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Abstract: Cleavage of the C—N bond of carboxamides generally requires harsh conditions. This study
reveals that tris(amido)Al" catalysts, such as Al,(NMe,)s, promote facile equilibrium-controlled transamidation
of tertiary carboxamides with secondary amines. The mechanism of these reactions was investigated by
kinetic, spectroscopic, and density functional theory (DFT) computational methods. The catalyst resting
state consists of an equilibrium mixture of a tris(amido)AI" dimer and a monomeric tris(amido)Al"—
carboxamide adduct, and the turnover-limiting step involves intramolecular nucleophilic attack of an amido
ligand on the coordinated carboxamide or subsequent rearrangement (intramolecular ligand substitution)
of the tetrahedral intermediate. Fundamental mechanistic differences between these tertiary transamidation
reactions and previously characterized transamidations involving secondary amides and primary amines
suggest that tertiary amide/secondary amine systems are particularly promising for future development of
metal-catalyzed amide metathesis reactions that proceed via transamidation.

Introduction appropriate catalyst that promotes facile formation and cleavage
) ) ) ) of the respective covalent bonds (Figure 1).
“Dynamic covalent chemistry” (DCC) has gained widespread  The giversity and significance of carboxamide-containing
attention as a means of preparing organic molecules andmglecules in chemistry and biology suggest that amide-exchange

materials under thermodynamic, rather than kinetic, coftrol. reactions, including transamidation and amide metathesis (egs
Successful applications of DCC have been demonstrated with1 and 2), could have broad utility in DCC applications.

a variety of functional group3,including esters, thioesters,

imines, disulfides, and alken&3.he exchange reactions involv- o] o

ing these functional groups are achieved through the use of anR)LN»F%',, R2NH, featl HJLN—Hz,, RINH.
H H h )

(1) Reviews of dynamic covalent chemistry: (a) Lehn, J.Ghem. Eur. J.

1999 5, 2455-2463. (b) Rowan, S. J.; Cantrill, S. J.; Cousins, G. R. L,; o] o] 0] 0]
Sanders, J. K. M.; Stoddart, J. Angew. Chem., Int. E®002 41, 898— A g2 I gt fcat J. pe I ge
952. (c) Corbett, P. T.; Leclaire, J.; Vial, L.; West, K. R.; Wietor, J-L.; R "N"" + R¥ "N°" =—== R'""N" + R¥ "N~
Sanders, J. K. M.; Otto, Shem. Re. 2006 106, 3652-3711. H H H H (2)

(2) For selected recent applications of dynamic covalent chemistry, see: (a)
Brady, P. A.; Bonar-Law, R. P.; Rowan, S. J.; Suckling, C. J.; Sanders, J.
K. M. Chem. Commurl996 319-320. (b) Oh, K.; Jeong, K.-S.; Moore,  |n contrast to the examples in Figure 1, however, methods for
J. S.Nature2001, 414, 889-893. (c) Otto, S.; Furlan, R. L. E.; Sanders, . . .
J.K. M. Sciences002 297, 590-593. (d) Kilbinger, A. F. M.; Cantrill, 5. catalytic exchange of carboxamide-® bonds suitable for DCC
J.; Waltman, A. W.; Day, M. W.; Grubbs, R. HAngew. Chem., Int. Ed.  gpplications are not readily availalfte® This deficiency
2003 42, 3281-3285;Angew. Chenm2003 115 3403-3407. (e) Vignon, .
S. A Thibaut, J.; ljima, T.; Tseng, H.-R: Sanders, J. K. M.. Stoddart, 3. underlies our recent efforts to develop catalysts that promote
F.J. Am. Chem. So2004 126, 9884-9885. (f) Cantrill, S. J.; Grubbs, R. i
H.; Lanari, D.; Leung, K. C.-F.; Nelson, A.; Poulin-Kerstien, K. G.; Smidt, these reactions. . .
S.'P.; Stoddart, J. F.; Tirrell, D. AOrg. Lett. 2005 7, 4213-4216. (g) We recently reported the first catalysts capable of promoting
Cacciapaglia, R.; Di Stefano, S.; Mandolini, L. Am. Chem. So2005 i ; ; ; ; ;
127 13666-13671. () Shi. B.: Stevenson, R.. Campopiano. D. J.: Greaney, transamidation of secondary amides with primary amines under
M. F. J. Am. Chem. So@006 128 8459-8467. (i) Vial, L.; Ludlow, R.
F.; Leclaire, J.; Pez-Feriadez, R.; Otto, SJ. Am. Chem. SoQ006 (4) Transamidation at very high temperatures2%0 °C), typically with
128 10253-10257. (j) Dirksen, A.; Dirksen, S.; Hackeng, T. M.; Dawson, polyamides, has been reported: (a) Smith, M. E.; Adkins].F Am. Chem.
P. E.J. Am. Chem. So006 128 15602-15603. So0c.1938 60, 657-663. (b) Beste, L. F.; Houtz, R. Q. Polym. Sci1952

(3) For representative fundamental studies of equilibrium-controlled exchange 8, 395-407. (c) Ogata, N.Makromol. Chem1959 30, 212-224. (d)
of covalent bonds, see ref 1 and the following: (a) Stanton, M. G.; Allen, Miller, 1. K. J. Polym. Sci., Part A: Polym. Chert976 14, 1403-1417.
C. B,; Kissling, R. M.; Lincoln, A. L.; GagheM. R. J. Am. Chem. Soc. (e) McKinney, R. J. U.S. Patent 5,302,756, 1994. (f) McKinney, R. J. U.S.
1998 120, 5981-5989. (b) Nyce, G. W.; Lamboy, J. A.; Connor, E. F.; Patent 5,395,974, 1995.
Waymouth, R. M.; Hedrick, J. LOrg. Lett.2002 4, 3587-3590. (c) Ong, (5) For enzymatic approaches to secondary amide exchange reactions, see: (a)
T.-G.; Yap, G. P. A,; Richeson, D. £&hem. Commur2003 2612-2613. Sergeeva, M. V.; Mozhaev, V. V.; Rich, J. O.; Khmelnitsky, Y. L.
(d) Singh, R.; Kissling, R. M.; Letellier, M.-A.; Nolan, S. B. Org. Chem. Biotechnol. Lett200Q 22, 1419-1422. (b) Swann, P. G.; Casanova, R.
2004 69, 209-212. (e) Trnka, T. M.; Grubbs, R. Acc. Chem. Re2001], A.; Desai, A.; Frauenhoff, M. M.; Urbancic, M.; Slomczynska, U.;
34, 18-29. (f) Dirksen, A.; Hackeng, T. M.; Dawson, P. &ngew. Chem., Hopfinger, A. J.; Le Breton, G. C.; Venton, D. Biopolymers199§ 40,
Int. Ed. 2006 45, 7581-7584. 617-625.
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o] _ (o] Table 1. Catalytic Transamidation of Tertiary Amides with
RN R+ RiOH 2= giNo R 4 REOH Secondary Amides?
i X
)J\ 3 Forward 3
o RS o R” "NR'R2 + HNR’R* =—————= R” "NR°R* + HNR'R?
ri?Ng-R® + RSH riNg-R® + ReSH | Reverse I
2 5 RNH, 2 5 1R2 IR M
R - R s _orH R 6+ R 3 Enty R NR'R NRR Forward Reverse
R1,C\\N,R 4Coy R R1-Con R RaCo R ;‘
. $ o
SR, g B s R . I ']“/\Q ) 39/59  37/59
R1"7 s * = Rr"s + R“SH
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R1/\/R +R3/\/R R1/\/R + R3/\/R 7
Figure 1. Self-exchange reactions that have been applied to dynamic . &~
N N
covalent chemistry (DCC) applications. 3 n-CeHuab- | /\© K/ 58/35 60/34
Scheme 1. Proposed Mechanism for Al'l-Catalyzed
Transamidation of Secondary Amides N SN
________________ . 4 @s— | L J 41/54  37/58
Pl >R £ B
b2 ! 5 —@E- |,\© & 39/68  37/61
NFR G R A TR
o : o 6 @g- : ) 56/40  55/41
R AR | [A]=A[ >R Et L
o H | NHR N . - .
. R ! [AI]} : R a8 Reaction conditions: [A(NMey)s] = 4.3 mM, [carboxamide} 0.17
R H v N-R'y: M, [amine]= 0.17 M, 2 mL of toluene, 90C, 16 h.b Determined by GC
E 0—{ N s (internal standard= triphenylmethane); data represent the average of two
NHR ' AR ' NHR" i reactions. Formation of N,N-dimethylcarboxamide product was observed
[AI]} H R, i (AT H ' in ~5% yield; the remaining amide products wérandll in each case.
. N-R : v N-R
F0=<R ' OE(R E secondary carboxamide to form a tris(amidaté)Apecies 2)
“ L }1_ ________ | (eq 3)8
9 .
" e NHR' 0.5 Alp(NMep)g + 3 g~~N-R'—= [R—( JAM" + 3HNMe
[AI]/ XNHR [Al]\ >”!R 2 26 R H N 2
‘\O =] (o) 1 173 P
E HR" % c 5 @
N ' N . .
\ [Al]‘::';'; A Kinetic and NMR-spectroscopic studies revealed that complexes
\O/LR of this type represent the resting state of! Aduring catalytic
D turnover and that the trigf-amidate)Al' complexes enter the

moderate conditions (eq 1)One of the most effective catalysts
for these reactions proved to be the homoleptic amidoaluminum
complex Ab(NMey)s (1). Subsequent mechanistic studies re-
vealed that this dimeric Al complex is actually a “precatalyst”.
Under the reaction conditions, it reacts rapidly with 3 equiv of

(6) Precedents for transamidation under synthetically practical conditions
are typically limited to intramolecular reactions or require a stoichio-
metric reagent: (a) Galat, A.; Elion, G. Am. Chem. S0d943 65, 1566~
1567. (b) Martin, R. B.; Parcell, A.; Hedrick, R. J. Am. Chem. Soc.
1964 86, 2406-2413. (c) Crombie, L.; Jones, R. C. F.; Haigh, D.
Tetrahedron Lett.1986 27, 5151-5154. (d) Zaragoza-Dwald, F.;
von Kiedrowski, G.Synthesis1988 11, 917-918. (e) Gotor, V.; Brieva,
R.; GonZ¥ez, C.; Rebolledo, FTetrahedron1991, 47, 9207-9214.
(f) Bon, E.; Bigg, D. C. H.; Bertrand, Gl. Org. Chem1994 59, 4035—
4036. (g) Suggs, J. W.; Pires, R. Metrahedron Lett.1997 38,
2227-2230. (h) Langlois, NTetrahedron Lett2002 43, 9531-9533. (i)
Lasri, J.; Gonzez-Rosende, M. E.; Séjeda-Arques, JOrg. Lett.
2003 5, 3851-3853. (j) Klapars, A.; Parris, S.; Anderson, K. W
Buchwald, S. L.J. Am. Chem. So@004 126, 3529-3533. (k) Alajafn,
M.; Vidal, A.; Tovar, F.Tetrahedror2005 61, 1531-1537. (I) Galimsiz,
S.; Lipton, M. A. J. Org. Chem.2005 70, 6218-6221. (m) Dineen,
T. A.; Zajac, M. A.; Myers, A. GJ. Am. Chem. So@006 128 16406
164009.

(7) (a) Eldred, S. E.; Stone, D. A.; Gellman, S. H.; Stahl, SJSAm.
Chem. Soc2003 125 3422-3423. (b) Bell, C. M.; Kissounko, D. A,;
Gellman, S. H.; Stahl, S. SAngew. Chem., Int. ER007, 46, 761~
763. See also: (c) Shi, M.; Cui, S.-Synth. Commur2005 35, 2847—
2858.
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catalytic cycle via a bimolecular reaction with a primary amine
substrateZ + RNH, — A, Scheme 1).

The insights from this mechanistic study suggested that more
efficient catalysis could be achieved by destabilizing thexis(
amidate)Al' species, thereby making it more reactive, or by
circumventing this species altogether. Tertiary carboxamides
lack an acidic N-H group and cannot form the amidatalumi-
num species. Therefore, tertiary amides could react directly with
tris(amido)Al" complexes to form a species analogous to inter-
mediateB in Scheme 1 and undergo efficient transamidation

(eq 4).

0] catalytic o
Y . AINRY) s )
R NR'RZ + HNRR* =——= R NR*R* + HNR'R?

)

Here, we validate this hypothesis by demonstrating the first
examples of tertiary amide transamidation catalysis. The mech-

(8) Hoerter, J. M.; Otte, K. M.; Gellman, S. H.; Stahl, SJSAm. Chem. Soc.
2006 128 5177-5183.

(9) The stoichiometric formylation of amines withN-dimethylformamide has
been reported: (a) Pettit, G. R.; Thomas, E.JGOrg. Chem1959 24,
895-896. (b) Pettit, G. R.; Kalnins, M. V.; Liu, T. M. H.; Thomas, E. G.;
Parent, KJ. Org. Chem1961, 26, 2563-2566. (c) Kraus, M. ASynthesis
1973 361-362.
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A. Heptanamide Transamidation
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Figure 2. Representative time-courses for,@Mey)e-catalyzed transamidation betwedaand4 (A) and 3b and4 (B) in both the forward and reverse
directions. Conditions: [A(NMey)s] = 4.3 mM, [carboxamide} 0.17 M, [amine]= 0.17 M, 5 mL of toluene, 90C.

anism of these reactions is investigated by experimental and(3a)/piperidine @) and N-benzylN-methylp-toluamide 8b)/
computational methods. The results highlight similarities and piperidine @) proved suitable for this purpose (eq 5).
differences between Alcatalyzed transamidation of secondary

and tertiary carboxamides and suggest opportunities for the 2.5 mol %
X [AI(NMez)s]; 0
development of improved catalysts. U e 1) I
R™ "N° + HN ) == U + HN(Me)Bn (5)
. . toluene
Results and Discussion Me 90 °C
3a,b 4 5a,b 6

Al -Catalyzed Tertiary Amide Transamidation. This \
study was initiated by evaluating whether the amidoaluminum 5 _ n-GaHm—ta)‘/@/(b)
complex Ab(NMey)s (1) could catalyze the transamidation
of tertiary amides. We selected tertiary amide/secondary amine

pairs that should be approximately thermoneutral (Table 1). JOL e
Conditions analogous to those used in the transamidation of R™N
secondary amides were employed: 5 mol % [Al] (2.5 mol % Me
[1]) in toluene as the solvent at . The reactions were 7ab

performed in both forward and reverse directions, as shown in )
Table 1, and achievement of equilibrium was demonstrated when!n the presence of 2;5 mol % ANMez)s (1) in tolue.n.e 6_“ 90C{
an identical product ratio was obtained for the forward and theS€ substrate pairs react to produce an equilibrium mixture
reverse reactions. The data in Table 1 indicate that equilibrium ©f c@rboxamides andS and amined and6 (Figure 2). Identical
was attained for each of the six substrate pairs examined. SmallProduct ratios were obtained when the reactions were performed
amounts of théN,N-dimethylcarboxamide~¢5%) were observed I the forward or reverse directions, which establishes that the
in each reaction mixture, resulting from incorporation of the réactions reached equilibrium. A small amountoi-dimeth-
dimethylamino fragment of into the amide products. To our yI(_:arboxamide product was detected in each of the reaction
knowledge, these results represent the first examples of catalyticMixtures.
equilibration of tertiary amide-secondary amine mixtifres. Initial-rate kinetic methods were used to examine the
Following these initial demonstrations of catalytic reactivity, dependence of the reaction rate on each of the componests, Al
we undertook mechanistic studies to probe the similarities and (NMe,)s, amine, and carboxamide. The reaction rate was
differences between Alcatalyzed transamidation of secondary obtained by monitoring the carboxamide concentrations by gas
versus tertiary amides. chromatography during the first 5% conversion of the starting
Kinetic Studies of Al''-Catalyzed Transamidation of materials. The initial-rate dependence on JJAIMe;)s] was
Tertiary Toluamides. Mechanistic studies of Al-catalyzed monitored over a range of-410 mol % of 1 (2—20 mol %
transamidation between secondary amines and tertiary carboxamonomeric Al'), and the rates were measured at different
mides were initiated by identifying substrates that could be concentrations of the substrates, carboxani@end amine4
monitored readily by NMR spectroscopy and/or gas chroma- (Figure 3). A saturation dependence of the raterapd [3a]
tography. The substrate paiksbenzylN-methylheptanamide  was observed, but the rate was unaffected by changes in the

J. AM. CHEM. SOC. = VOL. 130, NO. 2, 2008 649
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Figure 3. Kinetic data for Al(NMey)s-catalyzed transamidation of heptanam8#ewith piperidine4. The [Al]- and [amide]-dependence data were fit to
a generic hyperbolic function (i.e., saturation dependence), and the line in the [amine]-dependence plot reflects a zero-order fit. StéomlamhdiEmbs:
[1] = 2.1 mM; [3a] = [4] = 0.17 M, 5 mL of toluene, 90C.
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Figure 4. Kinetic data for Al(NMey)e-catalyzed transamidation of toluamid@b with piperidine4. The Al-dependence data was fit to a generic hyperbolic
function (i.e., saturation dependence), and the lines in the amide- and amine-dependence plots reflect a zero-order fit. Standard reawign [Horditi

4.3 mM; [3b] = [4] = 0.17 M, 5 mL of toluene, 90C.
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Figure 5. Kinetic data for Ab(NMey)s-catalyzed transamidation of toluamid@ke with piperidine4. (The quantity of piperidine4) used in each reaction was
adjusted to account for the aluminum-bound piperidido groups in order to maintain a 1:1 ratio of amino groups derived from piperidine and biminimethy

For example, with a 2.5 mol % loading of ANCsH10)s, the quantity of piperidine was reduced by 15% relativ@joThe curve-fit of the Al-dependence

data reflects a linear least-squares fit of the data, and the lines in the amide- and amine-dependence plots reflect a zero-order fit. Stamdard reacti
conditions: B] = 4.3 mM; [3b] = [4] = 0.17 M; 5 mL of toluene, 90C.

amine concentration. No deuterium kinetic isotope effect was transamidation rate exhibits a linear, first-order dependence on
observed when thid-deuterated amine was used as the substrate.[8] (Figure 5). No rate dependence on [amine] or [carboxamide]

Kinetic studies of transamidation of the toluamide substrate was observed (Figure 5).
3b (Figure 4) revealed some differences relative to those with
heptamide substratga. The overall rates of toluamide transa-
midation were 5-10-fold slower than those witBa, depending
on the reaction conditions. The kinetic data revealed a saturationwith dimethylamine under typical catalytic conditions (toluene-
dependence on the catalyst concentratidh, jut changes to
the amide and amine concentrations had no effect on the rateNMe,)g (1), 7b, and MeNH, are shown in Figure 6AC. The

In order to avoid the formation of, we prepared the tris-
(piperidido)-Al"" complex Ab(NCsH10)s (8)1° and investigated
its use as a catalyst for transamidation betw&bnand 4
(eq 6). Kinetic studies of this reaction revealed that the

2.5 mol %

90 °C

(o]

.Bn
/@A’H o ) ——
Me

3b 4

[AI(NCsH10)alz
) /©)L O + HN(Me)Bn  (6)
toluene

(10) Passarelli, V.; Carta, G.; Rossetto, G.; ZanellaDRlton Trans.2003

1284-1291.
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Spectroscopic Studies of Al -Catalyzed Transamidation.
IH NMR spectroscopy was employed to probe the degenerate
transamidation (self-exchange) MfN-dimethyltoluamide 7b)

dg, 90°C).1! Spectra of the individual reaction components:-Al

catalyst1, exists as a dimer at 9C, as revealed by the separate
resonances for the bridging and terminal dimethylamido ligands
(2.39 and 2.67 ppm, respectively; Figure 6A). Addition of 5
equiv of MeNH to a solution ofl results in broadening of the
resonances associated with both species. The resonances for the
terminal and bridging dimethylamido ligands af remain
separate (Figure 6D). In contrast, addition of carboxaniiole

to 1 results in coalescence of the resonances for terminal and
bridging dimethylamido ligands (Figure 6E); the chemical shift

(11) *H NMR spectra of cross-exchange reaction solutions, such as that initially
containing3b and4, proved to be too complex to identify all of the various
species present.
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Figure 6. NMR spectra relevant to Al-catalyzed transamidation of tertiary amides. All spectra were acquired &€ 90 tolueneds. (IS = internal
standard= trimethoxybenzene; S solvent= tolueness.)

of the broad dimethylamido resonance at 2.57 ppm correspondsthe Al centers ofl (eqs 7 and 8). Broadening of the resonances
to the weighted average of the chemical shifts for the terminal

and bridging amido ligands. This result implies that the Vo "N"ez aGso MM
dimethylamido ligands ol undergo facile exchange between 0.5 ezN A/ + MeoNH wAI=NHMe; @)
terminal and bridging coordination sites in the presencebof N Mﬁ%ﬁN
The peaks associated with the methyl groupglpf(CH3),N—
and Ar—CHz (2.67 and 2.08 ppm, respectively), remain sharp, Ne2 O ag<o MeN
and their chemical shifts are essentially unchanged. When all o5 MezN\Ar/+ T —_—
i ; Me,N™ 4 olyl” “NMe; Me N / Tolyl
three reaction components, (7b, and MeNH) are present in 2 YA
solution the Gi3— resonances of dimethylamine are broad, but o Me2N

the chemical shift is unchanged relative to the two-component

mixture (L + Me,NH; Figure 6D). Sharp peaks are observed of 1 and dimethylamine in Figure 6D can arise from coordina-

for 7b (as in the mixture ol and7b; Figure 6E), but the single  tion of MeNH to the Al centers to form the monomeric

broad peak associated with dimethylamido ligands coordinated (Me;N)sAl—NHMe, species9) (eq 7), a process that will pro-

to Al is shifted upfield (2.51 ppm) relative to the peak observed mote exchange between the terminal and bridging dimethyla-

in the two-component mixture df and7b (2.57 ppm). mido ligands inl. The observation of separate resonances for
These spectroscopic data suggest that the amine and carthe terminal and bridging dimethylamido ligands in this spec-

boxamide substrates are capable of reversible coordination totrum suggests that equilibrium coordination of Mél to 1
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Figure 7. Relative free energies (kcal/mol) of ANMe,)s (1) and the
corresponding Atamine and At-amide adductsy and 10, respectively)
derived from DFT calculations.

favors the separated reagents + MeNH, eq 7) and is
relatively slow on the NMR time scale. In the mixture of
carboxamide7b and 1, coalescence of the resonances for
terminal and bridging amido ligands bfsuggests that coordina-
tion of 7bto 1 is rapid on the NMR time scale (eq 8). Moreover,
in the three-component mixturé ¢ 7b + Me,NH; Figure 6F),
the upfield chemical shift of the Al-bound dimethylamido

eoN A
1 Me,N
= o \Al_o
g + )I\N Me,N"'7 stHm
3 R Me,N
£ N
Q R = tolyl (7a), hexyl (7b) 0.3 O
2 0.0
2 -1.3
&£ MeN_
SAl—
Me,N"7
Me,N

OE/O/
O

Figure 8. Relative free energies (kcal/mol) of ANMey)s (1) and the
adducts arising from coordination of carboxami@asand7b to Al(NMey)3
derived from DFT calculations. See the Experimental Section for compu-
tational details.

used to probe the reaction profile for Al-catalyzed transamidation
of tertiary amides. Coordination ®,N-dimethylacetamide to

Al provides a means of activating the carboxamide substrate,
and the acetamide adduct (pA9:Al—O=C(NMey)Me (A) is
calculated to have a free energy 2.7 kcal/mol higher than the
dimeric Al complex1.2® Nucleophilic attack of a coordinated
dimethylamido ligand on the bound acetamide yields metalla-

ligands relative to the weighted average of the chemical shifts cyclic intermediatel 2 via transition stat@ S1. Transamidation

for the terminal and bridging dimethylamido ligands is consistent
with population of a new Al species, presumably the—Al
carboxamide adduct (M)Al —O=C(tolyl)(NMey) (10) (eq

occurs by interchange of the WMé— fragments in12 via
transition statd’ S2, which is the highest-energy species on the
reaction coordinate. No interaction is detected between the Al

8). The latter assignment remains tentative because no changesenter, and the two N atoms 52; the Al-=*N bond distances

are evident to the NCH3 resonances of the carboxamide, and
it is not obvious how the presence of amine shifts the position
of the equilibrium involving coordination of the carboxamide

in this structure are 3.05 A.
The 28.4 kcal/mol calculated activation barrier for Al-
catalyzed transamidation (Figure 9) compares favorably with

to 1.12 The experimental assignment is supported, however, by activation barriers determined experimentally. For example, Al

the computational studies described below.
Computational Studies of A" -Catalyzed Transamidation.

(NMey)e-catalyzed transamidation @&a and4 exhibits a free
energy of activation A4G*) of 31.0 kcal/mol (] = 4.3 mM,

Density functional theory (DFT) calculations were used to Figure 3). The 2.6 kcal/mol difference between the calculated
evaluate the energies of proposed intermediates as well as theind experimental activation energies is quite reasonable in light
reaction coordinate for Al-catalyzed transamidation of tertiary of our observation that substrate structure can have a significant

amides. The free energies of dimeric Al compl&xand the
monomeric substrate addu@&snd10were calculated to probe
the origin of the NMR spectroscopic data described above
(Figure 7). The results indicate that coordination of,MH to

the Al center is slightly disfavored energeticallyG = +2.8
kcal/mol, relative tal and free amine, whereas coordination of
carboxamiderb to Al is slightly favored,AG = —1.5 kcal/

influence on the rate of transamidation (e.g., compare data in
Figures 3 and 4).

Proposed Catalytic Mechanism and Analysis of Mecha-
nistic Data. A catalytic cycle consistent with the data presented
above is shown in Scheme 2. Coordination of the carboxamide
substrate to Al results in cleavage of dinfeand formation of
the monomeric At-carboxamide addu@&. Nucleophilic attack

mol. These results support the conclusions derived from the of an amido ligand on the coordinated carboxamidB kields

spectroscopic data described above.

The identity of the carboxamide influences the stability of
the Al-coordinated adduct. Coordination fpiperidinyltolua-
mide to AI(NMe,); is calculated to be slightly favored thermo-
dynamically with respect to the dimeric Al compl&xqAG =
—1.3 kcal, Figure 8). In contrast, coordination Ndfpiperidi-
nylheptanamide to Al is slightly disfavoredhG = +0.3 kcal/
mol). The relative stability of these two carboxamide adducts
probably accounts for the kinetic results in Figures 3 and 4,
which indicate that the rate of transamidation exhibits a
saturation dependence on the heptanar8abut a zero-order
dependence on the toluamidke (see further discussion below).

A simplified transamidation model system, consistingNgfi-

the Al-stabilized tetrahedral intermedid@e and transamidation
occurs by interchange of the two dialkylamino fragmer@s (
— C') via transition stateD. Subsequent formation of the
alternate carboxamide adduBt, followed by substitution of
the coordinated carboxamide and exchange of amido ligands,
completes the catalytic cycle.

The catalyst resting state is specfesB, or a mixture of the
two. These complexes appear to be nearly isoenergetic, with
their relative stability depending upon the identity of the
carboxamide, the amido ligands coordinated to Al, and the
reaction conditions (e.g., the Al concentration). The equilibrium
betweenA and B, as well as the ligand substitution steps

dimethylacetamide and dimethylamine as the substrates, wag13) Dissociation ofl into monomeric Al(NMe)s is calculated to be uphill by

(12) Additional spectroscopic data is provided in the Supporting Information.
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only 5.2 kcal/mol. Therefore, formation of the Atarboxamide addudtl
probably occurs by a dissociation bfnto 2 equiv of Al(NMe); followed
by coordination of the carboxamide to the three-coordinate Al center.
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Figure 9. Calculated free energy profile (kcal/mol) for degenerate transamidatibhNstlimethylacetamide mediated by Al(NMe derived from DFT

calculations.

Scheme 2. Proposed Mechanism for Al''-Catalyzed
Transamidation
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involved in the interconversion betwedsi and B, proceed
rapidly relative to formation of the tetrahedral intermedide,
— C, and interchange of the dialkylamino fragments of
tetrahedral intermediat& — C'.

The proposed mechanism accounts for the different kinetic
dependence on [Al] in different transamidation reactions
(Figures 3-5). The rate should exhibit a first-order dependence
on [Al] if monomeric specie® is the catalyst resting state but
a half-order dependence/f is the resting state. If the resting

state consists of a mixture of monomeric and dimeric Al species,
an intermediate dependence on [Al] is expected. The nonlinear

rate dependence on [Al] in the transamidation reactions with
Alx(NMey)s as the catalyst (Figures 3 and 4) is intermediate
between first- and half-order in [Al], implying that a mixture
of monomeric and dimeric Al species is pres&hin contrast,
the transamidation reaction with piperididél complex 8 as

the catalyst (Figure 5) exhibits a first-order dependence on [All,

consistent with a monomeric catalyst resting state. These

differences in the nature of the catalyst resting state for different ) . o
g The differences between secondary and tertiary transamidation

reactions presumably reflect the different ligands coordinate
to Al. For example, the sterically more-demanding piperidido

(14) A log—log plot of the [Al] concentration data for these reactions exhibits
a slope of~0.6, which reflects the approximate kinetic order in [Al].

ligands (relative to dimethylamido) could favor formation of a
monomeric Al complex.

The [carboxamide]-dependence data can be analyzed simi-
larly. The rate should exhibit a first-order dependence on
[carboxamide] if the catalyst resting state is the Al dimer and
a zero-order dependence if the resting state is the Al
carboxamide adduct. In one of the three reactions studied (Figure
3), the transamidation rate exhibits a saturation dependence on
[carboxamide], and in the other two reactions, a zero-order
dependence is observed (Figures 4 and 5). The saturation
dependence reflects pre-equilibrium formation-8arboxamide
adduct, which favors of the carboxamide adduct at high
[carboxamide].

The zero-order dependence of the transamidation rates on
[amine] (Figures 3-5) reflects the fact that free amine does
not participate in the turnover-limiting stepB {~ C — D) of
the catalytic reaction. An amido ligand coordinated to Al serves
as the reactive nucleophile in the transamidation reaction, and
amido ligand exchange with free amine is fast relative to the
turnover rate.

Conclusion and Consideration of Broader Implications.
Analysis of the mechanism of Al-catalyzed transamidation of
secondary amid&ssuggested that tertiary amides would be
effective transamidation substrates because they would prevent
formation of stable amidate complexes with"AlIn ad-
dition to validating this initial hypothesis by demonstrating the
first examples of transamidation of tertiary amides, we have
performed kinetic, spectroscopic, and computational studies to
elucidate the mechanism of Al-catalyzed transamidation of
tertiary amides. The results reveal both similarities and differ-
ences between secondary and tertiary carboxamides in catalytic
transamidation reactions. The similarities are evident in the
catalytic mechanisms (Schemes 1 and 2), which fea-
ture closely related fundamental steps and intermediates. For
example, one of the key steps in both transformations is
nucleophilic attack of an amido ligand on an Al-coordinated
carboxamide. Perhaps the most important difference is the
identity of the catalyst resting state, which leads to sig-
nificant differences in the kinetic properties of the two reactions
(Table 2).

reactions have important implications for the development of
amide metathesis methods. Amide metathesis can potentially
be achieved via successive transamidation reactions (Scheme
3). Efforts to promote secondary amide metathesis with Al
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Table 2. Comparison of Secondary and Tertiary Transamidation MHz spectrometetH NMR spectra were referenced to residugDé&
Reactions CD,H (2.09 ppm). Gas chromatography was performed with a
secondary amide tertiary amide Shimadzu GC-17A gas chromatograph equipped with a 15 m RTX-5
property transamidation transamidation capillary column (Restek). AINMe)s was purchased from Strem and
catalyst resting state: o Ry used as received, and8NCsHe)s was prepared by using the literature
R—<(N/AI'" RZN""AI/N\AI“"NRZ procedure for the Atpyrrolidine complext® characterization data
i RoN="N 7 NRy matched the known compount.
Rz General Procedure for Kinetics Studies.The following representa-
RZN,.,,AI/NHRf\R tive procedure was used to obtain initial-rate data that are contained
andior ReNT \o=( 2 in Figures 3-5. Toluene stock solutions of aluminum catalyts(41
R" mM, 0.66 g in 5.0 mL of toluene), amidgb (0.83 M, 1.99 g in 10.0
kinetic order of catalytic mL of toluene), aminet (0.83 M, 0.71 g 10.0 mL of toluene), and
Alrate law: first-ord half-to-first-ord internal standard triphenylmethane (0.42 M, 1.02 g in 10.0 mL of
{ca]rboxami de] 'rzser%r_o%er azer?J-érrZe?ro?;aturation toluene) were prepared in th_e glov_ebox. In a 12-well temperature-
[amine] first-order zero-order controlled reactor (IKA RCT fitted with an IKA ETS-04 controller),
1.0 mL of each of the stock solutions f8b, 4, and internal standard
was premixed with 1.5 mL of toluene. The reaction was initiated by
Scheme 3. Transamidation-Based Strategy to Achieve the addition of 0.5 mL of the catalyst stock solution (5 mol % catalyst).
Metathesis of 2° and 3° Carboxamides The first 100 uL aliquot of the reaction mixture was withdrawn
OL Q immediately upon mixing. Samples were collected every 2 min for
R'""NR2R® + RRSNH [cat H"J'LNF{“F{E' + RPR3NH initial-rate studies, and the reaction in each Z0@liquot was quenched
0 o by dilution of the aliquot in 2 mL of toluene at room temperature. The
+ RGJJ\NR'iRS + RERONH [cat] RGlLNRi’R? + RORSNH Zample_s were a_nalyzed_by gas c_hromatogr_aphy, and concentra_tions were
etermined by integration relative to the internal standard, triphenyl-
(o] o] o] methane.
= H.,”\.NH.;Ha + RSJLNFI“FIs —_— F{"U\NR“RS + HGJLNH-"HE Representative NMR Spectroscopic StudyStock solutions o7b

(167 mM, 0.136 g in 2.0 mL of toluends), 1 (33 mM, 0.026 g in 2.0

_— . mL of tolueneds), and internal standard1,3,5-trimethoxybenzene (42
transamidation catalysts were unsuccessful, howévéMecha mM, 0.046 g in 2.0 mL of toluenek) were prepared in a glovebox.

nistic studies later reveal_ed t_he probab_le ori_gin_ of this fai_lure: Three NMR tubes were prepared with 40, 120, or 2000f 7b (2, 6,

the rate Iaw_ for transamldayon O_F amides is flrst-_or_der In and 10 equiv relative td) and 200uL each of solutions ofl and

[Al] and [amine], both of which will be low (or negligible, in jnerma) standard. The solvent volume of each NMR tube was brought

the case of [amine]) in amide metathesis reactions. Furthermore,; 1o 0.5 mL with tolueness (360, 180, and 10@L, respectively),

the only amide metathesis reagent present in high concentrationang NMR spectra were acquired at 28 and “@on a 500 MHz

is the carboxamide, but the rate law for secondary transamida-spectrometer.

tions is zero-order in [carboxamide]. DFT Calculations. Calculations were performed with the Gaussian
The kinetic properties of Al-catalyzed tertiary transamidation 03 prograr®® and the Becke3LYP function&.Initial geometries were

(Table 2) are quite distinct from those for secondary transami- obtained using the lanl2dz basis set followed by optimization and

dation, and they appear compatible with a transamidation-basedrequency analysis using the 6-31G(d,p) basis set for all atoms except

strategy for tertiary amide metathesis. Most importantly, the rate Al, for which the lanl2dz basis set with an additional a polarization

law for tertiary transamidation is zero-order in [amine]. The function € = 0.325) was used. Final total energies were obtained with

dependence of the rate on [Al] ranges from half- to first-order, the 6-311G(d,p) on all atoms. The nature of all stationary points was

and the dependence on [Carboxam|de] Varies from Zero_orderconﬁrmed by performing frequency analyses. For transition states,

to saturation behavior. On the basis of these observations, wesubsequent intrinsic reaction coordinate (IRC) calculations were

are currently pursuing the development of tertiary amide performed to demonstrate their connection to the adjacent ground states.

metathesis reactions. An important goal of this ongoing work All quoted free energies include a correction for zero-point energies,

is the identification of improved transamidation catalysts. and thgrmgl contrlbutl_onS (within the rigid-rotor-harmonic-oscillator

Most DCC applications utilize noncovalent interactions to approximation) are adjusted to 363.15 K (30).
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