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Abstract: Titanium(lV)-mediated reactions between primary amines and secondary carboxamides exhibit
different outcomes, amidine formation versus transamidation, depending on the identity of the Ti'V complex
used and the reaction conditions employed. The present study probes the origin of this divergent behavior.
We find that stoichiometric TiV, either Cp*Ti"V complexes or Ti(NMe,)s, promotes formation of amidine and
oxotitanium products. Under catalytic conditions, however, the outcome depends on the identity of the Ti'V
complex. Competitive amidine formation and transamidation are observed with Cp*Ti"V complexes, generally
favoring amidine formation. In contrast, the use of catalytic Ti(NMe2)s (<20 mol %) results in highly selective
transamidation. The ability of Ti'"V to avoid irreversible formation of oxotitanium products under the latter
conditions has important implications for the use of TiV in catalytic reactions.

Introduction halides® however, thermodynamically controlled exchange
reactions involving carboxamides, including transamidation and
gmlde metathesis, have very little precedentn our initial
studies focused on this type of reactivity, we discovered that
'homoleptic metatamido complexes, Ti(NMgs and Ab-
(NMey)s, promote equilibration of simple primary amine/
secondary carboxamide pairs under moderate conditions (e.qg.,
eq 1)% In order to develop improved catalysts, we have been
investigating the mechanism of these reactibns.

Methods for facile, equilibrium-controlled exchange of
covalent bonds have gained widespread attention in recent year
because they enable product formation under thermodynamic,
rather than kinetic, contrdl. Prominent functional groups
compatible with these transformations include esters, disulfides,
imines, acetals, and alkené§€arboxamides are ubiquitous in
chemistry and biology, and numerous methods have been.
developed to prepare carboxamides under kinetic control via
the condensation of amines with carboxylic acids, esters, or acid

O 5 mol % (0]
Ti(NMey), PS
(1) Equilibrium-controlled manipulation of other functional groups is the subject CgHqg~ ~NHPh + PhCH,NH, === C¢Hy35~ “NHCH,Ph + PhNH, (1)
of significant current interest. For reviews, see: (a) Lehn, JCkem— 1 t°'”e°ge 2
Eur. J. 1999 5, 2455-2463. (b) Rowan, S. J.; Cantrill, S. J.; Cousins, %0
G. R. L.; Sanders, J. K. M.; Stoddart, J. Ahgew. Chem., Int. E®2002
41, 898-952. . ; " "
(2) For selected recent examples of DCC, see (a) Brady, P. A.: Bonar-Law, PTimary amines are known to react with Ti(Nleto form
R. P.; Rowan, S. J.; Suckling, C. J.; Sanders, J. KG¥lem. Commun. imido ligands®® and we recently postulated that imidotitanium
1996 319-320. (b) Oh, K.; Jeong, K.-S.; Moore, J. [Sature2001, 414,
889-893. (c) Otto, S.; Furlan, R. L. E.; Sanders, J. K. 8tience2002
297, 590-593. (d) Kilbinger, A. F. M.; Cantrill, S. J.; Waltman, A. W.; (5) Forintermolecular precedents, see: (a) Beste, L. F.; Houtz, R.Ralym.
Day, M. W.; Grubbs, R. HAngew. Chem., Int. EQ003 42, 3281-3285. Sci. 1952 8, 395-407. (b) Ogata, NMakromol. Chem1959 30, 212—
(e) Vignon, S. A.; Jarrosson, T.; lijima, T.; Tseng, H.-R.; Sanders, J. K. 224. (c) Miller, 1. K.J. Polym. Sci., Part A: Polym. Ched976 14, 1403~
M.; Stoddart, J. FJ. Am. Chem. So2004 126, 9884-9885. (f) Cantrill, 1417. (d) McKinney, R. J. U.S. Patent 5,302,756, 1994. (e) McKinney,
S. J.; Grubbs, R. H.; Lanari, D.; Leung, K. C.-F.; Nelson, A.; Poulin- R. J. U.S. Patent 5,395,974, 1995. (f) Bon, E.; Bigg, D. C. H.; Bertrand,
Kerstien, K. G.; Smidt, S. P.; Stoddart, J. F.; Tirrell, D.@rg. Lett.2005 G. J. Org. Chem1994 59, 4035-4036.
7, 4213-4216. (g) Cacciapaglia, R.; Di Stefano, S.; MandoliniJLAmM. (6) Eldred, S. E.; Stone, D. A.; Gellman, S. H.; Stahl, SJ.3Am. Chem. Soc.
Chem. Soc2005 127, 13666-13671. 2003 125 3422-3423.
(3) Beckwith, A. L. J. InThe Chemistry of Amide&abicky, J., Ed.; Wiley: (7) (&) Kissounko, D. A.; Guzei, I. A.; Gellman, S. H.; Stahl, S. S.
New York, 1970; p 73-185. Organometallics2005 24, 5208-5210. (b) Hoerter, J. M.; Otte, K. M.;
(4) Most precedents consist of intramolecular reactions. See, for example: (a) Gellman, S. H.; Stahl, S. S. Am. Chem. SoQ006 128 5177-5183.

Calimsiz, S.; Lipton, M. A.J. Org. Chem.2005 70, 6218-6221. (b)
Alajarin, M.; Vidal, A.; Tovar, F.Tetrahedron2005 61, 1531-1537. (c)
Klapars, A.; Parris, S.; Anderson, K. W.; Buchwald, S.JLAm. Chem.
Soc. 2004 126, 3529-3533. (d) Lasri, J.; Goritez-Rosende, M. E.;
Sepuveda-Arques, JOrg. Lett. 2003 5, 3851-3853. (e) LangI0|s N.
Tetrahedron Lett2002 43, 9531-9533. (f) Gotor, V.; Brieva, R.; Goniez,

C.; Rebolledo, FTetrahedrorl991, 47, 9207-9214. (g) Zaragoza -Dwald,

F.; von Kiedrowski, G.Synthesisl988 11, 917-918. (h) Crombie, L.;
Jones, R. C. F.; Haigh, Dretrahedron Lett1986 27, 5151-5154. (i)
Martin, R. B.; Parcell, A.; Hedrick, R. . Am. Chem. So&964 86, 2406—

2413.
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(8) (a) Bradley, D. C.; Torrible, E. GCan. J. Chem1963 41, 134-138. (b)
Nugent, W. A.; Harlow, R. LInorg. Chem.1979 18, 2030-2032. (c)
Thorn, D. L.; Nugent, W. A.; Harlow, R. LJ. Am. Chem. S0d.981, 103
357-363.

(9) Ti(NMe,), catalyzes the hydroamination of alkynes and alkenes, reactions
that probably proceed via imidotitanium intermediates. For leading refer-
ences, see: (a) Shi, Y.; Ciszewski, J. T.; Odom, ACQrganometallics
2001, 20, 3967/-3969. (b) Ackermann, L.; Bergman, R. G.; Loy, R. N.
J. Am. Chem. So@003 125, 11956-11963. (c) Lorber, C.; Choukroun,
R.; Vendier, L.Organometallic2004 23, 1845-1850. (d) Bexrud, J. A.;
Beard, J. D.; Leitch, D. C.; Schafer, L. Drg. Lett.2005 7, 1959-1962.
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Scheme 1. Reactions of an Imido-Ti"V Species with Secondary Scheme 2. Preparation of Bis- and Trisamidate Complexes of Ti'V
Carboxamides
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intermediates might participate in the transamidation reacfion. )~NPh

To test this hypothesis, we investigated the reactivity of a well- 8

) L o x— 5.
defined imido-T¥ complex, Cp*Ti(NBu)(py)Cl G, Cp* = amido or amidate ligands. In addition, we probe the effect of

CsMes),10 with secondary carboxamides; however, no trans- bstrate/Ti loadi d talvii yiti Th it |
amidation was observed. Secondary amides react with complexSu strate/Ti loading under catalytic conditions. The results reveaj

3 at room temperature by displacing pyridine aedt-butyl- lt_hat ‘Zm'd'n_e formailon :js _rel'?rflvely |_nsenst|tt|_ve o t?ﬁ ancnle;lry
amine together with the formation of big(amidate)TV tlr?an be?wtro/rjrr.ner; and is he mlalljlorl reac ;on tp? Wayy(\; f.n
complex4 (Scheme 1). Subsequent treatmend @fith aniline € substrate/Tiratio approaches 1.L. In contrast, transamidation

derivatives at elevated temperatures {@) results in formation can be achieved only Wit_h a relatively high substrate/Ti ratio
of 1 equiv of N,N-diarylamidine and unidentified Ti byprod- and proceeds most effectively when th&' Tacks the electron-

uctsil donating and sterically bulky Cp* ligand. The results of this

This previous study highlighted the ability of"fito activate study potent_ially havg ggneral implicatigns for qvoiding the
intrinsically unreactive carboxamides toward a reaction with formation of inert oxotitanium complexes in catalytic reactions.
simple primary amines; however, the formation of amidines in Results and Discussion
these reactions raises fundamental questions concerning the
ability of Ti'"V to promote transamidation under catalytic
conditions. How do amido-, imido-, and/or amidatotitanium
adducts, which seem certain to exist under catalytic conditions,
avoid generating amidines and inert oxo-Ti products? What
factors dictate whether amines and carboxamides will undergo
transamidation or form amidines in the presence &f7Ti

In our consideration of these questions, we noted at least two
significant differences between the catalytic transamidation
reactions (eq 1) and the stoichiometric reactions of Ti
complexes (Scheme 1). First, the ligands coordinated 6 Ti
differ between the two classes of reactions. In the catalytic
reactions initiated by Ti(NMg4, only amine and carboxamide
substrates are available as ligands, whereas the stoichiometri

reactmns_feature T b_earlng anqllary Cp*and chlo_nde_hgands. acetanilide provideg in reduced yield together with unreacted
Another important difference is the substrate/Ti ratio. Under : L . -
6. These observations indicate a strong (albeit, not surprising)

catalytic conditions, both the amine and carboxamide substrates ’ . o .
. i . . , - preference of TY for amidate rather than amido ligands. This

are presentin a 20:1 ratio relative to Ti, whereas the mechanistic reference can be explained. in part. by the ability of the
studies feature a substrate/Ti ratio of approximately'4.:1. pret P LI part, .y y .

The present study seeks to address whether either of thes amidates to serve as chelating ligands; however, the facile

. : . S ormation of8 from 6 shows that even monodentate amidates
differences underlies the divergence between transamidation an o o .
. - . . are favored over amido ligands. The oxophilicity ofTtogether
amidine formation in Ti-promoted reactions between primary

. . : . ith the significantly higher acidity of amides relative to amines
amines and secondary carboxamides. We describe reactions o .
v . . - ; S undoubtedly contributes to these results. Comparable observa-
Ti'V—amidate complexes in which the ancillary chloride ligand

. . tions have been made recently in our study of amine and
in 4 (Scheme 1) has been replaced by catalytically more relevamcarboxami de reactions with I[7

(10) Dunn, S. C. Mountford, P.; Robson, D. A. Chem. Soc., Dalton Trans Complexes$—8 were characterized by infraret, and!3C-

1997, 293-304. IH} NMR spectroscopy and elemental analysis. TH&NMR
(11) Inlight of these results, it is noteworthy that Schafer and co-workers recently {'H} P by Y

reported the first example of Ti and Zr imido complexes bearing ancillary Signal of the amido N-H in 7 is shifted significantly downfield

amidate ligands. The lack of amidine formation from these complexes, even re|ative to that in6 (9_24 and 5.18 ppm respectively'ﬁllre).
at elevated temperatures (up to 14T), presumably reflects the presence . . ’ L
of the extremely bulky 2,6-diisopropylphenyl substituents on the amidate This shift presumably reflects the enhanced electrophilicity of

nitrogen atoms. See: Thomson, R. K.; Bexrud, J. A.; Schafer, L. L. i i i ihili
Organometallici2006 25, 40694071, the Ti center in7 relative to6. We cannot exclude the possibility

(12) As noted by a reviewer, we observed catalyst-dependent chemoselectivity Of intramolecular hydrogen bonding fbetween the NH and
in our initial discovery of transamidation (ref -6hamely, alkylamide i i . i
substrates are more reactive with Al catalysts, wheaegdamidesare more the Oxygen of an amidate “gand‘ however, no evidence for such
reactive with Ti complexes. The present study focuses exclusively on Ti
chemistry and, therefore, does not address the origin of transamidation (13) Martn, A.; Mena, M.; Ydamos, C.; Serrano, R.; Raithby, P. R.
chemoselectivity. The latter issue will be the focus of future work. J. Organomet. Chen1994 467, 79—84.

Synthesis of Ti-Amidate ComplexesTo probe the effect

of the TiV coordination sphere on the outcome of Ti-mediated
reactions between primary amines and secondary carboxamides,
we sought an analogue of Cp*kftamidate)Cl (4) in which

the chloride is replaced by an amido or a third amidate ligand.
The known Cp*Ti(NMe)s (5) complexX? reacts cleanly in the
presence of a 10-fold excessi®frNH, to provide the trisiso-
propylamido derivatives (Scheme 2). The amido ligands tn
undergo facile exchange with secondary carboxamides. Addition
of 2 equiv of acetanilide to6 in diethylether at ambient
temperature yields the bis(amidate)monoamitfodomplex,7.
Three equiv of acetanilide react wiito form the tris(amidate)-
Ti'"V complex8. Attempts to form the monoamidate complex,
%owever, were unsuccessful. The reactio® @fith 1 equiv of
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Figure 2. Molecular structure o8 (30% thermal ellipsoids). All hydrogen
atoms have been removed for clarity.

Figure 1. Molecular structure of (30% thermal ellipsoids). All hydrogen
atoms have been removed for clarity.

an interaction is provided by the IR spectroscopic or X-ray
crystallographic data (see later).

Structural Analysis of Ti-Amidate Complexes.Only a few
examples of titanium amidate complexes have been reported
in the literature®14 A particularly interesting class of com-
pounds has been described by Schafer and co-workers, who have
prepared and structurally characterized pseudo-octahe#f@Ti
amidate)(NEty), complexes for use as catalysts in the hy-
droamination of alkyne¥®-d Although the hydroamination
reactions are performed in the presence of excess primary amine,
no reaction of the ancillary?-amidate ligands (e.g., transami-
dation or amidine formation) has been noted. The relative
inertness of the amidate ligands in these reactions, which are
performgd n .benzene at 6%, prObabl.y has a Ste!’IC ongn. Figure 3. Molecular structure of compourtD (30% thermal ellipsoids).
The amidate ligands have large substituents on nitrogen (€.9.,all hydrogen atoms have been removed for clarity.
tert-butyl and 2,6-diisopropylphenyl) and an aryl group bonded
to the central carbon atom that orients perpendicular to the are negligible, and for both ligands, the-Td bonds are shorter
amidates-system. than the TN bonds Piequatoriat C(11)-O(1), 1.298(5);

X-ray crystal structures of and8 were obtained. As shown  C(11)-N(1), 1.307(6); T+O(1), 2.070(3); TEN(1) 2.225(4)
in Figure 1, complex exhibits a pseudo-octahedral geometry A, Equatorial/apical C(19)-0(2), 1.316(5); C(19¥N(2),
with the Cp* ligand and an amidate nitrogen atom occupying 1.299(5); T-0(2), 2.052(3); TN(2) 2.231(4) A]. The third
the apical positions. The two amidate ligands are distinguished amidate in8 coordinates in a monodentate fashion through the

by different relative GO and C-N bond lengths: the bond

oxygen atom, and the FiO bond [1.907(3) A] is significantly

lengths for the diequatorial amidate implicates more double- shorter than that of the2-amidate ligands. Furthermore, the

bond character for the €0 bond [C(11)-O(1), 1.2848(19);
C(11)-N(1), 1.311(2) A] relative to the equatorial/apical
amidate, in which the €0 and C-N bond lengths are identical
[C(19)-0(2), 1.300(2); C(19yN(2), 1.300(2) A]. Correspond-

ing differences are evident in the Ti-amidate bond lengths. For

the diequatorial amidate, the N bond is shorter than the
Ti—O bond [T—N(1), 2.1570(13); T+0O(1), 2.2037(12) A],
whereas for the equatorial/apical amidate, the @ibond is
shorter than the TN bond [Ti(1)-0O(2), 2.0664(12); Ti(1)
N(2), 2.2985(14) Al.

The structure of trisamidate compl&is similar to that of
7, but an O-bound «!-amidate occupies the position of the
isopropylamido ligand ir¥ (Figure 2). More detailed analysis
of the structure oB reveals that bonding distinctions between
the diequatorial and equatorial/apieg@tamidate ligands ir8

(14) (a) Giesbrecht, G. R.; Shafir, A.; Arnold,ldorg. Chem2001, 40, 6069—
6072. (b) Zhang, Z.; Schafer, L. Org. Lett.2003 5, 4733-4736. (c) Li,
C. Y.; Thomson, R. K.; Gillon, B.; Patrick, B. O.; Schafer, L. Chem.
Commun2003 2462-2463. (d) Thomson, R. K.; Zahariev, F. E.; Zhang,
Z.; Patrick, B. O.; Wang, Y. A.; Schafer, L. Unorg. Chem.2005 44,
8680-8689.
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C—0 and C-N bond lengths of this ligand [C(27N(3), 1.281-
(6); C(27-0(3), 1.319(5) A] are consistent with the=® and
C—0 formulation in Scheme 2. Other structural parameters
are available in the Supporting Information.

Reactivity of Ti-Amidate Complexes.We previously dem-
onstrated that exogenous amine reacts with the bis(amidate)-
Ti"V complex 4 to yield an amidine product (Scheme 7¢).
Preparation of the bis(amidate)monoamidéTcomplex 7
enabled us to test whether an amido ligand presathtin the
coordination sphere of Ti would undergo transamidation or form
an amidine product. Thermolysis of compléat 50°C in CsDg
resulted in exclusive formation of a 2:1 mixture of the secondary
amidine, MeCENiIPr)NHPh @), and the bigg-oxo)Ti dimer,
{Cp*Ti(u-0)[x>-OC(Me)NPh}, (10) (eq 2). The structure of
10 was confirmed by NMR spectroscopy and X-ray crystal-

(15) For similar structural parameters observedciramidate structures of
aluminum and lithium, see (a) Peng, Y.; Bai, G.; Fan, H.; Vidovic, D.;
Roesky, H. W.; Magull, JInorg. Chem.2004 43, 1217-1219. (b)
Davidson, M. G.; Davies, R. P.; Raithby, P. R.; SnaithCRem. Commun.
1996 1695-1696.
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Figure 4. Kinetic data for the thermolysis of at 50°C in CsDs, Which
yields amidined and the bisfroxo)Ti dimer10, [7] = 0.11 M.
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lography (Figure 3). No evidence for transamidation was F/gureo 5. Kinetic datf for the reaction & with benzyl amine (10 equiv)
. . . . at 70°C in GgDs, [8] = 0.46 M.
obtained in this reaction.

Kinetic studies of the conversion @finto 9 and 10 were Table 1. - Composition of a Product Mixture from the Reaction
o . between 8 and Benzyl Amine in the Presence of Acetanilide at 70
performed by monitoring the reaction Byl NMR spectroscopy. °C and in CgDg for 24 h

Clean exponential decay @f(k = 2.97(3)x 10*s™1) (Figure

transamidation amidine
4) together with the fact that free amine<(3 equiviPrNH,) PhCH,NH, acetanilide yield yields
does not affect the rate suggests that the reaction proceeds by entry  [8]() (equiv) (equiv) (%) (%)
an intramolecular pathway. Thermolysis of the deuterated 1 0.26 1 0 0 >97
analogue of7, Cp*Ti(NDiPr)[x2-OC(Me)NPh} (7-d,), revealed 2 0.26 10 0 0 =97
. e SN >
that the reaction does not exhibit a kinetic isotope effect 2 8:%2 22 g 8 ;g;
(ki/ko = 1.0(£0.1)). 5 0.26 1 10 0 >97
The reactivity of trisamidate comple& in the presence of 6 0.26 10 10 8 89
exogenous benzyl amine was examined (Figure 5). At elevated ; 8:32 ig ig 23 >9;5

temperatures3 reacts with 1 equiv of benzyl amine (PhgH
NHy) to afford the amidine MeG{NPh)NHCHPh (11), the a Transamidation product N-benzylacetamide Yields of N-benzy-
bis(u-0x0)Ti dimer10, and acetanilide in 2:1:2 ratio, respectively lacetamide and amidinkl reported relative to the initial concentration of
(eq 3). The same products are observed when the reaction iscomplexg'

performed in the presence of a 10- and 20-fold excess of benzyl
amine, and the rate approximately doubles when the benzyl
amine concentration is increased from 10 to 20 equiv (pseudo-
first-order rate constants 1.6(3) x 10~* and 3.4(3)x 1074

s1, respectively, at 70C). No significant kinetic isotope effect

is observed when the reaction is performed with PHJBL
(kn/kp = 1.1(#0.1)). As for thermolysis o, the reaction oB

with benzyl amine provides no evidence for transamidation (e.qg.,
formation of N-benzylacetamide or -amidate products).

a substrate/Ti ratic= 10)16 Even in these cases, however
(entries 6 and 7), the transamidation yield is substoichiometric
with respect to8. Furthermore, the transamidation reactivity
disappears when the substrate and Ti concentration is reduced
(entry 8). Under the reaction conditions employed in this final
entry, exclusive transamidation is observe@ i replaced by
Ti(NMey), (see later).

These results with Cp*-ligated Ti complexes reveal that the
Cp* ligand significantly reduces or eliminates the ability of'Ti

Whereas transamidation was not observed under the condi+to promote transamidation. In nearly every case tested, the
tions of egs 2 and 3, we previously reported that 5 mol % Cp*Ti- formation of amidines and oxotitanium products is favored over
(NtBu)(py)Cl (3) catalyzes transamidation between carboxamide transamidation. For transamidation to be observed, a large excess
1 and benzyl amine (six turnovers after 20 h; cf. ed®IJhis of amine and carboxamide substrate relative to Ti and a high
evidence that Cp*-ligated Ti complexes can promote transami- Ti concentration appear to be essential. These conclusions
dation (albeit not as effectively as Ti(NIe) prompted us to  provided a basis for further investigation of the origin of the
test the possibility that transamidation could be observed with divergence between amidine formation and transamidation.
complex8 under alternate reaction conditions (Table 1). The  Reactivity of Primary Amine/Carboxamide Mixtures in
first three entries in Table 1 denote the results described abovethe Presence of Ti(NMe),. The transamidation reaction
wherein 1, 10, and 20 equiv of benzyl amine react vtm between benzyl amine and-phenylheptanamidel), which

toluene at 90C to produce the amidinELl in nearly quantitative forms aniline andN-benzylheptanamide?), is catalyzed ef-
yield. Addition of exogenous acetanilide to the reactiorBof

with 1 equiv of benzyl amine does not alter the outcome (entries (16) After these reactions were complete, a small amount of water was added
to quench the Ti catalyst, and the organic layer was analyzed by gas

4 and 5). The only conditions identified that lead to transami- chromatography. No evidence for the presence of free Cp*H ligand was

; ; aned found. We conclude from this result that a [Cp*Ti]-based complex accounts
dation _V.\Ilth 8 feature_ _the u_se of _excess b?nzyl am . for the observed transamidation, not a small amount of a Cp*-free Ti
acetanilide (i.e., conditions simulating catalytic conditions with complex that forms under the reaction conditions.

J. AM. CHEM. SOC. = VOL. 129, NO. 6, 2007 1779
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(0]
5'1.00 mol % CeHis NHGH,Ph
Ti(NMey), 2 @
+ PhCH;NH,
CeHys~ “NHPh t(;l(t;euge NPh NCH.Ph
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E NPh NCHzPh |
e 20 N oy NHGH,Ph CSHUJLNHPh :
§ ] 12 13 ;
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o

Ti(N Mez]-; Loading (%)

Figure 6. Dependence of the product distribution on the Ti(NMéoading
in the reaction between benzyl amine and tRephenylheptanamide.
Reaction conditions1 (0.39 mmol), PhCkNH; (0.39 mmol), Ti(NMe),
(0.020-0.39 mmol), toluene (2 mL), 90C, 18 h.

fectively by Ti(NMe)4 (5 mol %) (eq 1F On the basis of the
results with Cp*-ligated Ti complexes, we investigated the effect
of varying the Ti(NMe)4 loading on the outcome of the reaction
betweenl and benzyl amine (eq 4, Figure 6).

When <20 mol % Ti(NMe), is used, the only product
obtained from the reaction % resulting from the transamidation
of 1. As the titanium loading is increased, however, the reaction
yields a mixture of2 and amidine isomersl2 and 13. With
50 mol % Ti(NMe),, both transamidation and amidine products
form; however, neither forms in good yield. Whers@ichio-
metricquantity of Ti(NMe), is present, amidine products form
almost exclusively in a ratio of2:1 favoring13. No diben-
zylamidine (i.e., the amidine arising from reaction of amile

and benzyl amine) is observed under any of these conditions.

the substrate/Ti ratio and is not necessarily a function of the
identity of the titanium complex. Nevertheless, the ancillary
ligands play an important role because Cp*-ligated Ti complexes
are poor transamidation catalysts and promote amidine formation
even under conditions that lead to transamidation with
Ti(NMe,), as the catalyst. The size as well as the electron-rich
character of the Cp* ligand could contribute to diminished
transamidation activity of Cp*TV-based complexes.

Mechanistic Considerations Relevant to the Divergence
between Amidine Formation and Transamidation. The
results of this study reveal that primary amines react with
carboxamides to form amidines if a stoichiometric quantity of
Ti'V is present. With a catalytic quantity of 'fj either
transamidation or amidine formation can occur, depending on
the identity of the Ti complex.

Thermolysis of the Cp*Ti?-amidate)(amido) complex7
(eq 2) is perhaps the simplest reaction among those investigated
in this study. The kinetics data reveal that the reaction proceeds
intramolecularly. The negligible kinetic isotope effect indicates
that proton transfer is not rate-limiting; however, pre-equilibrium
proton transfer cannot be excluded, particularly if the proton is
transferred between two atoms whose bonds to hydrogen have
similar force constants. In this context, a plausible reaction
sequence for amidine formation (Scheme 3) consists of (i) pre-
equilibrium proton transfer from the amido ligand to tk&
amidate ligand to produce a neutbound carboxamide and
an imido ligand B), (ii) [2+2]-cycloaddition to form metalla-
cycleC, (iii) retro-[2+2]-cycloaddition to produce a Ti complex
bearing a coordinated amidine and an oxo ligabyl é&nd (iv)
dissociation of the amidine together with aggregation of the
oxotitanium species.

The [2+2]-cycloaddition of group 4 imidometal fragments
with organic carbonyl groups has precedent with ketone and

The reaction progress under these stoichiometric conditions wasaldehyde substratésand we recently reported a similar reaction
monitored to ascertain whether enhanced levels of transamidanvolving a tertiary carboxamide (eq )N,N-Dimethylaceta-

tion are evident at short reaction times (i.e., whether transami-
dation is kinetically favored, but amidine formation thermody-
namically favored); however, only trace amounts of the

mide adductl4, which resembles intermediaBein Scheme 3,
reacts intramolecularly to produce amidib®and the oxotita-
nium trimer 16. The metallacyclic speciek? (cf. C, Scheme

transamidation product are observed throughout the course of3) is @ probable intermediate in the reaction shown in eq 6, and

the reaction.
The amidine product ratio appears to be under kinetic control.
A different product ratio 12/13—10:1) is observed in the

to form an imido ligand prior to reaction with the carbonyl of

the formation of strong F+O bonds provides a thermodynamic
driving force for this process.

17

reaction betweeiN-benzylamide2 and aniline in the presence ﬁ Cp\*:CI

of 100 mol % Ti(NMe)4 (eq 5), indicating that amidines2 | NBu Ti

and13do not equilibrate, at least not rapidly, under the reaction i N~ t18 o” Mo ©
conditions. None of the transamidation prodads observed ~ ‘BuN \Cl N | T/u }I

under the conditions of eq 5. We note that the amidine product 14 \ 15 Cl/f*\o/ \ Cp*
that is favored in eqs 4 and 5 incorporates the amine substrate f,Bu Cp* 46 Ol

into the “imine” site of the product. These observations are ! N :

consistent with a mechanism in which the primary amine reacts ! via Cp*(CI)Tii ,\Nn';nez

the amide substrate (see later).

100 mol %
Ti(NMe,)
NHCH,Ph + PhNH,

(0] NPh NCH,Ph

CeHig
2

CeHig
12

NHCH,Ph + CgHy5~ ~NHPh

13 ®

toluene
90 °C
12:13 ~ 10:1
(85% total yield)

These collective results indicate that the divergence between

transamidation and amidine formation can be dictated by varying
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In principle, transamidation, too, could proceed via a four-
membered metallacycle (i.eC, Scheme 3). Such a transami-
dation pathway would require that the uncoordinated amine
fragment inC exchange with the amido ligan@ (~ C', Scheme
4) followed by retro-[2-2] cycloaddition to regenerate an imido-

(17) (a) Walsh, P. J.; Hollander, F. J.; Bergman, RQBganometallics1993
12, 3705-3723. (b) Lee, S. Y.; Bergman, R. G. Am. Chem. S0d.996
118 6396-6406.
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Scheme 3. Proposed Mechanism for Amidine Formation from the Bis(amidate)amidoTi Complex 7

0 ‘ i R i NR O
R'— S[TiI—NHR === [T]=NR — [Ti-NR W, N, —— g *e [rn]\o,rn]
| . |l NHR' " 1
R OsNHR' 0+NH" o] R?’ R NHR
R"
R
A B c D E

Scheme 4. Hypothetical Mechanism for Transamidation Scheme 5. Proposed Mechanism for Ti'V-Mediated
Proceding via Metallacyclic Intermediates Transamidation Involving Intramolecular Nucleophilic Attack of an

[Ti=NR [TiI-NR [TiI-NR' [TPZNR. Amido Ligand on a Coordinated Neutral Carboxamide Ligand

| R"
O. NHR  O—NHR' O—=NHR O __NHR o o= o ,
R" R" Y M, YR+ NHR —— [/ NFR iy <R
Rll R” N \ N R
B c c B' R NHR HR
. . F ¢ "\
rather than an oxotitanium speci€s’' (— B', Scheme 4). The R"
retrocycloaddition ofC’ to form B’ seems unlikely, however, { [Tl = Ti(amidate)s!} (Til-0—~
and preliminary density-functional theory (DFT) calculations / 1 NRR
confirm this suspicion. The energy profile in Figure 7 reveals O=<F*"
) . - . o _ 0

that [2+2]-retrocycloaddition fromC1 (a methyl-substituted 1,0 oo e o ””( N-R i ><NR*:R
analogue of intermediat€) to form an oxotitanium fragment N NHR' Ne
with a coordinated amidineD({l) is both kinetically and F G H

thermodynamically favored over formation of an imidotitanium seh 6 P 4 Mechanism for TiV-Mediated

H ) cheme 6. ropose echanism tor [1'v-iviediate
fragment and a CPO”?“”ated Carboxamlm)(_ These results . Transamidation Involving Nucleophilic Attack of an External Amine
imply that transamidation does not proceed via the metallacyclic on a Coordinated Amidate Ligand

structureC because such a metallacycle should instead lead to ®
idine f ; O L. Q 0 _NH,R _O_NHR
amidine formation. il »—R + NH,R = [Ti){ ><R" = [Ti|{ ><R"

We do not yet fully understand the mechanistic origin of N N Nre
transamidation activity; however, several of our observations F J H' \
establish important constraints for any mechanistic hypothesis. ... \ R"
Transamidation requires a high substrate/Ti ratio (cf. Table 1 :[T1= Tiamidate)s; [Til=0—~~npiry

. L . | NHR
and Figure 6). In addition, secondary carboxamides exchange /
readily with amido and imido ligands at 'fito form TiV- ®
. . . . . .0 © O _NH,R' O _NHR'
amidate species, and the amidate ligands may coordinate in ami »R" + NH,R' ~—— [Ti){ X}lp —= [TIJ\NXR..
« or k2 manner (cf. Schemes 1 and 2). These observations § R HR
suggest that Ti(NMg, will form a tetrakis(amidate) TV species F J H

in the presence at 4 equiv of carboxamide (e.g., under catalytic
conditions). A similar conclusion was reached in our recent the first pathway (Scheme 5), a primary amine reacts with a
study of Al-catalyzed transamidation, which revealed the tetrakis(amidate)T{ species- to form an amidotitanium species
formation of tris(amidate)Al species when A{NMey)s is G, which possesses a neutral, oxygen-bound carboxamide
combined with>3 equiv of secondary carboxamide per Al ligand. Intramolecular nucleophilic attack of the amido ligand
center’®18 |n the Ti-mediated reactions, we propose that the on the carboxamide forms metallacyéle which can undergo
presence of excess carboxamide substrate under catalyti¢lissociation of the amino fragment to yield the symmetrical
conditions serves to prevent formation of imidotitanium species tetrahedral intermediate The latter species can revert to starting
(B, Scheme 4) and, thereby, inhibits the production of amidines. materials or proceed to the transamidation prodictThe

In light of these considerations, we suggest two possible second hypothetical mechanism (Scheme 6) is related to Scheme

mechanisms to explain the origin of transamidation activity. In 5 but features a different-€N bond-forming step. An external
amine undergoes nucleophilic attack on a coordinated amidate

[Til=NCHj . A . .

ligand to produce zwitterionic intermediatgand intramolecular

O~ NHCH, [Ti—NCHs proton transfer generates metallacyele which appears also
135" O o in Scheme 5.

O---1-NHCH;Z . . .
Both of these mechanisms avoid formation of metallacycle

C (Scheme 4, Figure 7), which appears to lead to amidine

AG = formation. Although intermediatdd andH' resembleC, we
(keal/mol) |~ hypothesize that the presence of a proton on the coordinated
[T'I_NCH3 nitrogen atom of the metallacycles kh and H' will weaken
O\\T/NHCHg the Ti—N bond, thereby facilitating exchange of the amino
CHy  jommmeeee e oaneee fragments and enabling transamidation. Because amidines also
H O. H _
{ITil = HC— j,Tig rlrl'] N .
' N7 o CH (18) Further support for (amidate)titanium species under catalytic conditions is
_____________ CHy | HsC 3 obtained from kinetic studies. Both Ti- and Al-catalyzed transamidation
Ei 7 E file f t loadditi f del reactions exhibit a zero-order rate dependence on [carboxamide], consistent
lgure /. TFTeE energy protie for retrocycloaddition irom a mode with the proposal that the amide substrate is complexed to the catalytic
metallacycleC1 at 90°C derived from DFT calculations optimized with a metal center prior to the rate-determining step (ref. 7b for detailed
double¢ basis set. See Experimental Section for details. discussion).
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can potentially form via intermediatéfH' andl, further studies product6 as yellow crystals (0.219 g, 52.5%H NMR (300 MHz,
will be needed test these proposals. Extensive DFT studies havebenzeneds): 6 1.11 (d, 18 HJ = 7.2 Hz, CHMe,), 1.87 (s, 15 H,
been initiated to probe the mechanisms in Schemes 5 and 6 inCsMes), 4.27 (sept, 3 H) = 7.2 Hz,CHMe), 5.18 (br s, 3 H, NH).
an effort to identify the preferred-€N bond forming pathway -t 'H} NMR (75 MHz, benzenet): 0 11.7 (GMes), 27.8 (CHMey),
and to evaluate whether the intermediates in these mechanism&%-8 €HMe2), 116.8 CMes). IR (CH;CL): vmax2956 s, 29125, 2859

. . - . . S (NH) cntt. Anal. Calcd for G4H3oN3OsTi: C, 63.83; H, 11.02; N,
Eicdeatril(lj?qher barriers for amidine formation relative to transa- 11.76. Found: C. 63.62: H, 10.95, N, 11.73.

Cp*Ti(ND iPr)3 (6-dy). This complex was prepared in a similar way
Conclusion as6 from 5 (0.372 g, 1.18 mmol) andPrND; (0.56 g, 11.80 mmol) to
afford the produc®-d; as yellow crystals (0.201 g, 49.2%H NMR
The data reported here significantly advance our understand-(300 MHz, benzenek): 6 1.11 (d, 21 H,J = 7.2 Hz, CHVle,), 1.88
ing of Ti-mediated exchange processes involving carboxamides (s, 15 H, GMes), 4.28 (sept, 3 HJ = 7.2 Hz, CHMey).
and amines, particularly with respect to the ability ofVTio Cp*Ti(NH iPr)[«2-OC(Me)NPh], (7). To a solution of6 (0.047 g,
promote either transamidation or amidine formation depending 0.13 mmol) in 10 mL of EO, acetanilide (0.025 g, 0.19 mmol) was
on the reaction conditions. We find that'fiwhen present in added at ambient temperature. The reaction was stirred overnight,
approximately stoichiometric quantity with respect to the whereupon all the volatiles were removed under vacuum, and the

substrates, promotes amidine formation rather than transami_residue was extracted with pentane, filtered through Celite, and
dation This result is attributed to the formation of a four- evaporated to dryness. The residue was crystallized from ca. 3 mL of

bered I le th d loadditi pentane at-30 °C to afford the product as yellow crystals (0.032 g,
membered metallacycle that can undergo retrocycloaddition to 47.8%).H NMR (300 MHz, benzenek): ¢ 0.91 (d, 6 H,J = 6.6 Hz,

form amidine and a thermodynamically stable oxotitanium cpve,), 2.80 (s, 3 H, MOC(Me)NPh]), 2.08 (s, 15 H, les), 4.86
product. The ability of TV to avoid irreversible formation of  (sept, 1 H,J = 6.6 Hz, CHMey), 6.94-7.21 (m, 10 H, Ph), 8.64 (br s,
oxotitanium products and promote transamidation under the 1 H, NH).23C{H} NMR (75 MHz, benzenek): ¢ 14.2 (GMes), 21.7
catalytic conditions is quite remarkable. Insights from the present (CMe[OC(Me)NPh]), 28.7 (CHle;), 57.6 CHMe,), 125.3 CsMes),
study suggest that exogenous substrates (both amine and25.9,128.2, 131.4, 150.8 (Ph), 178@e[OC(Me)NPh]). IR (CH-
carboxamide) present under catalytic conditions prevent forma- Cl2): vmax 3044 m (NH) cn*; 1588 s, 1546 m (sh) (amidate) cin
tion of a four-membered metallacycle, as that leads to ~ Anal- Caled for GeHaoNsO,Ti: C, 68.36; H, 7.73; N, 8.25. Found: C,
amidine formation and Ti inactivation via formation of an oxo ©8-66: H 7'9_0' N, 8.22. ]

complex. Avoidance of metallacyct® under catalytic reaction Cp*Ti(ND iPr)[«*OC(Me)NPh, (7-d). This complex was prepared

conditions enables transamidation to occur. Substoichiometric " & Similar way as7-|d1 frofr? Gédlh(o'm; g,t;).13 mTOI) and alcetamhde

transamidation is observed in the presence of the CH*Ti (0.026 g, 0.19 mmol) to afford the produtth as yellow crystals (0.034
; _ p 4 g, 51.2%).H NMR (300 MHz, benzenek): ¢ 0.87 (d, 6 H,J = 6.6

(amidatej complex 8; however, the electron-donating and p; chwe,), 1.75 (s, 3 H, Me[OC(Me)NPh]), 2.02 (s, 15 H, &es),

sterically bulky Cp* ligand renders i ineffective as a 4.80 (sept, 1 HJ = 6.6 Hz, CHMey), 6.90-7.15 (m, 10 H, Ph).

transamidation catalyst. Thus, we find that the ability oF Ti Cp*Ti[ ¥-OC(Me)NPh][x2-OC(Me)NPh]; (8). To a solution of6
to promote transamidation depends upon both the substrate/Ti0.094 g, 0.26 mmol) in 15 mL of ED, acetanilide (0.107 g, 0.78
ratio and the ancillary ligands coordinated td"TiAlthough mmol) was added at ambient temperature. The reaction was stirred

further work will be necessary to elucidate the mechanistic origin overnight, whereupon all the volatiles were removed under vacuum,
of transamidation activity, the results of this study highlight an the residue was extracted three times with 4 mL of 6:1 pentane/toluene

unexpected dichotomy in the reactivity of Tiwith carboxa- solvent mixture, filtered through Celite, and evaporated to dryness. The
mides and amines residue was crystallized from ca. 5 mL of 6:1 pentane/toluene solvent

mixture at—30 °C to afford the producB as red crystals (0.107 g,
Experimental Section 70.0%).*H NMR (300 MHz, benzenek): ¢ 1.66 (s, 3 H, GIe[«*-
OC(Me)NPh)), 2,12 (s, 6 H, @e[x>-OC(Me)NPh]), 1.92, 1.93 (s, 15

General Procedures All manipulations were carried out under an H, CsMes), 6.99-7.53 (m, 15 H, Ph)*C{1H} NMR (75 MHz, benzene-
atmosphere of nitrogen using standard Schlenk or glove box techniques ). §11.8, 12.0 (gMey), 19.1 (Me[«-OC(Me)NPh]), 24.3 (Me[x>-
All solvents (diethyl ether, dichloromethane, toluene, and pentane) were OC(Me)NPh]), 123.3, 124.2%Mes), 121.6, 124.6, 128.6, 129.0, 129.9,
dried by passing over a column of activated alumina followed by a 146.4, 147.3, 150.8 (Ph), 174.8Nle[«-OC(Me)NPh]), 175.3CMe-
column of Q-5 scavenger. Compl&%3 PhCHND,, andiPrND,*° were [k2-OC(Me)NPh]). IR (CHCL,): vmax 1604 m (sh), 1596 s, 1561 m
synthesized according to literature procedures. All other reagents Were(sh) (amidate) crmt. Anal. Caled for GHsoN:OsTi: C, 69.73: H, 6.73;
purchased from commercial sources and used as supplied. N, 7.18. Found: C, 69.65: H, 6.85, N, 7.63.

Benzeneds and CQCl, were dried over NaK alloy/benzophenone Thermolysis of 7 Leading to MeCE&NPHNHPh (9) and Cp*Ti( u-
and CaH, respectively, for 24 h and vacuum transferred prior to use. 0)[k?>-OC(Me)NPhJ}» (10). A solution of 7 (0.058 g, 0.11 mmol) in 1
'H and **C{*H} NMR spectra were recorded on Bruker AC-300 1 of c;Dswas heated at 50 for 3 h, whereupofH NMR spectrum
spectrometers at 300 and 75 MHz, respectively. Elemental analysesghawed~100% conversion of the starting material into amidénand
were performed by Midwest Microlab laboratory. complex10. Then all the volatiles were removed under vacuum, the

Cp*Ti(NH iPr)s (6). To a solution of5 (0.372 g, 1.18 mmol) in 10 resjdue was dissolved in 1 mL of GEll, layered with 5 mL of pentane,
mL of toluene, isopropyl amine (1.0 mL, 11.80 mmol) was added at and stored at-30°C for 2 days. The supernatant, decanted from yellow
ambient temperature. The reaction was brought to reflux in a sealed ¢rystals 0f10 (0.042 g, 87.4%), which containe@iand residuatLO
Schienk tube at 110C overnight, whereupon all the volatiles were  yas evaporated to dryness; the residue extracted with ca. 3 mL of 2:1
removed under vacuum, and the residue was extracted with 10 mL of hentane/E0 solvent mixture, filtered through Celite, and crystallized

pentane, filtered through Celite and evaporated to dryness. The residuey; —30 °C to afford the amidin® as white crystals (0.014 g, 69.5%).
was crystallized from ca. 7 mL of pentane -a80 °C to afford the

(20) (a) Becke, A. DPhys. Re. A 1988 38, 3098-3100. (b) Lee, C.; Yang,

(19) (a) Khanzada, A. W. K.; McDowell, C. Al. Magn. Res1977, 27, 483~ W.; Parr, R. GPhys. Re. B 1988 37, 785-789. (c) Becke, A. DJ. Chem.
496. (b) Ross, S. D.; Finkelstein, M.; Petersen, RJCAm. Chem. Soc. Phys.1993 98, 5648-5652.
1959 81, 5336-5342. (21) Hay, P. J.; Wadt, W. Rl. Chem. Phys1985 82, 299-310.
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9: H NMR (300 MHz, benzenek): 6 1.19 (d, 6 H,J = 6.6 Hz,
CHMe;), 3.54 (br s, 1 H, NH), 4.51 (sept, 1 H,= 6.6 Hz, CHMe,),
7.08-7.45 (m, 5 H, Ph). MS (Eljn/z 176 (100, M).

10 H NMR (300 MHz, CQClp): 6 1.83 (s, 30 H, @Mes), 2.25
(s, 6 H, GMe[OC(Me)NPh]), 7.09-7.36 (m, 10 H, Ph)3C{*H} NMR
(75 MHz, CD,Clp): 6 11.5 (GMes), 19.5 (QMe[OC(Me)NPh]), 123.3
(CsMes), 123.8, 124.2, 128.5, 144.9 (Ph), 175CMe[OC(Me)NPh]).
Anal. Calcd for Gg 12446 24Clo 2N204Ti» (containst/s CH,Cl, solvent
molecule): C, 64.07; H, 6.90; N, 4.14. Found: C, 63.95; H, 6.97, N,
4.37.

Kinetic Studies of the Reaction between Trisamidate Complex
8 and Benzyl Amine.A solution of 8 (0.270 g, 0.46 mmol), benzyl
amine (0.5 mL, 4.60 mmol), and 1,3,5-trimethoxybenzene (internal
standard) in 0.5 mL of §Ds was heated at 78C for 24 h, whereupon
the 'H NMR spectrum revealed-100% conversion of the starting
material into amidinel1 and complextLO0.

Studies of the Thermal Reaction between Trisamidate Complex
8, Acetanilide, and Benzyl Amine.(a) A solution of8 (0.077 g, 0.13

Reaction betweerN-Phenyl Heptanamide (1) and Benzyl Amine
in the Presence of Ti(NMe)4. To a solution ofl (0.080 g, 0.39 mmol)
and PRCH (3 mg, internal standard) in 2 mL of toluene, benzyl amine
(42 L, 0.39 mmol) was added at ambient temperature followed by
the appropriate amount of Ti(NMj (0.02—0.39 mmol). The reaction
mixture was stirred for 5 min, whereupon it was stripped to dryness to
remove any HNMg Then the residue was redissolved in 2 mL of
toluene and brought to 98C in a sealed vial and heated for 18 h,
whereupon it was cooled to ambient temperature. Water gL)Ovas
added to the reaction mixture to hydrolyze Ti-based species. The toluene
solution was dried over N8O, and analyzed by GC.

Computational Methods. The geometries for all critical species
(reactants, intermediates, transition states, and products) were optimized
in the gas phase using the hybrid density-functional theory, B3t°YP.

To simplify calculations, the amide was replaced with acetamide. The
effective core potential (ECP) of Hay and W&dind the corresponding
basis set (augmented by &functior??) were used for Ti; the 6-31G-

mmol), appropriate amounts of benzyl amine and acetanilide, and 1,3,5-(d,p) basi& was used for all other main group elements during geometry

trimethoxybenzene (internal standard) in 0.5 mL @Dgwas heated
at 70°C for 24 h, whereupon thiH NMR spectrum revealee100%
conversion of the starting material into compl&8, amidinell, and

optimizations and frequency calculations. Vibrational frequency cal-
culations were subsequently carried out to verify the character of the
optimized structures and to obtain zero-point energy corrections to

benzylacetamide (transamidated carboxiamide). After that, water (100 parrier heights. Single-point total energies were calculated for all atoms
uL) was added to the reaction mixture to hydrolyze Ti-based species. with the all electron 6-31tG(d,p) basis se¥ and the thermal

The solution was dried over MaO, and analyzed by GC.

(b) A solution of acetanilide (0.080 g, 0.39 mmd@)(0.022 g, 0.039
mmol) in 2 mL of toluene, benzyl amine (42, 0.39 mmol), and
PhCH (3 mg, internal standard) was brought to°@in a sealed tube

and heated for 18 h, whereupon it was cooled to ambient temperature.

Water (100uL) was added to the reaction mixture to hydrolyze Ti-
based species. The toluene solution was dried ovegs®iand analyzed
by GC.

(22) Ehlers, A. W.; Bbme, M.; Dapprich, S.; Gobbi, A.; Hivarth, A.; Jonas,
V.; Kéhler, K. F.; Stegmann, R.; Veldkamp, A.; Frenking, Ghem. Phys.
Lett. 1993 208 111—-114.

(23) Hariharan, P. C.; Pople, J. Aheor. Chim. Actal973 28, 213-222.

(24) (a) Hay, P. JJ. Chem. Phys1977, 66, 4377-4384. (b) Krishnan, R.;
Binkley, J. S.; Seeger, R.; Pople, J. A.Chem. Physl98Q 72, 650-654.
(c) McLean, A. D.; Chandler, G. S. Chem. Physl98Q 72, 5639-5648.
(d) Raghavachari, K.; Trucks, G. W. Chem. Phys1989 91, 1062~
1065

(25) Friscﬁ, M. J.; et alGaussian O3revision B.04; Gaussian, Inc.: Wallingford,
CT, 2004.

corrections from the optimized structure was added to generate the free
energies. All calculations were performed with the Gaussian 03
program?®
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