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Scheme III. Construction of the DE Ring System (2) of Brevetoxin
A (1)

1,4-diiodobutane
THF, A, 2h

17:R=zH
- 18: R = CO'Bu
= 19: R = p-Br-C¢H,CO

9Reagents and conditions: (a) excess dimethyldioxirane, acetone, 0
°C, 20 min, 89%; (b) 5.0 equiv of MMPP, DMF, 25 — 50 °C, 6 h,
75%; (c) 1.5 equiv of mCPBA, 2.0 equiv of NaHCO,, CCl,, 0 °C, 2 h;
(d) excess Et,SiH, 2.0 equiv of BH;THF, 0.1 equiv of TMSOT,
CH,Cl; 20 — 25 °C, 2 h, 56% from 15; (e) 2.0 equiv of (CH,),CC-
OCl], py, 0 — 25 °C, 18 h, 94%; (f) 2.0 equiv of p-BrC¢H,COC]I, py, 0
— 25 °C, 18 h, 90%; (g) 10 equiv of WCl,, 20 equiv of BuLi, -78 °C,
2 h, 80%.

are out of the plane of the p orbitals of the enol ether (accounting
for its lower than expected reactivity toward electrophiles); fur-
thermore, the 8-face of the disubstituted double bond appears in
this conformation to be more exposed to attack than the a-face,
accounting for the predominance of the S-epoxide (Figure 1).’
Further epoxidation with mCPBA transformed 15 to 16 again
with considerable stereocontrol (ca. 4:1 «:8 epoxide ratio). Re-
ductive opening of the newly generated epoxide in 16 with
Et;SiH-BH 3 THF-TMSOTT occurred chemo- and regioselectively
to furnish the desired skeleton 17 (ca. 56% overall yield from 15).
The stereochemical structure of 17 was tentatively assigned by
NMR studies on its pivalate ester 18 (\H NMR, 500 MHz,
CDCl;: NOE between H, and Hy, ca. 14%; J,, = 5.6 Hz) and
was confirmed by X-ray crystallographic analysis of its p-
bromobenzoate 19 (see ORTEP drawing, Figure 2).  Finally,
deoxygenation of 18 with WCl,—nBuLi® led efficiently to the

(7) For a discussion of similar facial selectivity in stereoselective reactions
of macrocycles, see: Still, W, C.; Galynker, 1. Tetrahedron 1981, 37, 3981.

Figure 2. ORTEP drawing of 19.

targeted intermediate 2 (R = CO'Bu) equipped with the proper
functionality for further elaboration.

The described chemistry provides a possible solution to the
construction of the challenging oxononacene region of brevetoxin
A (1). A number of novel reactions and reagents were utilized,
and some interesting and unusual conformational effects and
reactivity patterns in this ring system were also uncovered. The
potential of this technology in the synthesis of 1 and other marine
natural products is currently being explored.
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BC and 'SN nuclear magnetic relaxation data provide a wealth
of information on the nature of internal motions of macromolecules
in solution.! In general, the fast internal motions can be described
by two model independent quantities:> a generalized order pa-
rameter S, which provides a measure of the amplitude of the
motion, and an effective correlation time 7,. This simple formalism
has proved remarkably successful in accounting for relaxation data
on small molecules and simple polymers, as well as for fragmentory
data obtained from one-dimensional NMR measurements on

(1) London, R. E. In Magnetic Resonance in Biology; Cohen, J. S., Ed.;
Wiley: New York, 1981; Vol. 1, p 1.
(2) Lipari, G.; Szabo, A. J. Am. Chem. Soc. 1982, 104, 4546.

This article not subject to U.S. Copyright. Published 1990 by the American Chemical Society



Table I. Comparison of Calculated and Observed Nitrogen-15 Relaxation Data for the Backbone Amide Groups of Selected Residues of SNase and IL-18°
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peptides and proteins.>$  With the development of sensitive
TH-detected two-dimensional heteronuclear NMR experiments
for the measurement of heteronuclear relaxation data,”® the
methodology is now at hand to obtain a comprehensive picture
of internal motions in proteins. While studying the backbone
dynamics of two recombinant proteins, staphylococcal nuclease’
(SNase, 149 residues) and interleukin-18° (IL-18, 153 residues),
in this manner, we have noticed that the *'N T, T,, and NOE
data for the backbone amide groups of certain residues cannot
be accounted for by the simple two-parameter model-free approach
and necessitate the introduction of two distinct correlation times
to describe the internal motions.

In the model-free formalism of Lipari and Szabo,? the spectral
density function for a molecule undergoing isotropic tumbling is
given by

Jw) =Skp /(1 + ) + (1 -SD)7r/(1 + 1) (1)

T, DS
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onal correlation
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which corresponds to an internal correlation function of C(z) =
S? + (1 - S?)et/7, where S is the generalized order parameter,
tr is the overall isotropic rotational correlation time of the
molecule, and 7 = 757, /(7g + 7.) Where 7. is a single effective
correlation time describing the internal motions. The 7 and T,
relaxation times and the NOE enhancement of an amide SN spin
relaxed by dipolar coupling to a directly bonded proton and by
chemical shift anisotropy are related to the spectral density
function by the weli-known!? expressions given in ref 7.

Excluding residues where T, exchange line broadening is present
(four in SNase and 42 in IL-18), we have found that, for all but
four residues of SNase and 32 residues of IL-18, the available
I5N relaxation data can be accounted for within the errors of the
experimental data (at both 500 and 600 MHz, <5% for T, and
T,, and in the majority of cases <2% for T,; 0.1 for the NOE)
by using the simplified spectral density function J(w) = S?rg/(1
+ w?ry) with a single value of 7 (9.1 and 8.3 ns for SNase and
IL-18, respectively) and S? in the range 0.7 < S < 0.95, indicating
that 7. is smaller than about 50 ps and that the two proteins
reorient isotropically in solution. For the exceptional residues,
we find that while eq | can account for the N 7T and T, data
at several spectrometer frequencies, it fails to account for the
'H-'N NOE data. In particular, on the basis of the best fit to
the T, and T, data using eq 1, the calculated values for the NOE
are either too small or negative, whereas the observed ones are
positive. This point is illustrated in Table I for Leu-7 and Ile-18
of SNase and Gly-22 and Asp-35 of IL-15. On the basis of the
best fit to the T, and NOE data (not shown), the calculated values
for T, are 20-100% too small for these residues.

The discrepancy indicates that the time evolution of the internal
reorientational correlation function that is probed by NMR must
be highly nonexponential with slow components that are not in
the extreme narrowing limit. The simplest functional form for
the internal correlation function that can describe such behavior
is Ci(1) = 8* + A/t + A with S+ 4, + 4, = 1. When
the fast (r;) and slow (r,) correlation times differ by at least 1
order of magnitude, C;(¢) reaches an intermediate plateau value
of 1 — A, before finally leveling off at 2. Thus, when such a
separation of time scales exists, one can interpret 1 — 4; as the
generalized order parameter for fast motions, S%. Hence, one
has Ci(1) = S + (1 - SP)et/ + (S2 — §¥)e/™ 50 that the spectral
density in the case of isotropic overall reorientation is

Sy + (1-8A7 + (8¢ ~ 81
1+ (wrg)? |+ (07)? 1 + (wr/)?

s?
0.59 £ 0.004 0.76 £ 0.008 0.78 £ 0.005 2.0+0.3

2

0.53 £ 0.006 0.78 + 0.007 0.68 £ 0.006
0.61 £ 0.006 0.77 & 0.006 0.80 £ 0.006
0.31 + 0.005 0.68 + 0.006 0.46 + 0.007

Tes DS
0.24 &+ 0.01

SZ
0.33 £0.014 0.31 % 0.008

0.54 £ 0.004 0.37 £ 0.007
0.61 £ 0.004 0.25 & 0.007

0.62 % 0.01

NOE-
(500)
IL-18 Gly-22

SNase ILe-18
0.64 £ 0.1
IL-18 Asp-35

-0.20

SNase Leu-7

0.46 £ 0.1
—0.47

0.48

0.64
-1.21

0.17

0.65

-0.18

NOE-
(600)
79 and were obtained from a global fit of the T,/ T, ratios of all residues, excluding those with cither a "N-'H NOE

as described in ref 7. In the case of SNase, data were recorded at spectrometer frequencies of 600, 500, and 270 MHz, while
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proteins were uniformly labeled (>95%) with '*N. The errors in the T, and T, data are the standard deviations obtained
dependence of the relaxation data measured at six time points. Best fitting to all the relaxation data simultaneously was
Note that the NOE data was excluded in the best fits using eq 1, as inclusion of the NOE data in this case results in none

, S? and 7, were varied, while for fits using eq 4, S%, S2, and r, were varied. S,2 is calculated from S? and S¢ by using
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times for SNase and IL-18 are 9.1 £ 0.05 and 8.3 + 0.05 ns, respectively,

below 0.6 or unusually long T, values due to chemical exchange,

in the case of IL-18, data were recorded only at 600 MHz. Both
from a least-squares fit of a single exponential decay to the time

carried out by using Powell’s method of nonlinear optimization.'
of the relaxation data being satisfied. In the case of fits using eq 1
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Figure 1. Dependence of the NOE, 7', and T, '*N relaxation parameters
on the effective correlation time (7,) for internal motions for a spectral
density function with a single internal motion (S = 1; dashed lines) and
two internal motions (S < 1; solid lines). The curves are calculated by
using the spectral density function given by eq 4, a rotational correlation
time of 8.3 ns, a !N frequency of 60.8 MHz, and a 'H frequency of 600
MHz. When S¢ = 1, the spectral density function (eq 4) reduces to the
single internal motion spectral density function (eq 1) of the Lipari and
Szabo treatment.?

log(ts) (s)

with 7/ = 1,7 /(g + 1), i = f, 5. Note that eq 2 reduces to eq
1 when S2 = 1 or S2 = S If it is assumed that the fast internal
motions are axially symmetric (in which case S¢ = S where S;
is the usual order parameter) and independent of the slow motions,
then one can decompose the total generalized order parameter
as

§t= Sf2s52 (3)

where S; is the generalized order parameter describing the slow
motions.

To find the simplest description consistent with the available
data, we assume that 7; is sufficiently small so as to make a
negligible contribution to the relaxation parameters and hence
use the spectral density

S SP- SHr/
J(w) = R + ( f ) s (4)
1+ (wrg)? 1+ (wry)?

to fit the data. The best-fit values of 82, S¢?, and 7, together with
the calculated T, T,, and NOE values are given in Table I. It
will be noted that the generalized order parameters extracted by
using eq 1 and eq 4 are essentially the same.

The values of the generalized order parameters for slow motions
can be obtained by using eq 3 and interpreted within the
framework of some model to get a physical picture of the am-
plitude of the motions. For example, if the fast motions occur
in a cone of semiangle 8, S¢ = (cos 6,)(1 + cos 8p)/2, and, if the
slow motions are described by a two site jump model, S,2 = (1

0002-7863/90/1512-4991$02.50/0

+ 3 cos? ¢)/4 where ¢ is the angle between the two orientations
of the N~H bond.

The effect of using spectral density function eq 4 compared to
eq 1 is easily understood by noting that the calculated values of
7. (0.2-0.3 ns) are 1 order of magnitude smaller than those of
7, (1-3) ns. For g ~ 8 ns and wy = 27 X 60.8 MHz, the NOE
reaches a minimum value at an internal correlation time of ~0.25
ns. Thus the shift in internal correlation time to larger values
which occurs in the two internal correlation time formulation
results in larger values of the NOE, while the values of T, and
T, are unaffected. This is illustrated in Figure 1.

These results clearly indicate that the N relaxation data reflect
the existence of internal motions of significant amplitude both
on the very fast (extreme narrowing) and on the relatively slow
time scales in certain regions of these proteins. Hence the cor-
relation function for the internal motions of these residues can
no longer be approximated to a single exponential of the Lipari
and Szabo treatment,? but rather requires at least two exponentials.
The slow correlation time, of the order of 1-3 ns, is somewhat
faster than the overall rotational correlation time (8~9 ns) and
can have a significant amplitude. The very fast motions may
reflect the fast random thermal motions that are manifested in
molecular dynamics calculations.!!"!?
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The ichthyotoxin latrunculin A (1), originally isolated from the
Red Sea sponge Latrunculia magnifica (Keller),' has also been
found in the Pacific nudibranch Chromodoris elisabethina® and
in the Fijian sponge Spongia mycofijiensis.® Its biological
properties, particularly its powerful effect on the cytoskeletal
protein actin® and its ability to reversibly disrupt microfilament
organization,® have been compared to those of cytochalasin D.
Synthesis of the structurally related, companion metabolite la-
trunculin B (2) was reported in 1986 by Smith et al.;” we now
describe the synthesis of 1 by a pathway that is significantly
different from the published route to 2.5
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