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Forskolin (1), a labdane diterpene isolated from the
Indian plant Coleus forskohlii,** exhibits unique biological
activities attributed to the direct stimulation of adenylate
cyclase.® The ability of forskolin to enhance c-AMP
availability represents a novel therapeutic approach to the
treatment of congestive heart failure. Although forskolin
displays cardiotonic activity, poor aqueous solubility and
insufficient metabolic stability are limitations for clinical
applications. As part of a program directed toward the
preparation of forskolin-based cardiotonics with improved
stability and aqueous solubility, we report regiospecific
manipulations which permit the selective preparation of
a variety of carbamates and functionalized carbamates at
either the 6- or 7-hydroxy positions of forskolin.

Recently, we reported? selective procedures for acylation
at the 1- or 7-positions of the forskolin nucleus. The
1,9-dimethylformamide acetal moiety was introduced for
protection of the 1- and 9-hydroxy groups of this system.
For the present work, the 1,9-(dimethylformamide acetal)
2 of 7-desacetylforskolin (7-DAF) also served as an ideal
starting material (Scheme I). In general, it is known that
equatorial alcohols are less hindered than axial alcohols
with respect to acylation,® and indeed the equatorial 7-
hydroxy group of the labdane nucleus was reported? to be
substantially less hindered and therefore more reactive
than the axial 6-hydroxy group. Reaction of 2 with 1,1’
carbonyldiimidazole (CDI) in methylene chloride afforded
the acylimidazole intermediate 3, which upon reaction with
pyrrolidine provided 7-desacetyl-7-(1-pyrrolidino-
carbonyl)forskolin 1,9-(dimethylformamide acetal) (4) in
91% yield with complete regiospecificity. Hydrolysis of
4 in aqueous methanol at 60 °C removed the 1,9-(di-
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Table I

compd R! R® R® method® yield,® %
6a N(CHs)z A 82

-+ - D B 87 (74)°

6b N(CHy), NHCH,CH,OH B 80 (68)°
6c NCHy, NHNH, A 75
6d NCHJ. NH(CHy,N(CHy, A 77
8a H, H /3 C 50
8b H,H NHCH,CH,O0H C 62

aMethod A: one-pot reaction from 2. Method B: reaction from
isolated 6,7-carbonate 7. Method C: MeOH/H,0, 60 °C. ®Yields
are for isolated material of analytical purity. °Yields in par-
entheses are for two steps from 2.

methylformamide acetal) protecting group to give the
7-(1-pyrrolidino) carbamate 5. This method of carbamate
formation offers advantages over the use of isocyanates or
carbamoyl chlorides in that the conditions are milder and
a wider variety of carbamates may be prepared from 3
using various primary or secondary amines.

The reported O to O acylmigration of forskolin esters
from the 7- to the 6-position in the presence of alumina’
or under basic conditions,? prompted investigation of the
possible rearrangement of the corresponding 7-carbamate
derivatives. When a solution of 4 in tert-butyl alcohol/
THF was treated with an excess of potassium tert-but-
oxide, a rearrangement occurred at 0 °C to provide the
6-(1-pyrrolidino) compound 6a in 73% yield. Structural
assignments of the two isomers were based on the 'H NMR
chemical shifts of the C-6 and C-7 protons.?

A direct regiospecific route to the 6-carbamate deriva-
tives 6 and 8 from the 6,7-cyclic carbonate derivative 7 was
also developed. The reaction of simple aliphatic and
carbohydrate cyclic carbonates with amines has been re-
ported; however, mixtures of carbamates are generally
obtained.>!® Treatment of acylimidazole intermediate 3
with a hindered nonnucleophilic base such as triethylamine
afforded the 6,7-carbonate 7 in 85% yield. Subsequent
reaction of 7 with pyrrolidine provided 7-desacetyl-6-(1-
pyrrolidinocarbonyl)forskolin 1,9-(dimethylformamide
acetal) (6a) in 87% yield (method B). In practice, higher
yields are achieved by performing the reaction sequence
in one step from 2 via the in situ formation of the 6,7-
carbonate 7 and treatment with amines to give the pro-
tected carbamates 6 (method A). The dimethylformamide
protecting group may be removed under the same mild
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a(a) 1,1-Carbonyldiimidazole, CH,Cl,, room temperature, 16 h; (b) pyrrolidine, room temperature, 16 h; (¢c) MeOH-H,0 (3:1), 60 °C, 48
h; (d) 1,1’-carbonyldiimidazole, Et,N, CH,Cl,, room temperature, 16 h; (¢) triethylamine, room temperature, 16 h; (f) KOtBu, tBuOH, THF,

0°C,4h.

hydrolysis conditions employed for the conversion of 4 to
5. Several examples of the 6-carbamate derivatives (6a—d
and 8a,b) prepared utilizing this new methodology are
shown in Table 1.

In summary, by inclusion or exclusion of triethylamine
one can effect selective preparation of the 6- or 7-carba-
mate derivatives of 7-DAF. The 6,7-cyclic carbonate 7 is
opened by nitrogen nucleophiles in a completely regios-
pecific manner to efficiently provide the 6-carbamates
versus the more indirect method of rearrangement of the
7-carbamates. The regiospecific nature of these trans-
formations may find applicability in forskolin research in
particular and in the synthesis of hindered a-hydroxy
carbamates in general.

Experimental Section

General. Melting points were determined on a Thomas-Hoover
capillary melting point apparatus and are uncorrected. Infrared

spectra were recorded on a Pye-Unicam SP3-200 spectropho-
tometer in CHCl;. Nuclear magnetic resonance spectra were
recorded on a Varian XL-200 instrument, and chemical shifts are
recorded in ppm relative to tetramethylsilane in CDCl;. Coupling
constants (J) are given in hertz. When the geminal coupling of
the protons attached to the terminal carbon (C-15) of the vinyl
group was not fully resolved, approximate values for the coupling
constants are provided. Mass spectra were obtained with a
Finnigan 4023, electron impact (EI) at 70 eV or chemical ionization
(CI) using methane. Elemental analyses were performed by
Micro-Tech Laboratories, Skokie, IL, or Oneida Research Services,
Inc., Whitesboro, NY. Thin-layer chromatography was run on
silica plates 60F-254 (E. Merck), and flash chromatography was
performed using silica gel 60 (230-400 mesh, E. Merck).
7-Desacetyl-7-(1-pyrrolidinocarbonyl)forskolin 1,9-(Di-
methylformamide acetal) (4). A solution of 7-desacetylforskolin
1,9-dimethylformamide acetal® (2) (5.0 g, 11.8 mmol) in methylene
chloride (100 ml) was treated with 1,1’-carbonyldiimidazole (2.3
g, 14.2 mmol), and the mixture was stirred at room temperature
for 16 h. Pyrrolidine (4.2 g, 59 mmol) was added, and after 24



1104 J. Org. Chem., Vol. 55, No. 3, 1990

h the reaction mixture was washed with 0.01 N HCI until the
washings became neutral. The dried (Na,SO,) organic phase was
concentrated to an oil, which was chromatographed (hexane/ethyl
acetate, 1:1) to give 4 as an amorphous solid (5.6 g, 91%): 'H NMR
6586 (dd, 1 H,J = 17, 10.6 Hz, CH=CH,), 530 (dd, 1 H, J =
17, 1.5 Hz, CH=CH,), 5.20 (d, 1 H, J = 3.9 Hz, H-7), 4.94 (dd,
1H,J =106, 1.5 Hz, CH=CH,), 4.75 (s, 1 H, CHNMe,), 4.57
(m, 1 H, H-6), 4.11 (m, 1 H, H-1), 3.43 (m, 4, H, pyrrolidine NCH,),
2.86 (d, 1 H, J = 16.1 Hz, H-12), 2.42 (s, 6 H, NMe,), 2.39 (d, 1
H, J = 16.1 Hz), 1.91 (m, 4 H), 1.72 (s, 3 H), 1.50 (s, 3 H), 1.36
(s, 3 H), 1.27 (s, 3 H), 1.03 (s, 3 H), (s, 3 H), 1.50 (s, 3 H), 1.36
(s, 3 H), 1.27 (s, 3 H), 1.03 (s, 3 H); IR 1705 cm™!; MS (CI) 521
(31.2, M + H), 476 (100). Anal. Caled for CosH N,Op: C, 64.58;
H, 8.53; N, 5.38. Found: C, 64.47; H, 8.44; N, 5.18.

7-Desacetyl-7-(1-pyrrolidinocarbonyl)forskolin (5). Com-
pound 4 (1.0 g, 1.9 mmol) was dissolved in methanol (21 mL) and
water (7 mL) and heated in an oil bath to 60 °C for 72 h. The
mixture was allowed to cool to room temperature, and methylene
chloride (100 mL) and water (50 mL) were added. The organic
phase was separated, dried (Na,SO,), and concentrated to an oil,
which was chromatographed (hexane/ethyl acetate, 1:1) to give
5 (0.7 g, 89%): mp 230-233 °C; 'TH NMR 6 598 (dd, 1 H, J =
17.2, 10.6 Hz, CH=CH,), 5.33 (dd, 1 H, J = 17.2, 1 Hz, CH=CH,),
524 (d, 1 H, J = 4.2 Hz, H-7), 4.99 (dd, 1 H, J = 10.6, 1 Hz,
CH=CH,), 4.56 (m, 1 H, H-1), 3.4-3.5 (m, 4 H, pyrrolidine
CONCH,), 3.18 (d, 1 H, J = 17.3 Hz, H-12), 250 (d, 1 H, J = 17.3
Hz, H-12), 1.74 (s, 3 H), 1.44 (s, 3 H), 1.36 (s, 3 H), 1.26 (s, 3 H),
1.05 (s, 3 H); IR 1705 cm™Y; MS (CI) 466 (15.5, M + H), 447 (100).
Anal. Calcd for CyH3oNO;: C, 64.48; H, 8.46; N, 3.01. Found:
C, 64.44; H, 8.48; N, 3.15.

7-Desacetyl-6-(1-pyrrolidinocarbonyl)forskolin 1,9-(Di-
methylformamide acetal) (6a). Method A. To a stirred so-
lution of 2 (3.0 g, 7.1 mmol) in methylene chloride (60 mL) were
added 1,1’-carbonyldiimidazole (1.38 g, 8.5 mmol) and triethyl-
amine (1.65 g, 16.4 mmol). After stirring for 24 h at room tem-
perature, pyrrolidine (2.5 g, 35.2 mmol) was added, and the
mixture was stirred for an additional 24 h. The reaction mixture
was diluted with methylene chloride (50 mL) and extracted re-
peatedly with 0.01 N HC] until the washings were neutral. The
organic phase was dried (Na,SO,) and concentrated to an oil,
which was chromatographed (hexane/acetone, 2:1) to give 6a as
a colorless amorphous solid (3.06 g): 'H NMR § 6.02 (dd, 1 H,
J = 17.4,10.6 Hz, CH=CH,), 5.78 (t, 1 H, J = 4.1 Hz), 5.22 (dd,
1H,J=174,12Hz, C=CH,), 499 (dd, 1 H, J = 10.6, 1.2 Hz,
C=CH,), 4.77 (s, 1 H, CHNMe,), 4.22 (d, 1 H, J = 2.2 Hz, H-7),
4.15 (m, 1 H, H-1), 3.44 (m, 4 H, pyrrolidine NCH,), 2.90 (d, 1
H, J = 16.3, H-12), 2.46 (d, 1 H, J = 16.3 Hz, H-12), 243 (s, 6
H, N(CHy),), 2.40 (d, 1 H, J = 2.8 Hz, H-5), 1.7-1.9 (m, 4 H), 1.64
(s, 3 H), 1.49 (s, 3 H), 1.44 (s, 3 H), 1.09 (s, 3 H), 1.04 (s, 3 H);
IR 1690, 1715 cm™}; MS (CI), 521 (40.4, M + H), 476 (83.8), 315
(100). Anal. Calcd for CygH,N,O: C, 64.58; H, 8.53; N, 5.38.
Found: C, 64.22; H, 8.35; N, 5.34.

Method B. To a stirred solution of the 6,7-carbonate 7 (1.5
g, 3.3 mmol) in methylene chloride (30 mL) was added pyrrolidine
(1.2 g, 16.5 mmol), and the mixture was stirred for 48 h at room
temperature. The reaction mixture was diluted with methylene
chloride (25 ml) and extracted repeatedly with 0.01 N HCI until
the washings were neutral. The dried (Na,SO,) organic phase
was concentrated to an oil, which was chromatographed (hex-
ane/acetone, 2:1) to give 6a as an amorphous solid (1.5 g), with
identical chromatographic (hexane/acetone (2:1), R; = 0.33) and
spectral properties as the material obtained in method A.

Rearrangement of 4 to the 6-(1-Pyrrolidino) Carbamate
(6a). To a stirred solution of 4 (1.5 g, 2.88 mmol) in tert-butyl
alcohol (50 mL) and THF (10 mL) at 0 °C was added potassium
tert-butoxide (4.7 g, 41.9 mmol). The mixture was stirred for 0.5
h at 0 °C and 4 h at ambient temperature. The reaction was
quenched with ice and extracted with methylene chloride (2 X
100 mL), and the extracts were washed with water (3 X 50 mL)
and dried (NaySO,). The solvent was removed in vacuo, and the
resulting oil was chromatographed (hexane/ethyl acetate, 1:1) to
give 6a as a colorless solid (1.1 g), which had chromatographic
and spectral properties identical with those of the material ob-
tained by method A.

7-Desacetylforskolin-6,7-carbonate 1,9-(Dimethylform-
amide acetal) (7). To a stirred solution of 2 (20.0 g, 47.3 mmol)

Notes

in methylene chloride (300 mL) was added 1,1-'carbonyldi-
imidazole (9.66 g, 59.6 mmol), followed by triethylamine (6.1 g,
60.4 mmol). After being stirred at room temperature for 48 h,
the mixture was washed with 10% HCl (2 X 50 mL) and water
(50 mL), and the dried (Na,SO,) organic phase was concentrated
in vacuo to an oil. The oil was chromatographed (hexane/acetone,
2:1), and the recovered material was crystallized from hexane/ethyl
acetate to provide 7 (18.2 g, 85%): mp 138 °C; 'H NMR 4 5.96
(dd, 1 H, J = 17.2,10.6 Hz, CH=CH,), 5.25 (d, 1 H, J = 17 Hz,
CH=CH,), 5.13 (m, 1 H, H-6), 5.03 (d, 1 H, J = 11 Hz, CH=CH,),
4.85 (d, 1 H, J = 6.8 Hz, H-7), 4.77 (s, 1 H CHNMe,), 4.24 (m,
1H,H-1),293(d, 1 H,J=15.7THz, H-12),267(d,1 H,J = 3.8
Hz, H-5),2.48 (d, 1 H, J = 15.7 Hz, H-12), 2.42 (3, 6 H, N(CHj),),
1.54 (s, 3 H), 1.45 (s, 3 H), 1.40 (s, 3 H), 1.21 (s, 3 H), 1.11 (s, 3
H); IR 1805, 1720 cm™1; MS (CI) 450 (4.6, M + H) 405 (33.8). Anal.
Caled for Co,HysNO,: C, 64.11; H, 7.86; N, 3.12. Found: C, 64.07;
H, 7.80; N, 3.02.
7-Desacetyl-6-(1-pyrrolidinocarbonyl)forskolin (8a). This
compound was prepared from 6a, under conditions identical with
those for the synthesis of 5, to afford 8a, mp 135-140 °C (crys-
tallized from hexane/ethy! acetate): 'H NMR 4 6.12 (dd, 1 H,
J =17, 10.6 Hz), 5.78 (t, 1 H, H-6), 5.25 (d, 1 H, J = 17 Hz,
CH=CH,), 5.01 (d, 1 H, J = 10.6 Hz, C=CH,), 4.65 (m, 1 H, H-1),
424(d,1H,J =22Hz H-7),2.23(d,1 H,J = 1.7 Hz, H-5), 1.64
(s, 3 H), 1.42 (s, 6 H), 1.09 (s, 3 H), 1.05 (s, 3 H); IR 1695, 1720
cm1; MS (CI) 466 (30.2, M + H). Anal. Caled for CysH3oNO5:
C, 64.48; H, 8.46; N, 3.01. Found: C, 64.35; H, 8.49; N, 2.90.
7-Desacetyl-6-(((2-hydroxyethyl)amino)carbonyl)forsko-
lin 1,9-(Dimethylformamide acetal) (6b). This compound was
prepared from 7 using method B, described above, with etha-
nolamine as the nucleophile to afford 6b: mp 116-120 °C
(crystallized from hexane/ethyl acetate); 'H NMR 4 6.00 (dd, 1
H, J = 17, 11 Hz, CH=CH,), 5.71 (m, 1 H, H-6), 5.23 (d, 1 H,
J =17 Hz, CH=CH,), 4.99 (d, 1 H, J = 11 Hz, CH=CH,), 4.76
(s, 1 H, CHNMe,), 4.15 (m, 2 H, H-7, H-1), 3.6-3.8 (m, 2 H,
NHCHzCHQ), 3.2-34 (m, 2 H, CHQCHgOH), 2.42 (S, 6 H, N(CH3)2),
2.36 (d, 1 H, J = 1.7 Hz, H-5), 1.61 (s, 3 H), 1.44 (s, 6 H), 1.08
(s, 3H), 1.04 (s, 3 H); IR 1720 cm™}; MS (CI) 511 (M + H). Anal.
Caled for CogHoN,Og: C, 61.14; H, 8.31; N, 5.38. Found: C, 60.91;
H, 8.27; N, 5.33.
7-Desacetyl-6-(hydrazinocarbonyl)forskolin 1,9-(Di-
methylformamide acetal) (6¢). This compound was prepared
from 2 using method A, described above, with hydrazine as the
nucleophile to afford 6¢c: mp 143-150 °C (crystallized from
hexane/ether); 'TH NMR 6 6.00 (dd, 1 H, J = 17, 11 Hz, CH=CH,),
5.75 (t, 1 H, J = 3.6 Hz, H-6), 5.23 (d, 1 H, J = 17 Hz, CH=CH,),
5.00 (d, 1 H, J = 11 Hz, CH=CH,), 4.76 (s, 1 H, CHNMe,), 4.19
(d,1H,J =4.1Hz,H-7),4.14 (m,1 H,H-1),2.89(d,1H,J =
16.4 Hz, H-12), 2.42 (s, 6 H, N(CHj,),), 1.58 (s, 3 H), 1.43 (s, 3 H),
1.42 (s, 3 H), 1.08 (s, 3 H), 1.02 (s, 3 H); IR 1720 cm™; MS (CI)
482 (M + H, 59.1), 437 (100). Anal. Caled for Cy,H;oN;O: C,
59.84; H, 8.18; N, 8.72. Found: C, 59.02; H, 8.09; N, 8.55.
7-Desacetyl-6-((N-(3-(dimethylamino)propyl)amino)-
carbonyl)forskolin 1,9-(Dimethylformamide acetal) (6d).
This compound was prepared from 2 using method A described
above, with 3-(dimethylamino)propylamine as the base to afford
6d as an amorphous solid: mp 130-132 °C; 'H NMR 6 6.01 (dd,
1H,J =172 Hz, J = 10 Hz, CH=CH,), 5.65 (br t, 1 H, H-6),
522 (d, 1 H, J = 17.2 Hz, C=CH,), 498 (d, 1 H, J = 10 Hz,
C=CH,), 4.76 (s, 1 H, CHNMe,), 4.18 (d, 1 H, J = 4.3 Hz, H-7),
4.14 (m, 1 H, H-1), 3.15 (m, 2 H, CONHCH,), 289 (d,1 H, J =
16.4 Hz, H-12), 2.47 (d, 1 H, J = 10.4 Hz, H-12), 2.42 (s, 6 H,
N(CHjy),), 1.61 (s, 3 H), 1.44 (s, 6 H), 1.07 (s, 3 H), 1.05 (s, 3 H);
IR 1720 em™!; MS (EI) 551 (M, 51.5), 507 (40.5), 147 (100). Anal.
Caled for CxH N3O C, 63.12; H, 8.97; N, 7.62. Found: C, 63.21;
H, 9.04; N, 7.54.
7-Desacetyl-6-(((2-hydroxyethyl)amino)carbonyl)forsko-
lin (8b). This compound was prepared from 6b, under conditions
identical for the synthesis of 5, to afford 8b as an amorphous solid:
'HNMR 6 6.12 (dd, 1 H, J = 17 Hz, J = 11 Hz, CH=CH,), 5.75
(m, 1 H, H-6), 5.22 (d, 1 H, J = 17 Hz, CH=CH,), 5.02 (d, 1 H,
J =11 Hz, CH=CH,), 4.65 (m, 1 H), 4.28 (d, 1 H, H-7), 3.74 (m,
2 H, NCH,CH,0H), 3.38 (m, 2 H, NCH,CH,0H), 1.61 (s, 3 H),
1.42 (s, 3 H), 1.37 (s, 3 H), 1.10 (s, 3 H), 1.02 (s, 3 H); MS (CI),
456 (M + H). Anal. Calcd for C,3Hg;NOg: C, 60.63; H, 8.20; N,
3.08. Found: C, 60.44; N, 8.08; N, 2.94.
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As a result of the sophisticated detection and isolation
procedures developed by Omura® and others, the family
of biologically active pyranoquinones continues to grow
rapidly. As a consequence of their interesting structures
and useful activity, several synthetic approaches have
already appeared.? Its members include the antimyco-
plasmal antibiotics frenolicin B (1)® and nanaomyecin A (2),4
the antifungal agent kalafungin (3),5 the antibiotics me-
dermycin (4)® and mederrhodin (5),” and the novel C-
glycoside SCH 38519 (6),® which inhibits the growth of
Gram-negative and Gram-positive microorganisms. It is
clear from an examination of their structures depicted
below that the primary difference lies in the substitution
pattern on the naphthoquinone subunit. Since an acid
such as 2 can be converted into a lactone in high yield
under mild conditions,* our interest in developing a com-
mon intermediate for the synthesis of all of these natural
products led us to embark on the preparation of quinone
7, wherein X could be a phenylthio group or a bromide or
chioride.

A direct route to 7 coupled with the annulation meth-
odology developed by Rapoport® could provide a general
synthesis of 1-6. The key to solving this problem came
from our earlier report? that the reaction of naphtho-
quinones with electron-rich dienes in a Diels—Alder reac-
tion followed by a fluoride-induced retro-Claisen reaction
afforded excellent yields of advanced intermediates for the
synthesis of pyranoquinones. Ester 8a was available from
acetylbenzoquinone via the one-pot Diels—Alder-retro-
Claisen (DARC) reaction in 91% yield (Scheme I).

Bromination of o-hydroxyacetophenones using bro-
mine/TiCl, has been shown to be selective for bromination
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ortho to the phenol.l® Bromination of 8a with 1 equiv of
bromine afforded only bromophenol 8b, as evidenced by
TLC and the proton NMR of the unpurified material.
Support for the regiochemical assignment came from an
NOE study of the methyl ether of 8b. Irradiation of the
methyl group of the ether did not cause an enhancement
of the aromatic ring proton, which is consistent with the
structure of 8b. Interestingly, bromination and oxidation
with 2 equiv of bromine and TiCl, in methylene chloride
at 0 °C afforded quinone 9 in 82% yield, presumably via
the intermediacy of bromophenol 8b. Initially, quinone
9 was treated with 1-methoxy-1-(trimethylsilyloxy)buta-
diene at —78 °C to afford a complex product mixture as
evidenced by thin-layer chromatography. Fortunately,
reductive removal of the hydroxyl group provided the
quinone 10, which did react in 34% yield to yield 11, an
advanced intermediate in our previous synthesis of na-
naomycin A.?

In summary, the sequence 8a — 9 — 10 produces a
common intermediate by which the more complex pyra-
nonaphthoquinones can be prepared. Since highly oxy-
genated dienes are readily available,? this extremely con-
vergent approach will permit the direct synthesis of bio-
logically active analogues and may also aid in the structure
identification of quinone natural products.

Experimental Section

Unless otherwise noted, materials were obtained from com-
mercial suppliers and were used without purification. H:EA refers
to hexanes—ethyl acetate solvent mixtures for TLC. The purity
of all title compounds was determined to be >90% by proton
NMR and/or elemental analysis.

Methyl (4-Acetyl-2,3-dihydro-5-hydroxybenzofuran-2-
yhacetate (8a). To a solution of acetylbenzoquinone (2.30 g,
15.3 mmol) in 60 mL of dry CH,Cl, at -78 °C was added 1-
(tert-butyldimethylsilyloxy)-1-methoxybutadiene (6.52 g, 30.6
mmol). The solution was stirred at ~78 °C for 30 min and then
allowed to warm to ambient temperature for 1 h, The solution

(10) Cresp, T. M,; Sargent, M. V,; Elix, J. A. J. Chem. Soc., Chem.
Commun. 1972, 214,
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