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induction. The theoretical calculation results agreed with experimental observations, and these results

provide valuable insight into catalyst design and understanding of mechanisms of related reactions.

INTRODUCTION

Organophosphorus compounds have received considerable attention in the past few decades.’
Phosphines are typically used as ligands® in transition metal-mediated processes,” but they are also
widely used as nucleophilic catalysts in organic synthesis owing to their nucleophilicity.4 The past
decade has seen remarkable progress of phosphine-catalyzed organic reactions, e.g. the Rauhut—
Currier reaction,’ Morita—Baylis—Hillman reaction,’ and Michael addition,’ among others.® In
1995, Lu and co-workers disclosed a phosphine-catalyzed [3+2] cycloaddition of allenoates to
activated alkenes, which has become one of the most well-established methods for the construction
of five-membered ring systems (Scheme 1, eq. a).” Over the time, various chiral phosphine catalysts
have been developed for asymmetric [3+2] annulation reactions. Zhang et al. developed a chiral
phosphine with a unique fused bicyclic [2.2.1] ring, which was shown to catalyze the [3+2]
cyclization between 2,3-butadienoates and activated alkenes with excellent regio- and
enantioselectivity (eq. b).'" The Fu group reported a highly enantioselective [3+2] cycloaddition of
allenoates to enones catalyzed by a C,-symmetric chiral phosphine catalyst (eq. ¢)."" Miller and
co-workers designed a multifunctional phosphine-containing a-amino acid, which was utilized to
catalyze an enantioselective [3+2] cycloaddition of allenoate to tetralone (eq. d).'> Undoubtedly,
phosphine-catalyzed asymmetric [3+2] annulations of allenes with activated alkenes have been well
recognized as one of the most efficient synthetic methods for the construction of enantiomerically

enriched five-membered cyclic structural motifs."
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Scheme 1. Selected Examples of Phosphine Catalyzed [3+2] Cycloaddition Reactions
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For the creation of new stereogenic centers in a catalytic reaction, the asymmetric induction is
determined by the chiral catalysts utilized, the chiral environments of which are of vital
importance."* Amino acids are arguably the most abundant, inexpensive, and readily available chiral
building blocks in nature,” thus they are widely used in asymmetric synthesis.'® In 2011, we
introduced a new family of dipeptide-based phosphine catalysts, and showed their effectiveness in
promoting asymmetric [3+2] annulation reactions. '’ As illustrated in Scheme 2,
D-Thr-L-tert-Leu-based phosphine P1 catalyzed allenoate—acrylate [3+2] cyclization and afforded
the desired adduct in 95% yield and 74% ee. Subsequently, we demonstrated application of this
powerful catalyst in asymmetric [3+2] annulation between imines and allenoates.'® Although the
mechanisms of phosphine-catalyzed [3+2] annulations have been investigated by experimentally and
computationally in previous studies,” elucidation of stereoselectivities of phosphine-promoted
catalytic processes is still very limited. In our initial disclosures, we proposed that our bifunctional
phosphine catalysts interact with substrates, e.g. acrylate or imine, through hydrogen bonding

interactions, which were believed to be the key to the observed stereoselectivity. Herein, we carry out
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computational studies to elucidate the reaction mechanism, and present the origin of
enantioselectivity observed in the phosphine-catalyzed [3+2] annulation between allenoates and
acrylate or imine.

Scheme 2. Dipeptide-functionalized Phosphine Catalyzed [3+2] Cycloaddition between

Allenoates and Acrylate or Imine.
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COMPUTATIONAL METHODS

All the DFT calculations were carried out with the GAUSSIAN 09 series of programs.”’ Density
functional B3LYP?' with a standard 6-31G(d) basis set” was used for geometry optimizations.
Harmonic vibrational frequency calculations were performed with the same method for all stationary
points to confirm them as a local minima or transition structures and to derive the thermochemical
corrections for the enthalpies and free energies. Recent works from our group™ showed that M11
functional,”* recently proposed by the Truhlar group could give more accurate energetic information.
Here we used the M11 functional with the larger basis set 6-311+G(d)*’ to derive single-point
energies on B3LYP/6-31G(d) optimized geometries. The solvent effects were considered by single
point calculations using IEFPCM model (toluene).”® The thermal corrections evaluated from the
vibrational frequencies at B3LYP/6-31G(d) level on the optimized geometries were then added to the

M11/6-311+G(d) electronic energies to obtain the free energies. The NCIPLOT analyses were
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conducted with Multiwfn®” and VMD.? The 3D images of the calculated structures were prepared

using CYLview.”
RESULTS AND DISCUSSION

Mechanism for Phosphine-Catalyzed [3+2] Cycloaddition. On the basis of Lu’s pioneering work’
and relevant computational studies,”® the commonly accepted mechanism of phosphine-catalyzed
[3+2] cycloaddition is shown in Scheme 3. Phosphine catalyst P1 adds on to allenoate 4 to yield the
zwitterionic intermediate A. In the left cycle (allenoate—acrylate cyclization), the [3+2] the
cycloaddition process between intermediate A and acrylate 5a is stepwise and affords intermediate
C. The following proton transfer gives intermediate D, which then eliminates catalyst P1 and forms
the annulation product 7. For the allenoate—imine cyclization, the addition of the zwitterionic
intermediate A to imine 6 generates intermediate E, which undergoes intramolecular cyclization
followed by proton transfer to furnish intermediate G. Subsequent elimination of the phosphine then
affords annulation product 8. In the above proposal, the first C—C bond-forming step was deemed to
be the enantiodetermining step in both cycles, and the non-covalent interactions between catalysts
and substrates are believed to be crucial in stabilizing the key transition states, leading to the

formation of major stereoisomer.

Scheme 3. Mechanism for [3+2] Cycloaddition Catalyzed by Dipeptide-Functionalized

Phosphine P1
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Jacobsen, *'! Jorgensen, 32" Goodman,** Houk* and others* have shown that non-covalent
interactions between catalysts and substrates have marked effects in controlling the
enantioselectivities through a combination of experimental and theoretical investigations.’® Cowen
and Miller proposed the intramolecular hydrogen bond induced the selectivity in
phosphine-catalyzed [3+2] cycloaddition of allenoates and enones.'” The intermolecular hydrogen
bond model was also proposed by Fang and Jacobsen for the [3+2] annulation of an imine with

allenoate. °’

Our experimental and theoretical results also validated the importance of
hydrogen-bonding interactions between substrates and catalysts in the phosphine-catalyzed

v-additions of oxazolones to 2,3-butadienoates.®

In our dipeptide-based bifunctional phosphine P1, there are two possible hydrogen donors (two N-H
moieties), however, their exact roles in controlling the stereoselectivities of the reaction remain to be
clarified. In the previous investigation (Table 1), catalyst P2 was identified as a slightly superior
catalyst to P1 (78% ee versus 74% ee) (entries 1 & 2). Among the different acrylate esters, alkyl

substituted acrylate (i-Pr) was found to be an inferior substrate (entry 3), in contrast, aryl-substituted
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acrylates were excellent substrates, furnishing the desired adducts in good yields and high ee values
(entries 4, 5 and 6). Strikingly, acrylate bearing a 9-phenanthryl group led to excellent
enantioselectivity (91 % ee), this was in comparison to the acrylates bearing a 2-naphthyl group (84
% ee) or phenyl group (76 % ee). The employment of acrylates with different aryl substituents
resulted in the formation of [34+2] annulation products with much differentiated enantioselectivities,
which simply suggested that those substituents may play an important role in asymmetric induction.

Table 1. Optimization of Reaction Condition!™

RZ O
(¢] o
—e= 2 . (10 mol? -
= . R\O ph  cat. (10 mol%) PH
CO,R =
toluene, 0.5 h
CO,R!
4 5 7-S
QTBDPS
/\/\
OTBDPS > PP
: O NH
<" pph,
Os_NH NH
NH 0o
Boc c
P1 P2
Entry  Catalyst R R? ay®  Yield [%]@  ee[%]"
1 P1 Bn 2-naphthyl 94:6 95 74
2 P2 Bn 2-naphthyl 95:5 96 78
3 P2 tBu i-pr 97:3 72 24
4 P2 t-Bu Ph 97:3 92 76
5 P2 t-Bu 2-naphthyl 96:4 94 84
6 P2 t-Bu 9-phenanthryl  >99:1 95 91

[a] Reactions were performed with 5 (0.05 mmol), 4 (0.075 mmol) and Phosphine catalysts (10 mol
%) in toluene (1.0 mL) at room temperature. [b] Determined by 'H NMR analysis of the crude
reaction mixture. [c] Isolated yield. [d] The ee value of the major stereoisomer, determined by HPLC

analysis on a chiral stationary phase.
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To further probe the reaction mechanistically, we designed a number of analogous L-Val-containing
dipeptide phosphine catalysts and examined their catalytic effects in the [3+2] annulation between
allenoates and acrylates (Table 2). Synthetically, catalysts P3 to PS5 were more readily accessible, and
the catalytic effects of P3 is comparable to that of catalyst P1. When the hydrogen at the terminal
amino group of the L-Val residue was substituted by a methyl group (catalyst P4), the observed ee
value was 60%, not substantially lower than that attainable by using catalyst P3. However,
substitution of the amide N—H with a methyl group (catalyst PS), led to much decreased ee value of
18%, and the configuration of the product was also reversed. The above results suggested that the
amide N-H group is of pivotal importance in asymmetric induction, and the presence of the

carbamate N—H seems to be less important.

Table 2. Different phosphine catalyzed [3+2] cycloaddition reaction®

(] ¢
o o)
= O)HTPh cat (10 mol%) PR

COzBn + toluene, 0.5 h cO.B
4a 5 7.5 ~ 2"
" oTeOPS
OTBDPS OTBDPS OTBDPS A,
/\/\Pth /\/\Pth PPhy | ! NH
;LNH
NH Boc
Boc Boc i:c ‘ P1
L (74% ee)
Entry catalyst Yield [%]®! ee [%]
1 P3 >99% 73
2 P4 >99% 60
3 P5 59% -18

[a] Reactions were performed with 5 (0.05 mmol), 4a (0.075 mmol) and phosphine catalysts (10 mol %) in toluene (1.0 mL) at room
temperature. [b] Isolated yield. [c] The ee value of the major stereoisomer, determined by HPLC analysis on a chiral stationary phase.

Scheme 4. Proposed Structures of Transition States in Enantioselectivity Determining Step
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Based on the above experimental results, we proposed two possible models and further explored the
[3+2] annulations computationally (Scheme 4). In the intermolecular H-bond model (Scheme 4a), the
interactions between amide moiety of the catalyst with acrylate or imine contribute significantly to
the key transition state leading to the formation of the major stereoisomer. Both acrylate and imine
are arranged in the bulky pocket of the catalyst, and there are significant steric repulsion between
catalyst and substrates. Alternatively, we propose that the carbonyl group of allenoate interacts with
amide through intramolecular H-bond, thus ensuring selectivity in the subsequent nucleophilic attack
(Scheme 4b). When acrylates are used as a substrate, the non-covalent interactions between the
2-naphthyl group of the acrylate and the phenyl group of phosphine catalyst stabilize the
cycloaddition transition states. Similarly, when imines are used as a reaction partner, the
non-covalent interactions between phenyl group of imine and catalyst possible exists only in the

energetically favored transition state leading to the major enantiomer.

Activation Barrier of Phosphine Addition to Allenoate. A complete energy profile of a model

reaction based on the phosphine catalyst P1 was described. As shown in Figure 1, the
9
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hydrogen-bonding complex 9-A is formed from the active catalyst P1 and allenoate 4a with a free
energy increase of 3.7 kcal/mol, although the bonding energy of the formed hydrogen bond is about
7.2 kcal/mol as the reaction enthalpy. The nucleophilic addition of phosphine takes place via
transition state Ts1-A with an overall barrier of 20.4 kcal/mol, leading to intermediate 10-A. When
substrate is replaced by allenoate 4b, the calculations predict an overall barrier of 18.8 kcal/mol for

nucleophilic addition step.
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Figure 1. Energy profile for the nucleophilic attack step.

10

ACS Paragon Plus Environment



oNOYTULT D WN =

The Journal of Organic Chemistry Page 10 of 30

Ph oTBDPS|*  Ph OTBDPS oTBDPS|* Ph OTBDPS
Ph

lo
@P- Bn
AG (kcal/mol) /—>/ Qr'\

(AH (kcal/mol)) RZO\J\ N o A
/077/ g g tBu tBu/Og/N\I‘-.IU Bu tBu/og/ H B
Ts2-A-S1 gg 12-A-S1 Ts3-A-S1 13-A-S1
(-26.0)
2/0# Ts2-A-S1 4.9
R I Ph T (-28.0)
0.9 = 6.3 X Ts3-A-S1
a5 29/4/ (-26.1) . = N
(-20.8) 11 -A Ts2-A-S2 (_33.3)
10-A o, OTEOPS Ts3-A-S2
S -10.8
- “OO 115
Ko o R? = (-45.8) it
\(\A}f:’h jio 12-A-S1 13-A-S2
H
tBu/OfN‘H Bu
11-A

h OTBDPS h oTeoPs|? h OTBDPS

UUN

[ [
o) 2N
R2RS OR FEB/Y'\ 0 OR |:>® o)
Ph \"@ PhTN o Ph @I A Ph ©
0--HN o 0-HN o o---HN_ o o---HN_ g
BnG ji BnO l-lll )7\ BnO M BnO M )i
0 N O 1 Ny _0 N
Bu g/ H tBu d H tBu H of

tBu tBu’Oof Bu tBu H  tBu
Ts2:A-S2 12-A-S2 Ts3.A-S2 13-A-S2

|< ———————————————————————————————————— intermolecular H-bond pathway -------- -~ -----—-----ooo.. »l
intramolecular H-bond pathway 1

Figure 2. The DFT computed competing pathways of dipeptide-functionalized phosphine P1

catalyzed [3+2] annulation of acrylate with allenoates.

Reaction with Acrylate. We initially chose 2-naphthyl-substituted acrylate to perform DFT
computations to elucidate the reaction mechanism, as well as origins of observed enantioselectivities.
As shown in Figure 2, from intermediate 10-A, both intermolecular H-bond and intramolecular
H-bond model were investigated in detail. In the intramolecular H-bond pathway, the amide group of
catalyst interacts with allenoate by a single hydrogen bond, and the lowest energy transition state
Ts2-A-S2 was located for the nucleophilic attack step with a barrier of 9.8 kcal/mol. The subsequent
ring closure occurs via transition state Ts3-A-S2 to form the intermediate 13-A-S2 with a
five-membered ring (the free energy surface for proton transfer from 13-A-S2, regenerate phosphine

catalyst P1 is given in Fig. S6 of Supporting Information.). Ts3-A-S2 is 3.4 kcal/mol more stable

11
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than Ts2-A-S2. The intermolecular H-bond pathway was also considered. However, the transition
state Ts2-A-S1 is energetically less favorable compared to Ts2-A-S2 by 2.5 kcal/mol. The
computational studies illustrate that phosphine catalyst P1 catalyzes allenoate—acrylate [3+2]
annulation through intramolecular H-bond model more favorable than intermolecular H-bond, and
the enantioselectivity is determined at the step where the zwitterionic species is added to the acrylate

substrate.
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Figure 3. Free energy profiles for phosphine P1 catalyzed [3+2] annulation of acrylate with

allenoates leading to the enantiomer 7-R (green dashed line) and 7-S (green line).

In order to elucidate the origin of enantioselectivity, the alternative pathway (the si-face attack) was
calculated. As shown in Figure 3, the reaction pathway via the transition states Ts2-A-R2 and

Ts3-A-R2 leads to the formation of enantiomer 7-R. The relative free energy of the transition state

12
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Ts2-A-S82 is 1.1 kcal/mol lower than that of Ts2-A-R2, which indicates that 7-§ is the major product.
The energy difference between Ts2-A-R2 (si-face) and Ts2-A-S2 (re-face) corresponds to an ee

value of 73%, which agrees well with the experimental observations.

On the basis of the above calculations, we compare the two competing transition states (Ts2-A-R2
and Ts2-A-52) (Figure 4a). Both have an almost linear H-bond between amide group of catalyst and
allenoate. However, the forming C—C bond length in Ts2-A-S$2 is 0.09A longer than that in
Ts2-A-R2, therefore, the transition state Ts2-A-S2 occurs carlier than Ts2-A-R2. In the case of
Ts2-A-R2, the C—C bond length is 3.86 A, suggested that the phenyl group of acrylate associations
with TBDPS group of phosphine catalyst P1 via weak non-covalent interaction. Inspection of
Ts2-A-S2 shows that carbonyl group of acrylate is orientated towards one of the phenyl ring of the
catalyst (O...H distance 2.28 A), and the distance between the bigger aromatic ring naphthalenyloxy
with OTBDPS is 4.00 A. Consequently, the stronger non-covalent interactions in Ts2-A-S2 make the
re-face pathway more favorable than si-face pathway (Ts2-A-R2). To better describe the
non-covalent interactions, a visualization analysis® is made to understand the nature of non-covalent
interactions in Ts2-A-S2 and Ts2-A-R2. As shown in Figure 4b, the critical interactions are labelled
with red circles. In Ts2-A-R2, the phenyl group of acrylate is perpendicular to the phenyl group of
TBDPS group and it brings about significant non-covalent interactions. Whereas in Ts2-A-S2,
2-naphthyl group is perpendicular to the phenyl group of TBDPS group. Furthermore, in Ts2-A-S2,
the carbonyl group of acrylate orients towards one of phenyl ring on the phosphine atom, thereby
increases non-covalent interactions. As a result, Ts2-A-S2 is more stable than Ts2-A-R2, leading to

the formation of the major enantiomer 7-S.

13
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Figure 4. (a) Optimized structures of Ts2-A-R2 and Ts2-A-S2. Noncritical hydrogen atoms are
omitted for clarity. Distances are given in angstroms and angles in degrees. (b) NCIPLOT of
Ts2-A-R2 and Ts2-A-S2 transition states. The s = 0.6 au isosurface is colored according to a BGR
scheme over the range -0.05 < sign(A;)p < 0.05 au. Blue indicates strong attraction weak interaction,

green indicates very weak interaction, and red indicates strong repulsion.

Reaction with Imine. The reaction mechanism is similar to that of the annulation between acrylates
and alleonoates. Both intermolecular H-bond pathway and intramolecular H-bond pathway of
phosphine catalyzed [3+2] annulation of imine with allenoates are summarized in Figure 5. In the
intramolecular H-bond pathway, intermediate 10-I undergoes C—C bond formation via transition

state Ts2-1-R2 to give the 12-I-R2 with a barrier of 14.1 kcal/mol. Subsequent C—N bond formation

14

ACS Paragon Plus Environment



oNOYTULT D WN =

The Journal of Organic Chemistry

(Ts3-I-R2) requires an even higher activation energy than Ts2-I-R2 and gives the stable intermediate
13-1-R2. On the other hand, the catalyst could activate the cyclization by forming an intermolecular
hydrogen bond with imine substrate. From intermediate 11-1, initial C—C bond formation via
intermolecular H-bond transition state Ts2-I-RI has a barrier of 7.3 kcal/mol, leading to a more
stable intermediate 12-I-RI, which then undergoes C-N bond formation via transition state
Ts3-1-R1, requiring a barrier of 14.5 kcal/mol (the free energy surface for proton transfer from
13-1-R1, regenerate phosphine catalyst P1 is given in Fig. S7 of Supporting Information). Therefore,

phosphine-catalyzed [3+2] annulation of imine with allenoate prefers the intermolecular H-bond

model.
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Figure 5. The DFT computed competing pathways of dipeptide-functionalized phosphine P1

catalyzed [3+2] annulation of imine with allenoates.
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To explore the origins of enantioselectivity, we then examined the free energy profile of the re-face
attack pathway. As shown in Figure 6, the re-face attack pathway is predicted to be unfavorable than
si-face attack pathway. The free energy of C—C bond forming transition state Ts2-I-S7 is almost the
same as that in Ts2-I-R1. For re-face attack pathway, generate 12-1-S7 via Ts2-I-S7 is an easy
process. However, the subsequent ring closure take place via Ts3-I-S7 is a hard process, causing
12-1-S1 prefer regenerate 11-I via Ts2-I-S1. Because of intermediate 12-I-R1 is more stable than
12-1-S1, leading to the position of equilibrium between 12-1-S7 and 12-I-RI must favor 12-1-R1.
Therefore, the formation S-configuration intermediate 13-1-S7 through transition state Ts3-I-S7 with

an energy barrier of 18.9 kcal/mol relate to 12-1-R1.
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Figure 6. Free energy profiles for phosphine P1 catalyzed [3+2] annulation of imine with allenoates

leading to the enantiomer 8-R (blue line) and 8-S (blue dashed line).
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The optimized structures of Ts2-I-R1 and Ts3-I-S7 are shown in Figure 7(a), structural analysis
indicates that the steric interactions would be the major factors controlling the observed
enantioselectivity. The hydrogen atom is oriented toward the pocket of catalyst in Ts2-I-R1, the
shortest H-H distance between imine and catalyst is 2.79 A. In contrast, the sterically demanding
n-propyl group is oriented toward the pocket of catalyst and responsible for the unfavorable steric
interactions in Ts3-I-S7. Thus, phosphine-catalyzed [3+2] annulation of imine with allenoate
preferentially proceeds via the si-face attack pathway. As shown in Figure 7b, there are weak

repulsions between imine and catalyst (red circles labelled) in Ts3-1-S1.

' 4—/; A
favored disfavored
Ts2-1-R1 Ts3-1-S1

favored © disfavored
Ts2-1-R1 Ts3-1-S1

Figure 7. (a) Optimized structures of Ts2-I-R1 and Ts3-I-S1. Noncritical hydrogen atoms are
omitted for clarity. Distances are given in angstroms and angles in degrees. (b) NCIPLOT of

Ts2-I-R1 and Ts2-3-S1 transition states. The s = 0.6 au isosurface is colored according to a BGR
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scheme over the range -0.05 < sign(A,)p < 0.05 au. Blue indicates strong attraction weak interaction,

green indicates very weak interaction, and red indicates strong repulsion.

Catalyst Evaluation. Based on our calculation analysis, we look forward provide theoretical
guidance and facilitate the design of more effective catalytic systems. As shown in Table 1 (entry 1
and 2), phosphine catalyst P1 catalyzed [3+2] cycloaddition between allenoate 4a and acrylate 5
afford the S-configuration product with 74% ee value. As mentioned above, the terminal NHBoc
group seems to have less impact for enantioselectivity and this moiety should be replaceable.
Therefore, we suspect that the catalyst P6 could provide better result, due to the trifluoromethyl
group substituted phenyl ring is coplanar with amide group and leading to an additional non-covalent
interactions between allenoate and catalyst. The NCIPLOT of 10-A-P6 verified our hypothesis, apart
from the H-bond between allenoate and catalyst, additional stabilizing non-covalent interactions
between allenoate and substituted phenyl ring on the catalyst were identified (Figure 9b). More
importantly, as shown in Figure 8, calculated free energy profile indicate that re-face attack pathway
is much favor than si-face attack pathway and in consistent with experimental observed (>99 yield,

92% ee).
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Figure 8. The DFT computed competing pathways of dipeptide-functionalized phosphine P6

catalyzed [3+2] annulation of acrylate with allenoates.
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Figure 9. (a) Optimized structures of 10-A and 10-A-P6. (b) NCIPLOT of 10-A and 10-A-P6. The s
= 0.6 au isosurface is colored according to a BGR scheme over the range -0.05 < sign(A;)p < 0.05 au.
Blue indicates strong attraction weak interaction, green indicates very weak interaction, and red

indicates strong repulsion.

CONCLUSION

In summary, we studied the mechanism and the origins of enantioselectivities of phosphine-catalyzed
[3+2] cycloadditions between allenoates and acrylate or imine. The combination of theoretical and
experimental studies confirmed that appropriate hydrogen bond model and non-covalent interactions
are crucial for observed enantioselectivities. For the acrylate substrates, the reaction preferentially
proceeds via an intramolecular H-bond model. The hydrogen bond between allenoate and amide
group of catalyst locks the configuration of zwitterionic catalyst-activated allenoate. The NCIPLOT
analysis suggest that 2-naphthyl ester moiety exhibits stronger non-covalent interactions than the
phenyl moiety, and such a significant substituent effect of acrylate substrate leads to the favorable
re-face attack pathway. For imine substrate, the intermolecular H-bond model is more appropriate. In
transition state Ts3-I-S1, n-propyl group is oriented toward the pocket of catalyst, whereas in
transition state Ts2-I-R1, hydrogen atom arranged in the bulky pocket of the catalyst. Therefore,
steric factors make the more crowded transition state Ts3-I-S7 less stable than transition state

Ts2-1-R1.

All the theoretical studies carried out in this report agreed well with our experimental observations.
More importantly, the insights gained in this study, the single hydrogen bond interacting model in

particular, provide theoretical guidance for screening of catalysts and facilitate the design of more
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effective catalytic systems. We are currently evolving more simplified amino acid-derived

bifunctional phosphines based on the findings disclosed herein.

EXPERIMENTAL SECTION

General Information. Commercially available materials purchased from Alfa Aesar, Sigma-Aldrich,
or TCI were used as received. Proton nuclear magnetic resonance ('"H NMR) spectra were recorded
on a Bruker (400 MHz) spectrometer. Chemical shifts were recorded in parts per million (ppm, )
relative to tetramethylsilane (5 0.00) or chloroform (& = 7.26, singlet). "H NMR splitting patterns are
designated as s (singlet), d (doublet), t (triplet), q (quartet), dd (doublet of doublets); m (multiplets),
and etc. All first-order splitting patterns were assigned on the basis of the appearance of the
multiplet. Splitting patterns that could not be easily interpreted are designated as m (multiplet) or br
(broad). Carbon nuclear magnetic resonance (°C NMR) spectra were recorded on a Bruker (400
MHz) (100 MHz) spectrometer. The determination of ee was performed via chiral HPLC analysis

using Shimadzu LC-20AD HPLC workstation. Visualization was performed using a UV lamp.

General procedures. Substrate 4 and 5'7 and catalyst P1'°¢ was synthesized according to the

literature procedures.

To a 4 mL vial equipped with a magnetic stirring bar were added the phosphine catalyst P1 (0.01
mmol) and acrylate 5§ (0.1 mmol), followed by the addition of toluene (1 mL). Allenoate 4 (0.12
mmol) was then added, and the reaction mixture was stirred at room temperature for 1h. Then the
mixture was subjected directly to flash column chromatographic separation using a mixture of

hexane/ethyl acetate (10 : 1) as the eluent to afford cycloaddtion products 7-S.
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Characterization of substrates and products.

naphthalen-2-yl 2-phenylacrylate (5)

White solid. "H NMR (400 MHz, CDCl3) & 7.90-7.82 (m, 3H), 7.67 (d, J = 2.0 Hz, 1H), 7.58-7.56 (m,
2H), 7.53-7.46 (m, 2H), 7.45-7.37 (m, 3H), 7.33 (dd, J = 8.8, 2.2 Hz, 1H), 6.68 (d, /= 0.7 Hz, 1H),
6.13 (d, J = 0.7 Hz, 1H); °C NMR (100 MHz, CDCls) & 165.4, 148.5, 140.9, 136.4, 133.8, 131.5,
129.4, 128.5, 128.4, 128.3, 127.8, 127.7, 126.6, 125.8, 121.1, 118.6; LCMS (ESI, m/z): calcd. for

C1oH;50, " 275.1, found 275.1.

COOBn

3-benzyl 1-(naphthalen-2-yl) (S)-1-phenylcyclopent-3-ene-1,3-dicarboxylate (7-5)

Colorless oil. '"H NMR (400 MHz, CDCls) & 7.82-7.74 (m, 3H), 7.51-7.32 (m, 13H), 7.03 (dd, J =
8.9, 2.3 Hz, 1H), 6.93 (m, 1H), 5.26 (s, 2H), 3.92 (dd, J = 16.5, 1.4 Hz, 1H), 3.83 (d, J = 17.6 Hz,
1H), 3.27 (dg, J = 16.5, 2.2 Hz, 1H), 3.09 (dq, J = 18.3, 2.2 Hz, 1H); "*C NMR (100 MHz, CDCl3) &
174.0, 164.2, 148.6, 142.1, 141.6, 136.0, 134.7, 133.7, 131.5, 129.4, 128.9, 128.6, 128.3, 128.2,
127.8, 127.6, 127.5, 126.6, 125.7, 120.6, 118.2, 66.3, 58.6, 43.5, 41.4; LCMS (ESI, m/z): calcd. for
C30Ha504" 449.2, found 449.2; HPLC analysis (Chiralcel 1B, Hexane/2-PrOH = 95/5, 1.00 mL/min),

Rt=10.6 min & 12.0 min.
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