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ABSTRACT

o) S 9
BocHN\)KrR'
_ 0,
BocHN\:)J\S_p_NOZPh . OJ\N 5.20 mol % CuTC O
R dioxane, 100 °C \n/ Q
R' SnBu:
- 20h s
1.5 equiv 15 examples

R' = alkyl, functionalized alkyl 48-95%, dr's up to 99:1

A stereocontrolled synthesis of o-amino-o/-alkoxy ketones is described. This pH-neutral copper(l) thiophene-2-carboxylate (CuTC)-catalyzed
cross-coupling of amino acid thiol esters and chiral nonracemic a-alkoxyalkylstannanes gives o-amino-o/-alkoxy ketones in good to excellent
yields with complete retention of configuration at the a-amino- and a-alkoxy-substituted stereocenters.

Enantioenriched a-alkoxy ketones are common moi-
eties found in natural products and biologically active
compounds. They are also useful building blocks in or-
ganic synthesis.' The construction of enantioenriched
a-alkoxy ketones is known,” with recent studies® focusing
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on asymmetric benzoin condensations* and the asym-
metric a-hydroxylation of ketones® or tin enolates® using
chiral nonracemic catalysts. Complementary synthetic
approaches to a-alkoxy ketones were developed in which
the sp® carbon of an a-alkoxyalkylstannane is transferred
to an acyl chloride via Stille-type cross-couplings using
either Pd/Cu cocatalysts’ or Cu-only catalysts.”® These
reactions proceed with ca. 98% retention of stereo-
chemistry at the a-carbon center of enantioenriched
a-alkoxyalkylstannanes.”®*
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The value of the acid halide based Stille cross-coupling
notwithstanding, thiol esters offer much greater functional
group compatibility as cross-coupling partners compared
to acid halides. They have been shown to participate in pH-
neutral, Pd-catalyzed, Cu(l) carboxylate mediated cou-
plings with a wide variety of aromatic, heteroaromatic,
allylic, and alkenyl boronic acids’ and organostannanes. '’
The Pd-catalyzed, Cu(I) carboxylate mediated reaction
conditions are sufficiently mild that even racemization-
sensitive peptidic thiol esters engage in efficient, racemiza-
tion-free desulfitative couplings with a similar range of
boron and tin reagents.'! Peptidic ketones can also be
prepared in high enantiopurity from the same substrates by
two novel, Cu-only catalyzed reaction systems, one using
an aerobic recycle pathway'? and the other an anaerobic
pathway that mimics the release of Cu from the metal-
lothionein family of proteins.'?

The pH-neutral reaction conditions of the desulfitative
coupling of thiol esters with boron and tin reagents should
allow the racemization-free coupling of thiol esters with
transfer agents that bear stereogenic transferrable carbon
centers, but no studies have yet appeared in the literature.
Two indirectly relevant examples are the coupling of ethyl
chlorothioformate with an a-alkoxyalkylstannane in which
the C—Cl bond was selectively cleaved,” and Movassaghi’s
stoichiometric CuTC-mediated coupling of a thiol ester with
various aminomethyl stannane reagents as part of the total
synthesis of the agelastatin alkaloids.'* To address this
synthetic opportunity, we describe herein the palladium-
free, copper(I) thiophene-2-carboxylate (CuTC)-catalyzed
desulfitative cross-coupling of a-amino acid thiol esters with
Falck’s enantioenriched a-alkoxyalkylstannanes’!' for the
straightforward stereocontrolled synthesis of a-amino-o’-
alkoxy ketones.

Effective reaction parameters were determined by ex-
ploring the cross-coupling of a-amino acid thiol esters
derived from L-phenylalanine with racemic pyrrolidi-
nylthionocarbamoyl (PTC)-protected a-alkoxyalkylstan-
nane 2’ holding constant the catalyst (20 mol % CuTC)
and the reaction temperature and time (100 °C for 20 h).
Results are depicted in Table 1. In dioxane as solvent the
isolated yield of the desired ketone increased as the elec-
trophilicity of the L-phenylalanine thiol ester was increased
from L-Boc-Phe-SEt, 1a (entry 1, 0%), to L-Boc-Phe-SPh, 1b
(entry 2, 43%), to L-Boc-Phe-S-p-NO,Ph, 1c (entry 3, 81%).
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Of the different solvents screened, dioxane proved opti-
mum, minimizing loss of the stannane 2 via an O-to-S
rearrangement.'® A variety of different copper sources
were effective precatalysts (CuTC, CuCl, CuOAc, Cul,
CuCN, Cu(OAc),, and CuCl,). Among those precatalysts
investigated CuTc produced slightly higher isolated yields
of the ketone products and was chosen for subsequent
studies. In the absence of a copper catalyst no ketone
product was formed; both the thiol ester and a-alkoxyalk-
ylstannanes were recovered.

Table 1. Optimization Studies

S
1.5 equiv OJ\ NQ
o ’ B"\)\Snaus O Bn
BocHN__JL_ SR 2 BocHNW
‘33 20 mol % CuTC, solvent B o. N
n 100°C, 20 h "N \/:/
1a-c 3 S
entry R solvent yield (%)*

1 Et (1a) dioxane 0
2 Ph (1b) “ 43
3 p-NOyPh (1¢) b 81
4 “ toluene 61
5 © 1,2-dichloroethane 48
6 «© DMF 52

“Tsolated yield.

The desulfitative coupling reaction conditions used in
this study are specific to the PTC-protected a-alkoxyalk-
ylstannanes. Thus, in contrast to other desulfitative cross-
couplings developed previously in our laboratory,”!”
neither a test case sp-hydridized boronic acid (p-methox-
yphenylboronic acid) nor an sp>-hydridized organostannane
(2-tri-n-butylstannylthiophene) participated in desulfitative
coupling with thiol ester 1¢ under the copper-catalyzed
conditions used herein. The special effectiveness of the
PTC-protected a-alkoxyalkylstannanes as reaction partners
under these Cu-only reaction conditions is likely a function
of the Cu-ligating ability of the PTC group.” Substrate
precoordination to Cu seems to play a critical role in all
Cu-only catalyzed desulfitative couplings of thiol esters with
boronic acids and organostannanes seen to date. Thus Cu-
ligating functional groups attached to the thiol ester,'*!>!”
or to the organostannane in this current case as well as in
Movassaghi’s synthesis,'* probably stabilize the in situ
generated organocopper intermediate and/or increase the
coupling reaction rate through the proximate orientation of
both reaction partners around the Cu.

The scope of this desulfitative coupling of a-amino acid
thiol esters and enantioenriched a-alkoxyalkylstannes was
explored using the optimum reaction conditions. Results
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Table 2. Thiol Ester and Enantioenriched a-Alkoxyalkylstan-
nane Cross-Coupling

S

O)I\N 1)

o) 1.5 equiv R'/kSnBug BocHNQ‘\rR'
BOCHN\:)J\S-p-NOZPh - sae R O NQ
& 520 mol % CuTC g

dioxane, 100 °C, 20 h S
da-e 6aa-ee
. , yield® b
entry thiol ester R %) dr
[e]
1e BocHN \g)J\s_p_Nozph phenylethyl® 92 551
Bn (5a) (6aa)
(42) .
d e cyclohexyl 67 .
2 (5b) ©aby %!
a4 o § 57
3 o)
)( (6ac)
0 (5¢)
44 BQCHN\E)J\S-p-NOZPh phenylethyl® 80 58:1
Me (5a) (6ba)
(4b)
d w cyclohexyl” 88 .
> (5h) @bby
/\:/VLLL
6 S 48
X (6be)
2 6e)
BocHN\)J\& _NOPh
74 H P2 phenylethyl® 82 281
(5d) (6cd) :
SMe
(40) .
d i cyclohexyl 70 .
’ o (sb) @by !
BocHN\:)kS_MOZPh _—
d : phenylethy’ 73 .
? ( (5a) @6day %!
BnO” O
(4d) .
d wn cyclohexyl 76 .
10 (5b) (6db) 99:1
S
H 95
lld n
o N‘Boc (6de)
(Se)
BocHN \)J\ SN0y
o 3 phenylethyl® 89 .
12 QT (58) (6¢a) 58:1
N
H
(4¢)
d o cyclohexyl” 70 .
13 (5h) (6eby !
o & 60
d " o
1 )( (6ec)
(5¢)
S
15¢ m 80
N Gee
“Boc (6ee)
(5e)

“Isolated yield. dr determined by '"H NMR and confirmed by
HPLC chiral OJ reversed phase column using racemic mixtures derived
from racemic a-alkoxystannanes as standards. “5 mol % CuTC, diox-
ane, 100 °C, 20 h. Y20 mol % CuTC, dioxane, 100 °C, 20 h. ¢(8)-0-3-
Phenyl-1-(tri-n-butylstannyl)propyl pyrrolidine-1-carbothioate (er 58:1)
was used. /(S)-O-Cyclohexyl(tributylstannyl)methyl pyrrolidine-1-car-
bothioate (er 99:1) was used. ¢ (R)-O-3-Phenyl-1-(tri-n-butylstannyl)-
propyl pyrrolidine-1-carbothioate (er 28:1) was used.

are summarized in Table 2. The enantioenriched PTC-
protected stannane Sa (er 58:1, entries 1, 4,9, and 12) and
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its enantiomer 5d (er 28:1, entry 7) participated in efficient
reactions. The cyclohexyl-substituted stannane Sb (er 99:1)
also provided good yields of ketone products (entries 2, 5,
8, 10, and 13). The a,-dialkoxystannane Sc (entries 3, 6,
and 14), which is prone to S-elimination,'**'® reacted
smoothly with a-amino acid thiol esters to generate the
corresponding trialkoxyketones in modest yields, while the
more robust o-alkoxy-f-aminostannane 5e (entries 11 and 15)
produced o-alkoxy-f#-amino ketones in excellent yields.
Generally, a 20 mol % CuTC catalyst loading was appro-
priate, although a 5 mol % catalyst loading afforded the
ketone products with slightly higher yields in some cases
(entry 1: 92% vs 81%; entry 12: 89% vs 87%).

A variety of N-protected o-amino acid thiol esters derived
from naturally occurring o-amino acids such as L-Phe
(entries 1—3), L-Ala (entries 4—6), L-Met (entries 7 and 8),
L-Glu (entries 9—11), and L-Trp (entries 12—15) also couple
with o-alkoxyalkylstannes. Thus, carbamate, ester, free
indole, thiol ether, and acetal functional groups were well-
tolerated using this pH-neutral cross-coupling reaction.

No stereocenter epimerization was observed in the cross-
couplings using the enantioenriched stannanes 5a (er 58:1)
and 5b (er 99:1). Control experiments using racemic Q-
amino acid thiol esters also confirmed that no epimeriza-
tion occurred at the a-amino centers.

To determine the absolute stereochemistry at the trans-
ferring stereocenter in this a-amino acid thiol ester/a-
alkoxyalkylstannane coupling, Felkin—Ahn selective'® re-
duction of a-amino-a’-alkoxy ketone 6aa with L-selectride
followed by deprotection of the thionocarbamate group'”
afforded the syn,syn-aminodiol 7 (Scheme 1), which matches
characteristic spectroscopic data of the enantiomer of a
known compound prepared by Pedersen and co-workers.*
This result demonstrated that the cross-coupling proceeded
with retention of stereochemistry at the newly formed
stereocenters of the a-amino-a’-alkoxy ketones.

Scheme 1. Confirmation of Stereochemistry

6 Bn 1) L-selectride OH

BocHN . THF, -78°C, 5 h BocHN ; Bn
2) NaOH, H,0, Bn OH

s THF. 50°C. 17 h 72% in two steps
6aa 7

A reasonable mechanistic pathway for the CuTC-cata-
lyzed cross-coupling of o-amino acid thiol esters and
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enantioenriched o-alkoxyalkylstannanes is proposed in
Figure 1. Similar to the known tin-to-lithium transm-
etalation,?! tin-to-copper transmetalation with retention
of configuration is precedented.”**>% In the case at hand,
tin-to-copper transmetalation will generate an organocop-
per intermediate presumed to be stabilized by coordination
to the internal thionocarbamate pendant. Reaction of this
putative organocopper nucleophile with the electrophilic
thiol ester would afford the desired enantioenriched a-
amino-a’-alkoxy ketone and a copper thiolate, the latter
of which typically terminates the catalytic cycle. The current
reaction system is therefore of significant mechanistic inter-
est because all prior Cu-based desulfitative coupling systems
that are catalytic in Cu required a reaction design element
that would scavenge the strongly bonding thiolate thereby
liberating the Cu to reenter the catalytic cycle. The current
reaction system requires only catalytic Cu and proceeds
without a “second cycle” designed into the catalysis to retain
an active form of Cu."?

This unprecedented Cu-catalyzed desulfitative coupling is
undoubtedly driven by formation of the thermodynamically
strong tin—sulfur bond that facilitates an in sifu transmetala-
tion between the catalytically unreactive Cu(I) thiolate and
the in situ generated n-Bu;SnOCO(2-thienyl) to regenerate
the catalytically active CuTC and the thermodynamically
stable end product, n-Bu;SnSR (the Sn—S bond dissocia-
tion energy is 464 kJ mol~';*? the Cu—S bond dissocia-
tion energy is 274 kJ mol ' ?*). This assumption was sup-
ported by the observed formation of BusSnS-p-NO,Ph
in a ca. 1:1 ratio to the desired ketone products.

The overall reaction is a delicately balanced process,
since the buildup of Bu3SnS-p-NO,Ph during the process
also inhibits the catalyzed cross-coupling, presumably by
ligating to Cu and filling available coordination sites. Thus,
the rate of cross-coupling was significantly retarded upon
addition of 1.2 equiv of n-BuzSn-p-NO,Ph to a reaction
mixture comprised of thiol ester L-Boc-Phe-S-p-NO,Ph
(1e¢), stannane 2, and 20 mol % CuTC. Under identical
reaction conditions a lower ketone yield was observed in the
presence of the added n-BusSnS-p-NO,Ph than in the
standard process (48% vs 81%). Since control experiments
demonstrated that the ketone forming step can take place at
room temperature, the higher reaction temperature used
here is required to overcome the inhibition and drive the
reaction to completion in a reasonable time period
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Bu3SnS-p-NO,Ph R' /LSI']BU3

S-p-NO,Ph

Ju>:O

XSnBuz CuS-p-NO,Ph o)

Figure 1. Proposed mechanism.

In summary, a highly efficient a-amino-o'-alkoxy ke-
tone synthesis has been developed that proceeds via a
copper-catalyzed transfer of secondary alkoxyalkyl
groups from enantioenriched o-alkoxyalkylstannanes
to a-amino acid thiol esters. This new coupling takes
place with good efficiency and with complete retention
of configuration at the a-carbon center of the enantioen-
riched o-alkoxyalkylstannanes. When coupled with
stereodefined reduction of the ketone, this method pro-
vides a facile stereocontrolled construction of acyclic
molecules bearing contiguous heteroatom substituted
stereocenters.
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