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87% average yield for 10 derivatives

Combinatorial screening of five catalyst precursors and nine ligands with three substituted aniline trapping reagents uncovered a catalyst
system that promotes efficient palladium-catalyzed cyclization—trapping with a series of substituted anilines of varying steric and electronic
character. The results of the parallel optimization study illustrate the interdependency of the key reaction variables.

Metal-catalyzed carbocyclization reactions have attractedare nitrogen-containing compounds, and methods that ef-
much interest, leading to the development of a number of ficiently introduce nitrogen, especially basic nitrogen, are
synthetically useful bond constructioh®Ve are interested  of particular value in synthesis. We therefore turned our
in palladium-catalyzed cyclization reactions of bisdienes. attention to the incorporation of nitrogen-trapping reagents.
Currently, our efforts are directed toward developing their The bisdiene reaction is an intramolecular variant of the
potential for diversity-oriented synthesis through better palladium-catalyzed linear dimerization of 1,3-dienes. The
control of reaction mode (e.g., cyclizatietrapping, cy- latter has been extensively studied with ammonia and
cloaddition, cycloisomerizatio)expanding their scope with  alkylamine$ and to a lesser extent with anilinesulfon-
respect to substrate and trapping reagent, and improvingamides and imides.
catalytic efficiency (i.e., turnover number and frequenty). We reasoned that the cyclizatietrapping reaction of
Herein, we describe catalyst optimization studies which led with an aniline derivative2 would serve as a good model
to a catalyst exhibiting improved scope in cyclization  for a variety of aryl- and heteroarylamine derivatives. A set
trapping reactions with substituted anilines.
Previous studies on palladium-catalyzed bisdiene cycliza-  (4) Takacs, J. M. InHandbook of Organopalladium Chemistry for
tion via the cyclization-trapping mode largely focused on 85?""?"1)?{‘%@%?’%2%‘5"" E.-i., Bd.; John Wiley & Sons: New York, 2002,
trapping with oxygen pronucleophiles. Most pharmaceuticals ~ (5) Takahashi, S.; Shibano, T.; HagiharaBull. Chem. Soc. Jpr.968

41, 454—-460. (b) Dzhemilev, U. M.; Tolstikov, G. A.; Telin, A. G;
(1) Ojima, I.; Tzamarioudaki, M.; Li, Z.; Donovan, R. Chem. Rew. Dolomatov, M. Y.; Galkin, E. G.; Tolstikov, G. Azv. Akad. Nauk SSSR,

1996, 96, 635—662. (b) Poli, G.; Giambastiani, G.; Heumann,Tatra- Ser. Khim.1980, 163—167. (c) Zakharkin, L. I.; Petrushkina, E. |2v.
hedron2000,56, 5959—5989. Akad. Nauk SSSR, Ser. Khi®86, 1344—1347. (d) Viciu, M. S.; Zinn, F.
(2) Takacs, J. M.; Schroeder, S. D.; Han, J.; Gifford, M.; Jiang, X.-t.; K.; Stevens, E. D.; Nolan, S. ®rganometallics2003,22, 3175—3177.
Saleh, T.; Vayalakkada, S.; Yap, A. Brg. Lett.2003,5, 3595—3598. (b) (6) Dzhemilev, U. M.; Sirazova, M. M.; Kunakova, R. V.; Panasenko,
Takacs, J. M.; Leonov, A. FOrg. Lett.2003,5, 4317—4320. A. A.; Khalilov, L. M. 1zv. Akad. Nauk SSSR, Ser. Khit®85, 372—376.
(3) Palencia, H.; Garcia-Jimenez, F.; Takacs, J.Tidtrahedron Lett. (7) Dzhemilev, U. M.; Fakhretdinov, R. N.; Safuanova, R.IkL. Akad.
2004,45, 3849—3853. Nauk SSSR, Ser. Khirh985, 2098—2101.
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Figure 1. Palladium-catalyzed cyclizatiertrapping with a series
of anilines selected to probe steric and electronic factors.

of substituted anilines was selected (Figure 1) to probe the
scope of the reaction with respect to the trapping reagent,
specifically, probing the effect of steric hindrand¢e-{/) and
nucleophilicity (VI—X).

The trapping reagent plays several key roles in the reaction.
A simplified mechanistic model, adapted from the widely
accepted diene dimerization mechanism proposed by Jolly,
is shown in Figure 2. The active catalyst is thought to be a
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Figure 2. Mechanistic model for the palladium-catalyzed bisdiene
cyclization—trapping with substituted anilines.

palladium(0) complex, and the key carbecarbon bond
formation is effected via formation of a metallacycle such
as 4. Protonation is expected to afford a chelated

3100

Table 1. Reaction of Bisdiend with Anilines |, II, and IV

(A) Influence of Catalyst Precursor on the Yield
of the [PdX,/2PhsP]-Catalyzed Reaction in THF

aniline Pd(OAc), Pd(OTFA), Pd(BFs). Pd(dba),
I (MeAn) 100 98 89 100
11 (NBAN) 82 77 66 78
1V (iPAnN) 54 31 48 23

(B) Effect of Solvent on the
[Pd(OAc)./2PhsP]-Catalyzed Reaction

aniline tol DCE THF MeCN IPA DMF
I (MeAn) 70 64 100 89 92 86
11 (nBAN) 50 66 82 80 60 77
1V (iPAN) 63 60 54 82 22 34

allylpalladium(ll) intermediate which, depending on the
choice of counterion and/or ligand, might exist as a cationic
complex (e.g.5) or a neutral intermediate (e.d). The
trapping reagent subsequently adds to 4fallyl moiety
affording 3, regenerating the palladium(0) catalyst and
releasing a proton required in the catalytic cycle.

The steric and electronic characteristics of the aniline
should be important in the reaction. Sterically encumbered
anilines could potentially slow the addition step and thereby
impede the overall reaction and/or allow other reaction modes
to compete. The nucleophilicity and basicity of the nitrogen
should be similarly important. Three anilinégmethyl- (),
N-butyl- (I), and N-isopropylaniline (IV), were selected to
survey the effect of catalyst precursor and solvent on the
efficiency of the cyclization reaction. Each reaction used 10
mol % palladium catalyst precursor and 2 equiv of tri-
phenylphosphine per palladium (Table®1).

All reactions in Table 1A were run in THF, the only
difference being the nature of the palladium catalyst precursor
employed. Two conclusions are apparent from the data. (1)
The yield drops markedly in the series Il > IV indicating
the reaction is very sensitive to steric effects. (2) The choice
of catalyst precursor seems to play little or no role in
determining the reaction efficiency.

Using [Pd(OAc)2 PPh], the three trapping reagents were
screened in eight solvents. Methanol and trifluoroethanol
gave poor yields of aniline trapped prod@ceven with the
most reactive anilineN-methylaniline (); those alcohols
compete effectively with aniline for trapping the bisdiene.
2-Propanol (IPA) also competes, but only witkisopropyl-
aniline (IV); in that case, the yield & is low. The data for
2-propanol and the remaining solvents screened (THF,
acetonitrile (MeCN), toluene (Tol), DMF, and 1,2-dichlo-
roethane (DCE)) are summarized in Table 1B.

The solvent effects, while not very pronounced, could
suggest that polar solvents are preferable to very nonpolar

(8) Jolly, P. W.; Mynott, R.; Raspel, B.; Schick, K. ®rganometallics
1986,5, 473—481.

(9) All reactions were run at 63C for 4 h. The 4 h reaction time is
arbitrary but selected to favor catalyst systems with higher turnover
frequency, a key component of catalyst efficiency. The yield is determined
by HPLC analysis of an aliquot taken from the crude reaction mixture.
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Figure 3. Catalyst optimization data arranged by catalyst precursor and ligand showing the cumulative yields obtained for the palladium-
catalyzed cyclization—trapping of bisdiedewith anilinesl, Ill, and IV.

ones (i.e., toluene and DCE), and had we focused on the In combinatorial studies, the components are selected in
results withN-methylaniline (), [Pd(OAc)/2 PhP] THF part based on precedent and in part on intuition. On the basis
would have been selected as the optimal catalyst system forof the important role the counterion plays (see Figure 2),
further study. However, we noticed that three solvents (i.e., five common palladium catalysts precursors were selected:
toluene, DCE, and acetonitrile) gave less than 10% differencePd(OAc), Pd(OTFA), (MeCN)Pd(BF),, Pd(acag) and
in yield between the three anilines, while the drop in yield Pd(dba). The selection of ligands was biased toward
due to increased steric hindrance was greater than 40% inphosphines and phosphites, including five triarylphosphines
THF and DMF. This led us to question whether our initial of varying electronic nature and cone angle: tris(2,4,6-
conclusion on steric hindrance was valid for all catalyst trimethoxyphenyl)phosphind\j, (2-dimethylaminophenyl)-
systems and reaction conditions or only some subset. diphenylphosphineR), tris(3,5-dimethylphenyl)phosphine
Chemists typically assume that most variables in a reaction (C), triphenylphosphinel), and tri(2-furanyl)phosphine=].
are largely independent of each other and, therefore, inde-Among theseA andB had been used by others with great
pendently optimize each. In the present case, the keysuccess in linear diene dimerizatioisPhosphineC was
intermediates likely participate in a complex series of included as a more hindered analogue of triphenylphosphine,
equilibria during the course of the reactiBiConsequently, and E was included as a less electron rich analogue. One
many of the key reaction variables are likely to be highly trialkylphosphine, tri(2-cyanoethyl)phosphiné=){* was
interdependent. Changing one variable at a time (as illustratedincluded for comparison along with two phosphites. Tris-
in Table 1) is unlikely to afford a well-optimized catalyst (2,4-di-tert-butylphenyl) phosphite (H) had been used with
system. We. th.ere.fore opted for a Com.binatorial approach to (11) (a) Dahmen, S.; Brase, Synthesi2001, 143%+1449. (b) de Vries,
catalyst optimizatiott (Figure 3) in which we focused on 3 G de Vries, A. H. MEur. J. Org. Chem2003, 799—811. (c) Reetz,
varying the catalyst precursor and ligand. The choice of M. T.In Comprehgnsiue Coordination F.Themistry II; M.CCIeverty, J. A,
toluene as the reaction solvent was made, in part to g/l4e§/-er, T. J., Eds.; Elsevier Pergamon: Boston, 2004; Vol. 9, pp-509

complement a concurrent study. (12) (a) Maddock, S. M.; Finn, M. Grganometallic200Q 19, 2684~

2689. (b) Basato, M.; Crociani, L.; Benvenuti, F.; Galletti, A. M. R.; Sbrana,
(10) See a discussion of the related nickel-catalyzed reactions of 1,3- G. J. Mol. Catal. A: Chem1999,145, 313—316.

dienes: Tobisch, S.; Ziegler, T. Am. Chem. SoQ002,124, 13290— (13) Chalk, A. J.; Magennis, S. Ann. N. Y. Acad. Sc198Q 333 286—

13301. 301.
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good success in cyclizatierirapping reactions withN- s
hydroxyphthalimidé?* and tri(2-tolyl) phosphite (G) was Table 2. Comparing Isolated Yields under the Original (A)

included as a less hindered analogtie. and Optimized (B) Catalyst Systems for a Series of 10 Aniline
All combinations of the five catalyst precursors with Derivatives2 (I-X)

ligands A—H and without added ligandnl) were run
separately with anilines, 11l , andIV. Thus, 45 catalyst

R! R? X catalyst A2 (%) catalyst BP (%) A°

systems were screened with each aniline, for a total of 135 ! Me H H 92 a1 -1
experiments® The graph in Figure 3 summarizes the data ::I gB” E : ;g ZS ;z
as the sum of the yields for the three anilines with each ligand v i_gr H H 76 82 6
grouped by the catalyst precursor. In displaying the data in y, Me Me H 69 85 16
this manner, at least one conclusion is striking and inescap-vi Me H OMe 86 99 13
able; the 45 combinations selected exhibit widely diverse vil Me H Me 72 94 22
behavior. VIII Me H CI 68 91 23
The combination of Pd(acacnd (2-furanylP (E) proved X Me H F 58 86 28
best from among the 45 catalyst systems screened giving a Me H COMe 1 64 47
cumulative yield of 281% or an average yield of 93.7% for avg 67.4 87.4 20
each t.he t.hree amhne; scregned. Three other cataiganq 2 Catalyst A: [Pd(OAGY2PP] in THF at 65°C (4 h).b Catalyst B:
combinations gave high yields, Pd(OTRAaNd (2,4-di- [Pd(acacy2(2-furanyl}P] in toluene at 65°C (4 h).¢ The difference in

tBuPhO);P (H) (87.7% average), Pd(aca(z)nd tri(2-cy— isolated yield obtained with catalysts A and B.
anoethyl)phosphine (F) (86.7% average), ang(dfzh) and

E (83.7% average). No other combination gave an average ) o i
yield above 80%. Why is the optimized catalyst successful? Given that the

Preparative reactions were run for all 10 aniline derivatives fOUr best catalyst systems employ three different catalyst
(1—X) using both the optimized catalyst system ([Pd(agac) Precursors (i.e., Pd(acac)Pd(OTFA), Pdy(dba)) and
2(2-furanyl}P] in toluene, catalyst B) and [Pd(OA) PhP] ligands (i.e., triarylphosphing, trialkylphosphingr, triaryl
in THF (catalyst A) (Table 2). As anticipated, the optimized PhosphiteH), the answer is likely to be complicated. The
catalyst system proved much less sensitive to steric hin-ligand required innately depends on the catalyst precursor
drance, and furthermore, we were delighted to find that it and the extent to which their interdependency influences the
was also much less sensitive to electronic effects. The efficiency of this reaction is striking. The results highlight
isolated yield for the 10 derivatives averaged above 87%, the challenge of designing catalyst systems exhibiting broad
about 20% higher than that obtained with the Pd(QAc) scope and the need for better algorithms for catalyst
derived catalyst. optimization. Further studies are in progress.

Had we only considered the results of our initial solvent
and catalyst precursor survey (Table 1), we could reasonably Acknowledgment. Support from the NIH (GM34927)
have concluded that aniline trapping was limited to electron and NSF (CHE-0316825) is gratefully acknowledged. The
rich and sterically unencumbered anilines. However, using NMR spectrometers used in this study were purchased with
a combinatorial approach, we uncovered a catalyst systemshared instrument funds (NIH SIG-1-510-RR-06307 and NSF
that works well for a relatively wide range of sterically and CHE-0091975, MRI-0079750).
electronically differentiated aniline derivatives.

. . Supporting Information Available: Procedures and
L 4 Fjo‘g'r%”%zﬁe’?ﬁ'zg'gg‘ez’gg'\fgsso%‘(‘)r' B. W.; Godiroid, J-J.; Lee, T.  gpectral data. This material is available free of charge via

(15) All reactions were run in toluene at 88 for 4 h. Approximately the Internet at http://pubs.acs.org.
20% of the combinations were run in duplicate, and from another 20% two
aliquots were removed and analyzed separately as control experiments. OL0488791
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