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Rapamycin is a polyketide macrolide produced by Strepto-
myces hygroscopicus that displays potent immunosuppressant
activity.[1] The recognition that such a property could be
therapeutically useful has generated great interest in the
chemistry[2] and biology[3] of rapamycin, and of the structur-
ally similar immunosuppressants FK 506 and FK 520.

Rapid progress has been made in the manipulation of
polyketide biosynthesis,[4] and the entire biosynthetic gene
cluster for rapamycin has been sequenced.[5] The rapamycin
polyketide synthase (PKS) is a modular system in which
14 chain extension modules are housed in three giant multi-
modular proteins (RAPS1 ± 3).[4, 5] The polyketide origin of
rapamycin has been verified through feeding studies with
labeled precursors.[6] Rapamycin, FK506, and FK 520 share in
common an unusual substituted cyclohexane ring, the origins
of which have been traced to shikimic acid for rapamycin[7]

and FK520,[8] and which undergoes O-methylation post-PKS

during the biosynthesis of FK 506.[9] The proximal precursor
for this unusual starter unit for rapamycin biosynthesis has
been shown to be (1R,3R,4R)-3,4-dihydroxycyclohexanecar-
boxylic acid (1, DHCHC).[10] That the saturated molecule 1 is
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the starter unit of the rapamycin PKS brings into question the
function of an apparently catalytically competent enoyl
reductase domain (ER) present in the initiation module,[5]

the structure of which is also conserved for the PKSs of
FK506[11] and FK 520.[12]

The steps between shikimic acid (2) and 1 for FK 520 have
been elucidated and are described in Scheme 1.[8, 13] An initial
anti-1,4-conjugate elimination of water from 2 provides
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Scheme 1. Biosynthetic pathway to DHCHC (1) in FK520 and rapamycin.
a) Stereospecific 1,4-anti-elimination of water; b) reduction of the D1

double bond and isomerization of the remaining double bond from D2 to
D1; c) reduction of the final D1 double bond.

(4R,5R)-4,5-dihydroxycyclohexa-1,5-dienecarboxylic acid (3).
The a,b-double bond is then reduced in a syn fashion and the
system subsequently undergoes a suprafacial 1,3-allylic rear-
rangement to form 4,5-dihydroxycyclohex-1-enecarboxylic
acid (4). A final anti reduction of the conjugated double
bond provides 1. This pathway is related to that which was
elucidated for the cyclohexanecarboxylic acid (CHC) precur-
sor of w-cyclohexyl fatty acids in Alicyclobacillus acidocal-
darius[14] and of ansatrienin A in Streptomyces collinus.[15]

Herein we will attempt to address the question of the identity
of the intermediates between shikimic acid and 1 during
rapamycin biosynthesis.
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Stereospecifically deuterated (ÿ)-(6R)-[6-2H1]- and (ÿ)-
(6S)-[6-2H1]-shikimic acids[16] (see 2) were fed separately (to
provide a final concentration of 1 mm) to growing cultures of
S. hygroscopicus (ATCC 29253) after 24 h. After a total of
four days growth the mycelia were harvested, extracted with
methanol, and the rapamycin was purified by reversed-phase
HPLC. Analysis by 2H NMR spectroscopy, liquid chromatog-
raphy ± electrospray mass spectrometry, and high-resolution
mass spectrometry confirmed that the pro-6R proton is
stereospecifically lost during the biosynthesis of rapamycin;
the specific incorporation of 2 was measured at 25 %. Thus,
the conversion of 2 into 3 proceeds through an anti-1,4-
conjugate elimination of water with loss of the pro-6R proton,
as do the analogous reactions during FK 520[13] and CHC
biosynthesis.[16] In a similar manner, incorporation of the
cross-conjugated diene 3[15] was confirmed (79 % specific
incorporation). These data clearly indicate the intermediacy
of these two species during rapamycin biosynthesis, which
most probably mirrors the process leading to FK 520. The
specific incorporation levels that we observed are striking. In
isolation, the very high specific incorporation of saturated 1
reported previously (44 %) strongly implicated this molecule
as the specific starter unit for the rapamycin PKS; as a control
we repeated the feeding of 1 in parallel to those above and
obtained a value of 52 %. However, the striking data for 2 and
3 prompted us to question the true intermediacy of 1, and
further to investigate whether 4, the unsaturated biosynthetic
precursor of 1,[8] could be the true starter unit for the
rapamycin PKS.

To examine this question we developed a stereocontrolled
route to 4 (Scheme 2) that utilized an intermediate from our
chiral synthesis of [2H4]-1.[10] Thus, the hydroxylactone 5 was
readily converted into the bis-MOM-protected ethyl ester 6 in
two steps. This material was then added to LDA and the
lithium enolate thus formed quenched with dimethyl sulfide.
The resultant thioether 7 was partially purified before treating
with sodium periodate to provide sulfoxide 8. This compound
was then heated in refluxing toluene to provide a 2:1 mixture
of the regioisomers 9 a and 9 b. This route takes advantage of a
primary isotope effect to direct elimination in favor of the
desired compound 9 a (2:1 versus 1:1.3 using non-deuterated
8). The mixture of 9 a and 9 b was not separable but, provided
4 and 10 after deprotection. It was possible to use this mixture
to test the intermediacy of 4 as a result of the differing
deuterium content of the two molecules. On feeding this
material to S. hygroscopicus we were gratified to observe
selective incorporation of the [2H4]-4 species with a remark-
able 87 % specific incorporation. This immediately indi-
cated that 4 may indeed be the true starter unit for the
rapamycin PKS. To verify the intermediacy of 4, and by
implication show that 1 is incorporated advantitiously into
rapamycin as a result of some broad substrate tolerance in the
PKS initiation module, we performed a series of competition
feeding experiments utilizing the labeled [2H4]-1 and -4 in
conjunction with their unlabeled, racemic equivalents, which
were prepared following literature procedures.[15] Each pre-
cursor was fed as the enantiomerically enriched, labeled form
(1 mm) along with varying concentrations of the other
precursor in its racemic, unlabeled form (Table 1). The data
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Scheme 2. Synthesis of the labeled precursor 4. a) 1. KOH, EtOH,
2. CH3OCH2Cl, iPr2NEt (99 %); b) 1. LDA, 2. MeSSMe; c) NaIO4, MeOH
(70 %); d) D/toluene (67 %); e) 1. HCl, MeOH, 2. KOH, H2O (90 %).
LDA� lithium diisopropylamide, MOM�methoxymethyl.

obtained clearly indicated that 4 is indeed the preferred
starter unit, even when fed in the presence of a fivefold excess
of 1. Conversely, the ability of 1 to act as the starter unit was
significantly inhibited in the presence of unlabeled 4, even
when present at a concentration of only 0.25 mm. It is further
noteworthy that the absolute levels of rapamycin were not
significantly affected by the feeding conditions, which indi-
cates that the remarkably high levels of specific incorporation
were not an experimental artefact. Furthermore, these high
specific incorporations indicate no limitation in the substrate
penetrating the cell membrane and progressing to the site of
biosynthesis. These data also lend support to the notion that
the precursors of 4 are formed de novo in the free acid form
before activation immediately prior to the loading of the PKS.

Table 1. Results of competition feeding experiments between compounds
1 and 4. The m/z 936.5 peak corresponds to the sodium ion adduct of
rapamycin, and m/z 940.5 to the equivalent 2H4-labeled isomer. The
concentration of the unlabeled precursor refers to that for the enantiomer
that corresponds to rapamycin.

2H4-labeled
precursor [mm]

Unlabeled
precursor [mm]

Intensity of m/z
936.5 peak [%]

Intensity of m/z
940.5 peak [%]

1 (1) 4 (0.05) 50 50
1 (1) 4 (0.25) 81 19
1 (1) 4 (0.5) 89 11
4 (1) 1 (0.5) 2 98
4 (1) 1 (1) 9 91
4 (1) 1 (5) 23 77
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A Novel Approach for the One-Pot
Preparation of a-Amino Amides by
Pd-Catalyzed Double Carbohydroamination**
Yong-Shou Lin and Howard Alper*

Developing new synthetic methods for the preparation of
amino acids and their derivatives has attracted much attention
due to their applications to the fine chemical, agrochemical,
and pharmaceutical business sectors.[1] Although a variety of
elegant routes has been discovered for the synthesis of amino
acids, amidocarbonylation (Wakamatsu reaction) is the only
method involving a transition metal complex catalyzed three-
component reaction of an aldehyde, an amide, and carbon
monoxide.[2] Domino reactions, which include amidocarbony-

The data in this report, in conjunction with the N-terminal
structure of the rapamycin PKS, allow us to identify 4 as the
true starter unit for the rapamycin PKS. The differing
stereospecificity of the enoyl reductions during the biosyn-
thesis of 1 for FK 520, and by extrapolation for rapamycin, is
consistent with the use of the initiation module ER domain.[17]

The differences in stereochemical detail between the biosyn-
thesis of 1,[8] and the biosynthesis of CHC[14, 15] suggest that
precursors of 4 occur as the free acids.[18] By analogy to non-
ribosomal peptide synthesis[19] we suggest (Scheme 3) that the
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Scheme 3. A) Proposed pathway for CL-catalyzed activation and subse-
quent attachment of 4 to the rapamycin PKS; B) translocation of ACP-
bound 4 involves reduction of the D1 bond by the initiation module ER
domain prior to chain elongation on module one of RAPS1, the N-terminus
of which is shown with a linear arrangement of the predicted catalytically
active domains. AMP� adenosine monophosphate; Ppi� inorganic phos-
phate; CL� carboxylic acid ligase; ER� enoyl reductase; ACP� acyl
carrier protein; KS� b-ketoacyl synthase; AT� acyl transferase; DH�
dehydratase; KR�b-ketoacyl reductase.

CL domain catalyses formation of an AMP-activated form of
4, which is subsequently transferred to the ACP domain.
Reduction by the ER domain is followed by transfer to the
KS1 domain of RAPS1 to initiate chain elongation. The
observation that 1 can also be directly incorporated points to a
broad substrate specificity in the CL domain which may allow
for its use for the production of analogues of rapamycin by
incorporation of a variety of alicyclic starter acids.
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