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Abstract

Kinetic resolution during the catalytic allyl-propargyl cross-coupling with chiral starting materials

can be accomplished with a chiral Palladium catalyst. These reactions offer ready access to

enantiomerically enriched enyne products from simple readily available starting materials.
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Palladium-catalyzed substitutions of propargylic electrophiles represent a powerful synthetic

method for the construction of allene and alkyne containing compounds (Scheme 1, eq.

1).[1,2] These reactions typically proceed via oxidative addition of Pd(0) with propargyl

electrophiles of type A to give interconverting allenyl (B) and propargyl palladium (C)

intermediates, and yield allene (D) or alkyne (E) containing products upon subsequent

reaction. While a number of methods have capitalized on these features resulting in catalytic

carbon-carbon and carbon-heteroatom bond forming reactions,[2-4] there are few asymmetric

variants.[3d, 5] This deficit is likely due to two issues: (1) unlike structurally similar (allyl)Pd

intermediates that are configurationally dynamic,[6] both B and C are chiral and

configurationally static, reflecting the configuration of the starting material after

stereospecific SN2′ addition of Pd;[7] (2) in the absence of significant steric bias, bond

formation generally occurs from the (allenyl)Pd complex B to furnish chiral allene products

of type D,[8,9] which are known to be susceptible to racemization by Pd even under mild

conditions.[10] To address these issues, asymmetric Pd-catalyzed propargyl substitutions

have relied on stereospecific couplings with optically enriched propargyl electrophiles, and

are limited in scope to allene products that are biased against racemization based on

electronics or sterics.[3d, 5]

We recently reported a Pd-catalyzed cross-coupling of optically enriched propargyl acetates

and allyl boron reagents to deliver 1,5-enynes (Scheme 1, eq. 2).[11] Mechanistically, it

appeared that under the influence of a bidentate phosphine ligand (rac-BINAP), this

transformation proceeds by 3,3′-reductive elimination from the allyl-allenyl-Pd complex
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F.[12,13] This allyl migration is highly regioselective for the configurationally-stable

propargyl-substituted products of type E and allows for high stereospecificity for a range of

sterically and electronically diverse electrophiles. Although this strategy provided practical

access to synthetically useful intermediates, the need for enantiomerically pure starting

material was a drawback. A potential solution revealed itself when, during the course of this

study, we observed a small difference in reactivity of an optically enriched propargyl acetate

during reactions catalyzed by complexes bearing either (R)- or (S)-BINAP. Reasoning that

with a chiral catalyst that can more ably differentiate matched and mismatched substrates, a

kinetic resolution might result and provide enantiomerically enriched 1,5-enynes from

racemic starting material.[14] Although related Pd-catalyzed resolutions of allylic

electrophiles have been reported,[15] such a strategy is unknown for propargyl

systems.[16, 17]

Initial experiments with (S)-BINAP (L1), a racemic mixture of substrate 1, and 0.5

equivalents of allylB(pin) in THF at 60 °C (Table 1, entry 1) offered moderate selectivity (s

= 3.8).[18] The selectivity was relatively unchanged when the reaction was run at lower

temperatures (entries 2 and 3) or in more polar solvents (entry 4), and decreased when run in

the less polar solvent CH2Cl2 (entry 5). Use of a carbonate leaving group resulted in lower

selectivity (entry 6, s = 1.3), while the pivaloyl ester showed a slight increase in selectivity

(entry 7, s = 4.9).

The nature of the chiral ligand was found to have a significant effect on selectivity: with

larger 3,5-xylyl groups on L2 selectivity was diminished compared to L1, while a small

improvement was seen with the structurally similar MeO-BIPHEP (L3, s = 6.6). An

evaluation of other members of the BIPHEP family revealed a marked jump in selectivity

when MeO(furyl)BIPHEP (L4) was employed (entry 11, s = 18.6). Use of the pre-formed

L4-Pd(II)Cl2 complex [(R)-3] allowed for cleaner and more efficient reaction even with

significantly lower catalyst loadings (entry 12).[19]

Having developed an active and selective catalyst system, the resolution of additional

propargyl acetates was explored (Table 2). In addition to the n-alkyl example, the reaction

tolerated aliphatic substrates with protected alcohols, giving similar selectivity for the

benzyl protected substrate (entry 2) and an increased selectivity with the bulky TBDPS

protected alcohol (entry 3). Pendant aromatic groups were tolerated; however, the selectivity

appeared to be slightly sensitive to the proximity of the aromatic ring (entry 5). Diminished

selectivity was also observed with an unsaturated R-group (entry 6). Use of the (S)-

enantiomer of 3 (entry 8) yields the expected reversal of selectivity for both product and

recovered substrate. Of note, aromatic propargyl acetates exhibited significantly enhanced

reactivity (entries 9-14), and required only 1-2 hours for the resolution to proceed to

completion. Although s values for the simple phenyl and p-tolyl substrate (entries 9 and 10)

were similar to those of the aliphatic substrates, the reaction did appear sensitive to

electronic perturbations to the aromatic ring (entries 11-14).

The kinetic resolution by allyl-propargyl coupling also proved reliable on large scale, as the

resolution of one gram of 1 shows a nearly identical s value and regioselectivity (Scheme 2,

eq 3) as the example in Table 2. The ability to recover both enriched product as well as
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enriched starting material in good to high yield demonstrates the potential for efficient use

of this resolution in total synthesis applications. In line with our previous study, the reaction

was also tolerant of β-substituted allyl boron reagents: the selectivity and reactivity are

nearly unchanged when methallylB(pin) is used to give the disubstituted 1,5-enyne 4
(Scheme 2, eq 4).

To determine whether the selectivity of the resolution was derived during the oxidative

addition or reductive elimination, kinetic isotope effects were studied (Scheme 3). A

competition study between substrates 1 and d-1 showed a kH/kD of 0.71 based on recovered

starting material.[20] The magnitude of this secondary inverse isotope effect is similar to

what is expected for an sp to sp2 hybridization change,[21, 22] and suggests that oxidative

addition is the rate- and stereochemistry-determining step of the reaction. In contrast, a

normal secondary isotope effect might be expected if the later proposed 3,3′-reductive

elimination were rate determining.

To gain additional insight into the nature of possible stereodifferentiation during oxidative

addition, density functional theory (DFT) calculations were carried out. The reaction

coordinate was examined for the addition of (R)-3 to both the matched (R)- and mismatched

(S)-enantiomers of methyl substituted propargyl acetate II (Scheme 5). In both cases, results

show a strong stabilization upon formation of the Pd-alkyne complex (GS) from the free

catalyst and substrate. This complex exhibits a slightly distorted square-planar geometry in

which the alkyne is placed almost parallel to the P-Pd-P plane and the acetate group is

directed away from the metal. This is in agreement with previous DFT calculations,[23]

spectroscopic,[24] and crystallographic [25] data for Pd-alkyne complexes with phosphine

ligands. Such a binding mode maximizes the orbital overlap required for back donation from

the filled Pd d-orbitals into the C1≡C2 π* orbital. This back-bonding is strongly stabilizing

and brings C1 and C2 in close proximity to the metal to cause a 30° distortion of the C1-H

and C2-C3 bonds and form a structure that resembles a pallada(II)cyclopropene.[26]

From this structure, the calculated transition state shows bond formation between Pd and C3,

with a slightly distorted trigonal bipyramidal geometry about the carbon characteristic of a

SN2-type oxidative addition.[27] Natural Bond Order (NBO) analysis of the transition state

confirms this feature, showing bonding character between the Pd and an sp2 hybridized C3

with concomitant loss of bonding character between C3 and the oxygen of the acetate. Such

an addition pathway allows for direct formation of the η3-allenyl complex Int-a, which

could isomerize to the more stable allenyl-Pd complex Int-b.

Calculated energy differences between both the ground and transition states for the

diasteromeric matched and mismatched substrate/catalyst complexes are in good agreement

with selectivities observed experimentally. Key to these observed energy differences are the

interactions of the substituents at the propargylic carbon of the substrate and the ligand

structure. In GSfast, the pentyl group is positioned into an open quadrant of the C2

symmetric ligand, away from the steric bulk of the pseudoaxial furyl ring (J), whereas in

GSslow, the group is positioned into this blocked quadrant (K). This interaction is enhanced

during oxidative addition (TSfast and TSslow) as C3 is brought closer to the catalyst,

resulting in a 1.3 kcal/mol energy difference between the two transition states.
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If stereodifferentiation is indeed derived during oxidative addition, the resolution should

also be operative with nucleophiles other than allyl boronates. In this respect, it was

considered that a kinetic resolution in a Pd-catalyzed reduction of propargyl electrophiles

could allow access to optically enriched propargyl acetates utilizing a hydride as an

inexpensive nucleophile. [28]

A survey of hydride sources revealed that tetramethylammonium triacetoxyborohydride

(Me4NBH(OAc)3) was an ideal reagent for the desired transformation. This mild hydride

source allowed use of catalyst 3 with little modification to reaction conditions (Table 3). The

reaction required shorter reaction times, and showed s values similar to those with

allylB(pin) as the nucleophile. Importantly, these reactions were clean and allowed facile

isolation of the recovered enriched starting material in good to excellent yields. The reaction

was especially efficient for aromatic (entries 1 and 2), and unsaturated (entry 5) substrates,

and running these reactions to slightly higher conversion allowed for easy access to highly

enriched substrate (entry 1c). The hydrogenolysis required longer reaction time for aliphatic

substrates (entries 3 and 4), potentially suffering from slower oxidative additions or the

formation of the non-conjugated allene byproduct. Synthetically useful selectivity could still

be achieved for the more substituted cyclohexyl substrate (entry 4a).

In summary, a subtle difference in reactivity observed during the development of a

stereospecific Pd-catalyzed cross-coupling of optically enriched propargyl acetates and

allylmetal reagents has inspired the development of a kinetic resolution of racemic propargyl

acetates to access enantioenriched 1,5-enyne products. This methodology obviates the need

for optically enriched starting materials, and demonstrates previously unknown catalyst

controlled selectivity in Pd-catalyzed reactions of propargyl electrophiles. Mechanistic

studies of the resolution through laboratory and computational experimentation have

evinced that oxidative addition could play the key stereodefining step. This understanding

has allowed for the development of a hydrogenolysis to give entry to highly optically

enriched propargyl acetates. In light of the number of developments in catalyst-controlled

asymmetric manipulations of structurally similar allylic systems, we hope that the strategies

described herein may find use in other contexts.

Experimental Section

General Procedure for Kinetic Resolution with allylboronic acid pinacol ester

An oven-dried vessle equipped with a magnetic stir bar was charged successively with

catalyst 3, (0.75 mol%), THF [0.5M], the propargyl acetate 1 (1.0 equiv.), allylboronic acid

pinacol ester (0.5 equiv), and cesium fluoride (3.0 equiv) in a dry-box under argon

atmosphere. The vessel was sealed, removed from the dry-box, and heated to 60 °C while

allowing to stir for 8 h. After this time, the reaction mixture was diluted with diethyl ether,

filtered through a plug of silica gel and concentrated in vacuo.

General Procedure for Kinetic Resolution with Me4NBH(OAc)3

An oven-dried reaction vessel equipped with a magnetic stir bar was charged with catalyst 3,

(0.75 mol%), tetramethylammonium triacetoxyborohydride (0.5 equiv), and THF [0.5M] in

a dry-box under argon atmosphere. The vessel was sealed and allowed to stir for five
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minutes, over which time the solution turned a deep red color. The propargyl acetate, 1, (1.0

equiv) was added, and the vessel was sealed, removed from the dry-box, and heated to 60 °C

while allowing to stir for 45 minutes. After this time, the reaction mixture was diluted with

diethyl ether, filtered through a plug of silica gel and concentrated in vacuo.

Computational Details

All calculations were performed using Gaussian 09 with all geometry optimizations,

energies and frequencies were calculated at the DFT level utilizing the B3LYP hybrid

functional.[29, 30] The 6-31G** basis set was used for the elements C, H, P, and O in

conjunction with the LANL2DZ relativistic pseudopotential for Pd. The two oxygens and

carbonyl carbon of the acetate group were augmented with diffuse functions. All free

energies were calculated at 333.15 K. The PCM model was used to estimate the effect of

solvation (THF).[31] The frequency calculations for transition states demonstrated one

imaginary frequency each, and were found to connected with the correct ground states

through IRC calculations. NBO analysis was carried out with Gaussian NBO version 3.1.[32]

The three-dimensional structures presented in Figure 1 were visualized utilizing

CYLview.[33]

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Scheme 1.
Palladium-Catalyzed Propargylic Substitutions
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Scheme 2.
Further Synthetic Utility
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Scheme 3.
Kinetic Isotope Effect
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Figure 1.
DFT optimized structures, reaction coordinate, and simplified stereochemical model for

oxidative addition (R)-3 into (R)- and (S)- substrate II. Energy values reported in kcal/mol

relative to GSfast. Calculations performed at the B3LYP-PCM(THF)/LANL2DZ-6-31G**,

some hydrogen atoms removed for clarity.
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