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Abstract — This review summarizes our studies of the direct enantioselective
alkynylation = of  a-ketoesters and  o-ketiminoesters  catalyzed by
[bis(oxazoline)phenylrhodium(IIl) ((phebox)Rh(III)) complexes. The reactions
provide chiral a-tetrasubstituted propargyl alcohols and propargylamines under
proton-transfer conditions in high yield and with high enantioselectivity. The
unique nature of (phebox)Rh(III) complexes allows the reactions to occur in the
presence of various functional groups, including an electrophilic aldehyde
functionality. Mechanistic studies revealed that the generation of (alkynyl)Rh(III)
complexes limited the overall reactivity, which led us to wuse
(trimethylsilylethynyl)(phebox)Rh(III) complexes as efficient pre-catalysts. The
use of (trimethylsilylethynyl)(phebox)Rh(III) complexes reduced catalyst loading
to as low as 0.5 mol%, and expanded the substrate scope to unprecedented

o-ketiminophosphonate and cyclic N-sulfonyl a-ketiminoesters.
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1. INTRODUCTION

Chiral propargylic compounds, such as propargyl alcohols and propargylamines, are versatile building
blocks for synthesizing various functionalized molecules.! Metal-assisted enantioselective alkynylation of
carbonyl compounds and imines is one of the most efficient routes for synthesizing chiral propargylic
compounds.? At the early stage of the development, stoichiometric amounts of metal reagents, such as
alkyllithium and dialkylzinc, are used to increase the nucleophilicity of alkynes.®* The reliability of these
methodologies, however, is offset by the generation of stoichiometric amounts of unwanted waste and
limited compatibility with base-labile functional groups. In contrast, in-situ catalytic generation of
nucleophilic alkynylmetal species directly from terminal alkynes is a more atom-economical way of
promoting the nucleophilic addition of alkynes to electrophiles.> Given the recent high demand for
environmentally benign processes, direct catalytic enantioselective alkynylation is well explored for
aldehydes® and aldimines.” On the other hand, reactions with ketones® and ketimines® are rarely reported
due to their limited reactivity and difficult stereocontrol, although such reactions allow for the
construction of tetrasubstituted stereogenic centers at the propargylic position (Scheme 1). In addition,
while mechanistic studies often lead to improved catalytic performance and expansion of the substrate
scope, few mechanistic studies have been performed on the catalytic enantioselective alkynylation of

carbonyl compounds and imines.?
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Scheme 1. Enantioselective Alkynylation of Ketones and Ketimines

To develop the ideal alkynylation reactions for ketones and ketimines, we planned to use chiral
bis(oxazoline)phenyl (phebox)-ligated transition metal complexes developed by Nishiyama and
coworkers (Scheme 2).!! The phebox-metal complexes have a metal-carbon c-bond with a phenyl
backbone, which allows for modulation of the electronic properties of metal complexes and induces high
stability against hydrolysis and oxidation. Additionally, similar to bis(oxazolinyl)pyridine (pybox)

complexes, the chiral bis(oxazoline) moieties provide an effective steric environment for asymmetric
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induction. (Aqua)(diacetato)(phebox)rhodium(IIl) complexes 1 are representative chiral (phebox)metal
complexes that serve as efficient and multifunctional catalysts for various types of enantioselective
reactions, including conjugate reduction, reductive aldol reaction, direct aldol reaction of aldehydes,
diboration of terminal alkenes, and hydrosilylation.!2 These complexes also function as effective catalysts

for cross-dimerization of alkynes under a hydrogen atmosphere.2

X <————— electronically tunable site e) e}
| PAC|J

stable C-metal o-bond N—th—N

H . .
o X iPr AcO OH, iPr
g/ (OAe | adaptable chiral moiety \Ph 1a (1 mol%) MeO,C |
: H, (1 atm)
R ACO/I:I 2 MeOZCj\

f— Lewis/m-acidic site toluene, 100 °C, 4 h Ph
/ ~u ’ ’ 85% yield

Bronsted base COsMe (ZIE = 98:2)

Scheme 2. (Phebox)metal Complexes and (Aqua)(diacetato)(phebox)Rh(III)-Catalyzed
Cross-Dimerization of Alkynes

Given that (aqua)(diacetato)(phebox)rhodium(IIl) complexes 1 provide an effective steric environment
for transforming carbonyl compounds and catalytically generate nucleophilic (alkynyl)Rh(III) species, we
anticipated that 1 would effectively promote the alkynylation of ketones and ketimines. Additionally, we
speculated that the adaptable nature of the (phebox)Rh(III) complexes would allow for the development

of more useful catalysts by adjusting the electronic and steric environment.

2. ALKYNYLATION OF a-KETOESTERS!#

We initiated our studies on the direct catalytic alkynylation of ethyl trifluoropyruvate (2) because of the
importance of CF3-containing chiral compounds as pharmaceuticals.!® In the presence of 1.2 equivalents
of phenylacetylene (3a), complex la promoted the reaction in high enantiomeric excess, albeit in
insufficient yield (Table 1, entry 1). Based on this initial result, we examined the effects of substituents on

the phebox ligand. We synthesized and tested a variety of complexes with the C>- and Ci-symmetric

Oﬁ%o 0.

%/N—th—N\) OAc| OAc|

R ACO/ OH, Fe N Rh—N N— /
1a: R1,R2 = j/Pr ACO OH2 CO OH2 i r
1b: R,R2=Bn 1e: X = H 1g: X=H

1c: R' = /Pr, R2=Bn 1f: X = NO, 1h: X =NO,
1d: R' = /Pr, R2 = Ph

X X

Figure 1. Structures of C>- and Ci-Symmetric (Aqua)(diacetato)(phebox)Rh(III) Complexes
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phebox ligand.1® Although Rh complex 1d afforded the best enantioselectivity (entry 5), 1e and 1g with

indanyl substituents led to the best reactivity and enantioselectivity (entries 3 and 6).

Table 1. Alkynylation Catalyzed by C>- and Ci-Symmetric (Phebox)Rh(III) Complexes 1

0 (Phebox)Rh 1 ~0
OEt H (8 mol%) FoCrr
+ N >
FSC)S( \Ph Et,0, 25 °C, 24 h EtO X o
0 (1.2 equiv.) o
2 3a 4a

Entry 1(Cs) Yield (%) Ee(%)® Entry 1(C1) Yield (%) Ee (%)

1 la 35 88 4 le 99 86
2 1b 87 83 5 1d 41 92
3 le 94 91 6 1g 95 91

Yield of the isolated product. ®Determined by chiral HPLC analysis.

With these catalysts in hand, we investigated the substrate scope of aryl-substituted alkynes 3 (Table 2).
In the presence of Ci-symmetric catalyst 1g, phenylacetylenes with electron-donating and -withdrawing
groups smoothly reacted to afford the products in high yield and with high enantioselectivity, while the

same reactions using C>-symmetric complex 1e gave slightly inferior yields.

Table 2. Substrate Scope of Aryl-Substituted Alkynes and Effects of Symmetry of the Ligand
H

0o, Provgtsorts 0
Fsc%(oa ¥ \Ar £LO,25°C, 240 Etg\z\m

2 0 (1.2 gquiv.) (t)la

Entry 3 Ar Catalyst 1e (C2) Catalyst 1g (C1)

Yield (%)* Ee (%)° Yield (%)* Ee (%)°

1 3b 4-Me-C¢Hs- 82 95 90 94

2 3¢ 3-Me-C¢Hs- 83 89 99 90

3 3d 2-Me-C¢Hs- 84 93 99 92

4 3e 4-MeO-CeHs- 78 80 88 90

5 3f 4-F-Ce¢Hs- 83 92 90 90

6 3g 4-Br-CsHs- 86 94 89 95

7 3h 4-CF3-CeHs- 85 86 90 92

2Yield of the isolated product. ®Determined by chiral HPLC analysis.
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In contrast, the reaction with alkyl-substituted alkynes using complex 1g was unsatisfactory (Scheme 3).

For example, the reaction with 4-phenyl-1-butyne (3i) gave product 4i in only 29% yield. To improve the

reactivity, we investigated the electronic effects of the catalyst using complexes 1li—1k, and found that

complexes 1j and 1k with an electron-withdrawing group remarkably improved both the yield and

enantioselectivity.?

i H
FSC)S(OEt .
0
2

(Phebox)Rh 1

(3 mol%)

3i
(1.2 equiv.)

N
\/\Ph Et,0 (1.0 M)

25°C,48h

{;

X

O
OA
R
N—th—N\)

Bn ACO/OHz
(Phebox)Rh 1

Bn

1b (X = H): 47% yield, 70% ee

1i (X =NMe,): not detected

1j (X =Br): 84% yield, 78% ee
1k (X = NO,): 90% yield, 87% ee

Scheme 3. Electronic Tuning of (Phebox)Rh(III) Complexes

These results led us to use the nitro-substituted Ci-symmetric Rh complex 1h as the catalyst for the

reaction with alkyl-substituted alkynes, as summarized in Table 3. A variety of alkyl-substituted alkynes

Table 3. Substrate Scope of Alkyl-Substituted Alkynes

H

0 (Phebox)Rh 1g or 1h ~0
OEt H “« (8 mol%) _ F4Cr
FsCJ\[( + \R Et,0 (0.1 M) EtO X R
0 (3.0 equiv.) 25°C,48h o
2 3 4a
Entry 3 R Catalyst 1g (para-H) Catalyst 1h (para-NO>)
Yield (%)* Ee (%)° Yield (%)*  Ee (%)°
1 3i -CH>CH:Ph 82 81 91 92
2 3j nPr 66 85 91 93
3 3k 1-cyclohexenyl 85 87 93 96
4 31 cyclopropyl 94 29 97 74
5 3m Bu 42 79 81 92
6 3n TMS 52 82 72 84
7 30 Me 44 94 79 94
?{KOTMS
Me
8 3p -CH(OEt), 68 83 61 86

*Yield of the isolated product. *Determined by chiral HPLC analysis.
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3 provided the products 4 in high yield and with high enantioselectivity, while electronically unmodified
Ci-symmetric Rh(III) complex 1g gave less satisfactory results.

In line with our interests in chemoselectivity,’® we performed competitive experiments between
a-ketoester 2 and benzaldehyde (5), a frequently used electrophile for alkynylation. The competitive
reaction revealed that o-ketoester 2 was more reactive than aldehyde S under our reaction conditions
(Scheme 4). Notably, other representative alkynylation conditions, such as catalytic zinc triflate with

chiral amino alcohol ligand® and stoichiometric amounts of nBuLi, led to only non-selective or sluggish

reactions.
. H\O
(1.2 equiv.) (Phebox)Rh 1g G OH
0 (8 mol%) 3 S +
OEt » EtO A Ph \\
FsC Et,0, 25 °C, 24 h o) Ph Ph
(0] ’ 4a 6
2 _ 93% yield, 87% ee  not detected
* \Ph Zn(OTf), 18 mol%
o chiral ligand 22 mol%
L Et;N 29 mol%
Ph H 3a > 4a 6
5 . toluene, 70 °C, 48 h 13% yield, 13% ee  17% yield 75% ee
(1.2 equiv.)
OH OTBS
NM
O,N ©2
chiral ligand

Scheme 4. Competitive Experiments Using Equimolar Mixture of a-Ketoester 2 and Aldehyde 5

The unique chemoselectivity of (phebox)Rh(IIT) complex 1g allowed for the reaction between ketoester 2
and 4-ethynylbenzaldehyde (3q) to give the desired product 4q in high yield without a

protection-deprotection sequence (eq 1).

H
0] (Phebox)Rh 1g
X (3 mol%)
Fc” Ot - 1)
8 Et,O (0.1 M)
0 CHO 25°C, 48 h
2 3q CHO
(1.2 equiv.) 83% yield, 89% ee

3. ALKYNYLATION OF o-KETIMINOESTERS?
o-Amino acids with an a-tetrasubstituted carbon stereocenter have gained much attention as a component

of peptide-based drugs because they are more conformationally restricted and have better metabolic
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stability than natural o-amino acids.2? We anticipated that (phebox)rhodium(III) complexes 1 would also
function as efficient catalysts for the alkynylation of a-ketiminoesters,?! giving readily transformable
o-amino acid derivatives with an o-tetrasubstituted carbon stereocenter.

We began our studies on the alkynylation of a-ketiminoesters 7 by searching for the most suitable
protecting groups on the imine nitrogen atom (Table 4, entries 1-3). In the presence of 5.0 mol% of
(phebox)Rh(III) complex 1la and 1.5 equivalents of phenylacetylene (3a), Ts- and Cbz-protected
ketiminoesters 7a and 7b reacted at room temperature to give the corresponding propargylamines 8a and
8b, respectively (entries 1 and 2). Although 7a afforded the product with better enantioselectivity, we
selected 7b as the optimized electrophile for further investigation because of the facile deprotection of the
Cbz group. We then investigated the effects of substituents on the oxazoline ring of (phebox)Rh(III)
catalyst 1, and found that C>-symmetric catalyst le was the best in terms of both reactivity and
enantioselectivity (entries 4—6), in sharp contrast to the reactions with a-ketoester for which
Ci-symmetric catalysts gave better results. Catalyst loading and reaction time were reduced to 2.5 mol%
and 12 h, respectively (entry 7). Finally, catalyst 1f with an electron-withdrawing nitro group at the para

position to the rhodium metal gave the optimal result (entry 8).

Table 4. Optimization of Reaction Conditions

PG (Phebox)Rh 1 H\N/PG
N H (x mol%) G
\ > T,
F3C)S(0Et * \ Ph toluene (0.25 M) Et8~(\
o) rt, time 0 Ph
7 3a 8a
(1.5 equiv.)

Entry PG 7 1 X (mol%) Time (h) Yield (%)* Ee (%)°
1 Ts Ta 1a 5.0 19 55 47
2 Cbz 7b 1a 5.0 24 88 44
3¢ Boc 7¢ 1a 5.0 24 32 43
4 Cbz 7b 1b 5.0 24 82 50
5 Cbz 7b le 5.0 24 95 92
6 Cbz 7b 1g 5.0 24 96 69
7 Cbz 7b le 2.5 12 89 91
8 Cbz 7b 1f 2.5 12 934 92

“Determined by '’F NMR analysis of the crude mixture. "Determined by HPLC analysis
with chiral stationary phase. “Reaction was performed at 70 °C. Yield of isolated product.
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With the optimized conditions in hand, we investigated the substrate scope of aryl-substituted alkynes
(Table 5). A variety of phenylacetylene derivatives with electron-donating and -withdrawing groups
afforded the products in high yield and with high enantioselectivity (entries 1-6). In addition,
heterocycles and formyl and base-labile Fmoc groups were tolerated under catalytic conditions,
highlighting the particularly broad functional group tolerance under our reaction conditions (entries 7—

10).

Table 5. Substrate Scope of Aryl-Substituted Alkynes

N-CP? (Phebox)Rh 1f H. \-CP?
H (2.5 mol%)
J\H/OEt + NN > FCr
FsC \Ar toluene (0.25 M) EtO A
0 r,12h 0 Ar
7b 3 8
(1.5 equiv.)
Entry 3 Ar 8 Yield (%)* Ee (%)°
1€ 3a Ph 8a 91 93
2 3b 4-Me-CeHas- 8b 94 93
3 3e 4-MeO-CeHy- 8e 89 93
4 3g 4-Br-CeHa- 8g 92 94
5 3h 4-CF3-CsHy- 8h 85 93
6 3d 2-Me-CeHas- 8d 96 90
7 3r 3-thienyl 8r 97 94
8d 3S m 8S 95 95
N
Boc
9 3q 4-formyl-CeHa- 8q >99 94
10%¢ 3t 4-FmocNH-CeHs- 8t 84 92

%Yield of isolated product. "Determined by HPLC analysis with chiral
stationary phase. °0.50 mmol of 7b were used. 5.0 mol% of catalyst were
used. °“CH2Cl> was used as solvent and reaction was performed for 24 h.

In the case of alkyl-substituted alkyne 3i, the enantioselectivity of the product was lower than that of
aryl-substituted alkynes, while the reaction smoothly proceeded at room temperature (Scheme 5). To
improve the enantioselectivity, we performed the reaction at 0 °C; the reactivity was dramatically reduced,
however, and even when using the optimized procedure for aryl-substituted alkynes, the product was
obtained in only 8% yield. After several attempts, we finally found that the reaction smoothly proceeded
at 0 °C after treating the catalyst 1f with alkyl-substituted alkyne 3i at 30 °C for 3 h before adding the

imine 7b. We discuss why this modification was effective later in this review.
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H.  .Cbz

N/CbZ H (Phebox)Rh 1f N
F C)S(OEt + \/\ .9 mae) . F3C\IN
3 Ph MS4A EO N Ph
o toluene (1.0 M) o
7b 3i (3.0 equiv.) 8i
MS4A  argon tol imine
oluene 0°Corrt "'C 0°Corrt work-up _
Schlenk l l l ~ l ~ rt: 99% yield, 83% ee
tube T T ~/ y 0 °C: 8% vyield, 89% ee
flame-dried  cat. 1f alkyne 3i 48 h
MS4A  argon toluene o om imine
l l l 30°C to0°C 0°C work-up  modified protocol
hlenk
Sct:ubeen T T T 3 :) D > 97% yield, 89% ee
3h 48 h

flame-dried  cat. 1f alkyne 3i

Scheme 5. Optimization of Reaction Conditions for Alkyl-Substituted Alkynes

Under the modified reaction conditions, various alkyl-substituted alkynes afforded the product in high

yield and with high enantioselectivity and broad functional group tolerance (Table 6).

Table 6. Substrate Scope of Alkyl-Substituted Alkynes

N-Cb2 (Phebox)Rh 1f H N -CP2
OFt H (5.0 mol%) _ FCir
FSCH N R MS4A EtO\X\ .
(0] toluene (1.0 M) (0]
7b 3(3.0 equiv.) (mogi;;gd gfort]ocol) 8
Entry 3 R 8 Yield (%)* Ee (%)°
1 31 cyclopropyl 81 93 93
2 3k  l-cyclohexenyl 8k 89 93
3 3p -CH(OEt) 8p 82 90
4 3u -CH:OTBS 8u 94 82
5¢ 3v. -CH,NHCbz 8 90 87
6 3n  TMS 8n 89 79
74 3w -C(Me).OH 8w 91 88

Yield of isolated product. ®Determined by HPLC analysis with
chiral stationary phase. “Reaction was performed with 0.50 mmol
of 7b, and 1.6 equiv. of 3v were recovered after the reaction.
dReaction was performed at room temperature for 96 h.

We also performed further transformation of the product 8a (Scheme 6). The alkyne moiety can be
partially and fully reduced to give 9 and 10 without affecting the Cbz group. In addition,
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transesterification of 8a22 and deprotection of the Cbz group were performed to give 11 and 12.

.Cbz
Cbz\NH Ph HN
FaCrh B 9 FSC‘“(\
e
EtONH 86% _Cbz o4 MEO{ NN,
H HN O 11
o)
9 — PGy — d) |97%
EtO A or )lg °
Hn-CP2 b) ° d) NH,
FaCroe — 8a L R
99% % Ph
Eto\(\/\Ph 98% RO
o) O 12a (R =Me)
10 12b (R = Et)

Scheme 6. Transformation of the Adduct. a) Lindlar catalyst, H> (1 atm), toluene (0.1 M), rt, 1.5 h; b)
Pd/CaCOs, Hz (1 atm), dioxane (0.1 M), t, 2 h; ¢) cat. ZnTAC24™, MeOH, reflux, 5 h; d) 10% Pd/C, H,
(1 atm), EtOH (0.1 M), rt, 8 h.

Finally, we applied the alkynylation of a-ketiminoesters to the synthesis of 15, o-trifluoromethylated
analog of thalidomide (Scheme 7). Analog 15 was previously synthesized only in a racemic fashion via a
related sequence using stoichiometric amounts of nBuLi.22 We planned to reduce the alkyne moiety of 8v
while removing the two Cbz groups under hydrogenation conditions, and subsequent intermolecular
amidation of ester would provide lactam 13 with a tetrasubstituted carbon stereocenter, which is the core
structure of the thalidomide analog 15. First, we conducted the reaction with reduced amounts of alkyne
3v (1.5 equivalents). It is noteworthy that the same reaction did not proceed at all using stoichiometric
amounts of nBuLi and LiHMDS. Next, propargylamine 8v was smoothly converted to lactam 13, which
was transformed into 14 by treatment with phthaloyl dichloride. Finally, RuO,-catalyzed C—H oxidation
gave optically active a-trifluoromethylated thalidomide analog 15 in 44% total yield in 4 steps from the

known substrates 7a and 3v.

(Phebox)Rh 1f

(5.0 mol%)
7a + 3v
(1.5 equiv.) MS4A EtO NHCbz

toluene, 0 °C, 48 h

gv  93% yield, 86% ee
a-CF3-thalidomide

analog
0]
¢ b) HzN
N
) NH

O _ 69% ~es% | FiC
F3C NH (2 steps) o)
O O
15 14 13

Scheme 7. Synthesis of a Thalidomide Analog. a) 10% Pd/C, H> (1 atm), MeOH, rt, 4 h; b) phthaloyl
dichloride, DMAP, CHCls, 0 °C to reflux, 48 h; ¢) RuO-xH>O, NalO4, CH>Cl»/H>O, rt, 96 h.



HETEROCYCLES, Vol. 95, No. 2, 2017 647

4. MECHANISTIC STUDIES#

As described above, we developed a direct enantioselective alkynylation of a-ketoester and
o-ketiminoesters catalyzed by (aqua)(diacetato)(phebox)rhodium(IIl) complexes 1. The limited catalytic
activity of 1, however, made it difficult to further reduce catalyst loading and expand the substrate scope
of the electrophiles. To gain insight into overcoming these problems, we performed the mechanistic
studies, which often lead to improved catalytic performance. We thought that the Rh(III)-catalyzed
system would be suitable for mechanistic studies of direct catalytic alkynylation reactions because of the
high stability of (phebox)Rh(III) complexes.

We began our mechanistic studies by identifying the catalytic cycle. We first postulated two catalytic
cycles based on the published precedent (Scheme 8).12 In the first catalytic cycle (cycle 1),
(aqua)(diacetato)(phebox)Rh(III) complex 1 deprotonates alkynes 3 to give the corresponding
(acetato-x20,0’)(phenylethynyl)(phebox)Rh(III) complex 16, followed by the reaction with imine 7b to
provide (amido)(phebox)Rh(III) complex 17. The resulting complex 17 reacts with acetic acid, which is
generated along with the deprotonation of alkynes, to complete the catalytic cycle. In the second cycle
(cycle 2), terminal alkynes 3 function as proton sources to give products 8 and regenerate 16.

H. _Cbz
N H:O 4

FaCr OAc /
EtO % C/"\N

o R

8

(n

N~ R
O
AcOH \k
cycle 1 g}

R Rh(\

CO,Et Nl Ac\l |
'\N ICF3 3
R
( el
N— | NCbz 8
OAc
17 cycle 2
R AcOH
(i
N/CbZ N~ | ~0
qu
C)k[(oa ’
Fs 7b 16 e
o}

Scheme 8. Two Plausible Catalytic Cycles
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To understand which catalytic cycle is operative, we prepared
(acetato-x20,0’)(phenylethynyl)(phebox)Rh(IIT) complex 16a according to the published procedure (eq
2).13

NO, NO,
H———Ph
% 3a O ) 0]
A (5.0 equiv. [ ST,
N—Rh—l\} o N—Rhl‘—NJ (&)
3 toluene, 60 °C, 6 h (l)/\Me
CO OH2 //
Ph 16a
53% yield

With complex 16a in hand, we performed stoichiometric reactions (eqs 3 and 4). Treatment of a
stoichiometric amount of 16a and imine 7b in the presence of acetic acid did not afford the product, in
contrast to the result with alkynes 3a. These results indicated that less acidic alkyne 3a (pKa. = 28.8 in
DMSO) functioned as a proton source, while more acidic acetic acid (pKa = 12.6 in DMSO) did not.

)

H
)J\OH \N,Cbz
NO, (1 0 equiv.) FoCrirs 3)
U EtO A
toluene-dg o) Ph
rt, 10 min
8a
N—Rh—N v — not detected
/\ F C)S( OFt H—=Ph
Me “ 3
// 3a
16a (1.0 equiv.) 8a @)
toluene-dg 54% yield
rt, 15 min 93% ee

This conclusion was further supported by experiments under catalytic reaction conditions (Figure 2).
Using a catalytic amount of 16a, the reaction proceeded even in the absence of acetic acid, and addition
of a catalytic amount of acetic acid did not affect the reaction rate, suggesting that catalytic cycle 2 is

operative under the reaction conditions.

Next, we examined whether the generation of (alkynyl)Rh(III) complex 16a from (diacetato)Rh(III)
complex 1f is the slowest step under the reaction conditions. Comparison of the reaction progress
between 1f and 16a revealed that the reaction proceeded much faster with 16a, indicating that the
generation of 16a from 1f was the slowest step in the overall reaction pathway when 1f was used as the

catalyst (Figure 3).
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16a (2.5 mol%) H. _Cbz
AcOH (0 or 2.5 mol%) N

F Cu...
OEt 3
F3C)S( * \ Eto‘(\
toluene (0.25 M) o) Ph

3a (1.5 equiv.) 29°C 8a

yield (%)

0 @ w/fo AcOH

¥ w/ AcOH

=]
" ‘ . . . - + time (min)

4] 10 20 30 40 50

Figure 2. Reaction Profiles Using (Alkynyl)Rh(III) Complex 16a in the Absence or Presence of Acetic
Acid. Conditions: [7a]o = 0.25 M, [3a]o=0.375 M, [16a]o = 6.3 mM, [AcOH]Jo = 0 or 6.3 mM, 29 °C.

H\N,Cbz
1f or 16a (1.5 mol%)

) F.C
OEt > 3
F3C)H( + \ toluene (0.25 M) EtO-(\
rt 0 Ph

3a (1.5 equiv.) 8a

yield (%)

@ (alkynyl)Rh
W (diacetato)Rh

T v ' v ' T v time (min)
0 100 200 300 400 500 600 700 800 900

Figure 3. Comparison of Catalytic Activity of Rh(IIT) Complexes 1f and 16a. Conditions: [7b]o = 0.25 M,
[3a]o=0.375 M, [1f]o or [16a]o = 3.8 mM, room temperature.
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To support the conclusions, we also performed a reaction progress kinetic analysis under the same [e]
conditions (Figure 4).2> We observed a non-overlapping reaction progress curve using a time-scale
adjustment protocol,?® and the results suggested that the concentration of 1f was not stable under the
reaction condition, and the formation of catalytically active species from 1f was the rate-limiting step at

the initial stage of the reaction.

N,Cbz H\N,Cbz
OEt H S 1f FaCrir,
FsC * \Ph toluene (0.25 M) EtO X
o) rt 0 Ph
7b 3a (1.5 equiv.) 8a
[imine] (mM)
300
250 @E[]J
200 o
150 ™
100 -
=) Pexp2
” R~ Hexp 1
@ ex
e, g
0 time (min)
0 200 400 600 800 1000 1200 1400

Figure 4. Same [e] Experiments for (Diacetato)Rh(III) Complex 1f. Conditions: [7b]o = 0.25 or 0.15 M,
[3a]o = 0.375 or 0.275 M, [1f]o = 6.3 mM, room temperature; time-scale was adjusted as ¢ + 360 min for
[7b]o=0.15 M.

We also performed additional experiments, such as initial rate kinetic analysis, kinetic isotope effects,
Eyring plot, stoichiometric reactions, and DFT calculations. On the basis of these findings, we propose
the mechanism of (phebox)Rh(II)-catalyzed direct alkynylation of a-ketiminoester shown in Scheme 9.
First, (aqua)(diacetato)(phebox)Rh(III) complex 1 reacted with alkyne 3 to give the corresponding
(acetato-x20,0’)(phenylethynyl)(phebox)Rh(II) complex 16, and this reaction is rate-limiting at the
initial stage of the reaction when 1 is used as a catalyst. Once 16 is generated, it reacts with imine 7b to
give the (amido)(phebox)Rh(III) complex 17. After 17 is generated, coordination with alkyne 3 gives
complex 18 and this step is turnover-limiting in the catalytic cycle after the generation of 16.27 Finally

complex 18 irreversibly releases product 8 and regenerates complex 16.
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. c | N
1 , ( Rh_
NT | O R
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R
16 Me == H Il
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OAc Cbz
EtO
18

Scheme 9. Proposed Reaction Mechanism

5. IMPROVEMENT OF THE CATALYTIC ACTIVITY USING MODIFIED PRECATALYST

The mechanistic studies described above revealed that efficient generation of (alkynyl)Rh(III) complex
16 is important enhancing the  catalytic  performance. @~ We  hypothesized  that
(phenylethynyl)(phebox)Rh(III) complex 16a would be a more effective catalyst if the exchange of the
alkynyl ligand on 16 with various alkynes 3 proceeded faster than the generation of 16 from 1f. Although

N02 N02
H—==—Ph
0] o) 0] 3a O
IN_Rh»\_NI\)-,,, (5.0 equiv.) h—N
y 67‘\Me toluene-dg /KMe
7 rt, 10 min
TMS 16n Ph 16a 75%
Ph 02
H%/_
3i
(5.0 equiv.) O | 0 0

3 | .
M “y
N—Rh— (6)
toluene-dg thy\M
rt, 10 min o €
16i 38%

N
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the alkynyl ligand exchange of 16a proceeded with aryl-substituted alkynes, the same reaction did not
proceed with alkyl-substituted alkynes 3i. To improve the reactivity with alkyl-substituted alkynes, we
examined various (alkynyl)Rh(III) complexes and found that (trimethylsilylethynyl)Rh(III) complex 16n
smoothly promoted the exchange reaction with both aryl- and alkyl-substituted alkynes (egs 5 and 6).

To verify the utility of (alkynyl)Rh(III) complex 16n as a general precatalyst, we compared the reactivity
of 16n and (diacetato)Rh(III) complex 1f (eqs 7 and 8). The use of 16n as a catalyst allowed to reduce the
catalyst loading to as low as 0.5 mol% for the reaction with aryl-substituted alkyne 3a, while the reaction
with 0.5 mol% of 1f produced an insufficient yield. The reaction with alkyl-substituted alkynes 3i also
gave product 8i in 96% yield and 87% ee at 0 °C without pre-activating the catalyst. It is notable that

trimethylsilylacetylene adduct 8n was not detected under the reaction conditions when 16n was used as a

catalyst.
N,Cbz 16n
oF H (0.5 mol%) \(\
to4 N EtO
F3CJ\H/ \Ph toluene, rt, 6 h EtO
0 (1.5 equiv.)
7b 3a 8n

97% yleId 92% ee not detected
(with 1f: 8% vyield, 92% ee)

.Cb
N z 16n

o H (25 m0|°/o \(\/\
Et | N EtO
F3C)kf( \/\Ph toluene, 0 °C, 48 h EtO

0 (3.0 equiv.) (without pre-activation)
7b 3i

96% y|eId 87% ee not detected
(with 1f: 8% vyield, 89% ee)

We examined the scope of the direct alkynylation of a-ketiminoesters using newly developed precatalyst
16n. The catalyst loading was reduced to as low as 0.5 mol% for aryl-substituted alkynes and 2.5 mol%

for alkyl-substituted alkynes, without a loss of functional group tolerance (Table 7).
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Table 7. Substrate Scope of Alkynes Using 16n

16n (0.5-2.5 mol%)

N,Cbz y
FaCrr
OEt > 3
FSCJS( + \ toluene Eto~(\
0 R 5 R

(0.40 mmol scale) (atrt)

for aryl-substituted alkynes: : : NHFmoc

0 °C-rt
7b 3 8
| ;i ;(KOEt
= | OEt
Me OMe Br |
a g 3
94% yield  84% yield 90% yield 97% yield ! 4% yield 4% yleld 0% yleld
92% ee 93% ee 92% ee 94% ee ! 92% ee 93% ee 88% ee
Pi@\ i@ % m 3 ¥ _OTBS ¢ _NHCbz 3 _~_NO;
CF3 Me Boc '
} 8u 8v 8y
95% yleld 89% yield 0% yleld 2% yleld ! 92% yield 92% vyield 95% yield
93% ee 88% ee 93% ee 95% ee ! 82% ee 87% ee 80% ee
i for alkyl-substituted alkynes: OH
1 2.5 mol% 16n
0.5 mol% 16n | MS4A MeaMe
toluene (0.25 M) 86% yleld 2% y|eld | toluene (1.0 M) . z |
12h 95% ee 92% ee L 0c48h 987 yield
(1 mol% 16n) (1 mol% 16n in DCM) 3 (without pre-activation) @t ogeseh)

Encouraged by the results using 16n as a precatalyst, we turned our attention to the reaction with less
electrophilic a-ketiminoesters, which have not been used in direct catalytic enantioselective alkynylation.
We first examined the reaction with Cbz-protected a-ketiminophosphonate 19, because optically active
a-aminophosphonic acid derivatives can serve as transition-state analogs of the corresponding amino
acids.2® We screened (aqua)(diacetato)(phebox)Rh(III) complexes 1 with various substituents on the
oxazoline moiety, and found that phenyl-substituted complex 1i had better enantioselectivity due to the
flexible nature of the (phebox)Rh(III) complexes (Table 8, entries 1 and 2). Using of (phenylethynyl)-
and (trimethylsilylethynyl)(phebox)Rh(III) complexes 21a and 21n with a phenyl substituent on the
oxazoline moiety dramatically improved the reactivity to afford product 20a in high yield and with high
enantioselectivity (entries 3 and 4). The optimized reaction conditions were also effective for other

aryl-substituted alkynes and cyclopropylacetylene (entries 5-9).
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Table 8. Direct Catalytic Enantioselective Alkynylation of a-Ketiminophosphonate 19

|02 ] Rh((IEI)I)n;:é)l;y)alex |: C"l'\N/CbZ
FSC)k I|D|:(O)EEtt * \R toluene (0.25 M) Eté P\)\
0 MS4A, rt Et0 0 R

19 3 (1.5 equiv.) 20

Entry 3 R Rh(III) 20 Time  Yield (%)* Ee (%)°
Complex (h)

1 3a Ph 1f 20a 24 17¢ 9
2 3a Ph 1i 20a 24 8° 87
3 3a Ph 21a 20a 24 >95¢ 89
4 3a Ph 21n 20a 18 96 88
5 3b 4-Me-CeHs- 21n 20b 18 91 88
6 3e 4-MeO-C¢Hs- 21n 20e 18 99 87
7 3h 4-CF3-C¢Hs-  21n 20h 18 97 88
8 3d 2-Me-CeHs- 21n 20d 18 97 93
9d 31 cyclopropyl  21n 201 18 86 80

Yield of isolated product. *Determined by HPLC analysis with chiral stationary
phase. “Determined by '°’F NMR analysis of the crude mixture. Three equivalents

of alkyne 3 were used.
NO,
G &YQWO OY@NO 21a (R = P
N—Rh—N </N F}h_N\) 21n (R = TMS)
acd” OHz ph Aco” OH2 Ph PR / Me b,

1i

We then applied the reaction conditions to cyclic N-sulfonyl a-ketiminoesters, which provide
a-tetrasubstituted chiral sultam derivatives (Table 9).22 With unsubstituted electrophile 22 (X= H), we
first screened a series of (diacetato)Rh(IIl) complexes 1 and found that benzyl-substituted
(diacetato)Rh(IIT) complex 1b afforded product 25a with high enantioselectivity (entry 2). The use of
(phenylethynyl)Rh(III) complex 28a improved the reactivity (entry 3), and the yield was further improved
by increasing the temperature to 70 °C, while the enantioselectivity was maintained at an acceptable level
(entry 4). Finally, (trimethylsilylethynyl)Rh(III) complex 28n had comparable reactivity as expected
(entry 5), and under the optimized reaction conditions the products were obtained in high yield and with

high enantioselectivity (entries 6—13).
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Table 9. Direct Catalytic Enantioselective Alkynylation of Cyclic N-Sulfonyl a-Ketiminoesters

Rh(l1l) complex §’/O
H (5 mol%) ‘NH
* XR toluene (0.25 M) X h N
3 MS4A B0, R
2Ky sean e
24 (X = Cl) 27 (X = Cl)
Entry X R Rh(IIl) Temp Time  Product Yield Ee
(h) (%) (W)
1 H Ph 1f rt 45 25a 10° 12
2 H Ph 1b rt 45 25a 14¢ 90
3 H Ph 28a rt 45 25a 49¢ 91
4 H Ph 28a 70°C 48 25a 93 86
5 H Ph 28n 70°C 48 25a 98 85
6 OMe Ph 28n 70°C 48 26a 92 86
7 Cl Ph 28n 70°C 48 27a 90 87
8 H 4-Me-C¢Hy- 28n 70°C 48 25b 89 86
9 H 4-MeO-C¢Hs-  28n 70°C 48 25e 92 87
10 H 4-CF3-C¢Hs-  28n 70°C 48 25h 90 78
11 H 2-Me-CsHs- 28n 70°C 48 25d 98 82
12 H PhCH,CHz- 28n 70°C 48 25i 94 82
13 H cyclopropyl 28n 70°C 48 251 98 84

Yield of isolated product. "Determined by HPLC analysis with chiral stationary phase.

“Determined by 'H NMR analysis of the crude mixture.

6. CONCLUSION

s e

| 3
Bn ACO/OHz Bn

1b

oYy °

N—Rh—N -
Me 5,

28a (R = Ph)

28n (R = TMS)

655

In summary, we developed a direct enantioselective alkynylation reaction of o-ketoesters and

a-ketiminoesters catalyzed by (phebox)rhodium(IIl) complexes. Enantioenriched propargyl alcohols and

propargylamines with a tetrasubstituted stereogenic center at the propargylic position were obtained in

high yield and with high enantioselectivity with both aryl- and alkyl-substituted alkynes under proton

transfer conditions. The catalytic system was compatible with a wide range of functional groups,

including electrophilic formyl groups, and allowed for the development of an efficient method to access
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enantioenriched o-CFz-substituted thalidomide analogs. We also successfully elucidated the reaction
mechanism and expanded the substrate scope. Mechanistic studies revealed that generation of the
(alkynyl)(phebox)Rh(III) complex from the (diacetato)(phebox)Rh(III) complex determined the overall
reaction rate in the initial stages of the reaction. These results, along with the observed facile exchange of
the alkynyl ligand on the (alkynyl)(phebox)Rh(III) complexes, led wus to wuse
(trimethylsilylethynyl)(phebox)Rh(III) complexes that react with both aryl- and alkyl-substituted alkynes
to give the corresponding (alkynyl)(phebox)Rh(III) complexes. The new catalytic system with
(trimethylsilylethynyl)(phebox)Rh(III) precatalysts exhibited enhanced catalytic performance, reduced
catalyst loading to as low as 0.5 mol%, and expanded the substrate scope of the reaction with

a-ketiminophosphonate and cyclic N-sulfonyl a-ketiminoesters.
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