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ABSTRACT: A novel synthetic approach for the synthesis of
bioactive phenolic natural products is reported. This strategy
highlights the power of halogenative aromatization reactions recently
developed in our group for preparing densely functionalized arenes
in a controlled fashion. Five natural products related by an aromatic
core and a farnesyl side chain are synthesized. In contrast to prior
methods, this synthesis features high efficiency and generality that
permits preparation of targets in gram-scale quantities.

Polysubstituted aromatics are a common structural element in
a variety of natural products.1−3 Among them, polysub-

stituted resorcinols, often classified as “phenolic compounds”,2

occupy a special place as they share structural similarity (a
resorcinol moiety connected to terpenoid side chain3) and
possess prominent biological profiles.4−8 For example, popular
synthetic targets ascochlorin,3a ascofuranone,3b and colletochlor-
in B3c demonstrate a variety of significant biological behaviors,
including antibacterial,3a,b,4a,b,5b antifungal,4b,6b antican-
cer,4c,d,5a,6a and anti-inflamatory5d activities. Another family of
bioactive phenolic compounds that features a polysubstituted
resorcinol core fused with farnesyl side chain have garnered less
attention.3Amongnumerous representatives, themost promising
biological properties among this group are displayed by grifolin
(1),3d grifolic acid (2),3e LL-Z1272α (3),3f LL-Z1272β (4),3f and
ilicicolinic acid A (5),3g,h which exhibit anti-inflammatory,7a

antifungal,7b antibacterial,3h,7b,8a,b cytotoxicic,7b−e antiviral,7b and
antioxidant7d effects (Figure 1). Herein, we report the results of
our efforts to develop a general approach to these natural
products.
Considering the rich biological profile and diversity of natural

products in this class one would expect general synthetic
approaches to be in high demand. Indeed, over the past decades

several approaches were developed.9 Despite the relatively simple
construction comprising a polysubstituted aromatic core fused to
a terpenoid side chain, synthesis has proven challenging. For
instance, a classical aromatic substitution approach9a−d forges the
key C−C bond, but yields are often very low (Scheme 1, 1a). The

efficiency of this connection can be improved by modifying the
aromatic substrate,9e,f but protection of multiple functional
groups is required (Scheme 1, 1b). The first general method was
developed by Mori9b,g and features tert-butyllithium-based
alkylation of a pentadienyl anion (Scheme 1, 2a). This method
proved successful for a number of natural products, but harsh
conditions are needed and overall yields did not exceed 15%. A
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Figure 1. Examples of bioactive phenolic compounds.

Scheme 1. Different Approaches to Phenolic Compounds
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beautiful synthesis described by Danheiser9h introduced cyclo-
butenone-based benzannulation as a tool for assembling the
aromatic core although a specifically designed alkynyl ether is
required (Scheme 1, 2b). Collectively, none of the described
approaches offers both generality and efficiency, and thus, new
synthetic routes to phenolic natural products are necessary.
We recently reported an efficientmethod for the regiodivergent

synthesis of halogenated resorcinols using readily available
vinylogous esters and sulfonyl halides as halenium sources.10 In
the course of our studies, we found that by changing the nature
and amount of halogen source one may direct the reaction to
produce either halogenated or des-halo resorcinols with high
selectivity. We envisioned taking advantage of both outcomes to
develop a unified synthetic route to the family of farnesylated
resorcinol natural products.
Given the evident challenge in forging the C−C linkage

between the arene and side chain, our retrosynthetic analysis
focused on identifying an efficient solution to this problem that
would be applicable to the entire family (Scheme 2). We
hypothesized that functionalized natural products could be
accessed through a combination of electrophilic aromatic
substitution and our novel oxidative aromatization method-
ology.10 Thus, vinylogous ester 6 would serve as a common
precursor already containing the challenging C−C bond.
Intermediate 6 would be generated from functionalized 1,3-
cyclohexanedione derivative 7, which would, in turn, be prepared
by alkylation of commercially available 5-methylcyclohexa-1,3-
dione (8) and a simple derivative of farnesol (9).
Our synthetic studies commenced with the attempted

alkylation of dione 8.11 We initially aimed to install the side
chain directly with farnesol as an electrophile via bismuth(III)
catalysis.11a Unfortunately, we observed no reaction with dione 8,
although farnesol (9) was consumed. As an alternative, we

attempted alkylation of dione 8 with farnesyl bromide (10)12

using various basic conditions.11b,c After intensive screening, the
best conversionwas observedwhenK2CO3was used as a base, but
even in the presence of an excess of dione 8 the reaction produces
a mixture of four products among which the undesired C,C-
dialkylated product predominates.
To circumvent the overalkylation problem, we modified our

strategy to target unsaturated dione 11 as an intermediate. To our
delight, aldol condensation between dione 8 and farnesal (12)13

occurred rapidly in the presence of catalytic amounts of piperidine
to produce the desired conjugated dione 11 in excellent yield
(Scheme 3). Inspired by this discovery, we next searched for a
reduction process to convert dione 11 into the requisite
intermediate 7. Numerous conjugate reduction conditions were
tested, including Cu(I) hydride,14a,b catecholborane,14c Zn/
AcOH,14d or Mg/MeOH,14e,f but these methods failed to
produce the desired diketone 7 in significant yield. A literature
search identified Ramachary’s proline-catalyzed direct aldol
condensation/conjugate reduction method using the Hantzsch
ester (13) as a potential solution.15 In our hands, the first
attempted cascade reaction between diketone 8 and aldehyde 12
resulted in isolation of dione 7 in 73% yield on 50 mg scale. We
noticed, however, that ketone 7 is sensitive to the nature of the
solid phase during chromatographic purification, and multiple
purifications on SiO2 decreased yield dramatically. The reaction
scale was also a significant factor in purification, and an increase to
a 600mg scale led to isolation of product 7 in only 29% yield after
SiO2 chromatography. The same reaction conditions using
isolated condensation product 11 as a starting material furnished
the reduction product 7 in 72% isolated yield using neutral
alumina as a solid phase for column chromatography.
Since the one-step aldol/reduction protocol requires no

workup, we considered telescoping the intermediate (7) into
the vinylogous ester-forming step to avoid the problematic
isolation of the diketone. Indeed, treatment of the crude reaction
mixture with AcCl and base allowed access to vinylogous acetate
6, which can be easily isolated by SiO2 chromatography in 71%
overall yield (Scheme 3). This three step, one-pot protocol also
did not suffer any decrease in efficiency on a larger scale.
In our previous studies, we reported that vinylogous acetates

similar to intermediate 6 are transformed into unprotected
resorcinols upon treatment with LiHMDS and TsCl as an
electrophilic Cl source.10 Unfortunately, substrate 6 did not
behave similarly, and neither aryl acetate 14 nor the hydrolyzed

Scheme 2. Retrosynthetic Analysis

Scheme 3. Search of the Optimal Aromatization Intermediate
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analogue 15 were observed. Confronted with this obstacle, we
searched for an alternative intermediate suitable for the
aromatization step (Scheme 3). Since we require a removable
O substituent, we prepared several derivatives using our reductive
alkylation/esterification sequence with electrophiles typically
employed for protecting group installation. Use of MOM-Cl,
Boc2O, or TBS-Cl as electrophile furnished analogues 16−18. To
our delight, all three of these substrates could be converted to the
corresponding chlororesorcinols (19−21) through our aromati-
zationmethod, but subsequent O−E group cleavage proved to be
an unexpectedly difficult task. Different acidic and basic
conditions were examined, and the desired free resorcinol 15
was obtained from 19−21 using HCl, ZnBr,16 or TBAF,
respectively. In the course of this study, we also learned that the
target resorcinol 15 is highly sensitive to both Lewis and Brønsted
acids as well as strong basic conditions. For example, acetal 19 can
be converted to resorcinol 15 using HCl with only moderate
conversion. Increasing temperature or concentration resulted in
product decomposition. The hydrolysis of carbonate 20 required
quenching the reaction at only ∼50% conversion or the
accumulated resorcinol product slowly converted into new
products (four to five new spots on TLC). Silyl ether 21
(obtained from vinylogous ester 18) behaved more predictably,
however, and upon treatment with TBAF resorcinol 15 was the
sole product. Another advantage of the silyl derivative (21) is that
it can be transformed into resorcinol 15 using the crude residue
from the aromatization step after simple aqueous workup, thus
simplifying overall synthetic picture.
After further refinement, we successfully transformed

commercially available dione 8 into vinylogous silyl ester 18 on
amultigram scale in excellent yield with a single chromatographic
purification (Scheme 4). Our halogenative aromatization

protocol was also optimized using silyl ester 18 and functions
reliably on amultigram scale as well. Under optimized conditions,
this substrate produces a small quantity of the des-chlororesorci-
nol 1 as a side product, which is identical to the natural product
grifolin. Having established a sound, scalable route to
chlororesorcinol 15, we next attempted functional group addition
reactions to access natural products 3 and 5. Our investigation of
various formylation conditions9b,17 found the best results using a
combination of EtMgBr and triethyl orthoformate.9b,h Under
optimized conditions, bioactive aldehyde LL-Z1272α (3) formed
in80%yield on>1 gramscale (51%overall yield fromdiketone8).
Next, we examined oxidation of aldehyde LL-Z1272α (3) to
access ilicicolinic acid A (5). Various oxidation protocols (e.g.,

peroxide-based oxidations19a−d and hypochlorite-promoted
oxidation19e) were tested, but none of the methods delivered
the desired carboxylic acid functionality in an acceptable yield.
Attempted direct carboxylation found that the Mechoulam
procedure utilizing magnesium methyl carbonate (MMC) in
DMF20 furnished ilicicolinic acid A (5) in 40% yield (with 40% of
recovered resorcinol 15), constituting the first total synthesis of
this natural product.
Our previous studies on aromatizing halogenation had

indicated that the des-halo resorcinols are major products when
N-iodosuccinimide (NIS) is used as the oxidant instead ofTsCl.10

Under these conditions, key vinylogous ester 18 produces grifolin
(1) in 36% yield (along with 10% of the iodinated analogue).
Optimization of reaction conditions revealed that the reaction
pathway leading to grifolin (1) can be favoredwhen 1.1 equiv of p-
toluenesulfonyl bromide (TsBr) is used as a halogen source
(Scheme 5), providing a platform to access metabolites 2 and 4.

An attempt to use the orthoester-based formylation protocol9b,h

with grifolin (1) to access natural product LL-Z1272β (4) did not
generate the needed aldehyde functionality but instead resulted in
formation of an undesired compound.18 Further investigation
revealed that Vilsmeier−Haack formylation17d (which failed with
chlororesorcinol 15) readily converted grifolin (1) into the
desired natural product LL-Z1272β (4) in 54% yield (along with
19% of recovered grifolin), thus completing the first total
synthesis of this compound. Aldehyde oxidation using LL-
Z1272β (4) to access grifolic acid (2) proved unsuccessful.
Fortunately, the direct carboxylation protocol20 with MMC in
DMF19a again proved effective, furnishing grifolic acid (2) in 61%
yield (along with 20% of recovered grifolin) and completing the
first total syntheses of this target molecule. The collective
syntheses of grifolin (1), grifolic acid (2), LL-Z1272α (3), LL-
Z1272β (4), and ilicicolinic acid A (5) demonstrate the generality
of our approach to resorcinol-based natural products.
In conclusion, we have developed a novel synthetic route to the

family of polysubstituted phenolic natural products featuring
farnesyl side chains. This approach features high efficiency and
generality, thus enabling total syntheses of five different natural
products in a controlled fashion. The proven simplicity and
efficiency of the synthesis on greater than gram scale requires only
3 days for reaction completion and suggests that our route is
amenable to the construction of a variety of synthetic analogous
and natural products with related polysubstituted aromatic cores.
Studies toward these objectives are currently underway.

■ ASSOCIATED CONTENT
*S Supporting Information

TheSupporting Information is available free of charge on theACS
Publications website at DOI: 10.1021/acs.orglett.6b02469.

Scheme 4. Total Synthesis of Natural Products 3 and 5

Scheme 5. Total Synthesis of Natural Products 1, 2, and 4

Organic Letters Letter

DOI: 10.1021/acs.orglett.6b02469
Org. Lett. 2016, 18, 5010−5013

5012



Experimental procedures and characterization data (PDF)
NMR spectra (PDF)

■ AUTHOR INFORMATION
Corresponding Author

*E-mail: jtmohr@uic.edu.
Notes

The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
Funding was provided by the UIC Department of Chemistry.We
thank Profs. Duncan Wardrop, Laura Anderson, Vladimir
Gevorgyan, Daesung Lee, and Tom Driver (UIC) for helpful
discussions and use of reagents and equipment.

■ REFERENCES
(1) Examples of metabolites with hexasubstituted arenes: (a) Gribble,
G. W.; Berthel, S. J. Studies in Natural Products Chemistry; Atta-Ur-
Rahman, Ed.; Elsevier: New York, 1993; Vol. 12, pp 365−409.
(b) Bergman, J.; Janosik, T.; Wahlstrom, N. Advances in Heterocyclic
Chemistry; Katritzky, A. R., Ed.; Academic Press: New York, 2001; Vol.
80, pp 1−71. (c) Lee, M. D.; Dunne, T. S.; Siegel, M. M.; Chang, C. C.;
Morton, G. O.; Borders, D. B. J. Am. Chem. Soc. 1987, 109, 3464−3466.
(d)Look, S. A.; Fenical,W.; Jacobs, R. S.;Clardy, J.Proc.Natl. Acad. Sci.U.
S. A. 1986, 83, 6238−6240.
(2) Whiting, D. A. Nat. Prod. Rep. 2001, 18, 583−606.
(3) For phenolic natural product isolations, see: (a)Tamura,G.; Suzuki,
S.; Takatsuki, A.; Ando, K.; Arima, K. J. Antibiot. 1968, 21, 539−544.
(b) Sasaki, H.; Okutomi, T.; Hosokawa, T.; Nawata, Y.; Ando, K.
Tetrahedron Lett. 1972, 13, 2541−2544. (c) Kosuge, Y.; Suzuki, A.;
Tamura, S. Agric. Biol. Chem. 1974, 38, 1265−1267. (d) Hirata, Y.;
Nakanishi, K. J. Biol. Chem. 1950, 184, 135−144. (e) Zechlin, L.; Wolf,
M.; Steglich, W.; Anke, T. Liebigs Ann. Chem. 1981, 1981, 2099−2105.
(f) Ellestad, G. A.; Evans, R. H., Jr.; Kunstmann,M. P.Tetrahedron 1969,
25, 1323−1334. (g) Kuroda,M.; Takatsu, T.; Takahashi, H.; Hosoya, T.;
Furuya, K. New compound ilicicolinic acid A or B. Jpn. Kokai Tokkyo
Koho JP05255184, 1993. (h) Nirma, C.; Eparvier, V.; Stien, D. J. Nat.
Prod. 2015, 78, 159−162.
(4) Ascochlorin bioactivities: (a) Bal-Tembe, S.; Kundu, S.; Hiremath,
C. P.; Gole, G.; Pinto de Souza, E.; Vijaya Kumar, E. K. S.; Gates, D. A.;
Pillmoor, J. B.Pestic. Sci. 1999, 55, 645−647. (b)Che, Y.; Swenson,D.C.;
Gloer, J. B.; Koster, B.; Malloch, D. J. Nat. Prod. 2001, 64, 555−558.
(c) Hong, S.; Park, K. K.; Magae, J.; Ando, K.; Lee, T. S.; Kwon, T. K.;
Kwak, J. U.; Kim, C. H.; Chang, Y. C. J. Biol. Chem. 2005, 280, 25202−
25209. (d) Nakajima, H.; Mizuta, N.; Sakaguchi, K.; Fujiwara, I.; Mizuta,
M.; Furukawa, C.; Chang, Y. C.;Magae, J. J. Antibiot. 2007, 60, 682−689.
(5) Ascofuranone bioactivities: (a)Magae, J.; Hayasaki, J.; Matsuda, Y.;
Hotta, M.; Hosokawa, T.; Suzuki, S.; Nagai, K.; Ando, K.; Tamura, G. J.
Antibiot. 1988, 41, 959−965. (b)Minagawa, N.; Yabu, Y.; Kita, K.; Nagai,
K.; Ohta, N.; Meguro, K.; Sakajo, S.; Yoshimoto, A. Mol. Biochem.
Parasitol. 1996, 81, 127−136. (c) Chaudhuri, M.; Ott, R. D.; Hill, G. C.
Trends Parasitol. 2006, 22, 484−491. (d) Lee, S.-H.; Kwak, C.-H.; Ha, S.-
H.; Park, J.; Chung, T.-W.; Ha, K.-T.; Suh, S.-J.; Chang, Y.-C.; Chang, H.
W.; Lee, Y.-C.; Kang, B.-S.; Magae, J.; Kim, C.-H. J. Cell. Biochem. 2016,
117, 978−987.
(6) Colletochlorin B bioactivities: (a) Takahashi, N.; Osada, H.;
Numao, N.; Saimoto, H.; Kawabata, T.; Hiyama, T. Chem. Pharm. Bull.
1988, 36, 452−455. (b) Gutierrez, M.; Theoduloz, C.; Rodriguez, J.;
Lolas, M.; Schmeda-Hirschmann, G. J. Agric. Food Chem. 2005, 53,
7701−7708. (c) Saimoto, H.; Kido, Y.; Haga, Y.; Sakamoto, K.; Kita, K. J.
Biochem. 2013, 153, 267−273.
(7) Grifolin and grifolic acid bioactivities: (a) Iwata, N.; Wang, N.; Yao,
X.; Kitanaka, S. J. Nat. Prod. 2004, 67, 1106−1109. (b) Asakawa, Y.;
Hashimoto, T.; Quang, D. N.; Nukada, M.Heterocycles 2005, 65, 2431−
2439. (c) Quang, D. N.; Hashimoto, T.; Arakawa, Y.; Kohchi, C.;
Nishizawa, T.; Soma, G.-I.; Asakawa, Y. Bioorg. Med. Chem. 2006, 14,

164−168. (d) Song, J.; Manir, M. M.; Moon, S.-S. Chem. Biodiversity
2009, 6, 1435−1442. (e) Liu, X.-T.; Winkler, A.; Schwan, W.; Volk, T.;
Rott, M.; Monte, A. Planta Med. 2010, 76, 182−185.
(8) LL-Z1272α and LL-Z1272β bioactivities: (a) Aldridge, D. C.;
Borrow, A.; Foster, R. G.; Large, M. S.; Spencer, H.; Turner, W. B. J.
Chem. Soc., Perkin Trans. 1 1972, 1, 2136−2141. (b) Takamatsu, S.; Rho,
M.-C.; Masuma, R.; Hayashi, M.; Komiyama, K.; Tanaka, H.; Omura, S.
Chem. Pharm. Bull. 1994, 42, 953−956.
(9) (a) Ima-ye, K.; Kakisawa, H. J. Chem. Soc., Perkin Trans. 1 1973, 1,
2591−2595. (b)Mori, K.; Fujioka, T.Tetrahedron 1984, 40, 2711−2720.
(c) Chen, K.-M.; Semple, J. E.; Joullie, M. M. J. Org. Chem. 1985, 50,
3997−4005. (d) Ohta, S.; Nozaki, A.; Ohashi, N.; Matsukawa, M.;
Okamoto,M.Chem. Pharm. Bull. 1988, 36, 2239−2243. (e) Saimoto,H.;
Hiyama, T. Tetrahedron Lett. 1986, 27, 597−600. (f) Saimoto, H.;
Kusano, Y.;Hiyama,T.TetrahedronLett.1986,27, 1607−1610. (g)Mori,
K.; Takechi, S. Tetrahedron 1985, 41, 3049−3062. (h) Dudley, G. B.;
Takaki, K. S.; Cha, D. D.; Danheiser, R. L.Org. Lett. 2000, 2, 3407−3410.
(10) (a) Chen, X.; Martinez, J. S.; Mohr, J. T.Org. Lett. 2015, 17, 378−
381. (b) Chen, X.; Liu, X.; Martinez, J. S.; Mohr, J. T. Tetrahedron 2016,
72, 3653−3665.
(11) (a) Rueping, M.; Nachtsheim, B. J.; Kuenkel, A.Org. Lett. 2007, 9,
825−828. (b) Takenaka, K.; Mohanta, S. C.; Patil, M. L.; Rao, C. V.;
Takizawa, S.; Suzuki, T.; Sasai, H. Org. Lett. 2010, 12, 3480−3483.
(c)Garnsey,M. R.; Lim,D.; Yost, J.M.; Coltart, D.M.Org. Lett. 2010, 12,
5234−5237.
(12)Xie,H.; Shao, Y.; Becker, J.M.;Naider, F.;Gibbs, R.A. J.Org. Chem.
2000, 65, 8552−8563.
(13) Cane, D. E.; Iyengar, R.; Shiao, M.-S. J. Am. Chem. Soc. 1981, 103,
914−931.
(14) (a) Dickson, D. P.; Toh, C.; Lunda, M.; Yermolina, M. V.;
Wardrop, D. J.; Landrie, C. L. J. Org. Chem. 2009, 74, 9535−9538.
(b) Rainka, M. P.; Aye, Y.; Buchwald, S. L. Proc. Natl. Acad. Sci. U. S. A.
2004, 101, 5821−5823. (c) Evans, D. A.; Fu,G.C. J. Org. Chem. 1990, 55,
5678−5680. (d)Marchand, A. P.; Reddy,M. Synthesis 1991, 1991, 198−
200. (e) Zarecki, A.; Wicha, J. Synthesis 1996, 1996, 455−456.
(f) Gabriels, S.; Van Haver, D.; Vandewalle, M.; De Clercq, P.;
Viterbo, D. Eur. J. Org. Chem. 1999, 1999, 1803−1809.
(15) (a) Ramachary, D. B.; Kishor, M. J. Org. Chem. 2007, 72, 5056−
5068. (b) Ramachary, D. B.; Kishor, M. Org. Biomol. Chem. 2010, 8,
2859−2867. (c) Ramachary, D. B.; Jain, S. Org. Biomol. Chem. 2011, 9,
1277−1300. (d) Kim, E. E.; Onyango, E. O.; Fu, L.; Gribble, G. W.
Tetrahedron Lett. 2015, 56, 6707−6710. (e) Kim, E. E.; Onyango, E. O.;
Pace, J. R.; Abbot,T.M.; Fu, L.;Gribble,G.W.TetrahedronLett.2016,57,
864−867.
(16) Kaur, N.; Xia, Y.; Jin, Y.; Dat, N. T.; Gajulapati, K.; Choi, Y.; Hong,
Y.-S.; Lee, J. J.; Lee, K. Chem. Commun. 2009, 1879−1881.
(17) (a) Deshpande, P. P.; Tagliaferri, F.; Victory, S. F.; Yan, S.; Baker,
D. C. J. Org. Chem. 1995, 60, 2964−2965. (b) Gu, X.-H.; Yu, H.;
Jacobson, A. E.; Rothman, R. B.; Dersch, C. M.; George, C.; Flippen-
Anderson, J. L.; Rice, K. C. J. Med. Chem. 2000, 43, 4868−4876.
(c) Hansen, T. V.; Skattebol, L.Org. Synth. 2005, 82, 64−68. (d) Akama,
T.; Arnagin, K.; Plattner, J. J.; Pulley, S. R.; White, W. H.; Zhang, Y.-K.;
Zhou, Y. 1-Hydroxy-benzooxaboroles as antiparasitic agents. WO 2014/
149793 A1, Sep 25, 2014.
(18) We have not unambiguously determined the structure of this
compound, but we suspect that double formylation occurs in this case.
Decreasing the amount of triethyl orthoformate did not lead to the
monoformylation of grifolin but rather decreased conversion.
(19) (a)Travis, B.R.; Sivakumar,M.;Hollist,G.O.; Borhan, B.Org. Lett.
2003, 5, 1031−1034. (b) Balicki, R. Synth. Commun. 2001, 31, 2195−
2198. (c)Mannam, S.; Sekar, G.Tetrahedron Lett. 2008, 49, 1083−1086.
(d) Bahrami, K.; Khodaei, M. M.; Kamali, S. Chin. J. Chem. 2008, 26,
1119−1121. (e) Kita, K.; Yabu, Y.; Yamamoto, M. Novel dihydrox-
ybenzene derivatives and antiprotozoal agent comprising same as active
ingredient. EP 2636663 A1, Nov 9, 2013.
(20) (a) Mechoulam, R.; Ben-Zvi, Z. J. Chem. Soc. D 1969, 343−344.
(b) Rodel, T.; Gerlach, H. Liebigs Ann. Recueil 1997, 1997, 213−216.

Organic Letters Letter

DOI: 10.1021/acs.orglett.6b02469
Org. Lett. 2016, 18, 5010−5013

5013


