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Abstract: The synthesis of 2-sulfanyl-1,2-dihydro-naph-
thalen-1-ols is described. This methodology is based on
rhodium catalysis and enables various thiols to undergo an
asymmetric SN2′ ring opening of oxabenzonorbornadiene.
Under the reaction conditions ([Rh(COD)Cl]2 (2.5 mol %),
(S)-(R)-PPF-PtBu2 (6 mol %), AgOTf (7 mol %), NH4I (1.7
equiv), galvinoxyl (5 mol %), THF, 85 °C), aryl- and alkyl-
sulfide adducts are obtained in good to excellent yield and
in high enantiomeric excess (>90% ee).

Transition metal sulfur chemistry is prevalent in both
biological systems and industrial applications. Here, the
metal-sulfide component is an essential part for bioac-
tivity in enzymes such as ferredoxin and nitrogenase, as
well as in industrial technologies such as corrosion and
lubrication.1 However, the affinity of sulfur to form strong
bonds with transition metals invariably complicates
catalytic reactions. Consequently, there are very few
reports of transition-metal-catalyzed reactions involving
thiols,2 in particular, those used to form C-S bonds.3

Our group has a long-standing interest in metal-
catalyzed desymmetrization reactions of meso compounds
as a strategy to generate stereocenters in a single
enantio-determining step.4 Depending on the metal, these
reactions include addition of nucleophiles such as hy-
dride, stabilized and nonstabilized carbanions, alcohols,
amines, and carboxylates.5 Particular attention has been
placed on the desymmetrization of oxobenzonorborna-
diene 1, as the products are precursors to the medicinally
important tetrahydronaphthalene moiety (Scheme 1).6

In contrast to our previous studies, the high polariz-
ability and redox capability of sulfur-containing nucleo-
philes make them more prone to catalyst poisoning and
background reactions. Herein, we report methodology
that overcomes these obstacles and enables a highly
enantioselective nucleophilic addition of thiols to oxa-
benzonorbornadiene 1 in good to excellent yield.

Our previous efforts in the asymmetric ring opening
of 1 with oxygen- and nitrogen-based nucleophiles uti-
lized [Rh(COD)Cl]2 in combination with an electron-rich
Josiphos-type ligand, PPF-PtBu2.

5 From this starting
point, screening of catalyst systems revealed that both
the halide counterion and the protic additive dramatically
affected the enantioselectivity of the desymmetrization
reaction.7 An increase in enantioselectivity was observed
in changing the halide from F f Cl f Br f I (Table 1);8
with triflate as a counterion, an intractable mixture of
products was obtained. Furthermore, the protic nature
of the ammonium halide additive proved beneficial,
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SCHEME 1

TABLE 1. Effect of Halide/Protic Additives on
Enantioselectivitya

entry nucleophile additive % eeb

1 thiophenol 38
2 thiophenol TBAF 36
3 thiophenol NH4F 51
4 thiophenol TBABr 64
5 thiophenol NH4Br 50
6 thiophenol TBAI 80
7 thiophenol NH4I 88
8 thiophenol NH4Ic 94

a Conditions: 2.5 mol % [Rh(COD)Cl]2, 6 mol % ligand, 1.5 equiv
of nucleophile, 2 equiv of halide additive, in 0.1 M THF. For typical
conditions see Supporting Information. b ee was determined by
CSP HPLC with a Chiracel OD column. c Prior to the addition of
reagents, a halide exchange was performed; see Supporting
Information for experimental details.
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giving 88% ee using thiophenol as the nucleophile in the
presence of NH4I. Additional improvement to 94% ee
could be achieved via a halide exchange protocol, where
the initial chloride counterion is first sequestered by
AgOTf and subsequently replaced by an iodide counterion
(NH4I).

Despite a catalyst system that induces high enanti-
oselectivity, the reaction conditions were not synthetically

efficient, giving a 50% yield at complete conversion.
Careful analysis showed the remaining material to be a
mixture composed of 1-naphthol, disulfide 3, and addition
product 4. Sulfide 4, which forms in the absence of
catalyst, was shown to be racemic. Suppression of this
background reaction could be achieved by controlling the
rate of substrate addition and/or addition of a radical
inhibitor; galvinoxyl proved to be the most effective
radical inhibitor in comparison to BHT and BHA. More-
over, addition of the thiol to the reaction flask prior to
the catalyst minimized the production of 1-naphthol.
Together, these modifications gave the desired product
2 in 92% yield and 94% ee (Scheme 2). Upon scale-up,
the catalyst loading could be reduced to 2 mol % Rh with
no adverse effect on enantioselectivity.

Substituted aromatic thiols were then examined to
determine their effect on reactivity and enantioselectiv-
ity. Despite varying steric and electronic properties, the
enantioselectivity remained consistently above 90% ee,
reaching up to 98% ee in some cases (entry 2, Table 2).
In contrast, reactivity was influenced by the nature of
the nucleophile. Electron-rich aromatic thiols generally
gave lower yields than their electron-poor counterparts,
in addition to requiring longer reaction times. In the case
of a sterically encumbered aryl thiol such as 2,6-dimeth-
ylthiophenol, a lower yield relative to the unsubstituted
case was obtained, albeit in 98% ee.

Subsequent extension to aliphatic thiols also provided
the products in high ee, albeit in lower yield (Table 3).
Functionalized aliphatic thiols gave the desired sulfide
adducts in good yield. Using a radical inhibitor in con-
junction with slow addition of the substrate gave signifi-
cantly higher yields (e.g., entry 5, Table 3; 42% f 64%
yield). All further attempts to increase the reaction yield
by modifying catalyst loading, temperature, solvent,
radical inhibitor, and thiol equivalents were unsuccessful.

The apparent lack of reactivity for other thiols was
initially attributed to catalyst poisoning.9 However,

SCHEME 2

TABLE 2. Scope of Aryl Thiol Ring Opening Reactionsa

a Conditions: 2.5 mol % [Rh(COD)Cl]2, 6 mol % PPF-PtBu2, 7
mol % AgOTf, 1.7 equiv of NH4I, 1.5 of equiv nucleophile, 5 mol %
galvinoxyl or slow addition of 1, in 0.1 M THF. For typical
conditions see Supporting Information. b Isolated yield. c ee was
determined by CSP HPLC with a Chiracel OD column. d trans
stereochemistry was determined by X-ray crystallography of
compound 6. The absolute configuration in product 6 is (S,S) using
the (S)-(R)-PPF-PtBu2 Josiphos-type ligand.

TABLE 3. Scope of Aliphatic Thiol Ring Opening
Reactionsa

a Conditions: 2.5 mol % [Rh(COD)Cl]2, 6 mol % PPF-PtBu2, 7
mol % AgOTf, 1.7 equiv of NH4I, 1.5 equiv of nucleophile, 5 mol %
galvinoxyl or slow addition of 1, in 0.1 M THF. For typical
conditions see Supporting Information. b Isolated yield. c ee was
determined by CSP HPLC with a Chiracel OD column.
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competition studies refuted this possibility, as a compe-
tent nucleophile such as thiophenol, when mixed in a 1:1
equivalent ratio with an unreactive nucleophile, gave the
desired sulfide product 2 (Scheme 3). Thiobenzoic and
thioacetic acid are exceptions to these results, as they
decomposed the acid sensitive substrate.

Empirically, a competent thiol nucleophile in this
desymmetrization reaction requires a pKa less than 16
but greater than 5.10 This correlation between reactivity
and S-H bond strength may be indicative of the ease of
oxidative addition and/or the stability of a thiolate-
hydrido metal complex.11

In summary, we have extended the desymmetrization
of oxobenzonorbornadiene 1 to include sulfur nucleo-

philes. Using halide and protic additives, radical inhibi-
tors, and slow addition of substrate, we were able to
produce sulfide derivatives of the dihydronaphthalene
scaffold in good to excellent yield, with high enantiomeric
excess. Application of these scaffolds to generate ligands
and further elaboration to natural products are currently
under investigation.
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SCHEME 3. Competition Studies between Unreactive Nucleophiles and Thiophenol
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