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in/out stereoisomerism is a common phenomenon in medium-
and large-ring bicyclic organic structures. For thein-isomers of
such molecules, schematically represented by1, there must be
sufficient space to accommodate the inwardly directed function-
alities X-Y. In a recent, comprehensive review ofin/out
stereoisomerism,1 Alder and East noted that the vast majority of
inside functional groups are methines (X-Y ) C-H), amines
(N-lp), and ammonium ions (N+-H), but the only compounds
containingin-functionalities with Y larger than a hydrogen atom
or lone pair are thein,out-isomers of Whitlock’s enormous,
macrocyclic bis(phosphine oxides),2 where the linking arms (L)
between the phosphine oxide bridgeheads are 14-16 atoms long
and steric congestion is not an issue. We now report the synthesis
and crystallographic characterization ofin-cyclophane2, in which
an in-fluorosilane (X-Y ) Si-F) is pressed into the face of a
benzene ring.

The syntheses ofin-phosphine3 and in-silane 4 have been
reported previously,3,4 but attempts to place larger apical func-
tionality in that framework were unsuccessful. AM1 calcula-
tions5,6 (Table 1, seriesA) indicate thatin-geometries are favored
for 3 and 4, but the X-ray structure of4 shows significant
distortions of the basal ring due to pressure from thein-hydrogen,4

so it is not surprising that thein-phosphine oxide5 and
in-fluorosilane6 are calculated to be much more strained than
the correspondingout-isomers. However, the addition of one
methylene group to each of the linking bridges in these cyclo-
phanes (Table 1, seriesB) would seem to permit the inclusion of
a non-hydrogenin-atom.

We first attempted to prepare anin-oxide such as9. Conden-
sation of tris[2-(chloromethyl)phenyl]phosphine7 (11) with 1,3,5-
tris(mercaptomethyl)benzene8 gave thein-phosphaphane7 in 59%

yield,9 but vigorous oxidation of7 led only to the trisulfone12;10

none of the phosphine oxide was formed (Scheme 1). X-ray
analysis confirmed thein-geometry of 12 (not shown). All
attempts to form9 or a related phane by the direct cyclization of
tris[2-(chloromethyl)phenyl]phosphine oxide7 (13) with a variety
of tripodal nucleophiles under many different conditions were
unsuccessful.

Fluorosilanes are larger than phosphine oxides (typical bond
distances: C3SisF, 1.64 Å; C3PdO, 1.49 Å), but with the former
there is no chance of neighboring group participation by the
fluorine in the cyclization reactions (a possible complicating factor
with phosphine oxides). For the synthesis of the fluorosilaphane
2, tri(o-tolyl)silane11 (14) was fluorinated at silicon with AgF,
and then brominated to yield tris[2-(bromomethyl)phenyl]fluo-
rosilane (16). Condensation of16 with 1,3,5-tris(mercaptometh-
yl)benzene gave the desired2, but in an abysmal 0.4% yield.12

Even so, the isolation of2 was achieved only by its direct
crystallization from an otherwise intractable chromatographic
fraction! The X-ray structure of2 (Figure 1) unambiguously
establishes the inside location of the fluorine atom.13 Cyclophane
2 has approximateC3 symmetry, and the distance from the fluorine
to the mean plane of the basal aromatic ring is 2.826(7) Å.
Interestingly, the1H NMR and mass spectra of2 suggest that a
small amount (∼15%) of thein-hydroxo cyclophane is present,
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Table 1. Computational Data forin-Cyclophanes and Their
out-Isomers

∆Hf (AM1, kcal/mol)a,b

central atoms in-isomer out-isomer
differencec

(in - out, kcal/mol)

Cyclophanes with Two-Atom Links (A)
X ) P, Y ) lpd (3) 165.65 171.06 -5.41
X ) Si, Y ) H (4) 116.28 116.29 -0.01
X ) P, Y ) O (5) 104.64 87.86 16.78
X ) Si, Y ) F (6) 55.57 27.69 27.88

Cyclophanes with Three-Atom Links (B)
X ) P, Y ) lpd (7) 140.56 146.88 -6.32
X ) Si, Y ) H (8) 86.07 93.40 -7.33
X ) P, Y ) O (9) 55.91 61.41 -5.50
X ) Si, Y ) F (2) 3.55 4.10 -0.55
X ) Si, Y ) Me (10) 91.32 83.12 8.20

a See ref 6 for computational details.b All structures possessC3

symmetry.c Negative values favor thein-isomer.d lp ) lone pair
electrons.
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but the X-ray structure shows no evidence of partial occupancy
by oxygen in the fluorine site.

The fluorosilane in2 is quite unusual. First, the Si-F bond
distance of 1.591(3) Å is very short for a tri(alkyl/aryl)fluorosilane
(other fluorosilanes can have shorter bonds16). The only tetra-
coordinate triarylfluorosilane in the Cambridge Structural Data-
base17 is tris{2-[(dimethylamino)methyl]phenyl}fluorosilane,18

where the Si-F distance is 1.627 Å, and the mean Si-F distance
for all tetracoordinate tri(alkyl/aryl)fluorosilanes in the database
is 1.64 Å, with none less than 1.604 Å. Second, the19F NMR
resonance for2 (δ 5.3) is 155 ppm upfield from that of tri(o-
tolyl)fluorosilane (15, δ 160.6). Such enormous shielding must
arise from the proximity of the fluorine to both the silicon atom
and the center of the basal aromatic ring. Taken together, the
observed bond distance and NMR shielding suggest that the Si-F
bond has been shortened due to steric compression.19 In such

circumstances, one might also expect to observe compressional
frequency enhancement of the Si-F stretching band in the IR
spectrum of2, a common phenomenon in cyclophanes within-
C-H and in-Si-H bonds,4,20 but the Si-F stretch falls in a
complex region of the IR (800-1000 cm-1), making a definite
assignment of this band impossible. The reactivity of2 has yet
to be explored in detail, but an attempt to invert the configuration
at silicon, by treatment with 0.1 M KF in refluxing methanol,
returned only unchanged2.

It is clear from the 100-fold difference in the yields of the
syntheses of7 and 2 that the presence of thein-atom strongly
inhibits macrocyclization. Not only is thein-atom a steric
impediment to the approach of the sulfur nucleophile, but it may
also bias the conformation of partly cyclized intermediates to give
unfavorable geometries for cyclization. For this reason we suspect
that the placement of still largerin-functionalities in small
cyclophanes will require an entirely different synthetic approach.
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suppressed). Full details are provided in the Supporting Information.
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Figure 1. Molecular structure ofin-cyclophane2. Thermal ellipsoids
have been drawn at the 50% probability level.

Scheme 1
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