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Facial Diastereoselectivity in Cationic Propargylations with Planar-Chiral
AreneCr(CO);-Substituted Propargyl Cations
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The planar-chiral (o-methoxyphenyl)chromium tricarbonyl-
substituted propargyl cation 4 reacts with silyl enol ether de-
rivatives 5 with poor and with enamines 6 with good facial
diastereoselectivity to give rise to the (arene)carbonylchro-
mium-substituted propargylated cyclohexan-2-ones 7 and 8,
carboxylic acid 9, y-lactone 10, cyclopentan-2-one 11, and
esters 16 and 17. Structural correlations were unambiguously

deduced from X-ray structure analyses of 7a, 9a, and 17a.
The origin of facial diastereoselectivity with this class of or-
ganometallic electrophiles lies in steric and stereoelectronic
biases rather than in purely electronic nucleophilicity.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2005)

Introduction

Cationic propargylations have become relevant for ster-
eoselective applications with the advent of transition metal
stabilization of propargyl cations.!l Besides the introduc-
tion of nucleophilic additions to dicobalt hexacarbonyl
complexed propargyl cations, known as the Nicholas reac-
tion,” which has led to widespread applications in complex
molecules’ syntheses,®) we have demonstrated in the past
few years that (arene)carbonylchromium-substituted pro-
pargyl cations represent complementary propargyl cation
synthetic equivalents in highly stereoselective cationic pro-
pargylation reactions.*! Stereochemically, the stepwise ion-
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ization and nucleophilic addition to a planar-chiral, config-
urationally stable propargyl cation leads to a high degree of
diastereoselection in the sense of a retention of configura-
tion at the propargylic stereogenic center as a consequence
of a double inversion mechanism (Scheme 1). Since the nu-
cleophilic attack always occurs anti with respect to the
shielding and stabilizing carbonylchromium tripod the ex-
ploitation of the diastereofacial stereodifferentiationl® as a
powerful tool to control the generation of contiguous ste-
reocenters lies at hand. Here we wish to report on facially
diasterecoselective propargylations with a representative (ar-
ene)carbonylchromium-stabilized propargyl cation.
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Scheme 1. Mechanistic rationale of stereoselective cationic propargylations with planar chiral configurationally stable (arene)Cr(CO);-

substituted propargyl cations.
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Results and Discussion

First, we intended to scout the simple diastereoselectivity
of the cationic propargylation by applying a C-C bond
forming reaction with a suitably reactive nucleophile, such
as a silyl enol ether. Upon trapping the carbonylchromium-
complexed 1,3-diphenylpropargyl cation?! generated from
the acetate precursor 1 by treatment with boron trifluoride
diethyl etherate as a Lewis acid and 1-trimethylsiloxycy-
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Scheme 3. Conformational analysis and deduction of the facial nucleophilic attack with the aid of MMFF94 force-field calculations.

clohexene at —78 °C, a 57:43 mixture of diastereomers 2a
and 2b was obtained in good yield (Scheme 2).

A product analysis and MMFF94 force-field computa-
tions!® on the two diastereomers 2a and 2b show a small
energy difference between them which suggests two dif-
ferent scenarios for the facial stereoselective attack of the
silyl enol ether (Scheme 3): either this thermodynamic pro-
duct distribution is a result of a post-trapping epimerization
at the o-carbonyl center, or, assuming a kinetically con-
trolled nucleophilic trapping without epimerization, the en-
ergy differences of the S7,S7 (like) and Re,Si (unlike) transi-
tion states are rather small. This distinction is particularly
interesting since Reetz has observed a similar facial diaster-
eoselectivity for the nucleophilic trapping of complexed
benzyl cations.[”]

If the stereochemical outcome is determined by kinetics,
as can be expected from our previous findings,[*d! the facial
selectivity can be enhanced by fine-tuning the nucleophilic-
ity of the enolate synthetic equivalent and by increasing the
steric biases in the transition state. Therefore, it was neces-
sary not only to conduct the trapping reactions strictly un-
der kinetic control but also to scrutinize the electronic and
steric influence of the nucleophile on the stereochemical
outcome of facially diastereoselective propargylations. As a
consequence, we decided to carry out the trapping reactions
with the planar chiral propargyl cation 4, generated by
treatment of the propargyl acetate precursor 3 with TMS
triflate (Scheme 4), as this cation gave rise to the highest
diastereoselectivities in the previously reported diastereo-
selective propargylations.[4d]

The cation 4 is not only configurationally stable but is
also locked in a syn-s-cis conformation under the applied
conditions.®! In a series of experiments this configuration-
ally stable, planar-chiral propargyl cation was treated with
the silyl enol ethers and ketene acetals 5 and enamines 6 to

1824 © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Scheme 4. Generation of the planar chiral propargyl cation 4.

give the propargylation products 7-11 in good to excellent
yields (Scheme 5).

In all cases the propargylation products were obtained
as mixtures of diastereomers that were inseparable by flash
chromatography. Hence, the diastereomeric ratios were de-
termined by '"H NMR spectroscopy before further purifica-
tion by crystallization; the structures were unequivocally
supported by extensive NMR spectroscopic experiments
("H,'"H COSY, NOESY, and HETCOR). The unambiguous
assignment of the diastereomers was greatly facilitated by
correlation of the 'H and '3C NMR spectra with X-ray
structure analyses that were obtained for the major dia-
stereomers 7a (Figure 1, Table 1) and 9a! (Figure 2,
Table 1), which show the expected bond lengths.!']

Due to coupling with the proton-bearing Cg- centers the
C, proton signals appear in the 'H NMR spectra as discrete
doublets between ¢ = 3.7 and 4.5 ppm (Table 2). The qua-
ternary Cg center in 8 causes the C, proton resonance to
appear as a singlet at 6 = 4.2 ppm. With the exception of 8,
which shows a singlet for the methyl proton signals at 6 =
1.07 and 1.13 ppm, respectively, the resonances of the Cg
protons are found as multiplets between 6 = 2.8 and
3.7 ppm. Nevertheless, in a few cases the corresponding
coupling constants can be extracted from some of the cen-
tered multiplets.
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Scheme 5. Facial diastereoselectivity of cationic propargylations with silyl enol ethers, silyl ketene acetals, and enamines.

Figure 1. ORTEP plot of the major diastereomer 7a. Selected bond
lengths [A] and bond and dihedral angles [°]: C(4)-C(11) 1.535(9),
C(11)-C(12) 1.460(7), C(12)-C(13) 1.175(6), C(11)-C(20) 1.563(6);
C(12)-C(11)-C(4) 111.06, C(11)-C(12)-C(13) 178.11, C(11)-C(4)~
C(5)-C(6) 173.36, C(4)-C(11)-C(12)-C(20) 112.05.

A comparison of the H, shifts and the coupling con-
stants of mutually diastereomeric compounds reveals that
for 7 and 11 the resonances of the major diastereomers are

Eur. J. Org. Chem. 2005, 18231833 WWW.eurjoc.org

shifted downfield and display smaller coupling constants.
In contrast, the singlet of the major diastereomer of 8 and
the doublets of 9 and 10 are shifted upfield, the latter with
larger coupling constants than the minor diastereomers. In
the '3C NMR spectra the C, propargyl methine signals are
found between ¢ = 30.9 and 41.3 ppm; the resonances of the
adjacent Cy centers appear between 6 = 44.9 and 54.9 ppm.

Applying the Karplus correlation'!! between vicinal 3J
couplings and the associated dihedral angles, @, the confor-
mations of the diastereomers 7a and 7b at room tempera-
ture and in solution can be easily deduced (Scheme 6). As
a consequence of the steric bulk of the (o-anisyl)tricar-
bonylchromium substituent a rapid rotation around the C,—
Cp axis is hampered at room temperature and, thus, the
depicted staggered conformations of 7a and 7b are appar-
ently thermodynamically most favorable.

The analysis of the nucleophile-dependent outcome of
the diastereofacial propargylations reveals some interesting
aspects. If silyl enol ethers are applied as nucleophiles the
degree of facial diastereoselectivity is considerably lower (dr
= 3:2) than with enamines (dr = 9:1). Most striking is the
difference in diastereoselectivity if the propargylated cyclo-
hexanone 7 is generated from the silyl enol ether 5a (dr =
57:43) or the enamine 6a (dr = 88:12). The 3:2 diastereose-
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Table 1. Crystal data and structure refinements for 7a, 9a, and 17a.

Ta 9a 17a
Empirical formula C25H22Cr05'0.33 Hzo C24H22Cr05 C:26I_I3()B(:1‘1\1()(J
Color, form yellow rods yellow needles yellow plates
Formula weight 459.71 442.42 515.32
Temperature 295(2) K 193(2) K 295(2) K
Wavelength [A], radiation 0.71073 (Mo-K,,) 0.71073 (Mo-K,) 0.71073 (Mo-K,,)
Crystal system monoclinic monoclinic orthorhombic
Space group P2y/n . P21/c ) Pna2,
Unit cell dimensions a =7.0330(12) A a = 6.8219(10) A a=18.444(4) A
b =17.950(3) A b =14.484(2) A b =126.319(09) A
c=18.1773) A ¢ =22.804(4) A c=11.0482) A
a = 90.00(0)° a = 90.00° a = 90.00(0)°
£ = 90.00(0)° = 90.542(3)° £ =90.00(0)°
. y = 101.30(2)° y = 90.00° y = 90.00(0)°
Volume [A%] 2250.2(7) 2253.2(6) 5362.9(23)
VA 4 4 8
Density (calculated) 1.357 gem™3 1.304 gcm™ 1.276 gem3
Absorption coefficient 0.543 mm™! 0.538 mm™! 0.465 mm™!
F(000) 955 920 2160
Crystal size (mm) 0.27x0.33x0.47 0.6x0.18x0.08 0.17x0.37x0.53
Theta range for data collection 3.16 to 23.97° 1.67 to 27.42° 2.28 to 23.98°
Index ranges =h=28 “4=h=4 0=h=21
20=k=20 1T=k=17 0=k=30
20=7/=20 27 =1=27 -2=/=12
Reflections collected 3464 12173 9341
Independent reflections 1949 [R(int.) = 0.0297] 3238 [R(int.) = 0.0606] 8400 [R(int.) = 0.0145]
Observed [I > 26(1)] 1393 2554 [I > 4o(D)] 6660

Absorption correction

Max. and min. transmission
Refinement method
Data/restraints/ parameters
Goodness-of-fit on F*

Final R indices [I > 20(1)] R1
wR2

R indices (all data) R1

wR2

Largest diff. peak and hole [e A 3]

Semi-empirical from psi-scans
0.9834 and 0.9999
Full-matrix least-squares on F”
1949/72/305
1.159
0.0455
0.1002
0.0744
0.1174
0.152 and -0.162

Semi-empirical from psi-scans
Full-matrix least-squares on [
3238/0/287
1.097
[ > 40(D] 0.1317
0.3371
0.1479
0.3452
0.907 and -0.616

Semi-empirical from psi-scans
0.9350 and 0.9997
Full-matrix least-squares on I
8400/1/641
1.070
0.0431
0.0984
0.0639
0.1138
0.218 and -0.258

Table 2. Selected 'H ([Dg]DMSO, 300 MHz, 293 K, multiplicities and coupling constants [Hz] in parentheses) and '*C NMR (recorded
in [Dg]DMSO, 75 MHz, 293 K) data of the asymmetric centers C, and Cg..

C.H C, Cgr
Compound major minor major minor major minor major minor

7 4.53 (d, 4.8) 3.96 (d, 8.0)  2.84-2.91 (m, 5.3) 3.05 (m) 30.96 34.00 54.88 53.95

8 4.20 (s) 4.19 (s) - - 41.25 40.71 54.42181 53.8lal

9 3.94(d, 10.9)  4.08 (d, 9.5) 3.09™ (dd, 11.1, 4.0) - 37.9701 - 5451001 -

10 4.10 (d, 6.2) 4.53(d, 3.7)  3.22-3.29 (m, 9.8, 3.15 (dt, 9.6, 33.43 33.00 43.57 44.86
3.6) 3.7)

11 4.53 (d, 2.5) 3.95(d, 5.4) 2.53-2.60" (m, 5.9, - 31.180 54.2200b] -
2.8)

[a] Quaternary carbon resonance. [b] Only the resonance of the major diastereomer could be assigned unambiguously.

lectivity is retained even if the steric bulk at the reacting 3-
carbon center of the silyl enol ether 5b is increased by the
introduction of a methyl group, which gives a quaternary
center that is unable to epimerize to the propargylation pro-

1826
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duct 8. Also, upon applying acyclic (5¢) and cyclic silyl ke-
tene acetals (5d) that are even more nucleophilic than cyclic
N-morpholino enamines!!?! the diastereomeric ratio is not
improved. Therefore, the use of silyl enol ether derivatives §

Eur. J. Org. Chem. 2005, 18231833



Facial Diastereoselectivity in Cationic Propargylations

FULL PAPER

Figure 2. ORTEP plot of the major diastereomer 9a. Selected bond
lengths [A] and bond and dihedral angles [°]: C(3)-C(12) 1.532(14),
C(3)-C(4) 1.501(16), C(4)-C(5) 1.179(17), C(5)-C(6) 1.464(17);
C(4)-C(3)-C(12) 112.6(9), C(12)-C(3)-C(2) 110.2(11), C(4)-C(3)-
C(2) 110.909), C4)-C(5)-C(6) 176.1(14), C(4)-C(3)-C(12)-C(2)
110.24(11), C(1)-C(2)-C(22)-C(3) 114.74(11).

measured: J=5Hz
@ = 40-58°

7a

measured: J =8 Hz
@ = 135-160°

7b

Scheme 6. Conformation analyses of the major (7a) and the minor
diastereomer (7b) applying the Karplus correlation (the carbon-
ylchromium tripod is oriented antiperiplanar with respect to the
cyclohexanone fragment).

as trapping nucleophiles with variable steric and electronic
biases at the B-carbon center are obviously not well suited
to increase the energy differences in the diastereotopic tran-
sition states. In contrast, the application of cyclic N-mor-
pholino enamines 6, which are reasonably nucleophilic reac-
tion partners with more pronounced steric biases as a con-

Eur. J. Org. Chem. 2005, 1823-1833 WWW.eurjoc.org

sequence of shorter CN bonds, gives rise to good facial dia-
stereoselectivities. All these observations account for a pre-
dominant influence of steric and stereoelectronic features
on the transition state of the C—C bond forming step.

According to our previous findings the configurationally
stable and conformationally locked propargyl cation 4 is
diastercoselectively attacked by nucleophiles exo with re-
spect to the face of the complexing carbonylchromium tri-
pod.™ This step establishes the stereochemistry at the pro-
pargyl center with excellent selectivity and in the sense of
an overall retention of configuration with respect to the ace-
tate 3. Facially, the like (Si,Si) transition state is slightly
favored for silyl enol ether derivatives and becomes pre-
dominant for enamine nucleophiles. Approaching the ste-
reochemical problem by product analysis (from 7a and 7b)
and applying Cram’s empirical rules,['>!4 both open anti-
staggered transition states 12 and 13 can be readily deduced
in their Newman projections (Scheme 7).

Here, the like combination in the transition state 12 leads
unequivocally to the formation of the major diastereomer
7a, whereas the transition state 13 arising from the wunlike
attack gives rise to the formation of the minor diastereomer
7b. Sterically, the N-morpholino substituent imposes more
bulk and steric bias than the trimethylsiloxy group and,
therefore, tries to avoid pseudo-gauche interactions with
either the large or the medium-sized substituents at the car-
benium center. Hence, transition state 12 bears less steric
strain and repulsion than transition state 13. For the acyclic
bis-silyl ketene acetal 5¢, the diastereomeric ratio is pre-
dominantly influenced by the isopropyl substituent that
now becomes sterically bulkier than the trimethylsiloxy
group. Thus, the same mechanistic rationale now explains
that the unlike combination dominates slightly in the transi-
tion state, as reflected by the low diastereoselectivity of
compound 9. In conclusion, the facial diastereoselectivity
of cationic propargylations with planar chiral arene Cr-
(CO);-substituted propargyl cation is extremely sensitive to
steric effects on the nucleophile substrates, more so than on
the purely electronic-based nucleophilicity.

In a trapping reaction with B-dimethylamino ethyl acry-
late (6¢) as an acyclic enamine nucleophile the intermediacy
of the iminium ion 14, which is the initial propargylation
product, can be nicely illustrated (Scheme 8). Upon direct
aqueous workup of the reaction mixture the B-hydroxy enol
ester 15 is obtained in 94% yield and excellent stereoselec-
tivity, as expected for cationic propargylations.[! However,
if the iminium intermediate is reacted with sodium boranate
as a trapping nucleophile in acetonitrile at —45 °C,!'>! a sep-
arable mixture of the tertiary amine 16 (dr = 3:1) and its
zwitterionic borane adduct 17 (dr = 4:1) can be isolated in
an overall yield of 87%. Besides the unambiguous spectro-
scopic and combustion analytic assignment of the struc-
tures of 16 and 17, the X-ray crystal structure of 17a, the
major diasterecomer of the direct precursor of 16, was also
solved (Figure 3, Table 1); it shows the expected bond
lengths.

Most significantly, a broad signal at 6 = 3.32-3.52 ppm
in the '"H NMR spectrum of the B-hydroxy enol ester 15,

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 1827
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Scheme 7. Stereochemical rationale for the observed facial diastereoselectivity in cationic propargylations with cyclic nucleophiles (the

carbonylchromium tripod is pointing behind the drawing plane).
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Scheme §. Iminium-ion intermediacy in diastereofacial propargylations with enamines.

which disappears upon addition of D,O, can be assigned to
the proton of the hydroxy group. The signal for the B-enol
proton (with respect to the ester functionality) can be found
at 0 = 7.92 ppm as a singlet and the propargyl methine reso-
nance at § = 5.33 ppm as a singlet. In the '3C NMR spec-
trum, characteristic resonances of the enol carbon nuclei
can be detected at 0 = 105.5 ppm (quaternary signal) and at
0 = 153.1 ppm (methine resonance), whereas the propargyl
methine appears at 6 = 25.3 ppm.

In the 'H NMR spectra of 16 and 17 the dimethylamino
protons of 16 appear as a singlet at 6 = 2.26 ppm, whereas
for the zwitterion 17 the quaternization of the nitrogen with
borane renders the two methyl groups diastereotopic so that
they appear as singlets at 6 = 2.59 and 2.61 ppm. The same
behavior is found in the '3*C NMR spectra, where the di-

1828 © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

methylamino carbon nuclei are detected at 6 = 45.83 ppm
(16) and at 6 = 51.59 and 52.05 ppm (17). The unambiguous
assignment of the 'H NMR resonances of the dia-
stereomers was considerably facilitated by correlating the
data with the relative structure of the X-ray structure analy-
sis.

Although the ester group of the enamine derivative 6¢
imposes only some steric hindrance at the attacking B-car-
bon center, the facial diastereoselectivity in 16 and 17 re-
mains considerably higher than for the trapping reaction
with silyl enol ether derivatives. Applying the same stereo-
chemical model as before to the product analysis shows that
a like (Si,S1) attack of the ethyl B-(dimethylamino)acrylate
can be unequivocally assumed. Therefore, according to this
model the ester group adopts the function as the largest

WWww.eurjoc.org Eur. J. Org. Chem. 2005, 1823-1833
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Figure 3. ORTEP plot of the major diastereomer 17a. Selected
bond lengths [A] and bond and dihedral angles [°]: C(4)-C(11)
1.529(6), C(11)-C(12) 1.455(7), C(12)-C(13) 1.198(6), C(11)-C(20)
1.563(6), N(1)-B(1) 1.608(8), N(1)-C(22) 1.463(9); C(12)-C(11)-
C(4) 112.78, C(11)-C(12)-C(13) 178.36, C(21)-N(1)-B(1) 110.77,
C(11)-C(4)-C(5)-C(6) 179.98, C(11)-C(20)-C(21)-N(1) 162.67,
C(4)-C(11)-C(12)-C(20) 114.21.

group and, assuming again an open transition state, the es-
ter group tries to avoid a gauche interaction with the ortho-
methoxy substituent of the complexed anisyl fragment
(Scheme 9).

HH

major minor
diastereomer diastereomer
14a 14b

Scheme 9. Stereochemical rationale for the facial diastereoselectiv-
ity in cationic propargylations with 6c (the carbonylchromium tri-
pod is pointing behind the drawing plane).

Finally, with a diastereofacial propargylation of en-
amines in hand we wanted to exploit the electrophilic na-
ture of the newly generated iminium ion in order to estab-
lish contiguous stereocenters in a sequential fashion. Treat-
ment of the propargyl cation 4, generated from propargyl
acetate 3 and TMSOTS, with N-morpholinocyclohexene
(6a) at —78 °C gave the iminium ion 18a selectively (vide
supra and Scheme 10). This less electrophilic species was
then treated, without aqueous work up, with sodium
borohydride in acetonitrile at —40 °C to furnish 74% of the
bis-homopropargylamine 19 as a 55:45 mixture of dia-
stereomers. Since the 'H NMR spectrum only shows two
sets of signals arising from epimers at the y’-position as a

Eur. J. Org. Chem. 2005, 18231833 WWW.eurjoc.org

consequence of the iminium salt reduction, it is evident that
the iminium salt 18a was formed with excellent facial dia-
stereoselectivity, i.e. with a diastereomeric ratio higher than
95:5. However, the stereoselectivity for the formation of the
third stereocenter by sodium borohydride reduction is obvi-
ously very low. This experiment also discloses some insight
into the limitation of this sequential induction of contigu-
ous stereocenters by consecutive cationic propargylation.

TMSOTf 6a
—78 °C, CHCl,

—78 °C, CH,Cl,

NaBH,4
CH3CN, 40 °C
—_—
then aq. HCI,
aq. NH3

19 (74 %, dr=55: 45)

Scheme 10. Sequential induction of contiguous stereocenters by
consecutive cationic propargylation and iminium ion reduction.

In conclusion, we have shown that facial diastereoselec-
tive cationic propargylations are predominantly controlled
by the steric features of the attacking prochiral m-nucleo-
philes. Slight energy differences in diastereotopic transition
states are induced by steric rather than by electronic effects.
Therefore, enamines are excellent enolate equivalents in cat-
ionic propargylations where two contiguous stereocenters
can be controlled ultimately by the configurational stability
of planar-chiral, conformationally locked (arene)carbon-
ylchromium-substituted propargyl cations. This methodol-
ogy is well-suited for more extensive stercoselective side-
chain functionalizations.

Experimental Section

General: All reactions involving tricarbonylchromium complexes
were carried out in flame-dried Schlenk flasks under nitrogen by
using septum and syringe techniques. Solvents were dried and dis-
tilled according to standard procedures.'®) Column chromatog-
raphy: silica gel 60 (Merck, Darmstadt), mesh 70-230. TLC: silica
gel plates (60 F»s4 Merck, Darmstadt). Melting points (uncorrected
values): Reichert—Jung Thermovar and Biichi Melting Point B-540.
The complexed propargyl acetates 1144 and 34l were prepared ac-
cording to our procedures. The silyl enol ether derivatives Sa and
5d and the enamines 6 were purchased from Aldrich, Fluka or
ACROS and were used without further purification. 2-Methyl-1-
trimethylsiloxycyclohexene (Sb) and 2-trimethylsiloxy-4,5-dihy-
drofuran (5¢) were synthesized according to literature pro-
cedures.!7-11 All crystalline arenechromium complexes can be han-
dled in air. '"H and '3C NMR spectra: Bruker ARX 300, Varian
VXR 4008 [Dg]DMSO and CDCl;. The assignments of quaternary
C, CH, CH, and CH; were made by using DEPT spectra. IR: Per-
kin-Elmer Models Lambda 16. MS: Finnigan MAT 90 and MAT
95 Q. Elemental analysis were carried out in the Microanalytical
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Laboratory of the Department Chemie, Ludwig-Maximilians-Uni-
versitdt Miinchen.

Generation of the Propargyl Cations and Nucleophilic Trapping. Ge-
neral Procedure (GP): The appropriate Lewis acid (1.1 to 1.7 equiv.)
was added dropwise to a solution of 1.0 equiv. of the acetates 1 or
3 in 5-10 mL of dry dichloromethane at —78 °C. Immediately a
deep-red to blue solution of the propargyl cation was formed,
which was stirred at that temperature for 15 to 50 min. The corre-
sponding nucleophile, either neat or as a solution in dichlorometh-
ane, was then added at —78 °C to this reaction mixture. The reac-
tion can be followed by a color change to yellow. After the required
reaction time 20 mL of diethyl ether and 20 mL of water were sub-
sequently added and the external cooling was removed. After ex-
traction of the aqueous phase with diethyl ether (3x30 mL) the
combined organic layers were dried with magnesium sulfate, fil-
tered and the solvents were evaporated in vacuo. The residues were
dried in vacuo and, if not crystalline, subjected to flash chromatog-
raphy. The diastereoselectivities were determined from the com-
bined collected yellow fractions by integration ('"H NMR spectra)
of the significant propargyl proton signals and/or in some cases by
integration of the signals of ortho substituents on the complexed
ring.

2: According to the GP, acetate 1 (100 mg, 0.26 mmol) was ionized
with BF3-OEt, (46 uL, 0.36 mmol) for 60 min and, after the ad-
dition of 1-(trimethylsiloxy)cyclohexene (5a; 0.99 mL, 5.14 mmol),
the mixture was stirred for 75 min. Workup and chromatography
on silica gel (diethyl ether/pentane, 1:2 and diethyl ether) furnished
93 mg (85%) of 2 (dr = 57:43) as a yellow oil that was crystallized
from diethyl ether/pentane. Yellow solid. M.p. 116 °C (diethyl
ether/pentane). '"H NMR ([Dg]DMSO, 300 MHz) of 2a: § = 1.48-
2.44 (m, 8 H), 2.96-3.03 (m, J = 5.6 Hz, 1 H), 3.96 (d, J = 5.1 Hz,
1 H), 5.65-5.71 (m, J = 6.1 Hz, 2 H), 5.77 (t, J = 6.2 Hz, 1 H),
5.83-5.87 (m, J = 6.7 Hz, 1 H), 6.00 (d, J = 6.6 Hz, 1 H), 7.36-
7.42 (m, 5 H) ppm. Additional signals for the minor diastereomer
2b: 6 = 2.78-2.81 (m, 1 H), 4.25 (d, J = 3.5Hz, 1 H) ppm. 13C
NMR ([Dg]DMSO, 75 MHz) of 2a: 6 = 24.3 (CH,), 27.3 (CH,),
31.6 (CH,), 37.1 (CH), 41.8 (CH,), 55.9 (CH), 83.9 (Cquar), 88.5
(Cquat)» 94.0 (CH), 94.3 (CH), 94.6 (CH), 95.7 (CH), 97.0 (CH),
112.4 (Cquar), 122.7 (Cquar), 128.5 (CH), 128.7 (CH), 131.5 (CH),
209.1 (Cqyat)> 234.1 (Cguar., CO) ppm. Additional signals for the
minor diastereomer 2b: 6 = 24.0 (CH,), 26.8 (CH,), 28.4 (CH,),
36.2 (CH), 41.4 (CH,), 56.0 (CH), 85.2 (Cguar), 87.1 (Cquar), 94.5
(CH), 94.6 (CH), 94.7 (CH), 96.0 (CH), 113.3 (Cguar), 122.9
(Cquat.), 128.6 (CH), 128.7 (CH), 131.6 (CH), 208.5 (Cgyat.), 234.0
(Cquat» CO) ppm. EI MS (70 eV): m/z (7o) = 424 (2) [M*], 368 (9)
[M™* - 2CQ], 340 (100) [M* — 3CO], 288 (12) [M* — Cr(CO)3], 244
(35) [M* — 3CO — C4Hg0], 191 (26) [C;sH '], 52 (23) [Cr*]. IR
(KBr): ¥ = 2929 cm™!, 2857, 1963, 1889, 1703, 1638, 1489, 1448,
1416, 1128, 758, 694, 662, 628. UV/Vis (DMSO): Ay (6) = 315 nm
(7600). C14H5oCrOy (424.4): caled. C 67.92, H 4.75; found C 68.25,
H 5.02.

7: a) Silyl Enol Ether Sa as the Nucleophile: According to the GP,
acetate 3 (202 mg, 0.49 mmol) was ionized with TMSOTf
(0.115 mL, 0.64 mmol) for 60 min and, after the addition of 1-(tri-
methylsiloxy)cyclohexene (5a; 0.385 mL, 2.01 mmol), the mixture
was stirred for 135 min. Workup and chromatography on silica gel
(diethyl ether/pentane, 1:1 and diethyl ether) furnished 212 mg
(96%) of 7 (dr = 57:43) as a yellow foam. 'H NMR ([D¢]DMSO,
300 MHz) of 7a: 6 = 1.61-2.54 (m, 8 H), 2.86-2.90 (m, J = 5.3 Hz,
1 H), 3.77 (s, 3 H), 4.54 (d, J = 4.8 Hz, 1 H), 5.13-5.18 (m, J =
5.6 Hz, 1 H), 5.64 (m, J = 6.7 Hz, 1 H), 5.92-6.00 (m, J = 6.3 Hz,
1 H), 6.24-6.30 (m, 1 H), 7.31-7.40 (m, 5 H) ppm. Additional sig-
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nals for the minor diastereomer 7b: 6 = 3.05 (m, 1 H), 3.81 (s, 3 H),
3.97 (d, J = 8.3 Hz, 1 H) ppm. '3C NMR ([D¢]DMSO, 75 MHz) of
7a: 0 = 24.1 (CH,), 27.4 (CH,»), 30.7 (CH,), 30.9 (CH), 41.4 (CH,),
54.8 (CH), 56.6 (CH3), 75.9 (CH), 84.3 (Cqua), 85.4 (CH), 88.5
(Cquat)> 97.6 (CH), 101.5 (CH), 102.9 (Cgyar), 122.8 (Cquar), 128.4
(CH), 128.6 (CH), 131.5 (CH), 142.8 (Cguar), 209.2 (Cguar), 234.1
(Cquat» CO) ppm. Additional signals for the minor diastereomer
7b: 0 = 26.6 (CH,), 28.1 (CH»), 32.6 (CH,), 34.0 (CH), 41.8 (CH,),
54.0 (CH), 76.2 (CH), 81.9 (Cquar), 85.6 (CH), 90.9 (Cquar), 97.2
(CH), 101.4 (Cqua), 123.5 (Cquar), 127.9 (CH), 128.5 (CH), 131.3
(CH), 143.2 (Cguar), 209.5 (Cquar), 234.0 (Cguar. CO) ppm.

b) Enamine 6a as the Nucleophile: According to the GP, acetate 3
(202 mg, 0.49 mmol) was ionized with TMSOTf (0.12mL,
0.66 mmol) for 50 min and, after the addition of 1-morpholinocy-
clohexene (6a; 0.17 mL, 1.04 mmol) the mixture was stirred for
120 min. Workup and chromatography on silica gel (diethyl ether/
pentane, 1:2 and diethyl ether) furnished 124 mg (56%) of 7 (dr =
88:12) as yellow crystals. M.p. 135 °C dec. (diethyl ether/pentane).
'H NMR ([Dg]DMSO, 300 MHz) of 7a: § = 1.63-2.05 (m, 6 H),
2.17-2.54 (m, 2 H), 2.84-2.91 (m, J = 5.3 Hz, 1 H), 3.77 (s, 3 H),
453 (d, J=48Hz 1 H), 5.16 (t, J = 63 Hz, 1 H), 562 (d, J =
6.9Hz, 1 H), 597 (t, J = 6.6 Hz, 1 H), 6.28 (d, J = 6.5Hz, 1 H),
7.19-7.43 (m, 5 H) ppm. Additional signals for the minor dia-
stereomer of 7b: 6 = 3.05 (m, 1 H), 3.80 (s, 3 H), 3.96 (d, J =
8.0Hz, 1 H), 591 (t, J = 6.5Hz, 1 H), 6.23 (m, J = 6.4 Hz, 1 H)
ppm. 3C NMR ([Dg]DMSO, 75 MHz) of 7a: 6 = 24.1 (CH,), 27.4
(CH,), 30.7 (CH,), 31.0 (CH), 41.4 (CH,), 54.9 (CH), 56.6 (CH3;),
75.9 (CH), 84.4 (Cguat), 85.5 (CH), 88.5 (Cguar), 97.7 (CH), 101.6
(CH), 102.9 (Cgyat), 122.9 (Cguar), 128.5 (CH), 128.7 (CH), 131.6
(CH), 142.8 (Cguat.), 209.3 (Cquat.)» 233.7 (Cguar.. CO) ppm. EI MS
(70 eV): mlz (%) = 454 (2) [M*], 398 (5) [M* - 2CO], 370 (100)
[M* - 3CO], 318 (20) [M* — Cr(CO);], 287 (7) [M* — Cr(CO); —
OCHj3], 259 (16), 115 (10), 52 (10) [Cr*]. IR (KBr): ¥ = 1955 cm™!,
1877, 1859, 1706, 1635, 1533, 1470, 1257, 756, 670, 632. UV/Vis
(DMSO): Zpax (6) = 316 nm (7700). C,5H,,CrOs (454.5): caled. C
66.08, H 4.88; found C 65.99, H 4.97.

8: According to the GP, acetate 3 (206 mg, 0.50 mmol) was ionized
with TMSOTT (0.12 mL, 0.66 mmol) for 60 min and, after the ad-
dition of 2-methyl-1-trimethylsiloxy cyclohexene (5b; 0.15g,
0.81 mmol), the mixture was stirred for 120 min. Workup and
chromatography on silica gel (diethyl ether/pentane, 1:1 and diethyl
ether) furnished 194 mg (84 %) of 8 (dr = 60:40) as yellow crystal.
M.p. 124-130 °C dec. (diethyl ether/dichloromethane). 'H NMR
([Dg]DMSO, 400 MHz) of 8a: 6 = 1.07 (s, 3 H), 1.56-1.80 (m, 6
H), 2.39-2.62 (m, 2 H), 3.72 (s, 3 H), 4.20 (s, 1 H), 5.10 (t, J =
6.2Hz, 1 H), 5.61 (d, / = 6.8 Hz, 1 H), 5.92 (t, J = 6.1 Hz, 1 H),
6.07 (d, J = 52 Hz, 1 H), 7.31-7.45 (m, 5 H) ppm. Additional
signals for the minor diastereomer: 6 = 1.13 (s, 3 H), 3.70 (s, 3 H),
4.19 (s, 1 H), 5.15 (t, J = 6.2 Hz, 1 H) ppm. '*C NMR ([D¢]DMSO,
100 MHz): 6 = 20.4 (CH,), 21.9 (CH3), 26.1 (CH,), 36.0 (CH,),
38.7 (CH,), 41.3 (CH), 54.4 (Cquar). 56.2 (CH3), 76.8 (CH), 83.9
(Cquat), 85.7 (CH), 88.6 (Cgyar), 97.4 (CH), 99.0 (CH), 128.0 (CH),
128.6 (CH), 131.3 (CH), 143.8 (Cgyat), 212.1 (Cgyar), 234.0 (Cquar.,
CO) ppm. Additional signals for the minor diastereomer: 6 = 20.8
(CH,), 21.80 (CH3), 27.0 (CH,), 37.0 (CH»), 38.9 (CH,), 40.7 (CH),
53.8 (Cquar)s 56.0 (CH3), 83.9 (Cyuar)s 88.8 (Cquar), 98.8 (CH),
128.0 (CH), 128.6 (CH), 131.2 (CH), 143.6 (Cquar)s 212.0 (Cquar)s
233.9 (Cquar. CO) ppm. EI MS (70 eV): m/z (%) = 486 (1) [M™],
412 (2) [M* - 2CO], 384 (69) [M* - 3CO], 332 (100) [M* — Cr-
(CO)3], 317 (79) [M* — Cr(CO); — CH;), 314 (18) [M™ — Cr(CO); —
2CH3], 301 (10) [M* — Cr(CO); — OCH3], 259 (39), 221 (80), 202
(17) [M* — Cr(CO); — OCH; — C;HgO], 52 (14) [Cr*]. IR (KBr): v
= 2940 cm™, 1960, 1877, 1703, 1636, 1472, 1264, 760, 694, 668,
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630. UV/Vis (DMSO): Jpae (6) = 316 nm (8260). CagHauCrOs
(468.5): caled. C 66.66, H 5.16; found C 66.99, H 5.20.

9: According to the GP, acetate 3 (105 mg, 0.25 mmol) was ionized
with TMSOTf (60 puL, 0.33 mmol) for 60 min and, after the ad-
dition of 1,1-bis(trimethylsiloxy)-3-methyl-1-butene (5¢; 107 mg,
0.43 mmol), the mixture was stirred for 90 min. Workup and
chromatography on silica gel (diethyl ether/pentane, 1:1 and diethyl
ether) furnished 108 mg (93%) of 9 (dr = 66:34) as yellow crystals.
M.p. 196 °C dec. (dichloromethane/diethyl ether). 'H NMR ([Dg]-
acetone, 400 MHz): 6 = 1.10 (t, J = 7.1 Hz, 6 H), 2.50-2.61 (m,, 1
H), 2.83 (br. s, 1 H), 3.09 (dd, J = 11.1, J = 4.0 Hz, 1 H), 3.92 (s,
3 H), 394 (d, J =109 Hz, 1 H), 498 (dt, J = 6.1, J = 09 Hz, 1
H), 5.52 (d, J = 6.3Hz, 1 H), 5.82 (dt, J = 6.2, J = 1.3Hz, 1 H),
5.94 (dd, J = 6.5, J = 1.3 Hz, 1 H), 7.26-7.35 (m, 3 H), 7.45-7.50
(m, 2 H) ppm. Additional signals for the minor diastereomer: 0 =
1.01 (d, J = 6.9 Hz, 3 H), 1.04 (d, J = 6.8 Hz, 3 H), 1.96-2.02 (m,,
1 H), 4.08 (d, J=9.5Hz, 1 H), 5.08 (dt, J=6.1, /=09 Hz, | H),
5.88 (dt, J = 6.5, J=14Hz 1 H), 6.25(dd, J = 6.3, J = 1.2 Hz,
1 H), 7.36-7.40 (m, 2 H) ppm. '*C NMR ([DgJacetone, 75 MHz):
0 =16.9 (CH;), 22.2 (CH3), 30.1 (CH), 38.0 (CH), 54.5 (CH), 56.6
(CHs), 75.8 (CH), 84.9 (CH), 85.2 (Cguat)> 89.3 (Cquar), 96.9 (CH),
101.0 (Cquar), 102.1 (CH), 124.8 (Cgyar), 128.7 (CH), 129.0 (CH),
132.4 (CH), 144.2 (Cguar)s 173.2 (Cquar), 234.4 (Cquar, CO) ppm.
Additional signals for the minor diastereomer: 0 = 17.9 (CH3), 22.6
(CH;), 75.6 (CH), 85.1 (CH), 97.2 (CH), 128.6 (CH), 129.0 (CH),
132.3 (CH) ppm. EI MS (70 eV): m/z (%) = 458 (38) [M*], 402 (10)
[M* - 2CQ], 374 (100) [M* — 3CO], 330 (62) [M* — 3CO — COy],
290 (66), 279 (70), 278 (1) [M* — Cr(CO); — CO,], 221 (43), 115
(43). HRMS calcd. for C,4H,,CrOg: 458.0821; found 458.0813. IR
(KBr): ¥ = 2964 cm™!, 1964, 1890, 1699, 1634, 1530, 1470, 1260,
1019, 758, 692, 667, 629. UV/Vis (CH3CN): Anax (6) = 240 nm
(27 700), 251 (23 700), 315 (7600). C,4H»,CrOq (458.4): caled. C
62.88, H 4.84; found C 62.50, H 4.82.

10: According to the GP, acetate 3 (248 mg, 0.60 mmol) was ion-
ized with TMSOTT (0.15 mL, 0.83 mmol) for 45 min and, after the
addition of 2-trimethylsiloxy-4,5-dihydrofurane (5d; 202 mg,
1.28 mmol), the mixture was stirred for 130 min. Workup and
chromatography on silica gel (diethyl ether/pentane, 1:2 and diethyl
ether) furnished 250 mg (95%) of 10 (dr = 65:35) as a yellow foam.
'"H NMR ([Dg]DMSO, 300 MHz) of 10a: 6 = 2.08-2.20 (m, J =
7.8 Hz, 2 H), 2.26-2.36 (m, 1 H), 3.22-3.29 (m, 1 H), 3.80 (s, 3 H),
4.10 (d, J = 6.2Hz, 1 H), 4.34 (dt, J = 8.6, J = 3.1 Hz, | H), 5.18-
5.69 (m, J = 6.1 Hz, 1 H), 5.68 (d, J = 6.9 Hz, 1 H), 5.96 (t, J =
6.5Hz, 1 H), 6.35 (d, J = 6.3 Hz, 1 H), 7.32-7.44 (m, 5 H) ppm.
Additional signals for the minor diastereomer 10b: 6 = 2.55-2.66
(m, 1 H), 3.15(dt, J = 9.6, J = 3.7Hz, 1 H), 3.81 (s, 3 H), 4.53 (d,
J=37Hz, 1 H), 445 (dt, J=9.0,J=2.6Hz, 1 H), 6.03 (t, J =
6.5Hz, 1 H), 6.23 (d, J = 6.5Hz, 1 H) ppm. 3C NMR ([Dg]
DMSO, 75 MHz) of 10a: ¢ = 28.2 (CH,), 33.4 (CH), 43.6 (CH),
56.7 (CH3), 66.3 (CH,), 75.9 (CH), 82.7 (Cqua), 86.3 (CH), 88.7
(Cquat)» 97.0 (CH), 99.6 (CH), 100.9 (Cquar), 122.9 (Cgyar), 128.4
(CH), 128.6 (CH), 131.5 (CH), 142.9 (Cguar), 176.2 (Cguar), 233.9
(Cquat., CO) ppm. Additional signals for the minor diastereomer
10b: 6 = 25.4 (CH,»), 33.0 (CH), 44.9 (CH), 66.7 (CH,), 76.5 (CH),
85.3 (Cquat.)> 85.8 (CH), 86.5 (Cguar.), 97.7 (CH), 99.8 (CH), 100.8
(Cquat)» 122.1 (Cgyar), 128.9 (CH), 128.8 (CH), 131.7 (CH), 142.8
(Cquat), 176.7 (Cquar), 233.9 (Cguar. CO) ppm. EIMS (70 eV):-
milz (%) = 442 (1) [M™*], 358 (17) [M* — 3CO], 306 (22) [M* —
Cr(CO)3], 291 (38) [M* — Cr(CO); — CH3), 275 (6) [M* — Cr(CO);
— OCH;], 221 (100) [M™ — Cr(CO); — C4H;50,], 207 (32) [M* —
Cr(CO); — C4H50, — CHg], 115 (81), 52 (12) [Cr*]. IR (KBr): v =
1960 cm™!, 1877, 1765, 1636, 1531, 1470, 1261, 1158, 1027, 759,
693, 669, 632. UV/Vis (DMSO): Jnax () = 315nm (7800).
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Ca3H,¢CrOg (442.4): caled. C 62.45, H 4.10; found C 62.69, H 4.35.

11: According to the GP, acetate 3 (208 mg, 0.50 mmol) was ion-
ized with TMSOTT (0.12 mL, 0.66 mmol) for 35 min and, after the
addition of 1-morpholino cyclopentene (6b; 0.17 mL, 1.11 mmol),
the mixture was stirred for 70 min. Workup and chromatography
on neutral aluminum oxide (activity V; (diethyl ether/pentane, 1:2
and diethyl ether) furnished 150 mg (68%) of 11 (dr = 94:6) as a
yellow foam. M.p. 130-132°C (diethyl ether). 'H NMR ([Dg]-
DMSO, 300 MHz) of 11a: 6 = 1.75-1.98 (m, 1 H), 2.04-2.17 (m, 4
H), 2.23-2.41 (m, 1 H), 2.53-2.60 (m, 1 H), 3.79 (s, 3 H), 4.53 (d,
J=2.5Hz,1H),5.20-5.24(t,J=6.3Hz, 1 H), 5.65 (d, J = 6.9 Hz,
1 H), 5.95-6.01 (dt, J = 6.7, J = 1.1 Hz, 1 H), 6.22 (dd, J = 6.4, J
= 1.0 Hz, 1 H), 7.33-7.44 (m, 5 H) ppm. Additional signals for the
minor diastereomer 11b: 0 = 3.81 (s, 3 H), 3.95(d, J = 5.4 Hz, 1 H),
6.27 (d, J = 5.2 Hz, 1 H) ppm. '*C NMR ([Ds]DMSO, 75 MHz):
0 =20.1 (CH,), 26.0 (CH,), 31.2 (CH), 37.5 (CH»), 54.2 (CH), 56.7
(CH;), 75.9 (CH), 84.6 (Cgyat.), 86.0 (CH), 87.5 (Cquar), 97.6 (CH),
99.9 (CH), 102.5 (Cqua)> 122.2 (Cguar), 128.7 (CH, broad, 2 sig-
nals), 131.6 (CH), 142.7 (Cguat), 216.7 (Cguar), 234.0 (Cquar, CO)
ppm. EI MS (70 eV): m/z (%) = 440 (4) [M*], 384 (10) [M* - 2CO],
356 (100) [M™* — 3CO], 341 (18) [M* - 3CO — CH3], 304 (23) [M™* -
Cr(CO)3], 273 (17) [M* — Cr(CO); — OCHjs), 259 (16), 221 (17)
[M* — Cr(CO); — CsH;0], 115 (18), 52 (15) [Cr*]. IR (KBr): v =
1959 cm™, 1876, 1738, 1630, 1532, 1470, 1261, 1018, 758, 670, 634.
UV/Vis (DMSO): Zpmax (6) = 315 nm (7900). C,4H»,CrOs (440.4):
caled. C 65.45, H, 4.58; found C 65.48, H 4.68.

15: According to the GP, acetate 3 (205 mg, 0.49 mmol) was ion-
ized with TMSOTT (0.13 mL, 0.72 mmol) for 50 min and, after the
addition of a solution of ethyl 3-dimethylamino acrylate (6c;
0.12 mL, 0.84 mmol) in 0.88 mL of dichloromethane, the mixture
was stirred for 100 min. Workup and chromatography on silica gel
(diethyl ether/pentane, 1:2 and diethyl ether) furnished 218 mg
(94%) of 15 (dr = >94:6) as a yellow foam. 'H NMR ([Dg]DMSO,
300 MHz) of 15a: 6 = 1.22 (t, J = 7.1 Hz, 3 H), 3.32 (br. s, 1 H),
3.81(s,3H),4.13(dq, J=7.1,J=1.5Hz, 2 H), 5.13 (t, J = 6.3 Hz,
1 H), 533 (s, 1 H), 5.56 (d, J = 6.8 Hz, 1 H), 5.93 (t, J = 6.7 Hz,
1 H), 6.15 (d, J = 6.2 Hz, 1 H), 7.30-7.31 (m, 5 H), 7.92 (br. s, 1
H) ppm. Additional signals for the minor diastereomer 15b: 6 =
1.28 (t,J = 7.2 Hz, 3 H), 3.82 (s, 3 H), 4.91 (s, 1 H) ppm. *C NMR
([Dg]DMSO, 75 MHz): 6 = 14.4 (CH3), 25.3 (CH), 56.5 (CH3), 59.6
(CHy), 75.3 (CH), 79.7 (Cquar)> 85.3 (CH), 90.2 (Cgyar), 97.3 (CH),
98.9 (CH), 100.9 (Cguat), 105.5 (Cquar), 123.2 (Cyuar), 128.1 (CH),
128.6 (CH), 131.4 (CH), 143.3 (Cqua), 153.1 (CH), 166.8 (Cguar)s
233.8 (Cquat. CO) ppm. EI MS (70 eV): m/z (%) = 472 (1) [M*],
416 (7) [M™ - 2CQ], 388 (100) [M™* — 3CO], 274 (65) [M* - 3CO —
CsHO3], 259 (57), 221 (32) [M* — Cr(CO); — HsC,0C(0O)
CH=CHO], 190 (9) [C;sH0"], 52 (39) [Cr*]. HRMS calcd. for
C,4H,0CrO: 472.0614; found 472.0639. IR (KBr): ¥ = 2982 cm™!,
2938, 1962, 1880, 1731, 1662, 1609, 1528, 1468, 1263, 1202, 1096,
1018, 824, 758, 692, 668, 630. UV/Vis (DMSO): /pax (¢) = 315 nm
(6800). Cy4H,,CrO5 (472.4): caled. C 61.02, H 4.27; found C 61.61,
H 4.97.

Cationic Propargylation and Sequential Iminium Reduction with So-
dium Borohydride: TMSOTT (98 puL, 0.54 mmol) was added to a
solution of acetate 3 (205 mg, 0.49 mmol) in 8 mL of dichlorometh-
ane at —78 °C. After stirring for 90 min at this temperature ethyl 3-
dimethylaminoacrylate (6¢; 93 mg, 0.65 mmol) was added to the
reaction mixture and stirring was continued for 140 min. The exter-
nal cooling was then removed and the solvent was removed in
vacuo. The residue was dissolved in 5 mL of acetonitrile and a sus-
pension of sodium borohydride (195 mg, 5.15 mmol) in 15 mL of
acetonitrile was added at —45 °C. The mixture was stirred at be-
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tween —45 and —40 °C for 15 min before it was allowed to warm to
room temp. After 120 min 10 mL of 2 N hydrochloric acid was
added to hydrolyze the excess of sodium borohydride (careful ad-
dition!). The mixture was neutralized with 15 mL of a dilute aque-
ous solution of ammonia. The aqueous phase was then extracted
with diethyl ether (2% 50 mL). The combined organic layers were
washed with water (2% 50 mL) and dried with magnesium sulfate.
After evaporation of the solvents in vacuo the residue was chro-
matographed on silica gel (diethyl ether/pentane, 1:1, 2:1, diethyl
ether, and dichloromethane) to furnish 110 mg (45%) of 16 (dr =
75:25) and 107 mg (42%) of 17 (dr = 80:20).

16: Yellow oil. '"H NMR (CDCl;, 400 MHz) of 16a: 6 = 1.09 (t, J
=17.2Hz, 3 H), 2.26 (s, 6 H), 2.79-2.91 (m, 2 H), 3.23 (dt, J = 10.3,
J=42Hz, 1 H), 3.74 (d, J = 10.2 Hz, 1 H), 3.82 (s, 3 H), 3.97—
4.06 (m,, 2 H), 4.69 (t, J = 6.3 Hz, 1 H), 5.00 (d, J = 6.8 Hz, 1 H),
549 (dt, J =7.1,J=13Hz 1 H), 5.62 (dd, J = 6.4, J = 1.2 Hz,
1 H), 7.24-7.28 (m, 3 H), 7.42-7.45 (m, 2 H) ppm. Additional sig-
nals for the minor diastereomer 16b: 0 = 1.26 (t, / = 7.1 Hz, 3 H),
2.24 (s, 6 H), 2.59-2.69 (m, 2 H), 3.14-3.18 (m, J = 6.3 Hz, 1 H),
3.78 (s, 3 H), 4.27 (d, J = 6.3 Hz, 1 H), 4.08-4.19 (m,, 2 H), 4.80
(t, J=6.0Hz 1 H),4.97 (d, J = 6.6 Hz, 1 H), 5.54 (dt, J = 6.5, J
=1.2Hz 1 H), 6.05(dd, J = 6.5, J = 1.1 Hz, 1 H), 7.38-7.40 (m,
2 H) ppm. *C NMR (CDCls, 100 MHz) of 16a: § = 14.2 (CHs),
37.3 (CH), 45.8 (CH3), 48.6 (CH), 56.0 (CH3), 60.6 (CH,), 61.3
(CH,), 73.0 (CH), 83.0 (CH), 84.8 (Cquar)> 87.6 (Cquar), 94.2 (CH),
98.7 (Cquar) 98.8 (CH), 123.5 (Cquar), 127.9 (CH), 128.1 (CH),
131.6 (CH), 142.3 (Cquar)> 173.0 (Cquar)s 232.6 (Cyuar, CO) ppm.
Additional signals for the minor diasterecomer 16b: 6 = 32.7 (CH),
45.5 (CHy), 49.3 (CH), 55.9 (CH3), 60.4 (CH,), 60.8 (CH,), 72.4
(CH), 83.5 (CH), 83.8 (Cqua)s 87.9 (Cquar), 94.5 (CH), 98.4
(Cquat.)s 99.1 (CH), 101.2 (Cgyae), 127.9 (CH), 128.1 (CH), 131.7
(CH), 141.6 (Cquar)s 172.4 (Cquar)s 232.7 (Cquar, CO) ppm. EI MS
(70 eV): m/z (%) = 501 (4) [M*], 417 (76) [M* — 3CO], 365 (26)
[M* — Cr(CO)3], 359 (22), 317 (40), 292 (25) [M* — Cr(CO); —
C;H;0,], 274 (100) [M™* — 3CO — (H;C),NCH=CHCO-,C,Hs], 259
(40). HRMS calcd. for. C,sH,7NCrOg4: 501.1244; found 501.1233.
IR (KBr): ¥ = 2941 cm ™!, 1963, 1881, 1728, 1636, 1468, 1259, 1179,
1030, 758, 667, 628. UV/Vis (DMSO): Ayax (6) = 316 nm (7400).
C,6H»7CrNOg (501.5): caled. C 62.27, H 5.43, N 2.79; found C
62.55, H 5.67, N 2.76.

17: Yellow crystals, M.p. 139-140 °C (dichloromethane/diethyl
ether/pentane). 'H NMR (CDCl;, 400 MHz) of 17a: § = 1.05 (t, J
= 7.1 Hz, 3 H), 1.59-2.02 (br,, 3 H), 2.59 (s, 3 H), 2.61 (s, 3 H),
3.44-3.53 (m, 3 H), 3.63-3.68 (m, J = 9.0 Hz, 1 H), 3.86 (s, 3 H),
3.90-4.03 (m, J = 11.2, J = 7.6 Hz, 2 H), 4.69 (t, J = 6.3 Hz, 1 H),
5.02(, J=69Hz 1 H), 548 (d, J = 6.1Hz, 1 H), 552 (t, J =
5.9 Hz, 1 H), 7.28-7.45 (m, 5 H) ppm. Additional signals for the
minor diastereomer 17b: 6 = 0.92 (t, J = 7.6 Hz, 3 H), 2.50 (s, 3
H), 3.30-3.36 (m, 1 H), 3.81 (s, 3 H), 4.82 (t, / = 6.3 Hz, 1 H), 5.75
(d, J = 5.6Hz, 1 H), 741 (m, 2 H) ppm. '3*C NMR (CDCl;,
100 MHz) of 17a: 6 = 14.4 (CH3), 39.3 (CH), 459 (CH), 51.6
(CHs3), 52.1 (CH3), 56.2 (CH3), 61.3 (CH,), 64.8 (CH,), 72.8 (CH),
82.8 (CH), 85.5 (Cguat)> 86.4 (Cquar), 94.3 (CH), 96.4 (Cyyar), 98.4
(CH), 122.8 (Cgua), 128.1 (CH), 128.2 (CH), 131.6 (CH), 142.6
(Cquat.)s 172.9 (Cguar), 232.2 (Cquar, CO) ppm. Additional signals
for the minor diastereomer 17b: 0 = 14.0 (CHy), 37.4 (CH), 45.8
(CH), 50.1 (CH3), 53.3 (CH3), 57.1 (CH3), 61.7 (CH,), 64.1 (CH,),
73.1 (CH), 83.5 (CH), 94.5 (CH), 98.0 (Cquar), 98.3 (CH), 123.0
(Cquat)s 141.7 (Cquar), 172.7 (Cquar)> 232.3 (Cquar, CO) ppm. EI
MS (70 eV): m/z (%) = 515 [M*] (1), 501 (7) [M* — BH3], 417 (49)
[M* - BH; - 3CO], 365 (60) [M* — BH; — Cr(CO);], 317 (37), 292
(56) [M* — BH; — Cr(CO); — C3Hs0,], 274 (100) [M* — BH; —
3CO - (H3;C),NCH=CHCO,C,Hs], 259 (36), 221 (17). HRMS
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calcd. for. C,sH,7NCrOg: 501.1243; found 501.1231. IR (KBr): ¥
=2375cm™!, 2278, 1960, 1881, 1733, 1638, 1471, 1259, 1168, 1018,
759, 670, 629. UV/Vis (DMSO): Jnax () = 317nm (6700).
C56H30BCrNOg (515.3): caled. C 60.60, H 5.87, N 2.72; found C
60.74, H 6.03, N 2.53.

19: TMSOTT (97 pL, 0.54 mmol) was added to a solution of acetate
3 (203 mg, 0.49 mmol) in 8 mL of dichloromethane at —78 °C. After
stirring for 75 min at this temperature 1-morpholinocyclohexene
(6a; 96 puL, 0.59 mmol) was added and stirring was continued for
120 min. The external cooling was then removed and the solvent
was removed in vacuo. The residue was dissolved in 5 mL of aceto-
nitrile and a suspension of sodium borohydride (112 mg,
2.96 mmol) in 15 mL of acetonitrile was added at —45 °C. The mix-
ture was stirred between —40 and —35 °C for 15 min before it was
allowed to warm to room temp. After 100 min 10 mL of 2 N hydro-
chloric acid was added to hydrolyze the excess of sodium borohyd-
ride (careful addition!). The mixture was neutralized with 15 mL
of a dilute aqueous solution of ammonia. The aqueous phase was
then extracted with dichloromethane (2x 50 mL). The combined
organic layers were washed with water (2X 50 mL) and dried with
magnesium sulfate. After evaporation of the solvents in vacuo the
residue was chromatographed on silica gel (diethyl ether/pentane,
1:1, diethyl ether) to furnish 190 mg (74%) of 19 (dr = 55:45) as a
yellow foam. '"H NMR (CD,Cl,, 400 MHz) of 19a: 6 = 1.21-2.50
(m, 12 H), 3.53 (t, / = 4.7Hz, 2 H), 3.82 (s, 3 H), 421 (d, J =
6.8 Hz, 1 H),4.82 (dt, J=6.3,J=1.0Hz, 1 H), 5.12(d, J = 6.8 Hz,
1 H), 5.61 (dt, J = 6.1, J = 1.2Hz, 1 H), 6.07 (dd, J = 6.5, J =
1.3Hz, 1 H), 7.24-7.32 (m, 3 H), 7.38-7.45 (m, 2 H) ppm. Ad-
ditional signals for the minor diastereomer 19b: 6 = 2.67-2.79 (m,
2 H), 2.89 (m, J = 44 Hz, 1 H), 3.62-3.74 (m, 2 H), 3.83 (s, 3 H),
3.87(d, J=10.0 Hz, | H), 4.83 (dt, J = 6.2, J = 0.9 Hz, 1 H), 5.73
(dd, J = 6.4, J=1.5Hz, 1 H) ppm. '3C NMR (CD,Cl,, 100 MHz)
of 19a: 6 = 22.2 (CH,), 24.0 (CH,), 25.2 (CH,), 28.6 (CH,), 34.0
(CH), 40.8 (CH), 51.8 (CH,), 55.9 (CH3), 65.1 (CH), 67.1 (CH,),
73.6 (CH), 82.7 (Cgyat), 83.2 (CH), 92.3 (Cgyar), 95.3 (CH), 102.2
(CH), 105.4 (Cquar), 124.2 (Cqua), 127.6 (CH), 128.2 (CH), 131.4
(CH), 142.4 (Cquar), 233.7 (Cquar.. CO) ppm. Additional signals for
the minor diastereomer 19b: 6 = 23.5 (CH,), 24.8 (CH,, br), 27.3
(CH,), 38.1 (CH), 43.7 (CH), 53.2 (CH,), 55.9 (CHs3), 61.5 (CH),
67.5 (CHy), 74.1 (CH), 83.2 (Cquar), 83.7 (CH), 92.2 (Cyyar), 95.0
(CH), 100.2 (CH), 103.0 (Cguar), 124.5 (Cquar), 127.4 (CH), 128.2
(CH), 131.5 (CH), 142.7 (Cgyar)> 233.5 (Cqyar, CO) ppm. EI MS
(70 eV): mlz (%) = 525 (6) [M™], 497 (3) [M* — CO], 441 (100)
[M* — 3CO], 389 (18) [M* — Cr(CO);], 358 (6) [M* — Cr(CO); —
OCHy3;], 332 (23), 274 (13) [M* — 3CO — morpholinocyclohexene],
259 (29), 52 (18) [Cr*]. IR (KBr): ¥ = 2932, 2856, 1959, 1877, 1630,
1529, 1469, 1261, 1119, 758, 692, 670, 631 cm™!. UV/Vis (DMSO):
Amax (€) = 317 nm (7100). C59H3,CrNOs (525.6): caled. C 66.28, H
5.95, N 2.67; found C 66.60, H 6.24, N 2.50.
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