
that the imido groups of both complexes are spectator ligands.
The migratory ingertion of diphenylacgtylene into the. tantatum
benzyl bond of3 is an example of a single propagation step of
~ the type that occurs in ZiegleNatta polymerizatior? Similar
complex11was hydrolyzed by aqueous HCI and the organic gingle insertions have been studied with several early metal
components were extracted into ether. The ether layer was thersystems in order to better understand polymerization processes
analyzed by GC-MS. The GC-MS trace contained a single peak ang to design more advanced catalyé@. Tantalum imido
that corresponded to a molecular ion with a 2%@, which complexes have also been used to catalyze alkene polymeriza-
matches the molecular weight of alkeh2and agrees with the  {jons, and these systems are thought to proceed via a Ziegler
structural assignment dfl (Scheme 8). Th&-alkene geometry  Natta mechanism. The imido group is assumed to be a spectator
was assumed based on the stereochemical requirements fofigand in tantalum imido-catalyzed polymerization processes;
migratory insertion and observations made on similar alkyne however, mechanistic investigations have not yet been reported
and alkene insertion reactions with other equy metal com- for these catalyst®-35 The migratory insertion of diphenyl-
plexes?”:" This assignment could not be confirmed by a 2D gcetylene into the tantalurbenzyl bond of suggests that the
NOESY NMR experiment due to the complication of overlap- jmido group of tantalum imido polymerization catalysts is truly
ping aryl resonances. a spectator ligand and that these types of transformations are
Cation11is a coordinatively unsaturated, 10-electron com- directly analogous to group 4 metallocene-catalyzed processes.
plex. On the basis of preyious studigs of similar electronically  after observing the migratory insertion of diphenylacetylene,
unsaturated complexes, it seemed likely that one of the arenesation3 was treated with phenylacetylene. This substrate could
of 11 was coordinated to the electrophilic metal center. The potentially participate in an analogous insertion or protonate
two pqssiple arene coordination modes for this comp.lex;@re either the imido ligand or a benzyl group 6fto give an
coordination of the benzyl group of the alkenyl ligand or acetylide compleR6 Treatment of a fluorobenzene solution of

— — -«

10

o

coordination of thépso-carbon of the benzyl ligant.%8.70.7578 1 and phenylacetylene with [B][B(CeFs)s immediately
Arene coordination of zirconium insertion products shows formed the dark red migratory insertion produ& (Scheme
characteristic downfield aryl resonances for theta-andpara- 10). An elemental analysis of the isolated product was consistent
protons of the coordinated are$f&8 "°Coordination of thépso- with the predicted molecular formula, and the structure of the

carbon of metal-bound benzyl groups is usually identified by complex was determined by NMR spectroscopy.
upfield ortho- and para-aryl resonances in théH NMR The NMR spectra of.3 are analogous to the spectraldt
spectrum and an upfielthso-carbon signal in thé*C NMR The IH NMR spectrum of13 contains two different sets of
spectrunf2707°The *H NMR spectrum of compled1has &  pop,y) methylene resonances and a vinyl singlet at 5.39 ppm.
para-aryl resonance at 6.13 ppm, a multiplet of aryl resonances e g sets of methylene doublets are consistent with a single
at 6.64 ppm, and aipso-carbon resonance ag 134.8 ppm. These g ratory insertion product, and the vinyl singlet is characteristic
data suggest that the benzyl liganddfis 7*-coordinated 0 ¢ 5 terminal acetylene insertion. The set of methylene doublets
the metal center, as illustrated in Scheme 8. at 2.66 and 2.06 ppm correlate to a carbon resonance at 45.1
In addition to trapping catior8 as an insertion product,  ppm in a!H—13C HMQC spectrum and are associated with the
diphenylacetylene can also be used to reverse the aggregatiofantalum-coordinated benzyl group (Figure 8). The set of
of 3. When9 was mixed with 1 equiv of diphenylacetylene in methylene doublets at 3.65 and 3.41 ppm correlate to a carbon
chlorobenzenels, this reaction mixture exhibited # NMR resonance at 42.9 ppm inle—13C HMQC spectrum and are
spectrum identical to that df1 (Scheme 9). The reversal of  associated with the benzyl group that participates in the insertion
reaction (Figure 8). These assignments are based on the fact

(74) Collman, J. P.; Hegedus, L. S.; Norton, J. R.; Finke, RR@ciples that the methylene resonances at 3.65 and 3.41 ppm also
gg%lfsppk,lciﬁ“\?gﬁezf ?g%@r.‘ogrggg't'on Metal Chemistdjniversity Science 4 relate to five aryl carbon resonances ifH-13C HMBC
298-302. ‘ o _ and 169.1 ppm. The vinyl proton resonance at 5.39 ppm also
Mgf&i‘%”ﬁc“'av C.; Immirzi, A.; Zambelli, Al. Organomet. Chent.994 correlates to the methylene resonances at 3.65 and 3.41 ppm in

(77) Pellecchia, C.; Immirzi, A.; Pappalardo, D.; PelusoQkganome-
tallics 1994 13, 3773-3775. (79) Collman, J. P.; Hegedus, L. S.; Norton, J. R.; Finke, RR@ciples

(78) Jordan, R. F.; Lapointe, R. E.; Baenziger, N.; Hinch, G. D. and Applications of Organotransition Metal Chemistgniversity Science
Organometallics199Q 9, 1539-1545. Books: Mill Valley, CA, 1987; p 580.
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TH: 5.39 ppm Scheme 11. Synthesis of 14 via a Migratory Insertion
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complex14 was isolated (Scheme 11). TH¢ NMR spectrum

alH—H TOCSY spectrum (Figure 9) and to the carbon signal of 14 contains methylene resonances for the tantalum-
at 177.1 ppm in @H—13C HMQC spectrum (Figure 8). The coordinated benzyl group at 2.32 ppm, benzyl methylene
lack of splitting between the vinyl resonance and the benzyl resonances for the insertion product at 2.61 and 2.32 ppm, a
methylene resonances of the alkenyl ligand suggests that thetantalum-coordinated methine resonance-4t84 ppm, and
insertion reaction gives the sterically favored regiochemistry resonances corresponding to an unsymmetrical norbornyl frag-
illustrated in Scheme 10. ment. The carbon resonances corresponding to the norbornyl

Compoundl3 s also a coordinatively unsaturated complex fragment only correlate to the methylene resonances at 2.61 and
that can potentially be stabilized by arene coordination. The 2.32 ppm in a'H—*C HMBC spectrum and show that the
IH NMR spectrum ofl3 contains a broad upfield aryl resonance insertion reaction occurs at a single benzyl group. The coupling
at 6.29 ppm that integrates for two protons and a downfield constant of the tantalum-coordinated methine resonance is 8.8
triplet at 7.54 ppm that integrates for one proton. The downfield Hz, which suggests that this proton is irsgrtrelationship to
resonance could be associated withytoordinated arene of  the neighboring methine proton and that the migratory insertion
the alkenyl ligand; however, the lack of a corresponding Proceeds via the expectesynaddition to the alkene®H—'H
downfield metaresonance makes this assignment uncdiegt. NOESY correlation of the tantalum-coordinated norbornyl
Theortho-resonances at 6.29 ppm andipso-carbon resonance ~ Methine resonance at1.84 ppm to the benzyl methylene
at 134.2 ppm suggest thaf-coordination of a benzyl ligand ~ resonance of the alkenyl group at 2.32 ppm and the methylene
may also be present in the structure of compl&{®78 The bridge proton at 0.85 ppm strongly suggests that the insertion
coupling constant of the geminal methylene protons of the occurs on the sterically favored exo-face of the alkene. Hy-
tantalum-coordinated benzyl group is 7.6 Hz. This coupling drolysis of14 and analysis of the organic components by GC-
constant value is low for geminal methylene resonances andMS showed a single peak that corresponded to a molecular ion
suggests that these protons are separated by a bond angle th¥¢ith a 243m/z, which agrees with the molecular weight of
is larger than 1095 This type of distortion is also consistent ~ alkenels.
with n2-coordination of the tantalum-benzyl ligand, and this ~ Similarly, whenl was treated with [PIC][B(CeFs)4] in the
interaction has been illustrated in Scheme 10. presence ofis-cyclooctene, comple6 was isolated (Scheme

Treatment of cation3 with alkenes provides migratory ~12)- The'H NMR spectrum of16 contains benzyl methylene
insertion products similar td1 and 13. These reactions are 'esonances for the tantalum-coordinated benzyl group at 2.58
analogous to previously studied insertion reactions of monsub-21d 2.06 ppm and a tantalum-coordinated methine resonance
stituted alkenes with group 4 benzyl comple&&® When 1 at —1.37 ppm. The methylene resonances of the insertion

was mixed with [PEC][B(CqFs)d] in the presence of norbornene, product and the other methine resonance overlap as a multiplet
at 2.20 ppm. As expected for the single insertion product, a

11
(80) Silverstein, R. M.; Bassler, G. C.; Morrill, T. CSpectrometric H—13C HMBC spectrum ofl6 correlates the carbon resonances

Identification of Organic Compoundsth ed.: John Wiley & Sons: New  ©Of the octyl group to the multiplet at 2.20 ppm but not to the
York, 1991; p 197. methylene resonances of the tantalum-coordinated benzyl group.

Figure 9. 'H—!H TOCSY spectrum for compount.
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These spectral characteristics are similar to those observed for Scheme 13. Different Modes of Alkyne Reactivity for
14 and are consistent with the structure depicted in Scheme 11. Zirconcene Imido and Alkyl Tantalum Imido Complexes
Hydrolysis of 16 and analysis of the organic components by
GC-MS showed a single peak that corresponded to a molecular
ion with a 202m/z, which agrees with the molecular weight of
alkenel?.

Complexesl4 and16 are coordinatively unsaturated and can
potentially exhibit a type of arene coordination similar to that
observed inl1 and13. TheH NMR spectrum ofl4 contains
an upfieldortho-aryl resonance at 6.25 ppm, which is consistent b)
with n?-coordination of the tantalum-coordinated benzyl group;
however, the methylene resonances of the tantalum-coordinated
benzyl group ofL4 are not distorted and a corresponding upfield
ipso-carbon resonance was not observed. Therefore, it is unclear
whether the tantalum coordination sphereldfincludes?-
coordination of the benzyl ligand. Thél NMR spectrum of
16 contains an upfieldrtho-aryl resonance at 6.40 ppm as well
as a coupling constant of 8 Hz for the methylene resonances of
the tantalum-coordinated benzyl group. These characteristics are Scheme 14. Potential Metallacycle Formation with Mixed
consistent with the distortion caused h$-coordination of a Alkyl-Amide Complexes
tantalum-coordinated benzyl group as illustrated in Scheme 12.

Complexes
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Implications for Hydroamination. Previously, we reported R I
thatl, 2, and3 are competent catalysts for the hydroamination LTa=NR - h_ > LT p>—Ph
of alkynes with aniline$® Subsequently, we showed that §eh
[B(CeFs)s] and [PhNH][B(CsFs)s] are catalysts for alkene L = Bngg.y(RNH), Ph
hydroamination reactions with arylamifébut are inactive for R = CMe or Ar
alkynes®2 These data suggested that the alkyne hydroamination X = -B(CqFs)4

reactions catalyzed byl—3 were proceeding by a metal-
catalyzed pathway.

Studies of a variety of well-known hydroamination catalysts
of the electropositive early transition mef&$° led to the
consideration of two potential mechanisms for the-H
additions observed at these electrophilic, tantalum(V) centers:
(1) [2+2] cycloadditions between the imido ligand and the
alkyne followed by amine protonation of the resulting metalla-
cycle186-91 (2) metal-amide bond insertion reactions followed
by amine protonation of the resulting metalarbon bond§?-%
Initially we assumed that the hydroamination reactions catalyzed
by 1-3 were proceeding via the {22] cycloaddition route

not accessible to neutral and cationic alkyl tantalum imido
complexes (Scheme 13b,c). Therefore, compleke8 must
either be precatalysts for active complexes that can acce&g [2
metallacyclic intermediates or function as catalysts or precata-
lysts for an alternative mechanistic pathway.

If compoundsl—3 are precatalysts for active catalytic species
that undergo [22] imido cycloadditions, there are several
transformations that these alkyl tantalum imido complexes can
undergo that may increase the likelihood of alkyne metallacycle
formation. Exchange of alkyl groups for amide ligands is likely
to occur in the presence of the amine substrate required for

because this pathway had previously been strongly supportedhyqroaminatior?”-1° Amide imido or mixed alkyl-amide imido

for several other early metal imido complexes (Scheme
13a)1112:86.97Conversely, the stoichiometric reactions discussed

complexes may favor [22] cycloaddition reactions over the
alkyl imido compounds discussed above due to the correspond-

above have shown that these metallacyclic intermediates arejng change in electronic properties at the metal center (Scheme

(81) Anderson, L. L.; Arnold, J.; Bergman, R. G. Am. Chem. Soc.
2005 127, 14542-14543.

(82) Anderson, L. L. Ph.D. Thesis, University of California, Berkeley,
Berkeley, CA, 2005.

(83) Muller, T. E.; Beller, M.Chem. Re. 1998 98, 675-703.

(84) Pohlki, F.; Doye, SChem. Soc. Re 2003 32, 104-114.

(85) Bytschkov, I.; Doye, SEur. J. Org. Chem2003 935-946.

(86) Johnson, J. S.; Bergman, R..GAm. Chem. So2001, 123 2923~
2924.

(87) Haak, E.; Bytschkov, I.; Doye, &ngew. Chem., Int. EA.999 38,
3389-3391.

(88) Heutling, A.; Doye, SJ. Org. Chem2002 67, 1961-1964.

(89) Shi, Y. H.; Ciszewski, J. T.; Odom, A. [Organometallics2001,
20, 39673969.

(90) Cao, C. S.; Ciszewski, J. T.; Odom, A. Qrganometallics2001
20, 5011-5013.

(91) Khedkar, V.; Tillack, A.; Beller, MOrg. Lett.2003 5, 4767-4770.

(92) Hong, S.; Marks, T. JAcc. Chem. Re004 37, 673-686.

(93) Giardello, M. A,; Conticello, V. P.; Brard, L.; Gagne, M. R.; Marks,
T.J.J. Am. Chem. S0d.994 116, 10241-10254.

(94) Kim, Y. K.; Livinghouse, T.; Horino, YJ. Am. Chem. So2003
125 9560-9561.

(95) Lauterwasser, F.; Hayes, P. G.; Brase, S.; Piers, W. E.; Schafer, L.
L. Organometallic2004 23, 2234-2237.

(96) Ryu, J. S.; Li, G. Y.; Marks, T. J1. Am. Chem. SoQ003 125,
12584-12605.

(97) Pohlki, F.; Doye, SAngew. Chem., Int. EQ001, 40, 2305-2308.

14). Imido exchange may also occur under the reaction
conditions!®! and exchange of theert-butyl group for a less
sterically encumbered aryl group may also favor metallacycle
formation.

Alternatively, complexed—3 may be participating in hy-
droamination reaction mechanisms where the imido ligand is a
spectator. As mentioned above, a recent report from our
laboratory has shown that Brgnsted acids catalyze the hydroami-
nation of several different alkenes with anilifég his suggests
that the tantalum imido catalysts may be functioning simply as
Lewis acids and activating the alkyne substrates toward nu-
cleophilic attack by the amine (Scheme 15a). However, this
scenario is unlikely due to the fact that Brgnsted acids andsTacCl
are inactive catalysts for alkyne hydroamination reactfii8?

(98) Groysman, S.; Goldberg, I.; Kol, M.; Genizi, E.; Goldschmidt, Z.
Organometallic2004 23, 1880-1890.

(99) Giesbrecht, G. R.; Shafir, A.; Arnold, CThem. Commun200Q
2135-2136.

(100) Shafir, A.; Power, M. P.; Whitener, G. D.; Arnold,Qrganome-
tallics 2001, 20, 1365-1369.

(101) Blake, A. J.; Collier, P. E.; Dunn, S. C.; Li, W. S.; Mountford, P.;
Shishkin, O. V.J. Chem. Soc., Dalton Tran$997, 1549-1558.
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Scheme 15. Potential Hydroamination Mechanisms that Do
Not Involve the Tantalum—Imido Bond

Tl ]
Ph—==—Ph|  pn  Ph
A) Ph—==—Ph oo - —
+ HaNPh H  NHPh
X
Ph—=—ph LT ’/NR—|
B) LT/a:NR IS L L - a_Ph
PhHN
PRHN—N
L = Bn.n)(RNH),
R =CMej or Ar
X =-B(CeFs)4

Alternatively, it is possible that hydroamination takes place by
insertion of an alkyne into a tantalunamide bond, as observed
for lanthanide-catalyzed hydroaminations (Scheme $5bhe
tantalum-amide bond required for this transformation can be
formed by protonation of a tantalum-alkyl ligand in the presence
of a hydroamination amine substrate. Future work will involve
determining which of these mechanistic pathways is active for
the reported hydroamination reactions, whether the alkyl
tantalum imido complexes are precatalysts, and if the imido bond
is involved in the catalytic process.

Summary

Tribenzyl tantalum imido compountlundergoes migratory
insertion reactions with isocyanides and carbodiimides to form
bisamidinate and bisimino-acyl complexes. This compound can
also be used to synthesize the cationic complé&xasd3 with
the alkide abstraction reagents BEg)s and [PRC][B(CsFs)4],
respectively. Comple® undergoes migratory insertion reactions
with diphenylacetylene, phenylacetylene, norbornene,cisd
cyclooctene at the tantalunbenzyl bond to formll, 13, 14,

Organometallics, Vol. 25, No. 14, 2@323®3

exposure, the color of these compounds begins to darken and
bibenzyl can be observed bYH NMR spectroscopy. Pentane,
hexane, diethyl ether, benzene, toluene, tetrahydrofuran, and
methylene chloride were dried and purified by passage through a
column of activated alumina under, [gressure, sparging withJN

and storage ove4 A sievesl?? Fluorobenzene, diisopropylcarbo-
diimide, phenylacetylene, andis-cyclooctene (Aldrich) were
distilled from Cah prior to use. Diphenylacetylene (Aldrich) was
sublimed. Norbornene (Aldrich) was vacuum transferred. PACH
MgCl, (CH3)sCCH,MgCI, and 2,6-dimethylphenylisocyanide (Al-
drich) were purchased and used without further purification.
Compound4,2° B(CgFs)3,1%% and PRCB(CsFs)4194 were prepared
according to published protocols. Deuterated solvents were pur-
chased from Cambridge Isotope Laboratories. Benzkneas
vacuum transferred from purple Na/benzophenone and degassed
with three freeze-evacuatior-thaw cycles. Chlorobenzerngwas
vacuum transferred from Catand degassed with three freeze
evacuatior-thaw cycles.'H and 3C spectra were recorded on
Bruker AVQ-400 (400 MHz), AV-400 (400 MHz), and DRX-500
(500 MHz) spectrometers as indicatédl NMR chemical shifts

(6) are reported in parts per million (ppm) relative to residual
protiated solvent (€Ds, 7.15; GDsCI, 6.99 @-CH)) or an external
standard of CECI; in C¢Dg (4.42). Data are reported as follows:

(s = singlet, d= doublet, t= triplet, g = quartet, hept= heptet,

m = multiplet; coupling constant(s) in Hz; integration; assignment).
Chemical shifts were assigned with the aid of DEPT 135 experi-
ments as well aslH—¥C HMQC (AV-400, pulse program:
hmbcgplpndgf), 'H—H TOCSY (DRX-500, pulse program:
mlevtp.UCB), andH—13C HMBC (DRX-500, pulse program:
inv4gpph) experiments where necessary. NMR tubes were sealed
on a high-vacuum line using a Cajon Ultra Torr reducing union.
Merck silica gel, 60 A, 236400 mesh, grade 9385, was used for
filtering samples prior to GC-MS analysis. Gas chromatograph mass
spectroscopy (GC-MS) data were obtained using an Agilent
Technologies Instrument 6890N GC (column #HP-5MS, 30.0 m
x 250 um x 0.25 um calibrated) and 5973N MS. Elemental
analyses were performed at the UC-Berkeley Microanalytical
Facility with a Perkin-Elmer 2400 Series Il CHNO/S analyzer.

and16, respectively. These insertion reactions are representative  Bn;Ta=NCMe; (1). A slurry of 3.51 g (6.79 mmol, 1.0 equiv)

of the propagation step of ZiegleNatta polymerizations and
support the current hypothesis for the mechanism of alkene
polymerizations catalyzed by tantalum imido complexes. The

of (py).ClsTe=NCMe; (4) in Et,O (200 mL) was cooled te-78
°C with an IPA/dry ice bath and treated with 20.4 mL (20.40 mmol,
3.0 equiv) of PhCHMgCI (1.0 M in E£O). The reaction mixture

heterocumulene and unsaturated hydrocarbon insertion reactionsvas covered in aluminum foil and allowed to stirr & h while

of 1 and 3, respectively, show that the tantalum imido
functionalities of neutral and cationic alkyl tantalum imido
complexes are spectator ligands. Nevertheless, the tantalum
alkyl bonds of these complexes are highly reactive in the

warming to 25°C. Volatile materials were removed from the
reaction mixture under vacuum to give a light yellow solid. The
solid was extracted with 150 mL of toluene and separated from
the insoluble MgGl by cannula filtration. The toluene was removed

presence of these ancillary groups. These stoichiometric trans-from the filtrate under vacuum to giveas a bright yellow solid

formations imply either that complexds-3 are precatalysts
for hydroamination reactions that proceed via metallacyclic

intermediates or that the imido ligands in these complexes are

not involved in the hydroamination reactions that they have been
observed to catalyze. Future work will involve a detailed
investigation of the mechanism of hydroamination reactions
catalyzed by neutral and cationic tantalum complexes.

Experimental Section

General Information. All reactions and manipulations, unless

(2.68 g, 5.10 mmol, 75%). Crystals suitable for X-ray diffraction
were grown from a concentrated solutions of ether-46 °C. H
NMR (CsDs, 500 MHz): 6 7.02 (m, 9H, AH), 6.68 (m, 6H, AH),
1.66 (s, 6H, E1,Ph), 1.39 (s, 9H, ®les). BC{*H} NMR (C¢Ds,
125 MHz): 6 136.4 @r), 130.1 @r), 129.9 @r), 125.7 @Ar), 67.9
(CMe3), 67.6 CH.Ph), 33.1 (®/e3). Anal. Calcd: C, 57.15; H,
5.76; N, 2.67. Found: C, 57.46; H, 5.97; N, 2.65.
NpsTa=NCMej (2). In the glovebox, a slurry of 426 mg (0.825
mmol, 1.0 equiv) of (pyy)ClsTe=NCMe;s (5) in Et,O (15 mL) was

treated with 2.5 mL (2.5 mmol, 3.0 equiv) of MeCH,MgCl (1.0

M in Et,0O). The reaction mixture was allowed to stir for 8 h.

otherwise noted, were carried out in an inert atmospherg (N Volatile materials were removed under vacuum to give an off-white

glovebox at 10°C or using standard Schlenk and high-vacuum
techniques. All glassware was dried in an oven at 160for at
least 12 h prior to use or was flame dried under vacuum. Magnetic

solid. The solid was extracted with 15 mL of hexane and separated

(102) Alaimo, P. J.; Peters, D. W.; Arnold, J.; Bergman, RIGChem.

stirring was used when necessary. All reactions and manipulationsEduc.2001 78, 64—64.

involving compounds with benzyl ligands were done in the absence
of light by using aluminum foil to cover reaction vessels or by
turning the lights off in the glovebox. After several hours of light

(103) Massey, A. G.; Park, A. J. Organomet. Chenl964 2, 245-
250.

(104) Lambert, J. B.; Zhang, S. Z.; Ciro, S. Krganometallics1994
13, 2430-2443.
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from the insoluble MgGl by filtration through a glass fiber filter
pipet plug. Hexane was then removed from the filtrate under
vacuum to give the off-white solid (294 mg, 0.631 mmol, 76%).
1H NMR (CgDg, 500 MHz): 6 1.62 (s, 9H, Gles), 1.14 (s, 27H,
CH,CMe3), 0.81 (s, 6H, E,CMes). 3C{*H} NMR (CgDs, 125
MHz): & 108.2 CH,CMes), 68.3 CMes), 35.3 (CHCMey), 35.1
(CH,CMe3), 34.3 (Mey). Anal. Calcd: C, 49.03; H, 9.10; N, 3.00.
Found: C, 49.27; H, 9.15; N, 3.01.

Preparation of Carbodiimide Double-Insertion Product 5. In
the glovebox, a vial was charged with 53.9 mg (0.103 mmol, 1
equiv) of BsTa=NCMe; (1) and 15 mL of benzene. The resulting
solution was mixed with 25.8 mg (0.205 mmol, 2 equiv) of

Anderson et al.

assigned using DEPT 13%nd!H—3C HMQC techniques. Anal.
Calcd: C, 64.48; H, 6.34; N, 5.50. Found: C, 64.63; H, 6.18; N,
5.15.

[Bn,Ta=NCMe;3][BnB(C¢Fs)3] (7). In the glovebox, a vial was
charged with 164 mg (0.314 mmol, 1 equiv) of fa=NCMe;
(1) and 161 mg (0.314 mmol, 1 equiv) of B{&)s. The vial was
then charged with 10 mL of benzene and a stir bar. The reaction
mixture was allowed to stir for 5 h. A yellow solid precipitated
from solution during this time. The precipitate was separated from
the solution by vacuum filtration through a glass frit. The filtrate
was concentrated to 5 mL in vacuo and layered with 3 mL of
hexane. Afte 2 h additional yellow solid had precipitated out of

diisopropylcarbodiimide. The reaction mixture was then transferred solution. This solid was also separated from the solution by vacuum
to a Teflon-sealed flask, which was taken out of the glovebox and filtration with a glass frit. The yellow solids were combined and

placed in an oil bath heated to 7& for 24 h. The reaction flask

the final traces of solvent were removed under vacuum to give the

was then taken back into the glovebox and the reaction mixture yellow solid 7 (240 mg, 73.8%)*H NMR (CeDsCl, 500 MHz): &
was transferred to a vial. The solvent was removed from the reaction7 19 (t,J = 7.5 Hz, 2H,p-ArH), 7.03 (t,J = 7.5 Hz, 4H,m-ArH),

mixture under vacuum to give a viscous yellow oil. The oil was

mixed with 5 mL of pentane in order to assist in benzene removal.

All remaining volatile materials were then removed under vacuum
to give the yellow foan® (45.8 mg, 57.4%)'H NMR (CsDs, 400
MHz): 6 7.54 (d,J= 7.2 Hz, 2H, AH), 7.32 (t,J = 7.6 Hz, 2H,
ArH), 7.19 (m, 2H, AH), 7.07 (t,J = 7.6 Hz, 4H, AH), 6.94 (,
J=7.6 Hz, 4H, AH), 6.94 (t,J = 7.6 Hz, 1H, AH), 3.91 (hept,
J = 6.8 Hz, 1H, GiMe,), 3.73 (m, 3H, GIMe,), 3.43 (m, 4H,
amidinate G&i,Ph), 3.04 (dJ = 10.4 Hz, 1H, TaEi,Ph), 2.39 (d,
J = 10.4 Hz, 1H, TaEl,Ph), 1.58 (s, 9H, ®le;), 1.37 (M, 6H,
CHMe,), 1.30 (d,J = 6.4 Hz, 3H, CHMe), 1.21 (m, 6H, CHley),
1.09 (d,J= 6.4 Hz, 3H, CHMe,), 0.94 (d,J = 6.4 Hz, 3H, CHVey),
0.80 (d,J = 6.4 Hz, 3H, CHMe,). 13C{H} NMR (C¢Ds, 125
MHz): 6 172.4 N—C=N), 171.3 ¢ N—C=N), 152.8 @-Ar),
135.9 ¢-Ar), 135.0 @-Ar), 129.0 @Ar), 128.8 Ar), 128.7 @Ar), 128.6
(Ar), 128.5 @r), 127.7 @r), 126.9 @Ar), 126.8 @r), 121.2,Ar),
67.5 (TaCH,Ph), 64.6 CMe3), 49.4 CHMe,), 48.9 CHMe,), 48.6
(CHMey), 47.3 CHMey), 34.9 (Mes), 32.7 (amidinatesH,Ph),
32.5 (amidinateeH,Ph), 27.6 (CHWe,), 25.60 (CHVey), 25.56
(CHMey), 25.49 (CHMe,), 25.38 (CHMEy), 25.35 (CHVIe,), 24.37
(CHMe,), 24.1 (CHVIgy), 22.7 (CHVIe,). All carbon resonances were
assigned by*H—13C HMQC correlation and DEPT 135Anal.
Calcd: C, 60.22; H, 7.52; N, 9.00. Found: C, 55.97; H, 7.10; N,
8.04. The elemental analysis férdid not agree within 0.4% of
the calculated molecular formula. An image of thd NMR
spectrum of5 is provided in the Supporting Information.

Preparation of Isocyanide Double-Insertion Product 6.n the
glovebox, a vial was charged with 72.2 mg (0.137 mmol, 1 equiv)
of BnsTa=NCMe; (1) and 10 mL of benzene. The resulting solution
was mixed with 36.1 mg (0.275 mmol, 2 equiv) of 2,6-dimeth-

ylphenylisocyanide. The reaction mixture was then transferred to
a reaction vessel with a Kontes Teflon stopper and placed in an oil cD.Cl
bath heated to 75C for 24 h. The reaction vessel was then removed (CePsCl:

from the bath and taken inside the glovebox. The reaction mixture
mN’ 4.40. Found: C, 54.48; H, 3.36; N, 4.21.

was transferred to a vial and the solvent was removed under vacuu
to give a brown oil. The oil was dissolved in 5 mL of pentane to

6.83 (d,J = 7.0 Hz, 2H,0-55-ArH), 6.63 (d,J = 7.5 Hz, 4H,
0-ArH), 6.31 (t,J = 7.5 Hz, 2H,m-#5-ArH), 6.01 (t,J = 7.0 Hz,
1H, p-5®-ArH), 3.35 (bs, 2H, PhB,B(CsFs)3), 1.78 (d,J = 10.0
Hz, 2H, Ta®,Ph), 1.41 (dJ = 10.0 Hz, 2H, TaEl,Ph), 1.08 (s,
9H, OMey). 13C{H} NMR (C¢DsCl, 100 MHz): 6 157.1 @-Ar),
148.3 (d,J = 250 Hz,Arg), 137.0 (d,J = 241 Hz,Arg), 132.8
(9-Ar), 132.1 Ar), 129.7 Ar), 128.5 Ar), 126.3 Ar), 123.4 Ar),
116.6 p-n%-Ar), all other aryl carbon resonances are buried
underneath the solvent resonances, 68\dd;), 48.3 CH.Ph), 36.9
(BCH,Ph), 31.6 (®e3). All carbon resonances were assigned by
IH-13C HMQC correlation and DEPT 135'B NMR (CgDsCl,
164.7 MHz): 6 —12.63.'°F NMR (CsDsCl, 376.5 MHz): o
—130.1,—-159.8,—163.9. Anal. Calcd: C, 49.79; H, 2.92; N, 1.35.
Found: C, 49.72; H, 2.92; N, 1.40.

[(py)sBn,Ta=NCMe3][BNB(CsFs)s] (8). In the glovebox, a vial
was charged with 102 mg (98.0 mmol, 1 equiv) of {Ba=NCMe;]-
[BNB(C¢Fs)3] (7) and 10 mL of fluorobenzene. The resulting
solution was mixed with 23.8L (0.294 mmol, 3 equiv) of pyridine.
The reaction mixture was stirredrf@ h before the solvent was
removed under vacuum to give the light orange s8l{®5.2 mg,
76.2%).1H NMR (CgDsCl, 400 MHz): ¢ 8.09 (bs, 6H m-pyH),
7.38 (t,J = 7.6 Hz, 3H,p-pyH), 7.12 (d,J = 8.4 Hz, 4H,m-ArH),
6.96 (m, 6H,0-pyH), 6.89 (t,J = 7.2 Hz, 2H,p-ArH), 6.55 (d,
J = 7.6 Hz, 4H,0-ArH), 3.29 (bs, 2H, BEI,Ph), 2.40 (bs, 4H,
TaCH,Ph), 1.13 (s, 9H, ®les). B3C{H} NMR (CsDsCl, 100
MHz): 6 150.0 ¢y), 148.9 @-Ar), 148.7 (d,J = 260 Hz, Arg),
140.1 oy), 137.7 (d,J = 242 Hz, Arg), 136.6 (d,J = 240 Hz,
Arg), 128.5 @r), 127.1 @r), 124.7 @r), 124.1 @r), 122.8 py),
78.4 (T&CH,Ph), 67.0 CMe3), 31.5 ((Me3). All carbon resonances
were assigned biH—13C HMQC correlation and DEPT 135The
BCH,Ph carbon resonance was too broad to be obseREBHMR
164.7 MHz): 6 —12.81. 1%F NMR (GsDsCl, 376.5
MHz): 6 —130.1,—163.5,—166.3. Anal. Calcd: C, 54.65; H, 3.56;

[Bn,Ta=NCMe;][B(CsFs)4]-CeHs (9). In the glovebox a vial

assist in benzene removal, and all remaining volatile materials werewas charged with 55.6 mg (0.106 mmol, 1 equivjlaind 10 mL

removed under vacuum to give the brown®{107.2 mg, 99.0%).
1H NMR (CgDs, 500 MHz): 6 7.06 (m, 6H, AH), 6.98 (t,J= 7.5
Hz, 4H, AH), 6.90 (m, 6H, AH), 6.78 (m, 4H, AH), 6.62 (t,J =
7.0 Hz, 1H, AH), 3.76 (d,J = 15.0 Hz, 2H, N=CCH,Ph), 3.59
(d, 3 = 15.0 Hz, 2H, N=CCH,Ph), 2.91 (s, 2H, TaB,Ph), 1.82
(s, 6H, 2,6Me,CeH3), 1.43 (s, 6H, 2,8Mie,CsH3), 1.02 (s, 9H,
CMes). 13C{*H} NMR (CgDs, 125 MHz): 6 254.7 C=N), 152.9
(g-Ar), 144.1 g-Ar), 136.3 g-Ar), 130.5 @-Ar), 130.0 Ar), 128.82
(Ar), 128.79 fvr), 128.74 §-Ar), 128.4 @r), 128.2 @Ar), 127.9 -
Ar), 127.7 @r), 127.5 @r), 126.9 @Ar), 126.4 @r), 120.2 Ar), all

of fluorobenzene. The resulting solution was mixed with 97.6 mg
(0.106 mmol, 1 equiv) of [PIC][B(CsFs)4]. The reaction mixture
was shaken vigorously, and then the solvent was removed under
vacuum to give a brown oil. The oil was mixed with 10 mL of
benzene and shaken. The slurry was then allowed to settle. The
benzene supernatant was decanted away from the brown oil via
pipet. This procedure for washing the oil with benzene was repeated
three times. The oil was then mixed with 5 mL of hexane to assist
in benzene removal. All volatile materials were removed from the
sample under vacuum to give the dark brown glag¢2.6 mg,

other aryl resonances were buried under the solvent resonance, 66.86.2%). The low yield is caused by the benzene washings needed

(CMe3), 46.9 (T&CH,Ph), 43.2 (N=CCH,Ph), 34.2 (®/e3), 19.6
(2,6 Me,CgH3), 18.6 (2,6Me,CgH3). The carbon resonances were

to remove tetraphenylethane. This compound is insoluble in
chlorobenzene or benzene and reacts with all other common NMR
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solvents. Anal. Calcd: C, 48.39; H, 2.45; N, 1.18. Found: C, 48.05;
H, 2.60; N, 1.16.

Preparation of Phenylacetylene Insertion Product 13In the
glovebox, a vial was charged with 79.1 mg (0.151 mmol, 1 equiv)

[Bno(THF) ;Ta=NCMes][B(C ¢Fs)a] (10). In the glovebox, a vial of 1and 10 mL of fluorobenzene. The resulting solution was mixed
was charged with 69.9 mg (0.133 mmol, 1 equivilaind 10 mL Wit 139 mg (0.151 mmol, 1 equiv) of [RB][B(CeFs)4] and 15.4
of fluorobenzene. The resulting solution was mixed with 123 mg Mg (0.151 mmol, 1 equiv) of phenylacetylene. The reaction mixture
(0.133 mmol, 1 equiv) of [PIC][B(CeFs)s] and 21.6uL (0.266 was shaken briefly before the solvent was removed under vacuum
mmol, 2 equiv) of THF. The reaction mixture was shaken briefly 0 give & red-brown oil. The oil was washed with<310 mL of a
before the solvent was removed under vacuum to give a red-brown>0:50 mixture of benzene/hexane to remove the 1,1,1,2-tetraphen-
oil. The oil was washed with 3 10 mL of a 50:50 mixture of ylethane side product. The oil was then mixed with 10 mL of
benzene/hexane to remove the 1,1,1,2-tetraphenylethane sigPentane, and all remaining volatile materials were removed under

product. The oil was then mixed with 10 mL of pentane. All volatile Vacuum to give the dark red foair (88.5 mg, 48.4%). The yield

materials were then removed under vacuum to give the red-orangeOf this reaction is low due to the slight solubility of the product in

foam 10 (88.0 mg, 52.6%). The yield of this reaction is low due to P€NZene:H NMR (CeDsCl, 400 MHz): 6 7.54 (t,J = 7.6 Hz, 1H,
a small amount of solubility of the product in benzettd.NMR ArH), 7.19 (m,25H, AH), 7.07 (m, 3H, AH), 6.90 (m, 4H, AH),
(CﬁDsCI, 500 MHZ, 25°C): 6 7.07 (t,\] =75 HZ, 4H,m—ArH), 6.29 (bS, 2H,77 -AI‘H), 5.39 (S, 1H, V|ny|'(B|), 3.65 (d,J =15.6
6.98 (1,0 = 7.5 Hz, 2H,p-ArH), 6.75 (0,0 = 7.5 Hz, 4H0-ArH),  HZ, 1M, alkenyl-Gi:Ph), 3.41 (dJ) = 15.6 Hz, 1H, alkenyl-€&>-
3.42 (bs, BHTHF), 2.34 (bs, 4H, Ta€LPh), 1.53 (bs, 8HTHR), 1V 206 (99 = 7.0 Hiz, TaGlPh), 2,06 (4} 1.6 Hz, TaCl-
1.19 (s, 9H, Gles). *H NMR (CsDsCl, 500 MHz,—31°C): 6 7.07 1), 0.92 (Bley). *C{™H} NMR (CeDsCl, 100 MHz): 6 177.1
(t, J= 7.5 Hz, 4H,m-ArH), 6.98 (t.J = 7.5 Hz, 2H,p-ArH), 6.75 (vinyl-CH), 169.1 (alkenylePh), 153.5 ¢-Ar), 148.7 (d,J = 238
(d, = 7.5 Hz, 4H,0-ArH), 3.26 (bs, 8HTHF), 2.60 (bs, 2H,  1Z:Ar), 140.9 G-An), 138.6 (d.J = 244 Hz,Arp), 137.1 (d.J =
TaCHPI). 164 (bs, oM. TARPR), 1.39 (bs, SLTHR), 110 (6, 296 HZAN), 134.2 (-An), 1313 fr), 1308 fr), 1286 @),
OH1, Moy, CLH) NMR (el 125 Miis): o 1467 (43 = 1286 (A1), 124.7 4r), 121.6 ), 1195 @), 1185 fr), 114.5
236 Hz, Ary), 137.6 (1,0 = 236 Hz, Ars), all other aryl carbon (g-Ar), other aryl carbon resonances overlap with solvent reso-
resonances overlap with the solvent resonances, 181)3129.2 nances, 68.7aMe), 45.1 (Ta&cH;Ph), 42.9 (alkenylzH,Ph), 31.3

11 . — 19
(Ar), 127.0 @r), 75.1 (bs, TaEH,Ph), 73.7 THF), 69.6 CMes), (gM%)' B NMR (C?DSEL 164.7 MHz): 6 —16.7. °F NM,R
11 i (CsDsCl, 376.5 MHz): 6 —131.7, 161.8, 165.8. Anal. Calcd: C,
32.2 (Mley), 25.3 (THF). ¥B NMR (CeDsCl, 164.7 MH2): 0 4949 14 2 40; N, 1.15. Found: C, 49.13; H, 2.68: N, 1.21.
—16.6. I%F NMR (CsDsCl, 376.5 MHz): 6 —131.2, —162.1, o f’ b o ' ,d T h
—166.1. Anal. Calcd: C, 47.15; H, 3.09; N, 1.10. Found: C, 46.76; __ reparation of Norbornene Insertion Product 14.In the
. glovebox, a vial was charged with 87.4 mg (0.166 mmol, 1 equiv)
H, 3.11; N, 1.21. . . .
) ) ) of 1and 10 mL of fluorobenzene. The resulting solution was mixed
Preparation of Diphenylacetylene Insertion Product 11.In

with 153 mg (0.166 mmol, 1 equiv) of B(CeFs)4] and 13.9
the glovebox, a vial was charged with 92.4 mg (0.176 mmol, 1 9( quiv) of [RO][B(CeFs)d

; 5 y mg (0.166 mmol, 1 equiv) of norbornene. The solvent was then
equiv) of 1 and 10 mL of fluorobenzene. The resulting solution  emoyed under vacuum to give a red-brown oil. The oil was washed
was mixed with 162.2 mg (0.176 mmol, 1 equiv) of (e with 3 x 10 mL of a 50:50 mixture of benzene/hexane to remove
[B(CeFs)q] and 31.3 mg (0.166 mmol, 1 equiv) of diphenylacetylene. he 11,1 2-tetraphenylethane side product. The oil was then mixed
The reaction was shaken briefly, and then the solvent was removed,yith 10 mL of pentane, and all remaining volatile materials were

under vacuum to give a red-brown oil. The oil was washed with then removed under vacuum to give the light orange fa41(96.9
3 x 10 mL of a 50:50 mixture of benzene/hexane to remove the g 48.29). The vield of this reaction is low due to the slight
1,1,1,2-tetraphenylethane side product. The oil was then mixed with so|ybility of the product in benzendH NMR (CsDsCl, 400
10 mL of pentane, and all remaining volatile materials were MHz): § 7.25 (t,J = 8.4 Hz, 1H, AH), 6.95 (m, 4H, AH), 6.77
removed under vacuum to give the red-orange fdan(1.25.7 mg, (d, J= 8.0 Hz, 1H, AH), 6.58 (t,J = 7.2 Hz, 1H, AH), 6.51 (t,
55.4%). The yield of this reaction is low due to the slight solubility j = 8.4 Hz, 1H AH), 6.25 (d,J = 7.2 Hz, 2H, AH), 2.61 (dd,
of the product in benzenéH NMR (C¢DsCl, 500 MHz): ¢ 7.31 J = 9.2 Hz, 5.2 Hz, 1H, CHE,Ph), 2.32 (m, 3H, TaB,Ph,

(m, 2H, AH), 7.16 (m, 2H, AH), 7.09 (t,J = 7.0 Hz, 4H, AH),
6.91 (m, 5H, AH), 6.79 (t,J= 7.5 Hz, 1H, AH), 6.74 (tJ=7.5
Hz, 1H, AH), 6.64 (m, 4H, AH), 6.13 (t,J = 6.0 Hz, 1H%-Ar),
3.72 (d,J = 17 Hz, 1H, alkenyl-@i,Ph), 3.59 (dJ = 17 Hz, 1H,
alkenyl-CH,Ph), 2.95 (dJ = 12 Hz, 1H, Ta®,Ph), 2.27 (dJ =
12 Hz, 1H, TaGi,Ph), 0.98 (s, 9H, ®les). 3C{*H} NMR (C¢Ds-
Cl, 500 MHz): 6 208.2 (alkenyiCPh), 173.2 (alkenyCPh), 152.1
(9-Ar), 148.7 (d,J = 236 Hz, Arg), 143.9 @-Ar), 140.2 @-Ar),
138.5 (d,J = 244 Hz,Arg), 136.6 (d,J = 238 Hz,Arg), all other

carbon aryl resonances overlap with solvent resonances, 184.8 (

g-Ar), 134.4 @r), 131.5 Ar), 129.8 @r), 129.7 @r), 128.9 Ar),
128.2 @r), 128.0 @Ar), 127.8 @Ar), 126.5 Ar), 126.3 Ar), 121.6
(Ar), 120.5 @r), 73.2 (T&CH,Ph), 69.3 CMes), 46.0 (alkenyl€H,-
Ph), 31.9 (®e3). 11B NMR (CsDsCl, 164.5 MHz): 6 —16.56.19F
NMR (Ce¢DsCl, 376.5 MHz): 6 —131.6,—161.6,—165.6. Anal.

Calcd: C, 52.08; H, 2.58; N, 1.08. Found: C, 51.93; H, 2.78; N,

1.25.
A solution of ~25 mg of compoundLl in 1.5 mL of diethyl

ether was transferred to a vial and taken out of the glovebox. The shaken and allowed to settle. The ether layer was then decanted

solution was mixed with 1 mL fol M HCl g The mixture was

shaken and allowed to settle. The ether layer was then decantedrhe filtrate was then analyzed by GC-MS. Retention time: 24.9
via pipet and filtered through 1 mL of silica in a pipet filter plug.
The filtrate was then analyzed by GC-MS. Retention time: 22.2

min. Mt = 270 m/z.

CHCH,Ph), 2.21 (bs, 1H, bridgehead), 1.88 (dd,J = 9.2 Hz,
5.2 Hz, 1H, CH®,Ph), 1.54 (m, 1H, @), 1.35 (bd, 10 Hz,
methylene bridge-8;), 1.20 (m, 1H, E&,), 1.01 (s, 9H, GMey),
0.85 (bd, 10 Hz, methylene bridge-g), 0.74 (m, 1H, E&i,), 0.24
(m, 1H, CH,), —1.84 (d, 8.8 Hz, 1H, Ta-B). 13C NMR (CsDsCl,
125 MHz): 6 151.0 @-Ar), 148.4 (d,J = 236 Hz,Arg), 146.5
(g-Ar), 137.4 (t,J = 238 Hz,Arp), 133.5 @r), 132.4 @r), 132.1
(Ar), 129.3 @r), 128.3 @r), 127.3 @r), 124.4 @r), 122.5 @r),

113.7 @r), all other carbon aryl resonances overlap with solvent

resonances, 69.9 (Tl), 69.4 CMe;), 60.8 CHCH,Ph), 53.6 CH
bridgehead), 44.20H bridgehead), 44.0 (TeH,Ph), 43.1 (CKCH,-
Ph), 39.7 CHy), 35.7 CHy), 31.2 ((Me3), 27.2 CHy). 1B NMR
(CsDsCl, 164.5): 6 —16.57.1%F NMR (CsDsCl, 376.5 MHz): ¢

—131.7, 161.8, 165.8. Anal. Calcd: C, 48.74; H, 2.75; N, 1.16.

Found: C, 48.70; H, 2.93; N, 1.20.
A solution of ~25 mg of compoundl4 in 1.5 mL of diethyl

ether was transferred to a vial and taken out of the glovebox. The

solution was mixed with 1 mLfol M HCl(aq The mixture was
via pipet and filtered through 1 mL of silica in a pipet filter plug.

min. Mt = 243 m/z
Preparation of cis-Cyclooctene Insertion Product 16.In the

glovebox, a vial was charged with 79.6 mg (0.151 mmol, 1 equiv)
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of 1 and 10 mL of fluorobenzene. The resulting solution was mixed ¢ —16.56.1F NMR (CsDsCl, 376.5 MHz): 6 —131.7, 161.8, 165.8.

with 140 mg (0.151 mmol, 1 equiv) of [BB][B(CsFs)4] and 16.7
mg (0.151 mmol, 1 equiv) afis-cyclooctene. The solvent was then

Anal. Calcd: C, 48.74; H, 2.75; N, 1.16. Found: C, 48.70; H, 2.93;
N, 1.20.

removed under vacuum to give a red-brown oil. The oil was washed A solution of ~25 mg of compound.6 in 1.5 mL of diethyl
with 3 x 10 mL of a 50:50 mixture of benzene/hexane to remove ether was transferred to a vial and taken out of the glovebox. The
the 1,1,1,2-tetraphenylethane side product. The oil was then mixedsolution was mixed with 1 mLfol M HClq. The mixture was
with 10 mL of pentane, and all of the remaining volatile materials shaken and allowed to settle. The ether layer was then decanted

were removed to give the orange fod® (102 mg, 54.9%). The
yield of this reaction is low due to the slight solubility of the product
in benzene!H NMR (CsDsCl, 400 MHz): 6 7.53 (t,J = 7.6 Hz,
1H, ArH), 7.30 (t,J = 7.6 Hz, 1H, AH), 7.14 (t,J = 7.6 Hz, 1H,
ArH), 6.95 (m, 2H, AH), 6.77 (d,J = 7.2 Hz, 1H, AH), 6.60 (m,
2H, ArH), 6.40 (d,J = 7.2 Hz, 2H,52-ArH), 2.58 (d,J = 8.0 Hz,
1H, Ta-tH,Ph), 2.272.15 (m, 3H, & and CH,Ph), 2.06 (dJ =
8.0 Hz, 1H, Ta-Gi,Ph), 1.98 (m, 1H, @), 1.49 (m, 1H, ¢i),
1.32-1.04 (m, 12H, @€1y), 0.97 (s, 9H, Mle3), —1.37 (m, 1H, Ta-
CH). 13C NMR (GsDsCl, 125 MHz): 6 159.6 @-Ar), 149.2 (d,

J = 247 Hz,Arg), 137.8 (t,J = 243 Hz,Arg), 134.9 @Ar), 134.6
(Ar), 133.6 @Ar), 130.6 Ar), 128.3 @Ar), 123.5 Ar), 121.8 Ar),
118.1 Ar), 115.3 @Ar), all other aryl carbon resonances overlap
with the solvent resonances, 68C@\e3), 68.2 CHPh), 67.0 (Ta-
CH), 53.5 (T&CH2Ph), 46.3 (CKCH,Ph), 46.3 CH,), 40.5 CH,),
34.2 CHy), 32.9 CHy), 31.6 ((Me3), 29.1 (CHy), 27.9 CHy), 24.7
(CHy), 24.2 CHy), 22.7 CHy). 1'B NMR (C¢DsCl, 164.5 MHz):

via pipet and filtered through 1 mL of silica in a pipet filter plug.
The filtrate was then analyzed by GC-MS. Retention time: 17.9
min. Mt = 202.
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