Rearrangement of Oxonium and
Ammonium Ylides

L*Cu R

R CuOTf, L* 5 \
t? +  NoCHCO,t-Bu —_— R\_QD)— COtBu 4_/\
| O~ CO,t-Bu

N
0 % Cu(acac),
A G
No 0

Steve Tymonko
SED Group Meeting
6/28/05




Original Observation
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Enantioselective Oxonium
Rearrangements?
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“It has been discovered that catalytic decomposition of methyl diazoacetate in the presence of
the chelate XI modifies the reaction so as to yield an optically active mixture of XIV and XV.”

Nozaki, H.; Takaya, H., Moriuti, S.; Noyori, R. Tetrahedron, 1968, 3655



Possible Mechanistic Pathways
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2,3 — Oxonium Ylide Rearrangements

O
2 mol % Rhy(OAC)4
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Pirrung, M.; Werner, J. JACS, 1986, 6060



Catalyst Association

’ _ N2 - +
Ph PhH, rt Me; Me' ' y—,
Ph OMe Ph OMe
cat = Rh,(OAc), 3 ; 1
Cu(acac), 1 ; 6
RhCI(PPh,), 1 : 10
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Catalyst associated during rearrangement

Roskamp, E.; Johnson, C. JACS, 1986, 6062



Enantioselectivity in 1,2 — Oxonium Ylide

RAR

R R

R 5 mol % CuOTf, L .
T;C,) N,CHCO,t-Bu _ O\ + / §
CH20|2, rt t_B t_B
0.5 equiv. 0" COptBu O" CO.tBu
R trans : cis ee recovered oxetane | eetrans | eecis
Ph 59 : 41 5 75 81
(R)-Ph 89: 11 87 92 16
Initial ee = 89 %
(S)-Ph 25:75 87 11 93
4-ClCgHg4 54 : 46 1 75 80

Provide a mechanistic rational for these results

Ito, K.; Yoshitake, M.; Katsui, T. Heterocycles 1996, 305



Enantioselectivity in 1,2 — Oxonium Ylide
RAR
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ito, K.; Yoshitake, M.; Katsui, T. Heterocycles 1996, 305



More Ring Expansions

lj 0O 1% CuQTf
_ N 1 1% (RAR)2 wCOCMeC
f 2\\-)l\ocm\ec;,;,? Bkl 2CMeCre
EtOAc, .t
1.5 equiv
Entry R Oxetane ee {%) transicis rians ee (%) Yield (%)
1 Ph 99 95:5 93 74
2 4-FOICH, 97 94:6 9 81
3 4-(MeO)CH, 98 7525 69 29
4 1-Naphthy' 9% 86:14 91 75
3 #-CoHyC=C 99 89:11 ¥7 64
E_in o) 1% CuOTt
Nos 1.1% (3 S)-2 CO,CMeCys
CMeCy:  —EGAc e
1.5 squiv
Entry R Oxetane 2 (%) cisftrans cis ee (%) Yield (%)
i Ph 99 84:16 95 74
2 4(F;CYCHy 97 86:14 95 52
3 4(MeOXH, 98 58:42 82 20
4 1-Naphthvl 99 85:15 95 72
5 1CqHsC=C 929 #4:16 94 o0
Me Me
-
Mefq
NS == Electron rich substituents lead to significant erosion of selectivity
Me. F® Me
Me Me +>(RA2
Me

Lo, M.; Fu, G. Tetrahedron, 2001, 2621



Rhy(55-MEPY) 1

Desymmetrisation

0
H O 1 % cat, CH,Cl, i o)
O\j\ J\ Me (@] Me 0 O
Me\ﬁo 0~ “CHN, M Oﬁ\ + \|Lo
Me 0] H Me H
1:351t01:05
55-65 % ee 85-99 % ee
(0] 0]
OJJ\CHNZ 1% Rha(4S-MPPOM)s,  pp 5
Me\lbo Me o Me
Me
86 %, 81 % ee
0] 0 (0]
OJ\CHN i i
2
on O\j\ = wlo. § *enfo 9
~0-/ H oﬁ\Me o) Me
yield
Rho(4S-MEOX), 69 67 (39% ee) 33 (33% ee)
Rh,(5S-MEPY), 88 60 (42 % ee) 40 (52% ee)
Rhy(4S-MPPIM),4 88 56 (40 % ee) 44 (88% ee)
o]
D 0
0~ N7 YCoOMe O/AN .‘COOMe
AR AR
/l /| /I ,l

Rhp{4S-MEOX), Ahp{4SMPPIM), '

Doyle, M. et Al. Tetrahedron Lett. 1997, 4367



Acyclic 2,3 — Oxonium RAR
Ph o~ OMe _N:CHCOOE! o /(;cooex .- "/fr:oozt

ML,
CHaCY»

stoich. (equiv) selectivity (%ee)?
entry ether:EDA catalyst (1.0 mol%) 5:6 SE;ST
1 2:1 Rh,(4R-MEOX) 4 91:9 17(94):83(99)
2 2:1 Rhy(4S-MEOX), 89:11 15(94):85(99)
3 2:1 Rh,("Bu-§-Pro),¢ 66:34 81(-):19(11)4
4 2:1 Rh,(4S-MPPIM), 52:48 53(-):47(75)4
5 2:1 CuPF¢/8 86:14 82(27):18(5)
Me H Hy
Rnyp 45
H7 I “COOE! ) b 4
PR H / 'BU B!
6 7 8

Doyle, M el Al. JACS, 1998, 7653



Cyclic 2,3 — Oxonium RAR
©ilZ:£cozm«e B @i@@ e
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HNCbz P NPHh CygHas n
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@O "
(1 fh N Rh
o fin °©
COOH OO ¢
COOH COOH CraHog -
_< & * Rho(A-BNP), 1 Ahy(R-DDBNP) 2 ¢ Rhg(S-PTTL)4 3 (R = Bu)
Rha{S-PTPG)4 4 (R = Bn)
NPhth

S5 (7

Of all above ligands, best case was (S)-2 at rt in hexane
96 % yield, 60 % ee

Hodgson, D.; Petroliagi, M. Tetrahedon Asymmetry 2001, 877
McKervey, A. et. Al. Tetrahedron Lett. 1997, 4705



Ring Size and 1,2 - vs. 2,3 - Shifts

Predict (and explain) the products of the following ylide rearrangements.

OBn O Cu(ll)
B OMN g
: 272 T CHLCl,
BnO Ne  cHCl,
OBn O Cu(ll)

—

/\/O\/K)J\ér\b CH,Cl>

Marmsater, F.; Vanecko, J.; West, F. Org. Lett. 2004, 1657



Synthesis of (+)- Griseofulvin

MeO

OMe O
COzMe
N Rha(piv)4
>
MeO O PhH, 1h, reflux
cl 62 % MeO
Me' \=—
Me
1)Og, DMS
2) Ph3PC(Me)C02t-BU
3) TFA
70 %

1)diphenyl phosphorazidate
EtsN, PhMe, reflux

MeO
2) HoO/HCI © N—co,H
80 %
MsQO o
CO:Me
MeO o J’
Ci F

Pirrung, M. el At. JACS, 1991, 8561



Gambieric Acid A Ring

1. NaBH,, BH1.SMes, "
Q H H
);\/?\rrwe THE, it 92% U\ _—
MeO . Me(O Gambieric acids
10 2. ?"BUP“QS‘C‘. 2 OSiPhyt-Bu O"™OH A R'=H, R?=H OR?
imidazole, cCl
DMF, rt 89% Py $
HN o\
Et;SIOTY. Me
Me CH,Cly, 1t 63%
P Hy, Lindiar cat.,
Q 9 MeOH, rt ? ?\ siq 1
Me ReSIC Q
MeO a5y, MeO m
% = H L e 2 * 0 — -
1. Me,SIOK, 4a OSiPhut-Bu 3  OSiPhyt-Bu o RS Sy /™ Lh of
1 N OS]RS
Et,O, rt 86% Nosy R exo viii
2. (i) (COC),, R oD Sk
DMF, CH,Cly, rt IS T osirg
(ICHzNZ, EtO, Me N R e R < H Resio, 7
» o v = NMe, =
0*Cort 451”0 /\) CU(ﬂCﬂc)z, / 0] viR'=H, RP=Me L. . ““‘“““m
Q THF, refl Rh, 2o H 2° ;
Noa, X T e Fo R®g!H " H ogiR,
’ (8] Rlendo ix

75% (>95:5) 3 M

5 .
5a OSiPht-Bu ga  OSiPhot-Bu

o Q/\/\Me o)
: Cu(acac), |
1 \___OSit-BuPh,
N, OSit-BuPh, o e ar wd HOA

Clark, J.; Fessard, T.; Wilson, C. Org. Leit. 2004, 1773



Ammonium Ylide Computations

H Table 9. Relative SCRF Energies (in kJ mol™! from
H\_.C“?H Amine 2) for Rearrangement of 1 at MP2/6-31G(d)
H\ H solvent ¢  ylide (1) Sommelet—Hauser (3) Stevens (4 + 5)
Ni——Cz==H none 1.0 306 338 350
H, ~ : THF 295 290 327 348
SN HMPA 300 284 324 348
Sy Ca=Cs-., Hy CH:CN 359 283 324 348
W AR h DMF 367 283 324 348
s H ’ 3 - G u H20 785 283 324 348
SN - H\\N é;’H CHiCN= 359 258 303 345
. N 4"
oyt “cgonH AE-  AE- AE-
| ™ Hy '~> Ct: H N-sub Cs-sub  (Stevens} (S-H} (S-H—Stevens)
e R - TP e H H 4 5l 17
¥ N el SOTH S ! CN H -19 60 79
\ ‘ ; NH; H 1 60 59
1 hn tow CHO H —48 51 99
| | CH=CH, H -36 33 69
NN CH, H -26 37 63
Ca H CH:CHs H -30 37 67
| CH(CHs); H ~31 37 68
H CN 1 25 24
s H NH; 9 54 45
H CHO 4 22 18
H CH=CH: 2 36 34
H CHy4 7 52 45
H CH;CH3 4 44 40
H CH(CHa): 4 46 42

Closely matched activation energies should make predicting reaction pathway difficult

Heard, G.; Yates, B. JOC, 1996, 7276



Proline Derived Ylides

RO;C Q RO,C o]
CO:R catalyst ‘g H
W N N
Sa (R=Me) 0O 7a (R = Me) 8a (R = Me)
5b (R = Bn) 7b (R =Bn) 8b (R = Bn)

Entry Substrate Caralyst (mol%)/solvent/Temp Chemical Yield (%) Diastereoselectivity (7:8)
1 Sa Rh,(OAc), (3)/CH,CL At 76 11:89
2 Sa Cu(acac), (5)/PhCH Jreflux 82 16:84
3 5a Cu powder (50) /PhCH/reflux 83 18:82
4 5b Rh,(OAc), (3YCH,Cljrt 74 25:75
5 5b Cu(acac), (5)/PhCH Jreflux 84 5:95
6 5b Cu powder (50) /PhCH,/reflux 87 6:94
7 5b Cu powder (15) /PhCH,/reflux 87 793

Product from entry 4 — 55 % ee
Product from entry 5 -~ 75 % ee

7
E\RN(;\LO @\R / .
|
M

Naidu, B.; West, F. Tetrahedron, 1997, 16565



& Alkaloid Skeletons

RO
OMe

(-)-Cephalotaxine, R = H (6)

©:irﬁ N2 1% Cu(acac), "N n=0 R=H, 68%
N OEt n=1R=H 96%
T \/\ro])l\ro( toluene, reflux, 1h ] n=1 R=Me 77%
n=1R= 77 %
Eto,Cc © =
0 o NR;
O NR, 1% Rhp(OAc) O‘il CO,Me
N—R
3; X = Y = H; lennoxamine N2 benzene, reflux, 1h CO,Me
R
MeO,C MeO,C CO-Me
R= Bn, Et, Ph not observed trapped in 85 - 97 % yield

(@] o) OMe
O OMe ( o O OMe
aaured@ ¥ 1)

cl 1% Rhp(OAC)
2)DBU, TsN3 benzene, reflux, 1h CO,Me
COMe COzMe 75 % O
88 % o)
-0

Beall, L.; Padwa, A. Tetrahedron Lett. 1997, 4159
Padwa, A. et Al. JOC, 2001, 2414



Isopavine

N 1) (COCI),, DMSO

2) AICl,
3) Mel, acetone
4) +-BuOK, dioxane, reflux

Provide intermediates and explain selectivity in the above transformation.

Hanessian, S.; Mauduit, M. ACIE, 2001, 3810



Isopavine

ylide A iminium anion A 3a

(or diradical) isopavine type A

azocinium ion 2a O

ylide B

O ®N /\Me

S ,;A;SQ_

iminium anion B
(or diradical)

+

unfavored

Hanessian, S.; Mauduit, M. ACIE, 2001, 3810
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N
12 f Me

isopavine type B



Isopavine

(5]

BuOK

"

X , SOCl,
O N Ben;ene 1,4-Dioxane
7 HO retx ; Clbn 80°C
1g:n=1,X=H;1i :n=2,X=H P—
1?:n=1,X=F;1k:n=2,X=F 79.71. 7j, 7k

8g, 8i, 8j, 8k 8g:77%; 9i :80% X-ray crystal structure of 9j
) :72%; 9K:50%

isopavine 9g: X = H 1Cq, = 66 nM
gj (X =F ICso= 106 nM

Hanessian, S.; Mauduit, M. ACIE, 2001, 3810
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Scope of 2,3 Rearrangements

8] O o~ -0
1
~ catalyst, gy [2.3) E
SN N2 C R refiux R/N v N
- L R 2
R = Me, CHCHCH;
Substrate R n Catalyst Product Yield (%)
2a CHy 0  Cu(acac), 20 73
2a CHs3 8] Rhs(OAC), 20 58
2b CH,CHCH, 0  Cu(acac), 21 76
2b CH,CHCH, 0  Rhy(OAc), 21 70
9 CHyCHCH, 1 Cu(acac); 22 79
9 CHCHCH, 1 Rhy(OAC) 4 22 74
11 CHy 2 Cu(acac), 23 84
1 CH; 2 Rhy(OAc), 23 56
12 CH,CHCH; 3  Cu(acac)s 24 39
12 CHCHCH; 3 Rhy(OAC)H, 24 5

R

O
CC e O
__ catalyst, /l J\
Me™ N Ny  CeHe, reflux Me I
R

o
R = CHa3, CH;CHCH;, a b

Substrate R

3

Catalyst Product (Ratio) Yield (%)

27 CH» c Cu(acac), M4 70
27 CH; o} Rhs(0AC)4 34 (1:1) 62
28 CH,CHCH; 0 Cu(acac), 35(1.7:1) 84
28 CHCHCH, © Rho{OAC)4 35(2:1) 83
33 CH,CHCH, 1  Cufacac), 36 (1:1) 72
33 CHchCHz 1 Rhg(OACh 36 (1) 70

Poor diastereoselectivity from acyclic amines

Clark, J. et Al. JCS Perkin I, 2001, 3312
Clark, J. et Al. JCS Perkin 12001, 3325



Scope of 2,3 Rearrangements

WO
. <@ }o? »(@i}:o ’l\lz 0
e (\”/‘ 2 mol % Cu(acac),
L o4 N O - |
L\/ PhH, reflux, 24 % N
/

p 18 m=1n=1
i )m\)/k fcugﬁ“)z 19 m=2.n=1
N, (58 20 m=1,n=2
2 reflux 21 m=2n=2
NS
H 7 H
5m=1n=1 SN AN
grmzest LT Yo @ [ oo N
17 m=2n=2 ;} O N | 2 mol % Cu(acac),
T : b A\ " N H
‘ | PhH, reflux, 56 %
,,,,,,,,,, S— N, 0
Substrale Product ratio Yield (%) 98 %
> o €€
5 18a only 85
8 192 only 82
14 20a:20b 3 5:1 66
17 21221b 6:1/1:6 61

Formation of bicyclic amines proceed with good diastereoselectivity

Clark, J. et Al. JCS Perkin I, 2001, 3312
Clark, J. et Al. JCS Perkin 12001, 3325



Endo vs Exo in Spirocyclic Ylides

= 72
o-R

O O
to/u\”)L X% 5 mol % Cu(acac)2=
N2

N PhMe, reflux
9

n=1 X=C
n=1X=0
n=2 X=C
n=2 X=0
endo-anion A endo-anlon B
Anion in proximily to alkene — [2,3]

N~ o+ g>rN R = CO,Et
o {J
O™ “x )
n n

60 % (2.3 :1dr) 8 %
54 % (1.3 :1dr) 23 %
42% (1 :1dn 43 %
43% (1.5:1dr) 43 %
> 4D — 147
; e
e O E

exo-anion C exc-argon D
Anion distant from atkene = [1,2]

Roberts, E.; Sancon, J.; Sweeney, J. Org. Lett., 2005, 2075



Zn - Complexed Ylides

Ph/\\/ N ~ CIH,CZn -
: 8a ~
1CHACl + ZnEt +
2 2 TERD.0°C.6h  pp N
2eq leq 10a
l PBulLi/-30°C
HBU\ -
l ZNCHzn B
ph/\\/ NN — \N L
Ph/\/ \/\'\Q;s
9a
30% yield
1) Zn{CHal),/EL0O,
R? 3 p2
0°C, 2 days | R{R
~ = N P
’?i/\/,\ﬂs 2) "BuLi/THF, R’
R -30°C, 2h
8 9
substrate R! R? R3 yield (36)
8a Ph(CH3)2 H H 70
8b Ph(CH3): CH; CH; 50
8c Ph(CH3) H Ph 76
8d PhCH: H H 30°

Ph\(ol
wN Ph
/ 13

Ph ' u
IO> ny\ Zn(CHLELO 2% ynefd; >98% d.r.
« "N LPh BuLi/THF
12 RN
| 14
5% vyield
O
O Ph A
P"\L:\’\F);m [2,3] T
major MeéH. Ph N Ph
2 /
o 13
{
Ph\pg\?,{m 15
Ph
12 \Tmocg”weh Ph, O e Ph
Mei’ ]
Me 14
16

Zn ylides serve as stable rearrangement precursors

Aggarwal, V. et. Al. Org. Lett. 2003, 1757



Chiral Auxiliary Approach

R
Rh& DME, NaH, 0'C _ \ k \
&i)“ﬂc j: ﬁ N~
Rs Ra S/
[Re=(2R)- ar (25)-Camphorsultam] g ~0
da-g {2'S)-5ag (2R)y5a-qg
yield 5
entry  salt > R2 R? R* (%) antksyn  2’R:2'S
1 4a®> H H Me Me 99 2:982
2 44 H H Me allyl 99 97:3¢
3 4e¢¢ H H allyl allyl 86 97:3¢
4 4d9 H H Bn allyl 80 >99:]¢
5 4ed Me H Me Me g6 >09:1 96:42
7 4 Me Me Me Me 70 97:34
8 d4g¢ MeO,C H Me Me 64  >99:1 =>99:|4
g
ME'Q-»‘;,‘: BRc DME, NaH, 0°C
ey,

@ .
'“‘* ’N‘/\ﬁ 94% yiold
@ & IRe=(28-Camphorsiftam)

2'S, IR 2R, I8 = 96:4
anti:syn = 7.3

Sweeney, J. et Al. JACS, 2005, 1066



Lewis Acid Mediated Rearrangement
/‘vaiL \\> LeWIs acid \/LLD [2 3] \/\(LL

1a 2a 3a
All runs 16-20 h in THF, 1.2 equiv LA and base

LA Base Temp. Yield
BF, LDA 78 > 1t 0
N BF, KHMDS -20 12
CN'?""O NMez | N BF, i-Pr,NEt reflux 57
, Me,N - P-.N P—[NMegls.
N Koy BF, 4 -20 11
J n BF, 6 -20 35
BBY, 6 -20 66
BTPP (&), pKgy+=~26 Pyt-Bu (5): n=1; pKpy+=~33
Py-t-Bu (8): n=3; pKgs+=-42
'Bn BBr. % G
Ry N_G 3 W
\%\/ ———?-—»— L
Rp B 3
Entry Substrate R! R? G Yield of 3 (%)° Synanti®
! 1b Me H CONC,Hj 71 (20) >20:1
2 1c Ph H CONCHg 62 (32) 1l
3 id H Me CONC,Hg 56 (33) (%]
4 le Me Me CONC,H, 60 (31) -

Circumvents need for quaternization

Bild, J.; Somfai, P. Tetrahedron Lett. 2003, 3159



Understanding Selectivity

P
N ax
., pteu . ’
X8 e Too xE )M
O 8)

- B

- l NG LA TS AG AAGH?

: : ; R BF; exo-TS1 18.7
- - - - endo-TS1 19.9 1.2

X\?‘ _ SVN " e ,YN exo-TS2 19.6
X8 o o, " BXy XaBY" O-gx Lo L TBXs endo-TS2 19.4 -0.2

“y N Gt I BBr; exo-TS1 25.5
NMe; MeoN NMe, MeoN endo-TS1 27.8 2.3

exo-T31 endo-TS1 axo-T52 endo-TS2
a Solvation effect included in the free energy. # Calculated

\ >< / diastereoselectivity, AAG* = AG*endo) — AG¥(exo).
g
F &
H 4 H 0
Anti Syn

X X
Bn, | ;
Bn Q 2 equiv. BF, @N'B@O BF,
/\/N\/U\N > /\/%
Q THF \©

Biid, J.; Brandt, P.; Somfai, P. JOC, 2004, 3043



Asymmetric LA-Mediated Rearrangement

R3 Bn O R'R2 O
Rt N N I BB 20l | (XL Ph, PN
i Lj’2)base,rt 3 faanl / 2a =
R 3) HCI: MeOH (1:5) R NHBn TsHN NHTs
entry Higand/equiv BBr; (equiv) basefequlv yield of 3a (%)° ee (%)
| 2a/1.2 1.4 4/1.0 22 (55) 85 (R)
2 2a/1.2 1.2 4/2.0 39 (59) 97 (R)
3 2a/2.0 2.0 4/1.0 18 (78) 97 (R)
4 2a/2.0 2.0 4/2.0 79 (0) 96 (R)
5 2a/2.0 2.0 EtaN/5.0 87 (3) 97 (R)
ee (%)°
yleld (%) anti.syrf anti.syn

R = Me 3b/82 79:21 96 (2R, 3R):75 (2R, 35)¢

R2 = Me 3c¢/85 20:80 . 32 (ZR,-ER):QS (2R, 35)¢

R! = CH,0Bn 3d/70 88:12/ 93:n.d/#

R2 = CH,0Bn 3e/71 20:717 98:99

R' = SiPhMe, 31752 95:5¢ 99:n.d/E

R!' = Ph 3h/92 67:33 97:77{

R2 = Ph 3i/65/ 30:70 9488/

R, R2=Me 3j/64 96/

R?® = Me 3k/80 99f

Blid, J.; Panknin, O.; Somfai, P. JACS, ASAP



Origins of Enantioselectivity

=" N/TS
Rt : Phy HCI
an--N—B. —= (2R.3R)-anti-3b
\ %
et MeOH
L an —
A
o 1) BBry, 2a !
Kinetic: ib Ts
2) Et;N - NS T
B Ph~-
Minor diastereomer N B‘:&\ HOl 25.35-anti3b
from endo transition state L irsb=N" PRl MeOH (not observed)
Q“ NR»

Thermodynamic:

Minor diastereomer from
equilibration of D

Blid, J.: Panknin, O.; Somfai, P. JACS, ASAP



Summary

e Oxonium Ylides

— Variable selectivity in substrates with existing stereocenters

— Moderate enantioselectivity in both 1,2- and 2,3- rearrangements of
cyclic substrates

e Ammonium Ylides

— 1,2- rearrangements provide good selectivity only in rigid systems

— Recent work on enantio- and diastereo-selective 2,3- rearrangements
show good potential for synthesis of both cyclic and acyclic amines

— Most applicable to synthesis of N- containing polycyclic systems



