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Abstract

The first two highly enantioselective palladium-catalyzed allylic alkylations with benzylic 

nucleophiles activated with Cr(CO)3 have been developed. These methods enable the 
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enantioselective synthesis of “α-2-propenyl benzyl” motifs, which are important scaffolds in 

natural products and pharmaceuticals. A variety of cyclic and acyclic allylic carbonates are 

competent electrophilic partners furnishing the products in excellent enantioselectivity (up to 99% 

ee and 92% yield). This approach was employed to prepare a nonsteroidal anti-inflammatory drug 

analogue.
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Transition-metal-catalyzed allylic substitution reactions have emerged as a powerful method 

to construct C−C bonds.[1] Of these, the palladium-catalyzed asymmetric allylic alkylation 

(AAA) reaction has attracted the greatest interest due to its applications in total synthesis 

and the preparation of bioactive compounds.[2] A wide variety of stabilized or “soft” 

nucleophiles (originally defined as pronucleophiles with pKa < 25[3]) have been successfully 

employed in palladium-catalyzed AAA reactions, including malonates,[4] imides[5] and 

many others.[6] In contrast, few palladium-catalyzed allylic substitution reactions with 

“hard” nucleophiles (generally defined as pronucleophiles with pKa > 25) have 

materialized.[1a] Recent advances in palladium-catalyzed AAA with “hard” nucleophiles 

have been reported by Morken and co-workers with allylboronates in allyl-allyl coupling 

reactions[7] (Scheme 1A) and Maulide and co-workers with the use of dialkylzinc 

nucleophiles[8] (Scheme 1B).

The most significant difference between “soft” and “hard” nucleophile classes in the Tsuji-

Trost allylic substitution is their reaction pathways: “soft” nucleophiles react via a double 

inversion mechanism whereas “hard” nucleophiles are proposed to undergo single 

inversion,[9] wherein the nucleophile transmetallates to the palladium catalyst. Both 

reactions in Scheme 1 were shown to proceed by the “hard” nucleophile pathway. As a 

valuable complement, Fletcher and co-workers reported copper-catalyzed AAA reaction of 

alkylzirconium reagents (generated in situ from alkenes by hydrometallation) via dynamic 

kinetic asymmetric transformation.[10] The scope of this reaction, however, does not include 

simple benzylic nucleophiles.

To broaden the synthetic utility of the palladium-catalyzed AAA, researchers have focused 

on expanding the classes of nucleophiles that can undergo the more controllable double 

inversion or “soft” nucleophile reaction pathway. This approach entails “softening” of hard 

nucleophiles by addition of activating agents to stabilize the resulting anionic charge. In 

pioneering studies, Trost and co-workers reported the highly enantioselective palladium-

catalyzed AAA with 2-methylpyridine derivatives (Scheme 2A, LG=leaving group).[11] Key 

to success of this approach was addition of 1.3 equiv BF3 to bind the nitrogen and acidify 

the sp3-hybridized C-H’s of 2-methylpyridine (pKa ~ 34[12]). A different strategy is 

necessary for pronucleophiles bearing less acidic C–H’s in the absence of Lewis basic 

heteroatoms, such as toluene derivatives (pKa ~ 43[13]). AAA with benzyl anion 

nucleophiles could potentially furnish benzylated substructures, which are important 
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scaffolds in natural products and pharmaceuticals, such as FR181157,[14] Sophoraflavanone 

G,[15] and Dactylosponol[16] (Figure 1).

Herein we report the first palladium-catalyzed AAA reactions of toluene-based 

pronucleophiles. By activation of toluene derivatives with η6-tricarbonylchromium, both 

cyclic and acyclic allylic carbonates are benzylated with enantioselectivities as high as 96 

and 99%, respectively (Scheme 2B).

Recently, our team introduced a strategy to employ (η6-C6H5CH2R)Cr(CO)3 complexes as 

cross-coupling partners to produce di- and triarylmethanes[17] and enantioenriched 

diarylmethylamines[18] via direct arylations.[19] Using these pronucleophiles, we also 

explored palladium-catalyzed allylic substitution of diverse cyclic and acyclic electrophiles 

to give racemic products.[20] Despite significant progress in palladium-catalyzed Tsuji-Trost 

reactions, highly enantioselective processes with benzylic nucleophiles (toluene derivatives) 

remain a limitation of this method. Our prior demonstration of a double inversion reaction 

pathway with Cr(CO)3 activated benzylic nucleophiles to afford racemic products inspired 

us to pursue palladium-catalyzed AAA reactions.[20]

Given the known difficulty of identifying chiral ligands that can moderate all of the steps of 

a complex catalytic cycle and provide useful enantioselectivity, we initially examined over 

140 diverse enantioenriched mono- and bidentate phosphine ligands (see Supporting 

Information for full ligand structures and results). We employed 1 equiv (η6-

C6H5CH3)Cr(CO)3 (1a) as the pronucleophile, 2 equiv tert-butyl cyclohex-2-enyl carbonate 

(2a), 3 equiv LiN(SiMe3)2, 1 equiv PMDTA (pentamethyldiethylenetriamine) additive,[21] 

10 mol % Pd(COD)Cl2, and 10 mol % chiral bidentate ligand or 20 mol % monodentate 

phosphine in THF at room temperature for 12 h (Table 1). Surprisingly, only the Ph-
Taniaphos ligand[22] out of 140 ligands, provided significant turnover and high 
enantioselectivity, highlighting the challenging nature of this reaction. Translation of this 

lead to laboratory scale with Ph-Taniaphos at 0 °C afforded 3a in 50% assay yield (AY), 

with 85% ee (entry 1). Solvent 2-MeTHF resulted in improvement to 61% AY, while 

maintaining the ee (85%, entry 2). Next we screened the impact of the temperature on the 

reactivity and enantioselectivity in 2-MeTHF. Conducting the reaction at room temperature 

resulted in a drop in AY (48%), and ee (79%, entry 3). As the temperature was decreased 

from 0 °C to −20 °C, the AY increased to 67% at −10 °C (86% ee), then decreased to 56% at 

−20 °C (87% ee) (entries 4–5). We next examined the solvent composition.[18] Use of 30% 

toluene as cosolvent resulted in an increase in AY to 79% (86% ee, entry 6). Changing the 

ratio of the toluene to 2-MeTHF had a dramatic impact on the yield but maintained the ee 

(see Supporting Information for details). Increasing the concentration from 0.1 M to 0.2 M 

had a detrimental impact (entry 7) while decreasing to 0.05 M led to an increase in assay 

yield (84%, 86% ee, entry 8).

Palladium precursors can impact both activity and enantioselectivity in AAA.[3] Varying the 

palladium source from Pd(COD)Cl2 to Pd(OAc)2, Pd(dba)2, Pd(NCPh)2Cl2, [Pd(ally)Cl]2 

(entries 9–12) revealed that Pd(OAc)2 resulted in the highest enantioselectivity (89% ee, 

79% AY, entry 9). With Pd(OAc)2 we revisited the reaction temperature. As the temperature 

was decreased from −10 °C to −40 °C, the enantioselectivity increased to 91% at −30 °C 
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(87% AY, entry 14). When the additive PMDTA was decreased to 0.5 equiv at −30 °C, the 

AY dropped to 63% (91% ee, entry 16). In contrast, the AY increased to 92% (92% ee) with 

1.5 equiv. PMDTA (entry 17). The role of the PMDTA is likely to decrease the aggregation 

state of the LiN(SiMe3)2, facilitating the deprotonation of the arene complex.[23] The 

optimized reaction conditions in entry 17 afforded the AAA product in 92% yield and 92% 

ee, favoring the R enantiomer.[24]

With the optimized reaction conditions in hand, we next examined the scope of the 

nucleophiles in the AAA with cyclohexenyl-OBoc and cycloheptenyl-OBoc (Scheme 3). In 

addition to the toluene complex (3a), a variety of substituents on the η6-arene were well 

tolerated. To compare the selectivity of the (η6-C6H5CH3)Cr(CO)3 with an unactivated tolyl 

group, the 4,4’-dimethylbiphenyl complex was examined. The AAA °Ccurred exclusively at 

the chromium-activated position giving the product in 86% yield with 94% ee (3b). 

Substrates bearing 2-pyridyl, 2-thiophene, and N-pyrrolyl groups on the 4-position of the η6-

arene underwent AAA reaction affording the desired product in 80–84% yield with excellent 

enantioselectivities (94–96%, 3d, 3f, and 3h). The aryl chloride containing substrate was 

also a good partner, giving the desired product in 83% yield and 94% ee (3j). The 

trifluoromethyl containing biaryl substrate was compatible with this AAA reaction, 

furnishing the product with 84% yield and 94% ee (3k). Chromium complexes of aryl 

chlorides exclusively give the AAA products in excellent enantioselectivity (94% ee, 3l).[25] 

In addition to the cyclohexenyl-OBoc derivative, seven-membered allylic carbonate (Scheme 

3, n=2) was also a competent electrophile. With the same set of pronucleophiles, the 

corresponding products were generated in 55–85% yields with 80–87% ee (3c, 3e, 3g, and 

3i).

To demonstrate the versatility of this approach, a two-step one-pot procedure to afford the 

chromium-free products was explored. [η6-(3-Chlorotoluene)]Cr(CO)3 gave the 

demetallated product in 76% yield and 91% ee (3m).[25] The (η6-3-methylanisole)Cr(CO)3 

complex gave 72% yield with 91% ee (3n). The 4-(2-pyridyl) containing toluene complex 

was also a good substrate, providing the product in 74% isolated yield with 94% ee (3o). 

Comparison of metallated (3d) and demetallated (3o) products indicates that demetallation 

°Ccurs with loss of 6% yield and only 2% erosion in the ee. Diarylmethane derivatives are 

important motifs in pharmaceuticals and have found wide application in material science.[26] 

The diphenylmethane complex (η6-C6H5CH2Ph)Cr(CO)3 gave the AAA/demetalated 

product in 98% yield with 92% ee (3p). We also examined the benzyl amine complex, which 

afforded the allylation product as ~ 1:1 ratio of diastereomers in 96% yield with 83 and 93% 

ee (3q). These different ee’s suggest that the AAA products (3q) do not epimerize under the 

reaction conditions.

We next investigated palladium-catalyzed allylic substitutions with acyclic allylic substrates, 

starting with (E)-tert-butyl (1,3-diphenylallyl) carbonate (Scheme 4). Given the significant 

difference between acyclic and cyclic substrates, it is not surprising that Ph-Taniaphos did 

not give high enantioselectivity. After rescreening a subset of ligands (see Supporting 

Information) we found that (R)-CTH-JAFAPHOS[27] (Scheme 4) was the leading hit. (E)-

tert-Butyl (1,3-diphenylallyl) carbonate underwent AAA to furnish the corresponding 

products 3r (72% yield, >99% ee) and 3s (65% yield, 94% ee). Substrates containing 4-CF3, 
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4-Cl and 4-F were also compatible with the AAA affording the allylated products with 

excellent enantioselectivities (3t–3v, 92 to >99% ee). (E)-tert-Butyl (1,3-diethylallyl) 

carbonate exhibited lower enantioselectivity (3w, 63% yield, 64% ee).

To determine if our organolithium nucleophiles react via the “double inversion” pathway, the 

toluene complex was coupled with the cis-disubstituted stereoprobe (Scheme 5). The 

product (3x) was obtained in 64% yield with 64% ee (unoptimized). Comparison of the 1H 

NMR coupling constants with related compounds led to the conclusion that this reaction 

proceeded by the “soft” nucleophile pathway.[20]

To demonstrate the utility of our protocol, a nonsteroidal anti-inflammatory drug analogue 

(NSAIDs)[28] was prepared in two steps (Scheme 6). Beginning with the pyridyl-containing 

toluene complex 1c, AAA/demetalation as outlined in Scheme 3 gave compound 3y in 

>99% ee. The allylated product 3y was then converted to enantioenriched α-arylalkanoic 

acid 4 in 61% yield with >99% ee (Scheme 6).

In conclusion, we have successfully developed the first two catalysts for the palladium-

catalyzed AAA employing toluene-derived pronucleophiles. This method provides ready 

access to the enantioenriched “α-2-propenyl benzyl” motifs and expands the classes of 

nucleophiles that can be employed in AAA reactions. It is noteworthy that the optimized 

catalysts for both AAA reactions advanced herein, and for our palladium(Cy-Mandyphos) 

catalyzed enantioselective arylation of (η6-C6H5CH2NR2)Cr(CO)3 complexes,[18] all 

contain strongly coordinating tertiary amine or amide groups on the ligands that can serve to 

bind the lithium counterions of the nucleophiles. This observation suggests a possible design 

feature for related enantioselective processes with strongly basic lithiated nucleophiles.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Selected natural product containing “α-2-propenyl benzyl” motifs.
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Scheme 1. 
Palladium-catalyzed AAA reaction with “hard” nucleophiles.
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Scheme 2. 
Palladium-catalyzed AAA reactions with softened “hard” pronucleophiles
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Scheme 3. 
Scope of Pronucleophiles in AAA Reactionsa

[a] Isolated yields with ee’s determined by chiral HPLC. [b] Reactions performed using 1.0 

equiv. of 1, 3 equiv. of 2b and 4 equiv LiN(SiNe3)2. [c] A two-step one pot procedure was 

employed to afford the chromium-free product with only 2% ee erosion. [d] Reaction time 

was 4 h. [e] Reaction time was 2.5 h. [f] The dr value was 55 : 45.
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Scheme 4. 
Palladium/(R)-CTH-JAFAPHOS catalyzed AAA with acyclic electrophiles.a

[a] Isolated yields with ee’s determined by chiral HPLC or SFC. [b] 10 mol% catalysis was 

used. [c] Reaction time was 4h.
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Scheme 5. 
AAA reaction and mechanistic study with Ph-Taniaphos.
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Scheme 6. 
Further transformations of the allylated product.
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