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The samarium diiodide pinacol coupling of benzaldehyde
and cyclohexanecarboxaldehyde in the presence of a variety
of polyethylene glycols, including derivatives containing
carbohydrates has been studied. Whereas such complexing
agents allow for the formation of 1,2-diols, in the case of
benzaldehyde the erythro-isomer predominates with

diastereoselectivities of up to 7:1, while with cyclohexane-
carboxaldehyde a stereoselectivity of up to 10:1 was
observed but in favor of the threo-isomer. This divergence
in the stereoselectivity of these two aldehydes suggests the
presence of two different mechanisms occurring in these
pinacol coupling reactions.

Introduction

The intermolecular reductive coupling of ketones or alde-
hydes to 1,2-diol systems known as the pinacol coupling
reaction may be effectively promoted by low-valent tran-
sition metals such as V, Nb, Ti, and Zr, with in general high
diastereoselectivities for the threo-product.l'l Whereas the
one-electron reducing agent, samarium diiodide, has also
been extensively studied and affords high yields of the gly-
cols, these intermolecular reactions both with aryl and alkyl
aldehydes are characterized by their inability to provide for
any synthetically useful stereoselectivity.?! A few exceptions
on modified substrates have been reported in the literature
though. Uemura and coworkers found that Sml,-induced
pinacol coupling of tricarbonylchromium complexes of
arylaldehydes afforded coupling products displaying a mo-
dest to high threo-selectivity depending on the substitution
pattern of the aryl ring."! Interestingly, in the presence of
HMPA, the reverse diastereomer (the erythro-isomer) was
obtained. The same group recently reported that o-substi-
tuted ferrocenecarboxaldehydes possessing planar chirality
also underwent pinacol coupling in the presence of Sml,
with high threo-selectivity.

With our desire to improve the diastereoselectivity of the
Sml,-induced pinacol coupling, we initiated a program to
examine the effects metal ion binding ligands would have
on these reactions. If a suitable ligand is successfully identi-
fied that gives a high threo-selectivity in these pinacol coup-
lings, a long term goal would be to accomplish enantiose-
lective versions of these reactions. The hard acid character
of trivalent samarium, making it highly oxophilic, sug-
gested that polyether complexes would be possible candi-
dates for achieving this goal. Indeed, Imamoto and cowork-
ers found that the addition of tetraethylene glycol dimethyl
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ether (tetraglyme) or dibenzyl ether to Sml, resulted in the
formation of a complex which diminished unwanted pina-
col couplings in Barbier-type reactions involving alkyl alde-
hydes. ]

In this paper, we wish to report that the simple addition
of polyether complexing agents to Sml, prior to the subjec-
tion of an arylaldehyde, represented by benzaldehyde, sig-
nificantly increases the diastereoselectivities of this reaction,
but in contrast to all other cases, the erythro-diol predomi-
nates. Quite remarkably, the same samarium(IT) complexes
also promote the pinacol coupling of an alkyl aldehyde such
as cyclohexanecarboxaldehyde but in this case with high
threo-selectivity.

Results and Discussion
Studies on the Pinacol Coupling of Benzaldehyde

In 1983, Kagan et al. reported that the addition of benz-
aldehyde to a THF solution of Sml, led to its rapid re-
ductive coupling affording hydrobenzoin in high yield but
with poor diastereoselectivity (erythro/threo = 1:1.3).1221 We
reasoned that polyetheral complexing agents could possibly
influence the stereochemical outcome of this reaction by
providing greater sterical bulk around the metal ion in the
ketyl radical intermediate. Several crystal structures of such
complexes with Sm'!"! ions have been reported.[® The influ-
ence of other additives such as HMPA has been investi-
gated, but in this case coupling products at the para posi-
tion of the aromatic ring were mainly furnished with only
10% of the vicinal diol formed.[” This was explained by the
sterical encumbrance imposed by the coordinating HMPA
molecules on the metal ion preventing the intermediate ke-
tyl radical to undergo the normal pinacol coupling route.
On the other hand, additives including TMEDA, DMF, N-
methylpyrrolidinone, and N,N-dimethylacetamide led to
product mixtures and low yields.[”)
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Figure 1. UV-vis spectra of Sml, in THF (5-1073 M) alone and
with 1 equiv. of tetraglyme added

In the first case, we studied the effect of tetraglyme on
the pinacolization of benzaldehyde, an additive which was
originally employed by Imamoto to diminish pinacol coup-
ling byproducts in the benzyloxymethylation of alkyl alde-
hydes. ! One equivalent of tetraglyme was added to the blue
solution of samarium diiodide at room temperature prior
to the addition of benzaldedyde. An immediate color
change from blue to black with the partial precipation of a
black solid occurred upon addition of the additive to the
THF solution of Sml,. Although a precipitate was not no-
ticed by Imamato, we assume this is indeed the divalent
samarium complex. The formation of the complex can be
seen in the UV-vis spectrum under more diluted conditions
where the complex is completely soluble ( Figure 1). Sml, in
THF shows absorbances at A, = 565 and 617 nm which
correspond to the 4f® — 4f3d' transition.[®] The latter is
slightly shifted to a lower wavelength of A,,, = 609 nm
upon addition of one equivalent of tetraglyme. Subjecting
benzaldehyde to this mixture led to an instantaneous reac-
tion with consumption of both the divalent samarium in
solution and the precipitate. Although we were expecting
some or all of the benzaldehyde to undergo dimerisation
affording products similar to that observed with HMPA as
an additive,”! to our surprise only the normal pinacol coup-
ling products were isolated in 83% yield (Table 1, entry 9).
In addition, the diastereomeric ratio had risen from approx.
1:1.3 without tetraglyme to an approx. 6.1 diastereomeric
mixture, but unlike that observed for other transition met-
als, the erythro-product was the favored isomer. Performing
the reaction at —78°C had little observable effect on the
reactivity of this complex, and the diastereoselectivities as
those obtained at room temperature were comparable.

The addition of further equivalents of tetraglyme (Table
1, entries 10 and 11) likewise had little consequence on the
yields and stereoselectivities suggesting that only one equiv-
alent of tetraglyme complexes with the lanthanide metal ion
and that under the reaction conditions no free samarium
diiodide was reacting. On the other hand, addition of only
a half of an equivalent of tetraglyme (entry 8) resulted in
the formation of a diol with reduced diastereoselectivity.
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Table 1. Ligand Effects on the Sml,-promoted pinacol coupling

of benzaldehyde
j . g0
Sml, y .
Complexing OH O CH
Agent
{Erythro) (Threo)
Entry Complexing Agent No. of equiv. Yield Diastereosel.
(Erythro: Threo)
1 none 1 95%2 113
2 HMPA 28 10%° nds®

3 Diglyme 1 85% 3.71

4 Diglyme 4 92% 4.81

5 Triglyme 1 85% 6.0:1
[ Triglyme 2 70% 6.4:1
7 Triglyme 4 nd. 6.4:1
8 Tetraglyme 05 86% 3.9:1

9 Tetraglyme 1 83% 5.8:1
10 Tetraglyme 2 63% 6.4:1
11 Tetraglyme 4 n.d. 5.0:1
12 18-crown-6 1 nd. 1:1

ava’
] 1 91% 11
a2aS;

NN

14 EO o O 1 90% 6.3:1
G OMe 1
j—

13

CeHis

[al Taken from ref.[?4 — [l Taken from ref.[”! — [l n. d. = not deter-
mined.

To understand whether tetraglyme had any affect on the
electron transferring properties of Sml,, we examined this
complex by cyclic voltammetry. The measurements were
carried out with a glassy carbon electrode at 2 mm concen-

—— 2mM Sml,

+ 0.5 eq. tetraglyme
— — +1 eq. tetraglyme
+ 2 eq. tetraglyme

i/pA

-1.8 -1.5 -1.2

E/V vs. Fc'/Fe

Figure 2. Cyclic voltammograms of Sml, recorded with 0, 0.5,
1 and 2 equivalents of tetraglyme added; 2-1073> M Sml, in
THF/0.2 m nBuyNPFg4 + 0.02 m nBuyNI; electrode material: glassy
carbon; sweep rate: 100 mV/s.
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trations in THF solutions containing 0.2 M tetrabutylam-
monium hexafluorophosphate and 0.02 M tetrabutylam-
monium iodide and at a sweep rate of 100 mV/s. In Figure
2, the cyclic voltammograms of Sml, in THF alone and
with varying equivalents of tetraglyme are shown. As can
be seen from the oxidation peak, a small change occurs of
—40 mV upon the addition of one equivalent of this com-
plexing agent indicating that the reducing ability of SmlI, is
almost uneffected. That indeed this effect is small is also
somewhat anticipated considering that the electron donat-
ing properties of the oxygen atoms in tetraglyme and other
polyether ligands must be similar to that of the THF mol-
ecules bound to Sml, in the absense of tetraglyme. The
change in the oxidation peak is noted 0.5 equivalents up
until one equivalent of added tetraglyme, whereas further
addition to two and ten equivalents (not shown in Figure
2) does not affect the voltammogram again implying that
only a 1:1 complex is formed between tetraglyme and the
divalent samarium species. ]

Other simple etheral complexing agents were also investi-
gated in the pinacol coupling of benzaldehyde as shown in
Table 1. In general, the yields of the hydrobenzoin were
relatively high. Triglyme (entries 5—7) proved equally effec-
tive as with tetraglyme whereas excess diglyme was neces-
sary to afford comparable diastereosectivities (entries 3 and
4). This latter result also seems reasonable considering the
fact that the known crystal structures of diglyme/Sm'™
complexes contain two diglymes per metal ion.[% No in-
creased effect could be seen from augmenting the steric
bulkiness of the tetraglyme itself as with the cholesterol de-
rivative 1 shown in entry 14 resulting in a 6.3:1 diastereosel-
ectivity in favor of the erythro-isomer.

Of the six different ligands tested, two proved ineffective,
namely 18-crown-6 (entry 12) and triethylene glycol di-2-
naphthyl ether (entry 13). In the first case, the addition of
the crown ether to the Sml, solution led to an instan-
taneous and complete precipitation of the divalent sam-
arium as a violet solid leaving behind a clear and colorless
supernatant. This complex was extremely inefficient in pro-
moting the pinacol coupling as observed by the 'H-NMR
spectrum of the crude reaction mixture after 18 h, where
only a trace of the hydrobenzoins were detected suggesting
that the coordination sphere of the metal ion is completely
saturated. This is in stark constrast to the almost instan-
taneous reactions observed for the other complexed Sml,
species even at —78°C. The almost 1:1 mixture of erythro-
and threo-diols obtained suggests that it is uncomplexed
samarium diiodide in equilibrium with the much more fav-
ored 18-crown-6 complex which is reacting. The crystal
structure of a 18-crown-6 complex with a samarium(III)
cation, namely SmCls, has been published, in which the
oxygen atoms occupy equatorial positions whereas the hal-
ide atoms are apically oriented.[°d) We therefore assume that
a similar disposition of the crown ether is taking place in
the case of Sml,. As the cyclic voltammetry studies also
imply that polyetheral ligands do not effect greatly the re-
dox properties of divalent samarium, we are led to the con-
clusion that the carbonyl substrate most likely complexes in
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the equatorial position of the Sm' metal ion for efficient
electron transfer to occur. Such a process may equally be
taking place in electron transfer reactions with Sml, in
THF alone, now assumed to possess five THF molecules
encircling the metal ion in the same plane as observed in
a recently published single crystal X-ray structure of this
complex by Evans and collaborators.1%-11]

With the dinapthyl ether of triethylene glycol no dia-
stereoselectivity was observed implying that the complex
was not being formed between the ligand and Sml,. This
was confirmed by the lack of color change upon addition
of the triethylene glycol derivative to the divalent samarium
solution. The reduced basicity of the naphthyl ether oxygen
atoms is the most probable explanation for the lack of effec-
tive coordination.

Studies on the Pinacol Coupling of
Cyclohexanecarboxaldehyde

We then examined the reaction of cyclohexanecarboxal-
dehyde with the Sml,/triglyme complex. Pinacol coupling
reactions with this aldehyde in the presence of Sml, were
previously reported to experience reaction times of approx.
2—4 h for completion with diastereoselectivities of 1.1:1 in
favor of the threo-isomer which was confirmed in our labo-
ratory.?®?l However, with the complexed reducing agent,
the coupling reactions proceeded extremely slowly affording
only a 25% yield of the vicinal diol after 72 h (Table 2, entry
2). This is direct evidence that pinacol coupling reactions
with alkyl aldehydes are indeed retarded remarkably when
only one equivalent of the complexing agent is added to
Sml, prior to the addition of the carbonyl substrate. These
results therefore give support to those earlier observed by
Imamoto where tetraglyme was added to Sml,-promoted
Barbier reactions under the assumption that competing and
unwanted pinacol coupling reactions would be retarded ow-
ing to the reduced ability of the carbonyl oxygen to coordi-
nate to the metal ion.[’! The oxidation potential of Sml,
appears to be only slightly affected by the addition of the
polyethylene glycol derivatives suggesting that these com-
plexing agents interfere with an inner sphere electron trans-
fer mechanism occurring between Sml, and the carbonyl
group. As benzaldehyde possesses a much lower LUMO en-
ergy level compared to cyclohexanecarboxyaldehyde, such
rate differences with the aryl aldehyde are not so apparent.

The most remarkable feature of this coupling reaction is
that although a low yield of the pinacol product was ob-
tained, the threo-isomer was now the preferred diastereoiso-
mer in a ratio of 10.:1. This complete reversal of diastereo-
selectivity implies a possible mechanism shift between the
pinacol coupling reactions of benzaldehyde and cyclohex-
anecarboxyaldehyde with Sml,. Several attempts to im-
prove the yields of the coupling product were made by
changing the reduction properties of the metal ion. For ex-
ample, Flowers has recently shown that the addition of ex-
cess LiCl or LiBr to Sml, in THF results in the formation
of a much better reducing species, most likely due to halide
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Table 2. Ligand Effects on the Sml,-promoted pinacol coupling of
cyclohexanecarboxaldehyde.

(l) OH
Sml, .
Complexing OH
Agent
(Erythro) (Threo)
Entry Complexing Agent Yield Diastereosel.
(Erythro:Threo}
1 - 95% 1:1.12
2 Triglyme (1 equiv.) 25% 1:10
3 Triglyme (1 equiv.) 60% 1:2.3
LiCt (10 equiv.)
4 Triglyme (1 equiv.) 60% 1:23
LiBr (10 equiv.)
5 Triglyme (4 equiv.) 53% 1:2.8
LiBr (2 equiv.)

[a] Taken from ref. 2!

exchange.l'3'4] Whereas the addition of excess LiCl (entry
3) or LiBr (entry 4) to the Sml,:triglyme complex prior to
the addition of cyclohexanecarboxyaldehyde significantly
decreased the reaction times of the coupling reaction, the
diastereoselectivities were reduced to a disappointing 2.3:1
ratio, still in favor of the threo-isomer, compared to 10:1
without the halide exchange. It was assumed that the lith-
ium cation may be in competition for complexation with
triglyme, which was confirmed by performing an identical
experiment without the presence of the triglyme giving both
an identical yield of the diol and erythro/threo ratio. Reduc-
ing the number of equivalents of LiBr to two, in addition
to using an access of triglyme did not change the ratio of
the diastereomers significantly (entry 5). Even employing
nBuyNBr instead of LiBr had no significant effect as dis-
cussed below. As complexes of triglyme or tetraglyme with
SmCl; are known it seems improbable that these polyethyl-
ene glycols do not coordinate to the corresponding divalent
metal species. Instead it appears that the slow reaction times
may be important for the high selectivity.

Studies with Polyethylene Glycol Ligands Containing
Carbohydrates

With our previous fascination in the application of di-
valent samarium in carbohydrate chemistry,!'®l we became
interested in examining what effect carbohydrate-based li-
gands complexed with samarium diiodide would have on
the diastereoselectivities of these coupling reactions. In par-
ticular, if the reaction could be biased to the threo-isomer,
is there any chirality transfer from the sugar unit to the
diol? Carbohydrates themselves are interesting candidates
for the construction of polyether ligands as they exhibit an
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array of ethylene glycol motifs in varying restricted confor-
mations.
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Figure 3. Various carbohydrate polyethylene glycol derivatives
tested for in the Sml,-promoted pinacol coupling

A series of glucose and mannose derivatives 2—7 contain-
ing polyether chains, as illustrated in Figure 3, was therefore
prepared by simple alkylation of the free hydroxyl groups
with the corresponding tosylates such that the sugar unit is
located either in the middle or end of the polyether chain.
Each carbohydrate unit was then premixed for 10 to 15 min
with Sml, before the addition of benzaldehyde. In the case
of the triglyme analogs 2 and 3 no color change was ob-
served upon the addition of Sml, suggesting the possibility
that a complex was not being formed at all. This was con-
firmed in part by the low diastereoselectivities obtained in
the coupling reaction again in favor of the erythro-isomer,
even though high yields of the hydrobenzoin were furnished
(Table 3, entries 1 and 2). It is therefore apparent that the
middle ethylene glycol unit of triglyme does not possess a
conformational orientation around the O—C—C—0O bond
of approx. 60° (gauche conformation) for its complexation
with Sml,, nor can it be replaced by a three carbon spacer
for efficient coordination to the Sm" metal ion. This is
somewhat surprising since the X-ray structure of the SmCls/
tetraglyme complex shows exactly these gauche confor-
mations for the central glycol units. ]

Extending the chain length to the pentaglyme analogues as
in 4 and 5 improved the stereoselectivity to about equal
with that observed for tetraglyme and triglyme (Table 3,
entries 3 and 4). In this case too a darkening of the divalent
samarium solution was seen suggesting that coordination
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Figure 4. UV-vis spectra of Sml, in THF (2 X 1073 M) alone and
with 1 equivalent of 6 added

of the sugar derivative was taking place. Nevertheless, it
does not appear that increasing the sterical bulkiness of the
polyethylene glycol in the middle of the chain has a direct
effect on the diastereoselectivity of the pinacol coupling.
Attaching a tetraglyme chain to the C2—OH position of
mannose and the C6—OH position of glucose afforded
other pentaglyme derivatives 6 and 7, in which both pos-
sesses a locked gauche conformation at the end ethylenediol
unit. Again both compounds showed signs of complexation
with the darkening of the solution, although no precipi-
tation was seen possibly owing to the much more lipophilic
character of the carbohydrate protecting groups. The UV-
vis spectrum of Sml, with one equivalent of the monosac-
charide derivative 6 was similar to that of the tetraglyme
complex (Figure 4), and as expected the oxidation peak in
a CV scan was only slightly shifted compared to that of
Sml, alone in THF (Figure 5). But in comparison with the
above two examples only selectivites of up to 7:1 were ob-
tained (Table 3, entries 5 and 6) which is not a substantial
increase compared to the much simpler compounds, tetra-
glyme and triglyme. Finally, a single attempt was also made

Table 3. Effects on the Sml,-promoted pinacol coupling of benzal-
dehyde with polyethylene glycol ligands containing carbohydrates

j O, 10
Sml, g .
Complexing OH O OH
Agent
{Erythro) (Threo)
Entry Complexing Agent Yield Diastereosel.
(Enythro: Threo)
1 2 80% 2.8:1
2 3 80% 2.31
3 4 73% 6.5:1
4 5 67% 4.91
5 6 80% 71
6 7 80% 5.4:1
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-1.5
E/V vs. Fc¢'/Fe

-1.8 -1.2

Figure 5. Cyclic voltammograms of Sml, recorded with 0 and 1
equivalents of 6 added; 2-:10~3 M Sml, in THF/0.2 M nBuy,NPF4 +
0.02 M nBuyNI; electrode material: glassy carbon; sweep rate:
100 mV/s.

with 7 in the pinacol coupling of cyclohexanecarboxal-
dehyde in the presence of nBuyNBr (2 equiv.), but again a
low selectivity of 2.6:1 was obtained (Scheme 1).

OH
i OH
Smlg
—_——— +
7 (1 equiv.)
nBuyNBr (2 equiv.}

80%

erythro:threo = 1:2.6

Scheme 1. Pinacol coupling reaction of cyclohexanecarboxyalde-
hyde with the Sml,/nBuyNBr/7 combination

Mechanistic Considerations

That the reaction of polyether complexes of Sml, be-
tween benzaldehyde and cyclohexanecarboxyaldehyde dis-
plays opposite diastereoselectivity indicates the possibility
of different mechanisms taking place in these two reactions.
Typical mechanisms which have previously been proposed
for transition metal-promoted coupling reactions are illus-
trated in Scheme 2.1 The first (path A) includes the initial
one electron reduction of the carbonyl substrate and forma-
tion of a ketyl radical which then undergoes dimerisation
to afford the diol. In path B, the ketyl radical adds directly
to another carbonyl compound after which the oxyradical
is reduced. Path C is somewhat similar but involves a two
electron reduction of the carbonyl group with the formation
of a metal oxirane which subsequently attacks a second car-
bonyl functionality.

The ketyl dimerisation mechanism is typical for intermo-
lecular reactions involving low valent transition metals such
as titanium, zirconium, and samarium.!"” However, the fast
rate constants observed in 5-exo and 6-exo radical cycliza-
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Scheme 2. Proposed mechanisms for the transition metal-promoted
coupling pinacol reaction

tions onto aldehydes suggest that mechanism B may be
more prominent in certain intramolecular pinacol coupling
with these transition metals. On the other hand, metal oxi-
rane species are observed with metals such as vanadium or
niobium, which may allow for the preparation of mixed
cross coupled products.t

(o}

H

R H

Polyethyleneglycol
Smlz (FEG)

O/Smlg(PEG)
R) *
$ml, PEG
R= AWV \\(FI = Alkyl)
Smiy(PEG PE
o 2(PEG) o/smlz( G) o
H R )\ —_ )/SmI(PEG)
R H R Smi,(PEG) R .
o}
e
(PEG)I,Sm Smiy(PEG)
\ RCHO
OSmMI,(PEG) 0OSml,(PEG)
R Y R R R
OSmI,(PEG) OSmI(PEG)
Erythro Threo

Scheme 3. Mechanistic proposal for the pinacol coupling reaction
induced by PEG-complexed Sml,.

The fast reduction of benzaldehyde by Sml, with or with-
out a polyethylene glycol complexing agent suggests the
quick generation of a high concentration of the ketyl radical
intermediate which subsequently leads to its homocoupling
to afford hydrobenzoin (Scheme 3). The addition of com-
plexing agents to the THF solution of divalent samarium
increases the steric bulkiness of the metal ion and hindering
the formation of any intermediates where a single metal ion
is coordinated to both ketyl oxygen atoms. This is sup-
ported by the recent results of Uemura, where the addition
of HMPA in the Sml,-induced pinacol coupling of
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(CO);Cr—ArCHO complexes shifts the selectivity from
threo to erythro.P’] The lack of improved selectivities em-
ploying the cholesterol or carbohydrate derivatives is never-
theless puzzling as we assumed that increasing the steric
bulk in the SmI,-complex should potentially improve upon
the diastereoselectivities.

In the case of the alkyl aldehyde, the slow reaction rates
(from hours to days) in the one-electron transfer from Sml,
to the carbonyl group implies that the concentration of the
ketyl radical must be relatively low. It therefore seems im-
probable that ketyl radical coupling is a major pathway in
the generation of the 1,2-diol. Instead ketyl radical addition
to the carbonyl substrate or initial reduction of the ketyl
radical to its dianion could dominant in these type of reac-
tion (Scheme 3), although whether one or a combination of
the two mechanisms is occurring is difficult to say from
these preliminary studies.

We are now currently investigating the generality of these
samarium diiodide-promoted pinacol coupling reactions as
well as other ligands and their effect on the stereoselectivity.
These results will be reported in due course

Experimental Section

General: Unless otherwise stated, all reactions were carried out un-
der argon. THF was dried and freshly distilled over sodium/benzo-
phenone. — NMR: Varian Gemini 200 (200 MHz and 50 MHz, for
'H and '3C, respectively). For 'H NMR, CDCl; as solvent, TMS
as internal standard, coupling constants are measured in Hz. Sa-
marium diiodide was prepared according to the literature. 8]

Analytical electrochemical experiments were conducted in a stand-
ard electrochemical cell equipped with a working electrode made
of glassy carbon and having a diameter of 1 mm, a reference elec-
trode and a counter electrode made of platinum. The reference elec-
trode consisted of a silver wire in 0.2 M nBuyNPF; + 0.02 M
nBuyNI/THF. The signals from a home-built potentiostat were re-
corded using a Nicolet 4094c¢/4570 digital oscilloscope and the
equipment was controlled by means of a PC. The relevant poten-
tials were referred to the ferrocenium/ferrocene redox pair (Fc*/
Fc) with an estimated uncertainty of £ 5 mV. UV-vis spectra were
recorded using a dip probe system from Ocean Optics. The system
consisted of a fiber-optic spectrophotometer (S 1000) equipped
with a transmission dip probe with a path length of 2.8 mm.

General Procedure for the Preparation of the Polyethylene Glycols
1—7: NaH (1.5 equiv./alcohol) was added to a solution of the al-
cohol in DMF (concentration of approx. 0.1 m) at 0°C. After stir-
ring for 15 min at this temperature, the tosylate of the polyethylene
glycol monomethyl ether (1.5 equiv./alcohol) was added, after
which the mixture was heated to 95°C for 5 to 15 days depending
on the rate of alkylation. The reaction mixture was then cooled to
room temperature and a few drops of MeOH were added to neu-
tralise the excess NaH. Ether and water were added, and the or-
ganic phase was washed three times with water, dried (Na,SO,) and
evaporated to dryness in vacuo. Flash chromatography provided
the modified polyethylene glycols.

O-(11-Methoxy)-3,6,9-trioxaundecylcholesterol (1): Reaction time
(18 h), flash chromatography (pentane/ethyl acetate, 2:1), yield
(18%), [a]p?® —21.4 (¢ 1.0, CH,Cl,). — IR (film): ¥ = 2935 cm ™!,
1467, 1380, 1253, 1199, 1110, 958. — 'H NMR (CDCls): § = 0.67
(s, 3 H, CH3), 0.85 (s, 3 H, CH3), 0.88 (s, 6 H, 2 X CHz), 0.99 (s,
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3 H, CH,), 0.82—1.04 (m, 6 H), 1.74—2.43 (m, 20 H), 3.19 (m, 1
H, OCH), 3.38 (s, 3 H, OCH;), 3.52—3.69 (m, 16 H, 8x CH,),
534 (d, J = 5.2, 1 H, C=CH). — '3C NMR (CDCly): § = 11.9,
18.7, 19.4, 21.1, 22.6, 22.8, 23.8, 24.3, 28.0, 28.3, 28.4, 31.9, 35.8,
36.2, 36.9, 37.2, 39.1, 39.5, 39.8, 42.3, 50.2, 56.2, 56.8, 59.1, 67.3,
70.0, 70.9, 71.9, 79.5, 121.6, 141.0.

Methyl 4,6-O-Benzylidene-2,3-di-O-(2-methoxyethyl)-a-D-glucopyr-
anoside (2): Reaction time (5 days), flash chromatography (CH,Cl,/
acetone, 9:1), yield (54%), [0]p>® +59.5 (¢ 1.1, CH,Cl,). — IR
(film): ¥ = 2926 cm™!, 1458, 1366, 1089, 1056. — 'H NMR
(CDCls): 6 = 3.30 (s, 3 H, OCHs;), 3.36 (s, 3 H, OCH3), 3.42 (s, 3
H, OCH;), 3.44-4.02 (m, 13 H, 4x CH,O, H2, H3, H4, H6a,
H6b), 4.26 (m, 1 H, H5), 4.83 (d, J = 3.5, 1 H, H1), 5.53 (s, 1 H,
PhCH), 7.28—7.41 (m, 3 H, Ph), 7.42—7.54 (m, 2 H, Ph). — 13C
NMR (CDCly): 8 = 55.8, 59.2, 59.4, 62.8, 69.6, 71.9, 72.6, 72.7,
72.8,79.7, 81.1, 82.2, 99.6, 101.7, 126.5, 128.7, 128.7, 129.4, 137.9.

Methyl  2,3-Di-O-benzyl-4,6-di- O-(2-methoxyethyl)-a-D-glucopyr-
anoside (3): Reaction time (7 days), flash chromatography (CH,Cl,/
acetone, 50:3), yield (61%), [a]p2° +52.0 (¢ 1.3, CH,Cl,). — IR
(film): ¥ = 2926 cm ™!, 1497, 1455, 1198, 1093, 1052. — 'H NMR
(CDCl3): & = 3.33 (s, 6 H, 2 X OCHs;), 3.34 (s, 3 H, OCHs),
3.37-3.81 (m, 12 H, 4X CH,0, H2, H4, H6a, H6b), 3.91 (dd, J =
9.5,9.5, 1 H, H3), 3.95(ddd, J = 11.0, 4.6, 4.6, | H, HYS), 4.56 (d,
J=38,1H, Hl), 462 (d, J = 122, 1 H, CHPh), 477 (d, J =
12.2, 1 H, CHPh), 4.83 (d, J = 10.6, 1 H, CHPh), 492 (d, J =
10.6, 1 H, CHPh), 7.21—=7.41 (m, 10 H, Ph). — 13C NMR (CDCl;):
8 = 54.9, 58.8, 69.4, 69.8, 70.5, 71.7, 71.9, 72.0, 73.2, 75.4, 78.0,
79.4, 81.6, 98.0, 127.3, 127.7, 127.8, 127.9, 128.1, 128.2, 138.0,
138.8.

Methyl 4,6-O-Benzylidene-2,3-di-O-(5-methoxy-3-oxapentyl)-o-D-
glucopyranoside (4): Reaction time (7 days), flash chromatography
(CH,Cly/acetone, 15:2), yield (58%), [a]p>° +39.3 (¢ 1.2, CH,CL,).
— IR (film): ¥ = 2875 cm™!, 1456, 1374, 1246, 1092, 992. — 'H
NMR (CDCly): & = 3.27 (s, 3 H, OCH3), 3.33 (s, 3 H, OCH3;), 3.38
(s, 3 H, OCHs), 3.36—4.00 (m, 21 H, 8 X CH,O, H2, H3, H4, Hé6a,
H6b), 4.22 (m, 1 H, HS), 4.80 (d, J = 3.5, 1 H, H1), 547 (s, | H,
PhCH), 7.28—7.40 (m, 3 H, Ph), 7.42—7.56 (m, 2 H, Ph). — 13C
NMR (CDCly): 6 = 55.0, 58.7, 58.8, 62.1, 68.9, 70.0, 70.3, 70.4,
70.7, 71.2, 71.6, 71.7, 72.0, 78.8, 80.5, 81.5, 98.9, 101.1, 125.9,
127.9, 128.7, 137.2.

Methyl 2,3-Di-O-benzyl-4,6-di-O-(5-methoxy-3-oxapentyl)-a-D-glu-
copyranoside (5): Reaction time (15 days), flash chromatography
(CH,Cly/acetone, 5:1), yield (56%), [a]p?® +43.1 (¢ 1.2, CH,Cl,).
— IR (film): ¥ = 2877 cm™ !, 1497, 1455, 1354, 1246, 1198, 1097.
— 'H NMR (CDCls): & = 3.29 (s, 3 H, OCH3), 3.30 (s, 6 H, 2X
OCH3;), 3.32—3.78 (m, 20 H, 8xX CH,O, H2, H4, H6a, H6b), 3.86
(dd, J =94,9.4,1H, H3), 3.89 (ddd, J = 10.8, 4.6, 4.6, 1 H, H5),
4.52(d, J = 3.6, 1 H, H1), 4.58 (d, J = 12.0, 1 H, CHPh), 4.73 (d,
J=12.0,1H, CHPh),4.79 (d, J = 11.0, | H, CHPh), 4.87 (d, J =
11.0, 1 H, CHPh), 7.18—7.39 (m, 10 H, Ph). — 13C NMR (CDCl;):
& = 549, 58.8, 69.4, 69.9, 70.3, 70.4, 70.6, 71.8, 72.0, 73.2, 75.4,
78.0, 79.4, 81.6, 98.0, 127.3, 127.7, 127.8, 127.9, 128.1, 128.2,
138.0, 138.7.

Methyl 3,4,6-Tri-O-benzyl-2-O-(11-methoxy-3,6,9-trioxaundecyl)-a-
D-mannopyranoside (6): Reaction time (14 days), flash chromatog-
raphy (pentane/EtOAc, 1:10), yield (83%), [a]p>® +22.9 (¢ 1.2,
CH,Cl,). — IR (film): ¥ = 2872 cm™!, 1497, 1454, 1363, 1199,
1108. — 'H NMR (CDCl5): = 3.38 (s, 3 H, OCH3), 3.40 (s, 3 H,
OCHs), 3.52—3.98 (m, 21 H, 8x CH,O, H2, H4, HS, H6a, H6b),
4.51 (d, J = 11.3, 1 H, CHPh), 4.62 (d, J = 11.3, 1 H, CHPh),
4.68 (d, J = 11.3, 1 H, CHPh), 4.68 (d, J = 12.2, 1 H, CHPh),
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4.76 (d, J = 12.2, 1 H, CHPh), 4.83 (d, J = 1.8, 1 H, H1), 4.88 (d,
J = 11.3, 1 H, CHPh), 7.14—7.44 (m, 15 H, Ph). — '*C NMR
(CDCly): § = 54.5, 58.8, 69.1, 70.3, 70.4, 70.5, 70.7, 70.8, 71.3,
717, 71.8, 73.1, 74.6, 74.8, 76.3, 79.9, 99.0, 127.2, 127.3, 127.4,
127.5, 127.7, 128.1, 128.2, 138.3.

Methyl 2,3,4-Tri-O-benzyl-6-O-(11-methoxy-3,6,9-trioxaundecyl)-a-
D-glucopyranoside (7): Reaction time (4 days), flash chromatogra-
phy (pentane/EtOAc, 3:20), yield (81%), [0]p®® +40.8 (¢ 1.2,
CH,Cl,). — IR (film): v = 2875 ecm™!, 1497, 1455, 1359, 1195,
1109. — '"H NMR (CDCl;): = 3.31 (s, 6 H, 2X OCH3), 3.43—3.73
(m, 21 H, 8x CH,O0, H2, H4, H5, H6a, H6b), 3.93 (dd, J = 9.6,
8.5, 1 H, Hy), 455(d, J = 3.5 1H, H1),459 (d,J = 11.1, 1 H,
CHPh), 4.60 (d, J = 12.0, 1 H, CHPh), 4.74 (d, J = 12.0, 1 H,
CHPh), 4.77 (d, J = 11.2, 1 H, CHPh), 4.81 (d, J = 11.1, 1 H,
CHPh), 492 (d, J = 11.2, 1 H, CHPh), 7.15-7.35 (m, 15 H, Ph).
— I3C NMR (CDCl): § = 55.2, 59.0, 69.7, 70.0, 70.4, 70.6, 70.9,
71.9, 73.4, 75.0, 75.8, 77.6, 79.8, 82.1, 98.2, 127.5, 127.7, 127.8,
127.9, 128.1, 128.4, 138.1, 138.4, 138.8.

General Procedure for Performing the Pinacol Coupling Reactions
with Benzaldehyde: For reactions involving diglyme, triglyme or
tetraglyme, these (0.4 mmol for 1 equivalent) were added to a
stirred 0.1 M solution of Sml, in THF (4 mL, 0.4 mmol), and the
mixture was allowed to stir for 10 min. With the other polyethylene
glycols, the SmlI, solution was added directly to an argon flushed
flask containing these complexing agents (0.4 mmol) followed by
stirring for 10 to 15 min. Thereafter benzaldehyde (33 pL, 0.3
mmol) was added and the mixture was stirred for 5 min and then
quenched with aqueous NH,4CI (sat.). CH,Cl, was added and the
organic phase was washed with water (2 times), dried (Na,SOy),
and evaporated in vacuo. Flash chromatography (pentane/EtOAc,
3:1) afforded the benzohydroin (for yields, see Table 1 and 3). With
6 as the complexing agent, the flash chromatography was performed
in CH,Cl,/diethyl ether (10:1) as this compound comigrated with
the hydrobenzoin employing the standard eluent. Characteristic
signals for the erythro-isomer in the '"H-NMR spectrum: & = 4.84
(s, 2 H, 2X CHPh); for the threo-isomer & = 4.71 (s, 2 H, 2X
CHPh).[17¢l

The Pinacol Coupling Reaction with Cyclohexanecarboxaldehyde in
the Presence of Triglyme: Triglyme (72 pL, 0.40 mmol) was added
to a 0.1 M solution of Sml, in THF (4.0 mL, 0.40 mmol). After
stirring for 15 min at 20°C, cyclohexanecarboxaldehyde (36 pL,
0.30 mmol) was added, and the reaction mixture was allowed to
stir for 72 h. Aqueous NH4Cl (sat.). was added followed by
CH,Cl,, and the organic phase was washed with water (2 times),
dried (Na,SO,), and evaporated in vacuo. Flash chromatography
(pentane/EtOAc, 5:1) afforded the diol (8 mg, 25%) as a 10:1 mix-
ture of threo- and erythro-isomer, respectively. Characteristic signals
for the threo-isomer in the '"H NMR spectrum: § = 3.33 (d, J =
6.0, 2 H, 2X OCH); for the erythro-isomer 6 = 3.43 (dd, J = 2.4,
1.0, 2 H, 2X OCH).[?"!

The Pinacol Coupling Reaction with Cyclohexanecarboxaldehyde in
the Presence of 7: To an argon flushed flask containing compound
7 (266 mg, 0.41 mmol) and nBuyNBr (260 mg, 0.81 mmol) was
added a 0.1 M solution of Sml, in THF (4 mL, 0.4 mmol). The
dark violet solution was stirred for 15 min at 20°C, after which
cyclohexanecarboxaldehyde (40 pL, 0.33 mmol) was added, and the
solution was left stirring for 6 h. Aqueous NH4CI (sat.). was added
followed by CH,Cl,, and the organic phase was washed with water
(2 times), dried (Na,SO,) and evaporated in vacuo. Flash chroma-
tography (pentane/EtOAc, 5:1) afforded the diol (29 mg, 77%) as a
2.6:1 mixture of threo- and erythro-isomer, respectively.
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