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ABSTRACT: Enantioenriched allenes are important building
blocks. While they have been accessed by other coupling
methodologies, enantioenriched allenes have been rarely obtained
via C−H activation. In this work, kinetic resolution of tertiary
propargyl alcohols as an allenylating reagent has been realized via
rhodium(III)-catalyzed C−H allenylation of benzamides. The
reaction proceeded efficiently under mild conditions, and both the
allenylated products and the propargyl alcohols were obtained in high enantioselectivities with an s-factor of up to 139. The
resolution results from bias of the two propargylic substituents and is assisted by a chiral zinc carboxylate additive.

Metal-catalyzed carbon−hydrogen bond activation has
provided numerous methodologies toward efficient

synthesis of value-added aromatics. This strategy has received
increasing attention owing to ready availability of arenes and
the high step economy and atom economy of their
transformations.1 In the past decade, Cp*Rh(III) catalysts
have proved as a powerful player among the arsenal of metal
catalysts, and the generation of organorhodium(III) species
bearing a polar Rh(III)-aryl bond has significantly broadened
the horizon of C−H functionalization owing to its strong
interactions with both polar and nonpolar coupling reagents.2

The demand for enantioenriched products has called for
development of asymmetric C−H bond activation. Two classes
of reactions have been developed depending on chirality of the
substrates (Scheme 1a). Coupling of achiral arenes and achiral
coupling partners has been heavily explored in enantioselective
C−H bond activation catalyzed by a chiral metal catalyst given
abundance of achiral substrates (Scheme 1a, top). In this
regard, Cramer, Rovis, and You pioneered in enantioselective
C−H activation of arenes catalyzed by chiral rhodium
cyclopentadienyl complexes,3 and this area has received
increasing attentions. In these reactions, the enantio-determin-
ing step (EDS) can be pinpointed to C−H bond cleavage,
insertion of π-bonds, or reductive elimination.4 The EDS of the
majority of these reports falls into enantio-determining
insertion of olefins,5 allenes,5b,6 diazo reagents,7 and bulky
alkynes.8 Alternatively, enantioenriched products can be
obtained using a chiral coupling partner or arene. Achiral
catalysts can be used when enantioenriched coupling reagents
were employed, leading to enantioenriched products via
chirality retention or transfer. The scenario can be complicated
when racemic substrates are used. Dynamic kinetic resolution
(DKR) may occur in some cases, as has been reported by
Cramer in Rh(I)-catalyzed C−H activation using racemic
allenes as a coupling partner.9 The majority of the reaction

pattern is probably kinetic resolution (KR) in which the two
enantiomers reacted with different rates. Two KR systems have
been disclosed in Rh(III)-catalyzed C−H activation (Scheme
1b). In 2018, Cramer reported the Rh(III)-catalyzed kinetic
resolution of phosphinic amides in [4 + 2] oxidative coupling
with internal alkynes,10 affording the annulated phosphinic
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Scheme 1. Access to Enantio-Enriched Products via C−H
Activation Using a Chiral Substrate
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amide with an s-factor of 5−50. Recently, the same group
extended the kinetic resolution methodology to the [4 + 2]
annulation of aryl alkyl sulfoximines with ketone-activated
diazo reagents,11 affording an s-factor of up to >200. Despite
the impressive methodology, these reactions are limited to the
resolution of chiral arenes.10−12

In 2014, Ma pioneered in Rh(III)-catalyzed C−H activation
of arenes with propargyl alcohols/esters as allenylating
reagents.13 The catalysts have been subsequently extended to
other transition metals such as Co(III), Ru(II), and Mn(I).14

Besides terminal C−H alkenylation products, catalytic C−H
allenylation also provided various key intermediates en route to
synthesis of complex structural platforms.15 While chiral
allenes have been accessed via asymmetric Heck coupling or
insertion of alkynes into carbenes,16 asymmetric C−H
allenylation has been rarely explored.17 Previous C−H
activation-based access to enantioenriched allenes relied on
employment of enantio-enriched propargyl alcohols/esters
with central-to-axial chirality transfer.13,18 Given the abun-
dance of racemic propargyl alcohols, KR seems a superior but
underexplored process. We now report kinetic resolution of
propargyl alcohols via asymmetric C−H allenylation of
benzamides (Scheme 1c).
We initiated our investigation with the optimization studies

of the coupling of N-methoxybenzamide (1a) and an
unprotected propargyl alcohol (2a, Scheme 2). The reaction

proceeded with poor selectivity when catalyzed by the chiral
catalyst (R)-Rh1 (2 mol %) in the presence of PivOH and
AgOAc additives (entry 1, Table S1). While a combination of a
chiral rhodium catalyst and chiral carboxylic acid (CCA)
generally led to improved enantioselectivity,7c,19 it was found
that the coupling still suffered from low s-value when a
commonly used CCA was introduced (entries 2−5). Zinc
additives20 often improved the reaction efficiency. Indeed,
combination of Zn(OAc)2 and CCA resulted in acceptable
efficiency but poor enantioselectivity. To address this
challenge, we prepared a series of zinc chiral carboxylates
(Zn1−Zn8). Match and mismatch of chiral zinc salts were
observed, and the (R) salt proved to be superior (entries 9 and
11). Both the efficiency and s-values were significantly
improved when the Zn6 (25 mol %) was used as an additive
(entries 6−14). Thus, an optimal s-value of 75 was obtained in
DCE solvent, with the ee’s of product 3aa and the resolved 2a
being 91% and 94%, respectively (entry 11).

With the optimized reaction conditions in hand, we next
examined the scope of the benzamide substrate toward
resolution of alcohol 2a (Scheme 3). N-Methoxybenzamides

bearing electron-donating (OMe and OEt), electron-with-
drawing (CF3), and halogen groups at the para position all
coupled in good efficiency, affording the allenylated product in
90−95% ee (3ba-3ia), and the s-value ranged from 58 to 139.
The presence of a meta Me, Ph, F, and CF3 group was also
tolerated, and the allenylated product was obtained in 91−93%
ee, while the ee’s of the resolved 2a were slightly lower (s-
factor 67−85). Lower enantioselectivity was observed when an
ortho substituent was present or in the case of 2-naphthyl-
substituted amide (3na and 3oa, s = 15−31), likely due to
steric effect. Of note, different reaction times ranging from 24
to 84 h were adopted for different substrates to compromise
the conversion and enantioselectivities of the product and the
recovered alcohol.
The scope of the propargyl alcohol was next examined using

1a as the arene substrate (Scheme 4). Introduction of electron-
withdrawing (Ph and CF3) and -donating (Me, OMe, and
OPh) groups into the para position of the alkyne-attached Ar1

group all gave smooth reactions (3ab−3ag, 88−91% ee).
Comparable ee values were also obtained for the resolved
alcohols, which corresponds to s-values of 43−62. The

Scheme 2. Catalysts and Additives Used for Optimization

Scheme 3. Scope of the Benzamide in Allenylation via
Kinetic Resolution

aReaction conditions: 1 (0.11 mmol), rac-2a (0.2 mmol), Rh1 (2 mol
%), Zn6 (25 mol %) in 3 mL of DCE, 30 °C without exclusion of air
or moisture. bIsolated yield. cDetermined by chiral HPLC. d3ia was
isolated in 48% yield and 87% ee and 2a was recovered in 52% yield
and 94% ee (s = 51) under the condition of 45 °C and 24 h.
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absolute configuration of the product 3ae was determined to
be (S) by X-ray crystallography (CCDC 2067510). Similar
enantioselectivity was also obtained for meta-substituted
propargyl alcohols (3ah−3ak). Introduction of an ortho F
group led to lower enantioselectivity of both the alcohol and
the coupled product (3al, s = 31). Besides phenyl ring, a
thienyl group was also tolerated (3an, s = 35). Variation of the
propargylic aryl ring (Ar2) was also made (3ao−3ar), and
these reactions tend to give a lower s-factor (31−43). In
addition, the tertiary alkyl group was extended to a tert-Amyl
(3as) and to an Ad group (3at) with comparably high
enantioselectivity. In contrast, replacing the bulky alkyl group
with a secondary or a methyl group (3au−3aw) only gave
moderate or low enantioselectivity of the coupled product,
indicating significance of the steric bias between these two

propargylic substituents. Switching the propargylic phenyl
group to a methyl also gave poor enantioselectivity (3ax).
Several experiments have been conducted to explore the

synthetic transformations (Scheme 5). Redox-neutral olefina-

tion of 3ca with styrene afforded the product 4 in 52% yield.
Rhodium-catalyzed [4 + 2] annulation of 3ca and
diphenylacetylene gave product 5 in moderate yield. In all
cases, essentially no erosion of enantiopurity was detected. The
synthesis of product 3ca at a 1 mmol scale was also realized
without deterioration of the enantioselectivity.
Mechanistic studies have been conducted to probe the

reaction mechanism (Scheme 6). A chiral rhodacyclic complex
6 was prepared and was designated as a catalyst for the
coupling of 1a and 2a (Scheme 6a), affording the product at a
higher temperature with 82% ee, suggesting relevancy of C−H
bond activation. H/D exchange experiments between amide 1a
and CD3OD under the standard conditions afforded product

Scheme 4. Scope of the Propargyl Alcohols in Kinetic
Resolution

aReaction conditions: 1 (0.11 mmol), rac-2a (0.2 mmol), Rh1 (2 mol
%), Zn6 (25 mol %) in DCE 3 (mL) at 30 °C without exclusion of air
or moisture. bIsolated yield. cDetermined by chiral HPLC. d0 °C and
0.1 mmol scale. eZn(OAc)2 (25 mol %) and acic A1 (50 mol %) were
used.

Scheme 5. Scale-Up Synthesis and Transformations of an
Allenylation Product

Scheme 6. Experimental Mechanistic Studies
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3aa-dn with deuteration at the ortho position (Scheme 6b),
indicating reversibility of the C−H activation. To further study
the C−H activation, parallel kinetic isotope effect was
measured using 1a and 1a-d5. A moderate value of KIE =
2.0 seems to suggest that C−H cleavage might be involved in
the turnover-limiting process (Scheme 6c). Parallel compet-
itive reactions of electronically distinguishable benzamides 1d
(para OMe) and 1i (para CF3) have been conducted, and the
more electron-rich benzamide tends to react with slightly
higher reactivity (Scheme 6d). In time-resolved studies of the
coupling of 1a and (rac)-2a, the product 3aa was initially
detected in ca. 95% ee and the enantioselectivity decayed
slowly to 91% ee. Meanwhile, the ee of the recovered product
increases rapidly to 95% (Figure S1).
In this coupling system, either alkyne insertion or the

subsequent β-OH elimination can be stereodiscriminating.
Thus, computational studies at the DFT level were then
conducted to explore the chiral induction mode (Figure S2).
The coupling of 1a and 2a in the absence of the Zn(II)
additive was examined as the starting point (Figure S2a). It
was found that the ligation of (R) and (S)-2a to the C−H
activation-derived chiral rhodacyclic intermediate is slighty
exogernic, affording two corresponding alkyne complexes Int1-
R and Int1-S. The subsequent migratory insertion of the Rh−
C(aryl) into the alkyne constitutes the stereodetermining step.
Indeed, the activation barrier for this step is only slightly
different for the (R)- and (S)-configured alkynes (20.5 kcal/
mol for the R pathway and 20.4 kcal/mol for the S pathway).
The observed selectivity agrees with our initial optimization
studies (Table S1, entry 1). Following the alkyne insertion, the
subsequent β-OH elimination carries a lower kinetic barrier
and will not contribute to the enantioselectivity. These
calculated activation barriers seem consistent with observed
poor enantioselectivity in the absence of the chiral zinc
additive.
The chiral zinc(II) additive was next included and its role

was examined. A reasonably simplified model that employs the
cationic Zn(II) mono carboxylate species of Zn6 was applied
(Figure S2b). The interaction/assembly of the chiral rhoda-
cycle intermediate, the propargyl alcohols, and the Zn(II)
cation affords a tridentate O−O−O chelation Zn-stabilized
alkyne intermediate Int1-R-Zn6+ or Int1-S-Zn6+ as the
catalyst resting state. In line with the Zn-free scenarios, the
migratory insertion remains enantio-discriminating. The (S)
pathway (blue) is clearly kinetically favored (18.5 kcal/mol
activation free energy for the (S)-selectivity). The resulting
Int2-Zn then undergoes tridentate to bidentate rearrangement,
affording a thermodynamically more stable intermediate Int3-
Zn upon release of the strain energy. The calculated selectivity
is qualitatively in line with the observed selectivity of the (S)-
configured coupled product.
In summary, we have realized kinetic resolution of propargyl

alcohols in CpXRh(III)-catalyzed asymmetric C−H allenyla-
tion of benzamides. The reaction was enabled by judicious
choice of a chiral zinc carboxylate additive in addition to the
chiral Rh(III) catalyst. The reaction proceeded with a decent
scope of substrates, and both the coupled products and the
recovered propargyl alcohols were generally obtained in high
enantioselectivity (s-factor up to 139). The high enantiose-
lectivity is related to the steric bias of the two propargylic
groups and is also assisted by a chiral zinc additive. DFT
studies indicate that the alkyne insertion constitutes the
stereodiscriminating step of this coupling system, and chiral

zinc carboxylate plays an important role during chiral
induction.
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