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A straightforward synthesis of novel chiral polysiloxane-
based metal stationary phases immobilized through a pro-
pylenoxy linker (Chirasil-Metal-OC3) to the polymeric back-
bone is presented. Synthesis was accomplished in six steps
with high overall yields starting from commercially available,
enantiopure (+)-(1S)-camphorsulfonic acid. Two different ap-
proaches towards Chirasil-Metal phases featuring either a
propylenoxy or propylenthio linker used for immobilization
through hydrosilylation are presented. Furthermore, a new
protocol for the fluoroacylation, which is one of the key steps
in the synthesis of (1R)-3-(perfluoroalkanoyl)camphorate
metal complexes, was developed to improve the isolation and
overall yield. The immobilization of (1R,4S)-10-(allyloxy)-3-
(heptafluorobutanoyl)camphor – 10-(allyloxy)-hfbc – onto
polysiloxanes as well as the incorporation of nickel(II), oxo-
vanadium(IV), europium(III), and lanthanum(III) was charac-

Introduction
For 40 years, chiral metal-chelates, a privileged class of

highly versatile chiral selectors, have successfully been em-
ployed in enantioselective complexation gas chromatog-
raphy (GC).[1–4] While recent developments in enantioselec-
tive GC mainly focused on cyclodextrin-based chiral sta-
tionary phases (CSP),[5–11] chiral transition-metal and rare-
earth metal complexes, such as metal (1R)-3-(trifluoroacet-
yl)camphorates,[12,13] were utilized as CSP because of their
extraordinarily high ability to separate enantiomers of chi-
ral compounds,[1] for example substituted oxiranes,[14] or to
study the stereodynamics of stereolabile compounds, for ex-
ample the stereotopic nitrogen in aziridines.[15,16] Rhodi-
um(I) camphorates were the first examples of highly enan-
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terized by FT ATR IR and NMR spectroscopy. Overall, seven
different Chirasil-Metal-OC3 polymers with different separa-
tion properties were prepared by metal incorporation and
variation of the amount of immobilized (1R,4S)-10-(allyloxy)-
3-(heptafluorobutanoyl)camphor (10-allyloxy-hfbc: 3.5, 10.2,
and 20.0%). Their performance in enantioselective complex-
ation gas chromatography was systematically studied and
excellent enantioselectivity was found for Chirasil-Nickel-
OC3. Separation of 29 small-sized compounds, en-
compassing, among others, epoxides, substituted alkenes
and alkynes as well as alcohols and amides, was achieved
with high separation factors α. The synthetic strategy, en-
antiomer separations and thermal stability (up to 160 °C)
demonstrates the versatility of the newly derived Chirasil-
Metal-OC3 phases.

tioselective compounds that were successfully employed as
CSP in gas chromatographic separations of small olefins.[17]

Later, manganese(II),[18] cobalt(II),[19] and nickel(II)[20,21]

were successfully introduced.
These chiral complexes are also highly versatile chiral

shift reagents in NMR spectroscopy.[22–26] Furthermore,
these complexes can be applied as chiral Lewis acids
(CLAs) in catalytic asymmetric transformations such as
hetero-Diels–Alder reactions using oxovanadium(IV)[27–29]

or europium(III),[29–32] or asymmetric cyclopropanations
using copper(II) complexes.[33]

The versatility of alkanoyl-camphorate metal complexes
as chiral selectors in enantioselective chromatography, as
chiral shift reagents in NMR spectroscopy, and as catalysts
in asymmetric syntheses[34] emphasizes the importance of
making these diketonate ligands easily accessible and im-
proving their chemical properties, for example, decreasing
their high volatility, which typically limits the applicable
temperature range in enantioselective complexation GC.[35]

Higher temperatures lead to leaching of the chiral selector,
which decreases the separation efficiency and limits the
overall life-time. To improve the thermal stability and, in
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particular, to decrease leaching, the chiral metal-containing
selector can be bonded to a polymeric backbone, a strategy
commonly used to immobilize catalysts;[36–38] this was first
achieved by Schurig et al.[39] by bonding selectors to
hydridodimethylpolysiloxane (HMPS) by Pt-catalyzed
hydrosilylation. This results in stationary phases with im-
proved thermal stabilities and decreased column bleeding,
which is of importance for mass spectrometric detection.
The pivotal step of the immobilization strategy used by
Schurig et al.[39] was the synthesis of 10-methylenecamphor,
which required equimolar amounts of diazomethane[40] and
thus limited large-scale synthesis of chiral stationary phases
for preparative separations. In addition, the very short
linker used decreased the conformational flexibility, which
reduces the accessibility of the immobilized chiral selector.
Furthermore, the fluoroacylation step in ligand synthesis
remained the bottleneck for all camphor and monoterpene
related CSPs and chiral shift reagents, because the reaction
is accompanied by side reactions and tedious multistep
workup procedures, diminishing the yields. Taking these
limitations into account, we focused in the present work on
the development of an extended, chemically bonded, chiral
camphor-derived stationary metal phase with improved
thermal stability, separation efficiency, and straightforward
accessibility. Using high molecular-weight polysiloxanes
(Mw ≈ 3000 g/mol) guarantees thermal and chemical sta-
bility of both the polymeric backbone and the selector. Sim-
ilar to related systems,[37,41,42] the development of a selec-
tor-to-support spacer of a well-defined length proved to be
a key to enhanced efficiency and enantioselectivity. In the
current study, we also present an exceptional improvement
of the fluoroacylation reaction protocol. In subsequent ap-
plications, we demonstrate the capabilities and the potential
of metal-coordinated CSPs. Furthermore, we demonstrate
the versatility of these immobilized perfluoroalkanoyl-cam-
phorate metal complexes as excellent selectors in enantiose-
lective complexation GC.

Results and Discussion

Synthesis

Overall, two different routes to the chiral, fluorinated
compounds prior to immobilization were developed, taking
the following design criteria into account: (i) The spacer
length between polysiloxane (PS) and the bornyl moiety of
the perfluoroalkanoyl-camphorate metal complex should
be between 6–8 Å, because a shorter linker decreases the
conformational flexibility and a longer linker causes folding
and decreased selector accessibility; (ii) the linker must not
show any competitive selectivity, which is realized by the
use of alkyl or alkoxy chains; (iii) the linker must not exhi-
bit any conformational restraints, and (iv) should be easily
introduced in a modular way. All of these design criteria
can be realized in 10-(allyloxy)- or 10-(allylthio)camphor.
Starting from commercially available, enantiomerically pure
(+)-(1S)-camphorsulfonic acid, these strategies furnished
either fluoroacylated 10-(allyloxy)camphor (8) or 10-(all-
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ylthio)camphor (11), both of which were then subjected to
immobilization on the polysiloxane support (cf. Schemes 1
and 2). For the preparation of 8, (1S)-(+)-camphorsulfonic
acid (1) was first converted into its potassium salt, which
was then converted into the acid bromide derivative by reac-
tion with phosphorus pentabromide, generated from phos-
phorus tribromide and bromine in carbon disulfide
(Scheme 1). Elimination of sulfur dioxide in o-xylene with
catalytic amounts of calcium dichloride yielded (1S,4R)-10-
bromocamphor (2) in 35% yield. Reaction with excess po-
tassium acetate and acetic acid under molten conditions
(� 175 °C) resulted in formation of the corresponding 10-
acetoxycamphor derivative 4 in quantitative yields
(� 97%). (1R,4R)-10-Hydroxycamphor (5) was prepared
from the acetate in good yields (92 %) by reaction in 10 wt.-
% methanolic solution of potassium hydroxide heated to
reflux. Ether synthesis to yield (1R,4R)-10-(allyloxy)cam-
phor (8) was performed by using 5 and allyl bromide under
Williamson’s ether synthesis conditions using sodium hy-
dride in tetrahydrofuran (84% yield; Scheme 2). In an alter-
native route, we prepared (1S,4R)-10-iodocamphor (3) di-
rectly from 1 in quantitative yields (� 98 %; Scheme 1). Al-
though purification of 3 by column chromatography was
recommended in previous reports,[43–46] due to the involve-
ment of triphenylphosphane and triphenylphosphane oxide,
we found that purification by sublimation was superior be-
cause large amounts of pure (1S,4R)-10-iodocamphor could
be readily obtained in a short time. Following the pre-
viously described procedures, we were able to shorten the
synthetic pathway from six to four steps, and (1R,4R)-10-
(allyloxy)camphor (8) was obtained in a very good overall
yield of 73 %.

Scheme 1. Routes to 10-hydroxy- (5) and 10-thiocamphor (6). Rea-
gents and conditions: (a) KOH, H2O, room temp., quant.; PBr5,
Et2O, 35 °C, 48 h, 35%; (b) I2, PPh3, toluene, 111 °C, 16 h, 98%.
(c) KOAc, HOAc, 175 °C, 12 h, 93% for 2, 97% for 3; (d) KOH,
MeOH, 65 °C, 6 h, 92%; (e) SOCl2, 80 °C, 4 h; PPh3, H2O, dioxane,
4 h, 100 °C, 94%.

Additionally, we were able to prepare the 10-hy-
droxycamphor analogue (1S,4R)-10-thiocamphor (6) in a
similar one-step reaction from (1S)-(+)-camphorsulfonic
acid 1 in 94% yield, by using thionyl chloride and tri-
phenylphosphane (Scheme 1). Applying the same strategy
for ether synthesis, (1S,4R)-10-(allylthio)camphor (11) was
obtained in 94% yield (Scheme 2). By this short, two-step
approach, allylthio-camphor 11 was prepared in an excel-
lent overall yield of 76%.
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Scheme 2. Allyl/allylthio ether formation and fluoroacylation steps.
Reagents and conditions: (a) NaH, C3H5Br, THF, 0–50 °C, 2 h, 84%
for 8, 94% for 11. (b) LiH, CF3CO2Me, THF, 0–67 °C, 14 h, 94%
for 9, 94% for 12. (c) LiH, C3F7CO2Et, THF, 0–67 °C, 14 h, 75 %
for 10, 77% for 13.

In an effort to improve the overall yield of (1R,4R)-(10-
allyloxy)camphor (8) by reducing the number of necessary
steps, we tried to perform a Williamson’s ether synthesis
with 10-iodocamphor 3 and allyl alkoxide (Scheme 3).
However, instead of the desired product, we obtained
enantiopure (R)-allyl 2-(2,2-dimethyl-3-methylenecyclopen-
tyl)acetate (7) in 54% yield. Early literature precedents[47,48]

account for a transformation by invoking consecutive re-
gioselective rearrangements initiated under basic conditions
followed by in situ esterification. The observed one-step re-
action might be of valuable interest for natural product syn-
thesis.

Scheme 3. Regioselective, base-induced camphor cleavage to meth-
ylenecyclopentyl ester 7. Reagents and conditions: (a) NaH,
C3H5OH, DMF, 80 °C, 24 h, 54 %.

The key step in the synthesis – the introduction of a fluo-
rinated substituent at the selector – is a necessary prerequi-
site for enhanced enantiomer recognition. The general pro-
cedure involves deprotonation of camphor or related mono-
terpene derivatives at the α-carbonyl position by lithium di-
isopropyl amide at low temperatures (–70 °C) to furnish the
enolate and suppress side-reactions. Even though low tem-
peratures can be applied, the reaction is generally ac-
companied by side-reactions such as O-acylation, decompo-
sition, or incomplete conversion, which require cumber-
some purification steps to isolate the product.[49] We there-
fore tested different bases for enolate formation. Sodium
hydride in tetrahydrofuran showed only moderate conver-
sions over four days at reflux temperature, but no O-acyl-
ation and only minor amounts of side products were de-
tected (including methyl ethers as anomalous sodium hy-
dride reduction products). Encouraged by this result, we
applied potassium hydride and lithium hydride for enolate
formation. Whereas use of the former base gave almost no

Eur. J. Org. Chem. 0000, 0–0 © 0000 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjoc.org 3

conversion, we were pleased to find lithium hydride was the
base of choice. Deprotonation of either 10-(allyloxy)- or 10-
(allylthio)camphor was achieved under reflux conditions in
8 to 24 h. Addition of the fluorinated alkyl esters, instead
of acyl chlorides, gave the desired C-fluoroacylation in very
good yield and purity. Due to the different melting points
of the fluorinated alkyl ester starting materials and the ab-
sence of side products, purification in the case of trifluo-
roacetylation could be achieved by evaporation of excess
trifluoromethyl ester (b.p. 43 °C) to yield the analytically
pure product. For the introduction of a hexafluorobutyl
moiety, ethyl heptafluorobutyrate (b.p. 95–98 °C) was cho-
sen. The pure product could be distilled at elevated tem-
peratures (120 °C) under reduced pressure. Following this
procedure (1R,4S)-10-(allyloxy)-3-(trifluoromethanoyl)-
camphor (9, 94%), (1R,4S)-10-(allyloxy)-3-(heptafluoro-
butanoyl)camphor (10, 75 %), (1S,4S)-10-(allylthio)-3-(hep-
tafluorobutanoyl)camphor (12, 94%), and (1S,4S)-10-(all-
ylthio)-3-(heptafluorobutanoyl)camphor (13, 77%) were
obtained in very good to excellent isolated yields as color-
less, viscous oils (Scheme 2). The lower yields achieved in
the case of heptafluoroacylation was due to losses that oc-
curred during the purification by distillation of only small
amounts of product.

To investigate the potential of the newly derived, highly
fluorinated (1R,4S)-10-(allyloxy)-3-(heptafluorobutanoyl)-
camphor chiral ligands 10, we chose polysiloxanes as a suit-
able support material because of its high thermal and chem-
ical stability. First, hydridodimethylpolysiloxanes (HMPS,
Mw ≈ 3000 g/mol) with varying content of free silane groups
were synthesized, characterized, and the silane content de-
termined by NMR spectroscopic measurements (SiH con-
tent 3.5, 10.2 and 20.0%).[50] Immobilization was achieved
by Pt-catalyzed hydrosilylation reaction of 10-(allyloxy)-
camphor and HMPS using Karstedt’s catalyst (Pt-divinyl-
tetramethyldisiloxane) in anhydrous toluene under ultra-
sonification for 10 h at elevated temperatures (Scheme 4).
Purification resulted in chemically-bonded CSPs with selec-
tor content of approximately 3.5 (14; 88 % yield), 10.2 (15;
73% yield), and 20.0% (16; 73 % yield) in good yields. Im-
mobilization of (1S,4S)-10-(allylthio)-3-(heptafluorobut-
anoyl)camphor (12) failed with both the Karstedt’s catalyst
and Speier’s catalyst (hexachloroplatinic acid; H2PtCl6).[51]

This result is in line with the observation that the stereoelec-
tronic properties of substituents on the reactants[52] (also at
silicon)[53] strongly influence the reactivity of the carbon–
carbon double bond and account for the generally more
challenging hydrosilylation of allylthioethers. However, ap-
propriate selection of the catalyst generally allows success-
ful hydrosilylation.[54–58] Metal incorporation was ac-
complished by using a modification of the procedure devel-
oped by Schurig and co-workers[59] in which a two-phase
liquid–liquid reaction between metal precursor and chiral
polysiloxanes (Chirasil) was used. For the preparation of
Chirasil-Nickel-OC3, nickel(II) acetate tetrahydrate dis-
solved in methanol, and polysiloxanes 14–16 dissolved in
n-heptane, were transformed in a two-phase mixture. This
mixture becomes miscible at elevated temperatures and sep-
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arates upon cooling and purification, resulting in nickel(II)
bis[(1R,4S)-3-(heptafluorobutanoyl)-10-(propylenoxy)cam-
phorates] immobilized on polysiloxane as pale-green to
green oils [17: 3.5% Ni(hfpc)2@PS, 92% yield; 18: 10.2 %
Ni(hfpc)2@PS, 89% yield; 19: 20.0% Ni(hfpc)2@PS, 85 %
yield]. Incorporation of oxovanadium(IV) was achieved by
using oxovanadium(IV) sulfate pentahydrate and triethyl-
amine to yield the Chirasil-Vanadyl-OC3 polysiloxanes [20:
3.5% V(O)(hfpc)2@PS, 79% yield; 21: 10.2 % V(O)-
(hfpc)2@PS, 70% yield; 22: 20.0% V(O)(hfpc)2@PS, 74 %
yield] as purple oils. Using this procedure, europium(III)
acetate and lanthanum(III) acetate hydrate furnished Chira-
sil-Europium-OC3 [23; 20.0% Eu(hfpc)3@PS, 80% yield] as
a yellow oil, and Chirasil-Lanthanum-OC3 [24; 20.0 %
La(hfpc)3@PS, 86% yield] as an orange oil (Scheme 4).

Scheme 4. Synthesis of immobilized camphor ligands 14–16 and
Chirasil-Metal-OC3 [M = Ni, V(O), Eu, La] preparation. Reagents
and conditions: (a) HMPS, Karstedt’s cat., toluene, sonication,
room temp. to 110 °C, 10 h, 88% for 14, 73% for 15, 73% for 16.
(b) Ni(OAc)2·4H2O, H2O/heptane (2:3), 100 °C, 2 h, 92% for 17,
89% for 18, 85% for 19. (c) V(O)SO4·5H2O, NEt3, H2O/heptane
(2:3), 100 °C, 5 h, 79% for 20, 70% for 21, 74% for 22. (d) Eu-
(OAc)3·H2O, NEt3, H2O/heptane (2:3), 100 °C, 5 h, 80% for 23.
(e) La(OAc)3·H2O, NEt3, H2O/heptane (2:3), 100 °C, 5 h, 86% for
24.

The degree of immobilization of (1R,4S)-10-(allyloxy)-3-
(heptafluorobutanoyl)camphor (10) onto polysiloxanes and
the extent of metal incorporation were monitored by IR
and NMR spectroscopic analyses.

Ligand Immobilization and Metal Incorporation Monitored
by IR Spectroscopy

Chemical-bonding of the (1R,4S)-10-(allyloxy)-3-(hep-
tafluorobutanoyl)camphor (10) on polysiloxanes can be de-
tected by IR spectroscopy and was considered to be more
than 99% complete by fading of the silane band at ν(Si–H)

= 2160 cm–1 and detection of two sets of bands resulting
from symmetric ν(C=C) and ν(C=O) stretching frequencies
and asymmetric δ(–OH) deformations of the camphor-diket-
one ligand (Figure 1). By comparison of polysiloxanes of
different silane content and their hydrosilylated (CB)CSPs
14–16, a characteristic increase in the signal intensities
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along with a higher degree of SiH content (degree of ligand
immobilization) was observed for the silane as well as for
the carbonyl, carbon–carbon stretching, and carbon–hy-
droxyl deformation frequencies. Finally, metal incorpora-
tion of nickel(II) and oxovanadium(IV) was monitored. A
pronounced change towards lower frequencies was ob-
served for nickel(II) bis[(1R,4S)-3-(heptafluorobutanoyl)-
10-(propylenoxy)camphorate] on polysiloxanes [17–19,
Ni(hfpc)2@PS3.5–20.0 %, Chirasil-Nickel-OC3] considering
the ν(C=C), ν(C=O), and ν(O–Rh) frequencies. Disappearance
of the bands at 1701 and 1642 cm–1 of the diketone ligand

Figure 1. Immobilization of camphor diketone ligand 10 on poly-
siloxanes (SiH content: 3.5, 10.2, and 20.0%) and nickel(II) incor-
poration monitored by IR spectroscopic measurements (overlay of
nine spectra, characteristic absorption bands marked with arrows):
Chirasil-Nickel-OC3.

Figure 2. Immobilization of camphor diketone ligand 10 on poly-
siloxanes (SiH content: 3.5, 10.2, and 20.0%) and oxovanadi-
um(VI) incorporation monitored by IR spectroscopic measure-
ments (overlay of nine spectra, characteristic absorption bands
marked with arrows): Chirasil-Vanadyl-OC3.
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and occurrence of two new bands at 1641 and 1627 cm–1

show successful nickel incorporation (Figure 1). Although
less pronounced, this change was also observed for the in-
corporation of oxovanadium(IV), with bands at 1686 and
1635 cm–1. Intensities differed in respect to the ligand con-
tent in Chirasil-Vanadyl-OC3 materials 20–22 (Figure 2).
For the IR spectra of Chirasil-Europium-OC3 (23) and Chi-
rasil-Lanthanum-OC3 (24), see the Supporting Information.

Ligand Immobilization and Metal Incorporation Monitored
by 1H NMR Spectroscopy

The immobilization process was also monitored and veri-
fied by NMR spectroscopic measurements. Figure 3 shows
the 1H NMR spectra of starting materials and Chirasil-
Metal-OC3 phases. Due to detection limits, only the spectra
for high silane ligand and metal camphorate content
(20.0 %) are displayed. In Figure 3 (A), the signal for the
silane protons at δ = 4.68 ppm and methyl moieties of
HMPS at δ = 0.2 to –0.3 ppm can be easily detected. In
part B of Figure 3, (1R,4S)-10-(allyloxy)-3-(heptafluorobut-
anoyl)camphor (10) prior to immobilization is shown and
can be identified by its allylic protons at δ = 5.93–5.86 (m,
1 H), 5.28 (dd, 1 H, methyleneCH2trans), and 5.18 (dd, 1 H,
methyleneCH2cis) ppm, and by its characteristic singlets for
the two C7-exo-methyl groups at δ = 1.07 and 0.96 ppm.
In Figure 3 (C), immobilization onto the polysiloxane and
complete conversion (� 99%) was confirmed by the re-
duced signals of all the allylic ligand-proton signals in the
range between δ = 6.00 and 5.00 ppm as well as by the dis-
appearance of the silane signal at δ = 4.68 ppm. The lack
of signals in this region is noteworthy, because ether cleav-
age of the ligand and side reactions during hydrosilylation
are possible, which would render purification as well as any
further application of these polymers difficult (e.g., remain-
ing SiH functionalities as a source for metal-reduction or
free complex species altering polymer performance/selecti-
vity/separation capabilities). Whereas these signals disap-
peared, the characteristic C7-methyl groups of the camphor
moiety at δ = 1.07 and 0.96 ppm and the broad signal at δ
= 11.69 ppm for the hydroxyl group of the β-diketonate are
still present, confirming that successful immobilization onto
the polymer had occurred. Furthermore, we were able to
identify a triplet signal at δ = 0.91 ppm for the newly
formed ligand-to-polymer silano-methyl bond (t, 2 H, -Si-
CH2-linker) and a multiplet at δ = 0.56–0.46 ppm for the
silane methyl groups attached to the silicon atom opposite
to the site of immobilization. Finally, metal incorporation
was further confirmed by the disappearance of the hydroxyl
signal at δ = 11.69 ppm as well as by a characteristic shift
of the camphor-methylene signals between δ = 3.1 and
3.9 ppm for Chirasil-Europium-OC3 (Figure 3, D) and Chi-
rasil-Lanthanum-OC3 (Figure 3, E). For validation by 13C
NMR spectroscopic studies and details of immobilized
hfpc-ligand 16, see the Supporting Information.

Eur. J. Org. Chem. 0000, 0–0 © 0000 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjoc.org 5

Figure 3. Immobilization of camphor-diketone ligand 10 on poly-
siloxane (SiH-content: 20%) and incorporation of europium(III)
and lanthanum(III) monitored by 1H NMR spectroscopy: Chirasil-
Europium/Lanthanum-OC3 (characteristic signals highlighted with
arrows); 1H NMR spectra: (a) HMPS; (b) free ligand [(1R,4S)-
10-(allyloxy)-3-(heptafluorobutanoyl)camphor, 10]; (c) hfpc@PS 16
(immobilization step); (d) Eu(hfpc)3@PS (metal incorporation
step); (e) La(hfpc)3@PS (metal incorporation step).

Complexation Gas Chromatography – Selector
Concentration

After characterization of the newly derived (CB)CSPs,
their application in enantiomer separation by complexation
gas chromatography was investigated. To this end, (CB)
CSPs 12–19 and 20–22, with a range of hfpc-metal content
(3.5, 10.2, and 20.0%), where coated onto the inner surface
of fused-silica capillaries (0.25 mm i.d.) using the static
method described by Grob,[60] resulting in defined polymer
film thickness’ of 250 nm (for conditioning of columns, see
the Supporting Information). To test the potential of Chira-
sil-Nickel-OC3, we used the smallest classes of chiral com-
pounds, namely alkyl- and halo-substituted oxiranes on
Chirasil-Nickel-OC3 as test substances. Chlorohydrin,
methyl-oxirane, n-butyloxirane, and even n-octyloxirane
were successfully baseline-separated. To investigate the in-
fluence of the amount of selector present at the polysilox-
anes on the quality of enantioseparation, all separations
were conducted with capillaries of the same film thickness
under equal chromatographic conditions, but with varying
hfpc-content. The results are shown in Figure 4. On (CB)
CSP with 10.2% selector only the smallest selectand (meth-
yloxirane) was partially separated. Chlorohydrin was base-
line separated with a selector content of 20.0 %. Complete
enantioseparation of methyloxirane, n-butyloxirane, and n-
octyloxirane was observed on CSPs containing 10.2 and
20.0% selector. Retention times increased and the quality
of enantioseparation was enhanced with higher selector
concentrations. The results are in accordance with literature
reports, correlating prolonged chemical retention of
enantiomers with an increase of selector concentration. Re-
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markably, operation at 160 °C over a period of two weeks
was possible without loss of retention, thus demonstrating
the enhanced thermal stability of these novel (CB)CSPs.

Figure 4. Enantiomer separation of oxiranes using Chirasil-Nickel-
OC3 stationary phases with varying selector concentration (a) 3.5 %
(17), (b) 10.2% (18), and (c) 20.0% (19); enantiomeric pairs high-
lighted with arrows. Separations were performed using Chirasil-
Metal-OC3 coated fused-silica capillaries, 250 nm film thickness;
carrier gas: helium; conditions (top to bottom: 50 °C, 85 kPa;
40 °C, 85 kPa; 100 °C, 85 kPa and 110 °C, 120 kPa).

Chirasil-Nickel/Europium/Lanthanum-OC3

Because enantiomer recognition in complexation GC re-
lies on metal–organic coordination, the coordinating metal,
the functional group of the selectand employed, and even
immobilization[61] all have significant influence on the
enantioselectivity. Yet, there is no general relationship be-
tween the nature of the molecular complexation of se-
lectands and the separation factor of the enantiomers, as
revealed for related Chirasil-Nickel stationary phases.[62]

Chirasil-Europium-OC3 (23) and Chirasil-Lanthanum-OC3

(24) were prepared with 20.0% selector concentration. Ra-
cemic 2-[(prop-2-yn-1-yloxy)methyl]oxirane was chosen as
a model substrate to test the enantiomer separation capa-
bility. Separation occurred on all (CB)CSPs, and prolonged
retention times were observed with both Chirasil-Lantha-
num-OC3 and Chirasil-Europium-OC3 without improve-
ment of separation (Figure 5). For the europium-containing
(CB)CSP, the retention time was almost doubled compared
to lanthanum, and extensive peak broadening was ob-
served. The results obtained indicate that rare-earth metals
combined with (CB)CSP exhibit stronger complexation
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capabilities, but no increase in the separation factor α was
observed. Therefore, the application of the corresponding
Chirasil-nickel-OC3 CSP in complexation GC was most ef-
fective (Figure 5).

Figure 5. Influence of metal-chelate on the enantioseparation using
Ni(hfpc)2@PS (19), Eu(hfpc)3@PS (23), and La(hfpc)3@PS (24);
Conditions: 25 m�0.25 mm i.d., 250 nm film thickness; 80 °C,
85 kPa helium as carrier gas.

Extending the Scope of Separations with Chirasil-Nickel-
OC3

As shown in Figure 4, oxiranes were successfully base-
line-separated on Chirasil-Nickel-OC3 (19) with a selector
concentration of 20.0% and a film thickness of 250 nm. To
further extend the scope of separations, the film thickness
was increased to 500 nm while keeping the selector concen-
tration at 20.0%. In addition, a mixed phase consisting of
125 nm polydimethylsiloxane (GE SE 30) and 125 nm Chir-
asil-Nickel-OC3 (20 % selector) was prepared. Screening of
various racemic compounds containing a range of func-
tional groups resulted in enantioseparation of a broad
range of compounds with generally high separation factors
α. Separated compounds included halogen-, alkyl-, and
aryl-substituted oxiranes, primary, secondary, and tertiary
alcohols, substituted internal and terminal alkenes, alkynes,
cyclic ethers, ketones, and allenes. Both oxiranes and
alcohols (Table 1, entries 8, 15a–17a, and 28) were success-
fully separated with α-values between 1.10 and 1.12 using
the standard 25 m�250 nm Chirasil-Nickel-OC3 column.

Excellent enantioseparations were observed for methyl-
oxirane (Table 1, entry 1c, α = 1.32) on the mixed phase.
The highest separation factor (α = 1.66) was observed for
the enantiomer separation of a TMS-alkylbenzyl alcohol
(Table 1, entry 18) after only 6 min on an 8 m� 0.25 mm
i.d. column (250 nm film thickness). Moreover, an ex-
tremely fast separation (47 seconds) was obtained for meth-
yloxirane using a 5 m (500 nm) Chirasil-Nickel-OC3 col-
umn (Table 1, entry 1b; α = 1.21; 30 seconds adjusted reten-
tion time). (+/–)-Menthol was baseline separated in less
than 1 min (α = 1.10) at 140 °C using the same column (Fig-
ure 6).
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Table 1. Summarized data for the separation of enantiomers of racemic compounds using Chirasil-Nickel-OC3 (19) as chiral stationary
phase.[a]
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Table 1. (Continued)
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Table 1. (Continued)
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[a] Separations were carried out using a 25 m Chirasil-Nickel-OC3 (19) column (20% selector, 250 nm) unless otherwise indicated with
helium as carrier gas. [b] 40 m�0.25 mm i.d., 250 nm Chirasil-Nickel-OC3 (19) column (20% selector, 250 nm). [c] 15 m� 0.25 mm i.d.,
250 nm Chirasil-Nickel-OC3 (19) column (20% selector, 250 nm). [d] 8 m�0.25 mm i.d., 250 nm Chirasil-Nickel-OC3 (19) column (20%
selector, 250 nm). [e] 25 m�0.25 mm i.d., 500 nm Chirasil-Nickel-OC3 (19) column (20% selector, 500 nm). [f] 5 m�0.25 mm i.d., 500 nm
Chirasil-Nickel-OC3 (19) column (20% selector, 500 nm). [g] 25 m� 0.25 mm i.d., 250 nm mixed Chirasil-Nickel-OC3 (19) phase (50%
19, 20% selector and 50% GE-SE 30).

Figure 6. Separation of the enantiomers of (+/–)-menthol and
methyloxirane using the novel Chirasil-Nickel-OC3 CSPs (left:
5 m�0.25 mm i.d., 500 nm Chirasil-Nickel-OC3, 140 °C, 85 kPa;
right: 250 nm mixed phase 50% Chirasil-Nickel-OC3 in GE SE 30,
60 °C, 85 kPa).

For diethyl 1,3-allenedicarboxylates (Table 1, entry 29) a
separation factor of α = 1.33 was obtained. Comparison
of the enantioseparation of monoalkylated oxiranes on a
standard 25 m�0.25 mm i.d. and a 25 m �0.25 mm i.d.
mixed Chirasil-Nickel-OC3/GE SE 30 phase (Table 1, en-
tries 1a/1c; 2a/2b; 3a/3c, and 4a/4c) showed that the separa-
tion factors α on the corresponding columns decreased with
increasing length of the oxirane-homologues. Furthermore,
all four stereoisomers of chlacogran, the principal compo-
nent of the aggregation pheromone of the bark beetle
(Pityogenes chalcographus), consisting of a set of two in-
terconverting epimeric pairs (2R,5R-, 2S,5S-, 2S,5R- and
2R,5S-, Table 1, entries 25a,b and 26a,b) were also baseline
separated. The measured and calculated values of each en-
antiomeric pair (a and b), the net retention time (t0), the
corrected retention times [tR(a/b)�], separation factor (α),
resolution (Rs), and effective plate-numbers [Neff(a/b)] are
listed in Table 1 for all tested columns. The observation of
consistently good enantioseparation, combined with the

www.eurjoc.org © 0000 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Org. Chem. 0000, 0–010

broad versatility of this novel Chirasil-Nickel-OC3 phase
underlines the applicability of these new chiral stationary
phases.

Conclusions

We have presented the complete synthesis of extended,
chemically-bonded Chirasil-Metal-OC3 stationary phases
derived from enantiomerically pure (1S)-camphorsulfonic
acid. Four different metals [Ni2+, V(O)2+, Eu3+, La3+] were
incorporated and their different enantiomer separation
capabilities were investigated by complexation GC. In ad-
dition to a drastic improvement of the fluoroacylation step,
which represented the major bottleneck in the preparation
of Chirasil-Metal in the past, we also reported a detailed
NMR and IR spectroscopic study of the immobilization
and metal-incorporation process. This allowed us to moni-
tor and validate the extent of immobilization and con-
firmed conversions of more than 99 % into the desired Chir-
asil phases. The preparation of immobilized Chirasil-Metal-
OC3 phases was performed with varying selector concentra-
tions (3.5, 10.2, and 20.0%) and incorporation of different
metals. This allowed an investigation of the influence of the
selector concentration and the nature of the metal on the
enantiomer separation. It was shown that a higher degree
of selector concentration, up to 20%, is beneficial for
enantioselectivity and resolution. Thus, Chirasil-Nickel-
OC3, with a selector concentration of 20.0 % showed the
best results. An enhanced thermal stability up to 160 °C
was achieved with the novel Chirasil-Nickel-OC3 CSP. To
extend the scope of complexation GC to different substitu-
tion patterns and group functionalities, we investigated the
enantiomer separation of 29 racemic compounds. All com-
pounds could be baseline separated, and generally high sep-
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aration factors of up to α = 1.66 were obtained. The new
columns for complexation GC presented here are a valuable
extension to the currently available choices of CSPs. With
the new synthetic procedure, reliable columns with good
temperature stability and a long life-time can be prepared.
Due to the bonded nature of the selector, these phases can
be also used in supercritical fluid chromatography.[63,64]

Experimental Section
General: All reagents and solvents were obtained from Acros,
ABCR, Alfa Aesar, Sigma–Aldrich, or VWR and were used with-
out further purification unless otherwise noted. THF was freshly
distilled from sodium under an argon atmosphere. Deuterated sol-
vents were purchased from Euriso-Top. NMR spectra were re-
corded with Bruker Avance 500, Bruker Avance 300, or Bruker
ARX-250 spectrometers at room temp. Chemical shifts (ppm) were
referenced to residual solvent protons.[65] GC and GC–MS mea-
surements were performed with a Thermo PolarisQ Trace GC–MS,
equipped with split injector (250 °C), FID (250 °C), and a quadru-
pole ion-trap MS (Thermo, San Jose, CA). Fused-silica capillaries
(0.25 mm i.d.), obtained from Microquartz (München, Germany)
were coated with polysiloxanes (GE SE 30, GE SE 52) and modi-
fied with Chirasil-Metal phases and combinations thereof by apply-
ing the static method described by Grob.[60] MS spectra were re-
corded with a Finnigan MAT TSQ 700 or a JEOL JMS-700 spec-
trometer. IR spectra were recorded with a Bruker Vector 22 FTIR.
Elemental analyses were performed by the analytical laboratories
of the Chemical Institute of the University of Heidelberg (Ger-
many). Melting points were determined with a Büchi melting point
apparatus.

Phosphorus Pentabromide: A dilute solution of phosphorus tri-
bromide (499.5 g, 1.85 mol, 173.4 mL) in CS2 (220 mL) was placed
in a three-necked flask equipped with a mechanical stirrer, and
bromine (294.7 g, 1.84 mol, 94.5 mL) was added slowly by using a
dropping funnel at 0 °C under an argon atmosphere under vigorous
stirring. The solvent was distilled off under reduced pressure after
3 h. After 48 h under high vacuum, phosphorus pentabromide
(796.3 g, 1.84 mol, quant.) was obtained as a bright-yellow solid.
The product was stored under an argon atmosphere.

(1S,4R)-10-Bromocamphor (2): (1S)-Camphorsulfonic acid (1;
350.0 g, 1.51 mol) was suspended in H2O (150 mL) and neutralized
by slow addition of a solution of potassium hydroxide (84.5 g,
1.51 mol) in H2O (200 mL) at 0 °C. The solvent was removed under
reduced pressure, followed by high vacuum. The product was pow-
dered and dried two times over phosphorus pentoxide for 48 h to
yield potassium (1S)-camphor-10-sulfonate (395 g, 1.46 mol, 97%)
as a white salt; m.p. 320–328 °C. IR (KBr): ν̃ = 3454, 2954, 2232,
2082, 1740, 1728, 1469, 1414, 1374, 1284, 1217, 1186, 1166, 1103,
1040, 973, 934, 936, 851, 780, 710 cm–1. The compound was pre-
pared according to literature.[66]

Potassium (1S)-camphor-10-sulfonate (200.0 g, 0.74 mol) was sus-
pended in anhydrous Et2O (1.1 L) in a three-necked flask equipped
with a mechanical stirrer under an argon atmosphere. Phosphorus
pentabromide (326.4 g, 0.76 mol) was added rapidly under vigorous
stirring at 0 °C. The red solution was warmed to room temperature
and stirring was continued for 30 min, followed by 30 min at 30 °C.
For safety reasons, only one third of the reaction mixture was sub-
mitted to the work-up procedure at once. Therefore, one third of
the solution was poured onto 1 kg ice and was immediately ex-
tracted with Et2O (3�250 mL), to minimize decomposition to
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(1S)-camphorsulfonic acid. Finally, the organic layers were com-
bined, washed with H2O (100 mL) and dried with magnesium sul-
fate. Evaporation of the solvent and drying under high vacuum
yielded (1S,4R)-camphorsulfonic acid bromide (90.9 g, 0.31 mol,
41 %) as a microcrystalline, brown powder. 1H NMR (300.13 MHz,
CDCl3): δ = 0.93 (s, 3 H, CH3), 1.14 (s, 3 H, CH3), 1.43–1.52 (m,
1 H), 1.74–1.83 (m, 1 H), 1.99 (d, J = 18.3 Hz, 1 H), 2.04–2.16 (m,
2 H), 2.39–2.53 (m, 2 H), 3.90 (d, J = 14.7 Hz, 1 H, CH2SO2Br),
4.50 (d, J = 14.7 Hz, 1 H, CH2SO2Br) ppm. 13C NMR (75.46 MHz,
CDCl3): δ = 19.7, 19.6, 25.4, 26.8, 42.2, 42.7, 48.0, 60.5, 69.1,
212.4 ppm. MS (EI): m/z (%) = 41 (41), 81 (80), 109 (82), 151 (100)
[M – (SO2Br)]+, 187 (7), 229 (10). IR (KBr): ν̃ = 2954, 2891, 1739,
1456, 1414, 1392, 1376, 1279, 1182, 1127, 1094, 1038, 967, 933,
853, 794, 764, 710 cm–1.

The preparation of (1S,4R)-10-bromocamphor (2) was continued
according to literature.[66] (1S)-10-Camphorsulfonyl bromide
(45.0 g, 0.152 mol) was dissolved in freshly distilled, anhydrous o-
xylol (1.2 L) in a three-necked flash equipped with an open, oil-
filled valve for the extrusion of gas. A small amount of calcium
chloride was added and the mixture was stirred for 48 h under the
exclusion of light. Calcium chloride was then filtered off and the
filtrate was heated to 144 °C under an argon atmosphere and the
temperature was maintained until the generation of SO2 ceased.
The solvent was removed by rotary evaporation, resulting in a
dark-brown oil, which was submitted to steam distillation (oil bath
temperature 150 °C) over a period of four days to yield 2 (12.30 g,
0.053 mol, 35%) as colorless, needle-shaped crystals; m.p. 66–
69 °C. 1H NMR (300.51 MHz, CDCl3): δ = 3.61 (d, J = 11.2 Hz,
1 H, CH2Br), 3.40 (d, J = 11.2 Hz, 1 H, CH2Br), 2.45–2.36 (m, 1
H), 2.17–1.97 (m, 3 H), 1.90 (d, J = 18.3 Hz, 1 H), 1.59–1.51 (m,
1 H), 1.44–1.36 (m, 1 H), 1.10 (s, 3 H, CH3), 0.94 (s, 3 H,
CH3) ppm. 13C NMR (75.56 MHz, CDCl3): δ = 20.3, 20.4, 26.7,
27.7, 29.3, 43.0, 43.9, 48.2, 60.3, 215.5 ppm. MS (EI): m/z (%) =
41 (37), 53 (18), 67 (41), 81 (72), 93 (20), 109 (74), 123 (38), 133
(7), 151 (100) [M – Br]+, 173 (1), 230 (7) [M]+. IR (KBr): ν̃ = 2967,
2935, 2884, 1744, 1465, 1451, 1421, 1382, 1328, 1287, 1234, 1215,
1195, 1167, 1071, 1043, 1018, 961, 934, 910, 873, 851, 809, 775,
745, 708 cm–1.

(1S,4R)-10-Iodocamphor (3):[45,46] Synthesis of this compound was
accomplished according to a procedure developed by Mulholland
et al.[43] Instead of column chromatography, purification by subli-
mation proved to be the method of choice. To a suspension of (1S)-
10-camphorsulfonic acid (65.0 g, 0.280 mol) in toluene (500 mL)
was added iodine (142.0 g, 0.560 mol) and triphenylphosphane
(293.5 g, 1.120 mmol) and the mixture was heated at reflux for 16 h.
The solvent was removed under reduced pressure and EtOAc
(500 mL) was added. The mixture was washed with saturated so-
dium thiosulfate solution (3�100 mL), H2O (3�50 mL), and
brine (2 �50 mL). The solvent was removed and the residue was
dried under high vacuum. Successive sublimation of small amounts
of crude product yielded pure (1S,4R)-10-iodocamphor (76.3 g,
0.274 mol, 98%) as colorless crystals; m.p. 79–82 °C. 1H NMR
(300.51 MHz, CDCl3): δ = 3.29 (d, J = 10.6 Hz, 1 H, CH2I), 3.10
(d, J = 10.6 Hz, 1 H, CH2I), 2.43–2.34 (m, 1 H), 2.16–2.13 (m, 1
H), 2.05–1.94 (m, 2 H), 1.89 (d, J = 18.3 Hz, 1 H), 1.63–1.56 (m,
1 H), 1.41–1.35 (m, 1 H), 1.06 (s, 3 H, CH3), 0.89 (s, 3 H,
CH3) ppm. 13C NMR (75.56 MHz, CDCl3): δ = 0.7, 20.1, 20.3,
26.7, 30.5, 42.9, 44.0, 28.3, 59.0, 215.0 ppm. IR (KBr): ν̃ = 2962,
2931, 1744, 1454, 1417, 1391, 1375, 1324, 1298, 1290, 1273, 1214,
1190, 1164, 1064, 1038, 766 cm–1. C10H15IO (278.13): calcd. C
43.18, H 5.44; found C 43.19, H 5.47.

(1R,4R)-10-Acetoxycamphor (4). Method A:[66] A mixture of
(1S,4R)-10-bromocamphor (12.0 g, 0.052 mol), potassium acetate
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(35.7 g, 0.363 mol), and acetic acid (20.3 g, 0.338 mol, 19.3 mL)
were stirred at reflux temperature (175 °C) for 12 h. The crude mix-
ture was allowed to cool (10 min) and then dissolved in H2O
(20 mL), while still hot. The solution was carefully neutralized with
sodium carbonate and extracted with Et2O (4�50 mL). The or-
ganic layers were combined, washed with brine (50 mL), and dried
with magnesium sulfate. Evaporation of the solvent under reduced
pressure followed by high vacuum, yielded (1R,4R)-10-acetoxy-
camphor (10.2 g, 0.048 mol, 93%) as a viscous, colorless oil.

Method B:[67] (1S,4R)-10-Iodocamphor (20.0 g, 0.072 mol) was
used instead of (1S,4R)-10-bromocamphor. Reaction conditions
and workup procedure were similar to those described in
method A. Pure (1R,4R)-10-acetoxycamphor (14.7 g, 0.070 mol)
was obtained in 97 % yield. 1H NMR (500.13 MHz, CDCl3): δ =
0.98 (s, 3 H, CH3), 1.05 (s, 3 H, CH3), 1.37–1.41 (m, 2 H), 1.88 (d,
J = 18.4 Hz, 2 H), 1.94 (dd, J = 2.9, J = 12.8 Hz, 1 H, -CH2-
CH2-), 1.98–2.02 (m, 1 H), 2.04 (s, 1 H, OCH3), 2.07–2.09 (m, 1
H), 2.40–2.45 (m, 1 H), 4.23 (d, 2J = 12.4 Hz, 1 H, CH2OCOH),
4.27 (d, 2J = 12.4 Hz, 1 H, CH2OCOH) ppm. 13C NMR
(125.76 MHz, CDCl3): δ = 19.8, 20.7, 20.9, 25.5, 26.6, 43.3, 43.9,
47.0, 60.1, 60.5, 170.9, 216.1 ppm. MS (EI): m/z (%) = 43 (100), 55
(14), 67 (18), 79 (43), 95 (49), 107 (55), 122 (16), 135 (11), 150 (78)
[M – (CO2CH3)]+, 167 (5) [M – (COCH3)]+, 192 (8), 210 (10)
[M]+. IR (KBr): ν̃ = 2964, 2887, 1746, 1454, 1417, 1392, 1366, 1322,
1242, 1200, 1034, 961, 857, 605 cm–1.

(1R,4R)-10-Hydroxycamphor (5): This is a known compound.[66,67]

(1R,4R)-10-Acetoxycamphor (10.2 g, 0.048 mol) was dissolved in a
methanolic solution of potassium hydroxide (175 mL, 10 wt.-%)
and heated at reflux temperature for 6 h. The solution was allowed
to cool to room temperature and H2O (200 mL) was added. The
solution was extracted with Et2O (3�100 mL), and the organic
layers were combined, washed with brine (50 mL), dried with mag-
nesium sulfate, and the solvent was evaporated under reduced pres-
sure. Recrystallization from pentane yielded 5 (7.55 g, 0.045, 92%)
as colorless crystals; m.p. 216–218 °C. 1H NMR (300.51 MHz,
CDCl3): δ = 3.87 (d, J = 11.8 Hz, 1 H, CH2OH), 3.63 (d, J =
11.8 Hz, 1 H, CH2OH), 2.54 (br. s, 1 H, OH), 2.08–2.05 (m, 1 H),
2.04–1.93 (m, 1 H), 1.89–1.78 (m, 2 H), 1.64–1.55 (m, 1 H), 1.42–
1.32 (m, 1 H), 1.00 (s, 3 H, CH3), 0.97 (s, 3 H, CH3) ppm. 13C
NMR (75.56 MHz, CDCl3): δ = 19.3, 20.8, 26.0, 26.6, 43.4, 43.9,
46.7, 60.6, 61.6, 221.0 ppm. MS (EI): m/z (%) = 29 (20), 41 (48),
55 (28), 67 (33), 81 (40), 95 (95), 108 (100), 125 (13), 137(8) [M –
(CH3O)]+, 153 (39) [M–(CH3)]+, 168 (18) [M]+. IR (KBr): ν̃ = 2955,
2876, 1729, 1610, 1457, 1417, 1390, 1370, 1323, 1300, 1288, 1272,
1217, 1201, 1178, 1162, 1143, 1107, 1060, 1028, 1009, 997, 950,
930, 919, 871, 852, 808, 769, 753, 710 cm–1.

(1R,4R)-10-(Allyloxy)camphor (8): To a suspension of sodium hy-
dride (1.20 g, 50 mmol) in anhydrous THF (150 mL), a solution of
10-hydroxycamphor (5; 8.00 g, 48 mmol) in anhydrous THF
(30 mL) was slowly added at 0 °C. After 30 min, the mixture was
warmed to room temperature and heated to reflux temperature for
30 min. The reddish mixture was then cooled to 0 °C and allyl
bromide (6.04 g, 50 mmol, 4.32 mL) dissolved in anhydrous THF
(30 mL) was added dropwise. The reaction mixture was stirred for
30 min at room temperature and then heated to 50 °C and main-
tained at this temperature for 2 h. The mixture was cooled to 0 °C,
quenched with small amounts of EtOH (10 mL), and H2O
(200 mL) was added. The solution was extracted with pentane
(4�50 mL) and the organic layers were combined, washed with
H2O (2�20 mL) and brine (2 �20 mL) and dried with sodium
sulfate. Evaporation of the solvent under reduced pressure, fol-
lowed by high vacuum, yielded analytical pure 8 (8.31 g, 40 mmol,
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84%) as a colorless oil. 1H NMR (500.13 MHz, CDCl3): δ = 5.92–
5.85 (m, 1 H, -OCH2CH-), 5.26 (dd, J = 17.4, 2J = 1.6 Hz, 1 H,
methylene-CH2trans), 5.14 (dd, J = 10.3, 2J = 1.6 Hz, 1 H, methyl-
ene-CH2cis), 3.98 (d, J = 5.3 Hz, 2 H, -OCH2CH-), 3.60 (d, 2J =
10.6 Hz, 1 H, -CCH2O-), 3.56 (d, 2J = 10.6 Hz, 1 H, -CCH2O-),
2.60–2.64 [m, 1 H, CHC(CH3)2], 2.07 (d, J = 18.0 Hz, 1 H), 2.42–
2.37 (m, 1 H), 2.12–1.96 (m, 3 H), 1.84 (d, J = 18.3 Hz, 1 H), 1.38–
1.34 (m, 2 H), 1.07 (s, 3 H, CH3), 0.96 (s, 3 H, CH3) ppm.13C NMR
(125.76 MHz, CDCl3): δ = 20.3, 20.7, 25.2, 26.7, 43.5, 43.8, 47.0,
61.3, 66.4, 72.5, 116.3, 135.0, 217.6 ppm. MS (EI): m/z (%) = 41
(52), 55 (17), 67 (24), 81 (25), 95 (38), 109 (100), 123 (20), 151 (52)
[M – (C3H5O)]+, 167 (6) [M – (C3H5)]+, 208 (13) [M]+. HRMS
(EI): m/z calcd. for C13H20O2 [M]+ 208.1463; found 208.1451.
ATR-FTIR: ν̃ = 2959, 2879, 1732, 1647, 1454, 1417, 1389, 1362,
1348, 1274, 1234, 1193, 1169, 1134, 1093, 1046, 1016, 988, 917, 857,
769, 723 cm–1. C13H20O2 (208.30): calcd. C 74.96, H 9.68; found C
75.10, H 9.74.

Allyl (R)-2-(1,2,2-Trimethyl-3-methylenecyclopentyl)acetate (7): So-
dium hydride (2.88 g, 120 mmol) was suspended in anhydrous di-
methylformamide (20 mL) in a three-necked flask under argon
equipped with a reflux condenser, and allylic alcohol (10.22 g,
176 mmol, 12.0 mL), dissolved in anhydrous dimethylformamide
(20 mL), was added dropwise. The mixture was stirred at room
temperature for 2 h. To this mixture, (1S,4R)-10-iodocamphor (3)
(33.38 g, 120 mmol) dissolved in anhydrous dimethylformamide
(60 mL) was added dropwise and the mixture was stirred at 80 °C
for 24 h. H2O (100 mL) was added and the mixture was extracted
with Et2O (3�100 mL). The organic layers were combined, dried
with magnesium sulfate, and the solvent carefully evaporated under
reduced pressure (avoid high vacuum) to yield the title compound
as a colorless oil (14.4 g, 65 mmol, 54 %). 1H NMR (300.13 MHz,
CDCl3): δ = 6.01–5.88 (m, 1 H, -OCH2CH-), 5.34 (dt, J = 17.3, 2J

= 1.5 Hz, 1 H, methylene-CH2trans), 5.26 (dt, J = 10.3, 2J = 1.3 Hz,
1 H, methylene-CH2cis), 3.80 [dt, J = 6.4, 2J = 2.1 Hz, 2 H,
-CH2CC(CH3)-], 4.60 (dt, J = 5.8, J = 1.3 Hz, 2 H, -CH2O-), 2.53–
2.39 (m, 4 H, -CH2CHCH2-), 2.21–2.12 (m, 1 H, -CH2CHCH2-),
2.08–1.98 [m, 1 H, -(CO)CH2CHCH2-], 1.44–1.34 [m, 1 H, -(CO)
CH2CHCH2-], 1.09 (s, 3 H, CH3), 0.86 (s, 3 H, CH3) ppm. 13C
NMR (75.47 MHz, CDCl3): δ = 23.4, 26.5, 28.3, 30.4, 35.2, 43.8,
46.5, 65.0, 103.6, 118.2, 132.2, 161.2, 173.3 ppm. MS (EI): m/z (%)
= 41 (35), 55 (9), 67 (17), 79 (12), 93 (30), 108 (100), 121 (20), 133
(4), 150 (7), 167 (32) [M – (C3H5)]+, 193 (10) [M – (CH3)]+, 208 (4)
[M]+. HRMS (EI): m/z calcd. for C13H20O2 [M]+ 208.1463; found
208.1462.

(1R,4S)-10-(Allyloxy)-3-(trifluoromethanoyl)camphor (9): To a sus-
pension of lithium hydride (160 mg, 20.1 mmol) in anhydrous THF
(50 mL) in a three-necked flask under argon equipped with a reflux
condenser, was added dropwise a solution of 8 (2.000 g, 9.6 mmol)
in anhydrous THF (30 mL) at 0 °C. The mixture was stirred for
15 min at this temperature, then allowed to warm to room tempera-
ture and stirred for a further 15 min. The mixture was then heated
at reflux temperature for 8 h until the solution became pale-orange.
The mixture was cooled to room temperature and trifluoromethyl
ester (2.828 g, 22.1 mmol, 2.22 mL) dissolved in anhydrous THF
(40 mL) was added dropwise over a period of 30 min. After stirring
for 20 min, the mixture was heated at reflux temperature for 12–
14 h. Progress of the reaction was monitored by GC analysis of pH
neutral samples and, if necessary, additional trifluoromethyl ester
(b.p. 316 K) was added. Upon completion of the reaction, concd.
hydrochloric acid (10 mL) was added, followed by addition of H2O
(500 mL) while stirring. The mixture was extracted with Et2O
(3�100 mL) and the organic layers were combined, washed with
H2O (2 �200 mL) and brine (2�200 mL). The organic phase was
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dried with sodium sulfate and the solvent was evaporated under
reduced pressure. Drying in vacuo at elevated temperatures over a
period of three days yielded analytically pure 9 (2.75 g, 9.0 mmol,
94%) as a colorless, viscous oil. 1H NMR (500.13 MHz, CDCl3):
δ = 11.4 (br. s, 1 H, OH), 5.93–5.86 (m, 1 H, -OCH2CH-), 5.28
(dd, J = 17.4, 2J = 1.6 Hz, 1 H, methylene-CH2trans), 5.18 (dd, J =
10.5, 2J = 1.5 Hz, 1 H, methylene-CH2cis), 4.00 (d, J = 5.4 Hz, 2
H, -OCH2CH-), 3.65 (d, 2J = 10.4 Hz, 1 H, -CCH2O-), 3.63 (d, 2J

= 10.5 Hz, 1 H, -CCH2O-), 2.85–2.82 [m, 1 H, CHC(CH3)2], 2.16–
2.08 (m, 2 H), 1.50–1.39 (m, 2 H), 1.07 (s, 3 H, CH3), 0.97 (s, 3 H,
CH3) ppm. 13C NMR (125.76 MHz, CDCl3): δ = 19.4, 21.5, 25.7,
26.5, 47.9, 49.2, 61.6, 65.4, 72.6, 116.1, 116.7, 117.8 (q, J = 2.5 Hz,
CCCF3), 119.4 (q, J = 276.6 Hz, CF3), 134.7, 148.5 (q, J = 37.2 Hz,
CCF3), 212.2 ppm. 19F NMR (282.76 MHz, CDCl3): δ =
–70.2 ppm. MS (EI): m/z (%) = 177 (21), 191 (17), 205 (17), 233
(100) [M – (C4H7O)]+, 247 (15) [M – (C3H5O)]+, 263 (6) [M –
(C3H5)]+, 304 (7) [M]+. HRMS (EI): m/z = calcd. for C15H19F3O3

[M]+ 304.1286; found 301.1288. ATR-FTIR: ν̃ = 2963, 2874, 1702,
1648, 1703, 1648, 1507, 1476, 1454, 1419, 1393, 1374, 1363, 1348,
1313, 1293, 1266, 1222, 1188, 1140, 1067, 1004, 989, 924, 891, 854,
816, 809, 753, 717 cm–1. C15H19F3O3 (304.31): calcd. C 59.20, H
6.29; found C 59.24, H 6.44.

(1R,4S)-10-(Allyloxy)-3-(heptafluorobutanoyl)camphor (10): To a
suspension of lithium hydride (160 mg, 20.1 mmol) in anhydrous
THF (50 mL) in a three-necked flask under argon equipped with
a reflux condenser, was added dropwise a solution of 8 (2.000 g,
9.6 mmol) in anhydrous THF (30 mL) at 0 °C. The mixture was
stirred for 15 min at this temperature, then allowed to warm to
room temperature and stirred for a further 15 min. The mixture
was then heated at reflux temperature for 10 h until the the solution
became pale-orange. The mixture was cooled to room temperature
and ethyl heptafluorobutyrate (5.346 g, 22.1 mmol, 3.83 mL) dis-
solved in anhydrous THF (40 mL) was added dropwise over a
period of 30 min. After stirring for 20 min, the mixture was heated
at reflux temperature for 14–18 h. Progress of the reaction was
monitored by GC analysis of pH neutral samples. After completion
of the reaction, concd. hydrochloric acid (10 mL) was added, fol-
lowed by addition of H2O (500 mL) while stirring. The mixture
was extracted with Et2O (3�100 mL) and the organic layers were
combined, washed with H2O (2�200 mL) and brine (2 �200 mL).
The organic phase was dried with sodium sulfate and the solvent
was evaporated under reduced pressure. Drying in vacuo at elevated
temperatures over a period of three days, followed by distillation
at 120 °C under high vacuum (small-sized distillation apparatus
equipped with a short connecting tube) yielded pure 10 (2.898 g,
7.2 mmol, 75%) as a colorless, viscous oil. 1H NMR (500.13 MHz,
CDCl3): δ = 11.69 (br. s, 1 H, OH), 5.93–5.86 (m, 1 H, OCH2CH),
5.28 (dd, J = 17.3, 2J = 1.5 Hz, 1 H, methylene-CH2trans), 5.18 (dd,
J = 10.5, 2J = 1.5 Hz, 1 H, methylene-CH2cis), 4.00 (d, J = 5.2 Hz,
2 H, OCH2CH), 3.66 (d, 2J = 10.7 Hz, 1 H, -CCH2O-), 3.63 (d, 2J

= 10.7 Hz, 1 H, -CCH2O-), 2.82–2.79 [m, 1 H, CHC(CH3)2], 2.15–
2.09 (m, 2 H), 1.49–1.42 (m, 2 H), 1.07 (s, 3 H, CH3), 0.96 (s, 3 H,
CH3) ppm. 13C NMR (125.76 MHz, CDCl3): δ = 19.4, 21.4, 25.6,
26.4, 48.2, 49.3, 61.5, 65.4, 72.6, 116.7, 120.6, 134.7, 148.7 (dd, J

= 29.5, J = 29.7 Hz, CCF2CF2CF3), 212.0 ppm. 19F NMR
(282.76 MHz, CDCl3): δ = –127.3 to –127.4 (m, CF2CF2CF3),
–119.4 (qdd, J = 8.8, 2.0, 283.4 Hz, CF2CF2CF3), –117.9 (qd, J =
8.8, 283.4 Hz, CF2CF2CF3), –119.4 (t, J = 8.8 Hz,
CF2CF2CF3) ppm. MS (EI): m/z (%) = 177 (7), 235 (5), 291 (9),
305 (10), 333 (100) [M – (C4H7O)]+, 347 (14) [M – (C3H5O)]+,
363 (4) [M – (C3H5)]+, 404 (16) [M]+. HRMS (EI): m/z calcd. for
C17H19F7O3 [M]+ 404.1222; found 404.1212. ATR-FTIR: ν̃ = 2963,
2874, 1699, 1642, 1479, 1454, 1422, 1393, 1374, 1345, 1315, 1292,
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1215, 1185, 1165, 1118, 1097, 1067, 1023, 958, 920, 897, 886, 855,
813, 780, 743, 724 cm–1. C17H19F7O3 (404.32): calcd. C 50.50, H
4.74; found C 51.05 H 5.01.

(1S,4R)-10-Thiocamphor (6): (1S)-10-Camphorsulfonic acid
(50.0 g, 0.215 mol) and thionyl chloride (51.21 g, 0.430 mol,
31.3 mL) were placed in a three-necked flask equipped with a con-
denser under an argon atmosphere, and an exhaust line for direct
gas discharge into the fume hood. The reaction mixture was heated
at 80 °C for 4–5 h until the evolution of hydrochloric acid and sul-
fur dioxide ceased. Thionyl chloride was then removed under re-
duced pressure in vacuo at elevated temperature. To the crude 10-
camphorsulfonic acid was added triphenylphosphane (169.2 g,
0.645 mol) together with a 1:4 mixture of H2O and dioxane
(1500 mL) and the suspension was stirred at reflux temperature for
4 h. The suspension was allowed to cool to room temperature, H2O
(600 mL) was added, and the mixture was extracted with pentane
(4�100 mL). The organic layers were combined, washed with H2O
(8�100 mL), followed by brine (2�25 mL) and dried with sodium
sulfate. Evaporation of the solvent under reduced pressure and high
vacuum yielded pure 6 (42.1 g, 0.228, 94%) as colorless crystals;
m.p. 55–57 °C. 1H NMR (300.51 MHz, CDCl3): δ = 2.88 (d, J =
6.8 Hz, 1 H, CH2SH), 2.83 (d, J = 6.8 Hz, 1 H, CH2SH), 2.39–2.30
(m, 2 H), 2.08–2.05 (m, 1 H), 2.03–1.83 (m, 4 H), 1.72–1.65 (m, 1
H), 1.41–1.35 (m, 1 H), 1.01 (s, 3 H, CH3), 0.90 (s, 3 H, CH3) ppm.
13C NMR (75.56 MHz, CDCl3): δ = 19.8, 20.3, 21.4, 26.6, 27.0,
43.2, 43.6, 47.8, 60.6, 217.8 ppm. MS (EI): m/z (%) = 55 (18), 67
(30), 81 (47), 95 (42), 109 (50), 123 (37), 141 (34), 151(23) [M –
(SH)]+, 169 (5) [M – (CH3)]+, 184 (100) [M]+. C10H16OS (184.30):
calcd. C 65.17, H 8.75; found C 65.40, H 8.76.

(1S,4R)-10-(Allylthio)camphor (11): To a suspension of sodium hy-
dride (2.74 g, 114 mmol) in anhydrous THF (250 mL) was slowly
added a solution of 6 (20.00 g, 109 mol) in anhydrous THF (50 mL)
at 0 °C. After 30 min, the mixture was allowed to warm to room
temperature and then heated at reflux temperature for 30 min. The
reddish mixture was then cooled to 0 °C and allyl bromide (13.39 g,
111 mmol, 9.58 mL), dissolved in anhydrous THF (50 mL), was
added dropwise. The reaction mixture was stirred for 30 min at
room temperature and then heated to 50 °C and maintained at this
temperature for 2 h. The mixture was cooled to 0 °C, quenched
with small amounts of EtOH (15 mL), and H2O (400 mL) was
added. The solution was extracted with pentane (4�100 mL) and
the organic layers were combined, washed with H2O (2 � 50 mL)
and brine (2�50 mL), and dried with sodium sulfate. Evaporation
of the solvent under reduced pressure, followed by high vacuum,
yielded analytically pure (1R,4R)-10-(allyloxy)camphor (19.74 g,
88 mmol, 81%) as a colorless oil. 1H NMR (500.13 MHz, CDCl3):
δ = 5.84–5.75 (m, 1 H, -SCH2CH-), 5.15–5.09 (m, 2 H, methylene-
CH2), 3.20–3.12 (m, 2 H), 2.74 (d, 2J = 13.1 Hz, 1 H, -CCH2S-),
2.47 (d, 2J = 13.0 Hz, 1 H, -CCH2S-), 2.39–2.34 (m, 1 H), 2.08–
1.96 (m, 3 H), 1.86 (d, J = 18.4 Hz, 1 H), 1.53–1.48 (m, 1 H), 1.39–
1.35 (m, 1 H), 1.04 (s, 3 H, CH3), 0.90 (s, 3 H, CH3) ppm. 13C
NMR (125.76 MHz, CDCl3): δ = 20.20, 20.2, 26.8, 26.9, 27.7, 37.0,
43.1, 43.5, 47.8, 60.9, 117.1, 134.4, 217.5 ppm. MS (EI): m/z (%) =
55 (28), 67 (30), 81 (39), 95 (14), 109 (39), 123 (20), 151 (16) [M –
(C3H5S)]+, 168 (13), 183 (62) [M – (C3H5)]+, 224 (100) [M]+.
HRMS (EI): m/z = calcd. for C13H20OS [M]+ 224.1325; found
224.1237. ATR-FTIR: ν̃ = 3080, 2958, 2887, 1725, 1634, 1469,
1453, 1416, 1389, 1372, 1317, 1298, 1281, 1227, 1197, 1159, 1128,
1101, 1062, 1049, 1026, 989, 964, 914, 866, 851, 754 cm–1.
C13H20OS (224.36): calcd. C 69.59, H 8.97; found C 69.54, H 8.97.

(1S,4S)-10-(Allylthio)-3-(heptafluorobutanoyl)camphor (12): Lith-
ium hydride (149 mg, 18.7 mmol) in anhydrous THF (60 mL) was
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placed in a three-necked flask under argon equipped with a reflux
condenser, and a solution of 11 (2.000 g, 8.9 mmol) in anhydrous
THF (40 mL) was added dropwise at 0 °C. After stirring for
15 min, the suspension was allowed to warm to room temperature
and stirred for a further 15 min. The mixture was then heated at
reflux temperature for 24 h until the solution became pale-orange.
The mixture was cooled to room temperature and trifluoromethyl
ester (2.630 g, 20.5 mmol, 2.07 mL) dissolved in anhydrous THF
(30 mL) was added dropwise over a period of 30 min. After stirring
for 20 min, the mixture was heated at reflux temperature for 12–
14 h. Progress of the reaction was monitored by GC analysis of pH
neutral samples and, if necessary, additional trifluoromethyl ester
(b.p. 316 K) was added. Upon completion of the reaction, concd.
hydrochloric acid (10 mL) was added, followed by addition of H2O
(500 mL) while stirring. The mixture was extracted with Et2O
(3�100 mL) and the organic layers were combined, washed with
H2O (2�200 mL) and brine (2�200 mL). The organic phase was
dried with sodium sulfate and the solvent was evaporated under
reduced pressure. Drying in vacuo at elevated temperatures over a
period of three days yielded analytically pure 12 (2.693 g, 8.4 mmol,
94%) as a colorless, viscous oil. 1H NMR (300.08 MHz, CDCl3):
δ = 11.43 (br. s, 1 H, OH), 5.87–5.74 (m, 1 H, -SCH2CH-), 5.17–
5.11 (m, 2 H, methylene-CH2), 3.26–3.13 (m, 2 H), 2.87–2.83 (m,
1 H), 2.80 (d, 2J = 13.3 Hz, 1 H, -CCH2S-), 2.51 (d, 2J = 13.2 Hz,
1 H, -CCH2S-), 2.17–2.03 (m, 2 H), 1.67–1.58 (m, 1 H), 1.50–1.44
(m, 1 H), 1.04 (s, 3 H, CH3), 0.91 (s, 3 H, CH3) ppm. 13C NMR
(75.46 MHz, CDCl3): δ = 19.3, 20.9, 26.5, 26.8, 27.4, 36.9, 47.6,
50.1, 61.3, 117.4, 121.1 (CF3), 134.2, 148.4 (m, J = 37.0 Hz, CCF3),
212.4 ppm. 19F NMR (282.76 MHz, CDCl3): δ = –70.1 ppm. MS
(EI): m/z (%) = 191 (15), 219 (21), 233 (24) [M – (C4H7S)]+, 247
(34) [M – (C3H5S)]+, 261 (27), 279 (56) [M – (C3H5)]+, 320 (100)
[M]+. HRMS (EI): m/z = calcd. for C15H19F3O2S [M]+ 320.1058;
found 320.1068. ATR-FTIR: ν̃ = 2962, 2915, 1702, 1652, 1479,
1453, 1428, 1405, 1393, 1975, 1316, 1267, 1224, 1187, 1123, 1112,
1055, 1021, 1004, 990, 973, 952, 916, 869, 888, 748, 710 cm–1.
C15H19F3O2S (320.37): calcd. C 56.24, H 5.98; found C 56.28, H
6.09.

(1S,4S)-10-(Allylthio)-3-(heptafluorobutanoyl)camphor (13): Lith-
ium hydride (149 mg, 18.7 mmol) in anhydrous THF (50 mL) was
placed in a three-necked flask under argon equipped with a reflux
condenser, and a solution of 11 (2.000 g, 8.9 mmol) in anhydrous
THF (40 mL) was added dropwise at 0 °C. After stirring for
15 min, the suspension was allowed to warm to room temperature
and stirred for a further 15 min. The mixture was heated at reflux
temperature for 24 h until the solution became pale-orange. The
mixture was cooled to room temperature and ethyl heptafluorobut-
yrate (4.963 g, 20.5 mmol, 3.56 mL) dissolved in anhydrous THF
(30 mL) was added dropwise over a period of 30 min. After stirring
for 20 min, the mixture was heated at reflux temperature for 14–
18 h. Reaction progress was monitored by GC analysis of pH neu-
tral samples. Upon completion of the reaction, concd. hydrochloric
acid (10 mL) was added, followed by addition of H2O (500 mL)
while stirring. The mixture was extracted with Et2O (3� 100 mL)
and the organic layers were combined, washed with H2O
(2�200 mL) and brine (2�200 mL). The organic phase was dried
with sodium sulfate and the solvent was evaporated under reduced
pressure. Drying in vacuo at elevated temperatures over a period
of three days, followed by distillation at 120 °C under high vacuum
(small-sized distillation apparatus equipped with a short connect-
ing tube) yielded pure 13 (2.893 g, 6.9 mmol, 77%) as a colorless,
viscous oil. 1H NMR (500.13 MHz, CDCl3): δ = 11.68 (br. s, 1 H,
OH), 5.84–5.76 (m, 1 H, -SCH2CH-), 5.16–5.12 (m, 2 H, methyl-
ene-CH2), 3.24–3.16 (m, 2 H), 2.83–2.81 (m, 1 H), 2.80 (d, 2J =
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13.2 Hz, 1 H, -CCH2S-), 2.51 (d, 2J = 13.2 Hz, 1 H, -CCH2S-),
2.14–2.06 (m, 2 H), 1.65–1.60 (m, 1 H), 1.49–1.46 (m, 1 H), 1.04
(s, 3 H, CH3), 0.89 (s, 3 H, CH3) ppm. 13C NMR (125.76 MHz,
CDCl3): δ = 19.3, 20.8, 26.5, 26.8, 27.4, 37.0, 43.3 (d, J = 47.7 Hz),
47.9, 50.1, 61.2, 117.4, 120.1 (CF3), 134.2, 148.8 (dd, J = 29.4,
29.5 Hz, CCF2CF2CF3), 212.2 ppm. 19F NMR (282.46 MHz,
CDCl3): δ = –127.4 (s, -CF2CF2CF3), –119.4 (qd, J = 9.0,
283.1 Hz, -CF2CF2CF3), –117.9 (qd, J = 9.0, 283.5 Hz,
CF2CF2CF3), –80.6 (t, J = 8.8 Hz, CF2CF2CF3) ppm. MS (EI): m/z
(%) = 251 (7), 291 (12), 305 (9), 319 (16), 333 (19) [M –
(C4H7S)]+, 347 (32) [M – (C3H5S)]+, 379 (53) [M – (C3H5)]+, 420
(100) [M]+. HRMS (EI): m/z calcd. for C17H19F7O2S [M]+

420.0994; found 420.0999. ATR-FTIR: ν̃ = 2963, 2916, 1743, 1700,
1639, 1479, 1454, 1429, 1405, 1394, 1375, 1338, 1312, 1292, 1258,
1215, 1183, 1162, 1110, 1099, 1058, 1025, 1007, 991, 973, 946, 918,
881, 813, 742, 729 cm–1. C17H19F7O2S (420.38): calcd. C 48.57, H
4.56; found C 48.81, H 4.86.

General Procedure for the Hydrosilylation of (1R,4S)-10-(Allyloxy)-
3-(heptafluorobutanoyl)camphor on Polysiloxanes: Hydrido-methyl-
polysiloxane (0.17–0.36 mmol polymer; 3.5, 10.2, or 20.0% SiH
content) was dissolved in anhydrous toluene (40 mL) under an ar-
gon atmosphere. To the solution was added 10 (for exact amounts,
see experimental details of each compound) and five drops approx.
50 mg, 0.1 mg of “Pt”, 5.1�10–4 mmol “Pt”, 0.05 mol-%) of plati-
num-1,1,3,3-tetramethyl-1,3-divinyldisoloxane (Karstedt’s catalyst,
2 wt.-% “Pt” in toluene). The solution was stirred for 5 h at room
temperature under ultrasonication (control of temperature!) fol-
lowed by 36 h starting at room temperature reaching 70 °C after
10 h under ultrasonication. Progress of the reaction was monitored
by 1H NMR spectroscopic analysis and additional (1R,4S)-10-(all-
yloxy)-3-(heptafluorobutanoyl)camphor (10) or hydrido-methyl-
polysiloxane was added until all SiH and all allylic proton signals
disappeared, indicating full conversion of the starting materials.
Upon completion of the reaction, the solvent was evaporated under
reduced pressure and the crude product was dissolved in CH2Cl2
(25 mL), filtered (pore size, diameter: 0.45 μm) and MeOH (5 mL)
and active charcoal were added. The mixture was stirred for 24 h
at reflux temperature, filtered (pore size, diameter: 0.45 μm) and
the solvents were evaporated under reduced pressure. Column
chromatography (silica; length: 19.0 cm, diameter: 1.5 cm; CH2Cl2/
EtOH, 98:2) of the crude polymer yielded the analytically pure
(1R,4S)-10-(allyloxy)-3-(heptafluorobutanoyl)camphor immobi-
lized on polysiloxane. For ease of reproduction, the following
amounts of starting materials proved to be necessary for complete
immobilization and full consumption of starting material [23, 49,
and 92 mg 10 per 100 mg of hydrido-methylpolysiloxane (3.5, 10.2,
and 20.0% SiH content)].

[(1R,4S)-3-(Heptafluorobutanoyl)-10-(propylenoxy)camphor]20.0 %-
polysiloxane (16): Prepared according to the general procedure for
immobilization of 10 on polysiloxane. Hydridomethylpolysiloxane
(523 mg, 0.174 mmol polymer, 20.0% SiH content) and 10 (480 mg,
0.129 mmol) were reacted and purified by the described procedure
to give 16 (735 mg, 73 %) as a colorless, viscous oil. 1H NMR
(500.13 MHz, CDCl3): δ = 11.70 (br. s, 1 H, OH), 3.63 (d, J =
10.5 Hz, 1 H, -CCH2O-), 3.61 (d, J = 10.5 Hz, 1 H, -CCH2O-),
3.40 (dt, J = 1.8, J = 6.6 Hz, 2 H, -OCH2CH2-), 2.82–2.78 [m, 1
H, CHC(CH3)2], 2.15–2.08 (m, 2 H, -OCH2CH2-), 1.61–1.54 (m, 2
H, -CHCH2-), 1.47–1.39 (m, 2 H, -CHCH2CH2-), 1.06 (s, 3 H,
CH3), 0.95 (s, 3 H, CH3), 0.91 (t, J = 7.4 Hz, 2 H, -SiCH2-), 0.56–
0.46 [m, 0.4 H, -Si(CH3)[1–n]-], 0.12–0.04 [m, 19 H, -O(CH3)(1–n)-
Si(CH3)(1–n) (CH3)[n](hfpc)[n]-] ppm. 13C NMR (125.76 MHz,
CDCl3): δ = 0.8, 1.0, 1.8, 1.6, 19.4, 21.4, 22.8, 25.5, 26.4, 48.2, 49.3,
61.6, 65.9, 73.5, 111.0 (dd, J = 32.0, 29.8 Hz, CF2CF2CF3), 116.6
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(d, J = 32.0 Hz, CF2CF2CF3), 118.6 (d, J = 32.0 Hz, CF2CF2CF3),
120.7, 148.6 (dd, J = 26.1, 26.2 Hz, CCF2CF2CF3), 212.0 ppm.
ATR-FTIR: ν̃ = 2963, 2867, 1735, 1701, 1642, 1507, 1580, 1457,
1392, 1378, 1344, 1315, 1259, 1229, 1216, 1186, 1164, 1068, 1091,
1015, 979, 957, 920, 896, 886, 841, 795, 744, 723, 707 cm–1.

[(1R,4S)-3-(Heptafluorobutanoyl)-10-(propylenoxy)camphor]10.2 %-
polysiloxane (15): Prepared according to the general procedure for
immobilization of 10 on polysiloxane. Hydridomethylpolysiloxane
(1092 mg, 0.364 mmol polymer, 10.2 % SiH content) and 10
(532 mg, 1.316 mmol) were reacted and purified by the described
procedure to give 15 (605 mg, 73%) as a colorless oil. Analytical
data were in agreement with polymer-bound [(1R,4S)-3-(hepta-
fluorobutanoyl)-10-(propylenoxy)camphor] on polysiloxane (hfpc
content 20.0 %). ATR-FTIR: ν̃ = 2962, 2879, 1734, 1700, 1654,
1643, 1457, 1393, 1374, 1344, 1315, 1258, 1231, 1218, 1185, 1164,
1067, 1011, 959, 921, 897, 793, 744, 724, 704 cm–1.

[(1R,4S)-3-(Heptafluorobutanoyl)-10-(propylenoxy)camphor]3.5 %-
polysiloxane (14): Prepared according to the general procedure for
immobilization of 10 on polysiloxane. Hydridomethylpolysiloxane
(560 mg, 0.187 mmol polymer, 3.5% SiH content) and 10 (131 mg,
0.324 mmol) were reacted and purified by the described procedure
to give 14 (605 mg, 88%) as a colorless oil. Analytical data were in
agreement with polymer-bound [(1R,4S)-3-(heptafluorobutanoyl)-
10-(propylenoxy)camphor] on polysiloxane (hfpc content 20.0%).
ATR-FTIR: ν̃ = 2962, 2905, 1735, 1700, 1415, 1353, 1257, 1231,
1216, 1011, 833, 788, 699 cm–1.

General Procedure for the Preparation of Nickel(II) Bis[(1R,4S)-3-
(heptafluorobutanoyl)-10-(propylenoxy)camphorate]20.0 %-polysilox-
ane (Chirasil-Nickel-OC3): Metal incorporation was accomplished
by using a modified procedure of Fluck.[59] A two-phase solution
of ligand polymer [100–390 mg, 3.5, 10.2, or 20.0% (1R,4S)-3-(hep-
tafluorobutanoyl)-10-(propylenoxy)camphor content] in a mixture
of anhydrous n-heptane/MeOH (3:2, 100 mL) was stirred for 1 h at
room temperature and an additional 1 h at reflux temperature,
upon which the solvents became miscible. The ligand polymer dis-
solved and cooling back to room temperature resulted in separation
of the two phases (this step is recommended to achieve complete
polymer dissolvation and polymer-purification prior to metal in-
corporation). To the solution was added nickel(II) acetate tetrahy-
drate (for exact amounts, see the experimental details of each com-
pound) and the mixture was stirred at room temperature for 1 h
and an additional 1 h at reflux temperature. The solution was al-
lowed to cool to room temperature, resulting in phase reseparation.
Metal incorporation can be monitored by the color change of the
polymer-containing n-heptane phase from colorless to green, as
well as by decolorization of the nickel-salt-containing MeOH
phase. The n-heptane phase was decanted off and the MeOH layer
was extracted once with n-heptane (30 mL). The organic layers
were combined, the solvent was evaporated under reduced pressure,
and the residue was dissolved in n-pentane (50 mL). The organic
phase was washed with H2O (5�100 mL) and dried with small
amounts of magnesium sulfate. Evaporation of the solvent and dry-
ing in vacuo for three days yielded nickel(II) bis[(1R,4S)-3-(hep-
tafluorobutanoyl)-10-(propylenoxy)camphorate]polysiloxanes
(Chirasil-Nickel-OC3) as green, viscous oils.

Nickel(II) Bis[(1R,4S)-3-(Heptafluorobutanoyl)-10-(propylenoxy)-
camphorate]3.5 %-polysiloxane (Chirasil-Nickel-OC3 3.5 %; 17): Pre-
pared according to the general procedure for the preparation of
Chirasil-Nickel-OC3. Thus, ligand polymer (298 mg) and nickel(II)
acetate tetrahydrate (15 mg, 0.060 mmol) were reacted and purified
by the described procedure to give nickel(II) bis[(1R,4S)-3-(hep-
tafluorobutanoyl)-10-(propylenoxy)camphorate]3.5 %-polysiloxane
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(277 mg, 92%) as a pale-green oil. ATR-FTIR: ν̃ = 2962, 2905,
1737, 1654, 1637, 1481, 1447, 1413, 1344, 1257, 1231, 1216, 1182,
1010, 835, 788, 700 cm–1.

Nickel(II) Bis[(1R,4S)-3-(heptafluorobutanoyl)-10-(propylenoxy)-
camphorate]10.2 %-polysiloxane (Chirasil-Nickel-OC3 10.2%; 18): Pre-
pared according to the general procedure for the preparation of
Chirasil-Nickel-OC3. Thus, ligand polymer (390 mg) and nickel(II)
acetate tetrahydrate (56 mg, 0.225 mmol) were reacted and purified
by the described procedure to give nickel(II) bis[(1R,4S)-3-(hep-
tafluorobutanoyl)-10-(propylenoxy)camphorate]10.2 %-polysiloxane
(360 mg, 89%) as a pale-green oil. ATR-FTIR: ν̃ = 2962, 2906,
1739, 1640, 1627, 1576, 1512, 1481, 1445, 1412, 1373, 1345, 1258,
1230, 1216, 1183, 1075, 1010, 828, 788, 751, 702 cm–1.

Nickel(II) Bis[(1R,4S)-3-(heptafluorobutanoyl)-10-(propylenoxy)-
camphorate]20.0%-polysiloxane (Chirasil-Nickel-OC3 20.0%; 19): Pre-
pared according to the general procedure for the preparation of
Chirasil Nickel-OC3. Thus, ligand polymer (190 mg) and nickel(II)
acetate tetrahydrate (53 mg, 0.060 mmol) were reacted and purified
by the described procedure to give nickel(II) bis[(1R,4S)-3-(hep-
tafluorobutanoyl)-10-(propylenoxy)camphorate]20.0 %-polysiloxane-
(173 mg, 85%) as a green oil. ATR-FTIR: ν̃ = 2962, 2878, 1739,
1641, 1627, 1481, 1457, 1413, 1388, 1373, 1344, 1258, 1229, 1215,
1183, 1163, 1075, 1015, 918, 833, 789, 750, 703 cm–1.

Lanthanum(III) Tris[(1R,4S)-3-(heptafluorobutanoyl)-10-(propylen-
oxy)camphorate]20.0%-polysiloxane (Chirasil-Lanthanum-OC3 20.0 %;
24): Incorporation of lanthanum was accomplished by following
the standard procedure for Chirasil-Vanadyl-OC3. Vanadyl(IV)
sulfate pentahydrate was replaced by lanthanum(III) acetate hy-
drate (87.6 mg, 0.226 mmol), ligand polymer (200 mg), and anhy-
drous, distilled triethylamine (0.50 mL, 685 mg, 6.772 mmol). In-
corporation of lanthanum was indicated by a color change of the
n-heptane phase from colorless to orange-red. Workup and purifi-
cation, including column chromatography as described for Chirasil-
Vanadyl-OC3, gave lanthanum(III) tris[(1R,4S)-3-(heptafluorobut-
anoyl)-10-(propylenoxy)camphorate]20.0%-polysiloxane (199 mg,
86%) as an orange to red viscous oil. ATR-FTIR: ν̃ = 2962, 2879,
1687, 1684, 1645, 1525, 1480, 1455, 1413, 1387, 1372, 1344, 1258,
1229, 1214, 1197, 1184, 1161, 1074, 1014, 918, 838, 791, 748 cm–1.

Europium(III) Tris[(1R,4S)-3-(heptafluorobutanoyl)-10-propylen-
oxycamphorate]20.0 %-polysiloxane (Chirasil-Europium-OC3 20.0%;
23): Europium was incorporated by following the standard pro-
cedure used for Chirasil Vanadyl-OC3. Vanadyl(IV) sulfate penta-
hydrate was replaced by europium(III) acetate hydrate (78.8 mg,
0.196 mmol), ligand polymer (212 mg), and anhydrous, distilled tri-
ethylamine (0.50 mL, 685 mg, 6.772 mmol). Incorporation of lan-
thanum was indicated by a change in color of the n-heptane phase
from colorless to yellow. Workup and purification, including col-
umn chromatography as described for Chirasil-Vanadyl-OC3, gave
lanthanum(III) tris[(1R,4S)-3-(heptafluorobutanoyl)-10-(propyl-
enoxy)camphorate]20.0 %-polysiloxane (193 mg, 80%) as an orange
to yellow to pale-orange viscous oil. ATR-FTIR: ν̃ = 2962, 2877,
1738, 1702, 1685, 16447, 1577, 1575, 1530, 1479, 1457, 1413, 1389,
1372, 1345, 1258, 1229, 1214, 1198, 1182, 1161, 1075, 7014, 917,
833, 791, 745, 703 cm–1.

General Procedure for the Preparation of Oxovanadium(IV)
Bis[(1R,4S)-3-(heptafluorobutanoyl)-10-(propylenoxy)camphor-
ate]20.0%-polysiloxane (Chirasil-Vanadyl-OC3): Incorporation of
oxovanadium was accomplished by using a modified procedure of
Fluck.[59] Ligand polymer [200–450 mg, 3.5, 10.2 or 20.0%
(1R,4S)-3-(heptafluorobutanoyl)-10-(propylenoxy)camphor con-
tent] was dissolved in a mixture of anhydrous n-heptane/MeOH
(3:2, 100 mL) and stirred for 1 h at room temperature and 1 h at
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reflux temperature, upon which the solvents became miscible (this
step is recommended to furnish clean polymer dissolvation and
polymer-purification prior to metal incorporation). Excess oxovan-
adium(IV) sulfate pentahydrate was added at room temperature
and the mixture was stirred for 1 h (for exact amounts, see experi-
mental details of each compound). The solution was then heated
at reflux temperature, anhydrous, distilled triethyl-amine was added
and the solution was stirred for 3–4 h at this temperature. Reaction
progress was monitored by following a color change of the n-hept-
ane phase from colorless to purple, as well as by decolorization
of the vanadyl-sulfate-containing MeOH phase. Purification was
accomplished by following the workup procedure, including col-
umn chromatography, as described for the preparation of Chirasil-
Nickel-OC3. The oxovanadium(IV) bis[(1R,4S)-3-(heptafluorobut-
anoyl)-10-(propylenoxy)camphorate]polysiloxanes (Chirasil-Vana-
dyl-OC3) were obtained as reddish-purple, viscous oils.

Oxovanadium(IV) Bis[(1R,4S)-3-(heptafluorobutanoyl)-10-(prop-
ylenoxy)camphorate]3.5 %-polysiloxane (Chirasil-Vanadyl-OC3 3.5%;
20): Prepared according to the general procedure used for the prep-
aration of Chirasil-Vanadyl-OC3. Thus, ligand polymer (200 mg),
vanadyl(IV) sulfate pentahydrate (270 mg, 1.067 mmol, excess),
and triethylamine (0.10 mL, 138 mg, 1.364 mmol) were reacted and
purified by using the described procedure to give oxovanadium(IV)
bis[(1R,4R)-3-(heptafluorobutanoyl)-10-(propylenoxy)camphor-
ate]3.5 %-polysiloxane (157 mg, 79%; corresponding to polymer
starting material) as a pale reddish-purple oil. ATR-FTIR: ν̃ =
2962, 2905, 1739, 1639, 1446, 1412, 1352, 1257, 1231, 1216, 1182,
1011, 834, 789, 701 cm–1.

Oxovanadium(IV) Bis[(1R,4S)-3-(heptafluorobutanoyl)-10-(prop-
ylenoxy)camphorate]10.2%-polysiloxane (Chirasil-Vanadyl-OC3 10.2%;
21): Prepared according to the general procedure used for the prep-
aration of Chirasil-Vanadyl-OC3. Thus, ligand polymer (450 mg),
vanadyl(IV) sulfate pentahydrate (1.750 g, 6.917 mmol, excess), and
triethylamine (0.33 mL, 455 mg, 4.504 mmol) were reacted and
purified by the described procedure to give oxovanadium(IV)
bis[(1R,4S)-3-(heptafluorobutanoyl)-10-(propylenoxy)camphor-
ate]10.2 %-polysiloxane (314 mg, 70 %; corresponding to polymer
starting material) as a reddish-purple oil. ATR-FTIR: ν̃ = 2962,
2905, 1739, 1685, 1638, 1576, 1560, 1517, 1446, 1413, 1373, 1346,
1258, 1231, 1217, 1184, 1197, 1011, 828, 789, 701 cm–1.

Oxovanadium(IV) Bis[(1R,4S)-3-(heptafluorobutanoyl)-10-(prop-
ylenoxy)camphorate]20.0%-polysiloxane (Chirasil-Vanadyl-OC320.0 %;
22): Prepared according to the general procedure used for the prep-
aration of Chirasil-Vanadyl-OC3. Thus, ligand polymer (230 mg),
vanadyl(IV) sulfate pentahydrate (1.760 g, 6.957 mmol, excess), and
triethylamine (0.33 mL, 455 mg, 4.504 mmol) were reacted and
purified by the described procedure to give oxovanadium(IV)
bis[(1R,4S)-3-(heptafluorobutanoyl)-10-(propylenoxy)camphor-
ate]10.2%-polysiloxane (170 mg, 74%; corresponding to polymer
starting material) as a reddish-purple, viscous oil. ATR-FTIR: ν̃ =
2962, 2875, 1737, 1702, 1700, 1686, 1635, 1521, 1479, 1457, 1414,
1389, 1373, 1346, 1258, 1230, 1217, 1197, 1185, 1165, 1013, 917,
829, 792 cm–1.

Supporting Information (see footnote on the first page of this arti-
cle): 1H, 13C, 19F NMR spectra and IR data for ligand 10, hydrido-
polysiloxane and immobilized polymeric compounds 14–24.
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A novel synthetic approach to camphor- M. J. Spallek, G. Storch,
based chemically bonded Chirasil-Metal- O. Trapp* ....................................... 1–18
OC3 [Ni, Eu, La, V(O)] stationary phases
and thir application in enantioselective Straightforward Synthesis of Poly(dimeth-
complexation GC is presented. Immobili- ylsiloxane) Phases with Immobilized (1R)-
zation and metal incorporation was studied 3-(Perfluoroalkanoyl)camphorate Metal
with a range of selector concentrations us- Complexes and Their Application in En-
ing NMR and IR spectroscopy. Overall, 29 antioselective Complexation Gas Chroma-
compounds with different functionalities tography
were separated with α-values up to 1.66.
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