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The Michaelis-Becker reaction of H-phosphonates with alkyl halides
represents an ideal means for synthesizing alkyl phosphorous compounds.

However, the enantioconvergent conversion of racemic alkyl halides into
o-chiral alkyl phosphorous compounds in this reaction is an insurmountable
challenge because of the inherent Sy2 mechanism. Here we disclose a
copper-catalysed enantioconvergent radical Michaelis-Becker-type
C(sp*)-P cross-coupling. Key to the success of this reaction is the use of
multidentate chiral anionic ligands for enhancing the reducing capability

of the copper catalyst to favour a stereoablative radical pathway over a
stereospecific Sy2-type process. Moreover, the ligand architecture is also
able to assist the robust association of copper species with alkyl radicals ove-
r H-phosphonates, therefore exerting remarkable chemo- and enantiose
lectivity. This protocol covers a range of (hetero)benzyl-, propargyl-and
a-aminocarbonyl alkyl bromides and chlorides. When allied with follow-up
transformations, this method provides a versatile platform for valuable
o-chiral alkyl phosphorous building blocks and drug leads.

«-Chiral alkyl phosphorous compounds are important building
blocks in organic synthesis and key structural motifs in biologically
active molecules, agricultural chemicals and functional materials
(Fig.1a)". They are widely utilized as chiral organocatalysts and ligands
for asymmetric transformations in organic synthesis*®. Moreover,
phosphonicacids have also been harnessed as potentially interesting
acid bioisosteres and are valuable in structure-activity relationship
studies in medicinal chemistry"”2. Consequently, the development
of catalytic enantioselective methods for constructing chiral C(sp*)-P
bonds is of paramount importance?*, The Michaelis-Becker reac-
tion of H-phosphonates with alkyl halides is one of the most efficient
approaches for expedited access to C(sp®)-P bonds given the ready
availability of both starting materials (Fig. 1b)*. Discovered in 1897,
it has been used extensively for more than a century together with
the related Michaelis—-Arbuzov reaction®’'. However, the reaction

has been seldom used in the synthesis of a-chiral alkyl phosphorous
compounds because its enantiospecific Sy2 nature®**>* necessitates
the utilization of chiral alkyl halides or the easy epimerization of the
alkyl halide racemates. However, earth-abundant 3d transition metal
catalysis provides a suitable mechanism for enantioconvergence by
converting a pair of racemicalkyl halides to the prochiral alkyl radical
viaasingle-electronreduction process, astrategy pioneered by Fuand
others® %, In this context, the development of 3d-transition-metal-
catalysed enantioconvergent radical Michaelis-Becker-type C(sp?)-
Pcross-coupling would provide ageneral method toward a-chiral alkyl
phosphorous compounds.

As partof our ongoinginterestinasymmetric radical reactions
we have found that multidentate chiral anionicligands can remarkably
enhance the reducing capability of Cu(l) catalysts for facile generation
of prochiral alkyl radicals from racemic alkyl halides. Accordingly,

54-56
’

'Shenzhen Grubbs Institute and Department of Chemistry, Guangdong Provincial Key Laboratory of Catalysis, Southern University of Science and
Technology, Shenzhen, China. 2Academy for Advanced Interdisciplinary Studies and Department of Chemistry, Southern University of Science and
Technology, Shenzhen, China. *These authors contributed equally: Li-Lei Wang, Huan Zhou, Yu-Xi Cao. < e-mail: liuxy3@sustech.edu.cn

Nature Synthesis | Volume 2 | May 2023 | 430-438 430


http://www.nature.com/natsynth
https://doi.org/10.1038/s44160-023-00252-3
http://orcid.org/0000-0002-3840-425X
http://orcid.org/0000-0002-6978-6465
http://crossmark.crossref.org/dialog/?doi=10.1038/s44160-023-00252-3&domain=pdf
mailto:liuxy3@sustech.edu.cn

https://doi.org/10.1038/s44160-023-00252-3

reduction process

a .
: R? 5 3} PPh, PPh
H ! 2 CFNp
R‘J*\P(O)RBR“ : _/_ : '
: : Ph
H o-Chiral alkyl '
} Phosphorus compound (R R) Ph-BPE (R.R)-BDPP
o)
o 0
]
OYN P(OH), P(OEY),
(¢]
o O O O
Cl
O O
Cl HO (0]
Plasmodium falciparum inhibitor Matrix-metalloprotease (MMP-2) inhibitor JNJ-10311795, chymase inhibitor
b 1 1 Significance
R' o R O R o 9
Base } B _::I,/OR S\2 process \rg/OR Simple and efficient formation of C(sp®)-P bond
g ~ —_— ‘. < . . ™ . .
/',Rg + H” P 3OF(3 ”Re “OR3 Rz\ \OR3 given the ready availability of both starting materials
H Or H H
C
3 I«
(R%0),(0)PCU'L g R
=)
HP(O)(OR3)2 Base SET Challenges
« Background Sy2 Michaelis—Becker reaction
* Catalyst poisoning with H-phosphonates
(R%0),(0)PCu'"L* 3 5 « Difficult initiation of the radical process
. HP(O)(OR
L*Cu' , intl (OO, T(o)(ORS)Q « Oxidative P-P homocoupling side process
R1/\R2 ko P(O)(OR%),
int-ll
(0)(OR"), ki
1 2 ' R . . :
R * 'R ! e Sterically hindered !
d ) ' o= *X\R multidentate anionic '
R (0] P(O)(OR® ' _ ligands enhancing the H
y + P Cu(l)/N,N,P(N)-L* (ONOR), 52 f"aq‘f'9§ d ' N=Cu reducing capability of Cu !
4 u-h~or J\ up to 91% yiel ! LR :
R 8 Base R R? up to 97% e.e. : ¢ N A .
(+) OR H \F{ Prefer single-electron !

Building blocks and potential ligands
P(O)(OR),

Alkyl

Fig.1|Motivation and design of copper-catalysed enantioconvergent radical
Michaelis-Becker-type C(sp®)-P cross-coupling. a, Importance of a-chiral
alkyl phosphorus compounds. b, Significance of the Michaelis-Becker reaction.
¢, Proposal and challenges for copper-catalysed enantioconvergent radical
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C(sp*)-P coupling. d, This work on enantioconvergent radical Michaelis-Becker-
type C(sp®)-P coupling. X, halogen; SET, single-electron transfer; *, chirality;

L* chiralligand; Het, heteroarene; BPE, 1,2-bis(phospholano)ethane; BDPP,
2,4-bis(diphenylphosphino)pentane.

a series of enantioconvergent radical C(sp®)-C/N coupling reactions
have been established by our group” >, Motivated by these exciting
precedents, we questioned whether a chiral copper catalyst could
realize the enantioconvergent Michaelis-Becker-type C(sp®)-P cross-
coupling. Nonetheless, anumber of factors would impede the develop-
ment of such a process (Fig. 1c): (1) the aforementioned background
S\2reactions due to the strong nucleophilicity of H-phosphonates; (2)
catalyst poisoning and/or chiral ligand displacement with H-phospho-
nates due to the strong coordination properties®*%; (3) the difficult
initiation of the radical process due to the weak reducing capability of
Cu(l) catalyst; and (4) the easily occurring copper-catalysed oxidative
P-P homocoupling (k). Therefore, identifying an appropriate ligand
thatis capable of selectively promoting the desired enantioconvergent

cross-coupling of CuP(0)(OR?), int-Iwith alkyl radical int-1I (k,) amidst
other competing processes is important. Here we describe a copper-
catalysed enantioconvergent radical Michaelis-Becker-type C(sp®)-
P cross-coupling with remarkable chemo- and enantioselectivities.
Thisreaction coversarange of benzyl-, heterobenzyl-, propargyl-and
«-aminocarbonyl alkyl halides and readily available H-phosphonates
with high functional group tolerance. It also provides a highly flex-
ible platform to rapidly access diverse synthetically valuable a-chiral
alkyl phosphorous building blocks and drug leads when allied with
follow-up transformations (Fig. 1d). Given the ready availability of
both coupling partners, this strategy would provide an appealing
complementary approach to the known methods to synthesize these
compounds® 28771,
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Table 1| The effect of different ligands on the model reaction and the optimal results

o Os __OFEt Oy OFEt
. Il Cul (15 mol%), L* (18 mol%)? “pL el
A H/T\OB > = OEt + EtO._ | “OEt
Ph OEt Cs,CO;3 (2.0 equiv.), THF, r.t. PR TN Eto” o
(£)-E1 P1 1 1

{

Pth

oo o

L*2
1 trace; 1’ trace

L*1

1 trace; 1’ trace 1 trace; 1’ trace

5

1 trace; 1’ trace

L*5, Ar=Ph, 1, 16%, 47% e.e.; 1", 11%

L*6, Ar = 2-MeCgHy, 1, trace; 1’, trace

L*7, Ar = 2,6-Me,CgH3, 1, trace; 1/, trace

L*8, Ar = 4-BUCgHy, 1, 22%, 28% e.e.; 1, 12%

L*9, Ar =4-PhCgHy, 1, 14%, 30% e.e.; 1, 30%

L*10, Ar = 3,5-Me,CgH3, 1, 18%, 54% e.e.; 1, 5%

L*11, Ar = 3,5-(OMe),C¢Hg, 1, 30%, 68% e.e.; 1, 17%

L*12, Ar = 3,5-Ph,CgH3, 1, 27%, 58% e.e.; 1/, 9%

L*13, Ar = 3,5-(Pr),CgHgz, 1, 30%, 40% e.e.; 1, 11%

L*14, Ar = 3,5-(Bu),CgHg, 1, 60%, 81% e.e.; ', 6%
(1, 80%, 90% e.e.; 1/, 3%)°

PPh,
PPh,

QJ
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N
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2Standard reaction conditions: racemic 1-phenylethyl bromide E1 (1.5 equiv.), diethyl phosphonate P1(0.1mmol), Cul (15mol%), ligand (18 mol%) and Cs,CO, (2.0 equiv.) in THF (1ml) at r.t. for
5days under argon. Yields were based on '"H NMR spectroscopic analysis of the crude product using CH,Br, as an internal standard. e.e. values were based on HPLC analysis. "The reaction was
conducted at -15°C for 5days. The red text indicates the result with the best ligand. ‘Bu, tert-butyl; 'Pr, isopropyl.

Results and discussion
At the outset, we investigated the reaction of racemic 1-phenylethyl
bromide El1and diethyl phosphonate P1(Table1). To avoid the S\2-type
Michaelis-Becker background reaction, we first tested the reaction
with Cs,CO;indifferent solvents and found that no strong background
reaction was observed in low polar solvents (Supplementary Table 1).
To verify the ligand effect in the proposed enantioconvergent radical
process, various types of ligands were subsequently screened with Cul
asthe catalystin tetrahydrofuran (THF) (Table1). The bidentate ligands,
suchasN,N-ligands L*1and L*2, N,P-ligand L*3, and P,P-ligand L*4, failed
toinitiate the single-electronreduction of E1.In sharp contrast, Dixon’s
PPh;-based cinchona-derived tridentate anionic N,N,P-ligand” L*5
couldinitiate this reactionto deliver the desired product1in16% yield
with47% enantiomeric excess (e.e.), along with the P-P homocoupling
side product 1’. Considering the substantial role that the phosphine
motif might play in improving reaction efficiency and enantioselec-
tivity, we then screened a series of N,N,P-ligands with different steric
and electronic substituents at the P-aryl ring. While ortho-substituted
N,N,P-ligands L*6 and L*7 did not work, para-substituted ones L*8 and
L*9 gaveriseto1withlow chemo- and enantioselectivity. It isnotewor-
thy that 3,5-disubstituted ligands L*10-L*14 showed remarkably good
efficiency and enantioselectivity. The N,N,P-ligand L*14 bearing a steric
bulky tert-butyl P-substituent gave the best result (60% yield, 81%e.e.)
and the P-Phomocoupling process could be greatly inhibited (6% yield
of 1’). These results collectively indicated that the use of a sterically
bulky N,N,P-ligand is crucial for the robust association of CuP(0O)(OR?),
int-I with in-situ-generated alkyl radical int-Il over H-phosphonate,
which would exert effective radical C(sp®)-P coupling while inhibiting
oxidative P-P homocoupling (Fig. 1c). After further optimization of
reaction parameters, including the copper catalysts, catalyst loading,
bases, the molar ratio of the reactants and the reaction temperature
(Supplementary Tables 2-6), we identified the optimal conditions
as follows: 1.0 equiv. P1, 1.5 equiv. E1, 15 mol% Cul, 18 mol% L*14 and
2.0 equiv. Cs,CO; in THF at =15 °C. Under the optimal conditions, the
desired product1was obtained in 80% yield with 90% e.e. (Table 1).
With the optimized reaction conditions in hand, we examined
the generality of the enantioconvergent radical C(sp®)-P coupling
reaction (Table 2). With regard to the H-phosphonate scope, a series
of H-phosphonate diesters, including diethyl, dibutyl, diisopropyl
and diisobutyl groups, can be utilized in this reaction to deliver 1-5in
68-90% yields with 89-94% e.e. However, diphenylphosphine oxide
(H(O)PPh,) is not applicable to the reaction, possibly due to the large
steric congestionin the formation of the C(sp®)-P bond with this phos-
phorus reagent (Supplementary Fig.1).

We next evaluated the scope of racemic (hetero)benzyl halides
using diethyl phosphonate P1as a coupling partner. As for the phenyl
ring of alkyl bromides, a series of electron-donating and electron-
withdrawing substituents at different (meta or para) positions and
bicyclicnaphthalene rings were all compatible with the reaction condi-
tions to afford 6-16 with 87-94% e.e. Heterobenzyl bromides featuring
different types of medicinally relevant heterocyclesincluding pyridine,
quinoline, thiazole and thiophene were well accommodated, provid-
ing the desired products 17-21in moderate to good yields with excel-
lent enantioselectivity. With respect to the alkyl side chain of benzyl
bromides, simple unfunctionalized aliphatic and phenyl groups were
suitable for this reaction to access 22-25 with good results. More
importantly, a gamut of potentially reactive functional groups, such
asfuran (26), primary chloride (27) and bromide (28), ester (29), nitrile
(30), acetal (31) and terminal olefin (32) on the side chain of benzyl
bromides, were all well tolerated under the reaction conditions. It is
noteworthy that excellent chemoselectivity was also observed for the
secondary benzyl bromide over primary bromide and chloride (27 and
28). The absolute configuration of 1was determined to be R by compar-
ing its HPLC spectrum and optical rotation with those reported in the
literature”and those of other products were assigned inreference to1.

To further explore the generality of this process, more alkyl hal-
ides were evaluated (Table 3). Racemic propargyl bromides were first
selected as the coupling partner because the easy modification of the
alkynyl group renders the corresponding chiral propargyl phospho-
rous compounds useful as building blocks™”. As expected, a series
of H-phosphonate diesters were successfully coupled with propargyl
bromide E30 to give 33-37 in moderate to good yields with excellent
enantioselectivity under simply modified reaction conditions (see Sup-
plementary Table 7 for reaction condition optimization). With regard
tothe propargyl bromide scope, arange of substituents bearing both
simple alkyl and functional groups at the aliphatic chain were compat-
ible with the reaction conditions to afford 38-46 in47-91% yields with
92-97% e.e. A gamut of functional groups, such as phenyl ring (40),
furan (41),acetal (42), ester (43), amide (44), primary chloride (45) and
internal alkene (46), were well tolerated under the standard conditions.
Additionally, the substrates bearing triethylsilyl (47), tert-butyl (48)
and trimethylsilyl (49) on the alkynyl moiety were also amenable to
the reaction conditions. Further, the less reactive propargyl chloride
E43 was also a suitable substrate for the cross-coupling to provide 33
with slightly low efficiency and similar enantioselectivity. It should
benoted that the formation of P-P homocoupling side product1’ and
the slight decomposition of P1led to the low yield for substrates that
had low reactivities.
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Table 2 | Substrate scope for H-phosphonates and (hetero)benzyl bromides

Oy OR?
Cul (15 mol%), L*14 (18 mol%)? ?\ORZ
o 1
Cs,CO3 (2.0 equiv.), THF, —15 °C, 5 days ‘/\R
1-32
H-phosphonates
Oy __OEt Oy OEt Oy .-0"Bu Oy _OPr Oy, .OBu
P\ SO Fnn Pl P
< “OEt - t O"Bu - "OPr - ~OBu
Me | = Et | = Et | N Et Et
= Z =
1,70%, 90% e.e. 2,70%, 93% e.e. 3, 82%, 90% e.e. 4,68%,94% e.e. 5,90%, 89% e.e.
(Hetero)benzyl bromides
Oy OEt Oy -OEt O\\P<OE1 Oy -OEt Oy -OEt O\P OEt
OEt = OEt - TOEt OEt T OEt = OEt

Me
; @AE' D
Ph &

6,68%, 92% e.e.

2

Me
8,60%, 91% e.e.

Cl Br
\@/\Et \©/\Et

9, 60%, 94% e.e. 10, 59%, 92% e.e. 11, 55%, 91% e.e.

Os__OEt
O __OEt N
\\E( Os <OEt o O\\P<0Et \';(OEt O\\P<0Et
z, OEt e - OEt > OEt : : “OEt
Et
| N Et \@/\Me Me Et
=
FiC <:
s
12, 61%, 93% e.e. 13, 65%, 87% e.e. 14, 63%, 88% e.e. 15, 36%, 91% e.e. 16, 52%, 91% e.e.
O\P<OEt Ox iOEt Os <OEt Oy OEt O\P/OEI
- - - N
. OEt = OEt = OEt . = OEt - Ot
| B Me /Ej/\rwe | X Me </ W/\Me S Et
o s o
N Br” N s =

17, 84%, 91% e.e. 18, 69%, 90% e.e.

20, 73%, 88% e.e.C 21, 83%, 87% e.e.

Og,-OEt O, -OFt Ox,-OFt O -OFt
= OEt = OEt = OEt = OEt
Ph o cl
25, 52%, 88% e.e. 26, 33%, 87% e.e. 27, 65%, 93% e.e.
SNIpEE o\\ /OEt Osp, OEt 0\\ OEt Oy OEt
-~

28,74%, 94% e.e. 29, 52%, 89% e.e.

30, 77%, 92% e.e.

= OEt

o

31, 52%, 85% e.e.® 32, 52%, 89% e.e.

2Standard reaction conditions: racemic (hetero)benzyl bromide E1-E29 (1.5 equiv.), H-phosphonate P (0.2mmol), Cul (15mol%), ligand (18 mol%) and Cs,CO; (2.0 equiv.) in THF (2ml) at -15°C
for 5days under argon. Isolated yields are shown. e.e. values were based on HPLC analysis. "The reaction was conducted at -15°C for 4days and then at -5°C for 1day. °The reaction was

conducted at -15°C for 4days and then at 0°C for 1day. "Bu, n-Butyl; ‘Bu, isobutyl.

We next investigated the coupling of a-aminocarbonyl alkyl
bromides with H-phosphate (Table 3), given the importance of enan-
tioenriched B-carbonylphosphorous compounds as key motifs in
potentinhibitors of human mast cell chymase (Fig. 1a)”. Nonetheless,
a-aminocarbonyl-a-phenyl alkyl bromide E44 afforded the desired
product 50 in poor efficiency and enantioselectivity in the presence
of L*14 or L*15 (see Supplementary Table 8 for reaction condition
optimization), possibly due to the high reactivity of such a substrate.
This prompted us to examine less electron-rich N,N,N-ligands and
carry out additional systematic optimization of reaction parameters.
Weidentified oxazoline-derived tridentate anionic N,N,N-ligand L*16
as the best one for the coupling of a-aminocarbonyl alkyl bromides

with good enantioselectivity. In addition, we also tested the reaction
oftertiary alkyl chloride E46 but found that neither L*14 nor L*16 gave
a good result. We further optimized the reaction conditions of E46
and identified that N,N,N-ligand (L*17) was suitable for the coupling
of tertiary alkyl halides®” and gave the desired product 52 in 39% yield
with40%e.e. (Table 3 and Supplementary Table 9). These reactions are
currently undergoing further optimization in our laboratory. Unfor-
tunately, unactivated alkyl bromides or iodides failed to afford the
desired coupling products due to theirinertness, and the electrophiles
are recovered (Supplementary Fig. 2). Collectively, the broad scope
and easy availability of alkyl halides and H-phosphonates enable the
coupling reactions to be an important complementary approach to

Nature Synthesis | Volume 2 | May 2023 | 430-438

433


http://www.nature.com/natsynth

Article https://doi.org/10.1038/s44160-023-00252-3

Table 3 | Substrate scope for propargyl halides and a-carbonyl alkyl halides

o Os _OR?
+ I Cul (10 mol%), L*14 (12 mol%)? = OR3
7 R? P~0oR3 > :
= HT ) . = R?
R OR3 Cs,CO03 (2.0 equiv.), PhCI, 0 °C, 5 days =
;
(+)-E30-43 P 33-49
o 0o o) 0 o
N <OR3 _g_g/oa —§ [_OMe § IOy E g/ofsu _g_g/oan
- ~ —3— —3—
= OR? OFt “oMe ~omBu ~oiBu ~oBn
A 33, 76%, 97% e.e. 34, 78%, 97% e.e. 35, 54%, 97% e.e. 36, 71%, 95% e.e. 37, 66%, 95% e.e.
TIPS Bn 55%, 94% e.e.
3337 | N\ EWO
'
—$-Me —$-Et —$-8n /\/E>\ 2N"0B;
Oy OR® g o 0
= OR3
P R? 38,79%, 96% e.e.  39,91%, 95% e.e. 40, 79%, 92% e.e. 41,71%, 97% e.e. 42, 78%, 94% e.e. 43,47%,97% e.e.
/
TIPS Oy OFEt Oy /OEt Oy OFt
38, 39, 42, 45, 46 ~OEt ~OEt ~OEt
NPhth PN /‘zﬁ/\/\/\
(R®=Bn) PG X cl
40, 41,43, 44 Vi
(R3= Et) Et3Si Me;Si

44, 85%, 92% e.e. 45, 87%, 95% e.e. 46,74%, 95% e.e. 47, 65%, 90% e.e. 48,61%, 75% e.e. 49, 67%, 84% e.e.

0 0 0 : 7N 5

1l Cul (10 mol%), L*16 (12 mol%), Cs,CO3 (0.5 equiv.)® H . '

R\)J\ +  -hoEt = R N : Q :
N H™I H : NH '

P ' :

H OEt 1,4-dioxane/THF = 1/1, 10 °C, 16 h EtO / o
Et0” Y0 L= N\)
(+)-E44-45 50, 51 AN :
/© @ I ”
N
/\/\HJ\ N\ / L*16
EtO\P\ EtO\ COTTITIITITIIIITIIIITIIIIL
EtO
50, 42%, 67% e.e. 51,42%, 71% e.e. h 0 /
o ' NH  NMe,
@\ I Cul (10 mol%), L*17 (15 mol%), KsPO, (6 equiv.)® Eto. 0 o @\ —
P~ - P
+ - OEt - N
N Ms H™ | s
H OEt toluene, r.t., 40 h EtO %H Ms W
Ph Et Ph Et
R L*7,R=9-anthryl
(+)-E46 P1 52, 39%, 40% e.e. o k

Standard reaction conditions: racemic E30-E43 (0.3mmol), P (0.2mmol), Cul (10 mol%), L*14 (12mol%) and Cs,CO, (2.0 equiv.) in PhCL (2ml) at 0°C for 5days under argon. PAlkyl chloride E43
was used and the reaction was conducted at r.t. °Reaction conditions: racemic E44 or E45 (0.2mmol), P1(0.2mmol), Cul (10 mol%), L*16 (12mol%) and Cs,CO; (0.5 equiv.) in 1,4-dioxane and
THF (2ml, 1,4-dioxane/THF=1/1) at 10°C for 16 h under argon. “Reaction conditions: racemic E46 (0.2mmol), P1(0.3mmol), Cul (10mol%), L*17 (15mol%) and K,PO, (6 equiv.) in toluene at r.t. for

40h under argon. Isolated yields are shown. e.e. values were based on HPLC analysis. Bn, benzyl; TIPS, triisopropylsilyl; Bz, benzoyl; NPhth, phthalimidyl; Ms, methylsulfonyl.

thereported catalytic methodsin the synthesis of a-chiral alkyl phos-
phorous compounds® 257,

To demonstrate the synthetic potential of this strategy, facile
transformations were performed to convert them to other enanti-
oenriched building blocks (Fig. 2a). For example, we transformed the
alkynylmotifof 33 toanalkylgroup and obtained 54 throughasequen-
tial deprotection and hydrogenation process, which could provide an
alternative approach for the C(sp®)-P cross-coupling of unfunctional-
ized alkyl halides. Inaddition, we converted the phosphonate moiety
of 2 to chiral phospholane borane 55 using a sequential reduction/
alkylation process without remarkable loss of enantiopurity, thereby
demonstrating its potential for the synthesis of chiral organocatalysts
and ligands. Another interesting application would be the expedient
accesstoabiologically interesting compound (Fig. 2b). Racemic a-aryl-
substituted fosmidomycin analogues have shown more favourable
physicochemical properties and higher activity than fosmidomycin
in inhibiting malaria parasite growth' . However, catalytic asym-
metric processes for the synthesis of the enantioenriched substituted
fosmidomycinanalogues have remained rare”””°, Toillustrate this, we
evaluated the enantioconvergent C(sp*)-P coupling of racemic E47
and dibenzyl phosphonate P6, and the reaction delivered the chiral
phosphonate 56 in 64% yield with 93% e.e. Then, 56 could be easily

converted into enantioenriched a-3,4-dichlorophenyl-substituted
fosmidomycin 58 through a sequential substitution, acylation and
deprotection process. Therefore, the present cross-coupling would
provide aversatile platform for the diversity-oriented synthesis of such
chiralfosmidomycin-derived library and is beneficial to the discovery
of promising drug leads.

Concerningthe reaction mechanism, aradical trap experiment with
2,2,6,6-tetramethyl-1-piperidinyloxy (TEMPO) revealed that the coupling
was completely inhibited and the TEMPO-trapped product 59 was iso-
lated instead (Fig. 2c). Additionally, no apparent enantioenrichment of
the recovered alkyl bromide E5 was observed under typical conditions
(Fig. 2d), disfavouring a possible kinetic resolution of E5. Moreover, the
observed e.e. values of the product remained nearly constant at differ-
ent time intervals, favouring the involvement of a uniform mechanism
throughout the reaction course. These observations strongly support
the formation of alkyl radical species fromalkyl halides. Overall, all these
preliminary experimental results together with previous mechanistic
studies® **support our initial proposal, as showninFig. 1c.

Conclusions
We have established a general copper-catalysed enantioconvergent
radical Michaelis-Becker-type C(sp®)-P cross-coupling of racemic
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Fig. 2| Synthetic utility and mechanistic discussion. a, Conversion of
enantioenriched products to valuable chiral building blocks. b, Expedient
synthesis of highly enantioenriched a-3,4-dichlorophenyl-substituted
fosmidomycin 58. ¢, Radical trap experiment with TEMPO. d, No apparent

kinetic resolution of the alkyl bromide was observed and the nearly constant
product enantiopurity suggested a uniform mechanism during the reaction.
TBAF, tetrabutylammonium fluoride; TBAI, tetrabutylammoniumiodide; CDI,
1,1’-carbonyldiimidazole.

alkyl halides with H-phosphonates. The key to the success is the use of
chiral anionicligands to forge the robust association of copper species
with alkyl radical intermediate over the Sy2 Michaelis-Becker process
and P-P homocoupling, therefore exerting radical C(sp*)-P coupling
with excellent chemo- and stereoselectivity. The reaction features a
remarkably broad scope for alkyl halides and gives rise to awide array
of a-chiral alkyl phosphorus compounds. The synthetic utility is also
demonstrated in the facile transformation of the coupling products
to many valuable enantioenriched building blocks and to drug leads.
We anticipate that this strategy will open up new avenues for more
enantioconvergent carbon-heteroatom cross-coupling reactions of
racemic alkyl halides with other heteroatom nucleophiles.

Methods

Synthesis of 1-32

Anoven-dried resealable Schlenk tube equipped with a magnetic stir
bar was charged with Cul (5.7 mg, 0.03 mmol, 15 mol%), L*14 (30 mg,
0.036 mmol, 18 mol%) and Cs,CO; (130.0 mg, 0.40 mmol, 2.0 equiv.).
The tube was evacuated and backfilled with argon three times. THF
(2.0 mL) was then added by syringe under argon. (Hetero)benzyl
bromides (0.30 mmol, 1.5 equiv.) and H-phosphonate (0.2 mmol, 1.0
equiv.) were sequentially added into the mixture and the reaction mix-
turewasstirred at —15 °C for 5 days. Upon completion, the precipitate
was filtered off and washed with ethyl acetate. The filtrate was evapo-
rated and the residue was purified by flash column chromatography
onsilicagel to afford the desired product.

Synthesis of 33-49

An oven-dried resealable Schlenk tube equipped with a magnetic stir
barwas charged with Cul (3.8 mg, 0.020 mmol, 10 mol%), L*14 (20 mg,
0.024 mmol, 12 mol%) and Cs,CO, (130.0 mg, 0.40 mmol, 2.0 equiv.).

The tube was evacuated and backfilled with argon three times. PhCl
(2.0 mL) was then added by syringe under argon. Propargyl halide
(0.30 mmol, 1.5 equiv.) and H-phosphonate (0.2 mmol, 1.0 equiv.)
were sequentially added into the mixture and the reaction mixture was
stirred at O °Cfor 5 days. Upon completion, the precipitate was filtered
offand washed with ethyl acetate. The filtrate was evaporated and the
residue was purified by flash column chromatography onsilica gel to
afford the desired product.

Synthesis of 50 and 51

Anoven-dried resealable Schlenk tube equipped with a magnetic stir
barwas charged with Cul (3.8 mg, 0.020 mmol, 10 mol%),L*16 (9.0 mg,
0.024 mmol, 12 mol%), Cs,CO; (32.6 mg, 0.10 mmol, 0.5 equiv.) and
«-carbonyl alkyl halide (0.20 mmol, 1equiv.). The tube was evacuated
and backfilled with argon three times. Mixed solvent of 1,4-dioxane and
THF (1/1 vol/vol, 2.0 ml) and H-phosphonate (0.20 mmol, 1.0 equiv.)
were then sequentially added into the mixture and the reaction mix-
turewasstirred at10 °Cfor 16 h.Upon completion, the precipitate was
filtered offand washed with ethyl acetate. The filtrate was evaporated
andthe residue was purified by flash column chromatography onsilica
gelto afford the desired product.

Synthesis of 52

An oven-dried resealable Schlenk tube equipped with a magnetic
stir bar was charged with Cul (3.8 mg, 0.020 mmol, 10 mol%), L*17
(12.7 mg, 0.03 mmol, 15 mol%), K;PO, (255 mg, 1.2 mmol, 6 equiv.)
and a-aminocarbonyl-a-arylalkyl chloride (0.20 mmol, 1equiv.). The
tube was evacuated and backfilled with argon three times. Toluene
and H-phosphonate (0.30 mmol, 1.5 equiv.) were then sequentially
added into the mixture and the reaction mixture was stirred at room
temperature for 40 h. Upon completion, the precipitate was filtered
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offand washed with ethyl acetate. The filtrate was evaporated and the
residue was purified by column chromatography onsilicagel to afford
the desired product.

Data availability

Data relating to the materials and methods, optimization studies,
experimental procedures, mechanistic studies, HPLC spectra, NMR
spectra and high-resolution mass spectrometry data are available in
the Supplementary Information.
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