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All previous studies of the thermal, unimolecular isomerization 
of vinylcyclopropane to cyclopentene1 demonstrated dominant 
suprafacial-inversion stereochemistry in this 1,3-sigmatropic shift, 
but relied on frans-2-methyl substitution at the migrating carbon 
to reveal the pathway2'3 (Scheme I). 

Concern that steric effects may be responsible for the stereo
selectivity by forcing outward rotation of the fra/w-methyl group 
as the C-I,C-2 bond breaks, which might present the back side 
of the migrating carbon to the end of the allylic moiety for a least 
motion closure,4 prompted examination of the pyrolysis of r-
l,/-2,?-3-2,3-dideuterio-l-[(Z)-r-fe«-butyl-2'-deuteriovinyl]-
cyclopropane (1). A complication is the geometric isomerization 
of starting vinylcyclopropane, which in the parent case occurs ca. 
20 times faster than the 1,3-shift1,2 and gives a nearly statistical 
distribution of diastereomers at all three ring centers.5 

Vinylcyclopropane 1 was chosen for study in the anticipation 
that the ter/-butyl group would retard formation upon pyrolysis 
of a transoid allylic species which could only reclose to starting 
material and compromise its stereochemistry. Indeed, it was found 
that, upon pyrolysis at 290 0C, 1 (for synthesis, see supplementary 
material) undergoes formation of a random mixture of cyclo
propane ring diastereomers5 only 4.5 times faster than 1,3-shift. 

Fortunately, all of the ring protons of the epoxide of protio 
l-ferf-butylcyclopentene were found to be separately visible in 
the 500-MHz 1H NMR spectrum and are assignable on the basis 
of a low-energy boat conformation.6 Molecular mechanics found 
the same low-energy conformation of the product epoxide,7 and 
the coupling constant calculation protocol of Haasnoot8 produced 
coupling constants similar to those observed. Of particular note 
is that there are two trans coupling systems on the ring, with one 
(a) having Jtnns = 0 Hz, which corresponds to the endo C-2 and 
endo C-4 protons interacting with the exo C-3 proton, and the 
other (j3) corresponding to exo C-2 and exo C-4 protons interacting 
with the endo C-3 proton with Jlnm = 9 Hz. The cis coupling 
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constants are not inconsequential (/cis = 8-9 Hz) and lead to 
doubling of the C-2 and C-4 protons and tripling of the C-3 
protons, all in addition to the doubling by geminal coupling (Jgtm 
= 12-14Hz). 

Observation of the 1H NMR spectra (500 MHz; unlocked, 
deuterium decoupled) of the epoxidized, GC-purified cyclopentene 
product resulting from the rearrangement of 1 over varying py
rolysis times showed that the rearrangement is not random. 
Samples of 1 (90% C-2 and C-3 deuterium incorporation trans 
to C-I substituent; >98% deuterium incorporation cis to tert-butyl) 
were pyrolyzed to 60%, 6.4%, and 4.5% conversion to 2. The 
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shorter the pyrolysis time, the more closely the 1H NMR spectrum 
of the product epoxide resembles that predicted for a purely 
suprafacial inversion process, and the less it resembles that pre
dicted for a random mixture. In particular, the multiplets asso
ciated with the exo C-2 and C-4 and endo C-3 protons from the 
sr, ar, and ai components in the mixture decrease in intensity, 
leaving the singlets predicted for a, which is the si product.9 

It is not possible to calculate the stereospecificity in the 1,3-shift 
to high accuracy, but it appears to be in excess of 85%. Regardless 
of the exact value, it is clear that the 55-80% suprafacial-inversion 
stereochemistry observed with 2-//ww-alkyl-substituted vinyl-
cyclopropanes is not a result of steric effects. 

Demonstration of suprafacial-inversion stereochemistry is 
consistent with concert in the rearrangement with a competing, 
entropically more favorable, biradical pathway which randomizes 
the stereochemistry of starting material. The stereochemistry is 
also consistent with disrotatory ring opening followed by rapid 
(relative to bond rotation) closure of the biradical resulting from 
inward rotation of the vinyl group; the biradical resulting from 
outward rotation of the vinyl group might be responsible for the 
loss of stereointegrity of the starting material. The origin of the 
disrotatory ring opening stereomode is not obvious. The obser
vation of a substantial normal deuterium kinetic isotope effect 
at the exomethylene carbon in the rearrangement of vinylcyclo
propane itself10 and of 2-methyl-l-vinylcyclopropanes,3 which is 

(9) One epoxide of the suprafacial-inversion product from 1 should have 
only endo C-2 and endo C-4 protons with an exo C-3 proton for the a coupling 
system {Jutm = 0 Hz), and since there should be no cis protons in the si 
product (and no / „ m regardless of stereochemistry), only three ring singlets 
should be observed for this epoxide. The other epoxide has protons only at 
exo C-2, exo C-4, and endo C-3, so the /3 system doublet-idoublet-triplet 
pattern, respectively, is expected. 
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most reasonably attributed to a rotational isotope effect," is 
consistent with concert. For the isotope effect to be consistent 
with the stereospecific biradical pathway, closure to the five-
membered ring must be rate-determining. However, it is hard 
to reconcile the demand of slow closure to a five-membered ring 
relative to closure to a three-membered ring with the demand of 
rapid closure to a five-membered ring relative to bond rotation 
in the diradical. Thus, the 1,3-shift would appear to be concerted. 
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Complexes of immunophilins with immunosuppressive drugs 
interfere with a variety of signal transduction pathways in the 
cytoplasm of the cell.1"3 Rapamycin4 (1) is a high affinity ligand 
(Kd = 0.2 nM)2 to the immunophilin FKBP-12s"7 and appears 
to be a general and potent antiproliferative agent.1 The pleiotropic 
actions of rapamycin on growth factor receptor signaling pathways 
have elevated this compound to a high status as a probe of sig
naling mechanisms. Although the precise details have yet to be 
elucidated, the complex of human FKBP-12 and rapamycin has 
been shown by genetic methods to function as the inhibitory agent.8 

Herein we report the three-dimensional structure of the complex 
of human FKBP-12 and rapamycin, determined to 1.7-A resolution 
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Figure 1. (a, top) A stereoview of the a-carbon tracing of FKBP-12 and 
rapamycin. The N- and C-terminal a-carbons are labeled, (b, bottom) 
A stereodrawing of the binding pocket showing all of the bound rapa
mycin molecule and selected FKBP-12 residues. 

by X-ray crystallographic techniques.9 This structure provides 
a framework to interpret the effects of structural perturbation of 
either rapamycin or human FKBP-12 on signal transduction 
pathways. 

1 - Rapamycin 2 - FK506 

As shown in Figure 1, the protein component of the FKBP-
12/rapamycin complex forms a five-stranded antiparallel /3-sheet 

(9) Crystals of the FKBP- 12/rapamycin complex were grown from solu
tions containing 10 mg/mL of protein complex, 300 mM ammonium sulfate, 
and 100 mM phosphate at pH 6.0 using the hanging drop method at room 
temperature. The space group is P2]2]2I with a = 45.42 A, b = 49.16 A, c 
= 54.74 A, and one molecule in the asymmetric unit. Data were measured 
using a SanDiego Multiwire Systems Mark II detector and a rotating anode 
source to 1.7-A resolution. A total of 81484 reflections were measured (12 991 
unique, 93% complete, R^1 « 0.056, 10633 with F > 3<r) from two crystals. 
The structure was solved using the molecular replacement method with a 
search model composed of the protein component of the FKBP-12/FK506 
complex and the MERLOT program system.'0 The structure was refined with 
X-PLOR" using least-squares minimization by conjugate gradients where the 
stereochemical restraints used in ligand refinement were restricted to terms 
for bond lengths, bond angles, and improper dihedral angles (for planar sp2 

carbons and chiral centers). The conformation of bound rapamycin was 
determined unambiguously from well-defined electron density in 2F0-F1. maps. 
The R factor for the current model, including FKBP-12, rapamycin, and 85 
water molecules, is 0.165. AU main chain atoms, all buried side-chain atoms, 
and all ligand atoms are well-defined in the final 2F0 - Fc electron density 
map. The root-mean-square deviations of bond lengths and bond angles from 
their ideal values are 0.01 A and 2.8°, respectively. 
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