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The Lewis base-catalvzed ring opening of epoxides with
TMSCI (or $iCLy) has been of intense research interest.'™ A
wide variety of chiral Lewis bases such as N-oxides and phos-
phine oxides are proven to be highly efficient in catalyzing the
formation of chlorohvdrins mediated by SiCly. In particular. Fu
has recently established that a phosphaferrocene catalvzes the
ring opening of epoxides with TMSCI. and more recently the
same author reported very high vield for the enantioselective
ring opening of meso-epoxides catalx zed by a series of ferro-
cene-fused planar-chiral N-oxides. ™ Denmark had earlier
accomplished a regioisomeric ratio up to 1:18 for the same
reaction by employving a HMPA as a nucleophilic catal_vsl,6

We have recently reported the serendipitous formation of
1.2-ferrocenedivlazaphosphinines (1a) and 1°-diphenylphos-
phino-1,2-ferrocenedivlazaphosphinines (1b) (Chart 1), via
an unusual cyclization. from the reaction of glyoxal with 1-(¢-
aminoethy1)-2-diphenyIphosphinoferrocene (PPFA-NH-) and
[1-(o-aminoethyl)-1".2- bls(dlphem Iphosphino)]ferrocene
(BPPFA-NH-). respectively. ™ * These compounds constitute a
new class of planar chiral ferrocenes that are of intense current
research interest in the field of asymmetric catalysis.” We have
further demonstrated that they are not only versatile ligands in
a Cu-catalyzed cyclopropanation of styrene and Pd-/Mo-
catalyzed allvlic alkylation of allyl acetates to achieve a com-
plete diastereoselectivity but also nucleophilic catalysts for
highly regioselective ring-opening of epoxides.""”

Intrigued by these observations, we have further investigated
the preparation of ferrocene-based iminophosphoranes such
as 2 (Chart 1) and demonstrated that they can serve as a new
class of practical ligands for Pd-catalvzed allvlic alkyvlation of
allyl acetates'~ and Rh-/Ir- catalyzed asymmetric hydrogenation
of various olefins."*'* More recently. Ru-catalyzed asy mmetric
cvclopropanation of various olefins has also been carried out
successfully to achieve lngh diastereoselectivity (up to 95/5
drinfavor of the ¢/ ﬂ‘-lSOl‘l]eI‘) " One may anticipate that 2 should
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act as tightly binding chelates and thus would be capable of
stabilizing metal centers involved in catalyvtic cycles. even in
rather low oxidation states.'*'” Furthermore. very high stereo-
selectivity observed with 2 in the reactions cited above may be
somehow related with the presence of the sterically demanding
iminophosphoranes.

It is thus strongly recommended to design and synthesize
1.2-ferrocenedivlazaphosphinines substituted by iminophos-
phoranes such as 3 for use as a ligand or a nucleophilic cataly st
in various organic transformations. As the first step to bench-
mark the potentiality of 3, we wish to report their synthesis
and application as nucleophilic catalysts to the ring-opening
of a series of epoxides with TMSCL. We have reasoned that
our compounds 2 and 3, carrving in principle donor sites of
sp-nitrogen and one carbonyl oxygen (3). would put an entry
into a new family of nucleophilic catalysts.

Results and Discussion

Synthesis and characterization. Scheme 1 shows the prepar-
ative method leading to the formation of a serigs of 17-imino-
phosphoranyl-1,2-ferrocenediyvlazaphosphinines (3a-c). The
method requires initially the reaction of [1-(u-aminoethyl)-
2-(diphenvlphosphino)]ferrocene (PPFA-NH-) with glyoxal
to form via heterocyclization 1.2-ferrocenediylazaphosphinine
(1a).” Simple extension of the same method by replacing PPFA-
NH: with [1-(a-aminoethyl)-1".2-bis(diphenylphosphino)]fer-
rocene (BPPFA-NH:) led to the formation of a phosphine
analogue. 1" -diphenylphosphino-1.2-ferrocenediylazaphos-
phinine amF Subsequent emiployment of the conventional
Staudinger reaction that involves the reaction of 1b with arvl-
azides led eventually to the formation of their imiinophosphorane
analogues of 1.2-ferrocenedivlazaphosphinines (3a-c).

Catalysis. In an effort to benchmark the potential of our
compounds 2a-¢ and 3a-c as Lewis base catalysts. we also per-
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Table 1. Regioselective Ring-Opening of Epoxides with TMSC1
Catalvzed bv 2 and 3

o OH cl
1. [Cat] R2 RrR2
RL/ N\ __R? + TMSCI o R‘ﬁ: * R1J\°/H
(A) (B)

Entry Epoxide Catalyst Time (h) Yield (%)Y  AB°
1 2a 1 99 -
2 2h 1 99 .
3 0 2¢ 1 99 .
4 O 3a 0.25 99 -
5 3b 0.25 99 .
6 3¢ 025 99 ;
7 2a 2 99 9:90
8 2 2 08 2:98
9 o 2¢ 2 98 5:93
10 Ph./ 5 3a 2 99 3.97
11 3b 2 99 8:92
12 3¢ 2 99 4:96
13 2a 2 99 94:6
14 2 2 08 63:37
15 o 2¢ 2 08 87:13
16 P/ \_Me  3a 2 99 100:0
17 3b 2 98 100:0
18 3¢ 2 99 100:0
19 2a 2 99 100:0
20 2 2 99 2575
21 0 2¢ 2 o8 100:0
22 s/ N\ 3 2 99 100:0
3 3b 2 99 100:0
24 3¢ 2 99 100:0
25 2a 2 99 82:18
26 . 2 2 99 7327
27 2¢ 2 99 81:19
A N 2 99 946
29 3b 2 99 91:9
30 3¢ 2 99 937
31 2a 2 99 99:]
32 . 2h 2 08 99:]
33 2¢ 2 o8 99:]
PhOCH
g VAN 3a 2 99 100:0
35 3b 2 99 100:0
36 3¢ 2 99 100:0

“Determined by GC. *Determined by GC.

formed the catalytic ring opening of some epoxides with TMSCL
Typical experimental procedure involves treatment of an
epoxide with 1.2 equiv of TMSCl and 3 mol% of 2 or 3 in CH»
Cl- at room temperature. followed by deprotection of the
resulting TMS ether with acid to afford cleanly a chlorohydrin
as a product. The results are illustrated in Table 1.

The table shows that regardless of the types of catalysts. all
reactions, except cvclohexene oxide. go to completion within
2 h with inversion of configuration at the catbon undergoing

Notes

substitution as verified by comparison with the known chloro-
hvdrins. The reactivity of 3 both in terms of reaction time and
the chemical vield compares well with that of 1aor 1bin spite
of the presence of sterically demanding iminophosphoranes.
Yet. no ring opening is observed in the absence of the catalysts
under othenvise identical conditions.

Cis-cyclohexene oxide reacts at the highest rate than any of
the substrates emploved (runs 1-6). Slower reaction rates with
other unsy mmetrical epoxides carrying bulkier functional groups
may be explained in terms of hindered approach to the TMS-
nucleophile intermediate. The regioselectivity in the reaction
of these unsymmetrical epoxides is governed by both steric
and electronic effects. This is illustrated in the high level but
opposite sense of regioselectivity in the opening of styrene
oxide (runs 7-12) and other terminal epoxides (runs 13-36).
For examiple, in the case of alkene oxides (R1 = CH-Cl, Bu,
CH-OPh) and 2-methyl styrene oxide (R' = Ph; R" = Me).
displacement occurs preferentially at the less hindered carbon
{runs 13-36). barring an overriding electronic effect observed
with styrene oxide (runs 7-12). It is worth noting that parallel
observations have already been made by us and others. However.
little effect on the regioselectivity is observed by a structural
change in the catalyst. In fact, in some cases, introduction of
the sterically demanding iminophosporane as in 2 or 3 even
enhances not only catalytic performance but also regioselec-
tivity when compared with 1aor 1b.

Although detailed mechanistic studies have yet to be carried
out, our working hypothesis for the catalytic cycle may be the
same as that proposed by others " As such. the first step in the
catalytic cycle is expected to be the formation of a cationic
complex Tor Mand I or IV between TMSCl and 2 or 3 (Chart
2). Donor-stabilized silv1 cations are ubiquitous, and the stucture
and reactivity of resulting pentacoordinate silicon compounds
are now well documented." The presence of the neighboring
phosphoranylimine may provide a better platform for the sta-
bilization of the silyl complex. leading to higher efficiency.
Subsequent complexation of the epoxide to the silicon cation
followed by nucleophilic attack with the chloride ion in an
Sn2 fashion will eventually lead to ring-opening.

Experimental Section

Materials and methods. All manipulations were carried out
under an atmosphere of nitrogen using Schlenk techniques.
Solvents were purified by standard methods and were freshly
distilled prior to use. All commercial reagents were used as
received unless otherwise stated. 'Hand P NMR spectra were
recorded on a Varian Unity Plus spectrometer operating at 300
and 121.5 MHz. respectively. 'H shifts are reported relative to
internal TMS and *'P shifts relative to 85% HsPO.. Coupling
constants are in Hz. Mass spectra were obtained with Micromass
QUATTRA 11 GC8000 series model with electron energy of
20 or 70 eV. Microanaly ses were performed by the Center for
Instrumental Analysis. KNU. GC-Mass spectra were obtained
by using a Micromass high resolution Quatro I GC8000 series
model with an electronic energy of 20 or 70 eV, Starting com-
pounds and BPPFA-NH- were prepared according to the litera-
ture methods.
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Synthesis of 3a. To a solution of 1b (0.50 g. 0.78 mmol) in
dichloromethane (20 mL) was added drop wise an equimolar
amount of azidobenzene (0.090 g. 0.78 miol) under an inert
atmosphere. After stirring for 4 hat RT. the solvent was removed
under vacuum and the remaining solid washed with ether (20
mL). The solid was taken up in a small amount of dichloro-
methane for chromatographic separation on silica gel. A single
orange band was eluted with mixture of hexane and ethy] acetate
(8:2) to give orange solids after removal of solvents. Recry-
stallization from a mixture of dichloromethane and hexane
(1:4) vielded 0.17 g of 3a (29.8%). 'H NMR (CDCls) $ 9.56
(d..J=25, 1H, CHO), 7.73-7.20 (im, 20H, PPh: & =PPh:). 7.18-
6.82 (m. 5H. N-CgHs). 4.77-4.34 (m. 3H. CsH3). 4.10/3.40 (br.
4H. C<Ha). 2.21 (5. 3H, CHa). *PNMR (CDCl3) 30.44 (s), -3.71
(s). HRMS: 727.3396 [M™+ H]. Anal. Calc. for C4sH3sN-OP:
Fe: C, 72.74: H. 4.99: N. 3.86. Found: C. 72.06: H. 4.36: N.
3.66.

Synthesis of 3b, The title compound was prepared in the
same mamner as described above for 3a by simply replacing
azidobenzene with azido-2.6-dimethylbenzene. The product
was obtained as a brown solid. Yield: 25%. '"H NMR (CDCl3) 6
954 (d./=25. lH. CHO). 7.75-7.20 (m. 20H. PPha. = PPh.).
6.88-6.62 (m. 3H. N-CgH:). 4.77-34.34 (in. 3H. CsH3). 4.10/3.40
(br. 4H. C<Ha), 2.21 ¢s. 3H. CHa). 1.97 (s, 6H, CH3-CsHs). *'P
NMR (CDCl3) & -5.67 (s). -8.86 (s). HRMS: 755.0282 [M™ +
H]. Anal. Cale. for CssH4N-OP-Fe: C, 73.22: H. 5.34; N, 3.71.
Found: C. 72.96: H. 5.23. N. 3.66.

Synthesis of 3¢, The title compound was prepared in the
same marnner as described above for 3a by simply replacing
azidobenzene with azido-2.6-diisopropylbenzene. The product
was obtained as a brown solid. Yield: 21%. "H NMR (CDCl3) 6
9.54(d.J=25. IH. CHO). 7.75-7.20 (in, 20H. PPh: & = PPh:).
6.93-6.76 (m. 3H, N-C¢Ha), 4.73-4.34 (3H. C:Hj). 4.40/3.40
(br. 4H. C:H.). 3.30 (sept.J = 6.6. 2H. CHMe»). 2.21 (s. 3H.
CH;).0.95 (L. J=6.9. 6H. CHl/e»). 0.84 (. /=6.9. 6H. CHAfe-).
*PNMR (CDCls) & -35.64 (). -9.72 (s). HRMS: 811.1200 [M +
H]. Anal. Calc. for Cs;HugN-OP-Fe: C.74.07: H. 5.97. N. 3 46.
Found: C, 73.87; H. 5.46; N, 2.93.

General procedure for the ring-opening reaction. Repre-
sentative procedure for Table 1, including monitoring the back-
ground reaction: a solution was prepared of hex-1-ene oxide
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(0.148 g, 1.48 mmol) and TMSCI (0.230 mL. 1.81 mmol) in
CH:Cl2 (4.52 mL) ina Schlenk tube. After degassing the solu-
tion by the freeze-and-thaw method three times. a portion of
this stock solution was transferred to a 5 mL screw-capped
vial (background reaction). and 1.69 mL of the stock solution
(0.49 mmol of epoxide, 0.60 mmol of TMSCI) was transferred
to a Schlenk tube containing catalyst 3 (0.025 mmol). The two
reactions were allowed to proceed at room temperature and
monitored by GC equipped with CBP-20 on a Shimadzu GC-
17A. After 15 min. the catalyvzed reaction was complete and
the background reaction had not proceeded (< 3% conversion).
For the catalyzed reaction. the solvent was removed in vacuo.
and the TMS ether was treated with HCI (1 MinEt-O) for 1 h
at room temperature. The resulting chlorohvdrins were purified
by flash chromatography on silica gel (hexane:ethylacetate
8:2). and their NMR identifications were made by comparison
with literature data.

Conclusion

In summary. we put into entry ininophoranyl-1.1"-bis(di-
phenylphosphino)-2-[(dimethylamino)ethyl]ferrocene (2a-c)
and 1 -iminophosphoranyl-1.2-ferrocenedivlazaphosphinines
{3a-c) as a new class of Lewis base catalysts for ring-opening
of some epoxides. Their catalytic performances in terms of both
reactivity and regioselectivity compares well with not only their
parent 1. 2-ferrocenedivlazaphosphinines (1a & 1b)but also well-
documented catalysts such as phosphaferrocene and HMPA,
although asymmetric version of this reaction has vet to be carried
out.
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