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cyclopentenones from Chiral Allenyl
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Chiral allenes have assumed an increasing importance in
organic synthesis.[ 2l A surprising application was reported by
Tius et al.:®! Allenyl alkenyl ketone (aR)-3 cyclized under
proton catalysis to form optically active 5-((Z)-alkylidene)-2-
hydroxy-2-cyclopentenone 5 (Scheme 1). The chirality of the
axial unit was transferred to the tetrahedral carbon atom of
the cyclopentenone by means of a conrotatory electrocycliza-
tion of the 4m-system 3, in a process that is similar to the
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Scheme 1. Cyclization of (aR)-1. a) 1) 2, THF, —78°C, 30 min; 2) saturated
aqueous KH,PO,. TBS = fert-butyldimethylsilyl.

Nazarov reaction.” The cyclization occurs through a counter-
clockwise conrotation because of steric demands.P!

Hoppe and co-workers had developed a simple method for
the synthesis of enantiomerically enriched allenyl carbamate 6
(Scheme 2),[°! which initiated a collaboration to utilize 6 in
this modified Nazarov reaction. Herein we describe a new
stereospecific ring closure, which can be seen as a hybrid of an
intramolecular vinylic cycloalkylation of a lithium allenolate
and a modified Nazarov cyclization. The lithiation of allene
(aR)-6 (80% ee)¥) and subsequent acylation with (E)-
alkenoylmorpholinide 8, followed by transfer of the reaction
mixture into hydrochloric acid in ethanol (5%), occurred
as expected for the modified Nazarov cyclization to give

hydroxycyclopentenone  (Z,R)-12["  (Scheme 2, 74%,
78 % ee). The chirality transfer amounted to 98 %.
— 0
N
0~ OCb &}ou
H o] a U b WOCb
N\ Cb \ .
3 48y \,‘_|””tBu Q Phi H\l[
Ph/\&N/\ 8 “Bu
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Scheme 2. Cyclization of (aR)-6. a) nBuLi, TMEDA, toluene, —78°C,
30 min; b) 8, —78°C, 2.5h; c) rapid transfer of the mixture through a
cannula into a solution of HCI in ethanol (5%). TMEDA = N,N,N',N'-
tetramethylethylenediamine.

When the reaction mixture was warmed to room temper-
ature after the addition of amide 8 to the lithiated allenyl
carbamate 7, diastereomers of 2-morpholine-2-cyclopente-
none (Z,R)-14 and (E,S)-15 were isolated in 74 % yield, with
>98% chirality transfer (Scheme 3). We assume that a
rearrangement of intermediate 9, which involves a migration
of the N,N-diisopropylcarbamoyl group (Cb), leads to the
formation of a lithium 1,2-dienolate (an “allenolate”).[® °l The
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Scheme 3. Cyclization to 14 and 15. a) nBuLi, toluene, —78°C, 30 min;
b)8, 1h; —78°C; ¢) 1) 1 h, room temperature; 2) HCl (2N). Cb=CO-
NiPr,.

bisallylic tertiary carbamoyloxy group acts as a leaving group
during the cycloalkylation; which leads to (Z,R)-14 and (E,S)-
15.

The different geometries of the exocyclic double bonds in
diastereomers 14 and 15 and the very high chirality transfer
suggests a conrotatory mechanism for the modified Nazarov
cyclization, but also raises a question: is the direction of the
conrotation controlled by the steric requirement of the allene,
or does the new stereocenter at C4 in 13 determine the
stereochemistry? We were able to determine the absolute
configuration of the intermediates and the products of the
reaction of (aR)-7 and (Z)-a-bromoenone 16! (Scheme 4).
The epimeric adducts (Z,aR,S)-17 and (Z,aR,R)-18 were
synthesized by hydrolyzing the intermediate lithium alk-
oxides at low temperature and separating by flash column

- OH OH
FCb Br, 4 _0OCb Br._X__0Cb
A a ) H | ii
\}"”’tBu P’ N + P’ N
H o) Bu Bu
(aR)-7 -16: (Z,aR,9)-17 (Z.aR R)-18
8% oo | Br/ Phl 46%, [a]p = +11 51%, [o]p = —60
Jb Jb
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BrJ/'Q’(OLi Br,__OLi
| |
He .
Ph ‘1\" PH ‘l‘,
Bu “Bu
19 20
c Br%) Br. 0]
SN P
PH Bu o
(Z,5)-21 (E,R)-22

(E,S)-22
58%, [o]p = —332

70%, [a]p =108 22%, [ad]p = +354

Scheme 4. Independent cyclization of 17 and 18. a) 1) nBuLi, toluene,
—78°C, 30 min; 2)16, 10 min, —78°C; 3)saturated aqueous NH,CI;
b) 1) nBuLi, TMEDA, toluene, 1h, —78°C, 1h, room temperature;
2) HCI (2N); ¢) benzene, room temperature, 48 h.
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chromatography. Because crystalline derivatives of these
sensitive tertiary alcohols could not be prepared, we deter-
mined the absolute configuration of epimer 17 by time-
dependent density functional response theory (TDDFT).[!

Both alcohols (Z,aR,S)-17 and (Z,aR,R)-18 were deproto-
nated separately with nBuLi/TMEDA in toluene. Subsequent
warming of the reaction mixture to room temperature led to
the isolation of cyclopentenones (Z,5)-21 (70%, [a]¥ =
—108) and (E,R)-22 (22%, [a]® = +354), respectively, with
no traces of the other isomer. The absolute configuration of
(E,R)-22 was elucidated by X-ray crystallographic analysis.['??]
Exposure of (Z,5)-21 ([a]¥ = —108) to daylight led to (E,S)-
22 ([a]¥ = —332), the enantiomer of the (E,R)-22.

The topology of the ring closure is determined by the
stereochemistry of the carbon that bears the leaving group. In
the cycloalkylation (as in the modified Nazarov cyclization) a
conrotatory ring closure takes place in a manner that is an
allowed anti Sg’ substitution in the allylic system. Apparently
the cleavage of the C—OCb bond in the transition state has
progressed to the stage that the developing partial positive
charge is sufficient to follow the stereoelectronic require-
ments of 47 cyclizations.['¥ Further examples of this reaction
in which the intermediate epimeric alcohols were not isolated
are shown in Scheme 5.7}

ochb nBu nBy
H~ o] X Me 0 Me o]
'\\l + nBu)S/\Ph - =\ + N
Me Ph Bu Ph
H Bu Bu
(aR)-6 23 (-)-(2)-24 (+)-(E)-25
80% ee 19%, 80% ee 38%, 77% ee
nBu nBu
o) M
(aR)-6 a Me o , " 0
80%ee * MBUTY Me > =
Me Me Bu Me N
Bu
26 (=)-(2-27 (-)-(E)-28
14%, 72% ee 61%
nBu nBu
o) . o} o)
(aR)-6 . _
80% ee nBu Ay AR
Bu
29 (-)-(2)-30 (+)-(E)-31

22%, 75% ee 38%, 79% ee

Scheme 5. Cyclization reactions with different enones. a) 1) nBuLi, tol-
uene, —78°C, 30 min; 2) enone 23, 26, or 29, 1 h, —78°C, then 1 h, room
temperature; 3) HCI (2N).

In conclusion, we have reported an unusual method for the
conversion of chiral allenyl carbamates into highly substituted
5-alkylidene-2-cyclopentenones. The process is characterized
by:
® a stereoretentive a-lithiation and subsequent carbonyl

addition of an allenyl carbamate;

e asimultaneous activation of nucleophilic and electrophilic
characteristics of the open-chain intermediate by the
migration of the carbamoyl group; and

e a stereospecific conrotatory ring closure of the 4m-electron
system.
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Experimental Section

Reactions were performed under an argon atmosphere in flame-dried
glassware. nBuLi (1.3 equiv, 1.6M in hexane) was added to a solution of

(aR)-6 (15equiv) and TMEDA (1.5 equiv)

in absolute toluene

(6 mLmmol-!) at —78°C. After 30 min, a solution of an enone or an
unsaturated amide (1.0 equiv) in absolute toluene (2 mL mmol ') at —78°C
was added through a cannula. The reaction mixture was stirred for 1 h at
—78°C and for 1 h at room temperature. The mixture was then quenched
by the rapid addition of HCI (1N, 10-20 mL mmol-!) and diethyl ether

(10—

20 mLmmol-!) and stirred for 3 min. After the aqueous layer was

extracted three times with diethyl ether, the combined organic layers were
neutralized with NaHCO;, dried over Na,SO,, and concentrated under
vacuum. Purification by flash column chromatography gave the desired
cyclopentenone. (Spectroscopic data can be found in the Supporting
Information.)
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For recent examples of the preparation of chiral allenes, see: a) Y.
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The clockwise conrotation leads to the E alkylidene derivative with
the opposite absolute configuration at the stereogenic center; this
occurs to a small extent, depending on the nature of the substituents.?!
C. Schultz-Fademrecht, B. Wibbeling, R. Frohlich, D. Hoppe, Org.
Lert. 2001, 3, 1221 -1224.

The absolute configuration was deduced from the reaction mechanism
and not determined experimentally.

We had observed this carbamoyl group rearrangement earlier: U.
Behrens, PhD thesis, Universitit Kiel, 1990.

For a similiar carbamoyl group rearrangement of vinyl carbamates,
see: S. Sengupta, V. Snieckus, J. Org. Chem. 1990, 55, 5680 —5683.
E. S. Krijnen, H. Zuilhof, G. Lodder, J. Org. Chem. 1994, 59, 8139 —
8150.

All density functional calculations (DFT) were performed with the
TURBOMOLE program.['"®! First, the geometry of 17 and 18 were
optimized with the BP86 functional,'?l in which an AO-basis of
valence-double-zeta quality with polarization functions (SV(P))!d
and the RI approximation were employed. These structures were used
for the calculation of the frequency-dependent optical-rotatory
dispersion at the sodium D wavelength. The calculations were
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performed within the framework of time-dependent density func-
tional theory (TDDFT),"'! as is described in ref. [11g]. In these
calculations, diffuse functions (C, O, N, Br: [1s1pld], H: [1s1p]) were
added to the SV(P) basis and the B3LYP hybrid functional'™™ was
employed. We calculated an optical rotation of [a]p,=+64 for
(Z,aR,S)-17 and [a]p = —50 for (Z,aR,R)-18, which allows a definite
assignment of the absolute configuration. The almost opposite [a]p
values of these diastereomers shows that the bromostyrene chromo-
phore has the greatest influence on the optical rotation. To prove
these results, we calculated (at the same level of theory) the [a]p
values of two conformations (nonplanar bromostyrene substituent) of
the E isomer (E,aR,R)-N,N-diisopropylcarbamidic acid 1-(2-bromo-1-
hydroxy-1-methyl-3-phenylpropenyl)-4,4-dimethyl-1,2-butadienyl es-
ter (32), for which the absolute configuration was determined by
X-ray crystal-structure analysis under anomalous X-ray dispersion
conditions."”! The results of these calculations are in perfect agree-
ment with the experimental data. b) TURBOMOLE (Vers. 5.3): R.
Abhlrichs, M. Bér, H.-P. Baron, R. Bauernschmitt, S. Bocker, M. Ehrig,
K. Eichkorn, S. Elliott, F. Furche, F. Haase, M. Hiser, H. Horn, C.
Huber, U. Huniar, M. Kattannek, C. Kélmel, M. Kollwitz, K. May, C.
Ochsenfeld, H. Ohm, A. Schifer, U. Schneider, O. Treutler, M.
von Arnim, F. Weigend, P. Weis, H. Weiss, Universitat Karlsruhe,
2000; c) A. D. Becke, Phys. Rev. A 1988, 38, 3098 -3100; J. P. Perdew,
Phys. Rev. B 1986, 33, 8822-8824; d) A. Schifer, H. Horn, R.
Ahlrichs, J. Chem. Phys. 1992, 97, 2571-2577; e) K. Eichkorn, O.
Treutler, H. Ohm, M. Hiser, R. Ahlrichs, Chem. Phys. Lett. 1995, 240,
283-290; f) R. Bauernschmitt, R. Ahlrichs, Chem. Phys. Lett. 1996,
256, 454—-464; g) S. Grimme, Chem. Phys. Lert. 2001, 339, 380—-388;
P.J. Stephens, F.J. Devlin, J. R. Cheeseman, M. J. Frisch, J. Phys.
Chem. A 2001, 105, 5356—5371; h) P. J. Stephens, F.J. Devlin, C. F.
Chabalowski, M. J. Frisch, J. Phys. Chem. 1994, 98, 11623 -11627.

a) X-ray crystal-structure analysis of 22: C,;H;yOBr, M,=319.23,
orthorhombic, space group P2,2,2; (no.19), a=6.469(1), b=
13.857(1), c=17202(4) A, V=1542.0(3) A3, peyea=1.375 gcm=3, col-
orless crystal, 0.25x 0.20 x 0.15 mm, u=35.39 cm~!, empirical ab-
sorption correction by means of ¢ scan data (0.472 < 7<0.619), Z=4,
A=1.54178 A, T=223K, w/260 scans, 1818 reflections collected
(+h, +k, +1), [(sinf)/A]=0.62 A-', 1818 independent and 1734
observed reflections with [I/>20(l)], 177 refined parameters,
R=0.028, wR?>=0.081, max. residual electron density=0.27
(—0.25) e A3, Flack parameter 0.04(3), hydrogen atoms calculated
and refined as riding atoms; b) X-ray crystal structure analysis of 32:
C,,H3,NO;Br, M,=464.43, monoclinic, space group P2,/n (No. 14),
a=9.668(1), b=12.688(1), c¢=20.590(1) A, B=9790(1)°, V=
2501.8(3) A3, peca=1.233 gcm™3, colorless crystal, 0.35 x 0.20 x
0.20 mm, u =16.65 cm~!, empirical absorption correction by means
of SORTAV (0.593 < T'<0.732), Z=4, 2=0.71073 A, T=198 K, o
and ¢ scans, 16314 reflections collected (£h, £k, 1), [(sinf)/A] =
0.65 A-!, 5948 independent (R;,,=0.040) and 3996 observed reflec-
tions [/ >20(I)], 271 refined parameters, R =0.039, wR? = 0.078, max.
residual electron density = 0.22 (—0.42) e A=, hydrogen atoms calcu-
lated and refined as riding atoms. The data sets were collected with an
Enraf—Nonius CAD4 and a Nonius Kappa CCD diffractometer, the
later equipped with a rotating anode generator Nonius FR591.
Programs used: data collection: EXPRESS (Nonius B.V., 1994) and
COLLECT (Nonius B.V., 1998), data reduction MolEN (K. Fair,
Enraf—Nonius B.V., 1990) and Denzo-SMN (Z. Otwinowski, W.
Minor, Methods Enzymol. 1997, 276, 307 —326), absorption correction
for CCD data SORTAV (R. H. Blessing, Acta Crystallogr. Sect. A
1995, 51, 33-37; R. H. Blessing, J. Appl. Crystallogr. 1997, 30, 421 -
426), structure solution SHELXS-97 (G. M. Sheldrick, Acta Crystal-
logr. Sect. A 1990, 46, 467 —473), structure refinement SHELXL-97
(G. M. Sheldrick, Universitiat Gottingen, 1997), graphics SCHAKAL
(E. Keller, Universitit Freiburg, 1997). CCDC-173069 and -173919
contains the supplementary crystallographic data for this paper. These
data can be obtained free of charge via www.ccdc.cam.ac.uk/conts/
retrieving.html (or from the Cambridge Crystallographic Data Centre,
12, Union Road, Cambridge CB21EZ, UK; fax: (+44)1223-336-033;
or deposit@ccdc.cam.ac.uk).

A related reaction mechanism is the electrocyclic ring opening of
cyclopropyl tosylates; the direction of the ring opening depends on the
stereochemistry of the carbon atom that bears the leaving group:
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Near-UV Photoionization of [Ru(bpy);]**:
A Catalytic Cycle with an Excited Species as
Catalyst**

Martin Goez,* Martin Schiewek, and
Mohammad H. O. Musa

Photoionization of the tris-2,2"-bipyridyl ruthenium(ir) ion
[Ru(bpy)s]** is the archetype of a class of reactions that might
effect photochemical water splitting:[!l the ejected electron
e; reacts with H, ultimately yielding hydrogen,” and the
remaining oxidized complex [Ru(bpy);]** is thermodynami-
cally capable of oxidizing OH~ to oxygen,!! although in
practice this has only been realized with additional cocata-
lystsP®! or in microheterogeneous environments.[¥! Herein, we
identify the excited metal-to-ligand charge-transfer (MLCT)
complex *[Ru(bpy);]>* as a catalytic intermediate of this
photoionization. Near-UV light (308 or 355 nm) drives both
the ionization of this species and the reduction of
[Ru(bpy);]**, which then regenerates the ruthenium(ir) com-
plex in its excited state.

Despite its model character, the mechanism of photo-
ionization in this system has received very little attention. On
the basis of flash-lamp experiments with polychromatic light
(300-360 nm, 17 ps flash duration) and indirect detection of
€;4> a sequential reaction (Scheme 1) with a very low quantum
yield of the ionization proper (0.0015) was proposed.? Later
studies using nanosecond laser flash photolysis, with optical
detection of e;;, gave somewhat contradictory results for the
dependence of the electron yield on the excitation intensi-
ty,> <l and focused mainly or exclusively®¥ on the effect of
surface-active molecules on the electron yield.

Rubpy)3l** AN *[Ru(bpy)3]?* LN [Ru(bpy)]>* + e5q
(Nl) (Rz)

Scheme 1. Linear reaction sequence for photoionization of [Ru(bpy);]**.
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To elucidate the mechanism and determine the relevant
photokinetic parameters, we decided to investigate the
intensity dependence of the yield not only for the final
product e;; but also for the presumed intermediate
*[Ru(bpy);]*>*. Such an approach obviously provides much
more information about a reaction that is expected to have
multiple steps. Laser flash photolysis with different excitation
wavelengths and detection of luminescence or optical absorb-
ance was performed (see Experimental Section).

Figure 1a shows the dependence of the concentrations of
*[Ru(bpy);]** and e;g, relative to the starting concentration ¢,
of [Ru(bpy);]**, on the excitation intensity at 308 nm. A high
turnover can be achieved; at our highest laser intensity the
electron concentration approaches 50 % of c,.

a)

c/cy

0 100 200 300 400
I/mJom?—»

b)

c/cy

T 1

T T
0 100 200 300 400

I/ m)em? —

Figure 1. Photoionization of 3 x 10-°m [Ru(bpy);]** with light of wave-
length 308 nm. The concentrations c, relative to the substrate concentra-
tion ¢, of *[Ru(bpy);]** (e) and e;; (0) are shown as functions of the laser
intensity /. a) The fit curves refer to the mechanism of Scheme 1: shows
a fit of Equation (1) to the experimental data for *[Ru(bpy);]**, which
yields the best-fit parameters x,'=5.68 x 102ecm’mJ~, x,’=1.03 x
10~ em*mJ~', - --- the curve calculated with «;," and ;" for e;; [Eq. (2)].
———is the best fit of Equation (2) to the experimental data for e, yielding
k)" =421 x102cm?mJ !, and «x,” =1.69 x 103 cm?mJ !, and e—e— is the
calculated result with x,” and x,” for *[Ru(bpy);]** [Eq. (1)]. b) The curves
refer to the mechanism of Scheme 2, and are simultaneous fits of
Equation (3) to the experimental data for *[Ru(bpy);]** (—) and of
Equation (4) to those for e}y (----). Best-fit parameters are x;=5.73 x
102 cm?>mJ !, 1, =1.52 x 103 em?mJ~, and x;=3.19 x 1073 cm?mJ~.

Because the concentrations of *[Ru(bpy);]*" and e;; are
measured immediately after the end of the 308 nm pulse, the
whole reaction sequence leading to photoionization must be
completed within about 25 ns. On that time scale, bimolecular
steps involving two ruthenium-based species, or one such
species and €3, are negligible at the low concentrations used.
As our solutions were optically thin, all the absorption steps
can be described as first-order processes.’! For a simple two-
step photoreaction according to Scheme 1, that is, for the
mechanism proposed in the literature, the intensity depend-
ences of the observed species would be given by Equations (1)
and (2). These expressions are valid for random shapes of
the laser pulse, and depend only on its total intensity [
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