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Abstract: Anguibactin (1), a novel siderophore isolated from the fish pathogen Vibrio anguillarum 775 (pJMl) , has been 
identified as co-iV-hydroxy-a)-iV-[[2'-(2",3"-dihydroxyphenyl)thiazolin-4'-yl]carboxy]histamine. The structure determination 
was based on (i) single-crystal X-ray diffraction studies of its anhydro derivative (2), (ii) 1H and 13C N M R spectroscopy, 
(iii) FAB mass spectrometry, and (iv) chemical degradation. Anhydroanguibactin (2) crystallizes in the monoclinic space 
group Cljc, a = 22.71 (5) Kb = 8.052 (6) A, c = 15.879 (18) A, /3 = 95.72 (9)°, V= 2889.2 A3, and Z = 8. The structure 
has been determined from 2029 diffractometer data and refined to a final R = 0.048. Spectroscopic results have shown that 
anguibactin (1) differs from 2 by having (i) a thiazoline ring instead of a thiazole ring and (ii) a hydroxyl group on the peptide 
N atom of the histamine residue. Anguibactin belongs to a unique structural class of its own, with its backbone derived from 
a>-/V-hydroxyhistamine, cysteine, and 2,3-dihydroxybenzoic acid. The structure of another related compound, copurified with 
anguibactin, was identified as 2-(2',3'-dihydroxyphenyl)thiazoline-4-carboxylic acid methyl ester (3). 

A novel siderophore (microbial iron transport compound), 
named anguibactin (1), has been isolated recently1 '2 from the 
iron-deficient cultures of a fish pathogenic bacterium, Vibrio 
anguillarum 775. Preliminary investigations have revealed that 
anguibactin (1) is unique in several respects. The production and 
biological activity of anguibactin and the virulence of the bacteria 
are linked to the presence of a 65-kb plasmid, designated p J M l , 
in the organism.2 '3 Anguibactin is a very important factor of 
virulence as demonstrated by its ability to cross-feed a sidero-
phore-deficient receptor-proficient mutant of V. anguillarum, 
which allows the establishment of this organism in the host ver
tebrate.4 Anguibactin possesses an unusual molecular compo
sition, C1 5H1 6N4O4S, and shows significant structural differences 
with all known classes of siderophores.1 Moreover, the anguibactin 
receptor system has been shown to be highly specific for angui
bactin and inert toward a range of bacterial, fungal, and synthetic 
iron chelators. Attempts to reveal its complete structure have been 
hindered due to problems associated with its purification in 
sufficient quantity. However, some aspects of its structure, such 
as the presence of a catechol group, have already been established.1 

We have achieved success in determining the chemical and mo
lecular structure of one of its closely related derivatives, anhy
droanguibactin (2), by single-crystal X-ray diffraction. On the 
basis of this structural information and on the results obtained 
with N M R and FAB mass spectrometry, we have determined the 
structure of anguibactin (1) and a related compound (3), which 
has been copurified from the culture medium. In this paper, we 
present the evidence for the structure of anguibactin. 

Experimental Section 

Organism Source and Culture. The bacteria Vibrio anguillarum 775 
(pJMl) was grown as described previously.3 

Purification of the Siderophore. Extraction and initial purification of 
anguibactin was reported before.1 A sample (approximately 12 mg), 
obtained from the previously described Sephadex LH-20/methanol gel 
filtration, was separated in another Sephadex LH-20 column (20 X 1 cm) 
with absolute ethanol as the mobile phase. Fractions containing an
guibactin were pooled, dried under vacuum, and rechromatographed in 
a silica gel column (10X1 cm; the stationary phase was silica gel 60 H, 
TLC grade; the mobile phase was chloroform-methanol-water 35:12:2, 
CMW). The column was deferated by passing 8-hydroxyquinoline 
through it prior to loading the sample. Two compounds, a slower moving 
major band (anguibactin, ca. 7 mg) and a faster moving minor band 
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(identified as 3., ca. 1 mg), eluted out from the column. This last 
chromatographic step was repeated once more to separate the partially 
overlapped fractions. Anguibactin (1) was finally purified by gel filtra
tion with ethanol in a Sephadex LH-20 column. Compound 3, 2-

(1) Actis, L. A.; Fish, W.; Crosa, J. H.; Kellerman, K.; Ellenberger, S. R.; 
Hauser, F. M.; Sanders-Loehr, J. J. Bacteriol. 1986, 167, 57. 

(2) Crosa, J. H. In Iron Transport in Microbes, Plants and Animals; 
Winkelmann, G., van der Helm, D., Neilands, J. B., Eds.; VCH Verlagsge-
sellschaft: Weinheim, FRG, 1987; p 53. 

(3) Crosa, J. H. Nature (London) 1980, 283, 566. 
(4) Wolf, M. K.; Crosa, J. H. /. Gen. Microbiol. 1986, 132, 2949. 
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Figure 1. An ORTEP plot showing a stereoview of a single molecule of anhydroanguibactin. The atom-numbering scheme is different from that used 
in the schematic drawings. 

(2',3'-dihydroxyphenyl)thiazoline-4-carboxylic acid methyl ester: FAB 
mass spectroscopy, mjz 254 (61) MH+; 1H NMR, CH3OD, 6 3.68 (m, 
CH2), 3.82 (s, OCH3), 5.45 (t, thiazole CH), 6.75 (t, m-CH), 6.95 (m, 
o- and p-CH). 

Purification of Anhydroanguibactin. Anhydroanguibactin was pro
duced during the preparation of acetylated anguibactin described pre
viously,1 with the exception that the concentration of acetic anhydride 
used in the reaction was 0.21 mL/Vmol of anguibactin. The pooled peak 
fractions from the LH-20 column were analyzed by thin-layer chroma
tography (reverse-phase Supelco C-18 plates developed with methanol-
water 40:15) and found to contain two components, triacetylanguibactin 
(Rj 0.55) and anhydroanguibactin (2) {Rf0A5). The latter behaves 
similarly to anguibactin (1) on thin-layer chromatograms but elutes 
earlier on an LH-20 column. 

Thin-Layer Chromatography. Detection of anguibactin was carried 
out with silica gel thin layers developed in CMW. Anguibactin and its 
derivatives formed compact spots with reproducible Rf values. With 
FeCl3 spray (1% in 0.05 N HCl), anguibactin (1) (/J/0.35) and com
pound 3 (7?y0.8) produced a green color, while anhydroanguibactin (2) 
(.Ry 0.36) produced a blue color, all turning brown with time. 

Acid Hydrolysis. Hydrolysis of anguibactin (3.0 mg) was carried out 
with 6 N HCl at 100 0C for 24 h. The hydrolysate was dried over 
NaOH pellets in vacuum. The products were chromatographed on a 
Sephadex LH-20 column (10 X 1 cm) with absolute ethanol as the 
mobile phase. Fractions containing individual compounds histamine (4), 
2,3-dihydroxybenzoic acid (5), and dehydrocystine (6) (detected by UV 
light and ninhydrin spray) were pooled, dried, and analyzed by NMR 
and FAB mass spectrometry. Histamine (4): ninhydrin positive; FAB 
mass spectrometry, mjz 134 (50) (MNa+), 112 (100) (MH+), 95 (35) 
(M+ - NH2);

 1H NMR (CD3OD) b 2.96 (t, CH2), 3.21 (t, CH2N), 7.09 
(s, =CH), 7.94 (s, N=CHN). 2,3-Dihydroxybenzoic acid (5): FAB 
mass spectrometry, mjz 111 (18) (MNa+), 176 (19) (MNa+ - H), 155 
(30) (MH+), 137 (33) (M+ - OH); 1H NMR (CD3OD) 6 6.7 (t, m-CH), 
6.95 (d, o-CH), 7.34 (d,/?-CH). Dehydrocystine (6): FAB mass spec
trometry, mjz 259 (8) (MNa+), 237 (84) (MH+), strongly ninhydrin 
positive. 

NMR Spectroscopy. NMR spectroscopy of anguibactin (1) and its 
derivatives was carried out at 300 MHz for 1H and 75.4 MHz for 13C 
nuclei at 23 0C on a Varian XL300 FT NMR spectrometer. Assignment 
of the NMR signals was based on selective decoupling and correlation 
with the results obtained with compounds containing similar structural 
groups (e.g., pyochelin (7),5 obafluorin,6 enterobactin, and w-JV-acetyl-
histamine (8). The 1H chemical shifts and the coupling constants of 
complex spin systems were refined by an iterative spin-simulation pro
gram.8 

FAB Mass Spectrometry. Positive-ion FAB mass spectrometry 
(nominal and accurate mass) was carried out on a VG ZAB-E FAB mass 
spectrometer with a magic bullet matrix. External calibration for nom
inal mass was done with CsI. High-resolution calibration was done with 
CsNaRbI. 

Crystallization and X-ray Diffraction Data Collection. Pure angui
bactin formed minute crystals from ethanol, methanol, and some other 
solvent systems. These crystals were not sufficiently large for X-ray 

(5) Cox, C. D.; Rinehart, K. L.; Moore, M. L.; Cook, J. C, Jr. Proc. Natl. 
Acad. Sci. U.S.A. 1981, 78, 4256. 

(6) Tymiak, A. A.; Culver, C. A.; Malley, M. F.; Gougoutas, J. Z. J. Org. 
Chem. 1985,50, 5491. 

(7) Llinas, M.; Wilson, D. M.; Neilands, J. B. Biochemistry 1973, 12, 
3836. 

(8) VXR-Series System Operation Manual, NMR Spectrometer Systems, 
Pub. No. 87-178214-00 Rev. B0186; Varian Associates: Palo Alto, CA, 
Chapter 14. 

diffraction. Anhydroanguibactin (2), purified from the reaction products 
of the acetylation trials of anguibactin, formed suitable well-shaped 
crystals from an ethanolic solution equilibrated with diethyl ether at 4 
0C. 

Structure Determination 
Crystals of anhydroanguibactin showed some degree of insta

bility at room temperature but were stable at low temperature. 
Preliminary investigation showed that the crystals in general 
diffract poorly. A spear-shaped crystal of approximate size, 0.38 
X 0.16 X 0.07 mm, was used for unit-cell dimensions and complete 
data collection. The crystal was mounted while still in the mother 
liquor and quickly transferred into a stream of cold nitrogen gas. 
The monoclinic space group C2/c was established from systematic 
absences, intensity statistics, and structure refinement. The 
unit-cell parameters were calculated by least-squares fit of ±28 
for 48 reflections measured at 138 ± 2 K with Mo Ka1 radiation. 
The diffraction data were collected on an Enraf-Nonius CAD-4 
counter diffractometer fitted with liquid N2 low-temperature device 
using graphite monochromated Mo Ka radiation. The intensities 
of all independent reflections in the range 0.5 < 28 < 46° were 
measured at 138 ± 2 K in the 8-26 scan mode with a variable 
scan speed and a scan width of (0.80 + 0.25 tan 8)°. Intensities 
of three standard reflections were monitored every 2 h of X-ray 
exposure and they showed no significant variation (~2%). Of 
the total 2029 reflections measured, 1317 were considered observed 
on the basis / > 2a(I), and these reflections were used in the 
structure refinements. Data were corrected for Lorentz and 
polarization effects but no absorption correction was made. 

Crystal data: C15H14N4O3S, M1 = 330, monoclinic, C2/c, a 
= 22.71 (5) A, b = 8.052 (6) A, c = 15.879 (18) A, /3 = 95.72 
(9)°, V = 2889.2 A3, Z = S, Aaicd = 1.519 g cm"3 at 138 K, F(OOO) 
= 1376, MMoKa) = 2.5 cm"1. 

The structure was determined by direct methods with the 
program MULTAN9 and refined by a full-matrix least-squares 
routine.10 AU the hydrogen atoms in the molecule were located 
from a difference Fourier map and they were refined isotropically. 
In the final stages of the refinement, all the non-hydrogen atoms 
were given anisotropic thermal parameters. The refinement 
converged to a final R = 0.048, i?w = 0.046, 5* = 1.3 for 1317 
reflections and 262 variable parameters. The maximum peak 
height in the final difference map ranged between ±0.3 e/A3. 

Results and Discussion 
(i) Structure of Anhydroanguibactin (2). A stereoview of the 

single molecule of anhydroanguibactin is shown in Figure 1, which 
also shows the atom numbering scheme used for the description 
of the crystal structure of 2. 

The molecule consists of two planar sections, one containing 
the phenyl-thiazole system with its substituents and the other the 
imidazole ring. The two planar sections are nearly perpendicular 

(9) Main, P.; Hull, S. E.; Lessinger, L.; Germain, G.; Declercq, J.-P.; 
Woolfson, M. M. MULTAN78. A System of Computer Programs for the 
Automatic Solution of Crystal Structures from X-ray Diffraction Data; 
University of York: York, England, 1978. 

(10) Sheldrick, G. M. SHELX76. Program for Crystal Structure Deter
mination. Univeristy of Cambridge: Cambridge, England, 1976. 
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Table I. 

D 

0(22) 
0(21) 
N(19) 

Hydroger 

A 

N(17)" 
0(22)4 

0(23)c 

Bond Parameters of 2 

D---A, A D-H, A H---A, A 

2.592(5) 0.83(5) 1.77(5) 
2.734 (5) 0.80 (6) 2.05 (6) 
2.758(5) 0.86(5) 1.93(5) 

D-H---A, deg 

167 (5) 
142 (6) 
164 (5) 

' [ - ' / * + * . - 1 A + * * ] • 
bV/2 x,-</2-y,-z]. c[x, y - l , z ] . 

to each other. The dihedral angle between the plane of the 
imidazole ring and a least-squares plane through the 18 non-
hydrogen atoms of the rest of the molecule is 78.7°. The co-
planarity of the phenyl-thiazole system (dihedral angle between 
the two rings is 7.2°) contrasts with the biphenyl systems where 
the two rings are generally skewed, but is consistent with the 
analogous system in agrobactin," where an oxazoline ring replaces 
the thiazole ring. Similar coplanarity has also been observed in 
the phenyl-bithiazole system present in PBCP [[3-(2'-phenyl-
2,4'-bithiazole-4-carboxamido)propyl]dimethylsulfonium iodide], 
an analogue of the DNA-binding portion of the antibiotic bleo
mycin A2.

12 The hydroxyl groups in the present structure lie on 
the side of the sulfur atom, giving a short nonbonded S-O contact 
of 2.707 A. In agrobactin, the phenyl ring is rotated 180° about 
the C(l)-C(7) bond bringing the hydroxyl groups on the side of 
the nitrogen atom of the heterocyclic ring. 

The only amide bond in the present structure [C(12)-N(13)] 
is trans; the w torsion angle C(10)-C(12)-N(13)-C(14) is 172.7°. 
The torsion angle N(11)-C(10)-C(12)-N(13) is close to zero 
(2.8°), which brings the histamine amide group in the plane of 
the thiazole ring. The histamine moiety assumes a gauche con
formation, [N(13)-C(14)-C(15)-C(16) = 59.1°] in contrast to 
a fully extended conformation observed in several histamine de
rivatives, as in histamine diphosphate13 and 6-histaminopurine.14 

The bond lengths and angles in the thiazole ring in general 
compare well with those observed in other thiazole derivatives.15 

The difference in the two C-S distances [S(8)-C(7) of 1.747 A 
and S(8)-C(9) of 1.700 A] is significant. The short S-O contact 
may have caused some steric strain as reflected in the enlarged 
angles, C(2)-C(l)-C(7) of 122.9° and C(l)-C(7)-S(8) of 123.9°. 

The imidazole ring has the N(19)-H tautomeric form, estab
lished by the location of the N(19) hydrogen atom from the 
difference Fourier map. The similar tautomeric form has been 
observed in histamine imidazole ring in 6-histaminopurine14 and 
other imidazole derivatives.16,17 However, the difference in the 
endocyclic angles at C(19) (106.7°) and at N(17) (105.6°) in the 
present structure is not as large as seen in other imidazole com
pounds. This may be attributed in part to the fact that atom 
N(17) in the present structure acts as an acceptor in a very strong 
hydrogen bond. The near equivalence of the two bonds, N-
(17)-C(18) = 1.326 A and N(19)-C(18) = 1.328 A, is also 
noteworth and indicates substansive charge derealization in the 
imidazole ring. 

With the exception of the thiazole nitrogen and the histamine 
amide group, both of which are buried in the inner side of the 
molecule, all the nitrogen and oxygen atoms in the molecule take 
part in the hydrogen bonding. Table I gives all the relevant 
parameters for the three independent hydrogen bonds in the 
present structure. The 0(22)-H—N(17) bond of 2.592 A is one 
of the shortest ever reported. A view of the crystal packing is 
shown in Figure 2. Centrosymmetrically related molecules are 
linked in a dimeric form through a pair of O-H—O hydrogen 

(11) Eng-Wilmot, D. L.;vander Helm, D. J. Am. Chem. Soc. 1980, 102, 
7719. 

(12) Kuroda, I.; Neidle, S.; Riordan, J. M.; Sakai, T. T. Nucleic Acids Res. 
1982, 10, 4753. 

(13) Veidis, M. V.; Palenik, G. J.; Schaffrin, R.; Trotter, J. J. Chem. Soc. 
A 1969, 2659. 

(14) Thewalt, U.; Bugg, C. E. Acta Crystallogr., Sect. B: Struct. Sci. 
1972, B28, 1767. 

(15) Caranoni, C; Reboul, J. P. Acta Crystallogr., Sect. B: Struct. Sci. 
1982BiS, 1255. 

(16) Visser, G. J.; Vos, A. Acta Crystallogr., Sect. B: Struct. Sci. 1971, 
B27, 1802. 

(17) Glover, P. E.; Prout, K. Cryst. Struct. Commun. 1981, 10, 1301. 
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Figure 2. A view of the crystal packing down the c axis {b vertical, a 
horizontal). Hydrogen bonds are indicated by dashed lines. 
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9c: 
C 

III 
N 

•n z 1 3 3 ( 1 0 0 ) 

M H ' m / z 3 4 9 ( 8 7 ) 

M N a * m/z 3 7 1 (40 ) 

bonds formed by the two benzylhydroxy groups. In addition, two 
very strong N - O hydrogen bonds involving both the imidazole 
nitrogen atoms pack the molecules is unending multilayered zigzag 
chains. 

(ii) Structure of Anguibactin (1). The determination of the 
structure of anhydroanguibactin (2) by single-crystal X-ray 
diffraction facilitated the structure determination of anguibactin 
(1) by spectroscopic and chemical means. Acid hydrolysis of 
anguibactin with 6 N HCl produced 2,3-dihydroxybenzoic acid 
(5), dehydrocystine (6), and histamine (4). These results suggest 
that anguibactin is made of similar structural units as found in 
anhydroanguibactin. 

FAB mass spectroscopy of 1 revealed four conspicuous ion peaks 
(Scheme I). The peaks at m/z 349 (87) and 371 (40) correspond 
to the MH+ and MNa+ ions, respectively. Peaks for MH+ and 
MNa+ are frequently observed in the FAB mass spectra of other 
microbial siderophores. The accurate mass of the MH+ ion is 
349.0944 (calculated for C15H17N4O4S, 349.0971) and that of 
the MNa+ ion is 371.0751 (calculated for C15H16N4O4S, 
371.0790). On the basis of these findings, it is believed that 
anhydroanguibactin is the dehydration product of-this compound. 

NMR spectroscopy has revealed that anguibactin (1) contains 
a thiazoline ring, instead of the thiazole ring found in anhy
droanguibactin (2), and a hydroxyl group attached to the peptide 
N atom. 1H NMR spectra of anguibactin (1) in CD3OD (Table 
II) shows three spin systems, a three-proton system of the aromatic 
ring, a four-proton CH2-CH2 system of the histamine chain, and 
a three-proton CH2-CH system of the thiazoline ring, in addition 
to two singlets produced by the CH protons of the imidazole ring. 
The major differences observed in the spectra of anhydroangui-
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Table H. 1H Chemical Shifts (5) of Anguibactin (1), Anhydroanguibactin (2), and o/V-Acetylhistamine (8)" 
position 

3 
5 
6 

7 

10 
4' 

5' 

5' 
4" 
6" 

5" 

group 

imidazole CH 
imidazole CH 
CH2 

CH2 

CH3 

thiazoline CH 

thiazoline CH2 

thiazole CH 
aromatic CH 
aromatic CH 

aromatic CH 

1 

6.90 (s, 1 H) 
7.61 (s, 1 H) 
2.97 (t, 2 H) 
(J = 6.9 Hz) 
3.94 (m, 2 H) 
(ygem = -11.0Hz, 
Jvic = 6.5 Hz) 

5.88 (t, 1 H) 
(J = 9.1 Hz) 
3.41 (q, 1 H) 
3.66 (q, 1 H) 
(ygem = -11.0Hz, 
7vic = 9.1 Hz) 

6.94 (d, 1 H) 
6.92 (d, 1 H) 
(Jonho = 7.9 Hz) 
6.74 (t, 1 H) 

2 

6.93 (s, 1 H) 
7.67 (s, 1 H) 
2.93 (t, 2 H) 
(J = 7.1 Hz) 
3.67 (t, 2 H) 
(J = 7.1 Hz) 

8.16 (s, 1 H) 
7.51 (d, 1 H) 
6.91 (d, 1 H) 
(Jorlho = 7.9 Hz) 
6.80 (t, 1 H) 

8 

6.85 (s, 1 H) 
7.60 (s, 1 H) 
2.77 (t, 2 H) 
(J = 7.2 Hz) 
3.42 (t, 2 H) 
(J = 7.2 Hz) 

1.93 (s, 3 H) 

"Solvent, CD3OD. 

Table III. 13C NMR Chemical Shifts (<5) of Anguibactin (1) and 
Related Compounds with Similar Structural Moieties 

position 

2 
3 
5 
6 
7 
9 
10 
2' 
7" 
6 
4' 
4 
5' 
5 
1" 
2" 
3" 
4",5" 
6" 

"Solvent, 

group 

imidazole C 
imidazole CH 
imidazole CH 
CH2 

CH2 

C = O 
CH3 

thiazoline C 
COOH 
COOH 
thiazoline CH 
thiazolidine CH 
thiazoline CH2 

thiazolidine CH2 

aromatic C 
aromatic C 
aromatic C 
aromatic CH 

1" 

136.6 
120.2 
136.8 
25.8 
48.3 

176.1 

172.4 

75.9 

34.4 

117.3 
148.6 
146.8 
122.0 
120.5 
120.5 

8" 

137.5 
119.6 
137.7 
29.4 
42.1 

174.8 
24.2 

CD3OD. 'Reference 5. 'Reference 21 

7» 

172.2 

173.5 
73.6 
75.9 
32.1 
32.7 

116.0 
158.8 
116.3 
133.9 
119.6 
130.9 

1. 

5C 

172.8 

113.1 
150.5 
145.7 
120.8 
118.6 
120.5 

bactin is the absence of the three-proton CH2-CH spin system 
of the thiazoline ring and the presence of a singlet (<5 8.16) cor
responding to the CH proton of the thiazole ring (Table II). The 
C-C single bond in the thiazoline ring in 1 gives rise to the 
asymmetric center at the CH carbon atom and indicates the origin 
of this five-membered ring from conjugation of the amino acid 
cysteine with 2,3-dihydroxybenzoic acid. A similar ring system 
has been observed in another bacterial siderophore, pyochelin (7), 
isolated from Pseudomonas aeruginosa} The absolute configu
ration of the cysteine residue in anguibactin has not been de
termined. 

A comparison of the NMR spectra of anguibactin (1), anhy
droanguibactin (2), and c>j-/V-acetylhistamine (8) (in CD3OD) 
(Tables II and III) suggests that the OH group is present on the 
peptide N atom. The chemical shifts of the protons of the im
idazole ring in all three compounds are similar. The 13C chemical 
shifts of the imidazole ring in 1 and 8 are also similar. These 
observations indicate that the imidazole ring of anguibactin (1) 
does not contain a hydroxyl group. On the other hand, the NMR 
resonances arising from the protons of the CH2 group (position 
7) adjacent to the N atom of the peptide group in anguibactin 
(1) show significant downfield shift compared to that of anhy
droanguibactin (2) (AS = 0.27) and a>-7V-acetylhistamine (8) (AS 
= 0.52). The downfield shift of these CH2 protons in (2) (AS = 
0.24) compared to those of 8 is caused by the large conjugating 
system of 2, which extends upto the peptide group. An upfield 

shift of these CH2 protons is expected in 1, in which conjugation 
of the peptide group is absent. Instead these proton signals shifted 
further downfield with strong indication that the adjacent N atom 
is hydroxylated and the peptide group is replaced by a hydroxamic 
acid group. The large downfield shift (6.2 ppm) of the 13C signal 
of this CH2 group (C7) in 1 compared to that in 8 is a further 
indication of the presence of a hydroxamic acid functionality 
adjacent to this methylene group. The splitting pattern of these 
methylene protons (in CD3OD) in 1 is not similar to those observed 
in 2 and 8. These CH2 protons show chemical shift equivalence 
and produce a triplet in both 2 and 8. In 1 this pattern changes 
to a symmetrical multiplet. Spin simulation shows that these two 
protons are chemical shift nonequivalent (<5 3.91 and 3.95, 7gern 

= -11.0 Hz, Jvic = 6.3 and 6.9 Hz). Presence of an OH group 
on the adjacent N atom is a likely cause of this nonequivalence. 
However u)-Ar-hydroxyhistamine could not be detected from the 
products of the acid hydrolysis of 1. The presence of dehydro-
cystine (6) together with histamine (4) among the hydrolysis 
products indicates that the formation of anhydroanguibactin (2) 
from anguibactin precedes hydrolysis of the peptide bond. It is 
likely that anhydroanguibactin was similarly produced by weakly 
acidic conditions during the methanolysis of triacetylanguibactin. 

The peptide NH proton of 2 (in (CD3)2SO) produces a triplet 
at 8 8.78, which is at the downfield end of the resonance range 
of such protons (peptide NH proton in 8 produces a triplet at & 
7.92). The increased deshielding of this proton in 2 is caused by 
the conjugation of the peptide group with the thiazole and the 
aromatic rings. The proton NMR spectrum of 1 (in (CD3)2SO) 
shows neither this NH signal nor any similar signal in the chemical 
shift range of 8 6.0-9.0 which may correspond to a peptide NH 
proton. On the other hand, the spectrum of 1 shows a broad band 
centered at <5 9.25. Hydroxamic N-OH protons in various 
siderophores produce a broad band in the 8 9.0-10.0 range.18"20 
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Note Added in Proof. A recent single-crystal structure de
termination of the Ga(III) complex of racemized anguibactin 
shows a 1:1 metal to ligand stoichiometry, in which the O-hydroxy 
group, the nitrogen of the thiazoline ring, the hydroxamate (N-O) 
group, and the deprotonated nitrogen of the imidazole ring co
ordinate the metal ion. The crystal structure also confirms the 
chemical structure of anguibactin. (D. van der Helm, M. B. 
Hossain, M. A. F. Jala! and D. L. Eng-Wilmot, to be published.) 
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Abstract: Free radical cyclization reactions of 4-substituted ci's- and trans-2-(l-but-3-enyl)cyclohexyl radicals and the analogous 
3,5-dioxacyclohexyl radicals were investigated. Within the framework of hex-5-enyl radical cyclization, 1,5-cis or 1,5-trans 
product predominates if the butenyl group occupies an equatorial or axial position of the cyclohexane chair form, respectively. 
The results are rationalized by the transition-state model originally proposed by Beckwith for acyclic hex-5-enyl radical cyclizations. 

1,5-Ring closures of hex-5-enyl radicals followed by trapping 
of the resulting cyclopentylmethyl radicals have attracted con
siderable attention in both synthetic and physical organic chem
istry.1 Studies carried out by Beckwith and co-workers2 with 
prototypical alkyl-substituted acyclic hexenyl radicals have pro
vided general guidelines to predict the stereochemical outcome 
of the cyclization. It was proposed that the transition state re
sembles a cyclohexane chairlike conformation (1), in which 

substituents preferentially occupy pseudoequatorial positions. Ring 
closures of cyclic radicals are not as predictable.3 For example, 
2-(l-but-3-enyl)cyclohexyl radicals generally cyclize to give 
predominantly 1,2-cis; 1,5-cis products. (In this paper, atoms are 
numbered according to the hex-5-enyl radical numbering system 
to emphasize regio- and stereochemical relationships of the cy
clizations, and other atoms such as those in the six-membered rings 
will be differentiated by primed numbers.) To account for the 
observed 1,2-cis; 1,5-cis stereochemistry, Beckwith and co-workers3*1 

concluded that the ring closure occurs through the cyclohexane 
conformer in which the butenyl substituent occupies an axial site, 
because in this conformation orbital overlap between the radical 

(1) (a) Kochi, J. K. Free Radicals, Wiley: New York, 1973. (b) Julia, 
M. Pure Appl. Chem. 1974, 40, 553. (c) Beckwith, A. L. J. Tetrahedron 
1981, 37, 3073. (d) Hart, D. J. Science 1984, 223, 883. (e) Giese, B. Radicals 
in Organic Synthesis: Formation of Carbon-Carbon Bonds; Pergamon: New 
York, 1986. (f) For a compilation of other relevant references, see: Park, 
S.-U.; Chung, S.-K.; Newcomb, M. J. Am. Chem. Soc. 1986, 108, 240. (g) 
For an exhaustive review of applications in synthesis, see: Ramaiah, M. 
Tetrahedron 1987, 43, 3541. 

(2) (a) Beckwith, A. L. J.; Blair, 1.; Phillipou, G. J. Am. Chem. Soc. 1974, 
96, 1613. (b) Beckwith, A. L. J.; Easton, C. J.; Serelis, A. K. J. Chem. Soc, 
Chem. Commun. 1980, 482. (c) Beckwith, A. L. J.; Easton, C. J.; Lawrence, 
T.; Serelis, A. K. Aust. J. Chem. 1983, 36, 545. 

(3) (a) Wolff, S.; Agosta, W. C. J. Chem. Res. (S) 1981, 78. (b) Beck
with, A. L. J.; Phillipou, G.; Serelis, A. K. Tetrahedron Lett. 1981, 22, 2811. 
(c) For an exceptional case where the cis product formation is precluded by 
steric crowding, see: Leonard, W. R.; Livinghouse, T. Tetrahedron Lett. 1985, 
26, 6431. For other exceptions, see ref 5. 

SOMO and the olefin ir* orbital was believed to be maximized. 
Irrespective of the mechanistic details, it is this 1,5-cis stereose
lectivity that has found elegant uses in several natural product 
syntheses.4 However, various other structural features also appear 
to influence the stereochemical outcome. 

We have recently observed5 that the stereochemistry of 2-bu-
tenyl-3,5-dioxacyclohexyl radical ring closure is critically influ
enced by the nature of the substituents at the 4-position. For 
example, as shown in eq 1 and 2, the glucose-derived hex-5-enyl 
radical cyclizes with unprecedented exclusive 1,5-trans selectivity 
(eq 1) whereas the corresponding radical in the manno series yields 
exclusively 1,5-cis product (eq 2). In these systems, the but-3-enyl 

(2) 

and phenyl groups are cis on the dioxane ring system and most 
likely occupy the equatorial sites. Therefore, the results indicate 

(4) Some representative examples from various groups: (a) Burnett, D. 
A.; Choi, J.-K.; Hart, D. J.; Tsai, Y.-M. J. Am. Chem. Soc. 1984,106, 8201. 
(b) Stork, G. In Current Trends in Organic Synthesis; Nozaki, H., Ed.; 
Pergamon: Oxford, 1983. (c) Stork, G.; Sophia, M. J. J. Am. Chem. Soc. 
1986,108, 6826. (d) Curran, D. P.; Chen, M. H.; Kim, D. J. Am. Chem. Soc. 
1986, 108, 1106. (e) Wilcox, C. S.; Gaudino, J. J. J. Am. Chem. Soc. 1986, 
108, 3102. (f) Hutchinson, J. H.; Pattenden, G.; Myers, G. Tetrahedron Lett. 
1987, 28, 1313. (g) Baldwin, J. E.; Li, C-S. J. Chem. Soc, Chem. Commun. 
1987, 166. (h) Snider, B. B.; Mohan, R.; Kates, S. A. Tetrahedron Lett. 1987, 
28, 841. (i) Tsang, R.; Fraser-Reid, B. J. Am. Chem. Soc 1986, 108, 2116. 
G) RajanBabu, T. V. J. Org. Chem. 1988, 53, 4522. (k) See also: Selectivity 
and Synthetic Applications of Radical Reactions; Tetrahedron: Symposia-
in-Print No. 22; Giese, B., Ed.; Pergamon: Oxford, 1985; Vol. 41. 

(5) (a) RajanBabu, T. V. J. Am. Chem. Soc. 1987, 109, 609. (b) Ra
janBabu, T. V. Abstracts of Papers, 193rd National Meeting of the American 
Chemical Society, Denver, CO; American Chemical Society: Washington, 
DC, 1987; ORGN 225. (c) RajanBabu, T. V.; Fukunaga, T.; Reddy, G. S. 
/. Am. Chem. Soc, in press, (d) Nugent, W. A.; RajanBabu, T. V. J. Am. 
Chem. Soc, in press. 
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