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Abstract

A systematic stereocontrolled synthesis of benzannulated spiroketals has been developed, using
kinetic spirocyclization reactions of glycal epoxides, leading to a new AcOH-induced cyclization
and valuable insights into the reactivity and conformations of these systems. One stereochemical
series accommodates axial positioning of the aromatic ring while another adopts an alternative 1C4
chair conformation to avoid it. Equatorial aromatic rings also participate in non-obvious steric
interactions that impact thermodynamic stability. A discovery library of 68 benzannulated spiroketals
with systematic variations in stereochemistry, ring size, and positioning of the aromatic substituent
has been synthesized for broad biological evaluation.

Benzannulated spiroketals are found in a variety of natural products with diverse, compelling
biological activities. Key examples include the rubromycin family of telomerase inhibitors,
the related DNA helicase inhibitor heliquinomycin, the papulacandin family of fungal cell wall
glucan synthase inhibitors, the griseusin class of antibacterial agents, the antimitotic
paecilospirone, and the novel matrix metalloproteinase inhibitor berkelic acid.1 As the
benzannulated spiroketal motif has been directly implicated in the biological activity of several
of these compounds, this class is an attractive target for the diversity-oriented synthesis of
natural product-based libraries for use in discovery screening.2 In this vein, the aromatic ring
can be expected to influence the reactivity, three-dimensional conformation, and
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physicochemical properties of these molecules relative to aliphatic spiroketals. To evaluate the
impact of the aromatic ring on the chemistry and biology of benzannulated spiroketals, we
have carried out a systematic study of their stereocontrolled synthesis using kinetic
spirocyclization reactions. This work has revealed unexpected reactivity patterns and
conformational preferences and paves the way to comprehensive biological evaluation of this
class.

The synthesis of benzannulated spiroketals has depended largely upon thermodynamically
controlled transketalization reactions of glycoside or ketoalcohol precursors.3,4 Several
kinetically controlled approaches have also been developed, but still generally do not provide
selective access to contrathermodynamic products. Fully stereocontrolled access to either
diastereomer at the anomeric carbon is preferable both for total synthesis applications and to
leverage stereochemical diversity in spiroketal libraries.5 Early work by Wallace suggested
the feasibility of overcoming inherent thermodynamic preferences in kinetic chromone epoxide
spirocyclizations, albeit with limited stereoselectivity.6 Recently, Pettus has also advanced
elegant cycloaddition-based approaches to the stereoselective synthesis of rubromycin family
members.7 We have previously developed a stereocontrolled approach to aliphatic spiroketals
using two complementary kinetic spirocyclization reactions of glycal epoxides that proceed
with either inversion or retention of configuration at the anomeric carbon, independently of
thermodynamic considerations.8 We envisioned that these reactions might also be useful for
the synthesis of benzannulated spiroketals.

Our overall synthetic strategy is outlined in Figure 1.9 The threo- and erythro-glycal stannanes
18a,10 were functionalized at C1, either by direct Stille cross couplings of aryl and benzyl
bromides,11 or via conversion to the corresponding glycal iodides followed by B-alkyl Suzuki–
Miyaura cross couplings with styrenes and allylbenzenes.12 Stille couplings of benzyl bromide
substrates required copper iodide to suppress glycal dimer formation and yields were further
increased by protection from light.13 Deacetylation then provided all nine precursors to 5-, 6-,
and 7-membered rings with the aromatic ring systematically positioned along the sidechain
(2a–r).

Stereoselective anti-epoxidation at low temperature afforded glycal epoxide intermediates 3a–
r, which were subjected in situ to various spirocyclization conditions (Figures 2 and 3).
Warming the glycal epoxides (−78 °C → rt) resulted in spontaneous cyclization with variable
selectivity for retention of configuration (4a–r). Acid-catalyzed spirocyclization with TsOH
(−78 °C → rt) led to 4a–r exclusively, although these reactions were often compromised by
side reactions.14 In contrast, our Ti(Oi-Pr)4-mediated spirocyclization (−78 °C → 0 °C)8b

afforded 4a–r in high yields and with complete stereocontrol for all substrates.9 Notably, the
conformational constraint provided by the aromatic ring allowed highly efficient formation of
7-membered rings (4c,e,f,i,l,n,o,r), which was not the case for the corresponding aliphatic
systems.8b

Conversely, our MeOH-induced spirocyclization (−63 °C)8a provided stereocontrol for the
inherently thermodynamically and kinetically disfavored inversion products in several cases
(5a,b,d–f,j,m,n). The aromatic ring constraint provided reduced competing intermolecular
formation of methyl glycoside side products (6) compared to the corresponding aliphatic
systems,8a and again allowed several 7-membered rings to be formed (5e,f,n). Two additional
reactivity trends were noted in these MeOH-induced spirocyclizations. C1-Aryl substrates
yielded decreased selectivity for inversion of configuration (5b vs. 5d; 5c vs. 5e,f; 5k vs. 5m;
5l vs. 5n), which we attributed to stabilization of a cyclic oxocarbenium intermediate leading
to the retention products. Phenolic substrates also afforded decreased stereoselectivity (5g–
i,p–r) and increased methyl glycoside formation, presumably due to the lower nucleophilicity
of the phenol sidechains.
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To achieve more efficient access to the inversion products, we explored alternative Brønsted
acids and were gratified to find that AcOH (10 equiv., −63 °C → −44 °C) provided increased
yields for both the problematic 7-membered ring and phenolic systems (5e–i,n–r).15,16

Treatment of the isolated products with AcOH confirmed that this reaction remains under
kinetic control. The increased yields could be attributed largely to the absence of competing
intermolecular glycosylation. AcOH may also provide increased epoxide reactivity for less-
reactive phenol nucleophiles, consistent with our previous proposal that the MeOH-induced
spirocyclization proceeds via activation of the epoxide by MeOH hydrogen bonding.8a,17

To evaluate the impact of the aromatic ring upon the conformation of benzannulated
spiroketals, we carried out detailed structural analyses of several products (Figure 4).9 Analyses
of NOESY spectra and J values18 indicated that both threo series products 4a and 5a adopt
standard 4C1 chair conformations. Notably, this is despite the axial orientation of the aromatic
ring in 5a, due to unfavorable 1,3,5-triaxial interactions in the alternative 1C4 conformation
(5a′). In contrast, the corresponding erythro series product 4j adopts the alternative 1C4
conformation, due to the additional steric impact of the C3-OTIPS group (4j′). While both 4j
and 5j have anomeric stabilization and comparable 1,3-diaxial interactions involving C1-O,
the thermodynamic preference for 4j can be rationalized by an additional, non-obvious steric
interaction between the ortho-proton of the aromatic ring and C2-OH in 5j. Strikingly, after
desilylation (R′ = H), the thermodynamic preference is reversed, with 8 stabilized by an
intramolecular hydrogen bond. These results highlight the profound impact of the aromatic
ring upon both the conformational and thermodynamic preferences of benzannulated
spiroketals and the increased conformational diversity in this class compared to the
corresponding aliphatic spiroketals.

Desilylation of all products provided a discovery library of 68 out of the 72 possible
benzannulated spiroketals (both enantiomeric series) having all combinations of five-, six-,
and seven-membered rings and aromatic ring positions, with nearly comprehensive
stereochemical diversity. These compounds have been deposited in the NIH Molecular
Libraries Small Molecule Repository19 and are undergoing biological evaluation to assess the
effectiveness of this structural class against a wide range of targets. Analysis of those results
will be reported in due course.

In conclusion, we have carried out a systematic analysis of kinetic and thermodynamic
spirocyclization reactions to form benzannulated spiroketals, leading to the development of a
new AcOH-induced kinetic spirocyclization. Notably, the systematic nature of this study,
mandated by our interest in diversity-oriented synthesis applications, has revealed significant
reactivity changes and conformational effects imparted by the aromatic ring, which may be
useful in the design and synthesis of a broad range of molecules with related structural motifs.
Finally, this work sets the stage for further biological investigation of this compelling class of
molecules.
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Figure 1.
Overall approach to stereocontrolled synthesis of benzannulated spiroketals using kinetic
spirocyclization reactions. (*) = site of stereochemical diversity.
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Figure 2.
Diastereomeric ratios of benzannulated spiroketals formed from D-threo-glycal epoxides 3a–
i. Isolated yields of 4 (Ti[Oi-Pr]4) and 5 (MeOH or AcOH) shown in parentheses. a Spontaneous
spirocyclization (−78 °C → rt). b Remainder methyl glycoside 6. c Inseparable mixture of 4
and 5 (separable after desilylation).
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Figure 3.
Diastereomeric ratios of benzannulated spiroketals formed from D-erythro-glycal epoxides 3j–
r. Isolated yields of 4 (Ti[Oi-Pr]4) and 5 (MeOH or AcOH) shown in parentheses. a
Spontaneous spirocyclization (−78 °C → rt). b Remainder methyl glycoside 6. c Inseparable
mixture of 4 and 5 (separable after desilylation).
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Figure 4.
Alternative conformations of benzannulated spiroketals 4a, 5a, 4j, 5j and desilylated congeners
7, 8. NOESY interactions are indicated in blue; steric interactions are indicated in red. A non-
obvious steric interaction in 5j between the ortho-proton of the aromatic ring and C2-OH is
highlighted in bold red.
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