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The conjugate addition of nucleophiles to unsaturated
carbonyl derivatives is an important reaction,[1] and its
enantioselective variant has received much attention over
the last few years.[2] Several general methods such as copper-
catalyzed additions of organolithium or organomagnesium
derivatives,[3] or the addition of diorganozinc compounds[4]

have been described in detail. Recently, a rhodium-catalyzed
addition of boronic acids has also been reported.[5] Although
satisfactory results have been obtained in many cases, several
classes of organometallic compounds, such as alkynyl,[6]

allylic, and allenyl organometallic compounds still cannot be
added enantioselectively. Herein, we report a new synthetic
approach to conjugate additions in which an umpolung[7] of
the Michael acceptor reactivity occurs. Whereas the usual
reactivity of an enone of type 1 (a3-reactivity)[7] requires a
reaction with a nucleophile (Nuÿ) and leads to the addition
product of type 2 (Scheme 1), we envisioned an umpolung of
the enone reactivity by successive protection of the carbonyl
function and formal hydrometalation, leading to the chiral
organometallic species 3. After the reaction of 3 with an
electrophile (E�) and deprotection, products of type 4 would
be produced. If an asymmetric hydrometalation and a stereo-
selective reaction with the electrophile (E�) is possible, then
this would correspond, after deprotection, to a formal
enantioselective Michael addition with umpolung of the
normal reactivity pattern (Scheme 1).

Recently, we developed a reaction sequence involving an
asymmetric hydroboration followed by a boron ± zinc ex-
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Scheme 1. Formal Michael addition with umpolung of reactivity.

change reaction, which allows a general preparation of
secondary, optically active organozinc reagents.[8a,b] Moreover,
we showed that their reaction with various electrophiles
proceeds with retention of configuration.[8c] Preliminary
experiments on protected enone systems revealed that the
nature of the protecting group strongly influences the config-
urational stability of the resulting diorganozinc species,
especially in the case of five-membered systems. Thus, the
hydroboration of the 1,3-dioxolane 5 a with Et2BH followed
by treatment with iPr2Zn, CuCN ´ 2 LiCl, and allylic bromide
provides the desired allylated product 6 a in 68 % yield
(Scheme 2 and Table 1). However, a 47:53 mixture of cis and

Scheme 2. Optimization of configurational stability of the zinc intermedi-
ate 7a ± e by varying the protecting group. a) Et2BH (3 equiv, 50 8C, 16 h);
b) iPr2Zn (3 equiv, 25 8C, 5 h); c) CuCN ´ 2LiCl (1 equiv, ÿ78 8C, 0.5 h),
then allylic bromide (3 equiv, ÿ78 8C to 25 8C, 10 h).

trans isomers was obtained, showing that an epimerization of
the intermediate organozinc reagent 7 a had occurred
(Scheme 2 and Table 1). A systematic study revealed that
this result can be greatly improved by careful choice of the
protecting group. The 1,3-dioxane acetal 5 d gives an im-
proved selectivity, but the best result is obtained with the 1,3-
dithiane 5 e, leading to a cis :trans selectivity of 5:95.

By applying the results of this study to the protected
cyclohexenone 8 and to the 1,3-dithiane 5 e, excellent
diastereoselectivities (trans :cis ratio �94:6) can be achieved
(Scheme 3). Thus, the allylation of 9, obtained by the usual
sequence from 8, proceeds with a diastereoselectivity of 98:2
(trans :cis ratio) and affords product 10 in 61 % yield.
Similarly, the alkynylation of the unsaturated dithiane 5 e
furnishes the akynylated product 11 b in 66 % yield (d.r.�
95:5).

Our method can also be readily performed with enantio-
merically enriched organozinc reagents. Thus, the asymmetric
hydroboration of 12 with (ÿ)-isopinocampheylborane ((ÿ)-
IpcBH2)[9] produces the trans-configured, secondary organo-
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Scheme 3. Diastereoselective reactions of the zinc reagents 9 and 7e
obtained by sequential hydroboration and boron ± zinc exchange. a) Et2BH
(3 equiv, 50 8C, 16 h); b) iPr2Zn (3 equiv, 25 8C, 5 h); c) CuCN ´ 2LiCl
(1 equiv, ÿ78 8C, 0.5 h); d) allylic bromide (3 equiv, ÿ78 8C to 25 8C, 10 h);
e) alkynyl bromide (3 equiv, ÿ40 8C, 20 h).

zinc reagent 13 in 91 % ee after treatment with Et2BH[10] and
iPr2Zn (Scheme 4).[11] This organozinc compound reacts with
allylic, alkynyl, and propargyl bromides, affording the desired

Table 1. Hydroboration of the unsaturated acetals and thioacetals 5a ± e,
followed by boron ± zinc exchange and copper-mediated allylation, leading
to products 6a ± e.

Starting material 5 Product 6 trans :cis Yield [%][a]

O

O

5a

O

O

6a

53:47 68
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[a] Yield of isolated, analytically pure compound.
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allylated products 14 a, b, the alkynylated derivatives 15 a, b
and the allenylated compound 16 in satisfactory overall yields
(46 ± 52 %).[12] To demonstrate the validity of the umpolung
procedure, we have deprotected the product 15 a by treatment
with dilute HCl to obtain the desired trans-aldehyde 17 in
92 % yield and 88 % ee (42 % overall yield starting from the
unsaturated acetal 12 ; Scheme 4).

Finally, we have extended our method to an exocyclic
system. Thus, the protected exo-alkylidene enone 18 was
hydroborated with (ÿ)-IpcBH2 affording, after further treat-
ment with Et2BH and iPr2Zn, the chiral secondary alkylzinc
reagent 19 in 76 % ee (Scheme 5).[11] Following transmetala-
tion with CuCN ´ 2 LiCl and allylation, the desired products
20 a, b were obtained with excellent diastereoselectivities
(�94:6), thus allowing the stereocontrol of two contiguous
chiral centers.[13]
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19: 76 % ee 20a: R = H; 51 %
        d.r. = 96 : 4; 76 % ee
20b: R = Me; 63 % 
        d.r. = 94 : 6; 76 % ee

Scheme 5. Enantioselective conjugate functionalization of the unsaturated
acetal 18 by an asymmetric hydroboration and boron ± zinc exchange
sequence. a) (ÿ)-IpcBH2 (1.1 equiv, ÿ25 8C, 48 h); b) Et2BH (5 equiv,
50 8C, 16 h); c) iPr2Zn (5 equiv, 25 8C, 5 h); d) CuCN ´ 2 LiCl (1.5 equiv,
ÿ78 8C, 30 min); e) allylic bromide (5 equiv, ÿ78 8C to 25 8C, 10 h for 20a,
or 5 equiv, ÿ40 8C, 48 h for 20b).

In summary, we have shown that unsatu-
rated acetals and ketals can be stereoselec-
tively hydroborated and converted by a
boron ± zinc exchange to a secondary alkyl-
zinc reagent with high retention of config-
uration. These chiral, functionalized diorga-
nozinc reagents react with retention of con-
figuration with allylic bromides, alkynyl
halides, and propargyl bromide, affording
the products of formal Michael addition. As
such, this new method fully complements the
existing, traditional conjugate addition pro-
tocols, which often encounter problems in
the enantioselective conjugate addition of
allylic, alkenyl, and allenyl organometallic
species.

Experimental Section

Preparation of 15 a : A flame-dried 25 mL flask equip-
ped with a magnetic stirring bar, an argon inlet, and a
septum was cooled to ÿ25 8C and charged with freshly
prepared (ÿ)-IpcBH2 (1.1 mL, 1.1 mmol, 1.1 equiv, 1m
solution in THF). The protected olefin 12 (154 mg,
1.0 mmol, 1.0 equiv, 1m in THF) was added dropwise
over a period of 1 h. Stirring at this temperature was
continued for 48 h. After pumping off the volatiles
(0.1 Torr, 25 8C, 2 h), Et2BH (0.69 mL, 5.0 mmol,
5 equiv, 7.3m in Me2S,) was added and the resulting

mixture was stirred for 16 h at 50 8C. After pumping off the volatiles
(0.1 Torr, 25 8C, 2 h), iPr2Zn (1.0 mL, 5.0 mmol, 5 equiv, 5.0m in Et2O,) was
added and the mixture was stirred 5 h at 25 8C. According to GC analysis of
an oxidized aliquot (3m NaOH/30% H2O2) the boron ± zinc conversion was
>85 %. The volatiles were pumped off (0.1 Torr, 25 8C, 0.5 h), and the gray-
black residue was diluted with THF (3 mL) and cooled toÿ78 8C. A freshly
prepared solution of CuCN ´ 2 LiCl (1.5 mL, 1.5 mmol, 1.5 equiv, 1m in
THF) was slowly added over 40 min by syringe pump and the mixture
stirred for 30 min at ÿ78 8C. Then, a solution of 1-bromo-2-trimethylsilyl-
acetylene (885 mg, 5 mmol , 5 equiv) in THF (1 mL) was added slowly
(40 min) by syringe pump. After stirring for 30 min at ÿ78 8C, the mixture
was allowed to warm toÿ40 8C and stirred at this temperature for 16 h. The
reaction mixture was then poured into a saturated aqueous NH4Cl solution
(150 mL) containing NH3(aq) (2 mL, 30 % in H2O). After extraction with
Et2O (3� 100 mL) the combined organic phases were dried over MgSO4.
The solvent was removed and the crude product purified by column
chromatography (SiO2, hexanes/Et2O 19:1) affording 15a as a colorless oil
(116 mg, 0.46 mmol, 46%).
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Amino-substituted phosphinonitrenes (I) with suitable
substitution patterns can be rearranged to tautomeric bis-
(imino)phosphoranes (II).[1] In the absence of the possibility
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to rearrange, oligo- and polyphosphazenes (III) are formed.[2]

Whereas in general the formation of tri- and tetramers
appears to be thermodynamically favored,[2] a sterically
overcrowded bisamino-substituted phosphinonitrene (I,
R1�NR2R3, R2,R3� iPr2N) was noted to undergo instead an
unusual cyclodimerization to give a cyclodiphosph(v)azene.[3]

In connection with studies on NH-functionalized bis(imino)-
phosphoranes and the anions derived therefrom[4] we also
became interested in [2�2] cycloadditions of these species
which yielded as yet unknown bis(imino)diphosph(v)azanes.
Herein, we report on the synthesis of a cyclodiphosph(v)azane
as well as on its reversible conversion into a tautomeric
cyclodiphosph(v)azene.

Treatment of the azidophosphane 2,[6] which is accessible
from reaction of pentamethylcyclopentadienyl-(2,4,6-tri-tert-
butylphenyl)iminophosphane, Cp*P�NMes* (1),[5] with hy-
drogen azide under dry pyrolysis (pure substance, 130 8C)
conditions produced a mixture of the tautomeric four-
membered-ring P ± N heterocycles 5 and 7 in 1:9 ratio
(Scheme 1). Colorless crystals of the bis(amino)cyclodi-
phosp(v)azene 7 were isolated by crystallization of the
mixture from a little toluene.[7] Probable intermediates during
the elimination of nitrogen from 2 are the phosphinonitrene 3
and the bis(imino)phosphorane 4, which is formed from 3 by
subsequent 1,3-H shift.[8] Metalation of 7 (MeLi, 0 8C) to the
dilithiated complex 8[9] and subsequent protonation with
tBuOH gave a quantitative yield of the tautomeric bis(imi-
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