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ABSTRACT: An Ir/SpinPHOX complex catalyzed double asymmetric hydrogenation of 3,6-dialkylidene-1,4-
dimethylpiperazine-2,5-dione has been developed, providing an efficient and practical access to a wide variety of chiral 3,6-
disubstituted-2,5-diketopiperazines in high yields with exclusive cis-diastereo- and excellent enantioselectivities (>99% de,
up to 98 % ee). The synthetic utilities of the protocol have been demonstrated in a gram scale synthesis of 6a, and efficient
construction of chiral products 8, 14 and 17 as well as a 2-butenyl-bridged bicyclic diketopiperazine 10 and
hydroxydiketopiperazine 11. With an analogous achiral Ir catalyst, the hydrogenation of enantiopure mono-hydrogenated
intermediate 7a gave cis-6a as the only product, indicating that stereochemistry of the second-step hydrogenation of the
titled transformation is a chiral substrate controlled process. Reaction profile study for AH of 5a revealed that the
concentration of the monohydrogenation intermediate 7a remianed at a low level (<8%) during the course of
hydrogenation. The double hydrogenation of 5a to 6a proceeded significantly faster than that of its half-hydrogenated
intermediate (S)-7a, indicating that the double AH reaction involves primarily a processive mechanism, in which a single
catalyst molecule performs consecutive hydrogenation of the two C=C double bonds in substrate 5a without dissociation of
the partially reduced 7a. The present protocol represents a rare example of asymmetric catalytic consecutive
hydrogenation of heterocycles and provides an alternative way for efficient construction of cyclic dipeptides.

INTRODUCTION

Substances containing a conformationally rigid 2,5-
diketopiperazine subunit, known as cyclic dipeptides,
represent a large class of biologically interesting molecules
with high stability and protease resistance.! The features
of the scaffold allow the binding affinity and specificity of
the molecules with biological targets to be enhanced,
which is particularly attractive for drug discovery.?? For
examples, retosiban and epelsiban are highly potent
oxytocin antagonists and retosiban has been approved as
an oral drug for treatment of preterm Ilabor.?> 32
Tryprostatin A and Fumitremorgin C are inhibitors of the
multidrug-resistance protein (BCRP/ABCG2) that mediate
resistance to chemotherapeutics in breast cancer
treatment (Chart 1).3>¢ Moreover, some compounds
containing a chiral piperazine motif, which can be obtained
from 2,5-diketopiperazines by carbonyl reduction, display
interesting activity in many biological systems.* On the
other hand, some chiral 3,6-disubstituted-2,5-
diketopiperazine derivatives have also been used in
asymmetric synthesis as organocatalysts or auxiliaries.

Chart 1. Representative bioactive molecules with 3,6-
disubstituted-2,5-diketopiperazine core
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The importance of this type of molecules has stimulated
extensive research on the development of methodologies
for their syntheses.?*® Some type of 3,6-disubstituted-2,5-
diketopiperazines have been produced by microorganisms
in nature.'®*” However, the limited productivity hindered
extensive screening of biological activities, and many of
these naturally occurring structures do not have the
expected bioactivity or physicochemical properties. The
chemical synthesis of 3,6-disubstituted-2,5-
diketopiperazines generally involves amide formation via
condensation cyclization of linear dipeptides, which are
derived from protected chiral a-amino acids (Scheme 1a).6
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Despite the versatility of the approach, however,
meticulous control of reaction conditions (e.g., pH values)
is obligatory to prevent the racemization and/or
epimerization of chiral carbon centers. Several other
methods® such as substrate-induced asymmetric alkylation
of  2,5-diketopiperazines®® or Pd/C  catalyzed
hydrogenation of enantioenriched dehydrophenylalanine®"
have also been developed. In 1990, Takeuchi and co-
workers reported the synthesis of a piperazine alkaloid via
a Co-catalyzed asymmetric hydrogenation (AH) of 3,6-
dibenzylidene-2,5-diketopiperazine as the key step, albeit
3,6-dibenzyl-2,5-diketopiperazine was obtained with 40%
yield and moderate enantioselectivity (Scheme 1b).° In the
present work, we report an Ir-catalyzed double
hydrogenation of 3,6-dialkylidene-2,5-diketopiperazines
for asymmetric synthesis of cyclic dipeptides with
excellent stereoselectivity (Scheme 1c). The synthetic
utilities of the protocol in facile construction of biologically
important molecules, and the underlying non-dissociative
pathway involved in the catalysis will also be disclosed.

Scheme 1. Asymmetric catalytic synthesis of 3,6-
disubstituted-2,5-diketopiperazines
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RESULTS AND DISCUSSION

Catalyst optimization for Ir-catalyzed enantioselective

hydrogenation of cyclic dehydropeptides. Although some
chiral catalysts based on iridium, rhodium and ruthenium
have been documented to be effective in asymmetric
hydrogenation of exocyclic a, -unsaturated lactams,° the
examples on consecutive AH of two or more C=C double
bonds in a cyclic dehydropeptide are quite rare.!' We
previously reported a class of chiral iridium(I) complexes
with spiro[4,4]-1,6-nonadiene-based phosphine-oxazoline
ligands, SpinPHOX/Ir(I), for AH of ketimines and several
types of o,B-unsaturated carbonyl compounds, including
o,o’-bis-(arylidene)cyclohexanones, cyclic a-alkylidene
carbonyl compounds, and 3-alkylidenephthalides.!0%12
Given the importance of optically active 2,5-
diketopiperazine cyclic dipeptides, we were intrigued by
the feasibility of using SpinPHOX/Ir(I) complexes for the
catalysis of asymmetric hydrogenation of 3,6-dialkylidene-

2,5-diketopiperazines, which would provide a direct access
to the corresponding chiral cyclic dipeptides.

(3Z, 6Z)-3,6-Dibenzylidene-1,4-dimethylpiperazine-2,5-
dione (5a), a cyclic dehydropeptide, was taken as a model
substrate for catalyst screening and condition optimization
in the asymmetric hydrogenation. The reaction was
typically carried out in CH,Cl, under 30 atm H; for 12 h at
room temperature, with 1 mol% SpinPHOX/Ir(I) complex
1a-k as the catalyst (entries 1-14, Table 1). Under these
conditions, the reaction using (R, S)-1a gave the double AH
product (S, S)-6a as a single diastereomer with 92% ee,
albeit in 41% yield along with the co-generation of a small
amount of mono-reduced product (S)-7a (5% yield, 15%
ee) (entry 1). In contrast, the reaction catalyzed by
complex (S, S)-1a, diastereomeric isomer of (R, S)-1a,
afforded (R, R)-6a as the major product in only moderate
enantioselectivity (45% ee), indicating a mismatched
combination of ligand chirality in this case (entry 2).
Further survey of (R, S)-SpinPHOX/Ir(I) catalyst series (R,
S)-1a-k revealed that (R, S)-1K, with a phenyl group on the
oxazoline ring and two 4-methoxyphenyl groups on the P
atom, afforded the optimal reactivity to give (S, S)-6a in
95% yield with 92% ee (entry 13). Elevation of the initial
hydrogen pressure to 40 atm resulted in full conversion of
5a, and (S, S)-6a was obtained in quantitative yield with
94% ee (entry 14). Under otherwise identical conditions,
several types of well-established Ir(I) complexes with
privileged chiral phosphino-oxazoline ligands, including
PHOX ((S)-2a),'® ThrePHOX ((R, R)-3a-b)!* and SIPHOX
((S, $)-4 and (R, S)-4),'> demonstrated no activity or less
satisfactory enantioselectivity (entries 15-19), thus
underscoring the unique performance of SpinPHOX/Ir(I)
catalysts in AH of this type of challenging substrates. The
impact of diketopiperazine N-substituents on the catalysis
has also been examined. While the reaction of 5a with N-
methyl groups delivered the optimal results, similar
diketopiperazines with N-Ac or N-Bn protecting groups, or
with naked N-H moieties demonstrated no hydrogenation
activities under otherwise identical conditions (30 atm H,,
1 mol% (R, S)-1f, CH,Cl, solvent, rt, 12 h. For details, see
Table S1 in SI). In the case of the diketopiperazine
substrate containing both exocyclic alkylidenyl C=C bonds
and N-allyl groups, 'H NMR indicated that only the
terminal C=C bonds were reduced (see SI). Though the
exact reason for these intriguing reactivity behaviors is
unclear at the present stage, it seems likely that the
reluctance to hydrogenation might be a result of
competitive coordination (N-Ac), steric hindrance (N-Bn),
and/or poor solubility (N-H) of the corresponding
diketopiperazines, which can eventually prevent
coordination of the proximal C=C bond to Ir and hence
inhibit the substrate activation by the catalyst. A variety of
solvents have also been screened in the reaction, and
dichloromethane turns out to be optimal (see Table S2 in
SI).

Table 1. Ir(I)-catalyzed AH of (3Z,6Z)-3,6-
dibenzylidene-1,4-dimethylpiperazine-2,5-dione 5a“
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9 o R='Bu, Ar=Ph: (R, S)-le R =Ph, Ar=4-MeCgHy: (R, S)-1j
10 SpinPHOX-Ir R =Ph, Ar=Ph: (R, S)}-1f R =Ph, Ar=4-MeOCgHy: (R, S)-1k
1 Ph Ph _—I" RR _—T DTB
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13 [ I _N BIALF' N "\‘ e Bn BArE
14 o R g))R_Q & OT
15 (S)-2a R (S. Sy or (R, S)4
16 PHOX-Ir ThrePHOX-Ir SIPHOX-Ir
17 yield of 6a ee of 6a yield of 7a eeof 7a
18 Entry Ir cat. (%)" (%)¢ (%)" (%)¢
19 1 (R S)-1a 41 92(S, S) 5 15(S)
20 2 (5,9)-1a 37 45(R, R) 8 7(5)
21 3 (R, S)-1b 30 94(S, ) 6 77(5)
;2 4 (R S)-1c 48 92(S,5) 4 11(S)
22 5 (R S)-1d 40 94(S, ) 5 26(5)
25 6 (R S)-1e 18 97(S,5) 5 62(5)
2% 7 (R, S)-1f 93 90(S, ) 3 66(R)
57 8 (R, S)-1f 94 90(S, 5) 2 67(R)
28 9 (R, S)-1g 82 96(S, 5) 2 66(R)
29 10 (R S)-1h 69 92(S,5) 3 26(R)
30 11 (R, $)-1i 85 96(S, 5) 3 26(R)
31 12 (R, S)-1j 90 92(S,5) 2 54(R)
32 13 (R, S)-1k 95 92(S, S) 2 76(R)
33 144 (R S)-1k >99 94(S, 5) 0
34 15 (5)-2a 41 79(S, S) 6 7(5)
35 16 (R, R)-3a 0 - 0
36 17 (R, R)-3b 0 - 0
37 18 (R S)-4 0 - 0
38 19 (5,5)-4 0 - 0
39 @ Unless otherwise noted, all reactions were conducted in
40 dichloromethane with [5a] = 0.1 M and Ir cat. = 1.0 mM (1
41 mol%) under 30 atm of H; at rt for 12 h (entries 1-7) or 24 h
42 (entries 8-19). » Determined by 'H NMR spectroscopy. ¢
43 Determined by HPLC analysis on a chiral stationary phase. ¢
44 The reaction was conducted under 40 atm of H,.
45 Substrate Scope of the Catalytic Hydrogenation
46 Protocol. Having established complex (R, S)-1k as the
47 optimal catalyst, the substrate scope of this catalytic
48 protocol was subsequently investigated. As shown in Table
49 2, various symmetric 3,6-dibenzylidene-1,4-
50 dimethylpiperazine-2,5-diones 5b-n containing different
51 ortho-, meta-, or para- substituents on the phenyl rings
52 were smoonthly hydrogenated, affording the
53 corresponding (S, S)-3,6-dibenzyl-1,4-dimethylpipera-
54 zine-2,5-diones 6b-n in high yields (94~99%), excellent
55 enantioselectivities (93~98% ee) and complete cis-
56 diastereoselectivity, irrespective of the position and
57 electronic nature of the substituents on the phenyl rings.
58
59
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Moreover, AH of substrates 50-s, bearing multi-substituted
phenyl rings or naphthyl groups, also worked well to give
the correspongding products (S, S)-60-s in nearly
quantative yields with 92~98% ee. AH of substrate 5t
with 2-furanyl groups on the two exocyclic C=C bonds,
afforded 6t in 85% yield with 95% ee under a catalyst
loading of 5 mol%. Substrates with two different
benzylidene substituentents (5u and 5v) were reduced in
excellent yields (97~99%) and enantioselectivities
(96~97% ee). The hydrogenation of aliphatic group
containing substrates 5w-y also proceeded smoothly,
furnishing the corresponding diketopiperazines 6w-y in
quantantive yields with moderate to good ee values.

Table 2. AH of the 3,6-dialkylidene-2,5-
dlketoplperazmes (5a-y)ec

: "k
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N AR CH,Cly, 1t, 24 h 1 (
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N
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6r
x =5, >99% (>99%), 97% eeldl

6p
x =5, >99% (99%), 92% ee

4
/e O 6w 6x 6y

X =2, >99% (99%) x =5, >99% (95%), X=5,>99% (99%)  x =5, >99% (99%)
96% ee 64% ee 86% ee 70% ee

@ Unless otherwise noted, all reactions were performed with 5
(0.04-0.2 mmol) in CH,CI; (2.0 mL) in the presence of (R, S)-
1k (0.002 mmol) under hydrogen atmosphere (40 atm) at 25
°C for 24 h. ? The conversions of 5 were determined by 'H
NMR spectroscopy. Data in the parentheses are the yields for
isolated products 6a-y. ¢ The ee values were determined by
HPLC analysis on a chiral stationary phase. ¢ Under a
hydrogen pressure of 80 atm.

Synthetic Application of the Protocol for Efficient

Construction of Biologically Interesting Molecules. As
shown in Figure 1, in the molecular structure of product (S,
S)-6a the two benzyl moeities are orientated cis to each
other at the same side of the quasi-planar six-membered
dipeptide ring. Such a structural feature of the prepared
cyclic dipeptides would provide an interesting molecular
platform for the design of chiral organocatalysts®»" and as
useful intermediates for the synthesis of biologically
important molecules.'® To showcase the practicality of this

protocol, substrate 5a was hydrogenated on a gram-scale
in the presence of catalyst (R, S)-1k (1 mol %) in CH,Cl,
under 50 atm of hydrogen pressure to afford (S, S)-6a in
95% yield with 94% ee (Scheme 2a). The enantiopurity of
6a was readily upgraded to >99% ee by a simple
recrystallization (75% yield). To exemplify the utility of
the hydrogenation products, (S, S)-6a was reduced with
LiAlH, to afford (25, 55)-2,5-dibenzyl-1,4-
dimethylpiperazine 8, an alkaloid isolated from
Zanthoxylurn arborescens Rose!’, in 80% yield without
loss of enantiopurity (Scheme 2b). Moreover, double
allylation of (S, S)-6a with allyl bromide proceeded cleanly
in the presence of NaHMDS as the base, to give 9 in almost
quantitative yield with nearly perfect stereoselectivity
(>99% ee). Such a stereospecificity can be rationalized by
consecutive allylations via stepwise formation of two
distinct chiral sodium enolates, wherein the bulkier Bn
group on the remaining chiral center would effectively
steer the incoming allyl electrophile to the opposite face of
the nearby enolate moiety. Subsequent ring closure olefin
metathesis'® of 9 furnished 2-butenyl-bridged bicyclic
diketopiperazine derivative 10 in >99% ee (Scheme 2c).
Hydroxylation of (S, S)-6a with oxygen as the oxidant
afforded enantiomeric pure C-hydroxydiketopiperazine
11, an analog of Thaxtomin A (a potential pesticides) '°, in
65% yield (Scheme 2d). Finally, AH of 12 and 15 using (R,
$)-1Kk as the catalyst provides key chiral precursors for the
synthesis of calpain inhibitor (S, S)-142° and Sch725418
1721, respectively, in high yields with excellent ee values
(Scheme 2e-f).

Figure 1. Molecular structure of double and mono-
hydrogenated cyclic dipeptides (S, S)-6a and (£)-7a.

Scheme 2. Gram-scale AH of 5a and Utilities of the
Hydrogenation Products in the Synthesis of
Biologically Interesting Molecules
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CH,Cl,, 30 °C, 24 h
50 atm
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>99% conv. 99% yield, 96% ee

50% Pd/C, 20 atm H,,

CH4OH : CHCly=1:1,
rt, 16 h

91% yield, 94% ee
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CH,Cl,, 50°C, 24 h
Boc

>99% conv. 97% yield, 95% ee

TMSOTf, DBU
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CH,Clp, 0°C ~rt,
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Reaction Pathway Study. While some mechanistic
details remain controversial, the reaction pathways for Ir-
catalyzed asymmetric hydrogenation of monoenes have
been intensively studied both experimentally and
theoretically in recent years.?? On the other hand, Ir-
mediated AH of dienes remains much less explored so far,
and the mechanism relevant informations are scarce. In
this context, Burgess and coworkers reported elegant
studies on Ir-carbene-oxazoline catalyzed AH of
conjugated dienes, whereby the reduction was suggested
to occur in mechanistically different phases.?> Andersson
et al recently described an efficient regio- and
enantioselective monohydrogenation of 1,4-
cyclohexadienes, arguably a type of isolated dienes, using
an iridium catalyst with a chiral N,P-ligand.?* However, no
mechanistic information was available in this report. Given
the excellent performance of SpinPHOX/Ir catalyst (R, S)-
1k in the AH of the 3,6-dialkylidene-2,5-diketopiperazines,
we were intrigued by the mechanistic events in the
hydrogenation of this particular type of functionalized
dienes.

As discussed in the introduction, Co catalyzed AH of
cyclic dehydropeptide 5a reported previously by Takeuchi
afforded the double-hydrogenated cis-6a as minor product

Journal of the American Chemical Society

(40%), along with mono-hydrogenated 7a as the major
(58%) and meso-isomer in trace amount (1% yield)
(Scheme 1b),° implying that in this case the hydrogenation
of second C=C double bond in the substrate is somehow
slower than AH of first C=C double bond. In sharp contrast,
AH of 5a using SpinPHOX/Ir(I)-type catalysts (1la-k)
generally gave the double-hydrogenated 6a as the major
product with exclusive cis-configuration (entries 1-13,
Table 1), and mono-hydrogenated intermediate 7a was
only detected as a minor product in less than 8% yield
irrespective of the conversion of substrate 5a. A close
examination of reaction profile for AH of 5a (Figure 2) [1
mol% of (R, S)-1K] revealed that (S, S)-6a remains the
major product throughout the whole reaction course with
7a being kept at a consistently low level (<8%), further
verifying the observation in Table 1. It is also noteworthy
that over the reaction course no meso-isomer of 6a was
detected, indicating the complete cis-selectivity for the
relative stereochemistry in the tandem AH process. During
the reaction course, the ee values of the double-
hydrogenation product (S, S)-6a decreased slightly from
the initial >99% at 5 min to a final 94% at 12 h.
Concomitantly, the ee value of 7a also gradually
diminished, and eventually shifted its absolute
configuration from S to R. This intriguing behavior might
be caused by the Kkinetic resolution in the AH of
enantioenriched 7a by (R, S)-1Kk-derived Ir catalyst, which
by chiral discrimination led to preferential AH of (5)-7a
and a gradual enrichment of (R)-7a in the reaction mixture
(vide infra).

concentration (l()'3 M) ee (%)
100 - 100
80 4 - 380
- —a~ concentration of 5a £
—a—ee of 6a (%)

404 —a—-ceof 7a (%) L 40
—e—concentration of 6a
—+— concentration of 7a L 20

: —————r— ()

6 8 10 12
time (h) --20
=-40
-60

Figure 2. Reaction profile of hydrogenation of 5a in the
presence of (R, S)-1k under the optimized reaction conditions:
1 mol % of (R, S)-1Kk, 40 atm of H; in CH,Cl; with an initial [5a]
=0.1M.

In order to provide further illuminating insights into the
stereochemistry and the kinetic behavior in the titled reaction,
control experiments on the AH of mono-hydrogenated
intermediate enantiopure (S)-7a, (R)-7a, and racemic (%)-7a,
respectively, were performed with 1 mol% of (R, S)-1k under
standard reaction conditions (Scheme 3). The hydogenation of
(S)-7a (Scheme 3a) is obviously much faster than that of (R)-
7a (Scheme 3b), suggesting a strong catalyst-substrate
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recognition in the reaction. Either (S, S)-6a or (R, R)-6a (both
>99% ee) was obtained in >99% diastereoselectivity but with
an opposite asymmetric induction depending on the absolute
configuration of 7a, implying a substrate-control of the
relative stereochemistry in the process. Such a distinction in
reaction rate between (S)-7a and (R)-7a with the same chiral
catalyst [(R, S)-1K] is consistent with the presence of a kinetic
resolution process of 7a in its hydrogenation. Indeed, the AH
of (£)-7a to half conversion in the presence of 1 mol% of (R,
S)-1k afforded (S, S)-6a with 80% ee, along with an almost
equal amount of the remaining (R)-7a with 77% ee, without
detection of any meso-isomer (Scheme 3c).

Scheme 3. Hydrogenation of Mono-Hydrogenated
Intermediate 7a in the Presence of (R, S)-1k and

Achiral Ir Catalyst 2b
(S, 5)-6a >99% ee)

(S)-7a ( >99% ee)
ﬁ} Hay (R, S)-1k (1 mol%) \Q
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O Ph 40 atm <5% yield
Ph o

(R)-Ta ( >99% ee)
/ o

(S, S)-6a (80% ee)

(R S)-1k (1 mol%)
T CHClhyrt, 24h
40atm  ggor, conv., 80% yield

(o}

-

o Ph%"‘ v n (R, S)-1k (1 mol%)
/NW)NPh 2 CH,Cly, 1t, 24 h
40 atm 50% conv.

rac-Ta

(S)- 7a (>99% ee)

ﬁ?_H

(R)y-Ta (77% ee)
Ph o

2b 5 mol%) Q
CH2<:|2 1t, 24 h
97% conv.

(s, 3) Ga >99% ee)

2b (5 mol%)
® Py : CH,Cly, 1t, 24 h ‘
40 atm 22

96% conv.
(R)-7a (>99% ee) ) (R R)—Ga (>99% ee)

ﬁ i Ph =
AI'\P"-A-rflr{*f ]! i /,/:ﬂT

A P\Ir
Ar = 4-MeOCgHy4 | 2b
N BArg

N _.PhBAF (R, S)1k

=T . 5

The substrate control of the diastereoselectivity has
been further demonstrated by the stereochemical
outcomes in the hydrogenation of enantiomers of 7a with
an achiral Pfaltz-type Ir catalyst 2b, which was used to
exclude the otherwise matched or mis-matched catalyst-
substrate recognition in the case of a chiral Ir catalyst such
as (R, S)-1k. As shown in Schemes 3d-e, the
hydrogenations of (S)-7a or (R)-7a in the presence of the
achiral Ir catalyst 2b (5 mol%) gave (S, S)-6a or (R, R)-6a,
respectively, with >99% ee without the co-production of
any meso-isomer. These results also clearly confirmed that
the stereoselectivity for hydrogenation of 7a is completely
controlled by the chirality of the substrate, irrespective of
the Ir catalysts used thereof. The complete cis-selectivity
for the relative stereochemistry in Scheme 3d and 3e can
be rationalized in a way analogous to that discussed above

for double allylation of (S, S)-6a (vide supra for discussion
of Scheme 2c). In this case, 7a bears a chiral center that is
in proximity to its C=C bond. As shown in the molecular
structure of 7a (Figure 1), the reduced benzyl moiety on
the chiral carbon center of 7a can be expected to
effectively block one of the prochiral alkene faces, thus
preventing the access of Ir catalyst species to the same side
of diketopiperazine face. As a result, the catalyst would
bind to the C=C bond of 7a on the opposite side of its Bn
group, leading to the formation of cis-6a via ensuing
hydrogenation. Accordingly, it can be deduced that for (R,
S$)-1k mediated AH of cyclic dehydropeptide 5a, the
enantioselectivity of the whole hydrogenation process is
completely determined by the asymmetric induction of the
first-step hydrogenation, if intermediate 7a is completely
consumed at the end of reaction.

A notable pattern in both the data of Table 1 and Figure
2 can be found, in that the half-reduced intermediate 7a
was always detected in minor or negligible amount (< 8%)
over the course of 5a hydrogenation. Although this
observation might suggest that hydrogenation of 7a could
be somehow faster than that of 5a, there is an alternative
possibility that the hydrogenation of the two C=C bonds in
cyclic dehydropeptide 5a occurs processively. In the latter
case, after reduction of the first C=C bond in 5a the
resulting intermediate (S)-7a can remain bound to the
catalyst without dissociation, which can undergo an
intramolecular re-organization for the second step of
hydrogenation. Such an intramolecular process is expected
to be entropically more favorable than the one involving
dissociation-reassociation of 7a from/to the catalyst, thus
leading to faster reaction. To shed some light on this
mechanistic ambiguity, the initial rate for the
hydrogenation of 5a was compared with that of (§)-7a by
TH NMR analysis of the reaction mixture. As shown in
Scheme 443, the hydrogenation of 5a and (S)-7a (a matched
isomer of intermediates) were carried out under otherwise
identical reaction conditions (1 mol% of (R, S)-1K, 5 min).
It was notable that both the conversion of cyclic
dehydropeptide 5a and yield of (S, S)-6a in the
hydrogenation of 5a are significantly higher than those
observed in the hydrogenation of (5)-7a (Scheme 4a). This
indicates for generation of 6a, the double hydrogenation of
two C=C bonds in 5a is even faster than the hydrogenation
of single C=C bond in half-hydrogenated (S)-7a. Based on
these results, we tentatively propose a processive
mechanism as the major pathway for Ir-catalyzed double
hydrogenation of 3,6-dialkylidene-2,5-diketopiperazines.
As shown in Scheme 4b, due to the conformational rigidity
of the piperazine-2,5-dione core, the two C=C bonds in
diene 5a are located too far from each other to
simultaneously bind to a single Ir center (distance between
diene internal carbons: 2.7533(27) A. for the X-ray
structure of 5a, see Figure S1). After one of C=C bonds in
dehydropeptide 5a is reduced, the mono-hydrogenated
(S)-7a remains bound to the catalyst, and by way of an
intramolecular movement is ready for consecutive
hydrogenation of second C=C bond. Such a processive
double hydrogenation pathway can account for the fact
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that no distinct accumulation of mono-hydrogenated
imtermediate 7a is observed (Table 1 and Figure 2), and is
consistent with the observation that double-AH of 5a to 6a
is conspicuously faster than mono-AH of 7a under
otherwise identical reaction conditions, as well as the
essentially exclusive cis-stereochemistry in the formation
of two chiral centers. It is noteworthy that such a pathway
features a “walking” model, which is reminiscent of work
by Sigman, Ma, and others.?

Scheme 4. a) Comparison of the reactivity in (R, S)-1k
catalyzed hydrogenation of 5a and (S)-7a, and b)
Schematic Illustration of the Major Pathway for the
Asymmetric Hydrogenation of 5a

a) 9

N _ Ph o
Ph N e h, (RSHKAmOI%) K} ﬁ%
/NTH\/Ph 2 CHZCIZ rt, 5 min
40 atm
[e] 33% conv.
5a (S, S) Ga
25% yleld 8% yleld
>99% ee 68% ee
O, v ph Ph O ., Ph
ﬁ}__N("/ . (R, )1k (1 mol%) W
— N H 2 CH,Cl,, rt, 5 min i
o / o 40atm 214§/ conv. H /N o
b .
(S)-7a ( >99% ee) (S, S)-6a

14% yield
>99% ee

P&aﬁﬁw’h Q—éﬁ Q—K “* wa

CONCLUSION

In summary, a highly enantioselective hydrogenation
reaction of 3,6-dialkylidene-1,4-dimethylpiperazine-2,5-
dione has been developed using a SpinPHOX/Ir(I) complex
as the catalyst, providing a wide variety of chiral cis, cis-
3,6-disubstituted-2,5-diketopiperazines in high yields with
excellent optical purities (up to 98% ee). The perfect
diasteroselectivity arised from a very effective chiral
substrate controled process. Synthetic utilities of the
protocol were demonstrated in the asymmetric synthesis
of natural products 8, 14 and 17 as well as a 2-butenyl-
bridged bicyclic diketopiperazine derivative 10 and
hydroxyl substituted diketopiperazine derivative 11.
Mechanistic investigation revealed that a partly processive
catalysis pathway is present in the reaction course,
wherein the two carbon carbon double bonds of the
substrate are hydrogenated successively on a single
iridium center via the formation of an undissociated mono-
reduced intermediate. Such kind of processivity is essential
in nature,?® and the present catalytic system represents
rare example of artificial catalyst in asymmetric processive
hydrogenation of heterocycles.!’ The present protocol
might inspire further studies and applications of
asymmetric hydrogenation for the synthesis of chiral 2,5-
diketopiperazines and their derivatives with biological and
medicinal interests.

ASSOCIATED CONTENTS

Journal of the American Chemical Society

Supporting Information

The Supporting Information is available free of charge
on the ACS Publications website at XXxxxx.

Detailed synthetic, crystallographic, and
characterization data (PDF)

Crystallographic data for 5a (CIF)

Crystallographic data for (S, S)-6a (CIF)

Crystallographic data for (£)-7a (CIF)

Crystallographic data (£)-11 (CIF)

AUTHOR INFORMATION

Corresponding Author
*kding@mail.sioc.ac.cn
ORCID
Kuiling Ding: 0000-0003-4074-1981

Notes

The authors declare no competing financial interest.
Crystallographic data (CIF files) for 5a (CCDC 1877956), (S,
S)-6a (CCDC 1877960), (x)-7a (CCDC 1877959), (+)-11 (CCDC
1893145) have been deposited at the Cambridge
Crystallographic Data Center

ACKNOWLEDGMENT

This work was financially supported by Ministry of Science
and Technology of China (2016YFA0202900), the National
Natural Science Foundation of China (21790333,
21872167), CAS (QYZDY-SSW-SLH012, XDB20000000).

REFERENCES

(1) (a) Prasad, C. Bioactive cyclic dipeptides. Peptides 1995,
16, 151; (b) Martins, M. B, Carvalho, I. Diketopiperazines:
Biological activity and synthesis. Tetrahedron 2007, 63, 9923; (c)
Houston, D. R; Synstad, B. Eijsink, V. G. H.; Stark, M. ]J. R;
Eggleston, I. M.; van Aalten, D. M. F. Structure-based exploration
of cyclic dipeptide chitinase inhibitors. /. Med. Chem. 2004, 47,
5713; (d) Graz, C. ]. M,; Grant, G. D.; Brauns, S. C.; Hunt, A.; Jamie,
H.; Milne, P. ]. Cyclic dipeptides in the induction of maturation for
cancer therapy. J. Pharm. Pharmacol. 2000, 52, 75; (e) Prakash, K.
R. C.; Tang, Y.; Kozikowski, A. P.; Flippen-Anderson, J. L.; Knoblach,
S. M, Faden, A. I. Synthesis and biological activity of novel
neuroprotective diketopiperazines. Bioorg. Med. Chem. 2002, 10,
3043; (f) Huang, R.-M.; Yi, X.-X,; Zhou, Y.; Su, X,; Peng, Y.; Gao, C.-H.
An update on 2,5-diketopiperazines from marine organisms. Mar.
Drugs 2014, 12, 6213; (g) Manchineella, S.; Govindaraju, T.
Molecular self-assembly of cyclic dipeptide derivatives and their
applications. ChemPlusChem 2017, 82, 88; (h) Yu, X.; Liuy, F.; Zou,
Y., Tang, M.-C; Hang, L.; Houk, K. N,; Tang, Y. Biosynthesis of
strained piperazine alkaloids: Uncovering the concise pathway of
Herquline A. J. Am. Chem. Soc. 2016, 138, 13529.

(2) () Borthwick, A. D. 2,5-Diketopiperazines: Synthesis,
reactions, medicinal chemistry, and bioactive natural products.
Chem. Rev. 2012, 112, 3641; (b) Bellezza, [; Peirce, M. ].; Minellj,
A. Cyclic dipeptides: From bugs to brain. Trends Mol. Med. 2014,
20, 551; (c) Borthwick, A. D.; Liddle, ]J. The design of orally
bioavailable 2, 5-diketopiperazine oxytocin antagonists: From
concept to clinical candidate for premature labor. Med. Res. Rev.
2011, 31, 576; (d) Minelli, A.; Bellezza, 1.; Grottelli, S.; Galli, F
Focus on cyclo(His-Pro): History and perspectives as antioxidant
peptide. Amino Acids 2008, 35, 283; (e) Wang, Y.; Wang, P.; Ma, H,;

ACS Paragon Plus Environment


mailto:*kding@mail.sioc.ac.cn

oNOYTULT D WN =

Journal of the American Chemical Society

W. Zhu, Developments around the bioactive diketopiperazines: a
patent review. Expert Opin. Ther. Patents. 2013, 23, 1415. (f)
Cornacchia, C.; Cacciatore, 1.; Baldassarre, L.; Mollica, A.; Feliciani,
F.; F. Pinnen, 2,5-Diketopiperazines as neuroprotective agents.
Mini-Reviews in Medicinal Chemistry, 2012, 12, 2.

(3) (@) Borthwick, A. D. Oral oxytocin antagonists. J. Med. Chem.
2010, 53, 6525; (b) Borthwick, A. D.; Liddle, J.; Davies, D. E.; Exall,
A. M.; Hamlett, C.; Hickey, D. M.; Mason, A. M,; Smith, [. E. D;
Nerozzi, F.; Peace, S.; Pollard, D.; Sollis, S. L.; Allen,, M. ].; Woollard,
P. M.,; Pullen, M. A,; Westfall, T. D.; Stanislaus, D. ]. Pyridyl-2,5-
diketopiperazines as potent, selective, and orally bioavailable
oxytocin antagonists: Synthesis, pharmacokinetics, and in vivo
potency. J. Med. Chem. 2012, 55, 783; (c) Woehlecke, H.; Osada, H.;
Herrmann, A.; Lage, H. Reversal of breast cancer resistance
protein-mediated drug resistance by Tryprostatin A. Int. J. Cancer
2003, 107, 721; (d) Sugie, Y.; Hirai, H.; Inagaki, T.; Ishiguro, M,;
Kim, Y.; Kohima, Y.; Sakakibara, T.; Sakemi, S.; Sugiura, A.; Suzuki,
Y.; Brennan, L.; Buignan, J.; Huang, L.; Sutcliffe, ]J.; Kojima, N. A
new antibiotic CJ-17,665 from Aspergillus ochraceus. J. Antibiot.
2001, 54,911.

(4) (@) Li, H.-Y,; Jin, Y.; Morisseau, C.; Hammock, B. D.; Long, Y.-Q.
The 5-substituted piperazine as a novel secondary
pharmacophore greatly improving the physical properties of
urea-based inhibitors of soluble epoxide hydrolase. Bioorg. Med.
Chem. 2006, 14, 6586; (b) Moir, E. M.; Yoshiizumi, K; Cairns, J,;
Cowley, P.; Ferguson, M., Jeremiah, F.; Kiyoi, T., Morphy, R;
Tierney, J.; Wishart, G.; York, M.; Baker, J.; Cottney, ]. E.; Houghton,
A. K; McPhail, P,; Osprey, A; Walker, G.; Adam, J. M. Design,
synthesis, and structure-activity relationship study of bicyclic
piperazine analogs of indole-3-carboxamides as novel
cannabinoid CB1 receptor agonists. Bioorg. Med. Chem. Lett. 2010,
20, 7327; (c) Miyake, F. Y.; Yakushijin, K;; Horne, D. A. A facile
synthesis of Dragmacidin B and  2,5-bis(6'-bromo-3'-
indolyl)piperazine. Org. Lett. 2000, 2, 3185; (d) Scott, ]J. D;
Williams, R. M. Chemistry and Dbiology of the
tetrahydroisoquinoline antitumor antibiotics. Chem. Rev. 2002,
102,1669.

(5) (a) Oku, J.-I; Inoue, S. Asymmetric cyanohydrin synthesis
catalysed by a synthetic cyclic dipeptide. /. Chem. Soc. Chem.
Commun. 1981, 5, 229; (b) Schoenebeck, F.,; Houk, K. N.
Theoretical study of the catalysis of cyanohydrin formation by the
cyclic dipeptide catalyst cyclo[(S)-His-(S)-Phe]. J.  Org.
Chem. 2009, 74, 1464; (c) Becker, C.; Hoben, C.; Schollmeyer, D.;
Scherr, G.; Kunz, H. Investigation of diketopiperazines containing
a guanidino-functionalized sidechain as potential catalysts of
enantioselective strecker reactions. Eur. J. Org. Chem. 2005, 8,
1497; (d) Guenoun, F.; Zair, T.; Lamaty, F.; Pierrot, M.; Lazaro, R.;
Viallefont, P. Pyrrolidinopiperazinedione as chiral auxiliary and
its use in asymmetric mannich synthesis. Tetrahedron Lett. 1997,
38, 1563; (e) Durini, M.; Sahr, F. A;; Kuhn, M,; Civera, M.; Gennari,
C.; Piarulli, U. Bifunctional 2,5-diketopiperazines as efficient
organocatalysts for the enantioselective conjugate addition of
aldehydes to nitroolefins. Eur. J. Org. Chem. 2011, 20, 5599; (f)
Furutani, M.; Sakamoto, S.; Kudo, K. Cyclo[-His-His-] derived C,-
symmetric diketopiperazine as chiral ligand for asymmetric Diels-
Alder reactions. Heterocycles 2009, 78, 1171; (g) E. A. C. Davie,; S.
M. Mennen,; Xu, Y.-J.; Miller, S. J. Asymmetric catalysis mediated
by synthetic peptides. Chem. Rev. 2007, 107, 5759; (h) Le, T. X. H.;
Bussolari, J. C.; Murray, W. V. 2,5-Diketopiperazines, new chiral
auxiliaries for asymmetric Diels-Alder Reactions. Tetrahedron
Lett. 1997, 38, 3849.

(6) (a) Suzuki, K; Sasaki, Y.; Endo, N.; Mihara, Y. Acetic acid-
catalyzed diketopiprazine synthesis. Chem. Pharm. Bull. 1981, 29,
233; (b) Dinsmore, C. ]J.; Beshore, D. C. Recent advances in the
synthesis of diketopiperazines. Tetrahedron 2002, 58, 3297; (c)

Fischer, P. M. J. Diketopiperazines in peptide and combinatorial
chemistry. J. Pept. Sci. 2003, 9, 9; (d) Depew, K. M.; Marsden, S. P.;
Zatorska, D.; Zatorski, A.; Bornmann, W. G.; Danishefsky, S. ].
Total synthesis of 5-N-acetylardeemin and amauromine: Practical
routes to potential MDR reversal agents. /. Am. Chem. Soc. 1999,
121, 11953; (e) Rajappa, S.; Natekar, M. V. Piperazine-2,5-diones
and related lactim ethers. Adv. Heterocycl. Chem. 1993, 57, 187; (f)
Baran, P. S.; Guerrero, C. A.; Corey, E. ]J. Short, enantioselective
total synthesis of Okaramine N. J. Am. Chem. Soc. 2003, 125, 5628;
(g) Tullberg, M.; Grotli, M.; Luthman, K. Efficient synthesis of 2,5-
diketopiperazines using microwave assisted heating. Tetrahedron
2006, 62, 7484; (h) Lopez-Cobeiias, A.; Cledera, P.; Sanchez, . D;
Lopez-Alvarado, P.; Ramos, M. T.; Avendafio, C.; Menéndez, ]. C.
Microwave-assisted synthesis of 2,5-piperazinediones under
solvent-free conditions. Synthesis 2005, 19, 3412; (i) Sano, S;
Nakao, M. Chemistry of 2,5-diketopiperazine and its bis-lactim
ether: A brief review. Heterocycles 2015, 91, 1349; (j) Jida, M,;
Ballet, S. Efficient one-pot synthesis of enantiomerically pure N-
protected- a-substituted piperazines from readily available a-
amino acids. New J. Chem. 2018, 42, 1595.

(7) (a) Giessen, T. W.; Marahiel, M. A. The tRNA-dependent
biosynthesis of modified cyclic dipeptides. Int. J. Mol. Sci. 2014, 15,
14610; (b) Huang, Z.-Z.; Leman, L. ]J.; Ghadiri, M. R. Biomimetic
catalysis of diketopiperazine and dipeptide syntheses. Angew.
Chem. Int. Ed. 2008, 47, 1758; (c) Winn, M. Francis, D,
Micklefield, ]. De novo biosynthesis of “non-natural” Thaxtomin
Phytotoxins. Angew. Chem. Int. Ed. 2018, 57, 6830; (d) Alkhalaf, L.
M.; Barry, S. M,; Rea, D.; Gallo, A; Griffiths, D.; Lewandowski, J. R;
Fulop, V.; Challis, G. L. Binding of distinct substrate conformations
enables hydroxylation of remote sites in Thaxtomin D by
Cytochrome P450 TxtC. J. Am. Chem. Soc. 2019, 141, 216.

(8) (a) Sheradsky, T. Silcoff, E. R. Synthesis of (2R,5R)-2-
amino-5-hydroxyhexanoic acid by intramolecular cycloaddition.
Molecules 1998, 3, 80; (b) Gnanaprakasam, B.; Balaraman, E.;
David, Y. B.; Milstein, D. Synthesis of peptides and pyrazines from
-amino alcohols through extrusion of H; catalyzed by ruthenium
pincer complexes: Ligand-controlled selectivity. Angew. Chem. Int.
Ed. 2011, 50, 12240; (c) Mishra, A. K; Choi, J.; Choi, S.-].; Baek, K.-
H. Cyclodipeptides: An overview of their biosynthesis and
biological activity. Molecules 2017, 22, 1796; (d) Santra, S
Andreana, P. R. A one-pot, microwave-influenced synthesis of
diverse small molecules by multicomponent reaction cascades.
Org. Lett. 2007, 9, 5035; (e) Pichowicz, M.; Simpkins, N. S.; Blake,
A.].; Wilson, C. Studies towards complex bridged alkaloids: regio-
and stereocontrolled enolate chemistry of 2,5-diketopiperazines.
Tetrahedron 2008, 64, 3713; (f) Balducci, D.; Contaldi, S.; Lazzari,
L; Porzi, G. A highly efficient stereocontrolled synthesis of (S)-
2’,6’-dimethyltyrosine[(S)-DMT]. Tetrahedron: Asymmetry 2009,
20, 1398; (g) Balducci, D.; Lazzari, I.; Monari, M.; Piccinelli, F,;
Porzi, G. (S)-a-methyl, a-amino acids: a new stereocontrolled
synthesis. Amino Acids 2010, 38, 829; (h) Oba, M.; Nakajima. S.;
Nishiyama. K. Substituent-dependentasymmetric synthesis of L-
threo- and L-erythro-[2,3-?H;]phenylalanine from chiral (Z)-
dehydrophenylalanine. Chem. Commun.1996, 1875.

(9) Takeuchi, S.; Ohgo, Y.; Miyoshi, N. Asymmetric synthesis of a
piperazine alkloid. Hetercycles 1990, 31. 2073.

(10) (a) Chung, J. Y. L,; Zhao, D.; Hughes, D. L.; McNamara, J. M,;
Grabowski, E. ]. ]; Reider, P. ]J. Asymmetric hydrogenation of 3-
alkylidene-2-piperidones using Noyori’s catalyst. Effect of N-
substituents on the enantioselectivity. Tetrahedron Lett. 1995, 36,
7379; (b) Yue, T.; Nugent, W. A. Enantioselective hydrogenation
of 3-alkylidenelactams: High-throughput screening provides a
surprising solution. J. Am. Chem. Soc. 2002, 124, 13692; (c) Tian,
F.; Yao, D.; Liu, Y,; Xie, F.; Zhang, W. Iridium-catalyzed highly
enantioselective hydrogenation of exocyclic of-unsaturated

ACS Paragon Plus Environment

Page 8 of 11


https://pubs.acs.org.ccindex.cn/action/showCitFormats?doi=10.1021%2Fjacs.8b08864

Page 9 of 11

oNOYTULT D WN =

carbonyl compounds. Adv. Synth. Catal. 2010, 352, 1841; (d) Liu,
Y. Yao, D.; Li, K;; Tian, F.,; Xie, F.; Zhang, W. Iridium-catalyzed
asymmetric  hydrogenation of 3-substituted unsaturated
oxindoles to prepare C3-mono substituted oxindoles. Tetrahedron
2011, 67, 8445; (e) Liu, Y; Zhang, W. Iridium-catalyzed
asymmetric hydrogenation of a-alkylidene succinimides. Angew.
Chem. Int. Ed. 2013, 52, 2203; (f) Liu, X,; Han, Z.; Wang, Z.; Zhang,
X; Ding, K. SpinPhox/iridium(I)-catalyzed asymmetric
hydrogenation of cyclic a-alkylidene carbonyl compounds. Angew.
Chem. Int. Ed. 2015, 53, 1978; (g) Biosca, M.; Magre, M.; Coll, M,;
Pamies, O.; Diéguez, M. Alternatives to phosphinooxazoline (t-
BuPHOX) ligands in the metal-catalyzed hydrogenation of
minimally functionalized olefins and cyclic B-enamides. Adv.
Synth. Catal. 2017, 359, 2801.

(11) Le, D. N.; Hansen, E.; Khan, H. A.; Kim, B.; Wiest, O.; Dong, V.
M. Hydrogenation catalyst generates cyclic peptide
stereocentres in sequence. Nature Chem. 2018, 10, 968.

(12) (a) Han, Z.; Wang, Z.; Zhang, X.; Ding, K. Spiro[4,4]-1,6-
nonadiene-based phosphine-oxazoline ligands for iridium-
catalyzed enantioselective hydrogenation of ketimines. Angew.
Chem. Int. Ed. 2009, 48, 5345; (b) Zhang, Y.; Han, Z; Li, F,; Ding, K;
Zhang, A. Highly enantioselective hydrogenation of o-aryl-f-
substituted acrylic acids catalyzed by Ir-SpinPHOX. Chem.
Commun. 2010, 46, 156; (c) Shang, ].; Han, Z,; Li, Y.; Wang, Z.; Ding,
K. Highly enantioselective asymmetric hydrogenation of (E)-B,B-
disubstituted a,3-unsaturated Weinreb amides catalyzed by Ir(I)
complexes of SpinPhox ligands. Chem. Commun. 2012, 48, 5172;
(d) Wang, X,; Han, Z; Wang, Z.; Ding, K. Catalytic asymmetric
synthesis of aromatic spiroketals by SpinPhox/iridium(I)-
catalyzed hydrogenation and spiroketalization of o,a’-bis(2-
hydroxyarylidene) ketones. Angew. Chem. Int. Ed. 2012, 51, 936;
(e) Wang, X.; Guo, P,; Wang, X,; Wang, Z.; Ding, K. A practical
asymmetric synthesis of enantiopure spiro[4,4]nonane-1,6-dione.
Adv. Synth. Catal. 2013, 355, 2900; (f) Liu, X.; Han, Z.; Wang, Z;
Ding, K. SpinPHOX/Ir(I) catalyzed asymmetric hydrogenation of
(E)-2-(hydroxymethyl)-3-arylacrylic acids. Acta Chim. Sinica
2014, 72, 849; (g) Ge, Y.; Han, Z.; Wang, Z.; Feng, C.-G,; Zhao, Q.;
Lin, G.-Q; Ding, K. Ir-SpinPHOX catalyzed enantioselective
hydrogenation of 3-ylidenephthalides. Angew. Chem. Int. Ed.
2018, 57,13140.

(13) Lightfoot, A.; Schnider, P.; Pfaltz, A. Enantioselective
hydrogenation of olefins with iridium-phosphanodihydrooxazole
catalysts. Angew. Chem. Int. Ed. 1998, 37, 2897.

(14) Menges, F.; Pfaltz, A. Threonine-derived phosphinite-
oxazoline ligands for the Ir-catalyzed enantioselective
hydrogenation. Adv. Synth. Catal. 2002, 344, 40.

(15) Zhu, S.-F.; Xie, J.-B.; Zhang, Y.-Z,; Li, S;; Zhou, Q.-L. Well-
defined chiral spiro iridium/phosphine-oxazoline cationic
complexes for highly enantioselective hydrogenation of imines at
ambient pressure. . Am. Chem. Soc. 2006, 128, 12886.

(16) (a) Nicolaou, K. C.; Giguere, D.; Totokotsopoulos, S.; Sun, Y.
A practical sulfenylation of 2,5-diketopiperazines. Angew. Chem.
Int. Ed. 2012, 51, 728; (b) Nicolaou, K. C.; Lu, M.; Totokotsopoulos,
S.; Heretsch, P.; Giguere, D.; Sun, Y.-P.; Sarlah, D.; Nguyen, T. H,;
Wolf, I. C; Smee, D. F.; Day, C. W.,; Bopp, S.; Winzeler, E. A.
Synthesis and biological evaluation of epidithio-, epitetrathio-,
and bis-(methylthio)diketopiperazines: Synthetic methodology,
enantioselective total synthesis of Epicoccin G, 8,8'-epi-ent-
Rostratin B, Gliotoxin, Gliotoxin G, Emethallicin E, and
Haematocin and discovery of new antiviral and antimalarial
agents. J. Am. Chem. Soc. 2012, 134, 17320; (c) He, C.; Stratton, T.
P.; Baran P. S. Concise total synthesis of Herqulines B and C. J. Am.
Chem. Soc. 2019, 141, 29; (d) Cox, J. B.; Kimishima, A.; Wood. J. L.

Journal of the American Chemical Society

Total synthesis of Herquline B and C. J. Am. Chem. Soc. 2019, 141,
25.

(17) (@) Grim, J. A, Stermitz, F. R. (25,55)-2,5-dibenzyl-1,4-
dimethylpiperazine, a novel alkaloid from Zanthoxylum
arborescens. Tetrahedron Lett. 1981, 22, 5257; (b) Grina, J. A;
Ratcliff, M. R.; Stermitz, F. R. Old and new alkaloids from
Zanthoxylum arborescens. J. Org. Chem. 1982, 47, 2648.

(18) Besada, P.; Mamedova, L; Thomas, C. ].; Costanzia, S.;
Jacobson. K. A. Design and synthesis of new bicyclic
diketopiperazines as scaffolds for receptor probes of structurally
diverse functionality. Org. Biomol. Chem. 2005, 3, 2016.

(19) Zhang, H.; Ning, X.; Hang, H,; Ru, X,; Li, H.; Li, Y,; Wang, L;
Zhang, X.; Yu, S, Qiao, Y,; Wang, X; Wang, P. G. Design and
synthesis of new bicyclic diketopiperazines as scaffolds for
receptor probes of structurally diverse functionality. Org. Lett.
2013, 15,5670.

(20) (a) Alvarez, M. E.; Houck, D. R.; White, C. B.; Brownell, J. E;
Bobko, M. A.; Rodger, C. A; Stawicki, M. B.; Sun, H. H.; Gillum, A.
M.; Cooper, R. Isolation and structure elucidation of two new
calpain inhibitors from Streptomyces griseus. J. Antibiot. 1994, 47,
1195; (b) Donkor, I. O.; Sanders, M. L. Synthesis of a reported
calpain inhibitor isolated from Streptomyces griseus. Bioorg. Med.
Chem. Lett. 2001, 11, 2647; (c) Zeng, Y.-B.; Li, Q.-S.; Hanzlik, R. P,;
Aubé, ]. Synthesis of a small library of diketopiperazines as
potential inhibitors of calpain. Bioorg. Med. Chem. Lett. 2005, 15,
3034.

(21) Yang, S.-W.; Chan, T.-M.; Terracciano, J.; Loebenberg, D.;
Chen, G.-D.; Patel, M.; Gullo, V.; Pramanik, B.; Chu, M. Structure
elucidation of a new diketopiperazine Sch 725418 from
Micromonospora sp. J. Antibiot. 2004, 5, 345.

(22) For selected examples on mechanistic studies of Ir
catalyzed asymmetric hydrogenation of alkenes, see: (a) Brandt,
P.; Hedberg, C.; Andersson, P. G.,, New mechanistic insights into
the iridium-phosphanooxazoline-catalyzed hydrogenation of
unfunctionalized olefins: A DFT and kinetic study. Chem. Eur. J.
2003, 9, 339; (b) Mazet, C,; Smidt, S. P.; Meuwly, M.; Pfaltz, A, A
combined experimental and computational study of
dihydrido(phosphinooxazoline)iridium complexes. /. Am. Chem.
Soc. 2004, 126, 14176; (c) Fan, Y. B,; Cui, X. H.; Burgess, K.; Hall, M.
B., Electronic effects steer the mechanism of asymmetric
hydrogenations of unfunctionalized aryl-substituted alkenes. J.
Am. Chem. Soc. 2004, 126, 16688; (d) Dietiker, R.; Chen, P., Gas-
phase reactions of the [(PHOX)IrL,]* ion olefin-hydrogenation
catalyst support an Ir'/Ir'" Cycle. Angew. Chem. Int. Ed. 2004, 43,
5513; (e) Church, T. L.; Rasmussen, T. Andersson, P. G,
Enantioselectivity in the Iridium-Catalyzed Hydrogenation of
Unfunctionalized Olefins. Organometallics 2010, 29, 6769; (f)
Mazuela, ].; Norrby, P. O.; Andersson, P. G.; Pamies, O.; Dieguez, M.,
Pyranoside Phosphite-Oxazoline Ligands for the Highly Versatile
and Enantioselective Ir-Catalyzed Hydrogenation of Minimally
Functionalized Olefins. A Combined Theoretical and Experimental
Study. J. Am. Chem. Soc. 2011, 133, 13634; (g) Hopmann, K. H;
Bayer, A. On the Mechanism of Iridium-Catalyzed Asymmetric
Hydrogenation of Imines and Alkenes: A Theoretical Study.
Organometallics 2011, 30, 2483; (h) Gruber, S.; Neuburger, M,;
Pfaltz, A. Characterization and Reactivity Studies of Dinuclear
Iridium Hydride Complexes Prepared from Iridium Catalysts with
N,P and CN Ligands under Hydrogenation Conditions.
Organometallics 2013, 32, 4702; (i) Gruber, S, Pfaltz, A,
Asymmetric Hydrogenation with Iridium CN and N,P Ligand
Complexes: Characterization of Dihydride Intermediates with a
Coordinated Alkene. Angew. Chem. Int. Ed. 2014, 53, 1896; (j)
Hopmann, K. H.; Frediani, L.; Bayer, A, Iridium-PHOX-Mediated
Alkene  Hydrogenation: [somerization Influences  the

ACS Paragon Plus Environment



oNOYTULT D WN =

Journal of the American Chemical Society

Stereochemical Outcome. Organometallics 2014, 33, 2790; (k) Liu,
Y. Y,; Gridnev, I. D.; Zhang, W. B., Mechanism of the Asymmetric
Hydrogenation of Exocyclic alphabeta-Unsaturated Carbonyl
Compounds with an Iridium/BiphPhox Catalyst: NMR and DFT
Studies. Angew. Chem. Int. Ed. 2014, 53, 1901; (1) Sparta, M,
Riplinger, C.; Neese, F., Mechanism of Olefin Asymmetric
Hydrogenation Catalyzed by Iridium Phosphino-Oxazoline: A Pair
Natural Orbital Coupled Cluster Study. /. Chem. Theory Comput.
2014, 10, 1099; (m) Engel, J.; Mersmann, S.; Norrby, P. O.; Bolm,
C,  Mechanistic Insights into the Iridium-Catalyzed
Hydrogenations of alpha,beta-Unsaturated Ketones. Chemcatchem
2016, 8,3099; (n) Li, M. L;; Yang, S.; Su, X. C.; Wu, H. L,; Yang, L. L;
Zhu, S. F; Zhou, Q. L, Mechanism Studies of Ir-Catalyzed
Asymmetric Hydrogenation of Unsaturated Carboxylic Acids. J.
Am. Chem. Soc. 2017, 139, 541.

(23) (a) Cui, X. H.; Burgess, K., Iridium-mediated asymmetric
hydrogenation of 2,3-diphenylbutadiene: A revealing kinetic
study. J. Am. Chem. Soc. 2003, 125, 14212; (b) Cui, X. H.; Fan, Y. B.;
Hall, M. B.; Burgess, K., Mechanistic insights into iridium-catalyzed
asymmetric hydrogenation of dienes. Chem. Eur. J. 2005, 11, 6859;
(c) Cui, X. H; Ogle, J. W, Burgess, K, Stereoselective
hydrogenations of aryl-substituted dienes. Chem. Commun. 2005,
672.

(24) (@) Liu, J. G.; Krajangsri, S.; Singh, T., De Seriis, G.;
Chumnanvej, N; Wu, H. B, Andersson, P. G. Regioselective
Iridium-Catalyzed Asymmetric Monohydrogenation of 1,4-Dienes.
J. Am. Chem. Soc. 2017, 139, 14470. For a timely review, see: (b)
Margarita, C.; Rabten, W.; Andersson, P. G. Transition-Metal-
Catalyzed Regioselective Asymmetric Mono-Hydrogenation of
Dienes and Polyenes. Chem. Eur. ]. 2018, 24, 8022.

(25) Select examples: (a) Werner, E. W.; Mei, T.-S.; Burckle, A. |.;
Sigman, M. S. Enantioselective Heck arylations of acyclic alkenyl
alcohols using a redox-relay strategy. Science 2012, 338, 1455; (b)
Mei, T.-S; Werner, E. W.; Burckle, A. ], Sigman, M. S.
Enantioselective redox-relay oxidative Heck arylations of acyclic
alkenyl alcohols using boronic acids. J. Am. Chem. Soc. 2013, 135,
6830; (c) Mei, T.-S.; Patel, H. H.; Sigman, M. S. Enantioselective
construction of remote quaternary stereocentres. Nature 2014,
508, 340; (d) Patel, H. H.; Sigman, M. S. Enantioselective
palladium-catalyzed alkenylation of trisubstituted alkenols to
form allylic quaternary centers. /. Am. Chem. Soc. 2016, 138,
14226; (e) Ma, S; Yu. Z. “Walking” of the CC  bond over long
distances in Pd-catalyzed reactions of 2, 3-allenoic acids with ®-1-
alkenyl halides. J. Am. Chem. Soc. 2003, 42, 1955; (f) Vilches-
Herrera, M.; Domke, L.; Borner. Isomerization-hydroformylation
tandem reactions. A. ACS Catal. 2014, 4, 1706; (g) Sommer, H.;
Julia-Hernandez, F.; Martin, R,; Marek. 1. Walking metals for
remote functionalization. ACS Cent. Sci. 2018, 4, 153.

(26) (a) van Dongen, S. F. M,; Clery, ].; Ngrgaard, K.; Bloemberg,
T. G.; Cornelissen, J. ]J. L. M,; Trakselis, M. A.; Nelson, S. W.;
Benkovic, S. ].; Row an, A. E; Nolte, R.J. M. A clamp-like biohybrid
catalyst for DNA oxidation. Nature Chem. 2013, 5, 945; (b) van
Dongen, S. F. M,; Elemans, ]. A. A. W.; Rowan, A. E; Nolte, R. ]. M.
Processive catalysis. Angew. Chem. Int. Ed. 2014, 53, 11420; (c)
Prins, L. ].; Scrimin, P. Thread and cut. Nature Chem. 2013, 5, 899.
In an early study, Kagan and coworkers demonstrated that for
oxazaborolidine mediated consecutive asymmetric reduction of
diketones, the reaction is likely to involve a catalyst-substrate
system in which the second step of the reaction is fast relative to
the release of the initial product-catalyst complex, see: (d) Franz
Lagasse, F.; Tsukamoto, M.; Welch, C. ].; Kagan, H. B.; Is It Possible
to Estimate the Enantioselectivity of a Chiral Catalyst from Its
Racemic mixture? J. Am. Chem. Soc. 2003, 125, 7490.

ACS Paragon Plus Environment

Page 10 of 11



Page 11 of 11 Journal of the American Chemical Society

TOC graphic

oNOYTULT D WN =

2
(0] Eh Q\Arz R O
2 -
N
Iy _’%(U\
N\H)\/ 1 O)\U(COd) /N ‘\\\\H
BAI"F

___________________ O R

2
é

\

_‘_‘
AN
o

i

e processive hydrogenation
e 27 examples

e exclusive cis selectivity

e up to 98% ee

JIon

I///
\,-a
o7
ox%

—_
[ee)

uuuuuuuuudbdbDDbDdDDADDSDDIDDIDDIEDAEWWWWWWWWWWNNNNNNNNNDDN-=
VoNOOCTULDDWN-—_OOVONOOULLMMWN—_OUVONOOCULLMMWN=—_OUVONOOUVLD WN =0V

ACS Paragon Plus Environment

(o))
o



