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Bicyclic cyclobutanones are extremely versatile building
blocks that have been used for the total synthesis of several
important biologically active products.[1] Our group recently
developed a convergent strategy for the synthesis of enantio-
pure bicyclo[3.2.0]heptanones that were further converted
into various prostanoids intermediates (Scheme 1).[2] This
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Scheme 1. Former approach using two chiral auxiliaries.

convergent strategy required two sources of chirality: the
ligands L* of the metal direct the stereochemistry of the
allylmetalation step, while the dimethylpyrrolidine controls
the facial selectivity of the cycloaddition step. Asymmetric
induction by the protected hydroxy group (1.3-induction) was
indeed very poor as shown by a control experiment without a
chiral pyrrolidine.[2b]

We recently considered the possibility of controlling the
facial selectivity by a properly selected allylic substituent.[3] A
silyl group was chosen as the stereodirecting functionality. It
should be efficiently installed with the required relative and
absolute configuration by the stereoselective addition of a
chiral allylmetal reagent to an aldehyde (Scheme 2).
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Scheme 2. Present strategy: use of a silicon-directed [2�2] cycloaddition.

We anticipated that the silyl substituent would not only
activate the double bond towards electrophilic attack but
would also control the facial selectivity.[4] However, since the
rate and selectivity determining step of the cycloaddition
involved the formation of a seven membered ring intermedi-
ate[5] (such as 3 a and 3 b, Scheme 3) we assessed our
hypothesis by computational studies.
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Scheme 3. Cycloaddition mechanism and face selection by the allylic silyl
group.

Investigations of this reaction with ab initio and density
functional theory methods[6] have led to a mechanistic
scenario involving initial electrophilic attack of the ketenimi-
nium group on the alkene to form a bridged enamine cation (a
distorted cyclopropylcarbinyl cation) which cyclizes with a
very low activation barrier to form the cyclobutaneiminium
ion (Scheme 3). In the case of the silyl-substituted substrate 1
RHF/6-31G* calculations[7] located four low-energy transition
structures for the initial step of the reaction. Single point
Becke3LYP/6-31G* calculations are consistent with the
restricted Hartree ± Fock (RHF) results. The lowest energy
transition structures that lead to 4 a and 4 b (Scheme 3) are
shown in Figure 1.

The favored transition structure (2 a, which leads to 4 a) has
a nearly perfect staggered tether between the alkene and the
keteniminium group, and with the CÿSi bond aligned with the
alkene p orbitals. This alignment provides stabilization of the
transition state by a b effect. By contrast, the lowest energy
transition state for attack on the opposite face of the alkene
has the silyl group disposed in the plane of the alkene where it
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Figure 1. Relevant transition states for the cycloaddition of 1: left: 2a,
0 kcal molÿ1 (RHF/6-31G*//RHF/6-31G*), 0 kcal molÿ1 (Becke3LYP/6-
31G*//RHF/6-31G*); right: 2 b, 2.98 kcal molÿ1 (RHF/6-31G*//RHF/6-
31G*), 3.21 kcal molÿ1 (Becke3LYP/6-31G*//RHF/6-31G*).

provides negligible stabilization. Having these predic-
tions in hand, we compared them with the experimental
results.

The precursor for the cycloaddition was readily obtained by
the addition of aldehyde 5[8] to a solution of the (E)-g-silyl-
substituted allyltitanium reagent 6,[9] which was generated in
situ at ÿ78 8C (Scheme 4). Work-up and flash chromatogra-
phy gave a single homoallylic alcohol (70 % yield) with
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Scheme 4. Asymmetric synthesis of 10 : a) Et3N, pyrrolidine, reflux, 15 h;
b) (COCl)2, DMSO, Et3N, CH2Cl2; c) nBuLi (1.13 equiv), Me2Ph-
SiCH2CHCH2 (1.13 equiv), THF, 25 min, RT, (R,R)-Cl-TiCpTADDOL
(1.25 equiv; TADDOL�a,a,a',a'-tetraphenyl-2,2-dimethyl-1,3-dioxolane-
4,5-dimethanol), 1 h, ÿ78 8C, 5, 4 h, ÿ78 8C, NH4Fsat , 15 h, RT, flash
chromatography (100 % AcOEt); d) AcCl (4 equiv), pyridine (5 equiv),
4 h, RT, CH2Cl2; e) di-tert-butylmethylpyridine (1.5 equiv), Tf2O (1.1 equiv,
addition over 3 h), CH2Cl2, 3 h, RT, 1m HCl, 40 h, flash chromatography
(Et2O/hexane 50/50); f) 1,2-ethanediol, p-toluenesulfonic acid, toluene,
Dean ± Stark distillation; g) KOH/MeOH, reflux; h) NaH/THF, reflux,
flash chromatography.

93 % ee. Acetylation of the alcohol gave the amide 7, which
was treated with triflic anhydride (Tf2O) in the presence of a
hindered base to generate the keteniminium triflate. Intra-
molecular [2�2] cycloaddition[10] followed by hydrolysis gave
a 32:1 mixture of bicyclo[3.2.0]heptanones 9 a and 9 b. This
high facial selectivity is in complete agreement with the
theoretical prediction. Flash chromatography gave pure 9 a

(yield 65 ± 74 %, 93 % ee, >98 % de). The absolute configu-
ration of 9 a was established by an X-ray diffraction analysis
on an enantiopure sample (>99 % ee) obtained by recrystal-
lization from hexane.[11]

Compound 9 a was readily converted (three steps, no
purification of intermediates) into the enantiopure protected
bicyclo[3.2.0]hept-2-en-6-one 10 (80% yield).[12] This com-
pound and the corresponding cyclobutanone were until now
only accessible by routes involving a resolution step.[1g, 13]

They are key intermediates in the reported syntheses of
brefeldin A,[1b] vasiprost,[14] numerous prostanoids,[1c,f,g, 15] and
magellaninone.[16] They have also been used in the design of
new ligands for rhodium-catalyzed asymmetric hydrogena-
tion.[17]

The results reported here illustrate a highly convergent
synthetic strategy that should be applicable to a wide variety
of cyclobutanones fused to a carbo-[10] or heterocycle[18] by
selecting the appropriate aldehyde ± amide precursor. Also,
the replacement of the keteniminium moiety by another
functional group capable of undergoing (cyclo)addition to the
allylsilane group should extend the scope of this synthetic
strategy considerably.

Experimental Section

7: [a]20
D �ÿ45 (c� 1 in CH2Cl2); IR (KBr): nÄ � 3386 (OÿH), 1628 (C�O),

1451 cmÿ1 (C�C); 1H NMR (300 MHz, [D6]DMSO, 20 8C): d� 7.2 ± 7.6 (m,
5H, Ph), 5.87 (ddd, 3J(H,H)� 17.1, 10.4, 10.4 Hz, 1H, HC�CH2), 4.89 (dd,
3J(H,H)� 10.3, 2J(H,H)� 2 Hz, 1 H, HÿCH�CH (cis)), 4.74 (dd,
3J(H,H)� 17.25, 2J(H,H)� 2 Hz, 1 H, HÿCH�CH (trans)), 4.66 (d,
3J(H,H)� 5.8 Hz, 1H, HO), 3.6 (m, 1H, HCOH), 3.31 (t, 3J(H,H)�
6.32 Hz, 2H, CH2N), 3.20 (t, 3J(H,H)� 6.59 Hz, 2 H, CH2N), 2.15 (t,
3J(H,H)� 7.42 Hz, 2H, CH2C�O), 1.65 ± 1.9 (m, 5 H, CH2CH2NCO, CHSi),
1.4 ± 1.65 (m, 2 H, CH2CH2C�O) (assignments were confirmed by COSY);
13C NMR (50 MHz, [D6]DMSO): d� 170.6, 138.4, 135.95, 133.97, 128.63,
127.42, 113.86, 69.67, 45.97, 45.19, 41.39, 32.51, 30.90, 25.62, 23.95, ÿ3.36,
ÿ3.56; MS (CI, CH4/N2O, �Q1MS): m/z (%): 360 (4) [M�29], 332 (6)
[M�1], 314 (64), 254 (12), 180 (100), 135 (18); HPLC (Chiralpack AS,
hexane/iPrOH 95/5, 1 mL minÿ1, 30 8C, 224 nm): tR� 33 min (other enan-
tiomer at 23 min, other diastereoisomer at 20 and 26 mins); elemental
analysis calcd for C19H29NO2Si: C 68.84, H 8.82, N 4.22; found: C 68.58, H
9.09, N 4.24.

9a : [a]20
D ��24 (c� 1.25 in CH2Cl2); IR (KBr): nÄ � 3040 (CÿH), 1782

(C�O), 1739 cmÿ1 (C�O); 1H NMR (200 MHz, CDCl3, 20 8C, TMS): d�
7.3 ± 7.5 (m, 5 H, Ph), 5.44 (dd, 3J(H,H)� 4, 4 Hz, 1H, HCOAc), 3.66 (m,
1H, CHC�O), 3 ± 3.2 (m, 3H, CHCH2C�O), 2.29 (d, 2J(H,H)� 14.8 Hz,
1H, CHCOAc (endo)), 1.87 (s, 3H, CH3C�O), 1.76 ± 1.94 (dd below signal
at 1.87, 1H, CHCOAc (exo)), 1.53 (dd, 3J(H,H)� 7, 3.9 Hz, 1H, CHSi), 0.40
(s, 3H, MeSi), 0.39 (s, 3H, MeSi) (assignments were confirmed by COSY);
13C NMR (50 MHz, CDCl3): d� 212.7, 169.9, 138.1, 133.6, 129.3, 128, 80.6,
64.5, 51.4, 39.5, 37.6, 32.5, 21.3,ÿ2.1; MS (EI, 70 eV): m/z (%): 302 (4) [M�],
260 (20), 182 (22), 135 (100); HPLC (Chiralpack AD, hexane (0.1 %
diethylamine)/EtOH 97.5/2.5, 1 mL minÿ1, 20 8C, 254 nm): tR� 10.6 min
(other enantiomer at 8.6 min); GC (MN-OPTIMA5 column, He 70 kPa,
200 8C!290 8C at 3 8C minÿ1): tR� 13.95 min (minor isomer at 13.63 min);
elemental analysis calcd for C17H22O3Si: C 67.51, H 7.33; found: C 67.47, H
7.35.
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Zeolites have emerged as an exciting area of supramolec-
ular chemistry. In particular, crystalline zeolites or zeotypes
with uniform pore sizes of 10 ± 20 � have diverse applications
as catalysts, molecular sieves, and biosensors.[1±3] Recently,
attention has turned toward organic and coordination zeolites
to perform specific functions that are not available with
inorganic zeolites. However, only a few examples of network
structures with large cavities or channels have been demon-
strated.[4] Moreover, the problems of fragility, acidity, and
thermal stability of the host lattice have not been overcome.[5]

Hence, the design and preparation of robust, air-stable,
porous coordination zeolites provides a considerable chal-
lenge in materials chemistry.

We are exploring ways to construct new classes of
coordination zeolites by hydrothermal synthesis,[6] a powerful
technique often applied to the synthesis of zeolites. Encour-
aged by our recent success in exploiting the symmetry and
functionality of the dianionic squarate ligand C4O4

2ÿ as a
robust and rigid tether for the construction under hydro-
thermal conditions of coordination solids having open frame-
works, we turned to the dianion tpyp (H2tpyp� 5,10,15,20-
tetrakis(4-pyridyl)porphyrin) as the molecular building block,
as it has four equally spaced pyridyl groups linked to a
porphyrin ring that gives it a rigid conformation. We surmised
that the reaction of tpyp with a divalent first-row transition
metal should yield a metalloporphyrinate material with
nanometer-scale voids.[4c, 7] Porphyrin-based architectures
have diverse potential applications as biomimetic models
and as functional materials for the transport of energy, charge,
molecules, and ions.[8]

We synthesized one cobalt(ii) and two manganese(ii)
porphyrinates, which we collectively named SMTP-1 (supra-
molecular materials in Taiwan porphyrin, number 1), by
employing hydro(solvent)thermal conditions. Crystals of all
products were grown in a static autoclave at 200 8C under
autogenous pressure for 48 h. Most reactions yielded bunched
aggregates of individual crystals, but single crystals large
enough for X-ray diffraction studies were also obtained.[9]

Crystalline SMTP-1 is stable in air and is insoluble in water.
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