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a b s t r a c t

A simple and highly efficient route to the FKBP-binding domain (FKBD) from the natural product rapamy-
cin has been developed, which entails a sequence of ozonolysis/Baeyer–Villiger/Wittig reactions. The
newly synthesized FKBD may serve as a core to assemble hybrid macrocyclic libraries for the discovery
of novel probes of protein function and to synthesize new ligands for the FKBP family of proteins.

� 2011 Elsevier Ltd. All rights reserved.
The natural products FK506 and rapamycin possess potent
immunosuppressive and antitumor (rapamycin) activities and they
share a unique and extraordinary mode of action—through inducing
the formation of ternary complexes between an abundant cellular
enzyme known as FKBP and their respective protein targets.1–5

Upon entering cells, both FK506 and rapamycin form binary com-
plexes with FKBP. While the FKBP–FK506 complex binds to and
inhibits the enzymatic activity of the protein phosphatase calcineu-
rin, blocking calcium-dependent intracellular signaling emanating
from the T cell receptor,1 the FKBP-rapamycin complex binds to a
distinct target—the protein kinase mTOR that serves as a nodal
point in signaling leading to the regulation of a multitude of cellular
processes including cell proliferation.2–5 Extensive biochemical and
structural studies have revealed that both FK506 and rapamycin
can be divided into two structural and functional domains, an
FKBP-binding domain (FKBD) and a so-called effector domain. A
comparison of the structures of FK506 and rapamycin revealed that
they share a nearly identical FKBD but each possesses a distinct
effector domain (Fig. 1). In FK506 and rapamycin, Nature has taught
us that by swapping the effector domain of FK506 with that of rap-
amycin, it is possible to change the target from calcineurin to TOR,
which bear no sequence, functional, or structural similarities to
each other.6–9 We were thus inspired to ask the question: Is it pos-
sible to target other proteins by grafting new structures onto FKBD
of rapamycin and FK506?

To answer this question, we will need to synthesize sufficiently
large combinatorial hybrid libraries that display random peptides
or other building blocks on FKBD. As a first step of this exploration,
ll rights reserved.

: +1 410 955 4620.
we needed access to large quantities of FKBD. Although synthetic
versions of FKBD can be employed,10 we felt it necessary to com-
pare the relative affinities of the ‘natural’ FKBD with the synthetic
versions before embarking on the synthesis of libraries with an
optimal version of FKBD. In one of our library designs, we envi-
sioned the use of ring-closing metathesis to achieve the macrocyc-
lization, calling for the use of FKBD that is equipped with a
terminal olefin.

Previous syntheses of FKBD from rapamycin had involved the
initial cleavage of the inherently labile ester bond at C-34 of rapa-
mycin, which necessitated the reassembly of the two resulting
pieces of FKBD.11 Should the same route be followed, it would
not only increase the number of steps, be less elegant and efficient,
but also significantly increase the demand for the not-so-cheap
rapamycin as the starting material. After attempting a number of
potential routes, we developed a simple and efficient method to
prepare the desired FKBD from rapamycin while keeping the entire
FKBD intact throughout the process

Our preparation of FKBD commenced with the treatment of
rapamycin (1) with TBSOTf and Et3N to afford the fully protected
epimers (2) in quantitative yield (Scheme 1). According to an
earlier report by Goulet and Boger,12 protection of the hydroxyl
at the hemiketal center (C-10) of rapamycin is not necessary for
the following ozonolysis step. However, the corresponding C-10
unprotected FKBD fragment was cleaved between C-9 and C-10
when subjected to Baeyer-Villiger oxidation.12 Thus, we deemed
the protection of the C-10 hydroxyl to be an absolute requirement
to succeed in our strategy. The rapamycin derivative 2 was then
subjected to ozonolysis in CH2Cl2 at �68 �C and subsequently trea-
ted with 35% H2O2 to give an intermediate containing a carboxylic
acid at one end and a peroxyhemiacetal or aldehyde at the other
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Figure 1. Rapamycin, FK506, their FKBP-binding domains (blue), effector domains (pink and red) and generic structures of the proposed new hybrid combinatorial cyclic
libraries.
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Scheme 1. Reagents and conditions: Preparation of FKBD from rapamycin. (a)
TBSOTf, Et3N, CH2Cl2, rt, 100%; (b) O3, CH2Cl2, �68 �C; then 35% H2O2, rt; (c)
CH3PPh3Br, t-BuOK, THF, 0 �C (54% b,c); (d) CF3COOH, H2O, 0 �C (96%).
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end of the FKBD fragment.13,14 After a brief flash-column chroma-
tography over silica gel, the crude product was directly subjected
to Wittig olefination to yield product 3 in 54% combined yield.15,16
Deprotection of the TBS protecting groups with trifluoroacetic acid
and H2O at 0 �C gave the final product FKBD (4) in 96% yield.17 It is
noteworthy that neither TABF nor HF�pyridine were able to accom-
plish a clean deprotection of the two silyl groups. Thus, FKBD was
prepared from rapamycin in just four steps with 52% overall yield.

We were unable to isolate and completely characterize the
intermediates after ozonolysis and the Baeyer–Villiger reaction
due in part to the complexity of the reaction products. The com-
plexity was further compounded by the propensity of the FKBD
to exhibit rotamerism and in this case we were also dealing with
a pair of epimers. The most likely intermediates in the course of
these two tandem steps (ozonolysis/Baeyer–Villiger) can be pre-
dicted (Scheme 2). Ozonolysis of the C29-C30 double bond gave
rise to aldehyde intermediate (5) that could undergo facile enoliza-
tion to give 6. This rendered 6 with an exclusive migratory aptitude
in the Baeyer–Villiger rearrangement to give ester 7. Hydrolysis of
7 led to the formation of the carboxylic group in 3. Concurrently,
ozonolysis of C17-C18 double bond yielded the ketone intermedi-
ate 8. Baeyer–Villiger oxidation of 8 led to the formation, possibly
via ester 9, of peroxyhemiacetal (10) that, upon hydrolysis, gave
the corresponding aldehyde 11, which is ready to undergo Wittig
reaction to form the terminal olefin in 3. An interesting feature
of this procedure is that the same set of reactions occurred con-
comitantly at both ends of FKBD, but led to the formation of dis-
tinct functional groups—a carboxylic acid and an olefinic group.
This simultaneous chemical transformation of two groups signifi-
cantly reduced the number of steps required to prepare FKBD,
hence the high overall yield.

In addition to serving our purpose for the synthesis of FKBD-
containing hybrid combinatorial libraries, high-affinity ligands of
FKBP isoforms may find use as probes for a number of biological
processes, as FKBP themselves have been implicated in the regula-
tion of neuronal cell differentiation, ion channels, and Ras post-
translational modification among others.18–22 The easy access to
FKBD could thus allow for the synthesis of potent and possibly iso-
form-selective FKBP ligands that are devoid of immunosuppressive
and antiproliferative activity of FK506 and rapamycin.



2 Ozonolysis

O

OH

33
Isomerization

O
Bayer-Villiger

Oxidation

O

O hydrolysis
O

OH

3

OMe
O Bayer-Villiger

Oxidation O

OMe O

H2O2 OOH

OMe Wittig
H

3

6 7

8 9

5

10

H+

HO HO

O

11

17 H

Scheme 2. Proposed reaction intermediates.

5072 W. Li et al. / Tetrahedron Letters 52 (2011) 5070–5072
In conclusion, a simple and highly efficient process for the prep-
aration of FKBD from rapamycin has been developed using a one-
pot ozonolysis and Baeyer–Villiger reaction as the key step.
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