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The author’s work in the past 10 years have been reviewed, focusing on their endeavor to find more effective and versa-
tile reagents applicable to the Mitsunobu-type reactions. The project was originally planned to provide various N-alkyl-
N-allylacylamides, the substrates for the aza-Claisen rearrangement the authors have developed. The effort was reward-
ed by more colorful results than expected originally, introducing to the chemical community two new series of reagents,
that is, azodicarboxamides, such as TMAD and DHTD, and phosphoranes, such as CMBP and CMMP. The former
series mediates the Mitsunobu reaction between primary alcohols and various protonic acids (N- and C-nucleophiles) of
pKa up to 12, while the later, though needed a higher temperature, mediates the reactions of both primary and secondary
alcohols with protonic acids of pKa of up to 23.5. Utilizing both the aza-Claisen rearrangement and new Mitsunobu
reaction, a variety of natural products including isoirridomyrmecin, a-skytanthine, antimycin Aj, as well as various
alkaloids and pheromones were synthesized in reasonable ease.
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Scheme 1. Claisen Rearrangement of Esteer Enolates and
Amide Enolates
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Fig. 1. Stability of Transition States in Claisen Rearrange-
ment of Ester and Amide Enolates
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Ko Me 15 120 6 85 89/11/0
Iph Me 1.5 120 6 82 95/ 5/0
Apy OH 22 80 15 95 14/86/0.8
Aoy NH; 12 rt. 15 89 89/11/0
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Scheme 2. Mitsunobu Reaction
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Scheme 3. Mechanism of Mitsunobu Reaction
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Fig. 2. Azodicarboxamides Utilized in New Mitsunobu Reaction
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Scheme 5. Possible Reaction Pathway of Phosphorus Ylides
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Scheme 7. Synthetic Strategy of (—)-Isoirridomyrmecin and (+)-o-Skytanthine
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Scheme 8. Synthesis of (—)-Isoirridomyrmecin and (+)-a-Skytanthine
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BATETAINK K 23~28 (pKafi=12~
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Fig. 5. Sulfones Used in Mitsunobu Reaction
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Table 4. Reaction of Phenylsulfonylacetonitrile

SO,Ph 5eq. SO,Ph SOsPh
ROH + < o Redox System (1.5 eq )> R—< ol . R>< ol
CN PhH, 24hr CN R™ “cN
23
Redox system DHTD-TBP CMBP CMMP
Temp. r.t. 100°C 120°C 100°C
ROH Product
AN0H 97 96 — —
pr~OH 94 95 — —
Ph” ™ OH 46 (51) 77 (20) — —
ANNoH 52(22) 89 — —
Y 67 66 79 94
OH
OH |
HO/\)\ N
O OH O SO,Ph
><0:COH >(o‘ " 21 — 90 —
OH Ph
Ph 63 — 66 74
Ph)\C4HBOH (:%2%
L[~7OH J 2 — 62 73
CH,OH SO,Ph

NC
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LTHEMRLEZ—TIVDRRIKRT S ZENH D (Ta-
ble 5) .20

Scheme 11 (2 23,24 % f \\ /= red flour beetle &
pine saw fly ® 7 = O & > HLA DX Gk % 1
BT DRT. 20 B 1 BT dh D IR
THOHEITS NIV E Z)V#ED Walden KERATE
WHN, R DOINFEMEITI5%ee L ETH >
2. INHIERMEROD OB LR TITEDES,
WMEINES 23 fFIZ/2>Tnb,

43. TLZLTzZLRILKE (25), 5=
L7z ZLRLKRE (26)230 24 (pKa=23.5)
WCHIESSEDEHA L D 5 2 ENFES DT, FEE

Table 5. Reaction of MT Sulfone
SO,Tol  Redox System (1.5 eq. SO,Tol
ROH + < 2 Y q.) R—< 2
SMe in PhH, 24hr SMe
24
Redox system DHTD-TBP CMBP
Temp. r.t. r.t. 100°C 120°C 150°C
ROH
ANN0oH 0 2 85 94 —
ph~~OH 0.2 2 56%  73*
~"“OH 1.6 6  40* 41 —
ARAoH 1.3 12 50 68
hddd 0 0 4 71 88
OH
* Corresponding dialkyl ether was obtained.
OH 23 PhOZSJ/CN Smi,
 ——
HyaC CMBP Bz H,,c~ “« THF
13L6 13Ce MeOH aq
79% 86%
CMBP, Bz
120°C
71%
TOlOg
SO.Cl, reflux
99%
Cl
Tol0,S .} - SMe AgNO, Oj,SMe
Hy4C MeCN aq HqsCe™

81%

Scheme 11.

H13C

71%

6

LiAIH4 / THF
—_—
0°C

DpKa ZFi> 727 VILRPNRZDIVRD XK >
EMNTL2ENEERICE . 25526 D pKa
FHesnThwiRngy, UL T xzZ)V AR >
(pKa=22.5)V XD EFTHMTHDEEALND.
ZDEDKIE CMMP OFE F TOARERITIZ A
LHiEREGH 2% (CMBP Tl325 &EX>>PILT IV
J—=)VDORISIINE 7%). 2|7 IVa—)VzE 1kY
WA=V EFAEEDONE TGS ED I LT
172 (Table 6). ZOMDKIEZFIHALT /I 7
7 I F—=IVINE S N7~ (Scheme 12) .39

44, XL TZLRLKRFE 2, Tz
ZILB3-EVZIAFILRILKS (28)% [F] F2
Table 6. Reaction of Prenyl and Geranyl Phexyl Sulfones

CMMP
—_—
Ph solv., 100°C, 24 h

ROH + R s ~gq
2'

25 R=H
26 R=Me,C=CHCH,-

R

, 25 26
R’OH
hex/PhH hex/PhH

ANN0oH 93 92
nC16H3s0H 96 89
PR OH 98 89
ANA"0oH 89 87
J\ 780 82

Hex” "OH

CN
S,

H1gCs™ "

a) Reaction at 120°C.

1) DIBAL,CHCl, -78°C
2) NaBH,,MeOH 80%

/l/\OH
HiaCe”™ "

CHO

HisCs™ ™

OH

Synthesis of Pheromone Analogs
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23, CMMP
Tol, 100°C, 24h
79%

MPMO._A~gn

1) PhCO,H, DEAD-TPP

26, CMMP, Hex-PhH

1) Sml,/THF-ag.MeOH

MPMOJ\{SOZPh 2) DIBAL N \)\)Cfoj

- J L)

2) NaOH / MeOH OH
98%

100°C, 24h

54%

LiBHEt,, /k/\/k/\)\/k/j p-TsOH/aq THF )\/\/k/\)\,
> S N CHO
Pd(d ppp)Clg, :

THF 74%

42% (+)-Norfar
anal

Scheme 12. Synthesis of (+)-Norfaranal, a Pheromone Analog

Ph
Ph
SRR
OH

_CMMP (15eq)
THF 80°C, 24h

©):802Ph

90%

(1.5eq.) 27a
/©/\302Ph . _CMMP (3.0eq) /©)\502Ph
NC Tol., 80°C 24h
(1.5eq) 27b
A CMMP (1 5eq.)
(j/\SOQPh . ROH 80,Ph
N ToI 100°C, 24h
(1.5eq.) 28 % yield
R-OH 27b 28
Ph/\ 100 92
AN"0H 86 86
ZN"0H 100 93
100 87

Scheme 13. Reaction of Benzyl and 3-Pyridylmethyl Phenyl Sulfones

EOpKaz®>7-272,27b, 28 12DV T HMRETL
7= (Scheme 13) . CMMP @ & 7% % H I it 2 %
(CMBP Ti327a EX DIV T7ILV =)L DI
80°C TILH 70%).

4-5. By o7ILhaq R, TARZL L CR
UDDAM  KFEFEEOHEHENSHSN, £
EWEEOD—HO-EUDITINFILT IO
96, TFRTIT>>C29) &£D (B0 &, 2807
WFENMEKIEZFALT, RIS HGHKL L
(Scheme 14) .32:3%

4-6. 7IIO—)LED1RFER (7 ERY
L DRIG)3D 7 Ak FE i%iﬁfﬁ’éﬁ5
T3 72 pKa(9.2) ZFFDM, SIS ITINH ) E
<, kﬁ%@L@N%ﬁﬁﬂ@ﬁﬂ@fﬁ?fﬁm
IHTH60% 2RV 7RI T ER

> (31) WS Wik OFiES 2HT7ILa—)L
’Cbi{iﬁlll RTCHDD HBrIIHAES 31 OMAS
DEICE> TINRDOM EZEX S /2.3 RE O fE R
(Table 7), 1§ 7 )V a2 —)L D HEIT TMAD TH |
SEMTHOED0, 27NV I =)V TIEERBRD
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SOzPh (CH,),,OTBS (CH,),,0
I A HO(CH,),,0TBS I Ny “s0,Ph TBAF | Xy “s0,Ph
—_—
N CMMP (1.5eq.) N THF N
THF, 100°C, 24h 95%
28 91% TsNHMe
TMAD-TBP(1.5 eq.) TsNH,
PhH, r.t. .,  CMmBP
24h 100% Tol,rt. | ggo,
Me 24h
(CH2)12NTS
(CH2)13NHMG Na (CH2)12NHTS
| = (65eq) | Xy 80,Ph
P - Xy s0,Ph
N DME, -40°C |
o N
30 100%
e
(12 eq.)
DME, -30°C ~r.t. | ~20%
o (CHa)igNHz
Y
29
Scheme 14. Synthesis of Theonelladines C and D
Table 7. Homologation of Alcohols with Acetone Cyanohydrin
><OH
1.5 eq.
CN 31 ( a)
ROH » RCN
Reagent, (1.5 eq.), Temp., 24h
Reagent Solv. Temp.
Alcohol DEAD-TPP TMAD-TBP CMBP (3eq) CMMP (3eq)
ether, r.t. PhH, r.t. PhH, 100°C PhH, 100°C
n-C16H33OH 679 96 - -
Ph/\,OH 890 91 — —
geraniol — 83 — —
CoH;(CHCH
P ’ 420 60 63 719
OH
cholestanol 230 6 — 739

a) Wilks procedure3™. b) Reported yield¥2. ¢) 87% yield with 3.0 eq of 31. d) No change of yield at 120

°C. e) Solvent: DME, reaction period: 48 h.

CMMP (100°C) THPRAWMETH . 1#HkE
27N A-NORIEEDEEZFMLT, 1H7IL
I—)VEDAHZMERT HHEHTEDHPL, HIEZ
ViR FEMOIIAERREOZZFMALT, 2D 14K
B — 4 % BINAICHR T D HEDH TX 5.3

5. |E®p-FLT IR (32) ORERKE
ZOEMANDICA® —HKAKRT L EZRHW- CNE
BHERK

BRI < OWFFEICE o T, 323 ERIEDZ&M:

FTTIART 4 VEERIBL, 7+AT 42T IR
%9 539 (Scheme 15) 7=, 32 OFEIERIRIT
FOoTIHTIVEAKRTAHIEEITERNWESN
Tz,

UL, RART PRGSO REIC L > TRIESR
HIC=ZEMR AT ¢ AR EER>72DT, TR
DREDOHEHETFTTOR ETIIN AN EDRIEZER
ALz, TORE, 1FT7NVa—=INTH2/H/ET IV
=)V THRIGIEZITHETL, T IV FIALERY)
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MEINFETHE SN (Table 8), 17 2 > DHEKLD
BT L, YUV, X2DVETY L
=)V OB/EFES S ITTIVFIVEDN D 2T E ST
L, VEBADREIRT S, £2PF—I)VORIETIE
BEIARDING, DA —IVDBKREL e T—F )L
Rk 5.

PR3
p-TsNH, » TsSN=PRj;
32
Scheme 15. Reaction of Unsubstituted p-Tosylamide and

Trisubstituted Phosphine

Table 8. CMBP-Mediated Alkylation of p-Tosylamide
CMBP (1.5 eq.)
—_—

ROH+ p-TsNH, p-TsNHR + p-TsNR,

24hr
e giq ) mono di
Temp. Yield (%)
ROH ]
(°O) mono di
A NCN0oH r.t. 93 0
o}
Ct&/\/ r.t. 88 0
OH
/VV\O/H 80 89 0
Ph” ™ OH r.t. 76 24
NNoH r.t. 78 12
OH
o e~on 100 0 46(39)@

a) Yield of a-phenyltetrahydropyrane, the simple dehydrocyclization
product, in parentheses.

ZORIBR® AT T L k£ UBEERZ
HOTITZIVT I RTIVAOA RO EZDREBIUA
DERITEX>TEDOHEAMEN T4 NGEE N
(Scheme 16) .3®

6. FLUVLKEREZAW C-OBEERRE

6-1. 2|7 ILI—LDT I IEICE T HER
54D FIVAR VB % R W= e iE, BRI
DEAD OFESHMNSiA SN, Y HIVE Z)VixFE
INEIZ Walden REz9 5 Z &ML NICRBEED
2, I Otk Z2FALE2H 7V a—I)Lo
IEZEEYD, AEAKRTHEHHAINTWS, L
U, TZTHHIVEZ)VRFILEE DRI HEC
EBWROE T 2 RN, %28 Fl 21X, JIL R
5 =)L (33) BEBMICIXR A LI NS,
A=)V (34) TIRMRMN27% @I L, 87
TZIVAZ b= (35) TRET7 IIUEREL<IEIS
BB Z ORI ET T 572D, pKa D/NS
72449 X THF DLAL ORI i A5 i Tnw b
M, FEREILTLBEDLL AN, FxZ7IVa—
)b D STARFERE D il % 521 7200 TR RN S IE [ i
BITO NIV B ERET 5720, Bizo KR
EEFEO 2T IVa—)L (Fig. 6) 12, HxDH)
ROBEERIEMLZME, p- A MFILR
BN RS IIVE ZIVRFLE OV RREOZE %
ZTBWEERHL .

Tiabb, £, W<OMD 2T IV a—-)L &%
BEBOKSZIEEE LT I RAFREE2RAL,
TMAD 2 & w7z (Fz7ZL, X2 H60°C

-
—y

OH
z - z Ts
1 . 2
P-TsNH, (1.2eq.) . WNH Na Z z A~ NH
CMBP (1.2 eq.) 86
PhH, r.t., 24h OH % Ts
86% ACeHis (leq) ¥
> z = 7
CMBP (15 o) W r\/\/\
PhH, 100°C, 24h .
66% in 2
steps
| \’ i T'S\iNj
N (1 mol.) _ WN Z
CMBP (1.5 eq.)
PhH, r.t., 24h 41% in2
OH steps
‘4 cd cd
Ts Na NH
P-TsNH, (eq) (MNTS ( Z z Z \
CMBP (3 eq) 2
PhH, r.t, 24h
71%
Scheme 16. Synthetic Application of Mono- and Dialkylation of p-TsNH,



No. 8 579
~ < Ph
+wI? rmr?
— \\ —_—
HO 0 HO H
33 36 34 35
Fig. 6. Some Secondary Alcohols in Different Steric Environment
Table 9. Yield and Inversion Rate (in parentheses) in Acylation of Secondary Alcohols
/(')\H Reagent OCOCR.
+R,COOH — > =
RFNR* RR
Alcohol 33 36 34 35
R* Reagent D? ™MD D ™ D ™ D ™
p-MeOPh- — 98(>99) — 80(>99) 1710009 98(>99) — 39(>99)
Ph- 85(>99)¢9  100(>99)  67(>100)9  86(>49) 27(>100)9  91(10.6) 0 22(15.7)
p-NO,-Ph- 84(>99) 81(2.2) 70(>10009  63(1) 84(>100)9  26(0.082) 0 46 (<0.01)
CICH,- 85(>99) 43(0.28) — — — — 09 —
CL,CH - 90(>99) 17(0.1) — 15(<0.01) — — 0 —

a) D: DEAD (1 eq.), TPP (1 eq.), THF, r.t., 24 h. ) TM: TMAD (1.5eq.), TBP (1.5 eq.), PhH, 60°C, 24 h. ¢) Condition a with 14 h. d, Ref. 37, e. Ref. 39.

IR 268N H 5). KREIZ, TMAD & HWV,
33—351C3- AL AY /=) (36) ZMAT=4
D7)V a—) (Fig. 6) #HWWT pKa DHE25
WA S (REEH: (pKa=4.2) ,p- AhFT
ZREW (pKa=4.5), p- — bOZEEH (pKa=
3.4), 7 OO (pKae=2.9), 7 OOM®E
(pKa=1.3)) LRI H, TS % DEAD O X
Jo &b U7z (Table 9).

Table 9 /N 5 R EDENHS NI/ > /=, DEAD
DL EEBEMEHET N TEMHALZ. (1) 72Ut
SN 5 GEEEE ORISR < EITE BN KR
MELZ 0, 2) KEEHTHICLARBREN L WG
i D pKa & BEfR7s < IUERIT 85—90%, 3) MAKM7R
RMEICE > TRBITINENEA T 2], ZHITHL
T TMAD O #&1213, DEAD O & AR,
D 7IIUEDINRIZHA WD D pKa \TEAS N,
pKaNH HFEEL /NS <725 ENRNZEHITIL
T9%. 2) REROEE (KERFR) b FEEOERA A
BB, 3) TS DOEAIEKEE FE 6 AR
WIRML TWHIEEHBEMTEZS. 4 Ly
U, ROHNAKEENKENIS THR 0% < 7>
M nsENyho7. 2L T, BRKOREE,
B SNZIIVR D BRPROFHRTH DA MNF IR

BEBNS D) KERN4FEOT7 ) a—)LTXTICH
WTIEEEENTHD, 2) WEROIKEEDEE
ZEZIFIIK WY, EEIATRBENTVWDEZ 00
MolETHD.

6-2. T—TIHEEDERK? pA=RNNE 30
pKa IZB9 % DEAD i3 O —fi i fil# 70 5, St
SRR T — 7 VB D B BRI W S 7= Bl R
RBE®ITHESINTVDIDOATHD, HTHRIE
TII/NERIZ—FTIVOBEICHAN SN TNDI ),
HERU ETIRFEAWTIEARN, BLAIEHRART >
RO SR DR EHIZ LIE LI C-0 #55 C-N #
BNERL, HFZERT—TIL0 6 BROI—F
T I UNERT DI EEZBEL T (e, 4b,
5DIEBM). 22T, ZORIBDEEERKRNDH
REMEZEEZEA T, HFomatairok. I TlR%R
HAINET I T7IVI=)VOHRICLSERIRTY 2 >
DRIEHED THRNRD, 50

Fex OB TR 7 IV a—IVERRGEITE, 2
BTN DOFKIZKDMHE ST IVFIL T —T IV
IR THERT 22, FZEHR SN ThRn Y)Y
=)V TRINEIFESL, FEHFREDITERALET
»%. Table 101V —=INKOT7 I/ 7IVa—=)
D THNHERIC X D AT OB ORGSO R 2R
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ER

Table 10 #{#l T2 &, 1) 7V RKFEDRMNT
12 TMAD 28k Wy, 2) RAFRT T TV Rl
HIOBEHTH S, 3) FAKRT > Tld CMBP
MEW, 4) CMBP 3 6 BERKICIIEE T2 <M
RN/, 30 5) 7 BERDL BIT72 % SIRIZRIKIC
WAL, 10 BRIIZE<HESNT, RERICAST

Table 10.

POEETD, 6) TI/TINIA-NDOFESH Y
F—IVERUCHENMIZH D ENgholz. Lo
T, CMBP 36 BIEADHRICEM &HEHS N,

Pha< D7, 12 BROERMNATAEIC/R /2. Ta-
ble 10 IT/RLAZREL—TINPOLERT—TILO
RS Q7 IV a—)VEDOSIARRER 5, KOS,

B o f SR U<, SARBRBICHEET, #ick-oT

Ring—closure Reaction of Diols and Amino Alcohols

OH Mitsunobu Reagent (1.5 eq) X
XH PhH, temp., 24h o

OH
G Ph

HY

OH
N"Ph
H

TMAD-PBu, (r.t.)
DHTD-PBus (r.t.)
CMBP (120)
CMMP (120)

DEAD-PPh,(r.t.)
TMAD-PBu; (r.t.)
CMBP (r.t.)
CMBP (120)
CMMP (120)

X = OH or NHR
Alcohol Reagents (temp. (°C)) Product % Yield
DEAD-PPh, (r.t.) 7
OH TMAD-PBu; (r.t.) O 72
PhASN0H DHTD-PBu; (r.t.) Ph"~O 55
CMBP (60) 90
DEAD-PPh, (r.t.) 57
TMAD-PBu; (r.t.) 73
LR 3 [T=07
OH  DHTD-PBu;(r.t.) 45
CMBP (60) 93
OBn OBn
OH
Bgﬁ)ak/OH CMBP (80) o 91
OBn OBn
OH DEAD-PPh, (r.t.) o 0
&'N CMBP (120) (_)’\/\ 54
CMMP (100) 16
o
HO(CH,);OH CMBP (100) C’\) 0
— DEAD-PPh; (r.t.) ) 0
O OH 00
( OH TMAD-PBu; (r.t.) C 0
o ol 0 0
- CMBP (60) - 30
DEAD-PPh, (r.t.) 43

49
Ph 27
83
89

0*

N 26
O 19

*: Reported by Bernotas and Cube (ref. 50).
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EMAEE N L7 )L 3 =)V % 2 fhokis
DRERBETH D EHwmI b,

1. &HYIC

DLk, EFHENBEFMESTHEbO, TEtE
DN, 7Y IA4X AT 2% Z2IRDE >
TR [ ER 2 W T, BMZEMmRkdT 52
EEBNTE, ZOERIIOVWTERAT, WEL,
Mg, FTITHIEIBSRBRIETIERN, L
mL, 5&EFL, MEEHETTHS ETHR EHEL W
ZEFPO TELMEZIED DR R ZIEICIEA S
ZETHBHERS. 2O, EFFENRENES
EEFOBERMONBHITH D2 EERERIIN
ZTOHIBIT 2 E WIS AN ERITE > T, HzE
Nz, 5%V ULENZLET, 52, AAXZk
O THENEER-STND,

Z DD REBMIMEN S —FEITEEL TE
BHERILFRFTEHE TH 5 A MK A EIR (FFEE
BRHERD) OHRIIRDZHBDOTHO, 2P0
HEETHWTELZHDTHS. TLT, ZOME
X, RAULABNS Ik HBERZHT M
EXHEAMER 2D, FEHEOEEPRLABTE
LCHREMICH I L T NENIAIL, BAA%ET, E
AZER, IHHEOEK, 512, HERZDON =T
I ATZ R ER AR (BEHEER, BATHE KB
H%, ARG, WWEFF, ILARZ, RBIEHESE
B, JINEZE, BAREHE, IARKH, HFHW,
Z LU T8EFEDR, RERETENTN 1 L2/
ETHIT U7z 87T HOFEHAEEBEICLA SN TIH
ICHZHDTH S, HEEDORRITITT, MDHT
FEODHB, BEIEFIIRES, ENELRZRNDBOT
Holz. THICADOHES TOMELRBEIEEOF TH
BERFICTERBRLU LW, 11412 & X Tetrahedron
Letters MR MIXREFTTEHE L L TOHEFEZERTE
AT NZDIFFMHERZE, WEHFROWEETS >
Z. BEIns ofFEMEFRERITHL, D50
BH L TNWBN, ZO0—HZNTNNT T THho 7=
BhaLORELTHREBEELZENRDS I EE2E
H, WHDIKRDLEEZYLET HRETH 5.
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