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After pivalation, it is often difficult to separate the pivalate
esters from the remaining pivalic anhydride by column
chromatography because of their similar polarity. In our
protocol, methanol was added after consumption of the
alcohol in order to convert the remaining anhydride to methyl
pivalate. Bi(OTf); effected the methanolysis of the pivalic
anhydride quantitatively at 50°C where methanol as well as
CH,Cl, was used without purification. The product pivalate
esters could be readily isolated from the crude product
mixture by simple filtration through a thin pad of silica gel
with hexane as the solvent. The pivalate esters thus obtained
were of sufficient purity. Methanolysis of the excess anhydride
in the presence of Sc(OTf); or Me;SiOTf under the same
reaction conditions was not complete. Apparently, Bi(OTf); is
superior to the other metal triflates.

The pivalation of a mandelic ester proceeded with complete
retention of the configuration (entry 8). Furthermore, this
pivalation method was applicable to a sugar having an acetal
as protecting group, which can not survive in the Me;SiOTf
protocol (entry 10).?<] The acylation of a nucleoside with
Bi(OTf),/(fBuCO),0 led quantitatively to the triply pivalated
nucleoside despite the existence of an amide function
(entry 11). In all the trials for pivalation, CH,Cl, could be
used directly from the bottle without purification.

In conclusion, a powerful and versatile acylation method
has been developed based on Bi(OTf); and acid anhydride.
This method has several advantages: the catalyst is cheap and
easy to handle, a variety of primary, secondary, and tertiary
alcohols can be transformed, and the operations are simple
because neither dry reaction conditions nor lowering of the
reaction temperature for tertiary alcohols is required. The
reactivity of Bi(OTf); can be modified, if necessary, by
changing the coordinating character of the cosolvent.

Experimental Section

Representative procedure for pivalation (entry 8, Table 3): A CH,Cl,
solution (3 mL, unpurified and wet) of methyl (R)-mandelate (166.2 mg,
1.0 mmol) and (rBuCO),0 (299.4 mg, 1.5 mmol) was stirred at 25°C in the
presence of Bi(OTf); (21.8 mg, 3.0 mol %, calculated as the tetrahydrate)
for 4 h. MeOH (10 mL, unpurified and wet) was added and the mixture was
stirred at 50 °C for 7 h. The mixture was passed through a pad of silica gel
with hexane as the solvent and the filtrate was evaporated. Ethyl acetate
(30 mL) was added to the crude product, and the organic layer was washed
three times with aqueous NaHCO; and dried (MgSO,). Evaporation
furnished the pure pivalate ester (97 % yield, 242.8 mg).
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Remarkable In/out Inversions at Bridgehead
Phosphorus Atoms**

Roger W. Alder* and David Read

Phosphanes are more pyramidal and invert much less
readily than amines. The C-P-C angles for trialkylphosphanes
are typically about 100° and they have inversion barriers
around 150 kJ mol '[! hence temperatures of well over 100°C
are required for the racemization of chiral phosphanes. In
medium-sized bicyclic ring systems? in/out isomerismP! is
possible, and bridgehead nitrogen atoms are known to adopt
whichever arrangement is more stable.*! Thus 1,4-diazabicy-
clo[2.2.2]octane is out,out, 1,6-diazabicyclo[4.4.4]tetradecane
is in,in,®! 1,5-diazabicyclo[3.3.3]Jundecane has nearly planar
nitrogen atoms,[® and 1,9-diazabicyclo[7.3.1]tridecane is in,
out.l We expected that in related phosphorus compounds
inout and in,in isomers would become preferred to out,out
isomers as the ring systems became larger, and also that
unstable isomers might be isolated as a result of the high
inversion barriers for phosphanes. We find however that these
barriers are much lower than expected. We focus here on a
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case where phosphorus atoms not only invert
readily, but do so under the control of an
unexpected kinetic effect (inversion at the
leaving group in a nucleophilic substitution),
in which they go from in,in to in,out via a less-
stable out,out structure.

The preparations of salts of dications 1, 2,
and 3 have been described.”) Reactions of 1
and 2 with borohydride lead to 4 and §, respectively, which are
related to diphosphanes 6 and 8, but clearly have in,out
structures with significant P—P bonding. Deprotonation of 4
leads to 7 through an unexpected rearrangement, but
deprotonation of § with strong base gives out,out diphosphane
8, which is easily re-protonated to 5, with inversion at the
nonprotonated phosphorus atom at ambient temperature.
The protonation of 8 to give §, and its strong
basicity, are reminiscent of prophosphatranes
9, which are strong bases that lead to 10.[° S h
Pascal and co-workers have shown that the \@@/
reaction of 11 with sulfur to give the out
sulfide involves a rate-limiting inversion of
the phosphorus atom, but here the energy
barrier (146 kI mol™!) is relatively normal.!

When 3(OTY), is treated with less than one
equivalent of KBH, in wet CH;CN, the
product is 12(OTf),, namely out,out-diproto-
nated 13—both phosphorus atoms have in-
verted! The [3.3.3] diphosphane 147 only
forms out-mono- and out,out-diprotonated
ions, and so the formation of 12 might simply
reflect a preference for out,out structures in
the [4.3.3] series too. However, deprotonation
of 12(OTf), with one equivalent of base at
room temperature immediately gives the in,out monoproto-
nated salt 15(OTf), with a coupling constant Jpp =253 Hz
observed in the 3'P NMR spectrum. This salt can be further
deprotonated by strong base to 13, which can also be prepared
directly from 12 by treatment with two equivalents of KOMe
in CH;CN. Addition of more than two equivalents of
trifluoroacetic acid at —80°C to 13 leads back to 12
(Scheme 1). Addition of acid to 15, however, does not give
12, but gives dication 3 and hydrogen, with the P—H acting as a
hydride source.
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It seems clear that 12 is formed in the borohydride
reduction by protonation of out,out monoprotonated ion 16
by water (or borate-derived species). Compound 16 must be
the kinetic product of the addition of hydride to 3. When 12 is
treated with one equivalent of 1,4-diazabicyclooctane (DAB-
CO) in DMF at —55°C and the solution monitored by 3P
NMR spectroscopy, a new species is observed with broad 3'P
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lines at 0 = —40 and + 10 (no P-P coupling in the spectrum,
the broadening may be a consequence of slow exchange via 12
or 13). This new species has a half-life of 2.5 h at —55°C for
conversion into 15. If this new species is 16, then AG* for
inversion to 15 is 70 kJmol~' at —55°C, which we believe to
be the lowest measured barrier for a trialkylphosphane and is
less than half the typical value.

We made strenuous efforts to obtain structural data on 12,
13, and 15 without success. B3LYP/6-311G(d,p)//B3LYP/6-
31G(d) density functional calculations!'” predict that 15 is
more stable than 16 by 24 kJmol~!, which is in
agreement with our observations. The calculated
structures for 12, 13, 15, and 16 are interesting

R (Table 1). Diphosphane 13 has C-P-C angles
5CH2)4 which are approximately 7° larger than normal,

P and the C-P-C angles increase substantially on
Q protonation of 12 (about 5° above a tetrahedral
- angle), which allows some reduction in the C-C-C

angles. The out,out isomer 16 appears to be a
normal protonated phosphane with a Natural
Bond Orbital (NBO)!' charge of +0.02 on the
hydrogen atom, but has strongly flattened phos-
phorus atoms. The P(H) atom in the in,out isomer
15 has essentially trigonal pyramidal geometry,
with the other phosphorus atom and the hydro-
gen atom as apical substituents. The apical
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Table 1. Calculated structural data for 12—16.

Energy P---P[A] Average Average  Average
P-H[A] C-P-C[] C-P(H)-C[]
13 —1075.777927 4.39 - 107.1 -
15 —1076.184252  2.55 1.44 113.1 119.4
16  —1076.173587  4.06 1.41 107.9 1153
12 —1076.442301 3.88 1.40 1145 -

hydrogen atom shows an NBO charge of —0.10, which
suggests it has hydridic character, and is in agreement with the
chemical behavior of these species; thus 12 is also formed by
reaction of 3 with 4 in CH;CN/H,O.

Two aspects of the chemistry involved in these apparently
unnecessary journeys from injn to in,out via out,out
(Scheme 1) invite further comment: 1) Why are inversion
barriers at these bridgehead phosphanes much lower than
normal? 2) Why does the phosphorus atom distal from the
borohydride invert in the reaction of 3?

These bridgehead phosphanes are clearly much flatter than
normal (Table 1), and so ground-state destabilization surely
contributes to the lowered barriers. We only have actual X-ray
structural data for 14, which shows an average C-P-C angle of
105.7° I but the larger angles in the calculated structure for 13
continue the expected trend.

The second question raised above is much more puzzling.
Formation of 16 demands kinetically controlled inversion at
the phosphorus atom, which is the leaving group in the Sy2(P)
reaction. There is little evidence concerning inversion or
retention at the leaving group in Sy2 reactions, since stereo-
chemical information can only be preserved if the leaving
atom is tricoordinate, and nitrogen atoms invert too easily. A
phosphorus leaving group may provide the best possibility of
observing such a process, but the only examples we know of
come from our own work. Reaction of monocations such as 17
with nucleophiles leads stereoselectively to cis products such
as 18,12l presumably by a least-motion process [Eq. (1)] that

Me\P@_P MeLi Me\P@_@_Me — e P—Me
<0 % I
17

corresponds to retention at the leaving group. Also, attack of
water on 19 gives trans-monooxide 20 by single inversion
[Eq. (2)]. The formation of 4 and 5 from 1 and 2 involves

Me Me Me
e oMo |
%

19

apparent retention at the leaving group, but we cannot rule
out the fleeting formation of out,out ions such as 16, which
might invert too rapidly to be trapped by protonation. Even if
the reaction of 3 to give 12 is an exceptional case, where the
balance of strain on the in,out and out,out isomers is just right
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for observation of inversion at the

leaving group, the cause of the non- HgB—HO P@—P@
least motion behavior must still be U
sought. A tentative suggestion can be o
based on frontier MO arguments. If -9 o e
HOMO LUMO

electron transfer from the HOMO of
the hydride donor to the P—P o*
orbital (LUMO) is extensive at the transition state, this could
be enough to drive the phosphorus atoms apart, and lead to
double inversion. This question could benefit from computa-
tional studies.

Experimental Section

All operations involving phosphanes were carried out under dry N,.

12(OTf),: KBH, (45 mg; 0.83 mmol) was added to a stirred solution of
3(0Tf), (832 mg; 1.66 mmol) in CH;CN (15 mL). After one hour, the
cloudy solution was filtered and the filtrate evaporated to give a sticky
white solid, which was recrystallized from EtOH to give colorless needles
(701 mg, 84 %), m.p. 163-165°C. 'H NMR (400 MHz, CD;NO, 25°C):
0=225-2.44 (4H, m), 2.50-2.73 (4H, m), 2.75-3.02 (12H, m), 6.58 (d,
J(PH) =519 Hz, 2H); 3C NMR (100 MHz): 6 =11.71 (t, 2J(P,C) =7 Hz,
C-8, C-11), 1221 (d, J(P,C)=41Hz, C-7, C-9, C-10, C-12), 14.70 (d,
IJ(P,C) =40 Hz, C-2, C-5), 15.52 (d, 2J(P,C) =6 Hz, C-3, C-4); *'P NMR
(162 MHz) 6 =7.71 (d, J(P,H) =519 Hz); electrospray-MS: m/z: 501.0154
[M~—H] (C,H,,P,S,FO¢ requires 501.0159). The salt 12(PF,), precipi-
tated on addition of NH,PF, (179 mg, 1.11 mmol) to a solution of 12(OTf),
(251 mg; 0.50 mmol) in a minimum volume of water, and was recrystallized
from EtOH as colorless plates (143 mg, 58 % ), m.p. 136 — 137 °C. Elemental
analysis calcd for C,,H,,P,F,,- C,HsOH C 26.68, H 5.22; found: C 26.16, H
4.89.

15(0Tf): Methanolic KOH (55 pL, 1.04Mm, 0.06 mmol) was added to a
stirred solution of 12(OTf), (29 mg; 0.06 mmol) in CH;CN (10 mL). After
stirring the mixture for 10 min, the solvent was removed, the residue
extracted into CH,Cl, (3 x 10 mL), filtered and evaporated to give a
colorless waxy solid (16 mg; 82%). '"H NMR (400 MHz, CD,Cl,, 25°C):
0=1.65-2.40 (18H, m), 2.62-2.70 (2H, m), 6.15 (dd, 'J(P,H) =279 Hz,
2J(PH) =83 Hz, 1H); C NMR (100 MHz): 6 =19.07 (t, 2/(P,C) =8 Hz,
2C), 22.58 (d, 2J(P,C) =5 Hz, 1C), 22.78 (d, 2/(P,C) =6 Hz, 1C), 25.35 (d,
J(P,C)=12Hz, 1C), 28.34 (dd, 'J(P.C)=82 Hz, %J(P,C)=66 Hz, 2C),
33.81 (d, J(P,C) =93 Hz, 1C), 35.19 (dd, 'J(P,C) =47 Hz, 2J(P,C) =41 Hz,
2C); 3P NMR (162 MHz): 6 =—-91.49 (dd, 'J(P,P) =253 Hz, J(PH) =
279 Hz), —52.17 (dd, 'J(PP)=253 Hz, %J(PH)=83 Hz); electrospray-
MS: m/z: 203.1119 [M*— CF;SO;] (CjH,,P, requires 203.1119). This
compound is stable in the crystalline state, but decomposes slowly in
solution to give a complex mixture of products (*'P NMR).

13: Methanolic KOCH; (0.33 M, 3.38 mL, 1.12 mmol) was added to stirred
solution of 12(OTf), (280 mg, 0.56 mmol) in CH;CN (5 mL). After stirring
the mixture for 1 h, the volatiles were removed. The solid residue was then
extracted with pentane (2 x 10 mL) and filtered through a glass sinter.
Removal of the solvent furnished a waxy white solid (92 mg, 81%).
BC NMR (100 MHz; CsDg): 6 =21.69 (t, 2/(P,C) =5 Hz, C-8, C-11), 22.30
(d, J(PC)=28 Hz, C-2, C-5), 22.59 (d, 'J(P,C)=25Hz, C-7, C-9, C-10,
C-12), 24.46 (d, 2J(PC)=5Hz, C-3, C-4); 3P NMR (162 MHz): 6=
—25.24; CI-MS: m/z: 203.1119 [M™+H] (C,(H,P, requires 203.1119).
Diphosphane 13 can also be prepared from 15(OTf) by treatment with KH
in THF.
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Understanding the molecular events responsible for HIV-1
viral recognition and binding to receptors expressed on the
host cell is critical to developing treatment strategies based on
HIV-1 inhibition. The virus is encapsulated by a lipid bilayer
which supports the envelope glycoprotein gp160. This protein
is comprised of two noncovalently linked subunits: 1) a 41-kD
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transmembrane protein (gp41) which anchors the assembly in
the viral membrane and 2) a 120-kD protein (gp120) which
coats the outer surface of the viral particle and is responsible
for initial recognition and attachment to the host cell.!
HIV-1 infection of a host cell can be initiated by gp120
binding to galactosyl ceramide (GalCer), a glycosphingolipid
(GSL) expressed in human vaginal epithelial, colonic epithe-
lial, and sperm cells.>7 The literature on gp120-GSL binding
activity is surprisingly inconsistent. Harouse et al.>* and
Bhat et al.l®¥l used high-performance thin-layer chromatogra-
phy (HPTLC) and enzyme-linked immunosorbent assays
(ELISA) to study the binding of several glycolipids to
rgp120 including GalCer (1), galactosyl sulfatide (GalS, 2),
glucosyl ceramide (GlcCer, 3), lactosyl ceramide (LacCer, 4),
psychosine (5), and ceramide (Cer, 6), and found that 1, 2, and

R=H, R'=OH, R"=H: GalCer 1
R=H, R'=0OH, R"=S03;~: GalS 2
R=OH, R'=H. R"=H: GlcCer 3
R=0-p (1-4)-D-Gal, R'=H, R"=H: LacCer 4
(0]
OH
o} 5 N
T = n
HO 0\/\(6\)\ Ho. i
OH 12
OH OH 12
Psychosine 5
Ceramide 6

5 bound. Latov and co-workers used immunospot assays on
nitrocellulose and TLC plates as well as ELISA to test the
binding affinity of 1 and 2 for recombinant gp120 (rgp120).0]
They reported that in both the nitrocellulose immunospot
assay and ELISA 2 bound to rgp120 but 1 did not. However,
in the immunospot TLC assay, both 1 and 2 bound. Long
et al.l studied interactions of rgp120 and liposomes doped
with various glycolipids (1-5 and sphingomyelin). They
reported that 1 bound to rgpl20 strongly, 2—4 were less
efficient binders, and 5 was inactive. More recently, McRey-
nolds et al.l! found that rgp120 binds to 1, 3, and 4, with 4
being the preferred receptor. In contrast, Hammache et al.
have reported minimal binding to 3 and 4.0

It is evident that considerable confusion exists regarding the
relative affinities of gp120 for GalCer and similar lipids.
Furthermore, quantitative studies of gp120-—glycolipid bind-
ing have not been performed, and thus the structural
variations among these GSLs that are responsible for the
apparent differences in affinity for gp120 are not known. The
confusion may be in part a result of the inherent limitations of
the binding assays used to study gp120— GSL interactions to
date. Employing a heterogeneous solid-phase assay (for
example, ELISA) to quantitatively characterize protein
ligand —receptor binding processes that occur in vivo at the
extracellular surface of a plasma membrane is fraught with
difficulties. Although such methods are useful in screening for
such interactions, proper geometric presentation of a mem-
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