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AbstracGThe lipids of the Culduriellu group of extremely thermophilic acidophilic bacteria ate based on a 72-mem- 
bered macrocyclic tetraethet ma& up from two C, diol units and either two glycerol units or one glycerol and 
one nonitol. The Coo components have the 16,16’-biph~nyl skeleton and the detailed structure of three of them 
is established. 

INTRODUCF~ON 

The prevalence of lipids based on isoprenoid glyceryl 
ethers in very thermophilic acidophilic bacteria such 
as S~lfolobus, Thermop~as~, and others, classified 
by us as the Caldariefla group, Cl-33 has been established 
as a characteristic of the whole group [4] and our 
preliminary characterisation of the major components 
as a mixture of cyclic ethers each combining a 2,3- 
glyceryl unit etherified with a C,, isoprenoid residue 
has been briefly described [4,5]. Since cleavage of 
the mixture with BCl, gave glycerol and the C,, di- 
chlorides, C40H7(F-s,, Cl,, the cyclic ethers were formu- 
lated as (1). Preliminary evidence was also presented 
to show that the C,, residues were formally derived 
by w.o’-linkage (i.e. head-to-head) of two 0-phytanyl 
residues, with or without further cyclisations, giving 
au acyclic, a monocyclic, and a bicyclic Cro component; 
this conclusion was based on NMR and mass spectro- 
scopy data obtained for the ChO diols and the corres- 
ponding hydrocarbons. 

In this paper we report evidence that one of the two 
major series of ether lipids (obtained after hydrolysis 
of the total complex lipids) is to be formulated not as 
(1) but as (2) i.e. as a 7Zmembered macrocyclic tetra- 
ether combining two glycerols and two f& residues, 
a conclusion which has also been reached indepen- 
dently by Langworthy [6]. We also report detailed 
structural assignments for the three types of C,, residue 
contained in the lipids of this series. These diglyCero1 
di(biphytanyl) tetraethers are accompanied by a second 
lipid class, in which one of the two glycerols is replaced 
by a nonitol and the biphytanyl residues are more 
extensively cyclized; detailed description of this second 
series will be given in a later account. 

RESULlS 

7% macrocyclic tetraether structure 
Determinations of the molecular weight by vapour 

pressure osmometry of the mixed diglycerol tetraethers 
in CHCl, gave a value of M = 1290 [(l) requires 
646-650; (2) requires 1292-13001, and for corresponding 

diglycerol tetraether diacetate mixture M = 1350. In 
NMR spectra of the tetraether diacetate the signal 
due to the -C&OAc protons (64.14, multiplet) is 
coupled to the alkoxy methine proton signal (6 3.6, 
complex and overlapping with alkoxymethylene signal) 
and this established structure (2) for the diglycerol 
tetraethers (without however distinguishing between 
the alternative attachments of the second carbinol 
group). Similar but more preliminary data on the 
glycerol nonitol tetraethers indicate an analogous 
structure, with the nonitol replacing one of the two 
glycerols in (2). 

Information on the isoprenoid structures was obtained 
mainly by detailed GC-MS studies on the derived 
hydrocarbons and by ‘H NMR; using the europium 
shift reagent on the separate C4,, diols and on CJ6 
and C,, diols derived by chain-shortening reactions. 

The C, hydrocarbons 
Conversions of the tetraethers into the C,, di-iodides 

with HI and of the diiodides into the C,, hydrocarbons 
by LiAIH,, have already been described as has the GLC 
separation of the hydrocarbon mixture. Hydrocarbons 
with --C’Hz2H terminal groups were also prepared 
(by using LiA12H3 and these ‘Hz-hydrocarbons were 
useful in assigning certain ions in the mass spectra. 
Whereas the diglycerol tetraethers afforded the hydro- 
carbons &H,s, C,,H,,, and C,,Hs2, discussed in 
detail below, the corresponding hydrocarbons from 
the glycerol nonitol tetraetherscovered the range C4sH,~r 
C40H76t and ChOH78, the last being identical with the 
bicyclic hydrocarbon from the diglycerol tetraether 
mixture. 

The MS of the saturated acyclic hydrocarbon C,eHs, 
(M+ m/e 562; 2H, analogue, 564) can be rationalized 
as in Scheme 2 in terms of (a) a series of cleavages, 
both with and without H transfer to the uncharged 
fragment, a to >CHMe groups and removing success- 
ively 7,5,5,4 and 5C atoms, finally generating the 
base peaks at m/e 196/i/197 and (b) central cleavage 

1961 



1962 M.DE ROSA et ol. 

I0 
GOH 76-80 
-0 J- 

CH,OH HOCH, 0 --CoH-ts-eo- 0 

II -CH,OH 

o- GaHts-ao-0 

/ / 
-R . -R, 

z 

r 

Scheme 1. 

260 
(5) 281 

(1) -- 291 
t 

Scheme 2. 

(again with or without H transfer), p to two >CHMe 
groups. to fragments at rnje 280.281. The two types 
of fragmcnta~on are independent since in chemical 
ionization spectra (kindly provided by C. J. W. Brooks) 
only the molecular ion and the base peak from series a 
appear. AU the fragmentation peaks were shifted by 
1 mass unit in the spectra of the ‘H,-hydrocarbon. 
With the NMR evidence that the corresponding 
functionalized derivatives [e.g the dial C,,H&OH),] 
contain 8 Me groups (see below), and the biogenetic 
evidence for an isoprenoid skeleton [X7]. the data 
require structure (5) for the hydrocarbon C,,H,,, 
as in Scheme 2 In particular they provide strong 

evidence for the central head-to-head linkage in the 
o,o’-biphytanyl skeleton. 

The MS of the monocyclic hydrocarbon C,,Hso 
(m/e 560 and m/e 562 in the ‘Hz-material) shows signifi- 
cant differences. While the molecular ion and the first 
major fragments at ru:le 460,461 have one formal unsa- 
turation the next fragments, at m/e 392 and 393. do 
not. Cleavage at the same bond also generates a group 
of strong peaks at mje 165-167 (base peak, 166). There 
am corresponding cleavages apparently at an adjacent 
bond, differing by 28 mass units; the ‘central’ cleavage 
gives only fragments of m/e 280 and 281, presumably 
because the other moiety, for which peaks at m/e 278 
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and 279 would be expected, generates instead the smaller 
fragments at m/e CO 166 and ca 194. As before all the 
fragmentation peaks were shifted by 1 mass unit in the 
spectrum of ‘HZ-material. Since the NMR evidence 
(below) shows that in the corresponding monocyclic diol 
there are just 7 CHMe groups we may conclude that 
the eighth Me group of the parent skeleton is used 
in forming the ring; this leads to structure (6) and the 
rationalization of the MS data shown in Scheme 2. 

Finally for the bicyclic hydrocarbon C4,,H,s the 
molecular ion m/e 558 (560 in the ‘HZ-material) and 
the fragments at m/e 457459, 390-391, and 362-363 
(all shifted by 1 mass unit in the spectra of the ‘Hz-mat- 
erial) show a further deficit of2 mass units when compared 
with the data for (6). the important counterparts at 
m/e 165-166 and 194195 appearing as before. The 
next major fragment in the spectrum has m/e 291 
corresponding to a C,, fragment with two formal 
unsaturations. This peak is nor shifted in the spectrum 
of the 2H,-hydrocarbon; it is therefore formed by 
cleavage at each end of the molecule and moreover 
it retains only one of the two rings originally present. 
Again, the NMR evidence (below) shows that in the 
corresponding diol etc. there are only six methyl groups, 
all secondary, which in the europium-expanded spectrum 
give three separated doublets, implying that they are 
symmetrically disposed in the molecule. This leads 
to structure (7) for the bicyclic hydrocarbon and the 
rationalization shown in Scheme 2 for its MS frag- 
mentation. 

NMR data: C,, dials 
High-resolution NMR measurements (300 MHz; 

CDCIJ of a tetraether sample in which the bicyclic 
CbO component predominated clearly indicated that 
in this component there are six >CHMe groups in 
the molecule. However, in order to obtain definitive 
data it was clearly essential to investigate the separate 
C,, components; preparative GLC of the C*,, di- 
iodides was impossible because oftheir thermal instability 
but the di-acetates were successfully separated by this 
technique, and converted into the separate C.+, dials: 
&,Hs,,(OH), (acyclic), &,H,s(OH)z (monocyclic), and 
C.+oH,,(OH)2 (bicyclic). The relevant data obtained by 
NMR measurements using the europium shift reagent 
are summarized in Table 1. 

With additions of up to 1: 1 mole ratio of Eu(fod), 
the signals for protons up to the fourth carbon from 

Table 1. Values of 6 (from Me& for CDCI, and for I : 1 mole 
ratio Eu (Todd,), in CDCI, for the C*, diols (9) (10). and (11) 

Assignment* 

d 
(protons on 

d Present in 

C no.) (CDCI’) (Eu shifted) (integral) 

1.1’ 3.61 8.87 9.10.11 (4H) 
2.2 1.30 4.70. 4.30t 9,10,11(4H) 
3.3’ 1.55 3.65 9.10.11(2H) 
4.4 I .28 2.58, 2.18t 9,10.11(4H) 

17.17’ 0.90 2.15 9JO.11 (6H) 
18.18 0.85 0.97 9 (6H). 10 (3H) 

l Numbermg as in formulae (9-11); assignments supported 
by integration. multiplicity. and decoupling. 
tMethylene protons non-identical with respect to adjacent 
chiral ;CHMe. 

the alcohol oxygen were fully resolved, and showed 
that in all three C,, diols there are two identical end- 
groups -CH,CHMeCH,CH,OH. It is convenient 
to use the convention accepted for polyprenols and 
designate these C, units as aa’, and similarly. inwards 
from the end-groups the remainder as /?/?‘. ~7’. and 
66’. The spectra obtained for the acyclic diol also showed 
a resolved signal corresponding to two further CHMe 
groups (in the /3p units) at 0.85 shifting to 0.97 at 1: 1 
mole ratio; the same signal, but of half the intensity 
(i.e. for only one CHMe) appeared in spectra of the 
monocyclic diol but was completely absent in the spectra 
obtained with the bicyclic diol. Thus the cyclizations 
involve the methyl carbons of the /3 units; the b and /I’ 
units are identical in the acyclic dial, different in the 
monocyclic, and again identical in the bicyclic diol. 
Similarly in the NMR spectra of the Cd, diacetates 
measured in C6D, the acyclic diacetate shows three 
separate doublets, at d 0.83 (6H), 0.92 (6H) and 0.95 
(12H) assigned to the aa’. /I/?’ and (yy’ + 66’) units 
respectively; the bicyclic diacetate shows 6 0.83 (6H). 
no signal at 0.92, and a pair of doublets at 0.94 and 
0.96i.e. the CHMe of the /I and f units are missing 
and the yy’ and 66’ units are now somewhat differen- 
tiated. 

NMR data: C,, and Csl bicyclic dials 
Further data were obtained from NMR shitt studies 

on the C,, and C,, bicyclic dials obtained from the 
C,, bicyclic diacetate by the route shown in Scheme 1 
(see Experimental), which incidentally provides direct 
chemical evidence for the identical a and d units. 
The NMR results are summarized in Tables 2 and 3. 

Table 2 Valuer of l (from Me& for CDCI, and for 1 :I mole 
ratio Eu(fodd& in CDCls for the bicyclic C,, dial(3) 

Assignment* 
(protons on 

C no.) (C&3 (Eu skd) Integral 

3.3’ 3.00 14.00 2H 
17.17’ 1.16 5.96 6H 
4,4’ I .40 7.40.6.20t 4H 
5.5 1.28 5.18 4H 
6.6 1.28 4.03 4H 
1.7 1.70 3.20 2H 

*Numbering as in formulae 9-11; assignments supported 
by integration, multiplicity, and decoupling 
+Methylene protons non-identical with respect to adjacent 
chiral .XHMe 

Tabk 3. Values of 6 (from Me& for CDCI, and for I : 1 mole 
ratio Eu(foddJ, in CDCI, for the bicyclic Cs2 diol(4) 

Assignment* 
(protons on 

C no.) (Cl& (Eu s&ted) Integral 

4,4 3.63 9.1 4H 

5.5 1.38 5.2 4H 

6.6 1.28 4.1 4H 

7.7’ 1.70 3.3 2H 

19.19 0.85 0.95 6H 

2020 0.85 0.85 6H 

*Numbering as in formulae 9-11; assignments supported 
by integration. multiplicity, and decoupling. 
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In the case of the CJ6 diol the originerl spectrum shows 
resolved signals for the residues of the za’ units, 
-CHOHMe, at 6 1.16 (C&) and 3.00 (CH); with up 
to I : 1 molar ratio of Eu(fod), these signals were progres- 
sively shifted to 5% (C&) and 14.00 (Cm and simul- 
taneously the spectra showed resolved signals for one 
pair of CH_ and three further pairs of Cl& groups. 
which are assigned to the ring structure. With ca 3: 1 
of Eu(fod),: dial the remaining four Me groups could 
be distinguish~ as doublets at 1.02 and 0.85, assigned to 
CHMe of the yy’ and 68’ units. Similar results were ob- 
tained with the bicyclic Cs2 dial ; in this case the yp’ and 
66’ CHMe signals were clearly separated with a 1: 1 molar 
ratio of Eu(fod),. Taken together the NMR data 
indicate part-structure (s) for the C,, bicyclic dial, 
and with the MS data for the C,,, hydrocarbons (947) 
this leads to structures (9) (10) and (11) for the acyclic, 
monocyclic, and bicyclic dials. 

W, 80-100 meah operating at 310” with N, carrier at 180ml 
min-‘. Column chromatography was on Merck Si gel, and 
TLC on Merck F254 Si gel plates. IR spectra were measured 
in liquid lilms (Perkin-Elmer 257). optical rotations in CHCI, 
(Perk&Elmer 119. Petrol is bp 40-70”. 

Trtraether and diucetate. The mixed tetraethers, obtained 
as described [4]. were separated by TLC in CHCI,-MeOH (9 : 1) 
into the less polar diglycerol tetraethers R, 0.95, and the more 
polar glycerol nonitol tetraethers R, 0.35. The latter had MW 
I490 K,,H,,s-,,,G,, requires 14641472). The diglyarol 
tetraethers had MW 1290(C16H,6C,7t06 requires 1292-1300); 
acetylation (Ac,O. 5ml; C3H,N, 0.5 ml; 3 hr rellux) gave 
the mixed di8lyceroI tetraether diacetate, R, 0.8 in petrol-Et,0 
(3: I); [u]o + 6.6” (c, 2.0); MW 1 !M K,.,H,,. t76c)s requires 
1376-1384); v, 1740, 1240 cm’ *. ,I 4 I-t iJH. m Ci&OAc). 
3.5 (14H, n C&-O and C&-O). 2.05 (6H. s. C&-CO). 

Cleavage ofrhe tetraethers. The diglycerol tetraether mixture 
(100 mg) was treated with BCI, (5 ml in 5 ml CHCIS. 18”. I2 hr); 
the reaction mixtun: was evapd under N, and chromatographed; 
CHCI, eluted the Cd0 dichlorides (93 mg) already described [4]. 
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EXPERIMENTAL 
Genera.! Isolation and cultnre methods for the MT strains 

of Caldariella were as described [2], using the MT-3 strain 
grown at 75”. The isolation and physical data for the mixed 
tetraethers @reviously called diethers) and the derived Cao 
di-iodides have also been reported in full [4). 

Instrumental. Some ‘H NMR (300 MHz) spectra were run 
at Manchester on the Varian SC-300; most were carried out 
at Arco Felice using the Varian XL-IO-IS; solns were nor- 
mally in CDCI, with tetramethylsilane. MS were determined 
with the A.E.I. MS 30 at 70 eV. For GC-MS work the instru- 
ment was connected to a glass column_ 1.5 m x 3 mm. packed 
with I:/. OV-1 on GasChrom (IO&l20 mesh), temp. program- 
med at 6” min-’ over 22&3 10”. carrier gas He at 60 ml min - I. 
For chemical ionization MS (Dr. C. J. W. Brooks Glasgow) 
a Du Pont 21-490F instrument fitted with a dual electron 
impact/chemical ionization source was used; both types of 
spectrnm could be recorded within I min of each other by 
admitting the reagent gas (isobutane). Optimal source temp. 
was 180”. GLC analyses of the C,, hydrocarbons have already 
been described [4]. for preparative GLC. of the Cd, diacetates 
we used a Carlo Erba Fractovap GV equipped with a steel 
column 2m x 10mm. packed with loo/, SE-30 on Chromosorb 

and CHCI,-MeOH (7:3) eluted glycerol (I3 mg) (mol. ratio 
Cl0 dichloride : glycerol 1.04). 

C,,, hydrocurbons Cleavage of the diglymol tetraethers 
with HI followed by LiAiH, reduction gave the mixed CeO 

hydrocarbons as previously de-scribed [4]. On GC-MS this 
product gave three peaks : C,, H,,. m/e 562(8 “/ M ‘). 463(12). 
462(1 I). 393(13). 39311). 323(18), 322(19), 281(30), 280(16), 
267(33). 266(32). 197(100); &H,, m/e 560(140/, MI). 46lf3). 
460(4), 393(1 I), 39313). 364U). 281(12). 280(15). 197(19), 196(27). 
195(100). 1940, 166(100). 165(75); C,,H,,. m/e 558(5D/, M+). 
449(3) 458(2), 457(3f. 391(6). 390(T), 363(2). 362(4). 291(10), 
19375). 194(71). l66(71) 165(100). In chemical ionization 
MS the major ions from the mixture were m/e 562(120/, MI), 
561(19). 560(19. M+X 559(36). 558(31. M+). SS’t(Ss). 555(12). 
and 195(100). For the di-deuterated hydrocarbons. see Results. 

C,, dials The mixed di-iodides (2 g) were treated with AgOAc 
(4g) (in AcOH, 300 ml; 24hr reflux). Water was added and 
the mixture extracted with Et,O; the Et,0 layer was washed 
successively with H,O, aq. NaHCO,. aq. Na,S,O,, and H*O. 
dried and evapd. The residue was chromatographed in petrol- 
Et,O. and with 2014 Et,0 the C,, diacetates (1.4 g) were 
eluted. The mixed diacetates were separated by prep GLC 




