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Transition metal complexes containing one or more metal ±
aryl bonds are becoming increasingly important in catalysis.[1]


These compounds exhibit a wide range of reactivity encom-
passing dehydrogenation,[2] coupling,[1a] insertion[1b, c] and
addition reactions.[3] Also, many metal ± aryl compounds can
be used to promote selective olefin polymerization.[4] In the
last decade there has been considerable interest in the
synthesis of these complexes by direct cyclometallation. This
allows the use of simple organic starting materials and hence
is much more economic than those reactions that require the
use of expensive and air-sensitive organometallic precursors
(e.g., RLi). The cyclometallation of arene ligands is usually
promoted (by the chelate effect) by intramolecular coordina-
tion of donor groups on the ligand precursor prior to
formation of the metal ± carbon s bond.[5a] Thermodynami-
cally, the energy of the Caryl ± R bond to be broken is related to
the nature of the R group. The measured value of the C6H5 ± R
(R�H) bond is 102 kJ molÿ1 with a much lower value for the
same bond for toluene (R�CH3; 63 kJ molÿ1).[5b] Although
related values for phenylsilane (or phenyltrimethylsilane) are
not known, comparable energies are found for a R3C ± CR3


bond and the silyl analogue R3C ± SiR3.[5c] This brief overview
will concentrate on recent examples involving the direct
cyclometallation (by Caryl ± R bond cleavage or insertion; R�
H, CR3 or SiR3) of aromatic ligands that contain two meta-
positioned substituents bearing N-, S- or P-donor groups.
Specifically, the formation of aryl complexes with the
platinum group metals (e.g., Ru, Os, Rh, Ir, Pd and Pt) will
be described.


Aromatic hydrocarbons that contain two sp3 tertiary amine
functionalities in the 1,3-positions have been shown to
undergo aryl-cyclometallation selectively at C-2 by Caryl ± H
bond activation using, for example, rhodium compounds
[Eq. (1)]. The products are RhIII complexes in which the aryl


Me2N NMe2H Me2N NMe2Rh


OH2
Cl


Cl


[RhIII]
(1)


ligand provides N,C,N'-terdentate coordination.[6] Macrocy-
clic aryldiamines also display this C ± H bond activation
behaviour.[7]


In general, other platinum group metal complexes do not
undergo selective cyclometallation at C-2 of the 1,3-bis[(di-
methylamino)methyl]benzene (NCN) ligand. However, the
related aryldiamine 1,3-bis[(diethylamino)methyl]benzene
can be cyclopalladated in an electrophilic reaction under
special conditions, as reported by Trofimenko.[8] In this case, a
4,6-disubstituted bispalladium(ii) complex is isolated instead
of the expected mononuclear cyclometallated species
[Eq. (2)]. A monopalladated product is assumed to be


Et2N NEt2H
H


NEt2Et2N


PdPd
Cl


L L
Cl


[PdII]
(2)


formed initially but as it is much more electron-rich than the
free organic precursor, a facile second palladation reaction
results. The structure of the final product suggests that only
one of the N-donor substituents is coordinated prior to the
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cyclometallation reaction. In terms of metallation, this would
place the H atoms on C-4 and C-6 of the aromatic ring in the
least sterically encumbered positions relative to the H atom
on C-2.


If this central H atom is replaced by a SiMe3 or SnMe3


group, the ligand can be palladated selectively to afford
mononuclear NCN-PdII complexes.[9] In this case the NCN
ligand binds in a terdentate coordination mode and the most
sterically demanding position of the aromatic ring is metal-
lated (cf., [Eq. (2)]). This barrier is evidently overcome by the
directional effect (and probably the leaving-group properties)
of the SiMe3 or SnMe3 group. Valk et al. had previously
studied the electrophilic palladation of SiMe3-substituted 2-
(dimethylamino)methylnaphthalenes [Eq. (3)].[10] This work
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had demonstrated that substitution of an aryl ± H by a SiMe3


group inverts the site selectivity of the palladation reaction
from the naphthyl C-3 to C-1. The driving force is hypothe-
sized to be facile Caryl ± Si bond cleavage. This approach has
also been successfully applied in the synthesis of bridged
bispalladium(ii) complexes containing a dianionic ligand in
which four CH2NMe2 groups are present on a single aromatic
ring [Eq. (4)].[11] '
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Me3E = Me3Si, Me3Sn


Earlier work by van Koten et al.[12] detailed the isolation of
arenonium complexes that could be viewed as a representa-
tive of an intermediate in Caryl ± R cyclometallation. Figure 1
illustrates one of these arenonium complexes of PtII which
resembles a potential mid-point in the Caryl ± Me activation of
a bidentate N,N'- bound [1,3-(Me2NCH2)2-2-Me-C6H3] moiety.


Aryl ligand precursors that
contain sp2 N-donor substitu-
ents (such as 2-pyridyl) can be
cyclometallated at the central
Caryl ± H bond by complexes of
Ru or Os. This has led to the
isolation of dinuclear com-
plexes containing terpyridine-
type chromophores bridged by
a rigid bis-cyclometallating ligand (Figure 2).[13] These com-
pounds contain the metal in a formally �2 or �3 oxidation
state and show interesting photoluminescent properties.
Cyclometallation has been reported to occur by direct
Caryl ± H bond activation only.
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Figure 2. A schematic representation of some bimetallic Ru and Os
complexes with an oligophenylene bridging ligand. M, M'�Ru, Os; n�
0,1,2; m� 2,3,4.


Direct metallation of aryl ligands that contain N-donor
atoms in the form of Schiff bases can also be cyclopalladated
by an Caryl ± H bond cleavage reaction.[14] However, the central
C ± H bond is not activated [Eq. (5)]. Instead, reactivity is


RN NRH
H


NRRN


PdPd
Cl


L L
Cl


[PdII]
(5)


similar to that observed for the corresponding sp3 N-donor
substituted arenes, that is, 4,6-bispalladium(ii) aryl complexes
are isolated.


Related chemistry with aromatic compounds containing S-
donor atoms has also been investigated. Aryl ligand precur-
sors that contain two meta-positioned S-donor substituents
can be cyclometallated selectively at the central Caryl ± H bond
by a number of palladium(ii) complexes [Eq. (6)]. Early work
by Shaw et al.[15] had suggested that only arenes containing
bulky groups at the S-donor atoms could be successfully
activated at the central C ± H bond. Much later, Pfeffer�s
group was able to show that 1,3-(MeSCH2)2C6H4 can be
cyclopalladated in high yield if an appropriate Pd precursor is
used in the presence of one equivalent of acid [Eq. (6)].[16] No


RS SRH RS SRPd


X


[PdII]
(6)


products of 4,6-bis-cyclopalladation have been observed with
these ligands, suggesting that both S-donor groups are


Abstract in Dutch: Cyclometallering van arylliganden met
twee donorsubstituenten in de meta-posities vindt plaats via
Caryl-R bandactivering en wordt vergemakkelijkt door intra-
moleculaire coördinatie van deze donorsubstituenten. Deze
procedure is gebruikt voor de synthese van een varieÈteit aan
platina-groep organometaalcomplexen met interessante kata-
lytische en electronische eigenschappen. Enkele recente ont-
wikkelingen zullen worden behandeld.


Me2N
NMe2


Pt


I Me


+
(BF4)


Figure 1. An example of a
stable arenonium complex
with an s-bonded PtII sub-
stituent.
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coordinated to the metal centre before metallation of the C ±
H bond.


This cyclopalladation chemistry has been successfully
applied in the synthesis (by self-assembly) of multinuclear
organopalladium(ii) spheres[17] and related polymers
[Eq. (7)].[18]
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A very large body of work has been devoted to the area of
intramolecular metallation of meta-substituted aryldiphos-
phanes. This is an obvious extension of early work on
polydentate organophosphorus ligands in which the aryl
carbanion replaces a P donor group. Early research in this
area was also carried out by Shaw et al.[19] and later by Venanzi
and others.[20] They reported that 1,3-aryldiphosphanes with
either aliphatic (tBu) or aromatic substituents on the P-donor
atoms could be cyclometallated. As expected, activation of
the central Caryl ± H bond was observed with transition metals
from Group 9 and 10 [Eq. (8); M�Rh, Ir, (Ni), Pd, Pt; R�


R2P PR2H R2P PR2M


Ln


[M]
(8)


tBu, Ph, iPr]. This work was later expanded to include chiral
aryldiphosphanes, benzodiphosphaalkenes and phosphanes
containing other groups (e.g., R�B cyclohexyl, pyridinyl and
para-H2NC6H4).[21] All of these ligands can be selectively
cyclometallated by various PGM complexes directly at the
central C ± H bond (vide supra). Recently, Kaska and Jensen
have reported various iridium and rhodium complexes of 1,3-
aryldiphosphanes that have been successfully applied as
dehydrogenation catalysts.[2]


Recently Jia et al.[22] and independently van Koten and co-
workers[23] have detailed the use of [RuCl2(PPh3)4] as a
versatile starting material for the cyclometallation of para-
functionalized arylbis(diphenylphosphanes) [Eq. (9)]. In all


Ph2P PPh2H Ph2P PPh2Ru


Cl PPh3


[RuII]
(9)


these examples, no products of 4,6-dimetallation were ob-
served. This work includes the rare isolation of an intermedi-
ate of Caryl ± H bond activation in which an apparent three-
centre two-electron Ru ´´´ H ´´´ C bonding motif is observed
[Eq. (10)].[24] This complex is formed by the overall reaction


Ph2P PPh2H P
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P


P
H


(10)
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[RuII]


(OTf)


P = PPh2


of two equivalents of the aryldiphosphane ligand with
[RuCl2(PPh3)4] and replacement of Clÿ by OTfÿ.


The desire to improve a number of heterogeneous proc-
esses that are used in the refining of petroleum has led to
many spectroscopic studies of C ± C bond activation by
transition metals under homogeneous (solution) conditions.
An indirect consequence of this work has been an overall
improvement of the synthetic protocols that are used to
produce organometallic complexes by C ± C bond cleavage.
An elegant example of this was illustrated by Milstein and co-
workers[25] in the cleavage of the central unstrained Caryl ± CH3


bond of the aryldiphosphine [1,3-(R2PCH2)2-2,4,6-(H3C)C6H]
by rhodium(i) and rhodium(iii) compounds [Eq. (11)]. This


R2P PR2CH3 R2P PR2Rh
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H3C CH3 CH3H3C


R2P PR2
Rh
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(11)
[HRhI(PPh3)3]


– H2


H2


– CH4


reaction occurs by initial Calkyl ± H bond activation (at 25 8C),
followed by an intramolecular C ± CH2 bond cleavage reaction.


This kind of reactivity has been shown in a number of
related Pt and Ir systems. These complexes all cyclometallate
aryldiphosphanes through activation of the central Caryl ± CH3


bond [Eq. (12)].


R2P PR2Me R2P PR2M


Ln


Me Me MeMe
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M = Ir, Pt


The mechanism proposed for this novel C ± C bond
cleavage involves an arenonium complex with a s-bonded
metal substituent as one of the key intermediates (cf. ,
Figure 1). In our earlier work on related Pt compounds, it
has been shown that the central Caryl ± CH3 bond of an
arenonium complex could be cleaved to afford the corre-
sponding NCN ± PtII (cf., PCP ± PtII, Eq. (12)) species.[12]


In conclusion, it has been demonstrated that Caryl ± R bond
activation processes can be readily facilitated by a number of
platinum group metals to form interesting and catalytically
active transition metal complexes. The development of facile
syntheses by direct chemoselective (e.g., C ± H vs. C ± SiMe3)
cyclometallations has greatly increased the availability of
these useful compounds.


Acknowledgments: This work was supported in part (P. S.) by the
Netherlands Foundation for Chemical Research (SON) with financial aid
from the Netherlands Organization for Scientific Research (NWO).


Received: November 11, 1997 [C 885]







CONCEPTS G. van Koten et al.


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998 0947-6539/98/0405-0762 $ 17.50+.50/0 Chem. Eur. J. 1998, 4, No. 5762


[1] a) G. van Koten, Pure Appl. Chem. 1994, 66, 1455; b) A. J. Canty, G.
van Koten, Acc. Chem. Res. 1995, 28, 406; c) J. G. Donkervoort, G. L.
Vicario, J. T. B. H. Jastrzebski, R. A. Gossage, G. Cahiez, G. van Ko-
ten, J. Organomet. Chem. 1998, in press; d) A. D. Ryabov, Chem. Rev.
1990, 90, 403.


[2] a) M. Gupta, W. C. Kaska, C. M. Jensen, Chem. Commun. 1997, 461;
b) M. Gupta, C. Hagen, W. C. Kaska, R. Flesher, C. M. Jensen, ibid.
1996, 2083 (corrigendum: ibid. 1996, 2687); c) M. Gupta, W. C. Kaska,
R. Cramer, C. M. Jensen, J. Am. Chem. Soc. 1997, 119, 840.


[3] a) J. W. J. Knapen, A. W. van der Made, J. C. de Wilde, P. W. N. M. van
Leeuwen, P. Wijkens, D. M. Grove, G. van Koten, Nature 1994, 372,
659; b) D. M. Grove, A. H. M. Verschuuren, G. van Koten, J. A. M.
van Beek, J. Organomet. Chem. 1989, 372, C1.


[4] C. Granel, P. Dubois, R. JeÂroÃ me, P. TeyssieÂ, Macromolecules 1996, 29,
8576.


[5] a) G. R. Newkome, W. E. Pucket, V. K. Gupta, G. E. Kiefer, Chem.
Rev. 1986, 86, 451; b) T. L. Cottrell, The Strengths of Chemical Bonds,
Butterworth, London, 1958 ; c) R. Walsh, Acc. Chem. Res. 1981, 14,
246. For early work in the area of aryl cyclometallation, see: d) G. W.
Parshall, J. J. Mrowca, Adv. Organomet. Chem. 1968, 7, 157.


[6] A. A. H. van der Zeijden, G. van Koten, R. Luijk, K. Vrieze, C. Slob,
H. Krabbendam, A. L. Spek, Inorg. Chem. 1988, 27, 1014.


[7] K. Hiraki, Y. Fuchita, Y. Ohta, J. Tsutsumida, K. I. Hardcastle, J.
Chem. Soc., Dalton Trans. 1992, 833.


[8] S. Trofimenko, Inorg. Chem. 1973, 12, 1215.
[9] a) P. Steenwinkel, R. A. Gossage, G. van Koten, Chem. Eur. J. 1997, 4,


763; b) P. Steenwinkel, J. T. B. H. Jastrzebski, B.-J. Deelman, D. M.
Grove, H. Kooijman, N. Veldman, W. J. J. Smeets, A. L. Spek, G.
van Koten, Organometallics, in press.


[10] a) J.-M. Valk, R. van Belzen, J. Boersma, A. L. Spek, G. van Koten, J.
Chem. Soc. Dalton Trans. 1994, 2293; b) J.-M. Valk, J. Boersma, G.
van Koten, J. Organomet. Chem. 1994, 483, 213.


[11] P. Steenwinkel, S. L. James, D. M. Grove, H. Kooijman, A. L. Spek, G.
van Koten, Organometallics 1997, 16, 513.


[12] a) G. van Koten, Pure Appl. Chem. 1989, 61, 1681; b) G. van Koten, K.
Timmer, J. G. Noltes, A. L. Spek, J. Chem. Soc. Chem. Commun. 1978,
250.


[13] a) J.-P. Sutter, M. Beley, J.-P. Collin, N. Veldman, A. L. Spek, J.-P.
Sauvage, G. van Koten, Mol. Cryst. Liq. Cryst. 1994, 253, 215; b) F.
Barigelletti, L. Flamigni, M. Guardigli, A. Juris, M. Beley, S.
Chodorowski-Kimmes, J.-P. Collin, J.-P. Sauvage, Inorg. Chem. 1996,
35, 136; c) F. Barigelletti, L. Flamigni, J.-P. Collin, J.-P. Sauvage, Chem.
Commun. 1997, 333.


[14] S. Chakladar, P. Paul, K. Venkatsubramanian, K. Nag, J. Chem. Soc.
Dalton Trans. 1991, 2669.


[15] J. Errington, W. S. McDonald, B. Shaw, J. Chem. Soc. Dalton Trans.
1980, 2312.


[16] J. Dupont, N. Beydon, M. Pfeffer, J. Chem. Soc. Dalton Trans. 1989,
1715.


[17] W. T. S. Huck, F. C. J. M. van Veggel, D. N. Reinhoudt, Angew. Chem.
1996, 108, 1304; Angew. Chem. Int. Ed. Engl. 1996, 35, 1213.


[18] S. J. Loeb, G. K. H. Shimizu, J. Chem. Soc. Chem. Commun. 1993,
1395.


[19] C. J. Moulton, B. L. Shaw, J. Chem. Soc. Dalton Trans. 1976,
1020.


[20] a) H. Rimml, L. M. Venanzi, Phosphorus Sulfur 1987, 30, 297; b) M. W.
Haenel, D. Jakubik, C. Krüger, P. Betz, Chem. Ber. 1991, 124,
333.


[21] a) M. A. Bennett, H. Jin, A. C. Willis, J. Organomet. Chem. 1993, 451,
249; b) B. D. Steffey, A. Miedaner, M. L. Maciejewski-Farmer, P. R.
Bernatis, A. M. Herring, V. S. Allured, V. Carperos, D. L. DuBois,
Organometallics 1994, 13, 4844; c) F. Gorla, A. Togni, L. M. Venanzi,
A. Albinati, F. Lianza, ibid. 1994, 13, 1607; d) A. Weisman, M. Gozin,
H.-B. Kraatz, D. Milstein, Inorg. Chem. 1996, 35, 1792; e) A. Jouaiti,
M. Geoffroy, G. Terron, G. Bernardinelli, J. Am. Chem. Soc. 1995, 117,
2251.


[22] G. Jia, H. M. Lee, H. P. Xia, I. D. Williams, Organometallics 1996, 15,
5453.


[23] T. Karlen, P. Dani, D. M. Grove, P. Steenwinkel, G. van Koten,
Organometallics 1996, 15, 5687.


[24] P. Dani, T. Karlen, R. A. Gossage, W. J. J. Smeets, A. L. Spek, G.
van Koten, J. Am. Chem. Soc. 1997, 119, 11317.


[25] B. Rybtchinski, A. Vigalok, Y. Ben-David, D. Milstein, J. Am. Chem.
Soc. 1996, 118, 12406.








The Effect of the Trimethylsilyl Group on Electrophilic Cyclopalladation;
A Study of Caryl ± Si versus Caryl ± H Selective Bond Activation with
2,6-(Me2NCH2)2C6H3R (R�H or SiMe3)


Pablo Steenwinkel, Robert A. Gossage, Tatja Maunula,
David M. Grove, and Gerard van Koten*


Abstract: The site selectivity of electro-
philic palladation has been studied by
using two bis(aminomethyl)-substituted
benzenes 1,3-(Me2NCH2)2C6H4 (6) and
2,6-(Me2NCH2)2C6H3(SiMe3) (7) and
Li2[PdCl4] or Pd(OAc)2 in solution in
MeOH or CH2Cl2. The major product of
direct palladation of 6 in both solvents is
the polymeric cyclopalladated organo-
metallic complex [1,5-{PdCl}2-2,4-(Me2-


NCH2)2C6H2]n, which was characterized
as its dinuclear pyridine derivative [1,5-
{PdCl(C5H5N)}2-2,4-(Me2NCH2)2C6H2]
(9). The effect of the trimethylsilyl
group present at the 1-position in 7 leads
to inversion of the site selectivity in


comparison to that observed for 6, and
to activation of the C ± Si bond when
MeOH is used as solvent; the major
product of this direct palladation is the
known monomeric cyclopalladated
complex [{PdCl}2,6-(Me2NCH2)2C6H3]
(8). However, using CH2Cl2 instead of
MeOH in the palladation reaction of 7
leads to the major product arising from
C ± H rather than C ± Si bond activation.


Keywords: C ± H activation ´ C ± Si
activation ´ metalations ´ metalla-
cycles ´ palladium ´ site selectivity


Introduction


A fundamental goal in synthetic organic chemistry is the
activation of C ± R (R�H, CR3, SiR3) bonds, and this area is
currently attracting considerable interest.[1] Part of our
research has been focussed on the activation of Caryl ± R
bonds by transition metals, with the aim of forming novel
ortho-chelated organometallic compounds with useful syn-
thetic and/or catalytic properties.[2,3] As part of this explor-
atory work, we have reported a number of methods that can
be used to form M ± Caryl bonds with a variety of metals. For
example, in the development of organonickel(ii) catalysts
bearing a functionalized N,C,N'-terdentate coordinating li-
gand [2,6-(Me2NCH2)2-4-R-C6H2]ÿ (R�H, NO2, NH2, Me-
C(O)N(H), Cl, PhCH�N, MeO, MeC(O), SiMe3 or a carbo-
silane dendritic core), we have introduced the metal center
through oxidative addition of an Caryl ± Br bond to a Ni0


precursor [Eq. (1)].[3,4] In cases where oxidative addition
cannot be used to form M ± Caryl bonds (e.g., LnIII chemistry),
an alternative route involving a transmetallation reaction of
the C ± Li bond in [Li2(NCN)2] (NCN� [2,6-(Me2-


Me2N NMe2Ni


Br


R


Me2N NMe2Br


R


[Ni0]
(1)


NCH2)2C6H2]ÿ) can be employed.[2a, 5] Unfortunately, many
functional groups (such as NH2) are not compatible with
organolithium reagents. The most useful and economic
technique to form M ± Caryl bonds involves the activation of
the Caryl ± R bond by direct metallation,[1] that is substitution
of R for the metal. This procedure would be most useful if it is
synthetically straightforward and tolerant to the presence of a
variety of functional groups.


In platinum group metal chemistry, direct metallation is
often observed under mild conditions and examples of alkyl
and aryl C ± H bond activation by electrophilic substitution
and oxidative addition are well known.[1,6] However, a
problem in many of these metallations of hydrocarbons is
the lack of site-(i.e. , bond) selectivity. Fortunately, this can
often be overcome by the introduction of an activating group
such as the trimethylsilyl group. Recently, it has been reported
that selective palladation of aminomethyl-substituted naph-
thalenes 1, 2, and 4 (Scheme 1) with a PdII salt can occur
through C ± H and C ± Si bond activation,[6d, 7±9] and the site of
metallation can be directed by the proper placement of the
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Scheme 1. The directional effect of a SiMe3 substituent on the site of
cyclopalladation of (dimethylamino)methyl-substituted naphthalenes.
a) C ± H and C ± Si bond cleavage, b) selective C ± Si bond cleavage.
[Pd]�Li2[PdCl4] or Pd(OAc)2.


SiMe3 group on the naphthalene backbone. Both the unsub-
stituted 2-[(dimethylamino)methyl]naphthalene 1 and its 3-
trimethylsilyl analogue 2 can be palladated selectively at the
carbon atom at the 3-position of the naphthyl group, thereby
affording the dimeric organopalladium(ii) complex 3. How-
ever, it is only the 1-trimethylsilyl-substituted compound 4
that undergoes selective palladation at the 1-position (by
Caryl ± Si bond cleavage) to yield complex 5 (Scheme 1); that is
in this case palladation occurs preferentially through activa-
tion of the Caryl ± Si bond rather than the Caryl ± H bond.


Since a complete inversion of selectivity is obtained by the
introduction of a trimethylsilyl group on naphthalene ligand
precursors, we decided to investigate this effect in the
precursor of our potentially terdentate ligand NCN.[1a,2a]


Herein, we report the syntheses of three PdII complexes
derived from 2,6-(Me2NCH2)2C6H3R (R�H (6), SiMe3 (7))
that involve either electrophilic Caryl ± H or Caryl ± Si bond


activation. The SiMe3 group on the aromatic ring of an NCN
ligand has an important directional effect on the site
selectivity of these palladations. Furthermore, the nature of
the solvent plays an interesting role in the metallation, and the
selectivity for C ± Si or C ± H bond activation can be inverted
by using CH2Cl2 in place of MeOH. The application of this
work for the synthesis of mono- and dinuclear platinum group
metal complexes using ligands such as 2,6-(CH2NMe2)2-


C6H3(EMe3) and 1,4-(Me3E)2-2,3,5,6-(CH2NMe2)4C6 (E� Si
or Sn) has been recently reported.[10]


Results and Discussion


In this study, we have examined the site selectivity of
electrophilic palladation using two known bis(aminometh-
yl)-substituted benzenes 1,3-(Me2NCH2)2C6H4 (6), and 2,6-
(Me2NCH2)2C6H3(SiMe3) (7)[10] as the organic substrates with
Li2[PdCl4] or Pd(OAc)2 as palladium(ii) salts using MeOH or
CH2Cl2 as the reaction medium. In these experiments a
solution of the palladium(ii) salt was added to a solution of
one equivalent of the aryldiamine substrate with or without
the presence of an organic base (Et3N; about two equivalents)
and the mixture was subsequently stirred for 18 h. After
appropriate work-up, including addition of pyridine (see
Experimental Section), the organometallic complexes result-
ing from the cyclopalladations were identified and quantified
by 1H NMR spectroscopy. Table 1 summarizes the results of


these experiments and shows the relative ratios of the three
organometallic products in the final product mixture. The
numbers given represent relative selectivity and not absolute
yield, although in most cases the total yield of cyclopalladated
products was �90 % (with respect to Pd). The three products
identified are 8,[11] which is formed by activation of the Caryl ±
R bond (R�H, SiMe3) of the substrates 6 and 7 (that is the
Caryl ± R bond located in between the two CH2NMe2 groups),
9, and its 3-trimethylsilyl analogue 10. Complexes 9 and 10
both result from C ± H activation[6a] at positions that are ortho
to one of the CH2NMe2 groups of the substrates 6 and 7,


Abstract in Dutch: De selectiviteit van electrofiele palladering
van bis(aminomethyl)-gesubstitueerde benzeen-verbindingen
1,3-(Me2NCH2)2C6H4, 6, en 2,6-(Me2NCH2)2C6H3(SiMe3), 7,
met Li2[PdCl4] of Pd(OAc)2 in MeOH of CH2Cl2 oplossing
werd bestudeerd. Als hoofdprodukt van de directe cyclopalla-
dering van 6 in beide oplosmiddelen wordt het polymere
organometaalcomplex [1,5-{PdCl}2-2,4-(Me2NCH2)2C6H2]n


gevormd, dat werd geïsoleerd en gekarakteriseerd als het
overeenkomstige dinucleaire pyridinederivaat [1,5-{PdCl-
(C5H5N)}2-2,4-(Me2NCH2)2C6H2], 9. Het effect van de trime-
thylsilyl groep op de 1-positie in 7 draait, vergeleken met 6, de
selectiviteit van de plaats waar cyclopalladering optreedt geheel
om en activering van de C-Si binding vindt plaats wanneer
MeOH wordt gebruikt als oplosmiddel; het hoofdproduct van
deze directe palladering is het bekende monomere gecyclopal-
ladeerde complex [2,6-(Me2NCH2)2C6H3{PdCl}], 8. Wanneer
CH2Cl2 in plaats van MeOH wordt gebruikt in de palladerings
reactie van 7 is het hoofdproduct afkomstig van C-H in plaats
van C-Si band activering.


Table 1. Results of the palladation reaction of the NCN ligand precursors
2,6-(Me2NCH2)2C6H3R (R�H (6) or SiMe3 (7)) with PdII starting
materials.[a]


Entry R Solvent [Pd] 8 9 10


1 H MeOH Li2[PdCl4] 0 0 ±
2 H MeOH/Et3N Li2[PdCl4] <5 > 95 ±
3 H MeOH Pd(OAc)2 0 0 ±
4 H MeOH/Et3N Pd(OAc)2 8 92 ±
5 H CH2Cl2 Pd(OAc)2 45 55 ±
6 H CH2Cl2/Et3N Pd(OAc)2 23 77 ±
7 SiMe3 MeOH Li2[PdCl4] 95 ± 5
8 SiMe3 MeOH/Et3N Li2[PdCl4] 90 ± 10
9 SiMe3 MeOH Pd(OAc)2 95 ± 5


10 SiMe3 MeOH/Et3N Pd(OAc)2 88 ± 12
11 SiMe3 CH2Cl2 Pd(OAc)2 15 ± 85
12 SiMe3 CH2Cl2/Et3N Pd(OAc)2 38 ± 62
13 H MeOH Pd(OAc)2


[b] 55 45 ±
14 SiMe3 MeOH Pd(OAc)2


[b] 34 ± 66


[a] Ratio was determined by integration of relevant 1H NMR resonances.
Conditions: aryldiamine:Pd salt� 1:1; [Pd], [aryldiamine]� 20mm ;
[Et3N]� 40 mm ; room temperature. [b] Excess Pd(OAc)2 (5 equiv).
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respectively; that is positions 4 and 6 for 6 and positions 3 and
5 for 7. The reactions affording the cyclopalladated complexes
8, 9, and 10 are summarized in Scheme 2; the precursors of


Me2N NMe2Pd


NMe2Me2N


Pd Pd
Cl


py
Cl


py


Me2N NMe2R


R


Cl


2. iii +


8


6: R = H


7: R = SiMe3


9: R = H


10: R = SiMe3


1. i or ii


Scheme 2. Direct palladation of NCN derivatives 6 and 7; Conditions: i)
Li2[PdCl4]/MeOH; ii) Pd(OAc)2/MeOH or CH2Cl2; LiCl/MeOH; iii)
pyridine (py).


products 9 and 10 are in fact polymers, that is [1,5-{PdCl}2-2,4-
(Me2NCH2)2-3-R-C6H]n (R�H or SiMe3), and excess pyr-
idine is added to break down the polymeric structure. It
should be noted that Chakladar et al. recently reported the
structural characterization of [1,5-{PdCl(PPh3)}2-2,4-
(Et2NCH2)2C6H2], which is closely related to 9.[11]


At this point it should be emphasized that bimetallic
complexes 9 and 10 are the result of two successive
palladations and this suggests that the initial monometallated
intermediate is more susceptible to C ± H activation than the
organic substrates 6 and 7. This point will be discussed later.


Product ratios and Caryl ± Si versus Caryl ± H bond chemo-
selectivity: The results depicted in Table 1 clearly show that
there is little difference between the use of Li2[PdCl4] or
Pd(OAc)2 as the palladium salts in 1:1 cyclometallations of
compounds 6 and 7 (cf. entries 1, 2, 7 and 8 with entries 3, 4, 9
and 10, respectively). In two cases (entries 13 and 14) in which
excess Pd(OAc)2 was used, the change in product distribution
is believed to result from the change in concentration ratios of
the substrate and the palladium salt (vide infra).


It is well known that cyclometallations can often be
promoted by the presence of a free nucleophile or base. Not
unexpectedly, the results of the cyclometallations of 6 and 7,
depicted in Table 1, clearly show a strong influence of added
base (Et3N). For example, in the presence two equivalents of
Et3N compound 6 is susceptible to palladation in MeOH
solution (entries 2 and 4), whereas omission of this base
(entries 1 and 3) affords no cyclometallated materials, even
under forcing conditions (MeOH, reflux temperature, 18 h).
Since compound 6 (and 7) is a strong organic base itself, the
absence of reactivity when no additional nucleophile/base is
present may indicate that all CH2NMe2 groups are coordi-
nated to the palladium salts and are consequently not free to
promote C ± H activation processes.


Interestingly, it was found that the 1:5 reaction mixture of
either 6 or 7 and Pd(OAc)2 (entries 13 and 14, respectively)


does lead to cyclometallated products but the selectivity is
poor. In the case of 6 there is C ± H bond activation to afford 8
and 9 (55:45) and in the case of 7 there is C ± Si and C ± H
bond cleavage affording 8 and 10 (34:66). These results
indicate that OAcÿ, like NEt3, can promote the cyclopallada-
tion of aryldiamines such as 6 and 7. In this context it is evident
that the relative concentration of substrates and reagents can
have a significant effect on cyclopalladation processes involv-
ing arylamines. This and other related aspects of palladation
chemistry have recently been discussed.[12]


The substituent positioned between the two CH2NMe2 groups
in 6 and 7 (i.e., H and SiMe3, respectively) has a dramatic in-
fluence on the reactivity. Whereas compound 6 can not be me-
tallated in MeOH in the absence of base (entries 1 and 3),
compound 7 cyclometallates readily (entries 7 and 9). Further-
more, substrates 6 and 7 show significant differences in the
resulting product distributions, that is Caryl ± H versus Caryl ± Si
bond activation selectivity. Compound 6 in MeOH in the pre-
sence of NEt3 affords, with both palladium salts, mainly the
dinuclear organopalladium(ii) species 9 (entries 2 and 4); the
latter is formed by a double C ± H bond activation reaction
(vide supra). In contrast, compound 7 gives under the same
conditions primarily the product of a single C ± Si bond cleavage,
that is mononuclear complex 8 (entries 8 and 10). Note that
addition of base in the reaction mixtures with 7 causes a minor
decrease in the selectivity for 8 (entries 7 vs. 8 and 9 vs. 10 for
Li2[PdCl4] and Pd(OAc)2, respectively); the other product is
the bimetallic compound 10. These results clearly show that
the SiMe3 group in 7 can, under the correct conditions, be used
for the selective introduction of a palladium(ii) center
between two mutually meta-positioned aryl CH2NMe2 groups.


This directional influence of the SiMe3 group of 7 in pallada-
tions performed in MeOH (entries 9 and 10) is much greater
for monometallation, that is for 8, than that found when
CH2Cl2 is the solvent. In the latter solvent this reaction with or
without added Et3N gives much lower amounts of 8, and the
bimetallic complex 10 is now the major product (entries 11
and 12). This result indicates that C ± H bond activation ortho
to the CH2NMe2 substituent in 7 is preferred over C ± Si bond
cleavage, that is the SiMe3 group acts as a protecting group for
the position between the two CH2NMe2 substituents; in the
presence of a base/nucleophile, this preference for bimetallic
product 10 is decreased slightly (entry 12).


With substrate 6 the use of CH2Cl2 also affords a mixture of
mono- and biscyclometallated products; again the bimetal-
lated species (i.e. , complex 9) is the major product (entries 5
and 6). A more important result in the solvent-dependent
reactivity of 6 with Pd(OAc)2 is that in CH2Cl2 cyclometalla-
tion occurs readily, but not selectively, at room temperature
even in the absence of a base (entry 5), whereas in MeOH
(entry 3) no cyclometallated products are found at all. In
general, the double palladation of 6 (or 7) also resulted in the
isolation of the unconverted ligand precursors after work-up.


Mechanistic aspects : The effects of variation of the organic
substrate, solvent, and additional organic base on the outcome
of palladations including Caryl ± H versus Caryl ± Si bond
activation can be rationalized by a mechanism depicted in
Scheme 3. In this mechanism, we assume that prior to
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Scheme 3. Proposed reaction pathways for the electrophilic Caryl ± H and
Caryl ± Si bond cleavage reactions of aryldiamines 6 and 7 (PdX2�PdCl2 or
Pd(OAc)2).


metallation an intermediate coordination complex is probably
formed.[13] This intermediate consists of organic substrate 6 or
7 coordinated with only one of the CH2NMe2 groups to the
PdX2 center, that is situation A and A'', respectively (see
Scheme 3; Xÿ�Clÿ, OAcÿ). In the next step, a Wheland-type
intermediate (that is, an arenonium complex) is formed by
electrophilic aromatic substitution. As a result, the metal is
attached to an sp3 carbon center with a M ± C s bond and
therefore the former aromatic ring carries a positive charge
and the metal center carries a negative charge. Since there is
coordination of only one of the two CH2NMe2 groups to the
metal center, there are two possible outcomes of this step, that
is a M ± C bond at the position between the two CH2NMe2


substituents (situation B and B''; see Scheme 3) or at the
position ortho to one of these substituents (C and C''; see
Scheme 3). If in this second step the two positions are equally
activated for electrophilic attack, then the sterically least
congested arenonium complex will be favored kinetically
(that is, situations C and C''). However, if the position between
the two substituents is activated, as in 7 by the presence of a
SiMe3 group, then metallation at this location is more
favorable, that is, situation B''. In the final stage of cyclo-
metallation, the cationic leaving group is released from the
arenonium intermediate by combination with an appropriate
nucleophile from the metal center (Xÿ) or from the solution
(e.g., Clÿ, AcOÿ, Et3N or MeOH) to form the final products of
metallation. Note that platinum(ii) complexes of the NCN
ligand are known to form stable arenonium complexes
(Figure 1) that are structurally related to the species B and B''.[14]


An important consequence of this mechanistic scheme for
compound 7 is that the product distributions will be influ-
enced by the nature of the solvent. If the palladation is
performed in MeOH, which can not only stabilize a polar
transition state but can also be a source of nucleophilic MeOÿ


ions, then the pathway from arenonium species B'' to the final


products is more favorable. The
result of the C ± Si bond cleav-
age is the production of 8 and
methoxytrimethylsilane. The
latter product contains a strong
Si ± O bond. In the case of com-
pound 6 and 7, a C ± H bond
activation affords HX and the
metallated product. When these
reactions are performed in
CH2Cl2, the only nucleophiles present in the reaction mixture
are OAcÿ or Clÿ and Et3N, all of which can extract H�.
Therefore it can be expected that C ± H bond cleavage
processes will be more favorable in this solvent.[1b, 12]


In the case of 7, the situation is significantly different to that
of 6 because one of the CH2NMe2 groups can associate with
the silicon center. This association can cause polarization of
the C ± Si bond prior to coordination of the second group to
palladium.[10,15] Such intramolecular interaction with silicon
has recently been shown in closely related species both in the
solid state and in solution.[10] As a result of this N!Si
interaction, there is an increase in electron density at the
Caryl ± Si bond, and this situation (B'') will favor electrophilic
attack of the Pd center at this bond. Thus, we can now
understand the influence of nucleophiles such as MeOÿ, Clÿ or
OAcÿ, which allow the SiMe3 group to undergo an SN2 type
nucleophilic substitution where the metallated arenonium
ring acts as the leaving group. This SN2 mechanism is well-
documented in silicon chemistry. The cleavage of Caryl ± Si
bonds in compounds similar to those shown in Scheme 3 was
the subject of extensive study by Eaborn et al.[7a] many years
ago. This work demonstrated that there is a major influence of
the electronic character of aryl substituent(s) on the rate of
Caryl ± Si bond cleavage. In particular, Caryl ± Si bonds of
aromatic compounds with electron-donor substituents are
cleaved at rates that are much greater than those containing
electron-withdrawing groups.


Our mechanism can also be used to explain the lower
selectivity for complex 8 in the cyclometallation of 7 when
excess Pd(OAc)2 is used. In this case, both CH2NMe2 groups
are probably coordinated to a palladium atom and therefore
are not available for interaction with silicon. This makes the
Caryl ± Si bond less susceptible to palladation. Thus, the SiMe3


group now merely acts to sterically buttress[16] the aromatic
ring and hence causes the C ± H bond ortho to one the
CH2NMe2 substituents to be more favored for activation.
Therefore, silicon can play a dual role in this chemistry which
is directly related to reagent concentration ratios. This results
in the formation of a species related to C'' in which the second
CH2NMe2 group is coordinated to a palladium atom and thus
does not interact with the silicon center.


Clear evidence that the monometallated products D and D''
(Scheme 3) are much better nucleophiles than 6 or 7 is shown
by the fact that the monometallated organic substrates can not
be isolated and only dimetallated products are formed.
Similar observations have also been previously reported by
Trofimenko in closely related arylamine systems.[6a] We
believe that following initial cyclopalladation at the 4-position
in 6 or at the 3-position in 7, the electron density on the


Me2N
NMe2


Pt


I Me


+
(BF4)


Figure 1. Example of a
structurally characterized
Wheland-type intermediate
(arenonium complex) with a
Pt ± C s bond.[14]
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aromatic ring is enhanced. This can be caused by either p-
backdonation from a filled palladium d orbital or, more likely,
by the polarization of the Caryl ± Pd bond in product D (D'')
with respect to the former C ± H bond in 6 (or 7), which leaves
relatively more negative charge on the arene ring in D (D'')
than in 6 (or 7). This enhanced electron density in the
aromatic ring of the monometallated product D (D'') results in
the ring being more susceptible to electrophilic substitution.
Furthermore, there is still one potentially ligating CH2NMe2


group available. Overall, this situation makes the monome-
tallated (intermediate) complex more susceptible to pallada-
tion then 6 or 7.[6a] The second metallation reaction can then
take place at two positions that are ortho to the non-
coordinated CH2NMe2 substituent. However, one of these
positions, the one between the two CH2NMe2 substituents, is
sterically more hindered than the other[6a] and this property
results in the selective palladation of the C ± H bond at the
position ortho to one of the CH2NMe2 substituents. In
practice, products with palladium bonded at the 1- and the
3-positions have not been detected. Note that directly related
1,3-biscyclomanganated complexes can be formed if the
aromatic group is h6-bonded to a Cr(CO)3 fragment.[17]


The bis-ortho-chelated complex 8 and the bispalladium(ii)
complexes 9 and 10 are not, under the conditions of our study,
susceptible to further palladations of the remaining C ± H (in 8
and 9) or C ± Si bonds (10). This implies that in these species
the CH2NMe2 groups are effectively coordinated to the PdII


centers and that a free amine unit may be an important
prerequisite for a further palladation reaction to occur.[6a]


Conclusions


Several conclusions are immediately evident upon examina-
tion of Table 1. Variation of the Pd precursor seems to have
little effect on the selectivity or product distribution in the
cyclometallation of 6 or 7. The addition of an external organic
base in MeOH solution promotes the dimetallation of ligand
precursor 6. Note that this base is not required if CH2Cl2 is
used as the solvent. The presence of the SiMe3 group in
compound 7 has a directional effect on the site selectivity of
cyclopalladation (that is, C ± Si bond cleavage is favored over
C ± H bond activation). This C ± Si bond cleavage (with
concurrent palladation) occurs to a much higher degree in
the protic solvent MeOH but is inhibited in the less polar
halocarbon solvent CH2Cl2. Moreover, bulky silicon groups
have been shown to play a dual role as either an activating
group for chemoselective palladation or conversely as a
blocking group which promotes regioselective palladation.


The development of an alternative route to organopalla-
dium(ii) complexes, by means of an electrophilic C ± Si bond
cleavage, has been described. A direct consequence of this
result is that a transmetallation involving highly reactive
organolithium reagents can be avoided. Therefore, a synthetic
protocol has been developed for organopalladium chemistry
that will allow the use of functionalised bis(amino)aryl ligand
precursors containing sensitive groups such as MeC�O and
NO2.[3,4]


Experimental Section


General comments: All organometallic syntheses were performed in a dry
dinitrogen atmosphere using standard Schlenk techniques. The solvents
MeOH and CH2Cl2 were dried and freshly distilled prior to use. NMR
measurements were performed at 298 K with a Bruker AC200 spectrom-
eter with chemical shifts referenced to external Me4Si. The compounds 6[10]


and 7[10] were prepared according to previously described methods.
Palladium precursors were obtained from Degussa.


Electrophilic palladation reactions of the NCN ligand precursors 6 and 7
with the palladium(ii) complexes Li2[PdCl4] and Pd(OAc)2: The following is
a representative example of the experimental conditions used. In a typical
experiment [2,6-bis(dimethylaminomethyl)phenyl]trimethylsilane (0.10 g,
0.38 mmol) and Pd(OAc)2 (0.08 g, 0.38 mmol), each dissolved in MeOH
(10 mL), and Et3N (0.10 mL, 0.72 mmol) were mixed at room temperature,
and the reaction mixture was then stirred for 18 h. A solution of LiCl
(0.05 g, 1.14 mmol; excess) in MeOH (10 mL) was then added, and the
mixture was stirred at room temperature for 30 min. After evaporation of
the solvent in vacuo, a solution of pyridine (0.18 g, 2.28 mmol) in CH2Cl2


(10 mL) was added to the residue, and the mixture stirred for an additional
30 min at room temperature. Volatile components were then removed in
vacuo and the residue washed with pentane (2� 10 mL). The product
mixture was redissolved in CH2Cl2 (10 mL), filtered through Celite, and
then evaporated in vacuo. The resulting residue was then analyzed by NMR
spectroscopy and the appropriate resonances were then used to determine
the product ratio. NMR data of the products of the cyclopalladation
reactions of 6 and 7 are collected below.


8: 1H NMR (200 MHz, CDCl3): d� 7.73 (m, 1 H; Ar), 6.71 (d, 2 H, 3JH,H�
7.24 Hz; Ar), 3.94 (s, 4H; CH2), 2.87 (s, 12H; NMe2).


9: 1H NMR (200 MHz, CDCl3): d� 8.62 (d, 4 H, 3JH,H� 4.9 Hz; Ar), 7.57 (t,
2H, 3JH,H� 7.4 Hz; Ar), 7.07 (t, 4H, 3JH,H� 7.0 Hz; Ar), 6.65 (s, 1 H; Ar),
4.81 (s, 1H; Ar), 3.86 (s, 4 H; CH2), 2.86 (s, 12H; NMe2).


10: 1H NMR (200 MHz, CDCl3): d� 8.45 (d, 4 H, 3JH,H� 5.2 Hz; Ar), 7.51
(t, 2H, 3JH,H� 7.2 Hz; Ar), 6.98 (t, 4H, 3JH,H� 6.6 Hz, Ar), 4.78 (s, 1H; Ar),
3.88 (s, 4H; CH2), 2.82 (s, 12H; NMe2), 0.34 (s, 9H; SiMe3).
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Impressive Enhancement of the Enantioselectivity for a
Hydroxy-Containing Rhodium(i) Bisphosphine Catalyst
in Aqueous Solution by Micelle-Forming Amphiphiles


Rüdiger Selke,* Jens Holz, Andreas Riepe, and Armin Börner*


Abstract: The enantioselectivity of the
asymmetric hydrogenation of some che-
lating olefinic substrates with hydroxy-
DIOP rhodium(i) chelate 1 as catalyst
can be influenced by amphiphiles in
water to an unprecedented degree. The
differences in enantiomeric excesses
compared with blanks (without amphi-
phile) are in excess of 70 D% ee. Long
alkyl chains in the amphiphile are es-
sential for high D% ee. The enantiose-


lectivity distinctly exceeds that in pure
methanol. The analogous DIOP chelate
4 shows a lower enantiomeric enhance-
ment; this indicates the importance of
the hydroxy group of the catayst in this
phenomenon. The effect decreases for


both catalysts when the proportion of
methanol in the solvent mixture is
increased and the micelles thereby de-
stroyed. This gives evidence for the
importance of micelle formation. Never-
theless, we think that an additive anionic
effect may also be taken into account
when anionic amphiphiles such as so-
dium dodecylsulfate (SDS) are used.Keywords: asymmetric catalysis ´


hydrogenations ´ rhodium ´ solvent
effects ´ surfactants


Introduction


Five years ago Oehme et al.[1] discovered that the enantiose-
lectivity of chiral rhodium catalysts in asymmetric hydro-
genation could be enhanced by the action of amphiphilic
modifiers; since then, this fact has attracted increasing
attention.[2] Dehydroamino acid derivatives in aqueous sol-
ution have been the preferred substrates. Buriak and Os-
born[2d] achieved selectivity enhancement with imine sub-
strates in apolar solvents such as benzene. However, they have
evidence that a sulfonate anion effect caused the observed
increase of the enantiomeric excess for the product amine,
and not the formation of reversed micelles from the applied
amphiphile sodium bis(2-ethylhexyl)sulfosuccinate (AOT).
Nozaki et al. published details of a rate enhancement by SDS,
with only a minor change of selectivity for a new hydrogen
transfer reaction of 1,2-cis-cyclohexanedimethanol, giving a
cyclic chiral lactone catalyzed by a ruthenium complex.[3]


In the following exposition we give some new evidence for
the importance of micelle formation in increasing hydro-
genation enantioselectivity in water to an unprecedented
degree under the influence of amphiphiles.


Results and Discussion


From Table 1 it can be seen that the hydrogenation of
derivatives of unsaturated prochiral acids by means of the
recently introduced[4] rhodium(i) precatalyst [Rh{(R,R)-HO-
diop}(cod)]BF4 (1) containing a bisphosphine carrying a


hydroxy group yielded high enantiomeric excesses under the
action of micelle-forming amphiphiles in water. For the
substrate methyl (Z)-2-acetamidocinnamate (2 a) D% ee
reaches nearly 75 %. In the case of substrate dimethyl
itaconate (2 c) an inversion to the enantiomeric S product
results. The question arises as to the reason for this large
change in enantioselectivity. Micelles including the catalyst
and the substrate may form a less polar environment for the
catalyst compared with pure water. In view of the better
solubility and the higher enantioselectivity of the catalyst in
organic solvents it seems plausible that the association of the
catalyst with the micellar aggregation also causes a respect-
able enantiomeric enhancement. Long alkyl chains of the
amphiphiles are essential for high %ee (Figure 1). However,
an additional anionic effect in the case of anionic surfactants
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Figure 1. Effect of the alkyl chain length n of modifying n-alkyl sulfates on
the enantioselectivity of 1 as precatalyst for the hydrogenation of substrate
2a in water (bl.� blank, &�without amphiphile, n� 0 means Na2SO4). For
conditions see Table 1.


cannot be excluded. Sulfate ions alone have a small effect: the
presence of 10 mmols sodium sulfate per 0.01 mmol catalyst
increases the enantioselectivity of hydrogenation of 2 a from
1.5 (in the absence of sulfate) to 20.6 % ee methyl (R)-N-
acetylphenylalaninate (Figure 1). Furthermore, it should be
mentioned that the action of SDS is already visible distinctly
below the critical micelle concentration (cmc) for SDS in pure
water (Figure 2). It may be misleading to use this as an argu-


Figure 2. Influence of SDS on half-life (t1/2) and %ee (R) of 1 as precatalyst
for the hydrogenation of substrate 2a in water. For conditions see Table 1,
footnote [a].


ment to exclude micelle formation as a reason for the
enhancement of enantioselectivity by added amphiphiles.
The presence of substrate excess must be taken into account;


it is well-known that the cmc decreases in the presence of
additives.[5] Moreover, it has been found that the cmc of
amphiphilic ligands may decrease by several orders of
magnitude on the complexation of transition metals.[6] Even
the oxidation state of the metal may have a distinct influence
on the surface-active properties.[7] With the change of
rhodium valency in our catalytically active system we there-
fore have little chance of proving the real aggregation state
under hydrogenating conditions. We can see that addition of
even small amounts of SDS to the system starts an agglom-
eration, giving an orange grease having the constitution
[Rh{(R,R)-HO-diop}(cod)]C12H25OSO3 (3). Using 3 as pre-
catalyst for the hydrogenation of 2 a in toluene, we obtained
methyl (R)-N-acetylphenylalaninate in 60 % ee within five
minutes.


The partial precipitation of rhodium as 3 explains the
decrease of activity visible as an increase of the half-life in the
starting period of the curve in Figure 2. The amount of 3 is
decreased by addition of increasing amounts of SDS and fully
disappears when a 5/1 ratio of SDS/1 is reached, but the liquid
phase remains opaque. Just at this point the maximum
enantioselectivity for the system is obtained and the curve
for the half-life shows a break, indicating that the activity has
nearly reached its final value. We think that the dispersion of 3
is rendered possible by formation of mixed micelles between
SDS and 3.


Using Triton X-100 as a nonionic amphiphile we found a
very similar increase in enantioselectivity, which was likewise
observable distinctly below the cmc of the pure surfactant but
without any intermediate complex precipitation (Figure 3).


Figure 3. Influence of Triton X-100 on half-life and %ee (R) of 1 as
precatalyst for the hydrogenation of substrate 2 a in water. For conditions
see Table 1, footnote [a].


Even the cationic amphiphile hexadecyltrimethylammonium
hydrogensulfate enables the aqueous system to form methyl
(R)-N-acetylphenylalaninate in 70 % ee. This unexpectedly
strong influence on the degree of D% ee enhancement for
non- and cationic tensides corresponds to a relative enantio-
selectivity Qa/b� 5.5 (compared with the blank experiment[2g])
and is a strong indication of the importance of micelle
formation in the changes in selectivity.


There is a further argument for the importance of micelle
formation: it is well-known that the ability of SDS to form


Table 1. Influence of SDS on hydrogenations with [Rh{(R,R)-HO-diop}-
(cod)]BF4 (1) in water.[a]


Substrate t1/2 (min) % ee (R) Qa/b
[b]


2 R1 R2 R3 blank � SDS blank � SDS


a Ph Me NHCOCH3 7 5 1.5 76.6 7.3
b Ph H NHCOCH3 9 3 34.4 72.8 3.1
c H Me CH2COOMe 6 5 26.4 40.3 (S) 4.1
d H H CH2COOH 5 3 11.7 (S) 69.7 (S) 4.4


[a] 1 mmol substrate; 0.01 mmol 1; 15 mL H2O; 25 8C; 0.1 MPa. [b] Qa/b�
relative enantioselectivity (refs. [1g, 12])� era


erb
; era� enantiomeric ratio in


the presence of 0.1 mmol amphiphile; erb� enantiomeric ratio without
amphiphile (blank).







Enantioselectivity Enhancement 769 ± 771
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micelles decreases as the percentage of methanol in the water/
alcohol mixture increases.[8] Indeed, we can show that a large
decrease in enantioselectivity is connected with an increase
above 20 % methanol in the solvent mixture. This selectivity
decrease stops at 50 % methanol content, when it reaches the
normal blank curve of %ee dependence of methanol content
in water/methanol (Figure 4). In the concentration region


Figure 4. Influence of varying amounts of methanol in water on the
enantiomeric ratio (er�R/S) in the hydrogenation of substrate 2 a with
0.1 mmol SDS. For conditions see Table 1, footnote [a].


beneath 5% methanol the reproducibility is poor and may be
connected with a decrease in the cmc in presence of a very
small proportion of alcohol.[9, 10]


In addition in Figure 4 we show the behaviour of the
analogous precatalyst complex [Rh{(R,R)-diop}(cod)]BF4 (4),
which contains Kagan�s ligand (R,R)-DIOP[11] without the


hydroxy group of 1. Impressive differences in selectivity result
for the complexes which are completely absent in experiments
without SDS. Note that the enantioselectivity is given in
enantiomeric ratio (er�R/S), a better measure for comparison
of similar catalysts than %ee.[12] Furthermore, Figure 4
demonstrates the improvement of the water/SDS system
about pure methanol solvent for the hydroxy group contain-
ing precatalyst 1. Such an effect, however, is absent for the
precatalyst 4.


The reason for the change in enantioselectivity is under
discussion.[13] In principle four intermediate catalyst substrate
chelates are possible for the C1-symmetric 1.[13e,f] Induced by
changes of conformation and the electronic state around the
rhodium, their ratio and relative hydrogenation reactivity will
be influenced by the surrounding medium: solvent, associated
amphiphiles or counterions. Evidence for the participation of
catalyst ± olefin-dihydride intermediates in the asymmetric
hydrogenation has been given recently.[14]


Experimental Section


Equipment and general methods : Gas chromatography was performed
with a Hewlett Packard (5890 series II) gas chromatograph. Elemental
analyses were carried out on a LECO CHNS-932. The experimental proce-
dures for the hydrogenation, the synthesis of substrates, the derivatization
of the hydrogenated products and the determination of the enantioselectivity
have been described earlier.[1b, 2g, 12a] Water as solvent was distilled and stored
under argon. For the estimation of enantioselectivity the hydrogenation
suspension was evaporated to dryness and the residue dissolved in methanol
and analyzed by gas chromatography. Acid products were analysed after
esterification with diazomethane. The volatile dimethyl 2-methylsuccinate
hydrogenation product of 2c had to be obtained by extraction with
methylene chloride rather than by evaporation of the suspension.


[Rh{(R,R)-HO-diop}(cod)]C12H25OSO3 (3): Precatalyst 1[4] (405 mg, 0.5 mmol)
and SDS (144 mg, 0.5 mmol) were dissolved in methanol (5 mL) at 50 8C
under argon. Water (100 mL) was added slowly while the mixture was
stirred and the heating switched off. The orange-yellow precipitate of 3 was
separated from the mother liquor and washed with water (2� 2 mL). The
residue was dried at 30 8C under vacuum and afforded the product 3 in
41.2 % yield. Elem. anal. C51H69O7P2RhS: calcd C 61.81, H 7.02, P 6.25, Rh
10.38, S 3.24; found C 61.24, H 6.87, P 6.31, Rh 10.08, S 3.09.


A second crop of 40 ± 50% yield may be obtained by addition of further
100 mL of water to the mother liquor.
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Sensitized Near-Infrared Emission from Nd3� and Er3� Complexes of
Fluorescein-Bearing Calix[4]arene Cages


Manon P. Oude Wolbers, Frank C. J. M. van Veggel,* Frank G. A. Peters,
Eric S. E. van Beelen, Johannes W. Hofstraat, Frank A. J. Geurts, and
David N. Reinhoudt*


Abstract: Three novel, fluorescein-con-
taining calix[4]arenes bearing three car-
boxylic acid or three diethylamide func-
tions were synthesized for the complex-
ation of Nd3� or Er3�. The typical Nd3�


luminescence in the near-infrared region
of the electromagnetic spectrum is in-
creased up to seven times upon excita-
tion via fluorescein relative to calix[4]-
arene excitation. The calix[4]arene moi-
ety itself already acts as a sensitizer;
however, fluorescein is not only a more


efficient sensitizer, but also makes ex-
citation in the visible part of the electro-
magnetic spectrum (at approximately
500 nm) possible. In contrast, Er3� lumi-
nescence could only be observed upon
fluorescein excitation. The lumines-
cence intensity is strongly dependent


on the conformational properties of the
ligand, the solvent, and the length of the
spacer between the calix[4]arene and
fluorescein. The luminescence lifetimes
are solvent-dependent but independent
of the length of the flexible spacer
between the sensitizer and the calix[4]-
arene. They were determined as 1.23 ±
1.26 ms for calix[4]arene complex 1 ´
Nd3� and 1.63 ± 1.71 ms for 1 ´ Er3� in
DMSO solutions.


Keywords: calixarenes ´ fluores-
cence ´ lanthanides ´ luminescence
´ sensitizers


Introduction


Recently, we have reported the luminescence properties of
various lanthanoid ion complexes.[1] We were mainly inter-
ested in long luminescence lifetimes of the lanthanoid ion
complexes obtained by shielding the lanthanoid ions from
high-energy vibrational modes in their chemical environment
and efficient excitation. From the use of systematic deutera-
tion, it became clear that the quenching by the encapsulating
ligand is important in the case of a low concentration of O ± H
oscillators around the lanthanoid ions. Our overall aim is the
application of organic lanthanoid ion complexes in polymer-
based optical amplifiers that operate at 1.3 mm and 1.5 mm, the
second and third telecommunication windows, respectively.
For this purpose, Nd3� and Er3� can be used in inorganic
matrices.[2] To achieve optical amplification, population
inversion (more lanthanoid ions in the excited state than in


the ground state) is required, which is facilitated by efficient
excitation and long luminescence lifetimes. However, despite
the optimization of the environment surrounding the lantha-
noid ion, the luminescence intensities of the lanthanoid ions in
inorganic matrices remain low because of the relatively
inefficient direct excitation of the ions. The absorption
coefficients of lanthanoid ions are low relative to organic
chromophores: the absorption coefficients of conjugated
organic molecules are typically 3 ± 4 orders of magnitude
higher than those of lanthanoid ions.[3] In addition, the
absorption bands of chromophores are much broader, so that
there is a wider choice of light sources for excitation.
Therefore, organic molecules that can be excited very
efficiently and may transfer the excitation energy to lantha-
noid ions are often used as sensitizers. This so-called
sensitized emission is often used in fluoroimmunoassays.
Some examples of efficient sensitizers for Eu3� and/or Tb3�


taken from the literature are carbostyril-124,[4] 4-(phenyl-
ethynyl)pyridine,[5] and triphenylene.[6] The efficiency of the
energy transfer to lanthanoid ions is, amongst other things,
dependent on the luminescent level of the complexed
lanthanoid ion and on the energy level of the triplet state of
the sensitizer, which can be influenced by structural modifi-
cation of the sensitizer. Moreover, the energy transfer rate is
largely influenced by the distance R between the sensitizer
and the lanthanoid ion (k/Rÿ6 or eÿR). The use of sensitizers
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significantly reduces the required
pump power that is needed to
achieve population inversion in
lanthanoid ions. Optical gain cal-
culations[7] yield the pump pow-
er, which decreases by approxi-
mately three orders of magnitude
as a result of the high absorption
coefficient of the sensitizer. An-
other advantage is the applicabil-
ity of various pump wavelengths
as a result of the broad absorp-
tion bands of sensitizers. For
application in telecommunica-
tions systems we are mainly in-
terested in excitation with red
light because lasers operating in
this part of the spectrum are
available at low cost.


The energy transfer from fluo-
rescein to Eu3� and from its
tetrabromo derivative, eosin, to
Nd3� or Yb3� have been reported
in solution.[8a,b] In both cases no
ligands were present for com-
plexation of the lanthanoid ions,
apart from the carboxylic acid of
the sensitizer. Meshkova and co-
workers used (2-pyridazo)-2-
naphthol for the luminescent de-
tection of ytterbium.[8c,d] The
present paper describes the covalent attachment of fluores-
cein to functionalized calix[4]arenes that can complex lan-
thanoid ions (1 and 2). It is assumed that in a preorganized


supramolecular system, the
sensitizer can be forced into
close proximity to the lantha-
noid ion, which will enhance
the energy transfer rate. Fur-
thermore, the calix[4]arene
will shield the lanthanoid ion
against effective quenchers,
like O ± H groups, in the first
coordination sphere. The syn-
thesis and luminescence prop-
erties of the Nd3� and Er3�


complexes of the fluorescein-
containing calix[4]arenes are
discussed. To the best of our
knowledge this is the first
example of an organic sensi-
tizer which is covalently linked
to 1:1 complexes (polydentate
ligand:lanthanoid ion) leading


to sensitized emission in the near-infrared part of the electro-
magnetic spectrum. Er3� emission originating from 1:1
organic complexes has not been reported before and has only
recently been observed in our laboratories. Parker and co-
workers have recently published details of the luminescence


properties of ytterbium complexes on either direct excitation
or sensitized emission with co-dissolved chromophores.[9]


Horrocks and co-workers have recently described the sensi-
tized emission of ytterbium complexed in a protein by means
of tryptophan moieties.[10]


Results and Discussion


Synthesis : Three different organic ligands containing fluo-
rescein as sensitizer were synthesized for the complexation of
lanthanoid ions. Two bear three carboxylic acid groups as
coordinating sites, whereas the other has three diethylamide
functions. The fluorescein moiety is attached to the calix[4]-
arene by another amide function. Upon deprotonation and
complexation, the carboxylic acid-containing ligands give
overall neutral complexes, which only differ in the length of
the spacer between the calix[4]arene and the fluorescein
derivative.


The synthesis of both fluorescein-containing calix[4]arene-
based triacids 11 (Scheme 1) starts from p-tert-butylcalix[4]-
arene (3), which is converted to the triethylester monoacid
chloride 6 by literature procedures.[11] Compound 6 was
coupled to one equivalent of the appropriate mono-Boc-
protected diamine (x� 6 or 3) in dichloromethane in the
presence of triethylamine as a base. Both products 7 a and 7 b
were obtained in � 80 % yield and were pure (elemental
analysis). Formation of the amide was evident from 1H NMR


Scheme 1. The synthesis of fluorescein-containing calix[4]arene-based triacids 11 and of their Ln complexes.
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spectroscopy; both spectra show a broad singlet at d� 8.3 ± 8.4
for the amide hydrogen atom and a singlet at d� 1.4 which can
be attributed to the tert-butyl hydrogen atoms of the Boc
group. Subsequently, the Boc group was removed by addition
of trifluoroacetic acid to a solution of 7 in dry dichloro-
methane. The free amines 8 were obtained in 80 % to
quantitative yield after basic work-up. Deprotection was
obvious from 1H NMR spectroscopy and from FAB mass
spectra showing the highest peak at a value that can be
attributed to [(M�H)�] for both products, that is, 1063.7 for
8 a (C64H91N2O11: 1063.7) and 1021.5 for 8 b (C61H85N2O11:
1021.6).


The free amines[12] were treated with the isothiocyanate-
functionalized fluorescein (9) in THF at room temperature.
After purification by Sephadex column chromatography, the
products 10 a and 10 b were ob-
tained in 88 % and 70 % yield,
respectively, and were pure ac-
cording to elemental analysis.
The covalent attachment of the
fluorescein was evident from IR
spectroscopy; a vibrational band
at 3360 cmÿ1 corresponding to the
N ± H stretch vibration of the thi-
ourea was clearly visible, together
with a band at 1611 ± 1612 cmÿ1


which may be attributed to the
C�S stretch vibration.[13] The high-
est peaks in the FAB mass spectra
were observed at 1475.2 for 10 a
and at 1432.7 for 10 b, correspond-
ing to the calculated value for
[(M�Na�H)�] (1475.7 and
1432.6, respectively). Moreover,
the 1H NMR spectra show a singlet
at d� 8.2, a double doublet at d�
7.9 (3J(H,H)� 8.3 Hz, 4J(H,H)� 2.0 Hz), and a doublet at d�
6.9 (3J(H,H)� 8.3 ± 8.6 Hz) for the hydrogen atoms on the
aromatic ring of fluorescein that is directly connected to the
thiourea unit.[14] The triesters 10 were hydrolyzed with KOH
(1n) in refluxing methanol. From the 1H NMR spectra it was
evident that the ethyl groups were cleaved off, and the FAB
mass spectra show peaks at m/z� 1368.6 for 11 a and m/z�
1325.1 for 11 b, corresponding to [(M�H)�] (1368.6 and
1325.5, respectively). The triacids were deprotonated with
triethylamine in THF and complexed with one equivalent of
the appropriate lanthanoid nitrate. The complex precipitated
from the reaction mixture only after addition of four
equivalents of triethylamine, whereas the solution remained
clear after the addition of three equivalents. This implies that
the acid at the fluorescein is also deprotonated in the
precipitate, with Et3NH� as the counterion. The complexes
were isolated by centrifugation and subsequently washed with
THF. The complete deprotonation to give carboxylate groups
was also evident from the IR spectra, which showed vibrations
at 1581 ± 1597 cmÿ1 for the carboxylate groups. The C�O
stretch vibrations of the triacids 11 absorb at 1754 ± 1762 cmÿ1.
No satisfactory mass spectra could be obtained for 1 ´ Nd3�,
although the typical Nd3� isotope pattern was clearly ob-


served in the fragments. MALDI-TOF mass spectra of 1 ´ Er3�


show peaks at 1526 [(1 a ´ Er3�ÿCO�Na)�], 1503 [(1 a ´
Er3�ÿCO)�], and 1446 [(1 a ´ Er3�ÿCOÿCH2COO)�] for
1 a ´ Er3�, and at 1483 [(1 b ´ Er3�ÿCO�Na)�], 1460 [(1 b ´
Er3�ÿCO)�], 1428 [(1 b ´ Er3�ÿCOÿCH2COO�Na)�],
and 1405 [(1 b ´ Er3�ÿCOÿCH2COO)�] for 1 b ´ Er3�. All
peaks clearly have the characteristic isotope pattern of
erbium. The loss of a CH2COO fragment was also observed
for terphenyl-based ligands.[1] In the FAB mass spectra of the
preceding triacids 11 the [(MÿCO)�] peaks were also
observed.


The synthesis of calix[4]arene triamide 2 bearing a fluo-
rescein moiety as sensitizer was performed via precursor 12
(Scheme 2), the synthesis of which was described in a previous
paper.[15] The isothiocyanate-functionalized fluorescein 9 was


added to calix[4]arene 12 in THF at room temperature. The
product was obtained in 93 % yield and was pure according to
elemental analysis. Formation of the product was evident
from FAB mass spectrometry, which showed peaks at m/z�
1572.9 and 1556.9 that can be attributed to [(M�H�K)�]
and [(M�H�Na)�], respectively. Moreover, in the IR
spectrum bands are present at 3429 cmÿ1 for the N ± H stretch
vibration, and at 1633 cmÿ1 for the C�S stretch vibration. The
C�O stretch vibrations were observed at 1761 and 1669 cmÿ1


for the fluorescein moiety and the amide groups, respectively.
Furthermore, the 1H NMR spectrum shows a singlet at d�
8.22 and two doublets at d� 7.73 and 6.93 (3J(H,H)� 8.2 Hz)
for the hydrogen atoms at the fluorescein ring directly
connected to the thiourea spacer. The triamide 2 was
dissolved in a mixture of acetonitrile and methanol (v:v�
3:1) and one equivalent of Nd(NO3)3 ´ 5 H2O in acetonitrile
was added. After refluxing overnight the reaction mixture
remained clear and the photophysical studies were performed
in situ.


Photophysical studies : Since Nd3� and Er3� have lumines-
cence bands in the near-infrared (near-IR) part of the
spectrum, at 1.3 mm and 1.5 mm, respectively, that is, just in


Scheme 2. The synthesis of calix[4]arene triamide 2 bearing a fluorescein moiety as sensitizer.
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the two wavelength regions relevant for optical telecommu-
nication, these lanthanoid ions were used for complexation.
Photophysical studies were performed on these complexes in
[D4]methanol and in DMSO. The efficiency of energy transfer
from the fluorescein moiety to the lanthanoid ions was studied
relative to the calix[4]arene moiety, which itself also acts as a
sensitizer as is evidenced by the excitation spectra of
calix[4]arene-based Eu3� complexes.[6] Direct excitation of
Nd3� at 800 nm was not performed, whereas after direct
excitation of Er3� at 488 nm it is not possible to discriminate
between direct and sensitized emission due to the significant
absorption of fluorescein at this wavelength.


Neodymium : The typical Nd3� luminescence consists of a
relatively intense emission band at 1060 nm and weaker ones
at 880 and at 1350 nm (corresponding to the 4F3/2 ± 4I11/2 , 4F3/2 ±
4I9/2, and 4F3/2 ± 4I13/2 transition, respectively). The excitation
spectra of 5� 10ÿ5m solutions of 1 a ´ Nd3� and 1 b ´ Nd3� in
[D4]methanol[16] and DMSO, detected at 1060 nm, are de-
picted in Figure 1a. The excitation band around 500 nm
proves the occurrence of sensitized emission through the
fluorescein moiety. The Nd3� emission at 1060 nm is a result of
the excitation of fluorescein, followed by energy transfer to
Nd3�. In DMSO solutions the excitation band is broader,
allowing more red-shifted excitation.[17]


Figure 1b shows the emission spectra of 1 a ´ Nd3� and 1 b ´
Nd3� in DMSO, which are normalized for the absorption coeffi-
cient and the lamp intensity at the excitation wavelength. The
spectra illustrate the significant increase in luminescence intensity
upon excitation via the fluorescein moiety relative to excita-
tion via the calix[4]arene for both complexes. In addition, the
calix[4]arene itself also acts as a sensitizer. The same effects
were observed in [D4]methanol (data not shown). The intensity
increase upon excitation of fluorescein is more pronounced
for the C6 spacer (approximately seven times higher, com-
pared with a twofold increase for the C3 spacer). However, the
highest luminescence intensity is obtained for 1 b ´ Nd3�, which
might be due to a difference in the energy transfer efficiency
in 1 b ´ Nd3� and 1 a ´ Nd3�. Figure 2a, in which the relative
intensities of sensitized emission for the complexes with the
C6 and C3 spacer are depicted, also indicates the more intense
luminescence in case of the shorter spacer.


The luminescence lifetimes of 1 a ´ Nd3� and 1 b ´ Nd3� in
[D4]methanol and DMSO solutions were determined after
laser excitation at 337 nm (Table 1). The lifetimes of both
complexes are equal within the experimental error, and are
longer in DMSO than in [D4]methanol (1.23 ± 1.26 ms and
0.80 ± 0.86 ms, respectively). This implies that the deactivation
by the high-energy vibrational modes of both the surrounding
organic ligand and the solvent is similar for 1 a ´ Nd3� and 1 b ´


Nd3� and, therefore, cannot be
the cause of the differences in
luminescence intensities. On the
other hand, the lifetimes are sig-
nificantly longer in DMSO; this
might be the result of conforma-
tional changes upon changing the
solvent, rendering deactivation
by the organic ligand less efficient
in DMSO, or by shielding of the
lanthanoid ion from strongly
quenching O ± H groups by com-
plexing DMSO molecules. More-
over, deactivation by [D4]metha-
nol might be relatively efficient
because the first overtone of the
O ± D vibration (nÄO±D� 2400 cmÿ1)
is more or less resonant with the
energy gap between the lumines-
cent excited state and a lower-
lying state of Nd3� (DENd3��
5300 cmÿ1).[18]


Furthermore, the more intense
luminescence of 1 b ´ Nd3� is cor-
roborated by the less intense
fluorescence observed for fluo-
rescein for 1 b ´ Nd3� relative to
1 a ´ Nd3� in both [D4]methanol
and DMSO solutions (Figure 2b).
The reduction in fluorescein in-
tensity is most likely caused by an
increase of the singlet ± to ± trip-
let intersystem crossing induced
by the lanthanoid ions (a heavy


Figure 1. a) Excitation spectra of i) 1 a ´ Nd3� in [D4]methanol, ii) 1b ´ Nd3� in [D4]methanol, iii) 2 ´ Nd3� in
acetonitrile, iv) 1 a ´ Nd3� in DMSO, and v) 1b ´ Nd3� in DMSO, detected at 1060 nm; b) emission spectra of
DMSO solutions of i) 1 a ´ Nd3� excited at 310 nm, ii) 1b ´ Nd3� excited at 310 nm, iii) 1a ´ Nd3� excited at
515 nm, and iv) 1b ´ Nd3� excited at 515 nm.


Figure 2. a) Emission spectra of i) 1 a ´ Nd3� in [D4]methanol, ii) 1 b ´ Nd3� in [D4]methanol, iii) 1 a ´ Nd3� in
DMSO, and iv) 1b ´ Nd3� in DMSO, excited at 500 nm and b) fluorescence spectra of i) 1 b ´ Nd3� in
[D4]methanol, ii) 1 b ´ Nd3� in DMSO, iii) 1 a ´ Nd3� in [D4]methanol, and iv) 1 a ´ Nd3� in DMSO, excited at
300 or 310 nm.
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atom effect), which indicates that the sensitizer would be
closer to and more efficient in exciting the lanthanoid ion in
1 b ´ Nd3� relative to 1 a ´ Nd3�. The decrease in fluorescence
intensity in going from the C6 to the C3 spacer is not
proportional to the increase in Nd3� emission. This might be
the result of a difference in energy transfer efficiency, or in the
population and/or lifetime of the triplet level. The fluores-
cence maximum is red-shifted in DMSO to 550 nm, compared
with 525 nm in [D4]methanol, which indicates the solvent-
dependent positions of the energy levels of fluorescein. Since
the quantum yield of the triplet state of fluorescein is very low
(f� 0.02), it might be possible that the singlet state is
involved in the energy transfer process, either by reabsorp-
tion[19] or by dipolar interactions. However, it has been
observed that the energy transfer from fluorescein to a Nd3�


ion that is complexed by a polyaminocarboxylate to which the
fluorescein moiety is covalently attached is significantly
deactivated by 3O2.[20] This observation suggests that the
energy transfer from fluorescein to lanthanoid ions most
probably occurs via the triplet state.[6] Also, the reduction of
the fluorescence of fluorescein in the presence of the
lanthanoid ion suggests that the triplet state may be involved
in the energy transfer process. It
is likely that the quantum yield of
the triplet state of fluorescein is
much larger in the complex com-
pared to free fluorescein. The
luminescence of the Nd3� com-
plexes 1 a ´ Nd3� and 1 b ´ Nd3� is
not deactivated by 3O2, as is
demonstrated by the absence of
the 1O2 emission band at 1275 nm
and the equal lifetimes of 1 a ´
Nd3� and 1 b ´ Nd3� in aerated
and in deaerated solutions.
Therefore, it can be concluded
that the energy transfer from
fluorescein to Nd3� must be very
fast, since the rate of energy
transfer to 3O2 (� 1010 dm3 molÿ2 sÿ1) is limited by diffusion.


The increase in luminescence intensity upon excitation of
fluorescein was also observed for a solution of 2 ´ Nd3� in
acetonitrile. The excitation spectrum shows a similar excita-
tion band at 500 nm, as was observed for 1 a ´ Nd3� and 1 b ´
Nd3� (Figure 1a), and a large increase in the Nd3� emission
intensity was observed upon excitation in this band (Figure 3).
The luminescence intensity after excitation at 500 nm was
only slightly affected by the addition of triethylamine to the
solution, even in the case of a large excess of triethylamine.
Since only the mono- and dianions of fluorescein are


Figure 3. Emission spectra of 2 ´ Nd3� in acetonitrile after excitation at
287 nm and 500 nm.


fluorescent,[21] this implies that the degree of deprotonation of
fluorescein during the complexation is sufficient to obtain a
highly fluorescent organic ligand. The lifetime of 2 ´ Nd3� in
acetonitrile was determined as 0.73 ms after laser excitation at
337 nm. No 1O2 emission was observed around 1300 nm,
giving strong evidence that also in this complex the energy
transfer is fast and intramolecular.


Erbium : The same photophysical studies were performed
for the Er3� complexes of 1 a and 1 b ; however, only spectra of
5� 10ÿ5m DMSO solutions could be recorded, as these
complexes are poorly soluble in [D4]methanol. The excitation
spectra of 1 a ´ Er3� and 1 b ´ Er3�in DMSO, detected at
1535 nm, the 4I13/2 ± 4I15/2 transition (Figure 4a), show the
excitation band at 500 nm due to sensitized emission via
fluorescein. In the Er3� complexes, the luminescence intensity


of the organic ligand containing the shorter C3 spacer is
slightly more intense, probably resulting from a more efficient
energy transfer from fluorescein to the Er3� ion.


This is further illustrated by Figure 4b, which displays the
relative intensities for sensitized emission for 1 a ´ Er3� and
1 b ´ Er3�. The excitation via the calix[4]arene moiety at
310 nm did not lead to the typical Er3� emission at 1535 nm,
which is also obvious from the excitation spectra. This implies
that sensitized emission occurs only via fluorescein. The
fluorescence spectra of fluorescein itself are depicted in
Figure 5 and show a higher intensity for 1 a ´ Er3� relative to


Table 1. Lifetimes (in ms) of Nd3� and Er3� complexes of 1 a and 1 b after
excitation at 337 nm.[a]


1a ´ Nd3� 1b ´ Nd3� 1a ´ Er3� 1b ´ Er3�


CD3OD 0.86 0.80 0.76 0.88
DMSO 1.23 1.26 1.71 1.63


[a] Curve fitting was performed only for the decay part of the lumines-
cence; the lifetime of 1 b ´ Er3� in DMF is 0.63 ms (error approximately
10%).


Figure 4. a) Excitation spectra detected at 1535 nm and b) emission spectra after excitation at 515 nm, both
of DMSO solutions of i) 1 a ´ Er3� and ii) 1 b ´ Er3�.







Fluorescein±Calixarene±Lanthanoid Complexes 772 ± 780


Chem. Eur. J. 1998, 4, No. 5 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998 0947-6539/98/0405-0777 $ 17.50+.25/0 777


Figure 5. Fluorescence spectra of i) 1a ´ Er3� and ii) 1b ´ Er3� in DMSO
after excitation at 310 nm.


1 b ´ Er3� ; this is in agreement with the difference in energy
transfer efficiency between the two complexes as was also
observed for the Nd3� complexes. The broader fluorescence
band of 1 b ´ Er3� might be the effect of small conformational
changes.


The lifetime measurements were performed for both
DMSO and [D4]methanol solutions (Table 1). The lifetimes
of 1 a ´ Er3� and 1 b ´ Er3� are equal within experimental error,
and the increase in lifetime by a factor of approximately 2
upon changing the solvent from [D4]methanol to DMSO is
even more pronounced for the Er3� complexes than for the
Nd3� complexes, indicating the solvent dependency of the
composition of the first coordination sphere of the lanthanoid
ion. Deactivation by 3O2 was also negligible for the Er3�


complexes; this indicates that the energy transfer from
fluorescein to Er3� is also fast.


Concluding Remarks


Fluorescein that is covalently attached to a lanthanoid ion
complex based on a functionalized calix[4]arene is able to act
as a sensitizer for Nd3� and Er3�. The lanthanoid luminescence
intensities are significantly increased upon excitation via
fluorescein compared to excitation via the calix[4]arene. The
energy transfer is fast for both spacers on the luminescence
timescale, but is more efficient in case of the longer C6 spacer,
which may be attributed to structural changes. Moreover,
fluorescein can be excited in the visible part of the electro-
magnetic spectrum with relatively inexpensive light sources,
which is an important advantage from a commercial point of
view. The highest luminescence intensity was observed for the
Nd3� complex with the shorter C3 spacer, probably as a result
of a more effective interaction, and consequently a shorter
distance, between the carboxylic acid group of the fluorescein
moiety and the Nd3� ion. On the other hand, the spacer length
does not influence the luminescence lifetimes. The solvent has
a significant effect on the luminescence properties; the
luminescence lifetimes are significantly longer in DMSO
solutions compared to [D4]methanol solutions, which might
be the result of the solvent-dependent position of the energy
levels of fluorescein, conformational changes due to solvent
complexation, or efficient luminescence quenching by the O ±


D modes of [D4]methanol. The lifetimes of these complexes
are relatively long for organic near-IR luminescent lanthanoid
ion complexes: up to 1.23 ± 1.26 ms for the Nd3� complexes and
1.63 ± 1.71 ms for the Er3� complexes dissolved in DMSO.
These results indicate that emission in the near-IR region of
the spectrum is relatively easily achieved by the use of a
proper sensitizer.


Experimental Section


General : Melting points were determined with a Reichert melting-point
apparatus and are uncorrected. 1H NMR and 13C NMR spectra were
recorded in CDCl3 unless otherwise stated, with Me4Si as internal standard,
on a Bruker AC 250 spectrometer. For those 1H NMR and 13C NMR
spectra that were recorded in THF, the solvent contained a drop of D2O to
exchange the protons for deuterium. Mass spectra were recorded with a
Finnigan MAT 90 spectrometer with m-NBA (nitrobenzyl alcohol) as a
matrix, unless otherwise stated. IR spectra were obtained with a Biorad
3200 or a Nicolet 5SXC FT-IR spectrophotometer. CH2Cl2 was distilled
from CaCl2 and THF from Na/benzophenone ketyl prior to use. MeOH was
dried over molecular sieves (3 �) for at least 3 days. Fluorescein
isothiocyanate isomer I 90% was bought from Aldrich and purified prior
to use by Sephadex LH 20 column chromatography using THF/CH2Cl2


(v:v� 1:1) as eluent. All other chemicals were of reagent grade and were
used without further purification. All reactions were carried out under an
argon atmosphere, and syntheses concerning fluorescein derivatives were
performed in the dark. 25-Mono[(carboxylato)methoxy]-5,11,17,23-tetra-
kis(1,1-dimethylethyl)-26,27,28-tris[(ethoxycarbonyl)methoxy]calix[4]ar-
ene (5) was prepared according to literature procedures.[11]


Matrix-assisted laser desorption ionization time-of-flight (MALDI-TOF)
mass spectrometry was carried out using a PerSeptive Biosystems Voyager-
DE-RP MALDI-TOF mass spectrometer.


25-{N-[6-(1,1-Dimethylethoxy)carbonylamino]hexyl(aminocarbonyl)me-
thoxy}-5,11,17,-23-tetrakis(1,1-dimethylethyl)-26,27,28-tris[(ethoxycarbo-
nyl)methoxy]calix[4]arene (7a): Triester monoacid 5 (1.0 g, 1.0 mmol) was
refluxed in oxalyl chloride (10 mL) for 2h. After evaporation of the
remaining oxalyl chloride, the monoacid chloride was dissolved in
dichloromethane (30 mL) under an argon atmosphere. A solution of N-
Boc-1,6-hexanediamine (0.26 g, 1.0 mmol) and triethylamine (0.29 mL,
2.1 mmol) in dichloromethane (50 mL) was slowly added. The reaction
mixture was stirred overnight at room temperature and subsequently
quenched with an aqueous acetic acid solution (5%, 50 mL). The layers
were separated and the organic layer was washed twice with water (50 mL),
followed by evaporation of the solvent. Compound 7 a was obtained as
white solid in 81% yield. M.p: 85 ± 87 8C; 1H NMR ([D8]THF/D2O): d�
8.33 (br s, 1H; NH), 6.75, 6.72, 6.71 (s, 8H; ArH), not observed (NHBoc),
4.83 and 4.56 [AB-q, 3J(H,H)� 16.1 Hz, 4 H; OCH2C(O)], 4.69, 4.60, 3.18,
3.16 (AB-q, 3J(H,H)� 13.1 Hz, 8 H; ArCH2Ar), 4.65, 4.46 [s, 4H;
OCH2C(O)], 4.13 (q, 3J(H,H)� 7.1 Hz, 6 H; OCH2CH3), 3.4 ± 3.2 (m, 2H;
NCHspacer


2 ), 3.1 ± 3.0 (m, 2H; NCHspacer
2 ), 1.37 [s, 9H; C(CH3)3], 1.6 ± 1.2 (m,


8H; CHspacer
2 ), 1.20 (t, 3J(H,H)� 7.1 Hz, 9H; OCH2CH3), 1.04, 1.00, 0.98 [s,


36H; C(CH3)3]; 13C NMR ([D8]THF/D2O): d� 170.5, 170.4, 170.1 [s,
C(O)], 153.3, 153.0, 152.8 (s, ArC ± O), 145.5, 145.3, 145.1 (s, ArC ± tBu),
133.4 ± 132.6 (s, ArC), 125.7 ± 125.3 (d, ArC ± H), 74.5, 71.8, 71.3 [t,
OCH2C(O)], 60.7, 60.5, 60.3 (t, OCH2CH3), 39.3 (t, NCHspacer


2 ), 33.9, 33.8
[s, C(CH3)3], 32.0 (t, ArCH2Ar), 31.4, 31.3 [q, C(CH3)3], 29.9, 26.9, 26.6 (t,
CHspacer


2 ), 28.4 [q, C(CH3)3
Boc], 14.2 (q, OCH2CH3); MS (FAB): m/z�


1163.7 [(M�H)�], 1185.6 [(M�Na)�]; C69H98N2O13 (1162.7): calcd C
71.23, H 8.49, N 2.41; found C 71.10, H 8.69, N 2.51.


25-{N-[3-(1,1-Dimethylethoxy)carbonylamino]propyl(aminocarbonyl)me-
thoxy}-5,11,17,-23-tetrakis(1,1-dimethylethyl)-26,27,28-tris[(ethoxycarbo-
nyl)methoxy]calix[4]arene (7b): The white solid 7b was prepared analo-
gously to 7a and was obtained in 79% yield from 6 (1.0 g, 1.0 mmol), oxalyl
chloride (10 mL), N-Boc-1,3-propanediamine (0.18 g, 1.0 mmol), Et3N
(0.30 mL, 2.2 mmol), and CH2Cl2 (50 mL). M.p. 79 ± 81 8C. 1H NMR
([D8]THF/D2O): d� 8.44 (br s, 1 H; NH), 6.82, 6.79, 6.74 (s, 8 H; ArH), 5.65
(br s, 1 H; NHBoc), 4.91 and 4.63 [AB-q, 3J(H,H)� 16.2 Hz, 4H; OCH2-


C(O)], 4.8 ± 4.5 (m, 4 H; ArCH2Ar), 4.70, 4.55 [s, 4 H; OCH2C(O)], 4.20 (q,
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3J(H,H)� 7.1 Hz, 6 H; OCH2CH3), 3.5 ± 3.4 (m, 2H; NCHspacer
2 ), 3.25, 3.23


(2 parts of AB-q, 3J(H,H)� 13.1 Hz, 4 H; ArCH2Ar), 3.3 ± 3.1 (m, 2H;
NCHspacer


2 ), 1.8 ± 1.7 (m, 2H; CHspacer
2 ), 1.43 [s, 9H; C(CH3)3], 1.4 ± 1.2 (m,


9H; OCH2CH3), 1.11, 1.07, 1.05 [s, 36H; C(CH3)3]; 13C NMR ([D8]THF/
D2O): d� 170.4, 170.3 [s, C(O)], 153.2, 152.8 (s, ArC ± O), 145.7, 145.6,
145.4 (s, ArC ± tBu), 133.2 ± 132.6 (s, ArC), 125.8 ± 125.5 (d, ArC ± H), 74.2,
71.8, 71.4 [t, OCH2C(O)], 60.8, 60.6 (t, OCH2CH3), 37.2, 36.0 (t, NCHspacer


2 ),
33.9, 33.8 [s, C(CH3)3], 31.9 (t, ArCH2Ar), 31.4, 31.3, 31.0 [q, C(CH3)3], 30.5
(t, CHspacer


2 ), 28.4 [q, C(CH3)3
Boc], 14.2, 14.1 (q, OCH2CH3); MS (FAB): m/


z� 1143.4 [(M�Na)�], 1121.7 [(M� H)�]; C66H92N2O13 (1120.7): calcd C
69.57, H 8.31, N 2.46; found C 69.80, H 8.11, N 2.46.


25-[N-(6-Amino)hexyl(aminocarbonyl)methoxy]-5,11,17,23-tetrakis(1,1-d-
imethylethyl)-26,27,28-tris[(ethoxycarbonyl)methoxy]calix[4]arene (8 a):
Compound 7 a (0.50 g, 0.43 mmol) was dissolved in CH2Cl2 (25 mL), and
the solution was cooled to 0 8C under an argon atmosphere. Subsequently, a
solution of trifluoroacetic acid (1.16 mL, 15 mmol) in CH2Cl2 (5 mL) was
added over a period of 20 minutes. The reaction mixture was allowed to
warm to room temperature and subsequently stirred for an additional 4 h.
The organic solution was evaporated and the residue was stripped with
toluene (3� 50 mL). The crude product was taken up in CH2Cl2 and
washed twice with a 5% aqueous K2CO3 solution (100 mL) and once with
water (100 mL). After drying over MgSO4 and evaporation of the solvent, a
white solid was obtained in 83 % yield. This product has to be stored at low
temperature under an argon atmosphere. M.p. 83 ± 84 8C. 1H NMR
([D8]THF/D2O): d� 8.31 (br s, 1H; NH) (not observed: NH2), 6.76, 6.72,
6.67 (s, 8 H; ArH), 4.83 and 4.56 [AB-q, 3J(H,H)� 16.2 Hz, 4H; OCH2-


C(O)], 4.69, 4.59, 3.18, 3.16 (AB-q, 3J(H,H)� 13.0 Hz, 8H; ArCH2Ar),
4.65, 4.47 [s, 4H; OCH2C(O)], 4.13 (q, 3J(H,H)� 7.1 Hz, 6H; OCH2CH3),
3.4 ± 3.3 (m, 2H; NCHspacer


2 ), 2.62 (t, 3J(H,H)� 6.7 Hz, 2 H; NCHspacer
2 ), 1.5 ±


1.2 (m, 8H; CHspacer
2 ), 1.20 [t, 3J(H,H)� 7.1 Hz, 9 H; OCH2CH3], 1.05, 1.00,


0.98 [s, 36H; C(CH3)3]; 13C NMR ([D8]THF/D2O): d� 170.4, 170.3, 170.1
[s, C(O)], 153.2, 152.9, 152.8 (s, ArC ± O), 145.5, 145.3 (s, ArC ± tBu),
133.2 ± 132.6 (s, ArC), 125.7 ± 125.5 (d, ArC ± H), 74.4, 71.8, 71.3 [t,
OCH2C(O)], 60.7, 60.5 (t, OCH2CH3), 42.0, 39.4 (t, NCHspacer


2 ), 33.8 [s,
C(CH3)3], 31.9 (t, ArCH2Ar), 31.3 [q, C(CH3)3], 30.0, 27.0, 26.6 (t, CHspacer


2 ),
14.2 (q, OCH2CH3); MS (FAB): m/z� 1063.7 [(M�H)�], 1085.6 [(M�
Na)�]; C64H90N2O11 (1062.7).


25-[N-(3-Amino)propyl(aminocarbonyl)methoxy]-5,11,17,23-tetrakis(1,1-
dimethylethyl)-26,27,28-tris[(ethoxycarbonyl)methoxy]calix[4]arene (8b):
Compound 7b (0.78 g, 0.70 mmol) was deprotected in the same way as
described for 7 a, by means of trifluoroacetic acid (2.0 mL, 26 mmol) and
CH2Cl2 (50 mL). A white solid was obtained in quantitative yield. M.p.
102 ± 104 8C. 1H NMR ([D8]THF/D2O): d� 8.31 (br t, 3J(H,H)� 6.2 Hz,
1H; NH), 6.98 (br s, 2 H; NH2), 6.75, 6.73, 6.66 (s, 8H; Ar H), 4.85 and 4.57
[AB-q, 3J(H,H)� 16.2 Hz, 4H; OCH2C(O)], 4.68, 4.60, 3.18, 3.16 (AB-q,
3J(H,H)� 13.1 Hz, 8H; ArCH2Ar), 4.64, 4.47 [s, 4 H; OCH2C(O)], 4.13 (q,
3J(H,H)� 7.1 Hz, 6H; OCH2CH3), 3.43 (q, 3J(H,H)� 6.7 Hz, 2H;
NCHspacer


2 ), 2.71 (t, 3J(H,H)� 6.5 Hz, 2H; NCHspacer
2 ), 1.8 ± 1.7 (m, 2H;


CHspacer
2 ), 1.19 [t, 3J(H,H)� 7.1 Hz, 9 H; OCH2CH3], 1.04, 1.01, 0.97 [s, 36H;


C(CH3)3]; 13C NMR ([D8]THF/D2O): d� 170.4 [s, C(O)], 153.2, 152.8 (s,
ArC ± O), 145.5, 145.3 (s, ArC ± tBu), 133.2 ± 132.5 (s, ArC), 125.8 ± 125.5 (d,
ArC ± H), 74.4, 71.7, 71.4 [t, OCH2C(O)], 60.7, 60.5 (t, OCH2CH3), 39.4, 36.4
(NCHspacer


2 ), 33.8 [s, C(CH3)3], 32.0 (t, ArCH2Ar), 31.3 [q, C(CH3)3] (not
observed: CHspacer


2 ), 14.2 (q, OCH2CH3); MS (FAB): m/z� 1021.5 [(M�
H)�], 1043.6 [(M�Na)�]; C61H84N2O11: 1020.6.


5,11,17,23-Tetrakis(1,1-dimethylethyl)-25,26,27-tris[(ethoxycarbonyl)me-
thoxy]-28-{N-[6-fluorescein(thioureido)]hexyl(aminocarbonyl)methoxy}-
calix[4]arene (10a): A solution of fluorescein isothiocyanate (9, 86 mg,
0.22 mmol) in freshly distilled THF (10 mL) was added dropwise to a
solution of precursor 8a (0.20 g, 0.19 mmol) in freshly distilled THF
(15 mL) at room temperature. The reaction mixture was stirred overnight
at room temperature, followed by evaporation of the solvent. The crude
product was dissolved in CH2Cl2 and washed several times with an aqueous
1n HCl solution (20 mL, repeated until pH� 3 ± 4) and twice with water
(20 mL). The product was dried over MgSO4, and after evaporation of the
solvent, the yellow powder was purified by Sephadex LH 20 column
chromatography (THF:CH2Cl2� 1:1). The pure product (TLC, cellulose
MeOH:CH2Cl2� 1:9) was obtained in 88 % yield. M.p. 155 ± 157 8C. 1H
NMR ([D8]THF/D2O): d� 8.17 (s, 1H; Hfluor


A ), 7.91 (dd, 3J(H,H)� 8.5 Hz,
4J(H,H)� 2.0 Hz, 1 H; Hfluor


B ), 6.89 (d, 3J(H,H)� 8.5 Hz, 1H; Hfluor
C ), 6.83,


6.77, 6.73 (s, 8H; Ar H), 6.54 (d, 3J(H,H)� 8.6 Hz, 2 H; Hfluor
D ), 6.50 (d,


3J(H,H)� 2.3 Hz, 2 H; Hfluor
F ), 6.40 (dd, 3J(H,H)� 8.6 Hz, 4J(H,H)� 2.3 Hz,


2H; Hfluor
E ), 4.79 [part of AB-q, 3J(H,H)� 16.8 Hz, 2 H; OCH2C(O)], 4.7 ±


4.4 [m, 10H; OCH2C(O) and ArCH2Ar], 4.2 ± 4.0 (m, 6H; OCH2CH3),
3.6 ± 3.4 [m, 2 H; CH2NC(S)], 3.4 ±
3.3 (m, 2 H; NCHspacer


2 ), 3.3 ± 3.0 (m,
4H; ArCH2Ar), 1.7 ± 1.5 and 1.4 ±
1.3 (m, 8H; CHspacer


2 ), 1.15 (t,
3J(H,H)� 7.1 Hz, 9H; OCH2CH3),
1.05, 1.00, 0.98 [s, 36 H; C(CH3)3];
13C NMR ([D8]THF/D2O): d�
183.9 [C(O)fluor] , 172.4, 172.3, 170.5
[C(O)], 161.9 [C(O)fluor] , 155.7,
155.5, 154.9 (ArC ± O), 147.3
(ArC ± tBu), 144.2 (ArC ± Ofluor),
136.1 ± 135.5, 131.4 ± 125.9 (ArC),
114.4, 113.2, 104.6 (Cfluor), 76.7,
74.2, 73.7 [OCH2C(O)], 62.7, 62.4
(OCH2CH3), 46.1, 40.9 (NCHspacer


2 ),
36.0, 35.9 [C(CH3)3], 34.1 (ArCH2Ar), 33.7, 33.2 (CHspacer


2 ), 33.2 [C(CH3)3],
32.0, 30.7, 30.1 (CHspacer


2 ), 16.0 (q, OCH2CH3); IR (KBr): nÄ � 3357
[NH(C�S)], 1758 (C�O), 1611 (C�S) cmÿ1; MS (FAB): m/z� 1475.2
[(M�Na�H)�], 1452.9 [(M�H)�]; C85H101N3O16S ´ MeOH: calcd C
69.57, H 7.13, N 2.83; found C 69.65, H 7.36, N 2.71.


5,11,17,23-Tetrakis(1,1-dimethylethyl)-25,26,27-tris[(ethoxycarbonyl)me-
thoxy]-28-{N-[3-fluorescein(thioureido)]propyl(aminocarbonyl)methoxy}-
calix[4]arene (10 b): The reaction of 8b with fluorescein isothiocyanate (9)
occurred as described for 10a, using 8b (0.22 g, 0.22 mmol), 9 (99 mg,
0.25 mmol), and freshly distilled THF (25 mL). An orange solid was
obtained in 70 % yield. M.p. 196 ± 198 8C. 1H NMR ([D8]THF/D2O): d�
8.18 (s, 1 H; Hfluor


A ), 7.89 (dd, 3J(H,H)� 8.3 Hz, 4J(H,H)� 2.0 Hz, 1 H;
Hfluor


B ), 6.90 (d, 3J(H,H)� 8.3 Hz, 1H; Hfluor
C ), 6.81, 6.76, 6.73 (s, 8 H; Ar H),


6.54 (d, 3J(H,H)� 2.3 Hz, 2 H; Hfluor
F ), 6.52 (d, 3J(H,H)� 8.7 Hz, 2H; Hfluor


D ),
6.40 (dd, 3J(H,H)� 8.7 Hz, 4J(H,H)� 2.3 Hz, 2H; Hfluor


E ), 4.83 [part of AB-
q, 3J(H,H)� 16.1 Hz, 2 H; OCH2C(O)], 4.7 ± 4.4 [m, 10H; OCH2C(O) and
ArCH2Ar], 4.1 ± 4.0 (m, 6 H; OCH2CH3), 3.6 ± 3.5 [m, 2 H; CH2NC(S)],
3.4 ± 3.3 (m, 2H; NCHspacer


2 ), 3.3 ± 3.0 (m, 4 H; ArCH2Ar), 1.9 ± 1.8 (m, 2H;
CHspacer


2 ), 1.8 ± 1.6 (m, 9H; OCH2CH3), 1.04, 0.99, 0.97 [s, 36H; C(CH3)3];
13C NMR ([D8]THF/D2O): d� [not observed: C(O)fluor] 173.2, 172.5, 170.9
[C(O)], 162.1 [C(O)fluor] , 155.4, 154.9 (ArC ± O), 147.4 (ArC ± tBu), 144.3
(ArC ± Ofluor), 135.9 ± 135.3, 131.1 ± 125.7 (ArC), 114.4, 112.9, 104.5 (Cfluor),
76.4, 74.2, 73.6 [OCH2C(O)], 63.0, 62.7 (OCH2CH3) (not observed:
NCHspacer


2 ), 35.9 [C(CH3)3], 34.0 (ArCH2Ar), 33.3, 33.2 [C(CH3)3], 32.0
(CHspacer


2 ), 16.0 (q, OCH2CH3); IR (KBr): nÄ � 3364 [NH(C�S)], 1754
(C�O), 1612 (C�S) cmÿ1; MS (FAB): m/z� 1432.7 [(M�Na�H)�],
1408.4 ([Mÿ]); C82H94N3O16S (1408.6) ´ 2MeOH: calcd C 68.45, H 6.98, N
2.85; found C 68.10, H 6.97, N 3.01.


5,11,17,23-Tetrakis(1,1-dimethylethyl)-25-{N-[6-fluorescein(thioureido)]-
hexyl(amino-carbonyl)methoxy}-26,27,28-tris[(hydroxycarbonyl)meth-
oxy]calix[4]arene (11 a): A KOH solution (1n, 1 mL) was added to a
solution of triester 10a (80 mg, 55 mmol) in methanol (10 mL). The reaction
mixture was heated to reflux, stirred for 1 h, and cooled to room
temperature. Subsequently, the solvent was evaporated and the residue
was dissolved in CH2Cl2 (25 mL). The crude product was washed twice with
an aqueous HCl solution (1n) and dried over MgSO4. A yellow solid was
obtained after evaporation of the solvent in 90 % yield. M.p.> 300 8C
(decomp.). 1H NMR ([D8]THF/D2O): d� 8.15 (s, 1 H; Hfluor


A ), 7.92 (dd,
3J(H,H)� 8.3 Hz, 4J(H,H)� 2.0 Hz, 1 H; Hfluor


B ), 7.02 (s, 4 H; Ar H), 6.89 (d,
3J(H,H)� 8.3 Hz, 1 H; Hfluor


C ), 6.73, 6.60 (s, 4H; Ar H), 6.54 (d, 3J(H,H)�
2.3 Hz, 2H; Hfluor


F ), 6.6 ± 6.5 (m, 2H; Hfluor
D ), 6.40 (dd, 3J(H,H)� 8.7 Hz,


4J(H,H)� 2.3 Hz, 2 H; Hfluor
E ), 4.9 ± 4.8 [m, 2 H; OCH2C(O)], 4.7 ± 4.5 [m,


8H; OCH2C(O) and ArCH2Ar], 4.18 [s, 2H; OCH2C(O)], 3.6 ± 3.5 [m, 8H;
CH2NC(S)], 3.4 ± 3.3 (m, 2H; NCHspacer


2 ), 3.3 ± 3.1 (m, 4H; ArCH2Ar), 1.7 ±
1.6 and 1.5 ± 1.4 (m, 8 H; CHspacer


2 ), 1.14, 0.91, 0.81 [s, 36H; C(CH3)3]; 13C
NMR ([D8]THF/D2O): d� 183.9 [C(O)fluor] , 173.0 ± 170.5 [C(O)], 161.9
[C(O)fluor] , 155.4 ± 153.5 (ArC ± O), 148.5 ± 147.5 (ArC ± tBu), 144.1 (ArC ±
Ofluor), 137.2 ± 134.6, 131.4 ± 125.9 (ArC), 114.4, 113.2, 104.6 (Cfluor), 77.3,
74.5, 74.2 [OCH2C(O)], 46.4, 40.9 (NCHspacer


2 ), 36.2, 35.9 [C(CH3)3], 33.4,
33.1 [C(CH3)3], 33.2 (ArCH2Ar), 32.8 ± 28.5 (CHspacer


2 ); IR (KBr): nÄ � 3380
[NH(C�S)], 1762 (C�O), 1610 (C�S) cmÿ1; MS (FAB): m/z� 1368.6
[(M�H)�], 1337.6 [(MÿCO)�], 1367.1 [Mÿ]; C79H89N3O16S (1368.6) ´
3H2O ´ CH2Cl2: calcd C 63.73, H 6.48, N 2.79; found C 63.44, H 6.68, N 2.54.
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5,11,17,23-Tetrakis(1,1-dimethylethyl)-25-{N-[1-fluorescein(thioureido)]-
propyl(amino-carbonyl)methoxy}-26,27,28-tris[(hydroxycarbonyl)meth-
oxy]calix[4]arene (11 b): The triester 10b (0.14 g, 0.099 mmol) was hydro-
lyzed in the same way as described for 11 a, with a KOH methanol solution
(1n, 2 mL) and methanol (20 mL). An orange solid was obtained in 70%
yield. M.p.> 300 8C. 1H NMR ([D8]THF/D2O): d� 8.21 (s, 1H; Hfluor


A ), 7.91
(d, 3J(H,H)� 8.3 Hz, 1H; Hfluor


B ), 7.01 (s, 4 H; ArH), 6.89 (d, 3J(H,H)�
8.3 Hz, 1 H; Hfluor


C ), 6.73, 6.63 (s, 4H; ArH), 6.54 (d, 3J(H,H)� 2.3 Hz, 2 H;
Hfluor


F ), 6.6 ± 6.5 (m, 2 H; Hfluor
D ), 6.41 (dd, 3J(H,H)� 8.7 Hz, 4J(H,H)�


2.3 Hz, 2 H; Hfluor
E ), 4.72 [part of AB-q, 3J(H,H)� 15.6 Hz, 2 H; OCH2-


C(O)], 4.7 ± 4.4 [m, 6 H; OCH2C(O) and ArCH2Ar], 4.52, 4.26 [s, 4H;
OCH2C(O)], 3.7 ± 3.5 [m, 2 H; CH2NC(S)], 3.5 ± 3.4 (m, 2 H; NCHspacer


2 ),
3.2 ± 3.0 (m, 4H; ArCH2Ar), 1.9 ± 1.8 (m, 2H; CHspacer


2 ), 1.13, 0.91, 0.83 [s,
36H; C(CH3)3]; 13C NMR ([D8]THF/D2O): d� 183.6 [C(O)fluor] , 173.3 ±
171.0 [C(O)], 162.2 [C(O)fluor] , 155.3 ± 153.8 (ArC ± O), 148.4 ± 147.6 (ArC ±
tBu), 144.3 (ArC ± Ofluor), 136.9 ± 134.8, 131.3 ± 125.7 (ArC), 114.4, 113.1,
112.8, 104.5 (Cfluor), 77.1, 74.4, 74.2 [OCH2C(O)], 43.3, 38.5 (NCHspacer


2 ),
36.1, 35.9 [C(CH3)3], 33.3, 33.1 [C(CH3)3], 33.1 (ArCH2Ar), 31.9 (CHspacer


2 );
IR (KBr): nÄ � 3398 [NH(C�S)], 1754 (C�O), 1611 (C�S) cmÿ1; MS (FAB):
m/z� 1325.1 [(M�H)�], 1349.2 [(M�Na�H)�], 1295.0 [(MÿCO)�];
C76H82N3O16S (1324.5) ´ 3MeOH: calcd C 66.74, H 6.66, N 2.96; found C
66.93, H 6.80, N 2.95.


General procedure for the complexation of Ln3� : The precursor 11
(22 mmol) was dissolved in THF (3 mL), after which Et3N (4 equiv) was
added with a microsyringe. Subsequently, a solution of Ln(NO3)3 ´ nH2O
(1.2 equiv) in a minimal amount of THF was added and the reaction
mixture was stirred for 2 h at room temperature. The tiny particles formed
were collected by means of centrifugation and washed twice with THF. The
complex was obtained in quantitative yield as a slightly orange powder.
Analytical data are reported in Table 2.


25,26,27-Tris[(N,N-diethylaminocarbonyl)methoxy]-5,11,17,23-tetra-
kis(1,1-dimethyl-ethyl)-28-{N-[6-fluorescein(thioureido)]hexyl(aminocar-
bonyl)methoxy}calix[4]arene (2): The reaction of 16 with 9 was performed
in the same way as described for the synthesis of 10. An orange solid was
obtained in 93% yield. M.p.> 300 8C. 1H NMR ([D4]methanol): d� 8.22 (s,
1H; Hfluor


A ), 7.73 (d, 3J(H,H)� 8.2 Hz, 1 H; Hfluor
B ), 7.34 (m, 8H; ArH), 6.93


(d, 3J(H,H)� 8.2 Hz, 1H; Hfluor
C ), 6.62 (d, 3J(H,H)� 2.3 Hz, 2 H; Hfluor


F ), 6.56
(d, 3J(H,H)� 8.7 Hz, 2H; Hfluor


D ), 6.46 (dd, 3J(H,H)� 8.7 Hz, 4J(H,H)�
2.3 Hz, 2 H; Hfluor


E ), 4.79, 4.61 [br s, 8 H; OCH2C(O)], 4.11 (part of AB-q,
3J(H,H)� 12.4 Hz, 4 H; ArCH2Ar), 3.6 ± 3.5 [m, 10H; ArCH2Ar and
NCH2CH3], 3.4 ± 3.1 [m, 10 H; NCH2CH3 and CH2NC(S) and NCHspacer


2 ] ,
1.7 ± 1.6, 1.5 ± 1.4 (m, 8 H; CHspacer


2 ), 1.3 ± 1.2 (m, 9H; NCH2CH3), 1.2 ± 1.0
[m, 45 H; NCH2CH3 and C(CH3)3]; 13C NMR ([D4]methanol): d� 182.4
[C(O)fluor] , 173.0, 171.5, 171.4 [C(O)], 162.3 [C(O)fluor] , 154.5, 151.5, 150.5,
150.4 (ArC ± O and ArC ± tBu), 142.9 (ArC ± Ofluor), 136.2, 136.0, 130.5 ±
125.9 (ArC), 114.4, 111.9, 103.7 (Cfluor), 78.0, 73.5 [OCH2C(O)], 45.1, 42.8,
42.6, 41.1 (NCH2CH3 and NCHspacer


2 ), 35.5 [C(CH3)3] (not observed:
ArCH2Ar), 31.7 [C(CH3)3], 31.2 ± 27.6 (CHspacer


2 ), 14.1, 13.5 (q, OCH2CH3);
IR (KBr): nÄ � 3429 [NH(C�S)], 1761 (C�Ofluor), 1669 (C�Oamide), 1633
(C�S) cmÿ1; MS (FAB): m/z� 1572.9 [(M�K�H)�], 1556.9 [(M�Na�
H)�]; C91H116N6O13S (1532.9) ´ 4 CH2Cl2: calcd C 60.90, H 6.67, N 4.49;
found C 61.36, H 6.42, N 4.62.


Photophysical studies : Steady-state luminescence measurements were
performed with a PTI (Photon Technology International) Alphascan
spectrofluorimeter. For excitation a 75 W quartz ± tungsten ± halogen lamp
followed by a SPEX 1680 double monochromator was used. A PTI 0.25 m
single monochromator was used for separation of the emitted light that was


detected at an angle of 908 from the excitation light. The signal from a
Hamamatsu R928 photomultiplier was fed to a photon-counting interface.
For time-resolved luminescence measurements, an Edinburgh Analytical
Instruments LP 900 system was used, which consisted of a pulsed Xe ± lamp
(ms-pulsed output) followed by a 0.25 m monochromator for excitation, and
another 0.25 m monochromator, used for the separation of light, positioned
at an angle of 908 with respect to the first one. The luminescence lifetimes
were determined with a LTB MSG 400 nitrogen laser, with pulse duration
of 500 ps at a wavelength of 337 nm. The photons were transformed to
electric signals by means of a NorthCoast EO 817 P liquid nitrogen cooled
germanium detector, and fed to a Tektronix fast digital oscilloscope. The
maximum of the luminescence decay curve was significantly shifted with
respect to the detector signal; therefore, the luminescence lifetimes were
determined only for the decay part of the luminescence. Because of the
sensitivity of the luminescence lifetimes and intensities to the water content
of the solutions, DMSO, methanol, and acetonitrile were dried over
molecular sieves (3 �) prior to use and the lifetimes and luminescence
spectra were recorded with freshly prepared samples. The spectra that are
used to compare the efficiency of energy transfer from the fluorescein
moiety to the lanthanoid ion are all corrected for the absorption at the
excitation wavelength, lamp intensity, concentration, and baseline.
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The Synthesis and Characterization of a New Family of
Polyamide Dendrimers


Peter R. Ashton, Derek W. Anderson, Christopher L. Brown, Andrew N. Shipway,
J. Fraser Stoddart,* and Malcolm S. Tolley


Abstract: A new family of dendrimers
has been constructed with 5-hydroxy-
isophthalic acid and diethanolamine as
the sources of the branching units. The
design of a second-generation building
block in the form of an orthogonally-
protected aminotetraacid (a single di-
ethylphosphoramide-protected amine
and four methyl-ester-protected carbox-
ylic acid groups) has been established by
a series of logical developments involv-
ing the synthesis of various dendrimer
prototypes. This building block has been
utilized in both convergent and diver-
gent methods in the synthesis of mono-


disperse dendrimers up to the fourth
generation and subsequently polydis-
perse sixth-generation dendrimers at
the level of a mixture. One-, two-, and
three-directional dendrimers of the sec-
ond and fourth generation were synthe-
sized in order to carry out detailed
comparisons by GPC and by 1H NMR
spectroscopy. The GPC results suggest
that the fourth-generation dendrimers


adopt globular shapes, while the varia-
ble-temperature NMR spectroscopic in-
vestigations demonstrate that the pe-
riphery of the fourth-generation den-
drimer is less mobile than either of its
internal regions or the analogous por-
tions of the second-generation dendrim-
er. Molecular modeling suggests highly
globular shapes for the larger dendrim-
ers and gives values for molecular radii
in very close agreement with those
obtained from analysis of the GPC
results.Keywords: amino polyacids ´


branched monomers ´ copolymer-
izations ´ dendrimers ´ polymers


Introduction


Recently, dendrimers have attracted a lot of attention from
researchers[1] for a variety of reasons. Some dendrimers are
being produced commercially[2] in multikilogram quantities,
while others are showing promise in fields as diverse as
enantioselective catalyses[3] and drug delivery systems.[4] Their
potential applications[5] rely, to a large extent, on their unique
topologies[6] and on the properties[7] dictated by their highly
branched structures. Medium- to large-sized dendrimers
adopt globular conformations in which sizable cavities are
located beneath their tightly packed surfaces. The specific


shapes of these cavities and their containment characteristics
are expected[8] to confer useful properties. Although den-
drimers have been evaluated by many different methods,
including electron microscopy,[9] ESR spectrometry,[10] 13C
nuclear relaxation measurements[11] and solvatochromic stud-
ies,[12] the direct observation and assessment of dendritic
topology is difficult. Computer modeling studies[13] have
probably provided the best graphic displays of dendrimers
so far. In our own recent research, reported in this paper, we
have used the technique of variable-temperature NMR
spectroscopy to study the dynamic processes within the
dendritic structures and to establish the relationship between
these processes and the size of the dendrimer. Further, we
have related our findings to results obtained from both gel
permeation chromatography and molecular modeling studies.


The construction of dendrimers has been dominated by two
antithetical philosophies, the convergent[14] and the diver-
gent[15] ones. While the divergent approach involves building
the dendrimer outwards starting from a core, the convergent
approach begins with what will ultimately be the periphery of
the dendrimer, and entails building inwards to the core. Both
methods require two steps for the growth of each generation:
the activation of the growing dendritic fragment, and the
addition of new monomer units; both methods have their
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strengths and weaknesses. The possibly more widely used
method, the divergent approach, has been dogged by poly-
dispersity,[16] which arises from incomplete reaction and
purification problems. While polydispersity does not consti-
tute a significant setback in a materials context for applica-
tions, it is associated with inseparable mixtures of macro-
molecules that become almost impossible to modify chemi-
cally in a highly controlled manner. The alternative
convergent approach is preferred for the preparation of
monodisperse samples, and has been utilized[17] in the
construction of dendrimers that have subsequently been
subjected to precisely controlled chemical modifications.
Convergent syntheses can, however, suffer[18] from low yields
that are often attributed to steric hindrance at the focal points
of large wedges. In addition, they are less easily scaled up,
since even a quantitative yield in a generation-adding step
adds very little to the sample mass, whereas a divergently-
added generation more than doubles the mass of a dendrimer.
While the convergent and divergent approaches have been
used extensively[19] to incorporate a wide variety of structural
entities into dendrimers, the problem remains that each
synthesis is only specific to one particular dendrimer. Better
methodologies for the accelerated construction of constitu-
tionally pure dendrimers have been developed in response to
the need for more time-efficient syntheses. Although method-
ologies such as the use of hypercores,[20] branched mono-
mers,[21] and a two-step approach[22] have appeared, they offer
limited opportunities with respect to flexibility of constitu-
tional control. What is required is a more general synthetic
strategy that affords maximum flexibility in relation to the
constitution, without leading to an increase in the number of
synthetic steps.


Moore[23] has described a double-exponential strategy in
which the construction of dendrimers is actually more
convergent in a synthetic sense. In this strategy, orthogonal
protecting groups on either end of the monomer are removed
selectively, and the two different products that result are
reacted subsequently with each other to produce a new, larger
branching unit. This approach gives access to macromolecular
structures in just a few steps and, after each growth step, the
dendritic product is an analogue of the original monomer.


Any dendritic system relies essentially[24] on just one
reaction for the linking of its branching units. This fact not
only emphasizes just how important the choice of that
reaction is, but also has serious implications if one is interested
in subtle engineering[25] of the dendritic architecture.


We present here the development of a building block for
the construction of dendrimers which offers a high degree of
versatility. By means of well-known protection/deprotection
reactions and an amide-bond-forming growth reaction, this
unit is capable of growth in either the convergent or the
divergent direction, and can thus be considered a double
exponential building block. The basic building block is also of
interest due to its doubly branched structure. It is a second-
generation monomer as its reaction with a dendritic fragment
increases the number of generations by two. Furthermore, the
two generations are of entirely different constitutions, leading
to a final dendrimer with ªalternating shellº topology and
diverse functionality.


Results and Discussion


Much of any dendritic structure is composed of branching
moieties, and so considerable care has to be taken in their
choice. Branching is usually[26] incorporated into the mono-
mer unit, although it can be achieved[27] during the dendrimer
growth step from a nonbranched monomer. We made an
early decision to choose branching monomers which are
linked by a nonbranching reaction, as this gave us with a
wider choice of reactions for joining the units. There has been
a great deal of success[28] in the synthesis of application-ori-
ented dendrimers designed around specific branching units.


For our purposes, we were interested ultimately in the
dendrimer functioning as a host molecule, and so we chose
branching units which might provide sites for noncovalent
bonding interactions. We identified two starting materialsÐ
namely, diethanolamine (1) and 5-hydroxyisophthalic acid (2,
Figure 1)Ðwhich could be used to introduce branching into


OH


HN
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HO


CO2H


CO2H


1 2


Figure 1. Branched starting materials for the construction of a dendritic
building block.


the structure. The units incorporated possible hydrogen-
bonding sites together with a p-electron aromatic system. By
creating an oligomer composed of two units, we anticipate the
emergence of a method with several advantages over more
traditional ones (which involve only one branching moiety).
Firstly, the basic building block would be a branched mono-
mer[29] of the second generation, that is, it branches twice, and
would add two generations to a growing dendritic fragment.
Very fast growth should be achievable, thus countering one of
the much-cited[30] weaknesses of many dendrimer syntheses.
Secondly, we would create a dendrimer with an interesting
topology. Internal functionality would be more diverse than is
the case in many dendrimers, and the dendrimer would consist
of alternating shells, a structure described[31] as a dendritic
layer ± block copolymer. Following the synthesis of an appro-
priate dendritic building block, the linking of these units to
create larger structures then had to be addressedÐand was.


Synthesis of a double-branched unit : The building block 6 was
synthesized in four steps from diethanolamine and 5-hydroxy-
isophthalic acid (Scheme 1). This unit has a reactive func-
tionality (an amine) at its focal point and relatively passive
benzyl alcohols on its surface. The synthesis of the precursor 5
was achieved readily, requiring no column chromatography;
these reactions were performed easily on a 100 mmol scale.
The Williamson ether coupling of 3 with 4 was found to give
only a 14 % yield of compound 5 when two molar equivalents
of the phenol were used. This yield was raised to 86 % by the
use of four molar equivalents of 4, the excess of which could
be recovered easily. Since the reduction of 5 with lithium
aluminum hydride in THF was unsuccessful, owing to







Polyamide Dendrimers 781 ± 795


Chem. Eur. J. 1998, 4, No. 5 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998 0947-6539/98/0405-0783 $ 17.50+.25/0 783


HO


CO2H


CO2H


HN


OH


OH


HO


CO2Et


CO2Et


N


OTs


OTs


Ts


O


N


O


CO2Et


CO2Et


CO2Et


CO2Et


Ts


O


HN


O


OH


OH


OH


OH


EtOH
H2SO4


TsCl
C5H5N


K2CO3
MeCN


Red-Al
Dioxane


4


1


2


3


100%


85%


86%


14% 56


∆


CH2Cl2


∆


∆


Scheme 1. Synthesis of the double-branching unit 6 from diethanolamine
and 5-hydroxyisophthalic acid.


solubility difficulties and the low reactivity of the sulfona-
mide, the reducing agent was changed to sodium bis(2-
methoxyethoxy)aluminum hydride[32] (Red-Al), and the sol-
vent to 1,4-dioxane. While these conditions were found to
cleave the phenyl ethers, reaction with the tosyl protecting
group was even faster, allowing isolation of the branching unit
6 in 14 % yield when the reaction was quenched after
20 hours. Purification of the highly polar product (6) from
the reaction mixture proved extremely difficult and an
analytically pure sample was not isolated. It seems that the
low yield can be attributed in part to the technical problems
associated with isolating the product from the crude reaction
mixture. Alternative deprotections[33] of the tosyl protecting
group were found to be unsatisfactory.


The low yield obtained in the synthesis of 6 served to cast
serious doubts over its use in the construction of dendrimers.
Its preparation, which requires column chromatography and
suffers from a low yield, would be a serious handicap even
before dendrimer construction began. In addition, 6 is only
sparingly soluble in aprotic solvents, leading to difficulty in its
use and similar properties in the dendrimers we could
construct from it. We have shown, however, that a diethanol-
amine/5-hydroxyisophthalic acid-based dendritic branching
unit can be prepared, and we hope that small design changes
in this prototype might permit the development of a more
feasible system for the production of dendrimers on a useful
scale.


The production of a small dendrimer : The problems associ-
ated with the branching unit 6 are dominated by its poor
solubility as well as by the difficulty encountered in the
deprotection of the amino function. We therefore aimed to
make a more lipophilic analogue which did not require such a
demanding deprotection. Our solution to these problems
(Scheme 2) was to utilize a more labile nitrogen-protecting
group and to perform the reduction of the ester groups much
earlier in the synthesis. The latter modification also allowed us
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Scheme 2. Synthesis of the improved double-branching unit 12.


to mask the four hydroxyl groups with protecting groups that
could be readily removed when the free alcohols were
required. Scheme 2 shows the successful route to the acyl-
protected monomer 12.


The choice of the amino protecting group turned out to be
particularly crucial with respect to decomposition[34] and
elimination reactions in the ether-forming step. The diethyl-
phosphoryl protecting group, used[35] in the construction of
aza-crown ethers, was chosen after an investigation of more
traditional candidates. The phosphoramide was formed under
basic conditions and was removed with anhydrous hydrogen
chloride. Protection of diethanolamine[36] (1) using diethyl-
phosphite followed a literature method, and the crude
product was tosylated to afford 7 in a yield of 42 % for the
two steps. The triacetate 10 was obtained from 5-hydroxy-
isophthalic acid (2), via 8 and 9 in an overall yield of 92 % over
three steps. The reaction of 10 with 7 to give the double-
branched unit 11 occurred in only a 23 % yield. Although it is
known[37] that that carbonate ion in refluxing THF or MeCN
can deprotect acylated phenols, generating a phenoxide ion,
this reaction is slow, and by-products from the desired ether
synthesis are formed as a result of the elimination of TsOH
and the nucleophilic attack[38] of acetate on 7. Deprotection of
the diethylphosphite-protected branching unit 11 occurred in
a 31 % yield to give the new branching unit 12 as a thick, color-
less oil. By-products from the deprotection can be attributed
to cleavage of the phenyl ethers, and so the reaction must be
followed carefully in order to maximize the yield.


The synthesis of a second-generation dendrimer was
performed as a demonstration of the use of the new branching
unit 12 in dendrimer synthesis (Scheme 3). Benzene 1,3,5-
tricarbonyl trichloride was utilized as a three-directional core
with which the (amine) focal points of three branching units
could form an amide bond. The acyl-protected dendrimer 13
was obtained in 64 % yield after column chromatography, and
the subsequent deprotection of all twelve benzylic hydroxyl
groups with NaOMe in MeOH gave an 86 % yield of the
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Scheme 3. Synthesis of the deprotected second-generation dendrimer 14
from the improved double-branching unit.


three-directional second-generation dendrimer 14. The den-
drimer was a glassy solid, with a molecular mass of 1287 Da,
and was soluble in polar solvents. The 1H NMR spectra
recorded at 273 K and 300 MHz for both the protected and
the deprotected dendrimers were broad as a consequence of
hindered rotation about the amide bond. However, at 373 K
and 400 MHz, amide bond rotation is fast on the 1H NMR
timescale, leading to sharp spectra and hence making
characterization easier.


The synthesis of a new family of dendrimers : Although we
had been able to demonstrate the use of 11 as a branching
unit, the dendritic system that was developed had little
potential for the construction of large, highly designed
macromolecules. Our next objective was to develop the
system to allow more flexibility in dendrimer construction.
Considering our earlier experiences, we were struck by the
possibility that we might be able to create a double
exponential-type building block from two branching synthons
that we had synthesized previously. To this end, reaction of the
phenol 8 with the bistosylate 7 afforded the diethylphosphite-
protected tetramethyl ester 15 (Scheme 4) in a yield of 84 %.
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Scheme 4. Synthesis of the orthogonally protected dendrimer building
block 15.


The double-branching unit 15 can be considered an
orthogonally-protected amino tetraacid, ideal for use as a
versatile dendritic building block. Reactions involving the
formation of amide bonds from amines and acids are
extremely well known as a consequence of their importance
in nature, and they have also been used in previous dendrimer
syntheses. Very early in the history of dendrimers, lysine was
used as a branching unit by Denkewalter,[39] and more
recently, glutamic acid[40] has also been utilized in the syn-
thesis of dendrimers. Unnatural amino polyacids have also
been used as branching units, notably by Shinkai,[41] FreÂ -
chet,[42] and Diederich.[43]


The versatility of 15 was established by its use in a double
exponential growth step (Scheme 5). The amino function can
be deprotected with anhydrous hydrogen chloride in THF,
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Scheme 5. Use of the building block 15 in a double exponential growth
step to form the fourth-generation building block 18.


and the carboxylic acids with NaOH in refluxing H2O/THF.
Both reactions proceeded in high yields (84 % and 100 %,
respectively), giving pure products 17 and 16, respectively,
after a single precipitation. In each case, the integrity of the
other protecting group is maintained. The amine 17 and
tetraacid 16 were coupled in the presence of dicyclohexylcar-
bodiimide (DCC) and 1-hydroxybenzotriazole (HOBt) to
give the fourth-generation wedge 18. It has a single protected
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amine at its focal point, sixteen protected carboxylic acids on
its surface, and a molecular mass of ca. 2500 Da. The amine 17
was also treated with trimesic acid (20) to give the second-
generation dendrimer 19 in 70 % yield (Scheme 6). Here, the
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Scheme 6. Synthesis of the second-generation dendrimer 19.


activated wedge 17 was used as a second-generation wedge to
attach to the three-directional core. Dendrimer 19 has a
molecular mass of just over 1500 Da, and is terminated with
12 methyl ester functions on its surface.


From here on, in order to illustrate macromolecular
structures on the printed page, it will become necessary to
represent them as cartoons (Figure 2), in which each of the


Figure 2. The key to the schematic representations of dendrimers used in
this paper.


dendritic branching units is represented by truncated wedge
shapes with different shadings. Reactive functionalities are
shown as dark shadings, while passive functionalities are
shown as light ones. These illustrations allow very large


structures to be drawn concisely and help to clarify subse-
quent synthetic schemes and diagrams.


By way of introduction, the four reactions shown in detail in
Scheme 5 and Scheme 6 are depicted in cartoon form in
Scheme 7, along with some further reactions. This depiction
clarifies the way in which a controlled structure can be built up
in a highly efficient manner from the monomer 15 and the
core unit 20. The second-generation two-directional dendrim-
er 21 was isolated as a by-product of the three-directional
dendrimer-forming reaction to give 19. This scheme shows us
how much larger structures may be built up in very few steps.
The construction of two dendrimers from the small dendrimer
19 and the fourth-generation wedge 18 are also shown. The
first step in each case is the focal-point deprotection of 18.
This reaction was carried out with anhydrous hydrogen
chloride in THF, giving the amine 24 in a yield of 72 %.
Although side reactions, resulting from ether and amide
cleavage, are slow under these conditions, the starting
material and the product both contain a very large number
of these somewhat reactive bonds. These cleavage reactions
can therefore cause a significant loss of yield if the reaction is
allowed to run for any longer than is absolutely necessary.


The fourth-generation dendrimer 26 was synthesized by the
reaction of the activated wedge 24 with trimesic acid (20)
under DCC/HOBt coupling conditions (Scheme 7). The
product has 48 terminal ester functions, two alternating
generation moieties, and a nominal mass of 7108 Da. The
yield (13 %) was considerably lower than those obtained in
previous DCC ± HOBt couplings, and a significant quantity
(32 %) of the disubstituted trimesic acid 25, a two-directional
dendrimer, was isolated. This decrease in yield suggests that
steric hindrance plays a significant role in the reactionÐan
encouraging sign that an interesting topology is being created.
An analytically pure sample of the three-directional den-
drimer 26 was not isolated from this reaction mixture, since it
was readily prepared by the reaction of the fourth-generation
wedge 24 with 1,3,5-benzenetricarbonyl trichloride in THF
(reaction not shown), which proceeds in the remarkable yield
of 63 %.


The construction of the sixth-generation dendrimer 27
would be a true demonstration of the versatility of the
building block 15. While a more traditional synthesis would
take 12 steps from the monomer to create such a dendrimer,
the synthesis starting from 15 requires only seven. Here, the
second-generation dendrimer 19 was converted into a second-
generation core 22 by the hydrolysis of its 12 surface ester
groups. This core was then coupled with the fourth-generation
wedge 24 to give sixth-generation products. Since the
formation of dendrimer 27 (29 000 Da) would require the
complete reaction of all 12 core functions, it is perhaps hardly
surprising that it does not go to completion. The hydrolysis
of dendrimer 19 to the dodecaacid 22 proceeds in excellent
yield.


We embarked on this sixth-generation dendrimer-forming
reaction not expecting to produce a perfect dendrimer, but to
see how far the reaction would proceed and to study the
properties of any products that we could isolate. Since the
crude reaction mixture defied purification by any form of
adsorption chromatography, we decided to study it by gel
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permeation chromatography (GPC). This technique was able
to resolve a narrow peak corresponding to high molecular
weight products. A measured amount of the reaction mixture
was subjected to preparative GPC.[44] The high molecular
weight peak was isolated and found to account for approx-
imately 32 % of the dendritic starting materials, indicating
that, on average, reaction of about one-third of the 12 active
sites on the core had occurred. Clearly, steric hindrance is of
extreme importance in this reaction. This conclusion is
consistent with the observation of a low yield in the formation
of the fourth-generation dendrimer 26.


In order to complete the family of dendrimers, the one-
directional analogues 29 and 30 of the second- and fourth-
generation dendrimers 19 and 26 were formed (Scheme 8).
The second- and fourth-generation wedges 17 and 24 were
each coupled with benzoic acid (28), a one-directional version
of the trimesic acid core that was used to make the three-
directional dendrimers.


Scheme 8. Cartoon representation of the synthesis of one-directional
dendrimers 29 and 30.


Mass spectrometry : The mass spectrometry (MS) of den-
drimers is a much studied[45] subject. All the dendrimers in our
series were studied by FAB MS and MALDI-TOF MS. The
peaks, which were obtained for pseudomolecular ions, are


Scheme 7. Cartoon representation of the synthesis of dendrimers from the building block 15.
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tabulated in Table 1. Although we were able to generate
[M�H]� ions for all the pure dendrimers by FAB MS, the
fourth-generation three-directional dendrimer 26 gave a peak
of very low intensity, and the mixture of sixth-generation
products showed no high molecular weight peaks at all.


MALDI-TOF MS was carried out on the two- and three-
directional fourth-generation dendrimers. This technique is
extremely sensitive to the matrix, and initial experiments with
sinnapinic acid and indoleacrylic acid matrices were unsuc-
cessful in affording any satisfactory results. A gentisic acid
matrix revealed molecular ions for fourth-generation den-
drimers, but strong spectra were only obtained with a retinolic
acid matrix in which the dendrimers could be ionized with a
relatively low laser power, leading to much less fragmentation
and baseline noise than was observed for other matrices.
Molecular ions obtained by MALDI-TOF MS were in the
mass region expected for [M�Na]� ions. Analysis of the
mixture of sixth-generation products by MALDI-TOF MS
was unsuccessful.


Gel permeation chromatography : GPC was carried out on the
entire family of dendrimers in order to examine the structural
changes that take place with varying generation and core
directionality. Elution times were measured for:


the two three-directional dendrimers 19 and 26 ;
the two two-directional dendrimers 21 and 25, formed as
by-products in the synthesis of 19 and 26 ;
the two one-directional dendrimers 29 and 30 ;
the high molecular weight material from the sixth-gener-
ation dendrimer-forming reaction;
the zero-generation dendrimer analogue trimethyl trimes-
ylate (31).
Comparison of the composite GP chromatograms A and B


(Figure 3) sheds some interesting light on the relative
structures of the dendrimers. Chromatogram A shows a series
of second-generation dendrimers. It is clear that, in this
instance, raising the directionality of the core lowers the
elution time, demonstrating that molecules with higher
directionalities (and thus higher masses) occupy greater
volumes, as would be expected for linear polymers. This
trend is not nearly so pronounced for the corresponding
series of fourth-generation dendrimers (see chromatogram
B). While the one-directional dendrimer is observed to be
significantly smaller than either of its two- or three-direc-
tional derivatives, the latter have almost identical elution
volumes. This result suggests that these molecules occupy
almost the same volume despite the fact that the three-
directional dendrimer has 1.5 times the mass of the two-di-
rectional derivative. Such an observation can be interpreted


Figure 3. The composite chromatograms of: A) the second-generation
dendrimers 19, 21, and 29 ; B) the fourth-generation dendrimers 23, 26, and
30.


as an intrinsic property of medium-to-high-generation den-
drimers. As the dendrimer grows, the number of surface
groups increases exponentially, eventually leading[46] to a
globular, almost spherical shape. The diameter of this shape
depends very largely on the length of the arms of the
dendrimer from its core to the surface. In the case of the two-
and three-directional fourth-generation dendrimers, this
length is exactly the same. We are led to conclude that the
fourth-generation dendrimer 26 is forced to adopt a highly
globular conformation in solution. The second-generation
dendrimer 19 does not have a greater surface area per surface
group[47] than 26 and yet does not exhibit this unusual feature.
The globular conformation of 26 is thus partly a result of its
large number of end groups giving rise to a high probability of
spherical topology, that is, the shape is entropy-driven rather
than sterically driven as is the case with the spherical
architecture of a dendrimer close to its dense-packing limit.


The composite GP chromatogram given in Figure 4 shows
the series of three-directional dendrimers from generation
zero to the mixture of sixth-generation products. While we can
observe that increasing generation number leads to increasing
size, we cannot gain quantitative knowledge from the data in
this form. In order to correlate generation number with a
practical quantity, the GPC column was calibrated with
respect to the hydrodynamic radius of the analyte.[48] Figure 5
shows a graph of dendrimer generation against calculated


Table 1. Molecular ions obtained for the second- and fourth-generation dendrimers and wedges observed by FAB MS and MALDI-TOFMS.


Wedges[a] Dendrimers[b]


protected wedge amine wedge Nc� 1 Nc� 2 Nc� 3


Second generation 626� [M�H]� (FAB) 490� [M�H]� (FAB) 594� [M�H]� (FAB) 1167� [M�H]� (FAB) 1624� [M�H]� (FAB)
Fourth generation 2456� [M�H]� (FAB) 2320� [M�H]� (FAB) 2446� [M�H]� (FAB) 4827� [M�H]� (FAB) 7113� [M�H]� (FAB)


4848,[c] 4847[d] (MALDI-TOF) 7144,[c] 7146[d] (MALDI-TOF)


[a] Protected wedge refers to the diethylphosphoramide-protected wedges 15 and 18. Amine wedge refers to the deprotected wedges 17 and 24. [b] Nc


denotes the core multiplicity of the dendrimer. [c] Performed with a gentisic acid matrix. [d] Performed with a retinolic acid matrix.
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Figure 4. The composite chromatogram for the three-directional dendrim-
ers 19, 26, 27, and 31. The small peak at 20 min is a consequence of the
(butylated hydroxytoluene) stabilizer present in the GPC grade THF that
was used in the purification of the sixth-generation product mixture.


diameter. Although the dis-
tinctive linear relationship
that is an accepted feature[18]


of dendrimers is undeniably
evident, there is a slight
deviation observed for the
sixth-generation mixture.
This nonlinearity could be
explained by the close pack-
ing of surface groups. As the
generation number increases
and surface congestion be-
comes important, we might
expect that the internal


structures develop a much more extended conformation.
The result would be a plot of generation against diameter
which deviates from linearity at high values.


NMR spectroscopy : There is great interest in the internal
structure and dynamics of dendritic systems, since these
properties dictate many of their unusual characteristics.
Although many probes of the dendritic microenvironment
have been developed, and molecular dynamics simulations
have also been utilized, NMR spectroscopy provides a good
way of determining the internal dynamics of dendrimers. For
instance, 13C T1 relaxation times have been used[49] to gain
insight into the mobility of different parts of dendrimers.


The 1H NMR chemical shift data for the second- and
fourth-generation dendrimers are listed in Table 2. This


visualization of the data not only reveals how similar the
spectra are, but also shows an interesting trend in chemical
shifts for the 1H nuclei near the surface of the dendrimer. As
the number of terminal groups increases (moving down the
table), the signals for these surface protons resonate slightly
further upfield. These shifts (0.1 ± 0.3 ppm) are small, and may
be the consequence of a microenvironmental effect. Similar
upfield shifts of these resonances are observed as the
dendrimers are warmed up. The internal moieties of the
larger dendrimers do not exhibit this behavior. In fact,
increasing the core directionality of the dendrimers causes a
very slight downfield movement of the aromatic 1H nuclei.
These trends are shown in graph form in Figure 6.
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Figure 6. A plot showing the variation of chemical shift of aromatic 1H
nuclei with the number of surface (methyl ester) groups on the dendrimer,
on a logarithmic scale. The data is listed in Table 2.


The 1H NMR spectra for the one-, two-, and three-
directional second-generation dendrimers 29, 21, and 19
appear to be very similar with the exception of the resonances
for the aromatic core. Spectra for the three-directional
dendrimer 19 in CD3SOCD3 are shown in Figure 7. At


Figure 7. The 1H NMR spectra of the three-directional second-generation
dendrimer 19 at 304 and 373 K recorded in CD3SOCD3 at 400 MHz.


297 K, apart from the core and surface protons, every signal
appears as two broad peaks, a consequence of the slow
rotation of amide bonds on the 1H NMR timescale. When the
temperature is raised to 397 K, these broad signals collapse
into A2B2 and AB2 systems for aliphatic and aromatic protons,
respectively, in line with amide bond rotation becoming fast
on the 1H NMR timescale. Energy barriers for these
degenerate processes were calculated[50] (Table 3) at the
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Figure 5. A plot of dendrimer
generation against hydrodynam-
ic radius for the three-direction-
al dendrimers 19, 26, 27, and 31.


Table 2. 1H Chemical shift data for the second- and fourth-generation
dendrimers 19, 21, 25, 26, 29, and 30.


d at 373 K at 400 MHz in CD3SOCD3
[a]


aliphatic inner[f] Ar outer[f] Ar
g[b] nc


[c] NCH2 CH2O 2H H 2H H Me


29 2 1 4.06 4.40 ± ± 7.63 8.10 3.90
21 2 2 3.88 4.31 ± ± 7.53 7.97 3.85
19 2 3 3.91 4.29 ± ± 7.49 7.92 3.84
30 4 1 3.85 ± 3.9 4.28[d] 4.24[e] 7.06 7.20 7.50 7.94 3.83
25 4 2 3.8 ± 3.9 4.2 ± 4.3 7.09 7.21 7.45 7.88 3.80
26 4 3 3.90[d] 3.83[e] 4.30[d] 4.20[e] 7.10 7.23 7.40 7.83 3.77


[a] Resonances for protons of the core moieties have not been tabulated.
[b] g represents the generation number of the dendrimer. [c] nc represents
the core multiplicity of the dendrimer. [d] Inner moiety. [e] Outer moeity.
[f] Where the dendrimer has only one aromatic branching unit, this is
considered to be the outer unit.
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coalescence temperatures for the aromatic protons, measured
by variable-temperature (VT) NMR spectroscopy. In the case
of the one-directional dendrimer 29, the coalescence temper-
ature of the aromatic proton resonances was too close to the
freezing point of the solvent to be accessible and so the
coalescences of the aliphatic resonances were measured.
Although there appears to be a slight increase in the free
energy of activation for the amide bond rotation process as
the dendrimer acquires more directionality, the results for the
three dendrimers lie within experimental error of each other.
In essence, we are unable to suggest that the three-directional
dendrimer 19 is significantly more rigid than the one-direc-
tional dendrimer 29. This result is consistent with the GPC
finding that the second-generation dendrimer series behave
much like linear polymers.


The two-directional fourth-generation dendrimer 25 is the
largest dendrimer we have prepared in sufficient purity for
VT-NMR spectroscopic analysis. The aromatic regions of 1H
NMR spectra, recorded at various temperatures, are shown in
Figure 8. At 292 K, the resonances for the protons of the inner


Figure 8. The 1H NMR spectra of the two-directional fourth-generation
dendrimer 23 at 292, 307, and 373 K recorded in CD3SOCD3 at 400 MHz.


building blocks are separated into two signals as a conse-
quence of the hindered rotation about the inner amide bonds.
The signals for protons in the outer building blocks, however,
can be affected by both the inner and the outer amide bonds,
leading to the observed four signals for proton z. As the
sample is warmed up, pairs of the four signals coalesce,
leaving two peaks at 306 K. If the process we are observing
emanates from the inner amide bond, then the two coales-
cences describe the same process, and will have the same
energy. However, if this process is a consequence of the outer
amide bonds, then the two coalescences describe different
processes, and may exhibit different energy barriers. When
the sample is warmed up further, the peaks finally collapse
into a single peak, as all the amide bond rotations become fast
on the 1H NMR timescale. Free energies of activation for the
processes described above were calculated from VT-NMR
coalescence studies on the dendrimer. The DG= values are
presented in Table 4. We might expect that the smaller


separations (two signals into four) of the protons z reflect
hindered rotation about the more distant inner amide bonds.
The results of the coalescence studies are consistent with this
hypothesisÐthe two coalescences describe a process with the
same free energy of activation. Comparisons of these results
with those from the analyses of the second-generation
dendrimers can be made (Figure 8). The outer amide bond
rotations probed by protons y and z in the fourth-generation
dendrimer are associated with slightly higher energy barriers
than the analogous processes (probed by protons d and e) in
the second-generation dendrimers. This observation suggests
that the larger dendrimer is more sterically crowded on the
surface of the molecule. Indeed, this conclusion has already
been reached on the basis of GPC analyses and comparisons
of yields.


Molecular modeling : Molecular modeling studies have been
used extensively in the analysis and visualization of dendrim-
ers.[51] Of particular interest are their shapes and diameters,
the existence of voids and channels, and the positions of the
chain ends. These topological features are likely to dictate the
properties, unique to dendrimers, that we wish to exploit.
Molecular dynamics simulations were conducted[52] on the


Table 3. Kinetic and thermodynamic parameters for amide bond rotations
of the one-, two-, and three-directional second-generation dendrimers 29,
21, and 19 in CD3SOCD3 and at 400 MHz determined by variable-temper-
ature 1H NMR spectroscopy by the coalescence method (see ref. [23]).


Probe protons[b] DnÄ (Hz) kc (sÿ1) Tc (K) DG=


(kcal molÿ1)


29 (nc� 1)[a] NCH2 {b} 78.8 175 318 15.4
29 (nc� 1) CH2O {c} 45.2 100 313 15.5
21 (nc� 2) Ar (2 H) {d} 8.0 18 304 16.1
21 (nc� 2) Ar (H) {e} 36.4 81 315 15.7
19 (nc� 3) Ar (2 H) {d} 16.4 36 313 16.1
19 (nc� 3) Ar (H) {e} 64.0 142 324 15.8


[a] nc refers to the core multiplicity of the dendrimer. [b] The letter in curly
brackets refers to the analagous proton of 19, depicted in Figure 7.


Table 4. Kinetic and thermodynamic parameters for amide bond rotations
of the 2-directional second-generation dendrimer 25 in CD3SOCD3 and at
400 MHz as determined by the NMR coalescence method.


Process[a] Probe
protons[b]


DnÄ (Hz) kc (sÿ1) Tc (K) DG=


(kcal molÿ1)


outer y[c,d] 25.2 56 321 16.3
outer z[c] 56 124 326 16.0
inner w 11.6 26 307 16.0
inner z[c] 14.8 33 307 15.8
inner z[c] 16.0 36 307 15.8


[a] Inner refers to the rotation of the amide bond closer to the core, whilst
outer refers to the rotation of the amide bond closer to the suface. [b] The
protons w, x, y, z are defined in Figure 8. The resonance for proton x is
obscured. [c] Inner and outer assignments are tentative. [d] Proton y cannot
be used to measure other processes under these conditions as a temper-
ature below the freezing point of the solvent is required.
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dendrimers 19, 26, and 27, utilizing the AMBER* forcefield
resident within the Macromodel[53] package. Figure 9 shows
structures of the second-generation three-directional den-
drimer 19, taken from a stochastic molecular dynamics run


Figure 9. Two room-temperature samples (A and B) of conformations
available to the three-directional second-generation dendrimer 19 at 300 K
as determined by stochastic molecular dynamics.


after equilibration at 300 K. A high degree of conformational
freedom is evident, reiterating the similarity observed be-
tween this dendrimer and a linear polymer. The models
measure an average of 1.1 nm in radius, in very close
agreement with the results (radius of 1.0 nm) of the GPC
analysis. The structure of the fourth-generation three-direc-
tional dendrimer 26 (Figure 10) is strikingly different. Much


Figure 10. A possible conformation of the fourth-generation dendrimer 25
at 300 K as determined by stochastic molecular dynamics.


less conformational freedom is observed, and a more globular
structure results from the steric congestion of surface groups.
The model has an average radius of 1.6 nm, which is once
again consistent with the GPC analysis where a radius of
1.5 nm was deduced.


Finally, a structure for the sixth-generation three-direc-
tional dendrimer 27 is shown in Figure 11. Analysis of the
energetics of this structure reveals that none of the energy


Figure 11. One transient conformation of the sixth-generation dendrimer
27 at 300 K as determined by stochastic molecular dynamics.


terms are unrealistically high, suggesting that the structure is
certainly a feasible synthetic target. This is not surprising,
since the theoretical volume available to monomer units in the
sixth-generation dendrimer is little different from that in the
second-generation dendrimer 19.[54] All of the observed
conformations at 300 K are highly globular, and channels
and voids are apparent in the structure. As with the fourth-
generation dendrimer, the chain ends reside predominantly at
the surface of the molecule, and once again, the radius of the
model (2.4 nm) compares remarkably well with the value
obtained experimentally (2.3 nm) from GPC of the sixth-
generation product mixture.


Conclusions


The construction of a family of dendrimers derived from
diethanolamine and 5-hydroxyisophthalic acid branching
units has been accomplished. The family consists of one-,
two-, and three-directional second- and fourth-generation
dendrimers (the zero-generation analogue) and a mixture of
sixth-generation dendritic products. These dendrimers have
been synthesized from a second-generation building block in
the form of an orthogonally protected amino tetraacid. We
believe that the simplicity and versatility of this dendritic







Polyamide Dendrimers 781 ± 795


Chem. Eur. J. 1998, 4, No. 5 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998 0947-6539/98/0405-0791 $ 17.50+.25/0 791


building block gives us the potential to incorporate other units
within the dendritic structure at will; any suitably protected
amino polyacid could be used as a monomer in any
convergent or divergent generation-adding step.


The internal structure of the dendrimers has been probed
by GPC, VT-NMR spectroscopy and molecular modeling
experiments. The results of these studies are highly consistent
with each other. They show that the higher generation
dendrimers adopt the globular, void-containing conforma-
tions associated with the properties that are peculiar to
dendrimers. This observation is particularly interesting con-
sidering that these higher generation dendrimers are not close
to their starburst limit. We are led to the conclusion that these
structures and their analogues could harbor the potential to
act as host molecules and exhibit other novel properties.
However, caution must be exercised when elevating dendritic
structures to supramolecular status. The dendritic structure is
a dynamic system, and, as such, lacks the degree of preorga-
nization that is necessary for highly specific interactions with
substrates.


Experimental Section


General procedures and instrumentation : Chemicals were purchased from
Aldrich and were used without further purification. Solvents were dried
according to literature methods. Column chromatography was performed
on silica gel 60 (particle size 0.040 ± 0.063 mm, Merck 9385) and thin-layer
chromatography (TLC) on Merck aluminum-backed plates coated with
silica gel 60 F254 (layer thickness 0.2 mm). Once eluted, plates were dried
with hot air and scrutinized under a UV lamp or developed using a
ninhydrin[55] or cerium[56] stain. High performance liquid chromatography
(HPLC) was performed on a Phenomenex IB-Sil C-18 column (250�
10 mm), eluted on Gilson 305 and 306 HPLC pumps. The pumps were
controlled by external Gilson 715 software running on a 486 PC; detection
was achieved with a Dynamax UV-1 ultraviolet detector set at 254 nm.
GPC was carried out on two 300 mm Phenomenex Phenogel styrene/
divinylbenzene columns with pore sizes of 500 and 50 �. The columns were
linked in series and were calibrated with polystyrene standards purchased
from Polymer Laboratories Limited. The columns were eluted with pure
GPC grade THF (stabilized with BHT) on the HPLC system. Melting
points were determined on an Electrothermal 9200 melting point apparatus
and are uncorrected. Routine NMR spectra were recorded on a Bruker
AC300 (300 MHz for 1H, 75 MHz for 13C) spectrometer. Variable-temper-
ature spectra were obtained on a Bruker AMX 400 (400 MHz for 1H,
100 MHz for 13C) spectrometer. With both spectrometers, the solvent
reference was used as internal standard. Electron impact ± chemical
ionization mass spectrometry (EI-CIMS) was carried out on a Kratos
Profile mass spectrometer and liquid secondary ion mass spectrometry
(LSIMS) on a VG ZabSpec instrument, equipped with a cesium ion source
and using 3-nitrobenzyl alcohol as the matrix. Matrix-assisted laser
desorption ± ionization (time of flight) mass spectrometry (MALDI-
TOFMS) was performed on a Kratos Kompact instrument with either
gentisic acid (2,5-dihydroxybenzoic acid), sinnapinic acid (3,5-dimethoxy-
4-hydroxycinnamic acid), 3-b-indoleacrylic acid, or all trans-retinoic acid as
the matrix, and was calibrated with insulin. Microanalyses were performed
by either the University of Birmingham Microanalytical Service, the
University of Sheffield Microanalytical Service, or the University of North
London Microanalytical Service.


N,N-Bis[2-(p-toluenesulfonyloxy)ethyl]-p-toluenesulfonamide (3): Dry
Et3N (80 mL), diethanolamine (1, 10.0 g, 95 mmol), and a catalytic quantity
of DMAP were dissolved in dry CH2Cl2 (400 mL) in a 1 L flask. The
solution was cooled to 0 8C, then p-toluenesulfonyl chloride (65.1 g,
341 mmol) in dry CH2Cl2 (100 mL) was added slowly through a pressure-
equalized dropping funnel, while the the temperature was maintained
below 5 8C with constant stirring. The reaction mixture was allowed to


reach ambient temperature, and was then stirred overnight. The reaction
mixture was poured onto ice (50 g) and then neutralized by the addition of
concentrated HCl. The organic layer was added to extractions (CH2Cl2,
2� 50 mL) of the aqueous layer, before being dried (CaCl2). The solvent
was removed in vacuo to give a solid which was recrystallized twice from
MeOH to give the sulfonamide 3 (45.8 g, 85 %), white solid, m.p. 95 ± 96 8C.
1H NMR (300 MHz, CDCl3, 25 8C): d� 7.76 (m, 4H; Ar), 7.62 (m, 2H; Ar),
7.37 (m, 4H; Ar), 7.30 (m, 2H; Ar), 4.11 (t, J� 6 Hz, 4H; CH2O), 3.37 (t,
J� 6 Hz, 4H; NCH2), 2.47 (s, 6 H; CH3), 2.43 (s, 3H; CH3); 13C NMR
(75 MHz, CDCl3, 25 8C): d� 145, 144, 135, 132, 130, 128, 127, 68, 48, 21; MS
(CI� ): m/z (%)� 585 (11 %) [M�NH3]� , 567 (1%) [M]� , 242 (100 %)
[Mÿ 2OTs�H]� ; C25H29NO8S3: calcd C 52.89, H 5.15, N 2.47; found C
53.19, H 5.14, N 2.36.


Diethyl 5-hydroxyisophthalate (4): 5-Hydroxyisophthalic acid (2, 23.5 g,
129 mmol) was dissolved in EtOH (400 mL), and concentrated H2SO4 was
added (20 mL). The reaction mixture was stirred under reflux for 5 d. After
cooling, saturated NaHCO3 solution (ca. 400 mL) was added carefully to
neutralize the acid. The solution was reduced in volume to ca. 400 mL in
vacuo, more H2O (200 mL) was added, and the product was obtained by
filtration, before being washed with H2O (50 mL) to give the diester 4
(26.3 g, 86 %) as a colorless solid, m.p. 105 ± 106 8C. 1H NMR (300 MHz,
CD3COCD3, 25 8C): d� 9.06 (s, 1 H; OH), 8.12 (t, J� 1.5 Hz, 1H; Ar), 7.70
(d, J� 1.5 Hz, 2 H; Ar), 4.37 (q, J� 7 Hz, 4H; CH2), 1.38 (t, J� 7 Hz, 6H;
CH3); 13C NMR (75 MHz, CD3COCD3, 25 8C): d� 165.9, 158.7, 133.0,
121.8, 121.0, 61.7, 14.4; MS (CI� ): m/z (%)� 239 (90 %) [M�H]� , 256
(100 %) [M�NH4]� ; C12H14O5: calcd C 60.50, H 5.92; found C 60.76, H 5.97.


N,N-Bis{2-[3,5-bis(ethoxycarbonyl)phenoxy]ethyl}-p-toluene sulfonamide
(5): A suspension of K2CO3 (38 g, 275 mmol) in MeCN (1500 mL) was
degassed. The sulfonamide 3 (18.3 g, 32.3 mmol) and the diester 4 (26.7 g,
112 mmol) were dissolved in the solvent, and the reaction mixture was then
stirred under reflux for 7 d. The reaction mixture was cooled down, filtered
at the pump, and the solid was washed with MeCN (ca. 50 mL). The solvent
was removed in vacuo to leave a thick yellow syrup, which crystallized from
MeOH/H2O to give the pure sulfonamide 5 (18.7 g, 83%) as a white solid,
m.p. 66 8C. 1H NMR (300 MHz, CDCl3, 25 8C): d� 8.26 (t, J� 1.5 Hz, 2H;
Ar), 7.75 (m, 2 H; Ar), 7.62 (d, J� 1.5 Hz, 4 H; Ar), 7.26 (obscured by
solvent, m, Ar), 4.39 (q, J� 7 Hz, 8H; CO2CH2), 4.27 (t, J� 6 Hz, 4H;
CH2O), 3.75 (t, J� 6 Hz, 4 H; NCH2), 2.38 (s, 3H; CH3), 1.39 (t, J� 7 Hz,
12H; CH3); 13C NMR (75 MHz, CDCl3, 25 8C): d� 165.5, 158.2, 143.8,
136.6, 132.2, 129.8, 127.2, 123.4, 119.5, 67.6, 61.4, 48.7, 21.5, 14.3; MS
(EIMS� ): m/z (%)� 700 (16 %) [M�H]� , 654 (100 %) [MÿOEt]� ;
C35H41NO10S: calcd C 60.07, H 5.74, N 2.00; found C 59.97, H 5.74, N 2.07.


Bis{2-[3,5-bis(hydroxymethyl)phenoxy]ethyl}amine (6): Red-Al (65 % in
PhMe, 7 mL) was added to dry dioxane (100 mL) with vigorous stirring
under nitrogen. A solution of sulfonamide 5 (0.89 g, 1.27 mmol) in dry
dioxane (50 mL) was added dropwise over a period of 30 min using a
pressure-equalized dropping funnel. The bright yellow reaction mixture
was brought to reflux. The color changed to green and then to reddish-
orange. The reaction mixture was then heated under reflux for 18 h, after
which time the mixture resembled mud. On cooling, the excess of reagent
was decomposed by the dropwise addition of 10 % aqueous NaOH solution
(15 mL). This mixture was stirred for 30 min before the solvents were
removed in vacuo. The residue was dissolved in H2O (50 mL) and the
aqueous solution was extracted with EtOAc (5� 50 mL). These extracts
were combined, dried (Na2SO4), filtered, and the solvent was removed in
vacuo to leave a thick yellow syrup. This crude product was purified by
column chromatography on silica gel, eluting with a solvent gradient from
pure EtOAc to 6:3:1 EtOAc:Et3N:MeOH to give the amine 6 (68 mg,
14%) as a thick colorless syrup. 1H NMR (300 MHz, CD3COCD3, 25 8C):
d� 6.90 (s, 2H; Ar), 6.83 (s, 4H; Ar), 4.56 (s, 8 H CH2OH), 4.07 (t, J� 6 Hz,
4H; CH2OAr), 3.5 (br, 4 H; OH), 3.02 (t, J� 6 Hz, 4 H; NCH2); 13C NMR
(75 MHz, CD3COCD3, 25 8C): d� 160.0, 144.7, 117.7, 111.9, 68.4, 64.4, 49.3;
MS (EI� ): m/z (%)� 210 (84 %) [MÿCH2OC6H3(CH2OH)2]� .


N,N-Bis[2-(4-toluene)sulfonyloxy]ethyl(diethyl)phosphoramide (7): Di-
ethanolamine (1, 25.4 g, 242 mmol) was added to a stirred mixture of
KHCO3 (49.5 g, 495 mmol), K2CO3 (70.4 g, 510 mmol) and TBAB (4.32 g,
12 mmol) in THF (250 mL). The mixture was cooled to 5 8C under a
nitrogen atmosphere, after which a solution of diethylphosphite (36.3 g,
265 mmol) in CCl4 (50 mL) was added dropwise. The reaction mixture was
allowed to reach ambient temperature and then stirred for a further 1 h.
The mixture was filtered and the filtrate was combined with a washing of
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the solid with CH2Cl2 (50 mL). Finally, the solvents were removed in vacuo.
The remaining thick oil (64.7 g) was dissolved in CH2Cl2 (200 mL); C5H5N
(45 mL) and a catalytic quantity of DMAP were added. The reaction
mixture was cooled to 0 8C, while stirring was maintained under a nitrogen
atmosphere. A solution of p-toluenesulfonyl chloride (106.7 g, 562 mmol)
in CH2Cl2 (200 mL) was added carefully without allowing the temperature
to exceed 0 8C. Then, the reaction mixture was allowed to warm up while it
was stirred for a further 4 h. H2O (150 mL) was added and the reaction was
stirred vigorously for a further 30 min, before more H2O (150 mL) was
added. The organic layer was combined with one extraction (50 mL) of the
aqueous phase with CH2Cl2. The crude material was recovered by
evaporation of the organic solvents after the solution had been dried
(CaCl2). The pure product was easily obtained by flash column chroma-
tography on a short silica gel column, eluting with a gradient from pure
CH2Cl2 to pure EtOAc to give the phosphoramide 7 (55.3 g, 42%) as a
thick colorless oil. 1H NMR (300 MHz, CDCl3, 25 8C): d� 7.76 (d, J�
8.1 Hz, 4H; Ar), 7.34 (d, J� 8.1 Hz, 4 H; Ar), 4.04 (t, J� 5.5 Hz, 4H;
CH2OTs), 3.9 (m. 4 H; CH2OP), 3.27 (m. 4H; NCH2), 2.43 (s. 6H; ArCH3),
1.21 (dt, J� 0.95, 7.1 Hz, 6H; CH3); 13C NMR (75 MHz, CDCl3, 25 8C): d�
145.0, 132.6, 129.9, 127.9, 68.8, 62.5 (d, J� 5.6 Hz), 46.2 (d, J� 4.5 Hz),
21.6, 16.0 (d, J� 7.3 Hz); 31P NMR (162 MHz, CDCl3, 25 8C): d� 9.20;
MS (FAB� ): m/z (%)� 378 (88) [MÿOTs]� , 550 (100) [M�H]� ;
C22H32NO9PS2: calcd C 48.08, H 5.87, N 2.55; found C 47.60, H 6.07, N 2.60.


Dimethyl 5-hydroxyisophthalate (8): 5-Hydroxyisophthalic acid (2, 120 g,
659 mmol) and H2SO4 (60 mL) were dissolved in MeOH (1000 mL) and the
solution was stirred under reflux for 20 h. The reaction mixture was allowed
to cool down to ambient temperature and then H2O (1000 mL) was added.
The product was isolated by filtration from the crude reaction mixture. It
was then washed with H2O (100 mL) to give the ester 8 (135 g, 97%) as a
colorless solid, m.p. 165 8C. 1H NMR (300 MHz, CD3COCD3, 25 8C): d�
9.10 (br, 1 H; OH), 8.11 (t, J� 1 Hz, 1 H; Ar), 7.68 (d, J� 1 Hz, 2 H, Ar),
3.91 (s, 6H; CH3); 13C NMR (75 MHz, CD3COCD3, 25 8C): d� 166.27,
158.48, 132.84, 122.05, 121.00, 52.48; MS (EI� ): m/z (%)� 210 (36) [M]� .


3,5-Bishydroxymethylphenol (9): A solution of dimethyl 5-hydroxyisoph-
thalate (8, 30.0 g, 143 mmol) in dry THF (150 mL) was added slowly under
nitrogen to a stirred suspension of LiAlH4 (10.0 g, 263 mmol) in THF
(500 mL). The reaction was stirred under reflux for 3 h before being left to
cool down. The mixture was acidified by the addition of 10% H2SO4


(200 mL) and then the THF was removed by distillation in vacuo. The
resulting solution was extracted with EtOAc (5� 250 mL) and the extracts
were combined and dried (MgSO4). Filtration and evaporation of the
solvent gave the pure phenol 9 (22.2 g, 100 %) as a colorless solid, m.p. 73 ±
74 8C. 1H NMR (300 MHz, CD3COCD3, 25 8C): d� 8.17 (s, 1 H; ArOH),
6.81 (s, 1H; Ar), 6.74 (s, 2 H; Ar), 4.55 (d, J� 5 Hz, 4H; CH2), 4.10 (t, J�
5 Hz, 2H; OH); 13C NMR (75 MHz, CD3COCD3, 25 8C): d� 158.2, 144.7,
116.5, 112.6, 64.6; MS (CI� ): m/z (%)� 154 (100 %) [M]� ; C8H10O3: calcd
C 62.34, H 6.49; found C 62.32, H 6.69.


3,5-Bis(acetoxymethyl)acetoxybenzene (10): Ac2O (250 mL) was added
with stirring to the phenol 9 (22.0 g, 142 mmol) in dry C5H5N (1000 mL)
under nitrogen. The reaction mixture was stirred at ambient temperature
for 24 h and then the solvents were removed in vacuo. The residue was
dissolved in EtOAc (100 mL) and purified by filtration through silica,
which was washed with further EtOAc (100 mL). The EtOAc was removed
to give the pure triacetate 10 (38.0 g, 95%) as a thick colorless oil, b.p.
115 8C (0.01 mbar, decomp.). 1H NMR (300 MHz, CDCl3, 25 8C): d� 7.16
(br s, 1H; Ar), 7.00 (br s, 2H; Ar), 5.04 (s, 4H; CH2), 2.24 (s, 3 H; CH3), 2.06
(s, 6H; CH3); 13C NMR (75 MHz, CDCl3, 25 8C): d� 170.2, 169.2, 150.6,
138.2, 124.6, 120.8, 64.7, 20.9, 20.7; MS (CI� ): m/z (%)� 298 (43 %)
[M�NH4]� ; C14H16O6: calcd C 60.00, H 5.75; found C 59.66, H 6.00.


N,N-Bis[2-(3,5-bisacetoxymethyl)phenoxy]ethyl(diethyl)phosphoramide
(11): The triacetate 10 (2.92 g, 104 mmol), 18-crown-6 (315 mg, 1.2 mmol),
K2CO3 (5.15 g, 37.3 mmol), and MeCN (dry, 50 mL) were placed in a flask
under nitrogen and the reaction mixture was sonicated for 5 min. The
mixture was stirred under reflux for 1 h before it was allowed to cool down
to ambient temperature, at which point a solution of the phosphoramide 7
(1.69 g, 3.8 mmol) in MeCN (dry, 10 mL) was added through a pressure-
equalized dropping funnel. The reaction mixture was reheated and stirred
under reflux for 2 d. After cooling, the mixture was filtered and the solid
washed with MeCN (10 mL). The solvent was removed to leave a crude
product, which was subjected to column chromatography on silica gel,
eluting with EtOAc to give the phosphoramide 11 (517 mg, 23%) as a thick


colorless oil. 1H NMR (300 MHz, CD3COCD3, 25 8C): d� 7.00 (s, 2H; Ar),
6.93 (s, 4 H; Ar), 5.06 (s, 8H; PhCH2O), 4.21 (t, J� 6 Hz, 4 H; CH2O), 4.05
(m, 4 H; CH2OP), 3.57 (m, 4H; NCH2), 2.06 (s, 12 H; COCH3), 1.28 (t, J�
7 Hz, 6 H, CH3); 13C NMR (75 MHz, CD3COCD3, 25 8C): d� 170.7, 159.9,
139.2, 120.5, 114.3, 67.8, 66.0, 62.5, 62.4, 47.3, 20.7, 16.5, 16.4; 31P NMR
(162 MHz, CDCl3, 25 8C): d� 10.25; MS (FAB� ): m/z (%)� 682 (100 %)
[M�H]� ; C32H44NO13P: calcd C 56.38, H 6.51, N 2.05; found C 56.33, H
6.64, N 2.13.


Bis{[2-(3,5-bisacetoxymethyl)phenoxy]ethyl}amine (12): A solution of the
phosphoramide 11 (2.01 g, 2.95 mmol) in freshly distilled THF (50 mL) was
cooled to <5 8C before it was saturated with anhydrous HCl. The reaction
mixture was allowed to warm up to ambient temperature and the reaction
was followed by TLC until the starting material had almost completely
disappeared (ca. 2 h). The volatiles were removed in vacuo and then the
residue was shaken with Et2O (50 mL). After decanting the liquid, the
remaining material was dissolved in H2O (50 mL) before being basified
with 15% NaOH solution (2.5 mL). The mixture was extracted with
CH2Cl2 (2� 15 mL) and the extractions were combined, dried (MgSO4),
and concentrated to a residue. This crude product was purified by column
chromatography on silica gel, eluting with a gradient from EtOAc:MeOH
(9:1) to EtOAc:Et3N:MeOH (8:1:1) to give the amine 12 (498 mg, 31 %) as
a thick oil. 1H NMR (300 MHz, CD3COCD3, 25 8C): d� 6.99 (s, 2H; Ar),
6.93 (s, 4 H; Ar), 5.05 (s, 8H; PhCH2O), 4.16 (t, J� 6 Hz, 4 H; CH2O), 3.10
(t, J� 6 Hz, 4H; NCH2), 2.06 (s, 12 H; CH3); 13C NMR (75 MHz,
CD3COCD3, 25 8C): d� 170.7, 160.1, 139.2, 120.4, 114.4, 68.5, 66.0, 20.7;
MS (FAB� ): m/z (%)� 546 (3 %) [M�H]� ; C28H35NO10: calcd C 61.64,
6.47, N 2.57; found C 61.65, H 6.48, N 2.49.


1,3,5-Tris{N,N-bis[2-(3,5-bis(acetoxymethyl)phenoxy)ethyl]aminocarbo-
nyl}benzene (13): A solution of 1,3,5-benzenetricarbonyl chloride (69.1 mg,
0.26 mmol) in THF (3 mL) was added dropwise with stirring to a mixture of
the amine 12 (423 mg, 0.77 mmol) and C5H5N (80 mL, 1 mmol) in THF
(20 mL). The reaction mixture was stirred at ambient temperature for
10 min. The solvent was removed in vacuo and then the crude product was
subjected to column chromatography on silica gel, eluting with EtOAc to
give the protected dendrimer 13 (298 mg, 64 %) as a thick oil. 1H NMR
(400 MHz, CD3SOCD3, 100 8C): d� 7.63 (s, 3 H; Ar[core]), 6.90 (s, 6H;
Ar), 6.82 (s, 12H; Ar), 4.99 (s, 24H; PhCH2O), 4.18 (br, 12 H; CH2O), 3.84
(br, 12H; NCH2), 2.02 (s, 36 H; CH3); MS (FAB� ): m/z (%)� 1815
(100 %) [M�Na]� ; C93H105N3O33: HRMS calcd 1814.652 [M�Na], 1815.656
[M�Na]; found 1814.660, 1815.667.


1,3,5-Tris{N,N-bis[2-(3,5-bis(hydroxymethyl)phenoxy)ethyl]aminocarbo-
nyl}benzene (14): Na metal (60 mg, 2.6 mmol) was dissolved in dry MeOH
(10 mL) at 0 8C. A solution of the protected dendrimer 13 (166 mg,
0.87 mmol) in CH2Cl2 (1 mL) was added and then the reaction mixture was
stirred at ambient temperature for 2 h. The mixture was neutralized
carefully with 10% H2SO4, filtered, and the solvents were removed in
vacuo to leave a product, which was purified by HPLC (Phenomenex IB-
SIL C-18 column, H2O) to give the dendrimer 14 (98 mg, 86%) as a thick
oil. 1H NMR (400 MHz, CD3SOCD3, 100 8C): d� 7.60 (s, 3H; Ar[core]),
6.88 (s, 6H; Ar), 6.73 (s, 12 H; Ar), 4.70 (br t, J� 5 Hz, 12H; OH), 4.44 (d,
J� 5 Hz, 24H; PhCH2O), 4.15 (br t, J� 5 Hz, 12 H; CH2O), 3.81 (br t, J�
5 Hz, 12 H; NCH2); 13C NMR (100 MHz, CD3SOCD3, 100 8C): d� 169.6,
157.8, 143.5, 136.7, 125.5, 116.9, 110.8, 65.1, 62.6; MS (FAB� ): m/z (%)�
1288 (59 %) [M�H]� ; C69H82N3O21: HRMS calcd 1288.544 [M�H]; found
1288.545.


N,N-Bis{2-[(3,5-bismethoxycarbonyl)phenoxy]ethyl}(diethyl)phosphora-
mide (15): A mixture of the phosphoramide 7 (8.44 g, 15.4 mmol), the ester
8 (10.59 g, 50.4 mmol), and K2CO3 (30.0 g, 217 mmol) in MeCN (100 mL)
was stirred under reflux in a nitrogen atmosphere for 7 h. The cooled
reaction was filtered and the solid was washed with MeCN (10 mL). The
solvent was removed in vacuo and the product was crystallized from
MeOH/H2O. Final traces of the phenolic starting material were removed by
drying a CH2Cl2 solution of the product over K2CO3 to give the
phosphoramide 15 (7.80 g, 84%) as a colorless solid, m.p. 80 ± 81 8C. 1H
NMR (300 MHz, CDCl3, 25 8C): d� 8.23 (t, J� 1.3 Hz, 2 H; Ar), 7.66 (d,
J� 1.5 Hz, 4H; Ar), 4.19 (t, J� 14.8 Hz, 4H; CH2OAr), 4.04 (q, J� 7.1 Hz,
4H; CH2OP), 3.89 (s. 12 H; CO2Me), 3.58 (m. 6 H; CH3), 1.27 (t, J� 7.0 Hz,
4H; NCH2); 13C NMR (75 MHz, CDCl3, 25 8C): d� 165.9, 158.6, 131.8,
123.2, 119.6, 67.9, 62.5, 62.4, 52.4, 46.9, 46.8, 16.2; 31P NMR (162 MHz,
CDCl3, 25 8C): d� 10.16; MS (FAB� ): m/z (%)� 626 (100) [M�H]� ;
C28H36NO13P: calcd C 53.76, H 5.80, N 2.24; found C 53.57, H 5.89, N 2.12.
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N,N-Bis{2-[3,5-bis(hydroxycarbonyl)phenoxy]ethyl}(diethyl)phosphora-
mide (16): 15% NaOH (10 mL) was added to a solution of the
phosphoramide 7 (1.083 g, 1.7 mmol) in THF (40 mL). The mixture was
stirred under reflux for 2 h and then it was allowed to cool down to room
temperature. The THF was removed in vacuo, after which the product was
precipitated by the addition of H2O (20 mL) and 10% H2SO4 (20 mL). The
precipitate was collected by filtration, and was washed with H2O (5 mL) to
give the phosphoramide 16 (989 mg, 100 %) as a colorless solid, decomp.
>250 8C. 1H NMR (300 MHz, CD3SOCD3, 25 8C): d� 13.4 (br, 4H;
CO2 H), 8.06 (br t, 2 H; Ar), 7.61 (d, J� 1.1 Hz, 4H; Ar), 4.22 (br, 4H;
CH2O), 3.95 (m, 4H; CH2OP), 3.48 (br m, 4H, NCH2), 1.20 (t, J� 7.2 Hz,
6H; CH3); 13C NMR (75 MHz, CD3SOCD3, 25 8C): d� 166.7, 158.8, 133.5,
122.6, 119.0, 66.9, 61.7, 45.6, 16.2; 31P NMR (162 MHz, CD3SOCD3, 25 8C):
d� 10.51; MS (FABÿ ): m/z (%)� 568 (100) [MÿH]� ; C24H28NO13P:
calcd C 50.62, H 4.96, N 2.46; found C 50.48, H 4.94, N 2.26.


Bis{2-[3,5-bis(methoxycarbonyl)phenoxy]ethyl}amine (17): A solution of
the phosphoramide 7 (2.28 g, 3.6 mmol) in THF (50 mL) was cooled down
to below 5 8C. HCl gas was bubbled through the solution for 30 min, after
which time the cold bath was removed and the reaction mixture was left to
stand for 3 h. The volatiles were removed in vacuo, and then Et2O (50 mL)
was added. The crude HCl salt was isolated by filtration, and was washed
with Et2O (10 mL). The HCl salt was dissolved in H2O/MeOH (ca. 10 mL)
and the free amine was precipitated in pure form by the addition of 15%
NaOH solution (2.5 mL). The product was isolated by filtration, and then
washed with H2O (2 mL). Finally, the pure material was dried in a
desiccator to give the amine 17 (1.49 g, 84%) as a colorless solid, m.p. 131 ±
132 8C. 1H NMR (300 MHz, CD3COCD3, 25 8C): d� 8.61 (t, J� 1.5 Hz,
2H; Ar), 8.18 (d, J� 1.5 Hz, 4H; Ar), 4.69 (t, J� 5.5 Hz, 4 H; CH2OAr),
4.37 (s, 12H; CH3), 3.59 (t, J� 5.3 Hz, 4H; NCH2); 13C NMR (75 MHz,
CD3COCD3, 25 8C): d� 166.2, 160.2, 132.9, 132.0, 120.3, 69.5, 52.7, 49.1; MS
(FAB� ): m/z (%)� 490 (100) [M�H]� ; C24H27NO10: calcd C 61.00, H 6.26,
N 2.63; found C 61.26, H 6.27, 2.61.


N,N-Bis{2-[3,5-bis(N,N-bis(2-(3,5-bis(methoxycarbonyl)phenoxy)ethyl)-
aminocarbonyl)phenoxy]ethyl}(diethyl)phosphoramide (18): A solution of
the amine 17 (6.545 g, 13.4 mmol) and the phosphoramide 16 (1.901 g,
3.34 mmol) in THF (150 mL) was cooled down to 0 8C. DCC (2.85 g,
13.8 mmol) and HOBt (1.82 g, 13.5 mmol) were added, the ice-bath was
removed, and the reaction mixture was stirred for 4 h. The solvent was
removed in vacuo and the product was isolated by flash column
chromatography on silica gel, eluting with a gradient from EtOAc to
10% MeOH in EtOAc to give the phosphoramide 18 (7.60 g, 93%) as a
colorless, amorphous solid. 1H NMR (400 MHz, CD3SOCD3, 100 8C): d�
7.94 (t, J� 1.3 Hz, 8 H; Ar), 7.50 (d, J� 1.3 Hz, 16 H; Ar), 7.19 (br t, 2 H; Ar),
7.06 (d, J� 1.2 Hz, 4H, Ar), 4.28 (t, J� 5.1 Hz, 16H; CH2OAr), 4.18 (t, J�
5.7 Hz, 4 H; CH2OAr), 3.9 ± 3.8 (m, 68 H; NCH2, CH2OP, CO2CH3), 3.44
(m, 4H; PNCH2), 1.14 (t, J� 7.0 Hz, 6H; CH3); 13C NMR (75 MHz,
CD3SOCD3, 25 8C): d� 171.6, 165.8, 159.4, 159.1, 139.2, 132.3, 123.0, 119.8,
118.9, 114.8, 62.4, 62.1, 52.5, 16.4, 16.3; 31P NMR (162 MHz, CD3SOCD3,
25 8C): d� 10.38; MS (FAB� ): m/z (%)� 2456 (100) [M�H]� ;
C120H128N5O49P: calcd C 50.70, H 5.25, N 2.85; found C 50.85, H 5.31, N 2.79.
1,3,5-Tris{N,N-bis[2-(3,5-bismethoxycarbonyl)phenoxy]ethyl}aminocarbo-
nylbenzene (19): A solution of the amine 17 (765 mg, 1.56 mmol) and
trimesic acid (109 mg, 0.52 mmol) in THF (75 mL) was cooled down to 0 8C.
DCC (322 mg, 1.56 mmol) and HOBt (199 mg, 1.47 mmol) were added, the
ice bath was removed, and the reaction mixture was stirred for 4 h. The
solvent was removed in vacuo and the product was isolated by flash column
chromatography on silica gel, eluting with a gradient from EtOAc to 10%
MeOH in EtOAc to give the dendrimer 19 (590 mg, 70%) as a colorless,
amorphous solid. 1H NMR (400 MHz, CD3SOCD3, 100 8C): d� 7.92 (t, J�
1.2 Hz, 6H; Ar), 7.74 (s, 3H; core Ar), 7.49 (d, J� 1.3 Hz, 12H; Ar), 4.29 (t,
J� 5.1 Hz, 12H; CH2OAr), 3.91 (t, J� 5.1 Hz, 12H, NCH2), 3.84 (s, 36H;
CH3); 13C NMR (100 MHz, CD3SOCD3, 100 8C): d� 169.7, 164.5, 158.0,
136.6, 131.2, 125.9, 121.7, 118.8, 66.1, 51.6, 46.7; MS (FAB� ): m/z (%)�
1414 (96) [MÿOPh(CO2Me)2]� , 1624 (100) [M�H]� ; C81H81N3O33: calcd C
59.89, H 5.03, N 2.59; found C 59.84, H 5.17, N 2.63.


1-Methoxycarbonyl-3,5-bis{N,N-bis[2-(3,5-bis(methoxycarbonyl)phen-
oxy)ethyl]aminocarbonyl}benzene (21): A solution of the amine 17
(452 mg, 0.92 mmol) and trimesic acid (64 mg, 0.30 mmol) in MeCN
(20 mL) was cooled down to 0 8C. DCC (196 mg, 0.95 mmol), HOBt
(128 mg, 0.95 mmol), and THF (5 mL) were added and the ice-bath was
removed. The reaction mixture was stirred for 3 h, after which time the


solvent was removed in vacuo. The product was isolated by flash column
chromatography on silica gel, eluting with EtOAc to give the dendrimer 21
(122 mg, 34%) as an amorphous solid. 1H NMR (400 MHz, CD3SOCD3,
100 8C): d� 8.04 (d, J� 1.6 Hz, 2 H; Ar[core]), 7.97 (t, J� 1.4 Hz, 8 H; Ar),
7.84 (t, J� 1.6 Hz, 1 H; Ar[core]), 7.53 (d, J� 1.4 Hz, 4 H; Ar), 4.31 (t, J�
10 Hz, 8H; CH2O), 3.88 (t, obscured; NCH2), 3.85 (s, 27 H; CH3); 13C NMR
(100 MHz, CD3SOCD3, 100 8C): d� 169.4, 164.5, 158.0, 136.8, 131.2, 129.9,
129.0, 127.8, 124.3, 121.6, 118.8, 65.9, 51.6, 45.5; MS (FAB� ): m/z (%)�
1167 (85 %) [M�H]� ; C58H58N2O24: calcd C 59.69, H 5.01, N 2.40; found C
59.6, H 4.91, N 2.25.


1,3,5-Tris{N,N-bis[2-(3,5-bis(hydroxycarbonyl)phenoxy)ethyl]aminocarbo-
nyl}benzene (22): A 7.5 % aqueous solution of NaOH (1.5 mL) was added
to a stirred solution of the dendrimer 19 (665 mg, 0.41 mmol) in THF
(15 mL). The reaction mixture was stirred under reflux for 1 h, after which
time 15% aqueous NaOH solution (1.5 mL) was added. The reaction
mixture was stirred under reflux for a further 1 h and then the THF was
removed in vacuo. The product was precipitated by the addition of a 10%
aqueous solution (10 mL) of H2SO4. It was collected by filtration and then
washed with H2O (10 mL) and dried in a desiccator to give the dodecaacid
22 (630 mg, 100 %) as a white powder. 1H NMR (400 MHz, CD3SOCD3,
90 8C): d� 8.02 (6 H; Ar[surface]), 7.74 (s, 3 H; Ar[core]), 7.59 (12 H;
Ar[surface]), 4.30 (br t, 12 H; CH2O), 3.91 (br t, 12 H; NCH2); 13C NMR
(100 MHz, CD3SOCD3, 90 8C): d� 169.6, 165.6, 157.8, 136.5, 132.2, 125.8,
122.2, 118.7, 65.6; MS (FABÿ ): m/z (%)� 1455 (100 %) [MÿH]ÿ .


Bis{2-[3,5-bis(N,N-bis(2-(3,5-bis(methoxycarbonyl)phenoxy)ethyl)amino-
carbonyl)phenoxy]ethyl}amine (24): A solution of the phosphoramide 18
(5.188 g, 2.11 mmol) in THF (100 mL) was cooled down to below 5 8C. HCl
gas was bubbled through the solution for 30 min, after which time the cold
bath was removed and the reaction was left to stand for 2 h while the
reaction was monitored by TLC. The volatiles were removed in vacuo and
then Et2O (100 mL) was added. The Et2O was decanted and the solid was
dissolved in the minimum volume of Me2CO. The free amine was
precipitated by the addition of a 15 % NaOH solution (2 mL) and H2O
(100 mL). The crude product was isolated by filtration, then purified by
flash column chromatography on silica gel, eluting with a gradient from
10% MeOH in EtOAc to 1:1:8 Et3N:MeOH:EtOAc to give the amine 24
(3.52 g, 72%) as a colorless amorphous solid. 1H NMR (400 MHz,
CD3SOCD3, 100 8C): d� 7.95 (t, J� 1.5 Hz, 8H; Ar[outer]), 7.52 (d, J�
1.3 Hz, 16 H; Ar[outer]), 7.17 (s, 2H; Ar[inner]), 7.06 (s, 4 H; Ar[inner]),
4.29 (t, J� 5.0 Hz, 16 H; CH2O[outer]), 4.10 (t, J� 5.6 Hz, 4 H; CH2O[in-
ner]), 3.87 (obscured, NCH2[outer]), 3.84 (s, 48H; CH3), 3.01 (t, J� 5.6 Hz,
4H; NCH2[inner]); 13C NMR (75 MHz, CD3COCD3, 25 8C): d� 171.7,
165.9, 159.7, 159.2, 139.1, 132.4, 123.0, 119.8, 118.8, 115.0, 69.0, 67.4, 52.6,
50.1, 49.0, 46.2; MS (FAB� ): m/z (%)� 2320 (70 %) [M�H]� ;
C108H119N5O46: calcd C 60.08, H 5.17, N 3.02; found C 60.54, H 5.18, N 3.16.


1,3,5-Tris{N,N-bis[2-(3,5-bis(N,N-bis(2-(3,5-bis(methoxycarbonyl)phen-
oxy)ethyl)aminocarbonyl)phenoxy)ethyl]aminocarbonyl}benzene (26),
Method A: A solution of the amine 24 (142 mg, 0.061 mmol) in THF
(15 mL) was cooled down to< 5 8C. A solution of 1,3,5-benzenetricarbonyl
trichloride (5.0 mg, 0.053 mmol) in THF (160 mL) was added slowly using a
syringe, while the reaction mixture was stirred and allowed to warm up to
ambient temperature. After stirring for a further 1 h, the solvent was
removed in vacuo and the product was isolated by column chromatography
on silica gel, eluting with a gradient from EtOAc to 10% MeOH in EtOAc
to give the three-directional dendrimer 26 (91 mg, 63 %) as a colorless
amorphous solid. 1H NMR (400 MHz, CD3SOCD3, 100 8C): d� 7.83 (t, J�
1.3 Hz, 24 H; Ar[outer]), 7.76 (s, 3H; Ar[core]), 7.40 (d, J� 1.7 Hz, 48H;
Ar[outer]), 7.23 (br t, 6H; Ar[inner]), 7.10 (d, J� 1.4 Hz, 12H; Ar[inner])
4.30 (br t, 12 H; CH2O[inner]), 4.20 (br t, 48H; CH2O[outer]), 3.90 (br t,
12H; NCH2[inner]), 3.83 (br t, 48H; NCH2[outer]), 3.77 (s, 144 H; CH3);
13C NMR (100 MHz, CD3SOCD3, 100 8C): d� 169.9, 169.7, 164.4, 157.8,
137.6, 136.4, 131.0, 127, 121.7, 121.5, 118.7, 117.5, 117.3, 113.8, 113.6, 66.5,
66.1, 65.7, 52.2, 51.5, 50.8, 46.6; MS (FAB� ): m/z (%)� 7113 (3) [M�H]� ;
C357H357N15O141: calcd C 60.28, H 5.06, N 2.95; found C 59.97, H 5.20, N 2.85.


Dendrimer 26 (Method B) and 1-methoxycarbonyl-3,5-tris{N,N-bis[2-(3,5-
bis(N,N-bis(2-(3,5-bis(methoxycarbonyl)phenoxy)ethyl)aminocarbonyl)-
phenoxy)ethyl]aminocarbonyl}benzene (25): A solution of the amine 24
(1.09 g, 0.47 mmol) and trimesic acid (32.7 mg, 0.156 mmol) in THF
(20 mL) was cooled down to 0 8C. DCC (99 mg, 0.48 mmol) and HOBt
(74 mg, 0.48 mmol) were added, the ice-bath was removed, and the reaction
was stirred for 12 h. The solvent was removed in vacuo and then the
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products were isolated by flash column chromatography on silica gel,
eluting with a gradient from EtOAc to 10% MeOH in EtOAc to give the
three-directional dendrimer 26 (144 mg, 13 %) and the two-directional
dendrimer 25 (237 mg, 32%) as a colorless, amorphous solid. 1H NMR
(400 MHz, CD3SOCD3, 100 8C): d� 8.05 (d, J� 1.5 Hz, 2 H; Ar[core]), 7.88
(t, J� 1.3 Hz, 16H; Ar[outer]), 7.79 (t, J� 1.3 Hz, 1 H; Ar[core]), 7.45 (d,
J� 1.4 Hz, 32H; Ar[outer]), 7.21 (br t, 4 H; Ar[inner]), 7.09 (d, J� 1.2 Hz,
8H; Ar[inner]) 4.25 (m, 40H; CH2O[inner� outer]), 3.85 (m, 40H;
NCH2[inner�outer]), 3.80 (s, 99H; CH3[core� surface]); 13C NMR
(100 MHz, CD3SOCD3, 90 8C): d� 169.9, 169.3, 164.4, 157.8, 137.6, 136.8,
131.0, 129.5, 127.7, 121.5, 118.7, 117.4, 113.6, 66.0, 65.4, 51.5; MS (FAB� ):
m/z (%)� 4827 (27) [M�H]� ; C242H242N10O96: calcd C 60.22, H 5.05, N
2.90; found C 60.30, H 5.19, N 2.88.


1,3,5-Tris{N,N-bis[2-(3,5-bis(N,N-bis(2-(3,5-bis(N,N-bis(2-(3,5-bis(meth-
oxycarbonyl)phenoxy)ethyl)aminocarbonyl)phenoxy)ethyl)aminocarbo-
nyl)phenoxy)ethyl]aminocarbonyl}benzene (27): A solution of the amine
24 (1.09 g, 0.47 mmol) and the dodecaacid 22 (56.2 mg, 0.039 mmol) in THF
(25 mL) was cooled down to 0 8C. DCC (110 mg, 0.53 mmol) and HOBt
(77 mg, 0.50 mmol) were added, the ice-bath was removed, and the reaction
mixture was stirred overnight. More DCC (90 mg, 0.44 mmol) was added and
the reaction mixture was stirred for a further day. The solvent was removed in
vacuo to give a crude mixture. Quantitative GPC of an aliquot of this mixture
showed that it contained products with a narrow hydrodynamic radius
range of around 2.4 nm and a yield of 32% with respect to the wedge.


N,N-Bis{2-[3,5-bis(methoxycarbonyl)phenoxy]ethyl}benzamide (29): A
solution of the amine 17 (266 mg, 0.544 mmol) and benzoic acid (72 mg,
0.59 mmol) in THF (20 mL) was cooled down to 0 8C. DCC (122 mg,
0.59 mmol) and HOBt (81 mg, 0.60 mmol) were added, the ice-bath was
removed, and the reaction mixture was stirred for 5 h. The solvent was
removed in vacuo and the product was isolated by flash column
chromatography on silica gel, eluting with a gradient from EtOAc to
10% MeOH in EtOAc to give the amide 29 (252 mg, 78%) as a colorless,
amorphous solid. 1H NMR (300 MHz, CD3COCD3, 25 8C): d� 8.10 (t, J�
3 Hz, 2 H; Ar[branching unit]), 7.63 (d, J� 3 Hz, 4 H; Ar[branching unit]),
7.55 (m, 2 H; Ar[core]), 7.45 (m, 3 H; Ar[core]), 4.40 (br, 4 H; CH2O), 4.06
(br, 4 H; NCH2), 3.90 (s, 12 H; CH3); 13C NMR (100 MHz, CD3SOCD3,
90 8C): d� 171.3, 164.8, 158.2, 136.3, 131.4, 128.8, 127.8, 126.4, 121.7, 119.0,
66.3, 51.8; MS (FAB� ): m/z (%)� 594 (43 %) [M�H]� ; C31H31NO11: calcd
C 62.73, H 5.26, N 2.36; found C 62.89, H 5.19, N 2.19.


N,N-Bis{2-[3,5-bis(N,N-bis(2-(3,5-bis(methoxycarbonyl)phenoxy)ethyl)-
aminocarbonyl)phenoxy]ethyl}aminocarbonylbenzamide (30): A solution
of the amine 24 (126 mg, 0.054 mmol) and benzoic acid (7.3 mg,
0.060 mmol) in THF (2 mL) was cooled down to 0 8C. DCC (12.7 mg,
0.62 mmol) and HOBt (8.1 mg, 0.060 mmol) were added, the ice-bath was
removed, and the reaction mixture was stirred overnight. The solvent was
removed in vacuo and then the product was isolated by flash column
chromatography on silica gel, eluting with a gradient from EtOAc to 10%
MeOH in EtOAc to give the amide 30 (125 mg, 95 %) as a colorless,
amorphous solid. 1H NMR (400 MHz, CD3SOCD3, 100 8C): d� 7.94 (t, J�
1.4 Hz, 8H; Ar[outer]), 7.50 (d, J� 1.5 Hz, 16 H; Ar[outer]), 7.29 (m, 5H;
Ar[core]), 7.20 (t, J� 1.2 Hz, 2H; Ar[inner]), 7.06 (d, J� 1.2 Hz, 4H;
Ar[inner]), 4.28 (t, J� 5.1 Hz, 16 H; CH2O[outer]), 4.24 (t, J� 5.6 Hz, 4H;
CH2O[inner]), 3.88 (m, 20H; NCH2[inner�outer]), 3.83 (s, 48H; CH3);
13C NMR (100 MHz, CD3SOCD3, 100 8C): d� 170.0, 164.6, 158.0, 137.8,
136.2, 131.2, 128.5, 127.6, 126.1, 124.3, 121.7, 118.8, 117.4, 113.7, 66.1, 65.7,
51.6, 46.1 (br); MS (FAB� ): m/z (%)� 2446 (100 %) [M�H]� ;
C123H123N5O47: calcd C 60.96, H 5.12, N 2.89; found C 61.08, H 5.17, N 2.93.


1,3,5-Tris(methoxycarbonyl)benzene (31): A solution of trimesic acid
(24.5 g, 97 mmol) and H2SO4 (25 mL) in MeOH (250 mL) was stirred
under reflux for 18 h. The reaction mixture was cooled down to 5 8C and
H2O (150 mL) was added. The precipitated product was isolated by
filtration and was washed with H2O (50 mL) to give the pure triester 31
(28.5 g, 97%) as a colorless solid, m.p. 145 ± 146 8C; Lit. 145 ± 147 8C
(Aldrich). 1H NMR (300 MHz, CD3COCD3, 25 8C): d� 8.34 (s, 3H; Ar),
3.98 (s, 9H; CH3).
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A Comparison of H-Pin and Hairpin Polyamide Motifs for the
Recognition of the Minor Groove of DNA


William A. Greenberg, Eldon E. Baird, and Peter B. Dervan*


Abstract: In order to compare strat-
egies for covalent linkage of pyrrole-
imidazole (Py-Im) polyamide subunits,
equilibrium association constants (Ka)
were determined for a series of poly-
amides coupled either C ± N with a g-
aminobutyric acid linker (hairpin motif)
or linked across a central Py/Py pair
through a tetramethylene spacer (H-pin
motif). Compared to the well-character-
ized hairpin motif, the H-pin motif
represents a unique and relatively unex-
plored approach for increasing the af-
finity and the specificity of 2:1 polya-
mide ± DNA complexes. Three H-pin
polyamides containing six or 10 aromat-
ic amino acid residues were synthesized
by solid-phase methods using a Boc-
protected bispyrrole monomer com-
bined with bi-directional synthesis. The
DNA-binding properties of six-ring and
10-ring H-pin polyamides were analyzed


by quantitative DNase I footprint titra-
tion on a DNA fragment containing five
or seven base pair match and mismatch
sequences, respectively. The homodi-
meric H-Pin (ImPyPy-b-Dp)2C4 (site of
the tetramethylene linker indicated in
bold type) binds to the seven base pair
match sequence 5'-TGTCA-3' with Ka�
9.3� 106mÿ1 and 9.4-fold specificity rel-
ative to the single base mismatch se-
quence 5'-TGTTA-3' (Ka� 9.9�
105mÿ1). The heterodimeric H-Pin (Im-
PyPy-b-Dp)C4(AcPyPyPy-b-Dp) binds
a 5'-TGTTA-3' match sequence with
Ka� 2.0� 106mÿ1 and 3.5-fold specificity
versus the single base mismatch se-


quence 5'-TGTCA-3' (Ka� 5.7�
105mÿ1). The 10-ring H-pin (ImPyPyPy-
Py-b-Dp)2C4 binds to the seven base pair
match sequence 5'-TGTAACA-3' with
Ka� 4.4� 108mÿ1 and 28-fold specificity
versus the single base pair mismatch
sequence 5'-TGGAACA-3' (Ka� 1.6�
107mÿ1). We find that H-pin polyamides
bind with four- to 180-fold enhanced
affinity and two- to 10-fold enhanced
specificity relative to unlinked ana-
logues, but with 25- to 150-fold reduced
affinity and approximately one- to 20-
fold reduced specificity compared to the
corresponding hairpin polyamides.
These results indicate that H-pin poly-
amides represent a viable motif for the
recognition of predetermined sequences
in the DNA minor groove; however,
DNA-binding properties appear inferior
to the corresponding hairpins.


Keywords: binding affinity ´
hydrogen bonds ´ molecular recog-
nition ´ solid-phase synthesis ´
DNA recognition


Introduction


Efforts over the last several years have led to the development
of 2:1 antiparallel pyrrole ± imidazole polyamide ± DNA com-
plexes for sequence-specific recognition in the minor groove
of DNA.[1±10] DNA sequence specificity is dictated by a linear
combination of side-by-side pairings of aromatic pyrrole (Py)
and imidazole (Im) amino acids. An Im on one ligand
complemented by Py on the second (Im/Py pairing) recog-
nizes a G ´ C base pair, while a Py/Im pairing recognizes C ´
G.[1] A Py/Py pair is degenerate for an A ´ T or T´ A base
pair.[1, 2] The validity of the polyamide pairing rules as a model


for the design of ligands that recognize predetermined
sequences is supported by a wide variety of polyamide
structural motifs which have been characterized by foot-
printing, affinity cleaving, 2-D NMR, and X-ray methods.[1±9]


Covalently linking polyamide homodimers and heterodim-
ers within the 2:1 motif has led to the development of
designed ligands with enhanced affinity and sequence specif-
icity.[7±8] The first approach for the covalent linkage of 2:1
polyamides entailed connection across a central Py/Py pair
through the ring nitrogen atoms that point out of the minor
groove (Figure 1 a).[7] The nonlinear and hence nonconver-
gent synthesis of this class of polyamides, which we call the H-
pin motif, made elaboration to larger, mixed sequence
systems difficult. A polyamide hairpin motif with g-amino-
butyric acid (g) serving as a turn-specific internal guide
residue provided a more synthetically accessible method for
linking polyamide subunits (Figure 1 b).[8] Furthermore, the
development of solid-phase methods for the linear synthesis
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of hairpin polyamides facilitated the development of a broad
scope of hairpin ligands[10] as well as applications of cell-
permeable eight-ring hairpins for gene-specific regulation of
transcription.[11] It remained to be determined if the H-pin
polyamide motif might offer similar undiscovered properties.


As a minimum first step to evaluate the scope and
limitations of the H-pin polyamide motif, we report the
extension of solid-phase methodology to the synthesis of H-
pins through the use of a bispyrrole monomer building block
and a bi-directional synthetic strategy. Two six-ring and a 10-
ring H-pin polyamide, (ImPyPy-b-Dp)2C4 (1), (ImPyPy-b-
Dp)C4(AcPyPyPy-b-Dp) (2), and (ImPyPyPyPy-b-Dp)2C4 (6)
(site of tetramethylene linker indicated in bold type) were
synthesized and their DNA binding properties analyzed on
separate DNA fragments containing five and seven base pair
match and mismatch sites. As a control, the corresponding
unlinked homodimers ImPyPy-b-Dp (5), and ImPyPyPyPy-b-
Dp (8), as well as the hairpin analogues ImPyPy-g-ImPyPy-b-
Dp (3),[8d] ImPyPy-g-PyPyPy-b-Dp (4),[2d, 8b] and ImPyPyPy-
Py-g-ImPyPyPyPy-b-Dp (7)[8j] were also analyzed on the same
DNA fragments (Figures 2 and 3). We report here on the
DNA binding affinities and relative sequence selectivity of
these eight polyamides, as determined by quantitative
DNase I footprint titrations.


Results and Discussion


Polyamide synthesis: Synthesis of H-pin polyamides by solid
phase methodology required the preparation of a suitably
protected bispyrrole monomer unit, 12 (Scheme 1). The
tetramethylene linker was chosen on the basis of previous
linker length optimization studies in which linkers of three to
six methylenes had been compared.[7a] The synthesis is
amenable to large scale preparation, as only one column
chromatography run is required. The synthesis of a homodi-
meric H-pin polyamide is illustrated for (ImPyPy-b-Dp)2C4,
(1) (Scheme 2). H2N-Py-b-Pam-resin was prepared in three
steps from Boc-b-Pam-resin by means of previously reported
Boc-chemistry solid-phase synthesis protocols.[10] Bis-OBt
ester 15 was generated in situ (DCC, HOBt) from 12, then
coupled to the resin (DMF, DIEA) to provide (Boc-Py-
OBt)C4(Boc-PyPy-b-Pam-resin). This intermediate provides
a resin-bound Py-OBt ester with the amino terminus of both
chains Boc-protected. The C-terminal end of the polyamide
was completed by coupling the appropriate amine (DMF,
DIEA, 37 8C), in this case H2N-Py-b-Dp 16, to the resin-
bound polyamide to provide (Boc-PyPy-b-Dp)C4(Boc-PyPy-
b-Pam-resin). The N-terminal end of each chain was com-
pleted by simultaneous removal of the Boc groups (TFA,


Figure 1. Models of the 2:1 polyamide:DNA complex formed with the minor groove of double stranded B-form DNA and a) the 10-ring H-pin polyamide
(ImPyPyPyPy-b-Dp)2C4 or b) the 10-ring hairpin polyamide ImPyPyPyPy-g-ImPyPyPyPy-b-Dp. Left: Ribbon model for the complex formed between the
match sequence 5'-TGTAACA-3' and the corresponding 10-ring polyamides. N-methylimidazole carboxamides are represented by filled circles, N-
methylpyrrole carboxamides are represented by empty circles, and b-alanine amino acids are represented by squares. Right: Hydrogen-bonding model for
the complex formed between the 5'-TGTAACA-3' sequence and the corresponding polyamides. Circles with dots represent lone pairs of N3 of purines and
O2 of pyrimidines. Circles containing an H represent the N2 hydrogen of guanine. Putative hydrogen bonds are illustrated by dotted lines. Below each
hydrogen-bonding model are the ball and stick representations of the polyamide binding. The amino acids are represented as in the ribbon model.
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Figure 2. Schematic ball-and-stick models of six-ring H-pins. a) (ImPyPy-
b-Dp)2C4 (1) and b) (ImPyPy-b-Dp)C4(AcPyPyPy-b-Dp) (2); six-ring
hairpin polyamides: c) ImPyPy-g-ImPyPy-b-Dp (3) and d) ImPyPy-g-
PyPyPy-b-Dp (4); and three-ring homodimers ImPyPy-b-Dp (5) bound
at (left) a 5'-TGTCA-3' site and (right) a 5'-TGTTA-3' site. Shaded and
nonshaded circles denote imidazole and pyrrole carboxamides, respective-
ly. Diamonds represent the b-alanine residue. Ring pairing ± DNA mis-
match interactions are boxed.


Scheme 1. Synthesis of Boc-protected bispyrrole monomer 12. Reaction
conditions: i) H2 (500 psi), 10 % Pd/C, Boc2O, DIEA, DMF; ii) 1,4-
dibromo-(E)-2-butene (0.55 equiv), K2CO3, acetone, 56 8C; iii) H2


(150 psi), 10% Pd/C, EtOAc; iv) 1m KOH, 3:1 MeOH/H2O, 45 8C.


DCM, PhSH) followed by acylation with activated imidazole-
2-carboxylic acid (HBTU, DIEA) to provide (ImPyPy-b-
Dp)C4(ImPyPy-b-Pam-resin). A single step aminolysis of the
resin ester linkage with N,N-[(dimethylamino)propyl]amine
(55 8C, 18 h) was then used to cleave the polyamide from the
solid support. Polyamide 1 was subsequently isolated from the
cleavage reaction by reversed-phase HPLC. Convergent solid
phase synthetic methodology gave homodimeric six-ring H-
pin 1 in eight steps and homodimeric 10-ring H-pin 6 in
11 steps.


The synthesis of a heterodimeric H-pin polyamide is
illustrated for (ImPyPy-b-Dp)C4(AcPyPyPy-b-Dp) (2)
(Scheme 3). The synthesis proceeded as for the homodimer
up to the step of extending the N-termini of the two chains,


Figure 3. Structures of the six-ring H-pin polyamides 1 and 2, six-ring hairpin polyamides 3 and 4, unlinked three-ring polyamide 5, 10-ring H-pin polyamide
6, 10-ring hairpin polyamide 7, and unlinked five-ring polyamide 8.
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which are different in this case. In order to differentiate the
almost identical polyamide chains, it was necessary to
determine the conditions for partial acylation of the aromatic
amines with BocPy-OBt (14). The half-life for coupling Boc-
Py-OBt (1 mmol) in DMF (2 mL) and DIEA (1 mL) to resin-
bound H2N-Py was determined to be four minutes by picric
acid titration of free amine groups at one minute intervals.[13a]


Picric acid titration was used because the aromatic amines are
not reactive in the quantitative ninhydrin test.[10, 13] Partial
acylation was then performed with Boc-Py-OBt (14) (1 mmol)
in DMF (2 mL) and DIEA (1 mL) and the reaction termi-
nated after four minutes by washing with an excess of DMF.
With the two chains now differentiated, it was possible to
complete the synthesis by acylating with imidazole-2-carbox-
ylic acid (HBTU, DIEA). Partial coupling should provide an
approximately 1:1:1:1 statistical mixture of (ImPyPy-b-
Dp)C4(Boc-PyPyPy-b-Pam-resin), (Boc-PyPyPy-b-
Dp)C4(ImPyPy-b-Pam-resin), (ImPyPy-b-Dp)C4(ImPyPy-b-
Pam-resin), and (Boc-PyPyPy)C4(BocPyPyPy-b-Pam-Resin).
Because the C-terminal portion of each chain is the same,
(ImPyPy-b-Dp)C4(Boc-PyPyPy-b-Pam-resin) and (Boc-Py-
PyPy-b-Dp)C4(ImPyPy-b-Pam-resin) both provide (BocPy-
PyPy-b-Dp)C4(ImPyPy-b-Dp) (17) upon cleavage from the


resin with N,N-[(dimethylamino)propyl]amine (Scheme 3).
This requirement for symmetry at either the C-terminal or N-
terminal side of the linker limits the range of heterodimeric
H-pin polyamides that can be prepared by this route. The N-
terminal Boc-protected polyamide was cleaved from the resin
and purified by reversed-phase HPLC, utilizing the hydro-
phobicity of the Boc protecting group to separate 17 from the
two major side products, (ImPyPy-b-Dp)C4(ImPyPy-b-Dp),
which lacks a Boc group and (Boc-PyPyPy-b-Dp)C4(BocPy-
PyPy-b-Dp) which has two Boc protecting groups. Polyamide
2 was then prepared by removal of the N-terminal Boc group
(TFA), followed by acetylation with acetic anhydride (DMF,
DIEA) and purification by reversed-phase HPLC.


Binding affinities and specificities : Affinities and specificities
of H-pin polyamides were determined by quantitative DNa-
se I footprint titration[12] on 3'-32P labeled 135 base pair[8a] or
252 base pair[6a] DNA restriction fragments (10mm Tris-HCl,
10 mm KCl, 10 mm MgCl2, 5 mm CaCl2, pH 7.0, 22 8C).
Analysis of the footprints (Figure 4) and binding isotherms
generated from the titrations (Figures 5 and 6) indicates that
the H-pin polyamides bind to their designated sites as 1:1
complexes, as expected for covalent dimers binding according


Scheme 2. Solid-phase synthesis of homodimeric H-pin (ImPyPy-b-Dp)2C4. (1). Inset: Pyrrole and imidazole monomers for polyamide synthesis; activated
imidazole-2-carboxylic acid 13[1a, 10] , Boc-Pyrrole-OBt ester 14, Boc-bis(pyrrole)-OBt ester 15, and H2N-Py-b-Dp 16. Reaction conditions: i) 80 % TFA/
DCM, 0.4m PhSH; ii) Boc-Py-OBt, DIEA, DMF, (acetic anhydride after 60 min); iii) 80% TFA/DCM, 0.4m PhSH; iv) Boc-bis(pyrrole)-OBt ester 15,
DIEA, DMF, 37 8C; v) H2N-Py-b-Dp 16, DMF, DIEA, 45 8C; N,N-[(dimethylamino)propyl]amine, 22 8C after 10 h; vi) 80% TFA/DCM, 0.4m PhSH;
vii) imidazole-2-carboxylic acid (HBTU/DIEA); viii) N,N-[(dimethylamino)propyl]amine, 55 8C.







FULL PAPER P. B. Dervan et al.


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998 0947-6539/98/0405-0800 $ 17.50+.50/0 Chem. Eur. J. 1998, 4, No. 5800


to the side-by-side 2:1 polyamide-DNA model. The equili-
brium association constants obtained for H-pin polyamides
were compared to those found on the same restriction
fragments for the analogous polyamide hairpins (Tables 1).
Apparent monomeric association constants were also deter-
mined for unlinked polyamides 5 and 8.


Comparison of the equilibrium association constants of
(ImPyPy-b-Dp)2C4 (1) for its match 5'-TGTCA-3' (Ka� 9.3
(� 1.6)� 106mÿ1) and mismatch 5'-TGTTA-3' (Ka� 9.9
(� 2.7)� 105mÿ1) sites reveals approximately 10-fold specif-


icity. The affinity of H-pin 1 for the match site is at least 186-
fold greater than that of its unlinked analogue ImPyPy-b-Dp
(Ka� 1� 105mÿ1). The analogous hairpin, ImPyPy-g-ImPyPy-
b-Dp (3), binds the 5'-TGTCA-3' match (Ka� 2.0 (� 0.3)�
108mÿ1) and the 5'-TGTTA-3' mismatch (Ka� 7.0 (� 2.9)�
106mÿ1) site with 20-fold stronger affinity and threefold
enhanced specificity relative to H-pin 1. The heterodimeric
H-pin (ImPyPy-b-Dp)C4(AcPyPyPy-b-Dp) (2) binds its
match site 5'-TGTTA-3' (Ka� 2.0 (� 0.9)� 106mÿ1) and single
base pair mismatch site 5'-TGTCA-3' (Ka� 5.7 (� 1.3)�


Scheme 3. Solid-phase synthesis of heterodimeric H-pin (ImPyPy-b-Dp)C4(AcPyPyPy-b-Dp) starting from (H2N-PyPy-b-Dp)C4(H2N-PyPy-b-Pam-resin).
Reaction conditions: i) 0.4m Boc-Py-OBt, 2:1 DMF/DIEA, 4 min, 22 8C; ii) imidazole-2-carboxylic acid, HBTU, DIEA, DMF; iii) N,N-[(dimethylamino)-
propyl]amine, 55 8C; iv) TFA; v) Ac2O, DIEA, DMF.
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Figure 4. Storage phosphor autoradiogram of a 8% denaturing polyacryl-
amide gel used to separate fragments generated by DNase I digestion in a
quantitative footprint titration experiment with (ImPyPyPyPy-b-Dp)2C4


(3) on the 3'-32P-labeled 252 base pair Eco RI/Pvu II restriction fragment
from plasmid pJK7. Lanes 1 and 15: DNase I digestion products in the
absence of polyamide. Lanes 2 ± 14: DNase I digestion products obtained in
the presence of 10 pm, 20 pm, 50 pm, 100 pm, 200 pm, 500 pm, 1 pm, 2 nm, 5 nm,
10nm, 20 nm, 50nm, 100 nm polyamide. Lanes 16 and 17: G and A
sequencing lanes. Lane 18: intact DNA. The targeted binding sites are
indicated on the right side of the autoradiograms. All reactions contain
15 kcpm restriction fragment, 10mm Tris ´ HCl, 10 mm KCl, 10 mm MgCl2,
and 5 mm CaCl2.


105mÿ1) with slightly lower affinity and reduced specificity
compared to the homodimeric H-pin 1. This may reflect a
detrimental contribution from the N-terminal acetyl group.[8b]


Again, the analogous hairpin ImPyPy-g-PyPyPy-b-Dp (4) is
superior to the H-pin in affinity (Ka� 2.9 (� 0.5)� 108mÿ1) at
the 5'-TGTTA-3' match site and specificity (60-fold) versus
the 5'-TGTCA-3' (Ka� 4.8 (� 1.1)� 106mÿ1) single base
mismatch site.


The 10-ring homodimeric H-pin (ImPyPyPyPy-b-Dp)2C4


(6) binds its designated match 5'-TGTAACA-3' (Ka� 4.4
(� 1.4)� 108mÿ1) site with slightly higher affinity (� fourfold)
and discriminates the single base pair mismatch 5'-TGGAA-
CA-3' (Ka� 1.6 (� 0.5)� 107mÿ1) site with twofold higher
specificity than the unlinked ImPyPyPyPy-b-Dp (8) (Table 2).
Binding isotherms are consistent in each case with 1:1 H-
pin:DNA and 2:1 unlinked dimer:DNA complex formation
(Figure 6). The 10-ring hairpin ImPyPyPyPy-g-ImPyPyPyPy-
b-Dp (7)[8j] binds more tightly (Ka� 1.2 (� 0.2)� 1010mÿ1) to
the 5'-TGTAACA-3' match site than 10-ring H-pin (6),
although in this case the H-pin is more specific than the
hairpin (28-fold vs. 18-fold).


Figure 5. Data obtained from quantitative DNase I footprint titration
experiments on six-ring H-pin polyamides (ImPyPy-b-Dp)2C4 (top) and
(ImPyPy-b-Dp)C4(AcPyPyPy-b-Dp) (bottom). The (qnorm, [L]tot) data
points were obtained as described in the Experimental Section, and each
is the average value obtained from three experiments.


Figure 6. Data obtained from quantitative DNase I footprint titration
experiments on the 10-ring H-pin polyamide (ImPyPyPyPy-b-Dp)2C4


(circles) and the unlinked analogue ImPyPyPyPy-b-Dp (squares). The
(qnorm, [L]tot) data points were obtained as described in the
Experimental Section and each is the average value obtained from three
experiments.
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Conclusions


We have developed a methodology for the solid-phase
synthesis of H-pin polyamides, a class of covalently linked
polyamide dimers for the sequence-specific recognition of the
minor groove of DNA. A series of H-pin polyamides showed
increased affinity and specificity toward their designated sites
when compared with the corresponding unlinked subunits.
However, the H-pin polyamides are inferior to the hairpin
analogues. H-pin polyamides may still prove useful as a
complement to, or in conjunction with, other polyamide
motifs such as the hairpin[8] and extended[6] motifs in the
design of nonnatural ligands for the sequence-specific recog-
nition of DNA.


Experimental Section


General: Dicyclohexylcarbodiimide (DCC), hydroxybenzotriazole
(HOBt), 2-(1 H-benzotriazole-1-yl)-1,1,3,3-tetramethyluronium hexafluor-
ophosphate (HBTU), and Boc-b-alanine(-4-carboxamidomethyl)-
benzyl-ester-copoly(styrene-divinylbenzene) resin (Boc-b-Pam-Resin,
0.2 mmol gÿ1) were purchased from Peptides International. N,N-Diisopro-
pylethylamine (DIEA), N,N-dimethylformamide (DMF), N-methylpyrro-
lidone (NMP), acetic anhydride (Ac2O), and potassium cyanide/pyridine
(0.0002m) were purchased from Applied Biosystems. Dichloromethane
(DCM) and triethylamine (TEA) were reagent grade from EM; thiophenol
(PhSH) and N,N-[(dimethylamino)propyl]amine (Dp) were from Aldrich;
trifluoroacetic acid (TFA) was Biograde from Halocarbon; K2CO3 was
from Mallinckrodt; phenol from Fisher; and ninhydrin from Pierce. All
reagents were used without further purification.


Quik-Sep polypropylene disposable filters were purchased from Isolab Inc.
A shaker for manual solid-phase synthesis was obtained from St. John
Associates, Inc. Screw-cap glass peptide synthesis reaction vessels (5 mL


and 20 mL) with a grade 2 sintered glass frit were made as described by
Kent.[15] NMR spectra were recorded on a GE QE300 instrument operating
at 300 MHz (1H) and 75 MHz (13C). Spectra were recorded in [D6]DMSO
with chemical shifts reported in ppm relative to residual [D5]DMSO. UV
spectra were measured on a Hewlett-Packard 8452A diode array spectro-
photometer. High-resolution mass spectra were obtained at the Mass
Spectrometry Laboratory at the University of California, Riverside.
Matrix-assisted laser desorption/ionization time-of-flight mass spectrome-
try (MALDI-TOF) was carried out at the Protein and Peptide Micro-
analytical Facility at the California Institute of Technology. Thin-layer
chromatography was performed on silica gel 60 F254 precoated plates, and
chromatographic separations were performed with EM silica gel 60 (230 ±
400 mesh). HPLC analysis was performed on either a HP 1090M analytical
HPLC or a Beckman Gold system with a RAINENC18, Microsorb MV,
5 mm, 300� 4.6 mm reversed-phasecolumn in 0.1% (wt/v) TFA with
acetonitrile as the eluent and a flow rate of 1.0 mL minÿ1, gradient elution
1.25 % acetonitrile minÿ1. Preparatory reverse phase HPLC was performed
on a Beckman HPLC with a Waters DeltaPak 25� 100 mm, 100 mm
C18 column equipped with a guard, 0.1% (wt/v) TFA, 0.25 %
acetonitrile minÿ1. 18 MW water was obtained from a Millipore MilliQ
water purification system, and all buffers were sent through 0.2 mm filters.


Methyl 4-[(tert-butoxycarbonyl)amino]-pyrrole-2-carboxylate (10): Meth-
yl 4-nitropyrrole-2-carboxylate[16] (9, 10.0 g, 58.8 mmol) was dissolved in
DMF (50 mL) and DIEA (12.5 mL). The solution was purged with Ar for
5 min, then 10% Pd/C (1.8 g) and di-tert-butyl dicarbonate (13.0 g,
59.5 mmol) were added. The mixture was stirred vigorously under H2


(500 psi) for 2.5 h. Pd/C was removed by filtration, DMF was removed
under reduced pressure, and the product was purified by silica gel
chromatography (hexanes/diethyl ether with a gradient of 3:1 to 2:3) to
provide 10 (8.23 g, 58 %) as a white solid. Rf� 0.4 (hexanes/diethyl ether
2:3); 1H NMR (300 MHz, [D6]DMSO, 20 8C): d� 11.55 (s, 1 H; Py NH),
9.10 (s, 1 H; Boc NH), 6.93 (s, 1 H; CH), 6.57 (s, 1H; CH), 3.70 (s, 3H;
OCH3), 1.41 (s, 9H; C(CH3)3); 13C NMR (75 MHz, CDCl3, 20 8C): d�
161.3, 153.2, 113.2, 109.8, 106.7, 102.6, 80.2, 51.7, 28.4; MS: m/z� calcd. for
C11H16N2O4 240.1110, found 240.1111.


1,4-Bis-[methyl-N,N''-4-[(tert-butoxycarbonyl)amino]-pyrrolyl-2-carbox-
ylate]-(E)-2-butene (11): Pyrrole 10 (2.66 g, 11.1 mmol) was dissolved in
acetone (60 mL). Anhydrous K2CO3 (5.3 g, 38.3 mmol) was added,
followed by 1,4-dibromo-2-butene (predominantly trans) (1.30 g,
6.10 mmol, 0.55 equiv). The mixture was refluxed for total of 40 h, after
15 h the KBr generated was filtered and fresh K2CO3 (5.0 g) was added.
After removal of the salts by filtration, acetone was removed under
reduced pressure and the mixture taken up in 2:1 hexanes/diethyl ether,
from which 11 precipitated as a white solid (1.85 g, 64 %): Rf� 0.3 (hexanes/
diethyl ether 2:3); 1H NMR (300 MHz, [D6]DMSO, 20 8C): d� 9.12 (s, 2H;
NH), 7.07 (s, 2H; arom CH), 6.58 (s, 2 H; arom CH), 5.56 (m, 2H; aliph
CH), 4.77 (m, 4 H; NCH2), 3.64 (s, 6 H; OCH3), 1.39 (s, 18H; C(CH3)3); 13C
NMR (75 MHz, CDCl3, 20 8C): d� 161.2, 153.3, 129.2, 122.7, 118.8, 107.9,
102.6, 80.3, 51.2, 49.9, 28.4; MS: m/z� calcd. for C26H37N4O8 533.2611,
found 533.2620.


1,4-Bis-[methyl-N,N''-4-[(tert-butoxycarbonyl)amino]-pyrrolyl-2-carbox-
ylate]-butane : To bispyrrole 11 (2.30 g, 4.32 mmol) dissolved in ethyl
acetate (30 mL) was added Pd/C (500 mg), and the mixture then stirred
under H2 (150 psi) for 2 h. Filtration and removal of ethyl acetate under
reduced pressure yielded 1,4-bis-[methyl-N,N'-4-[(tert-butoxycarbonyl)a-
mino]-pyrrolyl-2-carboxylate]-butane as a white solid (2.12 g, 92%): Rf�
0.3 (hexanes/diethyl ether 2:3); 1H NMR (300 MHz, [D6]DMSO, 20 8C):
d� 9.14 (s, 2 H; NH), 7.12 (s, 2 H; CH), 6.59 (s, 2 H; CH), 4.18 (m, 4H;
NCH2), 3.68 (s, 6 H; NCH3), 1.53 (m, 4 H; CH2), 1.41 (s, 18H; C(CH3)3); 13C
NMR (75 MHz, CDCl3, 20 8C): d� 161.3, 153.2, 122.3, 118.9, 107.9, 102.6,
80.2, 51.2, 48.6, 28.4, 28.2; MS: m/z� calcd. for C26H39N4O8 535.2768, found
535.2778.


1,4-Bis-[N,N''-4-[(tert-butoxycarbonyl)amino]-pyrrolyl-2-carboxylic acid]-
butane (12): To a solution of 1,4-bis-[methyl-N,N'-4-[(tert-butoxycarbonyl)-
amino]-pyrrolyl-2-carboxylate]-butane (2.05 g, 3.83 mmol) dissolved in
methanol (15 mL) was added aqueous KOH (5 mL, 4m). The mixture
was stirred at 45 8C for 20 h, during which time the cloudy suspension
became clear. The solution was acidified to pH 2 with aqueous HCl,
resulting in a precipitate. Methanol was removed under reduced pressure
and the product extracted into ethyl acetate (40 mL). After drying in vacuo
12 was precipitated from 1:1 hexanes/diethyl ether as an off-white powder


Table 1. Association constants [mÿ1] for polyamides 1 ± 8.[a±d]


Polyamide 5'-TGTCA-3' 5'-TGTTA-3' Specificity


5 Ka� 1� 105 Ka� 1� 105 n/d


1 Ka� 9.3� 106 Ka� 9.9� 105 9[e]


3 Ka� 2.0� 108 Ka� 7.0� 106 29[e]


2 Ka� 5.7� 105 Ka� 2.0� 106 3.5[f]


4 Ka� 4.8� 106 Ka� 2.9� 108 60[f]


5'-TGTAACA-3' 5'-TGGAACA-3'


8 Ka� 1.2� 108 Ka� 8.8� 106 14[g]


6 Ka� 4.4� 108 Ka� 1.6� 107 28[g]


7 Ka� 1.2� 1010 Ka� 6.8� 108 18[g]


[a] The reported equilibrium association constants are the mean values
obtained from three DNase I footprint titration experiments. [b] The assays
were carried out at 22 8C, pH 7.0 in the presence of 10 mm Tris ´ HCl, 10 mm
KCl, 10 mm MgCl2, and 5 mm CaCl2. [c] Apparent monomeric association
constants were determined for polyamide homodimers.[21] [d] Equilibrium
association constants for polyamide 4 are from reference [8b], those for
polyamide 7 are from reference [8j]. [e] Calculated as Ka(5'-TGTCA-3'/
Ka(5'-TGTTA-3'). [f] Calculated as Ka(5'-TGTTA-3')/Ka(5'-TGTCA-3').
[g] Calculated as Ka(5'-TGTAACA-3'/Ka(5'-TGGAACA-3').
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(1.90 g, 97 %): Rf� 0.1 (diethyl ether); 1H NMR (300 MHz, [D6]DMSO,
20 8C): d� 12.1 (br s, 2 H; COOH), 9.02 (s, 2H; NH), 7.01 (s, 2H; CH), 6.53
(s, 2 H; CH), 4.18 (m, 4 H; NCH2), 1.54 (m, 4 H; CH2), 1.41 (s, 18H;
C(CH3)3); 13C NMR (75 MHz, CDCl3, 20 8C): d� 162.8, 153.3, 122.7, 118.7,
109.1, 102.6, 79.1, 48.1, 28.4, 28.2; MS: m/z� calcd. for C24H34N4O8 506.2377,
found 506.2367.


Activation of bispyrrole acid 12 : 1,4-Bis-[N,N'-4-[(tert-butoxycarbonyl)-
amino]-pyrrolyl-2-carboxylic acid]-butane (12, 253 mg, 0.5 mmol) and
HOBt (135 mg, 1 mmol) were dissolved in DMF (2 mL). DCC (202 mg,
1 mmol) was then added and the solution periodically agitated for 30 min.
DCU was removed by filtration through a disposable polypropylene filter
and the bis-OBt ester 15 used without further purification.


H2N-Py-b-Dp (16): Boc-b-alanine-Pam-Resin (3 g, 0.2 mmol) was placed in
a 20 mL glass reaction vessel, shaken in DMF for 5 min, and the reaction
vessel drained. The resin was washed with DCM (2� 30 s) and the Boc
group removed with 80 % TFA/DCM/PhSH (0.5m) (1� 30 s, 1� 20 min).
The reaction vessel was then drained and the resin washed with DCM (2�
30 s) followed by DMF (2� 30 s) The vessel was drained completely and
Boc-Py-OBt (14) (714 mg, 2 mmol) dissolved in DMF (4 mL) added,
followed by DIEA (2 mL). The reaction vessel was shaken vigorously to
make a slurry. After 60 min acetic anhydride (1 mL) was added to the
reaction vessel. After 5 min the resin was washed sequentially with an
excess of DMF, DCM, MeOH, and ethyl ether and then dried in vacuo to
provide the Boc-Py-b-Pam-resin. A sample of BocPy-b-Pam-resin (2 g,
0.2 mmol gÿ1) was treated with N,N-[(dimethylamino)propyl]amine (2 mL)
and heated (55 8C) with periodic agitation for 16 h. The reaction mixture
was then filtered to remove resin, 0.1% (wt/v) TFA added (6 mL), and the
resulting solution purified by reversed-phase HPLCto provide Boc-Py-b-
Dp as a brown oil upon lyophilization of the appropriate fractions (130 mg,
66% recovery); 1H NMR (300 MHz, [D6]DMSO, 20 8C): d� 9.5 (br s, 1H;
CF3COOH); 9.12 (s, 1H; arom NH); 8.00 (t, 1 H, aliph NH), 7.94 (t, 1H,
aliph NH); 6.88 (d, 1H, J� 1.6 Hz; CH); 6.56 (d, 1H, J� 1.6 Hz; CH); 3.71
(s, 6 H; NCH3); 3.33 (q, 2H, J� 5.6 Hz; CH2); 3.01 (m, 4H; CH2); 2.71 (d,
6H; J� 4.7 Hz; N(CH3)2); 2.31 (m, 2 H; CH2); 1.71 (quintet, 2 H, J�
5.4 Hz; CH2); 1.36 (s, 9 H; C(CH3)3); MALDI-TOF-MS [M�ÿH] (mono-
isotopic): calcd. for C19H33N5O4: 396.3; found 396.3. Boc-Py-b-Dp was then
treated with neat TFA (10 mL). After 30 min, excess TFA was removed in
vacuo, the resulting H2N-Py-b-Dp (16) dissolved in DMF (2 mL) and
DIEA (1 mL), and then used for coupling without subsequent purification.


(ImPyPy-b-Dp)2C4 (1): A sample of Boc-Py-b-Pam-resin (1 g,
0.2 mmol gÿ1) was treated with 80% TFA/DCM/0.5m PhSH (1� 30 s, 1�
20 min). The resin was then washed with DCM (2� 30 s) followed by DMF
(2� 30 s) The vessel was drained completely and Bis-Py-OBt (15)
(0.5 mmol) dissolved in DMF (2 mL) was added, followed by DIEA
(1 mL). The reaction vessel was shaken vigorously to make a slurry and
then heated (37 8C) with constant agitation for 6 h. The resin was then
washed with DMF (4� 30 s). The vessel was drained completely and H2N-
Py-b-Dp (16) (0.26 mmol) dissolved in DMF (2 mL) and DIEA (1 mL) was
added. The reaction vessel was shaken vigorously to make a slurry and then
heated (45 8C) with constant agitation for 10 h. N,N-[(Dimethylamino)-
propyl]amine was then added (300 mL) to cap any unconverted Py-OBt
ester and the reaction shaken vigorously (22 8C) for 5 min. The resin was
then washed with DMF (6� 30 s) followed by DCM (2� 30 s), and both
Boc groups removed with 80 % TFA/DCM/0.5m PhSH, (1� 30 s, 1�
20 min). The resin was washed sequentially with an excess of DCM,
MeOH, and ethyl ether and then dried in vacuo to provide (H2N-PyPy-b-
Dp)C4(H2N-PyPy-b-Pam-resin). A sample of (H2N-PyPy-b-Dp)C4(H2N-
PyPy-b-Pam-resin) (240 mg, 0.18 mmol gÿ1 substitution[17]) was treated
with activated imidazole-2-carboxylic acid (13)[10] (200 mg) in DMF (2 mL)
and DIEA (1 mL). After shaking the reaction vessel for 60 min (22 8C), the
resin was washed sequentially with an excess of DCM, MeOH, and ethyl
ether and then dried in vacuo to provide (ImPyPy-b-Dp)C4(ImPyPy-b-
Pam-Resin). A sample of resin (240 mg, 0.18 mmol gÿ1 substitution) was
treated with neat N,N-[(dimethylamino)propyl]amine (2 mL) and heated
(55 8C) with periodic agitation for 16 h. The reaction mixture was then
filtered to remove resin, 0.1 % (wt/v) TFA (6 mL) was added and the
resulting solution was purified by reversed-phase HPLC. (ImPyPy-b-
Dp)2C4 (1) was recovered upon lyophilization of the appropriate fractions
as a white powder (14 mg, 27 % recovery). 1H NMR (300 MHz, [D6]DMSO,
20 8C): d� 10.45 (s, 2H; arom NH), 9.91 (s, 2H; arom NH), 9.2 (br s, 2H;
CF3COOH), 8.02 (m, 4H; aliph NH), 7.38 (s, 2H; CH), 7.31 (s, 2H; CH),


7.16 (s, 2H; CH), 7.08 (d, 2H; J� 1.2 Hz; CH), 7.03 (s, 2 H; CH), 6.81 (d,
2H; J� 1.6 Hz; CH), 4.25 (t, 4 H; J� 4.4 Hz; linker CH2), 3.94 (s, 6H;
NCH3), 3.75 (s, 6H; NCH3), 3.33 (q, 4H; J� 6.4 Hz; CH2), 3.04 (q, 4 H; J�
6.4 Hz; CH2), 2.95 (m, 4 H; CH2), 2.70 (d, 12H, J� 4.7 Hz; N(CH3)2), 2.30
(t, 4H, J� 7.3 Hz; CH2), 1.70 (quintet, 4H, J� 6.7 Hz; CH2), 1.60 (quintet,
4H; J� 5.0 Hz; linker CH2). UV/Vis (H2O): lmax (e)� 304 (50 000
calculated from e� 8 333 ring[8f]), 246 nm; MALDI-TOF-MS [M�ÿH]
(monoisotopic): calcd. for C52H73N18O8 1077.6, found 1077.4.


(ImPyPy-b-Dp)C4(BocPyPyPy-b-Dp) (17): A sample of (H2N-PyPy-b-
Dp)C4(H2N-PyPy-b-Pam-resin) was treated with Boc-Py-OBt (14)
(357 mg, 1 mmol) in DMF (2 mL) and DIEA (1 mL). The reaction vessel
was shaken vigorously at 22 8C for 4 min, and then was washed with DMF
(4� 30 s). The reaction vessel was drained completely and then activated
imidazole-2-carboxylic acid (13)[10] (200 mg) in DMF (2 mL) and DIEA
(1 mL) added. The reaction vessel was shaken vigorously at 22 8C for
60 min. The resin was then washed sequentially with an excess of DMF,
DCM, MeOH, and ethyl ether and then dried in vacuo. The resin consists of
a mixture of (ImPyPy-b-Dp)C4(Boc-PyPyPy-b-Pam-resin), (Boc-PyPyPy-
b-Dp)C4(ImPyPy-b-Pam-resin), (ImPyPy-b-Dp)C4(ImPyPy-b-Pam-resin),
and (Boc-PyPyPy)C4(BocPyPyPy-b-Pam-Resin). A sample of resin
(240 mg, 0.18 mmol gÿ1 substitution) was treated with neat N,N-[(dimethyl-
amino)propyl]amine (2 mL) and heated (55 8C) with periodic agitation for
16 h. The reaction mixture was then filtered to remove resin, 0.1 % (wt/v)
TFA added (6 mL), and the resulting solution purified by reversed-phase
HPLC. (ImPyPy-b-Dp)C4(BocPyPyPy-b-Dp) (17) is recovered as the
major product upon lyophilization of the appropriate fractions to provide a
white powder (6 mg, 10% recovery), 1H NMR (300 MHz, [D6]DMSO,
20 8C): d� 10.44 (s, 1H; arom NH), 9.92 (s, 1H; arom NH), 9.90 (s, 1H;
arom NH), 9.85 (s, 1H; arom NH), 9.2 (br s, 2H; CF3COOH), 9.09 (s, 1H;
arom NH), 8.04 (m, 4 H; aliph NH), 7.37 (s, 1 H; CH), 7.31 (d, 1 H; J�
1.4 Hz; CH), 7.23 (d, 1H; J� 1.6 Hz; CH), 7.16 (d, 1 H; J� 1.4 Hz; CH), 7.09
(d, 1H; J� 1.6 Hz; CH), 7.01 (s, 1 H; CH), 6.98 (d, 1 H; J� 1.6 Hz; CH),
6.88 (d, 1 H, J� 1.4 Hz; CH), 6.86 (d, 1 H; J� 1.7 Hz; CH), 6.84 (d, 1H; J�
1.4 Hz; CH), 6.82 (d, 1H; J� 1.5 Hz), 6.79 (d, 1 H, J� 1.6 Hz), 4.25 (m, 4H;
linker CH2), 3.94 (s, 3 H; NCH3), 3.75 (s, 15 H; NCH3), 3.66 (m, 4H; CH2),
3.08 (m, 4 H; CH2), 2.92 (m, 4 H; CH2), 2.70 (m, 12H; N(CH3)2), 2.43 (m,
4H; CH2), 1.71 (m, 4 H; CH2), 1.62 (m, 4H; linker CH2), 1.42 (s, 9H;
C(CH3)3); MALDI-TOF-MS [M�ÿH] (monoisotopic): calcd. for
C58H83N18O10 1191.7; found 1191.7.


(ImPyPy-b-Dp)C4(AcPyPyPy-b-Dp) (18): A sample of (ImPyPy-b-
Dp)C4(BocPyPyPy-b-Dp) (17, 4 mg, 3 mmol) was treated with neat TFA
(10 mL) for 30 min (22 8C). TFA was removed in vacuo and DMF (1 mL)
added to resuspend the polyamide. The polyamide-amine was treated with
a solution of acetic anhydride (1 mL) and DIEA (1 mL) in DMF (1 mL)
and heated (55 8C) with periodic agitation for 30 min. Residual acetic
anhydride was hydrolyzed (0.1m NaOH, 1 mL, 55 8C, 10 min); 0.1 % (wt/v)
TFA was added (6 mL) and the resulting solution was purified by reversed-
phase HPLC to provide (ImPyPy-b-Dp)C4(AcPyPyPy-b-Dp) as a white
powder upon lyophilization of the appropriate fractions (2 mg, 50%
recovery). UV/Vis (H2O): lmax (e)� 302 (50 000 calculated from e� 8333
ring[8f]), 244 nm; MALDI-TOF-MS [M�ÿH] (monoisotopic): calcd. for
C55H77N18O9 1133.6, found 1133.6.


ImPyPy-b-Dp (5): A sample of ImPyPy-b-Pam-resin[10] (240 mg,
0.19 mmol gÿ1[17]) was treated with neat N,N-[(dimethylamino)propyl]-
amine (2 mL) and heated (55 8C) with periodic agitation for 16 h. The
reaction mixture was then filtered to remove resin, 0.1% (wt/v) TFA added
(6 mL) and the resulting solution purified by reversed-phase HPLC.
ImPyPy-b-Dp is recovered upon lyophilization of the appropriate fractions
as a white powder (19 mg, 68 % recovery). 1H NMR (300 MHz, [D6]DMSO,
20 8C): d� 10.48 (s, 1H; arom NH), 9.88 (s, 1H; arom NH), 9.2 (br s, 1H;
CF3COOH), 8.03 (m, 2 H; aliph NH), 7.39 (s, 1H; CH), 7.24 (d, 1H, J�
1. Hz; CH), 7.13 (d, 1 H, J� 1.6 Hz; CH), 7.10 (d, 1 H, J� 1.6 Hz; CH), 7.06
(s, 1H; CH), 6.83 (s, 1 H, J� 1.5 Hz), 3.94 (s, 3 H; NCH3), 3.79 (s, 3H;
NCH3), 3.75 (s, 3H; NCH3), 3.33 (q, 2 H, J� 5.9 Hz; CH2), 3.08 (q, 2 H, J�
5.8 Hz; CH2), 2.96 (q, 2H, J� 5.5 Hz; CH2), 2.69 (d, 6H; J� 4.6 Hz;
N(CH3)2), 2.31 (t, 2 H, J� 7.0 Hz; CH2), 1.70 (quintet, 2H, J� 5.0 Hz;
CH2); UV/Vis (H2O): lmax (e)� 302 (25,000 calculated from e� 8,333
ring[8f]), 248 nm; MALDI-TOF-MS [M�ÿH] (monoisotopic): calcd. for
C25H36N9O4, 526.3; found 526.3.


H2N-PyPy-b-Dp : Boc-PyPy-b-Dp was prepared as a white power as
described for Boc-Py-b-Dp (130 mg, 66% recovery); 1H NMR (300 MHz,
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[D6]DMSO, 20 8C): d� 9.79 (s, 1 H; arom NH), 9.5 (br s, 1H; CF3COOH),
9.07 (s, 1 H; arom NH), 8.01 (m, 2H; aliph NH), 7.11 (s, 1H; CH), 6.84 (s,
1H; CH), 6.81 (s, 1 H; CH), 6.78 (s, 1H; CH), 3.75 (s, 6 H; NCH3), 3.35 (q,
2H, J� 5.9 Hz; CH2), 3.08 (q, 2 H, J� 5.5 Hz; CH2), 2.96 (q, 2 H, J� 5.8 Hz;
CH2), 2.70 (d, 6H; J� 4.6 Hz; N(CH3)2), 2.31 (t, 2 H, J� 6.8 Hz; CH2), 1.68
(quintet, 2H, J� 5.0 Hz; CH2), 1.41 (s, 9H; C(CH3)3); MALDI-TOF-MS
[M�ÿH] (monoisotopic): calc. for C25H40N7O5 518.3; found 518.3. Boc-
PyPy-b-Dp was then deprotected to provide H2N-PyPy-b-Dp as described
for 16. H2N-PyPy-b-Dp was dissolved in DMF (2 mL) and DIEA (1 mL)
and used for coupling without subsequent purification.


(ImPyPyPyPy-b-Dp)2C4 (6): (ImPyPyPyPy-b-Dp)C4(ImPyPyPyPy-b-
Pam-Resin) was prepared as described for (ImPyPy-b-Dp)C4(ImPyPy-b-
Pam-Resin). A sample of (ImPyPyPyPy-b-Dp)C4(ImPyPyPyPy-b-Pam-
Resin) (240 mg, 0.17 mmol gÿ1) was treated with N,N-[(dimethylamino)-
propyl]amine (2 mL) and heated (55 8C) with periodic agitation for 16 h.
The reaction mixture was then filtered to remove resin, 0.1 % (wt/v) TFA
added (6 mL) and the resulting solution purified by reversed-phase HPLC
to provide (ImPyPyPyPy-b-Dp)2C4 (6) as a white powder upon lyophiliza-
tion of the appropriate fractions (13 mg, 20% recovery). 1H NMR
(300 MHz, [D6]DMSO, 20 8C): d� 10.45 (s, 2H; arom NH), 9.91 (s, 2H;
arom NH), 9.89 (s, 4 H; arom NH), 9.2 (br s, 2 H; CF3COOH), 8.02 (m, 4H;
aliph NH), 7.38 (s, 2 H; CH), 7.29 (m, 2 H; CH), 7.22 (m, 2H; CH), 7.15 (m,
4H; CH), 7.05 (m, 4 H; CH), 7.00 (m, 4H; CH), 6.85 (m, 2H; CH), 4.27 (m,
4H; linker CH2), 3.97 (s, 6H; NCH3), 3.82 (s, 12H; NCH3), 3.82 (s, 6H;
NCH3), 3.76 (s, 6H; NCH3), 3.35 (m, 4 H; CH2) 3.03 (m, 4 H; CH2), 2.92 (m,
4H; CH2), 2.72 (d, 12 H, J� 4.6 Hz; N(CH3)2), 2.35 (m, 4H; CH2), 1.70 (m,
4H; CH2), 1.60 (m, 4 H; linker CH2); UV/Vis (H2O): lmax (e)� 308 (83 000
calculated from e� 8 333 ring[8f]), 246 nm; MALDI-TOF-MS [M�ÿH]
(monoisotopic): calcd. for C76H97N26O12 1566.8; found 1566.9.


ImPyPyPyPy-b-Dp (8): ImPyPyPyPy-b-Pam-resin was prepared and
cleaved (240 mg, 0.18 mmol gÿ1) as described for 5. (16 mg, 42 % recovery).
1H NMR (300 MHz, [D6]DMSO, 20 8C): d� 10.45 (s, 1H; arom NH), 9.95
(s, 1 H; arom NH), 9.93 (s, 1H; arom NH), 9.88 (s, 1H; arom NH), 9.2 (br s,
1H; CF3COOH), 8.02 (m, 2H; aliph NH), 7.37 (s, 1H; CH), 7.26 (d, 1H, J�
1.4 Hz; CH), 7.21 (d, 1 H, J� 1.5 Hz; CH), 7.17 (d, 1H, J� 1.6 Hz; CH), 7.14
(d, 1H, J� 1.6 Hz; CH), 7.06 (m, 2H; CH), 7.02 (m, 2 H; CH), 6.85 (d, 1H,
J� 1.6 Hz; CH), 3.96 (s, 3 H; NCH3), 3.82 (s, 6 H; NCH3), 3.81 (s, 3H;
NCH3), 3.77 (s, 3H; NCH3), 3.65 (m, 2 H; CH2) 3.23 (m, 2 H; CH2), 3.03 (m,
2H; CH2), 2.72 (d, 6 H, J� 4.7 Hz; N(CH3)2), 2.43 (t, 2H, J� 6.7 Hz; CH2),
1.71 (quintet, 2 H, J� 6.6 Hz; CH2); UV/Vis (H2O): lmax (e)� 306 (42,000
calculated from e� 8,333 ring[8f]), 244 nm; MALDI-TOF-MS [M�ÿH]
(monoisotopic): calcd. for C37H48N13O6 770.4; found 770.4.


DNA reagents and materials: Enzymes were purchased from Boehringer-
Mannheim and used with the provided buffers according to manufacturer�s
protocols. [a32P] Thymidine-5'-triphosphate and [a32P] deoxyadenosine-5'-
triphosphate were obtained from Amersham. Sonicated, deproteinized calf
thymus DNA and DNase I were acquired from Pharmacia. Sequenase
(version 2.0) and RNase-free water were obtained from United States
Biochemical. All other reagents and materials were used as received. All
DNA manipulations were performed according to standard protocols.[18]


Preparation of 32P end-labeled restriction fragments. The 135 base pair 3'-
end labeled Eco RI/Bsr BI restriction fragment from plasmid pMM5 which
contains the five base pair 5'-TGTTA-3' and 5'-TGTCA-3' sites was
prepared and purified as previously described.[8a] The 252 base pair Eco RI/
Pvu II restriction fragment from plasmid pJK7, which contains the seven
base pair 5'-TGTTACA-3' and 5'-TGGTTCA-3' sites, was prepared and
purified as previously described.[6a] Chemical sequencing reactions were
performed according to published procedures.[19, 20]


Quantitative DNase I footprint titration. All reactions were performed in a
total volume of 50 mL, with no calf thymus DNA present. A polyamide
stock solution or H2O (for reference lanes) was added to an assay buffer
containing radiolabeled restriction fragment (15 000 cpm) affording final
solution conditions of 10 mm Tris-HCl, 10mm KCl, 10mm MgCl2, 5 mm
CaCl2, pH 7.0, and polyamide over a range of concentrations. The solutions
were allowed to equilibrate for 6 h at 22 8C. Footprinting reactions were
initiated by addition of 5 mL of a DNase I solution (final concentration
0.10 units mLÿ1) containing 1mm dithiothreitol and allowed to proceed for
6 min at 22 8C. Reactions were stopped by addition of 12.5 mL of a solution
containing 1.25m NaCl, 100 mm EDTA, and 0.2 mg mLÿ1 glycogen, and
ethanol precipitated. The reaction mixtures were resuspended in 1X TBE/


80% formamide denaturing loading buffer; denatured by heating at 90 8C
for 5 minutes; and separated by polyacrylamide gel electrophoresis on an
8% gel (5% crosslinking, 7m urea) in 1XTBE at 2000 V. Gels were dried
and exposed to a Molecular Dynamics storage phosphor screen.
Quantitation by storage phosphor technology autoradiography: Photo-
stimulable storage phosphorimaging plates (Kodak Storage Phosphor
Screen S0230 obtained from Molecular Dynamics) were pressed flat
against gel samples and exposed in the dark at 22 8C for 16 ± 20 h. A
Molecular Dynamics 400S PhosphorImager was used to obtain all data
from the storage screens. The data were analyzed by performing volume
integrations of all bands using the ImageQuant version 3.2.


Quantitation and data analysis. Data from footprint titrations were
analyzed by performing volume integration of rectangles encompassing
footprint sites and a reference site at which DNase I reactivity was
invariant over the range of the titration. Values were generated for site
intensities (Isite) and reference intensity (Iref). The apparent fractional
occupancies (qapp) of the sites was calculated with Equation (1).


qapp� 1ÿ Isite=Iref


I o


site=I o


ref


(1)


where Io


site and Io


ref are the site and reference intensities, respectively, for a
control lane in which no polyamide was added.
The ([L]tot , qapp) data points were fit to a general Hill equation [Eq. (2)] by
minimizing the difference between qapp and qfit :


qfit� qmin� (qmaxÿ qmin)
Kn


a�L�ntot


1�Kn
a �L�ntot


(2)


where [L]tot is the total polyamide concentration, Ka is either the apparent
monomeric association constant[21] for unlinked dimers or the equilibrium
association constant for H-pin and hairpin polyamides, and qmin and qmax are
the experimentally determined site saturation values when the site is
unoccupied and saturated, respectively. The data was fitted using a
nonlinear least squares fitting procedure with Ka , qmax, and qmin as
adjustable parameters, and either n� 1 for H-pins and hairpins or n� 2
for unlinked polyamides. All acceptable fits had a correlation coefficient of
R> 0.97. Binding isotherms were normalized with Equation (3)


qnorm �
qapp ÿ qmin


qmax ÿ qmin


(3)


Three sets of acceptable data were used in determining each association
constant. All lanes from each gel were used unless visual inspection
revealed a data point to be obviously flawed relative to neighboring points.
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Enantioselectivity in Enzyme-Catalyzed Electron Transfer to and from Planar
Chiral Organometallic Compounds
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Ekaterina S. Ryabova, Angelina N. Shevelkova, Ludmila L. Troitskaya,
Tat�yana V. Demeschik, and Viatcheslav I. Sokolov


Abstract: Asymmetric cyclopalladation
of dimethylaminomethylferrocene in
the presence of N-acetyl-(R)- or (S)-
leucine afforded enantiomerically en-
riched palladacycles (S)- and (R)-
[Pd{C5H3(CH2NMe2)FeC5H5}(m-Cl)]2,
respectively. Carbonylation of each
enantiomer followed by iodomethyla-
tion and reduction by sodium amalgam
gave (S)- and (R)-2-methylferrocene
carboxylic acid (1) with an optical purity
of 80 and 93 %, respectively. (S)- and
(R)-1 readily undergo one-electron (1e)
oxidation to form the corresponding
ferricenium cations by hydrogen perox-
ide, catalyzed by horseradish peroxidase
(HRP) and chloroperoxidase (CLP)
from Caldariomyces fumago (25 8C,
pH 5 ± 8 and 2.75, respectively). In the
case of HRP, the reaction is strictly first-
order with respect to (S)- and (R)-1


(rate� k[HRP][1]), whereas Michae-
lis ± Menten kinetics are observed for
CLP. The strongly pH-dependent kinetic
enantioselectivity is, however, only ob-
served in the case of HRP. HRP-gener-
ated cations (S)-1� and (R)-1� have been
used to demonstrate that their enzymat-
ic reduction by reduced glucose oxidase
(GO) is also enantioselective; the (S)-1�


enantiomer is more reactive than (R)-1�


by a factor of 1.54. The existence of the
planar chiral enantioselectivity in the
GO catalysis was also confirmed by the
cyclic voltammetry study of (S)-1 and
(R)-1 in the presence of GO and b-d-
glucose with glassy carbon and pyrolytic


graphite electrodes. The corresponding
enantioselectivity factors k(S)-1�/k(R)-
1� are 1.7 and 1.6, respectively. Based on
the known X-ray structural data for the
active site of GO, it has been tentatively
suggested that the enantioselectivity
originates from the hydrophobic contact
between the enzyme tyr-68 residue and
the h5-C5H5 ring of 1�, and a hydrogen
bond network formed by his-516 and/or
his-559 residues and the carboxylic
group of the ferrocene derivative. The
findings reported confirm the existence
of enantioselective electron transfer be-
tween oxidoreductases and organome-
tallic compounds with a planar chirality.
The lack of kinetic enantioselectivity
may be a result of i) the incorrect rate-
limiting step, ii) unfavorable pH region,
and iii) the deficit of charged groups
attached to ferrocenes.


Keywords: chiral recognition ´ elec-
tron transfer ´ ferrocenes ´ oxido-
reductases ´ planar chirality


Introduction


Our recent investigations in the field of organometallic
biochemistry[1, 2] have demonstrated that the ferrocene/ferri-
cenium couple is unique for redox enzymes that are capable of
efficient electron transfer to and from the ferricenium cation
(Fc�) and ferrocene (Fc) (Scheme 1). In particular, ferrocenes Scheme 1. Electron transfer to and from ferrocene and the ferricenium


cation.


are oxidized by hydrogen peroxide in the presence of
horseradish peroxidase (HRP) and chloroperoxidase (CLP).
In the former case, the enzymatic reaction is characterized by
unexpected first-order kinetics with respect to the ferrocene
derivative, however the reactivity under the steady-state[3] and
stopped-flow[4] conditions is comparable with that for typical
organic substrates associated with HRP. Since 1984 ferrice-
nium ions have been known to be excellent oxidants of
reduced glucose oxidase {GO(red)}, which is produced during
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the oxidation of b-d-glucose to d-gluconolactone.[5] This was
confirmed in a variety of electrochemical studies by many
research groups[6±9] including ourselves.[10, 11] Recently, a de-
tailed analysis of the steady ± state kinetic data, which was
obtained spectrophotometrically by monitoring the presence
of ferricenium dyes RFc�PF6


ÿ (R� alkyl group), was carried
out with respect to the interaction between GO(red) and
RFc�.[12] It was found that the reduction of RFc� follows
Michaelis ± Menten kinetics, and the intrinsic kinetic param-
eters for HFc� fall in the same range that is typical for b-d-
glucose. Thus, there is evidence that ferrocene derivatives
effectively mediate biocatalyzed reactions. This presents the
possibility that the enzymatic transformations of ferrocenes
might also proceed stereoselectively.


Ferrocene derivatives and related organometallics are
nowadays recognized substrates of proteases and oxidoreduc-
tases in synthetically relevant reactions that are aimed at
modifying side-chain functional groups.[13±16] Enantiomers of
organometallics with planar chirality can display different
reactivity or be accumulated with distinct rates that allows for
kinetic resolution.[1, 2] These examples and our findings
described above raise the question of whether it is possible
to observe enantioselectivity in an electron-transfer process
involving a redox enzyme and a planar chiral organometallic
molecule, that is, unnatural substrate with unnatural chirality
type? Whilst this manuscript was in preparation, a prelimi-
nary communication was published in which planar ± chiral
enantioselectivity was observed in oxidation catalyzed by
wild-type and mutant forms of cytochrome c peroxidase.[17]


However, the question is still intriguing when we take into
consideration the controversial publications by Willner et
al.[18] and SaveÂant et al.[19] The former has claimed that
ferrocene derivatives with a central carbon chirality, namely
the R and S enantiomers of Me2NC*MeHFc, show different


reactivity in the oxidized state towards GO and glutathione
reductase. The latter group has been unable to reproduce
these results. In this work, we demonstrate that it is possible to
achieve stereoselectivity for the planar chiral ferrocene
molecules[20±23] in the presence of several oxidoreductases
under properly selected conditions. In particular, we describe
i) the optimized synthetic approach to (S)-2-methylferrocene
carboxylic acid, (S)-1, and (R)-2-methylferrocene carboxylic
acid, (R)-1, the key step of which is asymmetric cyclopalla-
dation of dimethylaminomethyferrocene in the presence of
either N-acetyl-(R)- or (S)-leucine; ii) the spectrophotometri-
cally measured kinetic data of the HRP- and CLP-catalyzed
oxidation of (S)-1 and (R)-1 by H2O2 revealing the pH-
dependent enantioselectivity for the former enzyme and its
absence for the latter; iii) the enantioselective reduction of
ferricenium cations (S)-1� and (R)-1� by GO(red) in the
presence of b-d-glucose evaluated by both conventional
spectrophotometry and cyclic voltammetry with two different
carbon electrodes.


Results


Synthesis of planar chiral ferrocene by cyclopalladation : A
synthetic approach to a pair of planar chiral enantiomers is
shown in Scheme 2. The key step is asymmetric cyclopallada-
tion of dimethylaminomethylferrocene by Na2PdCl4 in the
presence of sodium salts of N-Ac-(R)-Leu or N-Ac-(S)-Leu.
The ability of enantiomerically pure N-acetyl amino acids to


Scheme 2. Reaction scheme for the preparation of (S)-1 and (R)-1.
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induce the preferential formation of planar chiral enantio-
mers has already been established.[24] However, the whole
reaction sequence was previously performed for only one
enantiomeric series.[20, 22] Here we report on the substantially
improved preparative synthesis of both series in order to
obtain a pair of enantiomerically pure target molecules. The
absolute configuration and the enantiomeric purity of the key
organopalladium compounds 2 and their derivatives were
determined as previously described.[21]


The procedure in Scheme 2 is easier and more efficient than
previously reported methods of asymmetric synthesis of
planar chiral ferrocene derivatives,[25, 26] in which interest has
markedly increased in recent years.[27] Its most advantageous
feature is an easy access to both planar chiral enantiomers.
Moreover, an alternative chemical approach to such mole-
cules[26] is more laborious and hardly applicable to the
preparation of 2-methylferrocene carboxylic acid. The suc-
cessful realization of the transformations in Scheme 2 dem-
onstrates once again the high potential of palladacycles in a
variety of organic syntheses.[28]


HPR-catalyzed oxidation of (R)- and (S)-1 by H2O2: Com-
pound 1 is soluble in water at pH> 6, that is, when the acid is
deprotonated.[29] This means that the HRP-catalyzed oxida-
tion of ferrocenes by H2O2, which follows 2:1 stoichiometry,
can be carried out in the absence of surfactants that were
previously necessary in order to increase the solubility of
alkylferrocenes.[3] The steady-state rate of oxidation of (R)-
and (S)-1 by H2O2 at pH 7 in the presence of HRP as a
function of [(R)-1] and [(S)-1] is shown in Figure 1. As in


Figure 1. Steady-state rate of HRP-catalyzed oxidation of (R)-1 and (S)-1
by H2O2 (2� 10ÿ4m) as a function of concentration of 1: pH 7, 25 8C,
[HRP]� 10ÿ7m.


previous work,[3] the first-order kinetics associated with 1
emphasize the different reactivities of the R and S enantio-
mers. Since the reaction is first-order in HRP, the correspond-
ing observed second-order rate constants (k� vo/[1][HRP])
are (4.6� 0.4)� 104 and (2.5� 0.3)� 104 mÿ1 sÿ1 for (R)-1 and
(S)-1, respectively, ([H2O2]� 2� 10ÿ4m, pH 7, and 25 8C). As
expected, the rate constant for the racemate (R,S)-1, (3.8�
0.6)� 104 mÿ1 sÿ1, lies between the two values. The effect
appears to be strongly pH dependent and the resulting curve
is bell-shaped (Figure 2b). The enantioselectivity almost


Figure 2. a) Steady-state rate of HRP-catalyzed oxidation of (R,S)-1 as a
function of pH: [1]� 8� 10ÿ4m, [H2O2]� 2� 10ÿ4m, [HRP]� 10ÿ7m, 25 8C.
b) Effects of pH on the HRP enantioselectivity in terms of kR/kS ratio for
HRP-catalyzed oxidation of 1 versus solution pH: [H2O2]� 2� 10ÿ4m,
[HRP]� 10ÿ7m, 25 8C.


vanishes at pH 5. Curiously, the activity of HRP is higher at
lower pH, (Figure 2a). Therefore, the highest enzymatic
activity is not required for achieving the highest enantiose-
lectivity; this is observed for the electron-transfer enzymatic
process that occurs without kinetically meaningful enzyme ±
substrate binding.


CLP-catalyzed oxidation of (R)- and (S)-1 by H2O2 : Our
recent study of the mechanism of CLP-catalyzed halogenation
led to the conclusion that stereoselectivity cannot be achieved
in this process.[30] However, selectivity is observed when CLP
displays peroxidase activity, that is, when the CLP-catalyzed
oxidation by H2O2 proceeds in the absence of halide ions.[31±33]


The pH optimum of CLP is around 3 and the enzyme is
inactive toward ferrocenes at pH 5. Therefore, the oxidation
kinetics of 1 were measured at pH 2.75 and 25 8C in the
presence of Triton X-100,
since the protonated acid is
not soluble enough in acidic
aqueous solution. The
steady-state rate of genera-
tion of the ferricenium dye
as a function of concentra-
tion of racemic and enantio-
merically pure forms of 1 is
shown in Figure 3. The fig-
ure shows a Michaelis ±
Menten-type dependence
that is not, however, accom-
panied by enantioselective
discrimination. The maxi-
mal rates Vm,obs and the Mi-
chaelis constants Km,obs with
different concentrations of
Triton X-100 are summar-
ized in Table 1.


The different behavior of HRP and CLP with respect to
(R)- and (S)-1 may be accounted for in terms of the pH effect
as suggested by the pH-dependent enantioselectivity in the
case of HRP for which the kR/kS ratio is almost unity at pH 5.


Figure 3. Steady-state rate of
CLP-catalyzed oxidation of (R)-
1 (&), (S)-1 (&), and (R,S)-1 (*)
by H2O2 (1.4� 10ÿ4m) as a func-
tion of concentration of 1:
pH 2.75, 25 8C, [CLP]� 10ÿ7m.
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Also, a neutral molecule of 1 is oxidized in the case of CLP.
One may speculate that a charged substrate is also a key
feature necessary for the enzymatic chiral recognition. It is
also possible that the lack of enantioselectivity in the CLP
catalysis results from the fact that the electron transfer from
ferrocene is not the rate-limiting step under the steady-state
conditions. To provide evidence for the latter, we have tested
the reactivity of a series of monoalkyl-substituted ferrocenes.


CLP-catalyzed oxidation of alkylferrocenes by H2O2 : We
investigated the CLP-catalyzed oxidation of HFc, EtFc, and
BuFc. The data for EtFc in Figure 4 show that the reaction


Figure 4. Steady-state rate of CLP-catalyzed oxidation of EtFc by H2O2


(1.4� 10ÿ4m) as a function of concentration of EtFc at different [Triton X-
100]: pH 2.75, 25 8C, [CLP]� 10ÿ7m.


rate levels off on increasing [EtFc] as opposed to the HRP
catalysis where a clean first-order behavior with respect to
RFc was observed.[3] The Michaelis ± Menten equation holds,
and the values of Vm,obs and Km,obs with different [Triton X-100]
are given in Table 1. The same rate law is valid for ferrocene
and n-butylferrocene and the corresponding parameters are
also in Table 1.


As for 1, the values Vm,obs for RFc are almost independent of
both the nature of ferrocene and Triton X-100 concentration,
Table 1. The former contrasts with the HRP case for which the
rate decreases strongly with increaseing length of alkyl
radical; the rate decreases by a factor of 32 on going from
HFc to BuFc.[3] The independence of Vm,obs on the nature of
RFc supports the fact that for CLP the electron transfer from
ferrocene is not the rate-limiting step, but rather the
interaction of CLP with H2O2 to form the compound CLP ±
I, Equation (1). Precedents for such a mechanism exist in the
literature,[34] and an estimate for k1 is available.[35] Assuming
that k1 is rate-limiting, it follows that Vm� k1[CLP][H2O2],
and with concentrations of CLP and H2O2 used in this work
one arrives at k1� 105 mÿ1 sÿ1, which is comparable with the
rate constant reported previously of 1.1� 105 mÿ1 sÿ1


(pH 3.4).[35] This coincidence also suggests that k1 refers to
rate-limiting steps and the simplest scheme to account for the
kinetics observed is given by Equations (1) and (2).


CLP�H2O2!k1 CLP ± I (1)


CLP ± I(II)�RFc!k2 CLP�RFc� (2)


We do not specify here which oxidized form of CLP, namely
CLP ± I or CLP ± II (two and one oxidation equivalents above
the native state, respectively), contributes to the overall
kinetics. What is important is that CLP is not the best enzyme
for demonstrating kinetic enantioselectivity under the steady-
state conditions. In fact, the resulting rate equation [Eq. (3)]
shows that the key step driven by k2 does not play a role when
k1[H2O2]� k2[RFc].


d�RFc��
dt


� k1k2�E�0�H2O2�0�RFc�
k1�H2O2�0 � k2�RFc� (3)


Here [E]0 and [H2O2]0 are the total concentrations of CLP
and hydrogen peroxide; [RFc] is the concentration of a
ferrocene in the aqueous pseudophase. To relate this with the
total concentration, one should take into account the fact that
ferrocenes bind with micelles of Triton X-100, Equation (4). If
we assume that [M]0� [RFc]0 (the condition holds in a
limited concentration range, [M]0 is the total micelle concen-
tration), we obtain [RFc]� [RFc]0/(K4[M]0� 1). Substitution
into Equation (3) gives Equation (5), which shows that Km,obs


should be a linear function of micelle concentration as seen
from the data in Table 1 for all ferrocenes tested.


M�RFc�K4


{M,RFc} (4)


d�RFc��
dt


� k1k2�E�0�H2O2�0�RFc�0
�H2O2�0


k1


k2


�K4�M�0 � 1� � �RFc�0
(5)


GO-catalyzed reduction of (R)- and (S)-1� by b-dd-glucose:
a spectral study. We have found that the HRP-catalyzed
oxidation of 1 into 1� affords a catalytically active material
that can then be reduced by GO(red). Thus, a direct
spectrophotometric study of the kinetics of this process given
by stoichiometric Equation (6) is possible.


GO(red)� 2RFc�!GO(ox)� 2 RFc� 2H� (6)


Table 1. The values of Vm,obs and Km,obs for the CLP-catalyzed oxidation of
1 and RFc at different concentrations of Triton X-100. Conditions: pH 2.75,
25 8C, [CLP]� 10ÿ7m.


[Triton X-100]
[mm]


106�Vm,obs


[m sÿ1]
106�Vm


[a]


[m sÿ1]
103�Km,obs


[m]


1[b] 50 1.2� 0.2 1.3� 0.2 8.7� 1.18
67.5 1.6� 0.4 11� 4
85.3 1.2� 0.2 15.7� 3.0


100 1.04� 0.07 16.4� 1.6


HFc 50 0.4� 0.05 0.49� 0.07 7.2� 1.3
67.5 0.5� 0.05 13.3� 1.5


100 0.54� 0.28 17� 11
116 0.54� 0.31 18� 11


EtFc 3.25 1.1� 0.2 1.1� 0.2 1.0� 0.3
8.14 1.4� 0.1 2.3� 0.4


16.4 0.93� 0.06 3.3� 0.6
33.1 1.0� 0.1 5.2� 1.4
85.3 0.9� 0.1 12� 3


BuFc 16.4 0.44� 0.04 0.53� 0.08 3.4� 0.9
33.1 0.48� 0.07 5.4� 2.1
50.1 0.60� 0.09 7.6� 2.4
67.5 0.63� 0.17 14.6� 8.2
85.3 0.49� 0.14 16.5� 8.4


[a] Mean value. [b] Since no enantioselectivity was found for CLP, each
value was calculated from the data for (R)-, (S)-, and (R,S)-1.
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The kinetic data is present-
ed in Figure 5. Evidently, the
(S)-1� enantiomer is more
reactive than (R)-1�. The re-
activity order in the reduction
reaction is thus reversed com-
pared with the oxidation re-
action, that is, the following
relative reactivity (R)-1> (S)-
1 and (S)-1�> (R)-1� is ob-
served in the HRP- and GO-
catalyzed electron-transfer re-
actions, respectively. Another
feature worth comment in
Figure 5 is that the straight
lines do not go through origin.
We ascribe this effect to the
necessity of performing kinet-


ic measurements in the presence of appreciable concentra-
tions of (S)-1 and (R)-1 (ca. 3.6� 10ÿ4m), that is, 40 % of the
highest concentration of 1� in both series. We have previously
shown that ferrocene carboxylic acid is a competitive inhibitor
of GO(red) in reactions with Fc�.[12] Assuming that 1 can also
suppress the enzymatic activity, the lower reaction rate under
the condition [1]� [1�] does not seem very surprising. When
the excess of 1 is not very large, the reaction follows first-order
kinetics with respect to 1�. The slopes of the linear portions of
the curves are (9.6� 0.3)� 10ÿ3 and (6.25� 0.52)� 10ÿ3 sÿ1 for
(S)-1� and (R)-1� ferricenium cations, respectively (total
[GO]� 2� 10ÿ7m, [d-glucose]� 0.05m, 25 8C, and pH 7). The
ratio of 1.54 is evidently the enantioselectivity factor in the
GO-catalyzed reaction. It should, however, be pointed out
that the ratio must be treated as a rough estimate, since the
rate constants were obtained in the presence of (S)-1 and (R)-
1 in both experimental series, and the two enantiomers may
have different ability to suppress the GO activity. In order to
minimize the latter effect and to gain additional evidence for
the existence of planar chiral enantioselectivity in the GO
catalysis, we have estimated the reactivity of (R)- and (S)-1�


towards GO(red) by means of cyclic voltammetry (CV).


GO-catalyzed reduction of (R)- and (S)-1� by b-dd-glucose: a
CV study. This electrochemical method is very useful to gain
information about the coupling between GO(red) and
electrochemically generated ferricenium ions.[5] CV data
reported in this work was obtained on glassy carbon and
pyrolytic graphite electrodes. Cyclic voltammograms for both
enantiomers of 1 in the absence and in the presence of GO
and b-d-glucose at a glassy carbon electrode are shown in
Figure 6. The voltammograms of the both enantiomers in the
absence of the enzyme are very similar, whereas in the
presence of GO the (S)-1 enantiomer gives rise to a larger
peak current provided all other conditions except the
enantiomeric nature of 1 are kept constant. The quantitative
information on the efficacy of the electron transfer from
GO(red) to 1� was obtained by the procedure developed by
Bourdillon et al.[8] The typical plot for evaluation of the rate
constant k3 (in terms of the formalism adopted in ref. [8]),


Figure 6. Cyclic voltammograms of (S)-1 (solid line) and (R)-1 (dotted
line) in aqueous solution of pH 7.0 (0.1m phosphate) in the absence (below)
and in the presence (above) of GO (1.1� 10ÿ6m) and b-d-glucose (0.1m).
Glassy carbon electrode, scan rate 2 mV sÿ1, 25 8C.


which most probably refers to the rate-limiting transfer of the
first electron from GO(red) at 1�, is shown in Figure 7.


From the slopes of the linear plots passing through the
origin, defined by 3.17� (k3RT/F)1/2, values of k3 of (7.4�
0.4)� 104 and (4.4� 0.2)� 104mÿ1 sÿ1 were calculated for (S)-
1� and (R)-1� ferricenium cations, respectively ([d-glucose]�
0.1m, pH 7, and 25 8C). The enantioselectivity factor k(S)-1�/
k(R)-1� is 1.7. Experiments carried out with a pyrolytic


Figure 7. Plot for evaluation of the rate constants k3 as described by
Bourdillon et al. ,[8] by the example of (S)-1 (*) and (R)-1 (*). For
conditions, see legend to Figure 6.


graphite working electrode led to the same conclusions and
the values of k3 calculated were (9.3� 0.3)� 104 and (5.7�
0.4)� 104 mÿ1 sÿ1 for (S)-1� and (R)-1�, respectively, with an
enantioselectivity factor of 1.6. The increase of the enantio-
selectivity factors obtained by CV is insignificant compared
with that obtained by the spectrophotometric technique.


Figure 5. Steady-state rate of
GO-catalyzed reduction of
(R)-1� and (S)-1� by b-d-glu-
cose (0.1m) as a function of
concentration of 1: pH 7, 25 8C,
[GO]� 10ÿ7m.
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However, the CV experiment appears to be more accurate,
since on the one hand the reaction mixture does not contain
HRP, and on the other the rate constants are evaluated at a
low total concentration of 1, which is better for minimizing the
inhibition. It should also be pointed out that in the present
case, when the reaction is first-order with respect to 1� (see
Figure 5), the rate constants evaluated spectrophotometri-
cally and electrochemically show reasonable agreement. The
slopes in Figure 5 were obtained at [GO]� 10ÿ7m and the
corresponding second-order rate constants (9.6� 104 and
6.2� 104 mÿ1 sÿ1) are close to those obtained by CV at both
electrodes.


Discussion


Three oxidoreductases, horseradish peroxidase (HRP) and
chloroperoxidase (CLP) from C. fumago, and glucose oxidase
(GO) from A. niger, were screened for the planar chiral
enantioselectivity in a single electron transfer processes to
and from a 1,2-disubstituted ferrocene derivative. Glucose
oxidase was investigated by visible spectrophotometry and
cyclic voltammetry. The principal results obtained are sum-
marized in Table 2. The enantioselective electron transfer in


the case planar chiral ferrocene derivatives was established for
HRP and GO; no kinetic preference was observed for CLP.


It is interesting to note that the compounds that followed
first-order kinetics or, in other words, that did not display
kinetically meaningful enzyme ± substrate binding, showed
different reactivity for R and S enantiomers. We have recently
put forward the argument that the electron-transfer between
HRP and alkylferrocenes has features typical of an outer-
sphere electron-transfer process.[3] Nevertheless, enantiose-
lectivity was observed. It is also interesting to note that the
highest enantioselectivity factor of 1.84 observed in the case of
HRP is very similar to that reported (1.81) for wild-type
cytochrome c peroxidase-catalyzed oxidation of R- and S-
enantiomers of 1-hydroxymethyl-2-dimethylaminomethylfer-
rocene.[17] Remarkably, the R enantiomers reacted faster in
both the cases.


The expectation to observe enantioselectivity in the CLP
catalysis failed. However, this example might be representa-
tive for discussing the origin of enantioselectivity or the lack
of it. The fact that enantioselectivity is not observed in this
case may be a result of i) the incorrect rate-limiting step,
ii) unfavorable pH region, and iii) the lack of charged groups
attached to ferrocenes. The second and third issues are most
probably interrelated. The charged ferrocene must be prop-
erly oriented in the vicinity of the enzyme active center as a
result of weak interactions made, for example, by the


enzyme ± substrate hydrogen-bond network and/or hydro-
phobic contacts. The hydrogen bonding within the enzyme
active center should be regulated by pH and, therefore, the
enantioselectivity appears to be strongly pH sensitive. The
network seems to be more efficient in the case of charged
ferrocene substrates. A possible detailed mechanistic picture
can be provided by the example of GO for which the
composition of the active site is known from the X-ray
structural data.[36] Figure 8 shows the amino acid residues


Figure 8. Modeling of the active site architecture of GO to show the
possible binding of (S)-1� in the vicinity of FAD. For details, see text.


separated from the N5 atom of FAD 600 by about 8 � and the
(S)-1� molecule incorporated into the architecture of the
active site of GO. Tyr-68 has been suggested as a residue
involved in the substrate binding.[36] Its aromatic ring can be
viewed as a platform to facilitate a hydrophobic or stacking
contact with the cyclopentadienyl ring of ferrocene. Located
in the active center, histidines 516 and 559 might be involved
in the interactions with the carboxylic group of the substrate.
Involvement of these amino acid residues is strongly suggest-
ed by the shape of the rate versus pH profile for the reduction
of ferricenium ion by reduced GO with the maximum of
activity in the pH range 7.5 ± 8.[12] Thus, the most reactive
enantiomer may be fixed in the active site by at least two weak
interactions that involve Tyr-68, His-559 and/or His-516. In
the case of (R)-1� enantiomer, similar interactions do not
appear to be very advantageous because the methyl group
would be a natural barrier between the ferricenium ion and
reduced FAD. It should also be mentioned that the results of
the modeling shown in Figure 8 should be considered as a first
level of approximation. The enantioselectivity factors report-
ed are not that high and, alternatively, their origins could stem
from as yet unspecified weak interactions of a substrate with
surface chiral amino acid residues that are not necessarily very
close to the enzyme active site.


Another interesting feature, which naturally may just be a
coincidence, is the reactivity order in the oxidation and
reduction reactions (Table 2). In particular, (R)-1 is more
reactive than (S)-1 in the HRP-catalyzed oxidation, whereas
(S)-1� is reduced faster than (R)-1� in the presence of GO.
However, this does not seem very surprising in light of the fact
that the enantioselectivity factor inverts on going from a wild-
type to a mutant form of cyctochrome c peroxidase.[17]


Table 2. Enantioselectivity factors observed for the three oxidoreductases.


Enzyme Enantioselectivity factor


HRP (R)-1/(S)-1� 1.84
GO (spectral control) (R)-1�/(S)-1�� 0.65
GO (CV, pyrolytic graphite) (R)-1�/(S)-1�� 0.625
GO (CV, glassy carbon) (R)-1�/(S)-1�� 0.58
CLP (R)-1/(S)-1� 1







FULL PAPER A. D. Ryabov


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998 0947-6539/98/0405-0812 $ 17.50+.50/0 Chem. Eur. J. 1998, 4, No. 5812


Conclusions


In addition to the related previous recent[17, 18] and relevant
older work[37] we have presented here several new examples of
the enantioselective electron transfer to or from ferrocenes
with the elements of planar chirality. HRP and GO proved to
be the enzymes with different reactivity toward both enan-
tiomers of 2-methylferrocene carboxylic acid and the corre-
sponding ferricenium cations. CLP did not show kinetic
preference for any enantiomer, most likely because of the
incorrect rate-limiting step. Taking into account the results
reported here and elsewhere it seems likely that the question
mark at the end of the title of the paper, ªMolecular
Recognition of Artificial Single-Electron Acceptor Cosub-
strates by Glucose Oxidase?º by SaveÂant et al.[19] can now be
omitted. Perspectives of this study are clear. First, the results
help us to understand the structural factors that bring about
the highest stereoselectivity in the enzymatic electron transfer
involving planar chiral organometallics and the elucidation of
intimate mechanisms of the enantioselectivity. Second, the
observation found suggests an approach to the kinetic
resolution of planar chiral molecules based on electron
transfer to or from oxidoreductases. Although the best
enantioselectivity factor equals 1.84, high rates of enzymatic
reactions and an easy recycling of partly resolved material
makes this approach very challenging.


Experimental Section


General : Enzymes HRP (R/Z� 3), CLP (R/Z� 1), and GO from
Aspergillus niger (250 U per mg) were purchased from Dia-M, Sigma,
and Serva, respectively, and all used as received. Spectrophotometric
measurements were carried on a Shimadzu UV-160A spectrophotometer
equipped with a CPS-240A cell positioner/temperature controller. CV
measurements were performed on a PC-interfaced potentiostat-galvano-
stat IPC-3 (Institute of Physical Chemistry, RAS). A three-electrode
scheme was used with working glassy carbon (Moscow State University
(Russia), diameter 1.8 mm) and pyrolytic graphite electrodes (Tokaii
(Japan), diameter 1.8 mm), saturated calomel reference electrode, and
ancillary Pt electrode. An electrochemical cell was thermostated at 25 8C by
circulating water. The opticatl rotation measurements were carried out at
22 8C.


Preparation of (R)-1.
Synthesis of (�)-2 : A solution of (ÿ)-N-acetyl-(S)-leucine (Reakhim,
3.41 g, 0.02 mol) and NaOH (0.8 g) in water (75 mL) was added to a
solution of Na2PdCl4 (5.85 g, 0.02 mol) in MeOH (225 mL), and the pH of
the resulting solution was adjusted to 7.85 with 50% NaOH. A solution of
dimethylaminomethylferrocene (4.9 g, 0.02 mol) in MeOH (75 mL) was
then added to the stirred solution and a precipitate began to appear after
10 min. The mixture was allowed to stand overnight, the precipitate was
then filtered off, washed with water, and dried over P2O5. The solid was
dissolved in benzene, and the insoluble admixtures were removed by
filtration. n-Heptane was added to the filtrate until a slight clouding was
evident, the mixture was concentrated in vacuo, n-heptane was again
added, and the solution filtered. The filtrate was evaporated almost to
dryness, the precipitate was separated and dried to obtain 3.34 g of (�)-(R)-
2 [a]D��537.68, (c� 1, CH2Cl2), 80.7 % optical purity. The same proce-
dure was applied to the methanolic mother liquor to obtain 1.86 g of (�)-
(R)-2 [a]D��4638, (c� 1, CH2Cl2), 69.5 % optical purity. Total yield 67%.


1-Methoxycarbonyl-2-dimethylaminomethylferrocene : Carbon monoxide
was bubbled for 1 h through a suspension of (�)-(R)-2 (2.0 g, 0.005 mol,
[a]D��537.68) in methanol (50 mL). Palladium metal was filtered off, the
filtrate treated with sodium bicarbonate, extracted with diethyl ether, dried


over MgSO4, and the solvent was finally removed in vacuo. 1.25 g (79 %) of
the ester was obtained. The product was however contaminated with traces
of Me2NCH2Fc.


(�)-2-Methylferrocene carboxylic acid, (R)-1: 1-Methoxycarbonyl-2-dime-
thylaminomethylferrocene was converted into the corresponding iodome-
thylate.[38] A suspension of the iodomethylate (1.7 g) in water (120 mL) was
added to sodium amalgam prepared from Hg (7 mL) and Na (2.8 g). The
reaction mixture was refluxed for 9 h. The solution was separated from the
amalgam and dimethylaminomethylferrocene was extracted with n-hexane.
The aqueous layer was acidified with 50 % H3PO4 and the precipitate
formed was filtered off. Additional amount of the acid was obtained after
its extraction by ether from the acidic aqueous solution. Compound (R)-1
was purified by column chromatography on SiO2 eluting with hexane/ether
(5:1). Yield 0.5 g (52 %); [a]D��49.268 (c� 2, EtOH), 92.9 % optical
purity; 1H NMR (CDCl3): d� 2.3 (s, 3H; CH3), 4.18(s, 5 H; C5H5), 4.30,
4.37, 4.78 (m, 3 H; C5H3); C12H12FeO2 (244.073): calcd C 59.05, H 4.96;
found C 59.08, H 5.07.


(ÿ)-2-Methylferrocene carboxylic acid, (S)-1: Compound (S)-1 was ob-
tained in a similar way from (�)-N-acetyl-(R)-leucine (provided by Dr.
Yu. A. Davidovich) in the asymmetric cyclopalladation: [a]D�ÿ42.278
(c� 2.37, EtOH), 79.7 % optical purity.


Peroxidase reaction : Solutions of (S)-1 and (R)-1 (0.001m) were prepared
by dissolving 0.0099 g (4� 10ÿ5 mol) 1 in phosphate buffer (40 mL, 0.013m,
pH 7). Ferrocene derivative 1 has an absorption maximum at 442 nm (e�
182 mÿ1 cmÿ1). The spectral characteristics of its 1e oxidation product were
determined by titrating 1 with hydrogen peroxide in the presence of HRP
to give l(max)� 647.5 nm and e� 431mÿ1 cmÿ1 as described previously.[39]


Almost all kinetic data were obtained at [HRP]� 1� 10ÿ7m and [H2O2]�
2� 10ÿ4m. The oxidation reaction was initiated by addition of HRP
solution (26 mL, 7.7� 10ÿ6m) to a 1 cm spectrophotometric cuvette
containing a solution of 1 (1.94 mL) and H2O2 (38 mL, 0.01m). An increase
in absorbance was monitored at 647.5 nm and the data obtained were
processed as described in the recent work.[3] The pH dependence of the
HRP activity towards (R,S)-1 was studied at a fixed [H2O2] (2� 10ÿ4m), [1]
being in excess. This enabled us to estimate e of the product in the same run.
The extinction coefficient appeared to be pH independent in this pH
region.


CLP oxidation : Owing to the insolubility of ferrocene, n-butylferrocene
(Aldrich), ethylferrocene (Strem), and 1 in aqueous solution at pH 2.75, the
compounds were dissolved in the phosphate buffer in the presence of
Triton X-100 (3 ± 116 mm). Kinetic data were obtained at [CLP]� 1� 10ÿ7m
and [H2O2]� 1.4� 10ÿ4m. The kinetics of the CLP-catalyzed oxidation was
measured and the data analyzed as described for alkylferrocenes[3] or above
for 1.


Reduction of (S)-1� and (R)-1� by reduced GO: spectral control. The
ferricenium cations were generated in situ by HRP-catalyzed oxidation of 1
by H2O2. In a typical experiment, solutions of hydrogen peroxide (0.28 mL,
7.4� 10ÿ3m) and HRP (0.129 mL, 8.1� 10ÿ6m) were added to 1 (10 mL,
0.001m) in phosphate buffer (0.01m, pH 7). Such an optimal reagent ratio
provided 60% yield of 1�. The oxidation was registered spectrophoto-
metrically by following a decrease in absorbance at 647 nm. The GO-
catalyzed reduction of (S)-1� and (R)-1� was monitored by following the
protocol described below. The reaction mixture was composed by addition
of solutions of d-glucose (0.18 mL, 0.7m), GO (0.02 mL, 2� 10ÿ5m), and 1�


(0.3 ± 1.8 mL) to a 1 cm spectrophotometric cuvette with phosphate buffer
(0.01m, pH 7) to achieve the total volume of 2 mL. Since the solution of 1�


always contained 40% of 1, which is known to be a competitive inhibitor of
GO,[12] the required amount of 1 was added, when necessary, to the reaction
solution to achieve constant [1]� 3.6� 10ÿ3m in the whole series. The rate
of 1� fading at 647 nm was registered every 10 s over a peroid of 1 min. It
has been confirmed that HRP has no effect on the GO-catalyzed reaction
under the conditions used.


Reduction of (S)-1� and (R)-1� by reduced GO: a CV study. Stock
solutions of 1 (1.1� 10ÿ3m) were prepared in phosphate buffer (0.1m,
pH 7). An aqueous solution of b-d-glucose (1m) was prepared beforehand
and kept overnight. For the measurement of io


p the protocol was stand-
ardized as follows: a buffered solution of 1 (2.7 mL) and glucose aqueous
solution (0.3 mL, 0.1m) were introduced into the thermostated electro-
chemical cell. The cyclic voltammograms were recorded with glassy carbon
and pyrolytic graphite electrodes at seven to nine different scan rates from
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0.6 to 50 mV sÿ1. For the measurement of ip, GO solution (0.01 mL, its final
concentration in the cell was 1.1� 10ÿ6m) was added to the electrochemical
cell and cyclic voltammograms were recorded as previously described.[10]


Both carbon electrodes were polished by 0 ± 1 mm diamond paste before
every series of measurements consisting of 7 ± 9 runs either with or without
GO and d-glucose. It was confirmed that a higher frequency of polishing
does not affect both the shape of voltammograms and peak currents. The
rate constant k3 was calculated by the described procedure.[8]
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Crystal Structure of [2-ZnCl-benzoxazole ´ 2THF]2:
The Remarkable Difference between 2-ZnHal- and 2-Li-oxazoles


Gernot Boche,* Ferdinand Bosold, Holger Hermann, Michael Marsch,
Klaus Harms, and J. C. W. Lohrenz


Abstract: Ring opening of 2-lithiated oxazole (1-Li) leads to an equilibrium with the
corresponding (Z)-2-isocyanolithium enolate 2-Li which lies far towards the 2-Li side.
In contrast, the ZnCl species exists only in the cyclic form, 2-chlorozinc oxazole (1-
ZnCl). We provide the first crystal structure of a 2-metalated oxazole, 2-chlorozinc
benzoxazole, crystallized as a dimer ([3-ZnCl ´ 2 THF]2) from THF, and discuss the
strong effect of the metal (M) on the equilibrium 1-M> 2-M.


Keywords: benzoxazoles ´ carbene
complexes ´ lithium ´ quantum-
chemical calculations ´ zinc


Introduction


All attempts to prepare a 2-lithiated oxazole derivative 1-Li,
or the corresponding benzoxazole, have so far failed because
the ring-opening reaction 1-Li!2-Li, even atÿ78 8C, leads to
the corresponding (Z)-2-isocyanolithium enolate 2-Li (>97�
3 %).[1] This reaction can be considered as an intramolecular
a-elimination of the Li/OR carbenoid 1-Li[2] to give the
isocyanide 2-Li, a stabilized carbene.[3]


A totally different situation results if zinc chloride (ZnCl2)
is added to the Li compound 2-Li: immediate ring closure
leads to the exclusive formation (>97� 3 %) of a ZnCl-
substituted oxazole, 1-ZnCl. This was first indicated by Pd-
catalyzed coupling reactions with aryl and vinyl halides to give
2-substituted oxazoles[4] and further supported by NMR
investigations.[1e, 4a, 5]


In this work we report the first solid-state structure
elucidation of a 2-metalated oxazole, 2-ZnCl-benzoxazole
(3-ZnCl), which crystallized from tetrahydrofuran (THF) as a
dimer [3-ZnCl ´ 2 THF]2). What causes the remarkable differ-
ence between 2-lithiated and 2-zincated (benz)oxazoles? For
the reasons outlined above, this question cannot be answered


on experimental grounds
alone, so we performed quan-
tum-chemical calculations
with appropriate model com-
pounds. These led to a gen-
eral understanding of the dif-
ference between lithium and zinc-halide oxazoles (and thus
between Li and ZnHal carbenoids). Both types of compounds
are of eminent importance in synthesis.


Results and Discussion


[3-ZnCl ´ 2 THF]2 crystallized from THF at ÿ30 8C. The
structure is shown in Figure 1. The two benzoxazole units
are connected to each other through Zn 1 and Zn 1A with each
zinc bonded to the C 2(C 2A) atom of one and the N 3A(N 3)
atom of the other molecule. Of special interest are the bonds
at C 2 of [3-ZnCl ´ 2 THF]2. Thus, in comparison with the mean
value of the corresponding bonds in 55 other oxazoles, O1 ±
C 2 is 2.2 pm longer (137.8 pm),[11] C 2 ± N 3 is 1.9 pm longer
(129.3 pm),[11] and O1-C 2-N3 is 2.98 narrower than the
corresponding mean angle in oxazoles (113.78).[11] Similar
differences have been observed between non-metallated
thiazoles and 2-ZnBr-thiazole.[12] In 2-Li-thiazole (which is
stable towards ring opening!)[12] the C ± N and C ± S bonds, as
determined by X-ray crystal structure analysis, are even
longer than in 2-ZnBr-thiazole, and the N-C-S bond angle is
narrower.[12]


In order to gain greater insight into the remarkable contrast
between the 2-Li-oxazoles such as 2-Li, which cannot even be
observed, and the stable 2-ZnHal-oxazoles such as 1-ZnCl, we
performed quantum-chemical calculations for the oxazole
4-H, the 2-ZnCl-oxazole dihydrate 4-ZnCl ´ 2 H2O,[13] and
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Figure 1. Crystal structure of [3-ZnCl ´ 2 THF]2.[6±10] Significant parame-
ters: bond lengths [pm], O 1 ± C2 137.8(3), C2 ± N 3 131.2(3), C 2 ± Zn 1
201.0(2), N 3 ± Zn 1A 202.3(2), Zn 1 ± Cl1 221.3(1); angle [8], O1-C 2-N 3
110.8(2).


2-Li-oxazole dihydrate 4-Li ´ 2 H2O as model compounds.
Additionally, we calculated the structure of the oxazole anion
4ÿ. The B3LYP/6-31�G(d) results[14, 15] are summarized in
Table 1. There is some lengthening of the O ± C and C ± N
bonds and a narrowing of the O-C-N angle in 4-ZnCl ´ 2 H2O


compared with 4-H, as observed experimentally in [3-ZnCl ´
2 THF]2. Bond lengthening and angle narrowing are even
more pronounced in 4-Li ´ 2 H2O than in 4-ZnCl ´ 2 H2O. In
other words, in 2-metallated oxazoles the a-elimination of Li/
OR is more advanced than that of ClZn/OR. Not surprisingly,
the strongest bond-lengthening and angle-narrowing effects
are observed in the anion 4ÿ.


A natural bond orbital (NBO) analysis[16] of the bonds
involving C 2 shows the reasons for the differences in the
structures of these compounds (Table 1). In 4-ZnCl ´ 2 H2O
the hybridization of the carbon orbitals is rather similar to
that in the nonmetalated oxazole 4-H. Especially noteworthy
is the carbon orbital of the C ± Zn bond in 4-ZnCl ´ 2 H2O
which is sp1.9-hybridized, in contrast to the corresponding lone
pair in 4-Li ´ 2 H2O, which has a much higher s character (sp1.0).
The difference is due to the more covalent nature of the C ±
Zn bond[17] compared with the essentially ionic C ± Li bond.[18]


Consequently, in 4-Li ´ 2 H2O the C ± O and C ± N bonds have
more p character (sp3.6 and sp2.3, respectively) than in 4-ZnCl ´
2 H2O (sp2.5 and sp1.7, respectively).[19, 20] Therefore, the carbe-
noid character of the model compound 4-Li ´ 2 H2O is clearly
more enhanced than that of the zinc species 4-ZnCl ´ 2 H2O.
The hybridizations of the carbon orbitals in the anion 4ÿ are in
agreement with expectations and the structural data: the lone
pair has very high s character (sp0.8), while the rather long
C ± O bond shows very high p character (sp5.3).


In Figure 2 the absolute energies of 4-H, 4-ZnCl ´ 2 H2O,
4-Li ´ 2 H2O, and 4ÿ are listed together with those of their
acyclic isomers 4''-H, 4''-ZnCl ´ 2 H2O, 4''-Li ´ 2 H2O, and 4''ÿ.
Furthermore, the relative energies [kcal molÿ1] of the cyclic
and acyclic isomers are given. Thus, oxazole 4-H is
28.2 kcal molÿ1 more stable than the acyclic 4''-H. In the case
of the ZnCl species, it is again the cyclic 4-ZnCl ´ 2 H2O which
is more stable than the acyclic 4''-ZnCl ´ 2 H2O, but the
difference is only 8.0 kcal molÿ1. Completely reversed stabil-
ities are found in the case of the anions and the Li species: the
acyclic 4''ÿ is 19.9 kcal molÿ1 more stable than the cyclic 4ÿ, and
4''-Li ´ 2 H2O is 15.7 kcal molÿ1 more stable than 4-Li ´ 2 H2O. It
is interesting to note that Li� ´ 2 H2O has only a marginal effect
on the relative energies of the anions 4ÿ and 4''ÿ: the cyclic 4-
Li ´ 2 H2O is only slightly more stabilized than the acyclic 4''-


Figure 2. Absolute [au] and relative [kcal molÿ1] energies of the cyclic 4-H,
4-ZnCl ´ 2 H2O, 4-Li ´ 2H2O, and 4ÿ, and their acyclic isomers 4''-H, 4''-ZnCl ´
2H2O, 4''-Li ´ 2H2O, and 4''ÿ.


Abstract in German: Bei 2-lithiierten Oxazolen 1-Li liegt das
Gleichgewicht mit der acyclischen Verbindung 2-Li ganz auf
der Seite von 2-Li. Dagegen findet man bei den 2-ZnCl-
Verbindungen nur das cyclische 1-ZnCl vor. Wir berichten hier
über die erste Kristallstrukturbestimmung eines 2-metallierten
Oxazols ([3-ZnCl ´ 2 THF]2) und diskutieren den enormen
Einfluû des Metalls auf das Gleichgewicht 1-M> 2-M.


Table 1. B3LYP/6-31G�G(d)-calculated[14] bond lengths [pm] and angles
[8] of 4-H, 4-ZnCl ´ 2H2O, 4-Li ´ 2 H2O, and 4ÿ. The hybridizations of the
carbon orbitals in the respective bonds are given (NBO analysis).[16]


Bonds Bond angle
C ± H(M) C ± O C ± N O-C-N


108.0 135.8 129.5 114.5
sp1.7 sp2.8 sp1.7


197.5 136.9 132.0 111.1
sp1.9 sp2.5 sp1.7


205.5 137.8 134.1 108.3
sp1.0 sp3.6 sp2.3


± 146.2 133.0 106.4
sp0.8 sp5.3 sp2.3
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Li ´ 2 H2O. This is in strong contrast to ZnCl� ´ 2 H2O, relative
to which the cyclic 4-ZnCl ´ 2 H2O is much more stabilized (see
above). Furthermore, if one considers that the oxophilic Li�


undoubtedly facilitates the ring-opening reaction of 2-lithi-
ated oxazoles 1-Li, the results of the calculations are totally in
agreement with the experimental ones: it is only the acyclic
isomers 2-Li of 2-lithiated oxazoles, but the cyclic isomers 1-
ZnCl in the case of 2-zincated oxazoles, that are observed.


No other pair of carbenoids differing only in the nature of
the metal (Li and ZnHal, respectively) has yet been inves-
tigated. However, there are indications that the differences
revealed here are of general significance. Thus, in the ZnCl/Cl
carbenoid 5-ZnCl ´ 2 DMF[21] the C ± Cl bonds are 176 and


183 pm long, and the sum of the bond angles Cl 1-C 1-Cl 2,
Cl 1-C 1-C 2, and Cl 2-C 1-C 2 amounts to 319.48 (instead of
3288 in the case of sp3-hybridized bonds; normal C ± Cl bonds
are 174.6 pm long (mean value)).[22]


In the related Li/Cl carbenoid 6-Li ´ 3 Pyr[22] (Pyr� pyri-
dine) the C ± Cl bonds are clearly more elongated (185.7 and
183.2 pm); this agrees with the smaller sum of the bond angles
Cl 1-C 1-Cl 2, Cl 1-C 1-H 1, and Cl 2-C 1-H1 of 3088. Unfortu-
nately, there is no information yet about the comparative
influences of CF3 in 5-ZnCl ´ 2 DMF and of H in 6-Li ´ 3 Pyr on
the structural details discussed above.


Experimentally determined structures of Zn/I carbenoids
of the Wittig type Zn(CH2I)2, or of the Simmons ± Smith type
IZnCH2I, cannot be compared with an Li/I carbenoid,
because structural details of Zn/I species are the only ones
available. In the Zn(CH2I)2 compound 7[23] and in the


IZnCH2I species 8[24] the C ± I bonds are not even elongated in
comparison with normal C ± I bonds.


Quantum-chemical calculations (MP2 6-311��G(d,p))
also shed more light on this case: in IZnCH2I the C ± I bond
(217.8 pm) is only 1.4 % longer than the C ± I bond in CH3I
(214.7 pm), in agreement with the results of the solid-state
structure elucidations mentioned above. This contrasts strong-
ly with the case of LiCH2I, in which the calculated C ± I bond
length (226.6 pm) is 5 % longer than in CH3I. It is therefore
not surprising that Simmons ± Smith reagents normally react
with olefins to give cyclopropanes in boiling diethyl ether
(35 8C),[25] whereas Li carbenoids form cyclopropanes even at
very low temperatures (below ÿ100 8C).[26,27]


Conclusions


ZnHal carbenoids differ from Li carbenoids mainly because
of the differences in the properties of the carbon ± metal
bonds: according to B3LYP/6-31�G(d) calculations for the
model compounds 4-ZnCl ´ 2 H2O and 4-Li ´ 2 H2O, the carbon
orbital of the C ± M bond is sp1.9-hybridized in the former and
sp1.0-hybridized in the latter. Correspondingly, the hybrid-
izations of the carbon orbitals in the C ± O bonds are sp2.5 and
sp3.6, respectively, leading to a longer C ± O bond in the lithium
(137.8 pm) than in the ZnCl species (136.9 pm). Furthermore,
since the cyclic 4-ZnCl ´ 2 H2O is 8.0 kcal molÿ1 more stable
than its acyclic isomer 4''-ZnCl ´ 2 H2O, whereas in the case of
the Li species the cyclic 4-Li ´ 2 H2O is 15.7 kcal molÿ1 less
stable than the acyclic 4''-Li ´ 2 H2O, the quantum-chemical
calculations are in perfect agreement with the existence of 2-
lithiated oxazoles only as the acyclic isomers such as 2-Li,
whereas the cyclic isomers such as 1-ZnCl predominate in the
case of the 2-zincated species, as demonstrated by the solid-
state structure of [3-ZnCl ´ 2 THF]2. When other experimental
results and quantum-chemical calculations are taken into
account, it is also evident that the carbenoid character and
thus the electrophilicity of ZnHal carbenoids is less pro-
nounced than those of Li carbenoids. It is interesting that the
same differences in the nature of the C ± M bonds which
eventually determine the lower electrophilicity of ZnCl
carbenoids compared with Li carbenoids also determine the
lower nucleophilicity of the organometallic compounds of
zinc compared with those of lithium.


Experimental Section


Preparation of [3-ZnCl ´ 2THF]2 : After reaction for 1h of benzoxazole
(420 mg, 3.5 mmol) in THF (18 mL) at ÿ78 8C with a 1.6m solution of
nBuLi (2.2 mL, 3.5 mmol) in n-hexane, a 1m solution of ZnCl2 (7 mL,
7 mmol) in diethyl ether was added dropwise, kept for 1 h at 0 8C, and then
cooled to ÿ50 8C. After 24 h a crystalline solid had formed, which after
separation from the solvent was dissolved in THF (12 mL) and then cooled to
ÿ30 8C for 24 h. Under these conditions crystals appropriate for an X-ray
crystal structure determination had formed. Yield: 820 mg (2.2 mmol; 63%).


Crystal structure analysis of [3-ZnCl ´ 2 THF]2 : C15H20ClNO3Zn, triclinic
space group P1Å; a� 860.2(2), b� 1016.4(2), c� 1022.5(1) pm, a� 86.61(1),
b� 79.60(1), g� 69.70(1)8, V� 824.8(2)� 10ÿ30 m3, Z� 2, data collection
on a Siemens P4 diffractometer using MoKa radiation, T� 213(2) K, 3281
reflections, 2745 unique (Rint� 0.0175); semiempirical absorption correc-
tion from y scans. Solution with direct methods (SHELXTL-PLUS), full-
matrix least-squares refinement on F 2(SHELXL-93), non-hydrogen atoms
anisotropic, hydrogen atoms on calculated positions with fixed isotropic
temperature factors, aromatically bonded hydrogen atoms located and
isotropically refined; wR2� 0.0753 (2745 reflections, on F 2, parameters for
the weighting scheme calculated by the program: 0.0378, 0.4864), conven-
tional R� 0.0281 for 2640 reflections with I> 2s(I), goodness of fit (F 2)�
0.880, 207 parameters. All calculations were performed on a DEC -
AXP 3000/300X.[6±10]
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Synthesis of Chiral Bis(dihydrooxazolylphenyl)oxalamides,
a New Class of Tetradentate Ligands for Asymmetric Catalysis
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Abstract: Enantiomerically pure N,N'-bis[2-(4,5-dihydrooxazol-2-yl)phenyl]oxal-
amides are readily prepared from 2-(2-aminophenyl)-4,5-dihydrooxazoles and oxalyl
chloride. The structures of the corresponding nickel and copper complexes were
determined by X-ray analysis. Ruthenium complexes, prepared in situ from RuCl3 and
the corresponding ligands, catalyze the enantioselective epoxidation of trans-stilbene
to afford trans-1,2-diphenyloxirane with up to 69 % ee. The cobalt complexes were
tested as catalysts in Michael reactions of malonates with chalcone (up to 89 % ee).


Keywords: amides ´ asymmetric
catalysis ´ N ligands ´ epoxidations
´ Michael additions ´ transition
metals


Introduction


The development of suitable chiral ligands is a central issue in
the research of asymmetric catalysis.[1] Originally, chiral
phosphanes dominated this field, however, other classes of
ligands with coordinating nitrogen or oxygen atoms are now
attracting increasing attention. Among the many known
nitrogen ligands,[1c] the Schiff base and bis-amide ligands are
of particular interest because the corresponding metal com-
plexes resemble metalloporphyrins which play an important
role as catalysts, both in the laboratory and in biological
systems. Manganese ± salen complexes, such as 1, are efficient


catalysts for the epoxidation of C ± C double bonds.[2] The
development of chiral salen derivatives[3,4] has led to the well-
known Jacobsen epoxidation,[3] a highly enantioselective and
practical catalytic process. Dianionic bis-amide ligands, such
as 2, are known to stabilize high oxidation states of
coordinated metal ions.[5±7] A variety of metal complexes of
ligand 2 catalyze the epoxidation of alkenes with iodosylben-
zene as an oxidant.[8] However, to our knowledge, enantio-
selective epoxidation reactions with chiral bis-amide ligands
have not yet been reported. Herein we describe the synthesis
of a new class of chiral tetradentate bis-amide ligands 3 and
the preparation and crystal structures of the nickel(ii) and
copper(ii) complexes. We also report preliminary experiments
indicating possible applications of such ligands in asymmetric
catalysis.


Results and Discussion


Synthesis of chiral oxalamide ligands 3 a ± e : The synthesis of
various oxalamide ligands is summarized in Scheme 1. Con-
densation of isatoic anhydride (4) with amino alcohols 5 a ± e
afforded the corresponding hydroxyamides 6 a ± e in 60 ± 92 %
yield. The required enantiomerically pure amino alcohols
5 a ± e were either commercially available or could be easily
prepared from a-amino acids by reduction with NaBH4-
H2SO4.


[9] The hydroxyamides 6 a ± e were converted to the
corresponding oxazolines 8 a ± e by treatment with SOCl2


followed by base-induced cyclization of the chloroamide
intermediates 7 a ± e. The oxazolines 8 a ± e were purified by
flash chromatography and were obtained in 39 ± 76 % overall
yield from 6. Another convenient route[10] to oxazolines 8 a ± e
is based on the zinc-catalyzed condensation of 2-amino-
benzonitrile with amino alcohols 5 a ± e according to the
method of Witte and Seeliger.[11] Treatment of oxazolines
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Scheme 1. Synthesis of chiral oxalamide ligands 3a ± e


8 a ± e with oxalyl chloride in the presence of triethylamine
gave the desired oxalamides 3 a ± e in 64 ± 88 % yield. All these
ligands are crystalline compounds and can easily be purified
by recrystallization from dichloromethane/hexane.


Preparation of the CuII and NiII complexes : In order to
investigate the structures and coordination behavior of these
sterically hindered oxalamide ligands, the copper and nickel
complexes 9 and 10 were synthesized. Oxalamide 3 a was
heated with one equivalent of the corresponding metal
acetate in methanol (Scheme 2) to give dark green complexes
which, on recrystallization from dichloromethane/hexane,
gave dark green needles.


Scheme 2. Synthesis of the CuII and NiII complexes 9 and 10 from
oxalamide 3 a.


The structures of the two complexes were determined by
single-crystal X-ray analysis (Figure 1).[12] As expected, both
CuII and NiII form a 1:1 complex with ligand 3 a. The three-
dimensional structures of these complexes are very similar
with a distorted square-planar coordination geometry of the
[MN4] core. The metal ion is surrounded by two oxazoline
nitrogen atoms and the two anionic nitrogen atoms of the
oxalamide bridge.[13] The C2 symmetry of the ligand is largely
retained, although small deviations from symmetry can be
seen in the crystal structures. The deviation of the chelate ring
from planarity is expressed by the angles between the
M ± N(oxazoline) bonds and the coordination plane (M-N2-
C10-C11-N3). Angles of 318 and 358 were determined for the
copper complex 9, whereas for the analogous nickel complex
10 the corresponding values are 248 and 288 (Table 1). The
distance between the copper atom and the amide nitrogens is
1.939(2) � and 1.934(3) �, which is slightly longer than the
average Cu ± Namide distance in related complexes.[14] The
Ni ± N bond lengths in complex 10 are in the range expected
for diamagnetic NiII complexes with an unstrained square-
planar [NiN4] core.[15]


Enantioselective catalysis : The use of ruthenium complexes
prepared from RuCl3 and bipyridines or substituted phen-
anthrolines as catalysts in the epoxidation of alkenes was first


Abstract in German: Enantiomerenreine N,N'-Bis[2-(4,5-
dihydrooxazol-2-yl)phenyl]oxalamide sind aus 2-(2-Amino-
phenyl)-4,5-dihydrooxazolen und Oxalylchlorid leicht und in
guter Ausbeute zugänglich. Die Strukturen von NiII- und CuII-
Komplexen dieser Liganden wurden durch Röntgenstruktur-
analyse bestimmt. Mit Rutheniumkomplexen, die aus RuCl3


und den entsprechenden Liganden in situ generiert wurden,
konnte trans-Stilben mit NaIO4 enantioselektiv epoxidiert
werden (bis zu 69 % ee). Cobaltkomplexe wurden als enan-
tioselektive Katalysatoren in der Michael-Addition von
Malonestern an Chalkon getestet (bis zu 89 % ee).


Figure 1. Crystal structures of the CuII and NiII complexes 9 and 10.
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reported by Balavoine et al.[16] Several attempts were made to
render this system enantioselective by means of chiral
ligands.[17] However, the enantioselectivities were rather low
(8 ± 21 % ee for trans-stilbene (11)[17a]). Ruthenium com-
plexes, prepared in situ from RuCl3 and the oxalamide ligands
3, proved to be more efficient catalysts in this case. The
highest enantioselectivity (69 % ee for trans-stilbene) was
obtained with a catalyst derived from the isopropyl-substi-
tuted ligand 3 a (Scheme 3).[18] Under optimized conditions,


Scheme 3. Ru-catalyzed enantioselective epoxidation of trans-stilbene (11).


the epoxide 12 was formed in good yield, whereas only small
amounts of benzaldehyde (ca. 10 %) were detected, which is
usually produced as a side product in these reactions by
cleavage of the C�C bond.


As another possible application of oxalamide ligands 3, we
studied Michael additions of malonic acid esters to chalcone
(14) (Table 2). The most promising enantioselective cata-
lysts reported to date for this class of reactions are the
heterobimetallic binaphthol complexes (Li-Al/Na-La) devel-
oped by Shibasaki et al.[19] Yamaguchi et al.[20] found that the
rubidium salt of l-proline catalyzes the addition of malonates
to various prochiral enones with moderate to high enantio-
selectivity. On the other hand, chiral transition metal com-
plexes have mainly been used as catalysts for the addition of
prochiral enolates to Michael acceptors with two homotopic
faces.[21]


Preliminary results obtained with oxalamide ligand 3 in
cobalt-catalyzed Michael additions of dialkyl malonates
13 a ± c to chalcone 14 are summarized in Table 2. The
reactions were performed with 4 mol % of catalyst, generated
in situ from cobalt acetate and oxalamide 3 in the presence
of 1.2 equiv N,N-diisopropylethylamine in ethanol at room
temperature. The analogous copper or nickel complexes did
not catalyze the reaction.


By far the best enantioselectivities were obtained with the
tert-butyl-substituted ligand 3 b. The enantioselectivities in-


creased when bulkier ester groups were used (entries 2, 5 and
6). The highest ee was obtained with di-tert-butyl malonate. At
present, however, a wider application of this reaction is
compromised by the low conversion obtained in all reactions.
Longer reaction times led to a significant decrease in the
enantioselectivity. The reason for the low turnover numbers in
this reaction is not clear at present. With cyclic enones, such as
cyclohexenone, no reaction was observed.


Conclusion


In summary, we have developed a short and efficient synthesis
of chiral C2-symmetric bis-amides 3. This route can be used to
prepare various derivatives of these new ligands in an
enantiomerically pure form from commercially available
inexpensive precursors. The formation of stable NiII and CuII


complexes proves that the bis-amides 3 can function as
dianionic tetradentate ligands. The enantioselectivities ob-
tained in the ruthenium-catalyzed epoxidation of trans-
stilbene and cobalt-catalyzed Michael addition to chalcone
are encouraging, as they demonstrate that significant en-
antiocontrol is possible with these ligands.


Experimental Section


General : Specific rotation: Perkin Elmer 241 polarimeter; 1 dm, 23 8C,
concentration in gper 100 mL of solution, estimated error: � 5%. NMR:
1H: d relative to TMS as the internal standard; 13C: d relative to CDCl3


(77.0 ppm). MS: Varian VG-70-250 (NBA� 4-nitrobenzyl alcohol). Flash
column chromatography was performed on Merck Kieselgel 60 (0.040 ±
0.063 mm).


General procedure for the preparation of hydroxyamides 6 a ± e : A
suspension of isatoic anhydride (4) (Fluka, pract. ; 16.3 g, 0.10 mol) and
(S)-2-amino-3-methyl-1-butanol (5a) (l-valinol;[9] 10.8 g, 0.105 mol) in
anhydrous dioxane (100 mL) was heated for 2.5 h at 60 8C. The mixture
was stirred for a further 16 h at room temperature. Removal of the solvent
under reduced pressure, and purification of the residue by flash chroma-
tography (7� 30 cm, CH2Cl2/MeOH 100:4) afforded hydroxyamide 6a.


N-[(1S)-1-Hydroxymethyl-2-methylpropyl]-2-aminobenzamide (6a):
Yield: 15.6 g (70 %); pale yellowish solid; m.p. 107 ± 108 8C; TLC: Rf�
0.50 (CH2Cl2/MeOH 9:1); [a]D �ÿ48.0 (c� 1.01 in EtOH); 1H NMR
(300 MHz, CDCl3): d� 0.98 (d, J� 4.9 Hz, 3H; CH(CH3)2), 1.01 (d, J�
4.9 Hz, 3H; CH(CH3)2), 1.91 ± 2.01 (m, 1 H; CH(CH3)2), 2.14 ± 2.80 (br s,
1H; OH), 3.68 ± 3.78 (m, 2 H; CH2O), 3.84 ± 3.90 (m, 1 H; CHN), 5.41 (br s,


Table 1. Selected bond lengths [�] and angles [8] in complexes 9 and 10.


9 10


M ± N1 1.967(3) 1.878(4)
M ± N2 1.939(2) 1.884(4)
M ± N3 1.934(3) 1.884(4)
M ± N4 1.933(3) 1.892(4)
N2 ± C10 1.337(4) 1.356(6)
N3 ± C11 1.357(4) 1.338(6)
O2 ± C10 1.237(4) 1.211(6)
O3 ± C11 1.210(4) 1.226(6)
N1-M-N2 91.3(1) 93.3(2)
N2-M-N3 87.0(1) 87.4(2)
N1-M-N4 98.8(1) 93.5(2)
N3-M-N4 93.4(1) 91.9(2)
N2-C10-C11-N3 ÿ 4.375 ÿ 1.343


Table 2. Enantioselective cobalt-catalyzed Michael addition of malonates
to chalcone.


Entry R Ligand yield [%] ee [%]


1 Et 3a 17 32
2 Et 3b 17 75
3 Et 3d 30 26
4 Et 3e 12 31
5 iPr 3b 12 82
6 tBu 3b 13 89
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2H; NH2), 6.36 (d, J� 8.4 Hz, 1 H; NH), 6.59 ± 6.67 (m, 2H; HC-5, HC-3,
Ar), 7.20 (ddd, J� 8.5, 7.2, 1.6 Hz, 1 H; HC-4, Ar), 7.33 (dd, J� 7.8, 1.4 Hz,
1H; HC-6, Ar); 13C NMR (75 MHz, CDCl3): d� 19.2, 19.6 (CH(CH3)2),
29.2 (CH(CH3)2), 56.9 (CHN), 63.4 (CH2O), 116.6 (C-1, Ar), 116.7, 116.8
(HC-5, HC-3, Ar), 117.3 (HC-6, Ar), 132.2 (HC-4, Ar), 148.3 (C-2, Ar),
170.0 (CON); IR (CHCl3): nÄ � 3444 (m), 3369 (m), 1643 (s), 1614 (m), 1587
(s), 1553 (m), 1513 (s), 1487 (m), 1316 (w), 1390 (w), 1371 (w), 1316 (w),
1224 (w), 1160 (m), 1061 (w), 798 (w) cmÿ1; MS (70 eV, EI): m/z (%): 222 (9,
[M�]), 191 (8), 161 (5), 121 (8), 120 (100), 119 (5), 92 (16), 65 (13), 39 (5);
anal. calcd. for C12H18N2O2 (222.29): C 64.84, H 8.16, N 12.60; found C
64.72, H 8.06, N 12.50.


N-[(1S)-1-Hydroxymethyl-2,2-dimethylpropyl]-2-aminobenzamide (6b):
Yield: 92 %; orange oil; TLC: Rf� 0.45 (CH2Cl2/MeOH 9:1); 1H NMR
(300 MHz, CDCl3): d� 1.04 (s, 9 H; C(CH3)3), 3.63 (dd, J� 11.2, 7.6 Hz,
1H; CH2O), 3.90 (dd, J� 11.2, 3.5 Hz, 1 H; CH2O), 3.97 ± 4.04 (m, 1H;
CHN), 5.41 ± 6.00 (br, � 2 H; NH2), 6.29 (d, J� 8.9 Hz, 1H; NH), 6.60 ±
6.67 (m, 2H; HC-5, HC-3, Ar), 7.16 ± 7.24 (m, 1 H; HC-4, Ar), 7.36 (dd, J�
8.3, 1.2 Hz, 1 H; HC-6, Ar).


N-[(1S)-2-Hydroxy-1-methylethyl]-2-aminobenzamide (6 c): Yield: 60%;
colorless needles; m.p. 121 ± 122 8C; TLC: Rf� 0.45 (hexane/AcOEt 4:1);
[a]D �ÿ22.5 (c� 1.01 in MeOH); 1H NMR (300 MHz, CDCl3): d� 1.27
(d, J� 6.8 Hz, 3 H; CH3), 2.83 ± 2.87 (m, 1H; OH), 3.59 ± 3.66 (m, 1H;
CH2O), 3.73 ± 3.80 (m, 1H; CH2O), 4.18 ± 4.30 (m, 1H; CHN), 5.47 (br s,
2H; NH2), 6.19 ± 6.22 (m, 1H; NH), 6.62 ± 6.69 (m, 2H; HC-5, HC-3, Ar),
7.18 ± 7.24 (m, 1 H; HC-4, Ar), 7.33 (dd, J� 7.9, 1.5 Hz, 1H; HC-6, Ar); 13C
NMR (75 MHz, CDCl3): d� 17.1 (CH3), 47.7 (CHN), 66.8 (CH2O), 116.1
(C-1, Ar), 116.7 (HC-3, Ar), 117.3 (HC-5, Ar), 127.3 (HC-6, Ar), 132.4 (HC-
4, Ar), 148.5 (C-2, Ar), 169.8 (CON); IR (KBr): nÄ � 3411 (s), 3300 (s), 3068
(w), 2968 (m), 2928 (w), 2877 (w), 1620 (s), 1588 (s), 1568 (m), 1539 (s), 1491
(m), 1449 (m), 1355 (w), 1314 (m), 1261 (m), 1154 (m), 1043 (s), 888 (w), 858
(w), 748 (s), 692 (m) cmÿ1; MS (70 eV, EI): m/z (%): 194 (15, [M�]), 163
(12), 121 (8), 120 (100), 119 (7), 92 (18), 65 (13); anal. calcd. for C10H14N2O2


(194.24): C 61.84, H 7.27, N 14.42; found C 62.07, H 7.32, N 14.43.


N-[(1S)-1-Benzyl-2-hydroxyethyl]-2-aminobenzamide (6 d): Yield: 91%;
pale yellow crystals; m.p. 123 ± 124 8C; TLC: Rf� 0.42 (CH2Cl2/MeOH
9:1); [a]D �ÿ39.8 (c� 1.01 in EtOH); 1H NMR (300 MHz, CDCl3): d�
1.55 ± 2.05 (br s, � 1 H; OH), 2.88 ± 3.03 (m, 2H; CH2Ph), 3.66 (dd, J� 11.1,
5.2 Hz, 1H; CH2O), 3.76 (dd, J� 11.0, 3.7 Hz, 1H; CH2O), 4.29 ± 4.36 (m,
1H; CHN), 5.38 (br s, 2 H; NH2), 6.33 (d, J� 7.2 Hz, 1H; NH), 6.57 ± 6.68
(m, 2 H; HC-5, HC-3, Ar), 7.14 ± 7.34 (m, 7H; HC-4, HC-6, Ar, CH, Bn);
13C NMR (75 MHz, CDCl3): d� 37.0 (CH2Ph), 52.9 (CHN), 64.1 (CH2O),
116.2 (C-1, Ar), 116.8, 117.3, 126.7, 127.3, 128.7, 129.2, 132.4 (CH, Ar, Bn),
137.7 (C-1, Bn), 148.4 (C-2, Ar), 169.8 (CON); IR (CHCl3): nÄ � 3640 (w),
3501 (w), 3457 (m), 3377 (m), 1651 (s), 1622 (m), 1599 (m), 1560 (m), 1517
(s), 1492 (m), 1451 (w), 1320 (w), 1299 (w), 1262 (m), 1171 (m), 1040
(m) cmÿ1; MS (70 eV, EI): m/z (%): 270 (6, [M�]), 179 (16), 161 (5), 136 (9),
120 (100), 119 (6), 92 (17), 91 (6), 65 (12); anal. calcd. for C16H18N2O2


(270.33): C 71.09, H 6.71, N 10.36; found C 71.13, H 6.78, N 10.28.


N-[(1S)-2-Hydroxy-1-phenylethyl]-2-aminobenzamide (6e): Yield: 77%;
pale yellow crystals; m.p. 91 ± 92 8C; TLC: Rf� 0.43 (CH2Cl2/MeOH 9:1);
[a]D��45.2 (c� 1.00 in EtOH); 1H NMR (300 MHz, CDCl3): d� 3.90 (s,
1H; OH), 4.23 ± 4.45 (m, 2H; CH2O), 5.15 ± 5.21 (m, 1H; CHN), 5.31 ± 5.70
(br s, 2 H; NH2), 6.62 ± 6.66 (m, 2 H; CH, Ar), 6.85 (d, J� 6.9 Hz, 1H; NH),
7.17 ± 7.41 (m, 7 H; CH, Ar); 13C NMR (75 MHz, CDCl3, the signals of all C
atoms appeared as two lines with an intensity of 1:2): d� 54.7, 55.8 (CHN),
66.4, 69.1 (CH2O), 110.4, 115.6 (C-1, Ar), 116.3, 116.7, 116.7, 117.4, 126.7,
126.8, 127.4, 127.8, 127.9, 128.7, 128.9, 131.1, 132.6, 134.3 (CH, Ar, Ph), 139.3,
141.1 (C-1, Ph), 148.8, 150.6 (C-2, Ar), 167.8, 169.6 (CON); IR (CHCl3): nÄ �
3600 (w), 3500 (m), 3440 (m), 3382 (m), 1788 (m), 1642 (s), 1612 (s), 1577
(s), 1553 (m), 1500 (s), 1451 (m), 1319 (w), 1290 (m), 1241 (s), 1160 (m),
1101 (m), 1049 (m) cmÿ1; MS (70 eV, EI): m/z (%): 256 (6, [M�]), 226 (5),
225 (19), 121 (8), 120 (100), 119 (5), 106 (9), 104 (7), 92 (28), 91 (7), 77 (9),
65 (26), 51 (6), 38 (9); anal. calcd. for C15H16N2O2 (256.30): C 70.29, H 6.29,
N 10.93; found C 70.15, H 6.27, N 10.74.


General procedure for the preparation of chloroamides 7a ± e: The
hydroxyamide 6a (15.6 g, 70.2 mmol) was dissolved in 1,2-dichloroethane
(270 mL) and treated with thionyl chloride (12.4 mL, 0.17 mol). The
suspension was heated for 3 h at 70 8C. After cooling to room temperature,
the mixture was treated with a saturated solution of NaHCO3 (250 mL) and
extracted three times with CH2Cl2. The combined extracts were dried over


Na2SO4 and evaporated. The crude product was used in the next step
without purification.


General procedure for the preparation of oxazolines 8 a ± e: To a solution of
NaOH (2.85 g, 71.4 mmol) in EtOH (470 mL) was added chloroamide 7a
(16.3 g, 67.7 mmol). After refluxing for 3 h, the mixture was cooled to room
temperature and evaporated. The residue was dissolved in CH2Cl2


(300 mL), washed with a saturated solution of NaHCO3, and dried over
Na2SO4. Evaporation of the solvent in vacuo, and flash chromatography of
the residue (7� 21 cm, hexane/AcOEt 20:1) afforded oxazoline 8 a.


2-[(4S)-4-Isopropyl-4,5-dihydro-1,3-oxazol-2-yl]aniline (8a): Yield: 10.1 g
(70 %); colorless needles; m.p. 67 ± 69 8C; TLC: Rf� 0.51 (hexane/AcOEt
4:1); [a]D��8.7 (c� 1.00 in EtOH); 1H NMR (300 MHz, CDCl3): d� 0.93
(d, J� 6.7 Hz, 3H; CH(CH3)2), 1.02 (d, J� 6.7 Hz, 3 H; CH(CH3)2), 1.75 ±
1.82 (m, 1H; CH(CH3)2), 4.00 (dd, J� 7.8, 7.8 Hz, 1H; CH2O), 4.07 ± 4.15
(m, 1H; CHN), 4.32 (dd, J� 9.2, 7.8 Hz, 1H; CH2O), 6.10 (br s, 2H; NH2),
6.62 ± 7.60 (m, 2 H; HC-4, HC-6, Ar), 7.19 (ddd, J� 8.2, 7.2, 1.6 Hz, 1 H; HC-
5, Ar), 7.68 (dd, J� 7.9, 1.6 Hz, 1 H; HC-3, Ar); 13C NMR (75 MHz, CDCl3):
d� 18.6, 18.9 (CH(CH3)2), 33.2 (CH(CH3)2), 68.7 (CH2O), 72.8 (CHN),
109.1 (C-2, Ar), 115.6, 116.0 (HC-4, HC-6, Ar), 129.6 (HC-3, Ar), 131.9
(HC-5, Ar), 148.6 (C-1, Ar), 163.6 (C�N); IR (KBr): nÄ � 3399 (s), 3262 (w),
3070 (w), 2993 (m), 2881 (m), 1642 (s), 1606 (m), 1593 (m), 1492 (m), 1468
(w), 1455 (w), 1372 (m), 1358 (w), 1309 (m), 1255 (m), 1167 (w), 1079 (w),
1045 (m), 976 (m), 908 (w), 748 (m) cmÿ1; MS (70 eV, EI): m/z (%): 204 (37,
[M�]), 162 (11), 161 (100), 133 (31), 120 (5), 119 (6), 118 (8), 106 (8), 92 (6),
65 (6); anal. calcd. for C12H16N2O (204.27): C 70.56, H 7.90, N 13.71; found C
70.38, H 7.85, N 13.66.


2-[(4S)-4-(tert-Butyl)-4,5-dihydro-1,3-oxazol-2-yl]aniline (8 b): Yield:
76%; pale yellow crystals; m.p. 64 ± 65 8C; TLC: Rf� 0.59 (hexane/AcOEt
4:1);[a]D��33.0 (c� 1.015 in EtOH); 1H NMR (300 MHz, CDCl3): d�
0.94 (s, 9H; C(CH3)3), 4.06 ± 4.14 (m, 2H; CHN, CH2O), 4.20 ± 4.28 (m, 1H;
CH2O), 6.14 (br s, 2H; NH2), 6.62 ± 6.70 (m, 2H; HC-4, HC-6, Ar), 7.16 ±
7.25 (m, 1 H; HC-5, Ar), 7.67 (dd, J� 7.9, 1.6 Hz, 1H; HC-3, Ar); 13C NMR
(75 MHz, CDCl3): d� 33.8 (C(CH3)3), 66.9 (CH2O), 76.2 (CHN), 109.1 (C-
2, Ar), 115.6, 115.9 (HC-4, HC-6, Ar), 129.6 (HC-3, Ar), 131.9 (HC-5, Ar),
148.7 (C-1, Ar), 163.5 (C�N); IR (KBr): nÄ � 3428 (s), 3274 (m), 3062 (w),
2961 (s), 2901 (m), 2864 (m), 1641 (s), 1609 (m), 1587 (s), 1490 (s), 1468 (m),
1454 (m), 1362 (s), 1345 (w), 1327 (s), 1307 (m), 1257 (s), 1210 (w), 1160
(m), 1093 (m), 1052 (s), 1034 (m), 971 (s), 907 (m), 815 (m), 750s; MS
(70 eV, EI): m/z (%): 218 (25, [M�]), 162 (11), 161 (100), 133 (25), 120 (5),
118 (5), 106 (6), 92 (5); anal. calcd. for C13H18N2O (218.30): C 71.53, H 8.32,
N 12.83; found C 71.38, H 8.29, N 12.81.


2-[(4S)-4-Methyl-4,5-dihydro-1,3-oxazol-2-yl]aniline (8c): Yield: 87 %;
colorless oil; TLC: Rf� 0.51 (hexane/AcOEt 4:1); [a]D�ÿ38.2 (c� 2.008
in CHCl3); 1H NMR (300 MHz, CDCl3): d� 1.31 (d, J� 6.2 Hz, 3H; CH3),
3.77 ± 3.81 (m, 1 H; CH2O), 4.31 ± 4.42 (m, 2H; CH2O, CHN), 6.07 (br s, 2H;
NH2), 6.61 ± 6.66 (m, 2 H; HC-4, HC-6, Ar), 7.17 (ddd, J� 7.8, 7.8, 1.5 Hz,
1H; HC-5, Ar), 7.68 (dd, J� 8.0, 1.4 Hz, 1H; HC-3, Ar); 13C NMR
(75 MHz, CDCl3): d� 21.6 (CH3), 62.0 (CHN), 72.1 (CH2O), 109.0 (C-2,
Ar), 115.5, 115.8 (HC-4, HC-6, Ar), 129.4 (HC-3, Ar), 131.8 (HC-5, Ar),
148.4 (C-1, Ar), 163.4 (C�N); IR (CHCl3): nÄ � 3482 (m), 3286 (m), 3022
(m), 2971 (m), 2920 (w), 2898 (w), 1639 (s), 1632 (s), 1596 (s), 1564 (m),
1493 (s), 1454 (m), 1370 (w), 1362 (m), 1338 (w), 1325 (m), 1305 (m), 1255
(m), 1161 (m), 1113 (m), 1071 (m), 1047 (s), 977 (m), 892 (w), 688 (w) cmÿ1;
MS (70 eV, EI): m/z (%): 177 (11), 176 (100, [M�]), 162 (5), 161 (59), 133
(29), 132 (5), 131 (36), 120 (10), 119 (18), 118 (94), 106 (9), 92 (17), 91 (15),
90 (5), 65 (19), 64 (8), 63 (7), 52 (6).


2-[(4S)-4-Benzyl-4,5-dihydro-1,3-oxazol-2-yl]aniline (8 d): Yield: 36%;
pale yellow needles; m.p. 56 ± 57 8C; TLC: Rf� 0.45 (hexane/AcOEt 5:1);
[a]D��24.8 (c� 1.25 in CHCl3); 1H NMR (300 MHz, CDCl3): d� 2.75
(dd, J� 13.7, 8.0 Hz, 1H; CH2Ph), 3.11 (dd, J� 13.7, 6.3 Hz, 1H; CH2Ph),
4.01 (dd, J� 8.3, 7.4 Hz, 1H; CH2O), 4.25 (dd, J� 8.8, 8.8 Hz, 1H; CH2O),
4.54 ± 4.64 (m, 1 H; CHN), 6.08 (br s, 2 H; NH2), 6.61 ± 6.69 (m, 2 H; HC-4,
HC-6, Ar), 7.16 ± 7.32 (m, 6 H; CH, Bn, HC-5, Ar), 7.67 (dd, J� 7.9, 1.5 Hz,
1H; HC-3, Ar); 13C NMR (75 MHz, CDCl3): d� 42.2 (CH2Ph), 68.1
(CHN), 70.2 (CH2O), 109.0 (C-2, Ar), 115.6, 115.9 (HC-4, HC-6, Ar), 126.4,
128.5, 129.2 (CH, Bn), 129.6 (HC-3, Ar), 132.0 (HC-5, Ar), 138.3 (C-1, Bn),
148.6 (C-1, Ar), 164.9 (C�N); IR (KBr): nÄ � 3395s, 3274 (m), 3064 (w), 3028
(w), 2977 (m), 2909 (m), 1630 (s), 1604 (m), 1564 (m), 1490 (s), 1455 (m),
1362 (m), 1323 (m), 1264 (m), 1230 (m), 1165 (m), 1094 (m), 1056 (m), 1033
(m), 968 (m), 751 (s), 728 (m), 698 (m), 683 (m), 537 (m) cmÿ1; MS (70 eV,
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EI): m/z (%): 252 (20, [M�]), 162 (10), 161 (100), 133 (25), 118 (7), 106 (7),
91 (6), 65 (5); anal. calcd. for C16H16N2O (252.32): C 76.16, H 6.39, N 11.10;
found C 76.05, H 6.31, N 11.16.


2-[(4S)-4-Phenyl-4,5-dihydro-1,3-oxazol-2-yl]aniline (8e): Yield: 76%;
pale yellow needles; m.p. 73 ± 74 8C; TLC: Rf� 0.42 (hexane/AcOEt 5:1);
[a]D��190.1 (c� 1.25 in CHCl3); 1H NMR (300 MHz, CDCl3): d� 4.11
(dd, J� 8.2, 8.2 Hz, 1H; CH2O), 4.67 (dd, J� 10.0, 8.3 Hz, 1H; CH2O), 5.43
(dd, J� 10.0, 8.2 Hz, 1H; CHN), 5.83 (br s, � 2H; NH2), 6.64 ± 6.72 (m, 2H;
HC-4, HC-6, Ar), 7.18 ± 7.40 (m, 6 H; Ph, HC-5, Ar), 7.76 (dd, J� 8.3, 1.5 Hz,
1H; HC-3, Ar); 13C NMR (75 MHz, CDCl3): d� 70.2 (CHN), 73.0 (CH2O),
108.7 (C-2, Ar), 115.7, 116.0 (HC-4, HC-6, Ar), 126.6, 127.5, 128.7 (HC, Ph),
129.8 (HC-3, Ar), 132.3 (HC-5, Ar), 142.7 (C-1, Ph), 148.8 (C-1, Ar), 165.0
(C�N); IR (KBr): nÄ � 3464 (m), 3295 (m), 3062 (w), 3030 (w), 2969 (w),
2898 (w), 1634 (s), 1608 (m), 1595 (m), 1562 (m), 1491 (s), 1454 (m), 1363
(m), 1332 (w), 1309 (w), 1265 (m), 1162 (m), 1085 (w), 1065 (m), 1033 (m),
978 (w), 954 (m), 899 (w), 751 (s), 700 (m), 686 (w) cmÿ1; MS (70 eV, EI): m/
z (%): 239 (17), 238 (100, [M�]), 237 (8), 208 (15), 207 (30), 161 (5), 147
(10), 131 (11), 121 (5), 120 (26), 119 (12), 118 (41), 104 (5), 103 (7), 92 (9), 91
(13), 90 (7), 89 (9), 77 (5), 65 (9); anal. calcd. for C15H14N2O (238.29): C
75.61, H 5.92, N 11.76; found C 75.51, H 6.05, N 11.77.


General procedure for the preparation of oxalamide ligands 3a ± e: A
solution of oxazoline 8 a (1.84 g, 9.0 mmol) and Et3N (1.29 mL, 9.27 mmol)
in anhydrous CH2Cl2 (30 mL) was cooled to 0 8C under Ar. After dropwise
addition of oxalyl chloride (0.39 mL, 4.5 mmol) in anhydrous CH2Cl2


(30 mL), the mixture was allowed to warm to room temperature and was
then stirred overnight. The solution was diluted with CH2Cl2 (80 mL) and
washed with 1m HCl (100 mL). After separation of the organic phase, the
aqueous layer was extracted with CH2Cl2 twice. The combined organic
layers were dried over Na2SO4 and concentrated in vacuo. Filtration over
silica gel (5� 4 cm, CH2Cl2) afforded the oxalamide ligand 3 a.


N,N''-Bis-[2-((4S)-4-isopropyl-4,5-dihydro-1,3-oxazol-2-yl)phenyl]oxal-
amide (3 a): Yield: 1.83 g (88 %); colorless crystals; m.p. 220 ± 222 8C; TLC:
Rf� 0.54 (CH2Cl2); [a]D��26.2 (c� 0.994 in CHCl3); 1H NMR (300 MHz,
CDCl3): d� 1.05 (d, J� 6.8 Hz, 6 H; CH(CH3)2), 1.17 (d, J� 6.8 Hz, 6H;
CH(CH3)2), 1.88 ± 1.94 (m, 2 H; CH(CH3)2), 4.09 (dd, J� 7.7, 7.7 Hz, 2H;
CH2O), 4.27 ± 4.35 (m, 2 H; CHN), 4.42 (dd, J� 9.6, 7.8 Hz, 2H; CH2O),
7.16 (ddd, J� 7.6, 7.6, 1.2 Hz, 2H; HC-4, Ar), 7.51 (ddd, J� 8.7, 8.7, 1.6 Hz,
2H; HC-5, Ar), 7.90 (dd, J� 7.8, 1.6 Hz, 2H; HC-3, Ar), 8.90 (dd, J� 8.4,
1.1 Hz, 2H; HC-6, Ar), 13.71 (s, 2H; NH); 13C NMR (75 MHz, CDCl3): d�
18.7 (CH(CH3)2), 33.2 (CH(CH3)2), 69.4 (CH2O), 73.0 (CHN), 114.9 (C-2,
Ar), 120.1 (HC-6, Ar), 123.4 (HC-4, Ar), 129.3 (HC-3, Ar), 132.2 (HC-5,
Ar), 138.7 (C-1, Ar), 159.3 (CONH), 162.7 (C�N); IR (KBr): nÄ � 3084 (w),
2952 (m), 2871 (w), 1689 (s), 1638 (s), 1601 (m), 1580 (s), 1512 (s), 1470 (w),
1447 (s), 1355 (m), 1300 (s), 1260 (m), 1235 (m), 1161 (w), 1222 (m), 1062
(m), 1052 (m), 1041 (m), 974 (m), 900 (w), 861 (w), 840 (w), 771 (w), 750
(m), 705 (w), 671 (w) cmÿ1; MS (CI, NH3): m/z (%): 464 (30), 463 (100,
[M�H]�), 232 (5), 231 (32), 205 (12), 146 (5); anal. calcd. for C26H30N4O4


(462.55): C 67.51, H 6.54, N 12.11; found C 67.53, H 6.51, N 11.91.


N,N''-Bis-[2-((4S)-4-(tert-butyl)-4,5-dihydro-1,3-oxazol-2-yl)phenyl]oxal-
amide (3b): Yield: 79%; colorless needles; m.p. 173 ± 175 8C; TLC: Rf�
0.52 (hexane/AcOEt 4:1); [a]D��42.1 (c� 2.16 in CHCl3); 1H NMR
(300 MHz, CDCl3): d� 1.07 (s, 18 H; C(CH3)3), 4.16 ± 4.37 (m, 6H; CH2O,
CHN), 7.16 (ddd, J� 8.2, 8.2, 1.1 Hz, 2 H; HC-4, Ar), 7.51 (ddd, J� 8.7, 8.7,
1.6 Hz, 2 H; HC-5, Ar), 7.90 (dd, J� 7.9, 1.6 Hz, 2H; HC-3, Ar), 8.90 (dd,
J� 8.5, 1.1 Hz, 2 H; HC-6, Ar), 13.73 (s, 2 H; NH); 13C NMR (75 MHz,
CDCl3): d� 25.9 (C(CH3)2), 34.0 (C(CH3)2), 67.5 (CH2O), 76.5 (CHN),
114.8 (C-2, Ar), 120.0 (HC-6, Ar), 123.3 (HC-4, Ar), 129.3 (HC-3, Ar),
132.2 (HC-5, Ar), 138.7 (C-1, Ar), 159.3 (CONH), 162.6 (C�N); IR (KBr):
nÄ � 3086 (w), 2956 (m), 2904 (m), 2868 (m), 1687 (s), 1641 (s), 1601 (s), 1581
(s), 1518 (s), 1474 (m), 1448 (s), 1358 (m), 1341 (s), 1299 (m), 1260 (m), 1234
(m), 1209 (w), 1196 (w), 1162 (m), 1127 (m), 1074 (w), 1053 (s), 1042 (m),
1030 (m), 970 (m), 861 (m), 789 (m), 772 (m), 752 (s), 694 (w), 668 (w) cmÿ1;
MS (FAB, NBA): m/z (%): 492 (9), 491 (27, [M�H]�), 246 (16), 245 (100),
163 (5), 161 (7), 146 (29), 145 (5), 119 (5), 90 (5), 83 (7), 77 (6), 57 (17), 55
(29), 51 (4), 43 (12), 41 (17), 39 (8); anal. calcd. for C28H34N4O4 (490.61): C
68.55, H 6.99, N 11.42; found C 68.23, H 7.14, N 11.30.


N,N''-Bis-[2-((4S)-4-methyl-4,5-dihydro-1,3-oxazol-2-yl)phenyl]oxalamide
(3c): Yield: 73 %; colorless crystals; m.p. 213 ± 216 8C; TLC: Rf� 0.37
(CH2Cl2); [a]D��9.7 (c� 1.015 in CHCl3); 1H NMR (300 MHz, CDCl3):
d� 1.47 (d, J� 6.5 Hz, 6 H; CH3), 3.96 (dd, J� 7.7, 7.7 Hz, 2 H; CH2O), 4.49


(dd, J� 9.3, 8.0 Hz, 2H; CH2O), 4.58 ± 4.63 (m, 2 H; CHN), 7.17 (ddd, J�
8.2, 8.2, 1.2 Hz, 2 H; HC-4, Ar), 7.52 (ddd, J� 8.7, 8.7, 1.6 Hz, 2H; HC-5,
Ar), 7.90 (dd, J� 7.9, 1.6 Hz, 2H; HC-3, Ar), 8.88 (dd, J� 8.4, 0.8 Hz, 2H;
HC-6, Ar), 13.69 (s, 2 H; NH); 13C NMR (75 MHz, CDCl3): d� 21.6 (CH3),
62.2 (CHN), 72.9 (CH2O), 115.0 (C-2, Ar), 120.2 (HC-6, Ar), 123.5 (HC-4,
Ar), 129.3 (HC-3, Ar), 132.2 (HC-5, Ar), 138.4 (C-1, Ar), 159.3 (CONH),
162.6 (C�N); IR (KBr): nÄ � 3082 (w), 2977 (m), 2887 (m), 1691 (s), 1643 (s),
1602 (m), 1514 (s), 1472 (m), 1445 (s), 1360 (m), 1340 (m), 1298 (s), 1262
(m), 1232 (m), 1162 (m), 1128 (m), 1086 (w), 1042 (s), 966 (m), 882 (w), 866
(m), 830 (w), 771 (m), 752 (m), 687 (w), 663 (w) cmÿ1; MS (CI, NH3): m/z
(%): 408 (25), 407 (100, [M�H]�), 396 (5), 204 (6), 203 (49), 177 (6), 146
(5); anal. calcd. for C22H22N4O4 (406.44): calcd C 65.01, H 5.46, N 13.78;
found C 64.72, H 5.46, N 13.69.


N,N''-Bis-[2-((4S)-4-benzyl-4,5-dihydro-1,3-oxazol-2-yl)phenyl]oxalamide
(3d): Yield: 64%; colorless needles; m.p. 206 ± 209 8C; TLC: Rf� 0.79
(CH2Cl2/MeOH 99:1); [a]D��72.4 (c� 1.06 in CHCl3); 1H NMR
(300 MHz, CDCl3): d� 2.89 (dd, J� 13.9, 8.6 Hz, 2 H; CH2Ph), 3.40 (dd,
J� 14.0, 5.0 Hz, 2H; CH2Ph), 4.10 (dd, J� 8.0, 8.0 Hz, 2H; CH2O), 4.31
(dd, J� 9.0, 9.0 Hz, 2H; CH2O), 4.78 ± 4.87 (m, 2H; CHN), 7.11 ± 7.34 (m,
12H; CH, Ph, HC-4, Ar), 7.49 ± 7.55 (m, 2 H; HC-5, Ar), 7.86 (dd, J� 7.9,
1.6 Hz, 2H; HC-3, Ar), 8.93 (dd, J� 8.5, 0.8 Hz, 2 H; HC-6, Ar), 13.72 (s,
2H; NH); 13C NMR (75 MHz, CDCl3): d� 41.4 (CH2Ph), 67.6 (CHN), 70.4
(CH2O), 114.8 (C-2, Ar), 120.1 (HC-6, Ar), 123.4 (HC-4, Ar), 126.4, 128.5
(CH, Ph), 129.3 (HC-3, Ar), 129.3 (CH, Ph), 132.3 (HC-5, Ar), 137.5 (C-1,
Ar), 138.4 (C-1, Ph), 159.2 (CONH), 163.1 (C�N); IR (KBr): nÄ � 3084 (w),
3024 (w), 2983 (w), 2891 (w), 1686 (s), 1643 (s), 1603 (m), 1582 (s), 1514 (s),
1446 (s), 1352 (m), 1300 (m), 1273 (m), 1234 (m), 1162 (w), 1129 (m), 1048
(m), 973 (m), 918 (w), 863 (w), 834 (w), 788 (w), 769 (w), 747 (m), 717 (w),
704 (m), 677 (w) cmÿ1; MS (FAB, NBA): m/z (%): 560 (14), 559 (34,
[M�H]�), 280 (22), 279 (100), 253 (9), 187 (8), 163 (11), 161 (16), 155 (8),
147 (8), 146 (52), 145 (71), 139 (10), 138 (16), 137 (28), 136 (13), 133 (7), 132
(8), 120 (12), 119 (12), 118 (8), 117 (42), 115 (11), 107 (10), 91 (50), 90 (9), 89
(11), 78 (8), 77 (23), 69 (8), 65 (14), 63 (9), 55 (16), 53 (10), 51 (15), 50 (7);
anal. calcd. for C34H30N4O4 (558.64): C 73.10, H 5.41, N 10.03; found C
72.94, H 5.38, N 10.00.


N,N''-Bis-[2-((4S)-4-phenyl-4,5-dihydro-1,3-oxazol-2-yl)phenyl]oxalamide
(3e): Yield: 72%; colorless needles; m.p. 220 ± 222 8C; TLC: Rf� 0.43
(hexane/AcOEt 5:1); [a]D��379 (c� 1.00 in CHCl3); 1H NMR
(200 MHz, CDCl3): d� 4.27 (dd, J� 8.3, 8.3 Hz, 2 H; CH2O), 4.81 (dd,
J� 9.3, 8.3 Hz, 2H; CH2O), 5.66 ± 5.75 (m, 2 H; CHN), 7.17 (ddd, J� 7.6, 7.6,
1.1 Hz, 2H; HC-4, Ar), 7.24 ± 7.54 (m, 12 H; CH, Ph, HC-5, Ar), 7.96 (dd,
J� 7.9, 1.6 Hz, 2 H; HC-3, Ar), 8.85 (dd, J� 8.4, 1.0 Hz, 2 H; HC-6, Ar),
13.68 (s, 2H; NH); 13C NMR (50 MHz, CDCl3): d� 69.7 (CHN), 73.2
(CH2O), 114.7 (C-2, Ar), 120.2 (HC-6, Ar), 123.5 (HC-4, Ar), 126.4, 126.8,
128.7 (CH, Ph), 129.5 (HC-3, Ar), 132.5 (HC-5, Ar), 138.6 (C-1, Ar), 141.9
(C-1, Ph), 159.2 (CONH), 163.9 (C�N); IR (KBr): nÄ � 3089 (w), 3031 (m),
2981 (w), 2887 (w), 2866 (w), 1687 (s), 1636 (s), 1582 (s), 1519 (s), 1447 (s),
1361 (m), 1347 (m), 1304 (m), 1278 (m), 1259 (m), 1237 (m), 1219 (m), 1165
(w), 1129 (m), 1063 (m), 1047 (m), 983 (w), 962 (m), 861 (w), 841 (w), 821
(w), 788 (w), 769 (m), 750 (s), 699 (m), 689 (w), 665 (w) cmÿ1; MS (70 eV,
EI): m/z (%): 530 (0.1, [M�]), 266 (18), 265 (100), 238 (3), 147 (4), 146 (46),
103 (6), 91 (4), 90 (9), 77 (4); anal. calcd. for C32H26N4O4 (530.59): calcd C
72.44, H 4.94, N 10.56, C 72.29, H 4.85, N 10.41.


Preparation of 9 : A solution of 3 a (118 mg, 0.277 mmol) and Cu(OAc)2 ´
H2O (61 mg, 0.305 mmol) in methanol (13 mL) was heated to reflux for 2 h.
After cooling, the green solution was diluted with CH2Cl2 (50 mL), washed
with water (1� 10 mL), and dried over Na2SO4. After filtration, the solvent
was removed in vacuo and the residue dissolved in CH2Cl2 (10 mL). Et2O
(4 mL) and then hexane (5 mL) were carefully added to the top of the
solution. The mixture was kept at room temperature in a closed vessel and 9
crystallized after several days.


[N,N''-Bis-(2-((4S)-4-isopropyl-4,5-dihydro-1,3-oxazol-2-yl)phenyl)oxami-
dato]-copper(iiii) monohydrate (9): Yield: 58 mg (40 %); dark green
needles; m.p. >300 8C; [a]D��1611 (c� 0.10 in CHCl3); IR (KBr): nÄ �
3446 (m br), 2958 (m), 1654 (s), 1619 (s), 1560 (s), 1482 (m), 1439 (m), 1386
(m), 1368 (m), 1303 (m), 1238 (m), 1164 (w), 1081 (w), 956 (w), 920 (w), 755
(m), 690 (w), 669 (m) cmÿ1; MS (FAB, NBA): m/z (%): 524 (100, [M�H]� ,
63Cu), isotope cluster 524 ± 528; calcd. (obsd.): 100 (100), 31 (46), 50 (54), 15
(14), 3 (1); anal. calcd. for C26H28CuN4O4 ´ H2O (542.10): C 57.61, H 5.58, N
10.34; found C 56.56, H 5.26, N 10.00.
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(N,N''-Bis-[2-((4S)-4-isopropyl-4,5-dihydro-1,3-oxazol-2-yl)phenyl)oxami-
dato]-nickel(iiii) monohydrate (10): The complex was prepared as described
for 9 and crystallized from CH2Cl2/THF/hexane. Yield: 32%; dark green
needles; m.p. >300 8C; [a]D��1803 (c� 0.051 in CHCl3); IR (KBr): nÄ �
3441 (m br), 2956 (m), 2872 (w), 1659 (s), 1631 (s), 1564 (m), 1484 (s), 1440
(m), 1401 (m), 1376 (s), 1303 (m), 1253 (s), 1163 (m), 1084 (m), 959 (w), 926
(m), 871 (w), 817 (w), 754 (m), 688 (w) cmÿ1; MS (FAB, NBA): m/z (%):
519 (100, [M�H]� , 58Ni), isotope cluster 519 ± 524; calcd (obsd): 100 (100),
31 (41), 44 (44), 14 (15), 8 (10) 2 (2); anal. calcd. for C26H28N4NiO4 ´ H2O
(519.23): C 58.13, H 5.63, N 10.43; found C 57.81, H 5.67, N 10.24.


Crystal structure determinations: The crystals were glued onto a glass fiber
and mounted on a Enraf ± Nonius CAD4 four-circle diffractometer,
equipped with a CuKa fine-focus sealed tube (l� 1.5418) and a graphite
monochromator. Unit cell parameters were determined by the careful
centering of 23 independent, strong reflections. Data collection was carried
out at 293 K. Three reflections, monitored every 2 h, showed no intensity
loss. The usual corrections were applied. The structures were solved by
direct methods using the program SIR92.[22] Anisotropic least-squares full-
matrix refinement was carried out on all non-hydrogen atoms with the
program CRYSTALS.[23] The positions of the H atoms were determined
geometrically. Chebychev weights[24] were used to complete the refine-
ments. Scaling factors were taken from ref. [25] (Table 3).


General procedure for the Co-catalyzed enantioselective Michael addition
of malonates to chalcone: A glass flask (10 mL) with a magnetic stirring bar
was charged in air with [Co(OAc)2 ´ 4H2O] (7.5 mg, 30.0 mmol, 4 mol %),
oxalamide ligand 3 b (22.1 mg, 45.0 mmol, 6 mol %), and ethanol (3 mL).
After stirring for 0.5 h at room temperature, the solution was filtered and
treated sequentially with chalcone (0.156 g, 0.75 mmol), diethyl malonate
(0.3 mL, 1.98 mmol), and N,N-diisopropylethylamine (0.15 mL, 0.9 mmol).
The reaction mixture was stirred for 15 h at room temperature. After
evaporation of the solvent, the residue was purified by chromatography
(2� 14 cm, hexane/AcOEt 10:1) to afford 15 a.


Diethyl 2-(3-oxo-1,3-diphenylpropyl)propanedioate (15a): Yield: 47 mg
(17 %); colorless, opaque oil (the product solidified upon standing at room
temperature); C22H24O5 (368.43); m.p. 71 ± 72 8C; TLC: Rf� 0.27 (hexane/
AcOEt 10:1); HPLC (Daicel Chiralcel OJ column, 254 nm, 0.5 mL minÿ1,
n-heptane/2-propanol 7:3; tR� 15.9 and 22.0 min): 75 % ee ; 1H NMR
(200 MHz, CDCl3): d� 1.00 (t, J� 7.1 Hz, 3H; CH2CH3), 1.24 (t, J� 7.1 Hz,
3H; CH2CH3), 3.44 (dd, J� 16.6, 8.6 Hz, 1 H; CH2CO), 3.56 (dd, 16.6,
5.0 Hz, 1 H; CH2CO), 3.83 (d, J� 9.7 Hz, 1 H; CH(CO)2), 3.95 (q, J�
7.1 Hz, 2 H; CH2CH3), 4.13 ± 4.27 (m, 3 H; CH2CH3, CH-Ph), 7.13 ± 7.29
(m, 5H; CH, Ph), 7.37 ± 7.56 (m, 3 H; CH, Ph), 7.87 ± 7.91 (m, 2H; CH, Ph);
13C NMR (50 MHz, CDCl3): d� 13.7, 14.0 (CH2CH3), 40.8 (CH-Ph), 42.6
(CH2CO), 57.5 (CH(CO)2), 61.3, 61.6 (CH2CH3), 127.1 (HC-4, Ar-CH),
128.0, 128.2, 128.3, 128.5 (CH, Ar-CH), 133.0 (HC-4, Ar-CO), 136.8 (C-1,


Ar-CO), 140.4 (C-1, Ar-CH), 167.7, 168.3 (COOEt), 197.5 (CO); IR (KBr):
nÄ � 2994 (m), 2907 (m), 1728 (s), 1680 (s), 1597 (m), 1449 (m), 1368 (s), 1293
(s), 1241 (s), 1168 (s), 1089 (m), 1033 (s), 1004 (m), 952 (w), 765 (m), 747 (s),
701 (s), 689 (s) cmÿ1; MS (70 eV, EI): m/z (%): 368 (12, [M�]), 323 (5), 277
(15), 276 (5), 250 (8), 249 (45), 221 (5), 220 (8), 210 (13), 209 (76), 203 (21),
171 (7), 131 (7), 106 (8), 105 (100), 103 (6), 77 (28).
Diisopropyl 2-(3-oxo-1,3-diphenylpropyl)propanedioate (15 b): C24H28O5


(396.49); colorless solid; m.p. 85 ± 87 8C; TLC: Rf� 0.25 (hexane/AcOEt
10:1); HPLC (Daicel Chiralcel OJ column, 254 nm, 0.5 mL minÿ1,
n-heptane/2-propanol 85:15; tR� 13.1 and 24.1 min): 82 % ee ; 1H NMR
(200 MHz, CDCl3): d� 0.96 (d, J� 6.3 Hz, 3H; CH(CH3)2), 1.03 (d, J�
6.3 Hz, 3 H; CH(CH3)2), 1.23 (d, J� 6.3 Hz, 6 H; CH(CH3)2), 3.42 (dd, J�
16.8, 9.1 Hz, 1H; CH2CO), 3.55 (dd, J� 16.5, 4.6 Hz, 1 H; CH2CO), 3.78 (d,
J� 9.9 Hz, 1 H; CH(CO)2), 4.11 ± 4.26 (m, 1H; CH-Ph), 4.69 ± 4.88 (m, 1H;
CH(CH3)2), 4.98 ± 5.16 (m, 1 H; CH(CH3)2), 7.13 ± 7.29 (m, 5H; CH, Ph),
7.35 ± 7.54 (m, 3H; CH, Ph), 7.86 ± 7.91 (m, 2 H; CH, Ph); 13C NMR
(50 MHz, CDCl3): d� 21.2, 21.3, 21.5, 21.7 (CH(CH3)2), 40.7 (CH-Ph), 42.8
(CH2CO), 57.7 (CH(CO)2), 68.7, 69.1 (CH(CH3)2), 126.9, 128.0, 128.2, 128.3,
128.4, 132.8 (CH, Ph), 136.8 (C-1, Ph-CO), 140.4 (C-1, Ph-CH), 167.1, 167.8
(COOiPr), 197.5 (CO); IR (KBr): nÄ � 3451 (w), 3345 (w), 3066 (w), 3043
(w), 2984 (m), 2935 (w), 1961 (w), 1894 (w), 1746 (s), 1723 (s), 1682 (s), 1596
(m), 1580 (w), 1497 (w), 1468 (m), 1449 (m), 1413 (m), 1371 (m), 1342 (m),


1291 (s), 1241 (s), 1213 (s), 1167 (m), 1146 (m), 1102 (s), 1062
(m), 1030 (w), 1004 (m), 973 (m), 954 (m), 915 (m), 848 (w),
827 (w), 811 (w), 764 (m), 746 (s), 702 (s), 686 (s), 659 (w),
608 (w), 595 (w), 560 (m), 544 (w) cmÿ1; MS (70 eV, EI): m/z
(%): 396 (16, [M�]), 337 (7), 295 (5), 291 (6), 277 (20), 276
(10), 275 (10), 250 (9), 249 (47), 221 (5), 217 (7), 210 (15), 209
(96), 203 (6), 175 (10), 131 (7), 120 (7), 106 (8), 105 (100), 104
(5), 103 (5), 77 (23), 43 (9).


Di-tert-butyl 2-(3-oxo-1,3-diphenylpropyl)propanedioate
(15c): C26H32O5 (424.54); colorless solid; m.p. 117 ± 118 8C;
TLC: Rf� 0.30 (hexane/AcOEt 10:1); HPLC (Daicel Chir-
alcel OJ column, 254 nm, 0.5 mL minÿ1, n-heptane/2-propa-
nol 85:15; tR� 10.3 and 17.2 min): 89 % ee ; 1H NMR
(200 MHz, CDCl3): d� 1.15 (s, 9 H; C(CH3)3), 1.46 (s, 9H;
C(CH3)3), 3.39 (dd, J� 16.4, 9.5 Hz, 1H; CH2CO), 3.53 (dd,
J� 16.3, 4.2 Hz, 1H; CH2CO), 3.65 (d, J� 10.2 Hz, 1H;
CH(CO)2), 4.08 (ddd, J� 9.6, 9.6, 4.2 Hz, 1H; CH-Ph), 7.13 ±
7.27 (m, 5H; CH, Ph), 7.35 ± 7.50 (m, 3 H; CH, Ph), 7.86 ± 7.92
(m, 2H; CH, Ph); 13C NMR (50 MHz, CDCl3): d� 27.4, 27.8
(C(CH3)3), 40.8 (CH-Ph), 43.2 (CH2CO), 59.2 (CH(CO)2),
76.4, 77.0 (C(CH3)3), 126.8, 128.0, 128.4, 128.5, 128.7, 132.8
(CH, Ph), 136.9 (C-1, Ph-CO), 140.7 (C-1, Ph-CH), 166.9,
167.7 (COOtBu), 197.7 (CO); IR (KBr): nÄ � 3063 (w), 3030
(w), 2982 (w), 2928 (w), 1736 (s), 1722 (s), 1683 (s), 1597 (w),
1580 (w), 1495 (w), 1477 (w), 1450 (m), 1394 (w), 1368 (m),
1338 (m), 1304 (m), 1274 (s), 1156 (s), 1225 (w), 1156 (s),


1140 (s), 1097 (w), 1071 (w), 1004 (w), 970 (w), 920 (w), 850 (w), 748 (m),
702 (m), 688 (m), 562 (w) cmÿ1; MS (70 eV, EI): m/z (%): 424 (1.5, [M�]),
368 (18), 313 (20), 312 (100), 296 (7), 295 (32), 277 (15), 176 (10), 249 (26),
210 (16), 209 (96), 208 (6), 193 (16), 175 (13), 144 (7), 131 (7), 120 (36), 106
(6), 105 (76), 77 (17), 57 (44), 41 (11).
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Abstract: A detailed description is pro-
vided for a new general approach that
allows production of amplified amounts
of effective noncovalent binders from
pools of compounds that can exist in a
dynamic equilibrium. This approach in-
volves a) selective binding of the effec-
tive pool components by the immobi-
lized target compound; b) equilibration
of the pool remaining after selection,
and thereby regeneration of the effec-
tive components; c) repetition of the
selection ± equilibration cycles. It repre-
sents a new, automated, implementation
of a genetic algorithm/mechanism in a
chemical system. Application of the


approach to the generation of arginine
binders involved the synthesis and
screening of eight compounds, each of
which was capable of forming a pool of
three isomers (trans,trans, trans,cis, and
cis,cis) that could be interconverted by
photoisomerization. These compounds
were screened for their affinity for, or
selectivity of binding to, guanidinium
derivatives. The most promising com-


pound was then used in our method to
generate an amplified amount of the
cis,cis isomer, the strongest binder from
the equilibrating pool. The receptors
were selected using an arginine deriva-
tive immobilized on the modified silica
gel support, which had been found to
possess binding affinity and selectivity
similar to those of guanidinium salts in
solution. Mathematical models of the
approach were developed that allowed
us to evaluate the importance of various
experimental parameters and to assess
the applicability of the method to larger
combinatorial pools.


Keywords: combinatorial chemistry
´ genetic algorithms ´ molecular
recognition ´ photochemistry ´ tem-
plate synthesis


Introduction


Among the numerous lessons chemists have learned from
biology, that of evolutionary development is probably still the
most difficult to follow. Applications of the principles of
Darwinian evolution to a wide variety of scientific problems
were formalized long ago in terms of so-called genetic
algorithms (GAs) which, until recently, have been mostly
applied to solving problems in the field of computer science.[1]


During the last decade, however, new techniques emerging in
chemistry and biochemistry, as well as a vastly increased
diversity of molecular structures dealt with on a routine basis,
have drawn chemists� attention to the use of GAs as a method
that helps to generate or find novel compounds with the
required properties.[2]


The general sequence of events used by GAs is shown in
Figure 1. The initial population, which is simply represented in
a chemical system by an array of compounds, undergoes


Figure 1. General scheme of the genetic algorithms.


multiple cycles of selection ± reproduction to generate a new
array (or subarray), possessing new (or improved) properties,
such as binding affinity for a particular target compound or
the ability to catalyze a chemical reaction.


There are several major approaches aimed at the imple-
mentation of various attributes of the GA in chemical and
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biochemical systems. The most remarkable among them
include recent work on the optimization of combinatorial
libraries,[3] evolutionary enrichment of large nucleic acid
pools,[4] mutagenesis/in vivo selection of proteins,[5] and the
chemistry of self-replicating systems.[6]


Application of the GA to combinatorial chemistry has been
based on manual implementation, that is, stepwise identifica-
tion and optimization of the effective leads. The other
approaches involve chemical or biological selection and/or
amplification processes. Thus, the selection of structures can
be driven by the thermodynamics of binding (as in nucleic
acid evolution[4]), the kinetics of chemical transformations (as
in self-replication of individual compounds[6] , molecular
assemblies,[7] and amplification of chirality in chemical
reactions[8]), or the metabolic processes in cell cultures
(protein evolution[5]). We believe, therefore, that it may be
more appropriate to refer to these approaches as employing
genetic mechanisms, rather than genetic algorithms.


We have recently introduced a novel approach that makes it
possible to amplify a subset of compounds possessing higher
affinity for a given target, within an equilibrating pool of
components.[9] This approach involves a more automated
implementation of the features of GAs, such as selection and
mutation, than the previously known techniques. In this paper
we present an example of a general strategy that can be used
to design an evolving equilibrating pool, describe mechanisms
and mathematical models of this new method, and assess the
applicability of the approach to more complex systems.


Results and Discussion


Principle of the approach : The thermodynamic basis of the
chemical evolution approach is outlined in Figure 2. The most
important requirement for the method is the availability of a


Figure 2. Shift of equilibrium in the dynamic pool by the target compound.


mixture (pool) of components (A1 ± An) (Figure 2) that can be
brought to a dynamic chemical equilibrium by applying
specific conditions. The equilibration can be based on any
kind of reversible chemical reaction, such as photochemical
isomerization (as presented here) or exchange reactions, some
of which are mentioned below. The features of the exper-
imental design of such pools are akin to the general principles
of combinatorial library design;[10] that is, a single component
(Ai, Figure 2) or a small subset of components is expected to
show higher affinity for a particular target compound (T,


Figure 2) than the majority of the pool components. If the
target compound is then introduced into the equilibrating
pool, the equilibrium should be shifted towards the formation
of complexes Ai ´ T corresponding to the components possess-
ing higher binding constants with the target.[11] In the ideal
situation shown in Figure 2, the strong complexation of one of
the components (Ai) will drive the system to the production of
an amplified amount of Ai, in the form of the complex Ai ´ T, at
the expense of the other components in the pool.


Whereas a targeted equilibrium shift of this kind is
essentially predicated on the well-known Le Chatelier prin-
ciple, its chemical realization may open new routes to
generation of combinatorial libraries, leading to discoveries
of novel synthetic ligands and receptors. Thus, Venton
et al.[12a] and Swann et al.[12b] have introduced a method for
using macromolecules as molecular traps for components
selected from reversibly synthesized peptide libraries, and
have detected amplification of the higher affinity ligands. The
utility of such an approach has recently been demonstrated by
Huc and Lehn[13] in the formation of virtual libraries of
functional imines that have been enriched with carbonic
anhydrase inhibitors upon introduction of the target enzyme.
Sanders et al. have reported examples of the thermodynami-
cally controlled formation of select macrocycles containing
complementary building blocks, as opposed to a multitude of
theoretically possible compounds.[14]


Some of the problems that may arise in practical applica-
tions of the targeted equilibrium shift in equilibrating pools
are related to the presence of the target compound in the
mixture. Indeed, one can envision a variety of side-interac-
tions, of covalent or noncovalent types, that may interfere
with the binding and equilibration processes. In addition, the
target compounds, particularly biopolymers, may be sensitive
to the equilibration conditions. Finally, the free and bound
pool components always have to be separated from the target.


The experimental method introduced here to overcome the
problems mentioned above involves a physical separation of
the equilibration and binding sites. In the reaction setup
shown in Figure 3, the pool is circulated through two


Figure 3. Experimental implementation of the dynamic (evolutionary)
molecular diversity approach.


chambers. The selection site (lower chamber) contains the
target compound in its immobilized form, which preferen-
tially binds the effective components of the pool, like an
affinity chromatography column.[15] As a result of passing
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through this column the pool is depleted of the effective
components (strong binders). It then enters the upper
chamber, in which the pool components are brought to a
dynamic equilibrium by physical initiation (e.g., by irradiation
with light; see below) or catalysis of the equilibration
reaction. Such an equilibration regenerates the fraction of
the effective component(s) in the pool, which then moves into
the selection chamber again. Repetition of these cycles will
gradually lead to amplification of the effective binder(s) in its
target-cmplexed form and a decreased concentration of the
original mixture in solution. Thus, this method is designed to
reorganize the original pool into a subset of compounds
enriched with the high-affinity binders. As will be shown
below, such stepwise evolutionary-type enrichment leads to
results similar to those that might be expected from one-phase
equilibration of the pool with the target compound, but makes
it possible to avoid undesirable side-reactions between the
target and its binders and to simplify isolation of the high-
affinity subset.


Application of the approach to the generation of arginine
receptors : In developing the approach described, our first
goal was to design a relatively simple system containing a
limited number of components. In such a system, all the
important parameters, such as the affinities of the individual
components for the target, the distribution of the components
in the mixture, their rates of interconversion, could be
separately evaluated and related to the mechanisms of the
evolutionary process. Quantitative assessment of the system
parameters should then make it possible to evaluate the
applicability of the approach to more complex systems.


In order to meet the first requirement of the method,
reversible interconversion of the components, we used
molecular scaffolds 1, 2, and 3, each containing two double
bonds that might undergo cis ± trans isomerization on irradi-
ation with UV light. As defined by the symmetrical structure
of the scaffolds, three isomers, trans,trans, cis,trans, and cis,cis,
would coexist in the irradiated solution.


Besides the apparent biological importance of the guanidi-
nium fragment, the choice of its derivatives as the target
ligands was based on its ability to engage in molecular
recognition in various modes, primarily through the formation
of salt bridges and of hydrogen bonds.[16] In order to explore


both of these possibilities in our receptors, we synthesized a
series of compounds, 1 a ± 1 d, 2 a, 2 b, 3 a, and 3 b, containing
either anionic groups or hydrogen-bond acceptors capable of
polytopic interactions with the ligand. According to the
molecular design, one of the isomers of each receptor, namely
cis,cis, would have the most favorable geometry for binding to
the ligand because of the closeness of its two arms as defined
by its isomerization motif (Figure 4).


Figure 4. Proposed binding modes of guanidinium salts to the cis,cis
isomers of compounds 1 ± 3 : a) through multiple hydrogen bonds (1b ± 1d,
2b, 3b); b) through the formation of two salt bridges (1 a, 2 a, 3a).


Receptors 1 ± 3 were synthesized from commercially avail-
able compounds in two to three steps (see Experimental
Section). The double-bond connections between the aromatic
moieties and the functional units were built from the
corresponding carbonyl compounds through the aldol con-
densation ± dehydration reactions (compounds 1 c, 1 d) and
through the Wadsworth ± Emmons reactions with the phos-
phonate derivatives (compounds 2, 3).


Each potential receptor, initially obtained in its trans,trans
form,[17] was then tested for its applicability to our system. The
following properties were essential: i) the ability to form all
three isomers by reversible light-induced isomerizaton; ii) the
affinity of the cis,cis isomer for the ligand; iii) the selectivity of
binding among the isomers. The isomerization and binding
studies were performed in various media, as dictated by the
solubility of the receptors and the polarity or hydrogen-
bonding properties of the solvents. After irradiation of the
receptor solution with broad-band UV ± visible light, the
content of each of the isomers was determined by NMR
spectroscopy and/or HPLC. The receptor ± ligand interactions
were studied and, wherever possible, binding constants were
determined by NMR spectroscopic titrations of the mixture of
isomers with the hydrochloride of the corresponding guani-
dinium derivative. The results of the screening of eight
potential receptor systems are summarized in Table 1.


The electrostatic binders (1 a, 2 a, 3 a), studied in protic
solvents with methylguanidinium hydrochloride, showed the
highest promise for our approach. Their irradiation led to
comparable amounts of all three isomers, which had appreci-







FULL PAPER A. V. Eliseev and M. I. Nelen


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998 0947-6539/98/0405-0828 $ 17.50+.50/0 Chem. Eur. J. 1998, 4, No. 5828


able binding affinities for the ligand. The affinities of the
isomers of 1 a and 2 a were in line with the predictions
obtained from molecular modeling, as described elsewhere.[18]


Surprisingly, the cis,cis and cis,trans isomers of compound 3 a
showed comparable affinities for methylguanidinium in
methanol, whereas the trans,trans isomer was a better binder
than the other two. As a possible explanation, we suggest that
the strong electrostatic repulsion between the phosphate
dianions of 3 a in the complexation mode shown in Figure 4
makes a highly unfavorable contribution to the binding free
energy and is not fully compensated by the formation of one
salt bridge between the guanidinium and each of the dianions.
Therefore, the binding is more likely to occur by the
formation of the ion pairs between guanidinium and only
one of the phosphates, as opposed to the formation of a
chelate complex as shown in Figure 4. The geometry of the
trans,trans isomer may be more favorable for the formation of
such single ion pairs.


Compounds 1 c and 1 d failed to undergo any isomer-
izations, either upon direct irradiation or in the presence of
various sensitizers.[19] We assume that a highly conjugated
chalcone structure may prevent the localization of the
absorbed light energy to the double bond which is necessary
for the formation of a perpendicular intermediate of the
isomerization process.[20] Direct irradiation of 1 b led only to
the formation of the cis,trans isomer. Sensitized irradiation in
the presence of 2,3-pentanedione resulted in the formation of
a detectable amount of the cis,cis isomer. However, no
complexation of any of the isomers with dodecylguanidinium
hydrochloride in CDCl3 was observed by NMR spectroscopy.


The cis,cis isomer of compound 2 b showed marginal
selectivity in binding to guanidinium over the other two
isomers (Table 1). However, both the absolute affinity and the
selectivity of hydrogen bonding in chloroform were quite low.
Similar behavior and comparable affinities were observed for
the isomers of compound 3 b. We believe that the modest
affinities of these receptors are due to the steric hindrance
created by methyl substituents at the oxygen atoms that may
serve as the hydrogen-bond acceptors. This effect is partic-
ularly pronounced in compound 3 b, in which two methyl
groups at each phosphate apparently reduce their potentially
very strong ability to form hydrogen bonds.[21] There are
probably entropic and stereochemical reasons for the low
binding selectivity among the isomers of 2 a and 3 a. The


formation of chelate complexes (Figure 4 a) with multiple
hydrogen bonds requires a more precise receptor preorgani-
zation than that for electrostatic complexation. Such preor-
ganization in the cis,cis isomers of 2 a and 3 a may be
disfavored because of both the higher entropy loss upon
complexation and the steric hindrance created by the methyl
groups.


The results of screening show that compound 2 a in its
dicationic form possesses the necessary properties to be
applied in our method. The approach was further implement-
ed with the isomers of 2 a in ethanol as a solvent, where the
optimal ratio of the solubility/binding properties was ach-
ieved.[22]


One of the important issues we intended to address in this
model study was the necessity for physical separation of the
selection and variation sites. Indeed, one might be able to
achieve the desired self-organization of the isomeric mixture
merely by adding the ligand to the equilibrating system of
receptors, thereby shifting the isomerization equilibrium (see
Figure 3). In order to check this possibility in our system, we
performed long-term irradiation of the receptor solution in
the absence and in the presence of an excess of methylgua-
nidinium hydrochloride. Although the addition of the ligand
to the solution did cause a modest shift of the photostationary
distribution of the isomers (Figure 5), a much stronger effect


Figure 5. Photostationary distribution [%] of isomers of 2a (2.6� 10ÿ4m in
ethanol): a) with no additive; b) in the presence of 0.1m methylguanidinium
hydrochloride.


can be predicted (see below) on the basis of the binding-
constant values. It is likely that direct addition of methyl-
guanidinium affects the equilibrium by mechanisms other


Table 1. Results of molecular scaffold screening for the light-isomerizable arginine receptors.


Recep-
tor


Guest Solvent Binding constant (K) [mÿ1] Selectivity among receptor isomers
(Kcis,cis/Kcis,trans/Ktrans,trans)


Method
cis,cis cis,trans trans,trans


1a methylguanidinium 10% D2O in [D4]methanol 86 <20 <20 n/a 1H NMR
1a methylguanidinium [D4]methanol 213� 9 120� 15 44� 17 4.9/2.7/1 1H NMR
1b dodecylguanidinium CDCl3


[a] [a] [a]


2a methylguanidinium [D4]methanol 170� 12 72� 5 < 3 ca. 60/25/1 1H NMR
[D6]ethanol 980� 90 150� 50 4� 3 250/38/1 1H NMR
10% D2O in [D10]tert-butyl alcohol > 2500 790� 110 40� 25 > 63/20/1 1H NMR


2b phenylguanidinium CDCl3 22� 13 7� 1 7� 2 3/1/1 1H NMR
3a methylguanidinium [D4]methanol 29� 3 40� 5 160� 15 0.2/0.25/1 31P NMR
3b phenylguanidinium CDCl3 22� 13 21� 10 35� 17 0.6/0.6/1 31P NMR
3b phenylguanidinium CDCl3 73� 26 29� 9 21� 7 3.5/1.4/1 1H NMR


[a] No binding was detected within the guest concentration range 0 ± 0.1m.
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than formation of electrostatic complexes. Possible effects
may include changes in the extinction coefficients and
alteration of the excited-state energies of the receptor isomers
due to the complexation.[23] Any of these effects would cause
intrinsic changes in the photostationary equilibrium and result
in a relatively inefficient enrichment of the system with the
effective binder. This fact justifies separation of the selection
and isomerization sites and may have important implications
for the use of this method in combinatorial chemistry (see below).


Since selection of the effective receptor forms by the
immobilized ligand seemed to have advantages over one-
phase selection, we then explored various sorbents as possible
supports for the guanidinium derivatives.[24] After the sorbents
had been modified with different loadings of protected
arginine (see Experimental Section), they were equilibrated
with an irradiated 3� 10ÿ4m solution of the disodium salt of
2 a in ethanol, and the residual distribution of isomers in
solution was analyzed by HPLC.[25] As shown in Table 2, the
modified silica gel was found to be optimal among the tested
supports because of its low nonspecific adsorption, low flow
resistance, and high specific surface. This sorbent and agarose,


which showed an appreciable nonspecific adsorption, were
later used for the circulation experiments. More hydrophilic
supports, such as oxirane acrylic beads, Celite, and the
Merrifield resin, absorbed a major amount of all the receptor
forms and were abandoned in further studies.


The concentration of the ligand to be attached to the solid
support for the preferential selection of the receptor isomers
was chosen according to the solution binding constants. Thus,
with 5� 10ÿ3m immobilized arginine the trans,trans isomer
would remain mostly in solution, the cis,trans isomer would be
approximately half-bound to the ligand, and the majority of
the cis,cis isomer would be bound to the solid support.
However, since the solution association constants might not
necessarily be the same for binding to supported arginine, we
tested the distribution of the isomeric mixture between the
solution and the immobilized ligand. Figure 6 shows the
distribution of isomers in the mixture before and after passing
the column with 5� 10ÿ3m ligand immobilized on the silica
support. As predicted, equilibration with the support indeed
led to preferential binding of the effective isomer. In order to
maximize the yield of cis,cis-2 a in our system, a somewhat
higher ligand concentration was used for the circulation
experiment.


For performing the selection ± variation cycles, we used an
experimental setup similar to the one shown in Figure 3 in


Figure 6. HPLC trace of the isomeric mixture of 2a before (broken line)
and after (solid line) it passed through the silica column with 5� 10ÿ3m
immobilized arginine (detection at 270 nm); peaks shown correspond to
cis,cis, cis,trans, and trans,trans isomers, in increasing order of retention
time. A� absorbance.


which the variation compartment was represented by a
photochemical flow cell immersed in a Rayonet reactor
(Figure 7). First, the isomer distribution in the mixture,


reached after the solution had been in
the irradiation cell at the given flow rate
for one radiation cycle, was analyzed by
HPLC (Figure 8 a). The time (approx.
5 min) was sufficient to achieve only
partial isomerization; this allowed us to
use higher flow rates, shorten the total
experimental time, and minimize the side-
reactions. The circulation experiments
were then performed, and the composi-
tions of the ligand-bound and the solution-
phase receptors were analyzed as descri-
bed in the Experimental Section.


Using 1� 10ÿ2m arginine immobilized on the silica support
resulted in the distribution of isomers on the column shown in
Figure 8 b, which indicated a significant enrichment of the


Figure 7. The experimental setup.


system compared with the photostationary distribution in
solution (cis,cis/cis,trans ratios 6.5:1 and 1.7:1, respectively).
Application of the agarose-supported ligand led to a lower
enrichment (Figure 8 c) (cis,cis/cis,trans ratio 2.0:1) due to a
strong nonspecific adsorption (see Table 2).


Table 2. Adsorption of the isomers of 2a from ethanol solution on arginine-modified sorbents
(5mm Arg on all supports).


Support Isomer distribution in solution
(cis,cis/cis,trans/trans,trans, relative peak areas)


% of bound isomer
(cis,cis/cis,trans/
trans,trans)


before column after column


aminopropyl silica 16.5/20.9/8.6 0.8/8.0/5.3 95.32/61.7/37.8
oxirane acrylic beads 16.8/21.6/8.7 0/0/0 100/100/100
Celite 16.3/20.8/8.2 0/0/5.3 100/100/35
agarose 1/6.1/69.5 0/0.59/11.9 > 95/90.4/82.8
Merrifield resin 8.5/21.9/14.0 0/0/0.03 100/100/> 99







FULL PAPER A. V. Eliseev and M. I. Nelen


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998 0947-6539/98/0405-0830 $ 17.50+.50/0 Chem. Eur. J. 1998, 4, No. 5830


As a positive side-effect of the variation ± selection cycles,
the column-accumulated subset of receptors was free from
any detectable by-products of photochemical isomerization.
Thus, after an 8 h irradiation of 2 a in solution, leading to a
photostationary distribution of the components (see Figur-
e 5 a), a total of 66 % of all receptor forms remained in
solution. HPLC showed the formation of two additional peaks
(Figure 9 a), probably attributable to the condensation prod-


Figure 9. HPLC traces of the isomeric mixtures of 2a : a) in solution, after
8 h of irradiation; b) on the arginine-modified silica column, after 30
isomerization ± selection cycles; c) in solution, after 30 cycles. A� absorb-
ance (278 nm).


ucts.[26] In contrast, the mixture
removed from the silica sup-
port after the evolution experi-
ment (54 % of the total original
amount) contained no compo-
nents other than the isomers of
2 a (Figure 9 b), all of the by-
products having remained in
the circulating solution (Figur-
e 9 c).


In order to check whether
the result of evolution was
actually caused by differential
binding to the immobilized
arginine, a control experiment


was performed in which the amino groups on the silica
support were acetylated instead of being modified with
arginine. After 30 cycles with this blank sorbent, only 12 %
of the isomers had accumulated on the column, their ratio
(cis,cis/cis,trans/trans,trans� 55:31:14) being close to the pho-
tostationary distribution in solution. After 30 cycles with the
same sorbent but without irradiation, the column distribution
was cis,cis/cis,trans/trans,trans� 5:20:75 (12% total), probably
because of a minor thermal isomerization.


The results obtained prove that application of the selec-
tion ± isomerization process to the pool of potential receptors
allows amplification of the total amount of the best receptor
in the reaction setup, and that such an amplification is driven
by the differential affinity of the pool components for the
immobilized target. Notably, the use of the appropriate
immobilization technique makes it possible to maintain the
binding affinity and selectivity observed in solution.[27]


Mathematical modeling of the approach : As shown above, the
approach described here is designed to shift the equilibrium of
the variation process (see Figure 3) to the formation of the
most effective binders by means of their complexation with
the ligand. However, in the implementation of the method,
every variation cycle results in only a limited degree of
transformation of the mixture components and does not bring
the system to equilibrium. This raises important questions,
such as whether the kinetically controlled isomerization
would lead to the optimal evolution of the equilibrating pool,
and whether and how the degree of variation affects the yield
of the effective receptors. In order to address these issues, we
have performed mathematical modeling of the real-time
circulation process and compared the results with both the
experimental data and the calculated equilibrium distribution
of the receptor among the isomers in the free and bound
forms.


Real-time simulation : The first step in the modeling process
involved calculation of the degree of isomerization for the
time the mixture spent in the variation chamber during the
first cycle. The assumption was made that the rate constant for
the transformation of the cis form to the trans form (kc!t) and
the reverse constant (kt!c) are independent of the state of the
receptor (i.e. , k(trans,trans!cis,trans)� k(cis,trans!cis,cis)
and k(cis,cis!cis,trans)� k(cis,trans!trans,trans). The val-


Figure 8. Distribution [%] of the isomers of 2 a in the circulation experiments: a) in 2.6� 10ÿ4m ethanol
solution, after the first irradiation cycle; b) on the arginine-modified silica column, after 30 irradiation ±
selection cycles; c) on the arginine-modified agarose column, after 100 irradiation ± selection cycles.
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ues of the constants were determined from the initial rate of
isomerization of trans,trans-2 a (kt!c� 0.0182 minÿ1) and the
equilibrium constant (Kps) of photostationary distribution of
the isomeric forms (kc!t� kt!c/Kps� kt!c[trans]ps/[cis]ps�
0.00874 minÿ1, where [trans]ps and [cis]ps are the photosta-
tionary concentrations of the respective forms). By solving the
differential equation for the reversible cis ± trans transforma-
tion, one can find the concentrations of the trans and cis forms
at a particular time point (t) [Eqs. (1) and (2); c0 and t0 are the
initial concentrations of the cis and trans forms, respectively].


[cis]� 1


kt!c � kc!t


[kt!c(t0� c0)� (kc!tc0ÿ kt!ct0)exp(ÿ(kt!c�kc!t)t)] (1)


[trans]� 1


kt!c � kc!t


[kc!t(t0� c0)� (kt!ct0ÿ kc!tc0)exp(ÿ (kt!c�kc!t)t)] (2)


The concentrations of the cis and trans forms at the end of
one variation cycle obtained in this way were then used to
express the concentrations of particular isomers by numerical
solution of Equations (3) ± (5).


2 [cis,cis]� [cis,trans]� [cis] (3)


2 [trans,trans]� [cis,trans]� [trans] (4)


2 �trans; trans�
�cis; trans� �


�cis; trans�
2 �cis; cis� (5)


These calculations yield the concentrations of isomers in
the solution that leaves the variation chamber and is trans-
ferred to the selection column, which were then used to
calculate the distribution of isomers between the bound and
free forms in the selection column. This was achieved by
finding a numerical solution of three complexation equilibria
[Eqs. (6) ± (8)] and four mass-balance equations, for each of


Ktt�
�trans; trans�col


�L��trans; trans�sol


(6)


Kct�
�cis; trans�col


�L��cis; trans�sol


(7)


Kcc�
�cis; cis�col


�L��cis; cis�sol


(8)


the isomers [Eqs. (9) ± (11)] and for the immobilized ligand
[Eq. (12)] ([L] and [L]t are the receptor-unbound and total
concentrations of immobilized arginine, respectively; sub-


[trans,trans]� [trans,trans]col� [trans,trans]sol (9)


[cis,trans]� [cis,trans]col� [cis,trans]sol (10)


[cis,cis]� [cis,cis]col� [cis,cis]sol (11)


[L]t� [L]� [trans,trans]col� [cis,trans]col� [cis,cis]col (12)


scripts col and sol refer to the concentrations of column-
bound and free receptor forms, respectively). The resulting
array of concentrations is the result of the first cycle, as
shown in the first set of points (cycle 1) in Figure 10. The
second and following cycles of isomerization ± selection were


Figure 10. Calculated distribution of the isomers of 2 a in the circulation
setup as a function of cycle number: trans,trans !) in solution and (*) on
column; cis,trans (&) in solution and (*) on column; cis,cis (&) in solution
and (!) on column.


simulated similarly: the concentrations in solution of the
isomers from the preceding selection were used as the initial
concentrations in the next calculation set of isomerization
kinetics.


The results of modeling 30 variation ± selection cycles are
shown in Figure 10. The final distribution of the isomers on
the column is in very good agreement with the experimental
results. Notably, the system reaches macroequilibrium be-
tween the solution and the solid state through a steady
increase in the cis,cis isomer content and a decrease in the
trans,trans isomer content, whereas the concentration of the
cis,trans isomer passes its maximum, as is typical for the
kinetics of regular consecutive reactions.


Equilibrium simulations : The main purpose of these simu-
lations was to compare the results of the circulation experi-
ment with a hypothetical situation, depicted in Figure 2, in
which the ligand introduced into the solution would just shift
the isomerization equilibrium by binding the effective recep-
tor isomers. This system was modeled by taking into account
the equilibrium distribution of the isomers in the photosta-
tionary state [Eqs. (5), (13)] and association of each of them


2 �cis; cis�sol � �cis; trans�sol


2 �trans; trans�sol � �cis; trans�sol


�Kps (13)


with the ligand [Eqs. (6) ± (8)]. Solution of this system to-
gether with the corresponding mass-balance equations for
our experimental conditions yielded the column distribution
shown in Figure 11 a, in which the component concentrations
exactly matched the level-off values for the components in
Figure 10. Similar calculations were also performed taking
into account the (80%) nonspecific adsorption of the agar-
ose-supported ligand (Figure 11 b). The distribution obtained
also corresponds to the one observed experimentally (cf.
Figure 8 c).


These results indicate that the enrichment of the pool
obtained after a sufficient number of cycles in our exper-
imental setup is essentially driven by the shift of the variation
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Figure 11. Calculated distribution [%] of isomers of 2a : a) on the arginine-
modified silica column; b) on the arginine column (cf. Figures 8 b, 8c,
respectively).


equilibrium by the immobilized ligand. One of the important
conclusions resulting from these simulations is that the final
result of circulation is independent of the degree of isomer-
ization in each cycle. Thus, just a minor mutation performed in
the isomerization chamber would eventually lead to the same
distribution of the components that would be achieved by
bringing the system to the isomerization equilibrium every
time.[28] This conclusion is essential for the application of the
method to more complex pools and slow variation reactions.
The final total ratio of the isomers in the experimental setup
corresponds to their thermodynamic distribution in the
situation when the ligand is initially dissolved in the irradiated
receptor solution, but there are no side-reactions involved.
Therefore, the final evolution result, even in the system with
kinetically controlled variation, is determined by the thermo-
dynamics of the interconversion equilibrium and the ligand ±
receptor interactions. Since this observation sets an upper
limit on the enrichment that can be achieved by our method, it
was interesting to use the simulations described above to
evaluate the applicability of the approach to larger pools.


We considered three sample pools, containing 5, 10, and 15
components respectively, and estimated how the affinity
difference between the components would influence the
effectiveness of selection by the ligand. For simplicity, all of
the pool components were assumed to have equal binding
constants to the ligand (Kweak), except for one that was
assigned a higher constant (Kstrong). The ligand concentration
was chosen to equal 1/Kweak, in order to leave half of each
weak binder in solution and, at the same time, to bind the
majority of the effective component. The equilibrium calcu-
lations, similar to those described above for the three-
component mixture, were then performed for different Kstrong


values. The results of these simulations were expressed in
terms of yield of the strong binder on the column, defined as
the ratio (amount of strong binder on column)/(total amount
of receptor on column), and the total yield of the strong
binder, defined as (amount of strong binder on column)/(total
amount receptor in the experimental setup) (Table 3). As
expected, the efficiency of the method is highly dependent on
the selectivity of ligand recognition by different receptor
forms. The increasing complexity of the calculations did not
allow us to evaluate pools larger than 15 components. The
general trend shows, however, that the mixture of n compo-
nents in which Kstrong/Kweak� n would be evolved by repeating
the selection ± equilibration to afford approximately 50 % of
the effective component on the column, its total yield being


approximately 30 %. Such a situation seems to be realistic for
combinatorial libraries where the hits may possess a target
affinity several orders of magnitude higher than the majority
of the components.[29]


Conclusions and Outlook


In this paper we have assessed the mechanism, applicability,
and possible extensions of the method of targeted evolution of
equilibrating pools driven by the differential affinity of the
pool components for a chosen target compound. In a way, this
method represents a thermodynamic analogue of template
synthesis[30] in which assembly of the reactants on the
template leads to a faster coupling of the preassembled units
and thereby eliminates the formation of multiple side-
products that could have been formed in the absence of a
template. It is important, however, to emphasize the differ-
ences between evolutionary selection ± variation and the
traditional template-directed synthesis. Thermodynamic con-
trol of the selection process ensures that the compounds
accumulated on the support are indeed the best binders for
the given target. Also, the template (or target) in our method
does not interfere with the variation reaction, however severe
the conditions that are used.


The latter point is particularly important for the applic-
ability of the technique in combinatorial chemistry, where the
targets, such as proteins or nucleic acids, may be particularly
fragile. The method may be especially promising for combi-
natorial chemistry in that it allows one to combine the
generation of diversity and screening in one system that, in
addition, can be easily automated. Generation of larger
equilibrating pools, which is a focus of our current work, can
be based on many known types of reversible reactions, such as
imine exchange, transesterification, thiol ± disulfide exchange,
and aldol condensations, to name just a few.


Experimental Section


General : Reagents for synthesis and compound 1a (the diacid form) were
obtained from commercial sources and used without further purification.
NMR spectra were obtained and processed on Varian Unity 300 and
400 MHz spectrometers; HPLC analysis was performed on the Beckman
Gold system equipped with a Model 168 photodiode array detector.


Table 3. Simulation of the evolutionary enrichment of multicomponent
mixtures by the selection ± variation method.


No. of
components


Kstrong/Kweak Column yield of the
strong binder [%]


Total yield of strong
binder [%]


5 5 55.6 34.9
5 10 71.4 51.6
5 50 92.6 84.0


10 10 52.6 33.7
10 50 84.7 71.5
10 100 91.7 83.3
15 15 51.7 33.3
15 50 78.1 62.3
15 100 87.7 76.7
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Mathcad Pro software (version 6.0) running on a Power Macintosh 6100
was used for the numerical simulations.


Synthesis of phenylenediacrylic acid pyrazolylamide (1b): Phenylenedi-
acrylic acid (1 a) (2 g, 9.17 mmol) was transformed into its dichloroanhy-
dride by refluxing overnight in SO2Cl2/CH2Cl2 (40 mL, 2m) with a catalytic
amount of DMF, followed by evaporation of the solvent. The dichlor-
oanhydride (1.17 g, 4.6 mmol) was dispersed in anhydrous Et2O (30 mL)
containing pyrazole (0.750 g, 11 mmol), Et3N (1.53 mL, 11 mmol), and 4-
dimethylaminopyridine (DMAP)(20 mg), and heated to reflux for 18 h.
The off-white precipitate was then filtered, washed twice with Et2O,
dissolved in CHCl3 (150 mL), extracted three times with water, and dried
over MgSO4. Crystallization from CHCl3/hexanes yielded 1 b (833 mg,
57%). 1H NMR (300 MHz, CDCl3): d� 8.41,8.40 (d, 2H), 8.07, 8.01, 7.99,
7.94 (d d, 4H), 7.81 (s, 2 H), 7.76 (s, 4 H), 6.52 (m, 2 H); 13C NMR (75 MHz,
CDCl3): d� 163.9, 146.9, 144.6, 137.3, 129.9, 129.3, 117.7, 110.6.


Synthesis of 3,3''-(1,4-phenylene)-bis[1-(2-thiazolyl)-2-propen-1-one] (1c):
To a solution of terephthalaldehyde (0.134 g, 1.0 mmol) and 2-acetyl-
thiazole (0.254 g, 2.0 mmol) in MeOH (5 mL) was added saturated NaOH
in MeOH (0.1 mL). The mixture was stirred for 3 h at room temperature,
then the precipitate formed was filtered off, washed with MeOH, dried, and
crystallized from EtOAc to afford 1c (110 mg, 31 %). 1H NMR (300 MHz,
CDCl3): d� 8.10,8.09 (d, 2H), 8.02 (s, 4 H), 7.78 (s, 4 H), 7.74,7.73 (d, 2H).
Calcd for C18H12O2N2S2: C, 61.3, H, 3.43, N, 7.95; found: C, 60.8, H, 3.55, N,
7.79.


Synthesis of 3,3''-(1,4-phenylene)-bis(1-(2-pyridyl)-2-propen-1-one) (1d):
The same procedure as that for 1 c was used with 2-acetylpyridine instead of
2-acetylthiazole. Yield 46 %. 1H NMR (300 MHz, CDCl3): d� 8.78 ± 8.77,
8.77 ± 8.76 (d q, 2H), 8.39, 8.34 (d, 2H), 8.22, 8.20 (d t, 2H), 7.97, 7.92 (d,
4H), 7.92, 7.90, 7.87 (td, 2H), 7.79 (s, 4H), 7.54 ± 7.49 (q d, 2H); 13C NMR
(75 MHz, CDCl3): d� 189.8, 154.7, 149.4, 144.1, 137.8, 137.6, 129.8, 127.5,
123.5, 122.5.


The dicarboxylic acid 2a and its dimethyl ester 2b were prepared and
characterized as described in ref. [18].


4-(4-Formylphenoxy)benzaldehyde : This intermediate, used in the syn-
thesis of 3 b, was prepared by the reaction of 4-hydroxybenzaldehyde with
4-fluorobenzaldehyde as described previously.[31] Yield 89%. 1H NMR
(300 MHz, CDCl3): d� 9.98 (s, 2 H), 7.95, 7.20 (d d, J� 9.0 Hz, 8 H).


Tetramethyldiphosphonate 3 b : A solution of tetramethylmethylene-
diphosphonate (1 g, 4.3 mmol) in anhydrous THF (2 mL) was added
dropwise to a stirred suspension of NaH (0.099 g, 4.1 mmol) in THF (2 mL)
at 0 8C in an argon atmosphere. The mixture was adjusted to room
temperature and kept for 40 min until the solution became transparent and
no further gas formation was observed. A solution of 4-(4-formylphen-
oxy)benzaldehyde (0.406 g, 1.8 mmol) in THF (2 mL) was added dropwise
within 30 min at 10 ± 15 8C, and the resulting mixture was stirred for 2 h at
ambient temperature. Then the solvent was removed in vacuo, and the
residue was redissolved in Et2O, extracted twice with water and then with a
saturated solution of NaCl, and dried over MgSO4. The crude product was
purified by chromatography on silica gel in 15% (v/v) MeOH in EtOAc,
yielding the analytically pure product (0.380 g, 48 %). 1H NMR (300 MHz,
CDCl3): d� 7.57, 7.52, 7.50, 7.44 (q, 2H), 7.52, 7.50, 7.05, 7.02 (d d, 8 H), 6.20,
6.14, 6.09 (t, 2 H), 3.80, 3.77 (d, 12 H); 31P NMR (160 MHz, CDCl3): d�
22.8.


Diphosphonate 3 a : 3 b (0.056 g, 0.128 mmol) was dissolved in dry CH2Cl2


(7 mL), and TMS bromide (0.1 mL, 0.76 mmol) was added at 0 8C. After
this mixture had been stirred for 10 min, the temperature was adjusted to
ambient, and stirring was continued for 5 h. Then the solvent was removed;
the dry residue was redissolved in MeOH (7 mL), kept overnight, and then
heated to reflux for another 2.5 h. Removal of the solvent in vacuo resulted
in analytically pure 3a (48 mg, 98%). 1H NMR (300 MHz, [D6]DMSO):
d� 7.66, 7.64 (d, 4H), 7.25, 7.19, 7.18, 7.12 (q, 2H), 7.06, 7.04 (d, 4 H), 6.47,
6.42, 6.36 (t, 2H); 31P NMR (160 MHz): d� 13.8.


NMR titrations : Solutions of the trans,trans forms of the receptors (1 a and
2a as their disodium salts, and 3 a as the di(tetrabutylammonium) salt) in
appropriate deuterated solvents were irradiated in NMR tubes with a
mercury lamp in a Rayonet photochemical reactor for 20 ± 30 min to
generate mixtures of all the isomers at a total concentration of 0.5 ± 4 mm ;
these were titrated with the chloride of the corresponding guest cation G,
with an increasing concentration of the latter from [G]� 0 to 130 mm. The
individual binding constants K of all the isomers were then determined


from the changes in chemical shifts (Dd) of the host signals by nonlinear
curve fitting to Equation (14) for the 1:1 complexation mode.


Dd�Dd1K[G]/(1�K[G]) (14)


With a few exceptions, the variations of the binding constants determined
from the shifts of different protons did not exceed the experimental error
(approx. 10 ± 15 %).


Ligand immobilization : N-(a-tert-Butoxycarbonyl)arginine was attached to
the solid support by carbodiimide coupling with chromatographic sorbents
modified with amino groups (aminopropyl silica was prepared by a
procedure described in ref. [32]; other supports were commercially
available). In a typical procedure (for silica), the amino sorbent (4 g,
6.7 mL dry volume) was dispersed in dry DMF (15 mL); the solutions of the
arginine derivative (10.5 mg, 0.0335 mmol) in DMF (2 mL) and 1-ethyl-3-
(3-dimethylaminopropyl)carbodiimide (EDC) (89 mg, 0.3 mmol) in DMF
(2 mL) were added. The resulting slurry was shaken for 18 h on a device
with a wrist-shaking action. Then Ac2O (2 mL, 21.2 mmol) and Et3N (3 mL,
22 mmol) were added and the mixture was shaken for another 24 h, then
filtered, and washed successively with DMF, water, and ethanol.


Circulation experiments : The circulation experiments were performed at a
typical flow rate of 0.5 ± 1 mL minÿ1 for 8 ± 12 h, resulting in 30 ± 100 cycles.
The transparent flow cell made from borosilicate glass was irradiated with
broad-band UV ± visible light in a Rayonet reactor; the same cell was used
to determine the photostationary distribution in solution. The experiments
were terminated when the HPLC analysis of the circulating solutions
showed no further changes in the concentrations of the components in
solution. When cycling had been terminated, the sorbent removed from the
column was treated with several portions of 1m NaCl in water and aqueous
ethanol. Combined extracts were concentrated in vacuo and analyzed by
HPLC as described in ref. [9].
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Aqueous Ethylenediamine Dihydroxo Palladium(ii): A Coordinating Agent
for Low- and High-Molecular Weight Carbohydrates**
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Abstract: An aqueous solution of
[(en)Pd(OH)2] (Pd-en) forms 1,2- and
1,3-diolato complexes on reaction with
polyols. Three crystalline palladium(ii)
complexes have been isolated and char-
acterized with anhydroerythritol (AnEr-
yt), 1,6-anhydro-b-d-glucose (1,6AnGlc,
levoglucosan), and sucrose (Suc) as the
polyol components, namely [(en)Pd-
(AnErytHÿ2)] ´ 4 H2O (1), [(en)Pd-
(1,6AnGlc2,4Hÿ2)] ´ H2O (2) and
[(en)2Pd2(Suc1,3,3',4'Hÿ4)] ´ 11 H2O (3).
Pd-en acts as a coordinating solvent for
cellulose; the polysaccharide anhydro-


glucose units (GlcC) form [(en)Pd-
(GlcC2,3Hÿ2)] entities on dissolution.
The palladium-binding sites of the sac-
charides may be recognized by 13C NMR
spectroscopy in the case of 1,2-diolic
chelator groups, which exhibit a down-
field, coordination-induced shift of the
two diolato carbon atoms of about
10 ppm. Slightly yellow, viscous solu-


tions of cellulose in Pd-en, which are
largely insensitive to oxidative degrada-
tion, were characterized by light scatter-
ing (LS). Analysis of the chain confor-
mation by LS supports the significance
of chain stiffening by intramolecular
interresidue hydrogen bonds of the type
O6' ± H ´´´ O2ÿ in the molecularly dis-
persed and entirely metallated cellulose
strands. The flexibility and energy of the
hydrogen bond were investigated by
density functional theory (DFT) calcu-
lations.


Keywords: carbohydrates ´ density
functional calculations ´ NMR spec-
troscopy ´ palladium


Introduction


Carbohydrates are among the most abundant biogenic
materials, cellulose being the most abundant of all, and are
the objective of efforts aimed at increased use of renewable
resources. Starch, sucrose and, with reservations, cellulose are


available at prices comparable to those of synthetic organic
base chemicals.[2] However, there are serious drawbacks to the
development of carbohydrate-based chemistry, for example,
the overfunctionalization of sucrose, which has eight non-
equivalent hydroxyl groups. Strategies have been developed
to overcome the high functionality by the well-established
carbohydrate methodology,[3] whereas the more general route
of reaction control with transition metal catalysis is largely
underdeveloped in the carbohydrate field.[4] One of the most
important reasons for the limited use of metal catalysis is the
lack of knowledge of the bonding mode of carbohydrates
towards transition metal ions. In the polysaccharide field,
similar arguments hold with respect to the development of
solvents of the Schweizer-reagent type,[5] which are capable of
transforming cellulose, in particular, into a well-defined
molecularly dispersed solution state, from which supramolec-
ular polysaccharide-based aggregates may be built up.


Here we report that an aqueous solution of [(en)PdII(OH)2]
(Pd-en) is a versatile agent for the analysis of carbohydrate ±
metal interactions in alkaline aqueous media. Structural
principles of carbohydrate palladium complexes were derived
from crystal structure data on [(en)Pd(AnErytHÿ2)] ´ 4 H2O
(1), [(en)Pd(1,6AnGlc2,4Hÿ2)] ´ H2O (2) and [(en)2Pd2-
(Suc1,3,3',4'Hÿ4)] ´ 11 H2O (3), and thus included both the
1,2- and 1,3-diolato coordination modes (AnEryt� anhy-
droerythritol; 1,6AnGlc� 1,6-anhydro-b-d-glucose (levoglu-
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cosan); Suc� sucrose, primed atoms: anhydroglucose resi-
due; see Scheme 1). Studies of polysaccharide complexation
by Pd-en focussed on cellulose. Light scattering and 13C NMR
spectroscopy on cellulose solutions support the structural
model recently derived for the copper(ii) ± cellulose complex
in Schweizer�s reagent,[5] in which almost entirely metallated
ªligand polymerº is formed in a ªcoordinating solventº. The
limited flexibility of the metallated polysaccharide chain,
which is a result of strong intramolecular, interresidue hydro-
gen bonding, was assessed by means of density functional
theory (DFT) calculations.


Experimental Section


[Pd(en)Cl2] was prepared by Woernle�s procedure:[6] PdCl2 (532 mg,
3.00 mmol) was dissolved in hydrochloric acid (2m, 4 mL) with gentle
warming. The red solution was diluted with water to 15 mL. On dropwise
addition of ethylenediamine (0.5 g) in water (5 mL) with stirring, a pink
precipitate of [Pd(en)2][PdCl4] formed. After heating to 40 ± 50 8C, addition
of ethylenediamine solution was continued until the precipitate redissolved
to give a pale yellow solution of [Pd(en)2]Cl2. The solution was filtered and
acidified with hydrochloric acid (2m) to precipitate [Pd(en)Cl2] as small
yellow needles. The mother liquor was cooled to about 4 8C for a few hours,
and the precipitate was collected by filtration. Further product was
collected by concentrating the filtrate and cooling again. Yield: 653 mg
(92 %).


0.3mm Pd-en : [Pd(en)Cl2] (499 mg, 2.10 mmol), silver(i) oxide (584 mg,
2.52 mmol) and water (7 mL) were stirred under nitrogen with exclusion of
light at 50 8C. The solution was filtered, cooled (ice bath), and used
immediately. Solutions of higher or lower concentration were prepared by
varying the amount of water. The strongly alkaline Pd-en was kept under a
nitrogen atmosphere to prevent absorption of carbon dioxide. All reactions
with polyols were carried out with ice-bath cooling.


Ethylenediamine{meso-oxolane-3,4-diolato(2ÿ )}palladium(iiii) tetrahy-
drate (1): Anhydroerythritol (meso-oxolane-3,4-diol; 104 mg, 1.00 mmol)
and Pd-en (0.2m, 5 mL) were stirred for 1 h (ice bath, nitrogen atmos-
phere). The yellow solution was kept for 1d at about 4 8C. After
concentrating the solution to about 3 mL, acetone was added until weak


turbidity was visible. After filtration, diffusion of acetone/water (8/1)
vapours at room temperature into the solution led to formation of yellow
platelets.


Ethylenediamine{1,6-anhydro-b-dd-glucos-2,4-ato(2ÿ )}palladium(iiii) mono-
hydrate (2): 1,6-Anhydro-b-d-glucose (levoglucosan; 162 mg, 1.00 mmol)
was used in the same way as described for 1. Diffusion of acetone/water
(4/1) vapours effected formation of yellow needles.


Bis(ethylenediamine){m-b-dd-fructofuranosyl-O1,O3-a-dd-glucopyranosid-
O3'',O4''-ato(4ÿ )}dipalladium(iiii)} undecahydrate (3): Sucrose (205 mg,
0.6 mmol) and Pd-en (0.2m, 6 mL) were stirred for 1 h (ice bath, nitrogen
atmosphere). The yellow solution was kept for 2 d at about 4 8C. After
concentrating the solution to about 4 mL, ethanol was added until weak
turbidity was visible. After filtration, yellow needles of 3 formed at about
4 8C in the course of 2 ± 3 d.


Solutions of cellulose in Pd-en: Cellulose samples and a slight excess
(1.1 mol Pd per mole anhydroglucose) of Pd-en were stirred at 0 8C until
dissolution of the polysaccharide was complete (ice bath; nitrogen
atmosphere). Dissolution time depended on the degree of polymerization
(DP) of the cellulose sample. Typical times were 1 d (Avicel, DP� 100), 3 ±
4 d (pulp cellulose, nominal DP� 630), and 11 ± 14 d (bleached cotton
linters, nominal DP� 1100). If required, these solutions were diluted with
aqueous sodium hydroxide.


13C NMR spectra: About 100 mg of solid compound was dissolved in H2O/
D2O (ca. 1.5 mL). Spectra of cellulose samples were recorded at
125.77 MHz (500 MHz spectrometer), and all others at 62.89 MHz
(250 MHz spectrometer). Owing to the unexpected 13C shifts of the
levoglucosan compound (see Results and Discussion) the spectrum of 2 was
assigned by 2D techniques, which were also applied to assign the
superimposed signals of the fructose and glucose residues of 3. Cellulose
spectra were recorded on hydrolyzed regenerate cellulose (mean DP� 40).
Spectra of the same material in Triton B (an aqueous solution of
benzyltrimethylammonium hydroxide), aqueous sodium hydroxide and
Cd-en[7] (Cadoxen) have been published recently.[29] Despite the low quality
of these cellulose samples in terms of chemical uniformity and end-group
content, advantage was taken of 1) their solubility in sodium hydroxide to
provide a well-defined standard state, 2) the low viscosity of the samples
and 3) their solubility in ethylenediamine-enriched Pd-en (Pd-2en), which
allows the coordinating-solvent approach discussed to be investigated by
13C NMR spectroscopy.


Comment on German nomenclature: Pd-en, eine wäûrige
Lösung von [Pd(en)(OH)2], ist ein koordinierendes Lö-
sungsmittel für Cellulose und andere Polysaccharide, es löst
Cellulose unter Bildung chelatisierender Diolato(2ÿ )-
Komplexe mit nahezu jeder verfügbaren Diolfunktion. Das
bekannteste koordinierende Lösungsmittel ist Schweizers
Reagenz (Cu-NH3, Cuoxam), in dem jedoch anders als in
Pd-en wegen der Bildung auch homoleptischer Bis(diolato)-
metallate Quervernetzung der Polymerketten zu beachten ist.
Koordinierende Celluloselösungsmittel sind derzeit die ein-
zigen nichtderivatisierenden Lösungsmittel, für die eine mole-
kulardisperse Auflösung der Cellulose nachgewiesen ist. Im
Deutschen wird die Bezeichnung koordinierende Lösungs-
mittel vorgeschlagen, um diese Solventien von den ebenfalls
Metall-basierten, aber nichtkoordinierenden Lösungsmitteln
wie Cd-en (Cadoxen) abzugrenzen. Der Begriff ¹komplexie-
rendesª Lösungsmittel wird vermieden, da ¹Komplexbil-
dungª im Kontext der Amylose-Einlagerungsverbindungen
und der Wirt-Gast-Verbindungen mit Cyclodextrinen in der
Kohlenhydratchemie auch für metallfreie Systeme verwendet
wird.


Scheme 1. Structurally characterized Pd-en complexes of anhydroerythri-
tol (1), levoglucosan (2) and sucrose (3) anions.
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Crystallography: Crystal structure data of 1 ± 3 are summarized in Table 1.
Measurements were performed on a Stoe Stadi 4 four-circle diffractometer
or a Stoe IPDS area detector (graphite monochromatized MoKa radiation).
The programs used for structure solution, refinement, interpretation and
graphical representation were SHELXS,[8] SHELXL,[9] ORTEP III,[10]


PLATON95[11] and SCHAKAL,[12] respectively. Full-matrix refinement
was performed on F 2, and the residuals are defined by R(F)�SD1/S jFoj
with D1�j jFo jÿjFc j j , wR(F 2)� {S(wD2


2)/Sw(F2
o)2}1/2 with D2�jF2


oÿF2
c j ,


weights are defined by wÿ1� s2(F2
o)� (xP)2� yP ; 3 P�max(F2


o,0)� 2 F2
c.


The goodness of fit is defined by S� {S(wD2/(NhklÿNparameters)}1/2, secon-
dary extinction was corrected according to the SHELXL algorithm.
Further details of the crystal structure investigations may be obtained
from the Fachinformationszentrum Karlsruhe, D-76344 Eggenstein-Leo-
poldshafen, Germany (fax: (�49) 7247-808-666; e-mail : crysdata@fiz-
karlsruhe.de), on quoting the depository numbers CSD-407 636 (1), CSD-
407 637 (2) and CSD-407 635 (3). To allow convenient input of the
crystallographic information file (CIF) of 3 into some computer programs,
the numerical part of the atom labelling has been coded according to: n to
n1 and n' to n2, e.g. O2 to O21 and C3' to C32, in the CIF.


Light scattering: Measurements were performed on a pulp cellulose termed
Z630 (Buckey V68) and two samples of bleached cotton linters termed
L800 and L1100 (Temming). All samples were thoroughly characterized by
standard methods (viscosimetry in Cu-en and viscosimetry/GPC of
tricarbanilates) and by viscosimetry in Pd-en.[13] A 0.25m solution of Pd-
en was used for dissolving cellulose. Dilution was effected by adding 0.05m
aqueous NaOH with stirring and ultrasonification for 30 min. All alkaline
solutions were protected from contact with air. Light-scattering intensities
were recorded with a SOFICA-P6D42000 apparatus equipped with a laser
(633 nm); all solutions were filtered through a hydrophilic filter (Gelman
Science, nominal pore size 450 nm). The refractive index increment dn/dc


was determined with a Brice-Phoenix differential refractometer at two
different wavelengths and extrapolated to 633 nm. The resulting increment
of 0.182 mL gÿ1 was used in the subsequent analysis.


DFT Calculations: Calculations were performed within the framework of
density functional theory[14] since this method has proved useful both in the
treatment of transition metal compounds[15] and for describing hydrogen
bonds.[16] The calculations were carried out with the program system
TURBOMOLE[17] within the efficient RI-J approximation[18] with the
Becke ± Perdew (B ± P) functional,[19] basis sets of SVP (split valence plus
polarization)[20] and TZVP-type (triple zeta valence plus polarization)[21]


and the corresponding auxiliary basis sets.[22] The abbreviation SVP/BP
means that a basis set of SVP quality was employed within the DFT-BP
approximation. Palladium atoms were treated by employing an effective
core potential (ECP) which described the inner shells (28 core electrons)
and included relativistic corrections.[23]


Results


Preparation of Pd-en/carbohydrate solutions: Pure Pd-en is a
strongly alkaline solution which must be kept under nitrogen
or argon to prevent carbon dioxide absorption. At room
temperature, Pd-en slowly decomposes (a 0.5m solution turns
dark in the course of 1 d; more dilute solutions are more
stable), but conducting all reactions in an ice bath sufficiently
prevents precipitation of palladium metal. Addition of a
carbohydrate enhances the redox stability. Although the


Table 1. Crystal structure data of 1 ± 3.


1 2 3


formula C6H14N2O3Pd ´ 4H2O C8H16N2O5Pd ´ H2O C16H34N4O11Pd2 ´ 11H2O
Mr [gmolÿ1] 340.67 344.66 869.47
water content [mass %] 21.2 5.2 22.8
crystal system; crystal class monoclinic; 2-C2 orthorhombic; 222-D2 orthorhombic; 222-D2


space group P 21 P 212121 P 212121


a [pm] 521.46(8) 772.70(10) 1302.0(3)
b [pm] 907.39(11) 1236.2(4) 1594.5(2)
c [pm] 1352.1(2) 1254.5(2) 1635.1(2)
b [8] 91.67(2) 90 90
V [106pm3]; Z 639.51(15); 2 1198.3(5); 4 3394.5(10); 4
calc. density [g cmÿ3] 1.7692(4) 1.9105(8) 1.7014(5)
crystal size [mm] 0.28� 0.18� 0.10 0.28� 0.10� 0.05 0.28� 0.15� 0.05
T[K] 298 200 200
diffractometer Stoe Stadi 4[a] Stoe IPDS Stoe IPDS
crystal-to-plate distance [mm] ± 60 70
f range; f increment [8] ± 1.8 1.0
exposure time per image [min] ± 12 16
refls. for unit cell det. 42 834 570
m [mmÿ1] 1.473 1.568 1.147
2q range [8] 3 ± 50 10 ± 52 8.6 ± 50
reflections collected 2137 5932 17724
unique reflections 1658 2222 5784
Rint ; mean s(I)/I 0.0275; 0.0241 0.0278; 0.0215 0.0512; 0.0371
observed refls. , I� 2s(I) 1613 2154 5369
parameters; restraints 183; 1 226 477; 38
wR(F 2); R(F)obs 0.0744; 0.0288 0.0523; 0.0206 0.0896; 0.0355
S ; maximum shift/error 1.200; 0.001 1.043; 0.001 1.085; 0.002
treatment of H atoms [b] [c] [d]


extinction coefficient 0.033(2) ± ±
jD1 j [10ÿ6 epmÿ3] 0.477 0.344 1.118
x, y (weighting scheme) 0.0310; 1.1471 0.0310; 1.0935 0.0398; 9.3995
absolute structure[e] ÿ 0.06(7) ÿ 0.05(3) ÿ 0.04(3)


[a] w/q scans, 4-32-4 steps for background-peak-background, minimum/maximum 0.5/2 s per step, three standard reflections every 3 h; empirical absorption
correction, transmission factors from 0.6849 to 0.7827. [b] Common Uiso for all hydrogen atoms, H atoms bound to C geometrically fixed (C ± H� 97 pm). [c]
x, y, z, Uiso for all hydrogen atoms freely refined. [d] Common Uiso for H atoms bound to C and N, common Uiso for O-bound hydrogen atoms, O ± H and
H ´´´ H restrained to 83 and 131 pm, respectively, the latter to fix the H-O-H angle; [e] H. D. Flack, Acta Crystallogr. Sect. A, 1983, 39, 876 ± 881.
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strongly coordinating Pd-en dissolves cellulose samples of any
degree of polymerization (DP) without activation, high-DP
cellulose needs prolonged reaction times due to the slow
kinetics of ligand substitution at the palladium centre. Typical
periods of time until clear solutions are formed range from
one day for Avicell samples (DP� 100) to 14 d for bleached
cotton linters (DP� 1100). The maximum amount of cellulose
dissolved in a given Pd-en quantity is in accord with 1:1
complexation, that is, each anhydroglucose monomer of the
polysaccharide is bound to one palladium atom. Besides
cellulose, amylose from starch, enzymatically synthesized
amylose, and xylan from oat spelt are dissolved by Pd-en.


Crystal structures: Yellowish monoclinic crystals of
[(en)Pd(AnErytHÿ2)] ´ 4 H2O (1) were grown from solutions
of Pd-en and anhydroerythritol (AnEryt; molar ratio Pd/
AnEryt� 1/1). In the crystal structure, a meso-
oxolanediolato(2ÿ ) group formed by double deprotonation
of the diol acts as a chelate ligand in a heteroleptic, square-
planar ethylenediamine ± palladium(ii) complex (Figure 1).


Figure 1. ORTEP plot of the structure of 1 (50 % probability ellipsoids).
Selected distances [pm] and angles [8]: Pd ± O2 198.8(5), Pd ± O3 199.3(5),
Pd ± N2 203.3(6), Pd ± N1 204.5(6), O1 ± C1 141.7(10), O1 ± C4 141.9(9),
O2 ± C2 142.5(8), O3 ± C3 141.1(8), C1 ± C2 151.7(10), C2 ± C3 152.5(9),
C3 ± C4 151.7(10); O2-Pd-O3 85.5(2), N2-Pd-N1 83.8(3); O2-C2-C3-O3 ÿ
38.7(8), N1-C5-C6-N2 47.6(12).


Owing to the sterical advantage of the furanoid AnErytHÿ2


ligand,[24] the shortest Pd ± O distances of this work were
found for 1. Though not forced by a chiral ligand, crystals of 1
belong to the noncentrosymmetric crystal class 2 (C2) due to a
polar arrangement of the complex molecules and the sur-
rounding hydrogen-bonded water molecules.


Orthorhombic crystals of [(en)Pd(Glc1,6An2,4Hÿ2)] ´ H2O
(2) were formed in an analogous reaction from Pd-en and 1,6-
anhydro-b-d-glucose (Glc1,6An; levoglucosan). Levogluco-
san can act as a 1,3-diolato ligand by bonding through O2 and
O4. In fact, 2 is a six-membered ring chelate complex. From
the crystal structure of levoglucosan itself, a diolato moiety
with an unusually large bite of about 330 pm might be
expected.[25] However, the molecular structure of 2 (Figure 2)
again[26] shows flexibility of the bicyclic ligand, which under-
goes distortion of the pyranose chair towards a boat con-
formation. In this distortion, greater flattening of the pyr-
anose ring at C3 corresponds to an increasing O2 ± O4
distance. Conversely, in 2 the respective hydroxyl groups
occupy a more axial position, and the bite is smaller than in
the free anhydro sugar. This can be compared with the even
smaller O ´´´ O distance in Li2[Cu(Glc1,6An2,4Hÿ2)2] ´
4 H2O;[26] with the flexible levoglucosan ligand, adaption of


the bite to the different radii of the metals, expressed in terms
of the O ´´´ O distance, is twice that of simple 1,2-diols.


The lack of structural information on carbohydrate ± metal
complexes is exemplified by the fact that for sucrose, the most
abundant nonpolymeric biogenic raw material, no structural
data is available that reveal the metal binding sites of this
economically important disaccharide. With Pd-en, yellow,
orthorhombic crystals of the binuclear sucrose complex
[(en)2Pd2(Suc1,3,3',4'Hÿ4) ´ 11 H2O (3) were obtained from
solutions of sucrose with a disaccharide/palladium molar ratio
of 1/2. The structural analysis (Figure 3) revealed fourfold


Figure 3. ORTEP plot of the structure of 3 (50 % probability ellipsoids).
Selected distances [pm] and angles [8]: Pd1 ± O3 201.7(4), Pd1 ± N4
203.2(5), Pd1 ± N3 203.2(5), Pd1 ± O1 204.1(4), Pd2 ± O3' 201.2(4), Pd2 ±
O4' 202.1(4), Pd2 ± N1 203.6(5), Pd2 ± N2 204.9(5), O1 ± C1 142.2(6), O1' ±
C2 143.0(6), O1' ± C1' 143.2(6), O2' ± C2' 141.6(6), O3 ± C3 140.3(7), O3' ±
C3' 143.5(6), O4 ± C4 141.9(7), O4' ± C4' 142.8(7), O5 ± C2 142.3(7), O5 ± C5
146.3(7), O5' ± C1' 141.2(7), O5' ± C5' 144.4(6), O6 ± C6 143.5(7), O6' ± C6'
141.6(7), C1 ± C2 150.3(8), C1' ± C2' 152.1(8), C2 ± C3 152.3(8), C2' ± C3'
150.7(7), C3 ± C4 152.4(8), C3' ± C4' 152.1(7), C4 ± C5 154.2(8), C4' ± C5'
152.6(7), C5 ± C6 149.6(8), C5' ± C6' 152.1(8); N4-Pd1-N3 83.4(2), O3-Pd1-
O1 98.62(15), O3'-Pd2-O4' 86.18(15), N1-Pd2-N2 83.5(2); O2'-C2'-C3'-O3'
55.3(6), O3'-C3'-C4'-O4' ÿ 57.0(6).


deprotonated sucrose ligands. The (en)Pd entities are attach-
ed to 1,2- and 1,3-diolate groups to form five- and six-
membered chelate rings. In the anhydroglucose moiety, O3'
and O4' act as ligators, while O1 and O3 are deprotonated and
bound to palladium in the anhydrofructose part of the sucrose
molecule. The trans geometry of the fructose 3,4-diol group is
unsuitable for chelate formation. The conformation of the


Figure 2. ORTEP plot of the structure of 2
(50 % probability ellipsoids). Selected dis-
tances [pm] and angles [8]: Pd ± N1 203.6(3),
Pd ± O2 204.0(2), Pd ± N2 204.4(3), Pd ± O4
204.7(2), O1 ± C1 143.3(5), O1 ± C6 144.9(5),
O2 ± C2 140.8(4), O3 ± C3 143.0(4), O4 ± C4
140.9(4), O5 ± C1 140.7(5), O5 ± C5 144.4(4),
C1 ± C2 153.2(5), C2 ± C3 152.2(5), C3 ± C4
154.3(5), C4 ± C5 154.1(5), C5 ± C6 152.5(6);
N1-Pd-N2 83.65(12), O2-Pd-O4 96.98(9),
C1-O5-C5 100.7(3), O5-C5-C6 100.4(3).
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disaccharide ligand is fixed by an intramolecular O2'-H ´´ ´ O1
bond.


Two typical features of the hydrogen bond patterns of 1 ± 3
must be taken into account when constructing a bonding
model of a polysaccharide in Pd-en. Firstly, two hydrogen
bonds are directed towards each alkoxide group (Table 2);
secondly, there is a pronounced tendency to form cooperative
hydrogen-bond sequences. In crystals of 3, all common
structural elements of hydrogen-bond systems are present
(Scheme 2): a four-membered homodromic ring (bottom
right), a five-membered heterodromic cycle (top), and an
infinite cooperative chain (see legend).[27]


The geometry at the acceptor oxygen atoms is almost
tetrahedral, thus formally both lone pairs of the oxygen atoms
are used. The significance of intramolecular hydrogen bond-
ing is emphasized by the structure of 3, which shows a
conservative hydrogen-bond management in that the usual
O2' ´ ´ ´ O1 bond of the uncomplexed sucrose molecule is left
intact and is strengthened by deprotonation of the acceptor
and by fixing the direction of the O ± H vector.


13C NMR spectroscopy: 13C NMR spectra of 1 exhibit a
downfield coordination-induced shift (CIS) of about Dd�
10 ppm for the (equivalent) carbon atoms attached to the
ligating oxygen atoms O2 and O3 relative to a solution of the


corresponding carbohydrate in an aqueous sodium hydroxide
solution of the same hydroxide concentration. Coordination-
induced shift is a well-known feature of the 13C NMR spectra
of polyolato complexes of molybdenum and tungsten.[28] In
contrast, no CIS is observed for 2 ; the 13C NMR chemical
shifts of C2 and C4 are essentially the same as those of free
levoglucosan. The 13C NMR spectrum of 3 is characteristic of
1,2- and 1,3-diolate complexation. The assignments given in
Table 3 was established by 2D techniques, and ambiguity
remained only for three signals in the narrow range of d�
83.1 ± 83.4 ppm. Spectra of sucrose/Pd-en solutions with molar
ratios of 1/1 to 1/5 exhibit more signals, indicating the
presence of more than one species at a given molar ratio.


In the yellow viscous solutions of cellulose in Pd-en, the
anhydroglucose monomer units of the polysaccharide chains
are entirely complexed according to 13C NMR data (Table 3).
The uniform chemical environment of all of the anhydroglu-
cose units is shown by the sharp and unsplit main signals of the
glucose carbon atoms in the 13C NMR spectrum of a DP40
cellulose sample (Figure 4; the weaker signals are due to
marked enrichment of DP40 cellulose with poorly defined
end-groups). Moreover, the spectrum shows a CIS of 10 ppm
for the C2 und C3 signals. Even the C1 signal, which
sometimes splits into a doublet in cellulose solutions,[29] is a
singlet in Pd-en. As a whole, the spectrum is in accord with the


Table 2. Hydrogen bonds in 1 ± 3 (D�donor, A� acceptor, deprotonated acceptors underlined); distances [pm] and angles [8]; water-oxygen atoms are
labelled O9... ; alkoxo acceptors are underlined; symmetry codes apply to A and are of the form n.uvw; n� 1: x, y, z ; codes with n> 1 are given at the
compound numbers. Note the restraints in hydrogen atom refinement of 3 (Table 4).


D H A D ± H H ´´´ A D ´´´ A D ± H ´´´ A n.uvw


1 (symmetry code: n� 2: ÿx, y� 1/2, ÿz):
N1 H711 O94 84(10) 220(11) 301.7(9) 165(10) 2.655
N1 H712 O91 68(11) 234(11) 299.8(10) 162(12) 1.655
N2 H721 O92 85(10) 211(10) 295.6(9) 173(10) 1.655
N2 H722 O93 89(11) 229(11) 310.2(9) 151(9) 2.656
O91 H911 O3 81(11) 185(11) 266.7(8) 178(11)
O91 H912 O94 74(12) 212(12) 282.9(10) 160(11) 2.655
O92 H921 O93 83(11) 204(12) 282.8(10) 159(10) 2.656
O92 H922 O2 61(11) 206(11) 266.4(7) 170(14)
O93 H931 O92 80(11) 212(11) 287.3(9) 155(10) 1.655
O93 H932 O2 72(11) 205(11) 275.9(8) 169(12)
O94 H941 O3 85(11) 186(10) 270.3(8) 173(10)
O94 H942 O91 69(12) 216(12) 282.2(9) 161(12) 1.655
2 (symmetry codes: n� 3: ÿx, y� 1/2, ÿz� 1/2; n� 4: x� 1/2, ÿy� 1/2, ÿz):
O3 H83 O91 77(5) 188(5) 262.6(4) 162(5) 3.655
N1 H711 O4 80(4) 221(4) 291.7(4) 148(4) 4.566
N1 H712 O3 85(6) 212(6) 293.8(5) 164(5) 3.645
N2 H721 O2 82(5) 198(5) 279.3(4) 175(4) 4.466
N2 H722 O91 97(6) 232(6) 313.4(5) 141(4) 1.455
O91 H911 O4 87(5) 176(5) 263.7(4) 179(5) 1.655
O91 H912 O2 81(5) 200(5) 276.1(4) 156(5)
3 (O ´´´ OSuc bonds only; symmetry codes see 2, in addition: n� 2: ÿx� 1/2, ÿy, z� 1/2; ):
O2� H822 O1 83(6) 186(7) 265.7(6) 161(7)
O4 H84 O97 83(4) 201(3) 282.8(7) 171(9)
O6 H86 O3� 82(4) 183(5) 263.6(5) 168(9) 2.664
O6� H862 O1 83(6) 182(6) 264.6(6) 175(9) 2.664
O91 H912 O3� 83(4) 193(3) 272.3(6) 160(7) 3.646
O93 H931 O2� 83(5) 195(5) 277.4(7) 168(7) 3.746
O94 H941 O4� 83(5) 188(5) 269.2(6) 168(8) 1.655
O95 H952 O6 83(6) 206(7) 285.8(6) 161(8) 3.746
O96 H961 O4 83(5) 201(4) 282.1(7) 166(8) 4.456
O96 H962 O4� 83(4) 184(4) 265.6(7) 169(9)
O98 H982 O3 82(6) 186(6) 267.4(7) 170(9)
O910 H903 O6� 83(3) 193(3) 276.1(8) 177(10) 2.665
O911 H914 O3 83(7) 204(7) 279.0(8) 150(6)
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concept of molecularly dispersed single-stranded cellulose
ligands in a strongly coordinating solvent.


The preference of palladium(ii) centres for nitrogen instead
of oxygen ligators is easily demonstrated by 13C NMR
spectroscopy. Addition of further ethylenediamine to Pd-en/
cellulose in an equimolar quantity with respect to palladium


Figure 4. 125.77 MHz 13C NMR DEPT spectrum of hydrolyzed regenerate
cellulose (DP� 40) in Pd-en.


led to displacement of the diolato ligands according to
Equation (1). The CIS vanished on addition of ethylenedi-


[(en)Pd(GlcC2,3Hÿ2)]� en� x H2O )*


[(en)2Pd]2��GlcCHÿ(2ÿx)� x OHÿ (1)


amine, since the coordinating solvent Pd-en is converted into
the noncoordinating solvent Pd-2en,[1b] which resembles
simple alkaline media in its action on cellulose. When this
experiment was conducted with cotton linters, addition of
ethylenediamine caused precipitation of the polysaccharide;
hence Pd-2en is a poorer solvent than Pd-en.


Viscosimetry and light scattering on Pd-en/cellulose solu-
tions: Despite the well-known sensitivity to oxygen of
cellulose solutions in copper-based solvents, especially
Schweizer�s reagent, the viscosity of Pd-en solutions is
unaffected by oxidative degradation.[13] Light scattering
(LS) experiments at 633 nm benefit from the yellowish colour
of the palladium solvent, since there is no major absorption of
light. The results of polymer characterization in Pd-en are
listed in Table 4. The data given are in accord with the
presence of molecularly dispersed and fully metallated
cellulose strands, since Pn(Pd-en) is only slightly smaller than
Pw(CTC)[13] (CTC� cellulose tricarbanilate), the more so
since the difference is barely larger than the experimental
uncertainty. Thus, like the 13C NMR experiments, the LS data
indicate uniform metallation of the repeating unit.


Scheme 2. Hydrogen bonds in 3. Oxygen donors only; acceptors of an
N-H ´´´ O bond are labelled by a bold dot; all hydrogen bonds are drawn for
atoms in boldface; alkoxo acceptors are underlined. Symmetry codes in the
form n.uvw with n� 1: x, y, z ; n� 2: ÿx� 1/2, ÿy, z� 1/2; n� 3: ÿx, y� 1/
2, ÿz� 1/2; n� 4: x� 1/2, ÿy� 1/2, ÿz ; translation� uÿ 5, vÿ 5, wÿ 5: i


4.456, ii 2.664, iii 1.554, iv 4.457, v 3.645, vi 3.646, vii 2.564, viii 3.655, ix 1.655.
Note the infinite cooperative path: O97ii!O94ii!O95i!O99i!
O910i!O911i!O93i!O97i!. . .


Table 3. 13C NMR data for some of the compounds studied. First line: 13C
NMR shift in ppm; second line: shift with respect to free ligand in aqueous
sodium hydroxide. Bold: carbon atoms attached to palladium-bound oxygen
atoms; italics : carbon-2 atom in a 1,3-diolate; cellulose: degraded rayon (DP
40); mode: coordination of a 1,2- or a 1,3-diolate.


C-1 C-2 C-3 C-4 C-5 C-6 Mode


1 73.2 83.7 1,2
0.8 10.4


2 102.3 68.3 77.2 68.8 77.3 64.7 1,3
0.2 ÿ 2.5 4.4 ÿ 2.7 0.3 ÿ 1.1


3-Fruf 65.1 108.6 83.1 79.9 75.2 63.5 1,3
2.2 4.4 1.1 2.9 0.6 1.6


3-Glcp 92.9 75.5 83.4 83.2 74.4 61.0 1,2
0.2 2.5 10.3 13.4 2.7 0.3


Pd-en/cellulose 103.6 84.5 84.5 79.4 77.5 61.5 1,2
ÿ 0.9 9.8 8.4 0.4 ÿ 0.8 0.0


Pd-2en/cellulose 104.7 75.0 76.5 80.2 76.6 61.8 ±
0.2 0.3 0.4 0.4 0.3 0.3


Table 4. Weight-average molecular weight Mw, radii of gyration hs2i1=2
z ,


number-average of degree of polymerization Pn, and persistence length lp


of cellulose samples as determined by light scattering in Pd-en.


Sample Mw hs2i1=2
z [nm] Pn[a] lp [nm]


Z630 176 000 39 539 9.6
L800 298 000 49 912 9.6
L1100 291 000 50 891 9.8


[a] Calculated as Mw/326.65, the denominator being the relative mass of an
(en)Pd(GlcCHÿ2) repeating unit.
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The radii of gyration hs2iz obtained from light scattering
were used together with the polydispersities[13] to calculate the
persistence length lp of the complexed cellulose chains. The
theory of a wormlike chain according to Benoit and Doty[30]


can be used to derive a relationship between the weight-
average contour length Lw of monodisperse chains and lp.
Schmidt[31] has extended this theory to include nonuniform
samples exhibiting a Schulz ± Zimm distribution [Eq. (2)],


hs2iz�
�m � 2�lp


3 y
ÿ l2


p�
2 yl3


p


m � 1
ÿ 2 l4


p


m�m � 1�


�
y2ÿ ym � 2


�y � lÿ1
p �m


�
(2)


where m� (Mw/Mnÿ 1)ÿ1 and y� (m� 1)/Lw. The values of lp


(Table 4) coincide for the three molecular weights investigat-
ed, indicating consistency of the data. The numerical value of
the persistence length (lp� 9.6 nm) corresponds to segments
of about 20 anhydroglucose units and indicates stiffening of
the cellulose chains upon complexation.


Although indicative of chain stiffening, the measured
persistence length is considerably smaller than those of
covalently substituted cellulose chains in the form of CTCs
(lp� 17 nm[32]). This finding is in accord with the structural
model discussed below together with the flexiblity of the
acetal links derived from the DFT calculations.


DFT calculations on a truncated cellobiosate(2ÿ ) ± Pd(en)
complex: A metallated cellulose strand stiffened by intra-
molecular O6' ± H ´´´ O2ÿ bonds is a ribbon of restricted
flexibility. To obtain insight into the significance of the
stiffening interresidue hydrogen bond O6'-H ´´ ´ O2ÿ in terms


of geometry and energy,
DFT calculations were per-
formed on the truncated
cellobiosate(2ÿ ) ± Pd(en)
unit 4 (Scheme 3) of a palla-
dium-coordinated cellulose
chain. Initially the confor-
mational energetics of the
hydrogen-bond-supported
acetal link of 4 were assessed
at the SVP level, with the
torsion angle y'�C1-O1-
C4'-C5' as the independent
variable when forcing an en-
tire turn of ring A relative to
ring B (Figure 5). The energy
profile shows a deep mini-
mum for conformations that
allow strong O6' ± H ´´´ O2ÿ


bonding to the deprotonated
acceptor. Left of the minimum, the O6' hydroxymethyl group
attached to ring B moves above ring A (Scheme 3) and the
energy is high since O6'H forms bonds with the weaker acetal
oxygen acceptors (O1, O5) and because the entire fragment
has a less favourable conformation in terms of steric
repulsion. The latter contribution is more pronounced to the
right of the minimum, where the hydroxymethyl group moves
below ring A and is heavily influenced by H1, which
efficiently bars its path. Note the often irregular change in


Figure 5. Energy of the truncated cellobiose ± Pd(en) entity of Scheme 3 at
the SVP/BP level (minimum energy set to 0) versus y' (the C1-O1-C4'-O4'
torsion angle); f (the H1-C1-O1-C4' torsion angle) versus y'; not indicated
in the diagram: f(3008)�ÿ1618. The respective hydrogen bond acceptor
of the pendant donor group O6' ± H86' is indicated at the top of the
diagram. A bold bar denotes strong hydrogen bonding (H ´´´ acceptor
distance< 160 pm). A hydrogen bond is present for each conformation
except for that with y'� 2808. For definition of DEtors, see text.


the relative orientation of the rings A and B depicted in
Figure 5, as expressed by the torsion angle f defined in
Scheme 3. This is a result of allowing the structure to relax for
each value of y', thus assuring smooth variation of energy at
the expense of occasional abrupt changes in conformation
along the torsional path. The repulsion term is least significant
in the flat minimum at y'� 608, where rings A and B are
arranged almost coplanar in a rather unstrained conforma-
tion, as they are in the absolute minimum, but with rotation of
one of the rings by about 1808.


The clearly resolved structure around the absolute mini-
mum may be described in a simple electron-pair picture. Of
the two lone pairs at O2, it is the equatorial pair (relative to
the 4C1 puckered ring A as a reference plane) that accepts the
bond from the O6'H donor set in the minimum-energy
structure. A slight increase in y' causes the donor to switch to
the axial pair. This leads to the clearly resolved step on the
right flank of the energy curve, which is about 13 kJ molÿ1 less
stable at the SVP level. The transition of the donor from one
acceptor electron pair to the other evidently is a process with
an activation barrier, since no intermediate geometry is
tangible under the chosen restrictions of the refinement
procedure. The abrupt change of conformation is directly
shown in Figure 5 in the f versus y' plot.


To assess a reasonable value for the energy content of the
O6'-H ´´ ´ O2ÿ bond, the difference between the energies of the
global and the flat minima DEtors (Figure 5) was determined
with the extended TZVP basis set to give 43 kJ molÿ1 for the
skip from the absolute minimum to the less favourable
bonding situation in the flat minimum at y'� 608 (cf. about
55 kJ molÿ1 at the SVP level[33]). In the next step of the
analysis, the Pd(en) entity of Scheme 3 was replaced by two
hydrogen atoms to model the corresponding fragment of
cellulose itself. The DEtors value was now 11 kJ molÿ1, and the
difference of 32 kJ molÿ1 is the energy gain when the O6'-H ´´´
O2 bond is strengthened by deprotonation of the acceptor. To
assess the total energy of an O6' ± H ´´´ O2ÿ bond, the energy
of a normal O ± H ´´´ OH hydrogen bond of about 22 kJ molÿ1


has to be added,[34] and this gives a total of about 54 kJ molÿ1


Scheme 3. The truncated Pd-en/
cellobiosate(2ÿ ) fragment used
for DFT calculations. f and y'
are the torsion angles H1-C1-O1-
C4' and C1-O1-C4'-C5', respec-
tively; the latter has been intro-
duced for technical reasons in-
stead of the usual y�aC1-O1-
C4'-H4'.
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for the stiffening bond of a metallated cellulose strand if this
bond is the only hydrogen bond directed towards the O2ÿ


acceptor.
An energy of 2.5 kJ molÿ1 (� R ´ 298 K) for the minimum


structure shows that the link is rather flexible. In terms of y', a
208 torsion may thus be expected at room temperature for
each hydrogen-bond-supported acetal link.


Correspondence of geometrical data was improved by
adding water donors to the alkoxo groups to model the typical
environment of alkoxo double acceptors in crystal structures.
Three water molecules were added to the diolato function of
the minimum-energy structure to allow for hydrogen bonding,
and the structure was optimized at the TZVP level. In the
course of the refinement, the water molecules approached
three of the nitrogen-bonded hydrogen atoms and established
additional bonds. Though not in an environment typical for
the crystal structures described here with respect to these
additional intraresidue N ± H ´´´ OH2 bonds (which are estab-
lished in an intermolecular mode in the crystalline state; see
Scheme 2), the calculated structure more closely resembles
the values found with the glucose moiety of 3. To take
hydrogen-bond cooperativity into account, a further water
molecule was added to establish an HO ± H ´´´ O6' ± H ´´´ O2
chain. This resulted in only a slight change in geometry.
Significant parameters illustrating the various levels of refine-
ment are compiled in Table 5; the minimum-energy structure
of the final refinement is depicted in Figure 6. Differences to


comparable crystal data are small, and, in the case of Pd ± N
and O ´´´ O distances, reflect the simplifications imposed on
the level of approximation (note, in particular, the length-
ening of the O6' ± H ´´´ O2ÿ bond when additional donors to
O2 are taken into account). Even the most polar Pd ± O
contacts match reliably.


Discussion


Palladium(ii) is particularly suitable for the complexation of
various types of diols. In this respect, it differs from iron(iii) or
the small beryllium ion, which exhibit a pronounced prefer-
ence for furanoid diols (O-C-C-O: 0 to ca. 40 8) over
pyranoidic diols (O-C-C-O: 50 to 60 8).[24b, c] Thus in 1 the
ligand, though capable of adopting a small torsion angle when
binding to small cations, exhibited rather large torsion of the
diol group, which was also observed in the homologous
bipyridyl complex.[35] In 2, the bite of the flexible bicyclic


Figure 6. The minimum-energy structure of 4 ´ 4 H2O. Selected distan-
ces [pm] and angles [8] (see also Tables 5 and 6): C1 ± C2 153.5, C2 ± C3
152.5, C3 ± C4 152.8, C4 ± C5 153.5, C1 ± O1 139.4, C1 ± O5 143.8, C2 ± O2
142.9, C3 ± O3 142.9, C5 ± O5 143.7, C4' ± O1 143.8, C4' ± C5' 154.0, C5' ± C6'
153.7, C6' ± O6' 143.0; N1-Pd-N2 84.0, O2-Pd-O3 85.4, C1-O1-C4' 118.7;
O2-C2-C3-O3 57.8.


ligand is markedly larger than in a copper(ii) levoglucosan
complex.[26] Finally, in 3, binding to a pyranoidic trans-diol in
its equatorial/equatorial conformation takes place in the
glucose part of the structure.


With Pd-en and sucrose, the pattern of metal-binding sites
found in the crystalline state appears to be not the only one
that is possible. Reaction mixtures with a palladium/sucrose
ratio of 2/1 exhibit 13C NMR spectra with more signals than do
re-dissolved crystals of 3, even with samples that had long
reaction times to take kinetic inertness into account. Accord-
ingly, further reasonable dipalladium ± sucrose complexes
may exist, which appear to be roughly equivalent to 3 in
terms of energy. Thus in a Fruf-O4,O6-Glcp-O2',O3' complex
analogous diolate species are present, and even the intra-
molecular hydrogen bond may be formed although the O ± H
vector is reversed. The rather large number of signals at the
high Pd/Suc ratio of 5/1 indicates that in addition to the Glcp-
O3',O4' the Fruf-O1,O3 and the Fruf-O4,O6 sites can not
simultaneously act as ligands in a Pd3-Suc species, as is shown
by simple ball-and-stick models of the fructose part with an E3


conformation. Since no other Pd3 ± Suc species are expected
for this stoichiometry when hydrogen bonding is taken into
account, a maximum of only 12 signals should be obtained,
but more are observed.


13C NMR spectra of 1 and of the glucose part of 3 exhibit
deshielding of the alkoxo carbon atoms by about Dd�
10 ppm, which has also been observed for bis-ethylene-


Table 5. Geometrical parameters as a function of model improvement, and
corresponding distances [pm] in 3.


4 4 ´ 3H2O 4 ´ 4H2O 3


Pd ± O2 199.3 201.7 205.3 202.1 (O4)
Pd ± O3 201.8 205.9 205.1 201.2
Pd ± N1 210.9 206.9 207.6 204.9 (N2)
Pd ± N2 210.9 206.9 206.4 203.6 (N1)
O6' ´ ´ ´ O2 257.7 267.6 269.0 265.7 (O2' ´ ´ ´ O1)
Ymin


' /8 224.6 219.8 219.8


Table 6. Hydrogen bonds in 4 ´ 4H2O (D� donor, A� acceptor; alkoxo
acceptors are underlined); distances [pm] and angles [8].


D H A D ± H H ´´´ A D ´´´ A D ± H ´´´ A


O6' H86� O2 101.0 168.9 269.0 170.5
O91 H911 O2 99.6 181.1 277.1 160.8
O92 H921 O3 99.3 186.2 280.6 157.7
O93 H931 O3 100.8 170.9 268.7 162.2
O94 H941 O6' 100.9 166.2 266.0 169.1
N1 H711 O94 104.9 178.2 283.0 177.9
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diamine-1,2-diolatocobalt(iii) compounds[24a] and in sugar al-
cohol complexes of molybdenum and tungsten.[28] In contrast,
the chemical shifts of 2 and of the fructose part of 3 seem to
contradict the commonly accepted assumption that a carbo-
hydrate carbon atom bearing a metal-bound oxygen atom can
be recognized by a CIS of 10 ppm or more.[28] However, a CIS
of 10 ppm at, for example, a d0 molybdenum(vi) centre may be
of different origin than the same shift caused by a low-spin d8


palladium(ii) center. Accordingly, the shifts reported here
were not predicted exclusively from inductive effects.[36] The
different CIS pattern of the 1,3-diolates also requires further
investigation. NMR spectroscopy can be used as a diagnostic
tool for examining carbohydrate complexation through 1,2-
diol groups. Thus NMR spectroscopy on cellulose in Pd-en has
provided the first evidence of metal coordination to the
O2,O3 diol groups of the polysaccharide in the manner shown
in Scheme 4. This is supported by an upfield shift of the C2


Scheme 4. Cellulose in Pd-en.


and C3 signals by Dd� 10 ppm on addition of ethylene-
diamine in equimolar amounts with respect to palladium,
which cleaves the metal from the carbohydrate. The DP40
cellulose used in the NMR experiments remained dissolved in
the alkaline solution of [Pd(en)2](OH)2 but now gave rise to a
typical spectrum of cellulose in a noncoordinating metal-
based solvent such as Cd-en (Table 3).[29]


The experiments on Pd-en thus give support to a new view
of metal-based cellulose solvents, which is also supported by
light-scattering experiments. Although apparently closely
related, metal-based solvents be divided into two classes:
Cd-en, Ni-en, Ni-NH3


[1b] and other solvents with a high total
concentration of dissolved metal hydroxide appear to be
noncoordinating solvents which dissolve cellulose in the same
way as aqueous alkylammonium hydroxide solutions, that is,
by the action of high hydroxide concentration in the presence
of a bulky cation that can support the separation of the
cellulose chains. As with all other nonderivatizing cellulose
solvents, the cellulose microfibrils are not disassembled to
single cellulose chains in these solvents.[37]


In contrast, Schweizer�s reagent (Cu-NH3), Cu-en and the
new solvents Pd-en, Ni-tren,[1a] Zn-dien and Cd-tren[38] are
coordinating agents. They dissolve even an equimolar amount
of cellulose monomer units at lower total metal hydroxide
concentration to yield entirely metallated polysaccharide
strands. A ligand polymer is formed, that is, a metal-


containing polymer in which the ligand is the polymeric entity
(cf. metal-containing polymers of the coordination polymer
type). Coordinating agents are unique among the nonderiva-
tizing solvents in forming single-stranded cellulose chains
during the dissolution process. Concurrent with O2,O3
deprotonation, the deprotonated sites are fixed and at the
same time are shielded from interchain hydrogen bonding.
Thus, separation of the polysaccharide chains is achieved by
the action of a suitable metal centre/auxiliary ligand combi-
nation. Due to tight metal-bonding to a well-defined site of
the polysaccharide, the mere bulk of the metal/ligand moiety
is less significant.


The question arises whether a coordinating solvent is still
nonderivatizing. With Schweizer�s reagent, the question may
be answered in terms of kinetic lability. The constitution of the
copper(ii) cellulose complex varies apparently without delay
in time when changing the solution composition in terms of
pH or total concentration of the components. On the other
hand, the Pd-en/cellulose complex appears to remain un-
altered by these parameters for two reasons. Firstly, pallad-
ium(ii) compounds are kinetically more inert than the highly
labile copper(ii) complexes; secondly, at an en/Pd/diol ratio of
1/1/1, no other stable species were detected even when the pH
was increased, which favours bis-diolato-metallates in the
cupric system (in the presence of nitrogen ligands, an O4


ligator set is suitable for copper(ii) but not for palladium ions).
The use of new coordinating solvents such as Pd-en, Ni-


tren, Zn-dien and Cd-tren thus appears to be the key to
manipulating single strands of underivatized cellulose. Hence,
a suitable tool for the synthesis of supramolecular assemblies
with cellulose and other polysaccharides is available. Pd-en is
less suitable for synthetic purposes due to its high price and
thermal instability, but it is well suited to the analysis of
solutions of polysaccharides in coordinating solvents owing to
its applicability in NMR spectroscopy and light scattering.


Conclusions


In the presence of carbohydrate-based 1,2- and 1,3-diol
groups, the hydroxo ligands of Pd-en, an aqueous solution
of [(en)Pd(OH)2], are replaced by a dianionic diolato(2ÿ )
ligand. The ligating alkoxo O atoms are acceptors in hydrogen
bonds, which are established as intramolecular bonds when-
ever possible. Pd-en is a coordinating solvent for polysac-
charides, including cellulose, which is molecularly dispersed to
give entirely metallated single strands. A structural model of
the metallated cellulose chains that are stiffened by intrachain
interresidue hydrogen bonds with O6 ± H donor groups and
O2' alkoxo acceptors, in which the latter are part of chelate
rings and hence have geometrically fixed lone pairs, is
supported by a combined experimental and theoretical
approach with 1) crystal structure analysis on low-molecular
weight carbohydrates, 2) 13C NMR spectroscopy on hydro-
lyzed cellulose samples (DP� 40), 3) light-scattering inves-
tigations on cellulose samples of various degrees of polymer-
ization and 4) density functional theory calculations on a
truncated Pd(en) ± cellobiosate entity.
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Cooperative Interactions in a Ternary Mixture


Adrian P. Bisson, Christopher A. Hunter,* Juan Carlos Morales, and Karen Young


Abstract: The formation of hydrogen-
bonded complexes between three differ-
ent compounds has been investigated by
1H NMR spectroscopy. Titration experi-
ments for binary and ternary mixtures
show that these compounds form a
termolecular complex in chloroform.
The complexation-induced changes in
chemical shift indicate that the structure
of the ternary complex is similar to the


hydrogen-bonded structures found in
the simple binary mixtures. However,
the association constant for the forma-
tion of the ternary complex is signifi-
cantly larger than that expected based


on the stabilities of the binary com-
plexes: the association constant increas-
es by a factor of three, equivalent to a
stabilisation of 1 ± 2 kJ molÿ1. An explan-
ation for this phenomenon is that the
formation of a small hydrogen-bond
network polarises the hydrogen-bonding
groups and thereby increases the
strengths of the individual hydrogen-
bonding interactions.


Keywords: amides ´ cooperative
effects ´ hydrogen bonds ´
NMR spectroscopy


Introduction


When many weak noncovalent interactions act in concert to
generate an organised structure, for example in a crystalline
solid or a folded protein, the net release of free energy is often
greater than one might expect based on the properties of the
individual intermolecular interactions studied in isolation.[1]


This phenomenon, cooperativity, has two important origins.
One noncovalent interaction can sense (and respond to) the
presence of another noncovalent interaction either through a
change in the number of degrees of freedom accessible to the
system or through a change in the electronic structures of the
molecules.


Cooperativity mediated by conformational change and
restriction of conformational, translational or rotational
mobility is an essential aspect of any molecular recognition
event. Figures 1 and 2 distinguish two different situations in
which these concepts apply. Figure 1 shows cooperativity
between different interaction sites on the same molecules for
these bimolecular complexes jDGAB j> j (DGA�DGB) j . This
is often entropy-driven, but may also have an enthalpic
contribution.[2±5] Figure 2 shows cooperativity between differ-
ent interaction sites on different molecules: for these termo-


∆GAB


∆GA


∆GB


A


B


A


B


Figure 1. Cooperative binding interactions between two recognition sites
on the same molecule in a bimolecular complex. Complexation of the
covalently linked adduct AB is entropically more favourable than
complexation of the two separate recognition elements A and B.
jDGAB j> j (DGA�DGB) j .


lecular (or larger) complexes jDG2 j> jDG1 j . This can be due
to a change in the conformation of the receptor induced by the
binding of the first substrate (Figure 2a) or to direct inter-
actions between the two substrates in the ternary complex
(Figure 2b).[6±12]


Cooperativity mediated by changes in electronic structure
is a quite distinct phenomenon and is related to an important
fundamental property of all noncovalent interactions, induc-
tion. In polar systems that contain intermolecular electrostatic
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∆G1


∆G1 ∆G2


∆G2


a)


b)


Figure 2. Cooperative binding interactions between two recognition sites
on different molecules in a termolecular complex. a) Complexation of the
first substrate changes the conformation of the receptor. b) Direct
interactions between the two substrates stabilise the ternary complex. In
both cases jDG2 j> jDG1 j .


interactions strong enough to perturb the electronic charge
distributions of the molecules, the induced polarisation causes
an additional contribution to the total electrostatic interaction
energy over and above what might be expected, based on the
charge distributions of the isolated molecules. Such induction
effects are believed to be important in protein folding, where
networks of amide ± amide hydrogen bonds (e.g., in a helices)
are believed to reinforce each other. The formation of one
amide ± amide hydrogen bond increases the magnitude of the
N ± H and C�O bond dipoles, so that the formation of a
second hydrogen bond on the other face of the amide is
energetically more favourable (Figure 3).[13] DG2 in Figure 3 is
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Figure 3. Cooperative binding interactions caused by induction. The
formation of hydrogen bonds increases the polarisation of the amide
groups, and so jDG2 j> jDG1 j .


more favourable than DG1, because the termolecular complex
involves hydrogen-bonding interactions between amides that
are more highly polarised than the amides in the bimolecular
complex. The difference (DG2ÿDG1) is a measure of the
magnitude of this electrostatic cooperativity. However, ex-
perimentally the magnitude of such cooperative interactions
is not easy to quantify, and so evidence that such effects are
energetically significant for protein folding or small molecule
recognition is lacking.[14]


Recently, Williams et al. presented experimental evidence
for cooperativity in the formation of a quaternary complex of
two molecules of vancomycin and two molecules of N-Ac-d-
Ala-d-Ala.[15] A network of hydrogen bonds is formed at the


intermolecular interface in this system, and the cooperativity
could be attributed to the inductive polarisation effects
illustrated in Figure 3. However, the molecules are charged
and the effect might simply be a consequence of a direct
electrostatic interaction between the positive charges on the
vancomycins with the negative charges on the peptide
substrates as in Figure 2b. In this paper, we describe an
experimental study of a small molecule system that suggests
that inductive cooperativity makes a significant energetic
contribution to the free energy of hydrogen-bonding inter-
actions between neutral molecules in organic solvents.


Approach : We recently described the structures of a family of
amide oligomers that form dimeric hydrogen-bonded com-
plexes in chloroform.[16] The structure of one of these
complexes (1 ´ 2) is shown in Figure 4a. This system represents
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Figure 4. Structures of the complexes formed in binary mixtures of 1, 2 and
3. The limiting complexation-induced changes in 1H NMR chemical shift
determined by extrapolating titration data in chloroform are indicated.
a) Structure of the 1:1 complex formed between 1 and 2. b) Representative
structure indicating the important interactions present in the 1 ´ (3)2


complex. Different structures where 3 is bound on the other face of 1 are
probably present in this system. c) Representative structure indicating the
important interactions present in the 2 ´ (3)2 complex. Different structures
where 3 is bound on the other face of 2 are probably present in this system.


a simple model for probing various aspects of molecular
recognition such as the magnitude of the individual inter-
actions, which contribute to the stability of the complex,[17±18]


their sensitivity to substituents and the magnitude of cooper-
ative interactions between them. Here we report an experi-
ment designed to detect induction effects in a small hydrogen-
bond network. The idea is simply to add a third component
that is capable of forming hydrogen bonds with the 1 ´ 2
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complex and to measure consequent changes in the stability of
the complex. p-Nitrophenol (3) was chosen as the third
component (Scheme 1), since it is a good hydrogen-bond
donor and additional p ± p interactions should stabilise the
complexes sufficiently for accurate determination of associ-
ation constants.
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Scheme 1. The structures of 1, 2 and 3 with the 1H NMR signal labelling
scheme.


Results and Discussion


Binary mixtures : We first investigated the properties of the
three possible two component mixtures of 1, 2 and 3. The 1 ´ 2
complex has already been described, but the key results are
repeated here for comparison with the ternary mixtures.[17]


The complexes were characterised in deuterochloroform by
means of 1H NMR Job plots to determine the stoichiometries
(Figure 5) and 1H NMR titrations to determine the associa-
tion constants (Table 1) and complexation-induced changes in
chemical shift (Figure 4). The Job plots show that 1 and 2 form
a 1:1 complex as described previously, but the results for the
other two complexes are not so simple. For both systems, the
Job plots show some asymmetry which means that the
stoichiometry is greater than 1:1. The simplest interpretation
is that these systems form 2:1 complexes, but that the two
binding sites are slightly different: they may have different
complexation-induced changes in chemical shift or different
association constants that displace the maximum in the Job
plot from 0.67 (or 0.33). The titration data for the complexes
containing 3 were analysed with curve-fitting software and
various different binding models: 1:1 complexation, 2:1
complexation with identical binding sites and 2:1 complex-
ation with different binding sites. In fact, the results were
rather similar for all of these models, and we conclude that the
difference between the two binding sites is small.


All three titrations were performed firstly with one binding
partner as the host and they were then repeated with the other
binding partner as the host, so that reliable complexation-
induced changes in 1H NMR chemical shift could be
determined for both molecules in the complex (Figure 4).
These changes in chemical shift give an indication of the


Figure 5. 1H NMR Job plots for the binary mixtures of 1, 2 and 3 in
chloroform: a) 1� 2. b) 1� 3. c) 2� 3.


structures of these complexes (protons for which changes in
chemical shift are not shown in Figure 4 moved less than
0.15 ppm in all of the complexes). Downfield shifts of the
amide and hydroxyl protons are characteristic of hydrogen-
bonding interactions, while upfield shifts of the aromatic
protons are indicative of p ± p interactions. The structure of
the 1 ´ 2 complex with two hydrogen bonds and four edge-to-
face p ± p interactions is shown in Figure 4a. Representative
structures for the complexes formed with 3 are shown in
Figures 4b and c: the changes in chemical shift indicate
hydrogen bonds between the amides of 1 and 2 and the
hydroxyl group of 3, and the upfield shifts of the signals due to
the aromatic protons of 3 are characteristic of edge-to-face
p ± p interactions. Although a mixture of conformations is
probably present in these systems, the very large shifts
observed for the 3 hydroxyl proton suggest that the primary
mode of interaction involves H-bonds, where the 3 hydroxyl
proton is the donor and the amide oxygens of 1 and 2 are the
acceptors. This observation is also consistent with the


Table 1. Association constants in chloroform at 295 K.[a]


K1 [mÿ1] K2 [mÿ1] K(1 ´ 2 ´ 3) [mÿ2]


1� 2, 1 ´ 2 47� 3 ± ±
1� 3, 1 ´ 3� 1 ´ (3)2 52� 5 51� 5 ±
2� 3, 2 ´ 3� 2 ´ (3)2 21� 3 22� 3 ±
1 ´ 2� 3, 1 ´ 2 ´ 3 240� 50 ± 11000� 3000
1 ´ 3� 2, 1 ´ 2 ´ 3 150� 50 ± 8000� 3000
2 ´ 3� 1, 1 ´ 2 ´ 3 270� 80 ± 6000� 2000


[a] Average values from at least two separate experiments. Titration data
for three ± six different signals were used to determine the association
constant in each experiment. Errors are quoted as twice the standard error
from the weighted mean (weighting based on the observed change in
chemical shift).
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formation of 2:1 complexes where each amide carbonyl
oxygen of 1 and 2 forms a hydrogen bond to a molecule of 3.


Ternary mixture : The ternary mixture was studied by means
of 1H NMR titrations.[19] One component was titrated into a
1:1 mixture of the other two components in deuterochloro-
form. In principle, the ternary mixture might contain no new
equilibria, and so the binding isotherms obtained from these
titrations could be predicted from the known binding
constants and complexation-induced changes in chemical
shift from the binary mixture experiments. We therefore used
simulation software to calculate the binding isotherms for the
ternary mixture titrations with a model that simultaneously
accounted for all of the equilibria (a) ± (e) and the known
properties of the binary mixtures.


1� 2, 1 ´ 2 (a)


1� 3, 1 ´ 3 (b)


1 ´ 3� 3, 1 ´ (3)2 (c)


2� 3, 2 ´ 3 (d)


2 ´ 3� 3, 2 ´ (3)2 (e)


The results of these simulations along with the experimen-
tal data for the titration of 3 into a 1:1 mixture of 1 and 2 are
shown in Figure 6 (see also Scheme 1). There is a large
difference between the simulated binding isotherms and the
experimental data. Notably, the signals due to four of the
aromatic protons all show biphasic behaviour that can not be
explained by the binary equilibria (Figures 6a ± d). This shows
that there is at least one additional species present in the
ternary mixture that is not present in any of the binary
mixtures. The only explanation is a complex that contains all
three components, 1, 2 and 3. Figure 7 shows the equilibria
that are present. At the start of the titration, in the presence of
small amounts of 3, the ternary complex is formed, but as the
titration proceeds the excess 3 forces the equilibrium towards
the binary mixture complexes. This explains the biphasic
nature of the titration data in Figure 6: the decrease in the
chemical shifts of the signals due to the 1 and 2 aromatic
protons is a result of the formation of the ternary complex,
and the increase in chemical shift in the second
phase of the titration corresponds to dissociation of
this complex and formation of the simple binary
mixture complexes. The signals due to the four
aromatic protons in Figure 6 are precisely the four
signals that show large upfield shifts on formation
of the 1 ´ 2 complex: indeed the magnitude of the
downward curvature in Figure 6 closely matches
the size of the complexation-induced change in
chemical shift in the 1 ´ 2 complex. This observation
suggests that the structure of the ternary complex
is very similar to that of the 1 ´ 2 complex. The large
increase in the chemical shifts of the signals due to
the amide protons over and above that expected
for the simple binary mixture complexes suggests
that the ternary complex involves additional hy-


Figure 6. 1H NMR titration data for the addition of 3 to a 1:1 mixture of 1
and 2 in chloroform. The curves that do not fit the data points represent the
predicted isotherms based on the properties of the binary mixtures. The
curves that fit the data points well were obtained by including one
additional equilibrium (formation the 1 ´ 2 ´ 3 complex) in the analysis. For
comparison, the changes in chemical shift (Dd) in the 1 ´ 2 complex are
given. a) signal d1b, Dd in 1 ´ 2 complex�ÿ0.2. b) signal d2, Dd in 1 ´ 2
complex�ÿ0.4. c) signal d1a, Dd in 1 ´ 2 complex�ÿ0.4. d) signal t2, Dd


in 1 ´ 2 complex�ÿ1.4. e) signal NH1, Dd in 1 ´ 2 complex��1.0. The
signal labelling scheme is shown on the structure diagrams in Scheme 1.


drogen-bonding interactions (Figure 6e). In conclusion, the
structure of the ternary complex is essentially identical to that
of the 1 ´ 2 complex with a molecule of 3 hydrogen bonded on
the outside, shown schematically in Figure 7. One of the
possible structures consistent with these observations is shown
in Figure 8.[20]


In order to obtain an estimate of the stability of the ternary
complex, the experimental data was analysed with curve-
fitting software with a model that accounted for all of the


1•2


1•2•3


2•3 2•(3)2


1•3 1•(3)2


3 excess 3


Figure 7. Schematic representation of the complexes present in the ternary mixture.
Following the equilibria from left to right illustrates the progress of the titration of 3 into a
1:1 mixture of 1 and 2. Initially, the 1 ´ 2 complex is present. As 3 is added, the ternary
complex, 1 ´ 2 ´ 3, is formed. On addition of excess 3, this complex is broken up and a
mixture of 1� 3 and 2� 3 complexes are formed.
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binary equilibria (a) ± (e) and an additional equilibrium (f) ±
(h) for the formation the ternary complex 1 ´ 2 ´ 3. When 3 was


1 ´ 2� 3, 1 ´ 2 ´ 3 (f)


2 ´ 3� 1, 1 ´ 2 ´ 3 (g)


1 ´ 3� 2, 1 ´ 2 ´ 3 (h)


titrated into the 1:1 mixture of 1 and 2 equilibrium (f) was
included in the analysis, when 1 was titrated into the 1:1
mixture of 2 and 3 equilibrium (g) was included and when 2
was titrated into the 1:1 mixture of 1 and 3 equilibrium (h) was
included.


The results discussed above show that the structure of the
ternary complex is similar to that of the 1 ´ 2 complex with 3
bound on the outside (Figure 7). We therefore used this model
to estimate the bound chemical shift of the ternary complex.
This allows us to carry out the curve-fitting with a single
variable, the association constant for formation of the ternary
complex, which significantly improves the reliability of the
fitting procedure. Five different values for the bound chemical
shift of the ternary complex that correspond to different
possible binding modes were tested as detailed in Equa-
tions (1) ± (5).


Dd(1 ´ 2 ´ 3)�Dd(1 ´ 2) (1)


Dd(1 ´ 2 ´ 3)�Dd(1 ´ 2)�Dd(1 ´ 3) (2)


Dd(1 ´ 2 ´ 3)�Dd(1 ´ 2)�Dd(2 ´ 3) (3)


Dd(1 ´ 2 ´ 3)�Dd(1 ´ 2)�Dd(1 ´ 3)�Dd(2 ´ 3) (4)


Dd(1 ´ 2 ´ 3)�Dd(1 ´ 2)� 0.5 {Dd(1 ´ 3)�Dd(2 ´ 3)} (5)


The results obtained were very similar for all of these
models for all three titrations: the change in chemical shift for
formation of the 1 ´ 2 complex is generally much larger than
for the other complexes, and so the difference between
different models is small. The quality of the fit of the
calculated curve to the experimental data for such a complex
system with a single variable, the ternary complex association
constant, is remarkably good (Figure 6), especially since it is
usually difficult to obtain good curve fits with biphasic
isotherms. The association constants for each of the three
titrations are listed in Table 1 (these figures and the fits shown


in Figure 6 were obtained from the last method for estimating
Dd(1 ´ 2 ´ 3) shown above [Eq. (5)]). All three titrations show
substantial increases in the observed association constant (K1)
compared with the binary mixture complexes; this indicates
that some kind of cooperative interactions are present in the
ternary complex. The K1 values in Table 1 are the association
constants for the formation of 1 ´ 2 ´ 3 from the corresponding
binary complex. The value for the association constant for
formation of the ternary complex from the three constituent
molecules, K(1 ´ 2 ´ 3), is determined by combining the appro-
priate equilibrium constants as follows:


For titration 1 ´ 2� 3, 1 ´ 2 ´ 3 K(1 ´ 2 ´ 3)�K1(obs)K1(1 ´ 2)


For titration 2 ´ 3� 1, 1 ´ 2 ´ 3 K(1 ´ 2 ´ 3)�K1(obs)K1(2 ´ 3)


For titration 1 ´ 3� 2, 1 ´ 2 ´ 3 K(1 ´ 2 ´ 3)�K1(obs) K1(1 ´ 3)


The value of K(1 ´ 2 ´ 3) shows some variation between the
three titrations, but the results fall within the range of the
estimated errors: the average value is 8000� 2000mÿ2. The
magnitude of the cooperativity observed in the ternary
complex can thus be determined by comparing this associa-
tion constant with the individual bimolecular association
constants. The two most stable bimolecular complexes are 1 ´ 2
and 1 ´ 3, and therefore these make the most appropriate
comparison.


Cooperativity factor� K�1 � 2 � 3�
K�1 � 2�K�1 � 3�� 3


In other words, cooperative interactions in the ternary
complex make it three times more stable than expected, based
on the strengths of the individual interactions in the two
bimolecular complexes. This stabilisation is equivalent to 1 ±
2 kJ molÿ1, and we attribute the additional interaction energy
to induction effects caused by polarisation of the amides and
enhanced hydrogen-bonding interactions in the ternary com-
plex as illustrated in Figure 3.


It is not possible to obtain more detailed information on the
structure of the ternary complex, for example from ROESY
experiments, because the proportion of this complex present
is always small. Figure 9 shows how the populations of the


Figure 9. Populations of complexes present during the titration of 3 into a
1:1 mixture of 1 and 2.


various species change during the course of the titration of 3
into the 1:1 mixture of 1 and 2. The concentration of the
ternary complex goes through a maximum at about 25 mm,
and it is only ever present as 25 % of the total concentration of
1 (or 2). There is always a comparable amount of the 1 ´ 3
complex present, so that it is difficult to obtain useful
unambiguous structural information from the ROESY spec-
trum of the mixture.
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Figure 8. Structure of the ternary complex, 1 ´ 2 ´ 3. Other binding modes
where 3 is hydrogen-bonded to different amide groups on the outside of
the 1 ´ 2 complex are also populated.
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Conclusions


These experiments show that 1, 2 and 3 form a termolecular
complex in chloroform solution. The complexation-induced
changes in chemical shift indicate that the structure of the
ternary complex is similar to the hydrogen-bonded structures
found in the simple binary mixtures. However, the association
constant for formation of the ternary complex is significantly
larger than that expected based on the stabilities of the binary
complexes (the increase of a factor of three is equivalent to
1 ± 2 kJ molÿ1). This enhanced stability might be explained by
a conformational change or by direct interactions between all
three molecules in the ternary complex, but the most likely
explanation is that the formation of a small hydrogen-bond
network polarises the hydrogen-bonding groups and thereby
increases the strengths of the indiviual hydrogen-bonding
interactions. This result shows that induction effects can be
important even at the level of simple small molecule
interactions where two hydrogen bonds can mutually stabilise
each other by perturbing the molecular charge distributions.
These experiments have been carried out in chloroform,
which is a very weak hydrogen-bonding solvent. It is not clear
that the results will also apply to molecular recognition in
water where all of the functional groups would be strongly
hydrogen-bonded to the solvent at all times.


Experimental Section


p-Nitrophenol (3) was purchased from Aldrich and used without further
purification. Compounds 1 and 2 were prepared by simple amide couplings
as outlined below.


Synthesis of 1: p-tert-Butyl benzoyl chloride (8.4 mmol; 1.6 mL) was added
to a solution of 1,1'-bis(4-amino-3,5-dimethylphenyl)cyclohexane[21]


(4.2 mmol; 1.35 g) and Et3N (8.4 mmol; 1.2 mL) in dry CH2Cl2 (50 mL)
over 10 min. The reaction was allowed to stir for two hours. The solution
was washed with HCl (1m; 2� 75 mL) and NaOH (1m; 2� 75 mL) and
then dried over Na2SO4 (anhydrous). The Na2SO4 was removed by
filtration and the organic solution reduced to dryness on the rotary
evaporator. The product was isolated by recrystallization from CH2Cl2/
petroleum ether (40 ± 60) to give a
clear yellow solid (2.5 g; 92%). M.p.
192 ± 193 8C; 1H NMR (250 MHz,
CDCl3, 25 8C, TMS): d� 7.84 (d,
3J(H,H)� 7 Hz, 4 H), 7.52 (d,
3J(H,H)� 7 Hz, 4 H), 7.27 (s, 2H), 7.03
(s, 4 H), 2.24 (m, 16 H), 1.60 ± 1.45 (m,
6H), 1.55 (s, 18 H); 13C NMR
(250 MHz, [D6]DMSO, 25 8C): d�
165.2, 154.5, 147.0, 135.5, 133.1, 132.0, 127.8, 126.3, 125.5, 45.1, 36.5, 35.0,
31.3, 26.2, 23.1, 18.9; IR (C2H2Cl4): nÄ � 3425, 2980, 2968, 2865, 1669, 1610,
1565, 1489, 1365 cmÿ1; MS (FAB): m/z (%): 642 [M�]; C44H54N2O2 (642):
calcd C 82.20, H 8.47, N 4.36; found C 82.17, H 8.46, N 4.20.


Synthesis of 2 : 2,6-Diisopropyl aniline (0.011 mol; 2.2 mL) and Et3N
(0.0118 mol; 1.6 mL) in dry CH2Cl2 (25 mL) were added to a solution of
isophthaloyl dichloride (5.9 mmol; 1.2 g) in dry CH2Cl2 (50 mL). The
reaction was allowed to stir for two hours and then diluted to 150 mL with
CH2Cl2. The reaction mixture was washed with HCl (1m; 2� 100 mL) and
NaOH (1m ; 2� 100 mL), and the resultant organic solution dried over
Na2SO4 (anhydrous). The Na2SO4 was removed by filtration and the
organic solution reduced to dryness on a rotary evaporator. The resultant
cream solid was recrystallized from CH2Cl2/petroleum ether (40 ± 60) to
give the product as a white solid (2.7 g; 95 %). M.p. >270 8C; 1H NMR
(250 MHz, CDCl3, 25 8C, TMS): d� 8.52 (s, 1 H), 8.10 (d, 3J(H,H)� 7 Hz,
2H), 7.60 (m, 3H), 7.35 (t, 3J(H,H)� 7 Hz, 1 H), 7.23 (d, 3J(H,H)� 7 Hz,


4H), 3.15 (septet, 3J(H,H)� 7 Hz, 2 H), 1.25 (d, 3J(H,H)� 7 Hz, 24 H); 13C
NMR (250 MHz, [D6]DMSO, 25 8C): d� 166.2, 149.8, 146.5, 135.2, 133.0,
130.0, 128.0, 127.5, 123.4, 28.7, 24.0, 23.8; IR (C2H2Cl4): nÄ � 3423, 2999, 2968,
2871, 1723, 1675, 1585, 1493, 1470 cmÿ1; MS (FAB): m/z (%): 485 [MH�];
C32H40N2O2 (484): calcd C 79.30, H 8.32, N 5.78; found C 79.03, H 8.24, N
5.48.


1H NMR Titrations : A sample of host was dissolved in deuterochloroform
(generally concentrations of 5 ± 20mm were used). A portion of this
solution was used as the host NMR sample, and the remainder was used to
dissolve a sample of the guest, so that the host concentration remained
constant throughout the titration. Successive aliquots of the guest solution
were added to the host NMR sample, and 1H NMR spectra were recorded
after each addition. The changes in chemical shift of all of the host signals as
a function of guest concentration were then analysed with purpose-written
software on an Apple Macintosh microcomputer. These programmes fit the
data to the appropriate binding model to yield the association constant, the
bound chemical shift and, if required, the free chemical shift.


NMRTit HG fits the data to a 1:1 binding isotherm by solving the
Equations (6) ± (8) in which [H]0 is the total concentration of host; [G]0 is
the total concentration of guest; [H] is the concentration of unbound free
host; [HG] is the concentration of host ´ guest complex; K is the association
constant for formation of the host ´ guest complex; df is the free chemical
shift of the host; db is the limiting bound chemical shift of the host ´ guest
complex.


[HG]� 1 � K�H�0�G�0 ÿ
�������������������������������������������������������������������
f�1� �H�0�G�0�2 ÿ 4 K2�H�0�G�0g


q
2K


(6)


[H]� [H]0ÿ [HG] (7)


dobs�
�HG�
�H�0


db�
�H�
�H�0


df (8)


NMRTit HGG fits the data to a 1:2 binding isotherm by an iterative
procedure to solve the following simultaneous equations. The method starts
by assuming that [HGG]� 0, so that Equation (9) can be solved exactly for
[HG]. This value of [HG] is then used to solve Equation (10) for [HGG].
Equation (11) gives the concentration of free host [H]. At this point,
[H]�[HG]�[HGG]=[H]0, so the value of [HGG] from Equation (10) is
used in Equation (9) to reevaluate [HG], and the procedure is carried out
repetitively until [H]�[HG]�[HGG]� [H]0. This allows the set of
simultaneous equations [Eq. (9) ± (12)] to be solved for the concentrations
of all species present where [HGG] is the concentration of host ´ (guest)2


complex; K1 is the microscopic association constant for formation of the
host ´ guest complex; K2 is the microscopic association constant for


formation of the host ´ (guest)2 complex; db1 is the limiting bound chemical
shift of the host ´ guest complex; db2 is the limiting bound chemical shift of
the host ´ (guest)2 complex.


NMRTit HHG fits the data to a 2:1 binding isotherm by an iterative
procedure to solve the following simultaneous equations. The method is
similar to that described above for NMRTit HGG. The procedure starts by
assuming that [HHG]� 0, and then Equations (13) ± (16) are solved in turn
repetitively until [H]� [HG]� 2[HHG]� [H]0, where [HHG] is the
concentration of (host)2 ´ guest complex; K1 is the microscopic association
constant for formation of the host ´ guest complex; K2 is the microscopic


[HG]� 1 � 2 K1�G�0��H�0 ÿ �HGG�� ÿ
����������������������������������������������������������������������������������������������������������������������������������
f�1 � 2 K1�G�0��H�0 ÿ �HGG���2 ÿ 16 K2


1�G�0��H�0 ÿ �HGG��g
q


4 K1


(9)


[HGG]� 1 � 0:5 K2�G�0��H�0 ÿ �HG�� ÿ
������������������������������������������������������������������������������������������������������������������������
f�1 � 0:5 K2�G�0��H�0 ÿ �HG���2 ÿK2�G�0��H�0 ÿ �HG��g


q
K2


(10)


[H]� [H]0ÿ [HG]ÿ [HGG] (11)


dobs�
�HGG�
�H�0


db2�
�HG�
�H�0


db1�
�H�
�H�0


df (12)
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association constant for formation of the (host)2 ´ guest complex; db1 is the
limiting bound chemical shift of the host ´ guest complex; db2 is the limiting
bound chemical shift of the (host)2 ´ guest complex.


The approach for the multiple equilibria in the ternary mixture is the same,
and the programmes use the same iterative procedure to solve the
appropriate set of simultaneous equations. These curve fitting programmes
are available from the author on request. All experiments were performed
at least twice. The association constant for a single run was calculated as the
mean of the values obtained for each of the signals followed during the
titration, weighted by the observed changes in chemical shift. The
association constants from different runs were then averaged. Errors are
quoted at the 95 % confidence limits (twice the standard error). For a single
run, the standard error was determined from the standard deviation of the
different association constants determined by following different signals.
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Electrochemistry of Encapsulated Guests: Ferrocene inside
Cram�s Hemicarcerands


Sandra Mendoza, Pablo D. Davidov, and Angel E. Kaifer*


Abstract: The voltammetric behavior of
ferrocene encapsulated inside two hemi-
carcerand hosts was investigated in di-
chloromethane and tetrachloroethane
solutions. Molecular encapsulation led
to substantial changes in the anodic
voltammetric behavior of the ferrocene
nucleus. Generally, encapsulated ferro-
cene exhibited a more positive half-
wave oxidation potential and a lower
apparent standard rate constant of het-
erogeneous electron transfer than un-
complexed ferrocene under identical


experimental conditions. Whereas the
anodic shift of the half-wave potential
probably results from the hindered sol-
vation of the positively charged, oxi-
dized ferrocene inside the nonpolar
hemicarcerand cavities, the observed


decrease in electron transfer rate seems
to arise primarily from the increased
molecular mass of the electro-inactive
species and the longer distance of max-
imum approach between the ferrocene
center and the electrode surface which is
imposed by the encapsulating host.
Generally, electrochemical oxidation
did not significantly alter the slow rate
of ferrocene guest dissociation or re-
lease from the hemicarceplexes sur-
veyed.


Keywords: electron transfer ´
ferrocenes ´ hemicarcerands ´
host ± guest chemistry ´ molecular
encapsulation ´ sandwich
complexes ´ voltammetry


Introduction


Redox reactions are particularly important in chemistry and
have therefore been the subject of extensive theoretical and
experimental research work. Indeed, Marcus and others have
provided detailed theoretical formulations which have suc-
cessfully explained many experimental findings on the
kinetics of electron transfer (ET) processes.[1±6] During the
last decade, the development of supramolecular chemistry[7]


has opened the possibility of investigating redox processes
coupled to more complicated chemical events, such as
inclusion complexation. A few years ago the electrochemical
oxidation of ferrocenecarboxylic acid in the presence of b-
cyclodextrin was studied in detail.[8] In aqueous solution this
molecular receptor forms a stable inclusion complex with the
ferrocene moiety, but according to Evans and co-workers the
inclusion complex does not undergo direct oxidation at the
electrode surface.[8] Instead, electron transfer from the
ferrocene to the electrode takes place only after dissociation
of the inclusion complex. We have shown similar behavior for
the oxidation of a series of positively charged ferrocene
derivatives in the presence of b-cyclodextrin[9] as well as, more


recently, for the oxidation of fully reduced viologen deriva-
tives[10] and cobaltocene,[11] which are also strongly complexed
by b-cyclodextrin. All of these complexes are formed
reversibly in solution; that is, the inclusion complexes are
kinetically labile, with typical dissociation rate constants
around 104 sÿ1. Under these conditions, the heterogeneous ET
process may circumvent the inclusion complex simply because
the free guest is available on the experimental time scale.
What would be the observed electron transfer behavior,
however, if the inclusion complex were kinetically inert, that
is, if the electro-inactive guest were constrained to remain
encapsulated inside the host for a long time? In more general
terms, the question would be: how does complete molecular
encapsulation affect the electron transfer reactions of redox-
active centers?


Intrigued by the findings on cyclodextrin inclusion com-
plexes, we have started a research program geared to
answering these questions. As a first step in our program,
we recently reported the electrochemical behavior of benzi-
dine (BZ) and p-phenylenediamine (PDA) when inserted as
the central components of rotaxanes[12] (see Figure 1). Al-
though the molecular architecture of these compounds does
not afford perfect encapsulation, the anodic electrochemistry
of the BZ and PDA subunits is profoundly affected by the
continuous proximity of the tetracationic cyclophane which
was used as the bead in these rotaxanes. In fact, the two
consecutive monoelectronic oxidations of p-phenylenedia-
mine were hindered both thermodynamically (the half-wave
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Figure 1. Structure of a rotaxane with a p-phenylenediamine core.


potentials were anodically shifted) and kinetically,[12] as
evidenced by the observed decrease of the apparent standard
rate constants (k0) for the heterogeneous ET processes.
Similar, although quantitatively smaller, effects were ob-
served with the corresponding BZ rotaxane. Unquestionably,
these effects may just be the result of the strong electrostatic
interactions prevalent in these rotaxane structures, especially
upon one- or two-electron oxidation of the core BZ or PDA
subunits.


In order to encapsulate redox-active centers fully inside a
neutral organic structure, we turned to Cram�s hemicarcer-
ands[13] (see structures 1 and 2), a fascinating type of host that


can form inclusion complexes of high kinetic stability with
molecular guests of moderate size, such as the redox-active
ferrocene.[14] Guests of appropriate size and shape can access
the hemicarcerand cavity through the four equatorial open-
ings or portals defined by the four bridges joining the two
cavitand halves of the host. However, the formation of the
corresponding inclusion complexes, or hemicarceplexes, can
be extremely slow at room temperature if the sizes of the
guest and the portals are similar. The rate of association can
be increased at higher temperatures; upon cooling, the guest
becomes kinetically trapped inside the host cavity because the
dissociation rate is also exceedingly slow. Cram has coined the
term constrictive binding in reference to these host ± guest


phenomena[13] and proposed that the cavity of these hosts
represents a new state of matter. In this regard, Cram and his
co-workers have demonstrated that cyclobutadiene is stabi-
lized inside these hosts,[15] proton-transfer equilibria are
strongly affected by encapsulation,[16] and encapsulated guests
can undergo chemical oxidation or reduction reactions.[17]


Very recently, Balzani and co-workers[18, 19] as well as Farran
et al.[20, 21] have investigated the photophysical properties of
encapsulated guests. Here we report, for the first time, the
electrochemical behavior of ferrocene encapsulated inside
these intriguing molecular containers.


Experimental Section


Materials : Hemicarcerands 1 and 2 were synthesized following the general
methodology described by Cram and co-workers.[13] The preparation of the
tetrabromo cavitands is fully reported in the literature.[22, 23] The remaining
compounds were prepared as follows.


Tetral cavitand with phenylethyl feet (5): A solution of tetrabromide 3 (2.5 g,
2.05 mmol) in THF (175 mL) was maintained under a dry nitrogen
atmosphere at ÿ78 8C and sec-butyllithium (17.5 mL, 22.5 mmol) was
added dropwise. The mixture was stirred for 20 min after the addition was
completed and then N-formylmorpholine (1.75 mL, 22.5 mmol) was added.
After the solution had been allowed to warm slowly to 25 8C, 3n HCl was
added until the solution became acidic. The solvent was evaporated under
vacuum, then the residue was filtered and washed with water. The crude
solid was chromatographed on silica gel with CH2Cl2/AcOEt (95:5 v/v;
Rf� 0.27). The tetraaldehyde was isolated as a white crystalline solid
(370 mg, 16%). 1H NMR (400 MHz, CDCl3): d� 2.4 ± 2.68 (m, 16H), 4.47
(d, J� 7.3 Hz, 4H), 4.98 (t, J� 8 Hz, 4H), 5.89 (d, J� 7.3 Hz, 4H), 7.11 ± 7.22
(m, 20 H), 7.29 (s, 4 H), 10.25 (s, 4 H).


Tetral cavitand with pentyl feet (6): Starting from the tetrabromocavitand 4
(3.0 g, 2.6 mmol), the procedure was identical to that followed for the
preparation of 5. The product was obtained as a white crystalline solid
(0. 41 g, 17%). Rf� 0.31 (silica gel, CH2Cl2/AcOEt, 95:5 v/v); 1H NMR
(400 MHz, CDCl3): d� 0.93 (t, J�ÿ7.2 Hz, 12H), 1.38 (m, 24H), 2.23 (m,
8H), 4.47 (d, J� 7.6 Hz, 4H), 4.91 (t, J� 8 Hz, 4 H), 5.89 (d, J� 7.6 Hz, 4H),
7.28 (s, 4 H), 10.25 (s, 4H).


Hemicarcerand with phenylethyl feet (1): To a stirred solution of tetral
cavitand 5 (634 mg, 0.595 mmol) in CH2Cl2 (100 mL) was added 1,3-
diaminobenzene (130 mg, 1.2 mmol). A small amount (spatula) of magne-
sium sulfate was added and the reaction mixture was stirred for six days at
room temperature under a nitrogen atmosphere. The resulting solution was
filtered through celite, and the filtrate was evaporated. The crude product
was chromatographed on silica gel (CH2Cl2/hexane, 70:30 v/v; Rf� 0.40)
and crystallized from CH2Cl2/MeOH to provide 1 as a yellowish solid
(265 mg, 39%). 1H NMR (400 MHz, CDCl3): d� 2.6 ± 2.74 (m, 16H), 4.69
(d, J� 7.7 Hz, 4 H), 5.08 (t, J� 8 Hz, 4 H), 5.73 (d, J� 7.7 Hz, 4 H), 6.61 (s,
4H), 6.82 (d d, J� 7.8 and 2 Hz, 8 H), 7.20 ± 7.27 (m, 20 H), 7.31 (s, 4H), 7.39
(t, J� 8 Hz, 4H), 8.49 (s, 8H).


Hemicarcerand with pentyl feet (2). To a stirred solution of tetral cavitand 6
(735 mg, 0.791 mmol) in CH2Cl2 (100 mL) was added 1,3-diaminobenzene
(171.2 mg, 1.583 mmol). A spatula of magnesium sulfate was added and the
reaction mixture was stirred for six days at room temperature under a
nitrogen atmosphere. The resulting solution was filtered through celite, and
the filtrate was evaporated. The crude product was chromatographed on
silica gel (CH2Cl2/hexane, 70:30 v/v; Rf� 0.45) and crystallized from
CH2Cl2/MeOH to provide 2 as a yellowish solid (246 mg, 29%). 1H NMR
(400 MHz, CDCl3): d� 0.94 (t, J� 7.2 Hz, 12H), 1.43 (m, 24H), 2.29 (m,
8H), 4.65 (d, J� 7.9 Hz, 4H), 4.95 (t, J� 8 Hz, 4 H), 5.70 (d, J� 7.9 Hz, 4H),
6.57 (s, 4H), 6.78 (d d, J� 7.5 and 2 Hz, 8 H), 7.26 (s, 4H), 7.36 (t, J� 7.9 Hz,
4H), 8.46 (s, 8 H).


Ferrocene hemicarceplex with phenylethyl feet (Fc ´ 1): To a solution of
hemicarcerand 1 (23 mg, 0.011 mmol) in tripiperidinophosphine oxide
(2 mL), ferrocene (200 mg, 1.07 mmol) was added. The reaction mixture
was stirred for three days at 90 8C under a nitrogen atmosphere. The
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solution was cooled to room temperature and the product was chromato-
graphed on silica gel (CH2Cl2/hexane, 70:30 v/v; Rf� 0.40) and crystallized
from CH2Cl2/MeOH to provide Fc ´ 1 as a yellowish solid. 1H NMR
(400 MHz, CDCl3): d� 2.6 ± 2.8 (m, 16H), 3.81 (s, 10 H), 4.63 (d, J� 7.4 Hz,
4H), 5.11 (t, J� 8 Hz, 4H), 5.93 (d, J� 7.7 Hz, 4 H), 7.0 (d d, J� 7.9 and
2 Hz, 8H), 7.28 (m, 20H),7.35 (s, 4H), 7.36 (s, 4H), 7.58 (t, J� 7.7 Hz, 4H),
8.65 (s, 8H).


Ferrocene hemicarceplex with pentyl feet (Fc ´ 2): To a solution of hemi-
carcerand 2 (23 mg, 0.011 mmol) in tripiperidinophosphine oxide (2 mL),
ferrocene (200 mg, 1.07 mmol) was added. The reaction mixture was stirred
for three days at 90 8C under a nitrogen atmosphere. The solution was
cooled to room temperature and the product was chromatographed on
silica gel (CH2Cl2/hexane, 70:30 v/v; Rf� 0.45) and crystallized from
CH2Cl2/MeOH to provide Fc ´ 2 as a yellowish solid. FAB-MS (3-nitro-
benzyl alcohol): 2332.3 [M�], 2148.2 [M�ÿFc]. 1H NMR (400 MHz,
CDCl3): d� 0.93 (t, J� 7.4 Hz, 12H), 1.4 (m, 24H), 2.23 (m, 8 H), 3.66 (s,
10H), 4.48 (d, J� 7.4 Hz, 4 H), 4.87 (t, J� 8 Hz, 4H), 5.79 (d, J� 7.4 Hz,
4H), 6.85 (d d, J� 7.7 and 2 Hz, 8 H), 7.13 (s, 4 H), 7.18 (s, 4 H), 7.44 (t, J�
8 Hz, 4 H), 8.51 (s, 8H).


Equipment :1H NMR spectra were obtained with a 400 MHz Varian VXR-
400 spectrometer. Mass spectra were recorded at the University of Illinois
Mass Spectroscopy Facility. Electrochemical experiments were performed
with a Bioanalytical Systems 100B/W workstation equipped with a low-
current module and controlled by a 100 MHz Pentium-based Gateway
personal computer. The Digi-Sim 2.1 software[24] for the digital simulation
work was run on the same computer.


Procedures : The voltammetric experiments were performed with a small-
volume cell (3.0 mL; Cypress Systems, Lawrence (KS)), equipped with a
glassy-carbon working electrode (0.0078 cm2), a platinum counter elec-
trode, and an Ag/AgCl reference electrode. Ultramicroelectrode experi-
ments were performed with a BAS carbon-fiber electrode (3.9 mm radius).
Dichloromethane and tetrachloroethane (both HPLC grade) were handled
under an inert atmosphere and transferred to the cell immediately before
use. The solutions were deoxygenated and kept under an inert N2


atmosphere throughout the electrochemical experiments. All experiments
were performed at room temperature. The glassy-carbon working electrode
was polished with 0.05-mm alumina on a felt surface before each
voltammogram was recorded. The apparent standard rate constant for
heterogeneous electron transfer (k0) of the ferrocene guest was estimated
by Nicholson�s method.[25] The values obtained in this way were utilized in
fitting digital simulations to the experimental voltammograms. From the
optimization of the fittings, we obtained the charge-transfer coefficient (a)
and diffusion coefficient (D0) associated with the heterogeneous electron-
transfer processes. The voltammograms obtained with ultramicroelectrode
working electrodes were analyzed by the method of Mirkin and Bard.[26]


Bulk electrolyses were carried out with a two-compartment glass cell using
a Pt-mesh working electrode.


Results


Synthesis : Scheme 1 shows the final synthetic steps used for
the preparation of the hemicarcerand hosts. The tetrabromo
cavitands 3 and 4, which were prepared according to
published methods,[22, 23] were converted to the tetralithium
analogues with sec-butyllithium in THF; their reaction with
N-formylmorpholine produced the tetraaldehydes 5 and 6
after acidification with HCl. Hemicarcerands 1 and 2 were
prepared by reaction of two equivalents of the tetraaldehyde
with four equivalents of 1,3-diaminobenzene in CH2Cl2 under
high-dilution conditions. The ferrocene hemicarceplexes were
prepared by heating a mixture of the corresponding hemi-
carcerand host with a large excess of ferrocene in tripiper-
idinophosphine oxide for several days.[14]


Electrochemistry : The ferrocene (Fc) complex of 1 was found
to be extremely insoluble in most solvents commonly used for


Scheme 1. Synthesis of hemicarcerands 1 and 2.


electrochemical experimentation. Its electrochemical behav-
ior could only be investigated in tetrachloroethane (C2H2Cl4).
Hemicarceplex Fc ´ 2 was sufficiently soluble in both dichloro-
methane and tetrachloroethane. Guest release from Fc ´ 2 in
CD2Cl2 and Fc ´ 1 and Fc ´ 2 in C2D2Cl4 at 25 8C was monitored
by 1H NMR spectroscopy. The half-life for these processes
was found to be quite long (t1/2> 300 h in all cases) which is
consistent with Cram�s reported value[14] of t1/2� 19.6 h
obtained with Fc ´ 1 at a much higher temperature (112 8C in
C2D2Cl4). These data clearly indicate that the kinetic stability
of the two ferrocene hemicarceplexes is sufficient to provide a
convenient time window in which the electrochemical behav-
ior of the fully encapsulated ferrocene guest can be inves-
tigated.


A typical set of voltammograms for Fc ´ 2 in 0.15m
tetrabutylammonium hexafluorophosphate (TBA�PFÿ6 )/
CH2Cl2 is shown (A in Figure 2). The observed voltammetric


Figure 2. A)Cyclic voltammetric response on a glassy-carbon electrode
(0.0078 cm2) of a 1.0mm solution of Fc ´ 2 in CH2Cl2/0.15m TBA�PFÿ6 . Scan
rates: 0.100, 0.175, 0.250, and 0.500 V sÿ1. B) Cyclic voltammetric responses
on the same electrode of a 1.0mm solution of 2 (scan rate: 0.100 Vsÿ1) and
C) of a 1.0mm solution of Fc (scan rate: 0.100 Vsÿ1) in CH2Cl2/0.15m
TBA�PFÿ6 .
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waves correspond to the monoelectronic oxidation of the
ferrocene guest, as demonstrated by their absence in control
voltammograms recorded with the uncomplexed hemicarcer-
and host (Figure 1, trace B). The half-wave potential for the
encapsulated redox couple (E1/2��0.57 V versus Ag/AgCl)
is considerably more positive than that observed for free
ferrocene in the same medium (E1/2��0.45 V versus Ag/
AgCl), indicating that the oxidized (cationic) form of the
guest is relatively destabilized inside the rather nonpolar
solvation shell provided by host 2. In addition to this, the
potential difference between the anodic and cathodic peak
potentials (DEp) was found to be larger than the theoretical
value[27] expected for a reversible redox couple at the scan
rates surveyed (n> 50 mV sÿ1), demonstrating quasi-reversi-
ble kinetics of ET between Fc ´ 2 and the electrode surface.[28]


Similar results were obtained for the two hemicarceplexes in
C2H2Cl4 solutions (see Figure 3). We recorded the DEp values


Figure 3. A) Cyclic voltammetric response on a glassy-carbon electrode
(0.0078 cm2) of a 1.5 mm solution of Fc ´ 1 in C2H2Cl4/0.15 M TBA�PFÿ6 . Scan
rates: 0.100, 0.250, 0.500, and 0.750 V sÿ1. B) Cyclic voltammetric responses
on the same electrode of a 1.0mm solution of 1 (scan rate: 0.100 Vsÿ1) and
C) of a 1.0mm solution of Fc (scan rate: 0.100 V sÿ1) in C2H2Cl4/0.15m
TBA�PFÿ6 .


as a function of scan rate, and estimated the apparent standard
rate constant for heterogeneous electron transfer (k0) by
Nicholson�s method. These values were further used in digital
simulations from which we obtained the corresponding
charge-transfer coefficients (a) and diffusion coefficients
(D0). A summary of all the electrochemical data obtained is
given in Table 1.


Several clear trends emerge from the data given in Table 1.
First, the half-wave potential for ferrocene oxidation is
substantially more positive inside each hemicarcerand host
than for uncomplexed ferrocene in the two solvents inves-
tigated. Second, encapsulation lowers the apparent standard
rate constant for heterogeneous electron transfer by a factor
of at least 10. This kinetic effect is also observed in each
solvent medium. In C2H2Cl4, where the two hemicarceplexes
Fc ´ 1 and Fc ´ 2 can be directly compared, the phenylethyl
hemicarcerand (host 1) seems to depress the k0 value more
than the pentyl hemicarcerand (host 2). The same order also
holds for the expected decrease in the diffusion coefficient
observed upon encapsulation in either host. The nature of the
solvent markedly affects the k0 and D0 values observed for
both uncomplexed and complexed ferrocene species. No
changes were detected in the voltammetric behavior when the
concentration of ferrocene hemicarceplex was varied in the
range 0.5 ± 2.0 mm, revealing that hemicarceplex aggregation
does not play a significant role in the observed voltammetric
behavior.


As there are problems associated with the use of Nich-
olson�s method for the accurate determination of k0 values, we
performed a number of additional voltammetric experiments
with ultramicroelectrodes. A comparison of the current ± po-
tential traces obtained with free Fc and Fc ´ 2 is shown in
Figure 4. Qualitatively, these voltammograms reinforce the


Figure 4. Voltammetric response on a carbon ultramicroelectrode of A) a
2.0mm solution of Fc (scan rate: 10 mV sÿ1) in CH2Cl2/0.15m TBA�PFÿ6 and
B) a 4.0mm solution of Fc ´ 2 (scan rate: 5 mV sÿ1) in CH2Cl2/0.15m
TBA�PFÿ6 .


findings obtained with electrodes of conventional size. Hemi-
carcerand encapsulation leads to a more positive half-wave
potential for the one-electron oxidation of ferrocene, a
substantially lower apparent diffusion coefficient, and slower
kinetics of heterogeneous electron transfer. We obtained clear
evidence for the last of these effects from the current ± po-
tential waves, which we analysed by the method of Mirkin and
Bard. The corresponding electrochemical parameters ob-
tained from ultramicroelectrode experiments are given in
Table 2.


What is the kinetic stability of the oxidized hemicarceplex-
es? This is a crucial question. The electrochemical oxidation
of the ferrocene guest yields a charged species, ferrocenium
(Fc�), which is expected to be poorly solvated inside the
nonpolar hemicarcerand cavity. The lack of stability associ-


Table 1. Electrochemical parameters (obtained using conventional size
working electrodes) for free ferrocene and ferrocene hemicarceplexes at
258C in the indicated solvent containing 0.15m TBAPF6.


Com-
pound


Solvent E1/2(V vs Ag/
AgCl)


a ko[cm sÿ1] Do [cm2 sÿ1]


Fc CH2Cl2 0.45 0.53 0.043 3.1� 10ÿ5


Fc ´ 2 CH2Cl2 0.57 0.31 0.0041 1.3� 10ÿ6


Fc C2H2Cl4 0.46 0.55 0.0036 6.0� 10ÿ6


Fc ´ 1 C2H2Cl4 0.56 0.39 0.00016 2.2� 10ÿ7


Fc ´ 2 C2H2Cl4 0.54 0.43 0.00037 6.7� 10ÿ7
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ated with inefficient solvation might result in faster release of
the oxidized guest from the host cavity into the solution
medium. We investigated this possibility by performing bulk
electrolysis of Fc ´ 2 in dichloromethane. The anodic oxidation
(at 0.82 V versus Ag/AgCl) of 9.0 mg of this hemicarceplex
dissolved in 5.0 mL of TBA�PFÿ6 /CH2Cl2 solution proceeded
smoothly and yielded a greenish ± blue solution. The elec-
trolysis was stopped after about 1.5 h, when the total anodic
charge consumed was equivalent to 1.05 electrons per mole-
cule of Fc ´ 2. Figure 5 shows the cyclic voltammograms


Figure 5. Cyclic voltammetric response on a glassy-carbon electrode
(0.0078 cm2) of a 1.0 mm solution of Fc ´ 2 in C2H2Cl4/0.15m TBA�PFÿ6
after electrolysis (1.05 electrons per molecule) at �0.82 V vs. Ag/AgCl.
Scan rates: 0.100, 0.250, 0.500, and 1.00 Vsÿ1.


recorded (initial potential� 1.1 V versus Ag/AgCl, negative
forward scan) with the electrolyzed solution. The positions
and shapes of the waves correspond very well with those
observed before the bulk electrolysis. The half-wave potential
for the only redox couple detected was 0.58 V versus Ag/
AgCl, which is identical within the margin of error to that
previously obtained for the Fc� ´ 2/Fc ´ 2 redox couple (see
Table 1). Therefore these results clearly indicate that, upon
oxidation, ferrocene remains inside the hemicarcerand not
only during the time scale of the voltammetric experiments
but also during the much longer duration of the bulk
electrolysis. To verify this point further, methanol was added
to the electrolyzed Fc� ´ 2/TBA�PFÿ6 /CH2Cl2 solution, result-
ing in the precipitation of a blue solid. This solid must be the
hexafluorophosphate salt of the oxidized form of the hemi-
carceplex (Fc� ´ 2) since we confirmed in control experiments
that methanol does not precipitate ferrocenium hexafluoro-
phosphate from its TBA�PFÿ6 /CH2Cl2 solutions. The isolated
precipitate was collected by filtration, dried, and analyzed by
NMR spectroscopy. The 1H NMR spectrum of the blue solid is
shown in Figure 6 as trace D. The proton resonances of the
oxidized sample are shifted and broadened compared with
those observed in the spectra of free Fc and Fc ´ 2. As shown in


Figure 6. 400 MHz 1H NMR spectra of A) 2 in CDCl3, B) Fc ´ 2 in CDCl3,
C) an equimolar mixture of 2 and Fc� ´ PFÿ6 in CD2Cl2, and D) a sample of
Fc� ´ 2 in CDCl3, prepared as described in the text.


Figure 6, the 1H NMR spectrum of the oxidized sample is
completely different from that obtained upon addition of one
equivalent of ferrocenium hexafluorophosphate to a solution
of uncomplexed hemicarcerand 2 (trace C). Spectrum D in
Figure 6 is indeed consistent with the presence of a para-
magnetic center (Fc�) in the central cavity of 2 and further
confirms the identity of the isolated solid as a salt of Fc� ´ 2.
The spectrum of this sample was monitored for several days to
assess the guest release rate. However, the only spectral
changes observed reveal the slow conversion of Fc� ´ 2 to Fc ´
2. No sign of faster release of the oxidized ferrocenium guest
(compared with the ferrocene release rate) was detected.


Discussion


The selection of ferrocene as the electro-active guest for these
experiments was dictated by synthetic concerns. The prepa-
ration of a ferrocene hemicarceplex with host 1 by Quan and
Cram[14] played a crucial role in our decision to explore the
electrochemistry of these systems. Ferrocene has frequently
been used as a redox-active building block in the preparation
of a variety of supramolecular assemblies[29] and is attractive
from the electrochemical standpoint because it has a well-
characterized and reversible anodic electrochemistry. How-
ever, Rusling and co-workers[30] have shown recently that the
oxidation of ferrocene in acetonitrile (at Pt electrodes) yields
insoluble films. Another potential complication related to the
use of ferrocene as a guest results from the fact that the
reported k0 values for ferrocene cover a rather wide range and
seem to correlate, at least partially, with electrode size.[28] This
trend is evident in our own data, as we obtained a faster k0


value for free ferrocene with ultramicroelectrodes; this is
probably a reflection of imperfect compensation for ohmic
drop in the measurements with electrodes of conventional


Table 2. Electrochemical parameters (obtained by using ultramicroelectr-
odes) for free Fc and hemicarceplex Fc ´ 2 in CH2Cl2/0.15m TBAPF6 at
25 8C.


Compound E1/2(V vs Ag/AgCl) a ko[cm sÿ1] Do [cm2 sÿ1]


Fc 0.45 0.43 0.33 2.5� 10ÿ5


Fc ´ 2 0.57 0.43 0.0071 4.0� 10ÿ6
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size. Therefore, we measured the apparent k0 values for free
ferrocene under the conditions of our experiments to validate
the comparison with the values obtained for the encapsulated
ferrocene species. Furthermore, under our voltammetric
conditions we did not detect any film formation with either
free or encapsulated ferrocene species.


Our electrochemical results demonstrate that ferrocene
incarcerated by hemicarcerand hosts can readily engage in
heterogeneous electron-transfer reactions. Molecular encap-
sulation does not necessarily render a redox center electro-
inactive. However, the electron-transfer processes are both
thermodynamically and kinetically hindered compared with
the corresponding processes involving the free, uncomplexed
ferrocene. The thermodynamic hindrance is clearly demon-
strated by the anodic shift observed in the half-wave potential
for ferrocene oxidation upon encapsulation. This hindrance is
probably related to the general difficulty associated with the
generation of charges inside the nonpolar cavities of hemi-
carcerands. Cram and co-workers have detected large changes
in the pKa values of encapsulated molecules[16] that reflect the
lack of adequate solvation of charged species inside these
hosts.


Encapsulation also slows down the kinetics of the surveyed
heterogeneous ET reactions. We observed at least a 10-fold
decrease in the apparent k0 values upon encapsulation. The
reasons for this decrease must be related to the structural
changes brought about by ferrocene encapsulation. Accord-
ing to current theory,[1±6] the standard rate constant for outer-
sphere ET reactions is given by Equation (1), where ke is the


k0�ke A exp(ÿDG=/RT) (1)


electronic transmission coefficient (equal to unity for adia-
batic reactions), A is the nuclear frequency factor, and DG= is
the activation free energy. The frequency factor A is expected
to decrease linearly with (m)1/2, where m is the molecular mass
of the reactant.[4] Therefore, the ratio of the molecular masses
of ferrocene and a ferrocene hemicarceplex may account for a
factor of up to 3.5 in the observed decrease of the ET rate.[31]


The degree of electronic coupling between the ferrocene
center and the electrode surface is also affected by the
distance over which the ET event must take place. Encapsu-
lation inside the hemicarcerand markedly increases this
distance. Using molecular modeling methods[32] we estimate
that the minimum possible distance between the geometric
center of the ferrocene nucleus and the electrode surface
increases from about 3.5 to about 9 � upon inclusion
complexation by 1 or 2 (see Figure 7). However, our results
were obtained with a very limited number of systems;
additional experimental results with related systems are
needed for the quantitative estimation of distance effects on
ET rates.


The activation free energy (DG=) is composed of two terms.
The first refers to the inner reorganization energy of the
reactant. For ferrocene, this term is exceedingly small as the
structural changes accompanying the ET process in uncom-
plexed ferrocene are minimal.[33] The second term is con-
cerned with solvent reorganization, and important differences
between free and hemicarcerand-encapsulated ferrocene may


Figure 7. Comparison of approximate sizes of ferrocene and a


be expected here. A few years ago, Bard and co-workers
reported that the rates of heterogeneous ET reactions are
affected by solution viscosity,[34, 35] reflecting the involvement
of solvent dynamics in the activation step. Many other reports
have addressed the effects of solvent dynamics on the rates of
outer-sphere ET reactions.[36±38] Similarly, the inside cavity
walls of host 2 may act as an extremely rigid solvation shell or
as a highly viscous solvent environment for the ferrocene
center; this could account for a large fraction of the
experimentally observed decrease in the ET rate constants
upon encapsulation of the redox-active guest. Our data
exhibit some clear solvent effects on the apparent k0 values.
For instance, the observed k0 values for free ferrocene were
lower in tetrachloroethane than in dichloromethane. This is
perhaps a reflection of the slower solvent dynamics in the
former solvent, which is expected from the relative molecular
masses, but other factors (for instance, structure of the double
layer) might be playing an important role. However, if the
hemicarcerand were to act as a rigid solvation sphere,
determining solvent reorganization effects and the heteroge-
neous ET rates in the hemicarceplexes, the kinetics for Fc ´ 2
would be expected to be essentially independent of the nature
of the solvent. This expectation is not fulfilled experimentally,
as the k0 value for Fc ´ 2 was about an order of magnitude
lower in tetrachloroethane than in dichloromethane. There-
fore, our data do not support the idea that the solvent
reorganization energy associated with ET processes in the
hemicarceplexes is particularly high.


Balzani and co-workers[19] have measured the bimolecular
rate constants for electron transfer quenching of the triplet
state of free and encapsulated biacetyl by a variety of amines
and other electron-donor quenchers, such as ferrocene itself.
They found that the encapsulation of biacetyl by hemicarcer-
ands decreased the ET quenching rate constant by a factor
ranging from 10 to 104, depending on the nature of the
quencher. Therefore, the effect of molecular encapsulation on
the apparent k0 values for ferrocene which was observed in
our work is qualitatively consistent with the data reported by
those authors. Furthermore, Farran et al. have investigated
the isomerization of cis-piperylene sensitized by free and
encapsulated acetophenone.[20] It may be inferred from their
triplet energy transfer data that the hemicarcerand skeleton is
involved in the simultaneous exchange of electrons between
the HOMO and LUMO of the donor ± acceptor pair. This
suggests that the hemicarcerand aromatic structure may
mediate the electronic coupling between the encapsulated
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ferrocene center and the electrode surface, but further
electrochemical experimentation with other hemicarceplexes
is needed to verify this point.


Conclusions


From the results described here, we can conclude that the two
main factors determining the slower heterogeneous ET rates
in ferrocene hemicarceplexes than in free ferrocene are: i) the
increase in the effective molecular mass of the electro-active
species; and ii) the increased distance of maximum approach
of the redox-active center to the electrode surface. The results
presented in this work constitute the first measurements of
heterogeneous ET reactions of fully encapsulated redox-
active centers, but more data are necessary in order to
evaluate fully the magnitude of the thermodynamic and
kinetic effects brought about by constrictive molecular
encapsulation. Our group is currently working on the
preparation of other electro-active hemicarceplexes, using
different redox-active guests and modified hemicarcerand
hosts which may help to overcome the solubility limitations
imposed by hosts 1 and 2.
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A Supramolecular Cytochrome P450 Mimic


Albertus P. H. J. Schenning, Jeffrey H. Lutje Spelberg, Dominicus H. W. Hubert,
Martinus C. Feiters,* and Roeland J. M. Nolte*


Abstract: An amphiphilic rhodium(iii)
complex has been incorporated in closed
bilayers of surfactants with positive,
zwitterionic, or negative charges. In the
presence of formate this rhodium com-
plex efficiently catalyzes the reduction
of a variety of electron carriers and
manganese(iii) porphyrins. The charge
of the surfactant head groups deter-
mines the acidity of the reduced RhIII


hydride complex and the rate of reduc-
tion, which increases on going from
negatively to positively charged surfac-
tants. A manganese(iii) porphyrin, in-


corporated in the bilayers together with
the Rh complex, can be used as an
artificial cytochrome P450-type epoxi-
dation catalyst. The relative concentra-
tions of MnII and MnIII porphyrin de-
pend on the reduction and reoxidation
rates, and an oscillating reaction is
observed at a Rh complex/Mn porphyrin
ratio of 10. A variety of substrates are


epoxidized by reductive activation of O2


by this model system with turnover
numbers of the same order of magnitude
as those of the enzyme system. The
charge on the surfactant has a dramatic
effect on the catalytic epoxidation activ-
ity of the model system. Aggregates of
positively charged surfactant molecules
do not display catalytic activity in this
reaction, probably because the protons
required for cleavage of the oxygen ±
oxygen bond are repelled at the aggre-
gate surface.


Keywords: enzyme mimetics �
epoxidations ´ O ± O activation �
porphyrinoids ´ vesicles


Introduction


Cytochrome P450 catalyzes a variety of oxidation reactions,
including the hydroxylation of alkanes and the epoxidation of
alkenes according to Equation (1).[1] The active site of this


membrane-bound enzyme contains a heme function with a
thiolate as axial ligand. The catalytic cycle involves the
binding of a substrate, reduction of iron(iii) to iron(ii), and
binding and reductive cleavage of molecular oxygen to
generate formally an iron(v) oxo complex, which transfers
its oxygen atom to the bound substrate. The iron center
accepts the electrons from NADPH with mediation of a
cytochrome P450 reductase. Temporary association of this
flavo reductase protein with cytochrome P450 facilitates a fast
two-electron transfer that is important for an efficient
epoxidation reaction (Figure 1).[2] After the formation of the


Figure 1. Substrate oxidation by cytochrome P450. Consumption of iron(v)
oxo complex by substrate (S) oxidation (productive pathway, A) and the
nonproductive pathway, which yields water as the product (B).


iron oxo species, the reductase ± cytochrome P450 com-
plex dissociates, interrupting the supply of electrons. This
inhibits the unproductive water-forming pathway (Figure 1B).
The protons necessary for the cleavage of the bound
oxygen are presumably derived from complexed water
molecules.[2]


Because of its biologically crucial role in the metabolism of
endogeneous chemicals and xenobiotics and also because this
archetypal oxidation catalyst may serve as a model for a new
generation of synthetic catalysts, much research has focused
on mimicking the action of cytochrome P450.[3] Systems
containing metalloporphyrins in combination with a single
oxygen donor such as iodosylarenes, H2O2, NaOCl, and
peracids have been successfully used for the oxidation of
substrates.[4] Metalloporphyrin systems with O2 as an oxygen
source in combination with a reducing agent such as ascorbic


[*] Prof. Dr. R. J. M. Nolte, Dr. M. C. Feiters, Dr. A. P. H. J. Schenning,
J. H. Lutje Spelberg, D. H. W. Hubert
Department of Organic Chemistry, NSR Center
University of Nijmegen, Toernooiveld
NL-6525 ED Nijmegen (The Netherlands)
Fax: (�31) 24-3652929


FULL PAPER


Chem. Eur. J. 1998, 4, No. 5 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998 0947-6539/98/0405-0871 $ 17.50+.25/0 871







FULL PAPER M. C. Feiters, R. J. M. Nolte et al.


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998 0947-6539/98/0405-0872 $ 17.50+.50/0 Chem. Eur. J. 1998, 4, No. 5872


Figure 2. Schematic representation of the supramolecular cytochro-
me P450 mimic.


acid, H2/Pt, Zn, or borohydride have also been described.[5]


Until now, however, only a few models are known that contain
all the important components of the natural system: molec-
ular oxygen as oxidizing agent, a metalloporphyrin as catalyst,
an electron donor as reducing agent, and a membrane system


that holds these components together.[6±8] All these models
have displayed very low catalytic activity.


In our studies on supramolecular catalytic systems, we
found that the rhodium complex [RhIII(h5-Cp*)(bipy)Cl2]
(Cp*H� pentamethylcyclopentadiene, bipy� 2,2'-bipyri-
dine) is an efficient catalyst for the reduction of mangane-
se(iii) porphyrins by sodium formate.[9] This finding allowed us
to develop a new membrane-bound cytochrome P450 mimic
that incorporates most of the features of the natural enzyme
system: 1) a membrane-bound metalloporphyrin (M�Mn),
2) an axial ligand (N-methylimidazole), 3) an electron donor
(Rh-5/formate), 4) molecular oxygen as oxygen donor, and 5)
a membrane system that holds the components within its
bilayer (Figure 2).[10] This so-called microreactor epoxidizes
alkenes with the highest turnover numbers reported so far for
membrane-bound model systems.


Results and Discussion


Incorporation : The porphyrin catalysts Mn-1, Mn-2, Mn-3,
Mn-4, and the rhodium co-catalyst Rh-5 were synthesized
and characterized as described in the Experimental Section.
Except for Mn-4, these compounds were incorporated in
bilayers of DPPC, DPPA, DHP, and DODAC vesicles by the
ethanol/THF injection method,[11] and incorporation was
confirmed by gel permeation chromatography (GPC). Elec-
tron microscopy showed that after incorporation of theAbstract in Dutch: Een amfifiel rhodium(iii)


complex is ingebouwd in gesloten bilagen van
surfactanten met positieve, zwitterionische, of nega-
tieve lading. In aanwezigheid van formiaat kataly-
seert dit rhodiumcomplex op efficiente wijze de
reductie van een aantal elektronen-carriers en
mangaanporfyrines. De lading van de surfactant-
kopgroepen bepaalt zowel de zuursterkte van het
gereduceerde RhIII-hydride complex als de reduc-
tiesnelheid, die toeneemt gaande van negatief naar
positief geladen surfactanten. Een mangaan(iii)por-
fyrine dat met het Rh-complex in de bilagen is
ingebouwd, kan gebruikt worden als een kunst-
matige cytochroom-P450-achtige katalysator voor
epoxidatie. De relatieve concentraties van MnII- en
MnIII-porfyrines hangen af van de reductie- en
reoxidatie-snelheden, en bij een verhouding Rh-
complex:Mn-porfyrine van 10 wordt een oscille-
rende reactie waargenomen. Diverse substraten
worden geeÁpoxideerd door reductieve activering
van O2 met dit modelsysteem met omzettingssnel-
heden die van dezelfde orde van grootte zijn als die
van het enzymsysteem. De lading van het surfactant
heeft een dramatisch effect op de katalytische
epoxidatieactiviteit van het model. Aggregaten van
positief geladen surfactanten vertonen geen kataly-
tische activiteit in deze reactie, waarschijnlijk omdat
de protonen die nodig zijn voor de splitsing van de
zuurstof-zuurstof-binding door het aggregaatop-
pervlak worden afgestoten.
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rhodium complex and the manganese porphyrins into the
different bilayer systems, closed vesicles were still present.
The diameters (3000 ± 5000 �) of these vesicles were the same
as those without rhodium complex and manganese porphyrin.
These results are in agreement with earlier findings that Rh-5
and Mn-2 can be incorporated into polymerized positively
charged bilayers.[11] DPPC vesicles containing Rh-5 were also
prepared in aqueous solutions of riboflavin (RF), methylviol-
ogen (MV2�), and Mn-4 (see Experimental Section). Electron
micrographs showed that in these cases vesicles were also still
present.


Differential scanning calorimetry (DSC) measurements
revealed that the phase-transition temperature of the DPPC
vesicles (Tc� 38 8C)[12] was not influenced by incorporation of
Rh-5 and Mn-1 (vide infra).


Electrochemistry : The reduction potential of membrane
components often depends on the vesicle charge. The
reduction potential of vesicle-bound viologens, for example,
increases upon going from negatively charged DHP vesicles
to positively charged vesicles.[13] In our case stabilization of
the rhodium(iii) species by the anionic DHP head groups and
destabilization by the cationic DODAC head groups can be
expected. Our earlier studies on polymerized aggregates
showed that the reduction potential of the rhodium complex
also depends on its location in positively charged bilayers.[11]


Since the kinetics of the reduction of Rh-5, the first step in the
catalytic epoxidation process, can be influenced by the
reduction potential of this complex, electrochemical experi-
ments were performed. Cyclic voltammograms (CV) of Rh-5
incorporated in bilayers of DODAC, DPPC, or DHP were
recorded at neutral pH. The results are listed in Table 1.


In DODAC and DPPC vesicles, clear reduction and
oxidation waves were observed. When the vesicle solution
in the cell was replaced by the buffer solution (pH 7),
reduction and oxidation waves were still observed, indicating
strong adsorption of the electroactive component on the
electrode. The peak currents varied with the scan rate up to
500 mV sÿ1; this is characteristic of the presence of adsorbed
electroactive species on the electrode.[14]


According to cyclic voltammetry the reduction potential of
Rh-5 is the same in DODAC and DPPC bilayers, and
very similar to that of Rh-5 in H2O (Table 1; Rh-5 in water:
E1/2�ÿ0.90 V, Rh-5 in DODAC and DPPC bilayers:


E1/2�ÿ0.92 V). This similarity may be due to strong adsorp-
tion of Rh-5 and the surfactants on the electrode.[15] Cluster
formation of Rh-5 in these types of bilayers may also play a
role; however, this cannot explain the observations made in
the chemical reduction of Rh-5 (vide infra).[16] It is also
possible, but unlikely, that the head groups of the different
surfactants have no effect on the reduction potential.[13] The
reduction potential of Rh-5 in the DODAC aggregates was
shifted by 60 mV to more negative potential relative to Rh-5
incorporated in polymerized DODAC aggregates (E1/2�
ÿ0.86 V versus ferrocenecarboxylic acid).[11] This difference
may arise because the rhodium complex is located at different
positions in the respective bilayers. It may also be due to the
fact that in the present experiments a different Rh-5/
surfactant ratio was used. In the case of the negatively
charged DHP bilayers no electrochemical reduction of Rh-5
was observed (Table 1). This may be the result of electrostatic
repulsion between the DHP head groups and the cathode. The
electron transfer process between the vesicle-bound rhodium
complexes and the electrode may become too slow in this
case.[17]


Chemical reduction of Rh-5 : The reduction of Rh-5 by
formate was investigated in various vesicles under an argon
atmosphere. The formation of the RhI species (lmax� 520 nm)
was monitored by UV/Vis spectroscopy, and the resulting
progress curves were fitted under the assumption of first-
order kinetics. The results are listed in Table 2.


The reduction of Rh-5 by formate in vesicles of different
types of amphiphiles is fastest in positively charged bilayers
and slowest in negatively charged bilayers. In all cases an
increase in temperature leads to an increase in reduction rate.
The proposed mechanism for the reduction of Rh-5 is given in
Equations (2) ± (4).[18] Decomposition of the RhIII formate


[RhIIICl]��HCOOÿ > [RhIIIHCOO]��Clÿ (2)


[RhIIIHCOO]� ! [RhIIIH]��CO2 (3)


[RhIIIH]� > [RhI]�H� (4)


complex to give an RhIII hydride and carbon dioxide [Eq. (3)]
is thought to be the rate-determining step.[18] The pH


Table 1. Kinetic parameters determined from Equation (6)[a] and electro-
chemical data of Rh-5 in different types of vesicles.[b]


Lipid kmax


[nmolLÿ1sÿ1]
KM [m] E1/2 [V][c] DEp [mV] ib/if


DODAC 220 0.030 -0.92 96 0.8
DPPC 30 0.071 -0.92 104 0.8
DHP 150 0.035 -[d] - -


[a] T� 49 8C in the case of DODAC and DPPC vesicles, T� 74 8C in the
case of DHP vesicles. [b] Rh-5 in water E1/2�ÿ0.90 V, DEp� 80 mV, and
ib/if� 0.8. [c] Conditions: [surfactant]� 926 mm, [Rh-5]� 72 mm, pH� 7.0
(buffer of ethylmorpholine (50 mm)), T� 25 8C. [d] No redox waves were
observed.


Table 2. Rate constants for the reduction of bilayer-anchored Rh-5 by
formate and experimentally determined pKa


obs values of (Rh-5)-H� in
different types of amphiphiles.[a]


Entry Surfactant T [8C] pKa
obs k1 [msÿ1] pH[c]


1 DHP 72 8.6 10 10.5
2 DPPA 72 9.1 1.6 10.2
3 DPPA/DPPC[b] 64 7.6 2.5 9.4
4 DPPC 47 5.7 3.2 7.0
5 DODAC 47 4.9 13 5.9
6 DODAC 72 5.0 25 5.9


[a] Conditions: [surfactant]� 926 mm, [Rh-5]� 72 mm. [b] Molar ratio� 1.
[c] pH at which the rate constant for reduction of bilayer-anchored Rh-5
was measured.
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conditions for the reduction experiments (vide infra) were
chosen such that only RhI is formed [Eq. (4); see Table 2]. The
rate of reduction of RhIII mainly depends on the concentration
and on the relative stability of the Rh formate complex cation.
Although the electrochemical results (vide supra) were not
conclusive, the RhIII formate species is expected to be
stabilized in a negatively charged membrane matrix, and this
should lower the reduction potential. Thus the lowest
reduction rate is expected to occur with DHP and DPPA.
The concentration of Rh formate is highest at the surface of
the positively charged DODAC bilayers because the concen-
tration of formate at the surface of this aggregate is relatively
high. These effects may account for the observed increase in
the first-order rate constants in the series DPPA<DPPA/
DPPC<DPPC<DODAC (Table 2). The relatively high rate
of reduction found in DHP bilayers compared with DPPA
bilayers, which are also negatively charged, is remarkable. In
general the relative stability of the Rh formate complex also
depends on its location in the bilayer, which may be different
in the two types of bilayer.[11]


The RhI species is only generated above a certain pH
value.[19] The reduction of rhodium(iii) by formate initially
gives a rhodium(iii) hydride species [Eq. (3)], which is formed
by hydride transfer from the formate anion to the rhodium(iii)
center. The RhIII hydride can decompose, depending on the
pH, into a rhodium(i) species [Eq. (4)].[11] The pKa of the RhIII


hydride complex can give information about the local
concentration of protons [necessary for the epoxidation
reaction, Eq. (1)] at the bilayer/water interface. The acidity
of the membrane-bound rhodium species depends on the
bilayer surface potential, which is determined by the type of
amphiphile. The relation between the intrinsic pKi


a and the
observed pKobs


a is given by Equation (a),[20] where Y(x) is the
surface potential, R the gas constant, F the Faraday constant,
and T the temperature. The intrinsic pKi


a is the pKa in the


pKobs
a � pKi


aÿFY(x)/2.303 RT (a)


absence of any surface potential. Its value depends only on the
relative stabilities of the rhodium species involved in Equa-
tion (2).[21] For our rhodium complex this pKi


a value is roughly
7.5.[11] The pKobs


a of the RhIII ± H complex can be determined
by measuring the [RhI]/[Rh]total ratio as a function of pH
(Figure 3). The experimental curves were fitted by assuming a
single acid ± base dissociation equilibrium, and the resulting
pKobs


a values are listed in Table 2.
It can be seen from Figure 3 that the type of amphiphile has


a large effect on the pKobs
a of the bilayer-anchored rhodium


complex. The value of pKobs
a increases in the series


DODAC<DPPC<DPPC/DPPA<DHP<DPPA. This or-
der can be explained in terms of the effect of the surface
potential of the bilayer on the proton concentration. In the
case of the DODAC bilayers, the concentration of protons at
the bilayer surface will be relatively low due to electrostatic
repulsion with the positively charged DODAC head groups.
This gives rise to a relatively high degree of dissociation of the
membrane-bound rhodium hydride complex. In the series
from DODAC to DPPA, the charge of the vesicles changes


Figure 3. Fraction of the RhI complex as a function of pH for Rh-5
anchored to DODAC (&), DPPC (�), and DHP (*) vesicles. Conditions:
[surfactant]� 926 mm, [Rh-5]� 72mm.


from positive through zwitterionic to negative. This results in
an increasing proton concentration at the vesicle surface and
hence a higher pKobs


a .


Reduction of electron carriers : Methylviologen (MV2�), and
riboflavin (RF) are often used as electron carriers in redox
reactions.[22, 23] This prompted us to investigate whether these
compounds can act as mediators between the rhodium
complex and the manganese porphyrin. Carrier-mediated
electron transfer is one of the crucial steps in the reductive
activation of molecular oxygen by cytochrome P450. First we
investigated whether methylviologen and riboflavin can be
reduced by Rh-5 incorporated in DPPC vesicles under an
argon atmosphere.


When Rh-5 in DPPC was added to a methylviologen
solution, the solution turned dark blue, indicating that the
MV� radical was formed.[24] The UV/Vis spectrum showed a
sharp band at 394 nm and a broad band at 602 nm, character-
istic of MV�. After the complete disappearance of MV2�, the
UV/Vis spectrum remained unchanged and no precipitation
occurred indicating that no MV0 or radical dimers were
formed. The potential for the reduction step of MV� is about
ÿ0.90 V versus SCE in the presence of zwitterionic bilay-
ers.[13] The two-electron reduction potential of our rhodium
complex is ÿ0.62 V versus SCE, so it is not surprising that the
reduction of MV2� stops after the first single-electron
reduction step. The reduction progress curve of MV2� showed
zero-order kinetics, and the reaction rate was 219 nmol Lÿ1 sÿ1


at 71 8C. The percentage m of monomer MV� with respect to
the radical dimer (MV�)2 can be calculated from the optical
spectrum by Equation (b).[13] The absorbance at 552 nm (A552)
corresponds to the monomer ± dimer isosbestic point. In our
case the monomer content amounted to more than 90 %.


m� 100(A602/A552ÿ 0.59)/0.98 (b)


The reduction of riboflavin (RF) was also catalyzed by Rh-5
incorporated in DPPC vesicles. The reduction followed zero-
order kinetics. The reduction rate was measured at different
temperatures, and the activation energy was calculated from
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the slope of the Arrhenius plot as Ea� 80 kJ molÿ1. This
activation energy is in the same range as that reported for the
reduction of nicotinamides with [RhCp*(bipy)Cl2] as catalyst
(Ea� 88 kJ molÿ1) but is lower than that found for the
reduction of flavin in the presence of rhodium complexes
covalently anchored to positively charged bilayers.[11] The
reduction rate of RF in DPPC vesicles at 70 8C as calculated
from the Arrhenius plot is about k0� 100 nmol Lÿ1 sÿ1, which
is about two times slower than the reduction rate of MV2� at
this temperature (T� 71 8C, k0� 219 nmol Lÿ1 sÿ1). This dif-
ference is probably the result of the different stoichiometries
of the reduction reactions of RF and MV2� by Rh-5, which are
two-electron reduction [Eqs. (5) ± (8)] and one-electron re-
duction [Eqs. (9) ± (12)] reactions, respectively.[11]


[RhIIIH]��RF ! [RhIII]2��RF-Hÿ (5)


[RhI]�RF ! [RhIII]2��RF2ÿ (6)


RF2ÿ�H� > RF-Hÿ (7)


RF-Hÿ�H� > RF-H2 (8)


[RhIIIH]��MV2� ! [RhII]��H��MV� (9)


[RhI]�MV2� ! [RhII]��MV� (10)


[RhII]��MV2� ! [RhIII]2��MV� (11)


2 [RhII]� > [RhI]� [RhIII]2� (12)


The electron carriers can be reduced by both [RhIIIH]� and
[RhI] complexes [see also Eq. (4)]. Which reaction occurs
depends on the pH and on the reaction constants in
Equations (5) and (6) and (9) and (10), respectively. The
reduction of MV2� may lead to the formation of a RhII species
[Eqs. (9) and (10)], which rapidly disproportionates (k�
109 mÿ1 sÿ1) into the RhI and RhIII complexes [Eq. (12)].[11]


Another possibility is that the RhII reacts with another MV2�


[Eq. (11)]. The reduction of both electron carriers is zero
order with respect to carrier, which indicates again that the
formation of the rhodium hydride complex is the rate-
determining step. This rhodium hydride complex reduces
two equivalents of paraquat but only one equivalent of
riboflavin.


Reduction of manganese porphyrins : First we investigated the
intervesicular reduction of manganese porphyrins (Figure 4)


Figure 4. Schematic representation of the intervesicular (A) and intra-
vesicular (B) reduction of MnIII porphyrin with Rh-5 as catalyst.


under an argon atmosphere in the presence and absence of an
electron carrier. For this process, Rh-5 and manganese
porphyrin were incorporated in separate vesicles of DPPC
and DHP. In all cases reduction of the manganese porphyrin
took place after a short induction period (vide infra) in a zero-
order reaction. The results are listed in Table 3 (entries 1 ± 5).
The intervesicular reduction of manganese porphyrins pro-
ceeds both with and without electron carriers (Table 3,
entries 1, 2, and 5 vs. 3 and 4). Thus the rhodium-containing


vesicles can directly reduce the porphyrin-containing vesicles.
An explanation for this may be that vesicle fusion takes place
under the conditions of our experiments. Addition of CaCl2 to
induce vesicle fusion, however, did not enhance the reduction
rate.[25] The intervesicular reduction is accelerated by the
addition of riboflavin (RF) or methylviologen (MV2�) (Ta-
ble 3, entries 3, 4 vs. 2), indicating that these electron carriers
shuttle between the rhodium- and manganese-containing
vesicles. In the natural cytochrome P450 system, the flavin-
containing reductase shuttles between the NADPH cofactor
and the cytochrome P450 catalyst.[1]


As the intervesicular reduction of manganese(iii) porphyr-
ins also took place without electron carriers, we investigated
the intravesicular reduction (Figure 4) of this catalyst in the
absence of carriers. The reactions were zero order. The
influence of the type of membrane on the reduction rate of
Mn-1 is given in Table 3, entries 7, 11, and 12. The rate
depends on the charge of the surfactant used. At the same
temperature and the same Rh-5/Mn-1 ratio the rate is higher
for DODAC vesicles than for DHP vesicles. Since the
formation of the rhodium hydride complex is the rate-
determining step in the reduction of the manganese(iii)
porphyrin, we propose the same explanation for the observa-
tion that the reaction is zero order as for the reduction of RhIII


in the different types of surfactants (vide supra, Table 2),
which is also zero order.


Table 3. Rate constants for the reduction of various manganese porphyrins in
different type of amphiphiles catalyzed by Rh-5 under argon atmosphere.[a]


Entry Surfactant Reaction type T [8C] Porphyrin k0 [nmolLÿ1sÿ1]


1[b] DPPC intervesicular 48 Mn-1 3.3
2[c] DPPC intervesicular 48 Mn-2 5.1
3[d] DPPC�RF intervesicular 48 Mn-2 9.2
4[e] DPPC�MV2� intervesicular 48 Mn-2 11.1
5[f] DHP intervesicular 75 Mn-1 3.7
6[f] DHP intervesicular 75 Mn-1 60
7[c] DPPC intervesicular 48 Mn-1 12.4
8[c] DPPC intervesicular 48 Mn-2 12.6
9[c] DPPC intravesicular 48 Mn-3 9.4
10[c] DPPC intravesicular 48 Mn-4 12.5
11[b] DODAC intravesicular 75 Mn-1 > 100
12[b] DHP intravesicular 75 Mn-1 20.0


[a] For reaction conditions, see Experimental Section. [b] Conditions:
[surfactant]� 926 mm, [Mn]� 2.4mm, [Rh-5]� 2.4mm. [c] Conditions:
[surfactant]� 926 mm, [Mn]� 4.8 mm, [Rh-5]� 6.7 mm. [d] RF� riboflavin. Con-
ditions: [surfactant]� 926 mm, [Mn]� 4.8 mm, [Rh-5]� 6.7 mm, [RF]� 10mm. [e]
MV2��methylviologen. Conditions: [surfactant]� 926 mm, [Mn]� 4.8mm, [Rh-
5]� 6.7mm, [MV2�]� 10.5 mm. [f] Conditions: [surfactant]� 960 mm, [Mn]�
2.4mm, [Rh-5]� 12mm.
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The influence of the location of the porphyrin in the vesicle
bilayer on the rate of its reduction by formate and Rh-5 was
studied in DPPC vesicles. We have shown that the reduced
porphyrins Mn-1 and Mn-2 are located in the center of the
bilayer, whereas Mn-3 is located at the bilayer surface.[26] The
porphyrin Mn-4 will be located in the water phase.[20] After a
short induction period all porphyrins were reduced in zero-
order reactions by Rh-5. The results are listed in Table 3
(entries 7 ± 10); the reduction rates of manganese(iii) porphyr-
ins Mn-1 to Mn-4 are roughly equal. The overall concen-
trations of the porphyrins used in our experiments are
identical, but the local concentrations will differ. For example,
in the case of Mn-3, which is located at the bilayer interface,
the concentration of a porphyrin in the neighborhood of the
rhodium complex will be higher than in the case of Mn-4
which is dissolved in the aqueous phase. The fact that the
reduction rate of the manganese porphyrins is independent of
the location and concentration of these molecules indicates
that the rate-determining step of this reaction is the decom-
position of the Rh formate complex into RhIII hydride and
carbon dioxide.[27]


The reduction rate of Mn-1 in DPPC and DHP vesicles was
also measured as a function of the [Rh-5]/[Mn-1] ratio. A
linear relation was found, with the same slope for both vesicle
systems (Figure 5). A similar relationship between the rate of
reduction and the rhodium/substrate ratio was observed for
the reduction of flavin.[11]


Figure 5. Induction period (^) and reduction rate of Mn-1 (*) as a
function of the [Rh-5]/[Mn-1] ratio in DPPC vesicles. Conditions:
[DPPC]� 926 mm, [Mn-1]� 2.4mm, [Rh-5]� 2.4 n mm (n�Rh-5/Mn-1);
pH 7.0; T� 48 8C.


The induction period for the reduction of Mn-1 in DPPC
vesicles was measured as a function of the concentration of
the Rh-5 catalyst. The induction period was found to be
inversely proportional to the [Rh-5]/[Mn-1] ratio. One
possible explanation is that a certain amount of oxygen is
present when the solution is prepared and reacts first with the
manganese(ii) species. At a higher concentration of Rh-5 the
manganese(ii) porphyrin is formed faster, and the amount of
reduced porphyrin that can initially react with oxygen is
higher. This will result in a shorter induction period because
only when all the oxygen has reacted can the net reduction of
Mn-1 take place.


The reduction of Mn-1 in DPPC vesicles was measured as a
function of temperature. No inflection point in the rate versus
temperature plot was observed at the phase-transition tem-
perature of the vesicle bilayers (42 8C) and a linear relation
between the reduction rate and 1/T was found. The activation
energy, calculated from the slope of this Arrhenius plot, was
Ea� 87� 5 J molÿ1.


Reduction experiments in DPPC vesicles were also carried
out in air. At 48 8C and a formate concentration of 0.25m, no
reduction of MnIII porphyrin was observed at [Rh]/[Mn] ratios
less than 10. At [Rh]/[Mn] ratios higher than 10, however,
reduction took place. Oscillations in the concentration of
manganese(ii) porphyrin were detected at a [Rh]/[Mn] ratio of
10.[10b] After an induction period of about 30 min, the
manganese(ii) porphyrin was gradually formed, and about 50
min after the start of the experiment, the onset of oscillations
with a periodicity of about 90 s was observed. When the MnIII


species was monitored, the complementary progress curve
was obtained.


The oxygen concentration in solution was measured with a
semibatch reactor containing an oxygen-selective Clark
electrode.[28] The oxygen concentration was 5.2 mgLÿ1 at the
start of the experiment and dropped to almost zero when the
manganese(ii) species started to form. When an oxygen/
nitrogen gas stream with 0.1 % oxygen was used, no oscillation
was observed and a linear increase in MnII concentration was
seen. When this species had reached its maximum, a bath-
ochromic shift of 5 nm for the B and Q bands was detected by
UV/Vis spectroscopy. Changes in temperature caused the
oscillations to cease.


In air no net reduction is observed at [Rh-5]/[Mn-1]< 10;
this indicates that the reoxidation of the manganese(ii)
porphyrin by molecular oxygen is considerably faster than
its reduction. At [Rh-5]/[Mn-1] ratios greater than 10, the
situation is reversed and a net reduction of Mn-1 occurs. At
[Rh-5]/[Mn-1]� 10 apparently an oscillating reaction takes
place in which the manganese porphyrin shuttles between the
�2 and �3 states. The two-dimensional projection of the
phase plot of the manganese(ii) porphyrin is shown in
Figure 6.[28] This so-called attractor reveals that the reaction


Figure 6. Oscillating reduction of Mn-1 by Rh-5 and formate in air at 48 8C.
The change in absorption at 435 nm (MnII) was measured as a function of
time and plotted as described in ref. [28]. Conditions: [DPPC]� 926 mm,
[Mn-1]� 2.4 mm, [Rh-5]� 22 mm ; pH 7.0.
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has an elliptical periodic oscillation in the absorption range
0.4 ± 0.5. This behavior suggests that whatever the initial
concentration of MnII is, the system settles into the same
periodic variation of concentration (ellipse). Small changes in
temperature prohibited the oscillation, and this is consistent
with the fact that both the reduction and oxidation reactions
are strongly temperature dependent (vide supra). The bath-
ochromic shift of 5 nm observed for the B and Q bands of the
manganese(ii) porphyrin might indicate that the porphyrin
molecules temporarily move to a part of the bilayer which has
a lower polarity and is free of solvent molecules that can
coordinate to the axial position, that is, move away from the
bilayer/water interface.[26, 29] Calculations and further experi-
ments are in progress to elucidate the cause of the oscillatory
behavior.


Formate concentration dependence : The dependence of the
rate of reduction of Mn-1 on the formate concentration was
investigated in different types of vesicles. In the case of DHP
vesicles the reaction temperature was 74 8C, and for DPPC
and DODAC vesicles 49 8C, which is above the phase-
transition temperature of the vesicle bilayers. The experi-
mental curves could be approximately fitted by using
Michaelis ± Menten type kinetics [Eqs. (c) and (d)],[11, 18]


k0�
kmax�HCOOÿ�
�HCOOÿ� � KM


(c)


KM�K '
be
ÿFY�x�


RT (d)


where kmax is the maximal reduction constant and KM is a
constant related to the binding constant of formate to the
rhodium complex K '


b and the surface potential of the bilayer
at the site of the rhodium complex Y(x). The calculated values
for KM and kmax are listed in Table 1.


The fact that Michaelis ± Menten type kinetics are found for
the reduction of the manganese(iii) porphyrins at different
formate concentrations indicates that the coordination of
formate to the rhodium center takes place in an equilibrium
reaction that precedes the rate-determining step, which is the
formation of the rhodium(iii) hydride species.[18] The latter
reacts rapidly with the manganese(iii) porphyrin.


The values of kmax and KM (Table 1) for DHP are difficult to
compare with those for DPPC and DODAC because they had
to be obtained at different temperatures. The kmax appears to
be higher in DODAC bilayers than in DPPC bilayers
(Table 1). The rate constant for the reduction of Mn-1 will
be dependent on the rate of decomposition of the rhodium
formate complex into the rhodium(iii) hydride complex. It is
conceivable that the rhodium formate complex is less
stabilized in the positively charged DODAC vesicles than in
the negatively charged DPPC bilayers, and this may result in a
lower activation energy and a higher reaction rate for the
decomposition reaction.


Epoxidation experiments : Mn-1 was chosen as the catalyst in
the epoxidation experiments because it displays almost no
aggregation in vesicle bilayers, and its reduced form has been
shown to be located in the hydrophobic part of the membrane


(Figure 2).[26] The epoxidation of various substrates with
molecular oxygen in the presence of Rh-5 and Mn-1 as
catalysts was investigated in different types of vesicles. The
results are listed in Table 4.


All substrates tested were epoxidized by the catalytic
systems based on DHP and DPPC vesicles. The turnover
numbers (Table 4) are higher than those obtained with the
two-phase system.[9] They are in the same range as those
observed for the natural system (1 nmol product per nmol
P450* per min).[1] The effect of the membrane environment
on the catalytic epoxidation is more pronounced when the
DHP vesicles are replaced by the DODAC vesicles. In the
latter membrane system, no epoxidation of alkenes was
observed (Table 4, entries 7 and 8). Presumably, the concen-
tration of protons is too low for the catalytically active MnV


oxo species[2] to be formed at the positively charged interface.
When the [Rh]/[Mn] ratio was increased from 1 to 10, the
turnover number of the reaction decreased considerably
(Table 4, entry 6). This may be due to the fact that more
electrons become available because of the higher concen-
tration of rhodium centers. As a result a side reaction can take
place that produces water (the so-called nonproductive
pathway, Figure 1).[2] The turnover numbers for DPPC
vesicles are much lower than those for the DHP vesicles.
This behavior is probably not the result of the lower temper-
ature, because in the case of DPPC a higher concentration of
rhodium was used, which makes the reduction rates of Mn-1
in the two systems almost equal (DHP: T� 75 8C, [Rh-5]/[Mn-
1]� 1, k0� 20 nmol Lÿ1 sÿ1; DPPC: T� 47 8C, [Rh-5]/[Mn-1]�
5, k0� 30 nmol Lÿ1 sÿ1). The oxygen concentration will be
higher for DPPC vesicles at 47 8C than for DHP vesicles at
75 8C, which should be an advantage for the former system. A
reasonable explanation for the observed difference in turn-
over numbers is that the concentration of protons at the
DPPC surface is too low, as in the case of DODAC vesicles.
The pKobs


a value of 5.7 (Table 2) for DPPC is closer to that of
DODAC (pKobs


a � 5.0) than to that of DHP (pKobs
a � 8.6).


Table 4. Epoxidation of alkenes by the membrane-bound cytochrome
P450 mimic.[a]


Entry Surfactant Substrate Product[b] T.O.[c]


1 DHP a-pinene a-pinene oxide 360
2 DPPC[d] a-pinene a-pinene oxide 16
3 DHP cis-stilbene cis-stilbene oxide 45
4 DHP limonene limonene oxide 50
5 DHP styrene styrene oxide 55
6 DHP[e] styrene styrene oxide 5
7 DODAC styrene styrene oxide 0
8 DODAC[e] styrene styrene oxide 0
9 DPPC[d] styrene styrene oxide 4
10 DHP ethylbenzene acetophenone 400


[a] [Mn-1]� 2.4 mm, [Rh-5]� 2.4 mm, for further reaction conditions see
Experimental Section. The reaction was monitored by GLC for 1 h. No
destruction of the catalyst was found after that period. [b] No oxidation was
observed without vesicles or when any of the components of the catalytic
system were omitted, except in the case of ethylbenzene. Here also some
oxidation took place when Rh-5 was omitted. [c] T. O.� turnover number:
[epoxide]/[Mn-1] per h, calculated from the initial part of the conversion/
time plot. [d] Rh-5/Mn-1 molar ratio� 5. [e] Rh-5/Mn-1 molar ratio� 10.
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UV/Vis spectroscopy showed that the porphyrin catalyst
did not decompose during the oxidation reactions (<5 %
decomposition after 1 h). This remarkably high stability,
which is in contrast with the two-phase system previously
reported, is thought to be the result of the stabilizing effect of
the bilayers.[9]


The reaction product a-pinene oxide was converted
(>90 %) into other products within a period of one hour
(vide infra). Limonene oxide decomposed (50 %) into un-
identified products. The turnover numbers in Table 4 are not
corrected for this decomposition reaction. Styrene oxide and
stilbene oxide were stable under the experimental conditions.
The epoxidation of styrene was measured at Rh-5/Mn-1 ratios
of 1 and 10. In both cases phenylacetaldehyde was also
detected as a reaction product (10% with respect to styrene
epoxide). In the case of cis-stilbene no trans-stilbene epoxide
was formed; this may indicate a concerted reaction between
the MnV oxo species and the alkene.[30] Ethylbenzene was
oxidized to acetophenone. In this case the oxidation reaction
also occurred when Rh-5 was omitted. Acetophenone was not
formed, however, when Mn-1 was absent. It is known that
ethylbenzene can undergo autooxidation in air.[31] In our case
the manganese porphyrin presumably serves as an initiator for
this autocatalytic reaction.


a-Pinene oxide stability : The stability of a-pinene oxide
under the reaction conditions was investigated by mixing it
with DHP and DPPC vesicles. Identical decomposition curves
of the epoxide were found for vesicles with and without
catalyst. The t1/2 values for decomposition of a-pinene oxide in
the presence of DHP at 75 8C and DPPC at 47 8C were 2 and
7 min, respectively. Four main products were formed in the
decomposition reaction, as shown by GC ± MS: campholenic
aldehyde, trans-carveol, pinocamphone, and trans-sobrerol
(Figure 7). These are the normal isomerization products of a-
pinene oxide and are the result of an acid-catalyzed ring
opening reaction.[32]


Figure 7. a-Pinene oxide (A) and its decomposition products campholenic
aldehyde (B), pinocamphone (C), trans-carveol (D), and trans-sobrerol
(E).


Conclusions


A supramolecular cytochrome P450 mimic that incorporates
all features of the natural system, namely, 1) a membrane-
bound metalloporphyrin, 2) an axial ligand (N-methylimid-
azole), 3) an electron donor (rhodium complex/formate), 4)
molecular oxygen as oxygen donor, and 5) a membrane
system that holds the components within its bilayer, has been
developed. The reduction rate of the rhodium complex
incorporated in closed bilayers (vesicles) of surfactants with


positive, zwitterionic, or negative head groups is highly
dependent upon the vesicle charge. The reduced rhodium
complex efficiently catalyzes the reduction of methylviologen,
riboflavin, and various manganese(iii) porphyrins. The charg-
es of the surfactant head groups determine the degree of
dissociation of the reduced RhIII hydride complex into RhI


and a proton, as well as the reduction rate of the mangane-
se(iii) porphyrins, which increases on going from negatively to
positively charged surfactants. Under aerobic conditions net
reduction of MnIII porphyrins takes place when the concen-
tration of rhodium is more than 10 times that of the porphyrin.
At a [Rh]/[Mn] ratio of 10, the concentration of MnII


porphyrin oscillates. A variety of substrates has been epoxi-
dized with the cytochrome P450 model system with turnover
numbers on the same order of magnitude as those of the
natural system. The charge on the vesicles has a dramatic
effect on the catalytic epoxidation activity of the mimic. In the
case of the positively charged DODAC vesicles no epoxida-
tion of alkenes was observed, presumably because the
concentration of protons is too low to allow formation of
the catalytically active MnV oxo species.


Experimental Section


Instrumentation : Infrared and UV/Vis spectra were recorded with Perkin-
Elmer 298 and Perkin-Elmer Lambda 5 spectrophotometers, respectively.
Differential scanning calorimetry measurements were performed on a
Perkin-Elmer DSC 7 instrument. Electrochemical measurements were
carried out with a PAR 175 potentiostat. Transmission electron microscopy
was performed on a Philips EM 201 microscope. FAB mass spectra were
recorded on a VG 7070E instrument with m-nitrobenzyl alcohol as the
matrix. GC analyses were carried out with a Varian 3700GC instrument
containing a Chrompack column (WCOT/CP-SIL5CB, diameter�
0.25 mm). The injection post temperature and the FID detector temper-
ature in all cases were 250 8C and 260 8C, respectively. A specific temper-
ature program was used for each substrate.


Materials : For the preparation of the vesicles absolute ethanol, distilled
tetrahydrofuran, and deionized water were used. N,N-Dioctadecyl-N,N-
dimethylammonium chloride (DODAC) was prepared from N,N-diocta-
decyl-N,N-dimethylammonium bromide (DODAB) by ion-exchange chro-
matography.[11] l-a-Dipalmitoylphosphatidylcholine (DPPC), dihexadecyl
phosphate (DHP), l-a-dipalmitoylphosphatidic acid (DPPA), and methyl
tosylate were purchased from Sigma. Thin-layer chromatography (TLC)
was performed on precoated F-254 plates (Merck). Column chromatog-
raphy was carried out on basic alumina or Silica 60H (Merck). N-(2-(2-
(2,2'-Bipyridyl-5-carbosamido)-ethoxyethyl)-N,N-dihexadecyl-N-methyl-
ammonium)pentamethylcyclopentadienylrhodium trichloride (Rh-5) was a
gift of Dr J. H. van Esch.[11] 21H,23H-5,10,15,20-Tetra(2,6-dichlorophenyl)-
porphyrin,[33] 21H,23H-5,10,15,20-tetra(4-hexadecyloxyphenyl)porphyrin,
21H,23H-5,10-di(4-pyridyl)-15,20-di(4-hexadecyloxyphenyl)porphyrin,
and 21H,23H-5,10,15,20-tetra(4-pyridyl)porphyrin were prepared accord-
ing to literature procedures.[11, 34]


5,10,15,20-Tetra(2,6-dichlorophenyl)porphyrin manganese(iiiiii) acetate
(Mn-1) was synthesized by the literature method[35] from 21H,23H-
5,10,15,20-tetra(2,6-dichlorophenyl)porphyrin (50 mg) and manganese(iii)
acetate (300 mg). Yield: 40 mg (72 %) of Mn-1 as a green powder. Rf


(MeOH/EtOAc, 1/1, v/v)� 0.7. FAB-MS: m/z : 943 [MÿCH3COOÿ]. UV/
Vis (CHCl3): lmax (lg e): 372 (4.50), 394 (4.34), 477 (4.77), 578 nm (3.85).


5,10,15,20-Tetra(4-hexadecyloxyphenyl)porphyrin manganese(iiiiii) chloride
(Mn-2): A solution containing 21H,23H-5,10,15,20-(4-hexadecyloxyphen-
yl)porphyrin (50 mg), NaHCO3 (100 mg) and manganese(ii) chloride
(150 mg) in THF (15 mL) was heated to reflux with stirring under nitrogen
for 24 h. The solvent was evaporated under reduced pressure, and the
product was purified by column chromatography on silica (MeOH/CHCl3,
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1/18, v/v). Yield: 45 mg (85 %) of Mn-2 as a green powder. Rf (MeOH/
CHCl3, 1/9, v/v)� 0.7. FAB-MS: m/z : 1629 [M]. UV/Vis (CHCl3): lmax


(lge): 382 (4.60), 406 (4.56), 480 (4.87), 584 (3.83), 625 nm (4.00).


5,10-Di(4-pyridyl)-15,20-di(4-hexadecyloxyphenyl)porphyrin mangan-
ese(iiiiii) acetate was synthesized as described in the literature[35] from
21H,23H-5,10-di(4-pyridyl)-15,20-di(4-hexadecyloxyphenyl)porphyrin
(100 mg) and manganese(iii) acetate (100 mg). Yield: 98 mg (94 %) of
compound as a green powder. Rf (MeOH/CHCl3, 1/9, v/v)� 0.15. UV/Vis
(CHCl3): lmax: 378, 403, 479, 581, 619 nm.


5,10-Di(4-(methylpyridinium)-15,20-di(4-hexadecyloxyphenyl)-porphyrin
manganese(iiiiii) acetate ditosylate (Mn-3): Under a nitrogen atmosphere,
5,10-di(4-pyridyl)-15,20-di(4-hexadecyloxyphenyl)porphyrin mangan-
ese(iii) acetate (50 mg) and methyl tosylate (300 mg) were dissolved in a
mixture of toluene/acetonitrile (10 mL, 2/1, v/v). The reaction mixture was
stirred at 80 8C for 16 h. After cooling to room temperature, the reaction
mixture was poured over a glass filter covered with silica. After washing
with acetone (50 mL) to remove excess methyl tosylate, Mn-3 was isolated
by elution with (MeOH/CHCl3, 1/1, v/v). Yield: 40 mg (61 %) of product as
a dark green powder. Rf (MeOH/CHCl3, 1/9, v/v)� 0.1. FAB-MS: m/z :
1180 [Mÿ 2tosÿ acetate]. UV/Vis (CHCl3): lmax (lge): 380 (4.61), 404
(4.51), 476 (5.16), 580 (4.08), 620 nm (3.87).


5,10,15,20-Tetra(4-pyridyl)porphyrin manganese(iiiiii) acetate : The com-
pound was synthesized as described in the literature,[36] starting from
21H,23H-5,10,15,20-tetra(4-pyridyl)porphyrin (50 mg) and manganese(iii)
acetate (300 mg). Yield: 72% of product as a green powder. Rf (MeOH/
CHCl3, 1/9, v/v)� 0.05. UV/Vis (CHCl3): lmax: 368, 396, 473, 581, 616 nm.


5,10,15,20-Tetra(4-(1-methylpyridinium))porphyrin manganese(iiiiii) penta-
chloride (Mn-4) was synthesized according to a literature procedure[36]


from 5,10,15,20-tetra(4-pyridyl)porphyrin manganese(iii) acetate (50 mg)
and methyl tosylate (400 mg), and converted to the corresponding chloride
salt by ion exchange chromatography. Yield: 52 mg (72 %) of Mn-4 as a
dark green powder. FAB-MS: m/z : 766 [Mÿ 4 Clÿ], 731 [Mÿ 5Clÿ]. UV/
Vis (EtOH): lmax (lg e): 372 (4.12), 396 (4.05), 461 (4.55), 569 (3.57), 620 nm
(3.87).


Vesicle preparation : Aliquots of stock solutions of manganese(iii) porphyr-
in, Rh-5, and surfactant, calculated to give the desired concentrations, were
mixed in a test tube. The solvent was evaporated under a stream of nitrogen
to give a homogeneous thin film. This film was dissolved in ethanol/THF
(100 mL, 1/2, v/v). Half of the solution was injected into an ethylmorpho-
line/formate buffer solution (5 mL) at a temperature above the phase-
transition temperature of the surfactant bilayer: for DODAC Tc� 38 8C,[37]


for DPPC Tc� 42 8C,[12] for DPPA Tc� 58 8C,[38] and for DHP Tc� 72 8C.[39]


Incorporation experiments : The efficiency of incorporation of the catalyst
in the vesicles was measured by gel permeation chromatography (GPC) in
combination with UV/Vis spectroscopy. Vesicle solutions were prepared as
described above and were passed over a Sephadex G50 column with
ethylmorpholine buffer as the eluent. The fractions were collected and the
UV/Vis absorption spectra were measured to calculate the manganese(iii)
porphyrin, Rh-5, and amphiphile concentrations.


Electron microscopy: For the visualization of the vesicles, the negative
staining method was used. A droplet of a vesicle solution was placed on a
Formvar-coated copper grid which had first been made hydrophilic by
exposure to an argon plasma for 2 min. After allowing adsorption on the
grid to proceed for 2 min, the solution was drained with filter paper and the
samples were stained with an aqueous uranyl acetate solution (1 wt %)
which was removed after 1 min.


Differential scanning calorimetry : Cups containing about 10 mg of material
were placed in the DSC apparatus, and heating and cooling scans were
recorded with a scan rate of 2 8C minÿ1.


Cyclic voltammetry : All measurements were carried out in water with a
basal-plane pyrolytic graphite electrode as the working electrode, which
was polished with alumina, rinsed with water, and cleaned in a bath-type
sonicator for 1 min before use. The reference electrode was a sodium-
saturated calomel electrode (SSCE), which was separated from the solution
by a salt bridge of similar composition and pH; the auxiliary electrode was
a platinum electrode. In a typical experiment, 4 mL of an ethylmorpholine
buffered (50 mm, pH 7.0) vesicle solution of Rh-5 and surfactant was placed
in the electrochemical cell, and the solution was purged with nitrogen for
20 min. Unless otherwise indicated, the scan rate was 100 mV sÿ1. A
nitrogen stream was passed over the solution during the measurements.


After the cyclic voltamograms had been recorded, ferrocenecarboxylic acid
was added to give a concentration of 5� 10ÿ4 mol Lÿ1. The redox potential
of this compound (E1/2� 0.275 V vs. SCCE, DEp� 62 mV and ib/if� 1) was
measured, and the half-wave potentials are reported relative to this internal
standard.


Reduction experiments : The desired amounts of stock solutions of Rh-5,
manganese(iii) porphyrin, and DHP, DODAC, DPPA, or DPPC in
chloroform were mixed in a test tube. The solvent was evaporated under
a stream of nitrogen to leave a homogeneous film. This film was dissolved
in ethanol/tetrahydrofuran (100 mL; 1/1, v/v) and injected into water
(1.25 mL) at 75 8C. The suspension was purged with argon for 30 min and
injected into a cuvette containing an ethylmorpholine/sodium formate
buffer (1.25 mL) at 75 8C. The course of the reaction was monitored by
measuring the change of the absorbance in the UV/Vis spectrum (l): Rh-5
(522), Mn-1 (435), Mn-2 (440), Mn-3 (453), Mn-4 (446 nm).


Conditions: Rhodium reduction : 72 mm of Rh-5, 926 mm of surfactant in
ethylmorpholine (50 mm)/sodium formate (150 mm) buffer. The resulting
curves were fitted with the following first-order equation [RhI]t�
[RhI]maxÿ [RhI]maxeÿkt.


pH Experiments : 7.2 mm of Rh-5, 910 mm surfactant in ethylmorpholine
(50 mm)/sodium formate (150 mm) buffer adjusted to the desired pH value
with a concentrated sodium hydroxide solution. The pH curves were fitted
with the equation [RhI]t� [RhI]max/(Ka[H�]� 1).


Formate experiments : 2.4 mm of Mn-1, 12 mm of Rh-5, 910 mm of surfactant in
ethylmorpholine (50 mm)/sodium formate (varied between 0.016 and
0.150m) buffer (pH 7.0).
Temperature experiments : 2.4mm of Mn-1, 7.2mm of Rh-5, 910 mm of
surfactant in ethylmorpholine (50 mm)/sodium formate (150 mm) buffer
(pH 7.0); T was varied between 25 8C and 65 8C.


Experiments with rhodium complexes : 2.4mm of Mn-1, 2.4 nmm of Rh-5 (n�
Rh/Mn molar ratio), 910 mm of surfactant in ethylmorpholine (50 mm)/
sodium formate (150 mm) buffer (pH� 7.0), T� 48 8C.


Oscillation experiment : 2.4mm of Mn-1, 24.0 mm of Rh-5, 910 mm of DPPC in
ethylmorpholine (50 mm)/sodium formate (150 mm) buffer (pH 7.0), T�
48 8C.


Epoxidation experiments : Final conditions: 2.4mm of Mn-1, 2.4 nmm of Rh-
5 (n�Rh/Mn molar ratio), 3.5mm of N-methylimidazole and 910 mm of
surfactant in ethylmorpholine (50 mm)/sodium formate (250 mm) buffer
(pH 7.0), 200 mm of substrate. The 100 mL of solution containing all
components was directly injected into a buffered solution (2.5 mL) above
the phase-transition temperature of the vesicle bilayers. After 1 min the
substrate was injected, and the reaction mixture was analyzed by taking
0.2 mL aliquots, to which was added 0.1 mL of diethyl ether containing
mesitylene as an internal standard. This mixture was vortexed and
centrifuged. After phase separation, a 5 mL sample was taken from the
diethyl ether layer and analyzed by GLC (temperature program 70 8C
(2 min), 10 8C minÿ1, 220 8C (2 min)). Reaction products were identified by
GC/MS and by comparison with authentic samples.
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New Dichlorosilanes, Cyclotrisilanes, and Silacyclopropanes as
Precursors of Intramolecularly Coordinated Silylenes


Johannes Belzner,* Uwe Dehnert, Heiko Ihmels, Matthias Hübner,
Peter Müller, and Isabel UsoÂ n


Abstract: Three highly coordinated dichlorosilanes, 11 a, 12, and 13, were synthe-
sized, and their structures were investigated in solution as well as in the solid state (12
and 13). The reductive dehalogenation of 11 a and 12 with magnesium yielded
cyclotrisilanes 14 and 20, which are in equilibrium with silylenes 15 and 24 as shown
by trapping and silylene-exchange experiments. Treatment of 13 with magnesium
metal afforded a mixture of benzosilacyclobutene 38 and disilane 40, which also was
obtained by the thermolysis of silacyclopropane 44. Trapping experiments corrobo-
rated the involvement of silylene 43 in these reactions.


Keywords: cyclotrimerizations ´ in-
tramolecular coordination ´ NMR
spectroscopy ´ silicon ´ silylenes


Introduction


Silylenes are an important species of highly reactive organo-
silicon compounds. Their chemistry has been investigated for
more than thirty years, and interesting similarities and
differences to the chemistry of carbenes have been discov-
ered.[1] One of the striking contrasts is the fact that carbenes
may adopt, depending on their substituents, either a singlet or
a triplet ground state, whereas up to now only silylenes with a
singlet ground state have been observed. Consequently,
silylenes are ideal candidates for a coordinative interaction
with Lewis bases that can donate a lone pair of electrons into
the empty p orbital of the divalent silicon compound. The first
evidence for the formation of Lewis base ´´ ´ silylene adducts
was obtained from the observation that dimethylsilylene
inserts into the OÿH bond of alcohols more selectively in
polar solvents, such as Et2O or THF, than in nonpolar
hydrocarbons.[2] This was interpreted in terms of the forma-
tion of solvent ´´ ´ silylene complexes, which are supposed to be
less reactive and hence more selective than the noncoordi-


nated silylene. Some years later, the UV-spectroscopic
identification of matrix-isolated complexes between photo-
chemically generated silylenes and various Lewis bases, such
as ethers, alcohols, or amines, was reported.[3] The major
evidence for the formation of donor ´´ ´ silylene complexes was
the hypsochromic shift of its UV absorption.[3] In a theoretical
study of the reaction of NH3 with :SiH2, the bond-dissociation
enthalpy D0 of the dative Si ´ ´ ´ N bond in H3N ´´´ SiH2 was
calculated to be 97� 10 kJ molÿ1 (Scheme 1).[4a] A more
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Scheme 1. Coordination of NH3 to SiH2: Computational results[4a] (values
in parentheses refer to ref. [4b]).


recent calculation of this complex, which utilizes all valence
electron basis sets and relativistic-corrected effective core
potential methods, gave a bond dissociation enthalpy of
103 kJ molÿ1.[4b] A blue shift of the UV absorption, which is
ascribed to the S0!S1 transition, was computed at the CIS/6-
31�G* level on going from the free to the coordinated
silylene,[4a] and these results are in good agreement with the
experimental data.[3] In addition, the formation of a ternary
complex between H2Si : and two molecules of NH3 was
predicted by theory. However, in this case the dative bonds
are expected to be significantly weaker than those in H3N ´´´
SiH2, as is evident from the considerably smaller D0 value of
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the new Si ´´ ´ N bond (7�
20 kJ molÿ1);[4a] a value of
20.1 kJ molÿ1 was estimated
at a higher level of theory.[4b]


Finally, the isolation of the
first stable silylene ± Lewis
base complexes from the re-
action of a sterically congest-
ed disilene with isonitriles
was recently reported.[5]


The free enthalpy of the
intermolecular coordination
reaction between a silylene
and one or two external mol-
ecules of a Lewis base suffers
severely from the less favor-
able entropic term of this
reaction. This restriction may
be overcome by the use of
chelating substituents at the
silicon center. To this end
various approaches to intramolecularly coordinated silylenes
have been investigated over the last few years. Corriu, Auner,
Conlin et al. utilized difluorosilanes, substituted by one or two
bidentate aminoaryl groups Ar, Ar1 or Ar2 as precursors of


NMe2
NMe2


Me2N NMe2


Me


Ar Ar1 Ar2 Ar3


silylenes, which were supposed to be intramolecularly coor-
dinated.[6] When treated with lithium metal or lithium
naphthalenide in the presence of excess 2,3-dimethyl-1,3-
butadiene, the corresponding silacyclopentenes were ob-
tained, presumably via a coordinated silylene or silylenoid
intermediate. Photolysis of tetrasilane 1 in the presence of 2,3-
dimethyl-1,3-butadiene or Et3SiH yielded, besides hexame-
thyldisilane, the trapping products 3 and 6 in moderate yield.[6]


However, a major drawback of this method, with regard to its
synthetic utility, is the formation of appreciable amounts of


tolyl-substituted silanes 4 and 5, which result from the
photolytic cleavage of the benzylic C ± N bond (Scheme 2).
When the photolysis of 1 was performed in a hydrocarbon
matrix at ÿ196 8C, an intense absorption at lmax� 478 nm was
observed, which was attributed to the intramolecularly
coordinated silylene 2. In contrast, similar trisilanes which
bear the substituent Ar1 are reported by Tamao et al.[7] to be
stable towards UV radiation. However, their transition metal-
catalyzed degradation, which yielded 1,2-disilacyclo-3-bu-
tenes in the presence of acetylenes, provides strong evidence
for chelated silylenes or silylene ± metal complexes as reactive
intermediates. More recently, it was reported that pentacoor-
dinated alkoxydisilane 7, also substituted with Ar1, undergoes
a smooth reaction to give silylene 8 at 90 8C (Scheme 3). The
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Scheme 3. Generation of a highly coordinated silylene by thermolysis of a
disilanyl ether.


surprising ease of the reaction was attributed to the intra-
molecular coordination of the amino group to the silicon
center in the starting material as well as in silylene 8.[8] Finally,
we have shown that the readily accessible cyclotrisilane 9,[9a]


which bears six Ar substituents, is in equilibrium with silylene
10 at room temperature (Scheme 4).[9b] The concentration of
10 is too low for it to be detected by NMR spectroscopy.
However, it can be transferred to a variety of substrates under
total disintegration of the three-membered ring. Thus, this
cyclotrisilane is a valuable, waste-free synthetic equivalent of
10. This unprecedented thermal equilibrium between a cyclo-
trisilane and the corresponding silylenes was explained by an


Abstract in German: Die neuen Dichlorsilane 11a, 12 und 13
besitzen sowohl in Lösung als auch im Festkörper (12 und 13)
ein hochkoordiniertes Siliciumzentrum. 11a und 12 wurden
mittels Magnesium in die Cyclotrisilane 14 und 20 überführt,
die im thermischen Gleichgewicht mit den entsprechenden
Silandiylen 15 und 24 stehen. Die Reduktion von 13 hingegen
lieferte nicht das entsprechende Cyclotrisilan, sondern verlief
unter Bildung des Benzosilacyclobutens 38 und des Disilans
40, die auch bei der Thermolyse des Silacyclopropans 44
entstehen. Abfangexperimente zeigten, daû bei beiden Re-
aktionen ein Silandiyl 43 als reaktive Zwischenstufe durch-
laufen wird.
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Scheme 2. Generation of a highly coordinated silylene by photolysis of a trisilane; Ar� 2-Me2NCH2C6H4.
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Scheme 4. Thermal equilibrium of cyclotrisilane 9 and highly coordinated
silylene 10 ; Ar� 2-Me2NCH2C6H4.


intramolecular coordination of one or two dimethylamino
groups to the silicon center.[9b,c] In addition, the coordinative
stabilization of silylene 10 may also account for the pro-
nounced nucleophilic reactivity of 10,[9c] which is in marked
contrast to the electrophilic character of other silylenes.[10]


Inspired by these results, we investigated whether other
cyclotrisilanes with potentially chelating substituents are
synthetically accessible and whether such cyclotrisilanes show
a silylene activity similar to 9, that is whether they are in
thermal equilibrium with intramolecularly coordinated sily-
lenes. In particular, we were interested in the question as to
whether one chelating substituent at the silicon center is
sufficient to establish a cyclotrisilane ± silylene equilibrium
similar to that found for cyclotrisilane 9. Herein we report our
investigations on the synthesis of cyclotrisilanes consisting of
three silylene subunits with either two Ar3 substituents or with
one Ar and one bulky Mes or Tip substituent (Mes� 2,4,6-
trimethylphenyl; Tip� 2,4,6-tris(isopropyl)phenyl).


Results and Discussion


Preparation and properties of dichlorosilanes: Dichlorosilane
11 a was prepared by the reaction of two equivalents of the
corresponding aryllithium compound[11] with tetrachlorosi-
lane. The 1H NMR spectrum of 11 a in CDCl3 at room
temperature showed broad, unresolved signals for the aro-
matic protons as well as for the protons of the (dimethylami-
no)methyl substituent. This is assumed to reflect an intra-
molecular dynamic coordination of the dimethylamino groups
to silicon, as has been reported for 11 b (Scheme 5).[12] The 29Si
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Scheme 5. Dynamic coordination process in 11 a (R�Me) and 11 b (R�
H).


NMR signal of 11 a at d�ÿ32.6 is shifted appreciably upfield
of the value for the tetracoordinate Ph2SiCl2 (d��6.30).[13a]


Thus, the observed value for 11 a is in agreement with the
formation of a pentacoordinate silicon center.[13b]


The dichlorosilanes 12 and 13 with mixed substituents were
obtained by treatment of mesityl- or 2,4,6-tris(isopropyl)phe-
nyltrichlorosilane, respectively, with one equivalent of ortho-
lithiated dimethylbenzylamine in Et2O. From the respective


Si
Cl2


MeMe


Me
Me2N


Si
Cl2


iPriPr


iPr
Me2N


12 13


29Si NMR shifts at high field (d�ÿ23.5 and ÿ24.0) it is
evident that the silicon centers of both compounds interact
coordinatively with the dimethylamino group of the Ar
substituent. Further insight into the solution structure of
these dichlorosilanes was obtained from the temperature-
dependent NMR spectra. The 29Si NMR signal of 12 under-
goes a significant highfield shift upon cooling and is eventually
observed at d�ÿ54.1 at 159 K. This temperature dependence
indicates an equilibrium between tetra- and pentacoordinate
modifications of the dichlorosilane, which is rapid at room
temperature and is shifted towards the pentacoordinate,
magnetically more shielded species as the temperature
decreases.[14] The existence of such an equilibrium is support-
ed by the temperature-dependent 1H NMR spectra of 12. At
room temperature the NMe groups, as well as the benzylic
protons of the Ar substituent, are chemically equivalent
proving that the coordination ± dissociation ± recoordination
process of the dimethylamino group is fast on the NMR time
scale. Rotation of the mesityl substituent is not hindered at
room temperature, as is evident from the chemical equiv-
alence of the ortho-methyl groups. Upon cooling, a broad AB
coupling pattern develops for the benzylic protons along with
two singlets for the NMe groups. This is expected for the rigid,
pentacoordinate modification of 12. Moreover, the ortho-
methyl groups of the mesityl substituent, which are chemically
equivalent at room temperature, are observed as two singlets
at low temperature. This diastereotopicity is assumed to arise
because of the hindered rotation of the mesityl substituent in
the pentacoordinate form of 12. The free enthalpy of
activation for the dissociation of the dative N ´´´ Si bond is
estimated from the coalescence of NMe groups to be 39.5�
0.8 kJ molÿ1 at 215 K. This value is in agreement with DG=�
40.7 kJ molÿ1 for Ph(Ar)SiCl2.[12b] We attribute the observed
diastereotopicity of the NMe and the ortho-methyl protons at
low temperatures to the freezing of the process occurring,
which is assumed to be, in line with the observed highfield
shift of the 29Si NMR signal of 12 on lowering the temper-
ature, the coordination of the dimethylamino group to the
silicon center. As a consequence of the freezing of this
dissociation ± recoordination process, the rotation of the
mesityl substituent stops. This hypothesis is supported by
the fact that the free enthalpy of activation, when estimated
from the coalescence of the ortho-methyl signals (DG=�
40.6� 0.6 kJ molÿ1), is in good agreement with the value
obtained from the coalescence temperature of the NMe
signals. In the solid-state structure of 12, the silicon is at the
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center of a trigonal bipyramid in which the equatorial plane is
defined by the ipso-carbon atoms of the aryl substituents and
one chlorine atom, and the nitrogen center of the dimethy-
lamino group and the second chlorine atom Cl(2) occupy the
axial positions (Figure 1). The distance between the N atom


Figure 1. Crystal structure of 12. Hydrogen atoms are omitted for clarity,
displacement ellipsoids are at the 50% probability level. Selected bond
lengths [pm] and angles [8]: Si(1) ´´ ´ N(1) 223.6(2), Si(1) ± Cl(2) 221.5(1),
Si(1) ± Cl(1) 209.0(1), Si(1) ± C(1) 188.6(2), Si(1) ± C(11) 189.9(2); C(1)-
Si(1)-C(11) 128.1(1), C(1)-Si(1)-Cl(1) 108.4(1), C(11)-Si(1)-Cl(1) 122.0(1),
C(1)-Si(1)-Cl(2) 96.9(1), C(11)-Si(1)-Cl(2) 92.7(1), Cl(1)-Si(1)-Cl(2)
92.7(0), C(1)-Si(1) ´´ ´ N(1) 80.5(1), C(11)-Si(1) ´´ ´ N(1) 89.3(1), Cl(1)-
Si(1) ´´ ´ N(1) 87.6(1), Cl(2)-Si(1) ´´ ´ N(1) 177.3(0).


and the nearly planar silicon center (sum of the bond
angles: 358.58) is 223.6 pm, which is slightly shorter than the
229.1 pm found for 11 b.[12a] The axial Si(1) ± Cl(2) bond is
longer than the equatorial Si(1) ± Cl(1) bond, as is expected
for a trigonal bipyramidal coordination geometry around a
pentacoordinate silicon center. The steric demand of the
mesityl substituent gives rise to an enlarged C(11)-Si(1)-C(1)
angle of 128.18, and a significantly reduced C(1)-Si(1)-Cl(1)
angle of 108.48.


According to the NMR spectra, more heavily substituted 13
equilibrates, in a similar manner to 12, in solution at room
temperature between two modifications with a tetracoordi-
nate and a pentacoordinate silicon center. The activation
parameters of the dissociation process (DG=� 40.2�
1.7 kJ molÿ1; DH=� 53.23� 0.21 kJ molÿ1; DS=� 60.88�
0.97 J Kÿ1) were obtained by an analysis of the line shapes
of the NMe signals between ÿ25 and ÿ78 8C with the
programs DNMR5[15] and ACTPAR.[16] Figure 2 shows a
comparison of the experimental and calculated line shapes.
The solid-state structure of 13 (Figure 3) resembles that of 12.
However, the dative Si ´ ´ ´ N interaction appears to be slightly
weaker in solid dichlorosilane 13, as indicated by the longer
Si ´´ ´ N distance of 226.8 pm as well as a shorter apical Si ± Cl
bond of 218.8 pm. Accordingly, the sum of the equatorial
bond angles around silicon (357.468) is smaller than in 12. The
enhanced bulkiness of the Tip substituent compared with the
Mes substituent is reflected by a more pronounced distortion
of the bond angles in the plane of the trigonal bipyramid: The
C(11)-Si(1)-C(1) angle is widened to 131.68, whereas the
C(1)-Si(1)-Cl(1) angle is compressed to 1058.


Figure 2. Comparison of the experimentally observed and the calculated
line shapes of the NMe signals of 13.


Figure 3. Crystal structure of 13. Hydrogen atoms are omitted for clarity,
displacement ellipsoids are at the 50% probability level. Selected bond
lengths [pm] and angles [8]: Si(1) ´´ ´ N(1) 226.8(1), Si(1) ± Cl(2) 218.8(1),
Si(1) ± Cl(1) 209.6(1), Si(1) ± C(1) 189.8(2), Si(1) ± C(11) 191.4(2); C(1)-
Si(1)-C(11) 131.6(1), C(1)-Si(1)-Cl(1) 105.0(1), C(11)-Si(1)-Cl(1) 120.9(1),
C(1)-Si(1)-Cl(2) 96.4(1), C(11)-Si(1)-Cl(2) 94.9(1), Cl(1)-Si(1)-Cl(2)
94.2(0), C(1)-Si(1) ´´ ´ N(1) 79.7(1), C(11)-Si(1) ´´ ´ N(1) 87.8(1), Cl(1)-
Si(1) ´´ ´ N(1) 87.7(0), Cl(2)-Si(1) ´´ ´ N(1) 176.1(0).


Synthesis and properties of cyclotrisilane 14 : Treatment of
dichlorosilane 11 a with magnesium turnings in THF produced
an exothermic reaction, and cyclotrisilane 14 was obtained in
98 % yield as a yellow viscous oil, which solidified on
prolonged standing (Scheme 6). According to the 1H NMR
spectrum, the oil contained traces of an unknown impurity.
Attempts to purify 14 by crystallization were not successful.
The 29Si NMR shift of 14 (d�ÿ66.0 in C6D6), which lies in the
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Scheme 6. Synthesis of cyclotrisilane 14 ; Ar3� 2-Me2NCH2-4-Me-C6H3.
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range expected for aryl-substituted cyclotrisilanes,[17] argues
against a coordinative interaction between nitrogen and the
silicon center in solution. Cyclotrisilane 14 exhibits a reac-
tivity similar to that of 9 : if treated with three equivalents of
2,3-dimethyl-1,3-butadiene or benzophenone anil, the cyclo-
trisilane transfers all of its silylene units 15 to the substrate to
yield silacyclopentene 16 or silazindane 17 (Scheme 7). From
these results it seems reasonable that 14 is, in an analogous
manner to 9, in equilibrium with silylene 15, which is then
trapped by the diene or the anil. This shifts the cyclotrisilane ±
silylene equilibrium towards the silylene. However, the
silylene-transfer rate of 14 is significantly lower than that of
9 : when a 1:1 mixture of cyclotrisilanes 9 and 14 was treated
with three equivalents of 2,3-dimethyl-1,3-butadiene, only the
trapping product of silylene 10 was formed. Further evidence
for a cyclotrisilane ± silylene equilibrium of 14 was obtained
from an exchange experiment: while individual solutions of 9
and 14 in benzene are stable for days at 60 8C, a slow reaction
occurred when a 1:1 mixture of these cyclotrisilanes was
subjected to the same conditions. The product mixture which
formed over a period of 48 h exhibited a complex 1H NMR
spectrum. The spectrum did not undergo further changes after
longer reaction times. However, important information con-
cerning the composition of the product mixture was obtained


from the 29Si NMR spectrum: it exhibits only six signals
located between d�ÿ64.7 and ÿ66.0; this is the range that is
typical for aryl-substituted cyclotrisilanes.[17] The signals at
d�ÿ64.7 and ÿ66.0 are easily assigned to the starting
compounds 9 and 14. The four remaining signals may be
explained by the formation of two new cyclotrisilanes 18 and
19, both of which possess two chemically inequivalent 29Si
nuclei. Hence, we assume that thermal treatment of a mixture
of cyclotrisilanes 9 and 14 produced a mixture of four
cyclotrisilanes 9, 14, 18, and 19 through a mutual interchange
of silylene units (Scheme 8). Further evidence for a silylene
exchange between cyclotrisilanes will be given below.


Synthesis and properties of cyclotrisilane 20 : Dichlorosilane
12 underwent slow reaction with excess magnesium in THF.
After five days all the starting material had been consumed
and analytically pure cyclotrisilane 20 was isolated in 65 %
yield. Careful examination of the 1H NMR spectrum of the
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Scheme 8. Silylene exchange reaction by cothermolysis of cyclotrisilanes 9
and 14 ; Ar� 2-Me2NCH2C6H4; Ar3� 2-Me2NCH2-4-Me-C6H3.


crude product revealed that only the cis,trans isomer of 20 was
formed; the all-cis isomer was not detected.[18] The 1H NMR
and 13C NMR spectra of 20 display two sets of signals for each
type of substituent (ratio 1:2) and indicate an averaged Cs


symmetry in solution. Unexpectedly, if a polarization transfer
delay (which was optimized for a silicon ± hydrogen coupling
constant of 12 Hz) was used, then only one sharp signal at d�


ÿ64.5 was observed in the 29Si NMR
spectrum.[19] However, direct acquis-
ition at room temperature revealed
another signal as a shoulder at d�
ÿ64.3. The spectrum is only slightly
temperature-dependent and therefore
excludes any significant coordinative
interaction between the amino groups
and the silicon centers of 20 in solu-
tion: upon heating to 65 8C, the
shoulder develops into a separate,
broad signal at d�ÿ62.5 with a
relative intensity of 2. The signal at
d�ÿ64.5 is shifted to lower field by
1.1 ppm; the concomitant sharpening
of this signal enables the detection of
29Si satellite signals (Figure 4). The


Figure 4. 29Si NMR spectrum of 20 (99.3 MHz, 65 8C)
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Scheme 7. Reactions of cyclotrisilane 14 ; Ar3� 2-Me2NCH2-4-Me-C6H3.
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value of 28.5 Hz determined for the direct 29Si ± 29Si coupling
constant is in agreement with the unusually small value of
24.1 Hz found for cyclotrisilane 21.[20] A further satellite signal
with a spacing of 57.2 Hz was attributed, based on the relative
intensity of the satellite signal in comparison to the signal of
the main isotopomer, to the coupling of the 29Si nucleus to the
ipso 13C nuclei of both aromatic substituents.


The selective reaction of 12 with magnesium is in contrast to
the formation of two diastereomeric cyclotrisilanes 22 a and
22 b upon reductive dehalogenation of the corresponding
dichlorosilane,[21] but is parallel to the selective formation of
another cis,trans-cyclotrisilane, 23 (Cy� cyclohexyl) from the
corresponding diiodosilane.[22] Apparently, the difference in
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steric demand between the 2-(dimethylaminomethyl)phenyl
and the mesityl substituent is more pronounced than that
between the tert-butyl and the mesityl substituent. Thus, the
all-cis isomer of 20 is thermodynamically considerably less
favored than the cis,trans isomer.


As observed for cyclotrisilanes 9 and 14, cyclotrisilane 20
also appears to be in equilibrium with silylene 24 and can be
used (most conveniently at temperatures around 90 8C) as a
versatile synthetic equivalent for this silylene (Scheme 9):
treatment of 20 with excess 2,3-dimethyl-1,3-butadiene gave
the silylene trapping product 25 exclusively. Moreover, in
analogy to the chemical behavior of 9 towards alkynes,[9d] 20
was quantitatively converted with excess trimethylsilylacety-
lene to silacyclopropene 26. In addition to the 29Si NMR signal
at d�ÿ116.4, the signal of the vinylic proton at d� 9.86 is
most indicative for the silacyclopropene structure of 26. This
signal displays a characteristic satellite pattern due to
coupling with one 13C and two different 29Si nuclei. The
reaction of 20 with chlorosilane 12 afforded a diastereomeric
mixture of dichlorodisilane 27 in 34 % yield, thus paralleling
the reactivity of 9 towards chlorosilanes.[23a] However, the
reactivity of cyclotrisilanes 20 and 9 towards excess tert-butyl
alcohol differs appreciably: after 30 min at room temperature
9 was transformed into a 1:1 mixture of 30 and 31
(Scheme 10), whereas the reaction of 20 with tert-butyl
alcohol was complete only after 20 h at 60 8C and yielded
exclusively 28, the insertion product of silylene 24 into the O ±
H bond of the alcohol. It is assumed that this difference in
reactivity is the result of the difference in steric shielding
between 20 and 9. Cyclotrisilane 9 appears to undergo
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Scheme 9. Reactions of cyclotrisilane 20 ; Ar� 2-Me2NCH2C6H4.
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Scheme 10. Reaction of cyclotrisilane 9 with tert-butyl alcohol; Ar� 2-
Me2NCH2C6H4.


nucleophilic ring cleavage with tert-butyl alcohol under
formation of trisilane 29. Further attack of the alcohol on
the less shielded Si ± H terminus of 29 eventually yields
monosilane 30 and disilane 31 in a 1:1 ratio (Scheme 10). In
contrast, the bulky Mes substituents of 20 prevent direct
nucleophilic attack of tert-butyl alcohol on the silicon centers.
Instead the three-membered ring is cleaved indirectly by the
alcohol via trapping of silylene 24 out of the equilibrium
mixture of cyclotrisilane and silylene.


Although 20 is thermally stable when heated in C6D6 to
90 8C for 20 h, a slow reaction, which could be monitored
conveniently by 1H NMR spectroscopy, occurred in the
presence of two equivalents of cyclotrisilane 9. After 14 h at
90 8C the reaction ceased. However, the complex 1H NMR
spectrum of the product mixture allowed only the unambig-
uous identification of 9. The 29Si NMR spectrum of the
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product mixture at room temperature showed, in
addition to the signals of the starting compounds 9
and 20, six signals at d�ÿ58.5, ÿ62.6, ÿ63.3,
ÿ69.1, ÿ70.4, and ÿ71.9, some of which were very
broad. Taking into account that all new signals fall
into the range of shifts typical of perarylated cyclo-
trisilanes, this reaction was interpreted as an inter-
mutal exchange of silylene units 10 and 24, which
eventually results in an equilibrium mixture of
differently substituted cyclotrisilanes. If silylenes
10 and 24 are used as building blocks, six different
cyclotrisilanes can be constructed. Bearing in mind
that the sterically most congested three-membered
ring 32 is not formed if 20 is synthesized from
dichlorosilane 12 nor if 20 is heated to 90 8C, this
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cyclotrisilane can be excluded as a likely product of the
exchange reaction between 9 and 20. Therefore, only three
new cyclotrisilanes 33 ± 35 may be formed in this reaction.
They would give rise to six new 29Si NMR signals, which is in
agreement with the experimental results. When the equilibra-
tion experiment was repeated starting with the reciprocal
stoichiometry of cyclotrisilanes (20 :9� 2:1), the product
mixture exhibited, as expected, a similar 29Si NMR spectrum
with changed relative intensities of the signals. However, an
unambiguous assignment of the new signals to cyclotrisilanes
33 ± 35 was not possible due to partial overlap of the signals as
well as the low signal-to-noise ratio. However, it is noteworthy
that the 29Si NMR spectra of the newly formed cyclotrisilanes
33 ± 35 are more temperature-dependent than those of 9 and
20 : at 65 8C only three signals at d�ÿ61.6, ÿ66.0, and ÿ68.5
are observed for these cyclotrisilanes besides the slightly
shifted signals of 9 and 20. In addition, the sharp signals at d�
ÿ61.6 and ÿ68.5 show a 1JSi,Si coupling of 28.2 and 30.1 Hz,
respectively, at this temperature, which is the typical order of
magnitude known for cyclotrisilanes.[20]


All new cyclotrisilanes are thermal precursors of silylenes
10 and 24 : if the product mixture formed from the thermal
treatment of a 2:1 mixture of 9 and 20 was treated with excess
2,3-dimethyl-1,3-butadiene, a 2:1 mixture of the correspond-
ing silacyclopentenes was obtained.


Metal-mediated reactions of dichlorosilane 13: As previously
discussed, the reductive dehalogenation of highly coordinated
dichlorosilanes 11 a, 11 b, and 12 with magnesium proceeded


under exclusive formation of the corresponding cyclotrisi-
lanes 9, 14, and 20. In contrast, when dichlorosilane 13 was
treated with magnesium in THF, no cyclotrisilane 36 was
obtained. Instead a product mixture formed, which was
partially separated by column chromatography into two
fractions A and B with heavy loss of material (Scheme 11).
The DCI mass spectrum of fraction A exhibited a parent
peak, which would be in agreement with disilene 37. However,
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the formation of diastereomeric disilenes 37 is excluded by the
29Si NMR signals at d�ÿ46.7, ÿ49.9, ÿ23.7, and ÿ23.2, as
well as by the multiplicity of the two highfield signals that are
split into doublets by a Si ± H coupling of 183 Hz. In addition,
the occurrence of Si ± H units in the product mixture was
clearly shown by two 1H NMR signals at d� 5.96 and 6.08.
This analytical data is in agreement with a benzosilacyclobu-
tene structure 38. This interpretation is further supported by
two signals (one for each diastereomer of 38) of the benzylic
quaternary carbon atoms at d� 26.8 and 27.0. However, a
benzodisilacyclopentene structure 39 cannot be excluded with
certainty. Fraction B was identified as disilane 40 by mass
spectrometry and NMR spectroscopy. Only one diastereomer
of 40 was detected. Attempts to elucidate the relative
configuration of the adjacent silicon centers by determination
of the vicinal 1H ± 1H coupling constant of the unsymmetrical
28Si ± 29Si isotopomer were unsuccessful: the broadened SiH
signal did not allow the detection of the corresponding
satellite signals.


The mechanism by which 38 and 40 are formed remains
unclear. However, based on results reported by other groups,
one might speculate that both compounds were formed via an
intermediate disilene 37, which might be the reductive
coupling product of dichlorosilane 13.[24] Tetramesityldisilene
(41), for example, is known to rearrange to benzosilacyclo-
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Scheme 11. Reductive dehalogenation of dichlorosilane 13 ; Ar� 2-Me2NCH2C6H4.
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butene 42 above 180 8C (Scheme 12),[25] and a similar process,
albeit at an appreciably lower temperature, might transform


Si Si


Mes


Mes


Mes


Mes
Si SiMes2H


Mes


Me


Me


180 °C


41 42


Scheme 12. Thermolysis of disilene 41.


37 into 38. In addition, the formation of disilanes, presumably
via the corresponding disilenes, upon treatment of 1,2-
dichlorodisilanes with metals has also been reported.[26]


Further experiments confirmed that a silylene 43, or a
corresponding silylenoid, was involved in the reaction of
magnesium with 13 : when the dichlorosilane was dehalogen-
ated by magnesium in the presence of substrates such as 1-
hexene or 2,3-dimethyl-1,3-butadiene, silacyclopropane 44 or
silacyclopentene 45, the trapping products of silylene 43, were
obtained (Scheme 13). Silacyclopropane 44 is a thermal
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Scheme 13. Synthesis and trapping reactions of silylene 43 ; Ar� 2-
Me2NCH2C6H4.


precursor of 43 (Scheme 13): when heated in the presence of
excess 2,3-dimethyl-1,3-butadiene to 100 8C for 21 h, silylene-
trapping product 45 was obtained exclusively. Thermolysis of
44 at 110 8C for 6 h in vacuo without a silylene trapping agent
afforded a 1:1 mixture of 38 and 40 along with volatile 1-
hexene. At this point, it has to be stressed that the release of
silylene 43 from silacyclopropane 44 requires significantly
higher temperatures than for that of 10 from the correspond-
ing silacyclopropanes.[9b] This observation might reflect the
less effective thermodynamic stabilization of 43 compared to
10 due to the formation of only one dative N ´´´ Si bond.


To sum up, we assume that the formation of 38 and 40 by the
dehalogenation of 13 as well as by the thermolysis of 44
proceeds via disilene 37 as a dimerization product of the
initially formed silylene 43.[27] An alternative pathway to 38,
which proceeds via rearrangement of 43 to benzosilacyclobu-
tene 46[28] and subsequent insertion of a second silylene in the
Si ± H bond of 46 (Scheme 14), appears less likely in view of
the reluctance of the donor-stabilized silylene 6 to insert into
Si ± H[23b] bonds and because of the considerable shielding
imposed on the Si ± H bond of 46 by its bulky substituents.
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Me


Me


Me


MeMe
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Scheme 14. Alternative mechanism for the formation of benzosilacyclo-
butene 38 ; Ar� 2-Me2NCH2C6H4.


Conclusion


We have shown that pentacoordinate dichlorosilanes such as
11 a and 12 are smoothly transformed by treatment with
magnesium to cyclotrisilanes 14 and 20, respectively. These
are, in a manner similar to cyclotrisilane 9, in equilibrium with
their ring-constituting silylenes 15 and 24. Therefore, these
cyclotrisilanes may serve as a synthetic equivalent of the
corresponding silylene. The silylene activity of 20 shows, in
particular, that intramolecular coordination of only one
dimethylamino group to the silicon center of a silylene
provides a thermodynamic stabilization which is high enough
to make 24 energetically accessible from the corresponding
cyclotrisilane 20. However, the relatively high temperatures
required for the release of 24 from 20 may be a consequence
of the fact that the silicon center of 24 is, in contrast to 10,
coordinated by only one dimethylamino group. A similar
silylene, 43, which is presumably a tricoordinate species as
well, can be generated by the reduction of dichlorosilane 13
or, alternatively, by thermolysis of silacyclopropane 44.
Unlike 15 and 24, this silylene does not trimerize to yield
cyclotrisilane 36 in the absence of trapping agents, but forms,
possibly via its dimer 37, benzosilacylobutene 38 and disilane
40.


Experimental Section


1H NMR and 13C NMR spectra were recorded on a Bruker AM 250 (1H
NMR, 250 MHz; 13C NMR, 62.9 MHz) as well as on a Bruker AMX 300 (1H
NMR, 300 MHz; 13C NMR, 75.5 MHz). Cq, CH, CH2 and CH3 were
determined by using the DEPT or APT pulse sequence. 29Si NMR spectra
were recorded on a Bruker AMX 300 (59.6 MHz) as well as on a Varian
XL 500 (99.3 MHz) by means of a refocused INEPT pulse sequence or by
direct excitation and acquisition. Chemical shifts are referenced to dTMS�
0.0. If no temperature is stated, the NMR spectra were recorded at 297 K.
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Mass spectra were recorded on a Varian MAT 731; high-resolution mass
spectra (HRMS) were determined with a Varian MAT 311 A, with
preselected ion peak matching at R� 10000 to be within � 2 ppm of the
exact mass. FAB spectra were obtained with a o-nitrophenyl-n-octyl ether
matrix. Merck silica gel (230 ± 400 mesh) was used for column chromatog-
raphy and thin-layer chromatography was carried out on aluminum sheets
precoated with silica gel (Macherey & Nagel, Alugram SIL G/UV254).
Melting points are uncorrected. Elemental analyses were performed at the
Mikroanalytisches Labor der Georg-August-Universität Göttingen.
All manipulations were carried out under an inert argon atmosphere in
carefully dried glassware. Solvents used were dried by refluxing over
sodium and distilled immediately prior to use.
Mesityltrichlorosilane[29] and 2,4,6-tris(isopropyl)phenyltrichlorosilane[30]


were prepared according to previously reported procedures. 2,4,6-Tris(iso-
propyl)phenyltrichlorosilane was isolated and used in further reactions as a
mixture of 2,4,6-tris(isopropyl)phenyltrichlorosilane (63 %) and 1-bromo-
2,4,6-tris(isopropyl)benzene (37 %).


Bis[2-(dimethylaminomethyl)-5-methylphenyl]dichlorosilane (11 a): To a
solution of nBuLi (167.5 mmol) in hexane (70 mL) and Et2O (100 mL) was
added 1-dimethylaminomethyl-4-methylbenzene (25.00 g, 167.5 mmol) at
0 8C. The mixture was stirred for 2 days at room temperature. The resulting
suspension was transferred by a Teflon cannula under a positive Ar
pressure into a solution of SiCl4 (9.6 mL, 84 mmol) in Et2O (100 mL)
maintained at 0 8C. The slurry was stirred for 12 h at room temperature,
precipitated LiCl was removed by filtration, and the filtrate was reduced to
about half of its volume in vacuo. After the mixture had been left to stand
overnight at 4 8C, colorless crystals of 11 a (15.2 g, 44 %; m.p. 101 ± 103 8C)
were isolated. An additional batch of slightly contaminated 11 a (7.3 g,
21%; m.p. 99 ± 102 8C) was obtained from the concentrated mother liquor.
1H NMR (CDCl3): d� 1.95 (br s, 6H; NMe2), 2.42 (s, 3H; CH3), 3.53 (br s,
2H; CH2N), 7.21 (br s, 4H; arom H), 8.01 (br s, 2 H; arom H); 13C NMR
(CDCl3): d� 21.6 (CH3), 45.5 (NMe2), 63.5 (CH2N), 127.8 (arom CH), 131.4
(arom CH), 135.0 (arom Cq), 136.1 (arom CH), 136.5 (arom Cq), 140.6
(arom Cq); 29Si NMR (CDCl3, Cr(acac)2, 30 8C): d�ÿ32.6; MS (EI,
70 eV): m/z (%): 394 (<1) [M�], 359 (1) [M�ÿCl], 246 (46) [M�ÿAr3],
206 (100) [C14H10Si (HRMS)], 148 (12) [(Ar3)�], 58 (31) [CH2NMe2


�];
C20H28Cl2N2Si (395.5): calcd C 60.75, H 7.14, N 7.08; found C 60.61, H 7.26, N
7.04.


Hexakis[2-(dimethylaminomethyl)-5-methylphenyl]cyclotrisilane (14): A
suspension of 11a (6.94 g, 17.6 mmol) and Mg turnings (1.28 g, 52.7 mmol)
in THF (34 mL) was stirred at room temperature in a flask equipped with a
reflux condenser. After an induction period of 30 min (repeating the
experiment under analogous conditions needed an induction period of
10 h) the slurry started to boil. After 60 min the solvent was removed in
vacuo from the slurry, hexane (40 mL) was added to the brownish residue,
and the resulting slurry was filtered. After removal of the hexane from the
filtrate in vacuo, 14 (5.59 g, 98%) was obtained as a yellow viscous oil,
which solidified on standing for two months. UV (hexane/THF): lmax (lg
e)� 370 nm (2.9); 1H NMR (C6D6): d� 1.83 (s, 18 H; CH3), 2.10 (s, 36H;
NMe2), 3.65, 3.91 (br AB system, 2J not resolved, 12H; CH2N), 6.92 ± 7.20
(m, 12 H; arom H), 7.62 (d, 3J� 8 Hz, 6H; arom H); 13C NMR (C6D6): d�
20.7 (Me), 45.7 (NMe2), 65.1 (CH2N), 129.3 (arom CH), 130.1 (arom CH),
135.2 (arom Cq), 135.3 (arom Cq), 138.5 (arom CH), 144.8 (arom Cq); 29Si
NMR (C6D6): d�ÿ66.0.


1,1-Bis[2-(dimethylaminomethyl)-5-methylphenyl]-3,4-dimethyl-1-silacy-
clopent-3-ene (16): A solution of 14 (98 mg, 0.10 mmol) and 2,3-dimethyl-
buta-1,3-diene (0.2 mL) in toluene (10 mL) was stirred at 40 8C for three
days. Solvent and excess diene were removed in vacuo and 16 (47 mg, 40%)
was obtained by kugelrohr distillation at 180 8C/0.13 Pa as a sticky white
foam, which solidified on standing. 1H NMR (CDCl3): d� 1.72 (s, 6H;
CH3), 1.82 (s, 16H; NMe2, 2,5-CH2), 2.32 (s, 6 H; arom CH3), 3.10 (s, 4H;
CH2N), 7.06 ± 7.17 (m, 4 H; arom H), 7.47 (s, 2H; arom H); 13C NMR
(CDCl3): d� 19.2 (CH3), 21.2 (arom CH3), 25.6 (CH2), 45.0 (NMe2), 64.2
(CH2N), 127.3 (arom CH), 128.4 (arom CH), 130.4 (Cq), 135.0 (Cq), 136.3
(Cq), 136.5 (arom CH), 142.3 (arom Cq); 29Si NMR (C6D6): d�ÿ2.3; MS
(EI, 70 eV): m/z (%): 406 (25) [M�], 325 (5) [(Ar3)2Si��H], 309 (100)
[(Ar3)2Si�ÿMe], 258 (46) [M�ÿAr3]; C24H34N2Si (378.6): calcd C 76.79, H
9.42, N 6.89; found C 76.54, H 9.32, N 6.98.


Competition reaction of 9 and 14 with 2,3-dimethylbuta-1,3-diene : A
solution of 9 (59 mg, 0.07 mmol), 14 (68 mg, 0.07 mmol), and 2,3-
dimethylbuta-1,3-diene (0.02 mL, 0.20 mmol) in C6D6 (0.4 mL) was heated


to 75 8C for 105 min. According to the 1H NMR spectrum, the diene was
totally consumed after this period; the solution contained, besides
unchanged 14, only 1,1-bis[2-(dimethylaminomethyl)phenyl]-3,4-dimeth-
yl-1-silacyclopent-3-ene.


4,5-Benzo-1,1-bis[2-(dimethylaminomethyl)-5-methylphenyl]-2,3-diphen-
yl-2-aza-1-silacyclopent-4-ene (17): A solution of 14 (35 mg, 0.04 mmol)
and benzophenone anil (30 mg, 0.12 mmol) in C6D6 (0.4 mL) was heated to
60 8C for two days. The solvent was removed in vacuo; recrystallization of
the residue from hexane yielded 17 (20 mg, 31 %) as a colorless solid. 1H
NMR (C6D6): d� 1.68 (s, 6H; NMe2), 2.00 (s, 3H; arom CH3), 2.05 (s, 3H;
arom CH3), 2.14 (s, 6 H; NMe2), 2.80, 3.46 (AB system, 2J� 13 Hz, 2H;
CH2N), 3.50, 4.01 (AB system, 2J� 14 Hz, 2 H; CH2N), 6.11 (s, 1 H; 3-H),
6.57 (dd, 3J� 7 Hz, 3J� 7 Hz, 1H; arom H), 6.94 (m, 11H; arom H), 7.31 (d,
3J� 8 Hz, 2 H; arom H), 7.53 (s, 2H; arom H), 7.86 (s, 2H; arom H), 7.98 ±
8.00 (m, 1 H; arom H), 8.30 (br s, 1 H; arom H); MS (EI, 70 eV): m/z (%):
581 (27) [M�], 537 (16) [M�ÿCH2NMe2], 521 (65) [M�ÿCH2NMe2ÿ
2H], 478 (100) [M�ÿCH2NMe2ÿNMe2ÿ 2 H], 433 (90) [M�ÿAr3].


Reaction of 9 with 14 : A solution of 9 (100 mg, 0.11 mmol) and 14 (100 mg,
0.10 mmol) in C6D6 (0.4 mL) was heated in an NMR tube to 60 8C for 84 h.
1H NMR: (C6D6, the relative intensity as well as coupling constants could
not been determined due to strong overlapping of the signals): d� 1.76 (s;
arom H), 1.80 (s; arom CH3), 1.82 (s; arom CH3), 2.10 (s; NMe2), 2.13 (s;
NMe2), 3.10, 4.10 (2� br AB system; CH2N), 6.72 (dd; arom H), 6.93-7.30
(m; arom H), 7.38-7.53 (m; arom H), 7.62 (dd; arom H), 7.79 (d or 2 s; arom
H); 29Si NMR (C6D6): d�ÿ64.7 (9), ÿ64.8, ÿ65.1, ÿ65.7, ÿ65.8, ÿ66.0
(14).


[2-(Dimethylaminomethyl)phenyl]-[2,4,6-trimethylphenyl]dichlorsilane
(12): To a solution of mesityltrichlorosilane (1.00 g, 3.9 mmol) in Et2O
(20 mL) was added a suspension of 2-(dimethylaminomethyl)phenyllithi-
um (0.56 g, 3.9 mmol) in Et2O (20 mL) at 0 8C by a Teflon cannula under a
positive pressure of Ar. The slurry was stirred for 16 h at room temperature,
and precipitated LiCl was removed by filtration. The filtrate was
concentrated in vacuo (� 15 mL) and left to stand overnight at ÿ15 8C
to give colorless crystals of 12 (0.953 g, 69%). Crystals suitable for X-ray
analysis were obtained by cooling a saturated solution of 12 in Et2O to 3 8C.
M.p. 123 ± 124 8C; 1H NMR (C6D6): d� 1.54 (s, 6 H; NMe2), 2.05 (s, 3H;
CH3), 2.50 (s, 6H; CH3), 3.09 (s, 2 H; CH2N), 6.60 (s, 2 H; arom H), 6.79 (d,
3J� 7 Hz, 1 H; arom H), 7.11 (ddd, 3J� 3J� 7 Hz, 4J� 1 Hz, 1H; arom H),
7.10 ± 7.25 (m, 1 H; arom H), 8.60 ± 8.75 (m, 1H; arom H); 13C NMR (C6D6):
d� 20.9 (CH3), 24.9 (CH3), 44.8 (NMe2), 63.2 (CH2N), 126.7 (arom CH),
128.1 (arom CH), 129.9 (arom CH), 130.9 (arom CH), 132.7 (arom Cq),
136.3 (arom Cq), 138.0 (arom CH), 138.6 (arom Cq), 141.1 (arom Cq), 144.3
(arom Cq); 29Si NMR (C6D6): d�ÿ23.5; MS (EI, 70 eV): m/z (%): 353/351
(2/4) [M�], 318/316 (9/23) [M�ÿCl], 308/306 (12/18) [M�ÿNMe2ÿH],
293/291 (4/6) [M�ÿCH2NMe2ÿ 2 H], 234/232 (4/10) [M�ÿMes], 218/216
(68/100) [M�ÿArÿH], 58 (31) [(CH2NMe2)�]; C18H23Cl2NSi (352.4):
calcd C 61.35, H 6.58; found C 61.45, H 6.66.


[2-(Dimethylaminomethyl)phenyl]-[2,4,6-tris(isopropyl)phenyl]dichloro-
silane (13): A solution of 2,4,6-tris(isopropyl)phenyltrichlorosilane (8.72 g,
25.8 mmol) in Et2O (15 mL) was added to a suspension of 2-(dimethyla-
minomethyl)phenyllithium (3.64 g, 25.8 mmol) in Et2O (85 mL) main-
tained at 0 8C. The slurry was stirred for 15 h at room temperature,
precipitated LiCl was removed by filtration, and the solvent was
evaporated in vacuo. The oily residue was purified by distillation to yield
13 (6.68 g, 77 %) as a colorless oil (b.p. 150 ± 160 8C/0.07 Pa), which
solidified slowly (colorless crystals, m.p. 85 8C). Crystals suitable for X-
ray analysis were obtained by cooling a saturated solution of 13 in hexane
to ÿ15 8C. 1H NMR (C6D6): d� 1.19 (d, 3J� 7 Hz, 6 H; CH3), 1.28 (d, 3J�
7 Hz, 12 H; CH3), 1.60 (s, 6H; NMe2), 2.75 (sept, 3J� 7 Hz, 1H; CH), 3.10
(s, 2 H; CH2N), 4.01 (sept, 3J� 7 Hz, 2 H; CH), 6.81 (d, 3J� 7 Hz, 1H; arom
H), 7.07 ± 7.22 (m, 4 H; arom H), 8.66 (d, 3J� 7 Hz, 1 H; arom H); 13C NMR
(C6D6): d� 24.0 (CH3), 24.9 (CH3), 32.7 (CH), 34.5 (CH), 45.4 (NMe2), 63.7
(CH2N), 121.6 (arom CH), 126.9 (arom CH), 128.1 (arom CH), 130.7 (arom
CH), 131.0 (arom Cq), 136.8 (arom Cq), 137.2 (arom CH), 143.7 (arom Cq),
150.4 (arom Cq), 153.4 (arom Cq); 29Si NMR (C6D6): d�ÿ24.0; MS (EI,
70 eV): m/z (%): 437/435 (6/7) [M�], 402/400 (3/8) [M�ÿCl], 394/392 (14/
22) [M�ÿMe2CH], 349/347 (14/10) [M�ÿNMe2ÿMe2CHÿH], 234/232
(13/21) [M�ÿTip], 217/215 (69/100) [M�ÿArÿMe2CH], 58 (28)
[(CH2NMe2)�], 43 (14) [Me2CH�]; C24H35Cl2NSi (436.5): calcd C 66.03,
H 8.08; found C 65.91, H 8.08.
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cis,trans-1,2,3-Tris[2-(dimethylaminomethyl)phenyl]-1,2,3-tris(2,4,6-trime-
thylphenyl)cyclotrisilane (20): A suspension of 12 (3.87 g, 11.0 mmol) and
Mg turnings (700 mg, 28.8 mmol) in THF (30 mL) was stirred at room
temperature for 7 d. The solvent was removed in vacuo, hexane (20 mL)
was added to the residue .and the resulting suspension filtered. The
remaining solid material was extracted with toluene (30 mL). Removal of
toluene from the filtrate in vacuo yielded 20 (1.90 g, 61 %) as a yellow solid.
An additional batch of 20 (124 mg, 4 %) was obtained by cooling the
hexane filtrate to 3 8C. M.p. 76 ± 78 8C; 1H NMR (C6D6): d� 2.04 (s, 15H;
CH3), 2.08 (s, 6H; CH3), 2.11 (s, 6 H; CH3), 2.2 ± 2.5 (m, 18H; CH3), 3.46 (s,
2H; CH2N), 3.50, 3.70 (AB system, 2J� 14 Hz, 4H; CH2N), 6.6 ± 6.8 (m,
9H; arom H), 7.0 ± 7.1 (m, 1 H; arom H), 7.13 (ddd, 3J� 3J� 7 Hz, 4J� 1 Hz,
2H; arom H), 7.25 (d, 3J� 7 Hz, 2 H; arom H), 7.45 (dd, 3J� 7 Hz, 4J� 1 Hz,
1H; arom H), 7.69 (d, 3J� 8 Hz, 1H; arom H), 7.74 (d, 3J� 7 Hz, 2H; arom
H); 13C NMR (C6D6): d� 21.0 (CH3), 21.1 (CH3), 26.4 (CH3), 45.4 (NMe2),
45.7 (NMe2), 64.6 (CH2N), 64.7 (CH2N), 125.6 (arom CH), 126.3 (arom
CH), 126.7 (arom CH), 128.5 (arom CH), 128.6 (arom CH), 129.0 (arom
CH), 129.1 (arom CH), 129.3 (arom CH), 132.0 (arom Cq), 132.3 (arom Cq),
135.7 (arom CH), 137.2 (arom Cq), 137.4 (arom CH), 137.9 (arom Cq), 138.7
(arom Cq), 145.3 (arom Cq), 145.5 (arom Cq), 147.1 (arom Cq), 147.2 (arom
Cq); 29Si NMR (C6D6, 99.3 MHz, 338 K): d�ÿ62.5 (br s, 2 ArMesSi),
ÿ63.4 (s (d, 1JSi,C� 57.2 Hz, d, 1JSi,Si� 28.5 Hz); MS (EI, 70 eV): m/z (%):
562 (2) [M�ÿArMesSi], 574 (2) [M�ÿArMesSiÿMe], 504 (2) [M�ÿ
ArMesSiÿCH2NMe2], 356 (71) [M�ÿArMesSiÿCH2NMe2ÿMe�H],
282 (71) [M�ÿ 2ArMesSi�H], 92 (59) [C7H�


8 ], 91 (100) [C7H�
7 ]; (FAB) m/


z (%): 562 (100) [M�ÿArMesSi]; C52H69N3Si3 (844.4): calcd C 76.81, H
8.24; found C 76.78, H 8.33.


2-(Dimethylaminomethyl)phenyl-2,4,6-trimethylphenyl-tert-butyloxysi-
lane (28): A solution of 20 (53 mg, 0.06 mmol) and tert-butyl alcohol
(30 mg, 0.40 mmol) in C6D6 (0.4 mL) was heated to 60 8C for 20 h. The
volatile components were removed in vacuo and the pure residue (1H NMR
spectroscopy) was further purified by kugelrohr distillation. At 200 8C/
0.67 Pa analytically pure 28 (36 mg, 54%) was obtained as a colorless solid.
M.p. 92 8C; 1H NMR (C6D6): d� 1.33 (s, 9H; C(CH3)3), 1.78 (s; 6H; NMe2),
2.12 (s, 3H; CH3), 2.46 (s, 6 H; Me), 2.86, 3.30 (AB system, 2J� 13 Hz, 2H;
CH2N), 6.01 (s (d, 1JSi,H� 222 Hz); 1 H; SiH), 6.73 (s, 2 H; arom H), 7.10 (d,
3J� 7 Hz, 1 H; arom H), 7.20 (ddd, 3J� 3J� 7 Hz, 4J� 1 Hz, 1H; arom H),
7.23 (dd, 3J� 3J� 7 Hz, 1 H; arom H), 8.40 (d, 3J� 7 Hz, 1H; arom H); 13C
NMR (C6D6): d� 19.7 (CH3), 22.0 (CH3), 30.0 (C(CH3)3), 43.2 (NMe2), 63.4
(CH2N), 70.9 (C(CH3)3), 125.6 (arom CH), 126.4 (arom CH), 127.3 (arom
CH), 127.9 (arom CH), 131.0 (arom Cq), 135.6 (arom Cq), 135.9 (arom CH),
136.9 (arom Cq), 142.3 (arom Cq), 144.0 (arom Cq); 29Si NMR (C6D6): d�
ÿ34.9 (d, 1JSi,H� 223 Hz); MS (EI, 70 eV): m/z (%): 355 (2) [M�], 310 (7)
[M�ÿNMe2ÿH], 298 (11) [M�ÿCMe3], 282 (26) [M�ÿOCMe3], 254
(31) [M�ÿOCMe3ÿNMe2], 253 (30) [M�ÿOCMe3ÿNMe2ÿH], 239
(58) [M�ÿOCMe3ÿCH2NMe2ÿH], 220 (97) [M�ÿArÿH], 164 (100)
[M�ÿArÿOCMe3], 58 (16) [(CH2NMe2)�]; C22H33NSiO (355.6): calcd C
74.31, H 9.35; found C 74.45, H 9.50.


1-[2-(Dimethylaminomethyl)phenyl]-1-(2,4,6-trimethylphenyl)-3,4-di-
methyl-1-silacyclopent-3-ene (25): A solution of 20 (91 mg, 0.11 mmol) and
2,3-dimethyl-1,3-butadiene (182 mL, 1.61 mmol) in C6D6 (0.4 mL) was
heated to 90 8C for 16.5 h. The volatile components were removed in vacuo,
and 25 (64 mg, 54%) was obtained by kugelrohr distillation at 145 8C/
1.33� 10ÿ3 Pa as a colorless oil. 1H NMR (C6D6): d� 1.79 (s, 6H; NMe2),
1.90 (s, 6 H; 3,4-CH3), 2.00, 2.08 (AB system, 2J� 19 Hz, 4H; 2,5-H), 2.15 (s,
3H; arom CH3), 2.33 (s, 6 H; arom CH3), 3.17 (s, 2 H; CH2N), 6.76 (s, 2H;
arom H), 7.11 (ddd, 3J� 3J� 7 Hz, 4J� 1 Hz, 1H; arom H), 7.19 (ddd, 3J�
3J� 7 Hz, 4J� 2 Hz, 1H; arom H), 7.39 (d, 3J� 7 Hz, 1H; arom H), 7.69 (dd,
3J� 7 Hz, 4J� 2 Hz, 1 H; arom H); 13C NMR (CDCl3): d� 19.0 (CH3), 21.0
(CH3), 24.5 (CH3), 28.7 (CH2Si), 45.2 (NMe2), 63.9 (CH2N), 126.4 (arom
CH), 128.5 (arom CH), 128.6 (arom CH), 129.0 (arom CH), 130.9 (C3,4),
132.1 (arom Cq), 135.3 (arom CH), 137.6 (arom Cq), 138.6 (arom Cq), 144.4
(arom Cq), 145.3 (arom Cq); 29Si NMR (C6D6): d�ÿ1.8; MS (EI, 70 eV): m/
z (%): 363 (9) [M�], 348 (6) [M�ÿMe], 281 (98) [ArMesSi�], 266 (100)
[M�ÿC6H10ÿMe], 243 (75) [M�ÿMesÿH], 236 (54) [M�ÿC6H10ÿ
NMe2ÿH], Ar], 228 (62) [M�ÿArÿH]; C24H33NSi (363.6): calcd C
79.28, H 9.15; found C 79.27, H 9.30.


1-[2-(Dimethylaminomethyl)phenyl]-1-(2,4,6-trimethylphenyl)-2-trime-
thylsilyl-1-silacyclopropene (26): A solution of 20 (70 mg, 0.06 mmol) and
trimethylsilylacetylene (74 mL, 0.53 mmol) in C6D6 (0.4 mL) was heated in
an NMR tube to 90 8C for 13 h. The mixture was transferred into a Schlenk


flask and the volatile components were removed in vacuo. A highly air- and
moisture-sensitive, yellowish viscous oil remained, which consisted of pure
26 (by 1H NMR spectroscopy) (64 mg, 95 %). 1H NMR (C6D6): d� 0.27 (s,
9H; SiMe3), 1.88 (s, 6H; NMe2), 2.11 (s, 3H; CH3), 2.36 (s, 6H; CH3), 2.92,
3.05 (AB system, 2J� 13 Hz, 2 H; CH2N), 6.70 (s, 2H; arom H), 6.89 (dd,
3J� 6 Hz, 4J� 1 Hz, 1 H; arom H), 7.15 ± 7.25 (m, 2H; arom H), 7.72 ± 7.82
(m, 1 H; arom H), 9.86 (s (1JCH� 178 Hz, JSiH� 8 Hz, JSiH� 10 Hz); 1H;
H3); 13C NMR (C6D6): d�ÿ1.4 (SiMe3), 20.6 (CH3), 23.9 (CH3), 44.3
(NMe2), 63.6 (CH2N), 126.6 (arom CH), 126.9 (arom CH), 127.7 (arom
CH), 128.7 (arom CH), 131.4 (arom Cq), 135.4 (arom CH), 137.4 (arom Cq),
138.0 (arom Cq), 143.3 (arom Cq), 144.4 (arom Cq), 169.8 (C3), 177.0 (C2);
29Si NMR (C6D6): d�ÿ12.7 (SiMe3), ÿ116.4 (Si1); MS (FAB): m/z (%):
380 (100) [M��H].


1,2-Dichloro-1,2-bis[2-(dimethylaminomethyl)phenyl]-1,2-bis(2,4,6-trime-
thylphenyl)disilane (27): A solution of 20 (400 mg, 0.47 mmol) and 12
(500 mg, 1.42 mmol) in toluene (9 mL) was heated to 85 8C for 13 h. The
solvent was removed in vacuo, the residue suspended in pentane (37 mL)
and then filtered. The colorless filtercake consisted of a diastereomeric
mixture (dr� 3:1) of pure 27 (by 1H NMR spectroscopy) (338 mg, 38%).
27: M.p. (for dr� 1.4:1) 149 ± 201 8C). 27 (main diastereomer): 1H NMR
(C6D6): d� 1.90 (s, 12 H; NMe2), 2.03 (s, 6H; CH3), 2.42 (s, 12 H; CH3), 3.43,
3.74 (AB system, 2J� 14 Hz, 4 H; CH2N), 6.63 (s, 4H; arom H), 6.94 (dd,
3J� 3J� 7 Hz, 2H; arom H), 7.14 ± 7.26 (m, 2 H; arom H), 7.74 (d, 3J� 6 Hz,
2H; arom H), 8.04 (br s, 2 H; arom H); 13C NMR (C6D6): d� 20.9 (CH3),
25.9 (CH3), 45.1 (NMe2), 64.1 (CH2N), 126.6 (arom CH), 129.2 (arom CH),
129.8 (arom Cq), 130.1 (arom CH), 130.7 (arom CH), 137.6 (arom CH),
140.2 (arom Cq), 145.4 (arom Cq), 145.9 (arom Cq), 146.7 (arom Cq); 29Si
NMR (C6D6): d�ÿ2.5. 27 (minor diastereomer): 1H NMR (C6D6): d� 1.95
(s, 12 H; NMe2), 2.06 (s, 6H; CH3), 2.36 (s, 12 H; CH3), 3.35, 3.60 (AB
system, 2J� 14 Hz, 4 H; CH2N), 6.66 (s, 4H; arom H), 6.94 (dd, 3J� 3J�
7 Hz, 2 H; arom H), 7.14 ± 7.26 (m, 2H; arom H), 7.60 (d, 3J� 7 Hz, 2H;
arom H), 8.14 (d, 3J� 7 Hz, 2 H; arom H); 13C NMR (C6D6): d� 21.0 (Me),
25.8 (Me), 45.4 (NMe2), 64.2 (CH2N), 126.9 (arom CH), 135.0 (arom Cq),
135.7 (arom Cq); 29Si NMR (C6D6): d�ÿ2.6; MS (FAB): m/z (%): 631
(100) [M�ÿ 1]; (EI, 70 eV): m/z (%): 614 (<1) [M��H2OÿClÿH], 596
(<1) [M�ÿClÿH], 479 (<1) [M��HÿClÿMes], 462 (<1) [M�ÿClÿ
ArÿH], 316 (4) [M�/2], 282 (9) [ArMesSiH�], 43 (100) [(NMe2)�ÿH].


Bis[2-(dimethylaminomethyl)phenyl]-tert-butyloxysilane (30) and 1-tert-
butoxy-1,1,2,2-tetrakis[2-(dimethylaminomethyl)phenyl]disilane (31): A
solution of tert-butyl alcohol (50 mg, 0.67 mmol) in toluene (3 mL) was
slowly added to a solution of 9 (300 mg, 0.34 mmol) in toluene (5 mL) at
ÿ78 8C. After warming up to room temperature the slurry was stirred for
additional 30 min. The volatile components were removed in vacuo and 30
(110 mg, 88%) was obtained by kugelrohr distillation at 215 8C/0.13 Pa as a
colorless oil. The remaining yellowish viscous oil consisted of analytically
pure 31 (226 mg, 100 %). 30 : 1H NMR (C6D6): d� 1.34 ± 1.35 (m, 9H;
C(CH3)3), 1.87 (s, 12H; NMe2), 3.37, 3.42 (AB system, 2J� 14 Hz, 4H;
CH2N), 5.73 (s (d, 1JSi,H� 226 Hz); 1 H; SiH), 7.17 ± 7.30 (m, 4 H; arom H),
7.26 ± 7.39 (m, 2 H; arom H), 7.99 ± 8.13 (m, 2H; arom H); 13C NMR (C6D6):
d� 31.6 (C(CH3)3), 44.9 (NMe2), 64.3 (CH2N), 72.5 (C(CH3)3), 126.4 (arom
CH), 128.0 (arom CH), 129.2 (arom CH), 136.8 (arom CH), 137.8 (arom
Cq), 145.3 (arom Cq); 29Si NMR (C6D6): d�ÿ33.8 (d, 1JSiH� 225 Hz); MS
(EI, 70 eV): m/z (%): 370 (1) [M�], 369 (1) [M�ÿH], 310 (13) [M�ÿ
NMe2ÿMeÿH], 297 (22) [M�ÿOCMe3], 254 (49) [M�ÿCH2NMe2ÿ
OCMe3ÿH), 236 (100) [M�ÿAr]; HRMS: calcd for C22H34N2SiO
370.2440; found 370.2440. 31: 1H NMR (C6D6): d� 1.18 (s, 9H; C(CH3)3),
1.91 (s, 12H; NMe2), 2.03 (s, 12H; NMe2), 3.17, 3.36 (AB system, 2J� 15 Hz,
4H; CH2N), 3.52 (s, 4 H; CH2N), 5.95 (s (d, 1JSi,H� 190 Hz); 1H; SiH), 7.00
(dd, 3J� 3J� 7 Hz, 2 H; arom H), 7.12 (dd, 3J� 3J� 7 Hz, 2H; arom H), 7.25
(dd, 3J� 3J� 8 Hz, 2 H; arom H), 7.32 (dd, 3J� 3J� 8 Hz, 2H; arom H), 7.42
(d, 3J� 8 Hz, 2H; arom H), 7.82 (d, 3J� 7 Hz, 2 H; arom H), 7.94 (d, 3J�
7 Hz, 2 H; arom H), 8.43 (d, 3J� 7 Hz, 2H; arom H); 13C NMR (C6D6): d�
32.0 (C(CH3)3), 45.2 (NMe2), 45.4 (NMe2), 63.4 (CH2N), 64.7 (CH2N), 74.6
(C(CH3)3), 126.1 (arom CH), 126.2 (arom CH), 128.2 (arom CH), 129.2 (2
arom CH), 130.0 (arom CH), 135.7 (arom Cq), 136.5 (arom CH), 138.2
(arom Cq), 138.7 (arom CH), 145.9 (arom Cq), 146.6 (arom Cq); 29Si NMR
(C6D6): d�ÿ13.0 (Ar2SiOCMe3), ÿ46.9 (d, 1JSi,H � 190 Hz, Ar2SiH); MS
(EI, 70 eV): m/z (%): 666 (<1) [M�], 621 (<1) [M�ÿNMe2ÿH], 608 (11)
[M�ÿCH2NMe2], 369 (24) [M�ÿAr2SiH), 297 (86) [Ar2SiH�], 73 (100)
[(OCMe3)�]; C40H58N4Si2O (667.1): calcd C 72.02, H 8.76, N 8.40; found C
71.89, H 8.77, N 8.34.
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Reaction of 9 with 20 and subsequent reaction with 2,3-dimethyl-1,3-
butadiene :


Experiment A: A solution of 20 (67 mg, 0.08 mmol) and 9 (133 mg, 0.15 mmol)
in C6D6 (0.4 mL) was heated in an NMR tube to 90 8C for 14 h. 1H NMR
(C6D6): d� 1.7 ± 2.8 (m, 39 H; CH3), 3.0 ± 4.4 (m, 10H; CH2N), 6.6 ± 6.9 (m,
6H; arom H), 7.0 ± 7.3 (m, 7 H; arom H), 7.3 ± 7.6 (m, 5 H; arom H), 7.6 ± 8.1
(m, 4H; arom H); 29Si NMR (C6D6, 99.3 MHz, 297 K): d�ÿ58.5 (br s),
ÿ62.6 , ÿ63.3 (br s), ÿ64.3 (br s, 20), ÿ64.5 (20), ÿ64.7 (9), ÿ69.1, ÿ70.4
(br s), ÿ71.9 (br s); 29Si NMR (C6D6, 99.3 MHz, 338 K): d�ÿ61.6 (s,
1JSi,Si� 28.2 Hz), ÿ62.5 (br s, 20), ÿ63.4 (s (d, 1JSi,Si� 28.5 Hz)), ÿ64.1 (9)
ÿ66.0, ÿ68.5 (s, 1JSi,Si� 30.1 Hz)). To this mixture 2,3-dimethyl-1,3-
butadiene (0.30 mL, 2.7 mmol) was added. After heating the NMR sample
to 90 8C for 15 h quantitative formation of a 2:1 ratio of 1,1-bis[2-
(dimethylaminomethyl)phenyl]-3,4-dimethyl-1-silacyclopent-3-ene and 25
was observed by 1H NMR spectroscopy.


Experiment B : A solution of 20 (135 mg, 0.16 mmol) und 9 (67 mg,
0.08 mmol) in C6D6 (0.4 mL) was heated in an NMR tube to 90 8C for
14 h. The number and the shift values of the 29Si signals of the resulting
product mixture were identical with those found for Method A, although
different relative signal intensities were observed.


1,2-Bis[2-(dimethylaminomethyl)phenyl]-1,2-bis[2,4,6-tris(isopropyl)phe-
nyl]disilane (40) and 1-[2-(dimethylaminomethyl)phenyl-2,4,6-tris(isopro-
pyl)phenyl]silyl-2,3-[4,6-bis(isopropyl)benzo]-4-dimethyl-1-silacyclobu-
tene (38): A suspension of 13 (1.53 g, 3.5 mmol) and Mg turnings (1.34 g,
56.0 mmol) in THF (20 mL) was stirred at room temperature for five days.
The volatile compounds were removed by vacuum distillation and the
residue was suspended in hexane (10 mL). The slurry was filtered and the
filtrate evaporated in vacuo. Column chromatography of the crude product
(1.08 g) on silica gel (hexane/NEt3 97.5:2.5) gave two fractions with Rf�
0.35 (38, 247 mg, 19%) and Rf� 0.36 (40, 67 mg, 5%), respectively.
Compound 38 was obtained as a diastereomeric mixture (the diastereo-
meric ratio varied from 2:1 to 3:1) and was contaminated with traces of 40.
Kugelrohr distillation of this fraction at 250 8C/1.33� 10ÿ3 Pa did not result
in any change of the relative composition. An unambiguous assignment of
the 1H and 13C NMR signals of 38 was not possible due to severely
overlapping signals and the high complexity of the spectra. 38 : 1H NMR
(C6D6): d� 5.96 (s, 1 H; SiH, main isomer) 6.08 (s, 1 H; SiH); 13C NMR
(C6D6, APT): d� 26.8 (Cq), 27.0 (Cq); 29Si NMR (C6D6): d�ÿ23.2 (Si2),
ÿ49.9 (d, 1JSi,H� 183 Hz, SiH); ÿ23.7 (Si2, main isomer), ÿ46.7 (d, 1JSi,H�
183 Hz, SiH, main isomer); MS (DCI, NH3): m/z (%): 747 (100)
[M��NH3]. 40 : 1H NMR (C6D6): d� 0.59 (dd, 3J� 7 Hz, 12 H; CH3),
1.1 ± 1.3 (m, 12H; CH3), 1.43 (d, 3J� 7 Hz, 12 H; CH3), 2.03 (s, 12 H; NMe2),
2.71 (sept, 3J� 7 Hz, 2H; CHMe2), 3.3 ± 3.5 (m, 2 H; CHMe2), 3.34, 3.72
(AB System, 2J� 14 Hz, 4 H; CH2N), 3.57 (sept, 3J� 7 Hz, 2H; CHMe2),
6.15 (s, 2 H; SiH), 6.91 (dd, 3J� 3J� 7 Hz, 2H; arom H), 7.02 (s, 4 H; arom
H), 7.21 (dd, 3J� 8 Hz, 3J� 7 Hz, 2H; arom H), 7.80 (d, 3J� 8 Hz, 2H; arom
H), 7.97 (d, 3J� 7 Hz, 2H; arom H); 13C NMR (CDCl3): d� 23.6 (CH3),
23.9 (CH3), 24.0 (CH3), 24.5 (CH3), 31.1 (CHMe2), 34.3 (CHMe2), 34.8
(CHMe2), 45.5 (NMe2), 63.4 (CH2N), 121.5 (arom CH), 126.0 (arom CH),
126.2 (arom CH), 127.3 (arom CH), 129.5 (arom Cq), 134.8 (arom Cq), 138.6
(arom CH), 146.0 (arom Cq), 150.4 (arom Cq), 155.5 (arom Cq); 29Si NMR
(C6D6): d�ÿ51.5 (d, 1JSiH� 185 Hz); MS (EI, 70 eV): m/z (%): 731 (<1)
[M�ÿH], 687 (1) [M�ÿNMe2], 644 (<1) [M�ÿ 2NMe2], 598 (<1) [M�ÿ
Ar], 366 (100) [M�/2], 43 (30) [Me2CH�]; MS (DCI, NH3): m/z (%): 733
(70) [M��H], 368 (100) [M�/2�2 H].


1-[2-(Dimethylaminomethyl)phenyl]-1-[2,4,6-tris(isopropyl)phenyl]-2-n-
butyl-1-silacyclopropane (44): A suspension of 13 (1.00 g, 2.29 mmol), 1-
hexene (8.6 mL, 68 mmol), and Mg turnings (223 mg, 9.2 mmol) in THF
(10 mL) was stirred at room temperature for seven days. The volatile
compounds were removed by vacuum distillation and the residue was
suspended in hexane (15 mL). The slurry was filtered and the filtrate was
evaporated in vacuo. The oily residue consisted of nearly pure 44 (1H NMR
spectroscopy) (873 mg, 85%). 1H NMR (C6D6): d� 0.75 (dd, 3Jtrans� 7 Hz,
2J� 7 Hz, 1 H; 3-Hcis), 0.90 (t, 3J� 7 Hz, 3 H; butyl-CH3), 1.17 (d, 3J� 7 Hz,
3H; CH3), 1.18 (d, 3J� 7 Hz, 3 H; CH3), 1.41 (d, 3J� 7 Hz, 6H; CH3), 0.81 ±
2.05 (m, 14H; 2-H, 3-Htrans, butyl-CH2, CH3), 2.07 (s, 6H; NMe2), 2.76 (sept,
3J� 7 Hz, 1 H; CHMe2), 3.48, 3.62 (AB system, 2J� 14 Hz, 2 H; CH2N),
4.05 ± 4.26 (m, 2H; CHMe2), 7.01 (dd, 3J� 3J� 7 Hz, 1 H; arom H), 7.16 (s,
2H; arom H), 7.20 (ddd, 3J� 8 Hz, 3J� 7 Hz, 4J� 1 Hz, 1 H; arom H), 7.62
(d, 3J� 8 Hz, 1H; arom H), 7.77 (dd, 3J� 7 Hz, 4J� 1 Hz, 1 H; arom H); 13C
NMR (C6D6): d� 9.5 (C3), 14.2, 14.5 (C2, butyl-CH3), 22.9 (butyl-CH2),


24.0, 24.1, 24.7, 26.1 (CH3), 32.3, 33.3 (butyl-CH2), 34.8, 35.9, (CHMe2), 45.3
(NMe2), 63.6 (CH2N), 121.6 (arom CH), 126.2 (arom Cq), 126.6 (arom CH),
129.1 (arom CH), 130.0 (arom CH), 134.0 (arom Cq), 146.8 (arom Cq), 151.7
(arom Cq), 157.1 (arom Cq); 29Si NMR (C6D6): d�ÿ81.6; MS (FAB): m/z
(%): 450 (100) [M��H].


Thermolysis of 44 : A flask containing 44 (112 mg, 0.25 mmol) was
connected to a cold trap (77 K) and then heated in a dynamic vacuum
(1.33� 10ÿ2 Pa) to 110 8C for 6 h. 1-Hexene was collected in the cold trap
and identified by 1H NMR spectroscopy. The residue (80 mg) was identified
as a 1:1 mixture of 38 and 40 by 1H NMR spectroscopy.


1-[2-(Dimethylaminomethyl)phenyl]-1-[2,4,6-tris(isopropyl)phenyl]-3,4-d-
imethyl-1-silacyclopent-3-ene (45): A suspension of 13 (445 mg,
1.02 mmol), 2,3-dimethyl-1,3-butadiene (573 mL, 5.12 mmol), and Mg turn-
ings (98 mg, 4.03 mmol) in THF (3 mL) was stirred for 66 h at room
temperature. The volatile compounds were removed in vacuo and the
residue was suspended in hexane (15 mL). The slurry was filtered and the
filtrate then evaporated in vacuo. Kugelrohr distillation of the residue gave
45 (78 mg, 17%) at 140 8C/1.33� 10ÿ3 Pa as a colorless oil. 1H NMR
(CDCl3): d� 1.13 (d, 3J� 7 Hz, 12 H; CH3), 1.27 (d, 3J� 7 Hz, 6H; CH3),
1.75 (s, 6 H 3,4-CH3), 1.85, 2.05 (AB system, 2J� 14 Hz, 4 H; 2,5-H), 2.14 (s,
6H; NMe2), 2.90 (sept, 3J� 7 Hz, 1 H; CH), 3.00 (sept, 3J� 7 Hz, 2H; CH),
3.38 (s, 2H; CH2N), 7.03 (s, 2 H; arom H), 7.10 (dd, 3J� 3J� 8 Hz, 1H; arom
H), 7.27-7.40 (m, 2 H; arom H), 7.56 (d, 3J� 8 Hz, 1H; arom H); 13C NMR
(CDCl3): d� 18.9 (CH3), 23.9 (CH3), 25.1 (CH3), 29.3 (CH2Si), 34.2
(CHMe2), 34.4 (CHMe2), 45.5 (NMe2), 63.4 (CH2N), 121.4 (arom CH),
125.8 (arom CH), 128.2 (arom CH), 129.2 (arom CH), 131.1 (arom Cq),
131.2 (C3,4), 136.5 (arom CH), 137.6 (arom Cq), 145.3 (arom Cq), 150.1
(arom Cq), 155.6 (arom Cq); 29Si NMR (CDCl3): d�ÿ1.1; MS (EI, 70 eV):
m/z (%): 447 (10) [M�], 402 (3) [M�ÿNMe2ÿH], 365 (17) [M�ÿC6H10],
350 (39) [M�ÿC6H10ÿMe], 243 (17) [M�ÿTipÿH], 204 (48) [Is�Tip�H],
189 (100) [M�ÿMe�H]; C30H45NSi (447.8): calcd C 80.47, H 10.13; found C
80.38, H 10.03.


Thermolysis of 44 in presence of 2,3-dimethyl-1,3-butadiene : A solution of
44 (63 mg, 0.14 mmol) and 2,3-dimethyl-1,3-butadiene (157 mL) in C6D6


(0.4 mL) was heated in an NMR tube to 100 8C for 21 h. 1H NMR
spectroscopic analysis with poly(dimethylsiloxane) as an internal integra-
tion standard showed the presence of 45 in high yield (92 %). Pure 45
(35 mg, 56%) was obtained by kugelrohr distillation at 200 8C/1.33 Pa.


Crystal structure analysis : Crystals were mounted on a glass fiber in a
shock-cooled perfluoropolyether.[31] Diffraction data were collected on a
Stoe ± Siemens ± Huber four-circle diffractometer coupled to a Sie-
mens CCD area-detector at 133(2) K (12) and on a Stoe-Siemens-AED
four-circle diffractometer at 153(2) K (13), both with graphite-monochro-
mated MoKa radiation (l� 0.71073 �), and f and w scans, respectively.
The structures were solved by direct methods using SHELXS-96[32] and
refined against F 2 on all data by full-matrix least-squares with SHELXL-
97.[33] All non-hydrogen atoms were refined anisotropically. All hydrogen
atoms were included in the model at geometrically calculated positions and
refined with a riding model.
Crystallographic data (excluding structure factors) for the structures
reported in this paper have been deposited with the Cambridge Crystallo-
graphic Data Centre as supplementary publication no. CCDC-100 702.
Copies of the data can be obtained free of charge on application to CCDC,
12 Union Road, Cambridge CB2 1EZ, UK (fax: � (44) 1223-336-033;
e-mail : deposit@ccdc.cam.ac.uk).


Crystal structure analysis of 12 : C18H23NSiCl2, Mr� 352.36, crystal dimen-
sions 0.80� 0.40� 0.40 mm3; monoclinic, P21/c, a� 8.023(5), b� 13.555(8),
c� 16.463(9) �, b� 96.09(2)8 ; V� 1780(2) �3; Z� 4; 1calcd� 1.315 g cmÿ3,
m� 0.428 mmÿ1; total number of reflections measured 25971, unique 3366
(Rint� 0.029). Data/restraints/parameters: 3366/0/204. Final R indices:
R1� 0.0289, wR2� 0.0767 on data with I> 2 s(I) and R1� 0.0338, wR2�
0.0796 on all data, goodness-of-fit S� 1.039; (R1�S j jFo jÿjFc j j /S jFo j ,
wR2� [Sw(F2


oÿF2
c)2/Sw(F2


o)2]1/2, S� [Sw(F2
oÿF2


c)2/S(nÿ p)]1/2); weight-
ing scheme: wÿ1�s2(Fo)2� (0.0414P)2� 0.9117 P ; P� [F2


o� 2 F2
c]/3; largest


difference peak and hole: 0.323 and ÿ0.283 eAÿ3.


Crystal structure analysis of 13: C24H35NSiCl2, Mr� 436.52, crystal dimen-
sions: 0.90� 0.80� 0.50 mm3; monoclinic, P21/c, a� 9.089(1), b�
16.769(2), c� 15.700(2) �, b� 99.31(1)8 ; V� 2361.5(5) �3; Z� 4; 1calcd�
1.228 g cmÿ3, m� 0.336 mmÿ1; total number of reflections measured 6346,
unique 4176 (Rint� 0.0191). Data/restraints/parameters: 4176/0/261. Final R
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indices: R1� 0.0296, wR2� 0.0749 on data with I> 2s(I) and R1� 0.0333,
wR2� 0.0776 on all data, goodness-of-fit : S� 1.067; weighting scheme:
wÿ1� s2(Fo)2� (0.0353 P)2� 1.2326 P ; largest difference peak and hole:
0.315 and ÿ0.228 e Aÿ3.
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Enantioselective Total Synthesis of Some Brevicomins
Using Aldolase Antibody 38C2


Benjamin List, Doron Shabat, Carlos F. Barbas III,* and Richard A. Lerner*


Abstract: Aldolase antibody 38C2 (Aldrich no. 47,995-0) catalyzes the aldol reaction
between hydroxyacetone and aldehyde 7 to give dihydroxyketone 8a in an
enantiomeric excess (ee) >99 %. This reaction has been performed on a semi-
preparative scale to give the product in 55 % yield (ee� 98 %). Aldol 8a can be
converted to hydroxybrevicomins ent-5 and ent-6 by reduction and acid-catalyzed
cyclization. Antibody 38C2 also catalyzes the retro-aldol reaction of racemic syn-8.
After 52 % conversion, the enantiomeric product (8b) is obtained in >99 % ee. By
using either antibody-catalyzed aldol or retro-aldol reactions, both aldol enantiomers
can be prepared with a single antibody catalyst. This methodology has been applied
in highly enantioselective total syntheses of ten brevicomins.


Keywords: aldol reactions ´ anti-
body catalysis ´ brevicomin ´ enan-
tioselective catalysis ´ total synthesis


Introduction


One major goal in chemistry is the development of efficient
catalysts for enantioselective processes. Although a number of
powerful catalysts for functional group transformations like
redox reactions have been developed in the last two decades,
far fewer examples of enantioselective C ± C bond-forming
catalysts of general use are known.[1] In this regard, the
catalytic enantioselective aldol reaction, which is arguably
one of the most important C ± C bond-forming reactions,
constitutes a great challenge.[2]


Using the process of reactive immunization, we recently
developed aldolase antibody 38C2, which uses the
enamine mechanism of natural occurring class I
aldolases.[3] We have shown that, in contrast to its
natural enzyme counterparts, and indeed most
catalytic antibodies, this antibody aldolase accepts
a wide variety of substrates.[4,5] Antibody 38C2 has
been shown to be useful in organic synthesis as
demonstrated by the highly enantioselective syn-
thesis of the Wieland ± Miescher ketone on a
preparative scale.[6] While an antibody has been
used previously in a total synthesis of (ÿ)-a-
multistriatin,[7] most catalytic antibodies reported
to date have lacked the synthetic scope required of


a generally useful catalyst. Here we report highly enantiose-
lective total syntheses of (ÿ)-(1R)-1-hydroxy-exo-brevicomin
(ent-6) and (ÿ)-(1S)-1-hydroxy-exo-brevicomin (ent-5) as well
as formal total syntheses of eight different other brevicomins
utilizing this antibody catalyst. The key steps are achieved by
using either an antibody catalyzed aldol addition or retro-
aldol reaction.


Derivatives of the 6,8-dioxabicyclo[3.2.1]octanes (Figure 1)
are pheromones of a variety of bark beetle species.[8]


Extensive outbreaks of bark beetles may result in the
destruction of millions of trees per year causing great
ecological and economic damage.[9] (�)-Exo-brevicomin (7-
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Figure 1. Structure of some brevicomins: (�)-exo-brevicomin (1); (�)-endo-brevicomin
(2); (1R,2S,5S,7R)-2-hydroxy-exo-brevicomin (3); (1R,2S,5S,7S)-2-hydroxy-endo-brevi-
comin (4); (1R,1'R,5'R,7'R)-1-hydroxy-exo-brevicomin (5); (1S,1'R,5'R,7'R)-1-hydroxy-
exo-brevicomin (6).
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ethyl-5-methyl-6,8-dioxabicyclo[3.2.1]octane (1) was the first
member of this pheromone family to be identified.[8] Several
oxygenated exo-brevicomins have been isolated and synthe-
sized recently.[10,11] (�)-1-Hydroxy-exo-brevicomin and (�)-2-
hydroxy-exo-brevicomin have been identified in the volatiles
of the male mountain pine beetle, Dentroctonus brevicomis.
Since its discovery in 1989 and structural elucidation in 1996,
1-hydroxy-exo-brevicomin has been synthesized twice. The
first synthesis by Francke et al. was based on a kinetic
resolution by Sharpless asymmetric epoxidation.[10b] The
second by Mori et al. used the Sharpless asymmetric
dihydroxylation (AD) as the key step.[10c] Using this method-
ology, they have also reported the synthesis of the (�)-2-
hydroxy-exo-brevicomins.[10d]


We have previously demonstrated that 38C2-catalyzed
aldol reactions with hydroxyacetone as donor lead to the
highly regio- and stereoselective formation of
a,b-dihydroxyketones with an a(2R,3S) config-
uration.[4] Further, unlike any of the transition
metal catalyst reported to date,[2] these anti-
bodies also efficiently catalyze the retro-aldol
reaction. Kinetic resolution with these catalysts
results in the selective destruction of the
a(2R,3S)-aldol allowing the recovery of the
b(2S,3R)-aldol in high enantiomeric excess. By
using both the aldol addition and retro-aldol
activities, both aldol enantiomers may be pre-
pared using the same antibody catalyst
(Scheme 1).[12]


Results and Discussion


Antibody 38C2 catalyzes the aldol reaction
between aldehyde 7 and hydroxyacetone on a
preparative scale to give diol 8a in 55 % yield
and 98 % ee along with the anti-diastereomer
(ratio 4:1).[13] On an analytical scale, the ee was
even higher (>99 %). Dihydroxyketone 8a was
reduced with sodium borohydride to give triols
syn-9 and anti-9 after separation by HPLC.
Acid-catalyzed deprotection and cyclization of
the individual triols afforded hydroxybrevico-
mins ent-5 and ent-6 in essentially enantiomeric
pure form (Scheme 2).


The ee of dihydroxyketone 8a was deter-
mined by chiral HPLC analysis using a chiracell
AD column. Its absolute configuration was


assigned by comparison with synthetic reference samples
prepared from aldehyde 7 by a Horner ± Wadsworth ± Em-
mons reaction followed by a Sharpless asymmetric dihydrox-
ylation using either AD mix-a or AD mix-b. [14,15] (Figure 2)


Antibody 38C2 catalyzed retro-aldol reaction of racemic 8
gave diol 8b in >99 % ee after 52 % conversion of the
racemate, through a kinetic resolution. Thus, hydroxybrevi-
comins 5 and 6 can be obtained from 8b by a route analogous
to that described in Scheme 2.


2-Hydroxylated brevicomins 3 and 4 were prepared from
dihydroxyketone 11a by using a strategy similar to that
described for copounds 5 and 6 (Scheme 3). Antibody 38C2
catalyzed the aldol reaction between aldehyde 10 and 1-
hydroxy-2-butanone to give 11a in >99 % ee.[16] Again the
enantiomers (ent-3 and ent-4) could be prepared by kinetic
resolution of aldol rac-syn-11 to give 11b in >99 % ee after
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saline (PBS, pH 7.4); b) NaBH4, MeOH; HPLC separation; c) pTsOH, C6H6, 60 8C.
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Scheme 1. The sterochemical course of 38C2-catalyzed aldol and retroaldol reactions involving hydroxyacetone.
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Figure 2. Determination of the absolute configuration and enantiomeric
purity of aldol 8a from an analytical scale reaction. Chiracell AD column
(12 % iPrOH/hexane, 1 mL minÿ1, l� 284 nm).


54 % conversion. 2-Hydroxy-exo-brevicomin 4 is a new
compound that has not been reported previously, and we
suggest that it may be a natural product derived from endo-
brevicomin 2 by oxygenation. This is supported by the fact
that exo-brevicomin 1 is the precursor in the biosynthesis of
hydroxy-brevicomin 3.[10a] The synthesis of exo-brevicomin 1
from 3 has already been reported.[17] Thus, both enantiomers
of exo-brevicomin 1 are accessible now.


The kinetic parameters of all antibody catalyzed reactions
are shown in Table 1.


Conclusion


In summary we have demonstrated highly enantioselective
total syntheses of brevicomins ent-5 and ent-6, and formal
total syntheses of eight other brevicomins (5, 6, 3, ent-3, 4, ent-
4, 1, ent-1) by utilizing a single antibody catalyst. For the first
time, a catalytic antibody has been used to decrease the total
number of synthetic steps and to increase the enantioselec-
tivity of natural product syntheses. These results underscore


the power of reactive immunization to
generate antibody catalysts that are
both efficient and broad in scope.


Experimental Section


Aldehyde 7: 5-Oxohexanenitrile (1.14 mL,
10 mmol, 1 equiv), catechol (5.51 g, 50 mmol,
5 equiv), and a catalytic amount of p-TsOH were
refluxed in benzene (15 mL) for 12 h. After
cooling to room temperature, the mixture was
diluted with ether (50 mL) and washed four
times with 1n NaOH and once with saturated
ammonium chloride. The mixture was dried
(MgSO4), filtered, and concentrated to give 2 g
(>99%) of the acetal as slightly yellow oil. This
was taken up in dichloromethane (100 mL) and
treated at ÿ78 8C with 1n DIBAH (10.5 mL) in
hexanes. After 2 h at ÿ78 8C and 1 h at 0 8C,
saturated ammonium chloride (3 mL) and dieth-
yl ether (100 mL) were added and the mixture
was allowed to warm to room temperature. A
small amount of alumina and after 10 min
magnesium sulfate were added. The mixture
was stirred for two hours and then filtered and
concentrated. Flash chromatography (9 %
EtOAc/hexane) gave 1545 mg (75 %) of alde-
hyde 7 as an oil. Spectroscopic data of the acetal:
1H NMR (250 MHz, CDCl3): d� 1.63 (s, 3H),
1.88 (m, 2H), 2.07 (m, 2H), 2.40 (t, J� 7.1, 2H),
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Scheme 3. a) Analytical scale reaction: antibody 38C2 (0.6 mol %), 1-hydroxy-2-butanone (5 vol %),
PBS (pH 7.4); b) NaBH4, MeOH; c) pTsOH, C6H6, 60 8C, column chromatography; d) ref. [17].


Table 1. Kinetic parameters of antibody-catalyzed reactions.


Compound rate[a] ee [%] dr (syn:anti)


8a 0.65 minÿ1[b] > 99 4:1
8b 0.03 minÿ1[b] > 99 -
11a 0.24[c] > 99 5:1
11b 0.24[c] > 99 -


[a] No product formation was observed in the background reactions after
three days. [b] kcat obtained from Lineweaver ± Burk plots. [c] Rates were
measured at a single concentration and are relative to the rates found for
compounds 8a and 8b.
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6.77 (m, 4 H); 13C NMR (63 MHz, CDCl3) d 17.0, 19.2, 24.5, 37.7, 108.4,
117.8, 119.2, 121.2; HRMS: calcd for C12H13NO2: 203.0946, obs 203.0952.
Spectroscopic data for aldehyde 7: 1H NMR (300 MHz, CDCl3): d� 1.60 (s,
3H), 1.80 (m, 2H), 1.93 (m, 2H), 2.48 (dt, J� 1.4 and 7.2, 2 H), 6.74 (m, 4H),
9.74 (t, J� 1.4, 1H); 13C NMR (63 MHz, CDCl3): d� 15.7, 24.3, 38.1, 43.3,
108.2, 121.0, 121.2, 201.8; HRMS: calcd for C12H14O3: 206.0943, obs
206.0948.


Antibody-catalyzed synthesis of diol 8a : To a solution of antibody 38C2
(36 mm, 18 mL) in PBS buffer (50 mm, pH� 7.0) was added hydroxyacetone
(1 mL) and aldehyde 7 in acetonitrile (20.6 mg, 0.1 mmol, 1 mL of a 100 mm
solution). The final concentrations were about 33mm (0.66 % relative to the
aldehyde) of 38C2, 0.68m of hydroxyacetone, and 5mm of aldehyde 7. After
36 h the reaction reached 65% conversion as monitored by RP-HPLC
(35 % acetonitrile/water with 0.1% TFA, retention time of 8a� 7.75 min,
anti isomer� 7.34 min, 7� 15.77 min). The antibody was separated from
the reaction by centrifugation in Centricon-10 concentrator tubes (Ami-
con). The solvent was removed under reduced pressure and the crude
product was purified by RP-HPLC, to give pure 8a (10.2 mg, 0.036 mmol,
55% according to consumed aldehyde) in more than 98 % ee (the ee was
determined by chiral HPLC analysis using a chiracell AD column (12 %
iPrOH/hexane, 1 mL minÿ1, l� 284 nm; on an analytical scale the ee was
>99 %). 1H NMR (250 MHz, CDCl3): d� 1.46 ± 2.10 (m�s, 7H), 1.59 (s,
3H), 2.23 (s, 3H), 3.73 (br, 1 H), 3.95 (br, 1 H), 4.03 (br, 1 H), 6.73 (m,
4H).13C NMR (63 MHz, CDCl3): d� 19.4, 24.2, 25.1, 34.0, 38.7, 71.5, 79.1,
108.2, 118.5, 120.9, 207.9. HRMS calcd for C15H20O5Na: 303.1208, obs
303.1216.


Triols 9 : Diol 8a (10.2 mg, 0.036 mmol, 1 equiv) in MeOH (10 mL) was
treated with sodium boranate (3 mg, 2 equiv) and stirred for 5 min.The
mixture was extracted with saturated ammonium chloride solution and re-
extracted with diethyl ether. After drying (MgSO4) and evaporation in
vacuum, the diastereomeric triols were isolated by RP-HPLC. anti-9
(3.9 mg, 0.014 mmol, 38 %) and syn-9 (4.4 mg, 0.016 mmol, 43%) were
obtained as solids. Spectroscopic data of anti-9 : 1H NMR (250 MHz,
CD3OD): d� 1.08 (d, J� 6.3, 3 H), 1.45 (s, 3 H), 1.30 ± 1.60 (m, 4H), 1.89 (m,
2H), 2.98 (br, 1H), 3.61 (m, 2 H), 6.59 (m, 4 H).13C NMR (63 MHz,
CD3OD): d� 19.8, 20.6, 24.5, 34.6, 40.1, 69.7, 73.0, 78.3, 109.1, 122.0, 148.9;
HRMS calcd for C15H22O5Na: 305.1365, obs 305.1375. Spectroscopic data of
syn-9 : 1H NMR (250 MHz, CD3OD): d� 1.05 (d, J� 6.4, 3H), 1.43 (s, 3H),
1.30 ± 1.60 (m, 4 H), 1.80 (m, 2H), 2.99 (br, 1H), 3.48 (br, 1H), 3.67 (m, 1H),
6.60 (m, 4 H).13C NMR (63 MHz, CD3OD): d� 20.1, 20.8, 24.5, 34.6, 40.1,
68.7, 71.2, 78.3, 109.1, 120.0, 122.0, 148.9; HRMS calcd for C15H22O5Na:
305.1365, obs 305.1374.


(1S,1''S,5''S,7''S)-1-(5''-Methyl-6'',8''-dioxabicyclo[3.2.1]oct-7''yl)ethanol ((ÿ)-
(1S)-1-Hydroxy-exo-brevicomin (ent-5)): Triol anti-9 (4.4 mg, 0.016 mmol)
and a catalytic amount of p-TsOH in benzene (0.5 mL) was heated to 60 8C
for 45 min. After cooling, one drop of 25 % aqueous trimethylamine and
silica gel (100 mg) were added. This material was evaporated in vacuum,
and then chromatographed (9 % EtOAc/hexane) to give 1-hydroxybrevi-
comin ent-5 (2.7 mg, 0.0154 mmol, 96 %). The spectroscopic data are in full
agreement with literature values. The ee was determined by chiral GC
according to reference [10 d] to be 98%.


(1R,1''S,5''S,7''S)-1-(5''-Methyl-6'',8''-dioxabicyclo[3.2.1]oct-7''yl)ethanol ((ÿ)-
(1R)-1-Hydroxy-exo-brevicomin (ent-6)): Triol syn-9 (3.9 mg, 0.014 mmol)
and a catalytic amount of p-TsOH in benzene (0.5 mL) was heated to 60 8C
for 45 min. After cooling, one drop of 25 % aqueous trimethylamine and
silica gel (100 mg) were added. This material was evaporated in vacuum,
and then chromatographed (9 % EtOAc/hexane) to give 1-hydroxybrevi-
comin ent-6 (2.3 mg, 0.013 mmol, 95 %) as a liquid. The spectroscopic data
are in full agreement with literature values. The ee was determined by chiral
GC according to reference [10 d] to be 98%.


Antibody catalyzed kinetic resolution of diol 8 : This reaction was
performed on an analytical scale. Racemic aldol 8 (500 mM) and antibody
38C2 (30 mm) in PBS (pH 7.4) were incubated until 52% of the racemic
mixture was consumed (ca. 10 h). The remaining aldol 8b was isolated with
an analytical RP-HPLC column and the ee was determined as described
above to be >99%.


Chemical reference syntheses of 8a and 8b by Horner ± Wadsworth ± Em-
mons reaction and Sharpless asymmetric dihydroxylation : Horner ±
Wadsworth ± Emmons reaction : Aldehyde 7 (360 mg, 1.748 mmol, 1 equiv),
diethyl(2-oxopropyl) phosphonate (424 mg, 2.184 mmol, 1.25 equiv) and


lithum hydroxide monohydrate (101 mg, 2.412 mmol, 1.38 equiv) were
stirred in anhydrous THF (5 mL) for 3 h. The mixture was diluted with
diethyl ether (5 mL), and saturated ammonium chloride solution (0.3 mL)
was added. The mixture was dried (MgSO4), filtered, and con-
centrated. Filtration over silica gel (50 % EtOAc/hexane) gave 430 mg
(>99%) of the a,b-nsaturated methyl ketone as a liquid. 1H NMR
(300 MHz, CDCl3): d� 1.60 (s, 3H), 1.58 ± 1.70 (m, 2 H), 1.90 ± 2.00 (m, 2H),
2.22 (s, 3H), 2.20 ± 2.30 (m, 2H), 6.05 (d, J� 15.9, 1 H), 6.75 (m, 5H); 13C
NMR (63 MHz, CDCl3) d 19.2, 24.5, 26.8, 32.0, 37.6, 108.2, 108.3, 120.9,
121.2, 131.5, 147.3, 203.8. HRMS calcd for C15H18O3Na: 269.1154, obs
269.1161.


Diol 8a by Sharpless asymmetric dihydroxylation : The a,b-unsaturated
methyl ketone (300 mg, 1.22 mmol, 1 equiv) in tBuOH/water (12 mL; 1:1)
was treated with AD-mix-a (1.73 g) and methanesulfonamide (120 mg) at
0 8C and stirred for 3 h at 0 8C and then for 16 h at room temperature.
Sodium metabisulfite (2.48 g) was carefully added and the mixture was
extracted with ethyl acetate (5� ). After drying (MgSO4), evaporation in
vacuum, and chromatography (35 % EtOAc/hexane) the pure diol 8a


(299 mg, 88%) was obtained as a solid. The ee was determined as described
above to be 89%.


Diol 8b by Sharpless asymmetric dihydroxylation : The a,b-unsaturated
methyl ketone (300 mg, 1.22 mmol, 1 equiv) in tBuOH/water (12 mL; 1:1)
was treated with AD-mix-b (1.73 g) and methanesulfonamide (120 mg) at
0 8C and stirred for 3 h at 0 8C and then for 16 h at room temperature.
Sodium metabisulfite (2.48 g) was carefully added and the mixture was
extracted with ethyl acetate (5� ). After drying (MgSO4), evaporation in
vacuum, and chromatography (35 % EtOAc/hexane) the pure diol 8b


(290 mg, 85%) was obtained as a solid. The ee was determined as described
above to be 91%.


Chemical reference syntheses of diol 11a and diol 11b by the Mulzer
sequence and Sharpless asymmetric dihydroxylation:[18,15] Aldehyde 10 :
Ethyl levulinate (7.1 mL, 50 mmol, 1 equiv), catechol (27.53 g, 250 mmol,
5 equiv), and a catalytic amount p-TsOH were refluxed in benzene
(200 mL) for 12 h. After cooling to room temperature, the mixture was
diluted with ether (250 mL) and washed four times with 1n NaOH and
once with saturated ammonium chloride. The mixture was dried (MgSO4),
filtered, and concentrated to give the levulinate acetal (11.8 g, >99%) as a
slightly yellow oil. This material (2.36 g, 10 mmol) was taken up in
dichloromethane (100 mL) and treated at ÿ78 8C with 1n DIBAH
(10.5 mL) in hexanes. After 30 min at ÿ78 8C, saturated ammonium
chloride (3 mL) and diethyl ether (100 mL) were added and the mixture
was allowed to warm to room temperature. A small amount of alumina and
subsequently after 10 min magnesium sulfate were added. The mixture was
stirred for two hours and then filtered and concentrated. For the following
chemical step, this material was pure enough. For the antibody-catalyzed
step: Flash chromatography (9% EtOAc/hexane) gave aldehyde 10 (1.83 g,
95%) as an oil. Spectroscopic data of the acetal: 1H NMR (250 MHz,
CDCl3): d� 1.12 (t, J� 7.1, 3H); 1.53 (s, 3H), 2.20 (m, 2 H), 2.38 (m, 2H),
4.02 (q, J� 7.1, 2H), 6.66 (m, 4H); 13C NMR (63 MHz, CDCl3): d� 14.1,
24.6, 28.2, 34.2, 60.53, 108.4, 121.14, 147.3, 172.8; spectroscopic data of 10 :
1H NMR (300 MHz, CDCl3): d� 1.64 (s, 3H), 2.31 (t, J� 7.6, 2H), 2.62 (t,
7.6, 2H), 6.76 (m, 4H), 9.76 (s, 1H); 13C NMR (63 MHz, CDCl3): d� 24.6,
31.4, 37.6, 108.4, 121.3, 147.1, 200.8.


a,b-Unsaturated ethyl ketone: Methyl methanephosphonate (1.95 mL,
18 mmol, 3.6 equiv) in anhydrous diethyl ether (15 mL) was treated at
ÿ78 8C with a 2.5m solution of nBuLi (7.2 mL, 18 mmol, 3.6 equiv). After
30 min the ester (881 mg, 10 mmol, 2 equiv) in anhydrous diethyl ether
(7 mL) was slowly added and the mixture was stirred for 1 h at ÿ78 8C and
then for 30 min at 0 8C. Water (360 mg, 20 mmol, 4 equiv) in THF (40 mL)
and then aldehyde 10 (960 mg, 5 mmol, 1 equiv) were added. After 1 h, the
mixture was diluted with diethyl ether (65 mL) and saturated ammonium
chloride solution (3 mL) was added. The mixture was dried (MgSO4),
filtered, and concentrated. Chromatography (9% EtOAc/hexane) gave the
a,b-unsaturated ethyl ketone (960 mg, 78%) as a liquid. 1H NMR
(250 MHz, CDCl3): d� 1.06 (t, J� 7.3, 3H), 1.62 (s, 3H), 2.09 (m, 2H),
2.37 (m, 2H), 2.50 (q, J� 7.3, 3H), 6.04 (dt, J� 1.5 and 15.8, 1H), 6.75 (m,
4H), 6.81 (dt, J� 6.8 and 15.8, 1H); 13C NMR (63 MHz, CDCl3): d� 8.0,
24.6, 26.1, 33.3, 37.5, 108.3, 117.9, 121.1, 130.7, 145.2, 147.2, 200.7. HRMS
calcd for C15H18O3: 246.1256, obs 246.1262.
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Diol 11a : The a,b-unsaturated ethyl ketone (400 mg, 1.626 mmol, 1 equiv)
in tBuOH/water (16 mL; 1:1) was treated with AD-mix-a (2.3 g) and
methanesulfonamide (160 mg) at 0 8C, and stirred for 3 h at 0 8C and then
for 36 h at room temperature. Sodium metabisulfite (3.38 g) was carefully
added and the mixture was extracted with ethyl acetate (5� ). After drying
(MgSO4), evaporation in vacuum, and chromatography (gradient, 35%,
50% EtOAc/hexane) the pure diol 11a (355 mg, 78%; ee� 91%, HPLC)
was obtined as a solid together with the starting material (85 mg, 21%). 1H
NMR (250 MHz, CDCl3): d� 1.12 (t, J� 7.3, 3H), 1.64 (s, 3H), 1.86 (m,
3H), 2.15 (m, 2 H), 2.52 (m, 2H), 3.75 (br, 1 H), 4.00 (br, 1 H), 4.05 (br, 1H),
6.77 (m, 4H).13C NMR (63 MHz, CDCl3): d� 7.4, 28.2, 31.0, 35.4, 71.6, 78.6,
108.4, 118.6, 121.1, 147.7, 210.6. HRMS calcd for C15H20O5Na: 303.1208, obs
303.1198.


Diol 11b : The a,b-unsaturated ethyl ketone (400 mg, 1.626 mmol, 1 equiv)
in tBuOH/water (16 mL, 1:1) was treated with AD-mix-b (2.3 g) and
methyl sulfonamide (160 mg) at 0 8C and stirred for 3 h at 0 8C and then for
36 h at room temperature. Sodium metabisulfite (3.38 g) was carefully
added and the mixture was extracted with ethyl acetate (5� ). After drying
(MgSO4), evaporation in vacuum, and chromatography (gradient, 35%,
50% EtOAc/hexane) the pure diol 11b (322 mg, 71%; ee� 92%, HPLC)
was obtained as a solid and together with the starting material (114 mg,
28%). 1H NMR (250 MHz, CDCl3): d� 1.12 (t, J� 7.3, 3H), 1.64 (s, 3H),
1.86 (m, 3 H), 2.15 (m, 2 H), 2.52 (m, 2 H), 3.75 (br, 1H), 4.00 (br, 1H), 4.05
(br, 1H), 6.77 (m, 4 H).13C NMR (63 MHz, CDCl3): d� 7.4, 28.2, 31.0, 35.4,
71.6, 78.6, 108.4, 118.6, 121.1, 147.7, 210.6.


Synthesis of diol 11a by antibody catalysis : This reaction was performed on
an analytical scale. Aldehyde 10 (500 mm), 1-hydroxy-2-butanone (5 % v/v),
and antibody 38C2 (30 mm) were incubated for about 5 h. The aldol product
was separated on an analytical RP-HPLC column and the ee (>99 %) was
determined as mentioned in the preparation of diol 8a.


Kinetic resolution of diol 11 by antibody catalysis : This reaction was
performed on an analytical scale. Racemic aldol 11 (5mm) and antibody
38C2 (104 mm) in PBS (pH 7.4) were incubated until 54 % of the racemic
mixture was consumed (ca. 10 h). The remaining aldol 11b was isolated
with an analytical RP-HPLC column and the ee was determined as
described above to be >99%.


Synthesis of 2-hydroxybrevicomins 3 and 4: Triols 12 : Diol 11a from
Sharpless AD, ee� 91% (140 mg, 0.5 mmol, 1 equiv) in MeOH (5 mL) was
treated with sodium boranate (38 mg, 2 equiv) and stirred for 5 min. The
mixture was extracted with saturated ammonium chloride solution and re-
extracted with diethyl ether. After drying (MgSO4) and evaporation in
vacuum, pure diastereomeric triols 12 (141 mg, >99 %) were isolated. For
analytical reasons the triols can be separated by RP-HPLC. Spectroscopic
data for anti-12 : 1H NMR (250 MHz, CD3OD): d� 0.86 (t, J� 7.1, 3H),
1.25 (m, 1H), 1.49 (s, 3 H), 1.60 (m, 3 H), 1.85 (m, 1 H), 2.00 (m, 1H), 3.00
(br, 1 H), 3.40 (br, 1H), 3.72 (br, 1H), 6.60 (m, 4 H).13C NMR (63 MHz,
CD3OD): d� 10.2, 24.6, 27.4, 28.5, 36.8, 71.5, 74.1, 76.7, 109.1, 120.0, 122.1,
149.0; HRMS calcd for C15H22O5Na: 305.1365, obs 305.1358. syn-12 :
HRMS calcd for C15H22O5Na: 305.1365, obs 305.1371.


(1R,2S,5S,7R)- and (1R,2S,5S,7S)-7-Ethyl-5-methyl-6,6-dioxabicy-
clo[3.2.1]octan-2-ol) ((�)-(2S)-2-Hydroxy-exo-brevicomin and (�)-(2S)-
2-Hydroxy-endo-brevicomin (4 and 3). Triols 12 (141 mg, 0.5 mmol) and a
catalytic amount of p-TsOH in benzene (10 mL) were heated to 60 8C for
45 min. After cooling the mixture, 25 % aqueous trimethylamine (30 drops)
and silica gel (500 mg) were added. This material was evaporated in
vacuum, and then chromatographed (gradient 9%, 12% EtOAc/hexane)
to give 4 (40 mg, 46%) as a solid and 3 (40 mg, 46%) as a liquid. The
spectroscopic data of 3 are in full agreement with literature values:[10c] 1H


NMR (250 MHz, C6D6): d� 0.90 (t, J� 7.4, 3H), 1.12 (br, 1H), 1.43 (s, 3H),
1.30 ± 1.70 (m, 6 H), 3.62 (m, 1H), 3.80 (d, J� 3.7, 1H), 4.18 (t, J� 6.5,
1H).13C NMR (63 MHz, C6D6): d� 10.0, 24.3, 26.9, 28.8, 35.4, 66.2, 77.3,
80.9, 107.4. Spectroscopic data of 4 : 1H NMR (250 MHz, CDCl3): d� 0.96
(t, J� 7.4, 3 H), 1.02 (br, 1 H), 1.48 (s, 3H), 1.67 ± 2.10 (m, 6 H), 3.32 (dt, J�
3.1 and 8.1, 1H), 3.52 (dd, J� 4.1 and 9.0, 1H), 4.30 (m, 1H).13C NMR
(63 MHz, CDCl3) d 9.5, 23.5, 23.6, 25.4, 33.8, 68.1, 74.9, 78.0.


Acknowledgments : We thank the Alexander von Humboldt Foundation,
Germany, for a Feodor Lynen Fellowship (B.L.). Supported by NIH
CA27489 (R.A.L. and C.F.B.).


[1] a) R. Noyori, Asymmetric Catalysis in Organic Synthesis, Wiley-
Interscience, 1994 ; b) Catalytic Asymmetric Synthesis (Ed.: I. Ojima),
VCH, 1993.


[2] For recent examples of catalytic enantioselective aldol reactions, see:
a) Y. M. A. Yamada, N. Yoshikawa, H. Sasai, M. Shibasaki, Angew.
Chem. 1997, 109, 1942 ± 1944; Angew. Chem. Int. Ed. Engl. 1997, 36,
1871 ± 1873; b) E. M. Carreira, W. Lee, R. A. Singer, J. Am. Chem.
Soc. 1995, 117, 3649 ± 3650, and references therein.


[3] J. Wagner, R. A. Lerner, C. F. Barbas III, Science 1995, 270, 1797.
[4] C. F Barbas III, A. Heine, G. Zhong, T. Hoffmann, S. Gramatikova, R.


Bjoernstedt, B. List, J. Anderson, E. Stura, A., I. A. Wilson, R. A.
Lerner, Science 1997, 278, 2085 ± 2092.


[5] T. Hoffman, G. Zhong, B. List, D. Shabat, J. Anderson, S. Gramati-
kova, R. A. Lerner, C. F. Barbas III, J. Am. Chem. Soc. 1998,
in press.


[6] G. Zhong, T Hoffmann, R. A. Lerner, S. Danishefsky, C. F. Barbas III,
J. Am. Chem. Soc. 1997, 119, 8131 ± 8132.


[7] S. C. Sinha, E. Keinan, J. Am. Chem. Soc. 1995, 117, 3653 ± 3654.
[8] R. M. Silverstein, R. G. Brownlee, T. E. Bellas, D. L. Wood, L. E.


Browne, Science, 1968, 159, 889.
[9] J. H. Borden, in Comprehensive Insect Physiology Biochemistry and


Pharmacology, Vol. 9 (Eds.: G. A. Kerkut, L. I. Gilber), Pergamon
Press, New York, 1985, 257 ± 285.


[10] a) G. D. Prestwich, Pure Appl. Chem. 1989, 61, 551 ± 554; b) W.
Francke, F. Schroeder, P. Philipp, H. Meyer, V. Shinnwell, G. Gries,
Bioorg. Med. Chem. 1996, 4, 363 ± 374; c) H. Takikawa, K.-i. Shimbo,
K. Mori, Liebigs Ann. 1997, 821 ± 824; d) Y. Yokoyama, K. Mori, ibid.
1997, 845 ± 849.


[11] exo-Brevicomin (1) has been synthesized by using an aldolase enzyme
(rabbit muscle aldolase). However, this natural aldolase is restricted
to dihydroxyacetone phosphate as the donor. This limitation requires
the subsequent enzymatic removal of the phosphate group. M.
Schultz, H. Waldmann, W. Vogt, H. Kunz, Tetrahedron Lett. 1990,
31, 867 ± 868.


[12] G. F. Zhong, D. Shabat, B. List, J. Andereson, S. C. Sinha, R. A.
Lerner, C. F. Barbas III, unpublished results.


[13] Aldehyde 7 was prepared in two steps from commercial 5-oxohex-
anenitril.


[14] J. Mulzer, B.List, Tetrahedron Lett. 1994, 35, 9021 ± 9024.
[15] P. J. Walsh, K. B. Sharpless, Synlett 1993, 605 ± 606.
[16] Aldehyde 10 was prepared in two steps from commercial ethyl


levulinate.
[17] T. Taniguchi, H. Ohnishi, K. Ogasawara, Chem. Commun. 1996,


1477 ± 1478.
[18] J. Mulzer, H. J. Martin, B. List, Tetrahedron. Lett. 1996, 9177 ± 9178.








Alkyl Transfer with Retention and Inversion of Configuration:
Reexamination of a Putative [1s,4s] Sigmatropic Rearrangement**
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Abstract: The thermal rearrangement
of 2-alkoxypyridine-1-oxides to 1-alk-
oxy-2-pyridones, which has been report-
ed to proceed by an intramolecular
[1s,4s] sigmatropic migration of the alkyl
group with retention of configuration
and first-order kinetics, has been reex-
amined. The intramolecular barriers
have been computed to be at least
20 kcal molÿ1 higher than the reported
experimental barriers. An alternative
bimolecular mechanism, discovered
computationally, has been confirmed
by a variety of experiments including


crossover studies, determination of sol-
vent effects and secondary H/D isotope
effects, and new kinetic and stereochem-
ical studies. In the new mechanism there
is an initial intermolecular transfer of
the alkyl group, with inversion of con-
figuration, to the N-oxide. Depending
on the nature of the alkyl group and the


solvent, this is followed by a second
transfer, also with inversion of config-
uration, of one of the alkyl groups of the
cationic intermediate to one of the oxy-
gens of the anionic intermediate. The
product is then formed either without
crossover, by a double inversion of one
alkyl group, or with crossover by two
single inversions of different alkyl
groups. The proposed intermediates of
this mechanism can be synthesized; they
react to form a 1-alkoxy-2-pyridone at
room temperature.


Keywords: ab initio calculations ´
configuration determination ´ cross-
over experiments ´ isotope effects ´
kinetics


Introduction


Background : Organic compounds do not undergo nucleo-
philic displacement reactions with retention of configuration.
Even under favorable circumstances, for example an intra-
molecular reaction, transfer of a methyl group, and angular
compression or pericyclic electronic stabilization of the
transition state, recent work suggests[1] that the retention
barrier is never less than 20 kcal molÿ1 higher than that of a
competing unconstrained intermolecular inversion process.


Every nucleophilic substitution reaction that proceeds with
retention of configuration at carbon[2] must, therefore, be
presumed to be the result of a multistep process that is more
complex, and more interesting,[3] than was previously sup-
posed.


The present work is concerned with a theoretical and
experimental reexamination of one of these reactions, the
thermal rearrangement of 2-alkoxypyridine-1-oxides (1) to 1-
alkoxy-2-pyridones (2) (Scheme 1). This reaction was first


Scheme 1. The thermal rearrangement of 2-alkoxypyridine-1-oxides (1) to
1-alkoxy-2-pyridones (2).


reported by Dinan and Tieckelmann in 1964.[4a] Heating 1
(R�methyl, ethyl, benzyl, allyl) neat at 100 ± 140 8C led to
complete rearrangement to 2 within 1.5 ± 3.5 h. The reactions
were not retarded by addition of the free radical scavenger p-
benzoquinone. In a second study, conducted in diglyme at 83 ±
84 8C,[4b] Litster and Tieckelmann found that substituted 2-
alkenyloxypyridine-1-oxides (1, R�CHR1CH�CHR2; see
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ref. [4b] for a definition of R1 and R2) rearranged to 2 (R�
CHR1CH�CHR2), that is, without a concomitant 1,3-allylic
double bond shift. Higher temperatures led to an ortho-
Claisen rearrangement, to give 3 (R�CHR2CH�CHR1) as
major products. The cyclopropylcarbinyloxy compound yield-
ed, in addition to 96 % of 1-cyclopropylcarbinyloxy-2-pyri-
done, about 4 % of the skeletally rearranged 1-cyclobutyloxy-
2-pyridone. Crossover products were seen in competition
experiments with substituted and unsubstituted alkenyloxy
compounds. In refluxing carbon tetrachloride, the optically
active N-oxide 4, [a]28


340 �35.08, rearranged to 5, [a]28
340 ÿ1698.


It was concluded that the reaction is not radical in nature,
and a mechanism involving inter- or intramolecular displace-
ment of R by the N-oxide was considered. Since an intra-
molecular nucleophilic displacement would require a ªrather
unlikelyº[4a] retention mechanism, intermolecular displace-
ment or internal return through an ion pair were thought to
be more probable.


Some of these results could not be confirmed. Schöllkopf
and Hoppe[5] found no skeletal isomerization in the rearrange-
ment of 1, R� cyclopropylcarbinyl, and the a-methallyl
compound (1, R�CHCH3-CH�CH2) gave only the Claisen
rearrangement product, with skeletal isomerization of the
alkenyl substituent, and not the reported 2, R�CHCH3-
CH�CH2. Ollis and co-workers[2, 6] have made similar obser-
vations concerning the competition between the O!O
(Tieckelmann) and O!C (Claisen) rearrangement pathways.
These workers also observed that heating the cis-cinnamyl
ether 6 for 60 h at 53 8C yielded the cis-cinnamyl ether
pyridone 7 exclusively.[6a]


The latter result is not compatible with a radical-pair or ion-
pair mechanism for this substrate. An ion-pair pathway had, in
any event, already been ruled out by Schöllkopf and Hoppe
for the rearrangement of substituted 2-benzyloxypyridine-1-
oxides[5] on the basis of a Hammett 1-value ofÿ0.26.[7] On the
other hand, the development of CIDNP signals during the
course of the reaction indicated that the 2-benzhydryloxy
compound rearranges by means of a radical mechanism.
Using about 0.5m solutions in CDCl3, Hoppe observed first-
order kinetics in the temperature range 130 ± 150 8C for R�
CH3, C2H5, i-C3H7, and CH2CH2OC2H5.[8] For R�C2H5 and i-
C3H7, 3-point Arrhenius plots yielded DH= � 11 ±
12 kcal molÿ1 and DS=�ÿ52 to ÿ56 cal molÿ1 degÿ1. The
reaction of 2-chloropyridine-1-oxide with a-deuteriobenzyl
alcohol, [a]25


546 ÿ0.5568, gave 1, R�CHDPh, [a]25
546 ÿ1.1338.


This rearranged to 2, [a]25
546 ÿ0.8998, which upon refluxing


with zinc and 30 % acetic acid yielded a-deuteriobenzyl
alcohol, [a]25


546 ÿ0.4238. In a control experiment, the optically
active alcohol underwent 18 % racemization when refluxed
with zinc and 30 % acetic acid.


The combination of first-order kinetics, a low enthalpy of
activation, a high negative entropy of activation, and, most
importantly, rearrangement of the benzyl substituent with
retention of configuration led Schöllkopf and Hoppe to the
conclusion[5, 8] ªsomit scheint für die 2-Alkoxypyridinoxide
ein (symmetrie-erlaubt[10]) sigmatroper Umlagerungsverlauf
als gesichertº (translation: herewith it would appear that for
the 2-alkoxypyridine a sigmatropic reaarangement mechanism
(symmetry allowed[10]) is certain ; Figure 1). A concerted
[1s,4s] sigmatropic rearrangement mechanism is also advo-
cated by Ollis and co-workers[2, 6] and is consistent with the
stereospecific rearrangement 6!7.


Although the evidence in support of the proposed [1s,4s]
sigmatropic rearrangement mechanism seems compelling, this
mechanism does not account for the results of Tieckelmann�s
crossover experiments. Crossover has also been observed by
Ballesteros et al.[11] Heating a mixture of 1 (R� benzyl) and 8
at 140 8C in the absence of solvent led to a mixture of 2 (R�
CH3), 2 (R� benzyl), 9, and 10. In [D7]dimethylformamide


(DMF) and [D6]dimethyl sulfoxide (DMSO), 0.15m solutions
of 1 (R�CH3) were reported to rearrange with first-order
kinetics, and the following activation parameters: DMF,
DH=� 24.0 kcal molÿ1, DS=�ÿ17.7 cal molÿ1 degÿ1; DMSO,
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DH=� 23.6 kcal molÿ1, DS=�ÿ17.4 cal molÿ1 degÿ1. The de-
tails of these kinetic studies were not provided by Ballesteros
et al,[11] but the data for the rearrangement of 8 in DMF at
110 8C show an ªinduction-periodº and an ªacceleration of
the reaction rateº as the concentration is increased from
0.128m to 0.453m. In refluxing [D8]toluene, neither 1 (R�
CH3) nor 8 underwent significant rearrangement during 20 h.
The Spanish workers concluded that the solvent effects and
the results of the crossover experiments were consistent with
an ionic mechanism and not a sigmatropic rearrangement.


The effect of pressure on the rearrangement of 1 (R�
benzyl, benzhydryl) in diglyme solution at 100 8C has been
investigated by le Noble and Daka.[12] The stepwise (radical)
rearrangement of the benzhydryl compound exhibits DV=�
�10� 2 cm3 molÿ1, and the rearrangement of the benzyl
compound has DV=�ÿ30� 5 cm3 molÿ1. These workers con-
cluded that the sign of DV= ªconfirm(s) that this activation
parameter provides a criterion for concertedness in sigma-
tropic shiftsº. (italics added). It should be noted, however, that
the removal of the italicized words will not change this
conclusion. The negative value of DV= demonstrates that the
system is more compact in the transition state than in the
reactant,[13] but this is not sufficient to distinguish between the
proposed sigmatropic rearrangement and a bimolecular
nucleophilic displacement mechanism. The latter reaction is
also known to exhibit a strongly negative DV=.[13]


Present work : Using ab initio molecular orbital theory, we
have studied the Tieckelmann rearrangements of 1 (R�
methyl, ethyl, and benzyl). We have also performed new
experiments suggested by the theoretical results. The princi-
pal findings are i) as is seen in all previous work,[1] the
calculated intramolecular (retention) barrier is at least
20 kcal molÿ1 higher than the experimental barrier; ii) a
bimolecular inversion mechanism, discovered computation-
ally, has a barrier in the range 20 ± 30 kcal molÿ1, as is observed
experimentally; iii) the intermediates suggested by these
computations can be synthesized; they react to form a 1-
alkoxy-2-pyridone at room temperature; iv) the kinetics are
rarely first-order and are concentration and solvent depend-
ent; v) there is extensive crossover; vi) the benzyl group
rearranges with predominant inversion of configuration; vii)
the stereochemistry of a rate-determining methyl-transfer
reaction can be determined from the magnitude of the
secondary CH3/CD3 isotope effect.


Results and Discussion


The [1s,4s] sigmatropic rearrangement mecha-
nism : Table 1 summarizes the results of 3-21G
calculations[14] on the intramolecular rear-
rangement of 1 for R�CH3, C2H5, and
CH2Ph. In the case of the parent compound,
R�CH3, structures were also optimized at 3-
21�G and MP2/6-31�G*. Although the 3-
21G basis set considerably overestimates the
energy difference between 1 and 2, this basis
set seems to be adequate for the calculation of


the barriers, which are at least 20 kcal molÿ1 higher than the
experimental barriers of refs. [8, 11] . It is noteworthy that the
trend in the retention barriers, methyl> ethyl> benzyl, is that
expected for an ion-pair mechanism, but as seen earlier this
mechanism is not operative in the Tieckelmann reaction. The
secondary CH3/CD3 kinetic isotope effect[15] in the rearrange-
ment of 1 (R�CH3) is 1.35. This is in the range calculated
previously for other intramolecular methyl transfer reactions
with retention of configuration[1] and is also in the range
encountered in solvolytic reactions that exhibit little or no
nucleophilic assistance.[16]


None of these findings supports the notion that the
Tieckelmann reaction is a [1s,4s] sigmatropic rearrangement,
and a closer examination of Figure 1 reveals that such a
process cannot occur by movement of the alkyl group in the
direction perpendicular to the plane of
the aromatic ring. The figure shows a
phase relationship at the termini of the
1,4-system that permits suprafacial
migration of a methyl group, but as
seen by the double-headed arrows, this
migration is inhibited by the out-of-
phase relationship of the migrating
group with the internal 2,3-orbitals.
The HOMO of 1 (R�CH3, Figure 2)
shows this effect clearly: a 1,4-migra-
tion of the methyl group would have to


Figure 1. Schematic representation of a [1s,4s] sigmatropic rearrangement of an alkyl group, as
proposed by Schöllkopf and Hoppe (double-headed arrows have been added).


Table 1. Intramolecular mechanism of the rearrangement of 1 to 2.[a]


R Species Energy [au] Relative energy
[kcal molÿ1]


CH3 reactant ÿ 432.93154 0.00
product ÿ 432.96018 ÿ 17.97


ÿ 9.64[b]


ÿ 8.38[c]


TS ÿ 432.85380 48.78
48.57[b]


46.50[c]


C2H5 reactant ÿ 471.75911 0.00
product ÿ 471.78510 ÿ 16.31
TS ÿ 471.68360 47.38


CH2Ph reactant ÿ 661.20206 0.00
product ÿ 661.22866 ÿ 16.69
TS ÿ 661.13363 42.94


[a] Data refer to structures optimized at 3-21G, except where stated.
[b] Structures optimized at 3-21�G. [c] Structures optimized at MP2/6-
31�G*.


Figure 2. Calculated
HOMO of 2-methoxy-
pyridine-1-oxide.
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overcome the repulsive wall at the 2,3-positions. This repul-
sion forces the methyl group towards the nodal plane of the p


system, with concomitant loss of pericyclic stabilization of the
transition state. This behavior has been discussed previously,[1]


and it can be seen in Figure 3, which shows side views of the


Figure 3. Side views of the 3-21G transition structures for intramolecular
rearrangement of 1 (R�methyl, ethyl and benzyl). The MP2/6-31�G*
transition structure for R�methyl is shown at the upper right.


three transition structures calculated in the present work. At
the 3-21G level the methyl, ethyl, and benzyl groups are not
perpendicular to the plane of the pyridine ring, as projected in
Figure 1, but are 188, 138, and 258, respectively, out of the
plane of this ring. Calculations at this level overestimate the
effect of the orbital interaction discussed above, since in the
higher level MP2/6-31�G* calculations the methyl group is
34.88 degrees out of the plane of the ring (558 away from the
perpendicular).


A bimolecular mechanism
A. Initial calculations : Ollis and co-workers[2a] have made the
interesting observation that 11 is transformed quantitatively
into 12 in the solid state over 13 months atÿ15 8C. The crystal
structure of 11 has not yet been reported, but there are
numerous examples, including determination of crystal struc-


tures, of intermolecular methyl transfer under topochemical
control in the solid state.[17] In each case the reaction occurs
exclusively, or is much faster in the solid state than in solution
or in the melt, and in each case the crystal structure exhibits
an intermolecular X ´´´ CH3 ´´´ Y angle close to linearity, and
an X ´´´ Y distance of 4 ± 5 �. There is no Tieckelmann
rearrangement of 1 (R�CH3) in the solid state. Although the
crystal structure of 1 (R�CH3), a portion of which is shown in
Figure 4,[18] exhibits an intermolecular O ´´´ O distance of


Figure 4. A portion of the crystal structure of 2-methoxypyridine-1-oxide
(water molecules deleted).[18]


4.45 � and an O ´´´ CH3 ´´´ O angle of 150.38, intermolecular
methyl transfer between two ether oxygens is unlikely to be
productive. The structure is not a minimum at the 3-21G level,
and attempts to optimize the dimer while maintaining the
methyl groups in the anti orientation did not yield a structure
with an improved potential for intermolecular methyl trans-
fer. However, when the methyl groups were allowed to rotate
from the anti orientations of the crystal structure, the dimeric
structure 13 (Figure 5), which has an intermolecular O ´´´ O
distance of 4.32 �, and an O ´´´ CH3 ´´´ O angle of 174.2 deg,
was discovered. Figure 5 also shows the calculated transition
structure for intermolecular methyl transfer in 13. The 3-21G
barrier is 23.6 kcal molÿ1, within
the range observed experimen-
tally for the Tieckelmann reac-
tion,[11] and the calculated sec-
ondary CH3/CD3 kinetic isotope
effect is 1.02. The product of the
methyl transfer is the complex
14�15ÿ.


B. Synthesis of 14� and 15ÿand their reaction to form 2 (R�
CH3): Reaction of 1 (R� CH3) with methyl triflate yielded
the crystalline triflate salt 14�OTfÿ. Compound 1 (R�CH3)
was refluxed with hydrochloric acid to give 1-hydroxy-2-
pyridone, which was converted with butyllithium to the
lithium salt Li�15ÿ. A solution of the two salts in DMF left
to stand overnight at room temperature afforded 2 (R�CH3)
quantitatively. In water, a solution of 14�OTfÿand Na�15ÿ


yielded a 55:45 mixture of 2 (R�CH3) and methanol,
together with unconverted 1-hydroxy-2-pyridone. In subse-
quent experiments, refluxing a solution of 1 (R�CH3) and
benzyl chloride in chloroform gave 2 (R� benzyl). Under the
same conditions, 1 (R�CD3) and CH3I gave 2 (R�CH3)
quantitatively. The results of these initial experiments are
compatible with the novel postulate that the thermal rear-
rangement of 1 to 2 proceeds by means of two consecutive
bimolecular nucleophilic displacement reactions.
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Figure 5. Calculated dimeric structure of 2-methoxypyridine-1-
oxide (13), and the transition structure for methyl transfer with
inversion of configuration to give 14�15ÿ.


C. Calculations of the initial alkyl transfer for
R� ethyl and R� benzyl : The dimeric structures,
analogous to 13 for R� ethyl and R� benzyl, led
to the transition structures for alkyl transfer
shown in Figure 6. For R� ethyl, the barrier is
26.08 kcal molÿ1. For R� benzyl, the barrier is
29.46 kcal molÿ1. The data of Figure 6 are summar-
ized in Table 2.


The trend in the barriers of the three bimolecular
initial steps is benzyl> ethyl>methyl. This is oppo-
site to the trend seen earlier for the intramolecular
reactions, as is expected for SN2 reactions with
inversion of configuration.


D. Which alkyl group is transferred in the second
step? Crossover and stereochemical consequences :
At the stage of 14�15ÿ, the reaction can continue
along four different channels, and only modest
librations of the two rings will position either methyl
group of 14� for transfer in a second inversion step
to either of the oxygens of 15ÿ. Figure 7 shows the
barriers and secondary kinetic CH3/CD3 isotope
effects calculated for the four reactions. The primary
data of this figure are collected in Table 3.


Figure 6. Calculated transition structures for ethyl transfer (left) and benzyl transfer (right)
within dimeric complexes.


Table 2. Energetics of intermolecular methyl transfer in complexes of type
13.[a]


R Dimer Transition
structure


Product


methyl ÿ 865.88132 ÿ 865.84369 ÿ 865.88299
ethyl ÿ 943.54161 ÿ 943.50005 ±
benzyl ÿ 1322.43631 ÿ 1322.38937 ±


[a] Energies are in au; 1 au� 627.5 kcal molÿ1.


Figure 7. Calculated transition structures, barriers, and isotope effects for methyl transfer
in 14�15ÿ through, in descending order, channels A, B, C, and D.
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Channel A is the reverse of the initial step; it returns the
methyl group to the oxygen atom from which it originated.
The barrier is 24.66 kcal molÿ1,
and the CH3/CD3 kinetic iso-
tope effect effect is 0.91. Chan-
nel B returns the methyl group
to the molecule from which it
originated, but to a dif-
ferent oxygen atom within this
molecule. The barrier is
19.73 kcal molÿ1, and the iso-
tope effect is 0.89. In channel
C, the methyl group attached
to O


0
B, which did not move in


the first step, is transferred to
OB, the site of the original
methyl group. The barrier is
18.48 kcal molÿ1, and the iso-
tope effect is 1.02. In channel
D, the methyl group attached
to O


0
B is transferred to OA,


the N-oxide. The barrier is
15.69 kcal molÿ1, and the iso-
tope effect is 0.87.


The consequences of reaction
through each of these channels
are summarized in Figure 8.
Since channel A leads only to
1 and channel D leads only to
the much more stable 2, it is not
surprising that the latter has a
significantly lower barrier.[19]


Channels B and C lead to a
1:1 mixture of 1 and 2, and the
barriers of these reaction chan-
nels are intermediate between
those of channels A and D.


The calculations predict that
D will be the principal channel
for the second methyl transfer,
so that 2 must form with inver-
sion of configuration and cross-
over of the methyl group. These
predictions can be tested exper-


imentally. The stereochemical course of methyl transfer can
be deduced from the results of competition experiments with
R�CH3 and R�CD3, if it is assumed that the rearrangement
is kinetically first-order and that the kinetic CH3/CD3 isotope
effects of retention (calculated 1.35) and inversion (calculated
1.02) methyl transfer mechanisms are not the same.[20] If there
is crossover, the mass spectrum of the product of the
rearrangement of a mixture of undeuterated (m/z : 125) and
tetradeuterated (m/z : 129) 2-methoxypyridine-1-oxides will
contain peaks at m/z : 126 and m/z : 128.


E. Crossover experiments with R�methyl and R� benzyl :
Scheme 2 summarizes the syntheses of the substrates required
for crossover and isotope effect experiments. Following
previous work,[2b, 4a, 5, 6, 8, 21] refluxing of 2-chloropyridine-1-
oxide for 1 h with sodium methoxide in methanol or in
[D4]methanol gave 1 (R�CH3), m/z : 125, or 1 (R�CD3),


Table 3. Energy barriers and isotope effects for different channels.


Species Energy Barrier CH3/CD3


[au] [kcal molÿ1] isotope effect


A reactant ÿ 865.88299 ± ±
ts ÿ 865.84369 24.66 0.91
product ÿ 865.88132 ± ±


B reactant ÿ 865.88299 ± ±
ts ÿ 865.85157 19.73 0.89
product ÿ 865.90802 ± ±


C reactant ÿ 865.88299 ± ±
ts ÿ 865.85354 18.48 1.02
product ÿ 865.90157 ± ±


D reactant ÿ 865.88299 ± ±
ts ÿ 865.85798 15.69 0.87
product ÿ 865.93708 ± ±


Figure 8. Stereochemical and crossover consequences of product formation by means of channels A, B, C, and D.
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m/z : 128, respectively. Extension of the refluxing period in
[D4]methanol to 12 h led to hydrogen exchange at C6 and
formation of 6-deuterio-1 (R�CD3), m/z : 129. As described
later, a mixture of the m/z : 125 and m/z : 128 isotopomers was
used to determine the secondary CH3/CD3 isotope effect. A


Figure 9. Crossover experiment for the rearrangement of 2-methoxypyr-
idine-1-oxide in DMF at 140 8C. The mass spectrum of the initial reactant is
shown at the top; the mass spectra of the recovered reactant are shown on
the left, and the mass spectra of the product are shown on the right.


mixture of the m/z : 125 and m/z : 129 isotopomers
was used in the crossover experiments.


For crossover experiments in the benzyl series, 2-
chloropyridine-1-oxide was treated with sodium
benzyloxide in tetrahydrofuran to give 1 (R�
CH2Ph), m/z : 201. The trideuterio compound 6-
deuterio-1 (R�CD2Ph), m/z : 204, was prepared
from 6-deuterio-1 (R�CD3) by reaction with sodium
benzyl-a,a-[D2]oxide in tetrahydrofuran. Figures 9
and 10 summarize the mass spectral data obtained
from crossover experiments performed in DMF at
140� 0.8 8C. In the methyl series (Figure 9), aliquots
of a 0.45m 1:1 mixture of the m/z : 125 and m/z : 129
isotopomers were heated in sealed degassed tubes for
the indicated times. The solvent was then removed
under reduced pressure and the mixtures of 1 and 2
were separated by preparative layer chromatogra-
phy. The figure shows the electron impact mass
spectra in the region of the molecular ion of the
initial mixture and of the recovered reactant and
product after 40 min and after 70 min. The mass
spectrum of the mixture of 1 and 2 was identical to
that calculated from the individual mass spectra. In
addition, control experiments established that the
composition and mass spectra of mixtures of iso-
topomers did not change during the isolation process.


The crossover study in the benzyl series (Figure 10) was
performed in the same way, except that the concentration of
the 1:1 mixture of the m/z : 201 and m/z : 204 isotopomers was
0.22m. The figure shows the mass spectrum calculated for the
1:1 mixture from the mass spectra of the individual iso-
topomers (vide infra) and the mass spectra of the product
isolated after 20 min and after 40 min.


Figure 10. Crossover experiment for the rearrangement of 2-benzyloxy-
pyridine-1-oxide in DMF at 140 8C. Upper: calculated mass spectrum of the
initial reactant (see text). Lower: mass spectra of the product isolated after
different times.


Scheme 2. Syntheses of substrates for isotope effect and crossover experiments.
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In the case of the methyl compound the recovered reactant
shows no evidence of crossover, but there is an increase in the
125/129 ratio. This indicates that the reaction has an inverse
CH3/CD3 kinetic isotope effect. The formation of crossover
products unambiguously establishes that the rearrangement
follows an intermolecular pathway, and the data of Table 4


show that the crossover is complete. This table gives the
experimental result of Figure 9, and also the mass spectrum
calculated from the mass spectra of the m/z : 125 and m/z : 129
isotopomers and the 125/129 mixture, assuming 100 percent
crossover in the product.[22] The results of the crossover
experiments imply that the rearrangement product is formed
exclusively through channel D (see Figure 8). Because of the
correlation between stereochemistry and crossover, it follows


that 2-methoxypyridine-1-ox-
ide rearranges, with inversion
of configuration of the methyl
group in accordance with
Scheme 3.


The benzyl compound exhibited different behavior, the
analysis of which was complicated by the finding that
rearrangement, with crossover, occurred in the mass spec-
trometer. In the initial experiments, the mass spectra were
recorded at 160 8C. Subsequent experiments revealed that the
mass spectra of 1 (R� benzyl) and 2 (R� benzyl) were
identical, and that simply heating the N-oxide for 1 min at
160 8C led to complete rearrangement to 2. Since extensive
crossover of the isotopic label of 1 was observed even when
the mass spectra were taken at 80 8C, the composition of the
initial 1:1 mixture of isotopomers was calculated from the
mass spectra of the individual compounds (Table 5). This is a


reasonable strategy in view of the crossover experiments with
1 (R�methyl), which does not rearrange in the mass
spectrometer, and for which the calculated and observed
mass spectra of the 1:1 mixture of isotopomers are the same.
As an additional check, the mass spectrum of a 1:1 mixture of
the isotopomers of 2 (R� benzyl) was examined; no crossover
was observed.


Table 5, which is analogous to Table 4, shows that there is
less than 100 percent crossover into the product. The result is
consistent with an intermolecular mechanism to which
channels B and D (Figure 8, benzyl in place of methyl)
contribute, with D predominating. The mechanism is sum-
marized in Scheme 4, with k2> k3.


Obviously neither Scheme 3 nor Scheme 4 is compatible
with the previously reported first-order kinetic behavior.[5, 8, 11]


Further, if stereochemistry
and crossover are correlated,
a contribution from channel
B requires that optically ac-
tive 1 (R�CHDPh) retain
its stereochemical integrity
as the reaction proceeds,
but the product 2 (R�
CHDPh) will be formed with
predominant inversion of
configuration. Since Hoppe reported retention of configura-
tion,[8] it became necessary at this stage to reexamine the
stereochemistry and the kinetics of the Tieckelmann reaction.


F. Kinetic studies : The primary kinetic results of Hoppe�s
study of the rearrangement of 1 (R�methyl) are available in
ref. [8]. Figure 11 shows first-order and second-order plots of
those data obtained by integration of the methyl peaks in the
NMR spectra of mixtures of 1 and 2. The experiment was
performed in sealed NMR tubes at 140� 0.2 8C with a 0.45m
deuteriochloroform solution of 1. The first-order plot is linear;
the second-order plot is not. Data for other concentrations of
1 (R�methyl) are not reported. There are no primary data
for the rearrangement of 1 (R� benzyl), but a 0.2m deuterio-
chloroform solution is reported to rearrange with a first-order
rate constant of 6.64� 10ÿ5 sÿ1 at 140 8C.


In the present work, experiments were performed on
degassed solutions at 140� 0.8 8C with several concentrations
of 1 (R�methyl) in sealed NMR tubes in deuteriochloroform
and also in sealed tubes in DMF. In the latter case, as
described earlier, the solvent was evaporated under reduced


Table 4. Relative intensities of the m/z 124 ± 129 peaks in the electron
impact mass spectrum of the product of the rearrangement of a mixture of
undeuterated and tetradeuterated 1 (R�Me).[a]


Relative intensity
Mass Initial Calculated for 100 % crossover Found[b]


124 0.08 0.04 0.00
125 0.33 0.24 0.22
126 0.04 0.17 0.17
127 0.07 0.04 0.04
128 0.09 0.27 0.29
129 0.32 0.21 0.27


[a] 0.45m in dimethylformamide at 140 8C. [b] The same result is obtained
after 40 min and after 70 min.


Scheme 3. Rearrangement of
2-methoxypyridine-1-oxide by
means of channel D.


Table 5. Calculated[a] relative intensities of the m/z 201 ± 205 peaks in the mass spectra of the reactant, calculated relative intensities of the product, assuming
100 %, 90%, 80% and 70% crossover,a and the relative intensities found in the product of the rearrangement of a mixture of undeuterated and
tetradeuterated 1 (R�benzyl).


Calculated for product assuming (%) crossover Found
Mass Calculated for reactant 100 % 90% 80% 70% 20 min 40 min


201 0.391 0.255 0.268 0.282 0.295 0.273 0.273
202 0.095 0.206 0.195 0.185 0.174 0.152 0.152
203 0.140 0.294 0.277 0.260 0.243 0.313 0.313
204 0.284 0.206 0.217 0.228 0.239 0.202 0.202
205 0.090 0.039 0.042 0.046 0.049 0.060 0.060


(0.0612) (0.0592) (0.0683) (0.0582)[b]


[a] See text and ref. [22] for details. [b] Numbers in parentheses are the rms deviations between calculated and experimental relative intensities.


Scheme 4. Schematic representa-
tion of the intermolecular mecha-
nism to which channels B and D
contribute (see Figure 8) with
k2>k3 .
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Figure 11. Kinetic data of Hoppe for the rearrangement of 2-methoxypyr-
idine-1-oxide (0.45m) in chloroform at 140 8C. Upper: first-order plot.
Lower: second-order plot.


pressure, and the composition of mixtures was determined by
NMR integration in deuteriochloroform. The previously
reported use of the methyl signals was not possible.[8, 11]


Although the chemical shifts of 1 and 2 differ by 0.02 ppm,
mixtures exhibited the same chemical shift. Integration was,
therefore, performed on the d� 8.28 peak of 1 and the d�
6.13 ppm peak of 2. The data are summarized in Tables 6 and
7. For kinetic studies with 1 (R� benzyl), most of the
experiments were performed in sealed tubes in DMF at
140� 0.8 8C. After evaporation of the solvent, integration of
deuteriochloroform solutions was performed with the meth-
ylene peaks of 1 and 2 at d� 5.44 and 5.29, respectively. The
results are summarized in Table 8.


Figures 12 ± 14 show first-order plots of the chloroform data
of Table 6, the DMF data of Table 7, and the data of Table 8,
respectively. Second-order plots of the same data can be
found as Figures 12 ± 14 in the Supporting Information. In
agreement with Hoppe,[8] the plot of Figure 12 for the
rearrangement of a 0.44m solution of 1 (R�methyl) in
chloroform appears to be linear. All of the other plots of
Figures 12 ± 14 are nonlinear.


Figures 15 and 16 are concentration ± time plots of the
kinetic data for the rearrangement of 1 (R�methyl) in
chloroform and in DMF, respectively. The theoretical curves
shown in these figures have been generated from Scheme 3,
with the following rate constants: in chloroform, k1� 3�
10ÿ5 mÿ1 sÿ1, k2� 4� 10ÿ5 sÿ1; in DMF, k1� 3� 10ÿ4 mÿ1 sÿ1,


Figure 12. Concentration dependence of the rearrangement of 2-methoxy-
pyridine-1-oxide in chloroform at 140 8C. The first-order plot is shown. A
second-order plot can be found, labelled Figure 12, in the Supporting
Information.


Table 6. Kinetic data for the rearrangement of 1 (R�methyl) at 140 8C in
CDCl3.


Time [h] Concentration of 1 [m]


0.0 0.441 0.213 0.107
1.0 0.430 ± ±
2.0 ± 0.209 ±
4.0 0.371 ± ±
5.0 ± ± 0.103
8.0 0.313 0.192 ±


16.0 0.199 ± ±
17.0 0.097 0.156 0.092
27.0 ± ± ±
32.8 ± 0.102 ±
36.0 ± ± 0.066
55.3 ± 0.040 ±
73.5 ± ± 0.026


117.0 ± ± 0.011


Table 7. Kinetic data for the rearrangement of 1 (R�methyl) at 140 8C in
DMF.


Time [h] Concentration of 1 [m]


0.00 0.432 0.163 0.082 0.041
0.25 ± 0.163 ± ±
0.50 0.390 0.159 0.082 ±
0.75 ± 0.155 ± ±
1.00 0.313 0.152 0.079 0.041
1.25 ± 0.149 ± ±
1.50 0.206 0.140 0.076 ±
2.00 0.079 0.122 0.072 0.039
2.50 ± ± 0.067 ±
3.00 0.015 ± 0.063 0.035
4.00 0.002 ± 0.043 0.034
5.00 ± ± ± 0.032
7.00 ± ± ± 0.023


Table 8. Kinetic data for the rearrangement of 1 (R�benzyl) at 140 8C in
DMF solvent.


Time [h] Concentration of 1 [m]


0.00 0.446 0.222
0.50 0.170 0.117
0.67 0.142 0.104
0.83 0.116 0.089
1.42 0.070 0.059
3.50 0.017 0.015
5.00 ± 0.006
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Figure 13. Concentration dependence of the rearrangement of 2-methoxy-
pyridine-1-oxide in DMF at 140 8C. The first-order plot is shown. A second-
order plot can be found, labelled Figure 13, in the Supporting Information.


Figure 14. Concentration dependence of the rearrangement of 2-benzyl-
oxypyridine-1-oxide in DMF at 140 8C. The first-order plot is shown. A
second-order plot can be found, labelled Figure 14, in the Supporting
Information.


Figure 15. Concentration-time plots of the rearrangement of 2-methoxy-
pyridine-1-oxide in chloroform at 140 8C. Theoretical curves are based on
Scheme 3, which assumes that channel D is the principal reaction path.


k2� 1.5� 10ÿ4 sÿ1. Figure 17 shows the concentration ± time
plots of the kinetic data for the rearrangement of 1 (R�
benzyl). The theoretical curves have been generated from
Scheme 4, with k1� 1.5� 10ÿ3 mÿ1 sÿ1 , k2� 2.5� 10ÿ3 sÿ1 , and
k3� 8� 10ÿ4 sÿ1.


Figure 16. Concentration-time plots of the rearrangement of 2-methoxy-
pyridine-1-oxide in DMF at 140 8C. The theoretical curves are based on
Scheme 3, which assumes that channel D is the principal reaction path.


Figure 17. Concentration-time plots of the rearrangement of 2-benzyloxy-
pyridine-1-oxide in DMF at 140 8C. The theoretical curves are based on
Scheme 4, which assumes competition between channels B and D.


The fit of Scheme 3 to the experimental data of Figures 15
and 16 is somewhat poorer at the highest concentrations and
the highest conversions. We found that the fit could be
improved by allowing k2 to decrease or by making Scheme 3
more complex. These variations are not shown here, as they
do not alter the central conclusion that the Tieckelmann
rearrangement is not a single-step first-order intramolecular
process. With these caveats, we conclude that the kinetic
results are consistent with the results of the crossover
experiments: in chloroform and in DMF, 2-methoxypyri-
dine-1-oxide rearranges by means of channel D, with a single
inversion of the alkyl group. Each of the two consecutive alkyl
transfers is faster in the more polar solvent. In DMF, 2-
benzyloxypyridine-1-oxide rearranges by means of both
channel B, which leads to a double inversion of the alkyl
group, and channel D, which leads to a single inversion of the
alkyl group. The single inversion pathway is preferred.


G. Stereochemical studies : The benzyl ester of the (S)-(ÿ)
enantiomer of Mosher�s acid (a-methoxy-a-(trifluorome-
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thyl)phenylacetic acid, MTPA,
16) was prepared by the meth-
od of Ward and Rhee.[25] In
[D]chloroform, the diastereo-


topic benzylic protons of 16 are
observed in the 1H NMR as an
AB quartet at d� 5.35 and 5.31
(Figure 18a). The deuterium-
decoupled 1H NMR spectrum
of the MTPA ester prepared
from racemic benzyl-a-[D]al-
cohol (Figure 18b) exhibits an
isotope shift of 0.02 ppm for
both hydrogens. These obser-
vations allowed NMR to be
used in place of polarimetry to
determine the stereochemical
course of the rearrangement of 1 (R�a-deuteriobenzyl).[26]


Following the procedure developed by Keck and co-work-
ers,[28] we prepared chiral benzyl-a-[D]alcohol by reduction of
benzaldehyde with tributyl tin deuteride in the presence of
(S)-binaphthol and titanium tetraisopropoxide. The deuteri-


um-decoupled spectrum of the benzylic region of the MTPA
ester of this alcohol is shown in Figure 18c. As summarized in
Scheme 5, the chiral alcohol was then converted to 1 (R�
CHDPh), the latter was heated in DMF at 140 8C until the
rearrangement was 67 percent complete (3 h), and the


Figure 18. Benzylic region in the 1H NMR
spectra of the Mosher esters of a) benzyl alcohol
(PhCH2OH); b) racemic benzyl-a-[D]alcohol
(PhCHDOH; contains some benzyl alcohol);
c) chiral PhCHDOH obtained from the reaction
of PhCHO with Bu3SnD and BINOL;
d) PhCHDOH obtained by conversion of the
alcohol from c) into chiral 1 (R�benzyl-a-[D]),
partial rearrangement into 2 (R� benzyl-a-
[D]), and treatment of the recovered 1 with
NaOMe; e) PhCHDOH obtained upon treat-
ment of 2 (R�benzyl-a-[D]) (from d) with Zn/
HOAc; f) PhCHDOH recovered from freshly
prepared 1 (R� benzyl-a-[D]) following treat-
ment with NaOMe; g) PhCHDOH obtained
upon treatment of the alcohol from c) with Zn/
HOAc. The spectra b) ± g) have been deuterium-
decoupled.


Scheme 5. Synthesis, incorporation and recovery of chiral benzyl-a-[D]alcohol. See Figure 18 for details of a ± g.
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unreacted 1 and the product 2 (R�CHDPh) were isolated.
Benzyl alcohol was recovered from the product by reduction
with zinc and acetic acid,[8] and from the reactant by treatment
with NaOMe/MeOH. Figures 18d and 18e are the benzylic
regions of the MTPA esters of the alcohol from 1 and the
alcohol from 2, respectively. Figures 18g and 18f refer to
control samples obtained after Zn/HOAc treatment of the
original sample of benzyl-a-[D]alcohol and after NaOMe/
MeOH treatment of the initial sample of 1, respectively. There
is no significant racemization during the recovery of benzyl-a-
[D]alcohol from the reactant or the product, and there is no
significant racemization of 1 during the course of the
rearrangement. Any racemization in the benzyl alcohol
recovered from the product must, therefore, have occurred
during the rearrangement.


The key results are those of Figures 18c and 18e, which
show that in DMF solvent the product forms with a 3:1 ratio
of inversion to retention. This is the result expected from the
crossover and kinetic experiments already described, but it
does not agree with the stereochemical observations of
Schöllkopf and Hoppe,[5, 8] who used polarimetry. The rear-
rangement of chiral 1 (R�CHDPh) was, therefore, also
examined under their experimental conditions (chloroform,
0.3m, 140 8C).


H. Kinetics and stereochemistry of the rearrangement of 1
(R� benzyl) in chloroform : Figure 19 shows the deuterium
decoupled benzylic protons in the 1H NMR spectra of the


Figure 19. Deuterium-decoupled 1H NMR spectra. Top: the Mosher ester
of the benzyl-a-[D]alcohol recovered from chiral 1 (R�benzyl-a-[D])
after 60% rearrangement of a 0.3m chloroform solution at 140 8C. Bottom:
the Mosher ester of the benzyl-a-[D]alcohol recovered from chiral 2 (R�
benzyl-a-[D]) after complete rearrangement of a 0.3m chloroform solution
of 1 at 140 8C.


MTPA esters of the benzyl alcohol recovered from 1 after 60
percent of reaction and, in a second experiment, the benzyl
alcohol recovered from 2 after rearrangement was complete.
There is no racemization of the reactant, but the product is
formed with apparent racemization. The usual interpretation
of racemization, that is, that an achiral intermediate must
have been produced, would be incorrect in this case. In fact,
two reactions have occurred. One, by means of channel B, has


given the product with net retention of configuration; the
other, through channel D, has afforded the product with net
inversion of configuration. Under the specific reaction con-
ditions employed (0.3m, chloroform), the two rate constants
are almost the same.


The results of a kinetic study, performed under the same
conditions, are consistent with this interpretation. Figure 20 is


Figure 20. First-order plot of the kinetic data for the rearrangement of a
0.3m chloroform solution of 2-benzyloxypyridine-1-oxide at 140 8C.


a first-order plot of the data of presented in Table 9. The plot
is curved; however, if the curvature is ignored, the apparent
first-order rate constant is 4.9� 10ÿ5 sÿ1, in reasonable agree-


ment with the first-order rate constant reported by Hoppe,[8]


6.64� 10ÿ5 sÿ1. Figure 21 is a concentration ± time plot of the
data in Table 9. The theoretical plot has been generated from
Scheme 4, with the following rate constants: k1� 1.5�
10ÿ4 mÿ1 sÿ1, k2� 8� 10ÿ4 sÿ1, and k3� 8� 10ÿ4 sÿ1.


I. Secondary kinetic isotope effect in the rearrangement of 1
(R�Me): The kinetic, stereochemical and crossover experi-
ments in the benzyl series all lead to the conclusion that the
rearrangement of 1 (R� benzyl) to 2 (R� benzyl) proceeds
through two channels, one of which involves a single inversion
of configuration and the other a double inversion. For R�
methyl, the kinetic and crossover experiments are consistent
with a single inversion process. We did not attempt to confirm
this point by stereochemical studies based on the use of a
chiral methyl group.[2a, 29] Instead, since the CH3/CD3 kinetic
isotope effects calculated for the retention and inversion
mechanisms are not the same (1.35 and 1.02, respectively),
and calculated secondary H/D isotope effects agree well with
experiment,[30] we attempted to determine this isotope effect.


Table 9. Rearrangement of 1 (R�benzyl) at 140 8C in deuteriochloro-
form.


Time [h] Concentration of 1 [m]


0.0 0.299
0.5 0.268
1.0 0.244
2.0 0.205
4.0 0.147
5.0 0.127
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Figure 21. Concentration-time plot of the data of Figure 20. The theoret-
ical curve has been calculated from Scheme 4, with channels B and D
contributing equally to the formation of the product.


In view of the complex kinetics already discussed, the direct
measurement of kH/kD was problematical, and an indirect
determination based on competition experiments was con-
sidered. For this approach to be readily applicable, the
reaction should exhibit a unit order (e.g., 1 or 2), and this
was the case only under the special conditions reported by
Hoppe[8] and confirmed in the present work: 0.45m in
chloroform solvent.


Therefore, an approximately 1:1 mixture of 1 (R�CH3)
and 1 (R�CD3) was prepared, recrystallized from ethyl
acetate, and the EI-MS was measured (a). Two determina-
tions were made. In one, a 0.45m solution of the mixture in
chloroform was heated for 8.0 h at 140 8C, at which time the
mole fraction of unconverted 1 (c), determined as already
described, was 0.768. In the second experiment, the 0.45m
solution was heated for 16.0 h, and the mole fraction of
unreacted 1 (c) was 0.508. The unreacted 1 from each of these
experiments was then recovered, recrystallized, and the EI-
MS was measured (b). The results are summarized in
Table 10, and the secondary isotope effects were calculated


by use of Equation (1), where a, b, and c are as defined above.
The average isotope effect is 0.99.


kH


kD


�
ln


b


a
� c�1 � a�
�1 � b�


ln
c�1 � a�
�1 � b�


(1)


This result is significantly lower than the value (1.35)
computed for the intramolecular (retention) mechanism. On


the other hand, the theoretical isotope effects are 1.02 and
0.87, respectively, for the first and second steps of the
intermolecular (inversion) mechanism of Scheme 3. These
values lead to a calculated pseudo-first-order isotope effect
for this mechanism of 0.95 ± 0.98, in much better agreement
with the experimental result. We suggest that the isotope
effect criterion employed here may be useful to distinguish
genuine retention from double inversion mechanisms in other
methyl transfer reactions that have been found to proceed
with retention of configuration.[2]


J. Solvent effects : The evidence presented so far has shown
that the rearrangements of 1 (R�methyl) and 1 (R� benzyl)
are two-step processes. In the case of the methyl compound,
channel D is the major contributor to the second step. In the
case of the benzyl compound, channels B and D contribute to
the second step. With both substrates a change in solvent,
from chloroform to DMF, leads to changes in the rate
constants of the individual steps, but does not alter the
mechanism.


Ballesteros et al[11] has reported that no rearrangement of
the methyl compound was observed after refluxing for 20 h in
toluene, and concluded that an ionic mechanism was inhibited
in the nonpolar solvent. The present work suggests an
alternative interpretation of this solvent effect, namely, that
dimeric complexes of type 13 are present only in low
concentrations in aromatic solvents because of preferential
complexation of a 2-alkoxypyridine-1-oxide with the solvent.


Accordingly, 1 (R�CH3) was heated at 140 8C in toluene,
anisole, and nitrobenzene. Although under these conditions
the rearrangement of 1 is 70 percent complete in 4 h in DMF,
there was no significant reaction after 24 h in toluene, or after
4 h in the polar aromatic solvents.


Conclusions


The central thesis of this work has been confirmed. Retention
of configuration in nucleophilic displacement at carbon
should be regarded as a priori evidence of a complex reaction
mechanism that includes an even number of inversion steps.
In the case of the Tieckelmann reaction, two inversions at the
same carbon center, leading to net retention of configuration,
compete kinetically with single inversions at two centers,
leading to net inversion of configuration.


All previous studies of this rearrangement are consistent
with this mechanism. These include the crossover studies of
Litster and Tieckelmann[4a] and of Ballesteros et al,[11] the
rearrangement of 6 to 7,[6] the p-substituent effect in the
rearrangement of 2-benzyloxypyridine-1-oxides,[7] the nega-
tive volume of activation,[12] and the disputed skeletal isomer-
ization in the rearrangement of the cyclopropylcarbinyl
substituent.[4a, 5]


Experimental Section


General : Solvents were dried by standard procedures and redistilled prior
to use. 1H NMR and 13C NMR were obtained on Bruker model SY-100 or


Table 10. Competition experiments to determine the secondary CH3/CD3


kinetic isotope effect in the rearrangement of 1 (R�methyl).[a]


Time [h] 125/128 Ratio Mole fraction of 1 kH/kD
[b]


0.0 1.206 1.000 ±
8.0 1.194 0.768 1.03


16.0 1.253 0.508 0.94


[a] 0.45m in chloroform. [b] Calculated from Equation (1), see text.







Intermolecular Rearrangement 886 ± 902
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AMX 400 spectrometers. Chemical shifts are recorded with reference to
tetramethylsilane. Infrared spectra were obtained on a Perkin ± Elmer
599B spectrophotometer (1% KBr pellet or 1% solution). Mass spectra
were obtained at Simon Fraser University by Mr. G. Owen on a Hewlett ±
Packard 5985 GC/MS system operating at 70 eV and at the University of
British Columbia by Dr. G. Eigendorf on a Kratos MS 50 system. Melting
points were determined on a Fisher ± Johns melting point apparatus and are
uncorrected. Microanalyses were carried out at Simon Fraser University by
M. K. Yang on a Carlos Erba model 1106 elemental analyzer. Analytical
thin-layer chromatography (tlc) was performed on precoated Merck silica
gel 60 F-24 plates with aluminum backing. Spots were observed under
ultraviolet light and were visualized with 1% ceric sulfate. Column
chromatography was carried out with 230 ± 400 mesh silica gel (Merck).
Kinetic studies were performed in a Fisher high temperature oil bath
(silicone oil) fitted with a Thermotronic Devices Model 51 proportional
temperature controller. The temperatures of kinetic experiments varied
between 139.2 and 140.8 8C, and are reported as 140� 0.8 8C. Details of the
kinetic experiments and the analytical procedures employed have been
given earlier.


2-Chloropyridine-1-oxide : Chloroform (70 mL) and m-chloroperbenzoic
acid (14.6 g, 85 mmol) were added to a 250 mL three-necked flask fitted
with magnetic stirrer, condenser, and dropping funnel. The mixture was
stirred for 1 min and a solution of 2-chloropyridine (6.7 mL, 8.0 g,
70.5 mmol) in chloroform (30 mL) was added dropwise over 20 min. When
the addition was complete, the mixture was warmed to 65 ± 70 8C, stirred for
24 h, and then cooled to room temperature and poured, whilst being
strirred, into ice-cold 3n sodium hydroxide (100 mL). This mixture was
stirred vigorously for 10 min and the layers were then separated. The
aqueous layer was extracted with chloroform (3� 150 mL), and the
combined organic extracts were dried and evaporated under reduced
pressure. The product was purified by chromatography on silica gel (ethyl
acetate) and crystallized from dichloromethane/ether/hexane (1:2:10) to
give 5.5 g (60 %) of 2-chloropyridine-1-oxide as white plates. M.p. 63 ± 65 8C
(lit. m.p. 67 ± 68.5 8C,[24] evacuated capillary); 1H NMR (CDCl3): d� 8.34 ±
8.36 (m, 1H, H6), 7.49 ± 7.51 (m, 1 H, H4), 7.18 ± 7.23 (m, 2 H, H3, H5); 13C
NMR (CDCl3): d� 140.8 (C2), 127.2 (C3, C5) 125.6 (C6), 123.9 (C4); MS
(EI): m/z : 131, 129 (ratio� 25:75); C5H4NOCl (129.546): calcd C 46.36, H
3.11, N 10.81; found C 46.45, H 3.14, N 10.74.


2-Methoxypyridine-1-oxide. Methanol (15 mL) and sodium metal (390 mg,
17.0 mg-atom) were added to a round-bottomed flask fitted with magnetic
stirrer and condenser. When the sodium had dissolved, a solution of 2-
chloropyridine-N-oxide (2.0 g, 15.4 mmol) in methanol (10 mL) was added
dropwise over 10 min. The solution was refluxed for 1 h (after the addition
was complete), cooled, and the solvent was removed under reduced
pressure. The product was dissolved in water (30 mL) and extracted with
chloroform (4� 100 mL). The combined organic extracts were dried and
evaporated to afford a light yellow solid, which was purified by
chromatography (methanol/ethyl acetate, 1:1). Crystallization from ethyl
acetate afforded white needles of 2-methoxypyridine-1-oxide, 0.97 g
(50 %). M.p. 73 ± 76 8C (lit. m.p. 78 ± 79 8C[21]); C6H7NO2 ´ 1.0H2O
(143.142): calcd C 50.35, H 6.33, N 9.79; found C 50.46, H 6.22, N 9.84.
Dissolution of a sample in boiling toluene, followed by slow crystallization
at room temperature gave a single large colorless tabular crystal, which was
submitted for x-ray crystallographic analysis.[18] 1H NMR (CDCl3): d�
8.27 ± 8.29 (m, 1H, H6), 7.28 ± 7.32 (m, 1H, H4), 6.89 ± 6.95 (m, 2H,
H3,H5), 4.08 (s, 3H, OCH3); 13C NMR (CDCl3): d� 158.87, 140.18, 127.72,
117.63, 108.34, 57.25; IR (KBr): nÄ � 1606, 1522, 1348 cmÿ1; MS (EI) m/z :
125.


2-[D3]Methoxypyridine-1-oxide : Repetition of the above reaction with
CD3OD (10 mL), sodium metal (177 mg, 7.7 mg-atom) and 2-chloropyr-
idine-N-oxide (1.0 g, 7.7 mmol) gave 0.42 g (43 %) of product. M.p. 73 ±
76 8C; 1H NMR (CDCl3): d� 8.27 ± 8.29 (m, 1 H), 7.28 ± 7.32 (m, 1H), 6.89 ±
6.95 (m, 2H); MS (EI): m/z : 128.


2-[D3]Methoxy-6-[D]pyridine-1-oxide : The above reaction was repeated
with CD3OD (10 mL), sodium metal (210 mg, 9.2 mg-atom) and 2-
chloropyridine-1-oxide (1.0 g, 7.7 mmol). When the addition was complete,
the reaction mixture was refluxed for 12 h. Isolation gave 0.36 g (36 %) of 2-
[D3]methoxy-6-[D]pyridine-1-oxide. M.p. 73 ± 76 8C; 1H NMR (CDCl3):
d� 8.25 ± 8.27 (m, 0.2 H, H6), 7.26 ± 7.30 (m, 1H, H4), 6.88 ± 6.93 (m, 2H);
MS (EI): m/z : 129, 128 (ratio, 4:1).


1-Methoxy-2-pyridone : Five equal portions of a solution of 1 (R�Me,
50.3 mg) in [D7]DMF (2.5 mL) were sealed in NMR tubes, and heated at
140 8C. The initial spectrum exhibited peaks at d� 8.24 ± 8.27 (d, 1H),
7.30 ± 7.35 (t, 1H), 7.23 (d, 1 H), 7.04 (t, 1H), 4.03 (s, 3 H). After 8.7 h, only
the spectrum of the product was evident, at d� 7.95 ± 7.97 (dd, 1 H), 7.40 ±
7.46 (dt, 1H), 6.51 ± 6.53 (dd, 1H), 6.21 ± 6.24 (m, 1H), 4.00 (s, 3 H). In a
second experiment, a solution of 1 (R�Me, 200 mg, 0.15 mmol), in DMF
(4 mL), was refluxed for 24 h. The solvent was removed under reduced
pressure and the residue was purified by column chromatography (ethyl
acetate/methanol, 1:1) to give a yellow oil, 144 mg (72 %). 1H NMR
(CDCl3): d� 7.50 ± 7.52 (dd, 1 H), 7.28 ± 7.32 (dt, 1H), 6.65 ± 6.67 (dd, 1H),
6.11 ± 6.15 (dt, 1H,), 4.06 (s, 3H,); 13C NMR (CDCl3): d� 158.1, 138.4,
135.1, 122.5, 105.0, 64.3; MS (EI): m/z : 125; C6H7NO2 ´ 0.75 H2O (134.134):
calcd C 52.00, H 6.14, N 10.11; found C 52.23, H 6.20, N 11.22.


2-Benzyloxypyridine-1-oxide : THF (10 mL), sodium metal (60.5 mg,
2.6 mg-atom), and benzyl alcohol (2.1 g, 19 mmol) were added to a
round-bottomed flask fitted with a magnetic stirrer and a condenser. The
mixture was stirred until all of the sodium had dissolved, and 2-
chloropyridine-1-oxide (308 mg, 2.4 mmol) was added in one portion.
The mixture was heated to reflux, stirred for 3 h, cooled to room
temperature, and treated with water (10 mL). Extraction with chloroform,
drying, and evaporation gave a white solid which was purified by column
chromatography (ethyl acetate, followed by methanol/ethyl acetate, 1:2).
Crystallization from ethyl acetate/hexane gave 0.34 g (73 %) of 2-benzy-
loxypyridine-1-oxide. M.p. 108 ± 109 8C (lit. m.p. 107 8C[8]); 1H NMR
(CDCl3): d� 8.26 ± 8.28 (m, 1H, H6), 7.43 ± 7.46 (m, 2H, PhH), 7.33 ± 7.40
(m, 3 H, PhH), 7.13 ± 7.17 (m, 1H, H4), 6.88 ± 6.92 (m, 1H, H5), 6.83 ± 6.85
(m, 1 H, H3), 5.44 (s, 2H, benzyl CH2); 13C NMR (CDCl3): d� 157.95,
140.45, 135.03, 128.78, 128.65, 127.72, 126.98, 118.48, 112.58, 72.51; MS (EI):
m/z : 201; C12H11NO2 (201.224): calcd C 71.63, H 5.51, N 6.96; found C 71.73,
H 5.64, N 6.79.


2-Benzyl-a,a-[D2]oxy-6-[D]pyridine-1-oxide : THF (10 mL) and lithium
aluminum deuteride (0.8 g, 19 mmol) were added to a round-bottomed
flask fitted with a magnetic stirrer and a dropping funnel. A solution of
freshly recrystallized benzoic acid (3 g, 24.6 mmol) in THF (15 mL) was
added dropwise over 5 min. Stirring was continued for 1 h, and saturated
sodium sulfate (10 mL) was then added dropwise, followed by solid
anhydrous sodium sulfate. The supernatant was decanted and concentrated
under reduced pressure. The residue was dissolved in water (20 mL) and
extracted with chloroform (3� 100 mL). The organic extract was dried and
evaporated, and the product was purified by column chromatography
(hexane/ethyl acetate, 5:1) to give 1.7 g (62 %) of benzyl ± a,a-[D2]alcohol.
1H NMR (CDCl3): d� 7.32 ± 7.39 (m, 5H, PhH), 2.57 (s, 1H, OH); MS (EI):
m/z : 110. In the next step, THF (15 mL), sodium metal (37.6 mg, 1.6 mg-
atom), and benzyl-a,a-[D2]alcohol (1.05 g, 9.5 mmol) were stirred until the
sodium had dissolved, and 2-[D3]methoxy-6-[D]pyridine-1-oxide (135 mg,
1.0 mmol) was added in one portion. The mixture was refluxed for 4.5 h,
cooled, and treated with water (20 mL). The product was isolated by
chromatography, as described above, to give 0.139 g (65 %) of the product.
M.p. 108 ± 109 8C; 1H NMR (CDCl3): d� 8.26 ± 8.28 (m, 0.3H, H6), 7.44 ±
7.46 (m, 2 H, PhH), 7.32 ± 7.39 (m, 3 H, PhH), 7.13 ± 7.17 (m, 1H, H4), 6.88 ±
6.89 (m, 1 H, H5), 6.82 ± 6.85 (m, 1H, H3); MS (EI): m/z : 204, 203 (ratio,
4.5:1).


1-Benzyloxy-2-pyridone : A solution of 2-benzyloxypyridine-1-oxide
(100 mg, 0.5 mmol) in DMF (2 mL) was refluxed for 12 h. The solvent
was removed under reduced pressure, and the residue was purified by
column chromatography (ethyl acetate/hexane, 1:1). The product was
crystallized from hexane to give 87 mg (87 %) of a white solid. M.p. 82 ±
84 8C (lit. m.p. 77 8C[8]); 1H NMR (CDCl3): d� 7.36 ± 7.40 (m, 5 H, Ar),
7.24 ± 7.28 (dt, 1 H), 7.09 ± 7.11 (ddd, 1 H), 6.68 ± 6.70 (ddd, 1 H), 5.90 ± 5.94
(dt, 1H), 5.29 (s, 2H); 13C NMR (CDCl3): d� 158.9, 138.5, 136.7, 133.9,
130.0, 129.3, 128.7, 122.9, 104.3, 78.4; MS (EI): m/z : 201; C12H11NO2


(201.224): calcd C 71.63, H 5.51, N 6.96; found C 71.48, H 5.35, N 7.03.


2-Hydroxypyridine-1-oxide : A solution of 2-methoxypyridine-1-oxide
(0.1 g, 0.8 mmol) in concentrated hydrochloric acid (2 mL) was warmed
to 90 ± 100 8C, stirred for 16 h, and then cooled and evaporated under
reduced pressure. Crystallization from chloroform/hexane (1:5) gave 48 mg
(54 %) of an off-white product. M.p. 148 ± 149 8C (lit. m.p. 148 ± 149 8C[21]);
1H NMR (D2O): d� 7.81 ± 7.73 (m, 1H), 7.46 ± 7.50 (m, 1 H), 6.62 ± 6.65 (m,
1H), 6.45 ± 6.48 (m, 1 H,); MS (EI): m/z : 111.
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Lithium salt of 2-hydroxypyridine-1-oxide : n-Butyllithium (72 mL, 2.5m in
hexane, 0.18 mmol) was injected into an ice-cold suspension of 2-
hydroxypyridine-1-oxide (20.3 mg, 0.18 mmol) in THF (10 mL). The
mixture was stirred for 1 h, and the product was separated by centrifuga-
tion, washed with hexane, and dried to give 18.2 mg (85 %) of an off-white
solid. 1H NMR ([D7]DMF): d� 7.93 ± 7.94 (br d, 1H), 7.29 ± 7.33 (br t, 1H),
6.45 ± 6.48 (br d, 1H), 6.21 ± 6.24 (br d, 1H).


1,2-Dimethoxypyridinium trifluoromethanesulfonate : Methyl triflate
(0.4 mL, 3.5 mmol) was injected into a solution of 2-methoxypyridine-1-
oxide (146.8 mg, 1.2 mmol) in THF (15 mL) and chloroform (2.0 mL). The
reaction mixture was stirred for 1.5 h, and the solvent was then removed
under reduced pressure. Crystallization from dichloromethane/ether (1:5)
gave 201 mg (56 %) of product. M.p. 126 ± 127 8C; 1H NMR (CDCl3): d�
8.55 (dd, 1H, H6), 8.42 (dt, 1 H), 7.75 (dd, 1H, H3), 7.54 (dt, 1H), 4.36 (s,
3H, OCH3), 4.30 (s, 3H, OCH3); C8H10NO5SF3 (289.231): calcd C 33.22, H
3.48, N 4.84; found C 33.19, H 3.37, N 4.75.


Reaction of the lithium salt with the triflate salt.
A) In [D7]DMF : 1,2-Dimethoxypyridinium trifluoromethanesulfonate
(5.1 mg, 0.018 mmol) was added to a solution of the lithium salt (2.2 mg,
0.018 mmol) in [D7]DMF (0.5 mL). The 1H NMR spectrum, taken
immediately after the addition, showed the peaks of the two reactants at
d� 9.20 (d), 6.63 (t), 8.06 (d), 7.75 (t), 7.31 (br), 6.47 (d), 4.48 (s), and 4.40
(s), and approximately 50 % conversion to 1-methoxy-2-pyridone, with
peaks at d� 7.96 ± 7.98, 7.42 ± 7.46, 6.51 ± 6.54, 6.22 ± 6.25, and 4.00. After
22 h, the conversion to 2 was greater than 95 %.
B) In D2O : NaOD-D2O (0.11 mL, 1.43n solution, 0.16 mmol) was added to
a solution of 1-hydroxy-2-pyridone (20.2 mg, 0.18 mmol) in D2O (0.5 mL).
The resulting solution, designated solution A, exhibited NMR peaks at d�
7.75 ± 7.77 (1H), 7.26 ± 7.30 (1H), 6.53 ± 6.56 (1H), and 6.40 ± 6.43 (1H). A
second solution, designated solution B, was prepared by dissolution of 1,2-
dimethoxypyridinium trifluoromethanesulfonate (12.7 mg, 0.044 mmol) in
D2O (0.5 mL). This solution exhibited peaks at d� 8.66 ± 8.68 (d, 1H),
8.35 ± 8.40 (t, 1H), 7.65 ± 7.67 (d, 1H), 7.46 ± 7.50 (t, 1 H), 4.32 (s, 3H) and
4.24 (s, 3H). To begin the reaction solution A (0.16 mL, 0.044 mmol) was
injected into solution B. After 20 h at room temperature, the solution
showed approximately 50 percent conversion to a 45:55 mixture of
methanol (d� 3.27) and 1-methoxy-2-pyridone. 1H NMR: d� 7.83 ± 7.85
(d, 1H), 7.51 ± 7.55 (t, 1 H), 6.61 ± 6.65 (d, 1 H), 6.44 ± 6.48 (t, 1H), 3.95 (3H).


Reaction of 1 (R�CD3) with methyl iodide : Methyl iodide (75 mL,
171.0 mg, 1.2 mmol) was added to a solution of 1 (R�CD3, 50.8 mg,
0.4 mmol), in chloroform (3 mL). The solution was refluxed for 27 h, and
the solvent was removed. The 1H NMR spectrum of the product (CDCl3)
was identical to that of 2 (R�CH3).


Reaction of 1 (R�CH3) with benzyl chloride : A solution of benzyl
chloride (50 mL, 60 mg, 0.4 mmol) and 2-methoxypyridine-1-oxide
(50.2 mg, 0.4 mmol) in [D]chloroform (2 mL) was heated to reflux. After
20 h, the 1H NMR spectrum showed conversion to a 4:1 mixture of 2 (R�
benzyl) and 2 (R�methyl).


Chiral benzyl-a-[D]alcohol :[28] A suspension of (S)-(ÿ)-1,1'-bi-2-naphthol
(0.70 g, 2.4 mmol), titanium(iv) isopropoxide (1.23 mL of 1m in dichloro-
methane, 1.2 mmol), trifluoroacetic acid (0.5m in methylene chloride,
70 mL), and 4 � molecular sieves (5 g, heated at 110 8C and then powdered)
in ether (50 mL) was refluxed for 1 h, cooled to room temperature, and
benzaldehyde (1.25 mL, 1.30 g, 12.3 mmol) was added dropwise while the
solution was stirred. The reaction mixture was cooled to ÿ78 8C, and a
solution of tributyltin deuteride (3.6 mL, 13.5 mmol) in ether (15 mL) was
added dropwise. Stirring was continued for 10 min at ÿ78 8C after the
addition was complete, and the reaction mixture was then stored for 20 h at
ÿ20 8C. The stirred reaction was quenched by addition of saturated sodium
bicarbonate solution (20 mL). Stirring was continued for 1 h and the
mixture was then filtered through a pad of Celite. The filtrate was extracted
with ethyl acetate (3� 100 mL), the organic layer was dried and evapo-
rated, and the residue was purified by column chromatography (ethyl
acetate/hexane 1:9 followed by ethyl acetate/hexane, 2:9) to give 1.12 g
(84 %) of the product.


MTPA ester of benzyl alcohol.[25] Oxalyl chloride (5 mL, 7.27 mg,
0.057 mmol) was added to a solution of (S)-(ÿ)-methoxytrifluoromethyl-
phenylacetic acid (2.8 mg, 0.012 mmol) and DMF (1.0 mL, 0.94 mg,
0.012 mmol) in hexane (0.5 mL). A white precipitate formed immediately.
The mixture was filtered after 1 h and the filtrate was concentrated under


reduced pressure. The residue was treated with a solution of benzyl alcohol
(1.1 mL, 1.15 mg, 0.01 mmol), triethylamine (4.0 mL, 2.9 mg, 0.03 mmol),
and 4-(N,N-dimethylamino)pyridine (one crystal) in [D]chloroform
(0.5 mL). The resulting solution was transferred to a NMR tube, shaken
vigorously, and the 1H NMR spectrum was recorded (see Figure 18).


Chiral 2-benzyl-a-[D]oxypyridine-1-oxide : THF (20 mL), sodium hydride
(0.44 g of a 60% dispersion in mineral oil, 11.0 mmol), and chiral benzyl-a-
[D]alcohol (1.02 g, 9.2 mmol) were stirred together for 10 min. Then 2-
chloropyridine-1-oxide (1.21 g, 9.2 mmol) was added in one portion. The
mixture was warmed to 55 ± 65 8C, stirred for 4.5 h, cooled, and water
(20 mL) was added. Extraction with chloroform (4� 70 mL) followed by
drying and evaporation gave a white solid, which was purified by
chromatography (ethyl acetate, then methanol/ethyl acetate 1:2). Crystal-
lization from ethyl acetate-hexane gave 1.06 g (57 %), m.p. 108 ± 109 8C.


Recovery of benzyl alcohol from chiral 2-benzyl-a-[D]oxypyridine-1-
oxide : The N-oxide (0.1 g, 0.5 mmol) was added to a solution prepared
from sodium hydride (48 mg of 60% dispersion in mineral oil, 1.2 mmol)
and methanol (10 mL). The resulting solution was refluxed, whilst stirred,
for 7 h and the solvent was then removed under reduced pressure. The
residue was treated with water (5 mL) and extracted with ethyl acetate
(3� 50 mL). The organic extract was dried, concentrated, and the residue
was purified by preparative layer chromatography (ethyl acetate:hexane,
1:3) to give 35 mg (65 %) of benzyl-a-[D]alcohol.


Rearrangement of chiral 2-benzyl-a-[D]oxypyridine-1-oxide: A solution of
the N-oxide (0.8 g, 4.0 mmol) in DMF (9.0 mL) was heated at 140 ± 150 8C
for 3 h. The solvent was removed under reduced pressure and the residue
was subjected to column chromatography (ethyl acetate, followed by ethyl
acetate/methanol 1:1) to give recovered 2-benzyl-a-[D]oxypyridine-1-
oxide (0.18 g) and the product 1-benzyl-a-[D]oxy-2-pyridone (0.43 g).


Recovery of benzyl alcohol from chiral 1-benzyl-a-[D]oxy-2-pyridone :[8]


The pyridone (0.3 g, 1.5 mmol) was added to a suspension of zinc dust
(freshly activated with 1n HCl, 0.22 g, 3.3 mg-atoms) in 30 % acetic acid
(10 mL). The reaction mixture was refluxed, with stirring, for 5.5 h, cooled
to room temperature, and saturated sodium bicarbonate (30 mL) was
added cautiously. Extraction with ethyl acetate (3� 100 mL), followed by
drying and evaporation of the extract and chromatography (ethyl acetate/
hexane, 1:3) afforded benzyl-a-[D]alcohol (122 mg, 75 %).


Solvent effect studies : A solution of 2-methoxypyridine-1-oxide (2.5 mg,
0.02 mmol) in toluene (0.2 mL) was sealed in a glass tube under nitrogen
and heated at 140 8C for 24 h. The solvent was then removed, and the 1H
NMR spectrum recorded in deuteriochloroform. The spectrum was
identical with that of the starting material. In a second experiment, a
solution of 2-methoxypyridine-1-oxide (20.5 mg, 0.16 mmol) in anisole
(0.5 mL) was heated at 140 8C for 4 h. The solvent was then removed and
the 1H NMR spectrum was recorded. The spectrum was again identical
with that of the starting material. In a third experiment, a solution of 2-
methoxypyridine-1-oxide (20.0 mg, 0.16 mmol) in nitrobenzene (0.5 mL)
was heated at 140 8C for 4 h, cooled, and the infrared spectrum was
recorded. This showed strong peaks at 1522 and 1348 cmÿ1 and very weak
absorption at 1666 and 1499 cmÿ1. The infrared spectrum of 2-methoxy-
pyridine-1-oxide in nitrobenzene shows strong peaks at 1522 and
1348 cmÿ1; the infrared spectrum of 1-methoxy-2-pyridone has strong
peaks at 1666 and 1499 cmÿ1. The spectrum of a 95:5 mixture of 1 and 2 was
the same as that of the rearrangement product.


Theoretical procedures : Transition structures were located by the reaction
coordinate method. The C ´´´ O bonds of the entering and leaving groups
were fixed at several values near 1.9 �, all other geometrical parameters
were optimized, and the magnitudes and signs of the gradients of the two
reaction coordinates were used to improve the trial values. When a
structure close to the saddle point was reached, a final refinement was
usually achieved with the OPT�CALCALL option of Gaussian 92 or
Gaussian 94,[14] in which force constants are calculated in every iteration.
All calculations of intermolecular alkyl transfer (alkyl�Me, Et, PhCH2), of
intramolecular alkyl transfer (alkyl�Me, Et, PhCH2), and of CH3/CD3


isotope effects were performed at the 3-21G level, and all of the stationary
structures computed at this level were characterized by vibrational analysis.
These data, and details of all structures, are available as Supporting
Information. The Supporting Information also includes the vibrational
analysis of intramolecular methyl transfer at the 3-21�G level. Vibrational
analysis was not performed on the MP2/6-31�G* calculations of intra-
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molecular methyl transfer. For calculations of CH3/CD3 isotope effects, the
frequencies employed as input to the Bigeleisen equation[15] were obtained
by scaling of the computed values by 0.9.
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deuterated, xR or Xr� partially deuterated, and xr� undeuterated.
The mole fraction of X is equal to the mole fraction of XR, (1ÿa)b,
and the mole fraction of r is equal to the mole fraction of xr, a.
Analogously, the mole fraction of x is 1ÿ (1ÿa)b and the mole
fraction of R is 1ÿa.
If we have 100 % crossover, the composition of the mixture of
products is purely statistical, and can be calculated from the mole
fractions of X, x, R, and r as:
xr�a[1ÿ (1ÿa)b]; Xr�a(1ÿa)b ; xR� (1ÿa)[1ÿ (1ÿa)b];
XR� (1ÿa)2b


The following are the contributions to the intensities of the peaks in
the mass spectrum:


xr: molecular ion, la[1ÿ (1ÿa)b]; satellite ion, (1ÿ l)a[1ÿ (1ÿa)b]


Xr: molecular ion, la(1ÿa)b ; satellite ion, (1ÿ l)a(1ÿa)b


xR: molecular ion, l(1ÿa)[1ÿ (1ÿa)b]; satellite ion,
(1ÿ l)(1ÿa)[1ÿ (1ÿa)b]


XR: molecular ion, l(1ÿa)2b ; satellite ion, (1ÿ l)(1ÿa)2b
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Photochemical Isomerizations of 5-Alkylidene-4,5-dihydro-3H-1,2,4(l3)-
diazaphospholes (4-Phosphapyrazolines): (5!4) Ring Contraction Generates
Azomethineimine Dipoles


Berthold Manz, Jochen Kerth, and Gerhard Maas*


Abstract: UV irradiation of the title compounds 1 a ± d results not in extrusion of
molecular nitrogen, but in a skeletal rearrangement generating amino(imidoyl)-
phosphanes 2 a ± c from 1 a ± c and 2-hydrazinobenzo[b]phosphole 4 from 1 d. The
first step in these isomerizations is an unprecedented (5!4) ring contraction of 1 to
form the semicyclic azomethineimine dipoles 10 incorporating a 1,2,3-diazaphos-
phetidine ring. Dipoles 10 a ± c, but not 10 d, can be observed by NMR spectroscopy
after brief irradiation of the precursors. Furthermore, they could be trapped by [3�2]
cycloaddition reaction with dimethyl acetylenedicarboxylate to give the bicyclic
1,2,3-diazaphosphetidines 12 a ± c, and, in the case of 10 a and 10 c, also the
dihydrophospholes 13 a,c resulting from a second [3�2] cycloaddition.


Keywords: azomethineimines ´
1,2,4-diazaphospholes ´ phosphorus
´ phosphorus heterocycles ´ photo-
lysis ´ rearrangements


Introduction


The thermally or photochemically induced extrusion of
molecular nitrogen is an effective reaction for many 1-
pyrazolines[1] and constitutes an approved strategy in
cyclopropane synthesis.[2] The analogous elimination of
N2 from 4-phosphapyrazolines I has recently been
introduced as a convenient route to bis(alkylidene)-
phosphoranes II or phosphiranes III. Typically, these
transformations of I have been performed under
thermal conditions (elevated temperature[3] or at
�20 8C during the synthesis of I from a phosphaalkene
and a diazo compound[3b,3c,4]), and there seems to be only one
reported example of a photochemically induced extrusion of
N2 from I[5] (R1�R4�H; R2�R5� SiMe3, R3�N(SiMe3)2).
Evidently, the remarkably low thermal stability of various 4-
phosphapyrazolines I prevents a systematic comparison of
thermal and photochemical nitrogen-elimination reactions.


We have recently found that 4-alkylidene-4,5-dihydro-3H-
1,2,4(l3)-diazaphospholes 1, easily obtained by [3�2] cyclo-
addition of 1-diazo-2-siloxyethenes to phosphaalkenes,[6] are
distinctly more thermally stable than similar 4-phosphapyr-
azolines I lacking the exocyclic double bond. Nevertheless,
extrusion of molecular nitrogen from 1 (R1� tBu, 1-adaman-


tyl, Me, 4-anisyl, 4-nitrophenyl) can be achieved in boiling
toluene.[7,8] Depending on the substituents, vinylphosphanes,
benzo[c]phosphole derivatives, alkylidenephosphiranes, or
1,3-oxaphospholes are formed, and we have proposed that
the products are derived from intermediate 1,3-diradicals IV
and methylene(vinylidene)phosphoranes V.


We now report that none of the products formed upon
thermolysis of 4-phosphapyrazolines 1 is found under photo-
chemical conditions. Surprisingly, UV irradiation of 1 did not
lead to N2 elimination but rather to skeletal rearrangements,
with a (5!4) ring contraction as the initial product-forming
step.


Results


The UV spectrum of 1 a in dichloromethane shows absorption
maxima at l� 337 nm (log e� 3.58) and 254 nm (4.34); in
pentane lmax� 326 nm (3.49). When solutions of 4-alkylidene-
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Scheme 1. Mes� 2,4,6-Me3C6H2.
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4,5-dihydro-3H-1,2,4(l3)-diazaphospholes 1 a ± d in pentane or
ether were irradiated with a high-pressure mercury lamp (l�
300 nm) at temperatures between ÿ40 and 0 8C, no evolution
of molecular nitrogen was observed. Nevertheless, 31P NMR
spectra indicated a rather clean transformation in all cases. In
the case of 1 a ± c, a transient red color was observed during
irradiation, and the amino(imidoyl)phosphanes 2 a ± c were
isolated in good yields after workup. A different result was


Scheme 2.


obtained with 1 d, which bears an aryl ring at the exocyclic
double bond. When the reaction mixture was worked up at
20 8C immediately after complete conversion of 1 d, a mixture
of 2-hydrazinobenzo[b]phosphole 4 and its nonaromatic
isomer 3 (vide infra) was obtained; however, after leaving
the reaction mixture alone for 24 h, complete isomerization
3!4 had occurred. Thus, 3 is the direct photoisomerization
product from 1 d, while 4 results from a subsequent thermal
isomerization by a formal 1,5 hydrogen shift. This latter
reaction presumably proceeds in a bimolecular fashion rather
than as an intramolecular pericyclic process due to the
difficulty in adopting the cyclic transition state of a 1,5-
sigmatropic shift.


The constitution of the amino(imidoyl)phosphanes was
established by single crystal X-ray structure analysis of 2 a. In
this structure (Figure 1; see Table 2), the phosphorus atom has
a pyramidal coordination; the C�O and the two C ± N double
bonds show no sign of bond elongation, and the P1ÿN1 and
P1ÿC23 bond lengths correspond to typical single bonds.
Thus, there is no indication of p conjugation in the
C1ÿN1ÿP1ÿC23ÿN2 chain (the C�O/C�N p system is also
electronically decoupled judging by the torsion angle),
although the torsion angles around the N1ÿP1 and P1ÿC23
bonds (Figure 2) suggest a certain degree of overlap of the
nonbonding sp3 orbital at phosphorus with the two adjacent p


systems.
The 31P NMR chemical shifts of compounds 2 a ± c are in the


expected range for aminophosphanes (d� 44.8 ± 45.7), but


Figure 1. Molecular structure of 2 a ; the disorder of the tert-butyl group
attached to C24 is shown. Selected bond lengths [�] and angles [8]: C1ÿC2
1.474(4), C1ÿC8 1.478(4), C1ÿN1 1.261(4), N1ÿP1 1.691(3), P1ÿC14
1.822(3), P1ÿC23 1.838(3), C23ÿN2 1.241(3), N2ÿSi1 1.702(3), C24ÿO1
1.187(4), C24ÿC25 1.522(5); C1-N1-P1 124.6(2), N1-P1-C14 108.6(1), N1-
P1-C23 99.0(1), C14-P1-C23 100.3(1), C23-N2-Si1 147.4(2).


Figure 2. Torsion angles at the N1ÿP1 (top), C23ÿP1 and C23ÿC24
(bottom) bonds of 2 a. The direction of the lone pairs of electrons at
P1(lpP) and N1 (lpN) is represented by narrow, open rods; for calculation of
torsion angles, lpP and lpN were mimicked by dummy hydrogen atoms
placed in calculated positions. Torsion angles [8]: P1-N1-C1-C2 ÿ179.8(2),
C14-P1-N1-C1 ÿ63.1(3), lpN-N1-P1-lpP ÿ111, C1-N1-P1-lpP 69, N1-P1-
C23-N2 159.8(2), lpP-P1-C23-N2 ÿ76, lpP-P1-C23-C24 101, N2-C23-C24-
O1 ÿ83.3(4).


some noteworthy spectroscopic features are seen in the 13C
NMR spectra. The two imine-C resonances (d(CPh2)�
169.8 ± 170.2; d(PC�N)� 192.3 ± 197.7) appear at rather low
field. The observation of only one set of signals for the two
phenyl groups of the diphenylmethyleneamino moiety at
298 K indicates a fast stereomutation at the C ± N double
bond. The lowering of the inversion barrier at the N atom of
imines by less electronegative second and higher row main
group elements attached to the nitrogen is well known.
Although the phenomenon seems not to have been studied for
N-phosphinoimines, it was investigated for related N-[alkyl(or
aryl)thio]imines, and it was suggested that the effect is caused
by a stabilizing interaction in the linear transition state
between the occupied nonbonding p orbital at N and empty d
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and/or s* orbitals at the heteroatom.[9] While we did not try to
render the imine inversion observable by lowering the
temperature, two other dynamic processes were apparent
from the temperature-dependent 13C NMR spectra. Some
signals of the mesityl group (o-C, m-C, o-CH3) are in
coalescence at 298 K (101 MHz spectrum), while the averaged
(but in most cases still broadened) signals could be seen at
328 K. We attribute this phenomenon to a hindered rotation
of the mesityl ring around the PÿC bond, while the averaging
of signals for diastereotopic substituents in the silyl group (i.e.
the o- and m-C signals of the two Si-attached phenyl groups in
2 a and of the isopropyl-Me groups in 2 b) in the same
temperature range indicates the occurrence of pyramidal
inversion at the phosphorus atom.


The amino(imidoyl)phosphanes 2 a ± c are very moisture-
sensitive, but can be isolated from the reaction mixture and
purified by crystallization. An attempt to purify 2 c by bulb-to-
bulb vacuum distillation resulted in fragmentation into
acylphosphane 5 and triisopropylsilyl cyanide (7). This trans-
formation starts above 150 8C and is rapid at 240 8C. We
propose (Scheme 3) that the initial step of the fragmentation
reaction is nucleophilic attack by the phosphorus atom at the
carbonyl group, followed by elimination of triisopropylsilyl
isocyanide (6). The latter compound rapidly equilibrates with


Scheme 3.


its thermodynamically more stable isomer 7, which was
identified by its IR spectrum.[10] The constitution of phos-
phane 5 was determined unambiguously by NMR spectro-
scopy. The 31P signal (d� 41.2) and the 13C NMR resonance
for C�N [d� 171.9, 2J(P,C)� 7.8 Hz] as well as the magnetic
equivalence of the two phenyl groups indicate the relationship
with the aminophosphane moiety in 2. The 13C NMR data for
the acylphosphane part of the molecule also correspond to
expectations[11] [CMe3: d� 48.1, 2J(P,C)� 31.5 Hz; C�O: d�
227.5, 2J(P,C)� 49.8 Hz].


The constitution of benzo[b]phosphole 4 was also deter-
mined by X-ray diffraction. The molecular structure of 4
(Figure 3; see Table 2) features close similarities with those of
other phosphindoles containing a l3,s3 phosphorus atom.[12,13]


The phosphole ring adopts an envelope conformation with P
0.30 � from the C1-C2-C3-C8 plane and the mesityl ring in
the equatorial position. Also typical are the pyramidal
coordination at the P atom, a rather small endocyclic bond
angle at P, and endocyclic PÿC bond lengths somewhat
shorter than the sum of the single-bond covalent radii


Figure 3. Molecular structure of 4 ; ellipsoids of thermal vibration are
shown at the 50% probability level. Selected bond lengths [�] and angles
[8]: PÿC1 1.807(4), PÿC8 1.798(4), PÿC10 1.821(4), C1ÿC2 1.338(5), C2ÿC3
1.449(5), C3ÿC8 1.401(5); C8-P-C1 89.2(2), C8-P-C10 107.3(2), C1-P-C10
112.2(2).


(1.84 �). Characteristic features of the structure are con-
firmed by the IR (3290 cmÿ1, NH), 31P NMR (d�ÿ32.8), and
13C NMR spectra of 4. The 31P resonance at much higher field
than in typical phosphanes and low 31P-13C coupling constants
(1J and 2J) in the phosphole ring meet the expectations.[14] In
contrast to the imine stereomutation of (diphenylmethyle-
neamino)phosphanes 2 (vide supra), the two phenyl rings of
the diphenylimine moiety in 4 are magnetically nonequivalent.


It was mentioned above that benzo[b]phosphole derivative
3 is the direct photoisomerization product resulting from 1 d,
and 4 is a product of subsequent thermal isomerization. In
fact, 3 could be obtained in nearly quantitative yield when the
irradiation of 1 d was carried out at ÿ40 8C in pentane
followed by evaporation of the solvent at this temperature.
The absence of significant amounts of by-products allowed a
complete characterization by NMR spectroscopy that left no
doubt about the constitution of 3. A close similarity with
published 1H[15a] and 13C[15b] NMR chemical shifts of 2-
methoxycyclohexa-1,3-diene indicates the presence of this
substructure in 3. The 31P chemical shift (d�ÿ23.1) is in
accord with the phospholene structure, but the magnitudes of
the coupling constants 2J(P,C-3) and 1J(P,C-7a) (26.1 and ca.
0 Hz, respectively) are unusual. The 2J value is larger than in
3-phospholenes without a 3-substituent for which a value of
3 ± 5 Hz seems typical.[14b] The absence of 1J(P,C-7a) coupling
has precedence in another, partially saturated phosphindole,
namely 1-methyl-2,3,4,5,6,7-hexahydrobenzo[b]phosphole
(0 Hz, C-7a being sp2-hybridized),[16a] while a value of 15 Hz
has been reported for the structurally more closely related 1-
methyl-2,4,5,6,7,7a-hexahydro-benzo[b]phosphole.[16b] In the
proton-coupled 31P NMR spectrum, only a singlet can be seen,
that is no 2J(P,7a-H) coupling is resolved. This points to an anti
relationship between the CÿH bond and the nonbonding pair
of electrons at P,[17] or in other words to the syn arrangement
of H-7 and the mesityl ring.
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Our effort to characterize compound 3 either by a Diels ±
Alder or by an ene reaction with triazolinedione 8 failed.
Instead, reaction of 3 with a slightly greater than stoichio-
metric amount of 8 at ÿ40 8C produced a mixture of 4 and 9
(Scheme 4). A control experiment showed that 9 is also
formed when 4 is allowed to react with 8. In the absence of
kinetic data, it is not clear whether the isomerization 3!4
under the given conditions is merely a thermal process (see
above) or is assisted by 8 ; furthermore, it cannot be
determined whether the dehydrosilylation reaction leading
to 9 applies exclusively to 4 or also to 3. We mention, however,
that we have previously observed an oxidative desilylation of
a 1,4-bis(siloxy)-1,3-butadiene by the highly electrophilic 8.[18]


As in this former study, the reaction details are a matter of
speculation, especially since no reaction products derived
from 8 could be identified.


Scheme 4.


While it was surprising enough that UV irradiation of 4-
phosphapyrazolines 1 did not lead to extrusion of molecular
nitrogen, it was even more remarkable that the N ± N double
bond in 1 a ± c was cleaved completely in the course of the
isomerization, leading to 2. A reasonable mechanism was
proposed after an intermediate of the photoisomerization had
been observed (Scheme 5): When solutions of 1 a ± c were
irradiated for a few minutes at ÿ40 8C, they turned deep red,
and the 31P NMR spectrum indicated the presence of a new
product [d(31P)� 160.0 ± 161.9], together with unconverted 1
and the corresponding amino(imidoyl)phosphane 2. This
reaction mixture was thermally stable even at room temper-
ature for at least one day, and conversion of the new product
into 2 was achieved only when the irradiation was continued
(color change from red to yellow). The structures of the
transient products were assigned as the photolabile azome-


Scheme 5.


thineiminedipoles 10 a ± c, embedded in a 1,2,3-phosphadia-
zetidine. Since the dipoles could not be isolated by column
chromatography, this proposal is based on NMR data
recorded on the aforementioned reaction mixture (Table 1)
and on the subsequent identification of cycloaddition prod-
ucts 12 (vide infra). The 31P NMR resonance for 10 a ± c is
shifted downfield by about 46 ppm with respect to the bicyclic
1,2,3-diazaphosphetidines 12, an effect likely caused by the
electron-deficient iminium function attached to P. (An
isomeric dipolar structure, with no PÿN bond and a l2s2


phosphenium center, can be ruled out because phosphenium
ions are known to react readily with Lewis bases;[19] i.e., PÿN
bond formation would immediately lead back to structure 10).


Table 1. Selected 31P and 13C NMR data of 1,2,3-diazaphosphetidines 10
and 12.[a]


Compound 31P NMR 13C NMR
Ca [b] Cb [b] Ph2C�N


10a 160.0 136.6 ± 136.9[c]


10b 161.6 121.4 (12.0) 142.1 (17.2) 145.5 (1.5)
10c[d] 161.9 121.9 (12.0) 141.7 (17.9) 146.1 (0)
12a 116.0 125.4 (3.8) 151.2 (8.6)
12b 115.0 123.5 (5.7) 151.4 (9.1)
12c 115.7 123.3 (6.6) 151.2 (9.3)


[a] The solvent was CDCl3 unless noted otherwise; d values [ppm] are
given. 31P-13C coupling constants [Hz] are given in parentheses. For
definition of Ca and Cb, see formula. [b] Signals were assigned based on a
gradient-selected HMBC experiment (cross-peak for Cb/CMe3 , but not for
Ca/CMe3)]. [c] Signal coincides with one of two signals of 2 a ; the other 13C
signals of 10a could not be assigned unambiguously due to their low
intensity. [d] In C6D6.







Azomethineimine Dipoles 903 ± 913


Chem. Eur. J. 1998, 4, No. 5 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998 0947-6539/98/0405-0907 $ 17.50+.25/0 907


In the 13C NMR spectra, the chemical shifts for the carbon
atoms of the exocyclic double bond show significant changes
with respect to those in 12, corresponding to slight shielding of
the ring carbon C-4 and significant shielding of the exocyclic
carbon, in agreement with charge delocalization in the
azaallyl anion moiety of the dipole.[20] The stereochemistry
at the exocyclic double bond is the same as in the starting
materials 1 (E configuration), as suggested by the observation
of 3J(P,C) and 4J(P,C) couplings.[7] Dipoles 10 a ± c are struc-
turally similar to 1,2-diazetidinium ylides 11, which represent
another example of isolable, ring-strained cyclic azomethi-
neimine dipoles.[21] The 13C chemical shift of Ph2C�N in 10 is
quite similar to the values found for these as well as other
azomethineimines.[22]


In order to furnish chemical proof for betaines 10, we tried
to trap them by [3�2] cycloaddition reaction with a suitable
dipolarophile. In fact, this transformation was successful with
dimethyl acetylenedicarboxylate (DMAD), but not with
methyl propiolate, dimethyl fumarate, dimethyl maleate,
maleic anhydride, or norbornadiene. Irradiation of 1 a ± c in
excess DMAD at 60 8C furnished the cycloaddition products
12 a ± c as yellow, air-stable crystals with isolated yields of 45 ±
72 % (Scheme 6). The constitution of these bicyclic 1,2,3-
diazaphosphetidines was established by an X-ray crystal
structure determination of 12 b (Figure 4; see Table 2). The
results also revealed that the bicyclic system has a cis fusion


Scheme 6.


Table 2. Crystallographic data for compounds 2a, 4, 12b, and 14.[a]


2a[b] 4[c] 12b[d] 14[e]


empirical formula C44H49N2OPSi C40H49N2O2PSi C49H63N2O5PSi C43H57N2O6PSi
formula weight 680.91 648.87 819.07 756.97
temperature [K] 293(2) 293(2) 293(2) 293(2)
crystal size [mm] 0.60� 0.35� 0.30 0.55� 0.50� 0.25 0.80� 0.30� 0.30 0.30� 0.30� 0.20
crystal system triclinic monoclinic triclinic monoclinic
space group P1Å P21/c P1Å P21/n
a [�] 9.653(4) 10.536(1) 9.682(3) 9.824(2)
b [�] 11.781(4) 27.196(2) 11.371(3) 22.122(3)
c [�] 19.117(7) 13.179(2) 20.732(6) 19.655(4)
a [8] 80.87(1) 90 84.45(3) 90
b [8] 88.71(1) 91.77(1) 81.33(3) 98.97(2)
g [8] 66.37(2) 90 82.03(3) 90
V [�3] 1964.5(13) 3774.5(7) 2227.9(11) 4219.3(13)
Z 2 4 2 4
1calcd [gcmÿ3] 1.151 1.142 1.221 1.192
m(MoKa) [cmÿ1] 1.35 1.39 1.37 1.41
F (000) 728 1392 880 1624
q range [8] 1.91 ± 24.06 1.72 ± 23.99 1.81 ± 24.12 1.84 ± 24.15
index ranges ÿ 1�h� 10 ÿ 12�h� 12 ÿ 10�h�� 11 ÿ 11�h� 10


ÿ 12�k� 13 ÿ 29�k� 30 ÿ 12�k� 13 ÿ 25�k� 25
ÿ 21� l� 21 ÿ 15� l� 15 0� l� 23 ÿ 22� l� 22


reflections collected 7404 24000 17182 27050
independent reflections 6161 5894 6606 6636
refinement method full-matrix least-squares on F 2 full-matrix least-squares on F 2 full-matrix least-squares on F 2 full-matrix least-squares on F 2


data/restraints/parameters 6150/12/477 5865/0/415 6606/0/534 6636/0/492
goodness-of-fit on F 2 1.075 0.910 0.964 0.931
final R indices [I> 2s(I)][f] R1� 0.0547, wR2� 0.1358 R1� 0.0644, wR2� 0.1664 R1� 0.0506, wR2� 0.1303 R1� 0.0449, wR2� 0.1080
R indices (all data) R1� 0.0911, wR2� 0.1629 R1� 0.1374, wR2� 0.2063 R1� 0.0743, wR2� 0.1413 R1� 0.0732, wR2� 0.1174
largest diff. peak and hole
[e �ÿ3]


0.26, ÿ0.20 0.46, ÿ0.20 0.58, ÿ0.42 0.28, ÿ0.19


[a] The data of 2a were collected on a Siemens P4 diffractometer (w scans), the other three data sets were obtained on a Stoe IPDS instrument
(completeness of data sets: 4, 99.1 %; 12b : 93.9 %; 14, 94.5 %. Graphite-monochromated MoKa radiation (l� 0.71073 �) was used in all cases. [b] The tert-
butyl group is disordered. [c] Only crystals of rather bad quality were available. [d] There is dynamic and/or static disorder in all three isopropyl groups, which
could not be resolved. [e] Very anisotropic ellipsoids of thermal vibration are found for one ester group (O2, O3, C15) and one isopropyl group (C26, C27);
treatment by introducing disorder models was unsuccesful. [f] R1�S j jFo jÿjFc j /S jFo j ; wR2� [S(w(F2


oÿF2
c)2)/Sw(F2


o)2]1/2.
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Figure 4. Molecular structure of 12b ; ellipsoids of thermal vibration are
shown at the 30% probability level. Selected bond lengths [�] and angles
[8]: PÿN1 1.785(2), N1ÿN2 1.490(3), N2ÿC4 1.466(3), N2ÿC1 1.410(3),
PÿC4 1.824(3), PÿC21 1.833(3); N1-P-C4 75.3(1), P-N1-N2 92.1(1), N1-N2-
C4 96.5(2), N2ÿC4ÿP 91.3(2). Torsion angles [8]: P-N1-N2-C4 ÿ18.4(2),
N1-N2-C4-P 18.0(2), N1-P-C4-N2 ÿ15.3(1), C4-P-N1-N2 15.1(1).


and bears the mesityl ring in the exo position, that the four-
membered heterocyclic ring is nonplanar, and that the
exocyclic double bond is in the E configuration as in the
precursor 1 b. The NMR data are in agreement with the solid-
state structure: the 31P NMR chemical shifts of 12 a ± c (d�
115.0 ± 116.0) fall in the range considered typical for four-
membered P,N heterocycles,[23] and the low values of the
1J(P,Cring) coupling constants (3.8 ± 6.6 Hz) and the high values
of 1J(P,C-mesityl) (45 ± 47 Hz) also seem to be typical for
phosphetane systems.[24] Long-range P,C coupling constants
(3J and 4J) observed for the alkyl substituents are in accord
with the E configuration of the exocyclic double bond. The
differences in the 13C chemical shifts of Ca and Cb with respect
to the dipoles 10 (Table 1) have already been discussed (see
above). A detailed assignment of 1H and 13C signals based on
C,H correlation and heteronuclear multiple bond correlation
(HMBC) spectra was carried out for 12 c (see Experimental
Section); this revealed a remarkable difference in the
chemical shift for the two ipso carbon atoms of the two
phenyl rings (Dd� 9.3 ppm), evidently a manifestation of a g-
effect between the phosphorus atom and the i-C of the cis-
oriented phenyl ring.[25]


2-(Diphenylmethylene)hydrazono-2,3-dihydrophospholes
13 were formed as by-products upon irradiation of phospha-
pyrazolines 1 a ± c in DMAD. While 13 a, c could be isolated in
significant amounts (18 and 21 %), each as a mixture of two
diastereomers, only traces of 13 b were formed, which were
detected by 31P NMR spectroscopy (d�ÿ22.0) but not
isolated. The constitution of these products was confirmed
by an X-ray crystal structure determination of 2,3-dihydro-
phosphole-1-oxide 14 (Figure 5; see Table 2), which was
obtained from 13 c by oxidation with bis(trimethylsilyl)per-
oxide.


2,3-Dihydrophospholes 13 clearly represent the products of
a second [3�2] cycloaddition mode between DMAD and
betaines 10. In this mode, the PÿC�C fragment, rather than
the azomethineimine dipole, constitutes the three-atom cyclo-
addition partner. We suggest that this transformation is the
result of a Michael addition/ring-closure sequence.


Figure 5. Molecular structure of 14 ; ellipsoids of thermal vibration are
shown at the 30% probability level. Selected bond lengths [�] and angles
[8]: P1ÿC1 1.805(2), P1ÿC4 1.841(2), C1ÿC2 1.335(3), C4ÿN1 1.273(3),
N1ÿN2 1.408(3), N2ÿC31 1.290(3); C1-P1-C4 89.0(1), C4-N1-N2 110.7(2),
N1-N2-C31 116.2(2). Torsion angles [8]: N2-N1-C4-P1 3.5(3), C4-N1-N2-
C31 ÿ168.8(2), C2-C1-C14-O2 165.4(3), C1-C2-C16-O4 107.7(3).


In contrast to betaines 10 a ± c, the analogous dipole 10 d
could be neither observed by spectroscopy as a photochemical
intermediate nor trapped chemically upon irradiation of 1 d in
excess DMAD. In all cases, phosphindole derivatives 3 and 4
were the only products detected.


Discussion


The central result of this study is the observation that
irradiation of the title compounds at l� 300 nm leads not to
extrusion of molecular nitrogen, but to a (5!4) ring
contraction caused by a 1,2(C!N) shift of the phosphorus
atom. This behavior contrasts with the smooth elimination of
N2 under thermal conditions[8] and is the more remarkable as
most D1-pyrazolines efficiently lose molecular nitrogen under
both thermal and photochemical conditions.[1] 5,5-Diphenyl-
2-diphenylmethylene-1,3,4-oxadiazoline (15), structurally
closely related to the title compounds, is a notable exception,
since it is cleaved photochemically into diphenylketene and
diphenyldiazomethane.[26] There is evidence that this is not
simply a [3�2] cycloreversion reaction,[27] but a stepwise
process that begins with a (5!3) ring contraction of 15 to
form aziridinone 16 (Scheme 7).[28] Sulfur and selenium


Scheme 7.


analogues of 15 are also known (i.e. 3-alkylidene-2,5-dihydro-
1,3,4-thiadiazoles[29] and -selenadiazoles[30]), but their photo-
chemistry seems not to have been reported. It is however
known that 2,2-di-tert-butyl-5-(2,2-dimethylpropylidene)-2,5-
dihydro-1,2,4-selenadiazole can be prepared by irradiation of
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a 1,2,3-selenadiazole in the presence of (di-tert-butyl)diazo-
methane, indicating a certain degree of photostability of the
pyrazoline product.[30]


In a series of detailed investigations, Quast and co-workers
have studied the thermal and photochemical behavior of D1-
pyrazolines with p bonds at the C-4 position of the ring but
lacking 3-(or 5-)alkylidene substitution. While N2 elimination
was the major pathway in most cases, some photochemical
side reactions were also observed, such as the cleavage of
3,3,5,5-tetramethyl-1-pyrazolin-4-one into acetone azine and
carbon monoxide,[31] and the photoreduction of the azo group
of 3,3,5,5-tetramethyl-4-methylene-1-pyrazoline[32] and 4-imi-
no-3,3,5,5-tetraalkyl-1-pyrazolines[33] in hydrogen-donating
solvents. Upon irradiation of 3,3,5,5-tetramethyl-1-pyrazo-
lin-4-one azine, cleavage of the NÿN bond of the azino group
is the major reaction.[34] The temperature dependence of the
efficiency of N2 elimination indicates a significant activation
barrier to photochemical N2 elimination in some cases,[1,31,33]


and other modes of deactivation of the photochemically
exited state[35] may become competitive due to this barrier. In
the case of 4-phosphapyrazolines 1, it should be noted that
products of the thermal decomposition mode by N2 elimi-
nation[8] were observed either not at all (1 c) or only in trace
amounts (1 a) even when the irradiation was performed at
60 8C (see the experiments designed to trap the azomethine-
imine dipoles, see Scheme 6). Quast et al. have pointed out
that a parallel between the barriers to photochemical and
thermal loss of molecular nitrogen may exist not only for the
so-called reluctant cyclic azoalkanes of the 2,3-diazabicy-
clo[2.2.2]oct-2-ene type, as suggested by Engel et al.,[36] but
also for 4-methylene-, 4-oxo-, and 4-imino-1-pyrazolines.[33,37]


In line with these suggestions, we observe that 5-alkylidene-4-
phosphapyrazolines 1 require a higher temperature for
thermal N2 extrusion than simple phosphapyrazolines lacking
the exocyclic double bond (see Introduction) as well as certain
bicyclic analogues of 1,[38] both of which lose N2 upon
irradiation but do not undergo skeletal rearrangement.


Our current results do not yet give insight into the driving
force or mechanistic details of the photochemically induced
(5!4) ring contraction 1!10. We hope that our ongoing
studies on the scope of this novel photorearrangement will
soon provide us with a clearer picture.


Conclusion


In this paper we have shown that 5-alkylidene-4,5-dihydro-
3H-1,2,4(l3)-diazaphospholes 1 undergo unusual photochem-
ical reactions. Instead of the expected elimination of molec-
ular nitrogen, rearrangement to amino(imidoyl)phosphanes 2
or 2-hydrazinobenzo[b]phosphole 4 takes place, depending on
whether the exocyclic double bond bears an alkyl or an aryl
substituent. The key step in these isomerization reactions is an
unprecedented 5!4 ring contraction of 1 to form the
semicyclic azomethineimine dipoles 10, which could be
observed by spectroscopy and trapped in the case of 10 a ± c.
While the novel photochemical rearrangement is remarkable
enough, the products resulting from the photochemical
isomerization of 1 are of interest in their own right: amino-


(imidoyl)phosphanes 2 are a new type of phosphane with an
unusual combination of various functional groups, and com-
pounds 10 and 12 are the first 1,2,3-diazaphosphetidines.
Finally, the effective synthesis of 2-hydrazinobenzo[b]phos-
phole 4 is notable in view of the emerging interest in
phosphole systems as ligands in catalytically active metal
complexes.[13, 14d, 39]


Experimental Section


Part of the experimental work was carried out at the University of
Kaiserslautern (B. Manz, Ph.D. thesis, Kaiserslautern, 1995); therefore, the
instrumentation used both at Kaiserslautern and at Ulm is described below.
1H, 13C, and 31P NMR spectra were recorded on Bruker AMX 400 and
AMX 500 spectrometers. All spectra were recorded from CDCl3 solutions
at 30 8C, unless stated otherwise. 1H and 13C chemical shifts are reported in
ppm relative to Me4Si as external standard. The 31P NMR spectra were
recorded by using 85 % H3PO4 as external standard. In the presentation of
the 13C NMR data, the indicated multiplicities refer to P,C couplings; the
value of the corresponding coupling constants is given without sign.
Assignments of 1H and 13C signals were based on 13C, 1H correlation
spectra and gradient-selected HMBC spectra when necessary. Infrared
spectra were recorded on Perkin-Elmer 1310, Perkin-Elmer FT-IR 16 PC,
and Perkin-Elmer FT-IR Spectrum 1000 instruments; peaks are given in
wavenumbers [cmÿ1]. Ultraviolet spectra were taken with a Varian Cary 17
spectrophotometer. Mass spectra were acquired with Finnigan MAT 90 and
Varian MAT 711 instruments. Elemental analyses were performed by using
Perkin-Elmer EA 2400 and Heraeus CHN-O-Rapid instruments. Melting
points are uncorrected. All experiments were carried out in rigorously
dried glassware under an atmosphere of dry argon. Solvents were dried
according to standard methods and stored under an argon atmosphere.
Photochemical reactions were performed by using a Philips HPK 125 high-
pressure mercury lamp and conventional Pyrex glassware. Liquid chroma-
tography was performed with silica gel (Macherey & Nagel, m� 0.063 ±
0.2 mm). The 5-alkylidene-4,5-dihydro-3H-1,2,4(l3)-diazaphospholes 1a ±
d were prepared as reported.[6]


1-[(tert-Butyldiphenylsilyl)imino]-3,3-dimethyl-1-[diphenylmethyleneami-
no-(2,4,6-trimethylphenyl)phosphino]-butan-2-one (2 a): A vigorously stir-
red solution of 1a (642 mg, 1.20 mmol) in diethyl ether (50 mL) was cooled
to 0 8C and irradiated for about 1 h; irradiation of a solution in pentane at
ÿ40 8C was also tested and gave the same results. The solution was allowed
to warm to room temperature, and the solvent was removed at 0.002 mbar.
The product was crystallized from pentane at ÿ78 8C, followed by
recrystallization from dichloromethane/acetonitrile (1:1) atÿ30 8C. Yellow
crystals of 2a were obtained; yield: 417 mg (65 %); m.p. 169 8C; 1H NMR
(400 MHz, 328 K): d� 0.80, 0.94 (both s, both 9 H; C(CH3)3), 2.12 (s, 3 H; p-
CH3), 2.22 (s, 6 H; o-CH3), 6.55 (s, 2 H; m-H at Mes), 7.08-7.13 (m, 8 H; Ph),
7.17 ± 7.25 (m, 6H; Ph), 7.30 ± 7.50 (m, 6H; Ph); 13C{1H} NMR (101 MHz,
328 K): d� 19.3 (s, SiCMe3), 20.9 (s, p-Me), 23.8[40] (at 298 K: 23.0 (br) and
24.5 (br); o-Me), 27.0 (d, 4J(P,C)� 2.5, CCMe3), 27.1 (s, SiCMe3), 41.7 (s,
CCMe3), 127.22 (at 298 K: 127.14 (s) and 127.21(s); m-C at SiÿPh), 127.8 (2
x), 127.9 (each s, Ph), 128.5 (m-C at Mes),[40] 129.1 (s, Ph), 132.1 (d,
1J(P,C)� 21.8 Hz, i-C at Mes), 134.3 (s, i-C of SiÿPh), 136.2 (at 298 K:
136.00 (s) and 136.15 (s); o-C of SiÿPh), 139.5 (d, 4J(P,C)� 1.4 Hz, p-C at
Mes), 139.9 (d, 3J(P,C)� 6.3 Hz, i-C at CÿPh), 143.8[40] (at 298 K: 143.0 (br)
and 144.7 (br); o-C at Mes), 170.2 (d, 2J(P,C)� 7.0 Hz, PÿN�C), 197.7 (d,
1J(P,C)� 21.4 Hz, PÿC� ), 212.7 (d, 2J(P,C)� 25.7 Hz, C�O); 31P{1H} NMR
(162 MHz): d� 45.7; IR (KBr): nÄ � 1670 cmÿ1 (C�O); C44H49N2OPSi
(680.94): calcd C 77.61, H 7.25, N 4.11; found C 77.3, H 7.3, N 4.0.


1-(1-Adamantyl)-2-[diphenylmethyleneamino-(2,4,6-trimethylphenyl)-
phosphino]-2-[(triisopropylsilyl)imino]-ethan-1-one (2 b): A solution of 1b
(690 mg, 1.02 mmol) in pentane (50 mL) was irradiated and worked up as
described above for 1a. Yellow crystals of 2 b were obtained; yield: 455 mg
(66 %); m.p. 137 8C; 1H NMR (400 MHz, 328 K): d� 0.89 ± 0.90 (s, 21H;
CH(CH3)2), 1.70 (br s, 6H; Ad), 2.00 (br s, 3 H; Ad), 2.06 (br s, 6 H; Ad),
2.09 (s, 3 H; p-CH3), 2.20 (s, 6 H; o-CH3), 6.51 (s, 2H; m-H at Mes), 7.15 ±
7.24 (m, 10H; Ph); 13C{1H} NMR (101 MHz, 328 K): d� 13.3 (s, SiCH), 18.5
(s; at 298 K: 18.37 (s) and 18.49 (s); SiCHMe2), 20.8 (s, p-Me), 23.5 (d,
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3J(P,C)� 14.5, o-Me), 28.4 (s, C-3, -5, -7-Ad), 36.8 (s, C-4, -6, -10-Ad), 38.9
(d, 4J(P,C)� 2.4, C-2, -8, -9-Ad), 44.2 (s, C-1-Ad), 127.8 (s, m-C at Ph), 127.9
(s, o-C at Ph), 128.4 (s; at 298 K: 128.4 (br); m-C at Mes), 129.0 (s, p-C at
Ph), 132.1 (d, 1J(P,C)� 24.7 Hz, i-C at Mes), 139.5 (d, 4J(P,C)� 1.2 Hz, p-C
at Mes), 140.2 (d, 3J(P,C)� 5.9 Hz, i-C at Ph), 144.0 (o-C at Mes),[40] 169.8
(d, 2J(P,C)� 5.5 Hz, P-N�C), 192.4 (d, 1J(P,C)� 23.6 Hz, PÿC�), 213.2 (d,
2J(P,C)� 28.0 Hz, C�O); 31P{1H} NMR (162 MHz): d� 44.8; IR (KBr): nÄ �
1635 cmÿ1 (C�O); C43H57N2OPSi (677.00): calcd C 76.29, H 8.49, N 4.14;
found C 76.5, H 8.3, N 4.1.


3,3-Dimethyl-1-[diphenylmethyleneamino-(2,4,6-trimethylphenyl)phos-
phino]-1-[(triisopropylsilyl)imino]-butan-2-one (2 c): A vigorously stirred
solution of 1 c (720 mg, 1.20 mmol) in diethyl ether (50 mL) was cooled to
0 8C (alternatively: pentane, ÿ40 8C) and irradiated for 2 h. The solution
was allowed to warm to room temperature, and concentrated at 0.002 mbar
to a volume of 2.5 mL. After the mixture had been left to stand for several
weeks at ÿ78 8C, 2 c (446 mg, 62 %) was obtained as a yellow micro-
crystalline solid, m.p. 58 8C; 1H NMR (400 MHz, 328 K): d� 0.89 (s, 3H;
CHCH3), 0.90 (s, 18 H; CH(CH3)2), 1.30 (s, 9 H; C(CH3)3), 2.09 (s, 3 H; p-
CH3), 2.20 (s, 6H; o-CH3), 6.52 (s, 2 H; m-H at Mes), 7.15 ± 7.24 (m, 10H;
Ph); 13C{1H} NMR (101 MHz, 328 K): d� 13.3 (d, 4J(P,C)� 1.6 Hz, SiCH),
18.5 (s, SiCHMe2), 20.8 (s, p-Me), 23.5 (d, 3J(P,C)� 14.2 Hz, o-Me), 27.7 (d,
4J(P,C)� 2.4 Hz, CMe3), 41.7 (s, CMe3), 127.8 (s, m-C at Ph), 127.9 (s, o-C at
Ph), 128.4 (d, 3J(P,C)� 4.4 Hz, m-C at Mes), 129.1 (s, p-C at Ph), 131.9 (d,
1J(P,C)� 23.8 Hz, i-C at Mes), 139.6 (d, 4J(P,C)� 1.7 Hz, p-C at Mes), 140.2
(d, 3J(P,C)� 5.9 Hz, i-C at Ph), 143.9 (o-C at Mes),[40] 170.1 (d, 2J(P,C)�
6.2 Hz, PÿN�C), 192.3 (d, 1J(P,C)� 25.3 Hz, PÿC�), 213.9 (d, 2J(P,C)�
28.5 Hz, C�O); 31P{1H} NMR (162.0 MHz): d� 44.8; IR (KBr): nÄ �
1660 cmÿ1 (C�O); C37H51N2OPSi (598.88): calcd C 74.21, H 8.58, N 4.68;
found C 74.3, H 8.5, N 4.5.


[(1a,7aa)-2,7 a-Dihydro-6-methoxy-2-[(diphenylmethylene)hydrazono]-
3-[(triisopropylsilyl)oxy]-1-(2,4,6-trimethylphenyl)-1H-phosphindole (3):
A vigorously stirred solution of 1d (640 mg, 0.99 mmol) in pentane
(75 mL) was cooled to ÿ40 8C and irradiated for 3 h. The residue obtained
after removal of solvent at ÿ40 8C/0.002 mbar consisted nearly exclusively
of 3. The compound can be stored at ÿ40 8C in the dark. 1H NMR
(400 MHz, 233 K): d� 0.77 (m, 3H; SiCH), 0.86 (pseudo-t, 3J(H,H)�
7.5 Hz, 18H; CH(CH3)2), 1.95, 2.23, 2.92 (each s, 3 H; CH3), 3.54 (s, 3H;
OCH3), 4.37 ± 4.39 (m, 1 H; H-7a), 5.05 ± 5.07 (m, 1H; H-7), 5.89 (dt,
3J(H,H)� 9.8 Hz, J� 2.1 Hz, 1H; H-4), 6.79 (s, 1 H; m-H at Mes), 6.84 (d,
3J(H,H)� 9.8 Hz, 1 H; H-5), 6.96 ± 6.98 (m, 2H; Ph), 7.02 (d, 4J(P,H)�
4.4 Hz, m-H at Mes), 7.05 ± 7.12 (m, 4 H; Ph), 7.23 ± 7.26 (m, 1H; Ph),
7.36 ± 7.42 (m, 3 H; Ph); 13C{1H} NMR (101 MHz, 233 K): d� 13.5 (s, SiCH),
18.1 (s, SiCHMe2), 21.1, 21.4 (both s, Me� o-Me), 24.5 (d, 3J(P,C)� 33.2 Hz,
o-Me), 40.5 (s, C-7a), 54.5 (s, OMe), 98.3 (d, 2J(P,C)� 18.0 Hz, C-7), 124.0,
124.5, 127.5, 127.7, 127.76, 127.83 (each s), 128.6 (d, 1J(P,C)� 30.1 Hz, i-C at
Mes), 128.7, 129.5, 129.6, 134.8, 137.1, 137.4 (each s), 139.9 (s, p-C at Mes),
142.9 (d, 2J(P,C)� 5.6 Hz, o-C at Mes), 144.0 (d, 2J(P,C)� 36.9 Hz, o-C at
Mes), 146.3 (d, 2J(P,C)� 22.7 Hz, C-3), 153.0 (d, 3J(P,C)� 11.6 Hz, C-6),
163.2 (s, C�N), 176.7 (d, 1J(P,C)� 26.1 Hz, C-2); 31P{1H} NMR (162 MHz,
233 K): d�ÿ23.1.


2-[(Diphenylmethylene)hydrazino]-6-methoxy-3-[(triisopropylsilyl)oxy]-
1-(2,4,6-trimethylphenyl)-1H-phosphindole (4): A solution of 1d (799 mg,
1.23 mmol) in pentane (75 mL) was irradiated at ÿ40 8C for 3 h. The
solution was allowed to warm to room temperature, left for 24 h, and
concentrated. Crystallization atÿ78 8C and recrystallization from dichloro-
methane/acetonitrile (1:1) at ÿ30 8C furnished 4 as yellow crystals; yield
599 mg (75 %); m.p. 144 8C; 1H NMR (400 MHz): d� 0.88 (sept, 3J(H,H)�
6.7 Hz, 3 H; SiCH), 0.94 (d, 3J(H,H)� 6.7 Hz, 9H; CHCH3), 0.97 (d,
3J(H,H)� 6.7 Hz, 9H; CHCH3), 1.73, 2.31 (both s, 3H; CH3), 2.97 (d,
4J(P,H)� 1.3 Hz, 3H; o-CH3), 3.74 (s, 3H; OCH3), 6.74 (s, 1 H), 6.82 (ddd,
3J(H,H)� 8.4, 4J(H,H)� 2.4, 5J(P,H)� 1.0 Hz, 1 H; H-5), 6.86 ± 6.88 (m, 2
H), 6.91 (dd, 3J(P,H)� 5.1 Hz, 4J(H,H)� 2.4 Hz, 1H; H-7), 7.05 ± 7.15 (m, 4
H), 7.18 (dd, 3J(H,H)� 8.4 Hz, 4J(P,H)� 1.6 Hz, 1H; H-4), 7.24 ± 7.26 (m,
2H; Ph), 7.46 ± 7.55 (m, 4 H); 13C{1H} NMR (101 MHz): d� 13.7 (s, SiCH),
17.8 (s, SiCHMe2), 19.4, 21.1 (both s, Me), 24.6 (d, 3J(P,C)� 34.4 Hz, o-Me),
55.4 (s, OMe), 113.3 (d, 2J(P,C)� 20.7 Hz, C-7), 113.5 (s, C-5), 118.8, 126.0
(both s), 126.7 (d, 1J(P,C)� 19.3 Hz, i-C at Mes), 127.2, 127.6 (both s), 128.8
(d, J(P,C)� 6.9 Hz), 128.9, 129.1, 129.6 (each s), 129.7 (s, m-C at Mes), 129.8
(d, 3J(P,C)� 5.6 Hz, m-C at Mes), 131.1 (d, J(P,C)� 16.8 Hz), 133.0 (s),
135.1 (d, J(P,C)� 5.4 Hz), 136.2 (s), 138.3 (s), 139.7 (s, p-C at Mes), 142.6
(s), 145.4 (d, 2J(P,C)� 5.8 Hz, o-C at Mes), 146.7 (d, 2J(P,C)� 39.1 Hz, o-C


at Mes), 156.5 (d, 3J(P,C)� 9.2 Hz, C-6); 31P{1H} NMR (162 MHz): d�
ÿ32.8; IR (KBr): nÄ � 3290 cmÿ1 (NÿH), 1585; C40H49N2O2PSi (648.90):
calcd C 74.04, H 7.61, N 4.32; found C 73.7, H 7.5, N 4.3.


1-[(Diphenylmethylene)amino]-(2,4,6-trimethylphenyl)phosphino]-2,2-di-
methyl-propan-1-one (5): A vigorously stirred solution of 1c (961 mg,
1.60 mmol) in pentane (75 mL) was cooled toÿ40 8C and irradiated for 2 h.
The solvent was removed at 20 8C/0.005 mbar, and the crude product was
heated in a Kugelrohr distillation unit at 240 8C for 10 min. An orange-
colored oil distilled over, from which colorless triisopropylsilyl cyanide (7)
was removed by repeated bulb-to-bulb distillation at 50 8C/0.005 mbar. The
residue was crystallized from pentane atÿ78 8C; yield: 466 mg (70 %); m.p.
88 8C; 1H NMR (400 MHz, 328 K): d� 1.12 (d, 4J(P,H)� 0.8 Hz, 9H;
C(CH3)3), 2.17 (s, 3H; p-CH3), 2.22 (s, 6 H; o-CH3), 6.65 (d, 4J(P,H)�
2.3 Hz, 2 H; m-H at Mes), 7.19-7.29 (m, 6H; Ph), 7.32 ± 7.35 (m, 4H; Ph);
13C{1H} NMR (101 MHz, 328 K): d� 20.8 (s, p-Me), 22.7 (d, 3J(P,C)�
14.7 Hz, o-Me), 27.1 (d, 3J(P,C)� 4.3 Hz, CMe3), 48.1 (d, 2J(P,C)�
31.5 Hz, CMe3), 127.7 (d, 4J(P,C)� 1.6 Hz, o-C at Ph), 127.8 (s, m-C at
Ph), 128.9 (d, 3J(P,C)� 5.0 Hz, m-C at Mes), 129.1 (s, p-C at Ph), 130.7 (d,
1J(P,C)� 17.1 Hz, i-C at Mes), 139.9 (d, 4J(P,C)� 1.4 Hz, p-C at Mes), 140.2
(d, 3J(P,C)� 7.2 Hz, i-C at Ph), 143.7 (d, 2J(P,C)� 15.9 Hz, o-C at Mes),
171.9 (d, 2J(P,C)� 7.8 Hz, N�C), 227.5 (d, 1J(P,C)� 49.8 Hz, C�O); 31P{1H}
NMR (162 MHz): d� 41.2; IR (KBr): nÄ � 1630 cmÿ1 (C�O), 1575, 1545,
1430, 1272; MS (EI, 70 eV): m/z (%): 415 (1) [M�], 330 (100) [M�ÿ tBu-
CO], 210 (10), 165 (4), 149 (31), 57 (7); C27H30NOP (415.51): calcd C 78.05,
H 7.28, N 3.37; found C 78.0, H 7.3, N 3.5.


2-[(Diphenylmethylene)hydrazono]-6-methoxy-1-(2,4,6-trimethylphenyl)-
2,3-dihydro-1H-phosphindol-3-one (9): A vigorously stirred solution of 1b
(762 mg, 1.17 mmol) in pentane (60 mL) was cooled to ÿ40 8C and
irradiated for 3 h. 4-Phenyl-1,2,4-triazoline-3,5-dione (8)[41] (205 mg,
1.17 mmol) in dichloromethane (15 mL) was then added dropwise to the
cold solution. After 20 min at ÿ40 8C, the mixture was brought to room
temperature over the course of 1.5 h, and the solvent was removed at 20 8C/
0.002 mbar. Medium-pressure column chromatography (Merck Lobar
column) with ether/petroleum ether (4:1) as eluent yielded 4 (250 mg,
33%) as the first component and 9 (190 mg) as the second. Compound 9
was purified further by crystallization from dichloromethane at ÿ78 8C,
yielding 160 mg (28 %) of yellow powder; m.p. 144 8C; 1H NMR (400 MHz,
330 K): d� 2.13 (6H; o-CH3)[40] 2.18 (s, 3H; p-CH3), 3.80 (s, 3 H; OCH3),
6.69 (d, 4J(P,H)� 2.3 Hz, 2H; m-H at Mes), 6.83 (dd, 3J(P,H)� 5.6 Hz,
4J(H,H)� 2.4 Hz, 1 H; H-7), 6.90 (ddd, 3J(H,H)� 8.6 Hz, 4J(H,H)� 2.4 Hz,
5J(P,H)� 1.6 Hz, 1H; H-5), 6.98 (d, 3J(H,H)� 7.1 Hz, 2 H; Ph), 7.23 ± 7.36
(m, 8 H; Ph), 7.93 (dd, 3J(H,H)� 8.6 Hz, 4J(P,H)� 2.0 Hz, 1 H; H-4);
13C{1H} NMR (101 MHz, 330 K): d� 20.8 (s, p-Me), 22.8 (o-Me),[40] 55.6 (s,
OMe), 113.9 (d, 2J(P,C)� 21.1 Hz, C-7), 115.8 (s, C-5), 125.0 (d, 1J(P,C)�
24.1 Hz, i-C at Mes), 127.7, 127.8, 128.5, 129.0, 129.19, 129.23 (all s), 129.7 (d,
3J(P,C)� 4.2 Hz, m-C at Mes), 130.2 (s), 132.6 (d, J(P,C)� 4.1 Hz), 134.1,
137.1 (both s), 140.6 (d, 4J(P,C)� 1.2 Hz, p-C at Mes), 145.3 (o-C at Mes),[40]


149.7 (d, J(P,C)� 8.7 Hz), 159.8 (d, J(P,C)� 2.3 Hz), 165.50 (d, 1J(P,C)�
30.7 Hz, C-2), 165.54 (d, J(P,C)� 7.1 Hz), 186.5 (d, 2J(P,C)� 9.5 Hz, C-3).
31P{1H} NMR (162 MHz): d�ÿ48.6; IR (KBr): nÄ � 1665 cmÿ1 (C�O), 1570,
1245; MS (EI, 70 eV): m/z (%): 490 (39) [M�], 475 (17) [M�ÿCH3], 371
(100) [M�ÿMes], 283 (22) [M�ÿH/Ph2C�NÿN�C], 269 (11), 267 (20), 180
(12), 77 (8); C31H27N2O2P (490.54): calcd C 75.90, H 5.55, N 5.71; found C
75.8, H 5.7, N 5.7.


Observation of betaines 10 a ± c : General procedure : The betaines were
generated photochemically from 1a ± c (0.80 mmol) under the same
reaction conditions as described for the synthesis of 2a ± c, but irradiation
was stopped after 6 ± 7 min. The solution was allowed to warm to room
temperature, and the solvent was removed in vacuo (0.003 mbar). The dark
red oil was identified as a mixture of 1, 2, and 10. The latter compounds did
not survive attempts to isolate them by column chromatography.


4-{(E)-1-[(tert-Butyldiphenylsilyl)oxy]-2,2-dimethylpropylidene}-2-diphe-
nylmethylene-3-(2,4,6-trimethylphenyl)-1,2,3-diazaphosphetidin-2-ium-1-
ylide (10 a): Obtained as a mixture of 1 a/2a/10 a in 2.2:1.9:1 ratio (31P
NMR). Spectral data of 10 a : see Table 1.


4-{(E)-(1-Adamantyl)-[(triisopropylsilyl)oxy]methylene}-2-diphenyl-
methylene-3-(2,4,6-trimethylphenyl)-1,2,3-diazaphosphetidin-2-ium-1-yli-
de (10 b): Obtained as a mixture of 1b/2b/10 b in 1:1:3 ratio (31P NMR).
Spectral data of 10 b : 13C{1H} NMR (101 MHz): d� 15.0 (s, SiCH), 18.6 (s,
SiCHMe2), 19.0, 21.1 (both s, Me), 22.1 (d, 3J(P,C)� 32.4 Hz, o-Me), 28.4 (s,
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C-3, -5, -7-Ad), 36.8 (s, C-4, -6, -10-Ad), 39.6 (d, 3J(P,C)� 0.6 Hz, C-1-Ad),
40.3 (d, 4J(P,C)� 6.8 Hz; C-2, -8, -9-Ad), 121.4 (d, 1J(P,C)� 12.0 Hz, PC� ),
125.0 (s, Ph), 126.0 (d, 1J(P,C)� 45.9 Hz, i-C at Mes), 126.3, 127.7, 128.0,
128.2, 129.1, 130.3, 131.0, 133.9 (all s), 134.7 (d, 3J(P,C)� 2.8 Hz, i-C at Ph),
139.4 (s, p-C at Mes), 142.1 (d, 2J(P,C)� 17.2 Hz, �COSi), 142.4 (s, o-C at
Mes), 145.4 (d, 2J(P,C)� 38.4 Hz, o-C at Mes), 145.6 (d, 2J(P,C)� 1.5 Hz,
CPh2) (due to signal overlap in this spectrum, coupling constants of the
latter two signals were taken from a 50 MHz spectrum); 31P{1H} NMR
(162 MHz): d� 161.6.


4-{(E)-[2,2-Dimethyl-1-[(triisopropylsilyl)oxy]propylidene]-2-diphenyl-
methylene-3-(2,4,6-trimethylphenyl)-1,2,3-diazaphosphetidin-2-ium-1-yli-
de (10c): Obtained as a mixture of 1c/2 c/10c in 15:5:4 ratio (31P NMR).
The following 13C{1H}NMR (101 MHz, C6D6) signals were assigned to 10c :
d� 15.6 (s, SiCH), 18.8, 18.9 (both s, SiCHMe), 19.3, 21.2 (both s, Me), 22.5
(d, 3J(P,C)� 33.2 Hz, o-Me), 28.8 (d, 4J(P,C)� 6.3 Hz, CMe3), 38.0 (s,
CMe3), 121.9 (d, 1J(P,C)� 12.0 Hz, PC� ), 126.4 (d, 1J(P,C)� 47.1 Hz, i-C at
Mes), 134.4 (s, i-C at Ph), 135.2 (i-C at Ph), 139.6 (s, p-C at Mes), 141.7 (d,
2J(P,C)� 17.1 Hz,�COSi), 142.9 (s, o-C at Mes), 146.0 (d, 2J(P,C)� 38.6 Hz,
o-C at Mes), 146.1 (s, CPh2); 31P{1H} NMR (162 MHz, C6D6): d� 161.9 (s).


Dimethyl 2-{(E)-1-[(tert-butyldiphenylsilyl)oxy]-2,2-dimethylpropyli-
dene}-6,6-diphenyl-1-(2,4,6-trimethylphenyl)-1,2-dihydro-6H-[1,2,3]diaza-
phospheto[1,2-a]pyrazole-4,5-dicarboxylate (12a) and dimethyl 3-tert-
butyl-3-[(tert-butyldiphenylsilyl)oxy]-2-[(diphenylmethylene)hydrazono]-
1-(2,4,6-trimethylphenyl)-2,3-dihydro-1H-phosphole-4,5-dicarboxylate
(13a): A suspension of 1a (1.09 g, 1.60 mmol) in dimethyl acetylenedicar-
boxylate (DMAD) (5.31 g, 37.36 mmol), heated in a water bath at 60 8C,
was irradiated for 8 h with an externally placed water-cooled high-pressure
mercury lamp. Excess DMAD was removed by bulb-to-bulb distillation
(60 8C/0.005 mbar), and the residue was passed through a silica gel column
(13� 1 cm) with diethyl ether/petroleum ether (1:1) as eluent. The yellow-
brown fraction was collected and concentrated to 10 mL. Yellow crystals of
12a were obtained upon cooling to ÿ30 8C. The mother liquor was
subjected to column chromatography (silica gel, column 52� 2 cm, diethyl
ether/petroleum ether (1:4) as eluent), which furnished first 13a and then
another crop of 12 a. Compound 13 a was purified by repeated crystal-
lization from pentane at ÿ78 8C and obtained as a yellow solid. 12a :
Combined yield: 697 mg (53 %); m.p. 208 8C; 1H NMR (500 MHz): d�
0.54, 1.19 (both s, 9H; C(CH3)3), 1.78 (d, 4J(P,H)� 2.9 Hz, 3 H; o-CH3),
2.16, 2.97 (both s, 3H; CH3), 3.66, 3.86 (both s, 3 H; OCH3), 6.52 (d,
4J(P,H)� 4.8 Hz, 1H; m-H at Mes), 6.74 (s, 1 H; m-H at Mes), 6.97 (d, 2H;
Ph), 7.12 (t, 2 H; Ph), 7.16 ± 7.27 (m, 4 H; Ph), 7.35 ± 7.45 (m, 6H; Ph), 7.64 (d,
2H; Ph), 7.79 (d, 2 H; Ph), 7.87 (d, 2 H; at Ph); 13C{1H} NMR (126 MHz):
d� 20.3 (s, SiCMe3), 21.1 (s, Me), 22.2 (d, 3J(P,C)� 34.3 Hz, o-Me), 22.8 (s,
Me), 27.7 (s, SiCMe3), 28.9 (d, 4J(P,C)� 4.8 Hz, CCMe3), 36.5 (s, �CCMe3),
51.4, 52.7 (both s, OMe), 78.2 (d, 2J(P,C)� 13.8 Hz, CPh2), 111.9 (s), 125.4
(d, 1J(P,C)� 3.8 Hz, PC� ), 126.7, 127.3, 127.5, 127.6 (all s), 128.2 (d,
1J(P,C)� 45.3 Hz, i-C at Mes), 128.4 (s), 128.8 (d, 3J(P,C)� 6.2 Hz, m-C at
Mes), 129.6, 129.9 (both s), 130.2 (d, J(P,C)� 1.9 Hz, Ph), 130.3, 134.19,
134.23, 136.3 (all s, Ph), 136.5 (d, 3J(P,C)� 9.5 Hz, i-C at Ph), 136.8 (s, Ph),
141.7 (s, p-C at Mes), 145.8 (d, 2J(P,C)� 41.0 Hz, o-C at Mes), 146.1, 146.3
(both s, i-C at Ph and o-C at Mes), 151.2 (d, 2J(P,C)� 8.6 Hz,�CO), 154.5 (s,
NÿC�), 162.2, 163.7 (both s, C�O); 31P{1H} NMR (203 MHz): d� 116.0; IR
(KBr): nÄ � 1748 cmÿ1 (CO), 1705 (C�O), 1650, 1602, 1306, 1274;
C50H55N2O5PSi (823.05): calcd C 72.97, H 6.74, N 3.40; found C 73.2, H
6.7, N 3.3. 13a : Yield: 232 mg (18 %); mixture of two diastereomers (7:2
ratio by 1H NMR integration); m.p. 79 ± 90 8C; 1H NMR (500 MHz): Major
isomer: d� 0.66 (s, 9H; C(CH3)3), 0.86 (s, 9H; SiC(CH3)3), 1.93 (s, 3H; o-
CH3 at Mes), 2.22 (s, 3 H; p-CH3 at Mes), 2.40 (s, 3 H; o-CH3 at Mes), 3.37 (s,
3H; OCH3), 3.50 (s, 3 H; OCH3), 6.58 ± 6.59 (d, 2 H; Ph), 6.70-6.71 (m, 2H;
m-H at Mes), 6.91 ± 6.94 (m, 3H; Ph), 7.12 ± 7.30 (m, 11H; Ph), 7.64 ± 7.66 (d,
2H; o-H at SiPh), 7.72 ± 7.74 (d, 2 H; o-H at SiPh); minor isomer: d� 1.95,
2.11 (each s, CH3), 3.28 (s, OCH3), 3.72 (s, OCH3), remaining signals
overlap with those of major isomer; 13C{1H} NMR of major isomer
(125.8 MHz): d� 20.9 (s, SiC(CH3)3), 21.1(s, p-CH3 at Mes), 23.4 (s, o-CH3


at Mes), 23.9 (d, 3J(P,C)� 35.2 Hz, o-CH3 at Mes), 26.1 (d, 4J(P,C)� 5.2 Hz,
C(CH3)3), 27.9 (s, SiC(CH3)3), 42.3 (s, C(CH3)3), 51.7 (s, OCH3), 52.2 (s,
OCH3), 93.6 (d, 2J(P,C)� 3.1 Hz, C-3), 122.3 (d, 1J(P,C)� 26.4 Hz, i-C at
Mes), 126.4, 126.6, 127.5, 128.1, 128.3 128.4, 128.5, 128.7, 129.2, 129.7 (all s),
135.7 (2 s), 136.3, 136.9, 137.0, 137.2 (all s), 140.3 (p-C at Mes), 144.0 (d,
1J(P,C)� 11.9 Hz, C-5), 145.1 (d, 2J(P,C)� 5.2 Hz, o-C at Mes), 145.4 (d,
2J(P,C)� 12.8 Hz, C-4), 146.0 (d, 2J(P,C)� 40.8 Hz, o-C at Mes), 159.5 (d,


4J(P,C)� 2.4 Hz, Ph2C�N), 165.3 (s, C�O), 165.6 (d, 2J(P,C)� 15.0 Hz,
C�O), 174.9 (d, 1J(P,C)� 42.9 Hz, C-2); 31P{1H} NMR (203 MHz): d�
ÿ22.14 / ÿ22.07 (major/minor isomer); IR (KBr): nÄ � 1736 cmÿ1 (C�O),
1598, 1429, 1246; C50H55N2O5PSi (823.05): calcd C 72.97, H 6.74, N 3.40;
found C 73.0, H 6.7, N 3.1.


Dimethyl 2-{(E)-(1-adamantyl)-[(triisopropylsilyl)oxy]methylene}-6,6-di-
phenyl-1-(2,4,6-trimethylphenyl)-1,2-dihydro-6H-[1,2,3]diazaphosphe-
to[1,2-a]pyrazole-4,5-dicarboxylate (12 b): The synthesis and work-up of
12b from 1b (1.13 g, 1.66 mmol) and DMAD (5.41 g, 38.06 mmol) was
analogous to the procedure described above for 12 a, but crystallization was
achieved from dichloromethane/acetonitrile (1:1) atÿ30 8C. After removal
of the solvent, the yellow crystals were washed with cold acetonitrile
(ÿ30 8C) and dried at 80 8C/0.005 mbar. At this stage, the crystals contained
0.5 equivalents of dichloromethane, which could be removed by dissolving
the crystals in pentane, evaporating the solvent, and drying the crystals at
80 8C/0.005 mbar; yield 983 mg (72 %); m.p. 199 8C; 1H NMR (500 MHz):
d� 1.25 (d, 3J(H,H)� 7.5 Hz, 9 H; CHCH3), 1.30 (d, 3J(H,H)� 7.5 Hz, 9H;
CHCH3), 1.42 ± 1.51 (m, 6 H; SiCH and Ad), 1.58 ± 1.67 (m, 9H; Ad), 1.85
(br, s, 3H; Ad), 1.88 (d, 4J(P,H)� 2.9 Hz, 3 H; o-CH3), 2.22, 3.12 (both s,
3H; CH3), 3.68, 3.95 (both s, 3H; OCH3), 6.59 (d, 4J(P,H)� 4.5 Hz, 1H; m-
H at Mes), 6.81 (s, 1 H; m-H at Mes), 7.00 (d, 2H; Ph), 7.13 (t, 2H; Ph), 7.20
(d, 1 H; Ph), 7.23 (d, 1H; Ph), 7.27 (t, 2 H; Ph), 7.70 (d, 2 H; Ph); 13C{1H}
NMR (126 MHz): d� 14.3 (s, SiCH), 18.7, 19.0 (both s, SiCHMe), 21.1 (s,
Me), 22.0 (d, 3J(P,C)� 34.3 Hz, o-Me), 22.9 (s, Me), 28.2 (s; C-3, -5, -7-Ad),
36.4 (s; C-4, -6, -10-Ad), 39.3 (d, 3J(P,C)� 3.1 Hz, C-1-Ad), 39.8 (d,
4J(P,C)� 7.0 Hz; C-2, -8, -9-Ad), 51.2, 52.8 (both s, OMe), 78.1 (d, 2J(P,C)�
14.2 Hz, CPh2), 111.2 (s), 123.5 (d, 1J(P,C)� 5.7 Hz, PC�), 126.5, 127.2,
127.3, 127.5, 128.3 (all s), 128.7 (d, 3J(P,C)� 7.2 Hz, m-C at Mes), 129.1 (d,
1J(P,C)� 46.4 Hz, i-C at Mes), 130.18, 130.21 (both s), 136.6 (d, 3J(P,C)�
9.5 Hz, i-C at Ph), 141.4 (s, p-C at Mes), 145.55 (d, 2J(P,C)� 40.4 Hz, o-C at
Mes), 145.56 (d, J(P,C)� 2.4 Hz, i-C at Ph or o-C at Mes), 145.9 (d, J(P,C)�
2.9 Hz, i-C at Ph or o-C at Mes), 151.4 (d, 2J(P,C)� 9.1 Hz,�CO), 154.9 (s,
N-C�), 162.2, 163.6 (both s, C�O); 31P{1H} NMR (203 MHz): d� 115.0; IR
(KBr): nÄ � 1730 cmÿ1 (C�O), 1692 (C�O), 1582, 1435, 1420, 1302, 1265,
1210; C49H63N2O5PSi (819.57): calcd C 71.85, H 7.75, N 3.42; found C 71.9, H
8.0, N 3.3.


Dimethyl 2-{(E)-1-[(triisopropylsilyl)oxy]-2,2-dimethylpropylidene}-6,6-
diphenyl-1-(2,4,6-trimethylphenyl)-1,2-dihydro-6H-[1,2,3]diazaphosphe-
to[1,2-a]pyrazole-4,5-dicarboxylate (12c) and dimethyl 3-tert-butyl-3-
[(triisopropylsilyl)oxy]-2-[(diphenylmethylene)hydrazono]-1-(2,4,6-trime-
thylphenyl)-2,3-dihydro-1H-phosphole-4,5-dicarboxylate (13 c): Com-
pounds 12 c and 13 c were prepared from 1 c (921 mg, 1.54 mmol) and
DMAD (5.55 g, 39.01 mmol) as described above for 12a/13 a. Compound
12c (only 1 diastereomer): Combined yield: 517 mg (45 %); m. p. 183 8C;
1H NMR (500 MHz): d� 0.92 (s, 9 H; C(CH3)3), 1.20 (d, 3J� 7.4 Hz, 9H;
CHCH3), 1.24 (d, 3J� 7.4 Hz, 9H; CHCH3), 1.41 (sept, 3J� 7.4 Hz, 3H;
CHCH3), 1.79 (d, 4J(P,H)� 2.2 Hz, 3H; o-CH3 at Mes), 2.17 (s, 3H; p-CH3


at Mes), 3.07 (s, 3H; o-CH3 at Mes), 3.63 (s, 3H; OCH3), 3.89 (s, 3H;
OCH3), 6.54 (d, 4J(P,H)� 4.4 Hz, 1H; m-H at Mes), 6.76 (s, 1 H; m-H at
Mes), 6.94 (mc, 2H; o-H at Ph-1), 7.08 (mc, 2H; m-H at Ph-1), 7.14 ± 7.18 (m,
2H; p-H), 7.21 ± 7.24 (m, 2 H; m-H at Ph-2), 7.64 (mc, 2H; o-H at Ph-2);
13C{1H} NMR (126 MHz): d� 31P{1H} NMR (203 MHz): d� 14.3 (s, SiCH),
18.6 and 18.9 (both s, SiCHCH3), 21.1 (s, p-CH3 at Mes), 22.1 (d, 3J(P,C)�
35.0 Hz, o-CH3 at Mes), 22.8 (s, o-CH3 at Mes), 28.7 (d, 4J(P,C)� 6.7 Hz,
C(CH3)3), 37.2 (s, C(CH3)3), 51.2 and 52.8 (both s, OCH3), 78.1 (d, 2J(P,C)�
14.1 Hz, CPh2), 111.4 (s), 123.3 (d, 1J(P,C)� 6.6 Hz, PC�), 126.6 (s, p-C, Ph-
2), 127.2 (s, m-C, Ph-2), 127.4 (s, m-C, Ph-1), 127.5 (s, p-C, Ph-1), 128.3 (s, o-
C, Ph-2), 128.8 (d, 3J(P,C)� 7.1 Hz, m-C at Mes), 129.0 (d, 1J(P,C)� 47.4 Hz,
i-C at Mes), 130.2 (s, m-C at Mes), 130.3 (s, o-C, Ph-1), 136.6 (d, 3J(P,C)�
9.6 Hz, i-C at Ph-1), 141.6 (s, p-C at Mes), 145.8 (d, 2J(P,C)� 41.0 Hz, o-C at
Mes), 145.9 (d, 2J(P,C)� 3.3 Hz, o-C at Mes), 151.2 (d, 2J(P,C)� 9.3 Hz,
�COSi), 154.9 (s), 162.2 (s, C�O), 163.6 (s, C�O); 31P{1H} NMR
(203 MHz): d� 115.7; IR (KBr): nÄ � 1753 cmÿ1 (C�O), 1711 (C�O), 1600,
1274, 1172; C43H57N2O5PSi (740.99): calcd C 69.70, H 7.75, N 3.78; found C
69.71, H 7.98, N 3.81. 13 c : 238 mg (21 %), yellow oil; 1H NMR (500 MHz):
d� 0.94 (s, 9H; C(CH3)3), 0.98 (d, 3J� 7.4 Hz, 9H; CHCH3), 0.99 (d, 3J�
7.4 Hz, 9 H; CHCH3), 1.10 (sept, 3J� 7.4 Hz, 3H; CHCH3), 2.33 and 2.34
(both s, both 3H; o-CH3 at Mes and p-CH3 at Mes), 2.55 (s, 3 H; o-CH3 at
Mes), 3.56 (s, 3 H; OCH3), 3.72 (s, 3H; OCH3), 6.70 (d, 1 H; Ph), 6.71 (d,
1H; Ph), 6.86 ± 6.88 (m, 2 H; m-H at Mes), 7.00 ± 7.04 (m, 2 H; Ph), 7.16 ± 7.18
(m, 2 H; Ph), 7.22 ± 7.24 (m, 1H; Ph), 7.36 ± 7.37 (m, 3H; Ph); 13C{1H} NMR
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(126 MHz): d� 14.5 (s, SiCH), 18.9 and 19.0 (both s, SiCHCH3), 21.0 and
23.7 (both s, CH3 at Mes), 23.9 (d, 3J(P,C)� 35.7 Hz, o-CH3 at Mes), 26.4 (s,
C(CH3)3), 42.8 (s, C(CH3)3), 51.8 and 52.0 (both s, OCH3), 92.8 (d, 2J(P,C)�
3.9 Hz, Cÿ3), 123.7 (d, 1J(P,C)� 27.4 Hz, i-C at Mes), 127.5, 127.9, 128.5,
128.6, 128.7 (all s), 129.1 (d, 3J(P,C)� 16.6 Hz, m-C at Mes), 129.2, 129.9
135.9, 137.1 (all s), 140.0 (s, p-C at Mes), 142.8 (d, J(P,C)� 11.2 Hz), 144.0
(d, 2J(P,C)� 5.4 Hz, o-C at Mes), 146.1 (d, 2J(P,C)� 40.9 Hz, o-C at Mes),
146.2 (d, 2J(P,C)� 11.5 Hz), 162.3 (s, Ph2C�N), 165.3 (d, 2J(P,C)� 14.9 Hz,
C�O), 165.7 (s, C�O), 179.6 (d, 1J(P,C)� 46.6 Hz, C-2); 31P{1H} NMR
(203 MHz): d�ÿ22.1; IR (KBr): nÄ � 1725 cmÿ1 (C�O), 1599, 1434, 1241,
1167; C43H57N2O5PSi (740.99): calcd C 69.70, H 7.75, N 3.78; found C 69.11,
H 8.10, N 3.74.


Dimethyl 1a,3a-3-tert-butyl-3-[(triisopropylsilyl)oxy]-2-[(diphenylmethy-
lene)hydrazono]-1-oxo-1-(2,4,6-trimethylphenyl)-2,3-dihydro-1H-phosp-
hole-4,5-dicarboxylate (14): A solution of 13c (300 mg, 0.41 mmol) and
bis(trimethylsilyl)peroxide (278 mg, 1.56 mmol) was stirred for three days.
After evaporation of solvent in vacuo, 14 was obtained as a yellow solid by
crystallization of the residue from ether (ÿ30 8C); yield: 251 mg (82 %);
m.p. 129 8C; 1H NMR (500 MHz): d� 0.88 (d, 3J� 7.1 Hz, 9H; CHCH3),
0.93 (d, 3J� 7.0 Hz, 9H; CHCH3), 0.98 (sept, 3J� 6.8 Hz, 3 H; CHCH3),
1.13 (s, 9H; C(CH3)3), 2.29 (s, 3 H; o-CH3 at Mes), 2.39 (s, 3H; p-CH3 at
Mes), 2.57 (s, 3H; o-CH3 at Mes), 3.60 (s, 3H; OCH3), 3.83 (s, 3 H; OCH3),
6.77 ± 6.79 (m, 2 H; Ph), 6.89 ± 6.91 (m, 2 H; m-H at Mes), 7.06 ± 7.09 (m, 2H;
Ph), 7.24 ± 7.26 (m, 2H; Ph), 7.30 ± 7.40 (m, 4 H; Ph); 13C{1H} NMR
(126 MHz): d� 14.4 (s, SiCH), 18.7 and 18.9 (both s, SiCHCH3), 21.1 and
23.8 (both s, CH3 at Mes), 24.4 (d, 3J(P,C)� 7.0 Hz, o-CH3 at Mes), 28.1 (s,
C(CH3)3), 42.7 (s, C(CH3)3), 52.48 and 52.53 (both s, OCH3), 89.8 (d,
2J(P,C)� 37.0 Hz, C-3), 122.8 (d, 1J(P,C)� 110.6 Hz, i-C at Mes), 127.6,
127.9, 129.0, 129.1, 129.3 (all s), 130.2 (d, 3J(P,C)� 12.8 Hz, m-C at Mes),
130.6 (s), 132.1 (d, 3J(P,C)� 13.4 Hz, m-C at Mes), 134.4 (d, 1J(P,C)�
83.9 Hz, C-5), 135.4 (s), 136.8 (s), 139.5 (d, 2J(P,C)� 14.1 Hz, o-C at
Mes), 141.5 (d, 4J(P,C)� 2.9 Hz, p-C at Mes), 147.6 (d, 2J(P,C)� 9.9 Hz, o-C
at Mes), 162.3 (d, 2J(P,C)� 11.2 Hz, C-4), 162.9 (d, J(P,C)� 8.9 Hz, C�O),
165.7 (d, J(P,C)� 15.0 Hz, C�O) 166.4 (s, Ph2C�N), 169.8 (d, 1J(P,C)�
72.1 Hz, C-2); 31P{1H} NMR (203 MHz): d� 22.7; IR (KBr): nÄ � 1742 cmÿ1


(C�O), 1726 (C�O), 1250, 1194, 1185, 1163; C43H57N2O6PSi (756.99): calcd
C 68.14, H 7.58, N 3.70; found C 68.15, H 7.58, N 3.78.


Single-crystal X-ray structure determinations : Data collection was per-
formed on a four-circle diffractometer (P4, Siemens AG, Analytical
Systems, Karlsruhe) for 2 a and on an imaging plate diffractometer (IPDS,
STOE & CIE, Darmstadt) for 4, 12 b, and 14. Crystal structure analyses
were performed with SHELXS-86,[42a] SHELXL-93,[42b] and SHELXTL
[Siemens AG, Analytical Systems, Karlsruhe]. Molecule plots were
obtained using the programs SHELXTL and PLUTON-92.[43] Details of
the data collection and structure analyses are given in Table 2. Crystallo-
graphic data (excluding structure factors) for the structures reported in this
paper have been deposited with the Cambridge Crystallographic Data
Centre as supplementary publication no. CCDC-100 703. Copies of the data
can be obtained free of charge on application to CCDC, 12Union Road,
Cambridge CB2 1EZ, (UK) (fax: (�44) 1223-336-033; e-mail : depos-
it@ccdc.cam.ac.uk).
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Ordered Arrays of Molecular Monolayers of Macrotricyclic
Ammonium Cage Hosts as Chloride Receptors


Kazuhiko Ichikawa,* Masanori Yamada, and Naohito Ito


Abstract: In a study of the chloride-ion-
assisted assembling process at the inter-
face between the NaCl(001) surface and
water, atomic force microscopy (AFM)
images showed an ordered array of the
chloride receptors 1 ([Me4N4(C5H10)3-
(C6H12)3]4�) or 2 ([(PhCH2)4N4(C5H10)3-
(C6H12)3]4�); these cage hosts can encap-
sulate Clÿ into their own cavities. On
the other hand, a molecular monolayer
of fluoride receptor 3 ([(PhCH2)4N4-


(C5H10)6]4�) was observed in the AFM
image, but the interaction between the
monolayer and the surface of NaCl(001)
was so weak that no ordered array of
these cage hosts was observed in the


AFM image; the intramolecular cavity
of 3 is too small to encapsulate Clÿ. The
ordered array of cage hosts 1 or 2 was
established as a result of their self-
assembly through their encapsulation
of Clÿ belonging to the metastable
monatomic layer at the interface be-
tween the NaCl(001) surface and water
as well as through their steric fit con-
trolled by their own exo hydrophobic
groups.


Keywords: atomic force microscopy
´ cage compounds ´ ordered array ´
self-assembly ´ supramolecular
chemistry ´ surface chemistry


Introduction


Molecular recognition of anionic substrates by artificial
receptors is an area of intense current research due to the
importance of anions in biochemical processes.[1] Ordered
arrays and crystals of anion-encapsulation host cages give
useful insights into the noncovalent interactions which play an
important role in building supramolecular structure.[2, 3] The
creation of molecular assemblies by means of specific non-
covalent couplings (crystal engineering) has recently become
a hot topic.[3]


Scanning tunneling and atomic force microscopies (STM
and AFM) are useful for the observation of the surface
structures of various materials with atomic or molecular
resolution. Both STM and AFM have been of benefit in two
types of studies: 1) the study of two-dimensional arrays of the
molecules adsorbed on the lattice sites of substrates, for
example, of porphyrins on iodide-modified Ag(111)[4] and of
cyclodextrins on molybdenum disulfide.[5] The regular array of
these molecules is controlled by the lattice matching with the
surface structure of the substrate. 2) As an alternative case,
the electrostatic, hydrogen-bonding, and hydrophobic inter-


actions among molecules in water give rise to their self-
assembly and organization at the interface. Thus, the two-
dimensional molecular patterns of organic acid on hydro-
talcite at the solid ± liquid interface and of dialkylmelamine on
barbituric acid at the air ± water interface were constructed
through molecular recognition of hydrogen bonds without any
assistance from the lattice structure of substrate.[6, 7]


This paper reports the ordered array of chloride-receptor
cage hosts at the surface of an NaCl crystal. The ordered array
resulted from self-assembly associated with the encapsulation
of a chloride ion into each cage host and was controlled by the
steric fit among the exo hydrophobic groups of the cage hosts.


The cage hosts [Me4N4(C5H10)3(C6H12)3]4� (1),
[(PhCH2)4N4(C5H10)3(C6H12)3]4� (2), and [(PhCH2)4N4-
(C5H10)6]4� (3) have the characteristic feature of four positive
binding sites around the center, the capabilities of both
encapsulation of and selectivity for chloride or fluoride ions,
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and a variety of noncovalent recognitions which result from
their own exo hydrophobic groups. Since the selectivity for
chloride or fluoride ions can be determined by the size of
intramolecular cavity, which can be controlled by varying the
number of cyclic methylene groups, 1/2 and 3 selectively
recognized chloride and fluoride ions, respectively, by encap-
sulating them into their intramolecular cavities.[8±11] Scheme 1


Scheme 1. Space-filling molecular structure of 1 ´ Clÿ viewed from a
(C5H10)(C6H12)2 face (left) and a (C5H10)3 face (right).


illustrates the different sizes of quasitetrahedral faces bound-
ed by (C5H10)3 and (C5H10)(C6H12)2 (in this case the face is
surrounded by one (CH2)5 chain and two (CH2)6 chains); the
structures were obtained by X-ray crystallography.[11] The
chloride receptors 1 and 2 can encapsulate a Clÿ into their
own cavities, and the fluoride receptor 3 can encapsulate a Fÿ


and no Clÿ. The 1H, 19F, and 35Cl NMR data for the aqueous
solutions of 2 ´ 4 BFÿ4 �NaCl and 3 ´ 4 BFÿ4 � (CH3(CH2)3)4NF
have shown that the cage hosts 2 and 3 have high encapsu-
lation and selectivity for chloride and fluoride ions, respec-
tively.[10, 11]


It is very interesting to fix a molecular monolayer of the
chloride-receptor cage hosts on an NaCl(001) surface from
the point of view of the deposition of cage hosts on a substrate


that consists of their guests. Since a big difference exists for
the lattice matching between the ordered array of cage hosts
of 2 or the crystalline structure of 2 ´ 4 Clÿ ´ 3 H2O[11] and the
NaCl(001) surface, the ordered array of cage hosts cannot be
established as an epitaxial growth on the NaCl(001) surface,
where Clÿ is their guest. The observed nonequilibrium and
flexible structure of the monatomic layer at the interface
between NaCl(001) surface and water[12] is favorable for the
chloride-ion-assisted assembly and the steric fit of 1 or 2 ;
flexible means that since the two-dimensional number density
of ions in the metastable layer is lower than that of the
NaCl(001) surface, the chloride ions in the above-mentioned
monatomic layer may themselves be displaced under the
effect of molecular recognition of chloride receptors 1 or 2.


Results and Discussion


Figure 1 shows the AFM image of the ordered array of 1 at a
surface of the NaCl crystal (10� 10 nm2 area): the unit
structure of the array is a square of the size of 1.05� 1.05 nm2.
The separation between peaks in the cross-section profiles in
Figure 1 is about twice as long as the distance between like
ions for the ionic arrangement of the NaCl(001) surface. The
corrugation amplitude of the cross-section profiles is twice or
more than twice as high as the difference between the ionic


Figure 1. Unfiltered molecular resolution AFM image for the ordered
array of cage hosts 1 on the NaCl crystal surface. The bright spots
correspond to the protrusions of each cage host. The white square in the
image indicates a unit structure of the array.


radii of sodium and chloride ions at the NaCl(001) surface.
Therefore, it was concluded that the observed AFM image is
not reflected from the lattice structure of the NaCl(001)
surface. Figure 2 shows the AFM image (20� 20 nm2 area) for
the ordered array of 2 on a surface of a NaCl crystal. The array
of the bright spots indicates a parallelogram as a unit structure
of the array which has the size of 2.05� 2.20 nm2. The
separations between the bright spots in both directions are
about four times as long as the lattice constant of the NaCl
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Figure 2. Unfiltered molecular resolution AFM image for the ordered
array of cage hosts 2 on the NaCl crystal surface. The white parallelogram
in the image indicates a unit structure of the array.


crystal. The corrugation amplitude of the cross-section
profiles is more than five times as high as that of NaCl
crystal. Therefore, the observed AFM image does not
correspond to the lattice structure of NaCl(001) surface. The
dark spots in Figure 2 correspond to indentions attributed to
the much smaller NaCl(001) surfaces: the spots were too
narrow and low to observe an atomic-resolution AFM image.
The two-dimensional number densities ns of the bright spots
for the cage hosts 1 or 2, obtained from the AFM images of
Figures 1 and 2, are 0.94 nmÿ2 and 0.23 nmÿ2, respectively,
because of the different steric fits due to the different sizes of
the exo hydrophobic groups CH3 and C6H5CH2 of 1 and 2,
respectively.


Figure 3 shows that the height (0.50� 0.03 nm) of the steps
of the ordered array of cage host 1 is not equal to the height
(0.30� 0.01 nm) of the observed steps in AFM images of
NaCl(001) surfaces covered with both air and water (Figures 1
and 3 in ref. [12]), which corresponds to half the unit cell
length (0.284 nm). This observation demonstrates that the
ordered array of 1 or 2 was constructed by molecular
recognition associated with the encapsulation of chloride
ions which belonged to the metastable monatomic layer at
the interface between NaCl(001) surface and water. For
aqueous solutions containing 1 ´ 4 BFÿ4 , the crystal growth
proceeds by ion agglomeration at the many steps observed
in Figure 3: the agglomeration is produced by motion of the
chloride ions, both encapsulated and unencapsulated by cage
hosts 1, and sodium ions on the terraces of the interface
between the NaCl(001) surface and water. Here, the cage
hosts 1 or 2 were able to become components of the interface
only through their own encapsulation of the chloride ions.
For aqueous solutions of 1 ´ 4 Clÿ (or Clÿ� 1 ´ 3 Clÿ), 2 ´ 4 Clÿ


(or Clÿ� 2 ´ 3 Clÿ), and 3 ´ 4 BFÿ4 , on the other hand, all the
observed steps had a height of 0.3 nm, which was equal to
the height observed in the AFM images of NaCl(001) surfaces
covered with either air or water.[12] The chemical species


Clÿ� 1, Clÿ� 2, and 3 cannot encapsulate the chloride ions.
Since the chloride-encapsulating cage hosts 1 or 2 and the
free cage host 3 were unable to participate in the ion motion,
the height of steps was necessarily equal to that produced by
the ion motion of Clÿ and Na�, covered with water, on
terraces. Here, these monolayers are simply held in place by
electrostatic forces between the positively charged ammoni-
um ions and the metastable monatomic layer of Na� and Clÿ


at the interface between the NaCl(001) surface and water.
Here, the cross-section profile of the observed molecular
monolayer showed the height of their cage hosts. But it was
impossible to observe an ordered array pattern of a molecular
layer of Clÿ� 1, Clÿ� 2, or free 3 because such a layer would
be disrupted by the scanning force of not less than 10 nN,
which is a minimum value for observation of the ordered array
of cage hosts. As a conclusion, the observation of the ordered
array of 1 or 2 can be explained mainly in terms of the
chloride-ion-assisted assembly associated with encapsulation
of Clÿ in the nonequilibrium and flexible structures of the
monatomic layer at the interface between the NaCl(001)
surface and water.


The AFM images of Figures 1 and 2 have been simulated on
the basis of the following assumed possible processes: 1) Since
the AFM images showed the nonequilibrium structure at the
interface between the NaCl(001) surface and water,[12] the
structure of the NaCl(001) surface can transform to the
nonequilibrium and flexible structure after an aqueous


Figure 3. a) Many steps in an AFM image of the NaCl surface used for
Figure 1. b) Cross-section profile in the direction of the arrow in (a). The
height (0.50� 0.03 nm) of steps is not equivalent to that of the monatomic
layer of the NaCl(001) surface shown in Figures 1 and 3 of ref. [12].
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solution of 1 ´ 4 BFÿ4 or 2 ´ 4BFÿ4 has been dropped onto the
NaCl(001) surface. 2) Compound 1 or 2 can then encapsulate
a chloride ion which belongs to the nonequilibrium structure
of the interface between NaCl(001) surface and water. 3) As
the chloride ion can be encapsulated only through the face of
quasitetrahedral (C5H10)(C6H12)2 (see Scheme 1), this face
must be face down on the interface. 4) The three positive sites
of the nitrogen atoms at the three apices of a face of
(C5H10)(C6H12)2 recognize each chloride ion in the nonequili-
brium structure of the interface covered with water as a result
of electrostatic interaction. In fact, the distances 0.66 ±
0.70 nm between nitrogen atoms in the X-ray crystal structure
of 2 ´ 4 Clÿ[11] correspond approximately to the distances 0.63 ±
0.74 nm between chloride ions in the nonequilibrium struc-
ture (see Figure 4 in ref. [12]). 5) The possible orientation of
the cage hosts 1 or 2 is controlled by the effect of the steric fit
of the exo hydrophobic groups R. 6) The ordered array of the
cage hosts established by the anion-assisted assembling


process of steps 1 ± 5 can be frozen by the evaporation of
the water. However, the nonequilibrium structure at a bare
region of NaCl surface can be preserved only under water and
returned to the equilibrium structure of the NaCl(001) surface
after evaporation.[12] 7) The molecular structure of 1 or 2
encapsulating a chloride ion was given by X-ray diffraction.[11]


8) The exo hydrophobic group CH3 or C6H5CH2 was assumed
to stand perpendicular to the NaCl surface. 9) The BFÿ4
counterions exist apart from 1 or 2 : they were not encapsu-
lated into 1 or 2 as deduced from the 19F NMR experiments.[10]


Figure 4 shows that the possible arrays of 1 and 2 thus
simulated do indeed resemble the observed arrays (see
Figures 1 and 2). The two-dimensional number densities, ns,
of 1 and 2 were calculated to be 0.87 and 0.22 nmÿ2 from the
top and bottom of Figure 4, respectively: they should be
compared with the observed densities 0.94 and 0.23 nmÿ2


from the AFM images. The big difference between their
densities results from the different steric fits due to the
different sizes between the exo hydrophobic groups CH3 and
C6H5CH2. The sizes of the unit structures calculated for each
array of 1 or 2 agree acceptably with the values obtained from
the observed AFM images of the arrays of 1 and 2.


Conclusions


The ordered array of cage hosts 1 ([Me4N4(C5H10)3-
(C6H12)3]4�) or 2 ([(PhCH2)4N4(C5H10)3(C6H12)3]4�) was pro-
duced as a result of their self-assembly through the process of
their own encapsulation of chloride ions, which belong to the
nonequilibrium and flexible structures of the monatomic layer
at the NaCl ± water interface, and through the process of their
steric fit controlled by their own exo hydrophobic groups.
Since the cage hosts of 3 ([(PhCH2)4N4(C5H10)6]4�) cannot
encapsulate Clÿ, the molecular monolayer of 3 was disrupted
by the minimum scanning force needed to observe the
ordered array of the cage hosts.


Experimental Section


The novel cage hosts of the macrotricyclic ammonium salts, 1 ´ 4BFÿ4 , 2 ´
4BFÿ4 ,[11] 3 ´ 4 BFÿ4 ,[10] 1 ´ 4 Clÿ, and 2 ´ 4Clÿ[11] were dissolved in pure water or
aqueous solutions of CH3OH (50 % v/v). The aqueous solutions, in which
the concentrations resulted in numbers of solute species equal to the total
number of chloride ions at the NaCl(001) surface (ca. 1 cm2 area), were put
onto the surface and left under air to dry for more than one day. In the
AFM experiments the scanning force to observe the ordered array of 1 or 2
was 10 ± 20 nN; the image acquisition time was less than about 20 s.[13] The
molecular monolayer of 3 was disrupted by the scanning force of 10 nN,
which was the minimum possible for the observation of the ordered array of
cage hosts 1 or 2 by the contact mode.
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Figure 4. Simulations of the observed arrays of cage hosts 1 (top) or 2
(bottom). The square and parallelogram of solid lines correspond to the
unit structures in Figures 1 and 2, respectively. The observed indentations
in the ordered array of the chloride-encapsulating cage hosts 1 or 2
correspond to the NaCl(001) surfaces which were divided into pieces and
transformed from the nonequilibrium structure after the evaporation of
water.
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Unprecedented N ± E Bond Cleavage (E� Sn, Pb) by R4N� Ions (R� nBu,
nPr): Formation, Architecture, and Multinuclear Magnetic Resonance
Spectroscopy of Novel Supramolecular [(R4N)(Me3E)2M(CN)6 ´ H2O]
Assemblies (M�Fe, Co)


Peter Schwarz, Eric Siebel, R. Dieter Fischer,* Nicola A. Davies,
David C. Apperley, and Robin K. Harris*


Abstract: Novel supramolecular assem-
blies 2 of the composition [(nBu4N)-
(Me3E)2M(CN)6 ´ H2O] (E� Sn, Pb;
M�Fe, Co) have been obtained both
by spontaneous self-assembly of small
ions and by exchange remodeling of the
known, sparingly soluble, coordination
polymers [(Me3E)3M(CN)6]. Product 2 a
(E� Sn, M�Fe) was characterized by
single-crystal X-ray crystallography, and
its diamagnetic homologue 2 b (E� Sn,
M�Co) by in-depth multinuclear (13C,
15N, 59Co, 119Sn) solid-state magnetic


resonance spectroscopy. The architec-
ture of 2 a is based on slightly puckered,
porous nets involving coordinative Ncya-


nide!Sn and Owater!Sn bonds. These
nets are stacked regularly and are held
together by OÿH ´´´ N and (nBu)a-
CÿH ´´´ N hydrogen bonds. This produ-


ces nanometer-sized channels that host
two thirds of the nBu4N� ions. Unex-
pected [(Me3Sn(OH2)2]� ions and the
remaining third of the nBu4N� ions are
trapped between adjacent [-Fe-CN-Sn-
NC-]1 chains. Both the methods of
formation of 2 a/b and their (probably
analogous) structures are suggestive of a
pronounced superiority of concerted
O!Sn and DÿH ´´´ N bonding (D�
OH and CH2) over an exclusive N!Sn
coordination.


Keywords: hydrogen bonds ´
nanostructures ´ NMR spectro-
scopy ´ structure elucidation ´
supramolecular chemistry


Introduction


Coordination polymers of the composition [(Me3E)3M(CN)6]
(type 1) with E� Sn or Pb and M�Fe or Co crystallize as
well-defined, voluminous 3D frameworks of infinite [-M-CN-
(EMe3)-NC-] chains with trigonal bipyramidal (tbp)
Me3E(NC)2 units as M-connecting building blocks.[1] Their
facile formation by spontaneous precipitation (self-assembly)
from aqueous solutions containing both Me3E ´ aq� and
[M(CN)6]3ÿ ions [Eq. (1)] suggests that the chain-propagating
N ± E bonds are energetically superior to the O ± E bonds
present in the Me3E ´ aq� ion in solution which also has a tbp
configuration.[2] Despite numerous attempts, we have not
been able to synthesize insoluble supramolecular aggregates
of type 2 [A(Me3E)2M(CN)6], where A is a less specifically


(than e.g. Me3E�) coordinating cation, such as K�, Et4N�, or
[CoCp2]� (Cp� h5-C5H5) [Eq. (2); M�Fe, Co]. Only the


3Me3ECl�K3[M(CN)6] ÿ!H2O ��Me3E�3M�CN�6� #� 3K�� 3Clÿ (1)
(type 1)


A�� 2 Me3E ´ aq�� [M(CN)6]3ÿ ÿ!=H2O


[A(Me3E)2M(CN)6] # (A��K�, Et4N�, [CoCp2]�) (2)


corresponding type 1 system (if any) precipitated in the latter
reaction. At first glance it is tempting to assume that less than
six N ± E bonds per formula unit might be insufficient to
produce insoluble aggregates. This hypothesis is, however,
questioned by the surprising fact that the formation of hy-
drated type 2 derivatives takes place in the presence of the
larger (than A�Et4N�) nBu4N� ion, even if Me3SnCl is
present in notable excess [Eq. (3); M�Fe, Co].


2 or 3 Me3SnCl� nBu4NCl�K3[M(CN)6] ÿ!H2 O


[(nBu4N)(Me3Sn)2M(CN)6 ´ H2O] #� 3K�


� 3 or 4 Clÿ� 0 or 1 Me3Sn ´ aq� (3)


Furthermore, if [(Me3E)3M(CN)6] (type 1) is suspended in
an aqueous solution of nBu4NCl it is completely converted to
a product of type 2, which is also insoluble [Eq. (4); E� Sn,
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[(Me3E)3M(CN)6]� nBu4N� ÿ!H2 O


��nBu4N��Me3E�2M�CN�6 �H2O� �Me3E ´ aq� (4)
(type 2)


Pb; M�Fe, Co]. The products from this reaction were
identical to the corresponding precipitates obtained according
to Equation (3). Interestingly, throughout reaction (4), the
polymeric reactant remains virtually insoluble. According to
Equation (4), at least two of the six N ± Sn bonds present per
formula unit of 1 should be cleaved in the presence of nBu4N�


ions with formal compensation by the two[2] O ± Sn bonds of
the soluble Me3Sn ´ aq� ion which is also formed. To ration-
alize the unexpectedly high driving force of the spontaneous
reactions described by Equations (3) and (4), two represen-
tatives of the novel type 2 compound [(nBu4N)(-
Me3E)2M(CN)6 ´ H2O] have been investigated in more detail.
The successful elucidation of the highly informative single-
crystal X-ray structure of 2 a provides, amongst other things, a
very promising basis for the evaluation of the multinuclear
solid-state magnetic resonance study of its diamagnetic
homologue 2 b (M�Co), which is probably isostructural.
The real architecture of 2 a, presumably unpredictable from
first principles, suggests, in agreement with the NMR results
for 2 b, that additional hydrogen bonds of the type OÿH ´´´ N
and CÿH ´´´ N play a key role in the unexpected restructuring
process described by Equations (3) and (4).


Results and Discussion


General properties of 2 a ± 2 f : We used the two routes
mentioned in the Introduction [route A: coprecipitation
according to Equation (3); route B: remodeling of a suspend-
ed type 1 system according to Equation (4)], to prepare four
different homologues of type 2 [M�Fe, Co; R� nBu; E� Sn
or Pb (2 a ± 2 d, see Table 1)]. The designations 1 a ± d follow
the specifications in columns 3 and 4 of Table 1. Although the


counteranion Xÿ of the reactant R4NX of route B was varied
(Table 1), no significant influence of Xÿ on the course of the
reaction was observed. It may, however, be noted that all FeIII


was reduced by X�BHÿ
4 to afford the host ± guest system


[(nBu4N)0.5(Me3Sn)3.5Fe(CN)6 ´ H2O] (with E� Sn) already
reported.[3] To indicate that, again in sharp contrast to our
experience with A�Et4N� (vide supra), type 2 systems with
R� nPr are also available, the first two examples of this
subclass (2 e and 2 f) are also included in Table 1. The
presence of nonremovable H2O molecules (at least after
prolonged drying in vacuo) in all the products was confirmed
by the elemental analyses which included oxygen (vide infra)
and by relatively intense, and sharp, respectively, n(OH)- and
d(OH) absorptions in the IR spectra (i.e. 3400 ± 3150 cmÿ1 and
1628 ± 1634 cmÿ1). All type 2 systems are readily soluble in
D2O/NaOD, and the 1H NMR spectra of the resulting
solutions provided independent confirmation of the presence
of the ions R4N� and Me3E� in the expected ratio 1:2. The
paramagnetic FeIII compounds (meff of 2 a : 1.85 B.M.) are, like
1 a and 1 c,[1] sensitive to light and even weak reducing agents.
Thus, irradiation of 2 a (150 W xenon lamp, 1.5 h) led to a
dirty-greenish product with the main n(CN) absorption at
2054 cmÿ1 (instead of n(CN)� 2131 cmÿ1 for pristine 2 a, see
Table 2). When 2 c was subjected to an atmosphere enriched


with pyrrole vapor, a black, polypyrrole-containing composite
3 c resulted. The electrical conductivity of 3 c at 300 K (3.33�
10ÿ3 S cmÿ1) exceeds that of 2 c (� 10ÿ7 Scmÿ1) by four orders
of magnitude.[4] Similar observations have been made on the
exposure of 1 a and 1 c to pyrrole.[5] In an atmosphere of
aniline, yellow 2 a converted into a dark green solid which
contained both FeII and FeIII.[4]


Although 2 a ± 2 d, unlike 1 a and 1 b, should contain both
bridging (to E atoms) and nonbridging (i.e. virtually terminal)


Abstract in German: Neuartige supramolekulare Aggregate
der Zusammensetzung [(nBu4N)(Me3E)2M(CN)6 ´ H2O] (E�
Sn, Pb; M�Fe, Co) entstehen sowohl bei der spontanen
Selbstorganisation einfacher Ionen als auch durch Ionenaus-
tausch aus den schon bekannten, schwerlöslichen Koordina-
tionspolymeren [(Me3E)3M(CN)6]. Die Verbindung 2a (E�
Sn, M�Fe) wurde röntgenstrukturanalytisch und ihr diama-
gnetisches Homologes 2b (E� Sn, M�Co) durch Mehrkern-
Festkörper-NMR-Spektroskopie (13C, 15N, 59Co, 119Sn) ausführ-
lich charakterisiert. Das Gitter von 2a besteht aus weitporigen,
leicht gewellten Netzen mit NCyanid!Sn- und OWasser!Sn-
Verknüpfung, deren Stapelung nanometergroûe Kanäle er-
zeugt, welche zwei Drittel aller nBu4N�-Ionen aufnehmen.
Zwischen zwei Ketten benachbarter Netze befinden sich uner-
warteterweise [Me3Sn(OH2)2]�- und die restlichen nBu4N�-
Ionen. Sowohl die Art der Entstehung von 2a/b als auch ihre
(vermutlich gleichen) Strukturen sprechen für eine deutliche
Überlegenheit der hier konzertiert auftretenden O!Sn- und
DÿH ´´´ N-Bindungen (D�OH und CH2) über ausschlieûlich
koordinative N!Sn Bindungen.


Table 1. Survey of the new products [(R4N)(Me3E)2M(CN)6 ´ x H2O] (x� 1
for 2 a ± d and 2 for 2e and 2 f). The notations 1a ± d follow the items given
in columns 3 and 4.


Product R E M Route (anion)


2a nBu Sn Fe A; B (OH)
2b nBu Sn Co A; B (Br, Cl)
2c nBu Pb Fe A; B (BF4)
2d nBu Pb Co B (OH)
2e nPr Sn Fe B (Cl)
2 f nPr Sn Co B (Cl)


Table 2. n(CN) frequencies (cmÿ1) of several type 2 systems at different
temperatures.


2a 2 b 2c 2d 2e
RT[a] LT[b] RT[a] LT[b] RT[a] RT[a] RT[a]


2173[c] 2177
2154 2157[c] 2153 2158


2131 br[d] 2138 2141 br[e] 2145 2134 2143 2135
2123 2133 2121 2123
2119 2116 2119 2092 w
2075 2104 2051 w
2027


[a] Room temperature. [b] Liquid nitrogen temperature. [c] Raman spec-
trum (RT). [d] n(CN) absorption of 1 a : 2140 cmÿ1. [e] n(CN) absorption of
1b : 2158 cmÿ1.
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CN ligands, the room-temperature IR spectra of 2 a and 2 b
display (in contrast to those of 2 c ± 2 e) only one symmetrical,
but comparatively broad, n(CN) band. However, at least four
individual n(CN) bands became reversibly apparent when
samples of 2 a and 2 b were cooled down to liquid nitrogen
temperature (Table 2). The room-temperature Raman spec-
trum of 2 b exhibits at least four n(CN) bands. There is only
one IR-active n(EC) band in the spectra of 2 a,b (555 cmÿ1)
and 2 c,d (498 cmÿ1). The Raman spectra always show two
n(SnC) bands (for example: 2 b : n� 524 and 558 cmÿ1.)


All the new products (including 3 c) were microcrystalline
and their X-ray powder diffractograms (XRPs) display
comparatively sharp reflection lines. While the XRPs of 2 a
and 2 b look very similar, significant differences between the
XRPs of, for example, 2 b (A� nBu4N�) and 2 f (A� nPr4N�)
suggest that the size of the templating guest ion A� exerts a
notable structure-directing influence.


The thermal stability of the compounds (TG/DTG meas-
urements) was found to differ: 2 a already turned black above
155 8C, while 2 b started to decompose at � 200 8C and lost �
55 % of its initial weight between 230 and 300 8C to produce a
deep blue solid foam. Broad absorptions at l� 550 and
600 nm suggest the presence of CoII in the final product, while
the IR spectrum (n(CN)� 2138 cmÿ1) remained surprisingly
similar to that of 2 b. Mass spectrometric results indicated that
Me3SnCN was liberated, but a more detailed study is
necessary for a comprehensive description of this unusual
thermolysis.[6]


Crystal structure of 2 a : The complete structural analysis of 2 a
revealed that the asymmetric unit involves eight different Sn
sites and three crystallographically nonequivalent nBu4N,
Fe(CN)6, and H2O components. While two of the three H2O
molecules (O3 and O4) coordinate the nonequivalent,
terminal Sn atoms of chain II (see Figure 1) of the host
framework, the third H2O molecule belongs to a tbp-
configured {Me3Sn(OH2)2}� cation (containing symmetry-
related water molecules) which was found to be a completely
unexpected, second guest cation of a structurally quite
complex host ± guest system. A more transparent description
of this system requires at least three formula units: {3� 2 a}�
��nBu4N� 3 fMe3Sn�OH2�2g0:5 f�Me3Sn�5:5�H2O�2Fe�CN�6g 3�:


guest 1 guest 2 host framework
Interestingly, the crystal structure of 2 a indicates that the
reaction described by Equation (4) actually involves the
cleavage of three (rather than two, vide supra) N ± Sn bonds
per formula unit, with concomitant formation of one O ± Sn
bond within the new solid. The negatively charged host
framework consists of the infinite chain I: [-Fe1-C13-N13-
Sn5-N13'-C13'-Fe1'-C16-N16-Sn6-N16'-C16'-]1 (chain I) and
of the finite chain II: {O3-Sn3-N36-C36-Fe3-C35-N35-Sn2-
N22-C22-Fe2-C23-N23-Sn4-O4} (chain II).


As is shown schematically in Figure 1, each Fe1 atom of
chain I is connected to an Fe2 atom of chain II by a
(CN)2Me3Sn1 tether, and all Fe3 atoms of adjacent type II
chains are also interlinked pairwise by (CN)2Me3Sn7 bridges.
Each of the three types of iron atoms (Fe1, Fe2, and Fe3) is
coordinated to three bridging CN ligands (to Sn atoms) and to
three virtually nonbridging CN ligands, both with meridional


Figure 1. Schematic presentation of one of the porous layers of 2a. Both
chains (I and II) extend vertically, and the two guest ions have been omitted
for clarity.


configurations. Such mer-{Fe(CNSn)3(CN)3} units should at
least give rise to two reasonably intense, IR-active n(CN)
bands characteristic of bridging cyanide, and also to two IR-
active n(CN) bands more typical of terminal cyanide ligands.[7]


Hence, in the absence of any further differences between the
three crystallographically nonequivalent {Fe(CN)6} units, the
expectation of about four comparatively intense n(CN) bands
(vide supra) would in fact be reasonable.


Only one half of the eighteen nonequivalent Ncyanide atoms
per unit cell is bonded to Sn atoms (Table 3). The compara-
tively long[8] Sn ± N bond length of � 230 pm is in good


agreement with that reported for polymeric metal cyanides.[9]


Most of the Sn-N-C angles of 2 a differ notably from 1808
(Table 3). The three individual Sn ± O distances in 2 a
(Table 4) deviate neither markedly from the Sn ± N distances
nor from the Sn ± O contacts reported for the 3D framework
systems [(Me3Sn)4Fe(CN)6 ´ 2 H2O ´ C4H8O2], 4 (229.5 and


Table 3. Bond lengths (pm) and angles (8) of all the nonequivalent Sn-N-C
fragments present in 2a.


triatomic fragment[a] Sn ± N distance Sn-N-C angle


Sn1-N14-C14 228.0(11) 168.5(11)
Sn1-N24-C24 235.8(10) 143.0(11)
Sn2-N22-C22 232.8(11) 152.8(12)
Sn2-N35-C35 231.4(11) 156.6(12)
Sn3-N36-C36 226.3(9) 173.2(10)
Sn4-N23-C23 228.0(11) 161.1(13)
Sn5-N13-C13 233.9(10) 145.8(10)
Sn6-N16-C16 232.2(11) 156.6(13)
Sn7-N31-C31 234.4(15) 157.7(11)


[a] The first digit following the C or N symbol refers to the numbering of
the Fe atom carrying those CN ligands.
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232.6 pm[10]) and [(Me3Sn)4Fe(CN)6 ´ 4 H2O], 5 (235.0 pm[11]),
but are shorter than in the 3D polymer [(nBu4N)0.5(Me3Sn)3.5-
Fe(CN)6 ´ H2O], 6 (266.4 pm[3]). The Sn8 ± O8 distance in the
[Me3Sn(OH2)2]� guest ion of 2 a matches well with the
Sn ± O distances reported for the ion pair [Me3Sn(OH2)2]-
[N(SO2Me)2] (225.4 and 232.7 pm[12]).


A perspective of the experimentally determined structure
of 2 a, viewed along its crystallographic a axis, is presented in
Figure 2. This arrangement has some resemblance to the


Figure 2. Perspective of the crystal structure of 2 a viewed along the a axis.
As in Figure 1, chains I and II extend almost vertically; for further
explanation see the text.


schematic description given in Figure 1. Wine-red lines
indicate chains of type I and yellow lines chains of type II;
all terminal cyanide ligands are marked in green. Only the
methyl groups of the terminal Sn3 and Sn4 atoms (of chain II)
are shown, while all other Sn-bonded methyl groups have
been omitted for clarity. Similarly, only the N atoms of the
nBu4N� ions are shown as large blue spheres, while the
[Me3Sn(OH2)2]� ions are presented as brown trigonal bipyr-
amids. Interestingly, only two of the three nonequivalent
nBu4N� ions are located in the interior of the two different
channels extending along a. The third nBu4N� ion (containing
N5) and the [Me3Sn(OH)2)2]� guest ion are predominantly
located within the channel walls between two adjacent chains
of the same type. Another perspective (Figure 3), in which the


Figure 3. Perspective of the crystal structure of 2 a with practically
coinciding chains I and II. Large spheres: N of nBu4N� ; small spheres: O
of H2O.


projections of chain I and chain II virtually coincide, discloses
infinite channels of an approximately quadratic cross section
of � 1.0� 1.0 nm (measured between the centers of the
relevant atoms). These channels are reminiscent of those
present in the framework structure of 1 b[1] and are only
partially filled by alkyl groups (i.e. nBu and Me). This latter
perspective also indicates that the basic host framework of 2 a
is essentially lamellar, the projections of these layers extend-
ing vertically in Figure 3.


While, in spite of the notable Sn-N-C bending, none of the
bridging (to Sn) N atoms takes part in any hydrogen bonding,
six of the nine virtually terminal N atoms are involved in
OÿH ´´´ N hydrogen bridges to water molecules. The corre-
sponding O ´´´ N distances (Table 4) are considerably shorter
than the shortest O ´´´ N contacts which have been observed,
for example in 4 (312.2 pm[10]) and in 5 (305.2 and
297.2 pm[11]). The OÿH ´´´ Ncyanide bridges with O ´´´ N distan-
ces ranging between 280 and 295 pm are, however, well-
known for numerous salt hydrates, for example the dihydrated
cyanoelpasolites [(NMe4)2LiM(CN)6 ´ 2 H2O] (M�Fe,Co[13]).


In addition, seven of the nine virtually terminal cyanide
ligands of 2 a exhibit at least one notably short (i.e. <350 pm)
N ´´´ C contact (Table 4) owing to potential CÿH ´´´ N hydro-
gen bridges with some of the satisfactorily ªacidicº a-
methylene groups of the nBu4N� cations.[14] Three of the
terminal N atoms (N12, N25, and N33) seem to be exclusively
involved in CÿH ´´´ N interactions (Table 4), while corre-
sponding CÿH ´´´ O bridges do not exist in 2 a. Some of the C ´
´´ N contacts (i.e. those shorter than 320 pm) are amongst the
shortest ones of this category so far reported,[14] and it is
tempting to suspect that these CÿH ´´´ N hydrogen bridges
may be essential for the particular architecture of the type 2
aggregates. Actually, the structure of 2 a would remain
lamellar as long as its hydrogen bonds are ignored (vide
supra); but if the latter are also taken into account then a
veritable three-dimensional framework emerges.


Solid-state NMR spectroscopy of 2 b : Figure 4 demonstrates
that the XRP of crystalline 2 a, as calculated from its single-
crystal X-ray data, resembles not only the experimental XRP
of bulk 2 a, but also of diamagnetic 2 b. Hence, in view of the


Table 4. Sn ± O, N ´´´ O, and N ´´´ C distances in the lattice of 2a (the latter
two distances result from hydrogen bonding).


Sn ± O and N ´´´ O contacts N ´´´ C contacts (<350 pm)[a]


Sn3 ± O3 236.3(7) N11 ´´´ C609 336.62(8)
Sn4 ± O4 231.0(8) N12 ´´´ C401 337.36(8)
Sn8 ± O8[b] 230.8(9) N12 ´´´ C409 317.32(7)


N25 ´´´ C505 317.87(7)
N11 ± O4 264.9(6) N25 ´´´ C513 342.98(8)
N15 ± O8[b] 271.8(7) N26 ´´´ C613 318.83(7)
N21 ± O8[b] 280.2(1) N32 ´´´ C405 329.90(8)
N26 ± O3 269.1(2) N32 ´´´ C413 348.44(8)
N32 ± O4 267.0(2) N33 ´´´ C501 343.69(8)
N34 ± O3 278.7(0) N34 ´´´ C509 326.17(7)


[a] Somewhat longer N ´´´ C contacts are 358.72(8), 383.39(9), and
384.04(9) pm for N26 ´´´ C605, N11 ´´´ C601, and N15 ´´´ C601, respectively.
[b] O8 belongs to the [Me3Sn(OH2)2]� guest ion.
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unfavorable paramagnetic nature of 2 a, we have subjected its
potentially isostructural, diamagnetic cobaltIII homologue 2 b
to a detailed multinuclear CPMAS solid-state magnetic
resonance investigation. In principle, 2 b is a promising


Figure 4. X-ray powder diffractograms of a) 2a (simulated), b) 2b (exper-
imental), and c) 2 a (experimental).


candidate for 13C, 15N, 119Sn, and 59Co NMR spectroscopy. In
order to improve the quality of the 15Ncyanide NMR spectra, a
sample of 2 b considerably enriched in 15Ncyanide (ca. 50 %) was
also prepared and included in our studies.


In accordance with the X-ray structure of 2 a with its four
slightly modified kinds of tbp-configured Me3Sn features
which have axial fragments with O-Sn-O (for Sn8 only), O-Sn-
N (for Sn3 and Sn4), N-Sn-N'(for Sn1 and Sn2), and N-Sn-N
(for Sn5, Sn6, and Sn7), a similar variety might also be
expected for 2 b, and should be reflected in the 119Sn NMR
spectrum by a corresponding centerband pattern. The last two
types of environment mentioned are, however, very similar,
because in the N-Sn-N' fragment only the Sn-N-C angles may
differ (Table 3). Experimentally, three distinct resonance
ranges can be recognized immediately (Figure 5): one partic-
ularly sharp, and fairly isolated, singlet at d��21.5 should be


Figure 5. 119Sn CPMAS spectrum of 2b. Only the centerband region is
shown with spinning sidebands marked *. Acquisition conditions: recycle
delay 2 s, contact time 9 ms, 29500 transients, spin rate 12.2 kHz.


assigned to Sn8, because the reported 119Sn resonance of
[Me3Sn(OH2)2][N(SO2Me)2] is positive (d��37.3[15]). There
is a relatively narrow group of lines between d�ÿ66 and
ÿ73, and a third group of three lines of differing intensities is
found between d�ÿ105 andÿ123. While Sn3 and Sn4 are, in
view of our earlier experience with the O-Sn-N fragment,[16]


expected to resonate above d�ÿ100, the 119Sn shifts of the N-
Sn-N' and N-Sn-N, groups may appear either above or below
this value. Ignoring the very weak centerband at d�ÿ121.5
(as a potential impurity), there appear to be two tin signals at
d�ÿ115 and ÿ108, arising from the N-Sn-N groups (but it is
not possible to assign these individually). Between d�ÿ66
andÿ73, there seem to be six resolved or partly resolved lines
although five are expected (including those from O-Sn-N
groups) from the structure as determined by X-ray diffraction.
We believe this modest discrepancy probably arises either
from quadrupolar effects from 59Co (or even 14N, given that
the enriched sample only contains 50 % 15N) or from a partial
disorder of the Sn atoms in 2 b (or possibly from an impurity).


As is usually observed at ambient temperature, we assume
rapid (on the NMR time scale) rotation of all Me3Sn groups
about their trigonal axes, so that only eight 13C resonances
would be expected for the twenty-four crystallographically
different (at least in the case of 2 a) Sn-bonded methyl carbon
atoms. However, only five distinct 13C resonances of Sn-
bonded Me groups are detectable at room temperature,
although deconvolution of the methyl carbon resonance range
actually leads to eight individual lines at d� 1.9, 1.6, 1.5, 1.4,
0.7 (two lines), 0.0 and ÿ0.2 (with an apparent intensity range
over a factor of 2). We are not aware of any polymeric metal
cyanides containing Me3Sn units which do not rotate at room
temperature.[17] Furthermore, the significant overlapping of
peaks in the region of the methyl carbon resonances of 2 b
would make the appearance of more than eight distinct lines
(at sufficiently low temperatures) difficult to observe.


While the three nonequivalent nBu4N� guest ions give rise
to only one 15N singlet at d�ÿ309, the nBu-carbons in the a-,
b-, g-, and d-positions show four distinct, but faintly struc-
tured, clusters of resonance lines (Figure 6). Crystallograph-
ically, the nBu groups of 2 a are in fact somewhat disordered.


Figure 6. 13C CPMAS spectrum of 2b. The low-frequency region is shown
with the CN centerband as an inset. The acquisition conditions used were a
recycle delay of 1 s, contact time of 9 ms, 55 000 transients, and a spin rate of
4.7 kHz.
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While the band for the a-methylene carbon atoms at d� 59
displays little or no fine structure, the band for the terminal d-
methyl groups exhibits eight distinct lines and can be
deconvoluted into a group of twelve closely lying singlets.
Four blocks of twelve individual lines would be in absolute
agreement with the structural findings for 2 a.


Very satisfactory agreement with the crystal structure of 2 a
was found for the 15Ncyanide spectrum of 15N-enriched 2 b
(Figure 7 and Table 5). A comparison with the spectrum of a


Figure 7. 15N CPMAS spectrum of 15N-enriched 2b. Acquisition condi-
tions: recycle delay 2 s, contact time 9 ms, 4000 transients, spin rate 4.7 kHz.


non-15N enriched sample reveals that only the notably
improved signal-to-noise ratio of the 15N-enriched sample
guarantees unambiguous identification of the genuine center-
bands. The seven almost equally intense lines between d�
ÿ114 and ÿ131 as well as the singlet at d�ÿ121.9 (which is
about twice as intense) can be assigned to the nine non-
equivalent N atoms bonded to Me3Sn groups. N atoms
of bridging CN ligands usually resonate at lower
frequencies than terminal ones.[1, 16] Considering the
signal at d�ÿ92.3 as twice as intense as the four other
resonances between d�ÿ88 and ÿ95, this subgroup
could be best ascribed to the six N atoms engaged in
OÿH ´´´ N hydrogen bonds (vide supra). The remaining
two relatively broad singlets at d�ÿ70.7 and ÿ73.6,
with relative intensity 1:2, should then correspond to
the three, virtually terminal CN ligands exclusively
involved in rather weak CÿH ´´´ N hydrogen bonding.
In view of the CÿH ´´´ N distances (Table 4), it is
tempting to assign the line at d�ÿ71 to N33 and that
at d�ÿ74 to N12 and N25 (by accidental coinci-


dence). Interestingly, the 15Ncyanide resonance of solid [Et4N]3[-
Co(CN)6] is displaced to a notably lower frequency (d�
ÿ89.8[1]), although its virtually terminal CN ligands would
only be capable of taking part in CÿH ´´´ N bonding. The
actual number of CÿH ´´´ N interactions per CN unit is,
however, unknown.


The above results underscore the usefulness of solid-state
15N NMR spectroscopy as a tool for structural elucidation.
Thus, we have recently discovered that 15N-enriched 1 d
displays, in contrast to the nonenriched sample already
described,[1] six different 15Ncyanide resonances (at d�ÿ112.4,
ÿ117.8, ÿ119.1, 122.1, ÿ123.4, and ÿ124.2). This number of
signals agrees perfectly with the crystallographically deduced
space group P21/c (and not C2/c) of 1 d.[1] While, again in
accordance with the space group P21/c, three methyl 13C
resonances (of rapidly rotating Me3Pb units) were found, both
the 119Sn and the 59Co spectra consist of only two and one
signal(s), respectively, instead of (for P21/c) three and two
lines.[1] On the other hand, 15N NMR spectra may be
particularly sensitive to 15N-containing impurities. For in-
stance, the room-temperature 15N NMR spectrum of the
(analytically appropriate) host ± guest system [(nBu4N)0.5-
(Me3Sn)3.5Fe(CN)6 ´ H2O] (6[3]) obtained from [(Me3Sn)4-


Fe(CN)6] (enriched in 15N to ca. 99 %) by ion exchange also
displayed the three 15N resonances of the latter polymer, while
only the five signals of authentic 6 (enriched in 15N to ca.
50 %) were observed when its preparation had been carried
out by coprecipitation.[18]


The cyanide carbon atoms of 2 b give rise to a broad band
between d� 120 and 145 (Figure 5). As 1 b and 1 d are known
to display (relatively broad) resonances between d� 132 and
135, the somewhat wider resonance range of 2 b seems to
reflect the presence of both bridging and virtually terminal
cyanide ligands. The strong crowding and overlapping of the
(18 expected) cyanide 13C lines is obviously due to the
generally narrower 13C-resonance range (than e.g. the 15Ncyanide


range), and to the high nuclear quadrupole moment of the
adjacent 59Co nucleus. Usually, iron cyanides display more
resolvable 13C patterns.[16]


The 59Co NMR spectrum of 2 b is a complex band with
several maxima which are not fully resolved. It seems to be
consistent with the existence of three crystallographically
nonequivalent cobalt atoms, but with some additional split-
tings which may arise from second-order quadrupolar effects.
Table 6 presents a survey of 59Co NMR data of solid samples


Table 5. 15Ncyanide chemical shifts for the 15N-enriched sample of [(nBu4N)-
(Me3Sn)2Co(CN)6 ´ H2O] 2b.


Type of nitrogen d(15N) Number[a]


virtually terminal,ÿC�N: ÿ 70.7, ÿ73.6[b] 12, 25, 33
hydrogen-bonded,ÿC�N ´´´ H ± O ÿ 88.2, ÿ88.9, ÿ90.5, 11, 15, 21,


ÿ 92.3[b], ÿ94.9 26, 32, 34
metal-bridging,ÿC�N!Sn ÿ 114.7, ÿ118.7, ÿ121.9[b] 13, 14, 16,


ÿ 124.6, ÿ126.0, ÿ127.9 22, 23, 24,
ÿ 129.7, ÿ130.9 31, 35, 36


[a] Of the various nitrogen atoms of 2a (see Table 4); individual assign-
ments remain uncertain. [b] Two overlapping lines.


Table 6. 59Co NMR data for various solid samples containing a [Co(CN)6]3ÿ unit.


Compound d(59Co) Half width [Hz] Reference


[(Et4N)3Co(CN)6] 208 1040 [1]
[(nBu3Sn)3Co(CN)6] 206 2500 [1]
[(nBu4N)(Me3Sn)2Co(CN)6 ´ H2O][a] (2b) ÿ9; ÿ24 � 1000 present work
[(Et3Pb)3Co(CN)6] ÿ33 ca. 2500 present work
[(nBu4N)(Me3Sn)2Co(CN)6 ´ H2O][a] (2b) ÿ63; ÿ84 � 1000 present work
[(Me3Pb)3Co0.5Fe0.5(CN)6][b] ÿ 148 1050 present work
[(nBu4N)(Me3Sn)2Co(CN)6 ´ H2O][a] (2b) ÿ 140; ÿ159 � 1000 present work
[(Me3Pb)3Co(CN)6] ÿ 157 800 [1]
[{Me2Sn(CH2)3SnMe2}1.5Co(CN)6] ÿ 211 10100 [18]
[(Et3Sn)3Co(CN)6] ÿ 239 345 present work
[(Me3Sn)3Co(CN)6] ÿ 244 560 [1]
[H3Co(CN)6] ÿ 258 1650 [1]


[a] 15N-enriched sample. [b] Paramagnetic sample.
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relevant to the present study. All the 59Co shifts given in this
table are referred to an aqueous solution (0.26m) of
K3[Co(CN)6] as an external standard involving O ± H ´´´ N
hydrogen bonds of an unknown number (per CN group).
Negative d values should indicate even stronger Co ± CN ´´´ Sn
or CN ´´´ H ´´´ NC interactions than in aqueous solution.


Conclusions


According to Equation (4), the net balance for the formation
of 2 a is the cleavage of three Sn ± N bonds and concomitant
generation of three Sn ± O bonds (only one of which is found
within the new polymer 2 a) per formula unit of 1 a. In view of
the experimental evidence that the Sn ± Ncyanide bonds of 1 may
be considered as enthalpically slightly superior at least to Sn ±
Owater bonds (vide supra; otherwise the well-known, sponta-
neous formation of anhydrous type 1 systems by coprecipita-
tion[1] would not take place), it is noteworthy that, again per
formula unit of 2 a, two OÿH ´´´ N and three to four CÿH ´´´ N
hydrogen bridges are also generated. Although interactions of
the latter bridging mode are even weaker than hydrogen
bridges between two notably electronegative atoms, we have
demonstrated recently[14] that rather short CÿH ´´´ N bridges
may nevertheless be essential for the actual architecture of the
host ± guest system [(CoCp2)(Me3Sn)3Fe(CN)6].[20] Another
point of relevance is that both [CoCp2]� and nBu4N� salts are
readily soluble in water owing to the presence of an unknown
number of CÿH ´´´ O hydrogen bonds. For a serious net
balance, the number of abandoned CÿH ´´´ O interactions
would also have to be taken into account.


Previously reported examples of coordination polymers
containing R3Sn and with at least one virtually terminal
cyanide ligand (per transition metal atom) are [(nBu4N)2-
{(Me3Sn)2OH}2{Ni(CN)4}2] (7[14]) and [(Ph3Sn)3FeIII(CN)6 ´
H2O ´ 2 MeCN] (8[21]). In both systems, one terminal CN
group is also involved in substantial OÿH ´´´ N hydrogen
bonding. While 7 has, moreover, been shown[14] to also involve
CÿH ´´´ N hydrogen bonds corresponding to those found in
2 a, the formation of 8 instead of the initially expected,
anhydrous type 1 system [(Ph3Sn)3Fe(CN)6] was tentatively
explained by the high steric bulk of the tin-bonded phenyl
groups.[21] So far, the structure of 8 has not been inspected for
significant CÿH ´´´ N hydrogen bonds. Nonpolymeric com-
plexes with terminal CN ligands and {ClSn(Me3)NC} units
with a tbp configuration were, on the other hand, obtained
from Ph3SnCl and [N(PPh3)2][Ag(CN)2] and [N(PPh3)2]-
[Pd(CN)4], respectively, in an organic solvent.[22]


We have previously observed that various type 1 polymers
readily undergo either partial or complete {M(CN)6}3ÿ


exchange if suspended in aqueous solutions containing
[M'(CN)6]3ÿ ions (with M=M').[23] This interesting feature
suggests that, in accordance with the experimental findings
reported above, at pH� 7 most polymers containing R3Sn
fragments are involved in rapid equilibria with soluble
organotin species, for example Equations (5) and (6).


{ ´´ ´ M ± CN!Sn NC ± M ´´´ } ) *
�H2O


ÿH2O
{ ´´ ´ M ± CN}ÿ


� {H2O!Sn NC ± M ´´´ }� (5)


{H2O!Sn NC ± M ´´´ } ) *
�H2O


ÿH2O
{Me3Sn(OH)2)2}�� {NC ± M ´´´ }ÿ (6)


While, at pH> 7, the stronger Lewis base OHÿ usually leads
to complete dissolution of the respective coordination poly-
mer, at pH� 7 cations capable of acting as suitable proton
donors for hydrogen bonds may help to stabilize fragments
with one or more nonbridging CN ligands which would
otherwise only occur as intermediates, as in Equation (7). The


{ ´´ ´ M ± CN}ÿ� {H ± Z}�> {´´´M ± CN´´´H ± Z} #
(7)


({H ± Z}�� e.g. {H2O!Sn NC ± M ´´´ }�, {Me3Sn(OH2)2}�, or R4N�)


new crystalline polymers of type 2 might thus be considered
as accidentally frozen-in assemblies of intermediates such as
those occurring in Equations (5), (6), and (7). Although so far
nBu4N� and nPr4N� ions have been found to act as particu-
larly efficient proton-donating cations, various alternative
candidates might at least be as equally efficient in affording
well-ordered, insoluble assemblies with architectures notably
different from that of 2 a.


Experimental Section


General methods : Manipulation under an inert gas atmosphere was not
necessary. Infrared spectra were obtained on a Perkin ± Elmer IR-1720
spectrometer supplemented with a noncommercial low-temperature de-
vice[24] and Raman spectra on a Jobin Yvon U-1000 equipped with a 514 nm
Ar laser. Optical (NIR/VIS) absorption spectra were recorded on a
Cary 5E instrument, and solution NMR spectra either on a Varian Gemini
200 BB (1H) or on a Bruker AM 360 spectrometer (119Sn). Room temper-
ature magnetic susceptibilities were determined by means of Evans�
method on a Johnson Matthey Chemicals susceptometer, and TG/DTG on
a Netzsch STA 409 instrument. MS measurements were made on a
Varian 331 A mass spectrometer and electrical conductivity measurements
were conducted as described in ref. [5]. X-ray powder diffractograms were
obtained on a Philips PW 1050 instrument (CuKa source and Ni filter), while
the single-crystal X-ray study was performed on a Syntex P21 four-circle
diffractometer.


The solid-state NMR spectra were recorded on a Varian VXR 300
spectrometer operating at frequencies of 75.4, 111.9, 30.4, and 71.1 MHz
for 13C, 119Sn, 15N, and 59Co, respectively. Cross-polarization with high-
power proton decoupling was used for all spectra except 59Co where direct
polarization was used. The 13C and 15N spectra were recorded with a Doty
Scientific probe with 7 mm o.d. rotors but for the 119Sn and 59Co spectra a
faster-spinning Doty Scientific probe with 5 mm o.d. rotors was used.
Acquisition conditions are given in the figure captions. Chemical shifts are
reported, with the high-frequency positive convention, in ppm relative to
the signals for SiMe4, SnMe4, NH4NO3 (nitrate line), and K3[Co(CN)6](aq.)
for 13C, 119Sn, 15N, and 59Co respectively.
Preparation of 2a ± 2 f (see Table 1):


Representative description of route A (coprecipitation) for 2b : A solution of
nBu4NBr (160.5 mg, 0.50 mmol) and K3[Co(CN)6] (165.5 mg, 0.50 mmol) in
H2O (10 mL) was added with stirring to a solution of Me3SnCl (297.7 mg,
1.49 mmol) in H2O (5 mL). After a reaction period of 10 h, the mixture was
filtered and washed with a small portion of H2O (twice). The white residue
was dried in vacuo to afford analytically pure 2 b. Yield: 200 mg (50 %).


Representative description of route B (''remodeling'') for 2b : Pure
[(Me3Sn)3Co(CN)6] (1b,[1] 140 mg, 0.43 mmol) was suspended in a solution
of [nBu4N][BF4] (300 mg, 0.43 mmol) in H2O (20 mL). The mixture was
stirred for 15 h, filtered, washed with small portions of H2O (twice), and
dried in vacuo to afford pure 2 b (204 mg, 254 mmol, 60 % yield).
Alternatively, [nBu4N]OH was dissolved in CH3OH instead of H2O (ca.
25%).


2a : Anal. calcd for C28H56N7OFeSn2 (800.03): C 42.04, H 7.05, N 12.26, O
2.00, Fe 6.98; found C 41.71, H 7.01, N 12.11, O 2.00, Fe 6.92 %. 2 b : anal.
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calcd for C28H56N7OCoSn2 (803.12): C 41.87, H 7.03, N 12.21, O 1.99; found
C 41.68, H 7.00, N 12.18, O 1.94%. 2c : anal. calcd for C28H56N7OFePb2


(977.05): C 34.42, H 5.78, N 10.03; found C 33.93, H 5.67, N 9.90 %. 2d : anal.
calcd for C28H56N7OCoPb2 (980.14): C 34.31, H 5.76, N 10.00, O 1.63; found
C 33.41, H 5.51, N 9.78, O 1.60%. 2e : anal. calcd for C24H50N7O2FeSn2


(755.92): C 37.83, H 6.61, N 12.87, O 4.20; found C 37.49, H 6.56, N 12.79, O
4.10 %. 2 f : anal. calcd for C24H50N7O2CoSn2 (765.06): C 37.68, H 6.59, N
12.82; found C 37.48, H 6.57, N 12.69 %.


X-ray crystallography: Single crystals of 2a suitable for X-ray crystallog-
raphy were recovered after 3 ± 4 days from the filtrate obtained during the
synthesis (vide supra) of 2 a. Crystal data for 2 a : C28H56N7OFeSn3, Mr�
800.03 gmolÿ1, triclinic, P1Å, a� 14.242(2)� 102, b� 17.686(3)� 102, c�
26.128(6)� 102 pm, a� 80.24(2)8, b� 74.17(2)8, g� 78.207(14)8 ; V�
6153(2)� 106 pm3, Z� 6, 1calcd� 1.295 gcmÿ3, F(000)� 2442. T� 293(2) K,
V-range: 2.30 ± 25.058 ; 21728 reflections independent of symmetry (total:
23039) for R(int)� 0.0491; data/restraints/parameters: 21721/0/1049, struc-
ture solution SHELX (SHELXTL PLUS(VMS), V 4.2), refinement against
F 2 with R1� 0.0608 and wR2� 0.1494 for I> 2s(I) (SHELXL-93); Powder
diagram simulated with CERIUS2 3.0 (MSI), 2 V range 5 ± 508. Further
details of the crystal structure determination may be obtained from the
Fachinformationszentrum Karlsruhe, D-76344 Eggenstein-Leopoldshafen
(Germany) on quoting the depository number CSD 391 055.
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A Molecular Dynamics Study of the First Five Generations of Poly(Propylene
Imine) Dendrimers Modified with N-tBoc-l-Phenylalanine


Luigi Cavallo* and Franca Fraternali


Abstract: A molecular dynamics study
of poly(propylene imine)-based den-
drimers, with end groups modified with
tBoc-protected l-phenylalanyl amino
acids, has been performed. Five gener-
ations of the dendrimer with 4, 8, 16, 32
and 64 amino acids were considered.
The shape of the dendrimer was found
to be generation-dependent, with higher
generations more spherical. Ca atom
radial distributions indicate that termi-
nal amino acids are not confined to the


surface, and density profiles show a
hollowness for higher generations.
These results suggest self-inclusion of
the end groups in the inner shell and are
in qualitative agreement with the exper-
imentally proved encapsulating proper-
ties of the higher generations. Hydro-


gen-bond analysis indicates that a lower
percentage of intraresidue hydrogen
bonds occurs for higher generations.
The f and y torsional angle distribu-
tions of the amino acid end groups
indicate that for higher generations an
increased number of energy minima is
populated. The experimentally observed
decrease of the optical activity could be
related to the large conformational dis-
order observed for higher generations.


Keywords: amino acids ´ computer
modeling ´ dendrimers ´ molecular
dynamics ´ stereochemistry


Introduction


One class of molecules that has received a remarkable amount
of attention over the past decade are the dendrimers or
starburst molecules.[1±13] Medium to large dendritic molecules
are three-dimensional globular polymers with many unusual
properties derived from their shape, numerous chain ends and
lack of entanglements. These tree-like molecules branch out
from a central core to form globular particles, and the patterns
of chemical bonds in the multiple layers or generations
resemble fractals. They have been hailed as promising
building blocks for the fabrication of designed materials, as
vehicles for controlled release of drugs,[16] as highly selective
membranes[17] or as molecular scaffolds for chemical cata-
lysts.[18] One of the major attractions of these molecules is that
their size and architecture can be specifically controlled in the
synthesis.[1±3, 5, 14, 15, 19] The chain ends can be opportunely
functionalized in order to yield, for example, dendrimers that


show different amphiphilic properties between the core and
the shell, or dendrimers that can act as a support for
specifically designed groups.


The poly(propylene imine) dendrimers terminated with
amino acid derivatives synthesized by Meijer[20, 21] and Mühl-
haupt[22] are of particular interest. These nanometric struc-
tures consist of a flexible core and a rigid chiral shell with
densely packed functional groups. The core is made up of
poly(propylene imine) monomers,[20] whereas the chiral shell
is comprised of protected amino acid groups. Several amino
acids (Ala, Leu, Phe, Tyr, Trp) generally protected by N-tert-
butyloxycarbonyl (tBoc) groups have been used, and five
generations of dendrimers with 4, 8, 16, 32 and 64 amino acids
have been obtained. The fifth-generation poly(propylene
imine) dendrimer is fully modified (Scheme 1),[21] whereas
attempts to modify the sixth-generation poly(propylene
imine) dendrimer, with 128 amino acids, have not been
successful. A complete conversion has not been observed with
any of the natural amino acids, probably because of severe
steric hindrance.[21]


For these dendrimers an increase of the generation number
results in a marked change of the molecular properties.
Chiroptical studies have shown clearly that the optical activity
([a]D) decreases in going to higher generations, and that this
phenomenon was not due to racemization, concentration,
temperature or solvent effects.[21, 23] As an example, [a]D in
CHCl3 varies from ÿ11 to ÿ0.1 in going from the first to the
fifth generation of l-Phe-modified dendrimers. 13C NMR
studies have shown a significant line broadening for higher
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Scheme 1. The fifth-generation l-Phe-modified dendrimer.


generations,[21] indicating diminished molecular motion with
an almost solid-like behaviour of the shell. This conclusion
was supported by spin ± lattice relaxation (T1) measurements,
which indicated higher values of T1 for higher generations.[21]


The fifth generation of the modified dendrimer has the
interesting property of encapsulating guest molecules, which
gives rise to the so-called dendritic box.[21] The most ideal
molecular container synthesized so far is the fifth-generation
l-Phe-modified dendrimer, the 64-l-Phe box.[21] Several dyes
have been encapsulated into this dendrimer by carrying out


the synthesis of the 64-l-Phe box in the presence of these dyes.
The guests were not released from the box even after
prolonged heating and standing. Nevertheless, the liberation
of the encapsulated guests can be shape-controlled.[24]


New insights into the rationalization and comprehension of
the experimental behaviour of these molecules can be
achieved with the help of theoretical approaches. Several
authors have performed computer simulations of dendrimers.
In particular, de Gennes and Hervet[25] employed a mean-field
model based on the assumption that the monomers of each
generation lie in a concentric shell of their own. Within this
assumption they found that dendrimers can be grown up to a
limiting generation, and the size of the dendrimer was
proportional to N0.2, with N being the number of monomers.
The first description of dendrimers at atomic level was
obtained from molecular dynamics (MD) simulations of b-
alanine starburst dendrimers up to the seventh generation by
Naylor et al.[26] Their analysis indicated a morphology of the
dendrimers strictly dependent on the generation number, and
the presence of void spaces in the interior of the dendrimers.
Lescanec and Muthukumar[27] performed dendrimer simula-
tions based on an off-lattice kinetic growth algorithm of self-
avoiding walks. They found that starting from the centre of the
dendrimer the density profiles decrease in a monotonic
manner, and that the size of the dendrimer is proportional
to N0.22. Finally, a considerable folding of the branches was
observed. Monte Carlo simulations performed by Mansfield
and Klushin[28] predicted density profiles similar to those
found by Lescanec and Muthukumar,[27] with the exception
that the density profile for high generations shows a minimum
at a certain distance from the centre. Also, they observed that
the back-folding of the chains can be so extensive that
monomers of higher generations can be found at any distance
from the centre of the dendrimer, and that monomers
belonging to different primary branches (dendrons) tend to
segregate even though they are chemically identical.[29]


Recently, Murat and Grest[30] performed MD simulations of
model systems by varying the solvent quality. They found a
strong correlation between solvent quality and mean radius of
gyration, and, in contrast with previous studies,[25, 27] they
observed a dendrimer size proportional to N0.33Ç. In agreement
with other authors,[27, 28] considerable back-folding of the
chains was found, and the amount of back-folding increased
with the generation number. Segregation of the various
dendrons was also detected, and the maximum dendron
overlap was found for poor solvents.


These studies have helped to enlighten some of the main
structure ± property relationships and to ensure the applic-
ability of standard simulation techniques to this peculiar field
by studying model systems. However, at least to our knowl-
edge, with the exception of the study of Naylor et al.,[26] there is
still a lack of studies that refer to specific systems, the experi-
mental behaviour of which is known with notable accuracy.


In this article, we investigate at atomic level the first five
generations of poly(propylene imine) dendrimers modified
with N-tBoc-l-phenylalanine (n-l-Phe dendrimers; n� 4, 8,
16, 32, 64) by means of MD techniques. With the aim to shed
light on the experimental behaviour of these dendrimers, and
in order to examine the dependence of the behaviour on the


Abstract in Italian: In questo lavoro eÁ riportato uno studio,
effettuato con la tecnica della Dinamica Molecolare, di
dendrimeri basati su poli(propilene imina), ed i cui gruppi
terminali sono sostituiti con aminoacidi l-fenilalanina protetti
da gruppi tBoc. Sono state considerate cinque generazioni di
dendrimeri con 4, 8, 16, 32 e 64 gruppi aminoacidici. I
dendrimeri assumono una forma tridimensionale dipendente
dalla generazione, e quelli corrispondenti alle generazioni piuÂ
alte sono sostanzialmente sferici. Le distribuzioni radiali degli
atomi Ca indicano che gli aminoacidi terminali non sono
confinati sulla superficie del dendrimero. I profili di densitaÂ
suggeriscono la presenza di zone cave per le generazioni piuÂ
alte. Questi risultati, in accordo con le proprietaÂ incapsulanti
evidenziate da studi sperimentali, suggeriscono un�auto-inclu-
sione dei gruppi terminali da parte dei dendrimeri. L� analisi
dei ponti idrogeno mostra che i dendrimeri di generazioni piuÂ
alte formano in percentuale un numero minore di ponti
idrogeno intraresiduo. Le distribuzioni degli angoli torsionali
f e y dei gruppi terminali aminoacidici, indicano che per le
generazioni piuÂ alte eÁ popolato un numero maggiore di minimi
dell� energia conformazionale. La diminuzione di attivitaÂ ottica
osservata sperimentalmente potrebbe essere correlata all�
aumento di disordine conformazionale presente nelle genera-
zioni piuÂ alte.
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generation number, we systematically studied the various
generations up to the fifth generation. In the present study, we
focus exclusively on simulations of the bare dendrimers
without considering solvent effects or the behaviour in the
presence of guest molecules. Solvent effects can be of
relevance for low generations, whereas they should be not
relevant for the more interesting fifth generation, due to the
almost solid-state character of the rigid shell as demonstrated
by 13C NMR experiments[21] and to the fact that the peculiar
chiroptical properties are not due to solvent effects.[23] More-
over, the available experimental data on these systems are in
CHCl3, which is a solvent with low polarity, small static
dielectric constant and low ordering capacity.[31] Finally,
previous studies have shown that, even for systems containing
charged species, results of simulations performed in CHCl3


have similar trends to those performed in vacuo.[32]


Model and Method


Description of the model : The starting structures for the simulations were
built up by use of the Insight� II molecular modelling system (Biosym/MSI,
San Diego).[33] The flexible cores of the five generations of the poly(propylene
imine) dendrimer were built by successively adding 4, 8, 16, 32 and 64
propylene imine repeating units to the central diaminobutane unit.


The five poly(propylene imine) dendrimers were converted into the
corresponding n-l-Phe dendrimers with a step by step growth and
relaxation procedure. The following growing steps were considered: 1)
building of the first peptide unit at each branch by adding alanyl residues to
the NH2 termini of the poly(propylene imine) dendrimer. The less bulky
alanyl residue was chosen in order to avoid local entanglements in the first
step of the building process; 2) conversion of the alanyl residues into
phenylalanyl residues; 3) building of the second peptide unit at each branch
by adding COOH groups to the NH2 termini of the phenylalanyl residues;
4) conversion of the acidic COOH groups into the corresponding methyl
esters COOCH3; 5) conversion of the methyl group of the esters into tert-
butyl groups. For each of these growing steps 10 ps of MD simulation at
1000 K were performed. An analogous procedure was adopted by Murat
and Grest,[30] which used an equilibrated dendrimer of generation n as a
core to build the dendrimer of generation n� 1.


After the dendrimers were built, 250 ps of MD at 300 K were performed.
Because with each new generation the number of end groups doubles, and
in order to sample the same number of amino acids conformations, we
performed 16, 8, 4, 2 and 1 MD simulations of 250 ps each, for a total of
4000, 2000, 1000, 500 and 250 ps for generations 1, 2, 3, 4 and 5, respectively,
for a total of 128 000 l-Phe conformations sampled for each generation. In
order to check that the calculated properties of the fifth-generation
dendrimer were not dependent on the length of the run, we extended the
corresponding simulation to 350 ps. The average properties calculated on
the last 100 ps are analogous to those obtained by analysing the
conformations sampled in the 50 ± 250 ps range. Thus, in order to analyse
the same number of l-Phe conformations for all generations, in the
following analysis only the conformations sampled in the 50 ± 250 ps range
were used. To further refine the different structures, the MD simulations
were followed by energy minimizations.


Although the procedure followed does not ensure that the absolute minima
have been obtained, we still believe that the results of the present
simulations, which result from the systematic study of the different
generations, can be used as tools for the rationalization of the experimental
behaviour of this class of molecules.


Simulation details : The MD simulations were performed with the Discover
95.0/3.00 program (Biosym/MSI, San Diego)[34] and the different trajecto-
ries were generated by varying the random generator seed for the
velocities. The temperature was kept constant by use of a direct velocity-
scaling algorithm.[34] We chose to use the AMBER all-atoms force field,[35]


and the cut-off radius for electrostatic interactions was set to 12.0 �. Bonds


to hydrogen atoms were kept at fixed lengths by the RATTLE algorithm.[36]


The Verlet velocity algorithm,[37] as implemented in the Discover 95.0/3.00
program,[34] was used to integrate the equations of motion with a 2 fs time
step. Data were collected every 0.1 ps, and the analysis was performed only
on the last 200 ps of the simulation. The energy minimizations at the end of
the MD runs were performed with the Discover 95.0/3.00 program.[34] The
conjugate gradient algorithm was employed with a convergence criterion of
0.05 kcal molÿ1 �ÿ1.


Solvent-accessible surface areas and excluded volumes were computed by
use of the Connolly algorithms[38, 39] as implemented in the TINKER
package.[40] In these calculations hydrogen atoms were not considered. The
probe radius was set to 1.4 �. All other analyses were performed by
programs developed by the authors.


Equilibration of the starting structures : Figure 1 shows the total potential
energy for the different generations as a function of time. After about 50 ps
all the generations were equilibrated. Average values of calculated


Figure 1. Time evolution of the total potential energy (Epot) for the five
generations (G� 1, 2, 3, 4, 5) of the dendrimer.


properties and the corresponding fluctuations over the last 200 ps are given
in Table 1. The energy contributions at the end of the 250 ps are given in
Table 2. In order to compare energy contributions for different generations,
we also report the energy contributions per atom, that is, the energy
contributions are divided by the total number of atoms present in the
molecule. We observed that, independent of the generation number, the
energy contributions per atom have similar values, which suggests that the
generated structures are reliable and also the absence of local entangle-
ments.


Results and Discussion


Dendrimer size and shape : Figure 2A shows the average
radius of gyration (RG) and the average distance of the Ca


carbon atom of the Phe residues from the centre of mass of
the dendrimer (RCa) as a function of the generation. The trend
for the two properties is very similar. An almost linear
relationship is present both for RG and RCa . A linear fit of the
type y� a� bx gives values for a of 4.88 and 3.51, and for b of
2.53 and 2.89 with standard deviations of 0.41 and 0.35 � for
RG and RCa , respectively. Figure 2B shows RG as a function of
the number of heavy atoms (N) on a log ± log scale. A best fit
indicates that RG/N0.29. Our result is in rough agreement with
the studies of de Gennes[25] and Lescanec[27] (RG/N0.2 and
RG/N0.22, respectively); however, it is in better agreement
with the study of Murat[30] (RG/N0.33Ç). It ought to be pointed
out that the studies performed by de Gennes and Lescanec
were based on models that did not include a thermodynamic
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Figure 2. A) Average radius of gyration (RG; continuous line) and average
distance of the Ca atom of the Phe residues (RCa ; dashed line) as a function
of the generation. B) RG as a function of the number of heavy atoms of the
dendrimer, on a log ± log scale.


relaxation of the generated structures, whereas the simula-
tions performed by Murat included such an equilibration
before data collection.


Figure 3 displays plots of the ratios of the average moments
of inertia along the principal axes x, y and z. We have assumed


Figure 3. Relative values Iz/Ix and Iz/Iy of the three principal moments of
inertia (Ix< Iy< Iz) as a function of the generation.


that Ix< Iy< Iz, and we have plotted the ratios Iz/Ix and Iz/Iy.
Low-generation dendrimers are highly asymmetric, indicated
by the high values of the Iz/Ix and Iz/Iy. At higher generations
these ratios approach unity, indicating that the dendrimers are
becoming progressively more spherical. These results are in
agreement with findings of others authors.[26, 28]


Ca-atom radial distributions and fluctuations : Figure 4 shows
the radial distributions of the Ca carbon atom of the Phe
residues (calculatated as the fraction of Ca atoms per unit
volume) as a function of the distance from the centre of mass
of the dendrimer. For low-generation dendrimers the curves
are symmetrical and have narrow distributions. This suggests
that all the l-Phe residues are on the surface of the molecule.
On the other hand, for high-generation dendrimers the curves
are not symmetrical and have long tails, indicating that a
significant back-folding of the end groups occurs, and that
monomers of the last generations penetrate the interior of the
molecule almost to the core. This result is in agreement with
previous observations on model systems.[27, 28, 30] In conclusion,
considering the encapsulating properties of the fifth-gener-
ation dendrimer a back-folding of the chains is reasonable and
can be thought of as a self-encapsulation of the bulky end
groups. The driving force could be a natural tendency to relax
the steric hindrance at the surface of higher generations.


The average Ca-atom fluctuations reported in Table 1
clearly indicate a diminished flexibility for higher generations.
This result suggests a closer packing of the dendrimers of the
higher generations and is in good qualitative agreement with
the rigidity demonstrated by 13C NMR relaxation measure-
ments.[21]


Table 1. Calculated average properties from the MD simulations for the five generations of n-l-Phe dendrimers (n� 4, 8, 16, 32, 64).


4-l-Phe 8-l-Phe 16-l-Phe 32-l-Phe 64-l-Phe


RG [�][a] 7.7� 0.4 9.9� 0.2 12.0� 0.1 14.6� 0.1 17.8� 0.0
RCa dist. [�][b] 6.3� 1.5 9.6� 2.0 11.8� 1.6 14.7� 2.6 18.2� 3.4
Ca fluct. [�][c] 3.3� 1.7 1.8� 1.0 1.1� 0.6 1.0� 0.8 0.9� 0.7
Ix [dalton� 10ÿ3 �ÿ2][d] 25.8� 6.6 127.5� 16.4 434.9� 9.8 1387.2� 13.2 4432.7� 53.9
Iy [dalton� 10ÿ3 �ÿ2][d] 35.2� 8.6 164.7� 9.26 493.6� 10.7 1591.7� 14.0 4816.9� 22.0
Iz [dalton� 10ÿ3 �ÿ2][d] 67.3� 9.7 223.2� 13.5 619.5� 17.0 1948.9� 14.9 5802.1� 28.5
Iz/Ix


[e] 2.6� 0.6 1.8� 0.3 1.4� 02 1.4� 0.1 1.3� 0.1
Iz/Iy


[e] 1.9� 0.7 1.4� 0.2 1.3� 0.2 1.2� 0.1 1.2� 0.1
Od


[f] 0.2� 0.1 0.2� 0.1 0.1� 0.1 0.1� 0.0 0.1� 0.0
Epot [kcal molÿ1][g] ÿ 53.4� 8.1 ÿ 189.1� 12.1 ÿ 514.2� 7.4 ÿ 1062.9� 16.1 ÿ 2142.8� 33.8


[a] RG is the radius of gyration. [b] RCa dist. is the distance of the Ca atom of the Phe residues from the centre of mass of the dendrimer. [c] Ca fluct. is the
fluctuation of the Ca atom of the Phe residues. [d] Ix, Iy and Iz are the moments of inertia along the principal axes sorted in ascending order. [e] Iz/Ix and Iz/Iy


are the ratio of the moments of inertia Iz and Ix, and Iz and Iy. [f] Od is the total overlap of the four dendrons (see text). [g] Epot is the total potential energy.


Table 2. Energy contributions and energy contributions per atom for the
five generations of n-l-Phe dendrimers (n� 4, 8, 16, 32, 64) after energy
minimization at the end of 250 ps of MD at 300 K.


Energy [kcal molÿ1]
4-l-Phe 8-l-Phe 16-l-Phe 32-l-Phe 64-l-Phe


total ÿ 182.8 ÿ 473.7 ÿ 1081.6 ÿ 2198.7 ÿ 4446.1
internal 41.9 97.7 289.3 610.6 1256.1
nonbonded ÿ 224.7 ÿ 571.4 ÿ 1370.9 ÿ 2809.3 ÿ 5702.2


Energy per atom [kcal molÿ1][a]


total ÿ 0.92 ÿ 1.11 ÿ 1.22 ÿ 1.23 ÿ 1.23
internal 0.21 0.23 0.33 0.34 0.35
nonbonded ÿ 1.13 ÿ 1.34 ÿ 1.55 ÿ 1.57 ÿ 1.58


[a] For the energy contributions per atom, the various terms in the upper
part of the table are divided by the total number of atoms present in the
molecule.







Molecular Dynamics 927 ± 934


Chem. Eur. J. 1998, 4, No. 5 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998 0947-6539/98/0405-0931 $ 17.50+.25/0 931


Figure 4. Radial distributions of the Ca atom of the Phe residues as a
function of the distance from the centre of mass of the dendrimer for the
five generations (G� 1, 2, 3, 4, 5).


Density profiles : Figure 5 shows plots of the average atom
densities (number of atoms per unit volume) as a function of
the distance from the centre of mass of the dendrimer. A


Figure 5. Radial atom densities as a function of the distance from the
centre of mass of the dendrimer for the five generations (G� 1, 2, 3, 4, 5).


common feature is a region of high density near the centre of
the molecule. As observed by other authors,[28, 30] density
profiles corresponding to lower generations decrease almost
monotonically, while for higher generations a well-defined
minimum, and hence a low-density region, is present.[28, 30] A
region of low density in the interior of the fifth-generation
dendrimer, even in the presence of back-folding of the bulky


end groups, is in qualitative agreement with the encapsulating
properties of the 64-l-Phe box.


Dendron segregations : The segregation of the dendrons was
evaluated according to the procedure described by Murat and
Grest.[30] The space occupied by the dendrimers is divided into
cubic cells, and the number of atoms belonging to dendron x
that are inside the cell is defined as yx(i,j,k), with the indices i,
j and k used to identify the cells. The total overlap Od is
defined in Equation (1).


Od�


X�i;j;k�
y1y2 � y1y3 � y1y4 � y2y3 � y2y4 � y3y4X�i;j;k�


y2
1 � y2


2 � y2
3 � y2


4


(1)


The sum is over all the cells, and yx is equal to yx(i,j,k). If
the dendrons are completely segregated, for each cell only
one value of yx(i,j,k) is not zero, and the total overlap Od is
equal to zero. On the other hand, if the dendrons are totally
mixed for each cell the yx(i,j,k) values are equal to each other,
and the total overlap (Od) is equal to 1.5. The particular value
assumed by Od depends on the size of the cell. In the following
analysis we chose a cell length of 5.0 �. Although for different
values of the cell length the absolute numeric values of Od are
different, no reasonable adjustment of the cell length can
modify the conclusions of this analysis.


Figure 6 shows plots of Od as a function of the generation.
In agreement with the results of other authors,[29, 30] a
noticeable segregation of the dendrons is observed. As found
by Murat and Grest,[30] the amount of overlap decreases with
increasing generation number.


Figure 6. Total overlap (Od) of the various dendrons as a function of the
generation.


Hydrogen-bond patterns : The average percentage of H-bonds
observed in the performed simulations are reported in
Table 3. For each Phe residue two donor nitrogen atoms are
present. Thus, 8, 16, 32, 64 and 128 donors are present for
generations 1 to 5, respectively. These numbers coincide with
the maximum number of H-bonds (HBmax) on the assumption
that each donor participates in one H-bond only. H-bond
acceptors are represented by the three oxygen atoms of each
Phe residue (two from the amide groups and one in the ester
tBoc unit) and by all the sp3 nitrogen atoms of the propylimine
spacers. According to this we have 14, 30, 62, 126 and 254
acceptors for generations 1 to 5, respectively.


The observed H-bonds are reported as those formed by a
donor and an acceptor that belong to the same residue (C5, C7


and PC7 types) or to different residues (external H-bonds, ExO
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and ExN types) of the dendrimer. C5 and C7 represent typical
conformations observed in peptide systems,[41] with H-bonds
completing a 5- or 7-membered ring within the same Phe
residue. PC7 is a pseudo C7 conformation in which the seven-
membered ring is determined by an H-bond interaction
between the first amide nitrogen of the Phe residue and the
oxygen of the ester tBoc group. ExO and ExN are H-bonds to
oxygen atoms of different Phe residues or to sp3 nitrogens of
the propylimine spacers, respectively. An H-bond is consid-
ered to occur if the distance between the hydrogen atom and
the acceptor is smaller than 2.5 � and the angle donor-H-
acceptor is greater than 908. The percentage of H-bonds is
calculated according to the formula %HB� 100�HBobs/
HBmax, where HBobs represents the number of H-bonds
observed in the sampled frame (defined previously).


The total percentage of H-bonds decreases markedly in the
fifth generation, which suggests an increased disorder in the
corresponding structure. The percentage of C7 H-bonding is
almost halved, while a noticeable increase of the percentage
of ExO H-bonds is observed. As a consequence, the amount of
intraresidue H-bonds considerably decreases with a concerted
increase of interresidue H-bonds. As a hypothesis, the
augmented steric hindrance in the molecule prevents the
dendrimer branches from adopting folded intraresidue struc-
tures and forces the interresidue interactions to occur. As
suggested by Meijer, a higher percentage of interresidue H-
bonds could contribute to the experimentally observed
rigidity of the fifth-generation dendrimer. This conclusion is
also consistent with the reduced Ca-atom fluctuations pre-
viously discussed. Finally, a negligible amount of H-bonding
to the nitrogen atoms of the propylimine spacers occurs,
probably due to the high steric hindrance in the proximity of
these triply substituted atoms.


f and y torsional angle distributions : The Ramachandran
plot[41] of the peptide acetyl-l-Phe-tBoc is shown in Figure 7A.
The lowest energy minimum is found for the symmmetric C7eq


(f, y)� (ÿ608,608) conformation[41] with its symmetric one,
C7ax (608,ÿ 608),[41] close in energy. The other detected minima


Figure 7. A) Ramachandran plot of the peptide Acetyl-l-Phe-tBoc (the
isoenergetic curves are drawn at 1, 3, 5, 7, and 11 kcal molÿ1). B) ± F) The
calculated f and y torsional angle distributions of the Phe residues, for the
five generations (G� 1, 2, 3, 4, 5).


are in the C5 (1808,1808),[41] a' (1808,ÿ 608)[42] and PII


(ÿ608,1808)[42] regions.
The calculated values of the f and y torsional angles[41] of


the Phe residues during the MD simulations for the first- to
fifth-generation dendrimers are shown in Figures 7B ± 7F,
respectively. For each generation, the same number of points
has been collected (see methods). Independent of the
generation number, the most populated energy minimum
corresponds to the C7eq conformation. Nevertheless, for
higher generations more minima are populated. In particular,
for the fifth generation an increased number of minima is
observed with a wider spread of the allowed conformations. A
larger percentage of a helix conformers of both helicities is
present, and the a' and PII semiextended structures are more
populated. These structures are not intrinsically stabilized by
H-bonds in a dipeptide and are usually stable for longer
peptide chains. In this case, increasing the generation number
corresponds to an augmented proximity of the amino acid
residues, and this induces the folding in these conformations.
This is in agreement with the previously discussed H-bonds
analysis in which the reduced flexibility, due to the greater
steric hindrance in higher generations, leads to a greater
number of interresidue H-bonds to the detriment of con-
formations with intraresidue H-bonds.


The higher conformational disorder of the Phe residues
could rationalize the vanishing optical activity of the higher


Table 3. Calculated average percentages of H-bonds from the MD
simulations for the five generations of n-l-Phe dendrimers (n� 4, 8, 16,
32, 64).


H-bond 4-l-Phe 8-l-Phe 16-l-Phe 32-l-Phe 64-l-Phe


C5
[a] 1.2 0.4 0.1 2.4 0.7


C7
[a] 39.5 45.1 35.4 35.8 18.0


PC7
[b] 0.0 0.0 2.9 0.7 4.8


ExO
[c] 6.2 5.3 3.7 8.7 14.7


ExN
[c] 0.4 0.1 0.1 0.3 0.3


intra residue[d] 40.7 45.5 38.4 38.9 23.5
inter residue[d] 6.6 5.4 3.8 9.0 15.0
total 47.3 50.9 42.2 47.9 38.5


[a] C5 and C7 represent H-bonds that determine 5- and 7-membered rings in
the same Phe residue. [b] PC7 is a pseudo C7 conformation in which the
seven-membered ring is determined by an H-bond interaction of the first
amidic nitrogen of the Phe residue and the oxygen of the ester tBoc. [c] ExO


and ExN are H-bonds with oxygens of different Phe residues or sp3


nitrogens of the propylimine spacers, respectively. [d] The intra- and
interresidue percentages are the sum of the C5, C7, PC7 and ExO, ExN


percentages, respectively.
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generations, as already suggested by Meijer et al.[23] If the
molecular environment forces the amino acid residues into
different energy minima, an internal compensation effect of
different chiral conformers could cause the decrease of the
optical activity of the higher generations.[43]


Solvent-accessible surface areas and excluded volumes : The
average solvent-accessible surface area[38] and excluded
volume[39] observed in the performed simulations are given
in Table 4. For the sake of comparison the per atom
contributions are also reported. In this case, the total average
areas and volumes are divided by the total number of heavy
atoms present in the molecule.


The augmented proximity of the various residues in higher
generations, already suggested by the H-bond, and f and y


torsional angle analyses, is confirmed. On increasing the
generation number, an almost linear decrease of the solvent-
accessible surface area and excluded volume per atom is
observed. In particular, the solvent-accessible surface area per
atom is almost halved in going from the first to the fifth
generation. This analysis is consistent with a more dense
packing of the residues for higher generations.


The apolar contribution to the solvent-accessible surface
area is close to 90 % and is independent of the generation.
Considering that the percentage of apolar atoms in the
dendrimers is close to 75 %, this indicates that polar atoms are
shielded by the hydrophobic moiety of the dendrimer.


Conclusions


We have presented a molecular dynamics investigation on the
first five generations of poly(propylene imine) dendrimers
modified with N-tBoc-l-phenylalanine amino acid end
groups. The main results of the present study are the
following: i) The dendrimer size is found to follow the
relationship RG/N0.29, with RG and N being the radius of
gyration and the number of heavy atoms, respectively. ii) The
diminished fluctuation of the Ca atoms of the amino acid
residues for higher generations suggests a denser packing and
a greater rigidity for these molecules. This result is in
qualitative agreement with the experimental finding of a
high-density solid-like packing in solution demonstrated by


13C NMR relaxation measurements.[21] iii) The radial distri-
bution of the Ca atoms clearly indicate that for higher
generations a noticeable back-folding of the end groups
occurs. Moreover, for the higher generations some hollowness
is indicated by the radial atom density analysis. Consequently,
even if self-encapsulation of the bulky termini occurs, it is not
able to completely fill the voids created between the
propylimine spacers. This self-encapsulation property is
clearly coherent with the experimentally proved encapsulat-
ing properties of the 64-l-Phe box. iv) H-bond analysis
indicates a decrease of the intraresidue H-bonds for the
higher generations and, as a consequence, for higher gener-
ations a higher number of less ordered structures is present.
v) The f and y torsional angle distribution analysis indicates
that for higher generations a larger number of minima in the
Ramachandran plot are populated. These conformations are
probably enforced by the denser packing, as seen by the
smaller per atom solvent-accessible surface area and excluded
volume obtained for higher generations. These results support
the hypothesis of Meijer et al. that the vanishing optical
activity of higher generations could be ascribed to presence of
a higher conformational disorder of the amino acid resi-
dues.[23]


More complete experimental data on these systems are
highly desirable. The field is rapidly developing and more
detailed structural and thermodynamic characterizations are
more than welcome. Modelling work, although never equiv-
alent to any experimental proof, we hope contributes towards
gaining an insight on new systems and to stimulate new
experiments. The reasonable qualitative agreement with the
available experimental results of the present simulations is
also encouraging for the application of MD simulation
techniques to this class of molecules.


Note added in proof : Shortly after this manuscript was
submitted, the following two papers were published: P. Miklis,
T. Cagin, W. A. Goddard III J. Am. Chem. Soc. , 1997, 119,
7458 and H. W. I. Peerlings, E. W. Meijer Chem. Eur. J. , 1997,
3, 1563. In the first paper, molecular dynamics simulations
have been performed on the fifth-generation dendrimer with
4 to 6 bengal rose molecules and also with explicit solvent
molecules. The gyration radius they calculated (� 19 �) is in
good agreement with our value of � 18 � for the same
generation dendrimer, especially considering that we per-
formed our simulations in absence of any guest molecules. In
the second paper, the issue of dense packing at the surface has
been investigated by introduction of an alkyl chain spacer
between the tBoc-l-Phe amino acids and the end of the
branching of the poly(propylene imine) core. The dendrimers
of the first and fifth generation were synthesized and
compared with the chiral dendrimer without spacers. The
optical activity remains constant for both derivatives with
spacers, which is in contrast to the decrease in optical activity
for the dendrimers without. The authors suggest that with the
spacer the l-Phe units can freely adopt the preferred
conformation, whereas without the spacers the l-Phe units
are forced to adopt different frozen-in conformations. Our
results (conformational disorder for the fifth generation


Table 4. Calculated average solvent-accessible surface areas (SASA) and
excluded volumes (EV) from the MD simulations for the five generations
of n-l-Phe dendrimers (n� 4, 8, 16, 32, 64).


4-l-Phe 8-l-Phe 16-l-Phe 32-l-Phe 64-l-Phe


SASAapol [�2][a] 1432.8 2690.0 5061.7 8215.3 13280.5
SASApol [�2][a] 180.3 342.7 678.8 946.9 1434.9
SASAtot [�2][a] 1613.1 3032.7 5740.5 9162.2 14715.4
EVtot [�3][a] 3366.0 6915.6 13976.2 26632.4 50777.5


Values per atom[b]


SASAtot [�2] 17.3 15.4 14.2 11.2 8.9
EVtot [�3] 36.2 35.1 34.5 32.4 30.7


[a] SASAapol , SASApol , SASAtot and EVtot represent the apolar, polar and
total solvent-accessible surface areas, and total excluded volume, respec-
tively. [b] The per atom contributions have been obtained by dividing the
total values by the total number of non-hydrogen atoms.
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without spacers) is in good qualitative agreement with these
very elegant experiments.


Acknowledgments: We thank the Istituto Guido Donegani S.p.A. (ENI-
CHEM) for the opportunity to use the Biosym/MSI software. The financial
support of the M.U.R.S.T. is gratefully acknowledged.


Received: July 21, 1997 [F774]


[1] E. Buhleier, W. Wehner, F. Vögtle, Synthesis 1978, 155.
[2] G. R. Newkome, Z. Q. Yao, G. R. Baker, V. K. Gupta, J. Org. Chem.


1985, 50, 2003.
[3] D. A. Tomalia, H. Baker, J. R. Dewald, M. J. Hall, G. Kallos, S. J.


Martin, J. Roeck, J. Ryder, P. B. Smith, Polym. J. 1985, 17, 117.
[4] D. A. Tomalia, J. R. Dewald, M. J. Hall, S. J. Martin, P. B. Smith,


Macromolecules 1986, 19, 2466.
[5] C. Hawker, J. M. J. FreÂchet, J. Chem. Soc. Chem. Commun. 1990, 1010.
[6] D. A. Tomalia, A. M. Naylor, W. A. Goddard III, Angew. Chem. 1990,


102, 119; Angew. Chem. Int. Ed. Engl. 1990, 29, 138.
[7] G. R. Newkome, X. Lin, Macromolecules 1991, 24, 1443.
[8] D. A. Tomalia, H. D. Durst, Top. Curr. Chem. 1993, 165, 193.
[9] G. H. Escamilla, G. R. Newkome, Angew. Chem. 1994, 106, 2013;


Angew. Chem. Int. Ed. Engl. 1994, 33, 1937.
[10] J. C. M. van Hest, D. A. P. Delnoye, M. W. P. Baars, M. H. P. van


Genderen, E. W. Meijer, Science 1995, 268, 1592.
[11] J. M. J. FreÂchet, M. Henmi, I. Gitsov, S. Aoshima, M. R. Leduc, R. B.


Grubbs, Science 1995, 269, 1080.
[12] S. C. Zimmerman, F. Zeng, D. E. C. Reichert, S. V. Kolotuvhin,


Science 1996, 271, 1095.
[13] T. W. Bell, Science 1996, 271, 1077.
[14] G. R. Newkome, C. N. Moorefield, in Comprehensive Supramolecular


Chemistry, Vol. 10 (Ed.: D. N. Reinhoudt), Elsevier, New York, 1996,
chapter 26.


[15] G. R. Newkome, C. N. Moorefield, F. Vögtle, Dendritic Molecules:
Concepts, Syntheses and Perspectives, VCH, Weinheim (Germany),
1996.


[16] J. C. Roberts, Y. E. Adams, D. A. Tomalia, J. A. Mercer-Smith, D. K.
Lavallee, Bioconjugate Chem. 1990, 2, 305.


[17] K. R. Godpias, A. R. Leheny, G. Camianati, N. J. Turro, D. A.
Tomalia, J. Am. Chem. Soc. 1991, 113, 7335.


[18] J. W. J. van Knapen, A. W. van der Made, J. C. de Wilde, P. W. N. M.
van Leeuwen, P. Wijkens, D. M. Grove, G. van Koten, Nature 1994,
372, 659.


[19] C. J. Hawker, J. M. J. FreÂchet, J. Am. Chem. Soc. 1990, 112, 7638.
[20] E. M. M. de Brabander-van den Berg, E. W. Meijer, Angew. Chem.


1993, 105, 1370; Angew. Chem. Int. Ed. Engl. 1993, 32, 1308.
[21] J. F. G. A. Jansen, E. M. M. de Brabander-van den Berg, E. W. Meijer,


Science 1994, 266, 1226.
[22] C. Wörner, R. Mühlhaupt, Angew. Chem. 1993, 105, 1367; Angew.


Chem. Int. Ed. Engl. 1993, 32, 1306.
[23] J. F. G. A. Jansen, H. W. I. Peerlings, E. M. M. de Brabander-van den


Berg, E. W. Meijer, Angew. Chem. 1995, 107, 1321; Angew. Chem. Int.
Ed. Engl. 1995, 34, 1206.


[24] J. F. G. A. Jansen, E. W. Meijer, E. M. M. de Brabander-van den Berg,
J. Am. Chem. Soc. 1995, 117, 4417.


[25] P. G. de Gennes, H. Hervet, J. Phys. Lett. Fr. 1983, 44, L351.
[26] A. M. Naylor, W. A. Goddard III, G. E. Kiefer, D. A. Tomalia, J. Am.


Chem. Soc. 1989, 111, 2339.
[27] R. L. Lescanec, M. Muthukumar, Macromolecules 1990, 23, 2280.
[28] M. Mansfield, L. Klushin, Macromolecules 1993, 26, 4262.
[29] M. Mansfield, Polymer 1994, 35, 1827.
[30] M. Murat, G. S. Grest, Macromolecules 1996, 29, 1278.
[31] I. G. Tironi, W. F. van Gunsteren, Mol. Phys. 1994, 83, 381.
[32] M. Lauterbach, G. Wipff, Supramol. Chem. 1995, 6, 187.
[33] InsightR II User Guide, Biosym/MSI, San Diego, 1995.
[34] DiscoverR 95.0/3.00 User Guide, Biosym/MSI, San Diego, 1995.
[35] S. J. Weiner, P. A. Kollman, D. A. Case, U. C. Singh, C. Ghio, G.


Alagona, S. Profeta, Jr., P. Weiner, J. Am. Chem. Soc. 1984, 106,
765.


[36] H. C. Andersen, J. Comp. Phys. 1983, 52, 24.
[37] L. Verlet, Phys. Rev. 1967, 159, 98.
[38] M. L. Connolly, J. Appl. Cryst. 1983, 16, 548.
[39] M. L. Connolly, J. Am. Chem. Soc. 1985, 107, 1118.
[40] M. Dudek, J. Ponder, J. Comput. Chem. 1995, 16, 791.
[41] C. R. Cantor, P. R. Schimmel, Biophysical Chemistry Vol. 1 (Ed.:


W. H. Freemer), San Francisco, 1980.
[42] E. Bendetti, in Chemistry and Biochemistry of Aminoacids, Peptides


and Proteins (Ed.: B. Weinstein), Marcel Dekker, New York, 1982,
p. 105.


[43] M. M. Green, B. A. Garetz, Tetrahedron Lett. 1984, 25, 2831.








Efficient Chemoenzymatic Synthesis of Enantiomerically Pure
a-Amino Acids**


Matthias Beller,* Markus Eckert, Holger Geissler,* Bernd Napierski,
Heinz-Peter Rebenstock, and E. Wolfgang Holla*


Dedicated to Professor Boy Cornils on the occasion of his 60th birthday


Abstract: A general two-step chemoenzymatic synthesis for enantiomerically pure
natural and nonnatural a-amino acids is presented. In the first step of the sequence,
the ubiquitous educts aldehyde, amide and carbon monoxide react by palladium-
catalyzed amidocarbonylation to afford the racemic N-acyl amino acids in excellent
yields. In the second step, enzymatic enantioselective hydrolysis yields the free
optically pure a-amino acid and the other enantiomer as the N-acyl derivative, both in
optical purities of 85 ± 99.5 % ee. The advantage of the chemoenzymatic process
compared to other amino acid synthesis are demonstrated by the preparation of
various functionalized (-OR, -Cl, -F, -SR) a-amino acids on a 10-g scale.


Keywords: amino acids ´ amido-
carbonylation ´ enzymes ´
homogeneous catalysis ´ palladium


Introduction


Enantiomerically pure a-amino acids play a central role in
chemistry and biology owing to their function as building
blocks of proteins, peptides and other natural compounds.
From an industrial point of view amino acids and certain
derivatives are important as food additives, agrochemicals,
even as detergents and metal-chelating agents.[1] In addition,
a-amino acid derivatives are highly important in synthetic
organic chemistry as chiral, nonracemic starting materials and
auxiliaries.[2] Although the synthesis of enantiomerically pure
a-amino acids has been a field of intensive research for
years,[3] there is no general, environmentally friendly and


economical concept for the preparation of many important
nonnatural amino acids. The present common chemical
enantioselective synthesis routes have a number of disadvan-
tages, and are therefore not attractive for amino acid
preparation even on a hundred-gram scale, not to mention
technical applications.


Not only the well-known and powerful synthetic techniques
developed by Schöllkopf,[4] Seebach,[5] Evans,[6] Williams[7]


and others,[8] but also very recent methods,[9] are predom-
inantly not catalytic and utilize some expensive or not
commercially available reactants. Moreover, they frequently
require low-temperature reaction steps and mostly need at
least four reaction steps to yield the desired amino acid
starting from inexpensive educts. Further, the synthetic routes
utilizing valuable catalytic processes such as asymmetric
hydrogenation[10] most often require expensive starting mate-
rials.[11] Hence, the classical Strecker reaction[12] combined
with a resolution step is still often favourable for multigram to
kilogram synthesis of nonnatural amino acids despite the large
amount of salt by-products produced by this reaction se-
quence. There is obviously still a need for a general and
convergent approach towards nonnatural amino acids that
would allow an easy, inexpensive and technically feasible
synthesis.


Results and Discussion


We present for the first time a simple chemoenzymatic
sequence as a general method for the synthesis of enantio-
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merically pure a-amino acids (Scheme 1). The two-step
procedure relies on our recently disclosed palladium-cata-
lyzed amidocarbonylation[13] and a subsequent enzymatic
racemic resolution. In the first step of the reaction sequence,
the racemic N-acyl amino acid is prepared by amidocarbony-
lation from an aldehyde, an acid amide and CO in the present
of palladium catalysts. Originally, this atom-economical three-
component reaction for the synthesis of N-acyl amino acids


Scheme 1. Chemoenzymatic two-step sequence of amidocarbonylation
and enzymatic hydrolysis.


was accidentally discovered by Wakamatsu et al. using
synthesis gas and cobalt catalysts in 1971.[14] Later, Ojima
and coworkers used this method and developed elegant
tandem procedures[15] based on the amidocarbonylation.
Despite improvements by some of us, such as acid cocatal-
ysis[16] of the cobalt-catalyzed variant, the methodology is
limited in its product spectrum so far. In addition, the activity
of the cobalt catalysts is quite low.


Stimulated by the initial experiments of Jägers[17] we could
demonstrate that Pd(ii) salts in combination with phosphines
and halide and acid cocatalysis constitute an excellent catalyst
system that is superior to all published amidocarbonylation
catalysts.[13] Optimization studies using the amidocarbonyla-
tion of isovaleraldehyde revealed excellent yields and supe-
rior catalyst productivities (turnover number TON� 25000,
turnover frequency TOF> 400 hÿ1) under appropriate con-
ditions (Scheme 2).


Scheme 2. Racemic N-acyl amino acid synthesis by palladium-catalyzed
amidocarbonylation; NMP�N-methylpyrrolidone.


Our initial studies also showed that other simple aliphatic
and aromatic aldehydes could be efficiently amidocarbony-
lated. The next goal was to extend this chemistry to use more


functionalized aldehydes as well as amides as substrates for
the palladium-catalyzed amidocarbonylation. In the presence
of the catalyst system PdBr2/H2SO4/LiBr (0.25 mol %/
1 mol %/35 mol %) at 60 bar CO pressure and 120 8C, it is
possible to prepare racemic N-acyl derivatives of important
proteinogenic and nonproteinogenic amino acids. For exam-
ple, methionine and substituted phenylglycines are obtained
in good to excellent yields (not optimized) from simple low-
cost starting materials (Table 1).


As shown in Table 1, interesting functional groups like -OR,
halides (-Cl, -F) and even -SR are tolerated without any
problems. In addition, a sterically hindered aldehyde such as
cyclohexyl carbaldehyde yielded the corresponding N-acyl
amino acids in very good yields. For the purpose of
comparison of the classical cobalt catalysts with the new
palladium catalyst system, amidocarbonylations of acetamide
with cyclohexane carbaldehyde and 4-fluorobenzaldehyde
were carried out in the presence of dicobaltoctacarbonyl
(3 mol % Co, 100 bar CO/H2 (1:1), 120 8C, 3 h).[18] Both
reactions revealed the superiority of the palladium-catalyzed
variant. While the cobalt-catalyzed amidocarbonylation of
cyclohexane carbaldehyde afforded N-acetyl-a-cyclohexyl-
glycine in 88 % yield (TON� 29), the palladium-catalyzed
reaction yielded the desired product in 95 % yield (TON�
380). Even more evident are the advantages for the reactions
using 4-fluorobenzaldehyde. With cobalt catalysts no amido-
carbonylation occurred (this can be explained by hydro-
genation side reactions), whereas N-acetyl-4-fluorophenyl-
glycine was obtained in 85 % yield with the palladium catalyst
system.


With the palladium-catalyzed amidocarbonylation in hand,
we are interested in the efficient production of optically pure
N-acyl amino acids and the corresponding amino acids. Apart
from the development of catalytic asymmetric variants, which
we are pursuing, the combination of amidocarbonylation with
an enzyme-catalyzed resolution step attracted our attention in
particular. In principle, the enzymatic cleavage of the N-acyl
group leads to both enantiomerically enriched free amino acid
and N-acyl-protected amino acid. Biocatalytic processes of
this kind are well known[19] and are employed on a large
scale.[20] The obtained optical purities are generally good to
very good and many enzymes for amide hydrolysis are
commercially available. In this respect the amino hydrolases
(EC 3.5.1.14) from Aspergillus spp. and from porcine kidneys
as well as penicillin acylase are particularly suited. Interest-
ingly, these amide hydrolases accept substrates with a wide
range of structure and functionality in both the amino acid
and acyl moities of substrates. However, they reveal some
interesting and significant differences.[19, 20] For instance, the
Aspergillus acylase shows higher relative activities with
aromatic and b-branched amino acids than does porcine
kidney acylase. N-Phenacetyl derivatives enable the applica-
tion of penicillin acylase, which is known for a rather lax
substrate specificity.


A remarkable feature of palladium-catalyzed amidocarbo-
nylation is that it is double-convergent and gives products
with various side chains. This feature allows also a fine tuning
of the stereoselectivity of the enzymatic resolution by a simple
variation of the amide group. Thus, that amide-protecting


Abstract in German: Es wird eine allgemeine zweistufige
chemoenzymatische Synthese von enantiomerenreinen natür-
lichen und nicht-natürlichen a-Aminosäuren beschrieben. Im
ersten Schritt der Sequenz werden die ubiquitären Edukte
Aldehyd, Amid und Kohlenmonoxid mittels palladiumkata-
lysierter Amidocarbonylierung zu den racemischen N-Acyl-
aminosäuren in guten bis sehr guten Ausbeuten umgesetzt. Im
zweiten Schritt führt die enzymatische enantioselektive Hydro-
lyse zu der freien optisch reinen a-Aminosäure und dem N-
Acylderivat des anderen Enantiomers, beide in optischen
Reinheiten von 85 bis 99.5 % ee. Der Vorteil dieses chemoen-
zymatischen Prozesses gegenüber anderen Aminosäuresyn-
thesen wird demonstriert durch die Darstellung von verschie-
denen funktionalisierten (-OR, -Cl, -F, -SR) a-Aminosäuren im
10-g-Maûstab.
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group can be used which is known to give the best stereo-
selectivities or higher reaction rates with the subsequently
employed enzyme. For instance, in many cases methoxyacetic
acid amides are hydrolyzed faster by porcine kidney acylase
than the corresponding acetamide derivatives. To the best of
our knowledge, N-methoxyacetic acid amides and N-phenyl-
acetic acid amides have never been used in amidocarbonyla-
tion reactions. N-acetyl-, N-a-methoxyacetyl- and N-phen-
acetylamino acids are accessible in yields of 72 ± 99 % by
amidocarbonylation employing our standard reaction condi-
tions.


To demonstrate the utilization of the overall process we
subjected nine different amidocarbonylation products repre-
senting a wide range of structure and functionality to
enzymatic hydrolysis. The results are summarized in Table 1.
The acylase-mediated resolutions were performed on 2 ± 30 g
scale under standard conditions. Initial concentrations of
racemic substrates were 0.18 ± 0.58m, in most cases �0.4m.
Periodic addition of a few drops of aqueous NaOH main-
tained the pH at 7.6 ± 7.9, and the temperature was kept at 37 ±
40 8C.


Acylase from Aspergillus spp. (AA) and porcine kidney
acylase (PKA) were used as lyophilized powders. To avoid
autoxidation of PKA, substrate solutions were purged with
nitrogen before addition of the enzyme and then kept under
an atmosphere of nitrogen during the reaction. To accelerate
the reaction rates of AA- or PKA-catalyzed hydrolysis
�0.5 mm CoCl2 ´ 6 H2O was included in the reaction mixtures.
Amount of enzymes, duration of the reaction, and the work-
up procedure were not optimized. In most cases the work-up
protocol involved acidification of the reaction mixture to pH


5 ± 6, filtration of the (S)-amino acid, acidification to pH 1 ± 2
and subsequent filtration or extraction of the (R)-N-acyl
amino acid. The enantiomeric excesses of the (S)-amino acids
are in all cases >96 %, in most cases >99 %. The correspond-
ing (R)-N-acyl amino acids, which can be further used for (R)-
amino acid synthesis, are available[21] without recrystallization
in optical purities of >85 %. The yields of the overall process
are 24 ± 42 % of (S)-amino acid and 30 ± 46 % of (R)-N-acyl
amino acid (Table 2).


Although our chemoenzymatic procedure can theoretically
give a maximum yield of 50 %, of the (S)-amino acid as well as
of the remaining (R)-acyl amino acids, it is important to note
that the yield of the (S)-amino acid can be easily increased.
After racemization of the (R)-acyl amino acid by heating in
acetic acid and acetic acid anhydride at 110 ± 115 8C, the
resulting racemic mixture can be reused for the resolution
process.[22] In order to prove this principle we racemized the
obtained N-acetyl-(R)-4-chlorophenylglycine and performed
an additional enzymatic resolution. The yield of (S)-4-
chlorophenylglycine was increased to 63 % (99 % ee). On a
large scale, a continuous process would increase the yield up
to 80 ± 90 %.


The advantages of the presented chemoenzymatic process
compared to other stereoselective synthetic methods for
amino acids appear in particular if the desired product needs
to be prepared on a scale of 10 ± 100 g or even larger. As an
example we prepared (S)-4-chlorophenylglycine, which is a
topically interesting subunit of pharmaceutically active
agents. Starting from inexpensive 4-chlorobenzaldehyde
(21 g) and acetamide (9 g) we performed the amidocarbony-
lation in a 300 mL autoclave and obtained 30 g of the racemic


Table 1. Synthesis of enantiomerically pure a-amino acids by palladium-catalyzed amidocarbonylation and enzymatic hydrolysis.


[a] Amount of enzyme, reaction time and work-up procedure are not optimized. [b] Isolated yields. [c] Acylase from Aspergillus
spp. [d] Porcine kidney acylase. [e] ChiroCLEC�-EC (penicillin acylase). [f] After incomplete precipitation.
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N-acetyl-4-chlorophenylglycine. Subsequent enzymatic reso-
lution gave 10.6 g of enantiomerically pure (S)-4-chlorophe-
nylglycine.


In conclusion, we have developed an extremely easy to
perform two-step procedure for the synthesis of a-amino
acids. It might initially appear that this procedure, containing
a resolution step and thus giving only a maximum yield of
50 % of the desired amino acid for a batch reaction, is not
competitive with spectacular catalytic asymmetric procedures,
for example hydrogenations, or one of the numerous elegant
diastereoselective reactions, which can lead in principle to a
100 % yield. However, all these methods must be compared
considering the availability of the precursors, the number of
reaction steps and the possibility of performing large-scale
reactions (>10 ± 100 g). By comparing these critical issues we
believe that in many or most cases the methodology described
herein is the state of the art synthesis for a-amino acids.


Experimental Section


General : A 300 mL stirred reactor (Parr 4561) with a magnet-driven
propeller stirrer was used for the high-pressure reactions. Melting points
were determined on a Büchi 535 melting point apparatus and are
uncorrected. Optical rotations were measured on a Perkin ± Elmer 141
polarimeter. The enantiomeric purities of the amino acids were determined
by GC analysis (HP 5890 with auto injector HP 7673) after derivatization
with propanol/HCl (110 8C, 1 h) and perfluoropropionic acid anhydride
(110 8C, 1 h) on a 25 m Chirasil l-Val capillary column (Alltech) at 80 ±
160 8C, inj. 240 8C, det. (FID) 260 8C, 0.8 bar H2 carrier gas. The
enantiomeric purities of the N-acyl amino acids were determined by GC
analysis under similar conditions after derivatization with propanol/HCl or
methanol/HCl. 1H NMR and 13C NMR spectra (internal standard TMS)
were recorded in [D6]DMSO and trifluoroacetic acid on a Varian Gemini
200 (200 MHz), a Varian Unity plus 300 (300 MHz) and a Bruker AM 400


(400 MHz) spectrometer. Mass spectra were determined on a Micromass
TRIO-2000 (DCI), a Micromass BIO-Q (ESI) and a Finnigan MAT 90
(CI). Infrared spectra were taken with a Perkin ± Elmer 683 and a Perkin ±
Elmer FT-IR 1600 spectrometer.


Materials : Acylase Amano 30 000 from Aspergillus spp. , 30 u/mg (AA) was
obtained from Amano Enzyme Europe, acylase I, grade II, from porcine
kidney, 720 u/mg (PKA) from Sigma Chemical, and ChiroCLEC-EC (PA)
from Altus Biologics Inc.


General procedure for amidocarbonylation : N-Methylpyrrolidone (NMP)
solution (1m, 25.0 mL) in aldehyde and amide, [(PPh3)2PdBr2]
(0.25 mol %), H2SO4 (1 mol %) and LiBr (35 mol %) were allowed to react
under 60 bar CO at 120 8C for 12 h. The volatile components were removed
under high vacuum, and the residue was taken up in a saturated aqueous
solution of NaHCO3 and then washed with chloroform and ethyl acetate.
The aqueous phase was adjusted to pH 2 with phosphoric acid. The
precipitate was filtered off, washed with water and dried under high
vacuum. The combined aqueous phases were then extracted with ethyl
acetate. The organic phase was dried over magnesium sulfate, and the
solvent was removed under vacuum. The precipitate and the residue were
combined and recrystallized.


(R,S)-N-acetylcyclohexylglycine (1): Following the general procedure,
cyclohexane carbaldehyde (14.1 g, 0.125 mol), acetamide (7.4 g, 0.125 mol),
[(PPh3)2PdBr2] (247 mg, 0.3125 mmol), H2SO4 (0.12 g, 1.25 mmol) and LiBr
(3.8 g, 44 mmol) in 100 mL NMP were converted to yield 23.7 g (95 %)
(R,S)-N-acetylcyclohexylglycine (CAS 14328-56-4); m.p. 185 8C; 1H NMR
(400 MHz, [D6]DMSO): d� 0.9 ± 1.3 (m, 5 H), 1.5 ± 1.8 (m, 6H), 1.86 (s,
3H), 4.1 (dd, J1� 8 Hz, J2� 6 Hz, 1H), 7.96 (d, J� 8 Hz, 1H), 12.47 (s, 1 H);
13C NMR (400 MHz, [D6]DMSO): d� 173.3, 169.5, 56.9, 29.3, 28.2, 25.8,
25.7, 22.4; MS (CI): m/z (%)� 200.2 ([M��H], 100); IR (KBr): nÄ � 3339.7,
2929.3, 1699.9, 1615.7, 1563.2 cmÿ1.


Enzymatic hydrolysis of (R,S)-N-acetylcyclohexylglycine: (R,S)-N-acetyl-
cyclohexylglycine (19.9 g, 0.1 mol) was dissolved at 20 ± 25 8C in a
mechanically stirred solution of NaOH pellets (4.0 g, 0.1 mol) in water
(250 mL). After addition of CoCl2 ´ 6 H2O (32.6 mg, 0.14 mmol) the clear
solution was adjusted to pH 7.9 with HCl (2n) and heated to 37 ± 40 8C.
Acylase from Aspergillus spp. (100 mg Amano 30000, 30 u/mg) was added
and the reaction mixture was stirred at 37 ± 40 8C for 41 h. The resultant
heterogenous reaction mixture was stirred for 1 h at 0 ± 5 8C. Filtration of
the precipitate under suction and drying in vacuo at 60 8C afforded 6.9 g


Table 2. Overall isolated yields of the chemoenzymatic synthesis of enantiomerically pure a-amino acids.
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(43.9 %) of the desired (S)-cyclohexylglycine; m.p.> 300 8C; [a]20
D ��31


(c� 1, 1n HCl); �99.5 % ee (GC); 1H NMR (200 MHz, TFA): d� 1.1 ± 1.6
(m, 5H), 1.7 ± 2.1 (m, 5H), 2.1 ± 2.3 (m, 1H), 4.3 (d, J� 4 Hz, 1 H), 11.6 (s,
1H); MS (DCI): m/z (%)� 158 ([M��H], 100); IR (KBr): nÄ � 2927.7,
1583.9, 1508.8 cmÿ1.


The remaining solution was acidified to pH� 1.5 with conc. HCl (10 ±
13 mL), cooled to 0 ± 5 8C and stirred for 30 ± 45 min. Filtration of the
precipitate under suction and drying in vacuo at 60 8C afforded 9.4 g
(47.2 %) of (R)-N-acetylcyclohexylglycine; m.p. 210 ± 211 8C; [a]20


D �ÿ23
(c� 1, MeOH); 95.6 % ee (GC); 1H NMR, 13C NMR, MS and IR data were
in agreement with data from (R,S)-N-acetylcyclohexylglycine.


(R,S)-N-methoxyacetylcyclohexylglycine (2): Following the general pro-
cedure, cyclohexane carbaldehyde (2.8 g, 0.025 mol), 2-methoxyacetamide
(2.23 g, 0.025 mol), [(PPh3)2PdBr2] (49 mg, 0.063 mmol), H2SO4 (0.025 g,
0.25 mmol) and LiBr (0.76 g, 8.8 mmol) in 25 mL NMP were converted to
yield 4.9 g (85 %) (R,S)-N-methoxyacetylcyclohexylglycine; m.p. 110 8C;
1H NMR (400 MHz, [D6]DMSO): d� 0.9 ± 1.32 (m, 5 H), 1.5 ± 1.84 (m, 6H),
3.32 (s, 3 H), 3.86 (s, 2 H), 4.18 (dd, J1� 9 Hz, J2� 6 Hz, 1 H), 7.57 (d, J�
9 Hz, 1 H), 12.8 (br s, 1 H); 13C NMR (400 MHz, [D6]DMSO): d� 172.8,
169.0, 71.1, 58.6, 56.2, 29.3, 28.1, 25.7, 25.6; MS (CI): m/z (%)� 230
([M��H], 100); IR (KBr): nÄ � 3372.3, 2922.7, 1734.0, 1631.9, 1549.4 cmÿ1;
anal. calcd for C11H19NO4: C 57.63, H 8.35, N 6.11; found: C 57.30, H 8.43, N 6.22.


Enzymatic hydrolysis of (R,S)-N-methoxyacetylcyclohexylglycine: (R,S)-
N-methoxyacetylcyclohexylglycine (4.0 g, 17.4 mmol) was dissolved at 20 ±
25 8C in a mechanically stirred solution of NaOH pellets (0.7 g, 17.5 mmol)
in water (45 mL) under nitrogen. After addition of CoCl2 ´ 6 H2O (5 mg,
0.021 mmol) the clear solution was adjusted to pH 7.9 with HCl (2n) and
heated to 37 ± 40 8C. Porcine kidney acylase (4 mg, 720 u/mg) was added
and the reaction mixture was stirred at 37 ± 40 8C for 72 h (pH was
monitored periodically and kept at � 7.9 with 1n NaOH). The resultant
heterogenous reaction mixture was adjusted to pH 6 with 2n HCl and
stirred for 30 min at 0 ± 5 8C. Filtration of the precipitate under suction at
60 8C afforded 1.2 g (43.9 %) of (S)-cyclohexylglycine; m.p.> 300 8C;
[a]20


D ��30.7 (c� 1, 1n HCl); 98.8 % ee (GC).


The remaining solution was acidified to pH� 1 with conc. HCl, cooled to
0 ± 5 8C and stirred for 1 h. Filtration of the precipitate under suction and
drying in vacuo afforded 1.5 g of (R)-methoxyacetylcyclohexylglycine.
Evaporation of the remaining solution under reduced pressure, trituration
of the blue solid residue with a small amount of 2n HCl, filtration under
suction and drying in vacuo afforded further 0.2 g of (R)-methoxyacetyl-
cyclohexylglycine; total yield: 1.7 g (42.5 %); m.p. 106 ± 107 8C; [a]20


D �ÿ35
(c� 1, MeOH); 95% ee (GC); 1H NMR, 13C NMR, MS and IR data were in
agreement with data from (R,S)-N-methoxyacetylcyclohexylglycine.


(R,S)-N-phenacetylcyclohexylglycine (3): Following the general proce-
dure, cyclohexane carbaldehyde (3.4 g, 0.03 mol), 2-phenylacetamide
(4.1 g, 0.03 mol), [(PPh3)2PdBr2] (59 mg, 0.08 mmol), H2SO4 (0.03 g,
0.3 mmol) and LiBr (1.0 g, 11 mmol) in 30 mL NMP were converted to
yield 6.8 g (83 %) (R,S)-N-phenacetylcyclohexylglycine; m.p. 193 8C; 1H
NMR (400 MHz, [D6]DMSO): d� 0.86 ± 1.30 (m, 5 H), 1.50 ± 1.80 (m, 6H),
3.46, 3.54 (AB system, JAB� 14 Hz, 2H), 4.13 (dd, J1� 9 Hz, J2� 6 Hz, 1H),
7.13 ± 7.37 (m, 5H), 8.20 (d, J� 9 Hz, 1 H), 12.53 (br s, 1H); 13C NMR
(400 MHz, [D6]DMSO): d� 173.2, 170.3, 136.6, 129.0, 128.2, 126.3, 56.9,
41.9, 29.3, 28.1, 25.7, 25.6; MS (CI): m/z (%)� 276 ([M��H], 100); IR
(KBr): nÄ � 3340.1, 2925.4, 1705.8, 1620.1, 1553.7 cmÿ1; anal. calcd for
C16H21NO3: C 69.79, H 7.69, N 5.09. found: C 69.59, H 7.80; N 4.99.


Enzymatic hydrolysis of (R,S)-N-phenacetylcyclohexylglycine : (R,S)-N-
phenacetylcyclohexylglycine (6.00 g, 21.78 mmol) was dissolved in a
mechanically stirred potassium phosphate buffer (0.02m, pH� 7.6,
120 mL). The mixture was heated to 37 ± 40 8C, ChiroCLEC-EC (penicillin
acylase) was added and the reaction mixture was stirred at 37 ± 40 8C for
48 h (pH was monitored periodically and kept at � 7.6 with 1n NaOH). The
resultant heterogenous reaction mixture was stirred for 30 ± 45 min at 0 ±
5 8C. Filtration of the precipitate under suction and drying in vacuo
afforded 1.3 g (38 %) of (S)-cyclohexylglycine; m.p.> 300 8C; [a]20


D ��31.3
(c� 1, 1n HCl); �99.5 % ee (GC).


The remaining solution was acidified to pH� 1.5 with conc. HCl, cooled to
0 ± 5 8C and stirred for 30 ± 45 min. Filtration of the precipitate under
suction and drying in vacuo afforded 3.0 g of white (R)-N-phenacetylcy-
clohexylglycine, nearly free (� 2 %) of phenylacetic acid; yield (corr.):
2.94 g (49 %); m.p. 202 ± 203 8C; [a]20


D �ÿ0.3 (c� 1, MeOH); �94 % ee


(HPLC on (S,S)-Whelk-O 1 (E. Merck, Darmstadt), monitoring at 225 nm,
eluting with hexane/ethanol, 5/1�0.1 % HOAc; flow rate: 1 mL/ min;
25 8C); 1H NMR, 13C NMR, MS and IR data were in agreement with data
from (R,S)-N-phenacetyl-cyclohexylglycine.


(R,S)-N-acetyl-4-methoxyphenylglycine (4): Following the general proce-
dure, 4-anisaldehyde (3.4 g, 0.025 mol), acetamide (1.48 g, 0.025 mol),
[(PPh3)2PdBr2] (49 mg, 0.063 mmol), H2SO4 (0.025 g, 0.25 mmol) and LiBr
(0.76 g, 8.8 mmol) in 25 mL NMP were converted to yield 4.0 g (72 %)
(R,S)-N-acetyl-4-methoxyphenylglycine; m.p. 210 8C; 1H NMR (400 MHz,
[D6]DMSO): d� 1.88 (s, 3H), 3.75 (s, 3H), 5.13 (d, J� 7.5 Hz, 1H), 6.92 (m,
2H), 7.30 (m, 2H), 8.50 (d, J� 7.5 Hz, 1H), 12.67 (br s, 1 H); 13C NMR
(400 MHz, [D6]DMSO): d� 172.2, 169.0, 159.0, 129.3, 128.8, 113.9, 55.7,
55.2, 22.3; MS (DCI/MeOH): m/z (%)� 224 ([M��H], 65), 165 (100); IR
(KBr): nÄ � 3358.9, 1705.5, 1618.4, 1546.3, 1516.7 cmÿ1; anal. calcd for
C11H13NO4: C 59.19, H 5.87, N 6.27. found: C 58.98, H 5.97, N 6.30.


Enzymatic hydrolysis of (R,S)-N-acetyl-4-methoxyphenylglycine: (R,S)-N-
acetyl-4-methoxyphenylyglycine (2.00 g, 8.96 mmol) was dissolved at 20 ±
25 8C in a mechanically stirred solution of NaOH pellets (0.5 g, 12.5 mmol)
in water (20 mL). After addition of CoCl2 ´ 6H2O (3.3 mg, 0.014 mmol) the
clear solution was adjusted to pH 7.9 with HCl (2n) and heated to 37 ±
40 8C. Acylase from Aspergillus spp. (15 mg Amano 30000, 30 u/mg) was
added and the reaction mixture was stirred at 37 ± 40 8C for 48 h (pH was
checked periodically and kept at � 7.9 with 1n NaOH). The resultant
reaction mixture was stirred for 1 h at 0 ± 5 8C. Filtration of the precipitate
under suction and drying in vacuo afforded 0.67 g (41.3 %) of the desired
(S)-4-methoxyphenylglycine; m.p. 260 8C (decomp.); [a]20


D � 139.1 (c� 1,
1n HCl); 96.5 % ee (GC); 1H NMR (200 MHz, TFA): d� 4.20 (s, 3H), 5.43
(s, 1H), 7.17 (d, J� 10 Hz, 2H), 7.54 (d, J� 10 Hz, 2H), 11.60 (s, 1 H); MS
(DCI): m/z (%)� 182 ([M��H], 8), 165 (61), 136 (100); IR (KBr): nÄ �
3442.0, 2954.6, 1586.2, 1516.7 cmÿ1.
The remaining solution was acidified to pH� 1.5 with conc. HCl, cooled to
0 ± 5 8C and stirred for 1 h. Filtration of the precipitate under suction and
drying afforded 0.88 g (44.2 %) of (R)-N-acetyl-p-methoxyphenylglycine as
an off-white solid; m.p. 211 ± 212 8C; [a]20


D � 211.2 (c� 1, MeOH); 96.8 % ee
(GC); 1H NMR, 13C NMR, MS and IR data were in agreement with data
from (R,S)-N-acetyl-4-methoxyphenylglycine.


(R,S)-N-acetyl-4-chlorophenylglycine (5): Following the general proce-
dure, 4-chlorobenzaldehyde (21.1 g, 0.15 mol), acetamide (8.9 g, 0.15 mol),
[(PPh3)2PdBr2] (300 mg, 0.38 mmol), H2SO4 (0.15 g, 1.5 mmol) and LiBr
(4.5 g, 52 mmol) in 100 mL NMP were converted to yield 30.1 g (88 %)
(R,S)-N-acetyl-4-chlorophenylglycine; m.p. 196 8C; 1H NMR (400 MHz,
[D6]DMSO): d� 1.90 (s, 3 H), 5.35 (d, J� 7.5 Hz, 1 H), 7.42 (m, 4H), 8.65 (d,
J� 7.5 Hz, 1H), 12.94 (br s, 1H); 13C NMR (400 MHz, [D6]DMSO): d�
171.9, 169.2, 136.7, 132.6, 129.6, 128.5, 55.7, 22.4; MS (DCI): m/z (%)� 228
(M�H�, 100); IR (KBr): nÄ � 3342.0, 1710.0, 1620.5, 1541.4, 1494.1 cmÿ1;
anal. calcd for C10H10ClNO3: C 52.76, H 4.43, N 6.15. found: C 52.50, H 4.20,
N 6.20.


Enzymatic hydrolysis of (R,S)-N-acetyl-4-chlorophenylglycine : (R,S)-N-
acetyl-4-chlorophenylglycine (30.00 g, 0.132 mol) was dissolved at 20 ±
25 8C in a mechanically stirred solution of NaOH pellets (6.0 g, 0.15 mol)
in water (300 mL). After addition of CoCl2 ´ 6H2O (50 mg, 0.21 mmol) the
clear solution was adjusted to pH 7.9 with HCl (2n) and heated to 37 ±
40 8C. Acylase from Aspergillus spp. (225 mg Amano 30000, 30 u/mg) was
added and the reaction mixture was stirred at 37 ± 40 8C for 48 h (pH was
monitored periodically and kept at � 7.9 with 1n NaOH). The resultant
heterogenous reaction mixture was stirred for 1 h at 0 ± 5 8C. Filtration of
the precipitate under suction and drying in vacuo afforded 10.6 g (43.3 %)
(S)-4-chlorophenylglycine; m.p.> 300 8C; [a]20


D � 143.1 (c� 1, 1n HCl);
98.9 % ee (GC); 1H NMR (300 MHz, TFA): d� 5.45 (s, 1 H), 7.50 (m, 4H),
11.60 (s, 1H); MS (DCI/MeOH): m/z (%)� 186 ([M�H]� , 100); IR (KBr):
nÄ � 2936.0, 1611.8, 1507.3 cmÿ1.


The remaining solution was acidified to pH� 1.5 with conc. HCl, cooled to
0 ± 5 8C and stirred for 1 h. Filtration of the precipitate under suction and
drying in vacuo afforded 14.5 g (48.3 %) of (R)-N-acetyl-4-chlorophenyl-
glycine as an off-white solid; m.p. 208 ± 209 8C; [a]20


D � 193.2 (c� 1, MeOH);
89.7 % ee (GC); 1H NMR, 13C NMR, MS and IR data were in agreement
with data from (R,S)-N-acetyl-4-chlorophenylglycine.


Racemization of (R,S)-N-acetyl-4-chlorophenylglycine : (R)-N-acetyl-4-
chlorophenylglycine (14.5 g, 64 mmol), conc. acetic acid (65 mL) and acetic
acid anhydride were stirred at 110 ± 115 8C for 3.5 h. The mixture was
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evaporated under reduced pressure, water (30 ± 40 mL) was added and the
mixture was again evaporated to dryness. Trituration with water (30 ±
40 mL), filtration and drying in air afforded 13.6 g (94 %) (R,S)-N-acetyl-
4-chlorophenylglycine as an off-white solid, which can be used without
further purification (recrystallization from EE/iPrOH); m.p. 196 8C;
[a]20


D �� 0 (c� 1, MeOH). 1H NMR and MS data were in agreement with
data from (R,S)-N-acetyl-4-chlorophenylglycine used as starting material.


(R,S)-N-acetyl-4-fluorophenylglycine (6): Following the general proce-
dure, 4-fluorobenzaldehyde (6.2 g, 0.05 mol), acetamide (2.96 g, 0.05 mol),
[(PPh3)2PdBr2] (99 mg, 0.125 mmol), H2SO4 (0.05 g, 0.5 mmol) and LiBr
(1.52 g, 18 mmol) in NMP (50 mL) were converted to yield 9.0 g (85 %)
(R,S)-N-acetylfluorophenylglycine; m.p. 188 8C; 1H NMR (400 MHz,
[D6]DMSO): d� 1.88 (s, 3 H), 5.33 (d, J� 7.5 Hz, 1 H), 7.20 (m, 2H), 7.43
(m, 2 H), 8.60 (d, J� 7.5 Hz, 1 H), 12.86 (br, 1H); 13C NMR (400 MHz,
[D6]DMSO): d� 172.0, 169.2, 163.1� 160.6, 133.7, 129.8, 115.2, 55.6, 22.4;
MS (CI): m/z (%)� 212 ([M��H], 100); IR (KBr): nÄ � 3354.6, 1716.7,
1614.9, 1547.3, 1509.2, 1225.2 cmÿ1; anal. calcd for C10H10FNO3: C 56.87, H
4.77, N 6.63. found: C 56.47, H 4.96, N 6.62.


Enzymatic hydrolysis of (R,S)-N-acetyl-4-fluorophenylglycine : (R,S)-N-
acetyl-4-fluorophenylglycine (6.00 g, 28 mmol) was dissolved at 20 ± 25 8C
in a mechanically stirred solution of NaOH pellets (1.2 g, 30 mmol) in water
(60 mL). After addition of CoCl2 ´ 6H2O (10 mg, 0.042 mmol) the clear
solution was adjusted to pH 7.9 with HCl (2n) and heated to 37 ± 40 8C.
Acylase from Aspergillus spp. (45 mg Amano 30 000, 30 u/mg) was added
and the reaction mixture was stirred at 37 ± 40 8C for 48 h (pH was checked
periodically and kept at � 7.9 with 1n NaOH). The resultant reaction
mixture was stirred for 45 min at 0 ± 5 8C. Filtration of the precipitate under
suction and drying in vacuo afforded 2.2 g (45.8 %) (S)-4-fluorophenylgly-
cine; m.p. 295 ± 300 8C (sublimed); [a]20


D ��134.7 (c� 0.9, 6n HCl);
[a]20


D ��141 (c� 1, 1n HCl); �99.5 % ee (HPLC on Crownpak CR(�)
15 mm� 0.4 cm [Daicel Chemical Industries], monitored at 212/260 nm,
eluted with 0.0162m HClO4, pH� 2.09; flow rate: 1 mL minÿ1; 40 8C); 1H
NMR (200 MHz, TFA): d� 5.46 (s, 1 H), 7.23 (m, 2 H), 7.53 (m, 2H), 11.58
(s, 1 H); MS (ESI): m/z (%)� 170 ([M��H], 100); IR (KBr): nÄ � 2935.9,
1611.1, 1505.8 cmÿ1.


The remaining solution was acidified to pH� 1.0 with conc. HCl, cooled to
0 ± 5 8C and stirred for 1 h. Filtration of the precipitate under suction and
drying in vacuo afforded 2.4 g (40 %) of (R)-N-acetyl-p-fluorophenylgly-
cine as an off-white solid; m.p. 180 ± 181 8C; [a]20


D �ÿ193.8 (c� 1, MeOH);
�94 % ee (HPLC on (S,S)-Whelk-O 1 [E. Merck, Darmstadt], monitored
at 225 nm, eluted with hexane/ethanol (7/1� 0.2% HOAc, flow rate:
1 mL minÿ1, 40 8C); 1H NMR, 13C NMR, MS and IR data were in agreement
with data from (R,S)-N-acetyl-4-fluorophenylglycine.


(R,S)-N-acetyl-3-(4-chlorophenyl)-alanine (7): Following the general pro-
cedure, 2-(4-chlorophenyl)acetaldehyde (3.9 g, 0.025 mol), acetamide
(1.48 g, 0.025 mol), [(PPh3)2PdBr2] (49 mg, 0.063 mmol), H2SO4 (0.025 g,
0.25 mmol) and LiBr (0.76 g, 8.8 mmol) in NMP (25 mL) were converted to
yield 4.5 g (75 %) (R,S)-N-acetyl-3-(4-chlorophenyl)glycine (CAS 14091-
10-2); m.p. 179 8C; 1H NMR (400 MHz, [D6]DMSO): d� 1.78 (s, 3H), 2.85,
3.02 (ABX system, JAB� 14 Hz, JAX� 10 Hz, JBX� 5 Hz, 2 H), 4.40 (ddd,
J1� 10 Hz, J2� 8 Hz, J3� 5 Hz, 1H), 7.28 (m, 4 H), 8.17 (d, J� 8 Hz, 1H),
12.3 (br s, 1H); 13C NMR (400 MHz, [D6]DMSO): d� 173.3, 169.2, 136.8,
128.9, 128.0, 126.3, 53.8, 36.8, 22.4; MS (CI): m/z (%)� 242 ([M��H], 100);
IR (KBr): nÄ � 3314.6, 2923.0, 1743.9, 1616.0, 1559.8 cmÿ1.


Enzymatic hydrolysis of (R,S)-N-acetyl-3-(4-chlorophenyl)alanine : (R,S)-
N-acetyl-3-(4-chlorophenyl)alanine (24.1 g, 0.10 mol) was dissolved at 20 ±
25 8C in a mechanically stirred solution of NaOH pellets (4.0 g, 0.1 mol) in
water (250 mL). After addition of CoCl2 ´ 6H2O (36 mg, 0.15 mmol) the
clear solution was adjusted to pH 7.7 ± 7.9 with HCl (2n) and heated to 37 ±
40 8C. Acylase from Aspergillus spp. (100 mg Amano 30000, 30 u/mg) was
added and the reaction mixture was stirred at 37 ± 40 8C for 42 h (pH was
monitored periodically and kept at � 7.9 with 1n NaOH). The resultant
heterogenous reaction mixture was stirred for 1 h at 0 ± 5 8C. Filtration of
the precipitate under suction and drying in vacuo afforded 8.6 g (40.4 %) of
the desired (S)-3-(4-chlorophenyl)alanine; m.p. 255 ± 256 8C (decomp.);
[a]20


D � 2.5 (c� 1, 1n HCl); �99.5 % ee (GC); 1H NMR (200 MHz, TFA):
d� 3.39, 3.61 (ABX system, JAB� 15 Hz, JAX� 7.5 Hz, JBX� 5 Hz, 2H), 4.68
(dd, J1� 7.5 Hz, J2� 5 Hz 1 H), 7.35 (m, 4 H), 11.55 (s, 1 H); MS (DCI): m/z
(%)� 200 (M�H�, 100); IR (KBr): nÄ � 3412.0, 3084.5, 1587.8, 1513.3,
1492.5, 1408.5 cmÿ1.


The remaining solution was acidified to pH� 1.5 with conc. HCl, cooled to
0 ± 5 8C and stirred for 30 ± 45 min. Filtration of the precipitate under
suction and drying in vacuo at 60 8C afforded 11.0 g (45.6 %) of (R)-N-
acetyl-3-(4-chlorophenyl)-alanine; m.p. 132 ± 133 8C; [a]20


D �ÿ44.8 (c� 1,
MeOH); 94.4 % ee (GC); 1H NMR, 13C NMR, MS and IR data were in
agreement with data from (R,S)-N-acetyl-3-(4-chlorophenyl)alanine.


(R,S)-N-acetylmethionine (8): Following the general procedure, 3-(meth-
ylmercapto)propionaldehyde (10.4 g, 0.1 mol), acetamide (5.9 g, 0.1 mol),
[(PPh3)2PdBr2] (198 mg, 0.25 mmol), H2SO4 (0.1 g, 1.0 mmol) and LiBr
(3.0 g, 35 mmol) in 100 mL NMP were converted to yield 14.3 g (75 %)
(R,S)-N-acetylmethionine (CAS 1115-47-5); m.p. 84 8C; 1H NMR
(400 MHz, [D6]DMSO): d� 1.70 ± 2.05 (m, 2H), 1.85 (s, 3H), 2.03 (s,
3H), 2.40 ± 2.57 (m, 2 H), 4.28 (m, 1H), 8.13 (d, J� 8 Hz, 1 H), 12.5 (br s,
1H); 13C NMR (400 MHz, [D6]DMSO): d� 173.6, 169.6, 51.0, 30.8, 29.8,
22.5, 14.7; MS (CI): m/z (%)� 192 (M�H�, 100); IR (KBr): nÄ � 3335.5,
2923.7, 1706.5, 1621.4, 1556.1 cmÿ1.


Enzymatic hydrolysis of (R,S)-N-acetylmethionine : (R,S)-N-acetylmethio-
nine (10.00 g, 52.28 mmol) was dissolved at 20 ± 25 8C in a mechanically
stirred potassium phosphate buffer (0.02m, pH� 7.8, 100 mL) under an
atmosphere of nitrogen. After addition of CoCl2 ´ 6H2O (16.5 mg,
0.069 mmol) the solution was heated to 37 ± 40 8C. Porcine kidney acylase
(6.25 mg, 720 u/mg) was added and the reaction mixture was stirred at 37 ±
40 8C for 72 h (pH was checked periodically and kept at � 7.8 with 1n
NaOH). The resultant reaction mixture was adjusted to pH� 1 with 5n
HCl and extracted with ethyl acetate (4� 100 mL). The combined extracts
were dried with MgSO4 and concentrated in vacuo. The solid residue was
triturated with a small amount of tBuOMe. Filtration and drying gave 4.0 g
(40 %) (R)-N-acetylmethionine; m.p. 99 ± 100 8C; [a]20


D ��7.4 (c� 1,
MeOH); 85.6 % ee (GC); 1H NMR (200 MHz, [D6]DMSO): d� 1.70 ±
2.05 (m, 2H), 1.85 (s, 3H), 2.03 (s, 3H), 2.40 ± 2.57 (m, 2 H), 4.28 (m,
1H), 8.13 (d, J� 8 Hz, 1 H), 12.5 (br s, 1H); MS (DCI/MeOH): m/z (%)�
192 ([M��H], 100); IR (KBr): nÄ � 3335.5, 2923.7, 1706.5, 1621.4,
1556.1 cmÿ1.


The remaining aqueous phase was adjusted to pH� 5.5 with 11n NaOH,
concentrated under reduced pressure to 40 ± 50 mL, cooled to 0 ± 5 8C and
stirred for 30 ± 45 min. Filtration after incomplete precipitation and drying
afforded 2.5 g (32 %) (S)-methionine; m.p. 287 ± 288 8C (decomp); [a]20


D �
�22.8 (c� 1, 1n HCl); �99.5 % ee (GC); 1H NMR, 13C NMR, MS and IR
data were in agreement with data from (R,S)-N-acetylmethionine.


(R,S)-N-acetylleucine (9): Following the general procedure, isovaleralde-
hyde (8.6 g, 0.1 mol), acetamide (5.9 g, 0.1 mol), [(PPh3)2PdBr2] (198 mg,
0.25 mmol), H2SO4 (0.1 g, 1.0 mmol) and LiBr (3.0 g, 35 mmol) in 100 mL
NMP were converted to yield 17.1 g (99 %) (R,S)-N-acetylleucine (CAS 99-
15-0); m.p. 160 8C; 1H NMR (400 MHz, [D6]DMSO): d� 0.84 (d, J� 7 Hz,
3H), 0.88 (d, J� 7 Hz, 3H), 1.42 ± 1.52 (m, 2 H), 1.6 (m, 1H), 1.83 (s, 3H),
4.2 (q, J� 7 Hz, 1H), 8.05 (d, J� 7 Hz, 1H), 12.43 (s, 1H); 13C NMR
(400 MHz, [D6]DMSO): d� 174.3, 169.3, 50.2, 40.1, 24.3, 22.9, 22.4, 21.3;
MS (CI): m/z (%)� 174 ([M�H]� , 100); IR (KBr): nÄ � 3335.2, 2961.3,
1701.6, 1624.6, 1561.1 cmÿ1.


Enzymatic hydrolysis of (R,S)-N-acetylleucine : (R,S)-N-acetylleucine
(10.00 g, 57.73 mmol) was dissolved at 20 ± 25 8C in a mechanically stirred
solution of NaOH pellets (2.5 g, 62.5 mmol) in water (100 mL). After
addition of CoCl2 ´ 6 H2O (16.5 mg, 0.069 mmol) the clear solution was
adjusted to pH 7.7 ± 7.9 with HCl (2n) and heated to 37 ± 40 8C. Acylase
from Aspergillus spp. (75 mg Amano 30000, 30 u/mg) was added and the
reaction mixture was stirred at 37 ± 40 8C for 48 h (pH was checked
periodically and kept at � 7.9 with 1n NaOH). The resultant heterogenous
reaction mixture was stirred for 1 h at 0 ± 5 8C. Filtration of the white
precipitate under suction and drying in vacuo afforded 1.28 g (16.5 %) of
(S)-leucine; m.p. 288 8C (decomp.); [a]20


D ��12.1 (c� 1, 1n HCl); �99.5 %
ee (GC).


The remaining reaction mixture was adjusted to pH� 1 with 5n HCl and
stirred for 1 h at 0 ± 5 8C. The white precipitate was filtered off and the
resultant solution was extracted with ethyl acetate (4� 100 mL). The
combined extracts were dried with MgSO4, concentrated in vacuo and
added to the white precipitate; total yield: 4.6 g (46 %) of (R)-N-
acetylleucine; m.p. 188 ± 190 8C; [a]20


D ��24 (c� 1, MeOH); 89.2 % ee
(GC).


The remaining aqueous phase was adjusted to pH� 5.5 with 11n NaOH,
concentrated under reduced pressure to 30 ± 40 mL, cooled to 0 ± 5 8C and
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stirred for 15 ± 30 min. Filtration and drying afforded a further 1.70 g
(22.5 %) of (S)-leucine; m.p. 288 8C (decomp.); [a]20


D ��12.1 (c� 1, 1n
HCl); �99.5 % ee (GC); total yield: 2.98 g (39 %); 1H NMR, 13C NMR,
MS and IR data were in agreement with data from (R,S)-N-acetylleucine.
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The Tris(trimethylsilyl)silylgallium Group as a Building Block in
Gallium ± Iron Clusters**


Gerald Linti* and Wolfgang Köstler


Abstract: Reaction of [{Ga(Cl)Si-
(SiMe3)3}4] with the iron carbonylates
Na2Fe(CO)4, Na2Fe2(CO)8, and Na2Fe3-
(CO)11 affords derivatives of Fe2(CO)9,
in which either all, two, or one of the
bridging CO ligands are replaced by the
gallanediyl fragment GaSi(SiMe3)3. The
Ga ± Fe bond length in these compounds
is 238 pm. This is shorter than the Ga ±
Fe single-bond length in bicyclic [(CO)4-
FeGa3(OH)4{Si(SiMe3)3}3] (dGa±Fe�
248.7 pm) or in [{(CO)3Fe}2{GaSi-
(SiMe3)3}2Cl]ÿ (dGa±Fe� 245 pm). The


latter is the chloride adduct of the
Fe2(CO)9 derivative with two bridging
CO ligands substituted by GaSi(SiMe3)3.
The description of these gallanediyl
derivatives as CO analogues is support-
ed by density functional calculations on
gallane-substituted iron carbonyls. In
the reactions mentioned above higher


gallium ± iron clusters with trigonal bi-
pyramidal frameworks, which consist of
two gallium and three iron atoms, are
also formed. These are namely the
anionic [{(Me3Si)3SiGa}2Fe3(CO)9H]ÿ and
[{(Me3Si)3SiGa}2Fe3(CO)9GaFe(CO)4]ÿ


clusters, which can be described accord-
ing to Wade�s rules as closo-clusters. The
latter exhibits a gallium atom coordi-
nated by three iron atoms: two Fe(CO)3


groups and a Fe(CO)4 fragment. The
Ga ± Fe(CO)4 bond may be compared
with a metal ± carbene bond.


Keywords: clusters ´ density
functional calculations ´ gallium �
iron ´ silicon


Introduction


Group 13 elements form a number of well-characterized
compounds in which a M'(CO)n ligand is attached to the
Group 13 atom.[1] If we limit ourselves to the combination of
gallium and iron, various compounds of the type XnGa-
(FeLx)3ÿn are known. All of them are rationalized as trivalent
gallium derivatives in which the metal ± carbonyl ligand
behaves as a pseudohalide. Examples are the series [{CpFe-
(CO)2}3ÿnGatBun] (n� 0, 1, 2),[2] [(CO)4Fe{Ga[(CH2)3-
NMe2]R}2],[3] anionic [{(CO)4Fe}2GaMe]2ÿ,[4] [{(thf)C2H3-
GaFe(CO)4}2],[5] and [{(CO)4FeGa[(CH2)3NMe2]}2].[6] The
last two cases show the tendency of the gallium center to
retain coordination number four; this is achieved by uptake of
solvent molecules into the dimers of [(CO)4FeGaR][7] in
which the GaR group serves as an isolobal analogue[8] to a
carbon monoxide ligand. For aluminum this analogy has
recently been proven for [(CO)4FeAlCp*].[9] Carbon mon-
oxide can act as either a terminal or bridging ligand. The latter


bonding mode was observed for AlCp* in [(CpNi)2-
(Cp*Al)2][10] and for InC(SiMe3)3 in [(CO)6Fe2{InC-
(SiMe3)3}3].[11] In this report we describe the preparation and
structures of gallium analogues to [Fe2(CO)9] and of higher
gallium ± iron cluster compounds starting from [{Ga(Cl)Si-
(SiMe3)3}4] (1), in which the GaR group is viewed upon as a
carbon monoxide analogue. This synthetic work is accompa-
nied by quantum-chemical calculations which were carried
out to verify the bonding situations in these compounds.


Results and Discussion


Synthesis of gallium ± iron cluster compounds : Recently we
have reported the synthesis of 1 by reaction of Ga[GaCl4] with
[Li(thf)3Si(SiMe3)3] (hypersilyl lithium)[12] in medium yields
(Scheme 1).[13] Compound 1, a bifunctional digallane with a


Scheme 1. Reaction scheme for the formation of 1.
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cuneane cage of four gallium and four chlorine atoms, is a
promising molecule for synthesis of gallium cluster and ring
compounds. Synthesis of 1 in nearly quantitative yields is
achieved by addition of two equivalents of [Li(thf)3Si-
(SiMe3)3] to a solution of Ga2Cl4 ´ 2 dioxane in THF at ÿ 78 8C.


Treatment of a solution of 1 in THF with [Li(thf)3Si-
(SiMe3)3] in a molar ratio of 1:2 leads to dark violet crystals of
the gallium(i) silyl 2 and yellow crystals of monomeric
bis(hypersilyl)gallium chloride 3 [Eq. (1)].[14] Evidently, chlo-
rotrishypersilyl digallane is not stable towards disproportio-
nation into gallium(i) and gallium(iii) compounds; a property
that has inherently been used in the preparation of 2 from
Ga2Cl4 ´ 2 dioxane and three equivalents of [Li(thf)3Si-
(SiMe3)3].[15] Compound 1 may even be reduced by K2P2tBu2,
whereby (PtBu)4 is formed along with 2 [Eq. (2)].


1� 2[Li(thf)3Si(SiMe3)3]!
0.5 [{(Me3Si)SiGa}4] (2)� 2[{(Me3Si)Si}2GaCl] (3) (1)


1� 2 K2P2tBu2 ´ 0.5THF!0.52� (tBuP)4 (2)


Both reactions indicate the promise of using 1 as a source
for the gallium(i) fragment GaSi(SiMe3)3. Thus treatment of 1
with the reducing agent Na2Fe(CO)4 affords the tris(hypersi-
lylgallium)diiron hexacarbonyl cluster 4 [Eq. (3)], a diiron
enneacarbonyl analogue in which the bridging CO ligands are
replaced by GaSi(SiMe3)3. Compound 5, which contains only
two bridging GaSi(SiMe3)3 groups together with one bridging
CO ligand, is expected to form when 1 is treated with the
dinuclear carbonylate Na2Fe2(CO)8 [Eq. (4)]. In fact, 6, which
is a Na(thf)(OEt)2Cl adduct of 5, is isolated. Treatment of 1
with Na2Fe3(CO)11 affords 5 along with a monogallyl deriv-
ative [(CO)3Fe{GaSi(SiMe3)3}(m-CO)2Fe(CO)3] (7) [Eq. (5)].


1� 2Na2[Fe(CO)4]![(CO)3Fe{GaSi(SiMe3)3}3Fe(CO)3] (4)� 9 ´ 10� 11 (3)


1� 2Na2[Fe2(CO)8]![(CO)3Fe{GaSi(SiMe3)3}2(m-CO)Fe(CO)3] ´
Na(thf)(OEt2)2Cl (6) (4)


1� 2Na2[Fe3(CO)11]![(CO)3Fe{GaSi(SiMe3)3}2(m-CO)Fe(CO)3] (5)
� 7� 8 (5)


However, the main product of this reaction is the anionic
digallium ± triiron cluster [{(CO)3Fe}3{GaSi(SiMe3)3}2H]ÿ-
[Na(triglyme)]� (8). The anionic gallium ± iron cluster
[{(CO)3Fe}3{GaSi(SiMe3)3}2{GaFe(CO)4}]ÿ (9), which is sim-
ilar to 8, is a minor by-product in the reaction given in
Equation (3) if hydroxide-containing Na2Fe(CO)4 ´ 2 dioxane
is used. The counterion is [{(Me3Si)3Si}4Ga4O(OH)5]� (10)
with an adamantoid gallium oxo/hydroxy cage. A further by-
product in this reaction is [{(Me3Si)3Si}3Ga3(OH)4Fe(CO)4]
(11). Here two hydroxyl groups of trimeric [{(Me3Si)3Si-
Ga(OH)2}3] are substituted by an Fe(CO)4 group.


Spectroscopic characterization of 4 ± 7: The IR spectrum of 4
exhibits only two absorptions for terminal CO ligands in the
carbonyl region (nÄ� 1964 and 1921 cmÿ1) in accordance with a
D3h symmetric molecule. The red shift of 100 cmÿ1 compared
with the signal for Fe2(CO)9 indicates an increase in back-
bonding from the iron atom to the carbonyl ligand. Evidently,
the GaR group is a worse p acceptor than the CO ligand.
Consequently, in the IR spectra of C2v symmetric 5 and 7 six
red-shifted bands are observed in the carbonyl-stretching
region between nÄ� 2026.1 and 1917.7 cmÿ1 and nÄ� 2026.5 and
1921.6 cmÿ1, respectively. In addition an absorption for a
bridging carbonyl ligand at nÄ� 1783.7 cmÿ1 is also observed in
5 and 7, which is 45 cmÿ1 lower than in Fe2(CO)9. The chloride
adduct 6 shows seven CO-absorption frequencies between
nÄ� 2050.0 and 1939.1 cmÿ1 for terminal CO ligands and a
signal at 1817.8 cmÿ1 for the bridging CO group.


In the mass spectra of 4, 5, and 7 the molecule peaks are
observed at highest mass. Prominent fragmentation pathways
involve subsequent loss of up to six CO ligands. The mass
spectrum of 5 shows no difference to that of 6. Similarly in
solution, the NMR spectra of 5 and 6 show the same chemical
shifts for the CO and hypersilyl groups. This means 6
dissociates easily to form 5 and solvated sodium chloride.


Crystal structure analysis of Fe2(CO)9 derivatives 4 ± 6 :
Compound 4 crystallizes in the hexagonal space group P63/
m.[16] A molecule of 4 resides on a site with 3/m symmetry
(Figure 1). Three gallium atoms and two iron atoms form a
trigonal bipyramidal cage with Ga ± Fe distances of
238.18(7) pm. The iron atoms are coordinated in an octahe-
dral fashion and the gallium centers have the coordination
number three. The Ga ± Ga distance of 328.9 pm is consid-
erably longer than that in digallanes (234 ± 255 pm)[17] and in a
cyclotrigallane dianion (244 pm).[18] Thus, a Ga ± Ga interac-
tion appears inappropriate and 4 may be considered as a
diiron enneacarbonyl analogue, in which bridging carbonyl
ligands are replaced by for gallium hypersilyl groups. The
Ga ± Si bond of 238.7 pm is in the expected range for Ga ± Si
bond lengths (e.g., in 1 dGa±Si� 239.5 pm[13] and in 2 dGa±Si�


Abstract in German: Die Reaktion von [{Ga(Cl)Si(SiMe3)3}4]
mit den Eisencarbonylaten Na2Fe(CO)4, Na2Fe2(CO)8 und
Na2Fe3(CO)11 liefert Fe2(CO)9-Derivate, in denen alle, zwei
oder auch nur einer der verbrückenden CO-Liganden durch
das Gallandiyl-Fragment (Me3Si)3SiGa ersetzt sind. Die GaFe-
Abstände in diesen Verbindungen betragen 238 pm. Sie sind
deutlich kürzer als die GaFe-Einfachbindungen im bicycli-
schen [(CO)4FeGa3(OH)4{Si(SiMe3)3}3] (dGa±Fe� 248.7 pm)
oder in [{(CO)3Fe}2{GaSi(SiMe3)3}2Cl]ÿ(dGa±Fe� 245 pm).
Letzteres ist das Chloridaddukt des Fe2(CO)9-Derivates, in
dem zwei der verbrückenden CO-Liganden ersetzt sind. Die
Beschreibung dieser Gallandiyl-Komplexe mit Eisencarbonyl-
fragmenten als CO-Analoga wird durch parallel durchgeführte
Dichtefunktionalrechnungen unterstützt. In den oben erwähnt-
en Reaktionen werden auch höhere Gallium-Eisen-Cluster mit
trigonal-bipyramidalen Gerüsten aus zwei Gallium- und drei
Eisen-Atomen gebildet. Dies sind die Clusteranionen
[{(Me3Si)3SiGa}2Fe3(CO)9H]ÿ und [{(Me3Si)3SiGa}2Fe3(CO)9-
GaFe(CO)4]ÿ , die gemäû den Wade-Regeln als closo-Cluster
beschrieben werden können. Das zweite Clusteranion enthält
ein durch zwei Fe(CO)3-Gruppen und ein Fe(CO)4-Fragment
dreifach koordiniertes Galliumatom. Die GaFe(CO)4-Bindung
kann mit den Bindungen in Metall-Carben-Komplexen vergli-
chen werden.
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Figure 1. View of a molecule of 4. The methyl groups have been omitted
for clarity. Selected bond lengths [pm] and angles [8]: Ga1 ± Fe1 238.18(7),
Ga1 ± Si1 238.7(2), Fe1 ± C1 177.6(5), Fe1 ± Fe1A 287.6(2), Si1 ± Si2 235.0(2),
Si1 ± Si3 237.6(3); Fe1-Ga1-Fe1A 74.28(4), Fe1-Ga1-Si1 142.69(2), C1-Fe1-
C1 99.0(2).


240.6 pm[14]). The bond angles at the gallium centers deviate
markedly from a trigonal planar arrangement; the Fe-Ga-Fe
angle is acute, 74.28(4)8, and the Fe-Ga-Si angle is corre-
spondingly wide, 142.69(2)8. The Fe ± Fe distance
(287.6(1) pm) is longer than in Fe2(CO)9, a consequence of
the fact that Fe ± Ga bonds are longer than Fe ± C bonds;
however, the compound is still diamagnetic.


In 5 (triclinic, space group P1Å) only two bridging carbonyl
ligands in the resulting Fe2(CO)9 type complex are substituted
by GaR groups (Figure 2). The molecule consists of a Ga2Fe2


Figure 2. View of a molecule of 5. The methyl groups have been omitted
for clarity. Selected bond lengths [pm] and angles [8]: Ga1 ± Fe1 239.38(6),
Ga1 ± Fe2 238.75(10), Ga2 ± Fe1 239.17(8), Ga2 ± Fe2 238.15(8), Fe1 ± Fe2
268.04(8), Ga1 ± Si1 238.54(9), Ga2 ± Si5 238.17(10), Fe1 ± C19 199.5(2),
Fe2 ± C19 200.0(2), Fe ± Cterm 178.6(3) ± 180.1(2), Si ± Si 234.9(1) ± 236.6(1),
O19 ± C19 116.6(3); Fe2-Ga1-Fe1 68.19(2), Si1-Ga1-Fe1 149.86(2), Si1-
Ga1-Fe2 141.71(3), Fe2-Ga2-Fe1 68.32(3), Si5-Ga2-Fe1 146.24(2), Si5-Ga2-
Fe2 144.81(2), O19-C19-Fe1 138.8(2), O19-C19-Fe2 136.9(2), Fe1-C19-Fe2
84.28(9).


butterfly-shaped ring, with the Fe ± Fe edge bridged by a CO
ligand. The Ga1-Fe1-Fe2 and the Ga2-Fe1-Fe2 planes inter-
sect at an angle of 58.28, which deviates only slightly from the


608 angle of the GaFe2 planes in 4. The Ga ± Fe bond lengths
(dGa±Fe� 238.9 pm) are very similar to those of 4. These Ga ±
Fe bond lengths in 4 and 5 are slightly shorter than most s type
Ga ± Fe bonds, which lie around 245(� 10) pm. For example,
[CpFe(CO)2]3ÿnGatBun (n� 0, 1, 2; dGa±Fe� 241 pm average)[2]


and [(thf)C2H3GaFe(CO)4]2 (dGa±Fe� 251.5 pm)[5] have longer
Ga ± Fe bonds; however, the Ga ± Fe bond length in
[(CO)2CpFeGaCl2(NMe3)] (dGa±Fe� 236.18(3) pm) is even
shorter.[19]


Compound 6 (orthorhombic, space group Pca21) has certain
structural differences to 5 caused by the uptake of solvated
sodium chloride (Figure 3). The GaFe2 planes now intersect at


Figure 3. View of a molecule of 6. The methyl groups have been omitted
for clarity. Selected bond lengths [pm] and angles [8]: Ga1 ± Fe1 244.1(2),
Ga1 ± Fe2 245.5(2), Ga2 ± Fe1 244.5(2), Ga2 ± Fe2 245.1(2), Ga1 ± Si1
239.2(3), Ga2 ± Si5 240.2(3), Ga1 ± Cl1 254.2(3), Ga2 ± Cl1 252.4(3), Fe ±
Cterm 177.7(13) ± 181.6(13), Fe1 ± C7 194.1(9), Fe2 ± C7 193.5(8), Fe1 ± Fe2
267.9(2), Ga1 ± Ga2 291.5(1), Na1 ± O7 212.2(9), Si ± Si 233.0(4) ± 235.8(4);
Si1-Ga1-Fe1 141.97(8), Si1-Ga1-Fe2 139.39(8), Fe1-Ga1-Fe2 66.35(5), Si1-
Ga1-Cl1 103.19(9), Fe1-Ga1-Cl1 97.52(7), Fe2-Ga1-Cl1 97.93(7), Si5-Ga2-
Fe1 142.12(8), Si5-Ga2-Fe2 138.18(8), Fe1-Ga2-Fe2 66.35(5), Si5-Ga2-Cl1
103.65(9), Fe1-Ga2-Cl1 97.89(7), Fe2-Ga2-Cl1 98.50(7).


an angle of 90.78. Thus, the Ga2Fe2 core is a distorted
tetrahedron with the Ga ± Ga edge bridged by a chlorine atom
and the Fe ± Fe edge bridged by a CO ligand. Consequently,
the Ga ± Ga distance (291.5(1) pm) is shorter than that in 5
(345.6 pm). The Fe ± C7 distances are 6 pm shorter than those
in 5. As this is consistent with a longer C ± O bond, stronger p


back-bonding can be concluded. In a simple picture, this is a
consequence of decreased p back-bonding from iron to
gallium as a result of the pz orbitals of the gallium atoms
being blocked by chlorine coordination. The Ga ± Fe bond
lengths are also affected by the change in coordination
number; on average they are elongated to 245 pm. The Ga ±
Cl bond lengths (av 253 pm) are longer than those usually
observed in (R2GaCl)2 compounds (dGa±Cl � 240 pm).[20] The
sodium atom is coordinated tetrahedrally by two molecules of
diethyl ether, one THF molecule, and the oxygen atom of the
bridging carbonyl ligand.


Crystal structure analysis of 11: In 11 the Ga ± Fe bonds
(248.7 pm), which are classified as s type, are of similar length
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to those in 6. Compound 11 (monoclinic, space group P21/c) is
bicyclic and consists of a boat-shaped, six-membered Ga3O3


ring in which two gallium atoms are bridged by an Fe(CO)4


fragment (Figure 4). The iron atom has a distorted octahedral


Figure 4. View of a molecule of 11. Selected bond lengths [pm] and angles
[8]: Fe ± Ga1 248.36(12), Fe ± Ga2 248.98(12), Ga1 ± Si1 240.1(2), Ga2 ± Si5
239.9(2), Ga3 ± Si9 238.5(2), Fe ± C 177.6(8) ± 180.6(10), Ga1 ± O1 195.0(4),
Ga1 ± O2 198.9(6), Ga2 ± O1 195.1(4), Ga2 ± O3 199.0(6), Ga3 ± O3
191.2(7), Ga3 ± O2 192.3(6), Ga3 ± O4 192.3(7), Si ± Si 234.7(3) ± 235.8(3);
Ga1-Fe-Ga2 71.59(4), O1-Ga1-O2 91.2(2), O1-Ga1-Si1 117.96(13), O2-
Ga1-Si1 105.9(2), O1-Ga1-Fe 92.26(14), O2-Ga1-Fe 110.8(2), Si1-Ga1-Fe
131.44(6), O1-Ga2-O3 90.1(2), O1-Ga2-Si5 118.25(12), O3-Ga2-Si5
105.6(2), O1-Ga2-Fe 92.04(13), O3-Ga2-Fe 110.7(2), Si5-Ga2-Fe
132.26(6), O3-Ga3-O2 95.5(3), O3-Ga3-O4 99.6(3), O2-Ga3-O4 98.6(3),
O3-Ga3-Si9 118.3(2), O2-Ga3-Si9 118.9(2), O4-Ga3-Si9 121.0(2), Ga1-O1-
Ga2 96.4(2), Ga3-O2-Ga1 124.7(3), Ga3-O3-Ga2 126.0(4).


coordination environment; the bond angles range from 71.68
(Ga1-Fe-Ga2) to 100.28 (C28-Fe-C29). The Fe ± C bond
lengths (178.7 pm average) are similar to those of the terminal
Fe ± C bonds found in 4, 5, and 6, and are in the normal range
for Fe ± C(CO). The hypersilyl groups are in equatorial
positions, thus hydrogen bonding is possible between O1
and O4 (dO1±O4� 276.9 pm). The Ga ± Si bond lengths are in
the expected range, but the Ga3 ± Si9 bond is 1.5 pm shorter
than the two other Ga ± Si bonds; this is a result of three
instead of two oxygen atoms being bound to gallium.


Crystal structure analysis of the Ga2Fe3 cluster compounds 8
and 9 : Compound 8 (triclinic, space group P1Å and with two
formula units in the asymmetric unit) is the sodium salt of a
monoanionic Ga2Fe3 cluster. It has a trigonal bipyramidal
framework of two gallium and three iron atoms (Figure 5).
The Fe(CO)3 fragments are in equatorial positions, the Ga-
hypersilyl units in apical positions, and one Fe ± Fe edge is
hydrogen-bridged. The gallium atoms reside, approximately
centered, 192 pm above and below the almost regular triangle
of iron atoms; the deviation of the Ga ± Ga axis from
orthogonality is 1.58 and 2.78in molecules 1 and 2, respectively.
(Only molecule 1 will be discussed further as the arguments
are valid for both molecules.) This small distortion causes
differences in the Ga ± Fe bonds lengths, 242.3 to 251.0 pm in
molecule 1 [240.9 to 245.4 pm (molecule 2)], thus in terms of a
classical description, this cluster might be considered as a
derivative of Fe3(CO)12. On the other hand this cluster might


Figure 5. View of a Ga2Fe3 cluster ion of 8. The methyl groups have been
omitted for clarity. Selected bond lengths [pm] and angles [8]: Ga1 ± Fe1
246.4(2), Ga1 ± Fe3 247.0(2), Ga1 ± Fe2 248.0(2), Ga2 ± Fe2 242.3(2), Ga2 ±
Fe3 249.4(2), Ga2 ± Fe1 251.0(2), Ga2 ± Si5 243.7(3), Ga1 ± Si1 245.9(3),
Fe1 ± Fe2 267.2(2), Fe1 ± Fe3 271.4(2), Fe2 ± Fe3 274.9(3), Fe ± C 171(1) ±
185(2), Si ± Si 232.9(4) ± 236.1(4); Si1-Ga1-Fe1 141.46(9), Si1-Ga1-Fe3
142.76(9), Si1-Ga1-Fe2 137.60(9), Fe1-Ga1-Fe3 66.75(6), Fe1-Ga1-Fe2
65.44(6), Fe3-Ga1-Fe2 67.48(7), Fe2-Ga2-Si5 149.48(9), Fe2-Ga2-Fe3
67.98(7), Si5-Ga2-Fe3 134.98(9), Fe2-Ga2-Fe1 65.57(6), Si5-Ga2-Fe1
136.54(9), Fe3-Ga2-Fe1 65.68(6), Ga1-Fe1-Ga2 100.66(6), Ga1-Fe2-Ga2
102.68(7), Ga1-Fe3-Ga2 100.95(7), Fe2-Fe1-Fe3 61.38(7), Fe1-Fe2-Fe3
60.05(6), Fe1-Fe3-Fe2 58.56(6), Ga-Fe1-Fe2 54.78(5) ± 58.79(6).


be described, in accordance with Wade�s rules, as a closo-
polyhedron. The counterion is sodium coordinated by tri-
glyme and two additional CO groups from two cluster
molecules. Thus sodium is six coordinate in a strongly
distorted trigonal prismatic environment. The isocarbonyl
coordination gives rise to infinite cluster ± Na ± cluster chains
parallel to c (Figure 6). The Na ± O bond lengths to the CO
groups are 235(1) ± 241(1) pm, which are longer than in 6 as
a result of the increase in coordination number of four to
six.


Anionic 9 (Figure 7) with counterion 10 (Figure 8) crystal-
lizes in the monoclinic space group P21/c. Anion 9 has a
distorted trigonal bipyramidal framework of Fe(CO)3 and
Ga ± hypersilyl groups similar to that in 8 ; the structures of the
Ga2Fe3 cores are nearly identical. If the Fe(CO)3 groups in 8
and 9 are superimposed, the gallium positions differ only by
6.9 and 11.5 pm. In 9 the Ga ± Fe bonds range between 237.9
and 254.7 pm. The shortest Ga ± Fe bond length lies opposite
the bridged Fe ± Fe edge. The bridging ligand in 9 is
GaFe(CO)4; the average Ga ± Fe(CO)3 bond length is
245 pm. In contrast, the Ga ± Fe bond length to the terminal
Fe(CO)4 group is markedly shorter (dGa±Fe� 228.9(1) pm).
This very short Ga ± Fe bond indicates extensive p bonding
and will be discussed below. Here, the Ga atom is in an apical
position, with a Ga-Fe4-Cap angle of 177.88.


The counterion 10 has an adamantoid Ga4O6 framework.
The average Ga ± O distance is 191.1 pm. The disorder[21] of
the Ga4O6 cage prevents a distinction between oxo and
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Figure 7. View of a molecule of 9. The methyl groups have been omitted
for clarity. Selected bond lengths [pm] and angles [8]: Ga1 ± Fe1 254.7(1),
Ga1 ± Fe2 244.4(1), Ga1 ± Fe3 245.4(1), Ga2 ± Fe1 237.9(1), Ga2 ± Fe2
253.0(1), Ga2 ± Fe3 252.5(1), Ga3 ± Fe2 246.1(1), Ga3 ± Fe3 244.6(1),
Ga3 ± Fe4 228.9(1), Fe1 ± Fe2 270.8(1), Fe1 ± Fe3 269.7(1), Fe2 ± Fe3
274.9(1), Ga1 ± Si1 241.2(2), Ga2 ± Si5 241.0(2), Fe ± C 171.3(9) ± 178.4(8),
Si ± Si 235.4(3) ± 237.2(3); Si1-Ga1-Fe1 137.35(5), Si1-Ga1-Fe2 141.19(6),
Si1-Ga1-Fe3 143.28(6), Fe2-Ga1-Fe1 65.68(4), Fe2-Ga1-Fe3 68.28(4), Fe3-
Ga1-Fe1 65.23(4), Fe1-Ga2-Si5 139.32(5), Fe1-Ga2-Fe3 66.65(4), Si5-Ga2-
Fe3 141.34(6), Fe1-Ga2-Fe2 66.88(4), Si5-Ga2-Fe2 141.55(6), Fe3-Ga2-Fe2
65.88(3), Fe4-Ga3-Fe3 146.03(5), Fe4-Ga3-Fe2 144.85(5), Fe3-Ga3-Fe2
68.14(4), Ga2-Fe1-Ga1 102.46(4), Ga1-Fe2-Ga2 101.14(4), Ga1-Fe3-Ga2
101.00(4), Ga1-Fe2-Ga3 94.39(4), Ga3-Fe2-Ga2 78.80(4), Ga3-Fe3-Ga1
94.51(4), Ga3-Fe3-Ga2 79.19(4), Ga3-Fe2-Fe1 113.15(5), Ga3-Fe2-Fe3
55.67(3), Ga1,2-Fe-Fe 55.32(3) ± 59.23(4), Fe3-Fe1-Fe2 61.14(3), Fe1-Fe2-
Fe3 59.23(3), Fe1-Fe3-Fe2 59.63(3).


hydroxo bridges. The hydroxyl protons could not be resolved.
Other gallium oxo/hydroxo cages have been described, such
as the adamantane type [{(Me3Si)3CGa}4O2(OH)4] (dGa±O�
189.5(1) pm),[22] [Mes6Ga6O4(OH)4][23] with an octahedral Ga
core, and [Ga12tBu12(m3-O)8(m-O)2(m-OH)4].[24]


Density functional calculations : In 4 ± 7 CO bridging ligands
in Fe2(CO)9 are substituted by hypersilyl gallium fragments.
Density functional (DFT) calculations on several gallium
substituted iron carbonyl compounds have been performed to
evaluate the bonding situation. In all cases GaH derivatives
have been chosen. In GaH the gallium ± hydrogen bond is
170.7 pm. The lone pair at the gallium center occupies an


Figure 8. View of a molecule of 10. The methyl groups have been omitted
for clarity; average positions for split Ga and O atoms.


orbital that is slightly antibonding with regard to the GaH
bond. This Ga ± H distance is therefore shortened upon
complexation to iron by approximately 10 pm. In addition
the gallanediyl possesses two degenerate empty p orbitals,
2.5 eV above the HOMO at ÿ 2.56 eV, that might function as
p acceptor orbitals. Thus GaH has a similar orbital situation to
that in carbon monoxide, where the empty p* orbitals are
7 eV above the HOMO at ÿ 1.98 eV.


The Fe2(CO)9 derivatives [(CO)3Fe(m-GaH)3Fe(CO)3] (12)
and [(CO)3Fe(m-GaH)2(m-CO)Fe(CO)3] (13) have similar
Ga ± Fe bond lengths (Figure 9). Addition of a chloride ion
to 13 into a Ga ± Ga bridging position affords 14 with Ga ± Fe
bonds 7 pm longer. These calculated values fit well with the
experimental results, that is, those that are obtained with the
very bulky hypersilyl substituent. The two-center shared
electron numbers (SEN) calculated by a Roby ± Davidson
population analysis,[25] which give a rough measure of bond
order, are 1.44 and 1.33 for the Ga ± Fe bonds in 12 and 13,
respectively. Evidently, replacement of a GaH unit by a CO
ligand results in a slight weakening of the Ga ± Fe bond. The
SEN for the Ga ± Fe bonds in 14 is reduced to 1.28. For
comparison 15, with a terminal GaH ligand, has a Ga ± Fe
bond length of 220 pm and an SEN of 1.89. This value divides


Figure 6. View of a [8-Na(triglyme)]1 chain.
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Figure 9. DFT calculated structures and selected SEN�s of 12 ± 18.


into an SEN of 1.19 for the s bond and shares of 0.35 each for
the two degenerate p-type orbitals. This resembles the
situation for terminal CO ligands. For the CO ligand in the
apical position in 15 and Fe(CO)5 an SEN of 1.52 (1.50) is
calculated that can also be split into s (1.20) and p terms (2�
0.16). In all cases an increase of the positive charge on the
ligating atoms of CO and GaH is observed compared with
that of the free ligands. This is in agreement with a strong
electron donation from the ligands to the metal center and
weaker back-bonding. The calculated Ga ± Fe bond length in
15 is in good agreement with the experimental value for
arylGaFe(CO)4 (dGa±Fe� 222.48(7) pm, aryl� 2,6-bis(2,4,6-
triisopropylphenyl)phenyl).[7a] Nevertheless, the Ga ± Fe bond
is predominantly a donor bond from the gallanediyl to the
iron fragment, and the short bond length may be explained
mainly by the low coordination number at the gallium center.
From this point of view, there is no reason to postulate a Ga ±


Fe triple bond in this compound, as Robinson et al. do. A
similar conclusion was drawn in the meantime by Cotton et al.
on the basis of spectroscopic data and DFT calulations.[7b] The
Ga ± Fe bond length in 15 is shorter than that found in 9 for
the Fe(CO)4 bound Ga atom, which as a result of its
coordination number of three is not really part of a terminal
RGa group. Its bonding situation is better modeled by the
anionic complex [(CO)4FeGaH2]ÿ (16) with a Ga ± Fe dis-
tance of 234.6 pm. Terminal GaH2 groups in [(CO)4Fe-
(GaH2)2] (17) have a Ga ± Fe single-bond length of
243.3 pm. The trigonal bipyramidal cluster 8 formed from
two Fe(CO)3 and two GaR units is isolobal to a singly
protonated closo-B5H5


2ÿ cluster[26] and 18. The latter results
from a two-electron reduction of 12, which has two framework
electrons less. In 18 six framework electron pairs are available
and, accordingly, 18 has Ga ± Ga bond lengths comparable
with those in 2. This change in structure is also expressed by
the SEN values. The value for the Ga ± Fe bonds remains
nearly unaffected, but in 18 a strong Ga ± Ga interaction is
found. The three-center SEN for the Ga-Ga-Fe faces of 0.42
signifies considerable electron delocalization in 18, which is in
agreement with a description of the bonding situation with
multicenter bonds in 18 and with two-center bonds in 12.


Conclusions


We have shown that various Ga ± Fe clusters can be synthe-
sized by the reaction of 1 with iron carbonylates. In these
compounds the Ga ± hypersilyl fragment can function as a CO
ligand substitute in a m2(Fe ± Fe) bridging position in diiron
enneacarbonyl derivatives. The gallanediyl fragment is also
able to bind in a m3(Fe-Fe-Fe) mode that results in polyhedral
compounds following the Wade ± Rudolph ± Mingos cluster
electron counting rules.


Experimental Section


General : All experiments were performed under purified nitrogen or in
vacuo with Schlenk techniques. NMR: Bruker ACP 200 and 250; Mass
spectra: Varian MAT711 machines with direct inlet; IR: Bruker IFS 113V;
X-ray crystallography:[27] Suitable crystals were mounted with a perfluo-
rated polyether oil on the tip of a glass fiber and cooled immediately on the
goniometer head. Data collections were performed in w scan with MoKa


radiation (graphite monochromator) on STOE IPDS (9 ´ 10) and STADI4
(5, 8, 11) diffractometers and on a Siemens P4 diffractometer equipped
with a SMART detector (4, 6) and commercial software. Structures were
solved and refined with the program package Siemens SHELXTL (PC) or
SHELXL97. Refinement in full matrix against F2. All non-hydrogen atoms
were refined anisotropically. All hydrogen atoms bound to carbon atoms
were included as riding model with fixed isotropic U values in the final
refinement. For further details see Table 1; Quantum chemical calcula-
tions: TURBOMOLE,[28] split valence basis set for all atoms, BP86
functional, RI approximation. Gallium halides were prepared from the
elements,[29] [Li(thf)3Si(SiMe3)3],[12] Na2Fe(CO)4,[30] Na2Fe2(CO)8,[29] and
Na2Fe3(CO)11


[29] as described in the literature. Other chemicals were used
as purchased.


Reaction of 1 with disodium tetracarbonylferrate (Collman�s reagent).
A) A solution of 1 (0.45 g, 0.32 mmol) in diethyl ether (25 mL) was added
dropwise at room temperature to a suspension of Na2Fe(CO)4 ´ 2dioxane
(0.22 g, 0.64 mmol), containing approximately 5 % sodium hydroxide in
diethyl ether (25 mL). The mixture was stirred for a further 24 h, filtered,
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and the solution reduced to a volume of 3 mL. Compound 4 crystallized as
yellow prisms (0.16 g; 41% with respect to Na2Fe(CO)4) at 0 8C. From the
mother liquor black crystals of 9 ´ 10 (0.06 g, 14%) grew at room temper-
ature, which were washed with pentane. The resulting solution was reduced
to 5 mL and 11 (0.02 g) were obtained as colorless crystals.


B) A suspension of donor-free Na2Fe(CO)4 (0.40 g, 1.87 mmol) in a solution
of 1 (0.99 g, 0.70 mmol) in diethyl ether (50 mL) was stirred for 4 d. The
orange ± red mixture was filtered and the solution reduced to 10 mL. Upon
cooling the mixture to 0 8C of 4 (0.71 g; 61%) crystallized in several
portions.


Compound 4 : 1H NMR (C6D6): d� 0.40; 13C NMR (C6D6): d� 214.3 (CO),
4.2 (CH3); 29Si NMR (C6D6): d�ÿ 89.5 (Si(SiMe3)3), ÿ 7.1 (SiMe3); MS
(70 eV, EI, 69Ga): m/z (%): 1232 (26) [M]� , 774 (36)
[Fe(CO)3{GaSi(SiMe3)3}2]� , 316 (66) [GaSi(SiMe3)3]� , 73 (100) [SiMe3]� ;
IR (KBr): nÄ(CO)� 1964 (s), 1921 cmÿ1 (s).


Compound 9 ´ 10 : 1H NMR ([D8]THF): d� 0.31 (54 H, FeGaSi(SiMe3)3),
0.30, 0.29, 0.28, 0.27 (27 H, SiMe3). The solubility of 9 ´ 10 was too low to
obtain well-resolved 29Si and 13C NMR spectra.


Compound 11: 1H NMR (C6D6): d� 2.00 (br, 4 H; OH) 0.44 (54 H;
FeGaSi(SiMe3)3), 0.30 (27 H; SiMe3); 13C NMR (C6D6): d� 4.3 (FeGaSi-
(SiMe3)3), 4.1 (O3GaSi(SiMe3)3); 29Si NMR (C6D6): d�ÿ 119.5 (FeGaSi-
(SiMe3)3), (O3GaSi(SiMe3)3; not observed), ÿ 8.2 (SiMe3); MS (70 eV, EI,
69Ga): m/z (%): 1166 (14) [MÿH2O]� , 901 (6) [Mÿ 2 H2Oÿ Si(SiMe3)3]� ,
247 (19) [Si(SiMe3)3]� , 18 (100) [H2O]� .


Reaction of 1 with Na2Fe2(CO)8 : A solution of 1 (0.45 g, 0.32 mmol) in THF
(10 mL) was added dropwise to a suspension of Na2Fe2(CO)8 (0.25 g,
0.65 mmol) in THF (25 mL). An orange ± red solution formed, which was
stirred for 2 h. Then all volatiles were removed in vacuo and the residue
was dispersed in diethyl ether (25 mL). The mixture was filtered and
concentrated to 5 mL. Compound 6 (0.34 g; 43 %) crystallized at 0 8C. 1H
NMR (C6D6): d� 3.52 (m, 4 H; OCH2


THF), 3.26 (q, 8H; OCH2CH3), 1.41
(m, 4H; CH2


THF), 1.10 (t, 12 H; OCH2CH3), 0.32 (s, 54 H; SiMe3); 13C NMR


(C6D6): d� 216.0 (CO), 66.6 (OCH2CH3), 16.2 (OCH2CH3), 4.0 (SiMe3),
(THF signals not observed); 29Si NMR (C6D6): d�ÿ 84.1 (Si(SiMe3)3),
ÿ 7.2 (SiMe3); MS (70 eV, EI, 69Ga): m/z (%): 942 (82) [M]� , 914 (26) [Mÿ
CO]� , 886 (11) [Mÿ 2 CO]� , 858 (34) [Mÿ 3 CO]� , 830 (100) [Mÿ 4CO]�


[M� 6ÿNa(OEt2)2(thf)Cl]; IR (KBr): nÄ(CO)� 2023.1 (s), 2005.0 (s),
1995.1 (s), 1983.7 (s), 1976.7 (sh), 1939.1(s), 1817.8 cmÿ1 (w).


Reaction of 1 with Na2Fe3(CO)11: A solution of 1 (0.47 g, 0.34 mmol) in
THF (15 mL) was added at ÿ 78 8C to a suspension of Na2Fe3(CO)11 ´
0.5 triglyme (0.43 g, 0.70 mmol) in THF (50 mL). After slowly warming to
ambient temperature the mixture was stirred for additional 4 h. Then all
volatiles were removed in vacuo and the residue was taken up in pentane.
Subsequent filtration afforded an orange-red solution from which 5 (0.19 g;
30% with respect to Ga) crystallized in several portions. Compound 7
(0.02 g; 2%) crystallized from the mother liquor. The residue of filtration
was extracted with THF (50 mL) and filtered. The dark red solution was
concentrated to 10 mL. Black crystals of 8 (0.37 g, 42%) were formed at
ÿ 78 8C.


Compound 5 : 1H NMR (C6D6): d� 0.32; 13C NMR (C6D6): d� 216.0 (CO),
4.0 (SiMe3); 29Si NMR (C6D6): d�ÿ 84.1 (Si(SiMe3)3), ÿ 7.2 (SiMe3); MS
(70 eV, EI, 69Ga): identical to that of 6 ; IR (KBr): nÄ(CO)� 2026.1 (s),
1999.3 (s), 1971.4 (s), 1961.5 (s), 1947.7 (s), 1919.7 (s), 1783.7 cmÿ1 (s).


Compound 7: MS (70 eV, EI, 69Ga): m/z (%): 652 (31) [M]� , 624 (9) [Mÿ
CO]� , 596 (26) [Mÿ 2CO]� , 568 (86) [Mÿ 3CO]� , 540 (44) [Mÿ 4CO]� ,
512 (26) [Mÿ 5CO]� , 484 (92) [Mÿ 6CO]� , 316 (100) [GaSi(SiMe3)3)]� ;
IR (KBr): nÄ(CO)� 2026.5 (m), 2001.4 (s), 1972.6 (s), 1961.6 (sh), 1948.1 (s),
1921.6 (s), 1784.9 cmÿ1 (s).


Compound 8 : 1H NMR ([D8]THF): d� 3.55 (s, 4H; MeO(CH2)2OCH2),
3.29 (s, 6 H; OMe), 0.27 (s, 54H; SiMe3), ÿ 16.9 (s, 1H; FeH); 13C NMR
([D8]THF): d� 4.0 (SiMe3); 29Si NMR ([D8]THF): d�ÿ 125.0 (Si-
(SiMe3)3), ÿ 9.0 (SiMe3); IR (KBr): nÄ(CO)� 2009.1 (w), 1970.5 (s),
1956.3 (m), 1942.7 (s), 1920.1 (m), 1914.4 (s), 1902.5 (m), 1888.3 (m),
1873.2 cmÿ1 (m).


Table 1. Crystal data and data collection parameters.


4 5 6 8 9 ´ 10 11


formula C33H81Fe2Ga3O6Si12 C25H54Fe2Ga2O7Si8 C37H82ClFe2Ga2NaO10Si8 C35H73Fe3Ga2NaO13Si8 C67H167Fe4Ga7O19Si24 C31H85FeGa3O8Si12


Mr 1231.92 942.54 1221.33 1256.63 2660.59 1188.08
crystal size [mm] 0.20� 0.35� 0.35 0.10� 0.65� 1.20 0.2� 0.2� 0.3 0.25� 0.25� 0.20 0.20� 0.35� 0.40 0.12� 0.44� 1.00
crystal system hexagonal triclinic orthorhombic triclinic monoclinic monoclinic
space group P63/m P1Å Pca21 P1Å P21/c P21/c
a [�] 15.2112(1) 9.613(2) 27.9306(4) 16.949(3) 18.899(4) 9.326(1)
b [�] 15.2112(1) 14.615(3) 9.54550(10) 19.098(4) 17.391(4) 28.102(3)
c [�] 16.2064(2) 16.822(3) 23.8385(2) 22.714(5) 42.405(9) 24.605(2)
a [8] 90.00 84.23(3) 90.00 96.17(3) 90.00 90.00
b [8] 90.00 85.44(3) 90.00 111.47(3) 101.94(3) 100.044(8)
g [8] 120.00 75.79(3) 90.00 112.22(3) 90.00 90.00
V [�3] 3247.46(5) 2275.8(8) 6355.62(12) 6071(2) 13636(5) 6349.6(11)
Z 2 2 4 4 4 4
1calcd [kg mÿ3] 1.260 1.375 1.276 1.375 1.296 1.243
m [mmÿ1] 1.917 2.040 1.527 1.788 2.027 1.744
F(000) 1280 972 2552 2600 5504 2488
index range � h�k� l � h�kl � h�k� l � h�kl � h�k� l � hkl
2qmax [8] 48 60.00 46.5 45.10 47.9 45
T [K] 210 200 193(2) 293(2) 200 200
refl. collected 15201 14719 26284 12991 63021 5443
refl. unique 1773 13037 8806 12991 20017 5443
refl. observed (4s) 1644 11049 7841 10511 10871 4194
R (int.) 0.0996 0.0159 0.0575 0.0000 0.0569 0.0000
absorption correction semiempirical numerical semiempirical semiempirical numerical semiempirical
min/max transmission 0.4785/0.5710 0.1669/0.5715 0.16415/0.21959 0.239/0.450 0.246/0.485 0.4076/0.6892
parameters 110 415 572 1256 1174 538
weighting scheme[a]x/y 0.0427/0.8976 0.0513/0.9474 0.0077/17.2154 0.1207/36.4562 0.0654/0.0000 0.0344/6.9700
GOOF 1.197 1.065 1.272 1.150 0.858 1.152
R (4s) 0.038 0.034 0.0675 0.0492 0.049 0.035
wR2 0.085 0.102 0.1181 0.1401 0.122 0.095
larg. res. peak [e �ÿ3] 0.504 0.631 0.398 1.092 0.847 0.411


[a] wÿ1� s2F2
o� (xP)2� yP ; P� (F2


o� 2F2
c)/3
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Enantioselective Preparation of C2-Symmetrical Ferrocenyl Ligands for
Asymmetric Catalysis


Lothar Schwink and Paul Knochel*


Abstract: Corey ± Bakshi ± Shibata
(CBS) reduction of the 1,1'-diacylmetal-
locenes 5 and 7 provides the C2-sym-
metrical diols 4 and 10, which proved to
be useful starting materials for stereo-
controlled ligand synthesis. Diols 4 and
10 can be easily converted to a wide
range of diamines, diphosphines, and
dithioacetates by nucleophilic substitu-
tion of the hydroxyl function with full


retention of configuration. Furthermore,
the aminophosphines 30 and 31 become
easily accessible. Compounds 30 and 31
have been used as ligands in enantiose-


lective cross-coupling of racemic secon-
dary Grignard reagents with vinyl bro-
mides. A selectivity up to 93 % ee could
be reached for the first time in the
preparation of (S)-(E)-1,3-diphenyl-1-
butene (34 b), which was transformed
into the enantiomerically pure chiral
building block 37 with a pseudoasym-
metric center in a straightforward, three-
step synthesis.


Keywords: asymmetric catalysis ´
chirality ´ enantioselective cross-
coupling ´ sandwich complexes ´
reductions


Introduction


In the last two decades, stereoselective synthesis and, in
particular, asymmetric catalysis have gained a great deal of
attention.[1] A major role in this field has been taken over by
transition metal complexes bearing chiral ligands. In partic-
ular, chiral cyclopentadienyl complexes of transition metals
have found widespread applications as catalysts or ligands in
enantioselective reactions.[2] The preparation of nearly all
successful structures in this field, such as the ansa-metallocene
1 introduced by Brintzinger and the ferrocenyl diphosphine
ligands 2 and 3 prepared by Hayashi and Togni, includes a


resolution step.[3] In order to circumvent such cumbersome
separations of enantiomers, which also limit the scope of the


synthesis of these ligands, we envisioned the stereocontrolled
preparation of chiral metallocenes that would open an easy
access to new ligands for asymmetric catalysis.


Ferrocene derivatives have recently gained renewed inter-
est for modern ligand design due to their promise for
widespread applications both on a laboratory scale and in
industry.[4] This interest is due to some exceptional features of
ferrocene chemistry, which include the replacement of
heteroatomic a-substituents with full retention of configura-
tion and the possibility of diastereoselective directed metal-
lations. The latter allows the introduction of additional
functionality and an element of planar chirality into the
ferrocenyl ligands.[4]


Herein we describe the synthesis of C2-symmetrical[5] chiral
ferrocenyl diols 4 and some of their derivatives, which lead to
a broad range of new potential ligands. A first application in
asymmetric catalysis is presented.


Results and Discussion


A retrosynthetic analysis applied to the diols 4 suggested the
diketones 5 as precursors, which, in turn, are accessible by
Friedel ± Crafts acylation of ferrocene (disconnection A,
Scheme 1) or by reaction of an appropriate organometallic
reagent with ferrocenedicarbonyl dichloride (6 ; disconnec-
tion B).


Preparation of metallocenyl diketones : Acylation of ferro-
cene, one of the first reactions of a metallocene, has been
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Scheme 1. Retrosynthetic analysis of the ferrocenyl diols 4.


known since 1952.[6] The reaction can be controlled by a
proper choice of the stoichiometry and the mode of addition
to give either the mono- or diacylated products quite cleanly.
Addition of ferrocene to a complex of AlCl3 and an acid
chloride (1:1 ratio, 2 equiv) in dichloromethane provides the
1,1'-diketones 5 in good yield. The reaction works equally well
for alkyl and aryl substituents R. Several additional function-
alities, like esters, ethers, and halogen atoms, are tolerated
(Table 1, entries 1 ± 14).


Non C2-symmetrical diketones are obtained by sequential
acylation with two different acid chlorides (entry 2). Ruth-
enocene is less reactive in Friedel ± Crafts acylation[7] and only
moderate yields of the diketones 7 could be obtained
(entries 15 ± 17). The reaction could also be extended to
pentamethylferrocene for the first time, although the yield of
the resulting ketones 8 a,b was again significantly lower than
in the ferrocene case (Scheme 2).


An alternative to the Friedel ± Crafts acylation was found in
the reaction of (functionalized) zinc ± copper reagents[8] with


Scheme 2. Friedel ± Crafts acylation of pentamethylferrocene.


ferrocenedicarbonyl dichloride (6),[9] which also provides the
diketones 5 in good yield (Scheme 3). This reaction should be
useful if the required acid chlorides are unavailable or
unstable.


Scheme 3. An alternative to Friedel ± Crafts acylation: the reaction of
zinc ± copper reagents with 6 also provides diketones 5 in good yield.


CBS reduction of metallocenyl ketones : For the asymmetric
reduction of the metallocenyl ketones 5, 7, and 8, the
procedure developed by Corey and Itsuno was chosen
because it had showed its broad utility during the last
decade.[10] Previous attempts to reduce metallocenyl ketones
enantioselectively were either restricted to monoacylated
systems or led to diols with only poor optical purity.[11] Other
methods for the enantioselective preparation of a-chiral
ferrocenyl alcohols employed the addition of dialkylzincs to
ferrocene aldehydes[12] or used a tedious enzymatic resolu-
tion.[13]


Our approach allows the easy preparation of nearly
enantiomerically pure C2-symmetrical ferrocenyl diols 4
contaminated with only small amounts of the meso diaster-
eomers.[14] Thus, the reduction of 1,1'-diacetylferrocene (5 a)
can be performed with 60 mol % of the oxazaborolidine 9 and
2 equiv of BH3 ´ SMe2 in THF at 0 8C (0.5 h) providing a nearly
quantitative yield of the diol 4 a with a diastereomeric ratio
dl :meso of 98.5:1.5. The optical purity found by chiral HPLC
was >99 % ee (Table 2, entry 1).


The situation changes only slightly for the reduction of the
diketones 5 bearing higher alkyl chains. If R is ethyl or pentyl,
a diastereoselectivity of ca. 88:12 is observed (entries 2 and 4).
Ester- or chloro-functionalized alkyl chains do not disturb the
reduction. The results with these substituents are even better
than for the simple alkyl chains (entries 6 ± 8).


A further increase in the steric bulk of R, for example, in an
isopropyl or cyclohexyl group, leads to a decrease of the
dl :meso ratio (85:15 and 80:20, respectively; entries 9 and 11).
In such cases the result can be significantly improved by use of
a stoichiometric amount (200 mol %) of the catalyst 9
(entries 5 and 10). Interestingly, even those diols that only
show a diastereomeric excess of around 74 % (dl :meso�


Table 1. Friedel-Crafts acylation of metallocenes.


Entry Diketone 5 or 7 M R Yield [%]


1 5a Fe Me 85
2 5b Fe Me, Pent 85[a]


3 5c Fe Pent 92
4 5d Fe (CH2)3Cl 61
5 5e Fe (CH2)2CO2Me 40
6 5 f Fe iPr 75
7 5g Fe cHex 80
8 5h Fe tBu 26
9 5 i Fe Ph 82
10 5j Fe o-Tol 73
11 5k Fe p-MeOC6H4 64
12 5 l Fe p-FC6H4 67
13 5m Fe 1-naphthyl 72
14 5n Fe 2-naphthyl 35
15 7a Ru Me 34
16 7b Ru Pent 47
17 7c Ru Ph 50


[a] Acetylferrocene was acylated with hexanoyl chloride.
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87:13) were found to be nearly enantiomerically pure (>99 %
ee). This outcome is predicted by the Horeau principle, which
is valid for the combination of two (or more) independent
stereocenters in one molecule.[15] Thus, the assumption that
the second reduction in the diketones 5 is not largely affected
by the stereocenter already established seems to be justified.


If a quaternary center is attached to the carbonyl group
(e.g., in diketone 5 h) the CBS reduction becomes very slow
even at room temperature and is unselective (entry 12).


In summary, an increase in the steric demand of R leads to a
lowering of the selectivity of the reduction (Figure 1).


Figure 1. Selectivity vs. steric demand of substituent R in the reduction of
metallocenyl diketones 5.


Beside the alkyl groups R discussed so far, various aryl
moieties work equally well (entries 13 ± 18). Even an ortho
substituent in the aromatic ring is tolerated without loss of
selectivity (entries 14 and 17).


The separation of the meso diastereomers from the desired
C2-symmetrical diols 4 is difficult and generally cannot be
done by simple column chromatography. Recrystallization of
alkyl-substituted diols 4 must be repeated quite often or is
described to be ineffective.[16] We found that diols with
aromatic substituents can be purified by recrystallization
yielding nearly diastereomerically pure compounds (en-
tries 13 and 18). In other cases, the meso diastereomer can
be separated during later stages of ligand synthesis (see below
and experimental procedure).


Thus, a wide variety of nearly enantiomerically pure diols 4
can be conveniently prepared from the corresponding dike-
tones 5 by enantioselective reduction with good to excellent
optical and chemical yields.


This statement also holds for the reduction of the analogous
ruthenocenyl diketones 7 to the ruthenocenyl diols 9 (en-
tries 18 ± 20). Remarkably, the reduction of 1,1'-diacetylruthe-
nocene (7 a) is far less selective (dl :meso� 87:13) than that of
1,1'-diacetylferrocene (5 a), which gives dl :meso� 98.5:1.5
(compare entries 1 and 18). On the other hand, for substitu-
ents like pentyl or phenyl no significant decrease is observed
on changing the central metal from iron to ruthenium
(compare entries 4 and 13 with 20 and 21).


Extension of the method to the heteroleptic ferrocenyl
ketones 8 a,b was possible without problems and afforded the
corresponding chiral alcohols 11 a and 11 b with >95 % and
94 % ee, respectively (Scheme 4).


Scheme 4. Synthesis of chiral alcohols 11a and 11b from heteroleptic
ferrocenyl ketones 8a,b.


The newly accessible optically active a-chiral metallocenyl
alcohols 4, 10, and 11 are the basis of the further trans-
formations described below.


Formation of acetates and substitution by heteroatom nucle-
ophiles : Since the pioneering work of Ugi in 1970 it is well
documented that hydroxyl groups in a-position to a ferrocenyl
moiety can be substituted with full retention of configuration
by a broad range of heteroatom-centered nucleophiles.[17] We
found that this reaction can be extended to 1,1'-disubstituted
C2-symmetrical systems.


In a first step, the diols 4 and 10 are quantitatively
converted to the corresponding diacetates 12 and 13 by
treatment with acetic anhydride in pyridine. Removal of the
volatiles in vacuum provides 12 and 13 as pure materials
without the need for further purification. They can be used in
the same reaction vessel for the reaction with the nucleophile.
Only the sterically hindered, isopropyl-substituted diol 4 h


Table 2. CBS reduction of the diacetylmetallocenes 5 and 7 to yield the
diols 4 and 10.


Entry R 9
[mol %]


Diol
4 or 10


Yield
[%]


dl :meso ee
[%][a]


1 Me 60 4 a 98 98.5 : 1.5 > 99
2 Et 60 4 b 97 88 : 12 99.8
3 Me, Pent 60 4 c 94 95 : 5 (>99)
4 Pent 60 4 d 98 87 : 13 99
5 Pent 200 4 d 98 92 : 8 > 99
6 (CH2)3Cl 60 4 e 91 94 : 6 (>99)
7 (CH2)3OPiv 60 4 f 82 89 : 11 > 99
8 (CH2)2CO2Me 60 4 g 84 95 : 5 (>99)
9 iPr 60 4 h 91 85 : 15 98.9
10 iPr 200 4 h 91 94 : 6 > 99
11 cHex 60 4 i 98 80 : 20 97.6
12 tBu 60 4 j 99 51 : 49 ±
13 Ph 60 4 k 89 94 : 6[b] (>99)
14 oTol 60 4 l 94 95 : 5 (>99)
15 p-MeO-C6H4 60 4 m 58 92 : 8 (>99)
16 p-F-C6H4 60 4 n 94 90 : 10 (>99)
17 1-naphthyl 60 4 o 74 94 : 6 (>99)
18 2-naphthyl 60 4 p 80 86 : 14[c] (99)
19 Me 60 10 a 74 87 : 13 (99)
20 Pent 60 10 b 87 85 : 15 (99)
21 Ph 60 10 c 92 95 : 5 (>99)


[a] Determined by chiral HPLC; values in parentheses are enantiomeric
purities of derived products. [b] Repeated crystallization from MTBE gave
dl :meso�>98:< 2. [c] Single crystallization from THF gave dl :meso�
97:3.
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needs more forcing conditions (Ac2O, AcCl, DMAP, pyridine)
for full conversion to the diacetate 12 e.


In the second step, substitution of the acetates is accom-
plished under mild solvolytic conditions using an excess of the
nucleophile (Scheme 5).


Scheme 5. General reaction scheme for the two-step one-pot substitution
of the hydroxyl funtions in C2-symmetrical metallocenyl diols 4 and 10 with
nucleophiles.


The solvent system THF/H2O is appropriate for the more
reactive aryl-substituted acetates, while alkyl-substituted
acetates react only in a more polar mixture of methanol and
water. The choice of the reaction medium is crucial, as can be
seen from the reaction of acetate 14 with dimethylamine in
THF/H2O, which gives the desired amine 15 quantitatively.[18]


When the reactive acetate 14 is treated with dimethylamine in
MeOH/H2O only the undesired methoxy-substituted product
16 can be isolated (Scheme 6).


Scheme 6. Illustration of the strong influence of the reaction medium on
the product of substitution reactions with ferrocenyl acetates.


Nevertheless, with a proper choice of solvent the reaction of
all acetates with aqueous dimethylamine is clean and there-
fore suitable for determining the stereochemical course of the
reaction by NMR analysis of the crude product (Table 3).
Observation of only a slight change in the diastereomeric ratio
on transformation of the diols 4 to the diamines 17 indicates
that the substitutions proceed with >98 % retention at one
center (entries 1 ± 4). This result is in accord with the reported
value for a single substitution.[19] Also, no substantial loss of
stereochemical information was detected during the conver-
sion of the ruthenocenyl diol 10 c to the corresponding
diamine 18 (entry 5).


Primary amines react in the same manner with the
diacetates 12 and 13 to yield the secondary diamines 19 and
20 (Table 4). The optically inactive cyclic amines 21 were


identified in some cases as minor by-products. They may be
formed by an internal Sn2-like attack of the amino function
introduced in the first substitution on the remaining acetate.
The stereochemical inversion in the intramolecular process
causes symmetrization. Consequently, the meso-amines 21 are
obtained. The reaction with methylamine (R'�Me) is reliable
for different substituents R (Table 4, entries 1, 3 ± 4), although
yields are moderate to low if steric hindrance becomes
important (entry 2).


Other alkyl amines, like benzylamine (entries 5 ± 6), are
also suitable, as well as aniline (entry 7). In contrast to the
tertiary diamines 17 and 18 the diastereomeric ratio of the
crude secondary diamines 19 and 20 is often easily improved
by simple column chromatography.


Debenzylation of the compounds 19 d,e affords the primary
diamines 22 a,b in essentially quantitative yield (Scheme 7).
Thus, chiral ferrocenyl diamines with all substitution patterns
on nitrogen are now easily accessible.[20] Ligands with nitrogen
donors attract considerable interest for transition metal


Table 3. Conversion of the metallocenyl diols 4 and 5 to the diamines 17 and 18
by double substitution.


Entry Solvent R Amine
17, 18


Yield
[%]


dl :meso dl :meso Retention
[%][a]


1 MeOH/H2O Me 17 a 91 98 : 2 98.5 : 1.5 > 98
2 MeOH/H2O Pent 17 b 90 89 : 11 [b] 92 : 8 > 98
3 THF/H2O Ph 17 c 94 91 : 9 94 : 6 > 98
4 THF/H2O 2-naphthyl 17 d 85 82 : 18[c] 86 : 14 > 98
5 THF/H2O Ph 18 93 93 : 7 95 : 5 > 97


[a] Calculated as retention at one stereogenic center. [b] Diastereomerically pure
after chromatography. [c] The ratio dl :meso was 95:5 after recrystallization.


Table 4. Conversion of the metallocenyl diols 4 and 10 to the secondary
diamines 19 and 20.


Entry M R R' Diamine
19 or 20


Yield
[%]


dl : meso [a]


1 Fe Me Me 19 a 95 [b] > 98 : 2
2 Fe iPr Me 19 b 20 > 99 : 1
3 Fe Ph Me 19 c 71 92 : 8
4 Ru Ph Me 20 64 95 : 5
5 Fe Me Bn 19 d 78 > 97 : 3
6 Fe Ph Bn 19 e 86 > 98 : 2
7 Fe Me Ph 19 f 90 > 98 : 2


[a] After chromatographic purification. [b] Yield of the crude diamine.
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Scheme 7. Primary diamines 22 a,b are obtained in essentially quantitative
yield from debenzylation of the compounds 19 d,e.


catalyzed reactions because they show several beneficial
properties compared with those of the classical diphosphines,
especially as far as synthesis is concerned.[21] For example, we
found that the secondary diamines 19 and 20 are good ligands
for the ruthenium-catalyzed transfer hydrogenation of ketones.[22]


As mentioned above, the CBS reduction of acylmetallo-
cenes allows the facile preparation of metallocenyl diols with
additional functionality. This can be used to synthesize new
types of ferrocenyl ligands. Thus, the chloro-functionalized
diol 4 e was cyclized to give the bis(tetrahydrofuranyl)
derivative 23 by simple treatment with nBuLi in THF
(Scheme 8). Ligand 23 may act as a chiral complexation
agent for various kinds of metal centers.


Scheme 8. Cyclization of diol 4e to give the bis(tetrahydrofuranyl)
derivative 23.


Aza-heterocycles are obtained directly when treating the
acetates of the diols 4 e and 4 g with primary amines
(Scheme 9). The ester-functionalized diol 4 g is transformed
to the dipyrrolidinones 24 in variable yields, while the chloro-
functionalized diol 4 e affords the dipyrrolidines 25.


The dipyrrolidines 25 can also be obtained indirectly from
the dipyrrolidinones 24 by LiAlH4 reduction. Debenzylation
of 25 b gives access to the N-unsubstituted dipyrrolidine 26 in
nearly quantitative yield.


Phosphorous and sulfur nucleophiles : It has been shown by
Hayashi and Togni that a-substitutions of ferrocenyl acetates
by phosphorus and sulfur nucleophiles can be effected in
acetic acid as reaction media.[23] We have investigated this
reaction for the preparation of diphosphines and dithioace-
tates (Scheme 10). Thus, the diols 4 h and 10 c were acylated
and allowed to react with an excess of diphenylphosphine in
acetic acid at 50 8C for 3 h. The resulting diarylalkylphos-
phines are sensitive to oxygen and were therefore protected
with borane after changing the solvent from acetic acid to
THF. The borane-protected diphosphines 27 and 28 can be
isolated very conveniently by standard workup and purifica-
tion procedures.[24] After deprotection, 27 and 28 may be used
as ligands for transition metal catalyzed hydrogenation.


Scheme 9. Synthesis of the ferocenyl pyrrolidinones 24 and pyrrolidines 25
and 26 from the diols 4 g,e.


Scheme 10. Substitution of metallocenyl diacetates by phosphorus and
sulfur nucleophiles in acetic acid as reaction media leading to the
diphosphines 27 ± 28 and the dithioacetate 29.


In the same way as the diphosphines, the dithioacetate 29
was obtained in nearly quantitative yield with KSAc as
nucleophile. The dithioacetate 29 may serve as starting
material for further ligand synthesis, for example, with respect
to asymmetric copper-catalyzed reactions.


In conclusion, the diols 4 and 10 proved to be a rich source
for one- or two-step synthesis of 1,1'-disubstituted a-chiral
metallocenes bearing nitrogen, phosphorus, or sulfur donor
atoms, which may serve as chiral ligands in a wide range of
transition metal catalyzed reactions.


Conformational fixation of a-chiral metallocenes : Besides the
facile substitution in the a-position there is a second very
valuable reaction that is characteristic of ferrocenyl com-
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pounds: the directed diastereoselective ortho-metallation of
a-(N,N-dimethylamino)alkylferrocenes. Ugi found that the
protons H2 and H5 of (R)-a-(N,N-dimethylamino)ethylferro-
cene are abstracted by nBuLi with a selectivity of 96:4
(Scheme 11).[25]


Scheme 11. Ugi�s abstraction of H2 and H5 of (R)-a-(N,N-dimethylami-
no)ethylferrocene.


In order to support the simple explanation that steric
repulsion puts both the dimethylamino and the alkyl group


above the ring plane and
therefore adjusts the nitrogen
as complexation site for nBuLi
near to H2, we performed an
NOE experiment with the C2-
symmetrical diamine 17 b (Fig-
ure 2). Because the signals of
the protons H2 and H5 were
not sufficiently separated, they
were distinguished by a 13C
edited NOE experiment.[26]


The results confirm the picture
drawn by Ugi with the modifi-
cation that the alkyl chain


seems to lie in or only slightly above the ring plane as
indicated by the fact that the proton H6 does not show an
NOE with H5 while strong interaction with H2 is observed.
This conclusion is in accord with a report by Butler, who
performed similar measurements but had to use a somewhat
perturbed model system to get the required signal separa-
tion.[27]


Conformational fixation of 17 b is not limited to the rotation
about the C1 ± C6-bond but can also be seen for the C6 ± C7-
bond. Only NOEs belonging to the set of rotamers shown in
Scheme 12 were observed. The conformation depicted is


Scheme 12. Conformations of the C6-C7-C8 region of the diamine 17b
(R�Bu).


supported by the values of the coupling constants of the
methine proton H6, which differ markedly and suggest a trans-
relation between H6 and H7b (3J6,7 b� 10.9 Hz). The preference


for one rotamer is much smaller for the following C ± C bond,
which connects C7 and C8. NOEs must be assigned to two
conformations (A and B) and more equilibrated 3J coupling
constants were observed. The third conformation C is avoided
because of unfavorable syn-pentane interactions (Scheme 12).


In conclusion, the bulky ferrocenyl moiety together with a
large a-substituent is a good anchor that is capable of fixing
conformations in acyclic systems. Control over 2 ± 3 bonds is
reached and may be used to arrange functionalities along this
region.


Double directed diastereoselective ortho-metallation : As
mentioned above, the best known application of the stereo-
chemical fixation of a-dimethylamino-substituted ferrocenes
is the directed diastereoselective ortho-metallation. As a
consequence, we tried to apply this reaction to the diamines
17 and 18, which became easily available by the work
described above. Thus, double deprotonation of the amines
17 could be effected by reaction with 3 ± 5 equiv of nBuLi in
diethyl ether for several hours at room temperature. In the
case of the pentyl-substituted diamine 17 b, tBuLi was
required to obtain efficient metallation. Reaction of the
resulting dilithio-species with chlorodiphenylphosphine pro-
vides the C2-symmetrical aminophosphine 30, obtained in
moderate yield as diastereomerically and nearly enantiomeri-
cally pure after chromatography (Table 5).[28]


The major reason for the moderate yield is the formation of
substantial amounts of the monophosphorylated diamines,
although excess BuLi was always used for metallation.


The reaction sequence can also be applied to the rutheno-
cenyl diamine 18 to provide the diphosphines 31 with a larger
bite angle compared with the structures 30.[29]


Asymmetric cross-coupling : The aminophosphines 30 and 31
react quantitatively with a stoichiometric amount of
Pd(MeCN)2Cl2 in toluene. However, only the phenyl-substi-
tuted ligand 30 c gave the expected C2-symmetrical complex
32 c cleanly, as indicated by NMR analysis (Scheme 13). In all
other cases, the reaction products turned out to be mixtures,


Figure 2. Preferred confor-
mation of (R)-a-(N,N-dime-
thylamino)alkylferrocenes
deduced from 13C edited
NOE measurements of dia-
mine 17 b (R�Bu).


Table 5. Conversion of the diamines 17 and 18 to the aminophosphines 30
and 31.


Entry R Base Diphosphine
30 or 31


Yield [%] ee [%]


1 Me nBuLi 30a 29 > 98
2 Pent tBuLi 30b 39 > 98
3 Ph nBuLi 30c 57 > 98
4 2-naphthyl nBuLi 30d 31 > 98
5 Ph nBuLi 31 43 > 98
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Scheme 13. Reaction of aminophosphines 30 and 31 with Pd(MeCN)2Cl2


in toluene; only 30c gives the expected C2-symmetrical complex 32 c
cleanly.


which seem to be at least partially less symmetrical coordi-
nation isomers as previously observed in similar complexation
reactions of other P,N-ligands.[30]


The palladium complexes 32 and 33 were found to catalyze
the asymmetric cross-coupling of 1-phenylethylmagnesium
chloride with vinyl bromide and b-bromostyrene under the
standard conditions reported by Hayashi (Table 6).[31] In the


reactions of vinyl bromide (R'�H), the enantiomeric excess
of the resulting 3-phenyl-1-butene (34 a) was around 65 % and
independent of the exact nature of the substituent R in the
ligand (entries 1 ± 4). This result was improved to 76 and 82 %
ee by addition of two equivalents of zinc chloride and zinc
iodide, respectively, to the Grignard reagent (entries 5 and
6).[32]


A different situation was found when cross-coupling was
tried with b-bromostyrene. The optical purity of product 34 b
increased significantly from 68 % to 80 % and 93 % ee on
changing the substituent R in the ligand from methyl to pentyl
and phenyl (entries 7 ± 9). The last result compares well with
the highest value of 73 % ee reported so far for this specific
reaction.[33] Contrary to the coupling of vinyl bromide the
addition of zinc chloride to the reaction mixture had a
negative effect on the optical purity of 34 b (entry 10).


Hayashi has already reported the preparation and use of
the aminophosphine 30 a and its palladium complex 32 a for
asymmetric cross-coupling eight years ago.[34] However, since
very tedious resolution and separation procedures were
necessary to obtain the pure ligand, further development
was strongly hampered. Our approach allows the facile
construction of the aminophosphines 30 and 31, avoiding the
need to search for good resolution procedures for every new
substituent R. Variations can now be done easily in a flexible
and predictable manner. Optimization of the ligand structure
in a short time becomes possible by a simple trial and error
approach.


Attempted extension of the asymmetric cross-coupling to
other vinyl bromides and the use of sBuMgCl as coupling
reagent with the palladium complex 32 c were generally
unsuccessful. Only the reaction of 1-phenylethylmagnesium
chloride with 1-bromo-1-propene gave a satisfactory selectiv-
ity of 65 % ee (Scheme 14, compound 34 c).


Scheme 14. Cross-coupling products 34 c ± h obtained from the reaction of
1-phenylethylmagnesium chloride or sec-butylmagnesium chloride with
different vinyl bromides and palladium complex 32c as catalyst.


The use of a larger alkenyl bromide like (E)-1-bromo-5-
chloro-1-pentene gave a product of low optical purity (34 d).
Introduction of a methyl group into the a-position of b-
bromostyrene caused a drop in the selectivity from 93 to 59 %
ee (34 e), which was also accompanied by a reduced yield due
to the formation of the homocoupling product of the vinyl
bromide. A methyl group in a geminal position to the vinylic
bromide, as found in 2-bromo-1-propene, causes a total loss of
selectivity. Furthermore, the proton trans to the bromide
makes this starting material sensitive to elimination of
hydrobromic acid by the basic Grignard reagent, which
explains the poor yield of 33 % (34 f).


The exchange of 1-phenylethylmagnesium chloride for sec-
butylmagnesium chloride resulted in the formation of vir-
tually racemic products in all cases, although the yields were
quite reasonable (compounds 34 g,h).


In conclusion, asymmetric cross-coupling of racemic
Grignard reagents is still limited to very few good examples.
Nevertheless our work now allows the preparation of (S)-(E)-
1,3-diphenyl-1-butene (34 b) with 93 % ee by this method.


With optically active 34 b in hand we sought an application
in asymmetric synthesis that uses the double bond for further
elaboration. Thus, 34 b can be stereoselectively dihydroxy-
lated according to the Sharpless procedure in 85 % yield to


Table 6. Asymmetric cross-coupling of 1-phenylethylmagnesium chloride
with vinyl bromide or b-bromostyrene catalyzed by the palladium
complexes 32 and 33.


Entry R' Pd-complex
32 or 33


R Yield [%] ee [%] Additive


1 H 32 b Pent 82 64 ±
2 H 32 c Ph 81 63 ±
3 H 32 d 2-naphthyl 84 63 ±
4 H 33 Ph 82 68 ±
5 H 32 c Ph 88 76 ZnCl2


6 H 32 c Ph 86 82 Znl2


7 Ph 32 a Me 73 68 ±
8 Ph 32 b Pent 78 80 ±
9 Ph 32 c Ph 89 93 ±
10 Ph 32 c Ph 82 29 ZnCl2
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provide the diol 35 as a 90:10 mixture of diastereomers.[35] A
two-step, one-pot dehydration allows the isolation of the
epoxide 36 in 78 % yield.[36] This epoxide can be opened by
MeCu(CN)Li in a regioselective and stereospecific manner to
give the pseudo-C2-symmetrical alcohol 37.[37] This new chiral
building block is obtained diastereomerically pure in 68 %
yield and >99 % ee after chromatography (Scheme 15).


Scheme 15. Conversion of the cross-coupling product 34b to the enantio-
merically pure chiral building block 37.


A combination of the newly introduced ligand 32 c for
palladium catalyzed asymmetric cross-coupling and the now
well established asymmetric dihydroxylation chemistry made
it therefore possible to synthesize the chiral building block 37
as a single enantiomer that may find applications in the
preparation of a new class of chiral ligands with pseudoasym-
metric centers.


Conclusion


A highly flexible, efficient and enantioselective synthetic
route to (nearly) enantiomerically pure C2-symmetrical a-
chiral metallocenyl diols 4 and 10 relying on the CBS
reduction protocol was developed. The diols can be easily
substituted with retention of configuration under very mild
solvolytic conditions by various heteroatom-centered nucle-
ophiles. A broad range of diamines (17 ± 20, 22) with all kinds
of substitution patterns is accessible, along with some
diphosphines (27, 28) and the dithioacetate 29.


These structures open the way to multiple uses as chiral
ligands for transition metal catalyzed reactions. For an initial
example, the diamines 17 and 18 were converted to the
aminophosphines 30 and 31 by diastereoselective directed
ortho-metallation and subsequent reaction with chlorodiphe-
nylphosphine. The palladium complex of 30 c catalyzed the
asymmetric cross-coupling of 1-phenylethylmagnesium chlor-
ide and b-bromostyrene providing (S)-1,3-diphenyl-1-butene
(34 b) with 93 % ee. This cross-coupling product was converted
to the enantiomerically pure (>99 % ee) chiral building block
37 with a pseudoasymmetric center in a straightforward 3-step
synthesis. Further applications of the new C2-symmetrical
ferrocenyl ligands are under investigation.


Experimental Section


General : Melting points are uncorrected. NMR spectra were recorded at
room temperature in CDCl3 on Bruker ARX 200, AC 300, AM 400, or
AMX 500 instruments. Chemical shifts are given relative to the residual
solvent peak (d). Signals of the meso diastereomer that appear separated
from the dl isomer are given for sake of comparison even in such cases in
which the isolation of the pure dl isomer was possible. Optical rotations
were measured on a Perkin ± Elmer 241 polarimeter. IR spectra were
recorded on a Nicolet 510 FT-IR-spectrometer. Electron impact (EI) mass
spectra were recorded on Varian CH 7A. Enantiomeric excesses were
determined by HPLC. A Chiralcel OD column (Daicel Chemical Indus-
tries) was used at room temperature with n-heptane/2-propanol as mobile
phase and detection by a diode array UV/Vis detector. Alternatively,
determination of optical purity was carried out by GC on a Chirasil-DEX
CB column (Chrompak) with hydrogen as carrier gas. Racemic compounds
were used to choose the operating conditions for the resolution of the
enantiomer and diastereomer peaks. Ether in workup procedures refers to
tert-butyl methyl ether (MTBE). Organic layers were dried over anhydrous
MgSO4. Column chromatography was carried out on silica gel 60 (70 ±
230 mesh ASTM).


Materials : THF was distilled from potassium, Et2O was distilled from
sodium, CH2Cl2 was distilled from CaH2. Pyridine was dried over KOH.
Commercial reagents were used without further purification. The following
starting materials were prepared according to literature procedures:
pentamethylferrocene,[38] ruthenocene,[39] acetylferrocene,[40] 1,1'-ferroce-
nedicarbonyl dichloride (6),[9] (E)-1-bromo-2-phenyl-1-propene,[41] and 1-
phenylethylmagnesium chloride.[42] Lithium chloride was dried for 3 h at
140 8C in vacuum (0.7 mm Hg). Pd(OH)2 (10 % on C) was dried for 3 d at
80 8C in vacuum. A 1m solution of BH3 ´ SMe2 in THF was prepared from
commercial BH3 ´ SMe2 (10m) directly before use.


General procedure A for diacylmetallocenes 5 and 7 by Friedel ± Crafts
acylation : The acid chloride (22.5 mmol) was added to a suspension of
aluminum(iii) chloride (2.65 g, 20.0 mmol) in CH2Cl2 (10 mL) at 0 8C. The
metallocene (8.10 mmol) in CH2Cl2 (10 mL) was added dropwise within
20 min. The reaction was warmed to room temperature and stirred for 2 h.
Hydrolysis was done at 0 8C by dropwise addition of ice-cold water (50 mL;
caution : gas evolution!). The reaction mixture was diluted with CH2Cl2


(100 mL) and washed twice with saturated aqueous K2CO3 (50 mL) and
brine (50 mL). The organic layer was dried and concentrated to afford an
oil, which was purified by column chromatography.


1,1''-Diacetylferrocene (5a): From ferrocene (1.50 g, 8.10 mmol), acetyl
chloride (1.6 mL, 22.5 mmol), and aluminum(iii) chloride (2.65 g,
20.0 mmol) a yield of 85% (1.87 g) was obtained after chromatography
(hexanes/MTBE 1:1). Brown ± red solid; m.p. 122 ± 124 8C; IR (KBr):
nÄmax� 3104 (w), 3089 (w), 3074 (w), 1660 (vs), 1456 (s), 1375 (s), 1279 (s),
1116 (m), 844 (w); 1H NMR (CDCl3, 200 MHz): d� 4.73 ± 4.72 (m, 4H),
4.47 ± 4.46 (m, 4H), 2.31 (s, 6H); 13C NMR (CDCl3, 50 MHz): d� 201.01,
80.55, 73.49, 70.85, 27.54; MS (EI, 70 eV): m/z (%): 270 (M�, 100), 255 (8),
227 (12), 199 (24), 163 (13), 121 (11); C14H14FeO2 (270.11): calcd C 62.25, H
5.22; found C 62.42, H 5.29.


1-Acetyl-1''-hexanoylferrocene (5 b): From acetylferrocene (0.75 g,
3.30 mmol), hexanoyl chloride (603 mg, 4.30 mmol) and aluminum(iii)
chloride (1.1 g, 8.3 mmol) a yield of 85% (924 mg) was obtained after
chromatography (hexanes/MTBE 3:1). Deep red solid; m.p. 56 ± 57 8C; IR
(KBr): nÄmax� 3091 (w), 2952 (m), 2929 (m), 2869 (m), 1656 (vs), 1456 (s),
1373 (m), 1281 (m), 841 (m); 1H NMR (CDCl3, 300 MHz): d� 4.63 (t, J�
1.8 Hz, 2H), 4.61 (t, J� 1.8 Hz, 2H), 4.35 ± 4.34 (m, 4H), 2.50 (t, J� 7.5 Hz,
2H), 2.21 (s, 3H), 1.57 ± 1.51 (m, 2H), 1.24 ± 1.19 (m, 4 H), 0.79 (t, J� 7.5 Hz,
3H); 13C NMR (CDCl3, 75 MHz): d� 203.07, 200.58, 80.34, 80.30, 73.16,
73.05, 70.37, 39.55, 31.28, 27.27, 23.60, 22.23, 13.68; MS (EI, 70 eV): m/z (%):
326 (M�, 100), 270 (15), 255 (14), 199 (21), 163 (6), 148 (3), 121 (19);
C18H22FeO2 (326.22): calcd C 66.27, H 6.80; found C 66.30, H 6.78.


1,1''-Dihexanoylferrocene (5 c): From ferrocene (1.11 g, 6.00 mmol), hex-
anoyl chloride (2.7 g, 20.0 mmol) and aluminum(iii) chloride (2.4 g,
18.0 mmol) a yield of 92% (2.12 g) was obtained after chromatography
(hexanes/MTBE 8:1). Red solid; m.p. 44 ± 45 8C; IR (KBr): nÄmax� 3095 (w),
2956 (m), 2928 (s), 2860 (w), 1679 (vs), 1463 (m), 1372 (w), 1258 (m), 1219
(m), 824 (s); 1H NMR (CDCl3, 300 MHz): d� 4.61 ± 4.59 (m, 4H), 4.32 ±
4.30 (m, 4H), 2.49 (t, J� 7.3 Hz, 4H), 1.55 ± 1.51 (m, 4H), 1.23 ± 1.20 (m,
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8H), 0.77 (t, J� 6.0 Hz, 6 H); 13C NMR (CDCl3, 75 MHz): d� 203.30,
80.10, 73.00, 70.25, 39.50, 31.26, 23.62, 22.21, 13.64; MS (EI, 70 eV): m/z
(%): 382 (M�, 100), 326 (7), 311 (7), 186 (15), 121 (19); C22H30FeO2


(382.33): calcd C 69.11, H 7.91; found C 69.11, H 8.06.


1,1''-Bis(d-chlorobutanoyl)ferrocene (5 d): From ferrocene (1.11 g,
6.00 mmol), 4-chlorobutanoyl chloride (2.8 g, 20.0 mmol), and aluminu-
m(iii) chloride (2.4 g, 18.0 mmol) a yield of 61% (1.45 g) was obtained after
chromatography (hexanes/MTBE 3:1). Red solid; m.p. 81 8C; IR (KBr):
nÄmax� 3099 (w), 3083 (w), 2924 (m), 1663 (vs), 1459 (m), 1252 (m), 818 (m);
1H NMR (CDCl3, 200 MHz): d� 4.78 (s, 4H), 4.49 (s, 4H), 3.66 (t, J�
6.1 Hz, 4 H), 2.84 (t, J� 6.8 Hz, 4 H), 2.14 (quin, J� 6.2 Hz, 4H); 13C NMR
(CDCl3, 75 MHz): d� 202.12, 79.97, 73.48, 70.51, 44.65, 36.14, 26.35; MS
(EI, 70 eV): m/z (%): 396 (M�, 94), 394 (M�, 100), 358 (16), 183 (38), 92
(41); C18H20Cl2FeO2 (395.11): calcd C 54.72, H 5.10; found C 54.55, H 5.18.


1,1''-Bis(g-carbomethoxypropanoyl)ferrocene (5e): From ferrocene (0.80 g,
4.30 mmol), 3-carbomethoxypropanoyl chloride (2.26 g, 15.0 mmol), and
aluminum(iii) chloride (6.0 g, 45.0 mmol) a yield of 40 % (0.71 g) was
obtained after chromatography (hexanes/MTBE 1:1). Red solid; m.p. 100 ±
-101 8C; IR (film): nÄmax� 3100 (w), 3000 (w), 2960 (m), 2930 (w), 2860 (w),
1740 (vs), 1670 (vs), 1455 (m), 1370 (m), 1230 (s), 1085 (m), 845 (m); 1H
NMR (CDCl3, 300 MHz): d� 4.74 (t, J� 1.8 Hz, 4 H), 4.45 (t, J� 1.8 Hz,
4H), 3.58 (s, 6H), 2.89 (t, J� 6.4 Hz, 4H), 2.56 (t, J� 6.3 Hz, 4 H); 13C
NMR (CDCl3, 75 MHz): d� 200.98, 173.04, 79.46, 73.39, 70.35, 51.40, 34.05,
27.09; MS (EI, 70 eV): m/z (%): 414 (M�, 100), 383 (5), 235 (22), 175 (24),
115 (20); C20H22FeO6 (414.24): calcd C 57.99, H 5.35; found C 57.71, H 5.50.


1,1''-Bis(b-methylpropanoyl)ferrocene (5 f): From ferrocene (1.10 g,
6.00 mmol), 2-methylpropanoyl chloride (1.70 g, 16.0 mmol), and alumi-
num(iii) chloride (2.4 g, 18.0 mmol) a yield of 75% (1.47 g) was obtained
after chromatography (hexanes/MTBE 5:1). Red solid; m.p. 124 8C; IR
(film): nÄmax� 3100 (w), 2965 (s), 2935 (m), 2875 (w), 1660 (vs), 1450 (s), 1380
(m), 1245 (s), 1050 (m), 835 (m); 1H NMR (CDCl3, 300 MHz): d� 4.70 ±
4.66 (m, 4H), 4.43 ± 4.38 (m, 4 H), 3.00 ± 2.92 (m, 2 H), 1.14 ± 1.08 (m, 12H);
13C NMR (CDCl3, 75 MHz): d� 207.54, 79.07, 73.30, 70.48, 37.24, 19.14; MS
(EI, 70 eV): m/z (%): 326 (M�, 100), 283 (62), 213 (15), 185 (16), 121 (20);
C18H22FeO2 (326.22): calcd C 66.27, H 6.80; found C 65.96, H 6.88.


1,1''-Bis(cyclohexylcarbonyl)ferrocene (5g): From ferrocene (1.10 g,
6.00 mmol), cyclohexylcarbonyl chloride (2.40 g, 18.0 mmol), and alumi-
num(iii) chloride (2.4 g, 18.0 mmol) a yield of 80% (1.96 g) was obtained
after chromatography (hexanes/MTBE 5:1). Red solid; m.p. 134 ± 135 8C;
IR (KBr): nÄmax� 3134 (w), 2930 (s), 2853 (m), 1663 (vs), 1449 (s), 1382 (w),
1265 (m), 1225 (m), 840 (w); 1H NMR (CDCl3, 200 MHz): d� 4.74 (t, J�
1.8 Hz, 4 H), 4.45 (t, J� 1.8 Hz, 4H), 2.76 ± 2.65 (m, 2 H), 1.85 ± 1.25 (m,
20H); 13C NMR (CDCl3, 50 MHz): d� 207.00, 79.38, 73.35, 70.51, 47.77,
29.53, 25.81; MS (EI, 70 eV): m/z (%): 406 (M�, 100), 323 (5), 213 (4), 185
(7), 121 (12), 81 (5); C24H30FeO2 (406.35): calcd C 70.94, H 7.44; found C
70.86, H 7.37.


1,1''-Dipivaloylferrocene (5h): From ferrocene (1.11 g, 6.00 mmol), pivaloyl
chloride (2.10 g, 18.0 mmol), and aluminum(iii) chloride (1.76 g, 18.0 mmol)
a yield of 26 % (0.55 g) was obtained after chromatography (hexanes/
MTBE 10:1). (A suspension of aluminum(iii) chloride in CH2Cl2 was added
dropwise to a solution of ferrocene and pivaloyl chloride). Red solid; m.p.
125 ± 126 8C; IR (KBr): nÄmax� 3112 (w), 2954 (m), 2927 (m), 2869 (w), 1654
(vs), 1476 (m), 1438 (m), 1368 (m), 1287 (m), 1213 (m), 1070 (m), 874 (m);
1H NMR (CDCl3, 200 MHz): d� 4.84 (t, J� 1.8 Hz, 4H), 4.41 (t, J� 1.8 Hz,
4H), 1.29 (s, 18H); 13C NMR (CDCl3, 50 MHz): d� 209.54, 77.78, 73.46,
72.08, 44.36, 27.94; MS (EI, 70 eV): m/z (%): 354 (M�, 100), 297 (45), 205
(27); C20H26FeO2 (354.27): calcd C 67.81, H 7.40; found C 67.90, H 7.36.


1,1''-Dibenzoylferrocene (5 i): From ferrocene (1.11 g, 6.00 mmol), benzoyl
chloride (2.50 g, 17.8 mmol), and aluminum(iii) chloride (2.4 g, 18 mmol) a
yield of 82% (1.95 g) was obtained after chromatography (hexanes/MTBE
3:1). Red solid; m.p. 97 ± 100 8C; IR (KBr): nÄmax� 3267 (w), 3113 (w), 3064
(w), 1637 (vs), 1448 (s), 1288 (s), 1048 (m), 846 (m), 726 (s), 698 (s); 1H
NMR (CDCl3, 200 MHz): d� 7.77 ± 7.72 (m, 4 H), 7.50 ± 7.38 (m, 6H), 4.88
(t, J� 1.8 Hz, 4H), 4.53 (t, J� 1.8 Hz, 4H); 13C NMR (CDCl3, 50 MHz):
d� 197.71, 138.94, 131.76, 128.18, 127.95, 79.36, 74.46, 72.95; MS (EI,
70 eV): m/z (%): 394 (M�, 100), 289 (2), 225 (3), 77 (7); C24H18FeO2


(394.25): calcd C 73.12, H 4.60; found C 72.86, H 4.83.


1,1''-Di(o-toluoyl)ferrocene (5 j): From ferrocene (1.43 g, 7.70 mmol), o-
toluoyl chloride (2.50 g, 16.2 mmol), and aluminum(iii) chloride (2.25 g,
16.9 mmol) a yield of 73% (2.36 g) was obtained after chromatography


(hexanes/MTBE 3:1). Red solid; m.p. 124 ± 125 8C; IR (KBr): nÄmax� 3085
(w), 2923 (w), 1647 (vs), 1443 (m), 1273 (s), 840 (m), 737 (s); 1H NMR
(CDCl3, 200 MHz): d� 7.50 ± 7.24 (m, 8H), 4.84 (t, J� 1.9 Hz, 4 H), 4.67 (t,
J� 1.9 Hz, 4H), 2.34 (s, 6 H); 13C NMR (CDCl3, 50 MHz): d� 200.78,
138.92, 136.13, 131.14, 130.13, 127.71, 124.97, 80.49, 74.09, 72.44, 19.70; MS
(EI, 70 eV): m/z (%): 422 (M�, 100), 303 (16), 212 (9), 119 (18), 91 (63);
C26H22FeO2 (422.31): calcd C 73.95, H 5.25; found C 74.01, H 5.34.


1,1''-Bis(p-methoxybenzoyl)ferrocene (5k): From ferrocene (5.60 g,
30.0 mmol), p-methoxybenzoyl chloride (10.2 g, 60.0 mmol), and aluminu-
m(iii) chloride (8.4 g, 63.0 mmol) a yield of 64 % (8.75 g) was obtained after
chromatography (hexanes/MTBE 4:1). Red solid; m.p. 130 8C; IR (KBr):
nÄmax� 3114 (w), 2954 (w), 2840 (w), 1633 (s), 1615 (s), 1598 (vs), 1441 (s),
1292 (s), 1164 (s), 1029 (m), 844 (m), 770 (m); 1H NMR (CDCl3, 200 MHz):
d� 7.83 ± 7.77 (m, 4H), 6.89 ± 6.83 (m, 4 H), 4.66 (t, J� 1.9 Hz, 4 H), 4.52 (t,
J� 1.9 Hz, 4H), 3.84 (s, 6 H); 13C NMR (CDCl3, 50 MHz): d� 196.10,
162.62, 131.63, 130.43, 113.41, 80.01, 74.13, 73.03, 55.34; MS (EI, 70 eV): m/z
(%): 454 (M�, 100), 319 (4), 255 (7), 135 (12); C26H22FeO4 (454.31): calcd C
68.74, H 4.85; found C 68.74, H 4.88.


1,1''-Bis(p-fluorobenzoyl)ferrocene (5 l): From ferrocene (1.86 g,
10.0 mmol), p-fluorobenzoyl chloride (3.57 g, 22.5 mmol), and aluminu-
m(iii) chloride (3.32 g, 25.0 mmol, 14 h reaction time) a yield of 67%
(2.90 g) was obtained after chromatography (hexanes/MTBE 3:1). Red
solid; m.p. 127 8C; IR (KBr): nÄmax� 3105 (w), 3092 (w), 1639 (vs), 1630 (s),
1506 (s), 1290 (s), 855 (m), 770 (s); 1H NMR (CDCl3, 200 MHz): d� 7.82 ±
7.75 (m, 4H), 7.12 ± 7.04 (m, 4H), 4.86 (t, J� 1.9 Hz, 4H), 4.57 (t, J� 1.9 Hz,
4H); 13C NMR (CDCl3, 50 MHz): d� 196.14, 164.99 (d, J� 253 Hz),
135.13, 130.57 (d, J� 9.1 Hz), 115.38 (d, J� 21.6 Hz), 79.52, 74.37, 73.19;
MS (EI, 70 eV): m/z (%): 430 (M�, 100), 243 (12), 151 (19); C24H16F2FeO2


(430.23): calcd C 67.00, H 3.75; found C 66.85, H 4.04.


1,1''-Di(a-naphthoyl)ferrocene (5 m): From ferrocene (1.86 g, 10.0 mmol),
1-naphthoyl chloride (4.36 g, 22.5 mmol), and aluminum(iii) chloride
(3.32 g, 25.0 mmol) a yield of 72% (3.56 g) was obtained after chromatog-
raphy (hexanes/MTBE 4:1). Red solid; m.p. 132 8C; IR (KBr): nÄmax� 3086
(w), 3046 (w), 1642 (vs), 1445 (m), 1285 (s), 786 (s); 1H NMR (CDCl3,
200 MHz): d� 8.01 ± 7.96 (m, 2H), 7.68 ± 7.64 (m, 4 H), 7.46 ± 7.08 (m, 8H),
4.69 (m, 4H), 4.42 ± 4.41 (m, 4 H); 13C NMR (CDCl3, 50 MHz): d� 199.32,
136.31, 133.36, 130.92, 129.84, 128.19, 126.86, 126.04, 125.93, 123.83, 80.71,
74.07, 72.46; MS (EI, 70 eV): m/z (%): 494 (M�, 100), 339 (18), 273 (29), 183
(32), 127 (23); C32H22FeO2 (494.37): calcd C 77.74, H 4.49; found C 77.65, H
4.64.


1,1''-Di(b-naphthoyl)ferrocene (5 n): From ferrocene (1.86 g, 10.0 mmol), 2-
naphthoyl chloride (4.20 g, 22.0 mmol), and aluminum(iii) chloride (3.50 g,
26.0 mmol) a yield of 35% (1.72 g) was obtained after chromatography
(hexanes/MTBE/CH2Cl2 4:1:1). Red solid; m.p. 183 ± 184 8C; IR (KBr):
nÄmax� 3100 (w), 3055 (w), 1642 (vs), 1447 (m), 1294 (s), 810 (m), 778 (s), 757
(m); 1H NMR (CDCl3, 300 MHz): d� 8.30 ± 8.29 (m, 2H), 7.84 ± 7.73 (m,
8H), 7.58 ± 7.51 (m, 4 H), 4.99 (t, J� 1.9 Hz, 4H), 4.63 (t, J� 1.9 Hz, 4H);
13C NMR (CDCl3, 75 MHz): d� 197.54, 136.23, 134.91, 132.25, 129.16,
128.97, 128.11, 127.84, 127.73, 126.65, 124.48, 79.86, 74.49, 73.29; MS (EI,
70 eV): m/z (%): 494 (M�, 100), 183 (22), 155 (48), 127 (21), 84 (46), 73 (85),
49 (86); C32H22FeO2 (494.37): calcd C 77.74, H 4.49; found C 77.48, H 4.48.


1,1''-Diacetylruthenocene (7 a): From ruthenocene (0.75 g, 3.25 mmol),
acetyl chloride (785 mg, 10.0 mmol), and aluminum(iii) chloride (1.60 g,
12.0 mmol) a yield of 34% (0.35 g) was obtained after chromatography
(hexanes/ethyl acetate 1:2). Yellow solid; m.p. 136 ± 142 8C; IR (KBr):
nÄmax� 3100 (w), 2920 (m), 2851 (w), 1666 (vs), 1459 (m), 1447 (m), 1378 (m),
1279 (s), 1114 (s), 1040 (w), 828 (m); 1H NMR (CDCl3, 200 MHz): d� 5.07
(t, J� 1.5 Hz, 4H), 4.77 (t, J� 1.6 Hz, 4H), 2.16 (s, 6 H); 13C NMR (CDCl3,
50 MHz): d� 198.56, 85.68, 74.97, 72.56, 26.68; MS (EI, 70 eV): m/z (%):
316 (M�, 100), 301 (52), 245 (40), 167 (26), 43 (37); C14H14O2Ru (315.33):
calcd C 53.36, H 4.47; found C 53.43, H 4.63.


1,1''-Dihexanoylruthenocene (7b): From ruthenocene (0.46 g, 2.00 mmol),
hexanoyl chloride (538 mg, 4.00 mmol), and aluminum(iii) chloride (1.06 g,
8.0 mmol) a yield of 34% (0.35 g) was obtained after chromatography
(hexanes/ethyl acetate 5:1). Yellow solid; m.p. 70 8C; IR (KBr): nÄmax� 3103
(w), 2953 (m), 2930 (s), 2860 (m), 1677 (vs), 1465 (m), 1260 (m), 1218 (m),
820 (s); 1H NMR (CDCl3, 200 MHz): d� 5.06 (t, J� 1.8 Hz, 4H), 4.73 (t,
J� 1.8 Hz, 4H), 2.45 (t, J� 7.4 Hz, 4 H), 1.70 ± 1.45 (m, 4H), 1.35 ± 1.15 (m,
8H), 0.87 (t, J� 6.6 Hz, 6H); 13C NMR (CDCl3, 50 MHz): d� 201.45,
85.30, 74.75, 72.18, 39.01, 31.49, 24.14, 22.44, 13.89; MS (EI, 70 eV): m/z
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(%): 428 (M�, 100), 372 (29), 357 (45), 329 (29), 231 (47), 97 (53), 69 (62), 55
(51), 43 (74); C22H30O2Ru (427.55): calcd C 61.80, H 5.19; found C 61.62, H
5.26.


1,1''-Dibenzoylruthenocene(7 c): From ruthenocene (924 mg, 4.00 mmol),
benzoyl chloride (1.30 g, 9.00 mmol), and aluminum(iii) chloride (1.60 g,
12.0 mmol, 2 h at reflux) a yield of 50% (899 mg) was obtained after
chromatography (hexanes/ethyl acetate 3:1). Yellow solid; m.p. 124 ±
125 8C; IR (KBr): nÄmax� 3092 (w), 3063 (w), 1637 (vs), 1449 (m), 1372 (s),
1286 (s), 725 (s); 1H NMR (CDCl3, 200 MHz): d� 7.83 ± 7.78 (m, 4H),
7.49 ± 7.35 (m, 6H), 5.20 (t, J� 1.9 Hz, 4 H), 4.86 (t, J� 1.8 Hz, 4 H); 13C
NMR (CDCl3, 50 MHz): d� 195.90, 138.71, 128.35, 128.20, 84.08, 75.87,
74.90; MS (EI, 70 eV): m/z (%): 440 (M�, 100), 363 (6), 335 (2), 306 (20),
105 (24), 77 (26); C24H18O2Ru (439.48): calcd C 65.59, H 4.13; found C
65.21, H 4.19.


1-Acetyl-1''-pentamethylferrocene (8 a): From pentamethylferrocene
(415 mg, 1.42 mmol), acetyl chloride (170 mg, 2.30 mmol), and aluminu-
m(iii) chloride (276 mg, 2.00 mmol) a yield of 29 % (124 mg) was obtained
after chromatography (hexanes/MTBE 3:1). A mixture of the acid chloride
and aluminum(iii) chloride was added to a solution of the metallocene
within 1 h. Red solid; m.p. 99 ± 100 8C; IR (KBr): nÄmax� 3093 (w), 3078 (w),
2953 (m), 2912 (s), 2855 (m), 1656 (vs), 1453 (s), 1378 (m), 1276 (s), 1111
(w), 1031 (m), 819 (m); 1H NMR (CDCl3, 300 MHz): d� 4.22 (t, J� 1.9 Hz,
2H), 4.01 (t, J� 1.9 Hz, 2H), 2.22 (s, 3 H), 1.79 (s, 15 H); 13C NMR (CDCl3,
75 MHz): d� 201.02, 81.31, 80.85, 76.50, 72.00, 27.58, 10.45; MS (EI, 70 eV):
m/z (%): 298 (M�, 100), 255 (23), 133 (10), 121 (11); C17H22FeO (298.21):
calcd C 68.47, H 7.44; found C 68.66, H 7.68.


1-Hexanoyl-1''-pentamethylferrocene (8 b): From pentamethylferrocene
(350 mg, 1.10 mmol), hexanoyl chloride (206 mg, 1.53 mmol), and alumi-
num(iii) chloride (256 mg, 1.92 mmol) a yield of 30% (119 mg) was
obtained after chromatography (hexanes/MTBE 10:1). A mixture of the
acid chloride and aluminum(iii) chloride was added to a solution of the
metallocene within 1 h. Red oil; IR (film): nÄmax� 3080 (w), 2920 (vs), 2870
(s), 1655 (vs), 1445 (s), 1375 (s), 1250 (m), 1065 (m), 1025 (m), 820 (m); 1H
NMR (CDCl3, 300 MHz): d� 4.23 (t, J� 1.9 Hz, 2 H), 3.99 (t, J� 1.9 Hz,
2H), 2.53 (t, J� 7.8 Hz, 2H), 1.79 (s, 15H), 1.73 ± 1.54 (m, 2H), 1.36 ± 1.30
(m, 4 H), 0.91 ± 0.87 (m, 3H); 13C NMR (CDCl3, 75 MHz): d� 203.55,
81.33, 80.63, 76.17, 71.67, 40.08, 31.70, 24.20, 22.50, 13.90, 10.54; MS (EI,
70 eV): m/z (%): 354 (M�, 100), 255 (14), 133 (9), 121 (8); C21H30FeO
(354.32): calcd C 71.19, H 8.53; found C 70.91, H 8.54.


General procedure B for diacyl ferrocenes 5 by zinc ± copper reagent
substitution of 1,1''-ferrocenedicarbonyl dichloride (6): Under argon
copper(i) cyanide (262 mg, 2.92 mmol) and lithium chloride (248 mg,
5.85 mmol) were dissolved in THF (2.5 mL). At ÿ78 8C the dialkylzinc
reagent (3.00 mmol) was added dropwise. After the addition was finished
the solution was warmed to 0 8C for 5 min and then cooled again to ÿ78 8C.
1,1'-Ferrocenedicarbonyl dichloride (6, 303 mg, 0.98 mmol) in THF (3 mL)
was added within 15 min. The reaction was warmed to ÿ25 8C, stirred for
5 h, and then poured into saturated aqueous NH4Cl (20 mL). After
extraction with ether (4� 50 mL) the combined organic layers were dried
and concentrated to give an oil, which was purified by column chromatog-
raphy.


1,1''-Dipropionylferrocene (5o): From 1,1'-ferrocenedicarbonyl dichloride
(6, 303 mg, 0.98 mmol) and diethylzinc (370 mg, 3.00 mmol) a yield of 87%
(259 mg) was obtained after chromatography (hexanes/MTBE 3:1). Red
solid; m.p. 50 ± 51 8C; IR (KBr): nÄmax� 3096 (w), 2934 (w), 1674 (vs), 1458
(s), 1242 (s), 1102 (m), 1048 (m), 807 (m); 1H NMR (CDCl3, 300 MHz): d�
4.88 ± 4.85 (m, 4H), 4.59 ± 4.56 (m, 4 H), 2.84 ± 2.71 (m, 4 H), 1.34 ± 1.23 (m,
6H); 13C NMR (CDCl3, 75 MHz): d� 203.68, 79.90, 72.92, 70.17, 32.68,
7.82; MS (EI, 70 eV): m/z (%): 298 (M�, 100), 269 (24), 213 (27), 186 (6), 121
(27); C16H18FeO2 (298.16): calcd C 64.45, H 6.08; found C 64.25, H 6.05.


1,1''-Bis(d-pivaloxybutanoyl)ferrocene (5p): From 1,1'-ferrocene dicarbo-
nyldichloride (6, 435 mg, 1.40 mmol) and di(3-pivaloxypropyl)zinc (from 3-
iodopropyl pivalate (1.62 g, 6.0 mmol) and diethylzinc (1 mL)) a yield of
80% (590 mg) was obtained after chromatography (hexanes/MTBE 2:1).
Red oil ; IR (KBr): nÄmax� 3100 (w), 2960 (s), 1720 (vs), 1670 (vs), 1455 (m),
1380 (w), 1280 (s); 1H NMR (CDCl3, 200 MHz): d� 4.66 (t, J� 1.8 Hz,
4H), 4.38 (t, J� 1.9 Hz, 4 H), 4.07 (t, J� 6.4 Hz, 4H), 2.62 (t, J� 7.2 Hz,
4H), 1.92 (quin, J� 6.8 Hz, 4 H), 1.10 (s, 18 H); 13C NMR (CDCl3, 50 MHz):
d� 202.02, 177.24, 79.99, 73.25, 70.38, 63.47, 38.59, 35.82, 27.08, 22.96; MS


(EI, 70 eV): m/z (%): 526 (M�, 93), 412 (78), 249 (91), 57 (100); C28H38FeO6


(526.45): calcd C 63.88, H 7.28; found C 63.61, H 7.47.


General procedure C for the metallocenyl diols 4 and 10: Preparation of
the oxazaborolidine 9: (S)-a,a-Diphenylprolinol (1.50 g, 6.00 mmol),
methaneboronic acid (360 mg, 6.00 mmol), and toluene (25 mL) were
heated to reflux for 5 h. Water was removed with the help of a Dean ± Stark
trap. The solvent was evaporated under vacuum to leave a solid, which was
directly used in the next step.


CBS reduction of metallocenyl diketones 5 and 7: The oxazaborolidine 9
(330 mg, 1.20 mmol) was dissolved in THF (12 mL) and cooled to 0 8C
under argon. From a syringe charged with BH3 ´ SMe2 (1m in THF, 4 mL)
20% of the final amount (0.8 mL) was added to the catalyst solution. After
5 min stirring the remaining BH3 ´ SMe2 and a solution of the diketone
(2.00 mmol) in THF (5 mL) were added simultaneously within 20 min. The
red color of the ketone turned to yellow on reduction. After 15 min at 0 8C
the excess BH3 ´ SMe2 was quenched by dropwise addition of methanol
(2 mL; caution : gas evolution!). After the hydrolysis had ceased the
mixture was poured into saturated aqueous NH4Cl (150 mL) and extracted
with ether (200 mL). The organic layer was washed with water (2�
100 mL) and brine (100 mL), dried, and then concentrated to give an oil,
which was purified by column chromatography.


For comparison (NMR, HPLC) racemic samples of the diols 4 and 10 were
prepared by LiAlH4 or NaBH4 reduction of the diketones 5 and 7. They
contained comparable amounts of the dl and meso diastereomers.


(R,R)-1,1''-Bis(a-hydroxyethyl)ferrocene (4a): Diketone 5 a (540 mg,
2.00 mmol) was reduced with 60 mol % 9 and the crude product purified
by chromatography (hexanes/MTBE 1:1). Yield: 535 mg (98 %; dl :meso�
98.5:1.5, ee >99 %). Yellow solid; m.p. 70 ± 72 8C; HPLC (OD, 5% iPrOH,
0.9 mL/min, 215 nm): tR/min� 11.11 (SS and RS), 15.72 (RR). [a]d�ÿ97.7
(c� 2.34, CHCl3), ÿ78.1 (c� 2.84, benzene (dl :meso 84:16)); IR (KBr):
nÄmax� 3301 (s), 3103 (w), 3080 (w), 2970 (m), 1366 (m), 1094 (s), 1004 (s),
804 (m); 1H NMR (CDCl3, 300 MHz): d� 5.15 (s)/5.12 (s, 2H total), 4.64
(q, J� 6.2 Hz, dl)/4.60 (q, J� 6.2 Hz, meso, 2 H total), 4.25 ± 4.24 (m, meso)/
4.16 ± 4.15 (m)/4.14 ± 4.13 (m)/4.12 ± 4.11 (m, 8H total), 1.39 (d, J� 6.6 Hz,
meso)/1.36 (d, J� 6.6 Hz, dl, 6 H total); 13C NMR (CDCl3, 75 MHz): d�
95.20, 67.57, 67.48, 66.13, 65.92, 65.40, 25.56 (dl); 67.74, 67.32, 66.52, 65.50,
65.06, 25.16 (meso, separated signals); MS (EI, 70 eV): m/z (%): 274 (M�,
12), 256 (100), 241 (8), 213 (13), 164 (53), 147 (16), 121 (15), 92 (23);
C14H18FeO2 (274.14): calcd C 61.34, H 6.62; found C 61.44, H 6.52.


(R,R)-1,1''-Bis(a-hydroxypropyl)ferrocene (4b): Diketone 5o (75 mg,
0.25 mmol) was reduced with 60 mol % 9 and the crude product purified
by chromatography (hexanes/MTBE 2:1). Yield: 73 mg (97 %; dl :meso�
90:10, ee� 99.8 %). Yellow oil; HPLC (OD, 5% iPrOH, 0.9 mL/min,
215 nm): tR/min� 6.52 (SS), 7.28 (RS), 9.58 (RR); [a]d�ÿ92.4 (c� 1.31,
benzene). IR (film): nÄmax� 3320 (s), 3080 (w), 2930 (m), 2860 (m), 1460 (m),
1380 (m), 1030 (s), 810 (s); 1H NMR (CDCl3, 300 MHz): d� 5.04 (s)/4.94 (s,
2H total), 4.43 (t, J� 6.2 Hz, dl)/4.32 (t, J� 6.2 Hz, meso, 2H total), 4.27 ±
4.26 (m, meso)/4.22 ± 4.21 (m, dl, 2H total), 4.15 ± 4.10 (m, 6H), 1.74 ± 1.48
(m, 4H), 0.93 (t, J� 7.4 Hz, meso)/0.87 (t, J� 7.4 Hz, dl, 6 H total); 13C
NMR (CDCl3, 75 MHz): d� 93.45, 71.29, 67.34, 67.31, 66.32, 66.30, 32.69,
9.79 (dl); 93.90, 70.49, 67.44, 67.24, 66.93, 65.41, 31.88, 10.02 (meso); MS (EI,
70 eV): m/z (%): 302 (M�, 22), 284 (44), 266 (100), 255 (12), 226 (15), 178
(24), 160 (68), 91 (75); C16H22 FeO2 (302.20): calcd C 63.59, H 7.34; found C
63.43, H 7.41.


(R,R)-1-(a-Hydroxyethyl)-1''-(a-hydroxyhexyl)ferrocene (4 c): Diketone
5b (163 mg, 0.50 mmol) was reduced with 60 mol % of 9 and the crude
product purified by chromatography (hexanes/MTBE 2:1). Yield: 155 mg
(94 %; (RR):(RS)� 90:10). Yellow oil; [a]d�ÿ47.1 (c� 2.07, CHCl3); IR
(film): nÄmax� 3330 (vs), 3095 (w), 2935 (s), 2860 (s), 1400 (m), 1370 (m),
1100 (m), 1040 (m), 810 (m), 760 (s); 1H NMR (CDCl3, 300 MHz): d� 4.94
(s, 2 H), 4.67 (q, J� 6.3 Hz, RR)/4.60 (q, J� 6.3 Hz, SR, 1 H total), 4.46 (t,
J� 6.5 Hz, RR)/4.41 (t, J� 6.4 Hz, SR, 1H total), 4.26 ± 4.12 (m, 8H), 1.64 ±
1.17 (m, 8 H), 1.42 (d, J� 6.4 Hz, SR)/1.37 (d, J� 6.4 Hz, RR, 3H total),
0.87 ± 0.83 (m, 3H); 13C NMR (CDCl3, 75 MHz): d� 95.07, 94.14, 69.78,
67.50, 67.41, 67.37, 67.30, 66.39, 66.12, 65.76, 65.69, 39.79, 31.75, 25.89, 25.27,
13.94 (RR); 95.22, 94.19, 69.48, 67.68, 67.22, 66.77, 66.05, 65.59, 65.34, 64.74,
39.50, 31.73, 24.77 (SR, separated signals); MS (EI, 70 eV): m/z (%): 330
(M�, 91), 312 (35), 294 (5), 241 (10), 200 (91), 164 (51), 92 (100); C18H26FeO2


(330.25): calcd C 65.47, H 7.94; found C 65.49, H 7.63.
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(R,R)-1,1''-Bis(a-hydroxyhexyl)ferrocene (4 d): Diketone 5c (191 mg,
0.50 mmol) was reduced with 200 mol % 9 and the crude product purified
by chromatography (hexanes/MTBE 4:1). Yield: 190 mg (98 %; dl :meso�
91:9, ee >99%). Yellow oil; HPLC (OD, 2% iPrOH, 1.0 mLminÿ1, 254 nm):
tR/min� 6.10 (SS), 7.40 (RS), 8.69 (RR); [a]d�ÿ29.6 (c� 2.30, CHCl3); IR
(film): nÄmax� 3320 (s), 3090 (w), 2920 (vs), 2860 (s), 1460 (m), 1400 (w), 1380
(w), 1115 (m), 1040 (s), 810 (m); 1H NMR (CDCl3, 300 MHz): d� 4.85 ±
4.65 (s, 2 H), 4.47 (t, J� 6.3 Hz, dl)/4.38 (dd, J� 7.3, 5.1 Hz, meso, 2 H total),
4.27 ± 4.26 (m, meso)/4.21 ± 4.20 (m, dl, 2H total), 4.15 ± 4.10 (m, 6H), 1.65 ±
1.20 (m, 16H), 0.86 (t, J� 6.6 Hz, meso)/0.84 (t, J� 6.9 Hz, dl, 6H total);
13C NMR (CDCl3, 75 MHz): d� 93.75, 69.87, 67.27, 67.18, 66.13, 65.97, 39.86,
31.04, 25.04, 22.38, 13.79 (dl); 94.12, 69.07, 67.12, 67.09, 66.71, 65.16, 39.04,
31.62, 25.25 (meso, separated signals); MS (EI, 70 eV): m/z (%): 386 (M�,
42), 368 (77), 350 (55), 200 (100), 121 (21), 92 (68), 78 (31); C22H34FeO2


(386.36): calcd C 68.39, H 8.87; found C 68.40, H 8.93.


(R,R)-1,1''-Bis(a-hydroxy-d-chlorobutyl)ferrocene (4e): Diketone 5d
(934 mg, 2.36 mmol) was reduced with 60 mol % 9 and the crude product
purified by chromatography (hexanes/MTBE 1:1). Yield: 861 mg (91 %;
dl :meso� 94:6). Yellow oil; [a]d�ÿ14.9 (c� 1.62, CHCl3); IR (KBr):
nÄmax� 3414 (s), 3100 (w), 2953 (m), 1026 (s), 810 (m); 1H NMR (CDCl3,
300 MHz): d� 4.65 (s, 2H), 4.53 (t, J� 5.6 Hz, 2 H), 4.19 ± 4.15 (m, 8H),
3.50 (t, J� 6.0 Hz, 4 H), 1.86 ± 1.69 (m, 8H); 13C NMR (CDCl3, 75 MHz):
d� 93.20, 69.38, 67.77, 66.43, 66.18, 45.01, 36.91, 28.56 (dl); 93.54, 68.83,
68.72, 66.92, 65.49, 36.22, 28.78 (meso, separated signals); MS (EI, 70 eV):
m/z (%): 382 ([M�ÿH2O], 72), 380 ([M�ÿH2O], 100), 362 (31), 172 (19),
117 (30); C18H24Cl2FeO2 (399.14): calcd C 54.17, H 6.06; found C 54.30, H 6.17.


(R,R)-1,1''-Bis(a-hydroxy-d-pivaloxybutyl)ferrocene (4 f): Diketone 5 p
(220 mg, 0.41 mmol) was reduced with 60 mol % 9 and the crude product
purified by chromatography (hexanes/MTBE 3:1). Yield: 178 mg (82 %;
dl :meso� 89:11, ee> 99 %). Yellow oil; HPLC (OD, 10% iPrOH,
0.9 mL minÿ1, 215 nm): tR/min� 7.70 (SS), 8.80 (RR), 9.86 (RS); [a]d�
ÿ28.5 (c� 0.53, benzene); IR (film): nÄmax� 3360 (s), 3090 (w), 2960 (vs),
2880 (s), 1725 (vs), 1480 (m), 1400 (m), 1370 (w), 1290 (s), 1160 (vs), 1040
(m), 810 (w); 1H NMR (CDCl3, 300 MHz): d� 4.67 (s, 2 H), 4.47 ± 4.46 (m,
dl)/4.38 ± 4.36 (m, meso, 2H total), 4.19 ± 4.18 (m, meso)/4.14 ± 4.13 (m)/
4.10 ± 4.09 (m)/4.06 ± 4.04 (m, 8 H total), 3.97 ± 3.94 (m, 4 H), 1.75 ± 1.52 (m,
8H), 1.11 (s, meso)/1.10 (s, dl, 18H total); 13C NMR (CDCl3, 75 MHz): d�
178.55, 93.54, 69.52, 67.70, 66.45, 66.14, 64.19, 38.69, 36.01, 27.04, 24.77 (dl);
93.90, 68.86, 67.83, 67.60, 66.90, 65.43, 35.35, 24.95 (meso, separated signals);
MS (EI, 70 eV): m/z (%): 530 (M�, 58), 512 (48), 494 (8), 428 (41), 190 (31),
57 (100); C28H42FeO6 (530.48): calcd C 63.40, H 7.98; found C 63.62, H 7.93.


(R,R)-1,1''-Bis(a-hydroxy-g-carbomethoxypropyl)ferrocene (4g): Dike-
tone 5e (207 mg, 0.50 mmol) was reduced with 60 mol % 9 and the crude
product purified by chromatography (hexanes/MTBE 1:1). Yield: 176 mg
(84 %; dl :meso� 96:4). Yellow oil; [a]d�ÿ23.7 (c� 1.77, CHCl3); IR
(film): nÄmax� 3380 (s), 3100 (w), 2950 (s), 1730 (vs), 1440 (m), 1260 (s), 1165
(s), 1070 (s), 1020 (m), 810 (w); 1H NMR (CDCl3, 300 MHz): d� 4.61 (s,
2H), 4.51 (t, J� 5.9 Hz, dl)/4.42 (dd, J� 7.0, 5.0 Hz, 2 H total), 4.28 (s,
meso)/4.15 ± 4.14 (m)/4.12 ± 4.10 (m)/4.09 ± 4.07 (m, 8 H total), 2.43 ± 2.30
(m, 4H), 1.96 ± 1.81 (m, 4 H); 13C NMR (CDCl3, 75 MHz): d� 174.35, 92.83,
69.00, 67.71, 67.61, 66.35, 66.18, 51.48, 34.19, 29.91 (dl); 93.19, 68.34, 67.78,
67.52, 66.69, 65.50, 33.67, 30.10 (meso, separated signals); MS (EI, 70 eV):
m/z (%): 418 (M�, 100), 400 (17), 386 (33), 369 (19), 354 (62), 235 (34), 164
(52), 105 (62); C20H26FeO6 (418.27): calcd C 57.43, H 6.27; found C 57.53, H 6.30.


(R,R)-1,1''-Bis(a-hydroxy-b-methylpropyl)ferrocene (4h): Diketone 5 f
(169 mg, 0.50 mmol) was reduced with 200 mol % 9 and the crude product
purified by chromatography (hexanes/MTBE 3:1). Yield: 150 mg (91 %;
dl :meso� 94:6, ee> 99%). Yellow solid; m.p. 60 ± 62 8C; HPLC (OD, 1%
iPrOH, 1.0 mL minÿ1, 254 nm): tR/min� 7.49 (SS), 11.46 (RS), 12.55 (RR).
[a]d�ÿ46.7 (c� 1.62, CHCl3), ÿ85.0 (c� 1.08, benzene); IR (KBr): nÄmax�
3240 (vs), 3090 (w), 2955 (vs), 2875 (s), 1460 (m), 1385 (m), 1365 (m), 1255
(m), 1040 (s), 810 (s); 1H NMR (CDCl3, 300 MHz): d� 4.28 ± 4.07 (m,
12H), 1.78 ± 1.65 (m, 2 H), 0.88 ± 0.76 (m, 12 H); 13C NMR (CDCl3,
75 MHz): d� 91.52, 75.40, 67.26, 67.24, 67.13, 67.08, 35.67, 18.06, 18.03
(dl); 92.55, 74.60, 67.78, 67.29, 67.26, 65.63, 35.34, 18.36, 18.17 (meso); MS
(EI, 70 eV): m/z (%): 330 (M�, 100), 212 (7), 294 (5), 269 (24), 240 (14), 192
(28), 174 (57), 121 (15), 105 (62); C18H26FeO2 (330.25): calcd C 65.47, H 7.94;
found C 65.73, H 8.20.


(R,R)-1,1''-Bis(a-hydroxycyclohexylmethyl)ferrocene (4 i): Diketone 5g
(203 mg, 0.50 mmol) was reduced with 60 mol % 9 and the crude product


purified by chromatography (hexanes/MTBE 4:1). Yield: 205 mg (99 %;
dl :meso� 80:20, ee� 97.6%). Yellow solid; m.p. 100 ± 104 8C; HPLC (OD,
1% iPrOH, 1.0 mL minÿ1, 254 nm): tR/min� 7.80 (SS), 8.82 (RS), 14.51
(RR); [a]d�ÿ18.2 (c� 2.30, CHCl3); IR (KBr): nÄmax� 3350 (s), 3090 (w),
2920 (s), 2855 (s), 1445 (m), 1400 (m), 1215 (s), 1040 (s), 1015 (s), 810 (m),
755 (s); 1H NMR (CDCl3, 300 MHz): d� 4.45 (s, 2H), 4.30 ± 4.06 (m, 10H),
1.77 ± 0.78 (m, 22 H); 13C NMR (CDCl3, 75 MHz): d� 91.61, 74.66, 67.18,
67.12, 67.02, 66.97, 45.52, 28.83, 28.30, 26.35, 26.09, 26.04 (dl); 92.89, 73.82,
67.69, 67.33, 65.63, 45.22, 28.76 (meso, separated signals); MS (EI, 70 eV):
m/z (%): 410 (M�, 48), 392 (100), 374 (40), 326 (1), 309 (8), 280 (8), 227 (11),
212 (40), 121 (18), 83 (43); C24H34FeO2 (410.38): calcd C 70.24, H 8.35;
found C 70.11, H 8.60.


(R,R)-1,1''-Bis(a-hydroxy-b,b-dimethylpropyl)ferrocene (4j): Diketone 5g
(177 mg, 0.50 mmol) was reduced with 60 mol % 9 (18 h at room temper-
ature) and purified by chromatography (hexanes/MTBE 4:1). Yield:
178 mg (99 %; dl :meso� 51:49). Yellow solid; m.p. 110 ± 114 8C; IR
(KBr): nÄmax� 3499 (s), 3094 (w), 2961 (s), 2865 (m), 1461 (m), 1363 (s),
1062 (s), 998 (m), 820 (m); 1H NMR (CDCl3, 300 MHz): d� 4.26 (s, meso)/
4.19 (s, dl, 2 H total), 4.15 ± 4.00 (m, 8 H), 3.20 (s)/2.65 (s, 2H total), 0.82 (s,
18H); 13C NMR (CDCl3, 75 MHz): d� 90.43, 78.56, 68.60, 67.58, 67.22,
67.02, 35.54, 25.75 (dl); 91.77, 77.87, 69.41, 67.51, 67.29, 65.99, 35.30, 25.89
(meso); MS (EI, 70 eV): m/z (%): 358 (M�, 100), 283 (87), 214 (37), 119
(39); C20H30FeO2 (358.30): calcd C 67.04, H 8.44; found C 67.02, H 8.78.


(R,R)-1,1''-Bis(a-hydroxyphenylmethyl)ferrocene (4k): Diketone 5 i
(197 mg, 0.50 mmol) was reduced with 60 mol % 9 and the crude product
purified by chromatography (hexanes/MTBE 3:1). Yield: 177 mg (89 %;
dl :meso� 94:6). Repeated crystallization from MTBE gave dl :meso� 98:2.
Yellow solid; m.p. 130 ± 132 8C; HPLC (OD, 5% iPrOH, 1.0 mL/min,
254 nm): tR/min� 23.23 (SS and RS), 25.55 (RR). [a]D�ÿ75.1 (c� 0.05,
CHCl3), ÿ74.3 (c� 0.97, benzene); IR (KBr): nÄmax� 3526 (vs), 3081 (w),
3026 (w), 1491 (m), 1452 (m), 1049 (m), 1017 (m), 828 (m), 721 (s), 699 (s);
1H NMR (CDCl3, 300 MHz): d� 7.35 ± 7.20 (m, 10H), 5.42 (s, 4H), 4.43 (s)/
4.27 (s, meso)/4.22 (s)/4.16 (s)/4.11 (s)/4.04 (s, meso, 8 H total); 13C NMR
(CDCl3, 75 MHz): d� 144.19, 128.13, 127.19, 126.13, 93.45, 72.49, 67.98,
67.79, 66.67, 66.60 (dl); 143.73, 128.03, 93.94, 71.60, 68.13, 67.54, 67.10, 66.36
(meso, separated signals); MS (EI, 70 eV): m/z (%): 398 (M�, 35), 380 (50),
226 (14), 154 (100); C24H22FeO2 (398.28): calcd C 72.38, H 5.57; found C
72.32, H 5.68.


(R,R)-1,1''-Bis(a-hydroxy-o-tolylmethyl)ferrocene (4 l): Diketone 5 j
(580 mg, 1.37 mmol) was reduced with 60 mol % 9 and the crude product
purified by chromatography (hexanes/MTBE 5:2). Yield: 551 mg (94 %;
dl :meso� 95:5). Yellow solid; m.p. 138 8C; [a]D�ÿ46.3 (c� 0.67, CHCl3);
IR (KBr): nÄmax� 3270 (vs), 3077 (w), 2926 (w), 1043 (s), 820 (m), 738 (s); 1H
NMR (CDCl3, 300 MHz): d� 7.49 ± 7.46 (m, meso)/7.35 ± 7.31 (m, dl, 2H
total), 7.14 ± 7.00 (m, 6 H), 5.70 (s, dl)/5.60 (s, meso, 2 H total), 5.27 (s, meso)/
5.24 (s, 2 H total), 4.32 ± 4.31 (m, dl)/4.23 ± 4.22 (m)/4.17 ± 4.16 (m, meso)/
4.10 ± 4.09 (m, dl)/4.02 ± 4.01 (m, meso, 8H total); 13C NMR (CDCl3,
75 MHz): d� 142.04, 134.82, 130.08, 127.10, 126.23, 125.81, 93.42, 68.76,
67.91, 67.63, 67.55, 66.69, 19.06 (dl); 141.81, 134.69, 129.97, 127.04, 126.07,
93.54, 68.07, 67.99, 67.30, 18.95 (meso, separated signals); MS (EI, 70 eV): m/
z (%): 426 (M�, 51), 407 (6), 168 (100), 153 (29); C26H26FeO2 (426.34): calcd
C 73.25, H 6.15; found C 73.21, H 5.99.


(R,R)-1,1''-Bis(a-hydroxy-p-methoxyphenylmethyl)ferrocene (4 m): Dike-
tone 5k (454 mg, 1.00 mmol) was reduced with 60 mol % 9 and the crude
product purified by chromatography (hexanes/MTBE 3:1). Yield: 265 mg
(58 %; dl :meso� 92:8). Yellow solid; m.p. 108 8C; [a]D��22.4 (c� 0.41,
CHCl3); IR (KBr): nÄmax� 3270 (vs), 3086 (w), 3000 (w), 2869 (w), 1610 (m),
1511 (s), 1251 (s), 1039 (s), 831 (m); 1H NMR (CDCl3, 300 MHz): d� 7.25 ±
7.19 (m, 4 H), 6.82 ± 6.75 (m, 4 H), 5.48 ± 5.42 (m, 2H), 4.91 (s, 2H), 4.44 ±
4.43 (m, dl)/4.30 ± 4.29 (m, meso)/4.25 ± 4.24 (m, dl)/4.18 ± 4.17 (m, meso)/
4.15 ± 4.13 (m), 4.09 ± 4.08 (m, meso, 8H total); 13C NMR (CDCl3, 75 MHz):
d� 158.86, 136.72, 127.42, 113.62, 93.69, 72.22, 68.06, 67.78, 66.70, 66.55,
55.18 (dl); 113.53, 71.40, 68.20, 67.06, 66.32 (meso, separated signals); MS
(EI, 70 eV): m/z (%): 440 ([M�ÿH2O], 100), 317 (24), 256 (47), 182 (15),
105 (19), 70 (25); C26H26FeO4 (458.32): calcd C 68.14, H 5.72; found C 68.02,
H 6.11.


(R,R)-1,1''-Bis(a-hydroxy-p-fluorophenylmethyl)ferrocene (4 n): Diketone
5l (500 mg, 1.16 mmol) was reduced with 60 mol % 9 and the crude product
purified by chromatography (hexanes/MTBE 3:1). Yield: 475 mg (94 %;
dl :meso� 90:10). Yellow solid; m.p. 134 8C; [a]d�ÿ4.3 (c� 1.11, CHCl3);
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IR (KBr): nÄmax� 3285 (vs), 3081 (w), 2867 (w), 1602 (m), 1508 (s), 1219 (s),
1045 (m), 842 (m); 1H NMR (CDCl3, 300 MHz): d� 7.27 ± 7.14 (m, 4H),
6.96 ± 6.84 (m, 4H), 5.49 ± 5.30 (m, 4H), 4.42 ± 4.41 (m, dl)/4.26 ± 4.25 (m)/
4.22 ± 4.19 (m, meso)/4.16 ± 4.15 (m)/4.08 ± 4.07 (m, meso, 8 H total); 13C
NMR (CDCl3, 75 MHz): d� 162.02 (d, J� 246 Hz), 140.00 (d, J� 3.0 Hz),
127.73 (d, J� 8.1 Hz), 114.98 (d, J� 21.4 Hz), 93.30, 72.00, 68.27, 67.98,
66.58, 66.53 (dl); 139.48 (d, J� 3.0 Hz), 114.91 (d, J� 21.4 Hz), 93.84, 71.14,
68.40, 67.70, 67.09, 66.24 (meso, separated signals); MS (EI, 70 eV): m/z
(%): 434 (M�, 13), 416 (78), 401 (4), 244 (23), 172 (100), 152 (21); C24H20


F2FeO2 (434.27): calcd C 66.38, H 4.64; found C 66.50, H 4.53.


(R,R)-1,1''-Bis(a-hydroxy-(1-naphthyl)methyl)ferrocene (4o): Diketone
5m (499 mg, 1.01 mmol) was reduced with 60 mol % of 9 and the crude
product purified by chromatography (hexanes/MTBE 3:1). Yield: 374 mg
(74 %; dl :meso� 94:6). Yellow solid; m.p. 142 8C; [a]D��78.9 (c� 0.55,
CHCl3); IR (KBr): nÄmax� 3344 (vs), 3047 (w), 2923 (w), 1510 (m), 1393 (w),
1043 (m), 783 (vs); 1H NMR (CDCl3, 300 MHz): d� 8.17 ± 8.12 (m, 2H),
7.85 ± 7.76 (m, 2 H), 7.65 (d, J� 8.0 Hz, 2 H), 7.44 ± 7.37 (m, 6H), 7.31 (t, J�
7.5 Hz, 2 H), 6.20 (s, dl)/6.14 (s, meso, 2H total), 5.23 (s, 2H), 4.36 ± 4.35 (m,
dl)/4.27 ± 4.26 (m, dl)/4.22 ± 4.21 (m, dl)/4.15 ± 4.14 (m, meso)/4.09 ± 4.07 (m,
dl), 3.98 ± 3.97 (m, meso, 8 H total); 13C NMR (CDCl3, 75 MHz): d� 139.59,
133.65, 130.74, 128.56, 128.07, 125.88, 125.38, 125.24, 124.08, 123.73, 93.15,
69.17, 68.20, 67.76, 67.18 (dl); 139.31, 133.54, 127.93, 125.82, 125.35, 123.87,
93.42, 68.33, 67.90, 67.70, 67.53 (meso, separated signals); MS (EI, 70 eV): m/
z (%): 498 (M�, 4), 480 (46), 337 (20), 203 (100); C32H26FeO2 (498.40): calcd
C 77.12, H 5.26; found C 76.83, H 5.26.


(R,R)-1,1''-Bis(a-hydroxy-(2-naphthyl)methyl)ferrocene (4p): Diketone
5n (996 mg, 2.00 mmol) was reduced with 60 mol % 9 and the crude
product purified by chromatography (hexanes/THF 1:1) and crystallization
from THF. Yield: 793 mg (80 %; dl :meso� 97:3). Yellow solid; m.p. 187 ±
188 8C; [a]D��61.5 (c� 0.63, THF); IR (KBr): nÄmax� 3380 (s), 3053 (w),
2863 (w), 1054 (m), 1017 (m), 786 (m), 751 (m); 1H NMR ([D8]THF,
300 MHz): d� 7.76 ± 7.64 (m, 8H), 7.49 ± 7.43 (m, 2H), 7.32 ± 7.28 (m, 4H),
5.65 ± 5.64 (m, 2H), 5.61 (d, J� 2.5 Hz, dl)/5.56 (d, J� 3.1 Hz, meso, 2H
total), 4.39 (m, dl)/4.26 ± 4.25 (m, meso, 2H total), 4.16 ± 4.11 (m)/4.03 ± 3.96
(m, 6 H total), 2.50 (s, 2H); 13C NMR ([D8]THF, 75 MHz): d� 142.90,
133.03, 132.92, 127.30, 126.82, 125.09, 124.76, 124.35, 123.85, 94.06, 71.92,
67.26, 67.10, 66.40, 66.22 (dl); 142.61, 124.45, 123.97, 94.38, 71.21, 67.35,
66.91, 66.22 (meso, separated signals); MS (EI, 70 eV): m/z (%): 498 (M�,
11), 494 (16), 480 (100), 276 (23), 204 (45); C32H26FeO2 (498.40): calcd C
77.12, H 5.26; found C 76.90, H 5.44.


(R,R)-1,1''-Bis(a-hydroxyethyl)ruthenocene (10 a): Diketone 7 a (126 mg,
0.40 mmol) was reduced with 60 mol % of 9 and the crude product purified
by chromatography (hexanes/MTBE 1:1). Yield: 95 mg (74 %; dl :meso�
87:13). Pale yellow solid; m.p. 86 ± 88 8C; [a]d�ÿ45.5 (c� 2.36, CHCl3); IR
(KBr): nÄmax� 3265 (vs), 3099 (w), 2970 (m), 1393 (w), 1364 (m), 1096 (s),
1021 (m), 807 (s); 1H NMR (CDCl3, 300 MHz): d� 4.66 ± 4.65 (m, 2H),
4.60 ± 4.58 (m, 2H), 4.50 ± 4.49 (m, 4H), 4.42 ± 4.34 (m, 2 H), 3.45 (s, 2H),
1.34 (d, J� 6.3 Hz, meso)/1.33 (d, J� 6.3 Hz, dl, 6 H total); 13C NMR
(CDCl3, 75 MHz): d� 99.91, 70.06, 70.00, 69.48, 68.73, 63.97, 24.45 (dl);
99.78, 70.15, 69.95, 69.55, 68.52, 64.35, 24.69 (meso); MS (EI, 70 eV): m/z
(%): 320 (M�, 83), 302 (33), 287 (31), 259 (100), 232 (30), 167 (29), 43 (93);
C14H18O2Ru (319.37): calcd C 52.65, H 5.68; found C 52.65, H 5.80.


(R,R)-1,1''-Bis(a-hydroxyhexyl)ruthenocene (10 b): Diketone 7 b (171 mg,
0.40 mmol) was reduced with 60 mol % 9 and the crude product purified by
chromatography (hexanes/MTBE 3:1). Yield: 150 mg (87 %; dl :meso�
86:14, ee� 99 %). Pale yellow solid; m.p. 40 ± 42 8C; HPLC (OD, 2.5%
iPrOH, 0.5 mL minÿ1, 254 nm): tR/min� 11.04 (SS), 11.46 (RS), 11.84 (RR).
[a]D�ÿ53.0 (c� 2.37, CHCl3); IR (film): nÄmax� 3320 (s), 3095 (w), 2930
(vs), 2865 (s), 1710 (w), 1655 (w), 1465 (m), 1045 (s), 810 (m); 1H NMR
(CDCl3, 500 MHz): d� 4.73 ± 4.72 (m, meso)/4.71 ± 4.70 (m, meso/4.69 ±
4.68 (m, dl)/4.66 ± 4.65 (m, dl, 4H total), 4.57 ± 4.55 (m, 4 H), 4.16 ± 4.11
(m, 2 H), 2.49 (s, 2H), 1.70 ± 1.25 (m, 16 H), 0.90 (t, J� 6.6 Hz, 6H). 13C
NMR (CDCl3, 200 MHz): d� 99.44, 70.38, 70.13, 69.89, 68.56, 68.32, 38.48,
31.72, 25.68, 22.56, 13.98 (dl); 70.41, 70.17, 69.91, 68.44, 68.21 (meso,
separated signals); MS (EI, 70 eV): m/z (%): 432 (M�, 32), 414 (24), 343
(33), 99 (100), 71 (48); C22H34O2Ru (431.58): calcd C 61.23, H 7.94; found C
61.22, H 8.20.


(R,R)-1,1''-Bis(a-hydroxyphenylmethyl)ruthenocene (10c): Diketone 7 c
(1.47 g, 3.43 mmol) was reduced with 60 mol % of 9 and the crude product
purified by chromatography (hexanes/MTBE 3:1). Yield: 1.36 g (92 %;


dl :meso� 95:5). Pale yellow solid; m.p. 139 ± 140 8C; [a]d�ÿ158.5 (c�
0.74, CHCl3); IR (KBr): nÄmax� 3365 (vs), 3078 (w), 3022 (w), 2870 (w), 1489
(m), 1450 (m), 1409 (m), 1386 (m), 1038 (m), 819 (s), 716 (s), 699 (m); 1H
NMR (CDCl3, 300 MHz): d� 7.37 ± 7.25 (m, 10 H), 5.30 (s, dl)/5.27 (s, meso,
2H, total), 4.75 ± 4.72 (m) / 4.62 ± 4.61 (m)/4.57 ± 4.53 (m)/4.50 ± 4.48 (m,
meso, 8H total), 3.86 (s, meso)/3.76 (s, dl, 2H total); 13C NMR (CDCl3,
75 MHz): d� 143.65, 128.47, 127.71, 126.43, 99.17, 71.32, 70.85, 70.77, 70.70,
70.08 (dl); 143.59, 128.44, 99.21, 71.11, 70.92 (meso, separated signals); MS
(EI, 70 eV): m/z (%): 444 (M�, 17), 426 (13), 409 (2), 321 (29), 105 (100);
C24H22O2Ru (443.51): calcd C 65.00, H 5.00; found C 64.84, H 4.99.


(R)-1-(a-Hydroxyethyl)-1''-pentamethylferrocene (11a): Ketone 8a
(70 mg, 0.23 mmol) was reduced according to general procedure C with
30 mol % of 9 and the crude product was purified by chromatography
(hexanes/MTBE 5:1). Yield: 60 mg (87 %; ee >95%). The enantiomeric
excess was determined by addition of 4 mol % Eu(hfc)3 to a 1H NMR
sample (CDCl3, 500 MHz) and integration of separated diastereomeric
signals at d� 4.42 (s) and 4.38 (s). Yellow solid; m.p. 78 ± 79 8C; [a]d�
ÿ52.2 (c� 1.09, CHCl3); IR (KBr): nÄmax� 3437 (vs), 3086 (w), 2969 (s), 2946
(s), 1455 (m), 1067 (s), 866 (m), 812 (m); 1H NMR (CDCl3, 300 MHz): d�
4.58 ± 4.53 (m, 1 H), 3.78 (s, 1H), 3.67 (s, 2H), 3.64 (s, 1H), 1.89 (s, 15H),
1.76 ± 1.75 (m, 1H), 1.38 (d, J� 6.3 Hz, 3 H); 13C NMR (CDCl3, 75 MHz):
d� 93.74, 80.14, 72.35, 72.12, 68.23, 67.67, 65.39, 34.07, 11.23; MS (EI,
70 eV): m/z (%): 300 (M�, 100), 282 (14), 208 (49), 190 (98), 133 (21);
C17H24FeO (300.22): calcd C 68.01, H 8.06; found C 68.34, H 8.21.


(R)-1-(a-Hydroxyhexyl)-1''-pentamethylferrocene (11b): Ketone 8b
(90 mg, 0.25 mmol) was reduced according to general procedure C with
30 mol % 9 and the crude product purified by chromatography (hexanes/
MTBE 10:1). Yield: 83 mg (91 %; ee� 95 %). The enantiomeric excess was
determined by addition of 3 mol % Eu(hfc)3 to a 1H NMR sample and
integration of separated diastereomeric signals at d� 4.27 (s) and 4.14 (s).
Yellow oil; [a]d�ÿ38.9 (c� 3.74, CHCl3); IR (film): nÄmax� 3440 (m), 3070
(w), 2920 (s), 2860 (s), 1460 (m), 1380 (m), 1035 (m), 815 (m); 1H NMR
(CDCl3, 300 MHz): d� 4.31 (t, J� 5.6 Hz, 1H), 3.80 ± 3.63 (m, 4 H), 1.88 (s,
15H), 1.65 ± 1.25 (m, 9H), 0.89 (t, J� 6.7 Hz, 3H); 13C NMR (CDCl3,
75 MHz): d� 93.66, 80.18, 72.18, 72.06, 69.30, 66.87, 38.71, 31.83, 25.63,
22.59, 13.99, 11.20; MS (EI, 70 eV): m/z (%): 356 (M�, 83), 338 (93), 208
(67), 190 (100), 174 (19), 133 (29); C21H32FeO (356.33): calcd C 70.79, H
9.05; found C 70.83, H 9.10.


General procedure D for the acetates 12, 13, and 14 : The metallocenyl diol
(2.92 mmol) was treated under argon with acetic anhydride (2 mL) and
pyridine (5 mL) and the solution was stirred for 12 h at room temperature.
Volatile matter was removed in vacuum (0.7 mm Hg, 5 h). The crude
product was already >95% pure, as indicated by NMR analysis. The yield
was quantitative. If desired the acetates can be further purified by rapid
column chromatography on silica gel deactivated by addition of NEt3 to the
eluent. Care should be taken as the acetates 12, 13, and 14 are strong
alkylating agents and therefore potentially carcinogenic.


(R,R)-1,1''-Bis(a-acetoxyethyl)ferrocene (12 a): The diol 4 a (805 mg,
2.92 mmol) was treated with acetic anhydride (2 mL) and pyridine
(5 mL) to give a quantitative yield of the diacetate 12 a (dl :meso� 98:2).
Yellow solid; m.p. 57 ± 58 8C; [a]d�ÿ58.5 (c� 1.41, CHCl3); IR (KBr):
nÄmax� 3104 (w), 3082 (w), 2997 (m), 2947 (w), 1729 (vs), 1369 (m), 1238 (vs),
1040 (s), 838 (m); 1H NMR (CDCl3, 300 MHz): d� 5.72 (q, J� 6.6 Hz, 2H),
4.17 ± 4.14 (m, 2H), 4.10 ± 4.08 (m, 2 H), 4.06 ± 4.04 (m, 4 H), 1.95 (s, 6H),
1.46 (d, J� 6.6 Hz)/1.45 (d, J� 6.6 Hz, 6 H total); 13C NMR (CDCl3,
75 MHz): d� 169.86, 169.84, 88.50, 88.43, 68.80, 68.56, 68.46, 68.14, 68.11,
66.34, 66.32, 20.97, 20.04, 19.84 (signal set of the diastereomeric mixture);
MS (EI, 70 eV): m/z (%): 358 (M�, 12), 206 (8), 147 (7), 92 (100);
C18H22FeO4 (358.22): calcd C 60.35, H 6.19; found C 60.62, H 6.30.


(R,R)-1,1''-Bis(a-acetoxyhexyl)ferrocene (12 b): The diol 4d (270 mg,
0.69 mmol) was treated with acetic anhydride (1.5 mL) and pyridine
(4 mL) to give a quantitative yield of the diacetate 12 b. Yellow oil; [a]d�
ÿ20.6 (c� 1.90, CHCl3); IR (film): nÄmax� 3095 (w), 2956 (s), 2933 (vs), 2861
(s), 1737 (vs), 1468 (m), 1372 (s), 1243 (vs), 1014 (s), 829 (m); 1H NMR
(CDCl3, 300 MHz): d� 5.70 (t, J� 6.5 Hz, 2H), 4.18 ± 4.16 (m, 2H), 4.09 ±
4.08 (m, 2H), 4.07 ± 4.05 (m, 4 H), 2.07 (s, 6H), 1.80 ± 1.70 (m, 4 H), 1.23 (s,
12H), 0.86 (t, J� 6.7 Hz, 6H); 13C NMR (CDCl3, 75 MHz): d� 170.30,
88.72, 88.69, 71.75, 68.72, 68.42, 67.92, 67.85, 67.09, 67.02, 35.22, 35.17, 31.41,
25.22, 22.40, 21.07, 13.84 (signal set of the diastereomeric mixture);
MS (EI, 70 eV): m/z (%): 470 (M�, 15), 410 (3), 350 (17), 262 (42), 200
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(8), 92 (100), 148 (18); C26H38FeO4 (470.43): calcd C 66.38, H 8.14; found C
66.33, H 7.98.


(R,R)-1,1''-Bis(a-acetoxy-d-chlorobutyl)ferrocene (12c): The diol 4d
(399 mg, 1.00 mmol) was treated with acetic anhydride (2 mL) and pyridine
(4 mL) to give a quantitative yield of the diacetate 12c. Yellow oil; [a]d�
ÿ19.0 (c� 1.02, CHCl3); IR (film): nÄmax� 3093 (w), 2962 (w), 1737 (vs),
1372 (s), 1242 (s), 1025 (s) 832 (m); 1H NMR (CDCl3, 300 MHz): d� 5.74
(dd, J� 8.7, 3.9 Hz, 2 H), 4.20 ± 4.19 (m, 2 H), 4.12 ± 4.08 (m, 6H), 3.59 ± 3.49
(m, 4 H), 2.12 ± 1.99 (m, 2H), 2.06 (s, 6 H), 1.91 ± 1.74 (m, 6H); 13C NMR
(CDCl3, 75 MHz): d� 170.34, 88.12, 70.86, 68.97, 68.72, 68.11, 67.07, 44.43,
32.27, 28.51, 21.07 (dl); 67.00 (meso, separated signal); MS (EI, 70 eV): m/z
(%): 484 (M�, 10), 482 (M�, 15), 380 (33), 268 (31), 154 (100),
119 (35); C22H28Cl2FeO4 (483.22): calcd C 54.68, H 5.84; found C 54.60,
H 5.77.


(R,R)-1,1''-Bis(a-acetoxy-g-carbomethoxypropyl)ferrocene (12d): The di-
ol 4 g (536 mg, 1.28 mmol) was treated with acetic anhydride (2 mL) and
pyridine (4 mL) to give after chromatography (hexanes/MTBE 1:1, 1%
NEt3) the diacetate 12 d. Yield: 545 mg (85 %). Yellow oil; [a]d�ÿ35.3
(c� 1.12, CHCl3); IR (film): nÄmax� 3090 (w), 2950 (m), 1730 (vs), 1440 (m),
1370 (s), 1240 (vs), 1020 (s), 835 (m); 1H NMR (CDCl3, 300 MHz): d� 5.71
(dd, J� 9.0, 3.5 Hz, 2 H), 4.19 ± 4.18 (m, 2H), 4.11 ± 4.10 (m, 2 H), 4.09 ± 4.08
(m, 4 H), 3.62 (s, 6 H), 2.31 (t, J� 6.6 Hz, 4H), 2.26 ± 2.11 (m, 2 H), 2.07 ±
1.95 (m, 2H), 2.02 (s, 6H); 13C NMR (CDCl3, 75 MHz): d� 173.08, 170.22,
87.63, 70.76, 69.03, 68.76, 68.24, 66.92, 51.48, 29.99, 20.95; MS (EI, 70 eV):
m/z (%): 502 (M�, 33), 442 (19), 382 (76), 278 (60), 219 (43), 189 (43), 189
(18), 164 (100), 135 (22), 105 (63); C24H30FeO8 (502.35): calcd C 57.38, H
6.02; found C 57.41, H 6.06.


(R,R)-1,1''-Bis(a-acetoxy-b-methylpropyl)ferrocene (12e): The diol 4 h was
dissolved in pyridine (2 mL) and acetic anhydride (1 mL), acetyl chloride
(0.3 mL), and DMAP (30 mg) were added at 0 8C. After stirring for 2 h at
room temperature the reaction was poured into saturated aqueous
NaHCO3 (20 mL) and extracted into ether (40 mL). After washing with
water (20 mL) and brine (20 mL) the organic layer was dried and
evaporated to give an oil, which was purified by rapid column chromatog-
raphy (hexanes/MTBE 3:1, 1 % NEt3). Yield: 202 mg (88 %, dl :meso�
90:10). Yellow oil; [a]d��3.5 (c� 1.24, CHCl3); IR (film): nÄmax� 3080
(w), 2930 (s), 1720 (vs), 1440 (m), 1370 (s), 1240 (vs), 1020 (m), 820 (m); 1H
NMR (CDCl3, 300 MHz): d� 5.60 (d, J� 5.3 Hz, dl)/5.58 (d, J� 5.7 Hz,
meso, 2H total), 4.06 ± 4.00 (m, 8H), 2.19 (s, meso)/2.16 (s, dl, 6H total),
1.84 ± 1.73 (m, 2 H), 0.77 (d, J� 6.7 Hz, 6H), 0.76 (d, J� 6.7 Hz, 6 H); 13C
NMR (CDCl3, 75 MHz): d� 170.07, 87.67, 76.26, 68.73, 68.42, 68.21, 66.31,
34.19, 21.09, 18.24, 17.77 (dl); 170.25, 68.28, 68.07, 67.88, 66.74, 34.25, 18.13,
17.68 (meso, separated signals); MS (EI, 70 eV): m/z (%): 414 (M�, 20), 354
(4), 294 (14), 234 (74), 120 (47), 105 (100); C22H30FeO4 (414.32): calcd C
63.78, H 7.30; found C 63.48, H 7.20.


(R,R)-1,1''-Bis(a-acetoxyphenylmethyl)ferrocene (12 f): The diol 4 k
(143 mg, 0.36 mmol) was treated with acetic anhydride (1 mL) and pyridine
(3 mL) to give a quantitative yield of the diacetate 12 f (dl :meso� 93:7).
Yellow oil; [a]d�ÿ30.0 (c� 1.81, CHCl3); IR (film): nÄmax� 3089 (w), 3066
(w), 3035 (m), 2937 (w), 1733 (vs), 1372 (s), 1241 (vs), 1019 (s), 830 (m), 731
(s), 700 (s); 1H NMR (CDCl3, 200 MHz): d� 7.30 ± 7.26 (m, 10 H), 6.59 (s,
2H), 4.26 ± 4.25 (m, dl)/4.18 ± 4.17 (m, meso)/4.04 ± 4.02 (m)/3.99 ± 3.98 (m)/
3.94 ± 3.93 (m, meso)/3.86 ± 3.85 (m, dl, 8H total), 2.04 (s, dl)/2.03 (s, meso,
6H total); 13C NMR (CDCl3, 50 MHz): d� 169.75, 139.82, 128.15, 127.93,
127.04, 88.32, 73.89, 69.21, 69.10, 68.43, 68.22, 21.12; MS (EI, 70 eV): m/z
(%): 482 (M�, 16), 364 (18), 269 (8), 208 (7), 154 (100); C28H26FeO4


(482.36): calcd C 69.72, H 5.43; found C 69.67, H 5.72.


(R,R)-1,1''-Bis(a-acetoxy-(2-naphthyl)methyl)ferrocene (12g): The diol 4o
(867 mg, 1.74 mmol) was treated with acetic anhydride (3 mL) and pyridine
(7 mL) to give a quantitative yield of the diacetate 12 g (dl :meso� 86:14).
Yellow oil; [a]d�ÿ3.5 (c� 0.51, CHCl3); IR (KBr): nÄmax� 3054 (w), 2957
(w), 1732 (vs), 1373 (m), 1233 (vs), 1043 (m), 1021 (m), 788 (m), 761 (m); 1H
NMR (CDCl3, 300 MHz): d� 7.89 ± 7.87 (m, 8 H), 7.55 ± 7.49 (m, 6H), 6.96
(s, meso)/6.90 (s, dl, 2 H total), 4.48 ± 4.47 (m, dl)/4.40 ± 4.39 (m, meso, 2H
total), 4.21 ± 4.13 (m)/4.02 ± 4.01 (m, dl, 6 H), 2.18 (s)/2.16 (s, 6H total); 13C
NMR (CDCl3, 75 MHz): d� 169.70, 137.21, 132.88, 127.94, 127.52, 126.08,
124.85, 88.44, 74.07, 69.23, 69.16, 68.50, 68.41, 68.35, 21.08 (dl); 137.30,
132.91, 124.90, 88.54, 74.02, 21.05 (meso, separated signals); MS (EI, 70 eV):
m/z (%): 582 (M�, 1), 464 (18), 203 (81), 60 (62), 45 (100); C36H30FeO4


(582.48): calcd C 74.23, H 5.22; found C 74.34, H 5.19.


(R,R)-1,1''-Bis(a-acetoxy-phenylmethyl)ruthenocene (13): The diol 10 c
(1.45 g, 3.26 mmol) was treated with acetic anhydride (5 mL) and pyridine
(12 mL) to give a quantitative yield of the diacetate 13 (dl :meso >96:4).
Pale yellow solid; m.p. 113 ± 114 8C; [a]d��77.6 (c� 0.88, CHCl3); IR
(KBr): nÄmax� 3067 (w), 3030 (w), 2931 (w), 1737 (vs), 1368 (m), 1229 (vs),
1017 (m), 816 (m), 729 (m), 699 (m); 1H NMR (CDCl3, 300 MHz): d�
7.36 ± 7.28 (m, 10H), 6.47 (s, dl)/6.45 (s, meso, 2H total), 4.70 ± 4.69 (m, dl)/
4.62 ± 4.61 (m, meso)/4.43 ± 4.42 (m)/4.38 ± 4.37 (m)/4.30 ± 4.29 (m, 8 H
total), 2.09 (s, dl)/2.08 (s, meso, 6 H total); 13C NMR (CDCl3, 75 MHz):
d� 169.61, 139.82, 127.97, 127.81, 126.93, 92.16, 73.44, 71.74, 71.63, 70.99
(dl); 139.73, 127.85, 126.99, 73.49, 71.83, 71.69, 71.53, 71.10 (meso, separated
signals); MS (EI, 70 eV): m/z (%): 528 (M�, 56), 469 (20), 425 (22), 374 (83),
315 (100), 255 (51), 105 (41), 43 (23); C28H26O4Ru (527.58): calcd C 63.75, H
4.97; found C 63.59, H 4.80.


(R)-1-(a-Acetoxyethyl)-1''-pentamethylferrocene (14): The alcohol 11a
(90 mg, 0.30 mmol) was treated with acetic anhydride (2 mL) and pyridine
(2 mL) to give a quantitative yield of the acetate 14. Yellow oil; [a]d�
ÿ93.7 (c� 1.46, CHCl3); IR (KBr): nÄmax� 3087 (w), 2906 (s), 1733 (vs), 1372
(s), 1245 (s), 1023 (s), 814 (m); 1H NMR (CDCl3, 300 MHz): d� 5.78 (q,
J� 6.4 Hz, 1 H), 3.76 ± 3.75 (m, 1 H), 3.67 ± 3.65 (m, 3H), 1.87 (s, 15 H), 2.03
(s, 3 H), 1.49 (d, J� 6.5 Hz, 3 H); 13C NMR (CDCl3, 75 MHz): d� 170.53,
87.66, 80.37, 72.89, 71.99, 70.35, 68.71, 67.60, 21.48, 19.95, 11.12; MS (EI,
70 eV): m/z (%): 342 (M�, 24), 300 (4), 282 (100), 250 (94), 190 (32),
133 (18); C19H26FeO2 (342.26): calcd C 66.68, H 7.66; found C 67.04,
H 7.53.


General procedure E for the reaction of metallocenyl acetates with amines
in THF/H2O or MeOH/H2O : The metallocenyl acetate (1.23 mmol) was
dissolved in MeOH (10 mL; THF (10 mL) was used for the more reactive
aryl-substituted acetates and the derivatives of pentamethylferrocene). An
excess of the amine (2 g) together with water (2 mL) was added. More
MeOH (THF) was added if the mixture was not a clear solution at this
point. After stirring for 12 h at room temperature the reaction mixture was
poured into saturated aqueous NH4Cl (50 mL) and extracted with ether
(100 mL). After washing with water (2� 50 mL) and brine (50 mL) the
organic layer was dried and concentrated to give an oil, which was purified
by column chromatography.


(R)-1-(a-N,N-Dimethylaminoethyl)-1''-pentamethylferrocene (15): The
acetate 14 (200 mg, 0.58 mmol) was treated with dimethylamine (40 % in
water, 1.5 mL) in THF/water. Chromatography (THF with 1% NEt3) gave
the amine 15 (180 mg, 95 %). The enantiomeric excess could be estimated
by comparison with a literature value of optical rotation[18] to be >96%.
Yellow oil; [a]d�ÿ10.1 (c� 0.76, CHCl3); IR (film): nÄmax� 3080 (w), 2900
(vs), 2780 (w), 1450 (m), 1375 (m), 1030 (m), 810 (m); 1H NMR (CDCl3,
300 MHz): d� 3.65 ± 3.57 (m, 5 H), 2.05 (s, 6H), 1.86 (s, 15 H), 1.32 (d, J�
6.8 Hz, 3H); 13C NMR (CDCl3, 125 MHz): d� 87.24, 79.74, 72.42, 71.63,
71.21, 68.62, 57.22, 40.30, 13.76, 11.13; MS (EI, 70 eV): m/z (%): 327 (M�,
69), 312 (51), 282 (100), 156 (21). The analytical data are in accord with
those in the literature.[18]


(R)-1-(a-Methoxyethyl)-1''-pentamethylferrocene (16): The above reaction
leading to 15 carried out in MeOH/water instead of THF/water gave the
undesired methoxy derivative 16 in quantitative yield. Yellow oil ; [a]d�
ÿ17.25 (c� 1.31, CHCl3); IR (film): nÄmax� 3087 (w), 2970 (m), 2903 (s),
2817 (w), 1453 (m), 1380 (s), 1113 (s), 814 (m); 1H NMR (CDCl3,
300 MHz): d� 4.15 (q, J� 5.9 Hz, 1H), 3.78 (s, 1 H), 3.72 (s, 3 H), 3.27 (s,
3H), 1.80 (s, 15H), 1.45 (d, J� 6.2 Hz, 3H); 13C NMR (CDCl3, 50 MHz):
d� 88.85, 79.95, 73.97, 72.42, 71.75, 70.49, 67.55, 54.93, 19.15, 11.12; MS (EI,
70 eV): m/z (%): 314 (M�, 85), 282 (33), 222 (20), 190 (100); C18H26FeO
(314.25): calcd C 68.80, H 8.34; found C 68.87, H 8.33.


(R,R)-1,1''-Bis(a-N,N-dimethylaminoethyl)ferrocene (17a): The diacetate
12a (390 mg, 1.09 mmol) was treated with dimethylamine (40 % in water,
2 mL) in MeOH/water. Chromatography (MTBE with 5 % NEt3) gave the
diamine 17a (325 mg, 91%, dl :meso� 98:2). Yellow oil; [a]d��28.7 (c�
0.63, CHCl3); IR (film): nÄmax� 3080 (w), 2940 (s), 2780 (m), 1450 (m), 1370
(m), 1040 (m), 825 (m); 1H NMR (CDCl3, 300 MHz): d� 3.96 ± 3.94 (m,
8H), 3.48 (q, J� 6.9 Hz, 2H), 1.97 (s, 12 H), 1.34 (d, J� 6.9 Hz)/1.33 (d, J�
6.8 Hz, 6H total); 13C NMR (CDCl3, 75 MHz): d� 87.28, 70.13, 68.28,
68.02, 66.90, 58.46, 40.55, 15.94 (dl); 87.41, 69.83, 68.08, 67.80, 67.17, 58.37,
40.50, 15.78 (meso); MS (EI, 70 eV): m/z (%): 328 (M�, 39), 283 (79), 239
(100), 225 (36), 178 (32), 149 (39), 72 (56); C18H28FeN2 (328.28): calcd C
65.86, H 8.60, N 8.53; found C 65.63, H 8.90, N 8.46.
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(R,R)-1,1''-Bis(a-N,N-dimethylaminohexyl)ferrocene (17 b): The diacetate
12b (140 mg, 0.30 mmol) was treated with dimethylamine (40 % in water,
2 mL) in MeOH/water. The crude product showed dl :meso� 89:11 by
NMR analysis. Chromatography (hexanes/MTBE 3:1 with 5 % NEt3) gave
the diastereomerically pure diamine 17b (118 mg, 90%). Yellow oil; [a]d�
�24.2 (c� 3.15, CHCl3); IR (film): nÄmax� 3091 (w), 2956 (s), 2930 (vs), 2856
(s), 2821 (m), 2779 (m), 1457 (m), 1027 (m), 826 (m); 1H NMR (CDCl3,
300 MHz): d� 3.99 ± 3.98 (m, 2H), 3.97 ± 3.96 (m, 2H), 3.94 ± 3.93 (m, 4H),
3.29 (dd, J� 10.8, 3.1 Hz, 2 H), 1.95 (s, 12 H), 1.94 ± 1.82 (m, 2H), 1.77 ± 1.51
(m, 4H), 1.47 ± 1.27 (m, 10 H), 0.91 (t, J� 6.7 Hz, 6 H); 13C NMR (CDCl3,
75 MHz): d� 85.67, 70.00, 68.03, 67.77, 67.59, 63.04, 40.48, 32.21, 31.43, 27.19,
22.75, 14.15 (dl); 85.82, 69.87, 67.82, 67.65, 67.51, 31.47 (meso, separated
signals); MS (EI, 70 eV): m/z (%): 440 (M�, 21), 395 (25), 369 (22), 352 (27),
324 (22), 281 (56), 178 (38), 149 (100), 135 (24); C26H44FeN2 (440.49): calcd
C 70.89, H 10.07, N 6.36; found C 70.68, H 10.09, N 6.40.


(R,R)-1,1''-Bis(a-N,N-dimethylaminophenylmethyl)ferrocene (17c): The
diacetate 12 e (265 mg, 0.55 mmol) was treated with dimethylamine (40 %
in water, 2 mL) in THF/water. Chromatography (hexanes/MTBE 3:1 with
1% NEt3) gave the diamine 17c (234 mg, 94%, dl :meso� 91:9). Yellow
solid; m.p. 49 ± 50 8C; [a]d��103.5 (c� 2.40, CHCl3); IR (film): nÄmax�
3060 (w), 3030 (w), 2950 (m), 2860 (w), 2810 (w), 2770 (s), 1455 (s), 1300
(m), 1005 (s), 830 (m), 740 (s), 700 (m); 1H NMR (CDCl3, 300 MHz): d�
7.41 ± 7.26 (m, 10 H), 3.89 ± 3.88 (m, meso)/3.87 ± 3.86 (m, dl, 2 H total), 3.58
(s, dl)/3.57 ± 3.54 (m)/3.50 ± 3.46 (m)/3.43 (s, meso, 8H total), 1.97 (s, dl)/1.94
(s, meso, 12H total); 13C NMR (CDCl3, 75 MHz): d� 143.24, 128.23, 127.83,
126.85, 90.26, 72.23, 71.22, 69.95, 67.58, 67.52, 44.38 (dl); 143.43, 128.35,
127.87, 126.89, 71.97, 71.67, 69.14, 67.70, 67.08, 44.27 (meso, separated
signals); MS (EI, 70 eV): m/z (%): 452 (M�, 33), 407 (13), 365 (100), 211
(55); C28H32FeN2 (452.42): calcd C 74.33, H 7.13, N 6.19; found C 74.23, H
7.10, N 6.05.


(R,R)-1,1''-Bis(a-N,N-dimethylamino(2-naphthyl)methyl)ferrocene (17d):
The diacetate 12 g (3.07 g, 5.28 mmol) was treated with dimethylamine
(40 % in water, 10 mL) in THF/water. Chromatography (hexanes/MTBE
3:1 with 1 % NEt3) gave the diamine 17d (2.48 g, 85%, dl :meso� 82:18).
One recrystallization from hexanes/ether gave dl :meso� 95:5. Yellow
solid; m.p. 141 ± 142 8C; [a]d�ÿ47.1 (c� 0.47, CHCl3); IR (KBr): nÄmax�
3058 (w), 2979 (w), 2944 (w), 2810 (m), 2762 (s), 1296 (m), 1011 (s), 828 (s),
762 (m); 1H NMR (CDCl3, 300 MHz): d� 7.95 ± 7.41 (m, 14 H), 3.96 ± 3.95
(m, 2H), 3.75 (s, dl)/3.59 (s)/3.56 (s, meso)/3.52 (s, meso)/3.50 (s, meso)/3.42
(s, dl, 8H total), 2.00 (s, dl)/1.92 (s, meso, 12 H total); 13C NMR (CDCl3,
75 MHz): d� 140.74, 133.16, 132.70, 127.90, 127.67, 127.50, 126.78, 126.65,
125.90, 125.52, 90.37, 72.23, 70.98, 70.06, 68.10, 67.67, 44.52 (dl); 140.92,
133.26, 132.81, 127.05, 126.97, 126.00, 90.18, 71.89, 69.03, 67.17, 44.32 (meso,
separated signals); MS (EI, 70 eV): m/z (%): 552 (M�, 31), 507 (21), 465
(100), 261 (78), 232 (41), 203 (32), 184 (28); C36H36FeN2 (552.54): calcd C
78.26, H 6.57, N 5.07; found C 77.98, H 6.86, N 4.87.


(R,R)-1,1''-Bis(a-N,N-dimethylaminophenylmethyl)ruthenocene (18): The
diacetate 13 (0.60 g, 1.14 mmol) was treated with dimethylamine (40 % in
water, 5 mL) in THF/water. Chromatography (hexanes/MTBE 3:1 with
1% NEt3) gave the diamine 18 (526 mg, 93%, dl :meso� 93:7). Pale yellow
solid; m.p. 141 ± 142 8C; [a]d��10.0 (c� 0.24, CHCl3); IR (KBr): nÄmax�
3080 (w), 2939 (w), 2771 (m), 1450 (m), 1007 (m), 814 (m), 724 (s), 701 (s);
1H NMR (CDCl3, 300 MHz): d� 7.25 ± 7.12 (m, 10 H), 4.25 ± 4.24 (m)/3.90 ±
3.89 (m, meso)/3.87 ± 3.86 (m, dl)/3.81 ± 3.79 (m, 8 H total), 3.32 (s, dl)/3.19
(s, meso, 2H total), 2.00 (s, dl)/1.99 (s, meso, 12 H total); 13C NMR (CDCl3,
75 MHz): d� 145.05, 127.86, 127.71, 126.71, 95.35, 74.18, 72.48, 72.27, 70.54,
70.18, 45.06 (dl); 145.17, 127.99, 126.73, 95.31, 74.55, 72.05, 71.72, 70.81,
69.73, 44.97 (meso, separated signals); MS (EI, 70 eV): m/z (%): 453
([M�ÿNMe2], 20), 410 (100), 319 (7), 257 (9), 205 (11), 166 (21), 134 (32);
C28H32N2Ru (497.64): calcd C 67.58, H 6.48, N 5.63; found C 67.23, H 6.70, N
5.33.


(R,R)-1,1''-Bis(a-N-methylaminoethyl)ferrocene (19a): The diacetate 12a
(440 mg, 1.23 mmol) was treated with methylamine (40 % in water, 3 mL)
in MeOH/water. The crude diamine 19 a (390 mg, 90% pure (95 %),
dl :meso� 97:3) could not be purified further. Yellow oil; [a]d�ÿ5.7 (c�
1.73, CHCl3); IR (film): nÄmax� 3260 (m), 3080 (w), 2930 (s), 2790 (m), 1440
(m), 1370 (w), 1310 (m); 1H NMR (CDCl3, 300 MHz): d� 3.95 (t, J�
1.8 Hz, 4 H), 3.90 (t, J� 1.8 Hz, 4H), 3.25 (q, J� 6.5 Hz, 2 H), 2.25 (s, 6H),
1.34 (s, 2 H), 1.20 (d, J� 6.5 Hz, 6 H); 13C NMR (CDCl3, 75 MHz): d�
93.25, 67.80, 67.71, 67.48, 65.70, 53.58, 33.77, 20.79 (dl); 93.50 (meso,
separated signal); MS (EI, 70 eV): m/z (%): 300 (M�, 19), 269 (100), 254


(51), 242 (22), 162 (20), 147 (24), 56 (26); C16H24FeN2 (300.23): calcd C
64.01, H 8.06, N 9.33; found C 63.91, H 8.13, N 9.16.


(R,R)-1,1''-Bis(a-N-methylamino-b-methylpropyl)ferrocene (19b): The di-
acetate 12e (230 mg, 0.55 mmol) was treated with methylamine (40 % in
water, 2 mL) in MeOH/water. Chromatography (ether with 1 % NEt3) gave
the diastereomerically pure diamine 19 b (40 mg, 20%). Yellow solid; m.p.
79 ± 80 8C; [a]d�ÿ91.3 (c� 0.78, CHCl3); IR (KBr): nÄmax� 3346 (w), 3091
(w), 2952 (s), 1431 (s), 1363 (m), 1101 (s), 820 (s); 1H NMR (CDCl3,
300 MHz): d� 4.14 (s, 2 H), 4.01 ± 3.97 (m, 6 H), 3.00 (d, J� 3.6 Hz, 2H),
2.52 (s, 6H), 2.00 ± 1.84 (m, 4H), 0.73 (d, J� 6.8 Hz, 12 H); 13C NMR
(CDCl3, 75 MHz): d� 90.84, 69.04, 67.32, 66.99, 66.75, 65.22, 35.70, 29.66,
19.76, 16.18; MS (EI, 70 eV): m/z (%): 356 (M�, 11), 325 (9), 282 (100), 135
(27); C20H32FeN2 (356.33): calcd C 67.41, H 9.05, N 7.86; found C 67.67, H
9.05, N 7.73. The meso-isomer (meso-19 b) was also obtained (11 mg, 6%).
Yellow oil; IR (KBr): nÄmax� 3353 (w), 3091 (w), 2955 (s), 2786 (m), 1467
(m), 1380 (m), 818 (m); 1H NMR (CDCl3, 300 MHz): d� 4.15 ± 4.14 (m,
2H), 4.04 ± 4.01 (m, 6H), 3.01 (d, J� 3.5 Hz, 2 H), 2.55 (s, 6H), 2.01 ± 1.90
(m, 4H), 0.76 (d, J� 6.9 Hz, 6H), 0.64 (d, J� 6.7 Hz, 6 H); 13C NMR
(CDCl3, 75 MHz): d� 91.01, 69.07, 67.42, 67.03, 66.75, 65.24, 35.71, 29.79,
19.80, 16.36; MS (EI, 70 eV): m/z (%): 356 (M�, 7), 325 (15), 282 (100), 162
(18), 135 (35); C20H32FeN2 (356.33): calcd C 67.41, H 9.05, N 7.86; found C
67.56, H 9.03, N 7.83. As a second by-product (6R,8S)-6,8-diisopropyl-7-
methyl-7-aza[3]ferrocenophane (21 a) was found (99 mg, 55 %, cis :trans�
88:12). Yellow oil; IR (film): nÄmax� 3080 (w), 2900 (s), 1450 (m), 1365 (m),
1015 (m), 800 (m); 1H NMR (CDCl3, 300 MHz): d� 4.13 ± 3.91 (m, 10H),
2.46 (s, trans)/2.43 (s, cis, 3H total), 1.94 ± 1.76 (m, 2H), 1.02 (d, J� 6.4 Hz,
6H), 0.75 (d, J� 6.5 Hz)/0.71 (d, J� 6.9 Hz, 6H total); 13C NMR (CDCl3,
75 MHz): d� 92.82, 72.17, 69.45, 69.11, 67.84, 66.47, 30.61, 28.52, 21.61, 21.26
(cis); 91.98, 38.41 (trans, separated signals); MS (EI, 70 eV): m/z (%): 325
(M�, 34), 282 (100), 135 (12); C19H27FeN (325.28): calcd C 70.16, H 8.37, N
4.31; found C 70.30, H 8.53, N 4.44.


(R,R)-1,1''-Bis(a-N-methylaminophenylmethyl)ferrocene (19c): The diac-
etate 12e (0.40 g, 0.83 mmol) was treated with methylamine (40 % in water,
2 mL) in THF/water. Chromatography (hexanes/MTBE 3:1 with 1% NEt3)
gave the diamine 19c (250 mg, 71 %, dl :meso� 92:8). Yellow solid; m.p.
129 ± 130 8C; [a]d��56.2 (c� 0.63, CHCl3); IR (KBr): nÄmax� 3083 (w),
2944 (w), 2871 (w), 1492 (m), 1124 (m), 1022 (m), 823 (m), 730 (m), 698 (s);
1H NMR (CDCl3, 300 MHz): d� 7.38 ± 7.25 (m, 10H), 4.33 ± 4.24 (m, 4H),
4.08 ± 3.99 (m, 6H), 2.38 (s, meso)/2.37 (s, dl, 6H total), 2.07 (s, 2H); 13C
NMR (CDCl3, 75 MHz): d� 143.58, 128.25, 127.52, 127.08, 93.70, 68.15,
67.78, 67.65, 66.87, 64.63, 34.80 (dl); 142.42, 93.86, 68.22, 67.91, 66.72, 34.92
(meso, separated signals); MS (EI, 70 eV): m/z (%): 424 (M�, 15), 393 (100),
364 (16), 211 (33), 196 (19), 153 (21); C26H28FeN2 (424.37): calcd C 73.59, H
6.65, N 6.60; found C 73.80, H 6.76, N 6.34.


(R,R)-1,1''-Bis(a-N-methylaminophenylmethyl)ruthenocene (20): The di-
acetate 13 (330 mg, 0.63 mmol) was treated with methylamine (40 % in
water, 2 mL) in THF/water. Chromatography (MTBE with 1% NEt3) gave
the diamine 20 (187 mg, 64%, dl :meso� 95:5). Pale yellow solid; m.p.
151 ± 151 8C; [a]d�ÿ74.2 (c� 0.55, CHCl3); IR (KBr): nÄmax� 3311 (w),
3082 (w), 2942 (m), 2780 (m), 1432 (m), 730 (s), 698 (s); 1H NMR (CDCl3,
300 MHz): d� 7.30 ± 7.15 (m, 10H), 4.57 ± 4.56 (m, 2H), 4.47 ± 4.46 (m, 2H),
4.37 ± 4.34 (m, 4 H), 4.00 (s, 2 H), 2.24 (s, 6H), 1.70 (s, 2H); 13C NMR
(CDCl3, 75 MHz): d� 143.15, 127.93, 127.16, 126.80, 98.26, 70.49, 70.18,
70.00, 69.57, 63.67, 34.58; MS (EI, 70 eV): m/z (%): 469 (M�, 1), 438 (100),
410 (28), 348 (15), 319 (15), 219 (25), 118 (79); C26H28N2Ru (469.59): calcd C
66.50, H 6.01, N 5.97; found C 66.60, H 5.95, N 6.13.


(R,R)-1,1''-Bis(a-N-benzylaminoethyl)ferrocene (19 d): The diacetate 12a
(2.08 g, 5.80 mmol) was treated with benzylamine (3 mL) in THF/water.
Chromatography (MTBE with 1% NEt3) gave the diamine 19 d (2.04 g,
78%, dl :meso >97:3). Yellow oil; [a]d�ÿ97.6 (c� 0.71, CHCl3); IR (film):
nÄmax� 3070 (w), 3030 (w), 2970 (m), 2840 (w), 1455 (s), 1370 (m), 830 (m),
740 (s), 698 (s); 1H NMR (CDCl3, 300 MHz): d� 7.40 ± 7.28 (m, 10H),
4.18 ± 4.16 (m, 4 H), 4.12 ± 4.10 (m, 4 H), 3.93 (d, J� 13.2 Hz, 2 H), 3.83 (d,
J� 13.1 Hz, 2H), 3.60 (q, J� 6.5 Hz, 2 H), 1.61 (s, 2H), 1.46 (d, J� 6.5 Hz,
6H); 13C NMR (CDCl3, 75 MHz): d� 140.62, 128.26, 127.97, 126.71, 93.80,
67.74, 67.41, 66.19, 51.24, 51.14, 21.52 (dl); 67.85, 67.35, 66.25 (meso,
separated signals); MS (EI, 70 eV): m/z (%): 452 (M�, 17), 345 (100), 330
(25), 254 (28), 239 (33), 162 (19), 91 (52); C28H32FeN2 (452.42): calcd C
74.34, H 7.13, N 6.19; found C 74.45, H 6.92, N 6.28. As a minor by-product
(6R,8S)-7-benzyl-6,8-dimethyl-7-aza[3]ferrocenophane (21b) was found.
Yellow solid; m.p. 88 ± 89 8C; IR (KBr): nÄmax� 3077 (w), 2960 (m), 2880 (m),
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1453 (m), 1372 (m), 1135 (m), 1020 (m), 733 (s), 703 (m); 1H NMR (CDCl3,
300 MHz): d� 7.48 ± 7.46 (m, 2H), 7.36 ± 7.31 (m, 2H), 7.25 ± 7.20 (m, 1H),
4.19 ± 4.17 (m, 2H), 4.13 ± 4.06 (m, 8H), 3.49 (q, J� 7.1 Hz, 2H), 1.30 (d, J�
7.2 Hz, 6H); 13C NMR (CDCl3, 75 MHz): d� 142.66, 128.16, 127.74, 126.49,
91.37, 69.84, 68.64, 68.57, 67.72, 53.73, 51.82, 18.35; MS (EI, 70 eV): m/z (%):
345 (M�, 100), 330 (40), 238 (37), 212 (19); C21H23FeN (345.27): calcd C
73.05, H 6.71, N 4.06; found C 73.22, H 6.75, N 4.24.


(R,R)-1,1''-Bis(a-N-benzylaminophenylmethyl)ferrocene (19e): The diac-
etate 12e (1.27 g, 2.63 mmol) was treated with benzylamine (5 mL) in THF/
water. Chromatography (hexanes/ether 2:1 with 1 % NEt3) gave the
diastereomerically pure diamine 19e (1.31 g, 86 %). Yellow solid; m.p.
118 ± 120 8C; [a]d�ÿ39.5 (c� 0.59, CHCl3); IR (KBr): nÄmax� 3070 (w),
3030 (w), 2970 (s), 2820 (m), 1450 (s), 1205 (m), 1085 (m), 830 (m), 700 (s);
1H NMR (CDCl3, 300 MHz): d� 7.41 ± 7.26 (m, 20 H), 4.46 (s, meso)/4.39 (s,
dl, 2 H total), 4.28 ± 4.27 (m, dl)/4.20 ± 4.19 (m, 2H total), 4.00 ± 3.92 (m,
6H), 3.78 (d, J� 13.3 Hz, 2H), 3.58 (d, J� 13.3 Hz)/3.56 (d, J� 13.3 Hz, 2H
total), 2.14 (s, 2H); 13C NMR (CDCl3, 75 MHz): d� 143.80, 140.59, 128.40,
128.27, 127.53, 127.05, 126.91, 94.04, 68.11, 67.84, 67.69, 66.31, 61.03, 51.53
(dl); 94.15, 66.44, 61.13, 51.59 (meso, separated signals); MS (EI, 70 eV): m/
z (%): 576 (M�, 64), 469 (100), 378 (51), 289 (17), 211 (69), 91 (100);
C38H36FeN2 (576.56): calcd C 79.16, H 6.29, N 4.86; found C 78.75, H 6.48, N
4.51.


(R,R)-1,1''-Bis(a-N-phenylaminoethyl)ferrocene (19 f): The diacetate 12a
(344 mg, 0.97 mmol) was treated with aniline (2 mL) in MeOH/water.
Chromatography (hexanes/ether 10:1) gave the diastereomerically pure
diamine 19 f (369 mg, 90 %). Yellow oil; [a]d��9.6 (c� 0.95, CHCl3); IR
(film): nÄmax� 3380 (m), 2970 (m), 1595, 1490 (s), 1425 (m), 1310 (s), 825 (m),
745 (s), 690 (m); 1H NMR (CDCl3, 300 MHz): d� 7.34 ± 7.29 (m, 4H),
6.86 ± 6.75 (m, 6H), 4.50 ± 4.23 (m, 10H), 4.02 (s, 2 H), 1.62 (d, J� 6.4 Hz,
6H); 13C NMR (CDCl3, 75 MHz): d� 147.37, 129.33, 117.30, 113.36, 93.88,
68.26, 68.00, 67.44, 66.59, 47.24, 21.09 (dl); 113.27, 67.20, 66.81, 21.21 (meso,
separated signals); MS (EI, 70 eV): m/z (%): 424 (M�, 15), 331 (31), 239
(100), 147 (27), 93 (20); C26H28FeN2 (424.37): calcd C 73.59, H 6.65, N 6.60;
found C 73.61, H 6.86, N 6.39.


General procedure F for debenzylation of amines 19d,e : The dibenzylated
diamine (0.85 mmol) was dissolved in MeOH (5 mL). Pd(OH)2 (20 mg,
10% on C) and one drop of formic acid were added. The flask was
connected to vacuum and purged twice with argon. After evacuating a third
time the flask was purged with hydrogen from a balloon and stirred rapidly
for 12 h. The catalyst was removed by filtration (Celite, 5 cm). The filtrate
was concentrated and taken into ether (30 mL) and 10% aqueous NaOH
(20 mL). The organic layer was washed with brine (20 mL), dried, and
evaporated to provide a quantitative yield of the deprotected amine 22.


(R,R)-1,1''-Bis(a-aminoethyl)ferrocene (22a): The dibenzylated diamine
19d (1.10 g, 2.43 mmol) afforded on debenzylation the diamine 22 a
(664 mg, ca. 90 % pure by NMR analysis). Attempts to further purify the
amine by chromatography were not successful. Yellow oil; 1H NMR
(CDCl3, 300 MHz): d� 4.13 ± 4.07 (m, 8 H), 3.82 ± 3.78 (m, 2 H), 1.72 (s,
4H), 1.31 (d, J� 6.4 Hz, 6 H); 13C NMR (CDCl3, 75 MHz): d� 96.55, 67.79,
67.72, 66.00, 65.91, 45.90, 25.01.


(R,R)-1,1''-Bis(a-aminophenylmethyl)ferrocene (22 b): The dibenzylated
diamine 19 e (1.17 g, 2.03 mmol) afforded on debenzylation the diamine
22b (802 mg, 99%, dl :meso� 96:4). Yellow solid; m.p. 88 ± 90 8C; [a]d�
�29.6 (c� 2.39, CHCl3); IR (KBr): nÄmax� 3391 (w), 3078 (w), 3062 (w),
2853 (m), 1598 (m), 1490 (m), 1450 (m), 1026 (w), 831 (m), 710 (s); 1H NMR
(CDCl3, 300 MHz): d� 7.35 ± 7.21 (m, 10 H), 4.86 (s, 2H), 4.35 ± 4.32 (m,
2H), 4.17 ± 4.05 (m, 6H), 1.95 (s, 4 H); 13C NMR (CDCl3, 75 MHz): d�
145.72, 128.18, 126.56, 94.58, 68.21, 67.71, 67.51, 66.37, 55.22; MS (EI, 70 eV):
m/z (%): 396 (M�, 17), 379 (100), 364 (9), 290 (20), 224 (23), 153 (33);
C24H24FeN2 (396.31): calcd C 72.74, H 6.10, N 7.07; found C 72.70, H 6.10, N
6.93.


(R,R)-1,1''-Bis(2-tetrahydrofuranyl)ferrocene (23): The diol 4e (113 mg,
0.28 mmol) was dissolved in THF (5 mL) at 0 8C and nBuLi (1.4m in
hexanes, 0.5 mL) was added dropwise. After 30 min at 0 8C the solution was
gradually warmed to 40 8C and stirred for 2 h. The reaction was poured into
saturated aqueous NH4Cl (20 mL) and extracted with ether (30 mL). The
organic layer was washed with water (2� 20 mL) and brine (15 mL), then
dried and concentrated to give an oil which was purified by column
chromatography (hexanes/MTBE 3:1) to afford the bis(tetrahydrofuran)
23 (77 mg, 85%, dl :meso� 91:9, 99.5 % ee). Yellow oil; HPLC (OD, 10%


iPrOH, 1.0 mL minÿ1, 254 nm): tR/min� 8.56 (SS), 9.38 (RS), 9.96 (RR);
[a]d��28.6 (c� 1.63, CHCl3); IR (film): nÄmax� 3080 (w), 2950 (vs), 2860
(s), 1050 (vs), 825 (m); 1H NMR (CDCl3, 300 MHz): d� 4.72 ± 4.68 (m,
2H), 4.16 (s, 2H), 4.10 (s, 6 H), 3.91 ± 3.85 (m, 2H), 3.81 ± 3.74 (m, 2H),
2.22 ± 2.15 (m, 2H), 1.95 ± 1.84 (m, 6H); 13C NMR (CDCl3, 75 MHz): d�
89.38, 77.16, 68.61, 68.61, 68.54, 68.47, 68.00, 66.30, 32.32, 26.21; MS (EI,
70 eV): m/z (%): 326 (M�, 100), 255 (16), 135 (13), 121 (12); C18H22FeO2


(326.22): calcd C 66.27, H 6.80; found C 66.41, H 6.91.


(R,R)-1,1''-Bis(N-methyl-2-pyrrolidinon-5-yl)ferrocene (24 a): The diace-
tate 4 g (420 mg, 0.84 mmol) was treated with methylamine (40 % in water,
6 mL) in MeOH/water according to general procedure E. Chromatography
(CH2Cl2/MeOH 10:1) gave the dipyrrolidinone 24 a (90 mg, 28%), which
was directly reduced to the dipyrrolidine 25 a (see below). Yellow oil;
[a]d��327.5 (c� 0.91, CHCl3); 1H NMR (CDCl3, 300 MHz): d� 4.24 ±
4.04 (m, 10H), 2.53 (s, 6 H), 2.49 ± 2.09 (m, 8 H); 13C NMR (CDCl3,
75 MHz): d� 173.90, 87.32, 70.08, 69.66, 68.64, 66.64, 59.19, 30.45, 27.41,
25.80.


(R,R)-1,1''-Bis(N-benzyl-2-pyrrolidinon-5-yl)ferrocene (24 b): The diace-
tate 4 g (260 mg, 0.52 mmol) was treated with benzylamine (2 mL) in
MeOH/water according to general procedure E. Chromatography (CH2Cl2/
MeOH 40:1) gave the dipyrrolidinone 24 b (210 mg, 76 %, dl :meso� 92:8).
Yellow oil; [a]D��168.9 (c� 0.74, CHCl3); IR (KBr): nÄmax� 3083 (w),
3029 (w), 2920 (m), 1682 (vs), 1413 (m), 1242 (m), 702 (m); 1H NMR
(CDCl3, 300 MHz): d� 7.31 ± 7.21 (m, 6 H), 7.10 ± 7.08 (m, 4H), 4.88 (d, J�
15.1 Hz, 2H), 4.20 ± 4.03 (m, 8 H), 3.91 ± 3.90 (m, 2H), 3.48 (d, J� 15.1 Hz,
2H), 2.60 ± 2.15 (m, 8 H); 13C NMR (CDCl3, 75 MHz): d� 173.82, 136.36,
128.21, 127.58, 126.98, 86.77, 70.46, 69.56, 68.36, 65.98, 55.93, 43.22, 30.48,
25.73 (dl); 70.33 (meso, separated signal); MS (EI, 70 eV): m/z (%): 532
(M�, 100), 294 (64), 91 (47); C32H32FeN2O2 (532.46): calcd C 72.18, H 6.06,
N 5.26; found C 71.89, H 6.18, N 5.13.


(R,R)-1,1''-Bis(N-methyl-2-pyrrolidinyl)ferrocene (25a): LiAlH4 reduction
of 24 a (70 mg, 0.18 mmol) afforded 25a (53 mg, 84%, dl :meso 87:13).
Yellow oil; [a]d��152.9 (c� 0.34, CHCl3); IR (film): nÄmax� 3080 (w), 2910
(s), 2760 (s), 1450 (m), 1210 (m), 1040 (m), 820 (s); 1H NMR (CDCl3,
300 MHz): d� 4.14 ± 4.00 (m, 8 H), 3.07 ± 3.02 (m, 2 H), 2.84 (t, J� 8.2 Hz,
2H), 2.25 ± 2.14 (m, 4 H), 2.13 (s, 6H), 2.05 ± 1.72 (m, 6 H); 13C NMR
(CDCl3, 75 MHz): d� 88.13, 70.38, 68.95, 67.94, 66.02, 65.50, 57.44, 40.00,
32.04, 22.32 (dl); 70.25, 68.82, 67.80, 65.40, 35.13 (meso, separated signals);
MS (EI, 70 eV): m/z (%): 352 (M�, 41), 321 (34), 294 (43), 268 (100), 205
(62), 148 (24), 121 (20), 84 (80); C20H28FeN2 (352.30): calcd C 68.19, H 8.01,
N 7.95; found C 67.94, H 7.98, N 8.15.


(R,R)-1,1''-Bis(N-benzyl-2-pyrrolidinyl)ferrocene (25 b): The diacetate 12 c
(250 mg, 0.52 mmol) was treated with benzylamine (2 mL) in MeOH/water
according to general procedure E. Chromatography (hexanes/MTBE 1:1
with 5 % NEt3) gave the dipyrrolidine 25b (248 mg, 95 %, dl :meso� 92:8).
LiAlH4 reduction of 24b (197 mg, 0.37 mmol) also afforded 25 b (114 mg,
61%). Yellow solid; m.p. 124 ± 126 8C; [a]D��153.6 (c� 0.74, CHCl3); IR
(KBr): nÄmax� 3058 (s), 3027 (w), 2936 (vs), 2781 (s), 1453 (m), 1107 (m),
1027 (m), 821 (m), 697 (s); 1H NMR (CDCl3, 300 MHz): d� 7.25 ± 7.13 (m,
10H), 4.22 ± 4.21 (m, 2 H), 4.12 ± 4.11 (m, 2H), 4.07 ± 4.06 (m, 4 H), 3.92 (d,
J� 12.8 Hz, 2 H), 3.24 (t, J� 7.9 Hz, 2 H), 2.99 (d, J� 12.8 Hz, 2 H), 2.89 ±
2.83 (m, 2H), 2.35 ± 2.00 (m, 6 H), 1.80 ± 1.70 (m, 4 H); 13C NMR (CDCl3,
75 MHz): d� 139.86, 128.72, 127.96, 126.50, 89.11, 70.45, 68.88, 67.76, 66.56,
63.67, 57.87, 53.84, 32.42, 22.25 (dl); 67.63, 63.55 (meso, separated signals);
MS (EI, 70 eV): m/z (%): 504 (M�, 60), 413 (18), 344 (25), 281 (46), 253
(15), 189 (23), 160 (32), 91 (100); C32H36FeN2 (504.50): calcd C 76.19, H 7.19,
N 5.55; found C 75.94, H 6.99, N 5.43.


(R,R)-1,1''-Bis(2-pyrrolidinyl)ferrocene (26): The dibenzylated diamine
25b (100 mg, 0.20 mmol) was deprotected according to general procedure
F to afford quantitatively the dipyrrolidine 26 (66 mg,>90 % pure). Yellow
oil; [a]d��9.4 (c� 0.44, CHCl3); 1H NMR (CDCl3, 200 MHz): d� 4.14 ±
4.07 (m, 8H), 3.87 ± 3.81 (m, 2 H), 3.13 ± 3.07 (m, 2 H), 2.93 ± 2.86 (m, 2H),
2.13 ± 2.03 (m, 4H), 1.87 ± 1.56 (m, 6H); 13C NMR (CDCl3, 75 MHz): d�
92.43, 67.89, 67.86, 67.33, 66.56, 57.58, 46.85, 33.11, 25.79; C18H24FeN2


(324.25): calcd C 66.68, H 7.46, N 8.64; found C 66.30, H 7.39, N 8.46.


General procedure G for diphosphines 27 and 28 : The diacetate
(0.46 mmol) was dissolved in acetic acid (4 mL) under argon. Diphenyl-
phosphine (930 mg, 5 mmol) was added and the reaction heated to 40 8C for
3 h. The solid that formed was evaporated in vacuum (0.7 mm Hg, 2 h) and
dissolved in THF (10 mL). An excess of BH3 ´ SMe2 (10m, 0.8 mL) was
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added and the mixture stirred for 1 h at room temperature. Unreacted
borane was destroyed by slow addition of MeOH (2 mL; caution : gas
evolution!). After concentration to 2 mL the crude reaction mixture was
directly purified by column chromatography (CH2Cl2/hexanes 1:1) to
provide the diphosphine complexed to borane.


(R,R)-1,1''-Bis(a-(diphenylphosphino)phenylmethyl)ferrocene (diborane
complex) (27): The diacetate 12 e (220 mg, 0.46 mmol) was treated with
diphenylphosphine (930 mg, 5.0 mmol) to provide the protected diphos-
phine 27 (244 mg, 70 %). Yellow solid; m.p. 242 ± 244 8C; [a]d�ÿ63.5 (c�
0.05, CHCl3); IR (KBr): nÄmax� 3054 (w), 3027 (w), 2401 (s), 1436 (s), 1065
(s), 739 (s); 1H NMR (CDCl3, 200 MHz): d� 7.65 ± 7.14 (m, 30H), 4.31 (d,
J� 14.9 Hz, 2 H), 3.64 ± 3.63 (m, 2 H), 3.41 ± 3.38 (m, 4 H), 3.11 ± 3.10 (m,
2H), 2.0 ± 0.0 (s, 6H); 13C NMR (CDCl3, 100 MHz): d� 137.23, 133.92 (d,
J� 8.5 Hz), 132.78 (d, J� 8.2 Hz), 131.24 (d, J� 2.1 Hz), 130.79 (d, J�
2.2 Hz), 130.01 (d, J� 5.4 Hz), 128.61 (d, J� 5.2 Hz), 128.24 (d, J�
14.5 Hz), 118.14 (d, J� 14.5 Hz), 127.98, 127.69 (d, J� 53 Hz), 127.33 (d,
J� 1.5 Hz), 84.99 (d, J� 3.8 Hz), 70.84 (d, J� 1.1 Hz), 69.62 (d, J� 1.0 Hz),
69.36, 68.19, 47.10 (d, J� 26.7 Hz); 31P NMR (CDCl3, 162 MHz): d� 24.4;
MS (EI, 70 eV): m/z (%): 733 ([M�ÿ 2 BH3], 9), 549 (100), 395 (53), 364
(57), 183 (32); C48H46B2FeP2 (762.31): calcd C 75.63, H 6.35; found C 75.26,
H 6.66.


(R,R)-1,1''-Bis(a-(diphenylphosphino)phenylmethyl)ruthenocene (dibor-
ane complex) (28): The diacetate 13 (396 mg, 0.75 mmol) was treated with
diphenylphosphine (930 mg, 5.0 mmol) to provide the protected diphos-
phine 28 (204 mg, 34%). Pale yellow solid; m.p. >260 8C; [a]d��11.3 (c�
0.16, CHCl3); IR (KBr): nÄmax� 3059 (w), 3026 (w), 2874 (w), 2399 (vs), 1435
(s), 1105 (m), 1067 (s), 815 (m), 738 (s), 692 (s); 1H NMR (CDCl3,
300 MHz): d� 7.52 ± 7.10 (m, 30H), 4.15 (d, J� 15.5 Hz, 2 H), 4.13 ± 4.12 (m,
2H), 3.80 ± 3.79 (m, 2 H), 3.76 ± 3.75 (m, 2H), 3.59 ± 3.58 (m, 2 H), 1.50 ± 0.50
(s, 6H); 13C NMR (CDCl3, 100 MHz): d� 138.78, 133.68 (d, J� 8.4 Hz),
132.85 (d, J� 8.3 Hz), 131.16 (d, J� 2.2 Hz), 130.82 (d, J� 2.2 Hz), 129.71
(d, J� 5.2 Hz), 128.74 (d, J� 14.1 Hz), 128.50 (d, J� 9.7 Hz), 128.20 (d, J�
9.7 Hz), 127.72, 127.10 (d, J� 1.0 Hz), 89.74 (d, J� 5.6 Hz), 74.01 (d, J�
1.4 Hz), 72.65 (d, J� 1.3 Hz), 71.95, 70.36, 46.35 (d, J� 26.6 Hz); 31P NMR
(CDCl3, 162 MHz): d� 24.3; MS (EI, 70 eV): m/z (%): 804 (1), 802 (1), 594
(47), 410 (100), 369 (18), 186 (38), 108 (69); C48H46B2P2Ru (807.53): calcd C
71.39, H 5.74; found C 71.23, H 5.52.


(R,R)-1,1''-Bis(a-thioacetophenylmethyl)ferrocene (29): The diacetate 12e
(56 mg, 0.12 mmol) was dissolved in acetic acid (3 mL) and KSAc (114 mg,
1.0 mmol) was added. The mixture was heated to 50 8C for 3 h. After
cooling to room temperature volatile matter was removed in vacuum and
the residue dissolved in water (10 mL) and ether (30 mL). The organic
layer was washed with water (10 mL) and dried. Concentration and
chromatography of the residue (hexanes/MTBE 10:1) gave the dithioace-
tate 29 (60 mg, 97%, dl :meso� 90:10). Glassy yellow solid; [a]d�ÿ130
(c� 1.35, CHCl3); IR (film): nÄmax� 2970 (m), 2930 (m), 2830 (w), 1680 (vs),
1455 (w), 1355 (m), 1110 (vs), 950 (s), 830 (s), 710 (s); 1H NMR (CDCl3,
300 MHz): d� 7.31 ± 7.17 (m, 10 H), 5.57 (s, 2H), 4.08 ± 4.07 (m, dl)/4.02 ±
4.01 (m, meso)/4.00 ± 3.98 (m)/3.95 ± 3.94 (m, meso)/3.86 ± 3.85 (m, dl, 8H
total), 2.27 (s, dl)/2.26 (s, meso, 6 H total); 13C NMR (CDCl3, 75 MHz): d�
193.93, 142.12, 128.29, 128.00, 127.25, 89.82, 69.43, 69.36, 69.21, 68.65, 47.76,
30.22 (dl); 128.03, 69.28, 68.89 (meso, separated signals); MS (EI, 70 eV): m/
z (%): 514 (M�, 53), 440 (6), 396 (30), 364 (27), 285 (100), 208 (33), 154 (84),
43 (45); C28H26FeO2S2 (514.48): calcd C 65.37, H 5.09; found C 65.28, H 5.10.


General procedure H for the aminophosphines 30 and 31: The diamine
(1.04 mmol) was dissolved in Et2O (5 mL) and BuLi (1.6m in hexanes,
3 mL, 4.1 mmol) was added within 10 min. After 10 ± 30 min the color
changed from yellow to red. After 6 h diphenylchlorophosphine (1.55 g,
7.0 mmol) was added at such a rate that the exothermic reaction did not
cause the solvent to boil. After the addition was complete the resulting
suspension was stirred for 4 h at room temperature and hydrolyzed by
addition of saturated aqueous NaHCO3 (10 mL). A precipitate formed at
this stage was dissolved by adding ether (20 mL) or a small amount of
CH2Cl2. After separation of the phases the aqueous layer was extracted
with ether (20 mL). The combined organic layers were dried and
concentrated, and the residue purified by column chromatography without
delay (otherwise rapid decomposition of the crude product was observed).


(aR,a'R)-2,2''-Bis(a-N,N-dimethylaminoethyl)-(S,S)-1,1''-bis(diphenyl-
phosphino)ferrocene (30a): Diamine 17 a (340 mg, 1.04 mmol) was lithi-
ated (nBuLi, 4.1 mmol, 6 h) and treated with diphenylchlorophosphine


(1.55 g, 7.0 mmol). Chromatography (hexanes/ethyl acetate 2:1) afforded
the aminophosphine 30 a (200 mg, 29%). Yellow solid; [a]d�ÿ435 (c�
1.0, CHCl3); IR (KBr): nÄmax� 3050 (w), 2930 (w), 2770 (m), 1432 (m), 1094
(m), 739 (m), 696 (s); 1H NMR (CDCl3, 300 MHz): d� 7.42 ± 7.37 (m, 4H),
7.30 ± 7.20 (m, 16H), 4.45 ± 4.44 (m, 2 H), 4.25 ± 4.24 (m, 2H), 4.20 ± 4.16 (m,
2H), 3.15 ± 3.14 (m, 2H), 1.80 (s, 12H), 1.35 (d, J� 6.7 Hz, 6 H); 13C NMR
(CDCl3, 75 MHz): d� 140.87 (d, J� 7.2 Hz), 138.30 (d, J� 9.4 Hz), 134.71
(d, J� 22.0 Hz), 131.96 (d, J� 7.2 Hz), 128.39, 127.72 (d, J� 7.7 Hz), 127.05
(d, J� 6.8 Hz), 126.77, 98.17 (d, J� 23.0 Hz), 76.74 (d, J� 9.4 Hz), 72.63 (d,
J� 6.0 Hz), 72.43 (d, J� 4.1 Hz), 70.70 (d, J� 3.7 Hz), 56.53 (d, J� 7.0 Hz),
38.64, 8.78; 31P NMR (CDCl3, 162 MHz): d�ÿ23.1; MS (EI, 70 eV): m/z
(%): 696 (M�, 45), 651 (25), 636 (100), 608 (17), 574 (31), 466 (40), 325 (18),
72 (46). Value of optical rotation and 1H NMR data are in good agreement
with literature data.[28]


(aR,a''R)-2,2''-Bis(a-N,N-dimethylaminohexyl)-(S,S)-1,1''-bis(diphenyl-
phosphino)ferrocene (30 b): Diamine 17b (169 mg, 0.38 mmol) was lithi-
ated (tBuLi, 2.3 mmol, 18 h) and treated with diphenylchlorophosphine
(880 mg, 4.0 mmol). Chromatography (hexanes/MTBE 15:1 with 1%
NEt3) afforded the diastereomerically pure aminophosphine 30 b
(122 mg, 39%,> 96% ee). Yellow solid; m.p. 189 ± 191 8C; HPLC (OD,
1% iPrOH, 1.0 mL/min, 254 nm): tR/min� 3.69 (aRa'R,SS), 3.91
(aSa'S,RR); [a]d�ÿ357 (c� 0.78, CHCl3); IR (KBr): nÄmax� 3069 (w),
3050 (w), 2925 (s), 2854 (w), 2821 (w), 2776 (w), 1432 (s), 824 (w), 735 (m),
696 (s); 1H NMR (CDCl3, 300 MHz): d� 7.25 ± 7.03 (m, 20H), 4.39 ± 4.38
(m, 2H), 4.08 ± 4.06 (m, 2H), 3.90 ± 3.86 (m, 2 H), 2.93 (s, 2H), 2.00 ± 1.92
(m, 2H), 1.88-1.78 (m, 2H), 1.77 (s, 12 H), 1.55 ± 1.20 (m, 12 H), 0.93 (t, J�
6.5 Hz, 6 H); 13C NMR (CDCl3, 75 MHz): d� 140.60 (d, J� 6.9 Hz), 138.39
(d, J� 9.0 Hz), 134.94 (d, J� 22.4 Hz), 132.04 (d, J� 18.7 Hz), 128.49,
127.89 (d, J� 8.0 Hz), 127.17 (d, J� 6.6 Hz), 126.91, 98.26 (d, J� 24.0 Hz),
76.24 (d, J� 8.8 Hz), 73.02 (d, J� 5.0 Hz), 72.11 (d, J� 5.5 Hz), 70.63, 61.04
(d, J� 7.4 Hz), 39.61, 32.75, 30.71, 28.62, 22.79, 14.14; 31P NMR (CDCl3,
162 MHz): d�ÿ23.3; MS (EI, 70 eV): m/z (%): 808 (M�, 63), 763 (32), 748
(42), 720 (32), 706 (88), 647 (15), 382 (47), 362 (14), 319 (21), 128 (100);
C50H62FeN2P2 (808.85): calcd C 74.25, H 7.72, N 3.46; found C 74.22, H 7.80,
N 3.36. Data for meso-30b (from racemic 17 b): IR (KBr): nÄmax� 3068 (w),
3050 (w), 2926 (s), 2854 (s), 2813 (m), 2771 (m), 1432 (s), 826 (m), 748 (s),
698 (s); 1H NMR (CDCl3, 300 MHz): d� 7.65 ± 7.60 (m, 4H), 7.40 ± 7.30 (m,
6H), 7.20 ± 7.05 (m, 10H), 4.38 (s, 2 H), 3.85 (s, 2 H), 3.72 ± 3.70 (m, 2 H), 3.48
(s, 2H), 1.65 (s, 12H), 1.27 ± 1.05 (m, 16H), 0.98 ± 0.90 (m, 6H); 13C NMR
(CDCl3, 75 MHz): d� 140.58 (d, J� 7.1 Hz), 139.10 (d, J� 9.2 Hz), 135.67
(d, J� 22.7 Hz), 132.10 (d, J� 18.5 Hz), 129.99, 128.09 (d, J� 8.0 Hz),
127.30 (d, J� 6.6 Hz), 127.05, 97.37 (d, J� 24.4 Hz), 75.93 (d, J� 9.3 Hz),
74.26 (d, J� 5.4 Hz), 72.47, 70.43, 60.32 (d, J� 8.0 Hz), 39.55, 32.12, 29.55,
27.95, 22.74, 14.16; 31P NMR (CDCl3, 162 MHz): d�ÿ23.6; MS (EI,
70 eV): m/z (%): 808 (M�, 18), 762 (7), 746 (15), 718 (100), 533 (7), 382 (46),
359 (43), 319 (19), 128 (27); C50H62FeN2P2 (808.85): calcd C 74.25, H 7.72, N
3.46; found C 74.13, H 7.89, N 3.75. As by-product the monophosphorylated
diamine ((aR,a'R)-2,1'-bis(a-N,N-dimethylaminoethyl)-(S)-1-(diphenyl-
phosphino)ferrocene, 83 mg, 35 %) was isolated; yellow oil ; [a]d�ÿ120
(c� 1.11, CHCl3); IR (film): nÄmax� 3060 (w), 2920 (vs), 2860 (s), 2820 (w),
2780 (m), 1435 (s), 1030 (m), 820 (m), 740 (s), 695 (s); 1H NMR (CDCl3,
300 MHz): d� 7.65 ± 7.60 (m, 2H), 7.35 ± 7.33 (m, 3H), 7.19 ± 7.13 (m, 5H),
4.31 (s, 1H), 4.20 (t, J� 2.3 Hz, 1 H), 4.02 ± 4.01 (m, 1H), 3.98 ± 3.93 (m,
1H), 3.87 ± 3.86 (m, 1 H), 3.85 ± 3.83 (m, 3 H), 2.34 (dd, J� 10.6, 3.3 Hz,
1H), 1.80 (s, 6 H), 1.77 (s, 6 H), 1.82 ± 1.25 (m, 16H), 0.98 ± 0.91 (m, 6H); 13C
NMR (CDCl3, 75 MHz): d� 141.28 (d, J� 7.4 Hz), 139.20 (d, J� 9.6 Hz),
135.72 (d, J� 22.35 Hz), 132.02 (d, J� 18.6 Hz), 128.89, 128.06 (d, J�
8.0 Hz), 127.22 (d, J� 6.7 Hz), 126.91, 96.75 (d, J� 23.7 Hz), 85.56, 76.29
(d, J� 8.7 Hz), 72.55 (d, J� 5.7 Hz), 71.70, 70.37, 70.07 (d, J� 4.2 Hz),
68.99, 67.60, 61.82, 61.50 (d, J� 6.4 Hz), 40.26, 39.43, 32.55, 32.21, 31.25,
28.77, 28.29, 27.01, 22.75, 22.71, 14.17, 14.14; 31P NMR (CDCl3, 162 MHz):
d�ÿ22.7; MS (EI, 70 eV): m/z (%): 624 (M�, 32), 579 (64), 564 (48), 536
(56), 522 (100), 465 (38), 350 (23), 178 (70), 128 (75); C38H53FeN2P (624.67):
calcd C 73.07, H 8.55, N 4.48; found C 72.83, H 8.60, N 4.58.


(aR,a''R)-2,2''-Bis(a-N,N-dimethylaminophenylmethyl)-(S,S)-1,1''-bis(di-
phenylphosphino)ferrocene (30c): Diamine 17 c (216 mg, 0.48 mmol) was
lithiated (nBuLi, 1.8 mmol, 6 h) and treated with diphenylchlorophosphine
(900 mg, 4.1 mmol). Chromatography (hexanes/MTBE 2:1) afforded the
diastereomerically pure aminophosphine 30c (225 mg, 57%, >98 % ee).
Yellow solid; m.p. 245 ± 246 8C; HPLC (OD, 5% iPrOH, 1.0 mL/min,
254 nm): tR/min� 5.08 (aRa'R,SS), 5.86 (aSa'S,RR); [a]d�ÿ331 (c� 1.99,
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CHCl3); IR (KBr): nÄmax� 3090 (w), 3064 (w), 3030 (w), 2951 (m), 2856 (w),
2811 (m), 2764 (s), 1450 (s), 1006 (s), 814 (m), 737 (s), 703 (s); 1H NMR
(CDCl3, 300 MHz): d� 7.35 ± 7.10 (m, 30 H), 4.52 (s, 2H), 4.39 (s, 2H), 3.29
(s, 2 H), 3.15 (s, 2 H), 1.51 (s, 12H); 13C NMR (CDCl3, 75 MHz): d� 139.99,
139.68 (d, J� 6.8 Hz), 137.84 (d, J� 10.1 Hz), 134.77 (d, J� 23.0 Hz), 132.38
(d, J� 13.4 Hz), 128.55, 128.49, 127.97 (d, J� 8.0 Hz), 127.92, 127.44 (d, J�
7.0 Hz), 127.30, 126.59, 98.09 (d, J� 22.5 Hz), 76.51 (d, J� 10.0 Hz), 73.13,
72.88 (d, J� 5.2 Hz), 71.57, 68.27 (d, J� 10.1 Hz), 42.00; 31P NMR (CDCl3,
162 MHz): d�ÿ23.9; MS (EI, 70 eV): m/z (%): 820 (M�, 11), 773 (40), 732
(12), 437 (100), 394 (33), 239 (19), 183 (29), 134 (38); C52H50FeN2P2


(820.78): calcd C 76.10, H 6.14, N 3.41; found C 76.22, H 6.35, N 3.42.


(aR,a''R)-2,2''-Bis(a-N,N-dimethylamino(2-naphtyl)methyl)-(S,S)-1,1''-bi-
s(diphenylphosphino)ferrocene (30d): Diamine 17 d (193 mg, 0.35 mmol)
was lithiated (nBuLi, 1.23 mmol, 6 h) and treated with diphenylchloro-
phosphine (420 mg, 1.9 mmol). Chromatography (hexanes/MTBE 5:1 with
0.5% NEt3) afforded the diastereomerically pure aminophosphine 30d
(100 mg, 31 %, >98% ee). Yellow solid; HPLC (OD, 2% iPrOH,
0.9 mL minÿ1, 215 nm): tR/min� 5.67 (aRa'R,SS), 7.01 (aSa'S,RR); [a]d�
ÿ407 (c� 0.79, CHCl3); IR (KBr): nÄmax� 3054 (w), 2819 (w), 2775 (w), 1432
(m), 827 (m), 739 (m), 698 (s); 1H NMR (CDCl3, 300 MHz): d� 7.84 ± 7.80
(m, 2 H), 7.70 ± 7.66 (m, 2H), 7.59 (s, 2H), 7.54 ± 7.48 (m, 4H), 7.35 ± 7.14 (m,
20H), 6.93 ± 6.87 (m, 4H), 4.72 ± 4.71 (m, 2H), 4.43 ± 4.42 (m, 2H), 3.37 ±
3.36 (m, 2H), 3.22 (s, 2H), 1.46 (s, 12H); 13C NMR (CDCl3, 75 MHz): d�
139.82 (d, J� 6.6 Hz), 137.94 (d, J� 10.4 Hz), 134.77 (d, J� 23.0 Hz),
133.02, 132.50 (d, J� 19.8 Hz), 132.27, 128.55, 128.07 ± 127.24 (m), 126.41,
125.67, 125.24, 97.52 (d, J� 22.1 Hz), 76.64 (d, J� 4.5 Hz), 73.68 (d, J�
3.5 Hz), 73.33 (d, J� 5.7 Hz), 71.65 (d, J� 4.1 Hz), 68.42 (d, J� 9.1 Hz),
41.67; 31P NMR (CDCl3, 162 MHz): d�ÿ24.5; MS (EI, 70 eV): m/z (%):
920 (M�, 22), 874 (100), 831 (31), 487 (72), 444 (32), 184 (37); C60H54FeN2P2


(920.90): calcd C 78.26, H 5.91, N 3.04; found C 78.14, H 5.78, N 2.92.


(aR,a''R)-2,2''-Bis(a-N,N-dimethylaminophenylmethyl)-(S,S)-1,1''-bis(di-
phenylphosphino)ruthenocene (31): Diamine 18 (663 mg, 1.33 mmol) was
lithiated (nBuLi, 5.34 mmol, 6 h) and treated with diphenylchlorophosphine
(1.6 g, 7.3 mmol). Chromatography (hexanes/MTBE 3:1) afforded the dia-
stereomerically pure aminophosphine 31 (473 mg, 43%, >98% ee). Color-
less solid; HPLC (OD, 2 % iPrOH, 0.9 mL/min, 215 nm): tR/min� 5.93
(aRa'R,SS), 7.20 (aSa'S,RR); [a]d�ÿ183 (c� 0.52, CHCl3); IR (KBr):
nÄmax� 3053 (w), 2946 (w), 2771 (m), 1434 (m), 1015 (m), 741 (s), 698 (s); 1H
NMR (CDCl3, 300 MHz): d� 7.27 ± 7.05 (m, 30H), 4.40 (s, 2 H), 4.25 (d, J�
5.6 Hz, 2 H), 3.40 ± 3.36 (m, 4H), 1.67 (s, 12H); 13C NMR (CDCl3, 75 MHz):
d� 144.63, 138.83 (d, J� 38.7 Hz), 138.72 (d, J� 39.5 Hz), 134.51 (d, J�
22.6 Hz), 132.73 (d, J� 18.9 Hz), 128.31 (d, J� 5.9 Hz), 127.80, 127.72,
127.60 (d, J� 5.0 Hz), 126.57, 103.81 (d, J� 25.6 Hz), 82.20 (d, J� 13.2 Hz),
76.26 (d, J� 5.0 Hz), 75.61, 74.67, 68.21 (d, J� 12.4 Hz), 43.78; 31P NMR
(CDCl3, 162 MHz): d�ÿ24.2; MS (EI, 70 eV): m/z (%): 821 (M�, 100), 806
(36), 778 (17), 746 (10), 593 (5), 517 (5), 134 (59); C48H50N2P2Ru (817.95):
calcd C 70.48, H 6.16, N 3.42; found C 70.71, H 6.13, N 3.21.


General procedure I for the palladium complexes 32 and 33 : The
aminophosphine (0.15 mmol) and PdCl2(MeCN)2 (40.1 mg, 0.15 mmol)
were suspended in toluene (4 mL) and stirred for 12 h at room temperature.
A slow change in color from yellow to deep red was observed. Removal of
the solvent in vacuum gave a quantitative yield of the palladium complex.


(aR,a''R)-2,2''-Bis(a-N,N-dimethylaminophenylmethyl)-(S,S)-1,1''-bis(di-
phenylphosphino)ferrocenepalladium(iiii) chloride (32c): From aminophos-
phine 30c (127 mg, 0.15 mmol) and PdCl2(MeCN)2 (40.1 mg, 0.15 mmol).
Red powder; m.p. 176 8C (decomp.); [a]d�ÿ130 (c� 0.69, CHCl3); IR
(KBr): nÄmax� 3055 (w), 2950 (m), 2860 (w), 2818 (w), 2773 (w), 1436 (s),
1093 (m), 743 (s), 692 (s); 1H NMR (CDCl3, 300 MHz): d� 8.17 (s, 4H),
7.99 (s, 4H), 7.42 ± 7.32 (m, 12H), 7.20-7.14 (m, 6 H), 6.81 (s, 4H), 4.34 (s,
2H), 4.11 (s, 2 H), 3.04 (s, 2 H), 2.32 (s, 2 H), 1.52 (s, 12 H); 13C NMR
(CDCl3, 75 MHz): d� 143.51, 136.74 (t, J� 6.7 Hz), 135.84 (t, J� 4.6 Hz),
132.53 (d, J� 57.1 Hz), 131.63, 130.62, 129.05 (d, J� 55.2 Hz), 128.07, 127.44,
127.30, 127.02, 99.03, 77.99, 76.46 (d, J� 17.4 Hz), 72.73 (d, J� 55.5 Hz),
72.07, 64.07, 42.92; 31P NMR (CDCl3, 162 MHz): d� 40.0; MS (EI, 70 eV):
m/z (%): 262 (43), 183 (22), 72 (33), 57 (65), 43 (100); C52H50Cl2FeN2P2Pd
(998.10): calcd C 62.58, H 5.05, N 2.81; found C 62.54, H 5.15, N 2.50.


(aR,a''R)-2,2''-Bis(a-N,N-dimethylamino(2-naphthyl)methyl)-(S,S)-1,1''-b-
is(diphenylphosphino)ferrocenepalladium(II) chloride (32d): From ami-
nophosphine 30d (127 mg, 0.138 mmol) and PdCl2(MeCN)2 (35.7 mg,
0.138 mmol). The red powder obtained was used in the asymmetric cross-


coupling reaction without further purification. IR (KBr): nÄmax� 3053 (w),
2944 (w), 2773 (w), 1436 (s), 1093 (m), 743 (s), 692 (s); 1H NMR (CDCl3,
300 MHz): d� 8.40 ± 8.30 (m, 4H), 8.10 ± 8.04 (m, 4H), 7.80 ± 7.31 (m, 22H),
7.25 ± 7.21 (m, 2H), 7.10 ± 7.09 (m, 2H), 4.49 ± 4.48 (m, 2 H), 4.24 ± 4.23 (m,
2H), 3.29 (s, 2H), 2.18 ± 2.17 (m, 2 H), 1.60 (s, 12 H); 13C NMR (CDCl3,
75 MHz): d� 141.14, 137.29, 137.20, 137.10, 136.01, 135.94, 135.88, 132.76,
132.31, 131.85, 130.74, 129.33 (d, J� 54.9 Hz), 128.43, 128.35, 128.27, 127.89,
127.74, 127.44, 127.35, 126.24, 126.18, 125.87, 125.74, 99.09, 78.52, 76.83 (d,
J� 10.7 Hz), 72.43, 71.76 (d, J� 26.9 Hz), 64.43, 43.17; 31P NMR (CDCl3,
162 MHz): d� 39.3; MS (EI, 70 eV): m/z (%): 262 (40), 78 (20), 44 (100).


The palladium complexes 32 a, 32b, and 33 were obtained from the
corresponding aminophosphines according to general procedure I and
were found to be mixtures of coordination isomers. They were used for the
asymmetric cross-coupling reactions without further purification.


General procedure J for asymmetric cross-coupling : The vinyl bromide
(2.5 mmol) and the Grignard reagent (5.0 mmol) were added to the
palladium complex (25 mmol) (and in some cases a zinc halide (10 mmol))
at ÿ78 8C. The reaction mixture was warmed to 0 8C and stirred at this
temperature for 20 h. The resulting suspension was poured into 10%
hydrochloric acid (30 mL) and extracted with hexanes (3� 40 mL). The
combined organic layers were dried and concentrated, and the residue
distilled under reduced pressure. As an alternative a purification by column
chromatography was carried out.


(S)-3-Phenyl-1-butene (34 a): Reaction of vinyl bromide (213 mg,
2.0 mmol) and 1-phenylethylmagnesium chloride (11.0 mL, 0.36m in
Et2O, 4.0 mmol) with palladium complex 31c (10 mg, 10 mmol) as catalyst
provided 34a (214 mg, 81%, 63% ee) after chromatography (hexanes). A
reaction with addition of ZnI2 (4 equiv) also gave 34a (86 %, 82% ee).
Colorless liquid; GC (CB, 50 kPa, 80 8C): tR/min� 11.78 (R), 11.92 (S);
[a]d��4.77 (c� 16.16, CHCl3); IR (film): nÄmax� 3055 (w), 3030 (w), 2960
(m), 2870 (w), 1640 (s), 1600 (s), 1495 (m), 1455 (m), 1370 (s), 910 (s), 755
(m), 700 (s); 1H NMR (CDCl3, 300 MHz): d� 7.32 ± 7.17 (m, 5H), 6.00
(ddd, J� 17.0, 10.5, 6.5 Hz, 1H), 5.09 ± 4.98 (m, 2 H), 3.50 (quin, J� 6.7 Hz,
1H), 1.34 (d, J� 7.0 Hz, 3H); 13C NMR (CDCl3, 75 MHz): d� 145.55,
143.24, 128.39, 127.22, 126.10, 113.09, 43.17, 20.71; MS (EI, 70 eV): m/z (%):
132 (M�, 25), 117 (100), 91 (48); C10H12 (132.21): calcd C 90.85, H 9.15;
found C 90.61, H 9.31.


(S)-(E)-1,3-Diphenyl-1-butene (34b): Reaction of b-bromostyrene
(458 mg, 2.5 mmol) and 1-phenylethylmagnesium chloride (13.9 mL,
0.36m in Et2O, 5.0 mmol) with palladium complex 31c (25 mg, 25 mmol)
as catalyst provided 34 b (452 mg, 87%, 93% ee) after chromatography
(hexanes). A reaction with addition of ZnCl2 (4 equiv) also gave 34b (82 %,
29% ee). Colorless liquid; b.p. 120 8C (Kugelrohr, 0.7 mm Hg); HPLC (OD,
0.25 % iPrOH, 0.9 mL minÿ1, 215 nm): tR/min� 7.41 (S), 8.05 (R); [a]d�
ÿ39.3 (c� 2.51, CHCl3); ÿ34.2 (c� 2.60, benzene); IR (film): nÄmax� 3030
(w), 2970 (w), 1600 (w), 1495 (m), 1450 (m), 1375 (w), 965 (s), 745 (s), 695
(s); 1H NMR (CDCl3, 300 MHz): d� 7.51 ± 7.30 (m, 10 H), 6.61 ± 6.49 (m,
2H), 3.83 ± 3.74 (m, 1 H), 1.62 (d, J� 7.0 Hz, 3H); 13C NMR (CDCl3,
75 MHz): d� 145.58, 137.56, 135.19, 128.55, 128.44, 127.26, 127.00, 126.18,
126.13, 42.52, 21.19; MS (EI, 70 eV): m/z (%): 208 (M�, 84), 193 (71), 178
(23), 130 (19), 115 (88), 105 (100), 91 (46); C16H16 (208.30): calcd C 92.26, H
7.74; found C 92.49, H 7.50.


(S)-(E)-4-Phenyl-2-pentene (34 c): Reaction of (E)-1-bromo-1-propene
(107 mg, 0.88 mmol) and 1-phenylethylmagnesium chloride (5.5 mL, 0.36m
in Et2O, 2.0 mmol) with palladium complex 31c (5 mg, 5 mmol) as catalyst
provided 34 c (88 mg, 68%, 65 % ee) after chromatography (hexanes). (The
enantiomeric excess was determined by RuCl3/NaIO4 cleavage and
esterification of the resulting 2-phenylpropionic acid with (S)-methyl
mandelate;[33] the crude derivatization product was analyzed by NMR.)
Colorless liquid; [a]d��10.2 (c� 0.98, CHCl3); IR (film): nÄmax� 3030 (w),
2970 (s), 2880 (w), 1600 (w), 1495 (m), 1440 (s), 1375 (m), 1015 (m), 695 (s),
770 (s), 700 (s); 1H NMR (CDCl3, 300 MHz): d� 7.36 ± 7.31 (m, 2H), 7.27-
7.19 (m, 3H), 5.70 ± 5.62 (m, 1 H), 5.54 ± 5.46 (m, 1H), 3.45 (quin, J� 6.9 Hz,
1H), 1.73 ± 1.70 (m, 3 H), 1.39 ± 1.36 (m, 3H); 13C NMR (CDCl3, 75 MHz):
d� 146.47, 136.27, 128.32, 127.13, 125.90, 123.61, 42.35, 21.47, 17.87; MS (EI,
70 eV): m/z (%): 146 (M�, 44), 131 (100), 115 (27), 91 (62), 77 (28); C11H14


(146.23): calcd C 90.35, H 9.65; found C 90.16, H 9.52.


(S)-(E)-7-Chloro-2-phenyl-3-heptene (34d): Reaction of (E)-1-bromo-5-
chloro-1-pentene (183 mg, 1.00 mmol) and 1-phenylethylmagnesium chlor-
ide (5.5 mL, 0.36m in Et2O, 2.0 mmol) with palladium complex 31 c (10 mg,
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10 mmol) as catalyst provided 34d (135 mg, 65%, 11% ee) after chroma-
tography (hexanes/MTBE 50:1). (The enantiomeric excess was determined
by RuCl3/NaIO4 cleavage and esterification of the resulting 2-phenyl-
propionic acid with (S)-methyl mandelate;[33] the crude derivative was
analyzed by NMR.) Colorless liquid; [a]d��3.8 (c� 1.25, CHCl3); IR
(film): nÄmax� 3020 (w), 2950 (s), 1600 (m), 1480 (m), 1445 (s), 1370 (w), 960
(s), 905 (m), 700 (s); 1H NMR (CDCl3, 300 MHz): d� 7.38 ± 7.32 (m, 2H),
7.27 ± 7.21 (m, 3 H), 5.72 (ddt, J� 15.3, 6.7, 1.3 Hz, 1H), 5.47 (dtd, J� 15.4,
6.7, 1.3 Hz, 1 H), 3.56 (t, J� 6.6 Hz, 2 H), 3.48 (quin, J� 6.9 Hz, 1H), 2.22 (q,
J� 6.9 Hz, 2H), 1.88 (quin, J� 6.8 Hz, 2 H), 1.41 (d, J� 7.0 Hz, 3 H); 13C
NMR (CDCl3, 75 MHz): d� 146.10, 136.60, 128.34, 127.08, 127.04, 125.97,
44.30, 42.23, 32.24, 29.56, 21.45; MS (EI, 70 eV): m/z (%): 208 (M�, 24), 193
(8), 131 (100), 117 (21), 105 (46), 91 (35); C13H17Cl (208.73): calcd C 74.81,
H 8.21; found C 74.82, H 8.37.


(S)-(E)-2,4-Diphenyl-2-pentene (34 e): Reaction of (E)-1-bromo-2-phenyl-
1-propene (138 mg, 0.70 mmol) and 1-phenylethylmagnesium chloride
(4.0 mL, 0.36m in Et2O, 1.4 mmol) with palladium complex 31 c (6 mg,
6 mmol) as catalyst provided 34e (81 mg, 52 %, 59% ee) after distillation.
Colorless liquid; b.p. 120 8C (Kugelrohr, 0.7 mm Hg); HPLC (OD, 0.25 %
iPrOH, 0.9 mL/min, 215 nm): tR/min� 6.80 (S), 7.34 (R); [a]D�ÿ50.9 (c�
1.48, CHCl3); IR (film): nÄmax� 3030 (w), 2970 (m), 2870 (w), 1600 (m), 1495
(s), 1450 (s), 1380 (m), 1020 (m), 760 (s), 700 (s); 1H NMR (CDCl3,
300 MHz): d� 7.52 ± 7.30 (m, 10H), 6.04 (dd, J� 9.3, 1.4 Hz, 1H), 3.97 (dq,
J� 9.2, 7.0 Hz, 1 H), 2.03 (d, J� 1.4 Hz, 3H), 1.54 (d, J� 6.9 Hz, 3 H); 13C
NMR (CDCl3, 75 MHz): d� 146.55, 143.77, 133.92, 133.42, 128.44, 128.13,
126.97, 126.67, 125.92, 125.78, 38.70, 22.39, 16.06; MS (EI, 70 eV): m/z (%):
222 (M�, 61), 207 (70), 129 (100), 105 (42), 91 (55), 77 (25); C17H18 (222.33):
calcd C 91.84, H 8.16; found C 91.62, H 8.03.


2-Methyl-3-phenyl-1-butene (34 f): Reaction of 2-bromopropene (200 mg,
1.65 mmol) and 1-phenylethylmagnesium chloride (7.5 mL, 0.36m in Et2O,
2.7 mmol) with palladium complex 31c (7.5 mg, 7.5 mmol) as catalyst provided
34 f (80 mg, 33 %, racemic) after distillation. Colorless liquid; b.p. 70 8C
(Kugelrohr, 13 mbar); GC (CB, 50 kPa, 80 8C): tR/min� 19.35, 19.54; IR
(film): nÄmax� 3020 (w), 2960 (m), 1645 (w), 1450 (s), 1375 (w), 890 (m). 1H
NMR (CDCl3, 300 MHz): d� 7.40 ± 7.24 (m, 5 H), 4.97 (s, 1H), 4.93 (s, 1H),
3.46 (q, J� 7.0 Hz, 1H), 1.68 (s, 3H), 1.45 (d, J� 7.0 Hz, 3H); 13C NMR
(CDCl3, 75 MHz): d� 149.16, 145.14, 128.25, 127.40, 126.04, 109.85, 46.54,
21.31, 20.00; C11H14 (146.23): calcd C 90.35, H 9.65; found C 90.50, H 9.66.


(R)-(E)-1-Phenyl-3-methyl-1-pentene (34g): Reaction of b-bromostyrene
(342 mg, 1.87 mmol) and sec-butylmagnesium chloride (4.8 mL, 0.83m in
Et2O, 4.0 mmol) with palladium complex 31c (5 mg, 5 mmol) as catalyst
provided 34 g (260 mg, 75%, 15% ee) after distillation. (The enantiomeric
excess was determined by RuCl3/NaIO4 cleavage and esterification of the
resulting 2-methylbutyric acid with (S)-methyl mandelate;[33] the crude
derivatization product was analyzed by 1H NMR (200 MHz, C6D6): major
diastereomer: d� 6.18 (s); minor diastereomer: d� 6.16 (s).) Colorless
liquid; [a]D�ÿ3.5 (c� 4.39, CHCl3); IR (film): nÄmax� 3020 (w), 2950 (s),
2925 (s), 2870 (m), 1600 (w), 1490 (m), 1450 (s), 1375 (w), 960 (s), 740 (s),
690 (s); 1H NMR (CDCl3, 300 MHz): d� 7.38 ± 7.27 (m, 4H), 7.23 ± 7.16 (m,
1H), 6.35 (d, J� 15.9 Hz, 1 H), 6.10 (dd, J� 15.9, 7.8 Hz, 1 H), 2.21 (sept,
J� 7.0 Hz, 1H), 1.42 (quin, J� 7.0 Hz, 2H), 1.08 (d, J� 6.8 Hz, 3 H), 0.92 (t,
J� 7.5 Hz, 3H); 13C NMR (CDCl3, 75 MHz): d� 138.00, 136.65, 128.42,
128.22, 126.72, 125.97, 38.89, 29.82, 20.17, 11.79; MS (EI, 70 eV): m/z (%):
160 (M�, 24), 131 (100), 145 (8), 115 (15), 91 (48), 77 (6); C12H16 (160.26):
calcd C 89.94, H 10.06; found C 89.71, H 10.20.


(E)-8-Chloro-3-methyl-4-octene (34h): Reaction of (E)-1-bromo-5-chloro-
1-pentene (341 mg, 1.86 mmol) and sec-butylmagnesium chloride (4.8 mL,
0.83m in Et2O, 4.0 mmol) with palladium complex 31c (10 mg, 10 mmol) as
catalyst provided 34h (223 mg, 75%, racemic) after chromatography (hex-
anes). (The enantiomeric excess was determined by RuCl3/NaIO4 cleavage
and esterification of the resulting 2-methylbutyric acid with (S)-methyl
mandelate;[33] the crude derivative was analyzed by 1H NMR (200 MHz,
C6D6): major diastereomer: d� 6.18 (s); minor diastereomer: d� 6.16 (s).)
Colorless liquid; IR (film): nÄmax� 2950 (s), 2930 (s), 2870 (m), 1450 (s), 1370
(w), 960 (s); 1H NMR (CDCl3, 300 MHz): d� 5.37 ± 5.24 (m, 2 H), 3.54 (t,
J� 6.7 Hz, 2H), 2.17 ± 2.10 (m, 2H), 1.97 (sept, J� 6.8 Hz, 1 H), 1.84 (quin,
J� 7.3 Hz, 2H), 1.33 ± 1.22 (m, 2 H), 0.95 (d, J� 6.8 Hz, 3H), 0.83 (t, J�
7.4 Hz, 3 H); 13C NMR (CDCl3, 75 MHz): d� 137.87, 126.36, 44.29, 38.39,
32.46, 29.76, 29.64, 20.32, 11.69; MS (EI, 70 eV): m/z (%): 162 (M�, 4), 160
(M�, 14), 133 (11), 131 (34), 95 (21), 83 (54), 70 (36), 55 (100), 41 (47);
C9H17Cl (160.69): calcd C 67.27, H 10.66; found C 67.20, H 10.91.


(1S,2S,3R)-1,3-Diphenyl-1,2-butanediol (35): AD-mix (Aldrich, 2.52 g) was
dissolved in water (9 mL) and tert-butanol (9 mL) and the solution cooled
to 0 8C. Methanesulfonic amide (174 mg) and the olefin 34b (378 mg,
1.82 mmol) were added. Rapid stirring was continued for 24 h at 0 8C. Solid
Na2SO5 (2.0 g) was added. After 30 min the reaction mixture was
partitioned between water (20 mL) saturated aqueous NH4Cl (20 mL)
and ether (40 mL). The aqueous phase was extracted with ether (2�
40 mL) and the combined organic layers dried and concentrated. The
residue was purified by column chromatography (hexanes/MTBE 3:1) to
provide the diol 35 (373 mg, 85 %) containing 10 % of the (1R,2R,3R)-
diastereomer. Colorless solid; m.p. 128 ± 129 8C; [a]d��8.9 (c� 0.73,
CHCl3); IR (film): nÄmax� 3290 (s), 3029 (w), 2906 (w), 1494 (m), 1452 (m),
1121 (m), 1025 (s), 765 (m), 699 (s); 1H NMR (CDCl3, 300 MHz): d� 7.34 ±
7.20 (m, 10 H), 4.53 (t, J� 5.3 Hz, minor)/4.48 (t, J� 4.6 Hz, major, 1H
total), 3.89 ± 3.84 (m, minor)/3.80 ± 3.75 (m, major, 1H total), 2.90 ± 2.81 (m,
1H), 2.66 ± 2.64 (m, 1 H), 2.26 ± 2.20 (m, 1 H), 1.35 (d, J� 7.0 Hz, 3H); 13C
NMR (CDCl3, 75 MHz): d� 144.55, 141.76, 128.44, 128.28, 127.58, 126.52,
126.35, 80.02, 73.77, 41.55, 15.96 (major); 142.94, 141.53, 128.53, 128.31,
127.74, 126.79, 126.24, 79.28, 74.42, 19.30 (minor, separated signals); MS
(EI, 70 eV): m/z (%): 242 (M�, 2), 208 (3), 193 (4), 108 (100), 91 (24), 79
(27); C16H18O2 (242.32): calcd C 79.31, H 7.49; found C 79.36, H 7.74.


(1S,2S,3R)-1,2-Epoxy-1,3-diphenylbutane (36): Under argon the diol 35
(347 mg, 1.43 mmol) was dissolved in CH2Cl2 (2 mL) and treated with trimethyl
orthoformate (0.23 mL) and trimethylsilyl chloride (0.24 mL). After 2 h the
volatiles were removed in vacuum and the residue was dissolved in MeOH
(10 mL). Addition of K2CO3 (300 mg) was followed by 6 h of rapid stirring.
The suspension was then poured into a mixture of saturated aqueous
NaHCO3 (40 mL) and water (40 mL) and extracted with ether (2� 80 mL).
The combined organic layers were dried, concentrated and the residue
purified by column chromatography (hexanes/MTBE 25:1) to provide the
epoxide 36 (250 mg, 78%) as a 90:10 mixture of diastereomers. Colorless
oil; [a]d�ÿ41.4 (c� 3.67, CHCl3); IR (film): nÄmax� 3030 (w), 2950 (m),
1605 (m), 1495 (m), 1460 (s), 885 (s), 760 (s), 695 (s); 1H NMR (CDCl3,
300 MHz): d� 7.38 ± 7.24 (m, 10H), 3.75 (d, J� 7.7 Hz, 1H), 3.15 ± 3.09 (m,
1H), 2.96 (quin, J� 7.0 Hz, minor)/2.85 (quin, J� 7.0 Hz, major, 1H total),
1.50 (d, J� 7.0 Hz, major)/1.42 (d, J� 7.2 Hz, minor, 3 H total); 13C NMR
(CDCl3, 75 MHz): d� 142.53, 137.46, 128.55, 128.35, 127.98, 127.28, 126.75,
125.51, 67.09, 58.22, 42.05, 17.49 (major); 142.60, 137.57, 128.51, 128.40,
127.45, 66.87, 57.46, 41.59, 17.12 (minor, separated signals); MS (EI, 70 eV):
m/z (%): 224 (M�, 7), 167 (41), 118 (100), 105 (39), 91 (30); C16H16O
(224.30): calcd C 85.68, H 7.19; found C 85.74, H 7.14.


(2R,4R)-2,4-Diphenyl-3-pentanol (37): Under argon copper(i) cyanide
(0.90 g, 10 mmol) was suspended in Et2O (25 mL) and cooled to 0 8C.
Within 15 min MeLi (1.61m in Et2O, 6.2 mL) was added dropwise. After
30 min at 0 8C the mixture was cooled to ÿ78 8C. The epoxide 36 (179 mg,
0.80 mmol) in Et2O (2 mL) was added. After 5 min BF3 ´ OEt2 (0.17 mL)
was added dropwise over 5 min. The yellow suspension was stirred 30 min
at ÿ78 8C and then brought to 0 8C for 2 h. Saturated aqueous NH4Cl
(40 mL) was added. Extraction with ether (3� 100 mL) was followed by
drying of the combined organic layers. The concentrated crude product was
purified by column chromatography (hexanes/MTBE 8:1) to provide the
diastereomerically pure alcohol 37 (130 mg, 68%, >98% ee). Colorless
solid; m.p. 80 ± 81 8C; HPLC (OD, 5% iPrOH, 0.9 mL minÿ1, 215 nm): tR/
min� 6.79 (SS), 7.32 (meso-s), 8.58 (RR), 10.35 (meso-r); [a]d�ÿ0.95 (c�
1.68, CHCl3); IR (KBr): nÄmax� 3569 (s), 3059 (w), 3027 (m), 2962 (s), 2932
(m), 2874 (m), 1601 (m), 1493 (s), 1452 (s), 1377 (m), 968 (s), 764 (s), 701
(vs); 1H NMR (CDCl3, 300 MHz): d� 7.40 ± 7.26 (m, 10 H), 3.86 (t, J�
6.0 Hz, 1H), 2.90 (quin, J� 7.0 Hz, dl)/2.81 (quin, J� 6.7 Hz, meso-r, 2H
total), 1.64 ± 1.62 (m, meso-r)/1.40 ± 1.30 (m, 7 H total); 13C NMR (CDCl3,
75 MHz): d� 145.38, 143.40, 128.44, 128.38, 128.37, 127.87, 126.56, 126.28,
79.93, 42.87, 42.57, 19.03, 15.27 (dl); 145.19, 128.57, 127.52, 126.35, 80.65,
42.32, 15.42 (meso-r); MS (EI, 70 eV): m/z (%): 240 (M�, 3), 135 (23), 106
(100), 91 (55), 77 (20), 43 (41); C17H20O (240.35): calcd C 84.96, H 8.39;
found C 84.75, H 8.58. A small amount of meso-s 37 was isolated: colorless
oil; IR (film): nÄmax� 3570 (s), 3060 (w), 3030 (w), 2960 (s), 2930 (m), 2875
(w), 1605 (w), 1495 (m), 1450 (s), 1385 (m), 1115 (m), 965 (m), 765 (s), 700
(s); 1H NMR (CDCl3, 300 MHz): d� 7.35-7.27 (m, 10H), 3.87-3.81 (m, 1H),
2.79 (quin, J� 6.9 Hz, 2H), 1.39 (d, J� 7.0 Hz, 6H), 1.36-1.34 (m, 1 H); 13H
NMR (CDCl3, 75 MHz): d� 143.38, 128.52, 128.34, 126.49, 79.86, 42.96,
19.34; MS (EI, 70 eV): m/z (%): 240 (M�, 3), 135 (32), 106 (100), 91 (48), 43
(27); C17H20O (240.35): calcd C 84.96, H 8.39; found C 84.93, H 8.51.
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