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Pd/Xu-Phos-catalyzed asymmetric elimination of fully
substituted enol triflates into axially chiral

trisubstituted allenes
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The B-H elimination, as one of the most important elementary reactions in transition metal chemistry, is a key
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step in quenching the carbon-palladium bond for the Heck reaction. However, the 3-H elimination of the alkenyl
palladium species leading to allene is an energetically unfavored process, and therefore, it has been a long-
standing challenge in control of this process via enantioselective manner. We developed a concise and efficient
methodology to construct trisubstituted chiral allenes from stereodefined fully substituted enol triflates by the
enantioselective 3-H elimination of the alkenyl palladium species under mild conditions. The identified Xu-Phos
play a crucial role in the chemoselectivity and enantioselectivity. Multiple linear regression analysis shows the
important steric effect on enantioselectivity. DFT computation results allow us to propose an intramolecular
base (TOAc)-assisted deprotonation mechanism for this progress. Distortion-interaction and energy decompo-
sition analysis indicate that the difference in electrostatic energy (E.ec) of the two intramolecular base-assisted

deprotonation transition states dominates the stereoselectivity.

INTRODUCTION

The B-H elimination of alkyl metal species has emerged as a pow-
erful strategy to construct alkenes (Fig. 1A) (1-5). In this regard,
regioselective B-H elimination of alkyl bromides by Co (6, 7) and
Pd (8) catalysts has received increasing attention. In contrast, the
B-H elimination of alkenyl palladium species remains a very chal-
lenging undertaking because it is an energetically unfavored process
(Fig. 1A). In 1989, Tao and co-workers (9) reported the first
example of synthesis of racemic allenes via the p-H elimination of
alkenyl palladium species. Miura (10), Hamblett (11), Jazzar (12),
Frantz (13), and Cheng (14) have also made seminal contributions
in this field. On the other hand, axially chiral allenes have attracted
attention from chemists due to their unique structure and reactivity.
Undoubtedly, the exploration of a catalytic system that enables the
synthesis of allenes, especially axially chiral allenes, is more attrac-
tive and challenging (Fig. 1A). Great efforts have been made to
develop new methodologies for the preparation of optically active
allenes (15-18), such as the organocatalytic (19, 20), enzyme-cata-
lytic (21, 22) and metal-catalytic (23-27) transformations. In 2013,
after an extensive screening of ~110 chiral phosphine ligands,
Frantz and co-workers (28) demonstrated the first example of syn-
thesis of disubstituted chiral allenoates via the Pd-catalyzed asym-
metric f-H elimination of vinyl palladium species with the use of
the homemade chiral ligand (Fig. 1A). However, the synthesis of
electron-rich trisubstituted chiral allenes in high enantioselectivity
was still challenging. Recently, Zhang and Ma have explored an
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alternative method for the synthesis of trisubstituted allenes via a
Pd-catalyzed asymmetric Heck reaction of aryl triflates with inter-
nal alkynes (29). In most cases, the symmetric internal alkynes were
used to avoid the regioselectivity issue. During the course of this
study, we became interested in Pd-catalyzed asymmetric direct
elimination of fully substituted enol triflates to modularized synthe-
sis of various trisubstituted axially chiral allenes under mild condi-
tions, in which there is no regioselectivity issue (Fig. 1B). However,
several challenging issues should be addressed (Fig. 1B, bottom): (i)
Allene product might undergo further isomerization to 1,3-diene
by-product via anti-regioselective hydropalladation of the allene
followed by a second B-H elimination (30); (ii) the further carbopal-
ladation of the alkenyl palladium species with the allene product
might occur, resulting in various by-products (31-35); (iii) how
to gain high enantioselectivity; and (iv) the B-H elimination of
the in situ generated alkenyl palladium species is an energetically
unfavored process, which often makes the substrate scope narrow
(9-14). Combined with the reported literature and our previous
work, we firmly believe that the ligand is the key to address these
issues. Last, multiple linear regression (MLR) analysis also shows
that the steric hindrance of the ligand is a key factor in high
enantioselectivity.

RESULTS

Reaction development

A series of commercially available chiral ligands were first examined
with 1a as the model substrate (Fig. 2). Frantz's ligand L1 was first
tested and found to be ineffective, delivering the desired allene in
only 5% yield with 43:57 enantio ratio (er), indicating that the
B-H elimination of the electron-rich alkenyl palladium species
is much more challenging than that of the electron-deficient
one. Other commonly used chiral ligands L2 to L5 such as
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Fig. 1. Background and reaction design. (A) p-H elimination of alkyl metal species and B-H elimination of vinyl palladium species. (B) This work: Pd-catalyzed asym-
metric elimination of fully substituted enol triflates en route to trisubstituted chiral allenes.

Duphos, QuinoxP, Pybox, and (R)-N,N-dimethyl-1-[(S)-2-(diphe-
nylphosphino)ferrocenyl]ethylamine (PPFA) all failed to promote
the reaction. The phosphoramidite L6 also furnished the product
in low yield with 61.5:38.5 er (for other more ligands and results,
see fig. S1). We next turned to the sulfinamide-phosphine ligands
(Sadphos) developed by our group, which have emerged as power-
ful ligands in various asymmetric catalyses (36—40), especially for
the asymmetric palladium catalysis. Unfortunately, Ming-Phos,
Xiang-Phos, and Xu-Phos could not furnish the desired product
2a either. To our delight, N-Me-Xu-Phos (Xul) could give a prom-
ising result, obtaining 2a in 32% yield with 66.5:33.5 er. In addition,
we found that the corresponding Xu-Phos with a free NH moiety
had no reactivity, indicating that the N-methyl group could improve
the catalytic activity of the catalyst.

Comparing the different results from Xu-Phos and N-Me-Xu-
Phos, we envisaged that fine-tuning the substituent of Xu-Phos, es-
pecially the N-substituent, may have a notable impact on catalytic
activity and the enantioselectivity. Thus, we prepared a variety of
Xu-Phos with different substituents and investigated their perfor-
mances in the asymmetric 3-H elimination (Fig. 2). The tuning of
the N-substituent (R) of Xu-Phos (Xu2 to Xu6) was first carried
out, among them Xu6 with N-2-methylbenzyl group could
deliver the desired allene 2a in 61% yield and 83.5:16.5 er. Note
that the fine-tuning of the N-substituent of the Xu-Phos led to a
substantial effect on enantioselectivity. For example, using Xu6
(R = 2-methylbenzyl) instead of Xu2 (R = Bn) increased the er
value of 2a from 72:28 to 83.5:16.5. Next, the variation of the aryl
group, structured as Xu7 to XulO, did not improve the enantiose-
lectivity. Further tuning N-substituent did not bring better enantio-
selectivity (Xull to Xul3). When the temperature was decreased to
50°C, 2a was delivered in 63% yield with 86:14 er (Fig. 2, entry 1).
The yield was further improved to 74% by reducing the amount of
water (Fig. 2, entry 3). Further base screening did not give better
results (Fig. 2, entries 4 and 5). Other reaction parameters were
also investigated and summarized in the Supplementary Materials
(tables S1 to S3).

Second round screening and modification of Xu-Phos were then
conducted. The enantiomeric ratio was further improved to 94:6
with Xul4 as the ligand, but the reaction became much slower.
Further changing the steric hindrance of ligands (Xul5 to Xul9)
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resulted in lower er values. The yield was improved to 72% under
the condition of Pd,(dba); [5 mole percent (mol %)], Xul4 (12
mol %), and N,N-diisopropylethylamine [DIPEA (0.4 mmol)] in
i-PrOAc (0.5 ml) for 45 hours. Next, we turned to investigate
other palladium precursors, reaction temperature, and solvents.
The yield could be improved to 60% when Pd(OAc), was used
instead of Pd,(dba); (Fig. 2, entry 6). The reaction worked smoothly
at 25°C, delivering the product 2a in 68% yield with 93:7 er under
the catalysis of Pd(OAc),/Xul4 (Fig. 2, entry 7). The solvents were
tested, and the use of i-Pr,O increased the er value to 95:5 (Fig. 2,
entries 8 and 9). The optimal reaction conditions were identified as
5 mol % of Pd(OAc),, 7.5 mol % of Xul4, and a mixed base of
DIPEA (2.0 equiv) and Na,COj3 (1.0 equiv) in i-Pr,O at 25°C, af-
fording the desired allene 2a in 87% nuclear magnetic resonance
(NMR) yield with 95:5 er (Fig. 2, entry 10). When DIPEA or
Na,CO; was used as the base, the reaction delivered 2a in lower
yields (Fig. 2, entries 11 and 12). We found that allene product
could undergo subsequent isomerization to form the 1,3-diene
product 3a (for details, please see the Supplementary Materials
and tables S2 and S7). After an extensive screening of Xu-Phos
(Xu20 to Xu38), we finally identified that Xul4 is responsible for
the good yields with high enantiomeric ratios (fig. S2). The absolute
configuration of Xu-Phos was confirmed via x-ray diffraction anal-
ysis of Xul4 and Xu22.

Next, we sought to understand which structural features of the
chiral ligands are responsible for the enantioselectivity. In particu-
lar, 16 chiral ligands (Xul4 and Xu-Phos with aryl substituents
similar to Xul4; fig. S3) were numerically parameterized, and an
MLR (41-45) model between parameters and reaction enantioselec-
tivity (AAG?) was constructed using IBM SPSS Statistics 20 software
(Fig. 3A, left). In view of the complex flexible structure and multi-
coordination nature of the ligands, an extensive conformational
search for the Pd(0)-Xu-Phos complexes was conducted.
Seventy-six parameters including both Boltzmann-weighted
(Boltz) and lowest-energy (LE) conformational parameters are ob-
tained from density functional theory (DFT) calculations (fig. S5
and table S11). The detailed strategies of conformational search
and DFT calculation can be found in the Supplementary Materials.
The MLR model features the steric effects as the important factor.
The parameters include Sterimol parameters (46, 47) B,(R3>) Bl
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Fig. 2. Optimization of reaction conditions. Reaction conditions: 1a (0.1 mmol), Pd,(dba); (4 mol %), ligand (12 mol %), and Na3PO, (0.15 mmol) in THF/H,O (4/1) (0.5
ml) at 65°C under N, atmosphere. *THF/H,0 (10/1) (0.5 ml) at 50°C. +sz(dba)3 (5 mol %), DIPEA (0.4 mmol), and i-PrOAc (0.5 ml) were used. *40°C. §Pd(OAc)2 (10 mol %),
Xu14 (12 mol %), and DIPEA (0.4 mmol). 'Pd(OAc), (5 mol %), Xu14 (7.5 mol %), DIPEA (0.2 mmol), and Na,COs (0.1 mmol) were used. "No DIPEA. “No Na,COs;. The yields
with CH,Br, as an internal standard were determined by 'H NMR, and er values were determined by high-performance liquid chromatography analysis.
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(R*s minimum width) and Bs(Ar)"™® (Ar's maximum width) and
percent buried volume [% Vi, (SE)™* and %V ue(NE)B'2 steric
effect of R and R*] (48-50), calculated by SambVca (Fig. 3B) (49,
50). By(R?) "%, 96V 1 (SE)™E, and %V 2 (NE)E™ are positively
correlated with AAG”, while Bs(Ar)'E is negatively correlated. The
coefficient of each parameter was normalized (Fig. 3A, right), and
the results show that B, (R>) 3" has the greatest influence (0.511)
on AAG".

Substrate scope of the substrate

With the optimal reaction conditions established, we then turned to
examine the substrate scope via the variation of the aryl group of
enol triflates 1 (Fig. 4, 2a to 2t). A variety of fully substituted (Z)-
enol triflates with electron-neutral and electron-rich aryl moieties
that all worked smoothly to afford the corresponding products
with high er (2a to 2n) but lower reactivity was observed with the
electron-deficient group (21). The reaction of those enol triflates
with electron-deficient groups such as meta-Cl and CF; at the
phenyl ring required a higher amount of catalyst [10 mol %
Pd(OAc), and 15 mol % Xul4] and longer reaction time (21, 2o,
and 2p). The disubstituted aryl group was also well compatible, de-
livering 2q in 85% yield with 96:4 er. The phenyl group could be
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replaced by other aryl or heteroaryl groups such as 2,3-dihydroben-
zofuran-5-yl (2r), benzo[d][1,3]dioxol-5-yl (2s), and 2-naphthyl
(2t); all of them could furnish the desired allene products in 68 to
82% yields with 95:5 to 96.5:3.5 er.

Subsequently, we studied the reaction scope by variation of R’
and R?, as well as the aryl group of enol triflates (Fig. 4, 2u to
2pp). For linear aliphatic R', e.g., Me, n-Pr, n-Bu, and so on, the
corresponding products 2u to 2dd were obtained in 72 to 89%
yields with 92:8 to 95:5 er. Meanwhile, the absolute configuration
of the products was further confirmed by the known allene 2cc
(29). The functional groups such as CF; (2ee), F (2ff), alkenyl
(2gg), and Ph (2hh) were all tolerated. Specifically, increasing the
steric hindrance of R' group would make the reaction slower with
relatively lower yield (2ii to 2kk). The allene product 21l was ob-
tained in 86% yield with 88:12 er when R* is the methyl group. It
was interesting to find that with a longer linear aliphatic R?, the
desired allene could be furnished in 78 to 88% yields with 95:5 to
96:4% er (2mm to 2pp). These results reveal that the R* group,
which is close to the eliminate B-H, affects the enantioselectivity
a bit.
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Fig. 4. Exploration of the substrate scope. "Pd(OAC), (10 mol %) and Xu14 (15 mol %) were used.

Mechanistic investigation

To show the synthetic practicability of our method, we demonstrat-
ed a gram-scale synthesis (Fig. 5A). The reaction of 7 mmol of 1a
worked smoothly under the catalysis of only 1 mol % of Pd(OAc),,
delivering 1.05 g of 2a in 81% yield without loss of the enantiose-
lectivity. An efficient Rh(III)-catalyzed allylation of N-methoxyben-
zamide with 2a produced the compound 3b in 76% yield with 95:5
er, indicating that the axial chirality could be well transferred to the
carbon stereocenter (Fig. 5B) (51). To deeply understand the reac-
tion mechanism (12, 52, 53), DFT calculations were carried out with
the Gaussian 09 software package (54-57). Calculation details were
provided in the Supplementary Materials. The free-energy reaction
profiles are shown in Fig. 5C. Coordination of (Z)-1a with Pd(0)-

Han et al., Sci. Adv. 9, eadg1002 (2023) 17 March 2023

Xul4 forms complex A. This process is endothermic because of the
entropy penalty. Then, A undergoes oxidative addition reaction via
TS A/B to give complex B. The activation barrier is only 3.5 kcal/
mol. Note that the coordination of “OAc with palladium can reduce
the barrier of this process. Without acetate involved, oxidative ad-
dition needs to overcome a barrier of 11.3 kcal/mol (fig. S6A). For
the subsequent deprotonation, complex B undergoes conforma-
tional transformation to complex C and C'. Through TS C/D and
TS C'/D', the intramolecular base (TOAc)-assisted deprotonation
processes were carried out to generate D, D', and acetic acid,
wherein D and D' are complexes of Pd(0)-Xul4 coordinated with
product 2a and its enantiomer. Then, acetic acid reacts with
Na,COj to regenerate ~OAc for the next catalytic cycle. The barriers
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the title reaction. (D) Distortion-interaction and symmetry-adapted perturbation theory (SAPT) analysis (distances in A).
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of 15.0 kcal/mol and 17.1 kcal/mol need to be surmounted for the
deprotonation process, respectively, indicating that this step is both
enantiodetermining and rate-determining. The AAG" between TS
C/D and TS C'/D' is 2.10 kcal/mol, which is in good agreement
with the experimental results (95:5 er).

The syn B-H elimination pathway with activation barrier at 17.1
kcal/mol via TS C/D_PdH is less likely due to the higher energy
demand (fig. S6A), while the possibility cannot be completely ex-
cluded. Whether the dehydrogenation mechanism is a base-assisted
deprotonation or a syn p-H elimination mechanism depends on the
alkalinity of the paired negative ions of the Pd salt used. When pal-
ladium acetate was used, the p-H elimination barrier is 2.1 kcal/mol
higher than that of the base-assisted dehydrogenation (fig. S6B).
However, as PA(CF;COO), was used, because of the weak alkalinity
of trifluoroacetate, the 3-H elimination mechanism of Pd is more
favored than the base-assisted dehydrogenation (fig. S6C). We
have also envisaged the "NaCOj; instead of “OAc to participate in
this process as base. Although the alkalinity of "NaCOj is stronger
than that of “OAc, the solubility of Na,COj; in the system was not
good. Thus, the intramolecular base (TOAc)-assisted deprotona-
tion mechanism was finally adopted.

To explore the origin of high enantioselectivity, distortion-inter-
action analysis (58-64) was performed on TS C/D and TS C'/D’,
respectively, with intermediate B as a reference (Fig. 5D). We
divided the relevant structures into two parts: substrate and catalyst.
The analysis results show that the distortion energy AEg;, of the two
TSs are almost the same, and the difference is mainly in the inter-
action energy AE;,,, indicating that AE;,,, may determine the enan-
tioselectivity of the title reaction. In addition, although AEg; of the
two TSs are almost the same, the contributions from different parts
are different. In TS C/D, the catalyst part AEg;, o,¢ contributes less
and the substrate part AE4;, ¢, contributes more, while it is vice
versa in TS C'/D' (fig. S7). To explore the weak interaction energy
in the two TSs, the symmetry-adapted perturbation theory (SAPT)
(65) analysis was carried out at the SAPT0/def2-TZVP (66, 67) level
using the PSI4 program package (Fig. 5D) (68). The energy decom-
position analysis suggested that the total interaction energy of TS C/
D is lower than that of TS C'/D’, which is in line with the results of
distortion-interaction analysis, and electrostatic energy (Ej..) dom-
inates the stereoselectivity of the title reaction.

DISCUSSION

In summary, it has been a long-standing challenge to achieve trisub-
stituted allenes via the energetically unfavored p-H elimination of
alkenyl palladium species in an enantioselective manner. We have
developed an efficient Pd/Xu-Phos catalyzed asymmetric elimina-
tion of fully substituted enol triflates, delivering trisubstituted chiral
allenes in up to 89% yield and 96.5:3.5 er under mild conditions.
The identified Xul4 through systemic fine-tuning is responsible
for the good yields and high ers. It is worth emphasizing that this
chiral ligand could be easily synthesized from readily available start-
ing materials in short steps. Ongoing studies within our laboratory
include the development of new methods for the construction of
axial chirality via the stereoselective elimination of the vinyl palla-
dium species. MLR analysis shows the important steric effect of R
and R* on enantioselectivity. Mechanistic investigations and DFT
calculations allow us to propose an intramolecular base (TOAc)—as-
sisted deprotonation mechanism for this pathway. Distortion-

Han et al., Sci. Adv. 9, eadg1002 (2023) 17 March 2023

interaction analysis and energy decomposition analysis indicate
that the difference in E... dominates the stereoselectivity of this
progress.

MATERIALS AND METHODS

General procedure for synthesis of chiral allenes

Under nitrogen atmosphere, a sealed tube (20 ml) with a magnetic
stirring bar was charged with Pd(OAc), (0.025 mmol) and Xul4
(0.038 mmol). The tube was evacuated and backfilled with nitrogen
three times. i-Pr,O (2.5 ml) was added and stirred at room temper-
ature for 1 hour. Then, enol triflate 1 (0.5 mmol), DIPEA (1 mmol),
and Na,COj; (0.5 mmol) were added to the reaction tube under a
nitrogen atmosphere. The reaction mixture was evacuated and
backfilled with nitrogen three times at —196°C. The mixture was
warmed to room temperature. The reaction mixture was
continuously stirred at 25°C. After the completion of the reaction
monitored by thin-layer chromatography, the solvent was
removed in a rotary evaporator and the residue was purified by
flash column chromatography with n-hexane as eluent to give the
desired product 2.

Supplementary Materials
This PDF file includes:
Supplementary Text

Figs. S1 to S7

Tables S1 to S12
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