Figure 1

Modular Total Synthesis of Tetracyclines

H N(CHa)2
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tetracycline
MGC29

doxycycline
MGC30 6-deoxytetracycline
CDL-1-322
HaC
pyridone sancycline analog
. CDL-11460
The methodology may be used for
the synthesis of the known antibiotics
sancyline and minocycline. 7-aza-10-deoxysancycline
JDBI1-109

10-deoxysancycline
JDB1-130
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Figure 2
Total Synthesis of Tetracycline

1. TMSCHN,
@\ A. eutrophus @ m-CPBA, E1OAc 0}"@ CH;OH/benzene
COzH 78% - éHCC}zH 0=>23°C z é)HCOzH 2. TBSOT, Ei3N
HE HO DCM, -60 — 23 °C
83%
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PhS ) OTES : &
66% opo OBn BnO 53% BrO HO L O H O OBn
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H,, Pd black OH
dioxane NHz
42% (from 13) HO O HORO O

(-)-tetracycline, 1.1% from benzoic acid in 17 steps
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Figure 3

Total Synthesis of Doxycycline

N(CHg)2  NCHa)e N(CHg),
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18 (*lower Ry diast) 19
Bn0,CO . N(CHale BnO,CO |, N(CHaz BnO2CQ ., N(CHa)
N0, TBAF, HOA¢ 0, N0
| N e | N —IBX.
L THF . y
TBSO 3 OBn 92% (2 steps) HO 8 o ©OBn
20 21
BnOzCQ

N(CHa)z
TBSOTE, EtyN

TMEDA, THF
THEF, 0 °C ; ; (
0:o0
93% (2 steps)

-7830°C
CHs
£ o L
oTBS
CO,Ph
23 (15 steps, 12% BocO
from benzoic acid) 2 25
B0%
0,
}—oan
HaC |, O |, N(CHa) HaC |, M, C“g;
== oS s UL
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HO O HO H 0O O
(-)-doxycycline, 8,2% from benzoic acid in
18 steps (the first 7 steps are identical to the

first 7 steps of the tetracycline synthesis)
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Figure 4

Synthesis of Isoxazole 4
First Generation:
OH N(CH3)2
o 1. MsCl, Et;N, DMAP, 0
[N DCM,023°C | N
2. (CH3);NH, DMF
OBn OBn
74%
27 4 (45 g batch prepared)

27: prepared in 3 steps from dimethylacctylene dicarboxylate and N-hydroxyurea
Synthesis 1985, 1100-1104,
Eur. J. Org. Chem. 1998, 473-479.

Second Generation:

cl N(CHz)a N(CHa)z
(0]
[T (CHy)NH,DMF i T benzyl alcohol ; Q
/ —_— ——ee e
0->23°C { Na, 120°C {
Br Br OBn
9% Sl
28 ’ 29 4 (102 g batch prepared)
28: prepared in 2 steps from plyoxylic acid and 2,3-dichloro-1-propene
Synth. Communt. 1992, 22, 1939-1948.
Tetrahedron Lett. 1984, 25, 487-490.
Figure 5 .
Synthesis of Benzocyclobutenol 11: B Bt
3
CHO 1. CH3MgBr, THF, -5 °C
Br 2. TEMPO, NaOCl, NaBr_ i (CH;);8"(O)CHy
NaHCO;, THF, H;0, 0°C DMSO, 23 °C
OBn OBn
0
%0 80% (2 steps) a1 94%
30 prepared in 2 steps from 3-(benzyloxy)benzyl alcohol
J. Org. Chem. 1994, 59, 6703-6709.
O :
CHy _ CHs LHy
Br 1. n-BuLi, THF, ~78 °C i TESOTT, EtsN i
2. MgBry,-78 > 23 °C DCM, 23 °C
OH OTBS
OBn 67% (+7% cis) OBn 99% OBn
32 33 11

cyclization from 32 to 33 based on: (a) Akgiln, E.; Glinski, M. B.; Dhawan, K. L.; Durst, T. J. Org. Chem. 1981, 46, 2730.

(b) Dhawan, K. L.; Gowland, B. D.; Durst, T. J. Org. Chem. 1980, 45, 922.
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Figure 6
Selected Analogs Accessible by our Modular Synthesis
Paradigm for Antibiotic Activity of the Tetracyclines

hydrophobic region:
madifications are generally tolcrated N(CH3)2

10 o
HO O HOHO O
bydrophilic region:
modifications are generally not tolerated

Summary of Targeted "Dicyclines”

X |y NCHa)2 X |y NCHs) X, N(CHa)2
NS0, Nu NU A0, Hp Pdblack  Nu AIA -OH
| N | N =
2 : : NH;
oio ©Oba 0io OPn oflo o
oTBS o8BS
9X=H 34X=H 36X=H
23 X = OCO4Bn 35X =0C0,Bn 37X =0C0;Bn
1. LHMDS, RCHO
J XN
Xy MCHI2 3l oxidiae L) W
Nu : O, 3. H,, Pd black s :
J N _— hydrophilic region conserved
0io OBn
OoTBS
34X=H 38X=H
35X = OCOan IYPX= OCOZBI]
Scope:

Nu = any soft alky}, aryl, vinyl, or beterocyclic nucleophile, For example alkyl and aryl cuprates and Griguard reagents.
R = eny alkyl, aryl, or heterocyclic structure. Basically anything that does not have acidic protons.

Compounds Prepared:
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Figure 7
Summary of Targeted "Tricyclines"

1. protect alcohol

2.Nu
N(CH 3. LHMDS, RCHO

A 30)2 T L 4. oxidize
i y Z 2. oxidize 5. Hy, Pd Black

| N+ [ el - M T 17 T N ot

PhS N N
OHO OBn OP
10 41
bydrophilic region conserved

Scope:
Nu = any soft alkyl, aryl, vinyl, or heterocyclic nucleophile. For example alkyl and ary] cuprates and Grignard reagents.
R = sterically non-remanding alkyl or substituted group. Aryl less reasonable,

R' = any alkyl, ary), or heterocyclic structure. Basically anything that does not bave acidic protons.

Figure 8 _
Summary of Targeted "Pentacyclines"

N(CHs)z
A _O 1, protect alcohol

H H

Ny TR
Y\ .
OBn C(j\'-'
SPh 02 CO2Ph
44
3. deprotect
Scope:

Same as other Michael-Dieckmann reactions.
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Figure 9
Summary of Targeted "Bridged-Pentacyclines"

i
: 2. deprotect Y
oio ©OBn B o HOHO O
OTBS
46X=H 48X=H
23 X = 0CO,Bn 49 X = OH

Scope:
Same as other Michael-Dieclanann reactions.

Figure 10
Synthesized Compounds as Potential Analog Platforms

O
N(CHa)z ?A—O H I;l(CH;,)z
H: O, : 0
& OH *
! l fN
TBSO" “Y: NHz -
: 0 O0:O0
TBSOHO O OTBS
N(CH3)2
S
. N
HO" o
TBSO R O  ©Bn
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Figure 11
Total Synthesis of a Pyridone Sancycline Analog

MPU N(CHa)2
oo R e ~INEA
| : 4
N._= — N. .z L /
COFPh2. N(CHs) }
OBn T A0 BnO O OH:O OBn
CDL-II-464 [N OTBS
: CDL-lI-466
o é 0O OBn
OTBS DRS6
-78°C +0°C
67%
N(CHa)z N((}|-|3)2 - HCI
H H: H H:
HaC NG OH HaC TS OH
Ha PAOHRIC Y | HClag) HiC< ~ I
dioxane/CH;oH  FN NH; ~MeOH = HN N NHy
O O OH:O © 74% (2 steps) o o o o
OTBS

CDL.-11-460
pyridone-sancycline analog
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Figure 12
Total Synthesis of 6-Deoxytetracycline

C
H i;l{ Ha)2

1, LDA, TMEDA, HaC |,

Et THF,-78 °C HF, CH3CN

COsPh 2.-78°C—>0°C
OBoc |, NCHalz

CDL1-209 [ T N CDL-1-287
0 g 0 OBn
OTBS DRS6
83%

N(CHa)z N(CHa)z

Ha, Pd black OH
| THF/CH30H
HO OH ORf OO0 OBn g1%(2steps) HO HO oH 0O O

CDL-1-322

6-deoxycycline, 8% from benzoic acid in
14 steps (the first 10 steps are Identical
to the first 10 steps of the tetracycline
total synthesis)
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Figure 13

A. Synthesis of 7-Aza-10-deoxysancycline

N(CHa)z
(I Q:P’\{ LDA HM.'PA
T THF
COzPh 95 °C — =50 °C
JDB1-67 ® otes 7%
DRS6

H,, Pd black HF(aq)
—_— e
dioxanchH;OH CHSCN- 35°C
86 % (two steps)
B. Synthesis of 10-Deoxysancycline
n N(CHa)2
CHj3 5 0, LDA, HMPA
(:( LN THF
CO4Ph 05 90 s 0 ®
2 il ben 95 °C — -70°C
JDB1-113 ? bres 85%
DRS6

H;, Pd black
dioxane/CH;0H

91 % (two steps)
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Figure 14A
Representative Structures

D-ring modifications
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Figure 14B
Representative Structures

penta- and polycyclines:
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Figure 15

CHy.
LA
I
uo
A Pyridine Derivative (4} A Pyridony Derivative (5) A Panscyctins (6)
)
7 X=H %o, OH
3 X»0CO8a
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Figure 17

B DA, TMEDA

@ THF,=78°C;
Zcopm 8.~78-0°C

BocO %
1
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Figurc 18

Convergent Assembly of

Bactertal Siralng Tosted

Structurally Diverse

Tetracyclines

Entry  D-Ring Precursor

Ey
o
BocO

He CHy
T
P ~co.Ph
Ofn

Condltons

1.10A, TMEDA; T
—78 -+ 0 “C [@1%)

L HF, MeCN
3. Hy, P (85%)

1. LDA, DMPL; T
~78.-+0°C ®T¥)

2. Wy, PY(OH)
3, HGL MeOH (74%)

1.7; LDA, HMPA

<95 — =50 "C (76%)

2 Hy o
3, HF, MeCN (70%)

%, 7; nBulb

=100 — =70 “C {01%)
—_—

2. HF MoCN
3. Hy, Po B3}

1.7; nrbul
=100 - 0 °C (75%)
2. HF, MoCN

3.H,, Pd

4, BBry, CHCh
—78 = 23 °C [T4%)

Tosting Convol;

HC

Gram-Posllive Organisms
} ; icifty
oo

Gram-Nogative Organisms

e B

Totracyclina Analog
H CN:. Sy

OH
L.
fo o

Ho O HO

MIC (pg/mi)

st JE'S«L.—!EHU'-

{-)}-6-Doaxytvlwcycine
(14 steps, 7.0%)

CH, 'N'
Y UL o
I = L
0
0 0O HOHO O

(EE R Tl B
EEREE R A

HH.

A Pyridono Datvalive {5)
(14 dieps, 5,0%)

&

0O WHO D
7-Azn-10-Deoxysoncyding (4}
(14 stopy, 6.1%)
I:H;.".m,
H_ME

I, OH

MKy
o o
10-Detaysoncytiine
(14 stopy, 6.0%)

HO BHDED o

A Portacycine (8)
(15 sleps, 5.0%)

ne on IO
F".‘ W1 o

WO o wio o
{~}Telneyding (1)
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CO,Ph
BocO
101

e
N Scosph

105

121

Chany-Chy
H. B A _on
; NH,
R HOQO o
102

CH;. .
R 3 N CH,
3 tl 1 OH
E) NH;
0O HOHO O
110
CHy. .
Sy Yl o
- OH
s NH,
(o] HDEO Q
114
CHa‘NaCH,

o]
0 HOHO
122

N "COsFPh

R = H, simple alkyl, branched alkyl, aryl, heteroaryl, arylalkyl.

Figure 21A
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CHs., Chy
B oH
[N’ : NH,
oHoHo o
104

» CI-::.N,CH,
PR OH
No, 2 : NH,

n :
6 wlo o
112

Ch Gl

CHy.
'3 :'E CHy
<, | NH,
o Hoflo o
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D:Ring Pracursor ~ Movael Tetracycline Analog

CHy., ~CHy
R N
i H I'J i
& Bl 9
CO,Ph
BocO  CBoco
125 126
R
N* Br
LkN CO,Ph
BocO
129
R
g Br
N CO,Ph
BoC gocO
1N
Bog R
N Br
%
CO;Ph
BocO
137
| SN R
Br
CO,Ph
BocO

=

cu,.g,ch,

CO,Ph

o
BocO
145

149

Bat paco
135
R
3 Br
s} COPh
Boc
130
R
I Br
NP Sco,ph
BocO
149
R
I = Br
o
N” CO.Ph
147

Br
CO;Ph

pre

18

R =H, simple alkyl, branched alkyl, aryl, heteroaryl, arylalkyl,
Figure 21B

CHyey Gy

CHayy CHa
S8 A oH
i NH;
0
HO O HOHO O
138




DRing Pracursor ~ Mowel Teteacycline Analog DRing Pracursor ~ Novel Tetracycline Analog

| CH,.\? ) c"::‘rg‘CH’ CHy._-CH, CH;YZH,CI::_”.GH,
! - ¥ A n T
A eesee cesee
COPh 3 NH; CO,Ph
Boc HO O HOHO O BocO
153 154 168

CH,
: G
CO.Ph CO,Ph
BocD BocD
157 159 160
| S
N.z= Z
: N
LB on
CO4Ph
BocO
161
S5.2N
@im
BocQ
165
Ve,
BocO
169
0O;8n
CO.Ph
BocQ
173

>

CO,Ph
BocQ

Figure 21C
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Alternative Sequences to AB Enone Precursors from 15,2R-cis-Dihydroxy Benzoic Acid

A.
CHysy+CHy
I 0
/ CHye, .-CHy
W 0B "
4 "
H OCH, 4 Y 3
™SO i O T™EG P O ©Bn T™MSO § OTMSOBN
OBOM 5BOM 0BOM
19 (Scheme 3, page 16) 200 201
Selective Pd(il) o=<:>=0
Deprotaction
Hye, .o CHy., .CH
CHye -CHa Py Crasye Gt s
T Swem
202 205
B.
CHaxpy Chh CHI:-,S-CH:
1. Deprotection | 0,
————————— #
e g 2, Swem
o)?o o.f o} E o OBn
CHy CHa ol “CHy
17 (Scheme 3, page 16) 208 207 208
C.
CHyapy Oy
(o]
W
u
a4 OBN
OCH,
i
™SO i O
HOM
19 (Scheme 3, page 16) 200 209

HF @yr

Figure 22
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New Routes to AB Precursors That Do Not Involve Microbial Dihydroxylation of Benzoic Acid

A,
CHynyy Cta
1 0
- 1N CH,kN,cH,
u
QCH, 41 OBn 0,
N I N
M o mign
TMS OH © OBn
214 b
B,
0
W),
™SO J HO
OCH, 41 OBn
“CHy
CH,0 CHy
215
1) NaBH, o
2)1BX, DMSO
2}1BX, DMSO
C.
¢ OH
GOy Ot

PhI(OAc);, TFA

. ROH
6H OBn
21 222

(See Preliminary Results
Scheme 12, page 23)

Bno,ce N e
MO Y B 1) NaBH, (selective)

v " 2)H,0*
3) BnO,CCI

CHa.

CHy 0 9 6H OBn

RO DROH ©Bn

CHye. .CH;

N

H éH OBn
213

Nalo®® (Sco Also Preliminary Results
Schema 12, page 23)

ChanyyCHy

To Explore

'CH! CHp FCH:

N N

IO. €BS Reduction? HO
&

©OBn CHO OH OBn
218 27
Phi(OAC), >
ROH
CH:~N-CH3 CH;..N,CH;
H i
1 0,

| N —

219
1) Directed
Epoxidation
2) Swemn
HyC., ,CH,
o) B H

RO bR O
TBSOTY 24
Figure 23
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