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ABSTRACT: Metal-acylnitrenoid-enabled asymmetric C(spS)—H Robust yet active: A new Ir(lll) pincer catalyst for acylnitrenoid transfer
amidation has emerged as a highly effective synthetic strategy for

accessing enantioenriched amides and chiral amines. While state-of- T Readily accessible Highly robust
the-art transition metal catalysts typically feature a half-sandwich SN—IE=N7Y

scaffold, the exploration of novel catalyst scaffolds remains /Z{ij/g Flexibly modular Remarkably active
intriguing. We herein introduce a new class of Ir(Ill) pincer

complexes, which exhibit exceptional modularity and tunability in This catalyst A R

both steric and electronic properties. They have been demonstrated | . R . 5 (©01-05moi%) X ~I§=O or mo

to function as highly efficient precatalysts (with loadings as low as >f j/\NW_OFO m x” NH N

0.01 mol %) for C(sp’)—H amidation, enabling the synthesis of R P y-Lactam Octahydroinlc—:o'l—é analog

enantioenriched y-lactams and octahydroindole derivatives. The (Upitolo8ieles) MM(URIOIS leeNz05 o1dr)

remarkable robustness of these iridium complexes has been

confirmed through treatments with strong acid and base, as well as heating and catalyst recovery experiments. Structure—activity
relationship studies provided valuable insights into the underlying mechanisms driving the success of these Ir(III) complexes.

H INTRODUCTION Xie, Yan, and Qi,** and others.**™° The success of these
endeavors is largely attributed to the tailored design of
individual transition metal catalysts. For example, an
interesting design by Meggers and co-workers is the octahedral
chiral-at-meal complex.”® However, it is noteworthy that the
most widely adopted catalyst scaffold features a half-sandwich
scaffold.”"** These half-sandwich catalysts typically comprise a
transition metal ion such as Ir(III), Ru(II), Os(II) etc., a
sulfonyl azides as prominent nitrene precursors, which could pfantamethylcyclopentac'henyl anon (Cp ) or a p-c e 2
) . ) l2—14 bidentate N,O or N,N ligand, and a labile monodentate ligand
be effectively harnessed by chiral metal-porphyrin, metal- . 4,53—61 ; . .
15,16 ) . ; . 17em (Figure 1b). Despite this design has proven elegant and
salen, ”° paddle-wheel dirhodium and diruthenium, . . . .
2223 . 24 effective, there remains considerable interest to extend the
metal-pybox,””™” and chiral-only-at-metal complex,”™ among . .
6 . . . . . chiral catalyst toolbox to a more expanded chemical space
others.” These studies predominantly yielded enantioenriched

. . ; . (Figure 1c). Inspired by all these great advancements and in
sulfamides, owing to the sulfonyl-derived nitrene precursors. . . . : .
. . . line with our interest in both half-sandwich and octahedral
Consequently, exploring alternative nitrene precursors has

. | transition metal complexes,””®> we envisioned that the
become a focal point, as it would lead to expanded product ) . . .
. . . established half-sandwich complex could be redesigned into
chemical space of chiral amines.

Recently, Chang and co-workers pioneered the use of pincer counterpart, .WhiCh .is known for its re.tnllz.irkable
dioxazolones as versatile acylnitrene precursors,” > enabling ;}flizrer?ori};ga?i S;?bllltr};;hléle_lll)ge};:iet_he ggisr)lfeac(cl\eliscl:lj\lll\l]t)y 223
the synthesis of enantioenriched N-acylimides via asymmetric henli idine or i)e’n loxazoline (CPAYN) licands in oreano-
C(sp®’)—H amidation (Figure la).”*=*" This approach is Phenylpyr pheny & &
particularly noteworthy not only for its atom-economical
nature but also because the resulting N-acylimides are
prevalent in drug molecules and can be readily diversified
into various chiral amines and related derivatives. Notable
contributions have also been made by Chen, He, and
Wang,n_?’4 Yu, > Meggers and Houk,*® Rovis,”’ ™ Yi and
Zhou,* Matsunaga and Yoshino,*' Blakey and Baik,* Li,***

Direct asymmetric C(sp*)—H amination stands as one of the
most ideal strategies for synthesizing nitrogen-containing
molecules from readily available alkane feedstocks.'™> Over
the past decades, metal-nitrenoid mediated asymmetric
C(sp’)—H amination has garnered significant attention due
to its remarkable efficiency and selectivity.*™'" Early advance-
ments showcased sulfamate-derived iminoiodinanes and
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a) Overview of metal-acylnitrenoid mediated asymmetric C(sp®)-H amidation

\/\M/k /\=O M catalyst C—H amidation T n o
e T
.""N
'n= 1 2 H
Dioxazolone M-acylnitrenoid Lactams

b) Selected metal catalysts for acylnitrenoid transfer

752(@(

.-“ , < N\\‘ ‘ \
N, “COMe NPhth
2

A (racemic)
ref. 28

B (enant/oenrlched)
ref. 32

c) Our design for a new Ir(lll) pincer catalyst
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Our pincer design:

Readily accessible & tunable

De novo 4-linear-step synthesis

Highly robust
Stable with air, heat, acid & base

Remarkably active

Loading down to 0.01 mol%

d) Asymmetric C(sp®)-H amidation enabled by our catalyst
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e) Rationalization for success in our catalyst design
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Figure 1. (a) Overview of metal-acylnitrenoid for asymmetric C(sp*)—H amidation; (b) Selected half-sandwich transition metal complexes for
nitrene transfer; (c) Previous catalyst design vs our design for a new Ir(III) pincer catalyst; (d) Asymmetric C(sp®)—H amidation enabled by our

catalyst; (e) Key factors for success in our catalyst design.

metallic chemistry, we hypothesized that a tridentate N*"C"N
ligand (L1) could serve as a surrogate for Cp*, while a
bidentate C"N ligand (L2) could replace the N,O or N,N
ligands. This design would result in an alternative transition
metal pincer catalyst with solo coordinatively active site, thus
acting as a surrogate for previous half-sandwich congeners.
We hereby report the realization of this concept through the
development of the pincer [Ir(N"C"N)(C"N)(MeCN)]*
complex, which serves as an efficient catalyst scaffold for
intramolecular asymmetric C(sp®>)—H amidation through
acylnitrene transfer. A variety of chiral phenyloxazolines
(C"N ligands) can be employed to prepare these chiral
iridium(III) complexes, thereby enabling the synthesis of

enantioenriched y-lactams and octahydroindoles with high
yields and excellent diastereo- and enantioselectivities (Figure
1d). Notably, the [Ir(N*C"N)(C"N)(MeCN)]* complex
exhibits several compelling features:

1) Readily Accessibility and Tunability: The Ir(III)
complexes can be efficiently obtained through 4-linear-
step synthesis. Moreover, they exhibit exceptional
modularity, as they can be easily modified by leveraging
the ever-expanding library of readily accessible tridentate
N"C*N and bidentate C*N ligands. This versatility
allows for precise tuning of the catalyst’s electronic and
steric properties by introducing electron-donating/with-
drawing groups or using diverse enantiopure amino
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Figure 2. Ir(III) pincer complexes synthesis. “With hexafluorophosphate as counterion. For more details, see SI.
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Figure 3. Stability investigation of 7. For more details, see SI.
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Figure 4. Catalytic performance of iridium complexes for intra-
molecular C(sp®>)—H amidation and the tridentate N*C"N ligand
effect analysis. n.d. = not detected. For more details, see SI

alcohols, thus enabling optimization for acylnitrenoid
transfer.

2) High Robustness: The Ir(III) complex demonstrates
remarkable stability under ambient conditions, remain-
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Figure S. Investigation of the bidentate C*N ligand effect. X-ray crystallographic analysis shows longer Ir—Cl bond length in 4a over 13, which
suggests remarkable trans effect by phenyl of cyclometalating bidentate C*N ligand. Longer Ir—Cl bond length in 4a over 4c and 4d shows that the
electron-withdrawing fluoro moieties weaken the trans effect while no influence was observed with the electron-donating methoxy (4b). n.d. = not
detected. BL = bond length. For more details, see SI

Cat. (0 5 mol%) E>=
ho) O
©/\/\r HFIP/acetone ppt+ N

(1:1, viv, 0.2 M), it H
10
——4d
——5
o 7 as cat.
/ 4

e 91% yield
u 93% ee?

5 10 15 20

4d: Z=CI- 5. 7= NCMe? Time (h)

Figure 6. Probing the catalytic activity difference between the neutral (4d) and ionic ($) iridium complexes. Chiral iridium complex 7 has been
identified as the optimal precatalyst for asymmetric C(sp®)—H amidation. “With hexafluorophosphate as counterion. "TFE as solvent. For more
details, see SI.
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Figure 7. Probing the electron-withdrawing fluorine moieties effect on the catalysts” stereocontrol ability. X-ray crystallographic analysis shows
shorter interatomic distance of Cl — C1 and Cl — C2 in 6m-Cl over those in 6f-Cl. This observation indicates that the indenyl of chiral
cyclometalating C"N ligand in 6m approaches closer to the coordinatively active site of catalyst, therefore providing enhanced stereocontrol for

nitrene transfer.

ing intact in the presence of strong acid (HCI) or base
(NaOH), as well as heating at 130 °C.

3) Remarkable Activity: The catalyst loading for C(sp®)—H
amidation can be reduced to as low as 0.01 mol %
(corresponding to 4600 TON), highlighting its high
efficiency.

The success of this Ir(III) pincer catalyst can be attributed
to two key factors:

1) Strong Chelation by the Pincer-Type N*C"N Ligand:
The tridentate ligand N"C"N provides robust chela-
tion,** which disfavors inner-sphere C—N coupling—a
contrast to the behavior observed with bidentate C"N
ligands in half-sandwich complexes, as reported by
Chang.*® The cooperation of tridentate N"C"N with
cyclometalating bidentate CAN ligands leads to
significantly enhanced thermodynamic stability of the
entire Ir(III) complex.

2) Strong Trans Effect by the Cyclometalating C"N Ligand:
The o-donating ability of phenyl in C"N ligand leads to
a strong trans effect on the labile chloride ion or MeCN
ligands, thus facilitating rapid ligand exchange kinetics.
This property is critical for achieving high catalytic
activity.”

B RESULTS AND DISCUSSION

Synthesis of Iridium(lll) Complexes. Inspired by Rovis’
intriguing work on using a remarkable octahedral iridium(III)
complex as photocatalyst,’°™* we commenced our study by
synthesizing related analogues 4—7. As outlined in Figure 2,
commercially available feedstocks dibromobenzene 1 and 2-
(tributyltin)pyridine underwent Pd-catalyzed Stille cross-
coupling to afford the N*C”N ligand 2. Subsequently, heating
a mixture of ligand 2 and IrCl;-3H,0 in EtOCH,CH,0OH/
H,O at 90 °C yielded the iridium dimer complex, which was
used directly without further purification. To the obtained
iridium dimer in EtOCH,CH,OH, the C"N ligand 3

(phenylpyridine or enantioenriched phenyloxazoline) and
AgOTf were added, and the resulting mixture was heated to
90—120 °C. The following column chromatography purifica-
tion produced the target complex 4. Alternatively, the labile
ligand exchange between the Cl anion and MeCN was
conducted to provide complexes 5—7. It is worth noting that
some phenylpyridines (C"N ligand 3) are commercially
available, while most phenyloxazolines (C"N ligand 3) can
be obtained by a single-step condensation from commercial
aldehydes and enantioenriched 1,2-amino alcohols.

Stability Investigation. Next, we evaluated the thermody-
namic stability of the obtained complex. Complex 7
demonstrated exceptional stability, remaining intact for more
than 30 days in CD;CN under ambient conditions, as
confirmed by 'H NMR analysis (Figure 3a). Further, complex
7 could be quantitatively recovered as a chloride anion binding
neutral complex 8 after treatment with either HCI (aqueous 12
N), NaOH (aqueous 12 N) or heated at 130 °C in
EtOCH,CH,OH (Figure 3b—d). These findings collectively
underscore the high robustness of complex 7, making it a
promising candidate for practical applications in challenging
catalytic environments.

Catalytic Performance Investigation and Tridentate
N*C"N Ligand Effect Analysis. To evaluate the catalytic
activity of the synthesized iridium(III) complexes, dioxazolone
9a and iridium complex 4a (1 mol %) were combined in HFIP
and stirred at room temperature for 3 h (Figure 4).
Remarkably, complete conversion of 9a was achieved, and
the desired C(sp®)—H amidation product 10a was isolated in
an excellent yield of 95%, validating the efficacy of our catalyst
design. In contrast, iridium(III) complex 11, featuring a
terpyridyl ligand, and complex 12, with two bidentate
cyclometalating phenylpyridine ligands, exhibited significantly
reduced catalytic activity. Notably, when complex 12 was
treated with 9a (1 equiv) in HFIP, the iridium complex
underwent remarkable decomposition. This decomposition
was attributed to an inner sphere C—N coupling between the

https://doi.org/10.1021/jacs.5c12730
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Figure 8. Scope of enantioenriched y-lactams. Conditions: 9 (0.2 mmol) and 7 (0.5 mol %, 0.001 mmol) in TFE (1.0 M, 0.2 mL) were stirred at
room temperature for 12 h under air. %0.1 mol % of 7 was used with a prolong reaction time of 24 h and heated at 50 °C. "Reaction was performed

for 24 h.
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Figure 9. Octahydroindoles are significant scaffolds among organocatalyst and drug.

bidentate cyclometalating phenylpyridine ligand and the Ir-
nitrenoid moiety, a pathway previously independently reported
by Chang28 and Yi and Zhou.”® Interestingly, iridium complex
decomposition was not observed when a tridentate N*C*N
ligand was employed. These findings collectively highlight that
while bis-cyclometalating ligands are crucial for leveraging the
catalytic activity of iridium(III) complexes, the strong
chelation provided by the tridentate N*C"N ligand is
indispensable for maintaining thermodynamic stability.

Bidentate C"N Ligand Effect Analysis.
the influence of bidentate C"N ligands, electron-donating
methoxy (4b) and electron-withdrawing fluoro moieties (4¢
and 4d) were introduced to the phenyl ring of the C*N ligand.
The catalytic activities of the resulting iridium(III) complexes

To investigate

4b—d were found to be inferior to that of 4a, as evidenced by
GC yields and reaction profiles (Figure S). Further X-ray
crystallographic analysis of the single-crystal structures revealed
that the Ir—Cl bond length in 4a (2.47 A) is remarkably longer
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Figure 10. Scope of enantioenriched octahydroindole analogs.
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than those in 4c (2.46 A)”' and 4d (2.43 A). Given that the
trans effect is known to correlate with reaction rates,®” the
reduced catalytic activity of 4c and 4d can be attributed to the
weakened trans effect caused by the decreased o-donating
ability of the di- and tetrafluoro-phenyl moieties. To further
elucidate the role of the cyclometalating phenyl in maintaining
the trans effect, a single crystal of complex 13, featuring a
bipyridine ligand, was analyzed. This complex exhibited a
notably short Ir—Cl bond length of 2.36 A. Likewise, complex
11, with an Ir—CI bond length of 2.47 A, suggests that while
the tridentate terpyridyl ligand results in the loss of catalytic
activity, it does not influence the trans effect. Additionally, the
failure of complexes 13 and 14, which incorporate bipyridine
and picolinate ligands, respectively, instead of phenylpyridine
(4a), in catalyzing C(sp®)—H amidation, reaffirms that the bis-
cyclometalating design is critical for success. In a short
summary, these observations highlight that the trans effect
induced by the phenyl of the bidentate C"N ligand is essential
for achieving exceptional reaction efficiency.

Probing Activity Difference between the Neutral (4d)
and lonic (5) Iridium Complexes. While the neutral iridium
complexes synthesized in this study exhibited good solubility in
HFIP, solubility issues arose when using other solvents such as

acetone or THF. To address this, the neutral iridium complex
4d was converted to its ionic counterpart S, incorporating
hexafluorophosphate as the counterion. This modification
significantly enhanced solubility in a broader range of solvents.
As a result, a higher reaction rate was observed for 5 compared
to 4d when using a mixed solvent system of HFIP/acetone
(1:1, v/v) (Figure 6). However, the difference in reaction rates
was negligible in pure HFIP (see SI for details). Further
screening of chiral iridium(III) complexes 6—7 identified 7 as
the optimal precatalyst, achieving the synthesis of y-lactam 10a
with an excellent enantiomeric excess of 93% (see SI for
screening details).

Probing Stereocontrol Difference between 6f and Its
Fluorinated Counterpart 6m. The chiral iridium(III)
complexes incorporating electron-withdrawing substituents (F
and CF;) on the cyclometalating bidentate C*N ligand
consistently demonstrated enhanced stereocontrol compared
to their nonsubstituted counterparts according to precatalyst
screening experiments (see SI). For instance, the iridium(III)
complex 6f yielded product 10a with an ee of 80%, while its
tetra-fluorinated analog 6m exhibited a significantly higher ee
of 90% (Figure 7). To investigate the underlying mechanism,
single-crystal X-ray diffraction analysis was conducted on their
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a) Iridium(lll) catalyst recovery

7 (0.5 mol%)

9a (3 mmol)
TFE (1.0 M), rt, 24 h
Then HCI (aq.)
6m (0.5 mol%)
15a (3 mmol)

TFE (1.0 M), rt, 72 h
Then HCI (aq.)

b) Probing catalyst loading minimum limit

7 (0.01-0.05 mol%)
9a 10a
Solvent, 50 °C

90% vyield, 93% ee

>95:5dr, 91% ee

7 (0.05 mol%)

5 days, 92% ee
62% yield, TON = 1240

10a

TON =180

8 (92% recovery yield)

sk

16a P F

00
K Z

94% yield .

F
N/

TON =188

6m-Cl (87% recovery yield)

7 (0.01 mol%)

) 4
7 days, 89% ee

46% yield, TON = 4600

Figure 11. Catalyst recovery and probing catalyst loading minimum limit. For reaction details, see SI.

corresponding Cl-binding neutral congeners, 6f-Cl and 6m-Cl.
As illustrated in Figure 7, the distances between Cl and C1
(Cl1->C1) as well as Cl and C2 (Cl—-C2) in 6m-Cl were
measured at 3.60 A and 3.72 A, respectively, whereas those in
6f-Cl were 3.64 A and 3.82 A. This observation clearly
indicates that the indenyl moiety of the chiral C"N ligand
approaches the coordinatively active site (occupied by the CI
anion) more closely upon the introduction of four fluorine
substituents. Consequently, the tetra-fluorinated complex 6m
exhibits superior stereocontrol in the nitrene transfer reaction.

The observed variation in the distance between the Cl anion
and the indenyl moiety from 6f-Cl to 6m-Cl can be attributed
to both the elongation of the equatorial Ir—C bond (2.03 A to
2.06 A) and the shortening of the Ir—Cl bond (2.44 A to 2.41
A). These phenomena can be rationalized as follows: first, the
introduction of electron-withdrawing fluoro substituents to the
phenyl ring of the cyclometalating C"N ligand reduces its o-
donating ability, resulting in an elongated Ir—C bond (2.03 A
to 2.06 A). Simultaneously, the chiral C"N ligand remains
tightly chelated to the metal center, causing the distal indenyl
moiety to move closer to the Cl ion. This movement can be
analogously described as resembling the action of a pump jack.
Second, the diminished o-donating ability due to the fluorine
substituents weakens the trans effect, leading to a shortened
Ir—Cl bond (2.44 A to 2.41 A). Consequently, the Cl ion
(representing the coordinatively active site) moves closer to
both the metal center and the indenyl moiety of the C"N
ligand. Collectively, these findings provide a plausible
explanation for the enhanced stereocontrol achieved through
the incorporation of electron-withdrawing groups on the chiral
C”N ligand.

Generality and Scope Evaluation. Having established
the optimal conditions for intramolecular C(sp®)—H amida-
tion, we proceeded to evaluate the scope of y-lactam synthesis.

As illustrated in Figure 8, a range of functional groups,
including halogens (fluorine, chloro, bromo, iodine) and
methyl groups, were well tolerated, yielding products (10b—
10f, 10h—10j) with up to 91% yield and 98% ee, while the
ortho substituent Cl gives moderate ee of 77% (10i). A strong
electron-withdrawing nitro group did not negatively impact the
reaction outcome (10g). Moreover, thiophene or naphthyl
moieties (10k—101) also delivered satisfactory yields and good
ee. The asymmetric C(sp’)—H amidation was successfully
applied to an adamantanyl ring, affording 10m with 90% ee.
Additionally, a f,y-disubstituted lactam 10n was obtained as a
single diastereomer with 89% ee through desymmetric
C(sp®)—H amidation. The relative and absolute configurations
of 10n were unambiguously determined by X-ray crystallo-
graphic analysis.

Octahydroindole and its derivatives are important structural
motifs in organocatalysts, small-molecule drugs, and natural
products (Figure 9).””® Despite significant synthetic
efforts,”* ™" catalytic asymmetric approaches for their prep-
aration via C(sp’)—H amination with high diastereo- and
enantioselectivities remain rare.””*> A notable exception is the
elegant indole hydrogenation protocol developed by Glorius
and co-workers, which, however, is not applicable to
octahydroindoles featuring quaternary bridgehead carbons.*”
Chang’s earlier work reported only one example of such an
octahydroindole framework bearing an all-carbon quaternary
center, but achieving moderate enantioselectivity.” Building
on the success of y-lactam synthesis, we subjected dioxazolone
15a with a cyclohexyl ring to iridium(III)-catalyzed intra-
molecular C(sp*)—H amidation (Figure 10). After optimiza-
tion (see SI for details), the target octahydro-2H-indol-2-one
16a was obtained as a single diastereomer and with 91% ee.
This desymmetric synthetic strategy readily enables the
formation of an all-carbon quaternary stereocenter. This
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protocol demonstrated broad functional group tolerance,
including esters (16b, 16g—h), phthalimide (16c), amides
(16d—f), silane (16i), alkene (16j), and alkyne (16k). An aryl
substituent was also compatible, affording 161 with 82% ee.
Notably, a five-membered ring (16m) underwent desymmetric
C(sp*)—H amidation with excellent diastereo- and enantiose-
lectivity, while a seven-membered ring (16n) resulted in
moderate stereoselectivity. Enantioenriched octahydro-2H-
indol-2-one 160, featuring a second quaternary carbon on
the backbone, was also synthesized with good stereoselectivity.
The absolute configuration of product 16a was determined
using single-crystal data obtained from its tosylation product
18 (see SI), while the configuration of products 16b—o was
assigned by analogy. Nonetheless, the facile variation of the
octahydroindole backbone in this work demonstrates its
remarkable complementation to the indole hydrogenation
protocol.*”

Catalyst Recovery and Probing Catalyst Loading
Minimum Limit. Capitalizing on the remarkable robustness
of the iridium(III) complexes, we subsequently conducted
catalyst recovery experiments. As depicted in Figure 11a, the
chiral iridium(III) complexes 7 and 6m were successfully
recovered as their chloride-binding neutral counterparts 8 and
6m-Cl, respectively, from the catalytic reaction mixtures
following treatment with aqueous HCI solution. Furthermore,
the catalyst loading could be minimized to 0.01 mol %,
achieving good ee of 89% and yield of 46%, corresponding to a
turnover number (TON) of 4600. Finally, synthetic trans-
formations of the obtained octahydro-2H-indol-2-one 16a
were conducted to give derivatives 17—20 with maintained ee
and as single diastereomers (see SI).

B CONCLUSIONS

We have developed a new class of Ir(III) pincer complexes in
which the steric and electronic properties can be readily tuned
due to their remarkable modularity. Despite their high
thermodynamic stability, these complexes exhibit significant
catalytic activity for C(sp*)—H amidation via nitrene transfer.
Asymmetric transformations were successfully achieved using
the corresponding chiral iridium complexes, which can be
efficiently recovered from the reaction mixture. Structure—
activity relationship studies revealed two key factors con-
tributing to the success of these Ir(III) complexes: strong
chelation of the tridentate N*C"N ligand leverages the stability
and trans effect induced by the bidentate cyclometalating
ligand provides high reaction efficiency. This study emphasizes
the critical role of transition metal complex design in balancing
catalytic efficiency and stability, providing valuable insights for
the development of robust, high performance transition-metal-
based catalysts. Ongoing research in our laboratory is focused
on expanding the synthetic applications of these Ir(III)
catalysts, particularly in the realm of asymmetric hydro-
genation.
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