The Tetracycline Antibiotics
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Tetracyclines

- First members discovered in 1940s

- Teracyclines show antibacterial activity against gram-positive and gram-negative bacteria but also

against protozoan parasites, chlamydiae and others

Generic Name Trade Name Year of Discovery
Chlortetracycline Auromyecin 1948
Oxytetracycline Terramycin 1948
Limecycline Tetralysal 1961
Doxycyline Vibramycin 1967
Minocycline Minocin 1972
t-Butyglycylamidominocycline Trigilcycline 1993 (phase 1)
NM82
O‘O‘ .
OH O OH
OH
Doxycyline

Minocycline 9-(t-Butylglycylamido)-minocycline

Maciej Walczak @ Wipf Group 2

6/7/2005



Mechanism of Action

- Tetracyclines traverse the outer membrane as magnesium complexes via the porin channels
- In the cytosol tetracyclines probably become chelated by divalent cations

- Tetracycline-metal complexes bind to the ribosomal 30S unit reversibly and block binding of aminoacyl-
tRNA to the A-site

- Tetracyclines show weak antieukariotic activity (small inhibition of 80S ribosomes but interact with 70S
ribosomes present in mitochondria)

Mechanism of Resistance

- The resistance to tetracycline antibiotics is transmitted via mobile genetic elements

- Over 30 genes have been identified that are responsible for tetracycline (tet) or oxytetracycline (otr)
resistance

- Three main methods of tetracycline resistance
o Synthesis of efflux proteins

o Synthesis of ribosomal protection proteins — homologous to EF-Tu and may allow for aminoacyl-
tRNA binding

o Enzymatic inactivation of tetracyclines

Chopra, Roberts Microbiol. Mol. Biol. Rev. 2001, 61, 232
Saenger at al. Angew. Chem. Int. Ed. 2000, 39, 2042
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The Total Syntheses of Tetracyclines

6-Demethyl-6-deoxytetracycline

Conover et al. J. Am. Chem. Soc. 1962, 84, 3222
Woodward Pure Appl. Chem. 1963, 6, 561

Korst et al. J. Am. Chem. Soc. 1968, 90, 439

Muxfeldt, Rogalski. J.Am. Chem. Soc. 1965, 87, 933

(x)-12a-Deoxy-5a,6-anhydrotetracycline
Gurevich et al. Tetrahedron Lett. 1967, 132

(x)-Terramycin
Muxfeld et al. J. Am. Chem. Soc. 1979, 101, 689

(x)-12a-Deoxytetracycline
Stork et al. J. Am. Chem. Soc. 1996, 118, 5304

(-)-Tetracycline
Tatsuta et al. Chem. Lett. 2000, 646
Myers et al. J. Am. Chem. Soc. 2005, ASAP (ja052151d)

(-)-Doxycycline
Myers et al. Science 2005, 308, 395
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The Total Synthesis of Terramycin

Muxfeld et al. 3. Am. Chem. Soc. 1979, 101, 689

(£)-Terramycin

1. Ac,0, 83%
2. PhH, reflux, 3h, 60%

O OAc

0 s
2. MeMgl, PhMe, -70 to -10 °C, 82%

3. KOH,1t, 18h, 84%

1. acetone, CuSQy, rt, 48h, 84%
2. Ac,0, NaOAc, 95%

OH O

1. KCIO3, 0OsO,, THF/H,0, 89%
2. Pb(AcO),, acetone, 40 C, 1h,

1. O3, CHCI3, -50 °C then H,0, 68%
3. DBU, AcOH, piperidine, xylene, 52% 3 : 2 ’

2. Na,COs, CH,Cl,, 85%
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2. NaH, MOMCI, THF,rt, 6h, 90%

1. Piperidine, PhH, reflux, 1h, 91% <0
H
3. SiO,, PhH, ~70-80% z

Pby(OH)(AcO)3, THF, 77%

N
-

CHO

1. AcOH,H,0, 90%
2. P(OEt)3, DMF, THF, H,0, O,
3. HCI, MeOH, rt, 12%

@]
MEOZC\)J\/CONHZ

BulLi, -78 °C,THF then
reflux, 27%

1. Mel, THF
2. HCI, THF/H,O
3. Me,S0,, DIPEA, 23%

Summary:
22 steps, 0.06%

Key Transformations:
- DA reaction to construct C ring
- Cascade condensation to construct rings A and B
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(x)-12a-Deoxytetracycline

Stork et al. J. Am. Chem. Soc. 1996, 118, 5304

OH O

(¥)-12a-Deoxytetracycline

OH OH O

OEt
O o) 1. MeMgBr (2.0 eq), THF, 1.N,N-dimethylaniline, CH,Cl,, Me O
_ -78°Ctort, 78% Me, ,OH EtOCHBICH,Br, A, 4h, 98% e,
O‘ CHCl3, rt, 30 min, 100% O‘(‘ 2. p-xylene, A, 19h, 100% O‘ 2. nBusSnH, AIBN, PhH, A, 1.5h, 90%
OH O : OH O OH O OH O
1 2 3 4
e /
0 . o /
1.i) PhI(TFA); (2.5eq), CH,Cl,, rt, 2.5h, 92% o S
1. 1,3-propanethiol, BF3-Et,0, CH,Cls, o] 2. HCI (5% aq), THF, 18h
0 °C, 15min, 88% o 3. Piperidine, AcOH, 4A MS, PhH, o N\
2. TFAA, DME, 1t, 1.5h, 92% ., 0 °C to rt, 2.5h, 97% (over two steps) Me.
o O
HOMO/\/ oy d
5 6
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Completion of the Synthesis

MeO OBn
N/O NM82
| N
BnO Bu;SnOMe, PhMe, 60 °C,
CO,Me 5h, 97%

NMe,

1. NaHMDS, THF, -78 to -20 °C, 1.5h
2. Pd(Ph3P),, PhsP, Me(CH,);CH(Et)CO,H
4A MS, EtOAc, CH,Cl,, 96% (over two steps)

TMSCN, KCN, M >N
18-C-6, CH,Cl, oom N KH, THF, -78 C to 0 °C, Pd black, H,, MeOH,
' : G 0 then 50 °C, 30 min, 59% 3h, 94%
CTeTo Jo T »
TMSO O  OMe OMe OBn
T™S
9 10 11

Summary:
15 steps, 25% overall yield

Key Transformations:
- Double Claisen condensation
- Functionalized oxazole as a masked (-ketoamide
See also: Stork, Hagedorn J. Am. Chem. Soc. 1978, 100, 3611
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The First Total Synthesis of Natural (-)-Tetracycline

Tatsuta et al. Chem. Lett. 2000, 646

1. TBSCI, Py, 2h, 93%
2. DMSO, DCC, Py-TFA/Et,O

70 min, 97% .
! . 1. 1% HCI,-MeOH, 10 min, 93%
O_ .OMe 3. PhgPCH4Br, nBULi/THF, -78 °C—rt M ’ ’ ’
HO W 1h B1% TBSO O .OMe 2 BusP, THF, 1h, 90% S O._.OMe
HO" “NHCbz “NHCbz NO; “NHCbz
OBn OBn SeCN OBn
D-Glucosoamine 1 NO, 2
1. BH3THF/THF, 0—45 °C then H,0,,
H,O/THF, 45 °C, 16h, 69% 1. DBU/PhMe, -30 °C,
2. BnBr, BaO, Ba(OH),-8H,O/DMF, 50 mlin, qua/mt. I 1. DBMP/PhMe, 170 C, 43h, 72%
18h, 84% 2. MsCl, EtzN/CH,Cl,, 0 °C, 2. CrOs, H,S03, AcMe/H,0, 0 °C
3. HgCl,, THF/H,0, 13h, 67% © wOH 15min, 82% o) " min3,85§A: 3 20, :
"y Bno W ‘r
BnO 'NHCbz ~ ‘NHCbz =
OBn OBn X
3 4 OTMS

S0,Cl, Et3N, CH,Cl,,

1. LDA, THF, -40 °C, 15 min -30 °C, 10 min, 90%

80%

Me

0 OMeOH O OH OMeOH O OH

ome ©
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1. BBr3, CH,Cl,, -78 °C, 15 min

2. H,, Pd black, (BOC),0, Et3N, dioxane/H,0O
1h, 92% (2 steps)

3. TMSCHN,, DIPEA, THF/MeOH, 2h, 72%

Me NHBoc
Br,, (BuzSn),0, MS 4A H =
CH,Cl,, -78 °C, 15 min, 85%

OMeOH O OH

8

1. DMP, MeCN/CH,Cl,, 15 min, 91%
2. Zn/AcOH, 2 min

3. DMP, MeCN/CH,Cl,,
15 min, 62% (2 steps)

1. NH,OH HCI, Et3N,
MeOH, 30 min

2. CDI, THF, 45 min,
80% (2 steps)

13
Summary:
34steps, 0.002%
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OMeOH O OMe

9

DMDO, EtgN, CH,Cl,,

-78 °C, 60%
Ts :
Ph, N OH
OMe OH O OMe ): ‘B=Cl OMeOH O O
N/
Ph \
11 Ts 12
1. Polyphosphoric acid, 100 °C,
45 min, 68%
2. HCHO, HCO,H, 80 °C, 1. O,, hv, TPP, CHCI
Me. .Me 2 1 =73
1h, 80% . N 20-40 °C, 10 min, 75%
3. BBr3, CH,Cl,, 0 °C, 2. H,, Pd black, dioxane,
15h, 88%

8h, 62%

14

(-)-Tetracycline
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Highly Selective Oxidation of Deoxytetracycline

Wasserman, Lu J. Am. Chem. Soc. 1986, 108, 4237

0O,, hv, TPP
MeOH, 10 min

H,, Pd/C, MeOH

49%
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Synthesis of (-)-Doxycycline — Assembly of AB Rings

Myers et al. Science 2005, 308, 395

Me OH NMe2

OH O OH_
OH

(-)-Doxocycline

A. eutrophus B9 mMCPBA, EtOAc 1. TMSCHN;,
79%, >95% ee 83% 2. TBSOTT, Et3N, 70%
PhCO,H o, \ X0
—CO,H —~CO,H TBSO"
: OH - OH : CO,Me
OH OH OTBS
1 2 3
Me. - Me Me. .Me Me. .Me
1. LiOTf, PhCH5, 60 °C H '>| 1. CBry, PhgP H N
THF, -78 °C, 73% 2. TFA, CH,Cl,, 62% 5 O, 2.PhSH, EiN, 87% 5 o}
N N
N K A / o A /
N HO' > (:JH PhS s (:)H
0 TBSO O  OBN TBSG O  OBM
| N
/
Li 4 5 6
OBn
Myers et al. Org. Lett. 2001, 3, 2923
6/7/2005
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Synthesis of (-)-Doxycycline

Me Me
Cl
Me. .Me N ¢ Me. .Me
Y So7 HO (N
- A o) o= nw O A 0
3 ] 3 \
N N
Phs : 7 P(OMe)3, MeOH, 70 °C . 4
: OH 76% YN
TBSO O  OBN T8s6 ~ O  OBn
6 7
o)
>~OBn
M © NM
Et LDA, TMEDA, THF then 8 € = €2
-78'1t0 0 °C, 79%
CO,Ph O“‘
OBoc BocO OH_
OTBS
9

Summary:
18 linear steps, overall yield 8.3%

Key Transformations:
- microbial dihydroxylation of benzoic acid
- LiIOTf-catalyzed opening of epoxide
- Michael-Dieckmann condensation to assemble C ring
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1. BnO,CCl, DMAP

2. TBAF, AcOH

3. IBX, DMSO

4. TBSOTT, Et3N, 85%

1. HF, MeCN

2. H,, Pd, THF, MeOH

90%

Me OH NMe2

OH O OH_
OH
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Synthesis of the Tetracycline Derivatives

1. CBr4, DEAD, PhMe, NBSH, 74%
2. HCI, MeOH
3. IBX, DMSO, TBSOTf, 2,6-lutidine

o} 66%
N
3 OH
TBSO O  OBN
1.LDA, TMEDA, THF then A, -78 °C, 81% Me NMe
£ 2. HF, MeCN, ¥ SVi€2
t 3. H,, Pd, 85%
CO,Ph
OBoc
1. LDA, TMEDA, THF, -95 to -50 °C, 76% NMe
N Me 2. H,, Pd Se2
s 3. HCl, MeCN, 79%
Z>co,Ph
1.LDA, DMPU. -78 to 0 °C, 67%
, ; NMe
Me Me 2. Hy, Pd(OH),, .
N 3. HCl, MeOH, 74%
N
CO,Ph
OBn
1. nBuli, -100 to 0 °C, 75%
2. HF, MeCN
3. Hy, Pd
OO Br 4, BBrg, CH2C|2, '78 to 23 OC, 74%
CO,Ph

OMe
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The Total Synthesis of (-)-Tetracycline

Myers et al. J. Am. Chem. Soc. 2005, ASAP (ja052151d)

Me
; "OTES
1. PyH-Brs, CH,Cl,, 23 °C, 17h OH Me.-Me

2. PhSH, DBU, DMF, 0 °C, 23 min

66% (two steps) neat, 85 °C, 48h

64%

PhS

free hydroxyl group
necessary for DA

1.TFA, mCPBA
Mo Mesy-Me CH,Cl,, -78 to 35 °C
1. EtsNHF, THF, 23 °C, 12h, 76% H H-= 2. O,, PhH, 24-36h,

2.1BX, 35 C, 18h, 77% 3. H,, Pd, dioxane, 42%

OH
OH o oH O O
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