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Recent Advances of the Atherton-Todd Reaction

*,a,b

Fang, Sigiang” Liu, Zanjiao® Wang, Tianli
(“ Key Laboratory of Green Chemistry & Technology, Ministry of Education, College of Chemistry,
Sichuan University, Chengdu 610064)
(* Beijing National Laboratory for Molecular Sciences, Beijing 100190)

Abstract Phosphoramides or phosphates and their derivatives are a very important class of phosphorus-containing organic
molecules, which are widely applied in medicinal chemistry, material chemistry and organic catalysis. As one of the most
effective methods towards constructing phosphorus compounds, the Atherton-Todd reaction involves in sifu halogenation of
P(O)-H molecules with tetrachloromethane to generate the key intermediates of phosphoryl chlorides in the presence of bases,
which subsequently react with amines or alcohols to form the corresponding phosphoramide or phosphate products. In recent
years, this reaction has been widely explored by synthetic chemists due to its ease of operation, high atom economy, broad
substrate versatility, and ease of incorporation of phosphorus units into active structural fragments. The research progress of
the Atherton-Todd reaction and its application in organic synthesis in recent decades are summarized, and a brief outlook on
the current research challenges is put forward, hoping to provide reference and thinking for the further development of the

Atherton-Todd reaction.

Keywords organophosphorus compounds; Atherton-Todd reaction; active intermediates; asymmetric catalysis
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Salithion Cytoxan Atherton-Todd (A-T)iff-7E 20 th4d hAteE5
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HN N
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O OH
Sofosbuvir (Rp)-cAMPS
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OBn Ph
MeO Me CO,Et o/
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H n
Cyclophostin Malathion Phostine

(AChE inhibitor) (insect-killer) (antiproliferative activity)

B 1 ACRIER S B I SR IR R 45 4 i B RS TR S
Scheme 1 Representative active compounds containing phos-
phoramide or phosphate moiety
JEHUR, MR R &1 1% 77 2 S YE . Atherton-
Todd S, BIEE sl R & 5 ARSI A& YIPO)-
H] ) A2 SCAB I e B, 38 o 1 Bl i At 770 iR A g 4k
P(O)-H b 54, A ik <i[P(0)-X, X=F, Cl, Br, I]i&
PeepalA, Bt —0 50 s A A W) SN AT B I e
1 2 i 254k & ¥ (Scheme 2)781. A EL 2 K, Atherton-
Todd J B 5 5 ¥4, SR -T2 0F 1. (02 1% S i fil
R s A ulGR DU AL B A B, WA SRfE R, BRI T &
FETME B2 BT, 9 7RI — R, A
18T 3R AT B AR ol A 1K) Bl R B A A
XI5, 5% Atherton-Todd IR R CH
RO, I S B AR I LA [A) HUA ) E AT
FUREJE, A SCH T B N Atherton-Todd [ I (1% 4t
Atherton-Todd ¥l Atherton-Todd-type /%)) J& /i
FE v SEARAL S S FLAE & A 27 v B S 3K = AN 77 TGS
Atherton-Todd [ MHEAT R GEMEAN LSS, JF B IZIN
AR T BE R R P AN (B RN R i T 72 Pk k.

Q ccl, 7 Nu-H Q
R_llj_H base R—I?—Cl base _E’_Nu
R R
shortcoming

Bz 2 %) Atherton-Todd 2N
Scheme 2 Classical Atherton-Todd reaction
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DU ARV T I SRV R R X R &9, (H2
TEAZIEFE LS BT AT Y, TR ARA TX ] A gk AT 25
FAZRAE, AR BUIX Ak A4 2 B 1% 2 7= ) (Scheme
3a). ZUE R, AT — PR ER T AR S E N
SABER S PO)-H RN, K30 5
S FRIAPT e AP fre vl DABUAR K, BRI IR 1S B ot e 5 7
Y. WI4EJS, Atherton A1 Todd®13E— 4 451% 5N A EE 4
Rt & R B R A &, IhsEil T R &
MIBEEEAL N, FER I T 5 — P 24 s Akt 7] = &R
F45E(CClL3Br) (Scheme 3b). IX {7 F} 24 501X — £ 51
W SERIE T, N e i sk i BR B 2R A 5 0 B AT AE )

BRI R T — % ms HEERE @R, Bk, AR
AT 2 X R N 44, FRYE Atherton-Todd S 3.
(a) 0
BnO-P—H +  NH; o BnO-P—NH,
OBn OBn
® 9 2,6-Lutidine 0
BnO-P—H + EOH — _——— BnO-P—OEt
OBn CClyBr OBn

B3 3 Atherton-Todd /3 A2 I
Scheme 3 Origin of the Atherton-Todd reaction

1.2 Atherton-Todd & R85 R #1132
12,1 wWE{zH A4 Atherton-Todd A

e ZEFAT R BAXS T VU A B S AL S (P-H) Y A-T
SRNEATLER ) 2 B TN GO TR BRI A, FEE8 H P Fh
AT RE B SBEATLIE. 3 P S AL d5 K ) 22 Sl AE T IROBE
T FR HR Y P RS 1 R (RS [R], 23 A A — &
FE AN L 5 (Scheme 4). Atherton A1 Todd EHIINA
P(O)-H th&% 1 1EB I 26 4F T 5 DU SR IR R AR R
MEfb =S Ak 2, kb G SR EYIR
A SRR R R B, TS 2] H b2 3 (Scheme 4a).
EAMBATTARBE AT 70 2 B e A — S SR R )ik, {2
AT X R R R 2 BT DU R B A T A —
J7H, A-T M5 Reimer-Tiemann M AETEFRLZ 4L,
#h 2 LEAAIEFIE BRI 2 5 )R M. Reimer-Tiemann %
M EIHLEAT AR AR SR 75 T8 L. XExR
THAEA-T RMH, PUSEAHR I Aok 11T e p i o
WX, FEREREE RS TS H—Jrm, =8N
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LA E v haloform J 3 1) S8 HH TR AR, 25 5 52 BIEA
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PRI A ()4, DRI R ARATT & 30 22400 DY S A0 B3 (CCly) R — A
AR F B O RECE R 15, A-T SN B S48 ik
BeAR, XTSI RAR MR G Y (0 ) TE CCL TG
EIHHTIZ R B, {HSEAE CBrCly T a] LA S A0 B ) ik ik
e, XRER NS EME, RERSGE L. R KN
2 etk — S B Ak, B2 CBrCl 182 CCl
TEWME M NS PO)-H &R B, #2TE RIRIFE )
AR, G RS 23 50 1 28 B S AN S 0 1A 18l 1 A4 e
. B 5, Roundhill B8 2H M) FE & ILDU S AL B B &R
FHAFIRBAAFEH WG, A-T RNE
K= Z g, R AR 7 5 A SRR
g, R, 78 A-T O H AR RO N RS
4 i 7 : CICl; > CBrCl; > CCly > CECl; > CF,Cl, >>
CHClL.

(@) R
o 9 H—N\ 9 R
Il ’
RO-P—H —Base _ Ro-p-{dell RO—P—N,
OR CC|4 OR base OR R"
1 2 3
trichloromethylphosphonate
(b) R
(,), Il H, " 9 R
RO-P—H —base . RoO-p- R . RO-P—N
OR CC|4 O4R base OR R"
chlorophosphate

B 4  Atherton-Todd Js N HP =5 B2 F e vl P4 A i 4k

Scheme 4 Key active phosphorus intermediates in the Atherton-
Todd reaction

B J5, Steinberg SEI2HE— DX A-T M HLIEBEAT T
RGTT. HOk, MAE A-T RIEF R 7 2515 2
BEME SR, JFE %L T MRS SO NP, TN TR S S

Q . EtN (10~ 15 moi%)

SR E BB R BIEPE S A-T ROBVCHS. 1t
Ab, MATTIE— 20 A T AL = U, EE R I A Ik
A = S B TOVE SE I R S RE. I s i) S AR IE
B A-T OB EIEREE MY AR & E8 11
JE, Steinberg 7E47) B WML E M RIS, R IAK R HAELE
FAb— R A R EEBRER S 5, JEXTIX SRR K
PEH T AT RERIMLEI (Scheme 5). HTAEBERREE 1) & H 1R
fiX, Frblgiilse NEIF=9. 54, i Scheme 5 FioR,
Steinberg S U2I7E X i Ik S & AT SR A AL IS AR
RIS AL B 16 = 2 Bt mT LA 3558 i 7 2R (1) Ik
A, BT ABEBEE R R T S — K TR R
ML, fEIX—HLE R, AATIA = ST REFr i T 28
AT B 8 o5 DU S B A FH A Jle—Folr A 2
BEEY 6, ZEEGMA N T — MR KA. A
T EBGX P A FIE, Steinberg ZEUHEAT T — £
MBI 19, (B SEEe 45 RS B AR S0X — ML)
AELE. (A —IRME, XFHATE R S SRS
J& Kt Krutikov /N2 UE i 5 e VA IE AR LE, (EAE
HAE— SR B 58 F RS A (D 2-F R ) ) A-T
SN, FEBA RN BX AR A AR, Rk, BTF5E
FATWD HEN B R S A14402 B P(O)-H HL & WTEmR 1)
YEF T 5 DY & 0m BB E AR 2.

TE A-T BEH, B SR E AR R A2 BRI b 2 fF: bl
SE R EAE TR, - PE AR AR A
Jt. 1985 4F, Engel /NHUAME B S -3 i i s A A il 1)
SR 9 HIAELE(Scheme 6). [FII, ABATTHR]FHER 4%
TENHIRA, 75 RBR R P2 7T AR =W
10, 3B UEZ R MO FE R TR T = S 2 e 1
T4, EH 20 2 I N 38 S s R k4T, TRk
HEBR T A-T SN 28 R 55 v ()44 S RERLER (1 7] e

1990 4F, Roundhill #EZH USIZESLEG R B, A% R
R 7 S50ce JefE TR B e B IR 2k 11, B 73— 2
T REIREE 2214k, IS5 A-T JKBi(Scheme 7).
B, AATEEES TR T IX — A BE R ALERNS), 4R
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OR CCly rt, 1.5~12h ORrR OR OR
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Scheme 5 Isolation of active phosphorus species in the Atherton-Todd reaction

© 2023 Shanghai Institute of Organic Chemistry, Chinese Academy of Sciences

http://sioc-journal.cn/

1071



BIKE
o MNaH(lequv) o 2 Atherton-Todd & M A% &
1 CCly4 (1 equiv.) _u Cl
MeO—P—H ———————— MeO-P + CHCl; + ©>< s A S
OMe Solvent, rt, 2h OMe cl 2.1 JRIXFINT S8 Atherton-Todd & R
7 8 9 10

THF:  29%yield  69% yield N.D.

Cyclohexene: 48% yield 32% yield 23% yield

EI= 6 Atherton-Todd 8 1 = G F K& 61 B8 A 72
Scheme 6 Research on the trichloromethyl anion intermediate
in the Atherton-Todd reaction
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MeO*I%*OMe + EthiEt Meof‘li)@ % NuH_ MeO*E’*Nu
H Et 6Me ase (SMe

7

B\ 7 Roundhill /NH$E H FIIEBEER 5 BE Y Atherton-Todd

05 B
Scheme 7 Mechanism of the Atherton-Todd reaction of methyl
phosphinate proposed by Roundhill group
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VARG DA R R A A S S, LR, AL
L R AU T TR ST, FEAE A T L
PR LA 5.

1.2.2 AB4z A LS4 Atherton-Todd B &

FHL, BT R B E A I A TR E I, R
XF XU BN A-T AR D, b Lo 5]
A, HEAEEAERIfR e AR T o, SR
Hf AR AR BENES 51 A-T KNS5 VUE
R ENA Y S B IR TR A AR [R]. DA e A AR B
S4EW 12 A, BEEE Y E e e N R A
R, BG5S DS AR SO AR RO S P R A
13, g R — 0 5 AR i SR B 2 4b
BN HFRPY) 14 (Scheme 8)U'7. {73 —$2 (1)
R, RIS R AR ) S S AR S A R Rt — D
Z 5 A G 2 A AR,

ccl

(\'CEPh base (\QPh ) (\Qph NuH (\QPh

o " CF e e h

12 CCly™ 43 14
[

B8 LA RIRBEE AT Atherton-Todd S BiALHE
Scheme 8 Mechanism of the Atherton-Todd reaction of penta-
coordinated fused bicyclic phosphorane compounds
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A, R FATERR A-T RN R FER, 5
W T E e ] B A XK. Br T CICl;, CBr-
Cls, CFCls, CF,Cly, CHCI3 PAJZ o-IARER LAARIS19) — ikl
FALT) AR BB HT T & oK. 1998 4F, Brands /)
HROMERIIR RN LI T 22508 16 MIBEIEAL B, T
HAZ S Bt R A IR R AR R R R 117 AL (Scheme 9).

(1) NaCIO, NaOH R
oo Cg | +RYCOOH H,0,2.5h,0~5°C O )—CcooH
rO—r— ij —pP—
¥ NH,  (H:0* Pro-f—NH
OPr  R=alkyl O'Pr
15 16 17

35% ~ 82% yield

B9 XERENNF1 Atherton-Todd % B
Scheme 9 Sodium hydroxide-mediated Atherton-Todd reaction

2013 4, Prabhu PR ZE ] L AL, HyO, Ay
S, EIRED T A-T RMNAELIA (Scheme 10).
WETC SRR, ISLZE [ B I s 2 B A 18, i
BA RIFRRDEENE, B, R UL ARE e 21
SRR MO 5 R R R SR A-T .
BEAh, AR R I TBALL K1, Nal H1 NIS #BA] LA{EAIX
KL AT, EAEA AR R AR, B, Singh /)
HPAEREAE ) AR AT, S T IR S A-T
BE. 2R, SRR L M DUERE A-T RBIFIA
123251,

2016 4, FRAE/ANHPOTF AT — Tl 2 v 280 ) AU
WEVIRIZE IR SN, B AR 22 7 & ik 92%. b
4k, 1E Selectfluor fZ7E T, it —aiktnT LLST LA
& 19 5K R G 20 1 A-T [N, s
96% (Scheme 11).

2018 4F, Kaboudin /NHPTHE H A = SRR FURRR
(TCCAYENEALRFMLE CCly (Scheme 12). TCCA &
— R R KR R, BT A A=A M-
ABEIE B, BRI IZ SR AT AR S =7 AL & )
IS SOBE. AAT TN X — s Ak DL R A 077 2 1) %
T RV RS ) 24.

2.2 HEL{E{LHEY Atherton-Todd & R

HARFLAE Atherton £ Todd 78 A-T N [FIHLELA 5T
thERR T IR, (E T SRR AL
POk R R, A F AT ZRiE A G 5 Aok sz
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% I, (10 mol%) O i
RO—P—H +  H-Nu R—P-Nu RO—P—
Or H,05, CH,Cl, & OR
R = Me, Et, Pr, Ph  Nu=NR,, OR, rt, 12~36h up to 98% yield | active species
1 ArS(0)=NH 18
Selected examples:
o / 0o
- Q no /T Ph
P i i
EtO—FP—N EO—P-N_ ) EtO—P-0 BO—P-0
OFt OEt OEt OFt
95% yield 82% yield 95% yield 82% yield
o) !
p /Ph nS
EtO—I?—NH MeO—IID—N
OEt OMe
70% yield 50% yield 23% yield
B 10 fHELH) Atherton-Todd S M
Scheme 10 I»-catalyzed Atherton-Todd reaction
(e}
9 selectfluor 9 1
R—P-H +  H-OR R—P-OR' R-p—F
Il? CH;CN, 60 °C "? R2
R = alkyl, aryl R' = H, alkyl, aryl up to 96% yield ~Lactive species
19 20 21 22
Selected examples:
9 ® Q
OO0 UL O wWat
OH OH OH
Me Me )
96% yield 81% yield 77% yield
(0] o}
Il
L OO w OO
4
Ph/_ (l) H OMe O'Bu
65% vyield 95% vyield 0% yield
B 11 Selectfluor /-5 Atherton-Todd % B
Scheme 11 Selectfluor-mediated Atherton-Todd reaction
0 it
I TCCA (0.33 equiv. I N .
R-NH, + RO-P—H ( ) RO-P-NHR Chn @
OR' MeCN, rt., 1~6h OR' O)\N/go
R=alkyl,aryl R'=Me, Pr up to 92% yield )
23 24 cl
TCCA
Selected examples:
EtO\P//O EtO\P// O EtO\P//O iPrQP‘
~ O\ 7\ 0\ [ 7\
EtO HN@ Et0" Ly O EtO” )\ < > Pro” i/ < >
70% yield 50% yield 92% yield 70% yield

ZHERBEFIRBEAN T Atherton-Todd = &

B 12
Scheme 12  Trichloroisocyanuric acid-mediated Atherton-Todd reaction
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A5 S TR 0 1 I A A I A S 7 ). XA R

AL Atherton-Todd Js AR AT BAIE I F AR SR R 5%
FZARF, FLaniE R &40, B AP,

BE 5, AT S B — D R R R T
FERFIBREE R IR, A EAMURER, B R
i, WEHAY R R R . HA RS, B
KAV #8455 R G W Fe R & A
[F]. W1 Scheme 14 Fix, X1 P—S i N, B /aBH)k
BT B 30 35 B FE TS R (SET) AT it H Hi 2%
32028290 % [ R T RIE R ) 33, [FIRE, A
WAL A 19 5 H 3 32 KA HAT i F2 48 sl &
327,27 30 5 H B 32 sl mALY) 33 HiREH
B 7=y, 5o, ARSI AW 19 B

R? 0 R
|1 ’ I ’
R'-P-H + H-N PLLPL R'-P-N
éz R4 /=30 mA R2 R4
Kl, EtOH, rt., 4 h o
R', R? = alkyl, aryl R3, R*=alkyl, aryl up to 91% yield
19 25 26
-------------------------------------- Proposed mechanism ---- - - <o oo oo
cathode: EtOH + e ———— EtO + 12H,
anode:
Path A: Path B:
w1 R? m— 1 21
H-N,
O 0O RS
1 , ! 3 3
R-P-H RI-P- R1-P-N R { R
R2 R2 R2 R4 H- N\R4 = N\R4
19 27 26 25 29 R3
HI 5 4 o o N 0 R3
4 ;
I i 2B Ri-p-n EO_ Rig: R RPN
'IRZ R2 R2 RZ R4
28 19 26
B 13 LA I U A S AT A S 10 58 SCAR IR 5 L
Scheme 13  Electrocatalytic cross-coupling of P(O)H compounds with amines
Pt 1 Pt ) o
j = 3.3 mAlcm
R-P-H  + R-S-H —7 R1-P-s—R?
R "BuyNBF, (0.18 mol/L) R
R' = aryl RZ=alkyl, aryl dir;,ti' &:c'; cell 53% ~ 90% yield
19 30 31
---------------------------------- Proposed mechanism ---------------------------------
cathode: HY  + e — 12H,
anode:
R2-S-H R?*-S: ~—— R?>-S-5-R?
30 32 33
Path A: ' Path B:
o 32 o 0 0 0
5 I 320r33 i C il 33 18 2
R —I?—H Rl-p. 22>, R-p-s—R2!R —I?—H R'=P=8-R
R! 5 é1 F|{1 " R1 R?
19 R=STHO 5 31 19 31

B 14 AL I SRS S0 B AN B AL B 1 28 SCARERR 2 2
Scheme 14 Electrocatalytic cross-coupling of P(O)H compounds with thiols
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ALY 33 AR, [FIAE, Lee /NP HIMEAL I
Jiidie B EERL AP0 Atherton-Todd [, 3K
PRI I A2 2R

2.3 Atherton-Todd-type & Rz

Br 7 51N s AR R A 5 B H A R g Y
Atherton-Todd R LAk, IEFRALZFEZFA K JE T —LH
il (1) SR g FH T B S A B R B B /e Ak S I (R—
XH, X=0, S, N)Z [H] [} 828 AW B, X B
NG DI e P AR, RILBFRA Atherton-Todd-type
S VAR B R0 1% S RN 1) K Je [ R AN et e it
ITVHREER.

2.3.1 & /& HEE Atherton-Todd-type R &

2013 4F, Mizuno PR BOEE A AT 2 66
AP A, SEEL T BERG R &9 34 FIEBEEIL &Y 1
B B 438 AR B e W (Scheme  15). 1% N ERYIVEFE T,
ANE EVEMEERR . L el JRE . Mgkl
ML A, 0T DAL R S5 200 5 1 7= 26 3R A3 Tl
W=y 35, MeAh, 1E3E 10 1% N A5 A 00 %2 1) £ i
TRl 5 2R AL, HEDIX VT RE & i &4 1 1) BRI
FE).

o R2  Cu(OAc), (10 mol%) 9
4~ U H-N K,CO3 (1 equiv.) 9 )]\Ra
RIO-P-H + —o —————— > R'0-P-N . +
OR! o toluene, air, 80 °C Or' R
R = alkyl 52% ~ 99% yield
1 34 35

1 1
R'0-P-0-P-OR'
OR'" OR!
trace
5

B 15 Cu(OAc): fEILH] Atherton-Todd-type ¥
Scheme 15 Cu(OAc):-catalyzed Atherton-Todd-type reaction

[F4F, Hayes /NHBHE— D8 I MR RIS | —
Uram A ik 2R, I8 7 — P I R (Cul) A S AL
T Ul BE M R e 1 28 SR S M. (Scheme  16). [RIE, it
e 7T RERI R BINLEE, W Cul fFEASUEATT, 5
W& &4 25 FUEBERRERIL S 1 AR AR IR
T, TR = A4 IR Tt 2, 12 A0 () 4l i 300 JE v Pk
PRI BRI Y 36 AMEALTR], AT 76 UL
W EE—RRE, 5ok RAE, £ Cul #
Tk R R RRER AL &0 1 2 R A SR TE Rk P-P AR EK ™
Yy 37, X —HEAUL S LTINS BUA K, &
NGRS AL 1) 5 581,

R 1 4 ] DUE A IX R M4, 2016 4, #HAL)%
TRHBVR R T B b iy 20 5 E G 19
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9 , ., Cul(20mol%) 9 R
R'O-P-H + R} R* —————~ R'O-P-N__+
OR? N MeCN, air SRz R®
o ~
R, RZ=alkyl R® R*=alkyl 557C. 4= 24N 169 ~ 98% yield
1 25 36
o)
Il 1}
R'O-P—P-OR!’
| |
ORZ?OR?
trace
37
Proposed mechanism-----------------cc-ooooooooooooooooooo
R3
o R \ H-N,
1l —
R1O-P—N. cu-t 25R*
6R2 R3
36 0,
1
OR!
O\\P/—ORZ H,0, ,R3 b
_agion-R I—Cu"—-N
I—Cu N\R4 -
Int 2 Int 1
Hzo
1}
R'0-P-H
OR?

Bz 16 Cul 4k Atherton-Todd-type J% v
Scheme 16 Cul-catalyzed Atherton-Todd-type reaction

f) 28 SUAB I [N (Scheme  17). 1% 844 % BE 6 4846 77
WEKESYE, BAWERES. BRI TTHENR . (R
et b, ZR A F A — D AROE TR 30 AT
Ak i SRR AL 2 S (Scheme  18). JEW3H & AL AL 45 %
Fh o HE A A B AL B, I EFEIEXTIRT P T
tEY). (EEREZR AR ERAmEl &
Y5 PA(O)EMINBIE AN S B 51 Int 3, Bi)5 5
BRI G 30 KA ARSI E B 4% &4 Int 4, [RIETC
i Ha, 124 E 08 5T bR G152 H FRr=4 31.

o) o
Fe(AcAc), (10 mol%
RI-B-H + Ho-R2 iAokl . R-p-o-r?
. 1,10-phen, K,CO 51
R R2=alkyl ., 2R R
y o
R = alkyl, aryl toluene, 130°C, 24 h 579, _ 969% yield
19 20 21

B 17 Fe(AcAc) LI Atherton-Todd-type /2 M.
Scheme 17 Fe(AcAc)z-catalyzed Atherton-Todd-type reaction
2019 4F, FENTRBAPHRIE T Ni(OAc)/Y(0OTH)3
B AL P(OYH AL &5 W) 5 B I 10 28 S A Ik s o
(Scheme 19). 4 Ni(OAc), FMAEMEMAIN, KMNFHETE
EH RS, PRI MAE Ni(OAc) ALK R AR
SEAGIE JRTEVE 8 B T Y3, KRR R A R
PLERRE TR B, fEBEAMEALIEIAh, A48 Ni(ID)/Y (11D)
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o) o) Ni(OAc), (10 mol%)
Pdydbay (2.5 mol% 2
R-P-H + R-g-H — 2o @OMo) pr p g po 0 5 Y(OThs (10mol%) . ¢
'2 dppf, KoCOj3, styrene | R'-P-H 4 R°—S—H 5 R'-p-S—R3
R 100 °C, 20 h R? r2 RO = alkvl ary DM 70°C, 16 L
R", R% = alkyl, aryl RS =alkyl, aryl 43% ~ 97% yield - alkyl, aryl o, palloon . .
19 30 31 R', R? = alkyl, aryl 40% ~ 88% yield
, 19 28 29
Broposed mGChamsm--“----“-"“-"-"-"“-“o- ------------ Proposed mechanism---------===------------------ooooo-oooo-o-
Il 3_a_
R'—P—H Ni(IY/Y (1) R*=S-H
I Pd(0) L, 28
R'-P-S—R3 R .
'2 19 H t
R Ni(0)/Y (Il PN
31 oxidative o 'I(Ot)s( ) [R3-S—Ni(I1yY(lin]
reductive addition .n 5 n Ints
elimination R "ID_S_R oH
R2 1 Il 1 /
2 R'-P-H =—— R-R
o P o Tt R2 R?
[RSS—PdLI?—W} [H_PdL'F',_R1 19 3
|
R? R2 R3-S—Ni(IyY (il “S=Ni(IyY (i)
Int4 Int 3 R1- P o R1- P OH
i R? R?
Int7 Int 6
— 3
ligand exchange H-SR
30 H*

B3R 18 Pdadbas 1L Atherton-Todd-type <8
Scheme 18 Pd:dbas-catalyzed Atherton-Todd-type reaction
Yok 7 e Int 5 TR, JF Badt— B4

J& 5 P(OYH A& WIHINCAL, AT H2 m AL R,
2.3.2  A4EEY Atherton-Todd-type & &

e 2 U HES, BTG E S BEERE, D
TEA LA BT 32 BB 2 (11 557E. 2013 4, REWR
HRAHEHRIE T O RIEEE 30 5 P(O)H L&) 19 1

B 19  Ni(OAc)/Y(OTHs ALY Atherton-Todd-type Jz B

Scheme 19 Ni(OAc)2/Y(OTf)s-catalyzed Atherton-Todd-type
reaction

H32238 AR B [ N (Scheme 20), il T — R 52 B4R
BRI &) 31, EEHEN N2 T LA R e, &
7 FF S (MB)TE WG B R 7 A2 e IO S )l MB*,
SRJETEBRAAE R 7242 MB 1 H 2R, 1S O,
ET e R A UL R 10., fERAN TR,

1076

o} 0
0,
R-P-H  + RE-S-H MBi(3 moi%) il g ge
R KoCOg3, 'PrOH, r.t., air Il?1
Rl=alkyl,aryl ~ R2=alkyl, aryl 12WblUeLEDs 509, - 959 yield
19 30 31
Proposed mechanism -« -----=-=oomoo oo on o I
| N !
, = !
: [ :[ I l O
blue LEDs : ~N s \N/ :
o [
“--- Methylene blue (MB)---*
base
R2- s H R2— ¢ = R?-5-8-R?
33
Path A | Path B
’IO !
o [ .9
R'-P—H %— R-p. 32038, pipog-g2 R-P-H B . R-P-5R?
R’ ! é1 R R R
19 HO, 27 31 L 19 31

B 20 1 F N CREUE BRI GELL Atherton-Todd 2 f

Scheme 20 Electrocatalytic Atherton-Todd-type reaction promoted by methylene blue as photosensitizer
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KA MBeIR[EIHIEE MB. BEJE, £RN 10, R
30 EMEJE IR B A 32, 1% HEEE IR
PRI R Ak 33, X —iE 2 nl i, X+
P(O)-S =4 31 (ML, W REAATE Wi 2k NEER A% TEERAR
A 1, P(O)H L5419 @it HAT i F2 A4 i &k 1 b2
27, 'BESE S0 A 5 32 BIE S e 33 NG
=4 29, BbAk, 79 31 AT REIE S P(O)H thEPI%T
T 33 ISR S 2.

W 5, ok /N B0 BT D% DA R i Ab i ) B
oL, FFESRIL T BRI S Atherton-Todd-type J%
J%i(Scheme 21). TEIZ N, AHLGRIEBIRAAE A H
A, SR PRRAE R, BE PSR B AP
HIRMF— R S-POVEEL =W, %R SR IH AR R 11k
SR PEVER R MR AR M. hAh, IXROR AL
Atherton-Todd-type Wt [ #¥:3& FH T~ & 8 A1),

(0] (0]
Rose Bengal (5 mol%
R-P-H + R-S—H DMFgrt( o 2. Ri-posr?
2 3= o 1L 2
LR R®=alkyl aryl  \yisiple light R®
R', R* = alkyl, aryl 30% ~ 91% yield
19 30 31

B 21 JefE1L) Atherton-Todd-type B
Scheme 21 Light-catalyzed Atherton-Todd-type reaction

233 HABMEAR F 69 Atherton-Todd-type 38 XABIR A
EZ

B T HAECADB RIS, ITEE AR R T
— BB A R SRS SR SEFI Atherton-Todd-type . 2017
, FE T IR HOHRGE T — P ] 5 A S O R B
53, JHE w47 Vo A L 7 BB 10 0L B A £, SRS
VEREAT, 12T S B B PR A A — SR i iR
le 5 — i) 33 MRz RPN E #E(Scheme 22). fH
B—RME, ZRNMEEHTAWENES ¥
zidovudine) ] J5 15 1.

2020 4, BRITREHNTRIH =S RERSERNE
H3L 5] &R, CHCLs AE N RAGRF, RS T R i
R It i AL A P ) = 30 A i (Scheme  23a). LB 5%
KB, P(O)-H 1A WTE AR 2 P A I 1 b 2k ) 4
27, MM JE3) Atherton-Todd <. [E]4E, Arora /NS
TR 7 5 A b B R SR A D I R A
¥ (Scheme 23b), {2 HIHEILTE 5 Atherton-Todd
SSEFRIHLHIHE & AR, X P (40 7R 7E e B I 2 v mT BA
A2 AR s BT BT PR R B b 39, AR 3 i sk i AN
A% IR AR B, IX PR A7 /E P—Se B, 5T,
TR ZH I By 2= 8 b AH e R M bR, Sl T 28—

.........................

i H.C i
Q Cs,CO; (50 or 10 mol%) Q e NH !
R'O—P-H  + R*-S-H - R'O-P-s—R2 ., Q %S
R’ MeCN, 30 °C, O, OR! {Pr—P-0 N"o!
R = alkyl R2 = aryl, alkyl 22%~94%yield | S koj
1 30 38 !
] : N3
‘—~CSZCO3 R2—S—S—R? ! :
Oz 33 Cs,COs3 ] .
\__ Zidovudine derivative__;
B3k 22 Cs2C0s {23k Atherton-Todd-type S 57
Scheme 22 Cs2COs-promoted Atherton-Todd-type reaction
open air .
a .
@ Q) CHCl; (1 equiv.) 0 poova
1—_p— 2 '
R R i PEs20orcHon R TR 0o
- ' 1_p. '
R RE=anyalkyl oo R AU
R' = alkyl, aryl X= 0, NR3 ' up to 99% yield ! R'
T A
(b) 4 o vig ---
1B R3 (ArSe), (5 mol%) 1 O R , (;"a :
-P- + H—N — R'-P-N-R : :
\ | ' ]
R2 R* CHLCN, 807c R? :R1—II'I~I‘—SeAr:
R! R2=alkyl, aryl R® R*=H, alkyl, aryl up to 98% yield ! R139 '
() @ i
L9 PPhsMel (10 mol%) Q proiviaeoy
R-P-H +  R?>-0O-H . R'-P-O—R?* | g1 Q :
iy Cs,CO3; (2 equiv.) L | \IIDI--H |
R CHCl3, rt., 1 h, air R A
3 L, ) o/ Ui ' R1 P
R'=aryl R? = alkyl, aryl up to 98% yield e e
| 40

B 23 HAhK Atherton-Todd-type J v
Scheme 23  Other Atherton-Todd-type reaction
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%K 5 N ) Atherton-Todd-type S W (Scheme 23c¢). %
AR EERE VI & R gt 7 — MR iy
BRI T

3 Atherton-Todd & i 97 &4k

3.1 FHMBEIHELESYRIIIRLE

TP 1 (%) Ak & D A o T A B £ 7178 AN X R A
s RIRF= R 25 G SRS T2, A-T RIA
IS E B AL T =R Tk, Tk, A-T &M
T R R PR ST AR AL S AR S AT S R L 1970
4, Aaron WP IRIRFL T A-T [ H FPERE 57
A4 % (Scheme 24). AT RBL, TEXTBRAL) O-5F: 5 H
FEVRERREE 41 11 A-T RV H, 724 43 BF Ok
AT R EARRE, N T s AR A 42,
B F O 5 IRy — 5, BE RSO
VTR AL, X FhVH e A6 I 5 ) I T e i ) B R
KBU B AR Aaron AT A-T SN R SLARAK 2% n] 5 3E
ITVIPIR R, (HE = 7855 I SE IR A S 4.

9 cosuN 9§ H,N—Ph Q
ProvP-H ———— ’PrO--IP— —_— Me---P—N\H
mé % Me iPro Ph
41 42 43

Bz 24  Aaron /NEXT Atherton-Todd S N S ARA 22 FIHFFT
Scheme 24 Stercochemistry of the Atherton-Todd reaction by

Aaron’s group
(a)
?
" ~0"-P-H

{ THF, 0 ~ 25 °C, <20 min
Ph

/-\
44
Rp/Sp = 64/36
R', R% = alkyl, Ph
(b)
o) o]
ph—p i S, pr_p.. Nu-H

] Et;N 4

(-)MenO (-)MenO

retention of configuration

CuCl, (2 equiv.) d o
_~~0—P

EtsN

TEIX 2 J5, ST Atherton-Todd Jso I 37 AAAK 2 (1Tt
FuiFh TR ). B 2010 4F, W7 URAH Y
RN R T AT SOSCFVEP= M) B, GIESE T S b o
BT R AR T B, 2R TR —
. TRIAE, ARAIENE— D JE T AR (2 B S AR Al
M UK ) 46 TV, I HLER g X AT e T T
WERE S i B, 255 SLIe 45 KW P(O)-H et
A S B SLARORFRI). 40 Scheme 25 iR, A 1 i
— B IRAIE A-T SO SEAR T — 1k, Al AT 38R A
1R(Rp/Sp=64/36)[1] O- 817 B2 2R 1 T WEFR G 44 1F MK,
fE CuCly &k i) Sk S R, ] BAAS 3 [F] B L (Sp/
Rp=64/36) I T IEBERE S 1) 45; 4] TP B IRt it
WA EY), 3RIMBERE Y 46 H)TVEHIGH
¥, I H R4 T (Scheme 25a). BEJE, ¥IL%/N
HBNPE— B T ARPEAZ NS O-wifar H 40
FRERI A-T OB B AH R BISIARAE S, AT R, FEAE R
Bt O T A L OR AR A B IBE S P A, SRAZ 2
P—Cl B S BEBUBE IR T, RAESERZ I EE AL S R I RE
TS SR T, T AR R Al Y 5 4 SRR () TR )
(Scheme 25b).

3.2 FHARMBIKESIRIALE

2012 4F, R EIF RS IE T F A R IR A
Bkt 47 2500 A-T B, W F 0 R EAL S S0
SR ST THFFT. U0 Scheme 26 fTzw, F4:FACAL

MeMgCl d 9
e aom . O—P'Ph
: /

: Y THF, -78 °C
45 46
Sp/Rp = 64/36 Sp/Rp = 64/36

Nu~

Ph=F ¢ —— R OMen()
(-)MenO

inversion of configuraton

E = 25 Han /MHXT Atherton-Todd S B 37 AR 22 FIHE 5T
Scheme 25 Stereochemistry of the Atherton-Todd reaction by Han’s group

O

(0] (6]
. . .
3 ~=H s ~H - o
i NH CCly/K,CO4 i _NH ArOH/K,CO3 HN_T
H=P~NH W T HNRTOA
- N inverti
OW stereoretention OW stereoinvertion >"/\(O
H
(0] O (e]
47 (Ap) 48 ( Ap) 49 (Np)
68% ~ 80% yield
> 99% de

B 26 THEIACABEE AV Atherton-Todd S8 SZARAL 27 8F 7E
Scheme 26  Stereochemistry of the Atherton-Todd reaction of chiral pentacoordinate hydrophosphoranes
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i A A W DY A B RD B P 7 TR T A R AR 55 )
P-Cl JhtErfalfA 48, Bl S 75 2 5 851 iz Rl A
TR, FERE SRR X, 1S 2k B
IFPEF=1) 49, X — I T 245 519 1) 5 45 M T SCH.

T A B S EL A = A O R IR S5 M, A 5 Y
FCAL S AL B A-T S ST ARAL S A7 15 25 e 1
2013 4, EIFPNACVRI S LL A HERTFH R A
1% B L FR MR IR S e N R, A-T RS =44
RUFITUAR I —FF, BEFME O R A T MBI, (H2xt
T A MR R E AR IR SR e R 51, 729 53 47
TE—XTAER A . AEF TN, 5 A AL F1E
SRR WA BRI A AL, A FERLPR TR
PR B IR B e (S SR U R S I eils P—H BRI IH,
[ =y N RS TR A 2 N - A o W R e e
(Scheme 27). 1% 838 B FH: FLECAL B S A &0 A-T [
(RIS AR A 25 e 45 M T ) 52 38 A 56 2 I £ L ) 2 .

4 Atherton-Todd & 89 FB

4.1 Atherton-Todd &k N ZEBHL& BT HIN A
WRER I 45 0 Fr B N — 8 E B IR, # 2 H

R
R
23

O

PH HN.Q CCl,/Cs,CO5

-P-
Ph  HN7, i
\ml O stereoretention .,
(6] O
51 (Ap) 52 (/\p)

B 27

\ R‘ 1
N-H + cO, _CsC0;5 | [R,N—C—O

FTHEVA R Ftb ZEYENY S 710 5180655 7 1.
1955 4F, Kenner BRARZH P73 R 3E T A-T SO 75 29 4L
AV IR SRS AR S i W R AT AE ) 54 1 A-T
N A LR TG P24 55, B e i AR B AN )
R, SEI— RYIA DT GG 56 1) s AU R
(Scheme 28a). 1X—J7 vkt — 0 H T A HuH L KRR
FRCAR AM4L1 [ocs Ak 59, SR T 8UF IR
(Scheme 28b)1381,

2002 4F, Dorn YR IE T B ot B TR s 7E 'L R
ZAF 5 =07 HE = R A AN OB ) % T B b ik
A 61 (Scheme 29a), WLFWF 7T L M ZH Srnl it
T2, BbAh, 55 B b= W R A S 8 oy 1 5 B Rk
BERITR - R TR ) — R E B Ak, EZMIE AR
PARA LA R LA B R A0 hAl, ol R e 2
NEEFEWZ 51 5 — I H 2 N A2 Suzuki-Miyaura 58
AR, Scheme 29b fTR, 53k AR AR EER NS 55

W A-T NE R, RIEEREAFEET, 1%k
%%%IEﬁﬁW&&r,uﬂﬂAﬁT RIS
& BRI E YD 62.
(@]
SPh
?  ONH "
N—C—O—I?:NH
O\
eo\“\‘e(:o“ th
e 5 (o

P HNG @ R
ph HN-FTOTCTNL
L O
o)
53' ()

2|8 AL BEXT Atherton-Todd 2 N SEARAY, 2 (1) 52 i

Scheme 27 Effect of steric hindrance on the stereochemistry of the Atherton-Todd reaction

O
n-OEt

OH Hp(o)Et0), @ ORogr  LiNH;or Na/iNH, H
CCI/EtN

54 55 56
up to 98% yield
(b)
OMe o
HO OH (1) 70% CH3SO3H, 80 °C
+ 7\0
(2) HP(O)(OEt),, NEt3, CCly; MeO

OMe 0°Ctort.

(3) Li/NH3, -78 °C, Et,O/THF

AM411
cannabinergic ligand

B 28 Atherton-Todd J b 7 75 JE oy it 58 S o7 = 1 oz

Scheme 28 Application of the Atherton-Todd reaction in deoxygenation of arylphenol compounds
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TP EEBE( L EMEA LG B EE RS, W]
VR TR R 4% <65 8 A 70 () FRE A Vs PE RN LA #5648,
AT DAE A LA ) 3 fie A s B t6-63) Fhrpr Ar—P
TR AL) I SN 26 AERIZ, 1981 4F, Melvin PRI
TER T — Tl ey 280 (a1 4 1] 6 5 B0 Ak & W01 7772 (Scheme
29c). BT R4 R 1) 07 B AR AL BN, AR RIS IR BN
BT HEAS, MIISEI T 2-F2 R 07 B BEIR IR 63 1
Hil e, NSRS Fries BEAFSRSRAL KL FR 9B
{8 5%, )2 ¥ (phospho-Fries rearrangement).
4.2 Atherton-Todd &z RZFE AN XHFRE Al B R
421 FHERNF R AR R
FEW IR — R B G0y B, (RN TR )5
FER T EEFIES T, HAERRTIARN R E
EJZEF'E’JF”ﬂﬂiﬁﬂF%T/z[“l 2019 4F, Colobert 144 06]
i A VAT TR 2- R KR 5 65,

o

54 Atherton-Todd reaction

HP(O)R,
CCI,/Etz;N

hv, NH,

‘/O P\
‘/S”Rs RsSnNa @)

20% ~ 99% yield

TEBIX B F A I SLI T — RIVEBEEY) 64
FIASKT Rk (Scheme 30). IR, Z &N FHEES
RS bl 90 110 RN ik EE 1S 2 H bR
). AR E R R EUREN T AR SR m AR K,
Y RO SN EIR S, JUPFRA LR
T AR RN, ZRNAT] TR Id R,
XS5EBEENEE G RAEINEEA RO, b, F
=W 67 @i S A R — P R, BRI %
F % PAMPO, %L & YA C & F &b Ak 1) B i 44
DiPAMP F{JHT/4.
421 FrEg % e TR B R

HAl, HEERAIN A-T SO AT 50 B R 7R R
N A S STARA ST T, AT A-T RNAEAKFR G
R I REFH AR W ARE. BB, FRATER S OSR
KA A T 2 8 A A A A R T AR, BRI

(HO),B—Ar

Ni(PCy3)>Clo (5 mol%)
(b) K3POy, dioxane

“ R 7 110 °C 62 ]
36% ~ 96% yield
OH §P,>/R
LDA SR
-78°Ctort., THF
63

78% ~ 95% yield

KX 29  Atherton-Todd J% S AE DI RE /N1 HEHH R R

Scheme 29 Application of the Atherton-Todd reaction in the synthesis of functional small molecules

Bu

i [{
0 \ _ CCly4 (10 equiv.) 0 Bu
R-PH HO ~ 8=0 DIPEA (4 equiv.) R1,\_,':'_o -0
R? @ THF, MS,25°C, 22~24h g3
(1.1 equiv.) (1 equiv.)
rac-64 65 66

Selected examples:

9
Ot
<

80% vyield, 83:17 dr

Synthesis of PAMPO:

By

B Bu
“ Q \
S=0 P—O  $=0

71% yield, 83:17 dr

o-AnMgBr (1 equiv.)

e
mP—Q  $=0
{

ud THF, 0~25°C, 16 h

67

@b@

(S)-PAMPO

84% vyield, ee > 96% 94% yield, ee > 99%

B 30 TS INE A B R A & YR BN J1 2

Scheme 30 Chiral sulfoxide-mediated dynamic kinetic resolution of racemic P(O)-H compounds
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1057 A1 525 (Scheme 31). HLERAFFL45 KK, 7E5Hh
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B J5, 33— K % 8RR I F T R AR
JiEz 100700y 2 e FRAK S ST, iZ AL AR 2t R RE 3 T 11
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— A G5 2 RE S B R 0 T 1A I R i AN I R AL
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KRR T B ) i AR DA S B 42 28 SRR IR 7 3, IX A8
13 A-T RAEIERFRA WA P2 — € M. B
ERA TR SZI 75650 Atherton-Todd S %A 31
KRR E T, (AR N AR LG 2R
2 HA A T+ 7 N e+ A R, 1%

AR AT H AT IS TG R, X AR AT O
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Todd J5 N3 4 3 DY e Az B8 3 1 43 - 28 e Ao 1o 1k
T RASVIAR NG, XK Rz 57— PR PEAT
FLUR

i
@ cat. 1 (10 mol%) E oTBDPS | ©
Cs,CO;3 (2.5 equiv. 2 : ®
OH 2CO; ( quiv.) O)(Ar), 8: E PPh,Me
oH E4,O/CCl, (V:V = 5:1) : o ki
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1
s up to 525 ! vy
P R) -69 (3) 68 | NHBoc
rac-68 i cat. 1
up to 99% ee upto 98% ee -
+ o :
i
0 e
Ar? P H |
Ar2 cat. 2 (10 mol%) @ i qTBes
Cs,CO3 (2.5 equiv.) O)(Ar?), N OH | /H/\
1
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Scheme 31 Dipeptide-phosphonium salt-catalyzed enantiodivergent kinetic resolution of axial chiral diols and amino alcohols
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