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Total synthesis of marine natural products
without using protecting groups

Phil S. Baran', Thomas J. Maimone' & Jeremy M. Richter!

The field of organic synthesis has made phenomenal advances in the past fifty years, yet chemists still struggle to design
synthetic routes that will enable them to obtain sufficient quantities of complex molecules for biological and medical studies.
Total synthesis is therefore increasingly focused on preparing natural products in the most efficient manner possible. Here
we describe the preparative-scale, enantioselective, total syntheses of members of the hapalindole, fischerindole,
welwitindolinone and ambiguine families, each constructed without the need for protecting groups—the use of such groups
adds considerably to the cost and complexity of syntheses. As a consequence, molecules that have previously required
twenty or more steps to synthesize racemically in milligram amounts can now be obtained as single enantiomers in
significant quantities in ten steps or less. Through the extension of the general principles demonstrated here, it should be
possible to access other complex molecular architectures without using protecting groups.

Although the field of total synthesis"* has made great advances since
1828 (ref. 3), it is still far from being a mature or applied science*’.
For example, precise control over the individual reactivity of func-
tional groups within a complex molecular architecture (chemoselec-
tivity) still remains a largely unanswered challenge. Historically, the
use of protecting groups has been the standard solution to this prob-
lem because they allow functional groups to be dealt with on an
individual basis. Indeed, these functionality masks have permeated
organic chemistry to the extent that textbooks state that avoiding
them is impossible®’. Their use has become routine even on mole-
cules of low complexity®. Ideally, protecting groups are easily
appended, allow one to smoothly perform the initially intended
transformation, and then gracefully depart without incident. In prac-
tice, however, these artificial devices add at least two steps each to a
synthetic sequence and sometimes dramatically lower the efficiency
of a synthesis owing to unforeseen difficulties encountered during
their removal or unintended side reactions initiated by their pres-
ence’. Ironically, their presence can lead to an additional layer of
chemoselectivity considerations that often take centre stage within
a complex total synthesis endeavour®. The multitude of complica-
tions imparted by protecting-group manipulations contributes to the
perception that natural products, despite their overwhelming utility
in medicine, are too complex to be synthesized efficiently in a drug
discovery setting'®'".

Figure 1 summarizes three different approaches to chemical syn-
thesis using the complex natural product ambiguine H (1) as an
example. In a biological setting, where the goal of synthesis is to create
function rather than a specific target molecule, simple feedstock
chemicals are woven together without protecting groups by using
exquisitely selective enzymes'’. For instance, it has been proposed
that the key C-C bonds of the ambiguines are forged from an enzym-
atic enantioselective cation-olefin cyclization of a simple hydrocar-
bon with a 3-substituted indole". Indeed, emulating nature (bio-
mimetic synthesis) can sometimes lead to extremely efficient syn-
thetic routes™>'*'°. In contrast, a standard approach to synthesis uses
strategic disconnections that are often made in order to shield per-
ceived functional group incompatibilities en route to a specific target.
Here we describe syntheses, the inspiration for which comes partly

from studying the biosynthetic pathway, strictly avoid the use of
protecting groups, and harness the natural reactivity of specific func-
tional groups within a complex setting. This approach has led to
solutions that would not have been apparent had the natural tend-
encies of the reactive centres been masked.

Proposed origin:
Me Me

¢ Function-oriented
* No protecting groups ‘

* Enzymes needed to
promote/control Natural
reactivity synthesis

(PP = pyrophosphate)

H (€]
Ambiguine H (1)

X

53

M

@ e X

Figure 1| Approaches to chemical synthesis.
(1) as an example.

Example: ;.

 Target-oriented

¢ Protecting groups
(PG) needed

* Reactivity is ‘caged’
until appropriate time

* Target-oriented

* No protecting groups

* No enzymes

* Natural reactivity of
functional groups is
used constructively

Here we show ambiguine H

"Department of Chemistry, The Scripps Research Institute, 10550 N. Torrey Pines Road, La Jolla, California 92037, USA.

404

©2007 Nature Publishing Group



NATURE| Vol 446|22 March 2007

The Stigonemataceae family of cyanobacteria has produced a class
of over 60 biogenetically related, architecturally complex, topologic-
ally unique, and functionally rich indole natural products that form
the basis of the hapalindole'”'®, fischerindole", welwitindolinone",
and ambiguinelg‘zo alkaloids (Fig. 2). They exhibit a broad range of
bioactivities including antifungal, antibacterial, antimycotic and
anticancer properties, with some members having potencies com-
parable to clinical agents (streptomycin, puramycin and amphoter-
icin)'>'772°, Further study of these potential medicinal agents is
hampered by the fact that the cyanobacteria produce complex mix-
tures of these natural products in low yield. For instance, small
quantities (about 5mg) of 1, 2, 4 and 5 have been isolated in yields
ranging from 0.00671% (for 2) to 0.0213% (for 5) following tedious
purification and HPLC separation.

Total synthesis of hapalindole U (2) and ambiguine H (1)
Although there have been no published synthetic routes to the ambi-
guines, racemic hapalindole U (2, Fig. 2) has been constructed in 20
steps by a non-stereocontrolled sequence with multiple protecting
groups®'. Fig. 3 outlines a simple, enantioselective entry to the ambi-
guine alkaloid family, by way of 2, facilitated by newly developed
methodology for C-C bond formation and a deliberate effort to
eliminate the use of protecting groups.

The synthesis commenced with readily available terpene 7, which
is synthesized in four steps by a route that closely parallels the strategy
of ref. 22 (see Supplementary Information). The indole and terpene
subunits were then merged without protecting groups using a direct
indole coupling, a reaction that was invented specifically for forming
this type of C—C bond®. This reaction has already been successfully
employed in short syntheses of 3 and 6 (Fig. 2)** and furnished indole
8 as a single diastereomer in 61% isolated yield. An extensive screen-
ing of acids for the requisite site-selective (carbon C4) Friedel-Crafts

Me
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Structurally
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Hapalindole Q (3) Fischerindole U (6)

Figure 2 | Representative members of the ambiguine, fischerindole,
hapalindole and welwitindolinone alkaloid families and proposed
biosynthetic relationships.
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annulation failed to furnish detectable quantities of 10. Not surpris-
ingly, cyclization at C2 rather than C4 of the indole was observed,
along with decomposition. Rather than resorting to protecting
groups to either shield the C2 position or as a means of tuning the
electronic nature of the indole, a different strategy was pursued using
an indole building block biased to react at the C4 position. The bro-
minated indole 9 was therefore targeted as a potential precursor to
10 via a radical- or transition-metal-mediated cyclization. As a testa-
ment to the versatility of the direct indole coupling, 4-bromoindole
merged with 7 reliably on a gram scale to produce 9 in 50% isolated
yield. We note that this mode of C—C bond formation is orthogonal
to other transition-metal-mediated processes in that coupling
occurs selectively by C-H bond functionalization rather than by
C-Br bond insertion. This reaction is reliant on the presence of a
free N-H** and so we would not have discovered it had we resorted
to protecting groups.

To elicit the desired 6-exo-trig cyclization of 9 to 10, radical- and
palladium-mediated methods were explored. Although the former
led mainly to the undesired 7-endo-trig and debrominated products,
the reductive Heck® methods of Larock® and Grigg®” showed some
promise (18-39% isolated yield of 10 with significant amounts of 8).
Many conditions were screened to maximize the conversion of 9
to the annulation product 10 while suppressing the competing
debromination pathway, leading to the formation of 8 as well as
destruction of the catalyst in the highly reducing environment (see
Supplementary Information for details). We discovered that the use
of Herrmann’s catalyst®® as the Pd-source and its slow addition were
necessary to reliably achieve a 65% isolated yield of 10.

With the tetracyclic core of the ambiguines and hapalindoles in
place, ketone 10 could be easily converted to hapalindole U (2) by
stereocontrolled, microwave-assisted reductive amination, followed
by formylation of the crude amine and dehydration of the resulting
formamide. The overall isolated yield for the two-pot sequence was
60%. Synthetic 2, prepared in four steps from ketone 7 (20% isolated
yield, > 1 g prepared), was spectroscopically identical to that reported
by Moore'® and was confirmed by X-ray crystallography: melting
point 241 °C (decomposition, dec.), hexanes:Et,0:MeOH, 10:5:1.

All that remained to bridge the gap between the hapalindole and
ambiguine families (2 — 1) was the seemingly straightforward task of
installing the tert-prenyl unit onto C2 of 2. However, our attempts to
achieve direct or indirect tert-prenylation onto 2, as well as earlier
intermediates, were unsuccessful owing to the incompatibility of the
isonitrile with acids and transition metals, as well as the unusual
reactivity of the indole nucleus within the tetracyclic ring system.
For example, attempts to activate the indole for nucleophilic addition
at carbon C2 (that is, C3 chloroindolenine formation) always led to
either functionalization of C2 with the activating agent (via [1,2]-
shift), attack at nitrogen N1 (with expulsion of the activating agent),
or attack at the activating agent (returning starting material). On the
basis of these empirical observations, and instead of resorting to
protecting group chemistry to shield the fragile isonitrile and indole
N-H, we devised a strategy to accommodate and exploit the natural
reactivity of both functionalities.

Thus, exposure of 2 to tert-BuOCI, followed by prenyl 9-BBN,
according to Danishefsky’s protocol®, produced the unusual crys-
talline pentacyclic chloroimidate 12 (structure confirmed by X-ray
spectroscopy: melting point 244 °C (dec.), Et,0). This product is
presumably formed by a tandem sequence involving initial chlor-
ination of the axial-configured isonitrile, nucleophilic attack of
indole (C3), and addition of the prenyl reagent to the resulting imine
11. The observed stereochemistry of the tert-prenyl unit at C2 prob-
ably stems from its addition to the less-hindered face of the folded
architecture of imine 11. The unorthodox nature of this transfor-
mation is consistent with the individual reactivity observed prev-
iously for the isonitrile and indole (see above). We reasoned that
a Norrish-type cleavage® of the chloroimidate in 12 might initiate
a fragmentation cascade to liberate the BBN functionality, the
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extraneous chlorine atom, an unwanted C-C bond, and restore the
indole and isocyanide moieties. Indeed, irradiation of 12 for five
hours led to ambiguine H (1), accomplishing all five necessary tasks
in a single step (63% yield based on recovered 12). We suggest a
mechanism for this transformation in Fig. 3. If the reactive function-
alities of 2 were shielded with protecting groups, such chemical
reactivity would not have been apparent (that is, the Norrish-like
cleavage of a chloroimidate or the use of a sensitive isonitrile to assist
in the activation of a free indole). Synthetic 1 exhibited identical
spectroscopic data to that reported in ref. 20 and was confirmed by
X-ray crystallography (melting point 228-231 °C (dec.), hexanes/
Et,O (1:1)), representing the first total synthesis of a member of
the ambiguine natural product family. Because 1 is unstable on
prolonged storage, we made gram quantities of 2 and converted it
to 1 as needed; see Supplementary Information for details.

Total synthesis of welwitindolinone A (4) and fischerindole I (5)
The elimination of protecting groups and reduction of the number of
steps in a total synthesis can also simplify the optimization of the
overall yield of a sequence. Statistics dictate that because each step in
a shorter sequence carries a greater impact on the overall efficiency of
a synthesis, optimization is realized more rapidly than with the cor-
responding longer routes®'. The recent total syntheses of fischerin-
dole I (4) and welwitindolinone A (5)** are an illustration of this
point. Although they represent some of the most complex natural
products to be synthesized without protecting groups® and required
only seven to eight chemical operations, their syntheses had overall
yields of only 6.9% and 1.7%, respectively, from ketone 15 (Fig. 4).
The synthesis also suffered from limited scalability owing to the
technically demanding nature of the final two steps of the sequence.
Figure 4 depicts revised syntheses of 4 and 5 that can be conducted
on a much larger scale than that reported previously and in overall
yields of 13.0% and 5.7%, respectively, from 15—via optimization
of individual steps, not an alteration in general strategy.
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In five simple steps from carvone oxide*, amine 17 is accessible in
large quantities via the direct coupling of chloroketone 15 with indole
(62% vyield) followed by Friedel-Crafts cyclization and stereocon-
trolled reductive amination of 16 (see Supplementary Information
for details). Amine 17 is then formylated, followed by immediate
dehydration with phosgene to install the isonitrile functionality
and furnish 11-epi-fischerindole G (18). In our previous route, 18
provided a scaffold on which to perform the requisite unsaturation to
form 5 and an ensuing ring contraction to form 4. We reasoned that
the yield and selectivity problems in that route stemmed from the
choice of a chlorine-based oxidant (tert-BuOCI) that was both inef-
ficient and unselective. As shown in the synthesis of ambiguine H (see
below), such oxidants react readily with isonitriles. To accomplish
the conversion of 18 to 5, an oxidant was chosen that was more suited
to benzylic oxidations. By simply exposing 18 to DDQ™ in the pres-
ence of water, fischerindole I (5) was produced in excellent overall
yield (>2g prepared), presumably through the intermediate o,[3-
unsaturated imine 19. For the ensuing oxidative ring contraction,
we reasoned that a hitherto-unknown fluorohydroxylation of indole
rather than chlorohydroxylation should suppress isonitrile-derived
side-product formation, owing to the increased hardness of fluorine
over chlorine. A method for fluorohydroxylation of the indole
moiety in 5 was developed using xenon difluoride* and water in
acetonitrile, providing welwitindolinone A scaleably (>390 mg pre-
pared), in 44% isolated yield, and as a single diastereomer. This cas-
cade sequence can be envisioned to proceed through fluorination of
the indole nucleus to give 20, which is trapped with water to give 21.
Elimination of fluoride would give the azaorthoquinodimethane
(22)*, which undergoes a [1,5] sigmatropic rearrangement to furnish
the spirocyclobutane of welwitindolinone A, as a single diastereomer.
The observed chemoselectivity (in the presence of two other olefins
and a reactive isonitrile) of this new reaction is worthy of further study.
Because 4 and 5 are unstable on prolonged storage, gram quantities of
18 are made and converted to 4 and 5 as needed (see Supplementary
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Figure 3 | Protecting-group-free synthesis of ambiguine H (1) and
hapalindole U (2). Reagents and conditions as follows. a, Indole (1.9 equiv.),
ketone 7 (1.0 equiv.), LHMDS (3.4 equiv.), Cu(II)-2-ethylhexanoate

(1.5 equiv.), THF, starting temperature —78 °C, 5 min to 25 °C, yield is 61%;
or 4-bromoindole (2.8 equiv.), ketone 7 (1.0 equiv.), LHMDS (4.4 equiv.),
Cu(II)-2-ethylhexanoate (2.0 equiv.), THF, —78 °C, 5 min to 25 °C, 50%.

b, [Pd(P(o-tol);0Ac], (0.05 equiv.), NaOCHO (1.25 equiv.), TBAB

(2.0 equiv.), Et;N (2.2 equiv.), DMF, 80 °C, slow addition of Pd over 5h,
65%. ¢, NH;OAc (40 equiv.), NaCNBHj; (9.3 equiv.), MeOH/THEF,
microwave irradiation at 150 °C, 2.5 min; then HCO,H (2.0 equiv.), CDMT
(2.2 equiv.), DMAP (0.05 equiv.), NMM (2.2 equiv.), DCM, 2 h, 25 °C.
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d, COCl, (2.0 equiv.), Et;N (17.5 equiv.), DCM, 0 °C, 60% over two steps.
e, tert-BuOCl (1.15 equiv), DCM, -78 °C, 12 min; then prenyl-9-BBN

(2.0 equiv), —78 °C, 30 min, 60%. f, Et;N (5.0 equiv.), benzene, hv, 5h, 63%
b.r.s.m. (based on recovered starting material). LHMDS, lithium
hexamethyldisilazide; THF, tetrahydrofuran; TBAB, tetra-n-butyl
ammonium bromide; Et;N, triethylamine; DMF, N,N-dimethylformamide;
CDMT, 2-chloro-4,6-dimethoxy-1,3,5-triazine; DMAP, 4-N-
dimethylaminopyridine; NMM, N-methylmorpholine; DCM,
dichloromethane; 9-BBN, 9-borabicyclo-nonane. For selected physical data
for compounds 1, 2, 7-10 and 12, see the Supplementary Information.
Compounds 2, 12 and 1 were verified by X-ray crystallography.
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Information for details). The revised routes to 4 and 5 demonstrate
how such mechanistically inspired reagent changes can greatly im-
prove the overall efficiency of an extremely short synthesis. The only
other reported total synthesis of 4 requires 25 steps and six protecting
groups to deliver milligram quantities of racemic material®.

Discussion

Taken together with the concepts of “atom economy””’” and “step
economy,”*® we followed several general guidelines during the plan-
ning stage (retrosynthetic analysis)®® of these syntheses: (1) redox

reactions that do not form C—C bonds should be minimized*, (2)

X a
O indole,
ciMe LiHMDS; M
> N
b Me Cu(ll) H
H (62%) Me
15 gram-scale 16
[Prepared in two steps single diastereomer
from carvone oxide] b H*(57% b.rs.m.)
l ¢ NaBH,CN,
d NH,OAc (42%)
HCO,H,
CDMT; ¢
COcCl,,
Et;N H Me
11-epi-fischerindole G (18) (95%) 17
-epi-lischerindole gram- single diastereomer
scale

(92%)¢e DDQ, Hy0

C@ (,\;(eF

19 (-)-fischerindole | (5)

(44%) * f XeF,, H,0

[1,5] sigmatropic
shift

(+)-welwitindolinone A (4)
single diastereomer

Figure 4 | Protecting-group-free total synthesis of fischerindole I (5) and
welwitindolinone A (4). Reagents and conditions as follows. a, Indole

(2.0 equiv.), LIHMDS (3.3 equiv.), THF, —78 °C, 30 min, copper(II)-2-
ethylhexanoate (1.5 equiv.), —78 to 23 °C, 20 min, 62%. b, Montmorillonite
K-10 clay, microwave irradiation at 120 °C, 6 min, 57% b.r.s.m. ¢, NH;OAc
(40 equiv.), NaCNBH; (7.5 equiv.), 3 A molecular sieves, MeOH/THF,
sonication, 18 h, 42%. d, HCO,H (2.0 equiv.), CDMT (2.2 equiv.), DMAP
(0.1 equiv.), NMM (2.2 equiv.), DCM, 23 °C, 30 min; Et;N (17.5 equiv.),
COCl, (2.0 equiv.), DCM, 0 °C, 10 min, 95%. e, DDQ (2.5 equiv.), H,O,
THEF, 0 °C, 30 min, 92%. f, XeF,, H,O, MeCN, 23 °C, 5 min; 44%. DDQ, 2,3-
dichloro-5,6-dicyanobenzoquinone; MeCN, acetonitrile. For selected
physical data for compounds 18, 5 and 4 see the Supplementary
Information.
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the percentage of C—C bond-forming events within the total number
of steps in a synthesis should be maximized®**, (3) disconnections
should be made to maximize convergency*', (4) the overall oxidation
level of intermediates should linearly escalate during assembly of the
molecular framework (except in cases where there is strategic benefit
such as an asymmetric reduction)*?, (5) where possible, cascade (tan-
dem) reactions should be designed and incorporated to elicit max-
imum structural change per step”, (6) the innate reactivity of
functional groups should be exploited so as to reduce the number
of (or perhaps even eliminate) protecting groups®*, (7) effort should
be spent on the invention of new methodology to facilitate the afore-
mentioned criteria and to uncover new aspects of chemical react-
ivity*>, (8) if the target molecule is of natural origin, biomimetic
pathways (either known or proposed) should be incorporated to
the extent that they aid the above considerations"*'*'**¢. Although
these principles have existed conceptually and separately for several
years"“>**, this series of total syntheses cohesively applies them as a
whole.

Despite the demonstrated advantages, there are some limitations to
deliberately excluding protecting groups from the synthesis of com-
plex molecules. For instance, their inclusion within a synthetic plan
may allow for a certain level of security, because perceived functional-
group incompatibilities can be dealt with at the outset. Indeed, omit-
ting protecting groups during the retrosynthetic planning stages of a
complex molecule might involve a certain amount of risk and specu-
lation, owing to the unpredictable reactivity that is inevitably encoun-
tered at the late stages of a total synthesis*®. In some cases, the use of
protecting groups may offer a more efficient or even the sole solution.
For example, the total synthesis of certain classes of molecules, such
as poly-ketides, -peptides, -saccharides, and -nucleotides, will perhaps
always require some level of protection (not only owing to a lack of
chemoselectivity but also the practical issues of purification and
characterization).

In summary, representative members of a large class of natural
products consisting of four different families have been constructed
by adhering to the general principles outlined above. The enantio-
selective total syntheses of ambiguine H (1), hapalindole U (2), wel-
witindolinone A (4), and fischerindole I (5) require only seven to ten
steps from commercially available materials and can easily be per-
formed on a preparative scale using inexpensive reagents. Of those
steps, approximately half involved C-C bond formation and aside
from a stereoselective reductive amination, the oxidation states of
intermediates gradually escalated from beginning to end. Certain
aspects of these convergent syntheses also benefited from insights
into their biosynthetic origins and the incorporation of designed
cascade reactions. Finally, the deliberate exclusion of protecting
groups from the overall synthetic design facilitated the development
and discovery of new chemical reactions by harvesting the intrinsic
reactivity within organic molecules.

METHODS

All reactions were carried out under a nitrogen atmosphere with dry solvents
under anhydrous conditions, unless otherwise noted. Yields refer to chromato-
graphically and spectroscopically homogenous materials, unless otherwise sta-
ted. Reagents were purchased at the highest commercial quality and used
without further purification, unless otherwise stated. Reactions were monitored
by thin-layer chromatography. For full experimental details and procedures for
all reactions performed and full characterization (‘H and >C nuclear magnetic
resonance, high-resolution mass spectrometry, infrared, optical rotation, melt-
ing point, and Ry value) of all new compounds, see the Supplementary
Information.
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