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The aza-Baylis-Hillman (aza-BH) reaction is a versatile<C 1,00 1 ::-:::;{CC;?LPM"D'
bond forming reaction of activated alkenes with imines to form 0.90 1 — phenol
highly functionalized allylic amineklt was not until most recently 0.0 _ ::::::W&mme
that chiral catalysts providing high levels of enantioselectivity in 0.70 1
the asymmetric aza-BH reaction have been repdrfesia common § 0601
theme, these organocatalysts are based on bifunctional chiral BINOL § 0.50 1 —
and phosphinyl BINOL compounds:¢ So far, however, no detailed 8 040 1 __ aza-BH product
mechanistic information on the aza-BH reaction is available, and 0201 T without additve
the factors responsible for enantiocontrol are not understood. In 0.201
the present communication, we report conclusive evidence for the 9101 el s
mechanism of bifunctional activation and demonstrate that race- c.00 ) o P e
mization of the product under turnover conditions is a crucial aspect tmin
for future catalyst desigh. Figure 1. Conversion time profiles for the aza-BH reaction2{0.090

In accordance with the generally accepted mechanism of the mmol) with imine 4 (0.075 mmol) using catalyst (0.0075 mmol), and
Baylis—Hillman (BH) reaction, it is reasonable to assume a catalytic various additives (0.103 mmol) in THé& (0.6 mL).

cycle for the aza-BH reaction where the initial step is the reversible

conjugate addition of the phosphine catallyst the activated alkene 3,5-bis(CF3)phenol
2 to generate the corresponding enolatélannich-type addition 401 i
of 3to the imine4 forms the zwitteriorb followed by elimination 12,04

to generate the produétliberating the catalyst (Scheme 3).
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Figure 2. Relative initial reaction ratek'cpdkong for the aza-BH reaction
as a function of the g, of the additive.
Tos. .©
Tos\NH 0 N O . . . Lo
-PPhs law shown in eq 1 was derived by analyzing the initial rates as a
Ar Ar function of concentration for the individual components. No
6 Ph3(|% 5 evidence for autocatalysis was observed, and the broken order of

0.5 in imine 4 indicates that the rate-determining step (RDS) is

For the BH reaction of acrylate esters with pyridinecarboxalde- partly influenced by proton transfer.
hydes, Kaye reported that the reaction is first order in aldehyde,
amine, and acrylat®.In a later investigation, McQuade observed rate= kobs[l]l[2]1[4]0'5 Q)
that the reaction is second order in aldehyde and proposed the
formation of a hemiacetal intermediate for the reaction in aprotic  We then conducted experiments to assess the influence of
solvents! Several groups noted large rate enhancements caused byBrgnsted acidic additives (1 equiv p&rwith different K, values
water and other protic additivésAggarwal and Lloyd-Jones  (Figure 1). A maximum was observed with 3,5-bisgfifRenol at
concluded that proton transfer is rate-limiting in the initial stage of pK,~ 8 corresponding to a 14-fold rate enhancement as compared
the reaction, but becomes increasingly efficient at higher conversion to the reaction without additive (Figure 2). Less acidic compounds
causing the aldol-type coupling to become rate-limiting and making show a smaller effect, but additives such as water still give a

the reaction autocatalytfc. significant rate enhancement. If the additive is more acidic, the
In a first set of experiments, we performed kinetic studies on enhancement is also reduced owing to formation of the protonated

the aza-BH reaction of methyl vinyl ketone)(with N-(3- form of enolate3, which could be detected and characterized by

fluorobenzylidene)-4-methylbenzenesulfonamide Ar = m-F— multinuclear NMR.

C¢Hy) in the presence of PRH1) in THF at room temperature. Examination of the kinetics in the presence of phenol as

The reactions were monitored BF NMR spectroscopy. The rate  prototypical additive revealed that the rate law of the reaction
16762 » J. AM. CHEM. SOC. 2005, 127, 16762—16763 10.1021/ja0550024 CCC: $30.25 © 2005 American Chemical Society
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Scheme 2. Transition State for the Brgnsted Acid-Assisted Proton
Transfer in the Aza-BH Reaction
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changes in the presence of the Brgnsted acid, showing first-order
dependence in imind (eq 2). This clearly demonstrates that the
elimination step is not involved in the RDS anymore, and that the
proton transfer must be accelerated by these additives. Scheme 2
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shows the most likely transition state for the assisted proton transfer Figure 3. Racemization of the aza-BH produ&in the presence of various

in this step.

rate= K, [1]'[2)'[4]* @)

The results obtained so far substantiate that bifunctional activation
using a basic and a protic center is a viable strategy for catalyst
design in the asymmetric aza-BH reaction. However, as the
individual steps of the catalytic cycle are potentially reversible, we
investigated also the influence of the catalyst components on

catalytic systems.
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(Figure 3).

Treating 6 (Ar p-BrCeHs) with another imine of similar
reactivity (Ar = mFCgH,) did not result in the formation of the
cross-coupled product under catalytic conditions, indicating that
retro-Mannich reaction is not responsible for the racemization.
However, rapid incorporation of deuterium from MeOD at the
stereogenic center adjacent to the N group in the presence a&f
demonstrated thatdespite the weak basicity of the aryl phosphine
racemization could occur via a deprotonation/protonation process.
In striking contrast, the chiral cataly3tdeveloped by Shi et al.

did not induce any racemization on a similar time scale, even though
the basicity and the acidity of the two activation sites are similar
to those of the combinet/3,5-bis(Ck)phenol system.

In summary, these studies show that the aza-BH reaction involves
rate-limiting proton transfer in the absence of added protic species,
but exhibits no autocatalysis. Brgnsted acidic additives lead to
substantial rate enhancements through acceleration of the elimina-
tion step. Furthermore, it was found that phosphine catalysts either
alone or in combination with protic additives can cause racemization
of the aza-BH product by proton exchange at the stereogenic center.
This indicates that the spatial arrangement of a bifunctional chiral
catalyst for the asymmetric aza-BH is crucial not only for the
stereodifferentiation within the catalytic cycle but also for the
prevention of subsequent racemization.

References

(1) (a) Basavaiah, D.; Rao, A. J.; Satyanarayand&Cfiem. Re. 2003 103
811-891. (b) Methot, J. L.; Roush, W. Rdv. Synth. Catal2004 346,
1035-1050.

(2) (a) Shi, M.; Xu, Y.-M.Angew. Chem., Int. EQ002 41, 4507-4510. (b)
Balan, D.; Adolfsson, HTetrahedron Lett2003 44, 2521-2524. (c)
Shi, M.; Chen, L.-H.Chem. Commur2003 1310-1311. (d) Shi, M.;
Chen, L.-H.; Li, C.-Q.J. Am. Chem. SoQ005 127, 3790-3800. (e)
Matsui, K.; Takizawa, S.; Sasai, 3. Am. Chem. So2005 127, 3680—
3681.

(3) (a) Hill, J. S.; Isaacs, N. S. Phys. Org. Cheml99Q 3, 285-290. (b)
Bode, M. L.; Kaye, P. TTetrahedron Lett1991 32, 5611-5614. (c)
Santos, L. S.; Pavam, C. H.; Almeida, W. P.; Coelho, F.; Eberlin, M. N.,
Angew. Chem., Int. EQ2004 43, 4330-4333.

(4) (a) Price, K. E.; Broadwater, S. J.; Jung, H. M.; McQuade, DOTg.
Lett.2005 7, 147-150. (b) Price, K. E.; Broadwater, S. J.; Walker, B. J.;
McQuade, D. TJ. Org. Chem2005 70, 3980-3987.

(5) (a) Aude J.; Lubin, N.; Lubineau, ATetrahedron Lett1994 35, 7947
7948. (b) Aggarwal, V. K.; Dean, D. K.; Mereu, A.; Williams, R.Org.
Chem.2002 67, 510-514. (c) Cai, J.; Zhou, Z.; Zhao, G.; Tang, @rg.
Lett. 2002 4, 4723-4725. (d) Yu, C.; Liu, B.; Hu, L.J. Org. Chem.
2001 66, 5413-5418. (e) Yamada, Y. M. A.; Ikegami, Setrahedron
Lett. 200Q 41, 2165-2169. (f) McDougal, N. T.; Schaus, S. E. Am.
Chem. Soc2003 125, 12094-12095.

(6) Aggarwal, V. K.; Fulford, S. Y.; Lloyd-Jones, G. @ngew. Chem., Int.
Ed. 2005 44, 1706-1708.

(7) Streitwieser, A.; McKeown, A. E.; Hasanayn, F.; Davis, NQRg. Lett.
2005 7, 1259-1262.

(8) Related findings were reported for novel thiourea-based chiral organo-
catalysts in the aza-BH reaction while this paper was in print: Raheem,
I. T.; Jacobsen, E. NAdv. Synth. Catal2005 347, 1701-1708.

JA0550024

J. AM. CHEM. SOC. = VOL. 127, NO. 48, 2005 16763



