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Total Synthesis and Structural Revision of the Antibiotic 
Tetrapeptide GE81112A 
Gerrit Jürjens,[b,c] Sören M. M. Schuler,[b] Michael Kurz,[d] Sylvain Petit,[e] Cédric Couturier,[e] Frédéric 
Jeannot,[e] Fabian Nguyen,[f] Raffael C. Wende,[b] Peter E. Hammann,[a] Daniel N. Wilson,[f] Eric 
Bacqué,[e] Christoph Pöverlein,*[d] and Armin Bauer*[a]   

 

Abstract: The total synthesis of the naturally occurring antibiotic 
GE81112A, a densely functionalized tetrapeptide is reported. 
Comparison of spectral data with the natural product and lack of 
biological activity of the synthesized compound led us to revise the 
published configuration of the 3-hydroxypipecolic acid moiety. This 
hypothesis was fully validated by the synthesis of the corresponding 
epimer. 

The world-wide problem of emergence of multi-drug resistant 
bacteria is compounded by the decline in new classes of 
antimicrobials entering into clinical practice. This has led to a 
renewed interest in novel scaffolds for the design of anti-
microbial agents.[1] Such a novel chemical structure is 
represented by the GE81112 compounds which are produced by 
a Streptomyces sp.[2] GE81112 comprises three unusual 
tetrapeptide congeners (1-3, Figure 1) that display activity 
against a panel of both Gram-negative and Gram-positive 
pathogenic bacteria.[2,3] GE81112 inhibits protein synthesis by 

interacting with the small 30S ribosomal subunit using a binding 
site distinct from that of other known ribosome-targeting 
antibiotics.[2,4] The GE81112 antibiotics are virtually inactive on E. 
coli in standard antibacterial assays and display their activity 
against E. coli only in minimal media due to the mechanism of 
uptake of the GE81112 congeners into the bacteria by illicit 
transport through the oligopeptide permease (Opp) system.[3]  

 

 

Figure 1. Reported structures of the GE81112 tetrapeptide congeners. 

The isolation and characterization of GE81112 was published by 
Brandi et al. in 2006.[2] Subsequently, the biosynthesis of 
GE81112 was elucidated and the absolute configuration was 
postulated based on a combination of biosynthetic and chemical 
studies.[5] The tetrapeptide congeners consist of at least three 
unnatural amino acids: a trans-configured 3-hydroxypipecolic 
acid, a 2-amino-4-hydroxypentanoic acid bearing either a 
carbamate or urea moiety and a chloro-hydroxyhistidine. 
Furthermore, in two of the three congeners the histidine is 
replaced by an amino-histidine. 
The unique binding mode, together with the activity of GE81112 
on E. coli, attracted our attention to this tetrapeptide family as a 
promising starting point for a total synthesis-based approach 
towards the generation of new lead structures with the potential 
to treat drug-resistant Gram-negative bacteria. 
Herein we report the first total synthesis of GE81112A. Moreover, 
based on analytical and biological activity data the cis-
configuration of the hydroxypipecolic acid was proven. 
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Scheme 1. Retrosynthetic analysis of GE81112A. 

Our retrosynthetic analysis regarding GE81112A 1 disconnected 
tetrapeptide 1 between the first and the third of the three amide 
bonds to obtain protected 3-hydroxypipecolic acid 4, central 
dipeptide 5, and precursor 6 for the chlorinated 3-
hydroxyhistidine (Scheme 1). 3-Hydroxypipecolic acid 
derivatives like 4 are accessible through an olefin ring-closing 
metathesis approach starting from protected N-allyl glycine.[6] 
Dipeptide 5 could be assembled from a chiral α-azido acid 7 
derived from D-xylose and the commercially available trityl 
protected L-histidine methyl ester. Using dipeptide 5 with a 
masked amino function was designed to circumvent two 
possible obstacles in a putative linear sequence: firstly, 
formation of a 2,5-diketopiperazine, that could be formed during 
carbamate deprotection of the dipeptide consisting of chlorinated 
3-hydroxyhistidine methyl ester and a carbamate protected 
histidine[7] and secondly, tendency of γ-hydroxy carboxylic acid 
or esters to form the corresponding γ-lactone, which is 
prevented by the presence of the amide.[8] The only price to pay 
is the risk of α-epimerisation during activation of dipeptide 5 – a 
known phenomenon for τ-protected and π-unprotected 
histidines.[9] Chlorinated 3-hydroxyhistidine methyl ester 13 was 
envisioned to be available by the addition of an anion derived 
from a 4-iodo imidazole like 9 or 10 to Garner’s aldehyde (8). 
Both 3-hydroxy epimers should be accessible, which might be 
useful since the absolute configuration at that position was 
uncertain. 

 

Scheme 2. Synthesis of the histidine derivative 13. Reagents and conditions: 
a) LDA, THF, −78 °C, 90 min, then C2Cl6, −78 °C, 45 min, then rt, 4 h, 90%; b) 
10, EtMgBr, CH2Cl2, 0 °C, 20 min, then 8, −60°C to −30°C, 4 h, 73%; c) 
TIPSOTf, 2,6-lutidine, CH2Cl2, 0 °C, 2 h, 48% of 6 and 29% of 11; d) 6, BiBr3, 
H2O, MeCN, 0 °C, 20 min, 66%; e) NaOCl (10% in H2O), TEMPO, NaClO2, 
MeCN, rt, 3 h; f) TMSCHN2, CH2Cl2/MeOH, rt, 24 h, 63% over 2 steps; g) HCl 
in 1,4-dioxane, THF, rt, crude product directly used in the next step (cf. 
Scheme 3). 

A key step of the synthesis of hydroxyhistidine 13 was the 
diastereoselective addition of a Grignard reagent prepared by 
halogen-metal exchange of a 4-iodo imidazole derivative to R-
Boc-Garner’s aldehyde 8 (Scheme 2). Our first approach was 
performed with 9. Since anions generated at the imidazole 4(5)-
position are known to be prone to equilibrate to the 2-position[10] 
we were aware that a careful selection of solvent and reaction 
conditions would be required in order to control the 
regioselectivity of the subsequent addition to the electrophile. 
We chose to apply Lindell’s protocol[10] and performed the 
halogen-metal exchange in dichloromethane as a non-
complexing solvent. Although in some cases we were able to 
obtain the desired addition products with R-Boc-Garner’s 
aldehyde 8[11] at the 4-position (which could be further 
elaborated to the key intermediate 6 after TIPS protection and 
chlorination at the 2-position) the reaction suffered from poor 
reproducibility and addition at the 2-position was observed 
frequently (see Supporting Information). Therefore, the hitherto 
undisclosed imidazole 10 with a blocked 2-position was 
prepared from 9 by regioselective chlorination and subsequently 
used. Halogen-metal exchange of 10 with EtMgBr in 
dichloromethane proceeded smoothly without any equilibration 
to the 2-position but addition to R-Boc-Garner’s aldehyde 8[11] 
under Cram-chelation control gave an inseparable ~2:1 mixture 
of addition products in favor of the required syn diastereomer. 
Both epimers 6 and 11 could be separated after silylation of the 
hydroxyl group. The acetonide was then cleaved using bismuth 
bromide.[12] This deprotection step required careful reaction 
monitoring since partial removal of the TIPS group was also 
observed. The resulting primary alcohol 12 was oxidized in a 
two-step sequence and the so formed acid was protected as the 
methyl ester. Simultaneous deprotection of both nitrogen atoms 
with hydrogen chloride in 1,4-dioxane resulted in hydrochloride 
13 that was used directly in the coupling reaction with dipeptide 
5. 
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Scheme 3. Synthesis of dipeptide 5. Reagents and conditions: a) PPh3, DPPA, 
DEAD, THF, −78 °C to rt, 3 h; b) LiOH, THF/H2O, rt, 4 h; c) H-His(1-Trt)-
OMe·HCl, Oxyma, EDCI·HCl, NaHCO3, DCM/DMF (1:1), −15 °C to rt, 18 h, 
87% over 3 steps; d) HOAc/HCl (9:1), 0 °C, 3.5 h; e) TBSOTf, 2,6-lutidine, 
DCM, −78 °C to rt, on, 95% over 2 steps; f) HF·pyridine (70%), pyridine, THF, 
0 °C to rt, 40 h, 45%; g) CDI, THF, rt, 3 h, then conc. NH3, rt, 2 h, 82%; h) 
LiOH, THF/H2O, rt, 1 h, 97%. 

The synthesis of dipeptide 5 (Scheme 3) started with alcohol 14, 
an intermediate obtained starting with D-xylose according to a 
known procedure.[13] Alcohol 14 was transformed to the 
corresponding azide under Mitsunobu conditions. Saponification 
yielded acid 7, that was then coupled with trityl-protected L-
histidine methyl ester to furnish dipeptide 15. Selective 
acetonide deprotection while retaining the trityl protecting group 
using 1N hydrogen chloride in acetic acid and careful work-up 
followed by double TBS-protection and selective deprotection of 
the primary TBS group with HF-pyridine complex in THF or 
NH4F in methanol resulted in a mono-protected diol. The 
corresponding primary alcohol was transformed into a 
carbamate by sequential treatment with CDI and aqueous 
ammonia. Finally, saponification of the methyl ester furnished 
the central intermediate 5. 

  

Scheme 4. Synthesis of trans-3-hydroxypipecolic acid 4. Reagents and 
conditions: a) 2 steps, see ref [6]; b) chromatographic separation on 
ChiralpakTM AD-H/148; c) H2, Pd/C, EtOAc, rt, on; d) TBSCl, imidazole, DMF, 
40 °C, 2 h; e) NaOH, MeOH/H2O, rt, on, then 40 °C, 91% over 3 steps.  

Since we planned to develop the structure-activity relationships 
in the GE81112 series a synthetic route was considered that 
would deliver all four stereoisomers of the 3-hydroxypipecolic 
acid (Scheme 4). Such an approach was disclosed by the 
Takahata group.[6] Thus, racemic tetrahydropyridine derivatives 
18 and 19 (ratio trans:cis: 4:1) were prepared from protected 
glycine 17,[14] as reported. The epimers were separated by 
chromatography utilizing a chiral column (in contrast to the 
reported lipase-catalyzed kinetic resolution[6]) and the 

corresponding 2S isomer of 19 was further converted to the 
required intermediate 4.  

 

Scheme 5. Synthesis of GE81112A (1, proposed structure). Reagents and 
conditions: a) 13, Oxyma, EDCI·HCl, NaHCO3, CH2Cl2/DMF (1:1), −40 °C to rt, 
48 h, 73%; b) PMe3, THF/H2O (5:1), rt, 12 h; c) 4, Oxyma, EDCI·HCl, NaHCO3, 
CH2Cl2/DMF (1:1), 0 °C to rt, 12 h, 36% over 3 steps; d) LiOH, MeOH/H2O, rt, 
7 d; e) TASF, H2O/DMF, rt, 7 d, 62% over 2 steps; f) TFA, CH2Cl2, 0 °C, 1 h; g) 
HCOOH, 2,2,2-trifluoroethanol, rt, 13 h, 28% over 2 steps.  

For the final assembly of GE81112A (Scheme 5) the central 
building block 5 was coupled with the chloro-histidine ester 13 in 
good yields (73%) albeit some racemization (16%) was 
observed. Staudinger reduction furnished the tripeptide 20 that 
was subsequently coupled with 3-hydroxypipecolic acid 4 to give 
the GE81112A precursor 21. Long reaction times were needed 
and unsatisfactory yields were observed, presumably due to the 
high steric hindrance caused by the protecting groups of 4 
resulting in attenuated reactivity in the active ester formation 
from 4 during the coupling step. Although the deprotection to 1 
followed a carefully concerted sequence it was met with 
difficulties and we experienced considerable loss of material, i. a. 
methyl ester saponification and subsequent treatment with TASF 
to remove the silyl group required several days and partial 
decomposition was observed upon TFA-mediated Boc cleavage. 
Due to the high polarity of 1, a pure batch could finally only be 
obtained by subsequent Hydrophilic Interaction Chromatography 
(HILIC) and RP-HPLC steps (see Supporting Information). 
However, compared to the reported data[2,3] of the isolated 
natural product NP, our synthesized product 1 showed 
significant differences in the NMR spectra shifts of the 
pipecolinic acid moiety signals (Table 1) and furthermore did not 
display any activity in antibacterial assays (Table 2) nor in an E. 
coli lysate-based transcription-translation assay[15] (Figure 2). 
With these data in hand, we reasoned that the stereochemistry 
of the pipecolinic acid was assigned wrongly. Since no 
epimerization domain in the biosynthetic cluster of GE81112A 
had been detected[5] it seemed likely that the absolute 
configuration of the secondary hydroxyl group was assigned 
incorrectly. This hypothesis was also underlined by results from 
additional biochemical studies with the putative pipecolic acid 
hydroxylase GeF.[16] 
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Scheme 6. Synthesis of GE81112A (25, revised structure). Reagents and 
conditions: a) HCl in 1,4-dioxane, rt, 45 min; b) Teoc-OSu, NEt3, 1,4-
dioxane/H2O (1:1), rt, on, 81% over 2 steps; c) AcOH, DEAD (in PhMe), PPh3, 
THF, 0 °C to rt, 6 h, 56%; d) LiOH, MeOH/H2O, −30 °C, 15 min, 59%; e) LiOH, 
THF/H2O, −30 °C to rt, 24 h, 84%; f) H2, Pd/C, EtOAc, rt, on; 99%; g) 20, 
OxymaTM, EDCI·HCl, NaHCO3, CH2Cl2/DMF (1:1), 0 °C to rt, 16 h, 41%; h) 
LiOH, THF/H2O, rt, 40%; i) TASF (in DMF), H2O/DMF, rt, 42 h; k) HCOOH, 
2,2,2-trifluoroethanol, rt, 24 h, 78% over 2 steps. 

Therefore, we set out to synthesize the corresponding 
tetrapeptide with the cis-hydroxypipecolic acid incorporated 
(Scheme 6). Due to the problems encountered with the final 
cleavage of the protecting groups in the synthesis of 1, we 
switched from Boc to Teoc, a protecting group that was 
expected to be removable together with the other silyl protecting 
groups. Since silyl ethers of cis-3-hydroxy pipecolinic acids are 
known to be unstable[17] we utilized the unprotected compound 
23 in the coupling step. Although the cis isomer of 4 would be 
accessible via 18, we also designed an alternative route from 
the major diastereomer 19 employing a Mitsunobu inversion. 
The final steps to the revised GE81112A structure 25 were 
performed in analogy to the synthesis of 1 under optimized 
conditions and furnished 25 in decent yields. 

Not only the NMR data of 25 (Table 1), but also the biological 
activity pattern (Table 2 and Figure 2) matched completely with 
those of the natural product NP[2] (see Supporting Information for 
full NMR spectral data). 
 
Table 1, NMR shifts (ppm) of the pipecolic acid moieties in the natural product 
isolate (NP; literature data)[2], 1 and, 25. 

 1H 1 1H NP 1H 25 13C 1 13C NP 13C 25 
NH2

+ 9.30 9.07 9.02 - - - 
NH2

+ 8.85 8.30 8.30 - - - 
α 3.55 3.94 3.95 61.2 59.7 59.7 
β 3.70 4.40 4.40 66.7 64.1 64.1 
γ1 2.00 1.81 1.82 31.0 28.4 28.4 
γ2 1.46 1.62 1.64 - - - 
δ1 1.81 1.88 1.89 19.9 15.9 15.9 
δ2 1.69 1.52 1.53 - - - 
ε1 3.18 3.15 3.16 42.6 42.9 42.9 
ε2 2.87 2.90 2.91 - - - 

 

 

 

Table 2. Comparison of the biological profiles of the synthetic GE81112As 1 
and 25 with literature data of the natural product isolate NP[2]. 

 MIC [µg mL-1] 

 E. coli 
 

E. coli 
(minimal media) 

M. catarrhalis 

NP > 512 0.06 2 
1 > 64 > 64 > 64 

25 > 64 < 0.03 16 
 

  
Figure 2. Translation inhibition by 1 (blue) or 25 (orange) of firefly luciferase 
production using an E. coli in vitro-coupled transcription-translation system. 
 
 
In conclusion we have accomplished the first total synthesis of 
the proposed structure (1)[5] and the revised structure (25) of the 
densely functionalized tetrapeptide GE81112A with three unique 
amino acids. Our synthesis provides access to sufficient 
amounts of the natural product in order to pursue further 
investigations concerning its mode of action and its 
pharmacodynamic and pharmacokinetic properties. Our work 
also sets the stage for the establishment of structure-activity 
relationships and further lead optimization. 
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One center makes the difference: The first total synthesis of the antibacterial 
tetrapeptide GE81112A is described. Its structure was revised and the correct 
absolute configuration was determined. Remarkably, the compound with the 
proposed structure differing only in one position did not show any bioactivity. 
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