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Abstract: The syntheses of tantalum derivatives with the potentially tridentate diamido-N-heterocyclic
carbene (NHC) ligand are described. Aminolysis and alkane elimination reactions with the diamine—NHC
ligands, AINCN]H_ (where AINCN]H, = (ArNHCH,CH,)>(C3N,); Ar = Mes, p-Tol), provided complexes with
a bidentate amide—amine donor configuration. Attempts to promote coordination of the remaining pendent
amine donor were unsuccessful. Metathesis reactions with the dilithiated diamido—NHC ligand (*[NCN]-
Li;) and various Cl,Ta(NR'2)s—x precursors were successful and generated the desired octahedral
ATNCN]TaCl(NR'2);-x complexes. Attempts to prepare trialkyl tantalum complexes by this methodology
resulted in the formation of an unusual metallaaziridine derivative. DFT calculations on model complexes
show that the strained metallaaziridine ring forms because it allows the remaining substituents to adopt
preferable bonding positions. The calculations predict that the lowest energy pathway involves a tantalum
alkylidene intermediate, which undergoes C—H bond activation a to the amido to form the metallaaziridine
moiety. This mechanism was confirmed by examining the distribution of deuterium atoms in an experiment
between Mes[INCN]Li, and Cl,Ta(CD,Ph)s. The single-crystal X-ray structures of »~T[NCNH]Ta(NMe,)4 (3),
MesINCNH]Ta=CHPh(CH,Ph) (4), P TP[NCN]Ta(NMey)s (7), MS[NCCN]Ta(CH,Bu); (11), and MeS[NCCN]-
TaCl(CH2Bu) (14) are included.

Introduction metal-carbene bonds, which is an important aspect for robust

in®—10
Designing homogeneous catalysts that are selective, displaycataly_St desigf ) . )
While monodentate NHC ligands are becoming quite com-

fast turnover rates, and are long-lived continues to be the goal . o . ; X :
mon, of increasing interest is the incorporation of NHCs into

of many research groups. Generally, the approach taken is to k ) ,
multidentate ligand arrays. There are a number of bidentate and

examine different kinds of liganremetal combinations in an X : X ¢ )
¢ tridentate ancillary ligands that contain one or two NHC units

effort to find the one that provides catalysts that are efficien : e 1 16
and robust2 The reason that a particular catalyst degrades over along with negtral o_r anionic donofs. OL_” f_es?afc_h has been
t. concerned with tridentate, formally dianionic ligands that

time can often be related to the ancillary ligand either dissociat- | ‘ . k
incorporate NHCs as the central donor with two flanking amido

ing or undergoing some side reaction that alters its binding " ) ) )
mode. An obvious way to overcome dissociation is to examine Units, which we denote as [NCN]. These ligands were specif-

multidentate ligands, which can help increase the stability of ically designed to coordinate to the early transition metals.

the complex
P . . . . (5) Regitz, M.Angew. Chem., Int. Ed. Endl996 35, 725.
In terms of ancillary ligand design, research into the use of (6) Herrmann, W. A.; Kocher, CAngew. Chem., Int. Ed. Engl997, 36,
i . ; 2162.
N heterocyclic Carb_ene (NHC) dc_)nors_ has been especially (7) Arduengo, A. J., Ill; Krafczyk, RChem. Unserer Zeit998§ 32, 6.
intense. Once considered academic curiosities, NHCs are now (8) Arduengo, A. J., lllAcc. Chem. Re€999 32, 913.

f f B : (9) Dullius, J. E. L.; Suarez, P. A. Z.; Einloft, S.; de Souza, R. F.; Dupont, J.;
cons[d.ered phosphine equivalefitsith the added feature that ' Fischer, 3. De Ciam, AOrganometallicsl098 17, 815,
transition metal NHC-complexes show enhanced catalytic (10) Bourissou, D.; Guerret, O.; Gabbaie, F. P.; Bertrand;i&m. Re. 2000
- ; ; 100, 39.
activity as compared to their phosphine analogues. Also, an (11) Chiu, P. L.; Lai, C.-L.; Chang, C.-F.; Hu, C.-H.: Lee, H. Bkganometallics

important feature of NHCs is that they form remarkably stable ) 2005 24, 6169.

12) Lee, H. M.; Zeng, J. Y.; Hu, C.-H.; Lee, M.-Thorg. Chem.2004 43,
6822.

TUniversity of British Columbia. (13) Aihara, H.; Matsuo, T.; Kawaguchi, H. Chem. Soc., Chem. Commun.

* Texas A&M University. 2003 2204.
(1) Gennari, C.; Piarulli, UChem. Re. 2003 103 3071. (14) Downing, S. P.; Danopoulos, A. Arganometallic2006 26, 1337.
(2) Reetz, M. TAngew. Chem., Int. EQ001, 40, 284. (15) Tsoureas, N.; Danopoulos, A. A.; Tulloch, A. A. D.; Light, M. E.
(3) Housecroft, C. E.; Sharpe, A. Gorganic Chemistry2nd ed.; Pearson Organometallic2003 22, 4750.

Prentice Hall: Essex, 2005; p 183. (16) Arnold, P. L.; Mungur, S. A; Blake, A. J.; Wilson, @ngew. Chem., Int.

(4) Herrmann, W. AAngew. Chem., Int. ER002 41, 1290. Ed. 2003 42, 5981.
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Earlier reports have been concerned with group 4 complexes,

in particular with zirconium and hafnium alkyl complexes and
their migratory insertion reactivity with carbon monoxide and
isocyanide ligand$’18 Of particular note is that the [NCN]

architecture renders the centrally disposed carbene donor stable

toward dissociatiot? and not susceptible to migratory insertion
processes that can alter the binding métle.

In the present work, we have extended our studies to include

the synthesis of tantaluramide, —halide, and—alkyl com-
pounds bearing an [NCN] ancillary ligand. In the case of
tantalum alkyl compounds, endocyclic-El bond activation
of the tridentate ligand occurs irreversibly to yield a three-
membered metallaaziridine moiety. DFT calculations were

performed with model complexes to elucidate relative energies

of intermediates in this reaction to shed insight on a possible
mechanism for this transformation. As will be discussed, the
tantalum-carbene bond length is very sensitive to the other
ligands present in the coordination sphere.

Results and Discussion

The tridentate ligand precursors consisting of an NHC donor
flanked by two amine arms having different substituents are

shown below; the synthesis of these systems has already beel

described?

[T\ —

N N

0

NH HN > (NH
% MesINCNJH, 1 f POl

Recently, we reported that aminolysis reaction¥8iNCN]-
H. (1) and M(NR)4 (M = Zr, Hf) are a convenient entry to
A NCN] group 4 metal complexé$. With this in mind, the
reaction ofN-mesityl precursodl with Ta(NMe)s was inves-
tigated. Disappointingly, there is no reaction even at elevated

N

i
HN
CNJH, 2

!
N

-

NH

j Ta(NMey)s

HN toluene

PTIINCNJH, 2

ancillary ligand. The ligand assumes an amidenine donor
configuration with respect to distorted octahedral geometry. The
Tal—C1 carbene bond length is 2.407(4) A and represents to
the best of our knowledge the first crystallographically char-
acterized TaC NHC bond; other TaC bond lengths to $p
carbon centers are typically shorter at223 A. The Ta-N
amido bond lengths are similar to other reported compo#hés.
Although introduction of the [NCN] ligand is incomplete, we
were encouraged by the formation of a new-TaNHC bond.
Unfortunately, all attempts to promote the coordination of the
remaining pendent amine arm have been unsuccessful.

/\/
- o
N1 “Kg\/
— Ine l
T / ‘

Figure 1. ORTEP view o~ T9[NCNH]Ta(NMe,), (3) depicted with 50%
thermal ellipsoids; all hydrogen atoms attached to carbon have been omitted
for clarity. Selected bond distances (A) and angles (deg):—R8.2.050-

(3), Tal-N3 2.181(3), Ta+C1 2.407(4), N6-Tal—-N3 178.48(11), N&
Tal—-N3 90.58(12), N3-Tal-C1 80.14(11).

temperatures. Decreasing the steric bulk on the amide donors e have also shown that alkyl elimination reactions between

did however promote a reaction; the additiorPof?[NCN]H

(2) to Ta(NMe)s in toluene yielded a product that did not show
the expecte@,, symmetry in théH NMR spectrum anticipated
for P~TI[NCN]Ta(NMey)s. Instead, aCs symmetric species is
observed in solution with four multiplets for the ethylene

spacers, two doublets for the imidazole groups, two distinct sets Cs

of doublets typical ofpara-substituted aryl rings, two aryl-

2 and Zr(CHR)4 (R = SiMes, Ph) provide the desired dialkyl
P=TOINCN]Zr(CH2R), complexes’ A similar approach was
examined with theN-mesityl precursod and Ta(CHPh) (eq

2). The reaction proceeds immediately in toluene to give dark
brown 4, which displays @H NMR spectrum consistent with
symmetry, similar to that observed f@. A bidentate
interaction of the ancillary ligand is inferred on the basis of the

methyl signals, and a broad resonance attributable to four low symmetry; unfortunately, the presence of the NH resonance

—NMe; groups. Furthermore, a triplet at 3.32 is observed
that can be ascribed to an amir®H group. A weak downfield
resonance is observed in th& NMR spectrum a® 198.5,

was obscured. In addition, a resonance integrating to one proton
is observed ab 4.81 and correlates with’dC resonance located
atd 236.3 in the'®*C NMR spectrum; these data are diagnostic

typical of a metatcarbene carbon atom. These NMR data are Of & benzylidene moiety, FaCHPh. Presumably, benzylidene
consistent with partial aminolysis to generate one arm of the formation proceeds via the intermediacy of the unobserved

ligand coordinated along with the NHC and the remaining ligand tetraalkyl"*{NCNH]Ta(CH;Ph), intermediaté? Interestingly,
arm dangling as the free amine, as shown in eq 1. there is no change in the position of th&C Ta—carbene

The solid-state molecular structurePof'[NCNH]Ta(NMey)4
(3) is shown in Figure 1 and confirms the bidentate binding of

(17) Spencer, L. P.; Winston, S.; Fryzuk, M. Drganometallics2004 23,
3372.

(18) Spencer, L. P.; Fryzuk, M. 0. Organomet. Chen2005 690, 5788.

(19) Arnold, P. L.; Mungur, S. A.; Blake, A. J.; Wilson, @ngew. Chem., Int.
Ed. 2003 42, 5981.
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resonance (or that i) in the presence of neat pyridine over a

(20
(21)
(22)

Tanski, J. M.; Parkin, Gnorg. Chem.2003 42, 264.

Tin, M. K. T.; Yap, G. P. A; Richeson, D. $org. Chem1999 38, 998.
Tin, M. K. T.; Yap, G. P. A.; Richeson, D. $norg. Chem.1998 37,
6728.

(23) Guzei, I. A.; Yap, G. P. A.; Winter, C. Hnorg. Chem.1997, 36, 1738.
(24) Chisholm, M. H.; Huffman, J. C.; Tan, L.-8iorg. Chem1981, 20, 1859.
(25) Schrock, R. RChem. Re. 2002 102 145.
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N synthesis of early metal amido complexe3hus, the synthesis

of the dilithium diamido NHC derivative$/[NCN]Li ,, and their
\ reactivity with suitable tantalum halide precursors were inves-
/ tigated. The addition of 2 equiv of BuLi tb and?2 yields Mes

s~ N [NCNI]Li » (5) andP~T°[NCNILi » (6), respectively, in quantitative
\ \ yield as insoluble powders (eq 3). The very poor solubility of
/ "'- N/ 26 these complexes has prevented any solid-state structural deter-
/ ~ 04\1 minations; therefore, the structures shown are proposed on the
~ \ \"'023 o Tal basis of analogy to the arrangement of lithium ions observed
\ ~/ L] in the dianionic diamidophosphineANPN].3%31 TheH NMR
~ / \/ Ve (1 spectra inds-pyridine reveal broad resonances consistent with
N4 N N\ Ve o
~Z0 N = \/ the proposed structures; thid NMR spectrum of6 is typical
of both lithium species and reveals two broad multiplets for
N \/ the ethylene spacers, one signal for aryl-methyl and imidazole

environments, and two doublets for tpara-substituted aryl
Figure 2. ORTEP view of¥e{NCNH]Ta=CHPh(CHPh), (4), depicted ~ 1INg. The*C NMR spectrum reveals a weak resonance at
with 50% thermal ellipsoids; the hydrogen attached to C28 was isotropically 189.9, similar to other lithium NHC compounéfsAdditionally,

refined, and all other hydrogen atoms attached to carbon have been omittecy broad peak at 2.86 was observed in tHei NMR spectrum.
for clarity. Selected bond distances (A) and angles (deg):—T28 1.940-

(3), Tal-N3 2.011(2), Ta+C26 2.243(3), Ta+C27 2.259(3), TatC1 —
2.290(3), N3-Tal-C1 80.90(9), C43+C28-Tal 164.5(2). NN

2y m
- 2 BuLi I
)= 00

long period of time; this was unexpected in light of carbene n
H hexanes R N R (3)

dissociation reported in similar bidentate amidarbene early R NH 2BuH) N\Li/
transition metal and lanthanide complex&3he formation of R R R R
MeINCNH]Ta=CHPh(CHPh), (4) is shown in eq 2.

— — MeSINCNIH, 1 R =Me MesINCN]Li, 5 R=Me
T PTIINCNJH; 2 R=H PTINCNJLI, 6 R=H
N N NN
( - j Ta(CHZPh,)s T \\N The metathesis reaction 6fand ChTa(NMey)s proceeds at
NH HN (_‘;';‘:C“:G) N—_Ta—CH,Ph H @ r(_educed temperature_ to yieﬂc_iTO'[l_\lCN]Ta(NMez)g (7) in good
ool yield. A C, symmetric species is apparent from & NMR
. spectrum of7 as two multiplets are observed for the equivalent
MeSINCNJH, 1

ethylene spacers of the ligand backbone along with one set of
resonances for each of the imidazole, aryl, pade-methyl aryl

The molecular state structure 4fis shown in Figure 2 and ~ Protons; there are two sets of resonances for Nhmethyl
confirms the presence of a benzylidene moiety along with an Protons of the NMggroups in a ratio of 2:1 ai 3.22 and 3.68.
amide-amine bidentate ligand configuration on a distorted A Weak resonance in téC NMR spectrum was also observed
square pyramidal metal center. The benzylidene moiety is clearly@t 0 186.7, indicative of a metaicarbene carbon atom.
defined by the large TaiC28-C41 bond angle of 164.5(%) Crystals suitable for X-ray diffraction were grown from
and a short Ta2C28 bond (1.940(4) A); this FaC bond length toluene; the solid-state molecular structure is shown in Figure
is significantly shorter that the other two & benzyl bonds 3. The ligand adopts a meridional orientation with respect to a
(~2.26 A) and is similar to previously described-Talkylidene distorted octahedral metal center as evidenced by the cis oriented
complexe$® The Tat-N3 amido bond length of 2.011(2) A ~ @mido donors (N2Tal-N3 = 89.25(4)) and N2-Tal-N4
in 4 is similar to3, described above; the TaC1 carbene bond = 98.46(4)). The molecule has a mirror plane that bisects the
distance of 2.290(3) A is nearly 0.1 A shorter that that found imidazole ring and lies along the €Tal-N4 bond angle. The
in 3 above. Attempts to promote coordination of the pendent Ta-N amido bond lengths are similar to previously discussed
amine arm by thermolysis reactions have proven futile, leading cOmplexes,3 and 4. However, the TatCl carbene bond
only to decomposition. distance of 2.36}5(6) A'is similar to that found 3nbut longer

In light of the difficulty with aminolysis and alkane elimina- ~ than observed i. . .
tion reactions at Ta(V) centers, an alternative method was sought Modification of the tantalum starting material serves as a
as a means to generate the desired tridentate coordination modéSeful entry into mixed amidechloride metal complexes as
for this ligand system. Metathesis reactions with lithium amides °utlined in Scheme 1. The reaction 6fand CkTa(NMe,)--

have been used by many groéib2® including our own in the  (THF) yields the expected produtt™[NCN]TaCl(NMe), (8).
The IH NMR spectrum suggests @s symmetric species in

(26) Messerle, L. W.; Jennische, P.; Schrock, R. R.; Stuckyl. @m. Chem. solution on the basis of four sets of multiplets for the ethylene

S0c.1980 102, 6744. . . . . K
27) Schrock(,]R. Rz’ Seidel, S. W.; Schrodi, Y.; Davis, W.@¥ganometallics spacers and most nOtlceably three Smglets 'ntegratmg to six

1999 18, 428.

(28) Clentsmith, G. K. B.; Bates, V. M. E.; Hitchcock, P. B.; Cloke, F. G. N.  (30) Fryzuk, M. D.; Johnson, S. A.; Patrick, B. O.; Albinati, A.; Mason, S. A;;
J. Am. Chem. So0d.999 121, 10444. Koetzle, T. F.J. Am. Chem. So@001, 123 3960.

(29) Laplaza, C. E.; Johnson, M. J. A,; Peters, J. C.; Odom, A. L.; Kim, E.; (31) MacLachlan, E. A.; Fryzuk, M. DOrganometallic2005 24, 1112.
Cummins, C. C.; George, G. N.; Pickering, [.JJ. Am. Chem. S0d.996 (32) Mungur, S. A.; Liddle, S. T.; Wilson, C.; Sarsfield, M. J.; Arnold, P. L.
118 8623. Chem. Commur004 2738.
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Scheme 2. Synthesis of Cyclometalated [NCNC]Ta Alkyl

Derivatives
Ny_~N
C|2T8R3 ( \.Q
-30°C /N—Taf """"" N
THF Ar / R A
(=2 Licl) R
[T\ R =CHyBut 11
NN R=CH; 12
Y R=CHy,Ph 13
»»»»» \LI::,,,,.N
L Ar = Mes
MesINCN]Li, 5 /—\
Ny_~N
ClzTa=CHBUYTHF), ( T
, _ _ -30°C N—TamN
Figure 3. ORTEP view ofP~To[NCN]Ta(NMey)s (7), depicted with 50% THF A" / l \A
thermal ellipsoids; all hydrogen atoms have been omitted for clarity. Selected (-2 Licl) BuCH, Cl d
bond distances (A) and angles (deg): Fa&I3 2.055(3), Ta:N4 2.078- Ar=Mes 14

(4), Tal-N2 2.132(3), TatC1 2.365(6), N3-Tal-N2 89.25(13), N3-

Tal—-C1 82.93(10), N2Tal—C1 81.54(9), N4Tal—C1 180.000(2). alkyl—chloro precursors of tantalum(V), JlaRs (R = CHat-

Scheme 1. Synthesis of P~ TI[NCN]Ta Amide Derivatives Bu, Me, CHPh), was examined (Scheme 2). The reactiob of
/\ with Cl;Ta(CH,!Bu); is representative and, like the amido
N precursors discussed above, proceeds rapidh3at°C in THF
TNM; to give a brown solution. ThiH NMR spectrum of the product
N—Ta—N_ reveals a complicated set of resonances indicative of a low-
NMe, Ar symmetry species. Not only are the imidazole-ring hydrogens
inequivalent, but also the ethylene arms of the ligand backbone
_ show sets of complex, coupled resonances, and the two
N remaining neopentyl groups are inequivalent as well. Clearly,
YNMD a formulation based on the anticipated prod#e{NCN]Ta-
\ : ¢ (CH2'Bu); cannot be correct. The solid-state molecular structure
i -30 C / \ . . . . .
THE A ci ILMe Ar of the |sglgted product was Qetermlned and is shown in Figure
o (-2 Lic) 2 4. Surprisingly, one of the six-membered chelate rings of the
" [NCN]L'2 8 ligand backbone has undergone cyclometalation to form a set
—\ [\ of adjacent five- and three-membered rings. TheHCbond
NaN NN activated ligand (denoted [NCCN]) in compl&g adopts a facial
ClsTa(NEty)(OEty) ( YNE‘D ”:\\u orientation about a distorted pseudo trigonal bipyramidal metal

-30°C 2o
THF
(-2 Licl)

protons each. These latter data suggest a cis arrangement c
—NMe; groups on the tantalum center. Although no single
crystals of the product could be obtained, the NMR evidence
for a cis structure is quite compelling given that trans oriented
—NMe;, groups would yield a species wii@,, symmetry in
solution. A similar reaction witt® and TaCi(NEt)(Et,O) also
yields the expecte@ T9[NCN]TaCl(NEt) product. ThelH
NMR spectrum reveals the presence of two structural isomers
in solution. The minor species possé&assymmetry, a result
that would be expected if there were cis chlorides on the
tantalum center9). The major species posses€assymmetry,
indicative of trans oriented _chlorides on the metal qerﬁé}.( Figure 4. ORTEP view ofMe{NCCN]Ta(CHBu), (11), depicted with
Attempts to convert the amide groups®f10to chlorides by 50% thermal ellipsoids; all hydrogen atoms have been omitted for clarity.
reaction with MeSiCl have so far yielded a mixture of Selected bond distances (A) and angles (deg):—T¢d 1.9877(15), Tat

. ; . : N3 2.0738(17), TatC31 2.1833(17), TatC1l 2.2247(17), TatC7
intractable materials as have the reaction®,6fwith TaCk. 2.2257(19), TakC26 2.255(2), N4 Ta1-N3 153.91(6). N4 Tal-C1

Given the success of coordinating th§NCN] ligand to 89.46(6), N3-Tal-C1 79.59(6), N4 Tal-C7 39.37(6), N4 C7-Tal
tantalum by metathesis reactions, the reactivity with mixed 61.34(9), C#~N4—Tal 79.29(10).

12534 J. AM. CHEM. SOC. = VOL. 128, NO. 38, 2006
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center. The bond angles defined by the T&/—N4 triangle Scheme 3. Potential Pathways for Ligand -H Abstraction

are typical of a related, structurally characterized metallaaziridine /\

tantalum complex derived from the 1,8-bis(isopropylamido)- NN

naphthalene ligang® however, in this latter case, the—Ei Cl,TaR; T & j Path 2
activation occurs in an exocyclic manner. All of the-T@ alkyl (-2Lic) /N—TéLN (0 o-H abstraction
bonds ofl1are similar in length{2.24 A) and are comparable g “Ar k

to other reported TaC alkyl bond lengthg630.34|nterestingly, _ R _

the Tat-C1 carbene bond length of 2.2247(17) Ais shortas [~ \, NN
compared to the other complexes reported in this work (2.29 ( \\f j ) comertod ( Y j
2.40 A range). While part of the reason for this is likely due to  \_ | Lo, o-bond metathesis -

the smaller five-membered chelate ringlih pulling the NHC Ar/N\Li/N\Ar =RH) A,/N //T""';N\Ar
closer to the tantalum center, as will be shown in the AINCNILI, R'—CH
computational part of this paper, DFT analysis suggests that

there is an electronic component for this shortened—@lL o )/Pach

Intramolecular G-H bond activation of ligands in Ta
complexes is relatively commd®;38 particularly with amido- N
based systents:343740 Among these reports, the formation of R R A
metallaaziridine rings by exocycfi€3%4°C—H bond activation
is known; the only example of an endocyéficC—H bond
activation involves a tripodal tris(aryloxy)amine system that

. N N o o ™
bond distance. j//) (":)oi .*:y:‘;‘;';':“

Chart 1. Computational Model of the [NCN] Ligand

activates next to the amine donor. In most examples, metal- NN NN
laaziridine ring formation appears to followoabond metathesis ( - j ( - j
mechanism involving direct elimination of an alkaf{@lthough N©  ©ON —> /N@ eN\
in some cases the mechanism was not fully investig#ted. H H
The unanticipated formation of the endocyclic [NCNC]Ta
system by intramolecular-€H activation provided the incentive
to examine this process computationally. Of particular interest Experimental Ligand Computational Ligand
was the fact the expected [NCN]TaRpecies could not be VeSINCN] FINCN]
observed.
Computational Analysis of Intramolecular C  —H Bond the. diamitl:iof\l-.heterocyclic carpene framework of the ligand
Activation while minimizing the computational demantisTo this end,

) . o . we chose to investigate the formation of the dimethyl tantalum
Directed by literature flndlngs, we eXplored two pOSSIble Comp|ex QZ) using a model in which the ary| groups on the
mechanisms for the formation of cyclometallated compléRes. MegNCN] ligand were replaced with hydrogen atoms (Chart 1).
Assuming that the first step of the reaction in Scheme 2 is  ysing the model from Chart 1 and the B3LYP/BS1 level of

formation of the trialkyl [NCN]JTaR(R = CH,Bu, CHs, CH;- theory, the mechanism of metallaaziridine formation from the
Ph), the ligand backbon@H abstraction process that leads to  trimethyl starting complex was investigated by calculating the
the observed productsl—13 could occur by a one-stepbond structures and energies of intermediates and transition state

metathesis pathway (Scheme 3, path 1), or by a two-stepgtryctures along the-bond metathesis pathway (Scheme 3, path
pathway that involves.-H abstraction to generate a [NCNFFa 1) and the two-step.-H abstraction/alkylidene-mediated-&f
CHR(R) alkylidene intermediate, followed by alkylidene-  gctivation pathway (Scheme 3, path 2). The gas-phase relative
mediated C-H activation of the ligand backbone (Scheme 3, free energies of the intermediates and transition state structures
path 2)3 As there is precedent for both patf?2~*?and path  ajong the two pathways are presented in Table 1. The trimethyl
2%5in organotantalum chemistry, we sought to determine which complexH[NCN]TaMe; serves as a starting point for both paths
pathway is operational in the [NCN]Ta complexes using density 1 and 2; therefore the structures and energies of several
functional theory. conformers of the trimethyl tantalum complex were calculated.
The first step of the theoretical investigation was to construct The lowest-energy structure GINCN]TaMe; (A, Figure 5) was

a computational model of the experimental ligand that maintains sed as a starting point for both ligand activation pathways.
In the calculated-bond metathesis pathway (Scheme 4), the

. o ) lowest energy (unless otherwise noted, the energies in the text
(34) g{gg’ﬁg“nfgialﬁgszggfggr%géa_ Kol, M. Genizi, E; Goldschmidt, Z. 54 schemes are free energies) trimethyl complexAG® =
(35) Chamberlain, L. R.; Rothwell, I. P.; Huffman, J. €. Am. Chem. Soc. 0.0 kcal/mol) is converted to a methane adduct of the ligand

1986 108 1502. . . B
(36) Chamberlain, L. R.; Kerschner, J. L.; Rothwell, A. P.; Rothwell, I. P.; activated metallaziridine dimethyl complei,(—7.9 kcal/mol),

(33) Bazinet, P.; Yap, G. P. A.; Richeson, D. Grganometallics2001, 20,
4129

Huffman, J. C.J. Am. Chem. S0d.987 109, 6471. via the o-bond metathesis transition sta&StA-B, 49.6 kcal/
(37) Freundlich, J. S.; Schrock, R. R.; Davis, W. M1.Am. Chem. S0d.996
118 3643. mol). The calculated structures &, TS-A-B, and B are
(38) gggndlich, J. S, Schrock, R. R.; Davis, W. ®rganometallics.996 15, provided in Figure 5. In the transition stat§-A-B, the breaking
(39) Apbe'nhuis, H. C.L.; Van Belzen, R.; Grove, D. M.; Klomp, A. J. A.; Van Ta—C bond distance is 2.96 A, while the forming and breaking
Mier, G. P. M.; Spek, A. L.; van Koten, GOrganometallics1993 12, C—H bond distances are 1.36 and 1.47 A, respectively. The
(40) de Castro, I.; Galakhov, M. V.; Gomez, M.; Gomez-Sal, P.; Royo, P.
Organometallics1996 15, 1362. (41) Beddie, C.; Webster, C. E.; Hall, M. Balton Trans.2005 3542.
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|Tatble l-d_?aS-PhdaSTe Re_lté_itivesltfrlerg_ieSP(kt%agm0||_)| ?Afbthte i the o-H abstraction transition statd $-A-E, 36.4 kcal/mol)

ntermediates an ransition states In Pal - straction : . .

Followed by Alkylidene-Mediated C—H Bond Activation (Figure 6)..Separat|ng methane from the adduct-complex yields
the methylidene-methyl complex and free metharfe ¢ CHy,

structure AES AP AR AGTTR —14.8 kcal/mol). Thus, the-H abstraction sequencA (- TS-
A 0.00 Pag‘ol 00 00 A-E — E — F + CH,) is an energetically favorable process
TS-A-B 5533 497 49.9 496 and thea-H abstraction transition staté&$-A-E) is 36.4 kcal/
B 199 -13 0.6 -7.9 mol higher in energy than the starting trimethyl complkex
C+CH, 236 -11 —02 —10.5 thus indicating thatt-H abstraction is energetically favored over
gsf'cDHj CHa _g:gg :;:g :g:i :13:2 a-blond metathesis for the trimethyl compléxby 13.5 kcal/

mol.

A 0.00 Paéhoz 0.0 0.0 A series of low energy rearrangemenis— TS-F-G — G
TSA-E + CHs 38.30 36.0 35.6 36.4 — TS-G-H —H — TS-H-I — | — TS-I-J — J) positions the
Eig:;‘ :i'gg :2; :g'g :ig'g CH,CH, carbene-amido linker in the proper position for
TSF-G + CH, 8.09 48 5.4 43 alkylidene-mediated €H activation of the ligand backbone.
G+ CHq -0.01 -3.0 -2.1 -125 In the ligand C-H bond activation process, the methylidene
Lsfé*HJr CHy g-gg g? ;(7) —gé unit of the rearranged methylidenrenethyl complex J, —7.0
TSH- fCng 6.35 29 36 65 kcal/mol) abstracts a proton from the ligand backbone via the
| + CHq 6.20 3.0 4.0 -6.7 alkylidene-mediated €H activation transition stateTS-J-D,
TSI-J + CHy 7.65 3.7 4.6 =57 17.3 kcal/mol) to yield the ligand activated metallaziridine
%;J?DHi cH 31'32 22'88 256'22 _71'5’3 productD (Figure 7). Overall, the final produc® and CH,
D + CH, N 585 -93 —8.4 —186 are lower in energy than all of the methylidermethyl

complexes F—J), thus indicating that the metallaaziridine
'“}Béased %ﬂézetﬁlgs-ggasﬁafse;a:ie\llgt?\ﬁcggrfyc %?rif%ﬁtct?eg-%?‘:rcal/ of complex and Chl are the favored products for methane
rsT:e(i io O%SEcaI/moI? B%sedpon the gas-phase rglative enthalpy\det%g ellmlnathn from the trlmgthyl complt_e)_A In agreement _W'th
0.0 kcal/mol.9 Based on the gas-phase relative free energy sét to 0.0 the experimental observations. In addition, the energy difference
kcal/mol. between the lowest energy methylidemaethyl complex F)
and the alkylidene-mediated-&1 activation transition statd &-
b < b-¢ H-D) is 32.1 kcal/mol, which indicates that the alkylidene-
o J\c)k d © —'LQ,L d "&,J\. P mediated G-H bond activation occurs more readily than the
& i ) & j _ ‘c. ] - initial a-H abstraction step. It should also be noted that the
P— VP—-({\ G ,,w barrier for the reaction to proceed in the reverse direction from
“ G ' a P lowest energy methylideremethyl complex F), that is, the
< - P energy difference betwednand CH, and thea-H abstraction
transition state {S-A-E), is 51.2 kcal/mol, which suggests that
endocyclic C-H activation of the ligand backbone is highly
favored over G-H activation of alkanes in solution.

Ta—H distance ifTS-A-B is 2.79 A, which indicates that there In addition to studying the mechanism of the ligand activation,
is very little interaction between the migrating hydrogen and Part of the motivation for the DFT investigation was to address
the tantalum center in this transition state. Separating the weaklythe question, why are the ligand activated metallaaziridine
bound methane from the methane adduct compleenerates products formed instead of the trialkyl derivatives? For our
the metallaaziridine comple® (—10.5 kcal/mol). The metal- ~ model complexes, the metallaaziridine prodDand separated
laaziridine complexC is able to change conformations to the CHa are favored relative to the trimethyl compléxin terms
most stable metallaaziridine compléx via the low barrier ~ Of both enthalpy and entropy (Table 1). Although we expected
isomerization transition stat&@$-C-D, —10.4 kcal/mol). Overall ~ that formation of two molecules( + CHy) instead of one
the reaction is exergonic, with the free energy of the metal- Molecule f) would be entropically favored, it was not obvious
laziridine D and CH, products being 18.6 kcal/mol lower in  Why the metallaaziridine produEt and CH, were enthalpically
energy than the starting trimethyl complexHowever, the high ~ favored over the trimethyl comple&, especially becaus®
energy point on this pathway, the transition sta@A-B, is contains a three-membered ring, which is a potential source of
49.6 kcal/mol higher in energy than the starting trimethyl ring strain.
complexA, which is too large of an energy difference between  An examination of the bond lengths and angles in the
the starting complex and the transition state for this transforma- trimethyl complexA (Figure 8) and the metallaaziridine product
tion to occur readily without heating the solution to elevated D (Figure 9) revealed several features that contribute tnd
temperatures, and thus indicates this pathway may not beCH, being enthalpically favored relative #: (1) The Ta-
operating under the experimental conditions employed in this carbene bond is much shorterlin(2.248 A) than inA (2.381
study. A), indicative of a much stronger bond. (2) The-T@H; bonds

In the calculated two-step pathway for metallaziridine forma- in D (2.173 and 2.219 A) are shorter than the-T2Hz bonds
tion (Scheme 5), in whichu-H abstraction is followed by  in A (2.238, 2.248, and 2.252 A). (3) The FAl bonds inD
alkylidene-mediated €H activation, the starting trimethyl  (1.982 and 2.065 A) are, on average, shorter than theNra
complex @, 0.0 kcal/mol) is initially converted to the methane- bonds inA (2.020 and 2.053 A). Furthermore, the ring strain
adduct methylidenemethyl complex E, —10.3 kcal/mol) via due to the metallaaziridine fragment in complexs reduced

A TSA-B B
Figure 5. JIMP pictures of the one-stepbond metathesis pathway.
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Scheme 4. Relative Free Energies of the Intermediates and Transition States in a Potential o-Bond Metathesis Mechanism?

TS-A-B
(49.6)
TS-C-D
A (-10.4)
(AG = 00
kcal/mol) B C
(-79) (-10.5)
D
\ (-136)
_\ p— p—
NN NN NN
e ¥ ¥
i CT CT 0 v
H” ‘H N—Ta=—N_ CH, N—Ta=N_
Me ‘ » H oy H H <y H
Me Me Me Me Me
A B cC-D

These isomers vary in the
conformation of the 6
member rings

a Gas-phase relative free energies at the B3LYP/BSL1 level of theory based on the en&rggtod 0.0 kcal/mol are provided in parentheses in kcal/mol.
Electronic energies, zero-point corrected energies, enthalpies, and free energies are provided in Table 1.

Scheme 5. Relative Free Energies of the Intermediates and Transition States in a Potential Two-Step a-H Abstraction/Alkylidene-Mediated
C—H Activation Mechanism@

TS-A-E
(36.4)

A

(AG = 0.0
kcal/mol) 53 F G (-7.3) (-6.7) (-7.0)
14.8 (-12.5) D
\ / (-18.6)
N/:\N [\ /7
( Y 3 N\—v—rN N‘—v—rN
N—Ta-N ( T 3 +CH, ( T) +CH,
H- ‘H Ta—N ‘H _N—Ta=N_
me' | Ve Me\\ R " Ve "
Me . e Me
A F-J D

These isomers vary in the
conformation of the 6
member rings

a Gas-phase relative free energies at the B3LYP/BS1 level of theory based on the en&rggtod 0.0 kcal/mol are provided in parentheses in kcal/mol.
Electronic energies, zero-point corrected energies, enthalpies, and free energies are provided in Table 1

relative to the strain in organic three-membered rings becauseTa sd hybrids. In six coordinate, %early transition metal
D can be viewed as a six-coordinaté Th complex in which complexes such as WiHformation of localized, electron pair
Ta—L o-bonding occurs through ligand orbital interactions with  bonds draws from all s and d orbitals to form si¥ $gbrids,
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A TSA-E E

Figure 6. JIMP pictures ofx-H abstraction by a methyl group to generate
a [NCN]TaE=CHR)R alkylidene intermediate.

J TSJ-D D

Figure 7. JIMP pictures of alkylidene-mediated-& activation of the
ligand backbone.

Figure 8. JIMP view of trimethylA. Selected bond distances (A) and angles
(deg): Tat-C1 2.381, Tat+C2 2.252, Tat+C3 2.248, TatC4 2.238,
Tal—-N1 2.053, TatN2 2.020, C+Tal—-C2 139.6, C+ Tal—-C3 142.0,
C2-Tal-C3 76.4.

which have energy minima at angles of°@Gthd 117.4243The
calculated C4Tal—N2 angle in the metallaaziridine ring of
D is 38.2, which represents less than & 2Bstortion from the
smaller angle energy minima.

In addition, formation of the metallaaziridine ringhforces

Figure 9. JIMP view of metallaaziridind. Selected bond distances (A)
and angles (deg): TalC1l 2.248, TatC2 2.219, TatC3 2.173, Tat
C4 2.257, TatN1 2.065, Tat N2 1.982, C+Tal-C2 130.5, C+Tal—
C3 122.7, C2Tal—-C3 106.1, C4Tal-N2 38.2.

Table 2. NBO Occupancies of Bonding and Antibonding Orbitals
in the Trimethyl Complex A and the Metallaaziridine Complex D

A D
Tal-Clo 1.853 1.933
Tal-X20 1.833 1.946
Tal-X30 1.795 1.892
Tal-X1o* 0.168 0.091
Tal-C20* 0.126 0.094
Tal-C3o* 0.129 0.103
Table 3. Important Second-Order Perturbation Theory Analysis of

NBO Donor—Acceptor Interactions AE; (kcal/mol) That Contribute
to Shorter Ta—Carbene and Ta—Me Bonds in the Metallaaziridine
Product D Relative to the Trimethyl Complex A

AE;j (kcal/mol)
NBO donor orbital (i) NBO acceptor orbital (j) A D
Tal-Clo Tal-X2 o* 26.13 1.02
Tal-Clo Tal-X3o* 31.50 2.64
Tal-C2o Tal-X1o* 38.32 1.81
Tal-C3o Tal—-X1o* 54.62 3.02

carbene and TFaMe bonds inD relative to A results from
changes in the occupancy of thébonding andr*-antibonding
orbitals. The occupancies of the fearbene and TaMes
o-bonding orbitals irD are higher than the occupancies of the
correspondingr-bonding orbitals inA, while the occupancies
of the Ta—carbene and TaMe; o*-antibonding orbitals irD
are lower than the occupancies of the correspondibgnding
orbitals inA (Table 2).

Examination of the second-order perturbation theory analysis
of the NBO orbitals ofA reveals the origin of the differences
in the orbital occupancies betwe@nandD (Table 3). Strong
donation from theo-bonding orbitals to the trans ¥& o*
orbitals (Table 3, Figure 10) is shown by the large interaction

the close proximity of two Ta substituents, which provides more terms forA. It should be noted that i, the corresponding
space around the Ta center for the remaining substituents todonation from the TaC o-bonding orbitals to the FaC o*
adopt more favorable bonding positions. Natural Bond Orbital orbitals is significantly reduced (Table 3, Figure 11) because

(NBO)**45> analyses of the trimethyl compleA, and the
metallaaziridine produdd, indicate that shortening of the Fa

(42) Bayse, C. A.; Hall, M. BJ. Am. Chem. S0d.999 121, 1348.

(43) Landis, C. L.; Cleveland, T.; Firman, T. K. Am. Chem. Sod.995 11,
1859.

(44) Reed, A. E.; Curtiss, L. A.; Weinhold, Ehem. Re. 1988 88, 899.

(45) Weinhold, F.; Landis, C. R/alency and Bonding: A Natural Bond Orbital
Donor-Acceptor Perspect; Cambridge University Press: New York, 2005.
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the more favorable CiTa—Me bond angles oD can avoid
the mixing of bonding and antibonding orbitals observeéin
Thus, it appears that formation of the metallaaziridine ring is a
key component that allows the remaining methyl and carbene
substituents irD to adopt preferable bonding positions.

The other factor that causes the-I@rbene distance to be
shorter in the metallaaziridine compl&kthan in the trimethyl
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Tal-Clo Tal-C2 o Tal-C3 o

<

)

(¥ L e

Tal-Cl o# Tal-C2 o= Tal-C3 o*

Q

Figure 10. Gaussview representations of selected NBO bonding and antibonding orbitals in the trimethyl cémplex

Tal-Cl o Tal-C2 o Tal-C3 o

Tal-Cl o= Tal-C2 o= Tal-C3 o=

2 2

Figure 11. Gaussview representations of selected NBO bonding and antibonding orbitals in the metallaaziridine &mplex

complexA is the formation of the five-membered ring. To gauge CH,CH; linkages inA were removed and replaced with H atoms

how much of the shortening of the Faarbene bond irD to generate (WN2Cs)Ta(NH,)2(Me)s, A" (Figure 12). Optimiza-
relative toA is a result of the five-membered ring pulling the tion of A’ resulted in a Tacarbene bond length of 2.378 A,
carbene toward the Ta-center, calculations were conducted onwhich is only 0.003 A shorter than fé, and indicates that the
model complexes in which atoms linking the carbene unit to two six-membered rings do not significantly influence the-Ta
the amido donors were removed. In the first calculation, both carbene distance. In the second calculation, theGEH linkage
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Figure 12. JIMP Pictures ofA’ andD'.

between the carbene and amido units, and the @tkage
between the carbene and the metallaaziridine ring, were removed
to generate (WN.C3)Ta(NH,)(NHCH,)(Me),, D' (Figure 12).
The optimized Ta-carbene distance i’ is 2.275 A, which is Figure 13. ORTEP view ofMe{NCCN]TaCl(CH,'Bu) (14), depicted with

0.027 A longer than is observed B. Thus, the calculations 50% thermal ellipsoids; all hydrogen atoms have been omitted for clarity.
' Selected bond distances (A) and angles (deg): —T¥@ 1.967(4), Tat

suggest that approximately 20% of the -I@rbene bond N4 2.010(3), TatC5 2.216(4), TatC26 2.224(4), TatCl 2.241(4),
shortening observed D can be attributed to the five-membered Ta1-cCl1 2.3996(11), N3 Tal-N4 115.35(15), N3 Tal-C5 39.64(16),

ring pulling the carbene toward the Ta-center, while the N3-Tal-Cl 84.96(15), N4Tal-C1 77.84(15), C5N3—Tal 79.6(2),
remaining shortening can be attributed to electronic effects N3—-C5-Tal 60.8(2).

brought upon by the formation of the metallaaziridine ring (vide scheme 6. Deuterium Labeling Study in the Synthesis of d>-13
ante).

N

Experimental Verification of DFT Conclusions Y/ ( \\(
Based on the computational support for the intermediacy of N\ """"" _ CleTalChPh)s N_Tag

a tantalum alkylidene in the endocyclie-El activation process, L ?gf

the synthesis of a bona fid®[NCN] tantalum alkylidene (2 Lic) Ph(D)Hc cospiAr

complex was attempted. Beginning withgTé=CH'Bu(THF),, ds-13

the reaction with5 proceeds directly to the cyclometalated MeINCNILI; 5 Ar= Mes

complex 14 in good yield (Scheme 2). Examination of this

reaction by NMR spectroscopy reveals 2,2-dimethylpropane would yield d,-13 with two —CD,Ph groups, and no benzylic
formation and no observable intermediates. An X-I’ay diffraction protio resonances would be observed. The reactios wfth
experiment was performed on crystals grown froaCEaind Cl,Ta(CD,Ph) yields ds-13. The H NMR spectrum clearly
reveals an endocyclic €H bond activated complex with  shows a 1:1:1 triplet at 2.70, evidence of a FHD)Ph
structural characteristics similar to those of the bis(neopentyl) resonance. This evidence corroborates the DFT calculations and
complex11 (Figure 13). Clearly, there is no alkylidene present sypports the premise that the decomposition of [INCN]Ta(alkyl)
as the Ta-C alkyl bonds from both complexes are of compa- complexes proceeds through an alkylidene intermediate that

rable length: TatC26 is 2.244(4) A in14 similar to Tat- rapidly undergoes endocyclic-H bond activation with an
C26 of 2.255(2) A and TatC31 of 2.1833(17) A inL1 Also amido donor arm.

evident is shortened Fecarbene bond length it¥; a Tal-C1 )
bond distance of 2.241(4) A is comparable to that foundin ~ Conclusions
and consistent with the notion of the cyclometalated carbon |n this work, we have examined the potential of the [NCN]
facilitating stronger NHE Ta bonding. ligand architecture to stabilize tantalum amide, halide, and alkyl
Although these experimental results cannot confirm the complexes. Protonolysis protocols via aminolysis and alkyl
presence of an alkylidene intermediate in the decomposition of elimination reactions, which were previously successful in the
AINCN]Ta(alkyl)s complexes, they infer that an alkylidene synthesis of group 4 [NCN] complexes, provide a route to
species can undergo rapid amide-B bond activation. More incorporate one flanking amido arm only for the less sterically
definitive proof of the mechanism postulated by DFT calcula- hindered ligand precursoP; T[NCN]H,. Unfortunately, at-
tions is observed in NMR deuterium experiments (Scheme 6). tempts to promote coordination of the second pendent amine
Utilizing Cl,Ta(CD,Ph) as a starting material, we can examine arm have so far been unsuccessful. However, coordination of
the proton distribution in the final €H bond activated product.  both pendent amide donors was achieved by metathesis reactions
If the mechanism proceeds as suggested by calculations, a protobetweerR[NCNI]Li , and substituted tantalum chlorides. In the
from the ethylene spacer would transfer to an intermediate Ta case of trialkyldichlorotantalum(V) derivatives, endocyclie 8
CDPh fragment to yield a TadXD)Ph moiety. If a concerted  bond activation of one of the amido backbone arms occurs
o-bond metathesis was the operant mechanism, this reactionrapidly to generate a new cyclometalated metallaaziridine. DFT
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calculations on model complexes support the observation thatuntil the volume was-5 mL, and then cooled &30 °C to yield orange
these endocyclic products are thermodynamically favored over blocks (66%)."H NMR (C¢Ds, 400 MHz): 6 2.22 (s, 3H,~ArCHy),
the unobserved trialkyl derivatives. More importantly, the 244 (S, 3H~ArCHy), 3.06 (brs, 12H;-NCHj), 3.16 (m, 2H,~NCH),
computational results are consistent with the intermediacy of a 3-27 (M, 2H~NCH), 3.32 (br m, 1H;~NH), 3.52 (br s, 6H;-NCH),
tantalum alkylidene intermediate, which can then mediat¢iC ggg ((tl:))rr ‘Z 61'::::13:;'2_)')4602 Q(Tb’rst’II—’TEi'_'rrﬂaﬁl)lz(g (2 de__’\I?L%
bond activation with a nei_g_ht_)oring b_ackbone Iinkef_lEtgroup ZH, —ArHS, 6.’91 (. i 7 Hz, 2Hl, —A7rH), 7_0i (('“ = ’7 Hz, 2H’,
to form a new metal_laazmdlne. In Ilght_ of these findings, WE  _ArH), 7.24 (d,J = 7 Hz, 2H,—ArH). %C NMR (CeDg, 121 MH2):
attempted to synthesize a tantalum alkylidene complex stabilized 5 18 1 (-CH,), 20.2 - CHs), 45.5 (br,—~NCHs), 46.9 (NCH.), 47.0
by an [NCN] ancillary ligand and found that identical amide (—NCH,), 47.5 NCH,), 48.9 (NCH,), 118.6 ArC), 119.3
C—H bond activation occurs. While this result alone cannot (—ArC), 120.5 imidC), 122.6 ¢imidC), 124.8 (ArC), 124.9
confirm the mechanism postulated by DFT calculations, deu- (—ArC), 128.7 (-ArC), 129.2 (-ArC), 140.5 (-ArC), 141.6 (-ArC),
terium-labeling experiments are consistent with the involvement 198.5 (-NCN). Anal. Calcd for GoHsNgTa: C, 50.43; H, 7.15; N,
of a tantalum alkylidene intermediate during this process. 16.22. Found: C, 50.11; H, 7.00; N, 15.95.

Computational studies of the electronic structure of early ~ Synthesis of “*{NCNH]Ta=CHPh(CHzPh), (4). To a stirred
metal NHC complexes are rare and little more than cursory in toluene solution (5 mL) of Ta(C#Ph); (328 mg, 0.51 mmol) was added
their analysi$6-4° Herein, we have studied the FAIHC a toluene solution (5 mL) of (200 mg, 0.51 mmol). The dark brown

. . . . . mixture was stirred overnight and filtered through Celite. The solvent
interaction by D'.:T in detail and have d|scovereq that the was removed to yield a brown residue, which was triturated with
observed shortening of the Faarbene bond distance is a result

- . . hexanes to yield a brown powder (76% yield). X-ray quality crystals
of the formation of the metallaaziridine, which allows the NHC \ere obtained from a coolee-80°C) toluene solutiontH NMR (CeDs,

and the methyl substituents to adopt preferable bonding posi-400 MHz): 6 2.02 (s, 3H, p-ArCHs), 2.08 (s, 6H, e-ArCH3), 2.20 (s,
tions. 6H, -0-ArCHg), 2.31 (s, 3H, p-ArCHg), 2.42 (m, 4H—TaCH,), 2.43-

We are currently exploring the modification of the [NCN]  3.10 (m, 7H,—NH and—NCH) and 3.58 (dtJ = 6 Hz, 1H,—NCH),
ligand architecture to prevent amide-€ bond activation with 4.40 (dt,J = 6 Hz, 1H,—NCH), 4.81 (s, 1H,~CHPh), 5.81 (dJ =
a goal that these modified ligantnetal complexes will aid in 2 Hz, 1H,—imidH), 6.23 (d,J = 2 Hz, 1H, —imidH), 6.60-6.85 (m,

small molecule activation and new catalytic processes by earIyH' —ArH), 7.42 (d,J = 8 Hz, 4H, —ArH). **C NMR (GDs, 121
metal derivatives. MHz): 6 17.9 (—-CHs), 18.2 (-CH3), 20.7 (-CHs), 21.0 (-CHg3), 48.7

(—NCH,), 48.8 (~NCH,), 51.6 (NCH)), 54.5 (~NCH,), 69.9
(=imidC), 123.7 imidC), 125.6 (-ArC), 129.3 (ArC), 129.8
General Considerations.Unless otherwise stated, all manipulations  (—ArC), 129.9 -ArC), 130.6 (ArC), 131.0 (ArC), 132.0 CArC),

were performed under an atmosphere of dry oxygen-free argon or 136.1 (-ArC), 137.6 (-ArC), 137.8 (-ArC), 138.2 (-ArC), 142.7
nitrogen by means of standard Schlenk or glovebox techniques. Ta- (—ArC), 147.8 (-ArC), 148.7 (ArC), 155.3 (-ArC), 205.0 -NCN),
(NMey)s was purchased from Strem Chemicals and used as received.236.3 (-TaCH). Anal. Calcd for GeHssNsTa: C, 65.55; H, 6.34; N,
All other chemicals were purchased from Aldrich and used as received. 6 65. Found: C, 65.26; H, 6.22; N, 65.95.
“eINCN]H; (1), P~T[NCN]H (2),*” Ta(CHPh),* CloTa(NMey)s, Synthesis ofMeNCN]Li » (5), P [NCN]Li » (6). The following
ClsTa(NMe)o(THF) % ClaTa(NEL)(EtO) *t CloTaMes,*? CloTa(CH:- procedure is representative of the synthesis of Bathd6. A toluene
Ph),% CloTa(CD;Ph),* CloTa(CHBu)s,* and CkTa=CHBU(THF),*® solution (5 mL) of5 (530 mg, 1.6 mmol) was cooled t630 °C, and
were synthesized by literature methods. Hexanes, toluene, and tetrahy 5 mi of 1.6 M BuLi (1.6 mmol) was added slowly dropwise. The

drofuran were purchased anhydrous from Aldrich, sparged with o1ytion immediately darkened after the first equivalent was added,

nitrogen, and passed through columns containing activated alumina andy 4 5 white precipitate formed after addition of the second equivalent
Ridox catalyst. €@Ds, CDsCeDs, and GDsN were dried by refluxing of base was complete. The white suspension was allowed to warm

with sodium/potas_siqm alloy in a sealed vessel under partial pressure,slowly to room temperature and then stirred overnight. Filtration,
then trap-to-trap distilled, and freezpump-dethawed several imes.  ¢510ed by washing with several portions of toluene, yields a white
1H and*3C NMR spectra were recorded on a Bruker AVANCE 400 powder (-99% yield).5, 'H NMR (CsHsN, 400 MHz): 6 2.35 (s, 6H,
instrument operating at 400.0 MHz féH. Elemental analyses, IR -p-ArCHs), 2.46 (s, 6H, e-ArCHs), 4.08 (m, 4H,—NCH,), 4.18 (m,
spectroscopy, and mass spectrometry (EI/MS) were performed at the,y _NcH,), 6.81 (s, 4H,—ArH), 6.91 (s, 2H,~imidH). 23C NMR
Department of Chemistry at the University of British Columbia. (CsHsN, 121 MHz): & 20.4 (—CHs), 21.3 (—CHa), 46.8 (“NCHb,),
Synthesis off"T[NCNH]Ta(NMe ), (3). To a stirred solution of 47,8 (-NCH,), 119.5 (-ArC), 119.9 (-ArC), 123.6 (-imidC), 127.9
Ta(NMe)s (216 mg, 0.54 mmol) in toluene (5 mL) was added a toluene (=ArC), 149.5 (ArC), 190.2 NCN). Li NMR (CsHsN, 155
solution (5 mL) of2 (181 mg, 0.54 mmol). The orange mixture was MHz): ¢ 2.88. Anal. Calcd for @HaLizNs: C, 74.61; H, 8.01; N,
stirred overnight and filtered through Celite. The solvent was removed 13 92, Found: C, 74.55; H, 7.95: N, 13.86.:H NMR (CsHsN, 400

MHz): 6 2.29 (s, 6H,—ArCHg), 3.62 (m, 4H,—NCH,), 4.13 (m, 4H,

(46) Niehues, M.; Kehr, G.; Erker, G.; Birgit, W.; Hilich, R.; Blacque, O.; _ _ —imi 1.

Berke, H.J. Organomet. Chen2002 663 192. NCHy), 6:69 (s, 4H~ArH), 7.00 (s, 2H=imidH). 13C NMR (CsHsN,
(47) Niehues, M.; Erker, G.; Kehr, G.; Schwab, P.?lflich, R.; Blacque, O.; 121 MHz): 6 21.4 (—CHy), 45.6 (-NCH_), 47.2 (-NCHy), 117.9
48) i%rke, l{lﬁogagorgetgglcgol\slﬁ SZl,_ 290'\5/|. D.: Tavior. M. K.Am. Ch (—ArC), 120.5 ArC), 122.9 =imidC), 126.9 ArC), 148.6 (-ArC),

ernathy, C. D.; Codd, G. M.; Spicer, M. D.; Taylor, M. K.Am. Chem. 7 .

S0c.2003 125, 1128. 189.9 (—N(?N). Li NMR (CsHsN, 155 MHz): ¢ 2.86. Anal. Calcd
(49) Mungur, S. A.; Blake, A. J.; Wilson, C.; McMaster, J.; Arnold, P. A.  for CyHa4LioNg: C, 72.83; H, 6.98; N, 16.18. Found: C, 72.79; H,

Organometallics2006 25, 1861. 6.78: N. 16.01
(50) Groysman, S.; Goldberg, I.; Kol, M.; Goldschmidt, @rganometallics o T

2003 22, 3793. Synthesis ofP"T[NCN]Ta(NMe,)z (7), P T'[NCN]Ta(NMe »).Cl
(51) Chao, Y. W.; Polson, S.; Wigley, D. Polyhedron199Q 9, 2709. p—Tol ; i
(32) Schrock. R. R.: Sharp, P. B. Am. Chem. S0d978 100, 2389, (8), and _ [NCN]Ta(NEtz)CI_z (9,10). The following proocedure is
(53) Schrock, R. RJ. Organomet. Cheni976 122, 209. representative of the synthesis ©f10. To a cooled {30 °C) THF

(54) Il_!ig,glé.;llis)irggnznée, J. B.; Liu, X.; Pollitte, J. L.; Xue, ZOrganometallics solution (5 mL) of CjTa(NMey)s (288 mg, 0.75 mmol) was added a
(55) Boncella, J. M.; Cajigal, M. L.; Abboud, K. ZOrganometallic<1996 15, chilled (=30 °C) THF solution (5 mL) of5 (408 mg, 0.75 mmol). The
1905.

mixture slowly darkens to brown upon warming to room temperature.
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After being stirred overnight, the solvent was removed and toluene 2.70 (s, 3H—~ArCHs), 2.72 (m, 1H~NCHH), 3.31 (m, 1H,—~NCHH),
(10 mL) was added. The solution was filtered through Celite, and the 3.49 (m, 1H, —NCHH), 3.71 (m, 1H, —NCHH), 3.86 (m, 1H,
solvent was removed to yield an orange/brown residue. Trituration of —NCHH), 4.19 (m, 1H,—~NCHH), 4.37 (m, 1H,—NCHH), 5.91 (d,J
the residue with hexane yielded an orange solid, which was recrystal- = 2 Hz, 1H, —imidH), 5.94 (d,J = 2 Hz, 1H, —imidH), 6.84 (br s,

lized from toluene.7, *H NMR (CsDe, 400 MHz): 6 2.45 (s, 6H,
—ArCHj), 3.22 (s, 12H,—~NCHg), 3.53 (m, 4H,—NCH,), 3.68 (s, 6H,
NCHs), 4.15 (m, 4H,—NCH,), 6.00 (s, 2H,—imidH), 7.11 (d,J = 8
Hz, 4H,—ArH), 7.27 (d,J = 8 Hz, 4H,—ArH). 13C NMR (CgDs, 121
MHz): 6 18.7 (—CHs), 45.4 (-NCHjs), 47.0 (-NCHg), 48.0 NCHy),
50.7 =NCHy), 117.3 ¢ArC), 118.3 (ArC), 124.4 imidC), 126.6
(—ArC), 152.6 -ArC), 186.7 (-NCN). Anal. Calcd for G/HsN;Ta:
C, 50.23; H, 6.56; N, 15.19. Found: C, 50.10; H, 6.35; N, 158)%
NMR (CgDs, 400 MHz): 6 2.26 (s, 6H,—ArCHs;), 3.26 (s, 6H,
—NCHs), 3.36 (m, 2H,—~NCHH), 3.60 (m, 2H,—NCHH), 3.80 (s, 6H,
—NCHs), 3.88 (m, 2H,—~NCHH), 4.35 (m, 2H,—NCHH), 5.96 (s, 2H,
—imidH), 7.10 (d,J = 8 Hz, 4H,—ArH), 7.36, 7.10 (dJ = 8 Hz, 4H,
—ArH). 13C NMR (CsDs, 121 MHz): 6 19.5 (-CHs), 45.6 (-NCHs),
46.5 (—NCHs), 47.5 (-NCH,), 48.9 (-NCH,), 116.8 (-ArC), 119.1
(—ArC), 123.9 (imidC), 127.5 (ArC), 149.9 (ArC), 187.1
(—=NCN). Anal. Calcd for GsH3sCINsTa: C, 47.14; H, 5.70; N, 13.19.
Found: C, 47.09; H, 5.52; N, 12.95. Minor isom8},(*H NMR (CgDs,
400 MHz): 6 0.60 (t,J = 9 Hz, 6H, —N(CH.CHs),), 2.28 (s, 6H,
—ArCHsy), 3.25 (m, 2H,—NCHH), 3.52 (m, 2H,—NCHH), 3.56 (q,J
= 9 Hz, 4H, —N(CH;CHj),), 3.98 (m, 2H,—NCHH), 4.70 (m, 2H,
—NCHH), 6.10 (s, 2H~imidH), 7.17 (d,J = 8 Hz, 4H,—ArH), 7.61
(d, J = 8 Hz, 4H, —ArH). 13C NMR (CsDs, 121 MHz): ¢ 15.0
(—NCH:CHs3), 22.5 (-CHs3), 45.4 (-NCH,CHs), 48.0 (-NCH), 50.7
(—NCHy), 119.5 ArC), 120.5 ¢ArC), 125.6 imidC), 131.5
(—ArC), 151.6 ArC), 189.5 -NCN). Major isomer 10), *H NMR
(CeDs, 400 MHz): 0.81 (tJ = 9 Hz, 6H,—N(CH,CHs2)y), 2.21 (s, 6H,
—ArCHsz), 3.30 (m, 4H,—NCHy), 3.74 (q,J = 9 Hz, 4H, —N(CH-
CHs)2), 4.52 (m, 4H,—NCH,), 5.78 (s, 2H,—imidH), 7.02 (d,J = 8
Hz, 4H,—ArH), 7.49 (d,J = 8 Hz, 4H,—ArH). *3C NMR (CgDg, 121
MHz): 6 15.2 (-NCH,CHj3), 23.4 (-CHj3), 45.9 (-NCH.CHs), 48.6
(—NCHy), 51.6 NCHy), 117.6 (ArC), 120.9 ArC), 126.8
(—imidC), 132.6 (-ArC), 153.9 (ArC), 185.6 (- NCN). Anal. Calcd
for CosHsaCloNsTa: C, 45.74; H, 5.22; N, 10.67. Found: C, 45.45; H,
5.01; N, 10.52. Ratio of minor isomé&major isomerl0 = 1:1.3.
Synthesis 0M*{NCCN]Ta(CH ,Bu), (11), M {NCCN]TaMe (12),
MesINCCN]Ta(CH ,Ph), (13), and"e{NCCN]Ta(CD ,Ph), (d:-13). The
following procedure is representative of the synthesi$®f13. To a
cooled 30 °C) THF solution (5 mL) of GiTa(CH'Bu); (360 mg,
0.77 mmol) was added a chillee-80 °C) THF solution (5 mL) of5
(270 mg, 0.77 mmol). The dark brown mixture was slowly warmed to
room temperature. After being stirred overnight, the solvent was

2H, —ArH), 7.02 (s, 1H,—ArH), 7.09 (s, 1H,—ArH). A satisfactory
13C NMR spectrum and elemental analysis could not be obtained due
to the sensitivity of this productl3, *H NMR (Ce¢Ds, 400 MHZz): 6
1.67 (d,J = 7 Hz, —TaCHH), 2.27 (s, 3H,—ArCHa), 2.29 (s, 3H,
—ArCHs), 2.32 (s, 3H~ArCHs), 2.45 (d,J = 7 Hz, —TaCHH), 2.61
(d,J =7 Hz, —TaCHH), 2.76 (s, 3H,—ArCHs), 2.82 (d,J = 7 Hz,
—TaCHH), 3.28 (m, 1H,—TaCHH), 3.45 (m, 1H,—TaCHH), 3.55
(m, 1H,—TaCHH), 3.88 (m, 1H,—TaCHH), 4.12 (m, 1H,—TaCHH),
4.55 (m, 1H,—TaCHH), 5.90 (d,J = 2 Hz, 1H,—imidH), 5.92 (d,J
= 2 Hz, 1H,—imidH), 6.64-6.71 (m, 3H,—ArH), 6.81-6.93 (m, 6H,
—ArH), 6.99-7.17 (m, 7H,—ArH). 13C NMR (CsDs, 121 MHz): ¢
17.6 -CHjs), 18.9 (-CHg), 19.6 (-CH3), 20.5 (-CH3), 50.1 (<NCH,),
54.6 (—-NCH,), 55.4 (-NCH), 79.2 (TaC), 81.6 (-TaC), 90.1
(=TaC), 119.2 ArC), 120.2 (imidC), 121.9 (ArC), 122.3
(=imidC), 124.6 -ArC), 124.9 (-ArC), 129.6 (-ArC), 130.6 (-ArC),
131.5 (ArC), 135.6 (-ArC), 145.6 (-ArC), 148.6 (-ArC), 149.6
(—=ArC), 151.2 (-ArC), 196.2 (<NCN). Some aryl resonances were
obscured by solvent signals. Anal. Calcd fopldiNsTa: C, 62.39;
H, 6.04; N, 7.46. Found: C, 61.98; H, 5.89; N, 7.19:13, 'H NMR
(CsDs, 400 MHz): NMR is identical tol3 with the absence of the
peaks at ppm and ppm and the presencé 2170 (t,2Jup = 11 Hz,
1H, —TaCHD).

Synthesis o"*{NCCN]Ta(CH ,'Bu)Cl (14). To a cooled {30°C)
THF solution (5 mL) of CiTe=CH(Bu)(THF), (311 mg, 0.62 mmol)
was added a chilled{30 °C) THF solution (5 mL) o5 (249 mg, 0.62
mmol). The dark brown mixture was slowly warmed to room
temperature. After being stirred overnight, the solvent was removed
and toluene added. The solution was filtered through Celite, and the
solvent was removed to yield a dark orange solid (84% yield). Yellow
crystals could be obtained by recrystallization from hexdHeNMR
(CDsCsDs, 400 MHz): 6 1.26 (s, 9H,—C(CH3)3), 1.93 (d,J = 12 Hz,
1H, —TaCHH), 2.10 (s, 3H,~ArCHsy), 2.12 (s, 3H—ArCHs), 2.21 (d,

J = 12 Hz, 1H, —TaCHH), 2.24 (s, 3H,—ArCHjs), 2.73 (s, 3H,
—ArCHjg), 2.91 (m, 1H,—NCHH), 3.13 (m, 1H,—NCHH), 3.60 (m,
1H, —NCHH), 3.83 (m, 2H,—NCHH), 3.96 (m, 1H,—NCHH), 4.42
(m, 1H,—NCHH), 5.82 (br s, 1H~imidH), 5.85 (br s, 1H~imidH),
6.60 (s, 1H,—ArH), 6.87 (s, 2H,—ArH), 7.01 (s, 1H,—ArH). 3C
NMR (CDsCeDs, 121 MHz): ¢ 19.1 (—CHs), 20.1 (-CHj), 21.1
(—CHs), 21.9 (-CHa), 36.1 (-C(CHz)), 52.0 -NCH?), 54.6 (-NCH>),
57.2 (-NCHy), 75.2 (-TaC), 83.3 (TaC), 116.9 (ArC), 121.5
(=imidC), 122.8 imidC), 132.0 ArC), 134.2 (-ArC), 136.2

removed and toluene was added. The solution was filtered through (TArC), 138.6 ¢-ArC), 150.6 .(—ArC), 15(_)'8 (—ArC_), 196.3 (__NCN)'
Celite, and the solvent was removed to yield a dark orange solid (68% ~nal- Calcd for GeHsCINsTa: C, 53.37; H, 6.27; Cl, 5.25; N, 8.30.

yield). Yellow crystals could be obtained by recrystallization from
hexane.11, *H NMR (Cg¢Ds, 400 MHz): 6 0.80 (d,J = 8 Hz, 1H,
—TaCHH), 0.92 (s, 9H,—C(CH3)3), 1.10 (d,J = 8 Hz, 1H,—TaCHH),
1.18 (d,J = 8 Hz, 1H,—TaCHH), 1.29 (d,J = 8 Hz, 1H,—TaCHH),
1.30 (S, 9H,—C(CH3)3), 2.18 (S, 3H,—AI’CH3), 2.25 (S, 3H,—AI’CH3),
2.28 (s, 3H~ArCHzs), 2.67 (m, 1H,~NCHH), 2.86 (s, 3H,~ArCHy),
3.60 (m, 1H, —NCHH), 3.67 (m, 1H, —NCHH), 3.84 (m, 2H,
—NCHH), 4.34 (m, 1H,—NCHH), 4.48 (m, 1H,—NCHH), 5.82 (d,J
= 2 Hz, 1H,—imidH), 5.88 (d,J = 2 Hz, 1H, —imidH), 6.80 (br s,
2H, —ArH), 7.05 (s, 1H—ArH), 7.14 (s, 1H—ArH). 23C NMR (CDs,
121 MHz): ¢ 18.8 (—CHj3), 19.2 (-CHs), 20.5 (-CHj3), 21.9 (-CHs3),
22.9 (CHg), 35.1 C(CHz)), 36.0 C(CHzg)), 51.2 NCH,), 55.9
(—NCH_y), 56.3 (-NCH,), 68.1 (-TaC), 72.1 (-TaC), 85.6 (-TaC),
117.5 CArC), 119.5 ArC), 120.5 imidC), 121.6 (imidC), 129.6
(—ArC), 130.9 (ArC), 132.1 (-ArC), 133.9 (-ArC), 148.6 (ArC),
149.9 ArC), 197.5 NCN). Anal. Calcd for GgHs7NsTa: C, 59.14;
H, 7.52; N, 7.88. Found: C, 58.95; H, 7.26; N, 7.832, '"H NMR
(CsDs, 400 MHz): 6 0.46 (s, 3H,—TaCHs3), 0.62 (s, 3H,—TaCHs),
1.89 (s, 3H,—ArCHsa), 2.21 (s, 3H,—~ArCHy), 2.27 (s, 3H,—~ArCHy),
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Found: C, 53.05; H, 6.02; Cl, ; N, 8.220.

Theoretical Calculations. All calculations were performed using
the Gaussian 03 suite of prografi$ptimized gas-phase geometries
were obtained using the Becke3 exchange functigftialcombination
with the Lee, Yang, and Parr correlation functiotdhat is, the B3LYP
method, as implemented in Gaussian 03. The basis set (BS1) used for
geometry optimizations and energy calculations was implemented as
follows: for tantalum, the valence doubiet ANL2DZ 5% 61 basis set
was supplemented with a set of 6p functions for transition metals
developed by Couty and H&#,while for all hydrogen, carbon, and
nitrogen atoms, the 6-31G(d) basis sef$ 8 were used. All structures

(56

(57
(58

(59
(60
(61
(62
(63

Frisch, M. J.; et alGaussian 03revision B.4; Gaussian, Inc.: Pittsburgh,
PA, 2003.

Becke, A. D.J. Chem. Phys1993 98, 5648.

Lee, C,; Yang, W.; Parr, R. Q®hys. Re. B: Condens. Matter Mater.
Phys.1988 37, 785.

Hay, P. J.; Wadt, W. Rl. Chem. Phys1985 82, 270.

Wadt, W. R.; Hay, P. . Chem. Phys1985 82, 284.

Hay, P. J.; Wadt, W. Rl. Chem. Phys1985 82, 299.

Couty, M.; Hall, M. B.J. Comput. Chenil996 17, 1359.

Ditchfield, R.; Hehre, W. J.; Pople, J. A. Chem. Phys1971, 54, 724.
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were calculated in singlet spin states using the restricted B3LYP method. mol~1. For the computational investigatioff NCN] was used in place
Calculating the harmonic vibrational frequencies and noting the number of the experimental ligand${°[NCN] and Me{NCN]) to reduce the

of imaginary frequencies confirmed the nature of all intermediates
(NImag = 0) and transition state structures (NImagl). All gas-
phase relative free energies are reported in kcaiuelith the energy
of H[NCN]TaMe3 (H[NCN] = (HNCHQCH2)2N2C3H2), A, setto 0.0 kcal

(64) Hehre, W. J.; Ditchfield, R.; Pople, J. A. Chem. Physl972 56, 2257.

(65) Hariharan, P. C.; Pople, J. Aheor. Chim. Actdl973 28, 213.

(66) Petersson, G. A.; Al-Laham, M. A. Chem. Phys1991 94, 6081.

(67) Petersson, G. A.; Bennett, A.; Tensfeldt, T. G.; Al-Laham, M. A.; Shirley,
W. A.; Mantzaris, JJ. Chem. Phys1988 89, 2193.

(68) Foresman, J. B.; Frisch, Zxploring Chemistry with Electronic Structure
Methods 2nd ed.; Gaussian, Inc.: Pittsburgh, PA; p 110. The 6-31®)d
basis set has the d polarization functions for C, N, O, and F taken from the
6-311G(d) basis set, instead of the original arbitrarily assigned value of
0.8 used in the 6-31G(d) basis set.

(69) Manson, J.; Webster, C. E.; Hall, M. BIMP Developmentversion 0.1
(built for Windows PC and Redhat Linux 7.3); Department of Chemistry,
Texas A& M University: College Station, TX, 2004; http://www.chem.ta-
mu.edu/jimp/.

(70) Carpenter, J. E.; Weinhold, B. Mol. Struct. (THEOCHEW 1988 169,

41

(71) Fdster, J. P.; Weinhold, B. Am. Chem. Sod.98Q 102 7211.

(72) Reed, A. E.; Weinhold, RI. Chem. Phys1983 83, 1736.

(73) Reed, A. E.; Weinstock, R. B.; Weinhold, ¥. Chem. Phys1985 83,
735.

(74) Reed, A. E.; Weinhold, RI. Chem. Phys1985 83, 1736.

computational demands, while still providing two amide donors and
one N-heterocyclic carbene donor to the tantalum center. JIMP
representations of the intermediates and transition states were created
using the JIMP software prograffi.Natural Bond Orbitals (NBO)
calculations were conducted with Gaussian NBO Versionf3/% 7
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