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An examination into the derivatization of various natural
products using newly developed R-fluorination metho-
dology is disclosed. An activated ketene enolate, gener-
ated from an acid chloride, is allowed to react with an
electrophilic fluorine source (NFSi). Quenching the reac-
tion with a nucleophilic natural product produces biolo-
gically relevant R-fluorinated carbonyl derivatives of
select chemotherapeutics, antibiotics, and other pharma-
ceuticals.

The fields of asymmetric catalysis and natural product
derivatization have both made powerful contributions to
organic synthesis and practical drug discovery alike.1 In this
note, we seek to link the two important disciplines through a
tandem process coupling catalytic, asymmetric fluorination
with the functionalization of natural products and select
analogues to produce interesting new compounds.

The fluorination of biologically active molecules and
pharmaceuticals has received increased attention in recent
years due to the extensive therapeutic benefits that often

result from specific C-H to C-F transformations. Bioab-
sorption, binding affinity, chemical reactivity, and increased
metabolic durability are some of the properties that can be
enhanced by strategic fluorination.2 Recently, we reported a
versatile system for the catalytic, asymmetric R-fluorina-
tion of acid chlorides. Activated, chiral ketene enolates
(2, Figure 1), generated in situ from acid chlorides, H€unig’s
base, benzoylquinidine (BQd), and trans-(PPh3)2PdCl2, were
allowed to react with N-fluorobenzenesulfonimide (NFSi)3

at -78 �C in THF. Upon quenching with an appropriate
nucleophile, R-fluorinated esters, amides, acids, and thioe-
sters were produced with excellent enantioselectivity and in
good yield.4,5 Herein, we present a new facet of our asym-
metric fluorination methodology involving the site-specific
derivatization of biologically relevant compounds.6

(R)-(þ)-Aminoglutethimide, a potent inhibitor of P450 scc
and aromatase, was investigated first because of its commercial
availability, single nucleophilic site, and known biological
activity.7 Under standard reaction conditions, p-methoxy-
phenylacetyl chloride was fluorinated with NFSi and quen-
ched with (R)-(þ)-aminoglutethimide to give 3a (Table 1) in
nearly quantitative yield and 99% diastereomeric excess (de).
Kinetic resolution due to the interaction of the chiral nucleo-
phile with putative intermediate 4 (Figure 2) was negligible.

FIGURE 1. General scheme for asymmetric fluorination. Reaction
conditions are as follows: (A) trans-(PPh3)2PdCl2, BQd, H€unig’s
base, NFSi, THF,-78 �C, 8 h; (B) NuH,-78 �C to room tempera-
ture.
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We then examined several other biologically relevant com-
pounds in order to determine the scope and versatility of this
method.Artemisininwas an attractive target due to its role in
combatingmultiple drug-resistant strains of malaria.8 Quen-
ching the fluorination of 3-phthalimidopropionyl chloride
with artemisinin lactol affords 3b in 75% yield and 81% de.9

Mitomycin C, a drug possessing both antibiotic and che-
motherapeutic properties, contains an aziridine ring that is
essential for its mechanism of action.10 Studies have shown
thatN-acylaziridine derivatives ofmitomycinC demonstrate

decreased cytotoxicity in vivo while maintaining potency.11

Using our fluorinationmethodology,mitomycinC is acylated
(3c, Table 1) exclusively on the aziridine nitrogen as opposed
to its enamino (c, Figure 3), a result that canbe rationalized by
simple resonance arguments. The structural integrity of the
acylaziridine is maintained under the mild conditions of our
reaction, and is verified by IR spectroscopy.

The next logical progression was to explore molecules
containing multiple (and potentially competing) nucleophilic
sites. Controlling site reactivity in natural product chemistry
can be extremely difficult and often requires the use of
protecting groups to ensure reaction at the desired site.
Methods that bypass the need for such laborious and costly
protections and deprotections would most certainly be a
welcome addition to the synthetic repertoire.12 With this in
mind, our attention turned to the chemotherapeutic drug
taxol,13 which has three distinct and potentially nucleophilic
hydroxyl groups.When p-methoxylphenylacetyl chloride was
fluorinated and quenched with taxol, the sole product, result-
ing from attack by the secondary hydroxyl of the side chain,
was obtained in 43% yield and excellent diastereoselectivity.
When baccatin III (containing the basic taxol core) was used
as a nucleophile, no product could be isolated, further sup-
porting that under standard fluorination conditions, taxol
reacts selectively from the secondary hydroxyl of its side chain
(Figure 2). Another useful application of this fluorination
method manifests in the modification of peptide-based ther-
apeutic agents.14 By transacylation of the putative reactive
fluorinate intermediate 4 with nucleophilic amino acid deri-
vatives, a virtually limitless number of fluorinated peptides
can be accessed. For example, 3-phthalimidopropionyl chlor-
ide was fluorinated and then quenched with glutathione
diethyl ester affording 3g in 40% yield and with 99% de.

The solubility of the nucleophile used to quench the
reaction proved critical during this investigation. Whereas
nonpolar nucleophiles such as cholesterol and vitamin D3

dissolved readily in organic solvents and gave products in
high yield, other substrates such as glutathione, morphine,
and 6-aminopenicillanic acid displayed marginal solu-
bility, and led to drastically decreased yields of the target
compounds. However, simple modifications to these nu-
cleophiles improved their solubility and yields increased
(Table 1). Glutathione and 6-aminopenicillanic acid were
esterified with ethanol and diphenyldiazomethane,15 respec-
tively. Morphine was derivatized16 by acylation and N-
demethylation to provide a soluble nucleophile with an
accessible secondary amine that was acylated in 32% yield.

TABLE 1. Fluorinated Natural Product Derivativesa

entry acid chloride NuH product % de % yield

1 P-MeO-PACc aminoglutethimide 3a 99 98
2 phthPCd artemisinin lactol 3b 81 75
3 phthPCd mitomycin C 3c 99 58
4 P-MeO-PACc taxol 3d 99 43
5 P-MeO-PACc cholesterol 3e 99 77
6 P-MeO-PACc vitamin D3 3f 99 75
7 phthPCd glutathione diethyl ester 3g 99 40
8 phthPCd diacetylnormorphine 3h 99 32
9 phthPCd dpm-6-APEb 3i 99 74
aAll reactions were run with standard reaction conditions. bdpm-

6-APE = diphenylmethyl-6-aminopenicillanic ester. cp-MeO-PAC =
p-methoxyphenylacetyl chloride. dphthPC= 3-phthalimidopropionyl
chloride.

FIGURE 2. Reactivity with taxol and baccatin III.
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In conclusion, we have demonstrated that our R-fluorina-
tion methodology pairs successfully with natural product
derivatization to form biologically relevant molecules with
consistently excellent diastereoselectivity. This new method
should appeal to the synthetic chemist who seeks to utilize
mild conditions for the asymmetric installation of fluorine.
Future effortswill focusonadetailedmechanistic investigation
of this method and an expansion to hybrid drug synthesis.

Experimental Section

General Procedure for the Syntheses of Fluorinated Products.

To a dry 10 mL round-bottomed flask equipped with a stir bar
was added trans-(PPh3)2PdCl2 (3.5 mg, 0.0083 mmol, 0.050
equiv) and benzoylquinidine (BQd) (7.1 mg, 0.016 mmol, 0.10
equiv), and the mixture was kept under an atmosphere of
nitrogen. THF (1.0 mL) was added, and the mixture was cooled
to -78 �C. H€unig’s base (0.030 mL, 0.18 mmol, 1.1 equiv) was
then added neat to the mixture. Thereupon a solution of
N-fluorobenzenesulfonimide (NFSi, 52 mg, 0.16 mmol, 1.0 equiv)
in 0.33 mL of THF was added, followed by a solution of freshly
distilled p-methoxyphenylacetyl chloride (0.021mL, 0.16mmol,
1.0 equiv) in 0.66 mL of THF. The reaction was maintained at
-78 �C for 8 h. 4-Dimethylaminopyridine (DMAP, 2.0 mg,
0.016mmol, 0.10 equiv) and (R)-(þ)-aminoglutethimide (12mg,

0.055 mmol, 0.33 equiv) were added as a solution in THF
(0.50 mL), and the reaction was warmed to room temperature
overnight. The productwas then subjected to column chromato-
graphy on silica gel with a mixture of ethyl acetate/hexanes as
the eluent (unless otherwise noted).

(R)-2-Fluoro-2-(4-methoxyphenyl)-N-(R)-(þ)-aminoglutethi-

mide (3a): yellow solid, yield 98%, % de = 99; mp 55-60 �C;
[R]20D -3.42 (c 0.012, CH2Cl2);

1H NMR (CDCl3) (at 25 �C) δ
8.32 (br s, 1H), 8.20 (s, 1H), 7.65 (d, 2H), 7.40 (d, 2H), 7.25 (d,
2H), 6.95 (d, 2H), 5.85 (d, 1H, J=49.8Hz), 3.80 (s, 3H), 2.55 (d,
1H), 2.40-2.30 (m, 2H), 2.30-2.10 (m, 1H), 1.95-1.80 (m, 1H),
1.25 (t, 1H), 0.85 (t, 3H); 13C NMR (CDCl3) δ 175.3, 172.5,
161.0, 160.1, 136.5, 134.5, 129.5, 129.5, 127.8, 120.4, 114.5, 92.2
(d, J = 190.4 Hz), 56.0, 52.0, 34.0, 29.5, 27.0, 9.0; 19F NMR
(CDCl3) δ-169.9 (ddd, J=49.8, 15.5, 5.8Hz); IR (cm-1, CaF2,
CH2Cl2) 1706; HRMS (ESIþ) calcd for C22H23FN2O4Naþ

421.153407, found 421.152714.
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FIGURE 3. Natural product derivatives. Derived from the following: (a) (R)-(þ)-aminoglutethimide, (b) artemisinin lactol, (c) mitomycin C,
(d) taxol, (e) cholesterol, (f) vitamin D3, (g) glutathione, (h) diacetylnormorphine, and (i) 6-aminopenicillanic acid.


