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Resolution Enabled by New Monodentate Ligands
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Abstract: Iridium-catalyzed asymmetric allenylic substi-
tution represents a useful method for the construction of
allenes bearing an allenylic central chirality, but current
success has uniformly relied on only one specific chiral
bidentate ligand. Herein, we address the limitation by
the design of a new type of monodentate ligands leading
to not only excellent enantiocontrol in allenylic substi-
tution but also efficient kinetic resolution of a-allenylic
alcohols, a new phenomenon never observed before in
iridium-catalyzed allenylic substitution. This is also a rare
demonstration of the non-enzymatic kinetic resolution of
a-allenylic alcohols. A range of highly enantioenriched
allenylic diarylmethanes and «-allenylic alcohols could
be accessed under mild conditions. Control experiments
and DFT studies indicated that this process proceeds by
an Sy1 pathway featuring a rate-determining ionization
step followed by ligand-controlled enantiodetermining
nucleophilic addition. The newly designed rigid and
bulky ligands modified from SPHENOL were believed
to assemble the key iridium-bound allenylic carbocation
intermediate in a different complexation mode, thus serv-
ing as the origin of enantiocontrol and the unprecedented

kinetic resolution.

. J

Introduction

Allenes represent a useful molecular platform for new reac-
tivity discovery and synthetic applications." """l Specifically,
chiral allenes bearing a stereogenic center in the allenylic
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position are particularly versatile, owing to their viability
to diverse valuable chiral building blocks that may not be
straightforward to construct by other methods.[®] Catalytic
asymmetric allenylic substitution of racemic electrophiles
(e.g., allenylic alcohols) represents arguably one of the most
direct approaches to establishing such allenylic chirality.l'>2]
However, when compared with the well-established asym-
metric allylic substitution processes,[***] the corresponding
allenylic counterparts remained underdeveloped. In 2012,
Ma and coworkers pioneered the first example enabled by
palladium catalysis.'?] Since then, this catalytic system has
been demonstrated as a useful means for the generation
of allenylic stereogenic centers with high enantioselectivity
and efficiency, particularly effective for the reactions between
a-alkyl allenylic alcohols and soft nucleophiles.['>-1#]

Recently, Carreira and coworkers pioneered the first
example by iridium catalysis, featuring an outer-sphere
mechanism without involving an Ir(I)—Ir(III)—Ir(I) cycle
(Scheme 1a).[*’] The iridium catalyst serves to activate the
allene by n?-coordination to the terminal -bond to facilitate
the generation of a planar «a-allenylic carbocation. Notably,
this system is effective for both soft and hard nucleophiles
(e.g., silyl enol ethers, alkyl zinc reagents, amides) as well as
a-aryl allenylic alcohols.>=?] However, despite the versatility
of this system, all the current examples so far uniformly
relied on one specific bidentate phosphoramidite-olefin ligand
L1.[2-3241] Notably, in the key intermediate (Scheme 1a),
the two phosphoramidite moieties are located cis to each
other, and the olefin motif is essential for the assembly
of this well-defined chiral structure. It has also been docu-
mented that saturation or removal of this olefin unit led to
dramatic change/loss of reactivity and/or stereocontrol.[?-28]
Moreover, this ligand system has been completely ineffective
for chiral recognition (kinetic resolution) of the racemic
allene substrates, i.e., both enantiomers react at equal rates,
probably due to the long distance between the iridium coor-
dination site and the allenylic position.[?>-32] Nevertheless, the
kinetic resolution represents a highly attractive approach to
access enantioenriched «-allenylic alcohols,[***1 an impor-
tant family of chiral building blocks in organic synthesis.['!!]
However, existing protocols for the kinetic resolution of these
compounds have mainly relied on enzymatic catalysis,*>]
with the exception of an elegant silver-catalyzed example
developed by Hong and coworkers.’?) Notably, access to
enantioenriched «-allenylic alcohols by asymmetric allenylic
substitution remains unknown.[3>1-01]

The restriction of this useful catalytic system to a single
bidentate phosphoramidite-olefin ligand, combined with its
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a) The current state: only one effective ligand, incapable of kinetic resolution
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e Limited to only one ligand (L1), requiring the essential olefin motif
* The key carbocation intermediate: two phosphoramidites cis to each other
e Incapable of kinetic resolution: both allene enantiomers react at same rates

b) This work: new monodentate ligands, efficient kinetic resolution
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e New bulky and monodentate ligands, no need of an olefin unit

e Distinct coordination mode: trans relationship between two ligands

» Unusual mechanistic feature: unprecedented kinetic resolution (KR) in this system

e A rare example of non-enzymatic KR of a-allenylic alcohols (including tertiary alcohols)

Scheme 1. a) Introduction to iridium-catalyzed asymmetric allenylic
substitution. b) Our development of an iridium-catalyzed kinetic
resolution approach.

inability for effective kinetic resolution of o-allenylic alcohols,
prompted us to address these limitations and further expand
its synthetic utility. Herein we report our progress by
designing a type of new monodentate ligands lacking the pre-
viously essential olefin motif, which enabled not only efficient
asymmetric allenylic substitution but also efficient kinetic res-
olution of «-allenylic alcohols for the first time (Scheme 1b).

Results and Discussion

In 2021, our laboratory reported a highly rigid spirocyclic
framework, SPHENOL.,[?] which combines some advantages
of the established chiral catalyst backbones BINOL and
SPINOL to some extent. We envisioned the possibility of
using such a highly bulky and rigid structure to alter the
outcomes of those reactions restricted to certain ligands or
coordination modes, such as the iridium-catalyzed allenylic
substitution. Initially, we tested the SPHENOL-derived
monodentate phosphoramidite L2, which lacks an olefin
motif, for the iridium-catalyzed allenylic substitution reaction
between racemic a-allenylic alcohol 1a and 2-methylpyrrole
2a (Scheme 2). With difluoroacetic acid and 4 A molecular
sieves as additives and meta-xylene as the solvent, the reaction
proceeded smoothly at 0 °C within 8 h to form the desired
product 3a in 39% yield and 87% ee. Interestingly, the
remaining 1a was found to be enantioenriched (84% ee). We
further monitored the reaction progress and confirmed that
the product ee value was almost constant, but the substrate
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Scheme 2. Preliminary results.

ee value increased over time, consistent with substrate kinetic
resolution and an Sy1 pathway. Although the enantioselectiv-
ity was not excellent, this observation stands in sharp contrast
to all the previous Ir-catalyzed allenylic substitutions where
no substrate kinetic resolution was involved,?-32! indicative
of a distinct mechanistic feature and the unusual performance
of our new ligands.

The encouraging preliminary results prompted us to
further improve the enantioselectivity and understand the
mechanism. Initially, considerable efforts were devoted to
modifying the amine substituents in the phosphoramidite,
but unfortunately with no improvement. We then further
envisioned the possibility of tuning the dihedral angle by
introducing two additional substituents at the back side of the
chiral backbone (Scheme 3).19-%] Thus, a three-step sequence
was employed for the synthesis. The dienone S1, a known
precursor to SPHENOL,[®?] was subjected to asymmetric
conjugate arylation with an aryl boronic acid in the presence
of a known chiral rthodium/diene complex.l*¥l This reaction
was robust enough to furnish almost enantiopure adduct
S2 in essentially quantitative yield as a single diastereomer.
With the chirality already established, the subsequent spiro-
cyclization was expected to take place with diastereocontrol.
Indeed, a racemic BINOL-derived phosphoric acid (RPA)
efficiently catalyzed this step to form spirocycle S3 as a
single diastereomer. Notably, when BF;°*OEt, was used as
a promoter, a different spirocycle S3’ was obtained, with
its structure confirmed by X-ray crystallography.[*”! Further
installation of the phosphoramidite functionality on S3 was
efficiently implemented to provide a series of ligands L3—
L10 in almost enantiopure forms with high overall efficiency.
The structure and absolute stereochemistry of L3 were
determined by X-ray crystallography.[®”]

The above new phosphoramides were examined as ligands
for the allenylic substitution between 1a and 2a. To simplify
the operation for kinetic resolution, the nucleophile loading
was reduced by half. After considerable efforts in screening
the ligands and other parameters (see Supporting Information
for more details), ligand L3 was identified as the optimal
ligand with a selectivity factor as high as 61. Both product
3a and the remaining substrate 1a were obtained in excellent
enantiopurity (Table 1). Notably, under otherwise identical
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Scheme 3. Design and synthesis of new ligands.

conditions, the previous ideal ligand L1 proved ineffective
(entry 2).122] Similarly, the less bulky monodentate ligand
LY led to almost no conversion as well (entry 3). It is
worth noting that the combined use of difluoroacetic acid as
an additive was crucial for this unusual kinetic resolution.
The absence of this promoter or replacing it with other
common Lewis acids, such as AgOTf, Bi(OTf);, Fe(OTf),,
Zn(OTf),, and Yb(OTf);, all led to no or low conversion
(entries 4 and 5). Moreover, the use of p-TsOH in place
of CF,HCO,H led to significantly inferior results, affording
3a in low yield with almost no enantiocontrol, together
with 1a’ (entry 6). However, it is important to note that,
during the preparation of this manuscript, Chakrabarty and
Mukherjee reported a DyKAT process of similar substrates
using Carreira’s ligand L1 and Sc(OTf); as an additive, but
no kinetic resolution was involved.’l We also examined
Sc(OTf); in our reaction with L3 as a ligand, but 3a was not
obtained (entry 7). Instead, a messy mixture was observed.
This result further highlighted the unusual performance of the
new ligand that likely changed the energy profiles of the key
intermediates and transition states involved. Furthermore,
without molecular sieves, the reaction afforded the enone
product 1a’ as the major product,!®] presumably resulting
from initial ionization (dehydroxylation) followed by water
addition to the sp-hybridized carbon (entry 8). Using other
water scavengers, such as Na,SO, and MgSOy, also resulted in
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a decrease in selectivity. Unfortunately, the kinetic resolution
efficiency could not be further improved by lowering the
temperature (s = 45, entry 9). Other metal complexes, such
as Cu(acac),, Ni(OAc),, Co(OAc),, Fe(OAc),, and Pd(OAc),
did not promote this reaction (entry 10). Finally, decreasing
the catalyst loading to 1 mol% resulted in a slightly lower s
factor (entry 11).

With the established optimized conditions, we examined
the generality of this unusual kinetic resolution process
(Scheme 4). A range of a-allenylic alcohols bearing different
substituents participated in the highly enantioselective nucle-
ophilic substitution process and provided not only diverse
a-allenylic diarylmethanes 3 but also highly enantioenriched
a-allenylic alcohols 1. Substitution at the ortho-position (3c),
though adjacent to the reactive site, did not affect the
excellent enantiocontrol. An electron-donating group (3e and
3 g) on the aryl ring could react smoothly, but a strong
electron-withdrawing group (e.g., CN) led to no reactivity.
Nevertheless, an a-heteroaryl group, such as indole, furan,
and thiophene, also resulted in good to excellent selectivity
factors. However, if an additional substituent is present in the
allene motif, no reaction was observed, presumably due to
ineffective coordination with the iridium center (see Support-
ing Information for unsuccessful examples). Other substituted
pyrroles could also serve as suitable nucleophiles (31-3n).
Moreover, it is noteworthy that this protocol is equally
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Table 1: Evaluation of ligands and conditions.?

[Ir(cod)Cl], (2.5 mol%)
(18,38,3'S)-L3 (10 mol%)
CF,HCO,H (0.75 equiv)

1a + 2a 3a + (S)-1a
m-xylene (0.05 M)
racemic  (0.5equiv) 4 AMS,0°C,24h 45% yield  46% yield
92% ee 99% ee
. 2,
A S we OO on
1a' L1

Entry Variation of conditions Results

1 - s =61

2 L1in place of L3 <10% conv

3 L1 in place of L3 <10% conv

4 no CF,HCO,H <10% conv

5 Lewis acid® instead of <10% conv

CF,HCOH

6 p-TsOH in place of CF,HCO,H  3a (32%, 7% ee) 1a’
(28%)

7 Sc(OTf)3 3a (0%), messy mixture

8 no 4 AMS 1a’ as major product

9 —10°C s =45

10 other metal catalysts®) <10% conv

n [Ir(cod)Cl]; (1 mol%)d) s =46

3) 1a (0.1 mmol), 2a (0.05 mmol), CF,HCO,H (0.75 mmol), [Ir(cod)Cl],
(0.025 mmol), ligand (0.1 mmol), m-xylene (2 mL), 0 °C. Yield and
conversion were determined by '"H NMR analysis of the crude reaction
mixture using CH;Br; as the internal standard. Ee value was determined
by chiral HPLC analysis. The selectivity factor (s) was calculated by the
equation s = In[(1 — conv) (1 — eeta)]/In[(1 — conv) (1 + eeya)]. ) The
examined Lewis acids include AgOTf, Bi(OTf)3, Fe(OTf)2, Zn(OTf),, and
Yb(OTf)3. 9 The examined other metal catalysts include Cu(acac),,
Ni(OAC)2, Co(OAC)2, Fe(OAc),, and Pd(OAc);. 9 Run with 4 mol% of
(15,35,3'S)-L3.

effective for the tertiary alcohols (1q-1v), allowing efficient
C—C bond formation to construct quaternary stereocenters
with good efficiency and enantioselectivity. The remaining
tertiary alcohols could also be obtained in enantioenriched
forms. Of note, efficient strategies to construct quater-
nary stereogenic centers bearing an allene and two aryl
substituents remained scarce. This is also the first demon-
stration using Ir-catalyzed allenylic substitution. It is also
worth noting that catalytic enantioselective access to highly
enantioenriched «-allenylic fertiary alcohols has been rarely
demonstrated with known strategies.[4>-0!]

We were also curious about the reactivity of alkyl-
substituted «-allenylic alcohols (Equation 1). Unfortunately,
the standard protocol could not be applied (no reaction was
observed). Nevertheless, the use of Ho(OTf); as an additive
in place of CF,HCO,H, the reaction of 1x and 2a at 40 °C
resulted in clean formation of the desired substitution product
3x, though in moderate enantioselectivity (80% yield and
66% ee).

Moreover, free indole and N-substituted (N-Me, N-Ts,
or N-Boc) indoles showed no reaction under the stan-
dard conditions. However, briefly optimization indicated
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that the use of La(OTf); as a co-catalyst led to good
results. For example, the reaction between 1g and N-
methylindole successfully produced the desired product 3x
with respectable efficiency and enantioselectivity (Equation
2). Notably, these two examples were not kinetic resolution,
since the recovered substrate remained racemic. We believe
the enantioconvergence was owing to the use of suitable
Lewis acids that decreased the barrier for the ionization
step.

Me,
[Ir(cod)Cl], (5 mol%) -
oH L3 (20 mol%) HN
M~ Ho(OTf); (75 mol%) -
Ph = +  2a Ph = Q)
CyMe (0.05 M) x
1x (3 equiv) 40°C,20h 80% yield, 66% ee
[Ir(cod)CI], (5 mol%) MeN
o Me L3 (20 mol%) “
A~ N La(OTf); (7.5 mol%)
PMP” * Y Z @
4 AMS, THF (0.1 M) PMP™ 7

2e
(1.5 equiv)

3y
PMP = (p-MeO)CeHy 61% yield, 72% ee

To illustrate the practical application of our protocol,
a 3-mmol scale reaction of la was performed under the
standard conditions. The reaction proceeded with high effi-
ciency to form the desired product 3a with recovery of
allene substrate, both in high enantiopurity (Scheme 5a).
Moreover, the «-allenylic diarylmethane products are useful
precursors to other chiral building blocks (Scheme 5b). For
example, the dihydroindole unit in product 3m could be
easily oxidized to an indole ring (4) by p-benzoquinone.
Regioselective copper-catalyzed hydroboration followed by
oxidation smoothly furnished B-diaryl ketone 5.1 Finally,
Mo-catalyzed hydrosilylation!”’! and Pd-catalyzed hydrogena-
tion of 3h afforded the corresponding allyl silane 6 and
1,1-diarylbutane 7, respectively. Notably, the enantiopurity
remained essentially intact in these transformations.

A series of control experiments were designed to under-
stand the reaction mechanism (Scheme 6). In the absence
of a nucleophile, subjection of enantiopure (R)-la to the
standard conditions led to almost full recovery of the «-
allenylic alcohol with little erosion in enantiopurity even for
30 h (Scheme 6a). Next, the two enantiomers of la were
separately examined for this reaction (Scheme 6b). As the
matched enantiomer, (R)-1a reacted much faster than (S5)-1a,
forming (S)-3a (98% ee) together with (R)-1a recovered in
88% ee. However, the mismatched enantiomer (5)-1a showed
almost no reactivity and no change in enantiopurity, in good
agreement with the efficient kinetic resolution with a high
selectivity factor. However, the failure to obtain product 3a
caused difficulty in determining its absolute configuration in
the mismatched case, which prevented a conclusion on the
substitution mechanism (e.g., Sy1 or Sy2). To address this
problem, we employed racemic ligand L3 for the reaction
of (R)-1a, which resulted in racemic product 3a, together
with recovered (R)-1a with its enantiopurity remaining intact.
These findings suggested that the product stereochemistry
is dictated by the chiral ligand, but not substrate, which is
consistent with an Sy1 pathway.
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[Ir(cod)Cl, (2.5 mol%)
(15,38,3'S)-L3 (10 mol%) R

R OH IR CF,HCO,H (0.75 equi HN™ ™S
PO {7 2HCO,H (0.75 equiv) N . R}é)ﬁ./
Ar < N Z Ar =
H m-xylene (0.05 M) Ar =
4AMS,0°C,24h
(£)1 2 (0.5 equiv) 3 (S)-1
Me Me

conv =51%; s =210
3a:42%, 92% ee
1a: 49%, >99% ee

Me
HN__~ HN__~
SOPS
O }

conv =51%; s =119
3b: 43%, 91% ee
1b: 41%, 97% ee

N\

conv = 52%; s =44
3c: 31%, 95% ee
1c: 38%, 93% ee

Me

conv = 50%; s = 58
3d: 37%, 92% ee
1d: 41%, 90% ee

OMe

conv =45%; s =100
3e: 39%, 87% ee
1e: 48%, 78% ee

conv = 50%; s = 278
3f: 43%, 92% ee
1f: 41%, 97% ee

Me _ _
= HN HN = =
HN_ 7 7 HN_ HN_
= =z
. = = F Z
= 4 ~
Me Me MeO

conv = 50%; s =58
39: 21% (41%),°1 98% ee

19: 49%, 90% ee

\

Me Me Me
HN. ~ AN~ HN HN_ HN_
giiondiosadlis aitenat
Ph Br TsN o

conv =50%; s =58
31: 31%, 98% ee
11: 41%, 90% ee

R =Et, conv=47%; s =129
3n: 42%, 94% ee; 1a: 43%, 85% ee
R = Ph, conv = 46%; s = 201
30: 39%, 90% ee; 1a: 36%, 83% ee

conv =53%; s =80
3m: 35%, 78% ee
1m: 40%, >99% ee

conv = 50%; s = 278
3h: 43%, 92% ee
1h: 41%, 97% ee

conv =44%; s = 49
3i: 43%, 90% ee
1i: 41%, 72% ee

conv =50%; s=78
3j: 39%, 92% ee
1j: 42%, 92% ee

conv = 43%; s = 56
3k: 31%, 80% ee
1k: 46%, 70% ee

conv =41%; s = 47
3t: 41%, 70% ee
1t: 58%, 64% ee

conv =45%; s = 34
3u: 45%, 80% ee
1u: 48%, 72% ee

conv = 50%; s =41
3v:45%, 81% ee
1v: 48%, 87% ee

conv = 41%; s = 47
3p: 39%, 93% ee
1b: 39%, 64% ee

conv = 50%; s = 67
3q: 45%, 90% ee
1q: 46%, 91% ee

conv =47%; s =98
3r: 45%, 90% ee
1r: 51%, 84% ee

conv = 50%; s >300
3s:32%, 90% ee
1s:42%, 99% ee

Scheme 4. Reaction scope.?! [a] Reaction scale: 1 (0.5 mmol), 2 (0.25 mmol), CF,HCO,H (0.375 mmol), [Ir(cod)Cl], (0.125 mmol), (15,35,3'S)-L3
(0.05 mmol), m-xylene (10 mL). Isolated yield is provided. The ee value was determined by chiral HPLC analysis. The selectivity factor was calculated
by the equation s = In[(1 — c) (1 — eey)]/In[(1 — c) (1 + eey)], conv was determined by 'H NMR analysis of the crude reaction mixture using CH;Br; as
the internal standard. [b] Product 3 g partially decomposed on a silica gel column. Thus, the yield based on 'H NMR analysis of the crude reaction
mixture is provided in parentheses.

a) 3.0-mmol scale reaction

Further kinetic studies indicated that this reaction exhibits
G1a e standard conditions c e essentially Oth order in allene 1a and pyrrole 2a, and first order
£)- S e a

30h in catalyst [Ir/L3] (Scheme 6c). These results are consistent

3.0 mmol 1.5 mmol

Sthoom A feees with a typical Sy1 pathway that has a fast nucleophilic
"""""""""""""""""""""""""""""""""""""""""""""""""""" addition step. Moreover, the catalyst irreversibly forms an
P product transformations adduct with the allene substrate, a situation consistent with

catalyst saturation by substrate, thus showing pseudo Oth
@ _ 1) CuCl, SIMesHCI, _ order in allene. These are also consistent with the DFT
HN_ BQ HN. NaO'Bu, B,Pin, BN results.
phr// MeCN AT DNaBOFaHO oh Ve Furthermore, we also attempted to obtain a catalytic

active complex between iridium and L3. With different
equivalents of the ligand (1—4 equiv), a stable complex that
could be isolated was found to be (L3);IrCl, a 1:3 adduct
Me between iridium and L3, whose structure was confirmed by X-

4

5
95% yield, 87% ee 3n (90% ee) 67% yield, 87% ee

Me Me.
= Mo(CO = .
HN_/ _SiMe,Ph (10 (mol&?) e PAIC, Hy HN_/ ray crystallography (Scheme 7). Unfortunately, this complex
P oS e A y showed no catalytic activity in the allenylic substitution.
2° e . . . . .
A Ar This observation was consistent with the DFT studies that
6 3h (90% ee) 7

78% yield, 86% ee Ar = 2-naphthyl 93% yield, 90% ee

Scheme 5. a) Large-scale reaction. b) Product transformations.
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suggested this 1:3 complex is thermodynamically stable and
the 1:2 complex [Ir(L3),] might be the catalytically active
species (vide infra).
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a) No racemization of enantiopure 1a
OH »
R = standard conditions
AN - (R)-1a

30h >90% recovered

(R)-1a (99% ee)

no nucleophile 96% ee
(Ar = 1-naphthyl)
b) Control reactions with enantiopure 1a
Me
OH _ standard conditions —
: & 1S,3S,3'S)-L3
AN + 2a ( )_, HN ~ + (R)-1a
8h Z
(R)-1a (99% ee) (1 equiv) Ar = 35% yield
matched 88% ee
(S)-3a
57% yield, 98% ee
OH standard conditions Me,
)\/./ (18,38,3'S)-L3 -
Ar = + 2a _ HN _~ + (S)-1a
8h Z .
(S)-1a (99% ee) (1 equiv) Ar = 92% yield
mismatched 99% ee
(?)-3a trace
OH standard conditions Me
: = (rac)-L3 —
Arr N + 2a - HN__~ + (R)-1a
5h F )
(R)-1a (99% ee) (1 equiv) Ar = 84% yield
99% ee
(rac)-3a
12% vyield
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c) Kinetic studies

15t order in [Ir/L3]
19 y =1.2396x - 0.5747
18 R?=0.9835

16 ) g

log (initial rate)

11 log [Ir/L3]
08 0™ order in 1a

y =-0.0624x + 1.4244

log (initial rate)
°
@

0.1 log [1a]
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--- 09 0™ order in 2a

y =-0.1062x + 0.541
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log (initial rate)
o
>

041 log [2a]
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Scheme 6. Mechanism study. a) Stability of the substrate chirality. b) Control reactions with enantiopure 1a. c) Kinetic studies.

Qc 4
@1 /
SR\
3 .
(L3),IrCl
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DFT Studies

To shed more light on the mechanism of the iridium-catalyzed
allenylic substitution enabled by a new monodentate ligand,
density functional theory (DFT) studies were performed
using «-allenylic alcohol 1b and pyrrole 2a as model substrates
(see Supporting Information for computational details).

As shown in Figure 1a, the reaction begins by dissociation
of the dimeric iridium complex [Ir(cod)Cl], followed by
ligand exchange with L3 and an allene substrate (see Figure
S9 for details), leading to the most exoergic n*-complex R-
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IM1-trans. The two monodentate ligands L3 prefer to adopt
trans relative configurations (/P—Ir—P = 177.9°). Notably,
the corresponding cis-isomer R-IM1-cis (/P—Ir—P = 101.1°)
is much less stable by 14.7 kcal mol™!, presumably due to the
severe steric clash when the two bulky ligands are cis to each
other. This is in sharp contrast to those previously reported
Ir-catalyzed allenylic substitutions using bidentate ligand
L1 featuring cis configuration of the two phosphoramidites
(Scheme 1a). This may perturb the relative energies of
the transition states and intermediates, which likely cause
the distinct performance of L3 and unprecedented kinetic
resolution. Additional conformational search on R-IM1-trans
indicated that the two amine units are oriented with a
dihedral angle of -116.9° (/N—P—P—N) to effectively avoid
steric repulsions (both ligand-ligand and ligand-substrate
repulsions, see Figure S10 for more details). Further structural
analysis showed that the allene unit in R-IMl-trans has
considerable bending (£C;—C,—C; = 145.7°), with the metal
center situated closer to C, than C; in the n’-coordination
(Ir—C; =2.15 A vs. Ir—C, = 2.04 A, Figure 1a).

A proposed pathway starting from R-IM1-trans and
S-IM1-trans is depicted in Figure 1b. The key step is
CF,HCO,H-promoted heterolytic cleavage of the allenylic
C—O bond to form an allenylic carbocation IM2-(ZE)
(Figure 1b). Notably, the Z,E terms denote the configurations
of C,=C; and C;=C,4 bonds, respectively. Although various
possible transition states with different permutations on the
double bond configurations were computed for this step (see

© 2025 The Author(s). Angewandte Chemie International Edition published by Wiley-VCH GmbH
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Figure 1. Gibbs-free-energy profile (in kcal mol™') for the kinetic resolution of racemic a-allenylic alcohol (1b) and pyrrole (2a) at the
M06/6-311 + G(d, p)+SDD(Ir)/SMD (m-xylene) //B3LYP-D3/6-31G (d)+SDD(Ir) /SMD (m-xylene) level of theory. a) Preactivation via ligand-substrate

exchange. b) Free energy profile for the substitution process.

Figures S11-S13 for more details), the ionization of (R)-
1b via R-TS1-(Z,E) is energetically most favorable, with a
barrier 3.1 kcal mol~! lower than that via S-TS1-(Z,E) for
the enantiomer (S)-1b. This is in good agreement with the
observed substrate enantioenrichment with a high selectivity
factor. The involvement of a planar carbocation is consistent
with the observed dictation of product stereochemistry by
catalyst instead of substrate.

The following nucleophile attack by 2a to the allenylic
carbocation is the enantiodetermining step. Based on DFT
results, the delivery of nucleophile from the top face via
R-TS2-(Z,E) has a lower barrier than from the bottom
face via the transition state S-TS2-(Z,E) (see Figure S14

Angew. Chem. Int. Ed. 2025, 64, 202506350 (7 of 9)

for the optimization details). The two pathways lead to
opposite product enantiomers with a barrier difference of
4.8 kcal mol™!, which qualitatively explains the observed high
enantioselectivity. Finally, facile deprotonation of R-IM3-(Z)
recovers the pyrrole ring to furnish the product. Notably,
an alternative Sn2 pathway was also conceived, but the
corresponding transition state was not found (see Figure S15
for details).

Next, structural analysis and noncovalent interactions
(NCIs) analyses were performed to gain more understanding
of the origin of enantioselectivity (Figure 2).7"-73] Indeed,
structural analysis of the prochiral allenylic carbocation IM2-
(Z,E) indicated that its si-face is more open for nucleophilic

© 2025 The Author(s). Angewandte Chemie International Edition published by Wiley-VCH GmbH
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attack, whereas the re-face is blocked by the bulky naphtha-
lene ring and the phenyl group in the ligand backbone. More-
over, NCIs analyses further confirmed that when the nucle-
ophile approaches from the less favored re-face via S-TS2-
(Z,E), it encounters substantial steric repulsion from the two
aryl rings in the substrate and ligand, thus forcing them away
from each other and disrupting the favorable 7—x interaction
(Figure 2, bottom). On the contrary, in the well-organized
R-TS2-(Z,E), two n-n interactions were observed between
the three aryl rings (in the allene, nucleophile, and ligand),
which provide key contributions to the favorable formation
of the major product enantiomer (Figure 2, top). Notably,
the phenyl group in L3 introduced during ligand modification
plays an important role in the above facial discrimination,
which explains its better performance relative to L2.

Conclusion

A type of chiral monodentate ligand has been developed for
iridium-catalyzed asymmetric allenylic substitution reactions,
breaking the previous restrictions in these reactions, including
the reliance on one specific bidentate phosphoramidite-olefin
ligand and the incapability of kinetic resolution. Herein,
efficient kinetic resolution with a high selectivity factor was
achieved for the first time in this type of reaction. It also
represents a rare demonstration of the non-enzymatic kinetic
resolution of w-allenylic alcohols, a family of versatile chiral
building blocks lacking efficient access before, particularly
for those tertiary alcohols. Thus, a range of racemic allenes
reacted efficiently with pyrrole nucleophiles to generate the
corresponding chiral «-allenylic diarylmethanes and highly
enantioenriched «-allenylic alcohols under mild conditions.
The products are also useful precursors to other valuable chi-
ral molecules. The specially designed rigid ligands, combined
with difluoroacetic acid and molecular sieves as additives,

Angew. Chem. Int. Ed. 2025, 64, 202506350 (8 of 9)
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constitute the key to success. Control experiments and DFT
studies indicated that this process proceeds via an Sy1 path-
way featuring a rate-determining ionization step followed by
ligand-controlled enantiodetermining nucleophilic addition.
The key iridium-bound allenylic carbocation intermediate
is distinct from previous reports in that the two phospho-
ramidite ligands are trans to each other due to severe steric
repulsion, which is likely the origin of excellent enantiocon-
trol as well as the unprecedented kinetic resolution.
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