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ABSTRACT: Six novel oxasqualenoids (polyether triterpenes) were isolated from the red alga Laurencia viridis. Laurokanols A-E
(1-5), comprise an unreported tricyclic core with a [6,6]-spiroketal system. Yucatecone (6) shows a biogenetically intriguing epimer-
ization at C14. Quantum mechanical calculations were used to corroborate their structures and to explain key steps involved in the
biogenetic mechanisms proposed for the formation of oxasqualenoids.

INTRODUCTION yucatecone. Density-functional theory (DFT) calculations were
performed to understand their biosynthetic pathway.

Red algae of the genus Laurencia are one of the most prolific
sources of secondary metabolites known so far. Indeed, more
than a thousand different compounds have been isolated from
this genus.! In addition, a vast array of notable bioactivities has
been reported for these molecules.! Triterpene polyethers, also
known as oxasqualenoids, represent one of the most interesting
groups of metabolites isolated from Laurencia.* This group of
molecules has shown interesting cytotoxic properties by target-
ing integrins and more recently antifouling, amoebicidal and
antikinetoplastid activities.>® Their structural diversity and
complexity derive from different cyclization reactions as a con-
sequence of a chemical reaction cascade. Oxasqualenoids likely
arise from a common precursor, (10R,11R) squalene epoxide,
were isolated from L. okamurai. The later would be further ox-
idized into (6S,7S,10R,11R,14R,15R,185,19S) squalene tetrae-
poxide as a common intermediate.” Next, different squalene cy-
clizations have been proposed to proceed by a sophisticated
multistep carbocation cascade, generating a large number of
different compounds. However, it is difficult to explain the for-
mation of certain intricate compounds by this classic sequential
cascade, therefore establishing their biosynthetic pathway pre-
sents a great challenge. >3’

1 Laurokanol A; R'= Me; R%=H

2 Laurokanol B; R'= CH,CI; R?= OH
3 Laurokanol C; R'= OH; R?= CH,ClI
4 Laurocanol D; R'= OH; R?= CH,Br

As part of a project dedicated to the search of bioactive mole-
cules from Laurencia that has been underway for long time,*”
we have isolated and elucidated the structure of six unreported
oxasqualenoids, named laurokanols A-E and yucatecone, from
L. viridis (Figure 1). Their discovery is significative from a bi-
osynthetic point of view. Thus, laurokanols comprise a novel
tricyclic core that can be considered a key biogenetic interme- 7 Dehydrothyrsiferol
diate to explain the intriguing configuration observed at C-14 in




Figure 1. Structure of oxasqualenoids 1-7

RESULTS AND DISCUSSION

Laurokanol A (1) showed a pseudomolecular ion at m/z
609.2751/611.2755 [M+Na]" (calcd 609.2731/611.2744) in its
HRESIMS spectrum, which corresponds to a molecular formula
of C30Hs1O6Br. Analysis of COSY and TOCSY spectra, con-
firmed the existence of five 'H—'H spin systems: H3—HS5,
H7—H>9, H11—H>13, H528—H18 and H,20—H-22. A com-
parison of its NMR data with those reported for the lead com-
pound dehydrothyrsiferol (7) indicated that differences were lo-
cated in two spin systems within the C11—C18.% All fragments
were linked making use of the HMBC correlations of the methyl
groups C1, C24, C25, C26, C27, C28, C29 and C30. Thus, the
presence of a 3-bromo-2,2,6-trimethyl-oxane ring, together
with a dioxabicyclo[4,4,0]decane core and a 2-hydroxy-isopro-
pyl-oxolane ring, was confirmed. All these structural motifs
were previously found in other oxasqualenoids isolated from L.
viridis.> However, a distinctive spiroketal functionality in 1 was
established on the basis of the correlations of the ketal quater-
nary carbon C-14 with H»12, H>13, H15, H»16, H18 and H328.
The dipolar correlations between Hs-1/H-3, H-3/H-5a, Hs-
25/H5-26, H-7/H-11, H-8B /H3-27 and H-90/H-11 confirmed
the relative configuration relationship within the A and B oxane
rings as 3R*,65%,7R*,10S*,11R*. In addition, correlations be-
tween H-12p/H3-27, H-13p/H3-27 and H-13p/H3-28 indicated
that the orientation of the [6,6]-spiroketal ring can only be ex-
plained by 14R* and 15R* (Figure 1). The relative configura-
tion for the tetrahydropyran rings of the [6,6]-spiroketal system,
was confirmed from the analysis of 3Jun values determined in
TOCSY-1D experiment, that were measured in benzene-do,
due to signal overlapping in CDCIl; (SI). To verify the previous
conclusions about the relative configurations at C14 and C15,
'H and *C chemical shifts calculations using density functional
theory (DFT) were performed.!%!? Thus, computational models
of the four possible candidate diasteroisomers (1a-1d in Figure
2) of the tricyclic core of 1 were optimized and conformational
searches were performed for each one using a hybrid
MCMM/low-mode sampling scheme and the MMFF94 force
field. Afterward, conformers within a 20 kJ/mol threshold of the
best minimum found were geometrically optimized and their
Boltzmann weighted magnetic shielding constants were calcu-
lated at the B3LYP/6-31G(d,p) level.!® Statistical analysis was
done by linear regression of the calculated values (dscated = (Geate
- intercept)/slope) against experimental ones to correct possible
bias introduced by systematic errors. The results were evaluated
using three parameters, the correlation coefficient (R?), the cor-
rected mean absolute error (CMAE), and the maximum abso-
lute error (MaxErr)."* Conventionally, MaxErrs within ranges
of 5-6 ppm and 0.3 ppm are considered acceptable for *C and
'H chemical shifts. According to our results, isomer 1a gave the
best outcomes for all parameters (Figure 2 and SI). In addition,
the J-DP4 probability was calculated,'”” This method uses
Bayes’s theorem to estimate the probability that the chosen
structure is correct by comparing calculated and experimental
chemical shifts and 3Jun values. J-DP4 gave a best match for
isomer la with over 99.9% probability for the configuration.
Finally, a comparison between the chemical shifts of the tetra-
hydrofuran rings of laurokanol A (1) and dehydrothyrsiferol (7)

resulted in almost identical values suggesting identical relative
configurations (19R*, 22R*).

(1a) 14R*, 15R*
(1b) 14R*, 158*
(L) 145*, 15R*
(1d) 148*, 158* HO

MaxErr
13C lH ]3C lH ]3C ]H
1a 292 017 090 0.07 0998 0977
1b 555 054 152 017 099 0924
lc 446 057 162 024 0994 0.804
1d 560 064 191 032 0992 0.815

Isomer

Figure 2. Model substructures (C6—C19) used to perform DFT
calculations of the four C14—C15 possible diasteroisomers of
laurokanol A (1). Statistical parameters obtained for the corre-
lations of experimental vs calculated 'H and '*C chemical shifts.
MaxErr is the maximum absolute error. CMAE is the corrected
mean absolute error and R? is the correlation coefficient.

Four closely related metabolites, laurakonols B-E (2-5), were
also found in this study. Comparison of their NMR data indi-
cated that all of them (1-5) share the same carbon backbone, but
that 2-4 incorporated additional functional groups (—OH, —Br
and —Cl) at C14 and C15. Assignment of the relative configu-
ration at C-15 as S* in 2 was based on the observation of a key
correlation between H3-27 and H,-28, while in 3 and 4, C15 it
was established as R* by the dipolar correlation between H-17
and H,-28. All other configurations remained identical to 1.
(Figure 3). Stereochemical assignments were supported by
QM-NMR calculations. Accordingly, calculated J-DP4 proba-
bilities for the previously proposed configurations were over
95% in all cases (see SI). This approach was particularly useful
to verify the configuration of 3 and 4, as proton overlapping in
their mixture prevented clear *Jyy measurements or may shed
some doubt over the H17-H28 NOE correlation. It has to be
noted that model compounds were similar to those used for
compound 1 (figure 2) but introducing the corresponding mod-
ifications at C15 and C28 and excluding from the analysis all
NMR data obtained for C28 and H28 due to the presence of
halogens at that position.
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Figure 3. NOESY correlations for laurokanol B (2) - top - and
C (3) - bottom -. Distances are shown in A (blue dashes).



Table 1. 'H NMR Data of Compounds 1-6

No 1° B » 3 £ 5 5
1 125,s 132,s 125,s 125,s 125,s 112, s 127,s
2 _ R R R _ R _
, 3.85,dd 3.81,dd 3.83, dd 3~?45=1dd 3'?45’1‘1‘1 371t 3.90,dd
112 0,12 1,12 1, L
(4.1, 12.3) (4.0, 12.5) (4.1, 12.5) 12.4) 12.4) (7.6) (4.0, 12.3)
, , 2.09, dddd
07, dddd 1.91, dddd 08, dddd 2os.m 208.m (G5, 40,43
(.64.143132)  (4.0,4.0, 4.0, 13.4) (3.7, 4.1, 4.0, 139)
4 221, dddd 2.09, dddd 13.3) 1.78, m :
. . 222, :
(3.9, 123, 13.2 (2.0, 12.5, 13.4, 2.23, dddd 222,m m 2.25, ddad
13.8) 13.4) (3.7, 13.1,13.2, 13.3) (3.9, 12.0,13.3,
13.5)
1.48, ddd 1.52, ddd 1.46, ddd 144m  144m 167, m 1.55, ddd
s (43138138) (4.0, 13.4, 13.4) (4.0, 13.1, 13.9) (4.3, 13.5, 13.6)
177, ddd 173, ddd 1.76, dt 176,m  176,m 2.01, ddd 1.80, dd
(3.6, 3.9, 13.8) (2.0, 4.0, 13.4) (3.7,3.7, 13.9) 8.4, 11.5, 12.1) (3.5, 3.9, 13.6)
6 _ _ - - _ - _
; 3.06, dd 3.28, dd 3.05, dd 3'?253 dd 3'?25’5 dd 330, dd 3.09,d
24 11 2.6, 11. 2.5, 11. 3, > 6 11 411,
(2.4, 11.4) (2.6, 11.8) (2.5, 11.6) T 16 (2.6, 11.8) (2.4,11.2)
1.43, dddd 1.48, dddd 1.45, dddd Laem 146.m 151, dddd L5 m
(2.6,11.4, 13.5, (2.9, 11.8, 13.5, (4.5, 11.6,12.3, (2.9, 11.8, 13.5,
8 13.5) 13.5) 13) Lo 13.5) |
173, dddd 1.82, dddd 174, dddd 178, m 78, m 1.69, dddd 76, m
(2.4,3.0,4.3,13.5)  (2.6,2.9,45,13.5) (2.5 27,43, 13) (2.6,2.9, 4.5, 13.5)
159, ddd 1.80, ddd 1.61, ddd 165,m  1.65,m 1.65, ddd 150, m
g (43122135) (4.5, 12.7, 13.5) (43,12.3,12.3) (4.5, 12.7, 13.5)
178, ddd 1.90, ddd 178, ddd I84m  184m 1.83, ddd 1.70, m
(2.6, 3.0, 12.2) (2.9,2.9,12.7) (4.5,2.7,12.3) (2.9,2.9,12.7)
10 - ; ; ; - ; -
" 3.96, dd 422, dd 3.91, dd 387.dd  3.87.dd 4.03,dd 3.00, dd
(8.1, 9.8) (8.0, 10.0) (8.1,9.8) (7.810.4) (7.810.4) (8.1, 10.0) (3.8, 11.8)
1.51, dddd
1.35, dddd 1.50, dddd 1A0.dddd g3 143m 142, dddd
(1.0, 9.8 11.2, 13.5) (1.3,10.0, 11.1, (1.3,9.8 111, (1.3,10.0, 111, (3.2,3.8,4.0,12.2)
2 O 13.0) 13.0) i 13.0) .64, dddd
(80,81, 105, 13.5) 2.07, dddd 1.88, dddd 1.83,m 0 1.93, dddd (2.9,11.8, 12.0,
084405, 139) 7780105, 13.0) (7.7, 8.1, 10.5, 13.0) (7.5, 8.1, 10.4, 13.0) 12.2)
137, dddd
1.55, ddd 148, ddd 1.95, ddd 162,m 168 m 1.58, ddd (4.0, 11.7, 12.0,
o (10105142) (1.3, 10.5, 14.1) (1.3, 10.5, 14.1) (1.3,10.4, 14.1) 12.0)
2.17, ddd 2.03, ddd 2.04, ddd 219.m  219,m 2.19, ddd 1.65, dddd
(8.0, 11.2, 14.2) (7.7.11.1, 14.1) (7.7.11.1, 14.1) (75.11.1, 14.1) (.1,2.9 32,
12.0)
» ] ) ) ) ] ) 3.47, dd
(2.1;4.6; 11.7)
1.25, ddt 138, ddt
15 135, m (3.8,6.7,6.7,67, - - - (3.8,6.7,6.7,67, 1.44,m
12.5) 12.5)
133, dddd 1.42, dddd
’ 1.85 ddd 1.80 1.84 g 134, m
115'638(};;(1 (2.9, 3.8, 4.4, 13.0) 43,130, 130 - M (2.9,3.8, 4.4, 13.0)
16 =6, 170, dddd O 1,57, dddd
(4.1, 13.0, 13.0, 1.91 ddd 217.m  217,m 1.73,m
13.0) (4.2, 12.5, 13.0, 5555, 13.4) s (4.2, 12.5, 13.0,
’ 13.0) e 13.0)
“ 11.1182’ (;d(;(zi 5 4 1/ 1125 gd?g 5 (31%4?;1 d1d3d 1 124m  124m “ 1:.2102’ gd;jg 5 2:56,dad
17 13.0) 13.0) 13.4) s 13.0) (5.8,9.7,17.7)
153, m 1.4, dddd 1.50, dddd 1.56, m 6, m 1.55, dddd 2.71, ddd
(2.4,2.9,42,12.5) (5.5 4.3, 11.1,13.4) (2.3,2.9, 4.2, 12.5) (5.3,9.9,17.7)
s 3.77,dd 3.92,dd 3.83,dd 3?255 dd 3255 dd 3.80, dd
(2.3, 12.5) (2.4, 12.5) (.7, 11.1) o3 i3 (2.3, 12.5)



19 - - -

1.52, ddd 1.39, ddd 1.59, ddd
» (2.8 7.8, 11.8) (2.5, 7.6, 11.9) (2.5, 8.2, 11.8)
2.13, ddd 2.12, ddd 2.14, ddd
(8.7, 11.7, 11.8) (8.5, 11.5, 11.9) (8.2, 8.3, 11.8)
1.60, dddd 1.80, m
(2.5,5.9, 8.5, 12.5)
A 179, m 1.78, dddd 1.84, m
(7.6,9.7, 11.5, 12.5)
- 3.74, dd 378, dd 374, dd
(6.1,9.3) (5.9, 9.7) (5.2,9.8)
23 ; . ;
24 112, 112, 112,
25 139, s 138, 138,
26 1.19, s 1.17,s 1.18,s
27 112, 120, 1.14,s
3.64,d
28 0.84,d 0.87,d (11.4)
(6.5) (6.7) 375d
(11.4)
29 112, 1.04, s 1.16,s
30 1.26, s 132, 126, s

1.59, m 1.59, m 1.55, ddd 1.77, m
(2.5, 7.6,11.9)
2.03, m 2.03, m 2.16, ddd 2.16, m
(8.5, 11.5, 11.9)
1.79, m 1.79, m
L84 m 184, m 1.80, m 1.83,m
3-(751’3 dd 3 (751 }dd 3.78, dd 3.77,dd
103) 103) (5.7, 9.9) 6.2, 8.7)
112, 112, 1.13,s 115,
1.39,s 139, s 1.20, s 1.40, s
1.18,s 1.18,s 1.14,s 1.21,s
1.20, s 1.20,'s 1.17,s 1.14,'s
3.78,d 3.66,d
(11.7) (10.9) 0.87,d 0.88,d
3.65,d 3.57,d (6.6) 6.8)
(11.7) (10.9)
1.14,s 1.14,s 1.15,s 133,s
1.26,s 1.26,s 128, s 1.26,s

Chemical shifts are in ppm and J values in Hz are in parentheses. * Measured in CDCI3. ® Measured in benzene-d6.

Differently, laurokanol E (5) does not incorporate any halogen
atom in its structure and ring A was contracted to an oxolane
ring with an isopropanol append, instead of the bromine-con-
taining pyran observed for 1-4. The relative configurations
within the oxolane ring were determined on the basis of the ob-
servation of 1-3 NOE correlations between H-3 and H-5, as
well as between H-55 and H3-26.'¢ In addition, the great corre-
spondences between the 'H and '3C chemical shifts of the C1—
C6 portion of 5 and those reported for an identical moiety found
in pseudodehydrothyrsiferol set the relative configurations as
35* and 65*.!7 All other stereocentres within 5 were established
as identical to those of 1 based on dipolar correlations, coupling
constant values and QM-NMR calculations (Figure 3 and SI).

Yucatecone (6) turned out to be an isomer of the lead compound
dehydrothyrsiferol (7), according to its molecular formula
C30Hs106Br (ESI-HRMS m/z ion peak [M+Na]* at 609.2772
and 611.2760) and NMR data. The combined study of COSY,
HSQC and HMBC spectra confirmed the presence of all the
characteristic cyclic system observed in dehydrothyrsiferol (7).
However, NMR data of 6 revealed differences in the C11-C19
moiety, such as the substitution of the typical olefinic protons
H»28 (8u 4.88/5.05) by a methyl group (6u 0.88), the absence
of the proton H18 by oxidation of hydroxyl group on C18 (3¢
215.7 ppm) and a change in the chemical shifts of H11 and H14.
The dipolar correlations observed in the NOESY experiment of
yucatecone (6), in particular those observed between H3;1/H3,
H3/HS5, H325/H526, H7/H11, H7/H8a and H327/H8P, supports
that 6 possesses the same relative configuration within the A
and B rings as in 7. However, the relative configuration of C14
was initially established as R* from the observed correlations
between H14 and H327. The epimerization of C14 represents
the first example of this situation in all known thysiferol deriv-
atives so far. This intriguing change led us to further structural
studies to confirm the relative configurations at C14 and C15.

Thus, we used a J-based NMR configurational analysis
(JBCA).'8 The measured values for *Ju14m1s= 4.6 Hz, *Jeos s =
3.8 HZ, 3JC13,H15 =33 HZ, 3.](315,]-114 =2.2 Hz and 2JC14,H15 =438
Hz, obtained from homodecoupling experiments, HSQC-
HECADE, and J-HMBC spectra indicated unequivocally the
presence of a conformational equilibrium anti—gauche™ with
configuration erythro (Figure 4 and SI). Ref Finally, the oxida-
tion of 7 with pyridinium chlorochromate in anhydrous CH,Cl,
yielded the oxidate compound, 18-ketodehydrothyrsiferol, that
shows almost identical 'H and *C chemical shift values from
C18-C24 as 6, supporting that the new compound shares the
same configuration in that moiety (SI).

His ClaC1s
Ci3 Hiyy o
s
Cas Cig Czs
His Cis

®diita s = 4.6 Hz
SJcrams = 3.3 Hz
SJeteia= 2.2 Hz

Jeog 14 = 3.8 Hz
ZJcta s = -4.8 HZ

Figure 4. Key dipolar correlations observed within the bicyclic
core of yucatecone (6) and a summary of the J-based NMR con-
figurational analysis around the C14-C15 bond.

The complex structures of these novel oxaesqualenoids are dif-
ficult to explain by the classic sequential cascade cyclizations
of squalene-10-11 oxide.>” Laurokanols 1-5 are the first exam-
ples of polyether triterpenes possessing a tricyclic core includ-
ing a [6,6]-spiroketal system and 6 shows an intriguing epimer-
ization in the asymmetric position C14. Therefore, we propose



a biosynthetic pathway starting from dehydrothirsiferol (7), the
most abundant secondary metabolite found in L. viridis.



H H Br

14-Ketodehydrothyrsiferol

L -H,0

Br

Thyrsenol series

(1-5) Laurokanol series

Adejene series
Metabolites C17

A A

Br
16-Hydroxydehydrothyrsiferols

Scheme 1. General biosynthetic pathway proposed for compounds 1-6.

Allylic oxidation of the dehydrothyrsiferol (7) would be the
key step on the construction of other oxasqualenoids, such as
16-hydroxidehydrothyrsiferol and its C16 epimer as well as
the intermediate 14-hydroxy derivative of 14-ketodehydro-
thyrsiferol.>’The keto form of the last metabolite, would
evolve by dehydration to yield the thyrsenol series of com-
pounds and the oxidative cleavage between C14 and C15 in
the thyrsenols would yield the adejene series of compounds
comprising a C17 backbone.”! Alternatively, ketalization of
the carbonyl C14 of 14-ketodehydrothyrsiferol, would lead to
the formation of the laurokanol series of compounds in a sim-
ilar way to that observed in avermectin and corozalic acid.?**!
Yucatecone (6) would be synthetized from protonation of the
oxygen atom at C18 that results in the fragmentation of the
spiroketals system in laurokanols with the concomitant for-
mation of the oxonium intermediate, followed by hydride mi-
gration form C18 to C14. This would result in the formation
of a ketone at C18 and inversion of the C14 configuration due
to a hydride migration (Scheme 1).

To test these hypotheses, we investigated the mechanisms us-
ing DFT calculations (carried out using Gaussian09).?? Struc-
tural optimizations and frequency calculations were per-
formed at two levels for comparison purposes: PCM(water)-
B3LYP(D3)//6-31+G(d,p)'***?* and  PCM(water)-M06-
2X//6-31+G(d,p).%> All computed transition state structures
(TSS) were confirmed to have a single imaginary frequency
and IRC calculations were used to confirm which minima
were connected to each TSS.?® Conformational searches were
performed on each flexible structure using SpartanlO (the
Merck Molecular Force Field, MMFF, was used in a system-
atic search).”’ The resulting conformers were first subjected to
single-point energy calculations at the PCM(water)-
B3LYP(D3)//6-31+G(d,p) level and then conformers within 4
kcal/mol of the lowest energy conformer were fully opti-
mized. To reduce computational cost, we truncated the system
as shown in Scheme 2, assuming the truncated parts do not
interfere with the reactions of interest.

We began by modeling the cyclization of protonated 14-ke-
todehydrotyrsiferol. The carbonyl carbon at position C14 is
susceptible to attack by either the hydroxyl group at C10 or
the hydroxyl group C18, leading to pathway A (Figure 5, top)
or pathway B (Figure 5, bottom), respectively. Each attack
can, in principle, also occur from the si or re face of the C14
carbonyl.

Truncated

14-Ketodehydrothyrsiferol 14-Ketodehydrothyrsiferol

Scheme 2. Truncation of 14-Ketodehydrothyrsiferol. To re-
duce computational cost, parts of the structure that are likely
irrelevant to the mechanisms of interest were replaced by me-
thyl groups.

We discuss first pathway A. Formation of INTA(R) is pre-
dicted to be ~11 kcal/mol uphill and is accompanied by a bar-
rier of ~14 kcal/mol (Figure 5, top) at the PCM(water)-M06-
2X//6-31+G(d,p) level of theory (green). The formation of
INTA(S) is predicted to be much less endergonic (only ~3
kcal/mol) and to be associated with a lower barrier of ~12
kcal/mol (Figure 5, top). Thus, although both reactions are
kinetically feasible at biological temperatures, attacking on
the si face of C-14 is favored. This conclusion persists when
using PCM(water)-B3LYP(D3)//6-31+G(d,p) calculations in-
stead, although specific energies differ (Figure 5, black). Sol-
vent-assisted dehydration (not modeled) then occurs to form
INT2A, an overall exergonic process from protonated 14-ke-
todehydrotyrsiferol. Deprotonation of INT2A affords
thyrsenol.



0.
14.1
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— INT1A (R)
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Figure 5. Free energy diagrams for pathways A (top) and B (bottom). Energies are calculated using PCM(water)-M06-2X//6-
31+G(d,p) (green) and PCM(water)-B3LYP(D3)//6-31+G(d,p) (black). Diagram is scaled to the green energies. The starting mate-
rial, protonated 14-ketodehydrothyrsiferol, is set as the relative zero. Units are in kcal/mol. For pathway A, INT3A(R)" failed to
optimize as a minimum at PCM(water)-B3LYP(D3)//6-31+G(d,p). And for pathway B, INT3B(S)" failed to optimize as a minimum
using both methods, hence its free energies are resulted from constrained optimization with C14 — Q18 restricted to 1.58 A.



Table 2. *C NMR Data of Compounds 1-6

No 1 roo2 3 4 5 6
1 312 313 311 312 312 240 316
2 750 752 750 751 751 705 751
3 594 593 590 591 591 864 593
4 284 286 282 284 284 263 283
5 372 375 370 372 372 355 377
6 749 748 744 745 745 839 745
7 8.0 8.4 858 861 861 832 870
8 233 237 231 234 234 245 235
9 387 392 382 385 385 387 381
10 720 723 735 740 740 718 724
1 756 759 750 750 750 755 813
12203 207 197 194 194 202 249
13 279 282 236 232 232 278 285
14 9.1 994 1(())0. 999 999 o9, 728

15 38.8  39.1 71.5 723 716  38.6 375
16 274 277 280 284 299 272 264
17 27.1 274 218 248 248 27.0 35.1

18 746 750 742 749 749 745 215.

19 84.8 84.7 84.3 84.1 84.1 84.7 88.8
20 329 332 323 327 327 326 353
21 26.3 269 265 267 267 266 262
22 87.1 87.6 87.3 87.4 874 87.0 87.6
23 70.2 70.2 699 70.1 70.1 70.0 70.7
24 246 249 245 247 247 244 247
25 23.7 239 236 237 237 275 243
26 20.1 20.1 199  20.1  20.1 225 20.7
27 19.7 19.9 19.7 19.7 197 19.5 14.9
28 17.1 17.3 51.7 474 374 16.9 15.6
29 24.5 243 246 247 247 244 247
30 28.7 285 286 286 286 284 276

2 Measured in CDCI3. ® Mesured in benzene-d6.

INT2A can also cyclize to form INT3A(R) and INT3A(S).
Again, selectivity is predicted with PCM(water)-M06-2X//6-
31+G(d,p) (barriers of ~7 vs. ~13 kcal/mol; Figure 5, top,
green). While the kinetic preference predicted here favors the
relative configuration of the epimer of laurokanol, cycliza-
tions to form both epimers are predicted to be endergonic and
reversible (note that ring opening of INT3A(R)" is predicted
have a miniscule barrier, for example, consistent with the fact
that we were unable to locate a minimum corresponding to
INT3A(R)" with PCM(water)-B3LYP(D3)//6-31+G(d,p)), in-
dicating that product selectivity would be controlled by depro-
tonation (which was not modeled due to problems in appro-
priately treating the explicit solvent that would be involved).

We also considered the possibility that laurokanol was formed
via initial attack of the hydroxyl group at C18 onto the C14
carbonyl (pathway B; Figure 5, bottom). This pathway is sim-
ilar in its energetics to pathway A, indicating that either path-
way is energetically viable. For pathway B, however, we were
unable to locate a minimum corresponding to INT3B(R)" with
either theoretical method used, i.e., ring-opening is predicted

to be barrierless (the ultimate in reversibility!; the relative en-
ergy of INT3B(R)" is estimated from a calculation with the
C14 — 018 constrained to 1.58 A). In addition, while such
preferences can be overcome once enzymes are involved, we
predict that laurokanol is ~5 kcal/mol lower in energy than its
epimer, which is consistent with the relative configuration
found in the backbones of all experimentally isolated lauroka-
nols. We also examined the proposal that yucatacone can arise
from laurokanol (Scheme 1). We predict that laurokanol is
susceptible to rapid ring-opening in acidic environments. The
ring-opening energy surface is predicted to be very flat at the
PCM(water)-M06-2X//6-31+G(d,p) level (Figure 6, green)
and we were not able to optimize laurokanol with O18 proto-
nated as a minimum with PCM(Water)-B3LYP(D3)//6-
31+G(d,p) (the starred energy in Figure 6 reflects a con-
strained optimization with the bond between C14 and O18
forced to remain closed). Intramolecular hydride transfer is
predicted to be possible, although our predicted barriers with
PCM(Water)-B3LYP(D3)//6-31+G(d,p) are clearly high for
non-enzymatic biologically-relevant processes. Barriers from
PCM(water)-M06-2X//6-31+G(d,p) calculations are lower. If
the actual barriers are somewhere between the estimates from
these two levels of theory, then they would be at the high end
of the range of barriers generally associated with biological
relevance.?®. Given the error bars expected for such methods
and the small difference in predicted barriers for forming
protonated yucatecone versus its epimer, it is likely than an
enzyme is necessary for producing the observed product with
high selectivity.
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Figure 6. Free energy diagram for yucatecone formation. En-
ergies are calculated using PCM(water)-M06-2X//6-
31+G(d,p) (green) and PCM(water)-B3LYP(D3)//6-
31+G(d,p) (black). Protonated laurokanol is set as the relative
zero and units are in kcal/mol. Protonated laurokanol is not a
minimum  with  PCM(water)-B3LYP(D3)//6-31+G(d,p),
therefore its free energy was estimated by constrained optimi-
zation.



CONCLUSIONS

Six new marine oxasqualenoids (1-6) were isolated from the
red algae Laurencia viridis collected in the Canary Islands.
Laurokanols A-E (1-5), comprise a novel tricyclic core with a
[6,6]-spiroketal system not previously described to our best
knowledge. From a biogenetic point of view, yucatecone (6)
shows an intriguing epimerization at C14. Yucatecone is the
first compound of these series with an R* configuration at the
mentioned position. Therefore, the discovery of these com-
pounds is relevant from a biosynthetically perspective. Com-
putational methods were used to set the bases to explain the
backbone rearrangements observed in these oxasqualenoids.
Although our results indicate that the proposed mechanisms
are kinetically feasible, an enzyme is likely involved for con-
trolling stereselectivity, especially in the formation of yu-
catecone. Thus, we have demonstrated that the proposed con-
nection between dehydrothirsiferol, laurokanol and yu-
catecone series are energetically viable.

EXPERIMENTAL SECTION

General Experimental Procedures. All solvents used were
HPLC-grade. HPLC chromatography was monitored by TLC,
performed on silica gel Merck 60 F254. TLC plates were vis-
ualized by UV light (365 nm) and phosphomolybdic acid so-
lution 10 wt % in methanol. Optical rotation was determined
on a Perkin—Elmer 241 polarimeter using a sodium lamp op-
erating at 589 nm. The IR spectrum was measured on a Bruker
IFS55 spectrometer, using a chloroform solution to place a
film of the compounds on the NaCl disk. NMR spectra were
performed on Bruker AVANCE 500 or 600 MHz instruments
at 300 K, and coupling constants are given in Hz. Structural
assignments were made with additional information from
gCOSY, 1D/2D gTOCSY, gHSQC, gNOESY and gHMBC
experiments using standard pulse sequences. Phase-sensitive
NOESY spectra were measured using a mixing time of 500
ms and TOCSY experiments using mixing times ranging from
10 to 100 ms. 3Juu values were measured from 1D 'H NMR
or 1D TOCSY when signal overlapping not permitted it. NMR
data were processed using Topspin or MestReNova software.
Mass spectra were recorded on a Waters Micromass LCT
Premier XE mass spectrometer.

Extraction and Isolation. Specimens of L. viridis were col-
lected in the intertidal zone at Paraiso Floral, Tenerife, Canary
Islands (28°07°12°°N, 16°46°45°W) and frozen at -80 °C until
their extraction. 20.75 Kg of fresh algae was extracted using
CHCI3:MeOH (1:1) at room temperature followed by solvent
evaporation under reduced pressure a dark-green viscous oil
was obtained (83.0 g). The chromatographic separation started
using Sephadex LH-20 (7 x 50 cm) and CH,Cl,/MeOH (1:1)
as mobile phase. The fraction collected between 225-360 mL
(53.5 g) was subsequently processed using silica gel column
(7 x 50 cm) using a linear gradient of n-hexane/EtOAc
(4:1—1:4), and the fraction collected between 350-500 mL
was dried (10.71 g). Next, Lobar LiChroprep RP-18 chroma-
tography using MeOH/H20 (9:1) afforded a fraction of 4.43
g by collecting the volume eluted between 105-160 mL. Next,
this fraction was chromatographed by a medium pressure sil-
ica gel chromatography Lobar LiChroprep-Si60 with

CH,Cl,:acetone (8:2) as eluent; the fractions collected be-
tween 80 and 105 mL were combined to give a 770 mg frac-
tion. Final purification was carried out by HPLC employing a
p-Porasil column using n-hexane/AcOEt/CH,Cl,/MeOH
(65:18:15:2), to afford laurokanol A (1) (8.4 mg) and two frac-
tions that were further purified using n-hexane/acetone 19:1
and 9:1, respectively, to afford laurokanol B (2) (0.84 mg), the
mixture of laurokanol C (3) and laurokanol D (4) (0.49 mg) as
well as laurokanol E (5) (0.37 mg) and yucatecone (6) (4.4
mg).

Laurokanol A (1): Amorphous, white solid; [a]*p +24 (¢ 0.33,
CHCl3); IR Vmax (film): 2973, 2873, 1462, 1378, 1122 and
1093 cm!; '"H NMR (600 MHz, CDCI;) and *C NMR (125
MHz, CDCl;), Tables 1 and 2; HRESIMS m/z
609.2751/611.2755 [M+Na]" (caled for C3Hs;O6*'BrNa,
611.2746).

Laurokanol B (2): Amorphous, white solid; [a]*p -35 (c
0.084, CHCLy); IR Vina (film): 3297, 2919, 2357, 1640, 1264,
1041 and 731 cm™'; 'TH NMR (600 MHz, CDCls) and *C NMR
(125 MHz, CDCls), Tables 1 and 2; HRESIMS m/z
659.2344/661.2305/663.2283 [M+Na]*, (caled for
C30Hs5007”Br**CINa, 659.2326).

Laurokanol C and D (3/4): Amorphous, white solid; IR Viax
(film): 3356, 2930, 2364, 1640, 1262, 1053 and 795 cm™'; 'H
NMR (600 MHz, CDCI3) and '*C NMR (125 MHz, CDCl;),
Tables 1 and 2; HRESIMS m/z 659.2308 /661.2276/663.2224
[M+Na]" (calcd for CsHspO;’Br*CINa, 659.2326) and
703.1803/705.1827/  707.1818 [M+Na]® (caled for
C30Hs007°BraNa, 707.1821).

Laurokanol E (5): Amorphous, white solid; [a]*p -47 (c
0.037, CHCl3); TR Ve (film): 3300, 2970, 1458, 1234, 1051
and 800 cm™'; 'H NMR (600 MHz, CDCl;) and '*C NMR (125
MHz, CDCls), Tables 1 and 2; HRESIMS m/z 547.3605
[M+Na]" (calcd for C30Hs,07Na, 547.3605).

Yucatecone (6): Amorphous, white solid; [a]*’p +32 (c 0.44,
CHCL); IR Vimax (film): 2977, 2874, 1714, 1590, 1381, 1129
and 1101 cm; NMR data 'H (600 MHz, CDCls) and '3C
NMR (125 MHz, CDCl;), Tables 1 and 2. HRESIMS
[M+Na]* m/z 609.2772, 6112760 (Caled 611.2746 for
C30H5106818rNa).

QM-NMR calculations. All calculations were done follow-
ing the general protocols previously described for J-DP4
methods. Molecular mechanics conformational searches were
undertaken using the Macromodel software (Schrédinger
Inc.) and the MMFF94 force field.”” Solvation effects of
CHCIs were simulated using the generalized Born/surface
area (GBSA) solvation model. Extended nonbonded cutoff
distances (Van der Waals cutoff of 8.0 A and an electrostatic
cutoff of 20.0 A) were used. All local minima within 20 kJ of
the global minimum were saved, and the analysis of the results
was undertaken using Maestro software. Quantum mechanical
calculations were carried out using the Gaussian 09 package.?
Structure optimizations were done at the B3LYP/6-31G (d)
level of theory. Magnetic shielding constants (o) were calcu-
lated by means of the gauge including atomic orbitals (GIAO)
method,*® at the B3LYP/6-31G(d,p) level of theory as recom-
mended for J-DP4. Unscaled chemical shifts (J,) were calcu-
lated using TMS as reference standard according to the fol-
lowing expression &, = G- 6x, Where oy is the Boltzmann av-



eraged shielding tensor (over all significantly populated con-
formations) and oy is the shielding tensor of TMS computed
at the same level of theory used to calculate ox. Boltzmann
averaging was done according to eql:

Z cs"e(-E"/RT)

Ko (equation 1)
Z e('E,l'RT)

where ¢* is the shielding constant for nucleus x in conformer
i, R is the molar gas constant (8.3145 J K ! mol '), T is the
temperature used for the calculation (298 K), and E; is the rel-
ative energy of conformer 7 (to the lowest energy conformer)
obtained from a single-point NMR calculation at the corre-
sponding level of theory. The scaled chemical shifts (&) were
computed as & = (&, — b)/m, where m and b are the slope and
intercept, respectively, resulting from a linear regression cal-
culation on a plot of &, against dxp. The corrected mean abso-
lute error (CMAE) and the maximum absolute error (MaxErr)
were calculated as follows, CMAE = (Zi|0cxp — Oscated/n)/D,
where J.yp are the experimental chemical shifts and MaxErr =
max(|Oexp — Oscaled |). Proton chemical shifts for each methyl
group were averaged due to their conformational freedom.

Computational Stationary Point Analysis.

All computations were carried out at the B3LYP-D3/6-
31+G(d,p)'*** and M06-2X/6-31+G(d,p)* level of theories,
including an implicit solvent environment (PCM-water).
Structures are confirmed to be minima by frequency analysis.
Transition state structures were also confirmed to have rele-
vant imaginary vibrational modes. IRC calculations were used
to confirm the minima connected to each TSS.?® Conforma-
tional searches were performed on each flexible structure us-
ing Spartan10 (the Merck Molecular Force Field, MMFF, was
used in a systematic search).?’” The resulting conformers were
first subjected to single-point energy calculations at the
PCM(water)-B3LYP(D3)//6-31+G(d,p) level and then con-
formers within 4 kcal/mol of the lowest energy conformer
were fully optimized using both methods.
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