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CONCEPTS

Reiterative Synthesis of frans-Fused Polytetrahydropyrans Using
the Oxiranyl Anion

Yuji Mori*

Abstract: The oxiranyl anion is a very unstable nucleo-
philic epoxide. This previously uncommon nucleophile
has now been used for the synthesis of polycyclic ethers.
Alkylation of an oxiranyl anion, a three-carbon building
block, with a triflate derived from tetrahydropyran-
methanol followed by acid-catalyzed 6-endo cyclization
provides a trans-fused bicyclic compound. Reiterative ap-
plication of this procedure enables the rapid construction
of trans-fused polytetrahydropyrans.

Keywords: C—C coupling - cyclizations * oxiranyl anion *

L synthetic methods - tetrahydropyrans

After the discovery of brevetoxin B, many polycyclic ether
biotoxins, which show strong biological activities by interacting
with cation channels of cellular membranes,!?! were isolated
from marine dinoflagellates. These highly complex molecules
are characterized by having frans-fused polyoxacycles ranging
in size from five- to nine-membered. The trans-fused tetrahy-
dropyran ring system is the most frequently encountered cyclic
unit and forms a rigid backbone for the biotoxins (Figure 1).
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Figure 1. Partia} structure of maitotoxin.

Synthesis of such fused systems is currently receiving a great
deal of attention and a variety of approaches have been explored
with an increasing emphasis on iterative strategies.’®) This article
describes our strategic principle of trans-fused tetrahydropyran
synthesis as well as a brief overview of other approaches that
have contributed to the reiterative synthesis.

A method for effecting the annulation of a pyran ring to an
existing pyran ring structure was first demonstrated by
Kozikowski et al.¥! The dihydropyran 1 was transformed into
lactone 2 by stereoselective hydroboration followed by acid

treatment and oxidation (Scheme 1). The carbon chain was ex-
H
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Scheme 1.

tended by the Grignard reaction, and the resulting lactol was
dehydrated to the bicyclic dihydropyran 3. The second hydro-
boration afforded an alcohol 4 as a nearly single isomer. The
syn-specific hydroboration process plays an important role in
introducing the secondary hydroxyl group of the pyran ring
trans to the carbon chain. Later, this process was effectively
applied to seven-membered enol ethers by other groups.[!
The ring-selective synthesis of tetrahydropyrans was achieved
by Nicolaou et al, who used the acid-catalyzed cyclization of
trans-hydroxy epoxides 5 and 7 (Scheme 2).1°! The m orbital
adjacent to the epoxide unit serves as a director functionality
that controls the 6-endo over the usually favored 5-exo modes of
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cpoxide opening.[”! Acid treatment of 5 gave the trans-disubsti-
tuted tetrahydropyran 6. The frans stereochemistry of the epox-

ide is critical to the exclusive 6-endo cyclization. Elaboration of

the vinyl group to the olefinic epoxide 7 requires nine steps
including trans-allylic alcohol formation and Sharpless asym-
metric epoxidation. This strategy was successfully employed in
the fragment synthesis of brevetoxin B.[®I

A methodology based on the intramolecular hetero-Michael
addition of appropriately functionalized hydroxy y-silyloxy-«,f-
unsaturated ester 10 to the tetrahydropyran 11 has been demon-
strated by Nicolaou et al. (Scheme 3).!! Later, Martin et al.
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7 steps
—
o0 T~ C0Me g7

1. NalOy, E
——————
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(Z:E=2:1) H

81%

Scheme 3.

applied this procedure to alkoxy y-benzoyloxy-a,f-unsaturated
ester 15.1'% The stereocontrolled introduction of the benzoyloxy
group of 14 was carried out by the asymmetric epoxidation of 13
followed by the regioselective addition of benzoic acid. The
bicyclic ring system 16 was stereospecifically constructed by
means of the Michael addition reaction of the (Z) isomer 15
(R = H) under kinetically controlled conditions. This iterative
procedure requires a large number of steps, which leads to lower
overall yields.

The synthetic approach by intramolecular C—C bond forma-
tion may employ cyclization at the annulation sites. 5-Alkoxy-
acrylates are efficient radical acceptors during the intramolecu-
lar addition of alkyl and alkoxy radicals.*!- '] Under standard
conditions for radical generation, the substituted aldehydes 17
and 20 cyclized to tetrahydropyran derivatives 18 and 21, re-
spectively, in high yields (Scheme 4).1'2! However, the lack of
stereoselectivity of the stannyloxyalkyl radical addition limits
the applicability of this reaction.

Formation of diastereoisomers can be avoided by employing
an acyl radical instead of an alkoxy radical. Based on this idea,
Evans et al. have developed an efficient reiterative method.[*3!

850 —————
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Intramolecular addition of the acyl radical, generated from acyl
selenide 23 by treatment with tris(trimethylsilyDsilane and tri-
ethylborane, to the acrylate provided tetrahydropyran-3-one 24
as the major isomer (5.7:1, Scheme 5). After transformation of

o 1. LiAlH,
1. (Me;Si)sSiH 2.TBSCI
COSePh 53,333 m 3. HC=CCO,Me
Me” : /\/COZMe 2. DBU Me”: 07: CO:Me 4. Jones
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Me™: O : 15 Me* : "O" = Q
H H 91% H H
25 26
Scheme 3.

24 into 25, which is a latent version of the original material, the
radical cyclization was repeated to give 26 in a 19:1 stereoselec-
tivity. The excellent stereocontrol obtained for the second radi-
cal cyclization is in sharp contrast to the modest diastereoselec-
tivity obtained in the monocyclic system.

Another strategy used to construct tetrahydropyran rings in
such a way that new C—C bonds could be formed at annulation
sites is the intramolecular allylstannane—aldehyde conden-
sation approach,"'* Yamamoto et al. reported that the Lewis-
acid mediated cyclization of w-stannyl ether aldehyde 27 pre-
dominantly gave the cyclic ether 28 (frans:cis = 83:17;
Scheme 6).1"*! The advanced cyclization precursor 29 was treat-

6 steps EI\/
27 28
2 steps CHO BF3-OEt2
+ cis-isomer

29 SnBU3 30

\_/\SHBU3
TCI4
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Tran
T

T
T
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Scheme 6.
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ed with boron trifluoride etherate to yield a 33:67 mixture of the
trans (30) and cis isomers.'®! Although the cyclization to the
six-membered cyclic ether proceeded in a nonstereoselective
way, perfect control was accomplished in the case of the seven-
membered systems.!*® 171 It is interesting to note that an allyi-
boronate derivative corresponding to 27 was reported to under-
go ready cyclization to a cis-fused tetrahydropyran with >95%,
selectivity in moderate yield.!®!

Our strategy!'™ is based on the biosynthesis of polycyclic
ethers.”?°) The regio- and stereoselective 6-endo mode of ring
opening of epoxide II would be an attractive access to the trans-
fused tetrahydropyran system I (Scheme 7), which was first

Scheme 7.

demonstrated by Nicolaou's group!® as previously described,
because such a cyclization is considered to be a key step in the
biosynthesis. Moreover, it is interesting to carry out a reaction
that contradicts Baldwin’s rules of cyclization reactions.l”! The
next problem is how to synthesize the polyepoxide precursor II
made up of a single carbon chain. In a proposal for the biosyn-
thesis of brevetoxin B, it has been suggested that the hypotheti-
cal building block of the tetrahydropyran rings of brevetoxin B
may be a three-carbon unit derived from a succinate or its equiv-
alent (Figure 2).121 This suggestion inspired us to atiempt to

S: succinate or equivalent
HMG: hydroxymethylglutarate
P: propionate or equivalent
A: acetate

KG: a-keto glutarate

Figure 2. Hypothetical building blocks of brevetoxin B.

mimic nature by using the coupling reaction of the oxiranyl
anion 111 as a three-carbon building block. This new approach
is very challenging because the reaction of epoxides as a nucleo-
phile is uncommon while epoxides are widely recognized as ex-
tremely useful electrophiles.

Based on this concept, a synthetic reagent corresponding to
the oxiranyl anion HI was sought. Oxiranyl anions have been
known as extremely unstable intermediates, but several methods

Chem. Eur. J. 1997, 3, No. 6
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for generating the anions have been reported : deprotonation of
epoxides having an anion-stabilizing group such as silyl,'?2! sul-
fonyl,"** and unsaturated functional groups.i?# desilylation of
epoxy silanes with fluoride.2%! desulfinylation of epoxy sulfox-
ides,'?®! and transmetalation of trialkylstannyl-substituted
epoxides.?”! By considering the synthetic potential for further
chemical transformations, sulfonyl-stabilized oxiranyllithium
33 was chosen, which could be easily generated from 32 by
deprotonation with n-butyllithium.[23

A general strategy for constructing a tetrahydropyran ring is
shown in Scheme 8. Alkylation of the anton 33 with a suitable
electrophile would give the substituted epoxy sulfone 34. Theo-

!::.’>

SOgPh

I
T

32 M=H
33 M=Li 34 35

Scheme 8.

refically, epoxide 34 could suffer ring closure through the 5-exo
or 6-endo mode of cyclization leading to a tetrahydrofuran or a
tetrahydropyran system, respectively; however, the electron-
withdrawing ability of the sulfonyl group would work against
the adjacent C—O bond breaking in an acid-catalyzed epoxide
ring-opening process and, consequently, favor the endo-mode
pathway to give tetrahydropyranone 35 after elimination of
phenylsulfinic acid. This idea is complementary to that of the
n-orbital-assisted 6-¢ndo cyclization developed by Nicolaou et
al.te!

Regioselective activation and protection of the starting
monocyclic diol 36 as triflate 37 were carried out using a one-pot
process (Scheme 9). The coupling reaction of 37 and oxiranyl-
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lithium 33 is a major hurdle in our strategy, because a sulfonyl-
stabilized cis-oxiranyl anion is very unstable even at —105°C as
reported by Jackson et al.1?3! The crucial C—C bond formation
was smoothly performed by treating a mixture of epoxy sulfone
32 (1.7 equiv) and triflate 37 (1.0 equiv) with n-butyllithium
(1.7 equiv) at — 100 to —90°C for 30 min to afford 38 in high
yield. This procedure effectively minimizes the decomposition of
the unstable oxirany] anions.?8! Desilylation of the secondary
alcohol and the following key cyclization reaction were accom-
plished in one step by treatment of 38 with p-toluenesulfonic
acid to give the bicyclic ketone 39 as a single isomer. It is note-
worthy that other stereoisomers with respect to the epoxy sul-
fone moiety did not cyclize under the various acidic conditions.
The reduction of 39 with sodium borohydride (selectivity 97:3)
followed by deprotection provided the bicyclic diol 40, from
which point the original steps can be repeated. A tetracyclic
product 43 has been obtained from a monocyclic template 36
using three iterations of this five-step synthesis sequence

The advantages of using the sulfonyl-stabilized oxiranyl an-
ion are threefold: efficiency of the C--C bond formation, con-
trol of the 6-endo mode of cyclization, and facilitation of the
secondary hydroxyl regeneration. The oxiranyl anion strategy
allowed the rapid construction of trans-fused tetrahydropyran
ring systems.

Oxiranyl anions are unique reactive nucleophiles and the cou-
pling reaction with electrophiles represents an extraordinary
means by which epoxides can be directly incorporated into or-
ganic molecules. Use of the functionalized oxiranyl anions as
synthons may be advantageous in other areas of organic synthe-
sis.
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Alkyne—Carbene Chelate Complexes of Chromium:
Arrested Intermediates in the Benzannulation Reaction and Precursors
of Densely Functionalized Centrosymmetric Chrysenes**

Frank Hohmann, Sabine Siemoneit, Martin Nieger, Sirpa Kotila and Karl Heinz Dotz*

Abstract: Tetracarbonyl-y2-alkyne—car-
bene chromium(o) complexes 3a—c stabi-
lized by a rigid C,-arene unit bridging the
alkyne and the carbene ligands were syn-
thesized from their pentacarbonyl precur-

termediates in the chromium-mediated
benzannulation reaction. Comparative X-
ray and '*C NMR studies indicate only
weak coordination of the alkyne, both in
the solid state and in solution. Decompo-

sors 2a—c by low-temperature photode-
carbonylation. The chelates 3a—c are the
first stable alkyne—carbene complexes
containing a Group VIB metal carbonyl
unit, and can be regarded as arrested in-

Keywords
alkyne complexes * carbene complexes
- chelates - chromium - chrysenes

OCH;

Introduction

. (COXCr
Fischer-type carbene complexes!®! have become valuable
reagents for stereoselective carbon—carbon bond formation
during the past 20 years.!”! One of the most important synthetic
transformations involves the reaction of unsaturated chromium
carbenes with alkynes, which generates densely substituted phe-
nols by sequential coupling of the alkyne, the carbene and one
carbonyl ligand at a [Cr(CO),] template (Scheme 1).1! This for-
mal [3+2+ 1] cycloaddition proceeds with considerable regio-
control provided that the alkyne substituents are distinctly dif-
ferent in size.I*] Generally, the phenol formation is the major
reaction path; however, depending both on the substrates and
the reaction conditions, additional varieties of cycloaddition
reactions have been observed as well.”*! The synthetic potential
of the benzannulation reaction has been demonstrated in natu-
ral product synthesis.[*! Support for the mechanism of this reac-

[*] Prof. Dr. K. H. Dotz, Dr. F. Hohmann, Dr. S. Siemoneit, Dr. S. Kotila*
Institut fiir Organische Chemie und Biochemie der Universitit Bonn C
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[**] Reactions of Complex Ligands, Part73; for Part72, see O. Kretschik,
M. Nieger, K. H. Détz, Chem. Ber. 1997, £30, 507.
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sition of chelates 3a—c as well as the ther-
mal decarbonylation of their pentacar-
bonyl precursors 2a—c¢ results in dimer-
ization of the alkynylcarbene ligands to
give densely substituted oxygenated chry-
sene derivatives. A modification of the
substitution pattern in the central chry-
sene rings results in a gradual distortion of
the arene system across the central C-C
arene bond.

OCH;

(COXCr

-CO i
Ry~ Rg

—_—

Scheme 1. Mechanism of the benzannulation reaction.
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tion has been provided by isolation and structural characteriza-
tion of presumed intermediates relevant to B and C!® as well
as by extended Hiickel molecular orbital (EHMO)™! and quan-
tum chemical calculations.!'® '*) From kinetic studies!*? it ap-
pears that the benzannulation starts with a reversible decar-
bonylation followed by alkyne coordination. The tetracarbonyl
alkyne carbene complex A is generally accepted as the first inter-
mediate:!' ¥ however, experimental efforts aimed at its isolation
or spectroscopic characterization have been unsuccessful so far.
This is due to a Jow barrier of activation of ca. 12 kJmol ™! for
the subsequent C--C coupling process (indicated by a density
functional theory (DFT) study!*®)), which arises from an alkyne
insertion into the metal—carbene bond to generate intermediate
B and controls the regioselectivity of the annulation reaction.
We anticipated that kinetic stabilization of the alkyne—carbene
complex intermediate should result from connecting the alkyne
and carbene ligands by a rigid C,-arene bridge. This strategy
resulted in the isolation of alkyne—carbene chelate complexes
containing the metals of the chromium triad.''* Subsequently,
we focussed our interest on chromium carbenes, which are
known for their unique role in metal-mediated cycloaddition
reactions. Here we report on their synthesis and molecular
structures as well as on a novel type of carbene dimerization that
allows a direct entry into a densely functionalized chrysene
skeleton.H' !

Results and Discussion

2-Alkynyl(phenyl)carbene complexes: The pentacarbonyl[2-
alkynyl(phenyl)carbene] precursors 2a—c¢ were synthesized fol-
lowing a slightly modified Fischer procedure!*>! starting from
2-alkynyl-1-bromobenzenes 1a—c, which are accessible from 2-
bromo-1-iodobenzene by a palladium-catalyzed coupling with
terminal alkynes™ ®! (Scheme 2). Low-temperature photodecar-
bonylation resulted in an intramolecular substitution of the
alkyne for a cis-carbonyl ligand to give alkyne—carbene chelates
3a-c. In contrast to their pentacarbonyl precursors 2a-c,
which, according to low-temperature NMR studies, exist as
pairs of (E)/(Z) isomers with respect to the carbene oxygen
bond, their tetracarbonyl chelate analogues 3a—c adopt the (Z)
configuration exclusively. This phenomenon may be a conse-
quence of increased stereoelectronic repulsion between the oxy-

Abstract in German: Durch Tieftemperatur-Photodecarbo-
nylierung der Pentacarbonyl-Vorstufen 2 a—c sind Tetracarbonyl-
n*-Alkin— Carben-Komplexe des Chroms 3 a— c zugdnglich, in de-
nen der Alkin- und der Carbenligand durch eine starre C,-Briicke
verbunden sind. Sie sind die ersten stabilen Verbindungen dieses
Komplextyps und stellen chelatstabilisierte Zwischenstufen der
Chrom-yermittelten Benzanellierung dar. Nach Rontgenstruktur-
und *3C-NM R-Untersuchungen ist das Alkin nur schwach an das
Metall koordiniert. Der Zerfall von 3a—c fiihrt ebenso wie die
thermische Decarbonylierung von 2a—c tiber eine Dimerisicrung
der Carbenliganden zu hochsubstituierten oxygenierten Chryse-
nen. Eine stufenweise helicale Verdrillung des Chrysengeriists liift
sich durch Modifizierung des Substitutionsmusters in den beiden
zentralen Ringen erreichen.

854 ——— € VCH Verlagsgesellschaft mbH, D-69451 Weinheim, 1997
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1- i {CO)sCr v
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R

la-¢ 2a-¢

Scheme 2. Synthesis of 2a--¢ and 3a—c¢. R = Ph (la, 2a, 3a}, #Pr (1b, 2b, 3b),
Si(CH;); (1¢, 2¢, 3¢). Reagents and conditions: i) #-BuLi, Et,O, 0°C:
i) [Cr(CO)g), 0°C — room temperature; iii) (CH,),OBF,, CH,Cl,; iv) hv.
Et,0, —40°C.

gen lone pairs and the [Cr(CO),] moiety;'* " in the tetracarbonyl
chelate complexes 3a—e the chromium is expected to possess a
higher electron density than in the pentacarbonyl species 2a—c.

The formation of the tetracarbonyl chelates is obvious from
the ¥._,, absorption pattern in the IR spectra. The *C NMR
spectra indicate only a moderate upfield shift (6(C=C) =103.1,
99.8 for 2¢; 6 = 96.5, 76.5 for 3¢) for the alkyne carbon atoms
upon coordination to the metal centre; this reveals that in 3a—c¢
the alkyne acts as an only weakly bound two-electron donor
ligand.['8 191

For further insight into the nature of the alkyne coordination,
the molecular structures of the trimethylsilyl analogues 2¢ and
3¢ were established by X-ray analysis (Figures 1 and 2, Table 1).
The characteristic feature of the alkyne—carbene chelates, a
weak coordination of the alkyne as indicated by NMR studies

Figure 1. Structure of 2c.

Figure 2. Structure of 3e.
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Table 1. Selected bond lengths, bond angles and dihedral angles of 2¢ and 3¢ (for
atom numbering see Figures 1 and 2).

Compound 2¢ Compound 3¢

bond lengths (pm}

C9-C10 121.7(9) Ccl1-C2 122.7(5)
Cr1-C1 198.8(6) Cr1-C9 205.0(4)
Cri-Cla 189.1(7) Cr1-C16 188.4(4)
Cr1-C1b 190.9(6) Cr1-C14 191.0(4)
Cr1-Clc 189.2(6) Cr1-C17 188.8(4)
Cr1--Ctd 188.8(8) Cr1-C15 182.9(4)
Cr1-Cle 188.7(8)
Cr1-C1 241.8(3)
Cr1-C2 234.8(3)
bond angles (7)
C9-C10-Si1 174.3(7) C2-C1-8il 157.2(3)
C10-C9-C8 177.2(7) C1-C2-C3 171.0(3)
C1-C3-C8 119.3(6) C9-C8-C3 114.7(3)
C3-C8-C9 120.7(6) C8-C3-C2 115.6(3)
dihedral angles (%)
Cr1-C1-C3-C8 -96.9 Cr1-C9-C8-C3 —20.3
C9-Cri-C1-C2 —231

in solution, also holds for the solid state: no significant elonga-
tion of the C=C bond (121.7(9) pm for 2¢ vs. 122.7(5) pm for
3¢) is observed as a consequence of the alkyne coordination; in
addition, the Cr—C,,,. distances (241.8(3) and 234.8(3) pm)
are as long as the W—C,,, . distances both in the analogous
alkyne—carbene tungsten chelate complex!'* and in the alkyne-
(pentacarbonyl)tungsten complex [(CO);W(PhC=CH)].2% In
these compounds, the W—-C_,, ... bond lengths are about 10%
longer than those encountered in comparable tungsten(o)—
alkyne complexes.’?!! One might argue that the rigid arene-C,
bridge prevents a more effective complexation of the alkyne;
however, ab initio calculations on model systems such as
[(CO),(HC=CH)Cr=CH,])"*" and [(CO),(HC=CH)Cr=C-
(C,H5)OH]" using pseudopotentials for chromium or DFT
methods gave similar metal—alkyne bond lengths. The weak
interaction between the alkyne and the chromium centre is fur-
ther reflected both by a trans effect observed for the trans-CO
ligand and the minor deviation from linearity in the alkyne
ligand. The Cr-CO,,,, distance (182.9(4) pm) is significantly
shorter than those for the remaining Cr—CO,_;, ligands (mean
value: 189.3 pm). This is a result of the fact that the alkyne
cannot compete successfully with the zrans carbonyl ligand for
backbonding from the metal. The alkyne substituents are only
slightly bent away from the metal (C2-C1-Sit: 157.2(3)° and
C1-C2-C3: 171.0(3)°). Obviously, the carbonyl ligand is a
much stronger r acceptor than the alkyne. The chelate forma-
tion is accompanied by a lengthening of the chromium —carbene
bond (205.0(4) pm for 3¢ vs. 198.8(6) pm for 2¢). This may be
a consequence of the strain in the chelate ring imposed by the
rigid C,-bridge.

Carbene dimerization to chrysenes: The alkyne—carbene chelates
3 are thermolabile and undergo a novel type of controlled de-
composition in solution at ambient temperature. For instance,
the densely substituted oxygenated chrysene 7b is obtained in a
formal carbene dimerization from the n-propyl complex 3b. The
thermal decarbonylation of pentacarbonyl complex 2b in re-
fluxing frert-butyl methyl ether affords the same product. Moni-
toring of the reaction by IR reveals that a Cr(CQO), complex 6b

Chem. Eur. J. 1997, 3, No. 6
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is formed as primary dimerization product, which undergoes
subsequent metal—arene cleavage (Scheme 3). A careful
workup procedure, however, allows the isolation of chromium-
coordinated chrysene which, after recrystallization from diethyl
ether, forms red crystals suitable for X-ray analysis.

OCH; OCH;

R R
€ayCr i ‘e Teneon ‘O
i, .
_ 4@ 9@
R 7 R R
OCH;z OCH;
2a-¢ 6a-c 7a-c

OCH;

Scheme 3. Synthesis of chrysenes 6a--¢ and 7a—c. R = Ph (2a, 6a. 7a), nPr (2b,
6b, 7b), Si(CH,), (2¢, 6¢, 7¢). Conditions: i) tBuOCH,, 55°C.

The tricarbonylchromium-complexed chrysene 6b as well as
the uncomplexed 7b were crystallized from diethyl ether. The
structures obtained by X-ray diffraction studies (Figures 3 and
4, Table 2) have a twisted aromatic skeleton owing to steric

Figure 3. Structure of 6b.

Figure 4. Structurc of 7b.
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Table 2. Selected bond lengths, bond angles and dihedral angles of 6b and 7b (for
atom numbering see Figure 3).

Table 3. Sclected bond angles and dihedral angles (%) of 8a (for atom numbering see
Figure 5).

Compound 6b Compound 7b

bond lengths {pm)

Cr1--Cda 230.0(4)

Cri-C1 219.2(4)

Cr1-C2 220.9(4)

Cr1-C12a 226.1(4)

Cr1-C4 218.9(4)

Cr1-C3 220.0(5)

bond angles (%)

C5-C6-Cha 123.8(4) 123.1(2)
Cdb-C5-C6 117.2(4) 118.6(2)
C6-C6a-C10a 118.0(4) 118.4(2)
C10a-C10b-C4b 118.2(4) 118.0(2)
C4b-C5-C5t 124.6 (4) 124.6(2)
C6-C5-C5t 117.8(4) 116.4(2)
C6a-C10a-C10b 118.9(4) 119.5(2)
C10b-C4b-C5 119.9(4) 119.3(2)
dihedral angles (%)

C4a-C4b-C10b-C10a —158.9 162.5
C4a-C4b-C10b-C11 2238 —19.0
C5-C4b-C10b-C10a 222 —19.9
C5-C4b-C10b-C11 —15641 157.8

repulsion between the substituents in positions 4, 5 and 10, 11.
The dihedral angle across the central carbon-carbon bond (C 5-
C4b-C10b-C11) amounts to 24° for the Cr(CO), complex 6b
compared with 22° in the uncoordinated analogue 7b. A larger
distortion (33°) is observed in chrysenedione 8a, which was
obtained by ether cleavage of 7a with trimethylsilyliodide fol-
lowed by oxidation in air (Scheme 4). The X-ray structure of 8a
(Figure 5, Table 3) shows a torsion angle of 33° across C9-C8-
C17-C18. The reduced conjugation in the central rings in 8a vs.
7b might explain this phenomenon.

OCH, 0

Ph
x Ph
T -
Ph

OCH; fe}

7a 8a

Scheme 4. Oxidation of 7a to 8a. Reagents and conditions: i) (CH,;);Sil, CH,Cl,,
room temperature, air, 79 h.

Figure 5. Structure of 8a.

856 ———— © VCH Verlagsgesellschaft mbH, D-69451 Weinheim,

C1-C2-C7 119.2(3) C8-C17-C18 119.2(3)
C2-C7-C8 118.0(3) C1-C18-C17 119.2(3)
C7-C8-C17 117.0(3) C2-C1-C18 117.7(3)
C17-C18-C19 124.7(3) C1-C18-C19 116.0(3)
C16-C17-C8-C7 —152.2 C9-C8-C17-C18 —1473
C9-C8-C17-C16 30.7 C7-C8-C17-C18 298

In order to test the scope and limitations of this unprecedent-
ed type of reaction we varied the substitution pattern at the
alkyne moiety. A trimethylsilyl group attached to the alkyne
terminus gave poor yields of chrysenes 6 ¢ and 7 ¢ under similar
conditions. The 'H NMR spectrum of the uncomplexed chry-
sene 7 ¢ is complicated by gearing effects between the neighbour-
ing groups that result in four signals for the methoxy group, two
resonances for the trimethylsilyl group and additional signals
for the aromatic protons at ambient temperature.

A possible mechanism for the chrysene formation (Scheme 5)
involves an equilibrium of alkyne—carbene complex monomers
3 and dimers 4. A double alkyne insertion into the chromium

OCH;

(CO)Cr
2

F
R

—
; - L J
4 5
OCH; OCH;
R R

9@ *
R

R
OCH; OCH;
6a-c Ta-¢
€D =Cr(COoy

Scheme 5. Suggested mechanism for chrysene formation.

carbene bonds in dimer 4—similar to the accepted mechanism
for the benzannulation—is expected to generate the central ten-
membered ring of 5 bearing two opposite metal carbene units.
A formal carbene dimerization accompanied by partial or com-
plete demetallation leads to the chrysene skeleton 6/7. Steric
strain in the aromatic skeleton seems to favour the loss of the
Cr(CO), fragment and haptotropic migration>¥ to the angular
ring.
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Alkyne—Carbene Complexes 853-859
Table 4. Experimental data for X-ray diffraction structure studies of 2¢, 3¢, 6b-0.5Et,0, 7b and 8a.

2¢ 3¢ 6b-0.5E(,0 7b 8a
formula C,4H,,CrO.Si C,.H,,Cr0.Si CyoH,sCrOs -0.5ELO  CrH,,0, CyoH 40,
M, 408.40 380.39 545.57 372.48 410.44
crystal system monoclinic monoclinic monoclinic monoclinic orthorhombic
space group P2, /n (no. 14) P2, /¢ (no. 14) P2, /n (no. 14) P2, /n (no. 14) Phea (no. 61)
afpm 1108.3(1) 827.8(1) 1543.2(2) 1147.0(1) 939.4(1)
b/pm 1069.8(3) 1518.5(1) 1194.4(3) 1582.8(1) 2089.0(2)
c/pm 1802.2(2) 1464.1(1) 1549.1(2) 1163.9(1) 2136.1(2)
B 106.54(1) 95.82(1) 103.09(1) 96.94(1) 90
Vipm? 2.0484(6) x 10° 1.8322(2) x 10° 2.7811 (9) x 10° 2.0975(3) x 10° 4.1919(7) x 10°
zZ 4 4 4 4 8

crystal size/mm?
Poaalgem™?

0.35%0.33x0.10
1.32

0.40 x 0.40 x 0.20
1.38

T/K 200(2) 200(2)

abs. coeff. /mm ™! 541 597

F(000) 840 784

scan type 20/w 20/w

Oax I° 60 60

index range 0<h<12 0<h<9
0<k<12 O<k<17
—20</<19 —-16<i<16

total reflns 3215 2920

unique reflns used in refinement 3039 2708

parameters/restraints 231/30 221/0

R, (for 1>2a(I)) 0.071 0.065

wR, 0.227 0.169

GoF on F? 1.09 1.06

0.30x0.20x0.10
1.30

0.68 x0.40x0.18
1.18

0.25x0.22x0.10
1.30

293(2) 293(2) 200(2)
3N 0.57 0.63

1148 800 1712
26/ 20/w 20/w

60 60 55
—17<h<0 —12<h<0 O0<h<9
—13<k=<0 0<k<17 0<k<22
—16</<17 —12</<13 —2<i<0
4291 3275 2626
4114 3098 2624
337/9 254/0 290/0
0.051 0.053 0.046
0.171 0.149 0.150
1.03 1.1 1.01

Experimental Section

All operations were carried out in flame-dried glassware under an atmosphere
of argon. Diethyl ether was dried over sodium hydride, dichloromethane,
tert-butyl methyl ether, n-hexane and petroleum ether over calcium hydride.
Acetone was reagent grade and was dried over molecular sieves. All solvents
were saturated with argon and stored over molecular sieves. Silica gel (Merck,
0.063-0.200 mm) was degassed under vacuum and stored under argon. 2-
Alkynyl-1-bromobenzenes 1a—c were synthesized by palladium-catalyzed
coupling reactions from commercially available 2-bromo-1-iodobenzene fol-
lowing a slightly modified literature procedure!*®! und purified by column
chromatography. Photochemical transformations were conducted with a
mercury high-pressure lamp (Heraeus). IR spectra were recorded on a Nicolet
Magna 550 spectrometer, NMR spectra on Bruker AMXS00, AM 400 or
AM 250 spectrometers. All chemical shifts are given relative to TMS as exter-
nal standard. HR-MS were determined on a Kratos MS-50 spectrometer.
Elemental analyses were carried out with an Elementaranalysator CHN-O-
Rapid (Heraeus).

X-ray data were recorded on an Enraf—Nonius CAD4 diffractometer (Cuy,
radiation, 4 =154.178 pm, graphite monochromator). The structures were
solved by direct methods (SHELXTL-Plus'?®!). The non-hydrogen atoms
were refined anisotropically; hydrogen atoms were refined with a riding
model (full-matrix least-squares refinement on F?, SHELXL-93124)). An ex-
tinction correction (6b, 7b, 8a) and an absorption correction on the basis
of ¥ scans (3¢, T, =0.322/0.771; 6b, T\ jmax = 0.464/0.929; 7Tb,

min/max
Trviomax = 0.798/0.913; 8a, T, = 0.534/0.858) or DIFABS!®3! (2¢) were

applied. In 2¢ the trimethylsilyl /group and in 6h the solvent were disordered.
Further details of data collection and structure refinement are given in
Table 4. The molecular diagrams were plotied with DIAMOND.'2%! Crystai-
lographic data (excluding structure factors) for the structures reported in this
paper have been deposited at the Cambridge Crystallographic Data Centre as
supplementary publication no. CCDC-1220-49. Copies of the data can be
obtained free of charge on application to The Director, CCDC, 12 Union
Road, Cambridge CB21EZ, UK (Fax: int. code +(1223)336-033; e-mail:
deposit@chemcrys.cam.ac.uk).

Synthesis of pentacarbonyljmethoxy(2-alkynylphenyl)carbenelchromium com-
plexes (2b, 2¢): n-Butyllithium (11 mmol, 6.9 mL of a 1.6 M solution in hex-
ane) was added dropwise to a solution of 2-alkynyl-1-bromobenzenes 1b-¢
(10 mmol) in diethyl ether (30 mL) at 0°C. The mixture was stirred for 1 h,
hexacarbonylchromium (11 mmol, 2.42 g) was added, and the solution was
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allowed to warm to ambient temperature over 1 h. The solvent was removed
under reduced pressure, and the residue was dissolved in dichloromethane
(20 mL). Trimethyloxoniumtetrafluoroborate (11 mmol, 1.63 g) was added
and the suspension was stirred for a further 1-2 h. The solvent was removed
and the product was purified by column chromatography (silica gel, —10°C,
n-hexane or petroleum ether/diethyl ether 8:1).

Pentacarbonyl{methoxy(2-pentyn-1’-ylphenyl)carbene|chromium(o)  (2b):[27)
Yield: 2.38 g (63%), dark red oil. '"HNMR (500 MHz, CDCl,, 298 K):
6 =7.8-6.6 (m, 4H, Ar-H), 5.29* (the asterisk (*) denotes the signals of the
(Z) isomer), 4.43, 4.41, 4.26 (brs, 3H, OCH,), 2.44* (1, 2H, 3JH'H =7.4 Hz,
-CH,~CH,"), 1.66 (brs, 2H, -CH,~CH,-), 1.45* (sxt, 2H, 3J, ,, =7.4 Hz.
-CH,-CH,~CH,), 1.33 (brs, 2H, -CH,~CH,-CH,), 1.00* (t, 3H,
Shyw=T74Hz, -CH,-CH,), 0.93 (m, 3H, -CH,—-CH,): 'HNMR
(500 MHz, CDCly, 233 K): 0 = 8.0-6.3 (m, 4H, Ar-H), 5.31*, 5.00, 4.81,
4.50,4.47,4.43,4.32,398 (s,3H, OCH,),2.41 (1,2H, 3.1,_,' w=74Hz -CH,-
CH,-), 1.8-1.1 (brs, -CH,~CH,-, -CH,~CH,-CH,), 1.02* (m, -CH, -
CH,), 093 (m, -CH,-CH,); 3C NMR (125 MHz, CDCl;, 298 K):
0 = 355.9, 355.1, 354.5 (Cr=C), 224.0, 223.7, 223.4 (CO,,..), 216.2, 216.1,
2159 (CO,,), 154.6 (br), 151.3 (C1), 141.7-139.2 (br, C2), 133.8-126.5
(26 signals, Ar-C), 123.2, 120.5 (br), 110.3 (Ar-C}, 67.0, 66.9, 66.7 (OCH,),
33.1,32.8, 32.5 (br), 32.1, 29.6 (-CH, - CH,—CH,), 22.8 (-CH,~CH,-), 13.8
(-CH,-CH,); "*C NMR (125 MHz, CDCly, 233 K): & = 360.1, 358.5, 357.7,
354.8, 354.6, 354.5, 354.4, 353.5 (Cr=C), 225.0, 224.9, 224.0, 2239, 223.8
(CO,,.y)- 2164, 216.3, 216.2, 216.1, 215.9, 215.7, 215.5, 215.2, 214.9 (CO_,),
155.0, 154.9/154.5, 154.3, 151.3, 150.6, 149.6 (C1), 142.1, 141.1, 140.8, 140.7,
140.1, 139.8, 139.4, 139.3 (C2), 134.5-126.0 (26 signals, Ar-C), 126.0, 125.4,
123.4,121.3,119.5, 117.8, 117.7 (Ar-C), 67.9, 67.8, 67.7, 67.6, 67.4, 67.1, 66.8,
65.4 (OCH,), 33.9, 33.0, 32.9, 32.2, 30.6, 30.0, 29.7, 29.2 (-~ CH,~CH,~
CH,), 23.1, 23.0, 22.9 (-CH,-CH,-), 14.7, 14.6, 143, 14.3 (-CH,- CH,);
FT-IR (petroleum ether): ¥ = 2066 [m, (C=0), Al], 1954[s, (C=0), E}, 1941
[sh, (C=0), A}lem™!; MS(FD): mjz (%): 378 (6) [M*]; C 4H,,0,Cr
(378.3): caled C 57.15, H 3.73; found C 57.13, H, 3.62.

Pentacarbonyl{methoxy(2-trimethylsilylethynyiphenyl)carbene|chromium(o)

(2¢): Yield: 3.26 g (80%), dark red solid. M.p. 62°C; 'HNMR (250 MHz,
CDCl,, 298K): 6 =7.48 (d, 1H, *Jy 4y =77 Hz, Ar-H), 7.41 (dd, 1H,
wu=77THz, *Jy,=72Hz, Ar-H), 725 (dd, 1H, %J,,=77Hz,
3Jyn =72 Hz, Ar-H), 6.99 (d, 1H, 3y =72 Hz, Ar-H), 424 (s, 3H,
OCH,), 0.27 (s, 9H, Si(CH;);); 'HNMR (250 MHz, [DJacetone, 233 K):
0 =7.60-7.00 (m, 4H, Ar-H), 5.08* (the asterisk (*) denotes the signals of the
(Z)isomer), 4.22 (s, 3H, OCH,), 0.20*, 0.18 (s, 9H, Si(CH,),); ratio (OCH,)
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(EY(Z)* = 2:1: '3C NMR (125 MHz, CDCl,, 298 K): 6 = 353.3 (Cr=C),
224.6 (CO,,,), 2158 (CO.). 132.7 (Ar-C2), 128.4 (Ar-C), 127.8 (Ar-C),
121.2 (A1-C), 112.3 (Ar-C), 101.4 (C=C), 98.8 (C=C), 65.3 (OCH,), —0.45
(SI(CH,),); 13C NMR (62.5 MHz, [DJacctone, 223 K): § = 355.1%/354.2
(Cr=C), 226.3, 225.6* (CO,,,..). 217.3,216.8* (CO,,), 158.7%, 154.5 (Ar-C 1),
133.5 (A1-C), 130.6, 129.8* (Ar-C), 129.6 /129.3* (Ar-C). 123.1%, 122.1 (Ar-
C), 114.0%, 112.2 (Ar-C2), 103.1*, 102.2 (C=C), 101.2, 99.8* (C=C). 70.0*,
67.5 (OCH,), 0.19%/ — 0.04 (Si(CH,),): FT-IR (petroleum cther): ¥ = 2161
[w. (C=C)], 2067 [m, (C=0), Al], 1993 [w, (C=0), B,], 1963 [sh, (C=0),
A2, 1955 [s, (C=0), Ejem™'; MS (El: mjz (%): 408 (3) [M "]
C,4H,,OSiCr (408.4): caled C 52.94, H 3.95; found C 53.03, H 4.08.

Tetracarbonyl[methoxy(2-pentyn-1’-yIphenyl)carbenejchromium(o) (3b): A so-
lution of 2b (6.2 mmol, 2.35 g} in diethyl ether (80 mL) was cooled to —40°C
and irradiated for 2 h while a light flow of argon was bubbled through the
solution. In the course of the reaction the colour of the solution turned from
red to brown. Then the solvent was removed under reduced pressure
at - 30°C. Purification of the product by repeated crystaltization from ace-
tone between —30°C and —78 °C yielded 1.17 g (52%) of black crystals.
'"HNMR {250 MHz, [DJacetone, 223 K): 6 =7.9-7.0 (m, 4H. Ar-H). 4.97
(brs, 3H, OCH,), 2.97 (brs, 2H, CH,~-CH,), 1.82 (brs, 2H; CH,-CH -
CH,), 1.05 (brs. 3H, CH,~-CH,); "*C NMR (62.5 MHz, [DJacetone,
223 K): 0 = 336.8 (Cr=C), 232.0(CO,,,,), 228.4 (CO,,.0). 214.6 (CO,, ).
1571 (C 1), 134.1 (C2), 131.7, 1289, 127.3, 116.6 (Ar-C), 79.4 (C=C(), 68.3
(C=(), 66.8 (brs, OCH,). 22.0(CH,-CH;), 11.9(CH,- CH;); (CH;~CH,)
not observed; FT-IR (n-hexane): ¥ = 2024 [m, (C=0). A}], 1948 [s, (C=0),
A2 1931 [s. (C=0), B,], 1894 [m, (C=0), B,]Jcm " '; MS (FAB, mNBA):
miz (Y): 350 (10) [M *]; C,,H,,0,Cr (350.3): caled C 58.28, H 4.03; found
C 58.09. H 4.10.

Tetracarbonyl[methoxy(2-trimethylsilylethynylphenyl)carbene]chromium(o)
(3¢): The title compound was synthesized from 2¢ as for the preparation of
3b. Yield: 1.77 g (75%). black crystals. '"HNMR (250 MHz, [DJacetone,
223K): 6 =7.90(d, 1H, *J,y ,, =7.3 Hz, Ar-H), 7.65 (m, 2H, Ar-H). 7.50 (t,
{H, 2], w =7.3 Hz, Ar-H), 5.00 (s, 3H, OCH,), 0.50 (s, 9 H, Si(CH,),); 1°C
NMR (62.5 MHz, [Dglacetone, 223 K): é = 336.3 (br, Cr=C), 2334
(CO, 0. 2288 (CO,,,). 214.1 (CO,,_..), 158.5 (C1), 133.3 (C2). 131.8,
1292, 128.2, 116.6 (Ar-C), 96.5 (C=C), 76.5 (C=C), 66.7 (OCH,), —1.9
(Si(CH,),): FT-IR (n-hexane): ¥ = 2029 [m, (C=0), A]], 1948 [s, (C=0),
A3], 1935 [vs, (C:=0), B,]. 1890 s, (C=0), B,Jem ™ !; C,,H,,0,Cr (352.3):
caled C 53.68, H 4.24; found C 53.30, H 4.43.

1.2,3,4,4a,12 a-n%-Tricarbonyl(6,12-dimethoxy-5,11-diprop-1’-ylchrysene)-
chromium(o) (6b) and 6,12-dimethoxy-5,11-diprop-1’-ylchrysene (7b): A solu-
tion of 2b (4.5 mmol, 1.71 ) in f-butyl methyl ether (20 mL) was heated
under reflux for 2 h. After removal of the solvent under reduced pressure, the
reaction mixture was scparated by column chromatography (silica
gel, —10°C, dichloromethane/n-hcxane 6:1). The first fraction gave 0.25 g
(15%) of recovered carbene complex 2b. The subsequent red band yielded
0.60 g (60 %) of a red solid containing chrysenc complex 6b and the uncoor-
dinated chrysene 7b in a 1:1 ratio (according to NMR). Complex 6b was
purified by crystallization from diethyl ether upon slow cooling to —20°C.
Decomplexation: A mixture of 6b and 7b was dissolved in acetone/ethanol
and the solution was stirred in air at room temperature for 3 h. The decom-
plexation was monitored by TLC. The solvent was removed, the residue was
adsorbed on silica gel and purified by chromatography with dichloro-
methane/n-hexanc as eluents.

Complex 6b-0.5Et,0: M.p. 95.5-96.0"C; 'HNMR (400 MHz. C.Dq):
§ =823 (d. 1H, *J, y=84Hz, H10/H7). 8.13 (d. 1H, >/ = 8.0 Hz,
*Jyy =1 Hz, H1/H10), 7.33 (m, 1H, H8/H9), 7.22 (m, H9/HR). 6.44 (d,
1H. 3J, , = 6.3 Hz, H1/H4, Ar-H), 6.02 (d. 1H, *J; = 6.0Hz, H4H1,
Ar-H), 4.82 (m, 2H, H2/H3, Ar-H), 3.50 (s, 3H, OCH,), 3.49 (s, 3H,
OCH,),3.22 (m.2H, -CH,~CH,-), 3.07 (m, 2H, -CH,~CH,-), 2.11 (m, 1 H,
-CH,-CH,-CH,), 1.97 (m, 2H, -CH,- CH, - CH,), 1.77 (m, 1 H, -CH, -
CH,-CH,), 1.02 (t, 3H, 3}, =73Hz, -CH,-CH,), 086 (t, 3H,
3y w =73 Hz. -CH,-C#H,;). Additional signals due to dicthyl ether:
8 =3.25(q, 2H), 1.12 (t, 3H); "*C NMR (75 MHz, C;Dy): ¢ = 232.6 (CO),
153.8, 151.1 (COCHj,), 131.0, 130.4, 129.0, 127.9, 126.9, 126.7, 124.9, 122.5,
104.0. 98.7, 91.9, 90.3, 89.0, 85.7 (Ar-C), 60.5, 59.9 (OCH,), 22.9, 31.9
(-CH,- CH,-CH,),23.9,23.2(-CH,-CH,-CH,), 144,141 (-CH,~CH,-
CH,). Additional signals due to diethyl ether: ¢ = 65.5, 15.2; C5,H,,04 ;Cr
(545.2): caled C 68.24, H 6.10; found C 67.84, H 5.88.

858 I & VCH Verlagsgesellschaft mbH, D-69451 Weinheim, 1997

Chrysene 7b: R; = 0.55 (SiO,, hexane/Et,0 4:1); 'HNMR (250 MHz,
CDCly): 6 = 8.37(d, 2H, *Jy y = 8.3 Hz, Ar-H), 8.18(d. 2H, *J, ,y =7.7 Hz,
Ar-H), 7.60 (m, 2H, Ar-Hj}, 7.51 {(m, 2H, Ar-H), 3.90 (s, 6H, OCH;), 3.22
(m, 4H, -CH,~CH,), 2.03 (m, 4H, -CH,-CH,-CH,), 1.12 (1, 6H,
3y =73 Hz. -CH,-CH,); *C NMR (75 MHz, CDCl,): 6 =152.4 (C6;
C12),130.7,129.3,128.3,127.5,127.4, 127.0, 126.0, 124.4, 122.3 (Ar-C), 60.9
(OCH,), 329 (-CH,-CH,-CH,), 23.8 (-CH,-CH,-CH,), 147 (-CH,~
CH,—CH,;); FT-IR (KBr): ¥ = 3072 w, 2956 vs, 2931 5, 2873 m, 284G m, 1737
w, 1698 w, 1647 m, 1583 m, 1518 m, 1473 m, 1371 s, 12425, 1133 5, 1101 s,
1011 m, 767 scem ™~ '; HR-MS (EI): caled for C, H,,0, (372.5): 372.2089.
Found: 372.2092 (100%., M *).

5,11-Diphenylchrysene-6,12-dione (8a): Trimethylsilyliodide (3.30 mmol,
0.66 g) was added to a solution of 7al'¥ (0.84 mmol, 0.37g) in
dichloromethanc (3 mL). After stirring for 79 h at ambient temperature the
solvent was removed and the product was purified by column chromatogra-
phy (silica gel, dichloromethane/n-hexane 1:1). Yield: 0.17 g (50%), orange
solid. M.p. 247--248°C; '"H NMR (400 MHz. CDCl,, 294 K}): § =38.13 (d,
2H, *J;, 4 =77Hz), 7.38 (m, 8H), 7.19 (m. 4H), 7.15 (1d. 2H,
hw=77Hz, 4 4 =13Hz), 6.93 (d, 2H, *J; 4 =7.7Hz); >°C NMR
(62.5 MHz, CDCl,, 294 K): § =185.1 (C=0), 141.9. 138.1, 135.8, 135.0.
131.6,131.2,131.0, 130.2, 129.5. 128.6, 126.9 (Ar-C); FT-IR (KBr): ¥ = 3068
w, 1644 vs, 1597 m, 1331 m, 1309 m, 1293 m, 1118 w, 1076 w, 757 w, 720 w,
700 wem™'; HR-MS (EID): caled for C50H,,0, (410.1): 410.1307; found
410.1310 (100%, M *).
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C—H Bond Activation and C—C Coupling of Alkenyl and Olefin Ligands

Ysaias Alvarado, Olivier Boutry, Enrique Gutiérrez, Angeles Monge, M. Carmen Nicasio,
Manuel L. Poveda,* Pedro J. Pérez, Caridad Ruiz, Claudio Bianchini and Ernesto Carmona*

In Memory of Professor Sir Geoffrey Wilkinson

Abstract: The bis(ethene) complex [Tp*Ir-
(C,H,),] (1*%) (Tp* = tris(3,5-dimethyl-
1-pyrazol-1-y)hydroborato) undergoes
thermal rearrangement to the hydrido-
allyl complex [Tp*IrH(53-C,H Me)} (6%),
through the intermediacy of the hydrido—
vinyl complex [Tp*IrH(C,H ¥ C,H,}]
(2*). The overall conversion of 1* into 6*
corresponds formally to the dimerisation
of ethene by an unprecedented pathway
that involves sequential C—H bond acti-
vation of a coordinated olefin molecule

the resulting vinyl and ethene moieties.
Similar transformations have been ob-
served for monosubstituted olefins like
propene and 1-butene, while the internal
alkene cis-2-butene experiences allylic ac-
tivation of an sp® C—H bond, which pro-

Keywords
alkene complexes - allyl complexes -
C-H activation *+ C-C coupling -
iridium

vides an alternative route to 6*. The ex-
tension of these investigations to the
analogous complexes of the unsubstituted
tris(pyrazolyDhydroborato ligand Tp is
also reported. Mechanistic studies on the
formation of the C-C bond by coupling
of the vinyl and the olefin ligands suggest
the participation of a vinylidene complex
(formed by a-H abstraction from the vinyl
group), which then rearranges to an allene
species. Evidence for the involvement of
these and other key rcaction intermediates

and C—C bond formation by coupling of

Introduction

The transition metal mediated transformations of olefinic sub-
strates are very important processes in the field of applied
organometallic chemistry.[! One of the basic reactions an
alkene can undergo when exposed to a transition metal centre is
the activation of its vinylic C—H bond to give a hydrido-vinyl
species. Early work by Stoutland and Bergman'® on the reac-
tion of C,H, with the iridium fragment {Cp*Ir(PMe,)} (Cp* =
C Mey; thermally generated from [Cp*IrH(C,H, }PMe;)])
showed that vinylic activation does not require the intermediacy
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is provided.

of a m-olefin complex (Eq. (1), Scheme 1). Three different path-
ways (a, b and c¢) were disclosed in this study, the first two
leading respectively to the hydrido—vinyl and the n-olefin prod-
ucts; the third pathway allows the high-temperature conversion
of the former into the latter, which therefore is the thermody-
namic isomer.
To our knowledge, the above is a general observation for
mononuclear M—C,H, complexes,’®! the only exception being
[ &
\H
lc

[Cp*Ir(PMe3)] = [Ir] + CoHy
n-|

“\/" H
B

O S,
N 100 °C \Irf<N @)
>/ OC X :
PlPri3
ICi(PPri3)2 + CH2=CHC(O)OMe ——— /llr\m‘b M @
e
PPri3

Scheme 1. Reaction of alkenes with Ir complexes.
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the complex [Tp > M°Ir(C,H,)CO)], which converts irre-
versibly™ at 100°C into the hydrido vinyl [Tp“"*M<IrH-
(C,H,)(CO)] (Eq.(2), Scheme 1; Tp®F*Me = tris(3-trifluoro-
methyl-5-methylpyrazol-t-yhhydroborato ligand). In agree-
ment with previous studies by Werner and associates'®* on the
activation of CH,=CHCO,Me (Eq. (3), Scheme 1), Graham*!
proposed that the stabilisation of the hydrido—vinyl element
was achieved by coordination of the third pyrazolyl ring of the
tris(pyrazolyl)borato ligand.'®! Later studies on other Ir com-
plexes seemed to support this view.!>] Not unexpectedly, olefins
bearing heteronuclear substituents are more prone to vinylic
aclivation, particularly when the heteroatom can act as an aux-
iliary ligand.F* 71 The application of this strategy seems increas-
ingly important in organic chemistry,'®! inasmuch as it can also
be associated with the facile C—H activation of olefins, includ-
ing ethenc, in binuclear systems.®!

We have briefly reported' % that the bis(ethylene) complex
[Tp*Ir(C,H,),] (1%) (Tp* = TpM*2 = tris(3,5-dimethylpyrazol-1-
ybhydroborato ligand) rearranges, both thermally and photo-
chemically, into the isomeric hydrido—viny! complex [Tp*IrH-
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Scheme 2. Rearrangement of bis(ethylene) complex 1* ([Ir]* = Tp*Ir in all Schemes
below).

(C,H,}C,H,)] (2*) (Scheme 2), which in turns converts into the
hydrido-crotyl [Tp*IrH(#3-C,H,)] (6%). We now document
that, contrary to prior expectations based on Graham's re-
port,'! this occurs without change in the hapticity of the Tp*
ligand. In addition, we fully address the thermal transformation
of 1* into 6* in a process that formally corresponds to the dimeri-
sation of ethene through a transition metal—-cthene--vinyl inter-
mediate. The catalytic dimerisation of olefins has been proposed
to involve: 1) an M—H complex which undergoes initial C,H,
insertion in the so-called insertion— f-elimination process:['!!
2) the participation of a metallacyclopentane intermediate;!*!
3) photochemical vinylic activation on binuclear species'**! or
functionalised olefins such as acrolein.”*#! Tn the present case, the
crucial step of the dimerisation reaction is the coupling of the
vinyl and the ethene ligands to generate a four-carbon chain
coordinated to the metal centre in an allylic fashion. At variance
with a related, ruthenium-induced coupling reported previous-
Iy,1t3] this is proposed to proceed through a vinylidene species
resulting from an o-H elimination from the Ir-CH=CH, ligand.

Results and Discussion

Synthesis and structural characterisation of [ Tp*Ir(C,H,),] (1%),
[Tp*IrH(C,H,)(C,H,) (2%) and [Tp*IrH(y*-C,H,)] (6*): The
bis(ethene) complex [TpIr(C,H,),] (1), which contains the un-
substituted tris(pyrazolyl)hydroborato ligand Tp, was prepared
several years ago independently by the groups of Oro'® and
Crabtree*” In an analogous low-temperature reaction of
[{Ir(u-Cl)(coe),},] (coe = cyclooctene, C,H,,) with C,H, and
KTp#*, the related species [Tp*Ir(C,H,),] (1*) was obtained in
approximately 70% yield, in the form of a white microcrys-
talline solid [Eq. (4)]. Compound 1% exhibits relatively low
1) CaHa, —20°C, THF

[{Ir(s-Cl)(coe), },] 2) KTp*

[Tp*Ir(C,H,),] 4
l*

thermal stability, both in solution and as a pure solid, and has
good solubility properties in C,H,, Et,O, THF and CH,CI,,
but it is sparingly soluble in C;H,,. Extensive decomposition is
observed in CHCI; at 20°C after 2—-3 hours, while dissolution
in CH,CN and DMSO requires heating at 60 °C and is accom-
panied by chemical transformation (sec below). In the solid
state, 1* can be manipulated in air for short periods, but due to
its long-term instability it must be stored under N, at tempera-
tures of around 0°C. Simultaneously to our work,['* complex
1* was independently prepared by Venanzi and co-workers.!'®!
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Variable-temperature NMR studies show 1* to be a highly
fluxional molecule. The 'HNMR spectrum recorded at 20°C
(CD,) shows two sharp singlets for the Me groups of the Tp*
ligand at & = 2.11 and 2.39, indicating equilibration of the envi-
ronments of the three pyrazolyl rings. In the **C{'H} NMR
spectrum (C,D,), the C,H, carbon nuclei appear at ¢ = 26.2
("J(C,H) =154 Hz). This chemical shift is very close!! " to that
reported for 1 (¢ = 29.5 in CD,Cl,) and this, and other similar-
ities in the spectroscopic properties of the two compounds, may
be taken as being indicative of identical solution structures.
Dissolution of C,H, does not alter the 'H and *C{'H} NMR
spectra of 1*; hence, no intermolecular exchange of ethylene
seems to be taking place on the NMR timescale.

While the above and other data obtained for 1* are in accord
with the proposed formulation, distinction between the two pos-
sible limiting structures, namely, 4-coordinate, 16-electron
square-planar (n>-Tp* ligand) and five-coordinate, eighteen-

electron trigonal-bipyramidal for-
H N mulations (A and B, respectivcly)

N\ B

seems unattainable in the absence

B
TN
N/ \N Hg’ T of further information. In con-
\Ir/ QN "—y trast with the analogous complex-
\\\/ Y/ N/\// es of the cyclopentadienyl-type

ligands, Rh' and Ir" derivatives of
A B the  tris(pyrazolyhhydroborato
ligands can be found to exhibit
either type of structure. Moreover, the two can coexist in rapid
equilibrium or even experience more complex situations !
Since this question is of fundamental importance in connection
with the C~H activation studies to be discussed below, it has
been pursued further with the following results. Treatment of
the starting complex [{Ir(;-Cl)(coe),},] with the bidentate lig-
and KBp* (Bp* = bis(3,5-dimethylpyrazol-1-yl)dihydroborate)
under the conditions for the formation of [Tp*Ir(C,H,),] did
not afford any isolable complex; extensive decomposition took
place instead at room temperature. In the solid state, molecules
of 1* have a distorted trigonal-bipyramidal structure (B), as
revealed by single-crystal X-ray studies to be discussed below.
Finally in this regard, in the '*C{*H} CPMAS spectrum of a
solid sample of 1%, the *3C nuclei of the Tp* ligand give rise to
two sets of resonances with intensity ratio 2:1, while the ethenc
carbons resonate as broad signals at o6 = 48 and 5; the average
of these two values is close to the singlet resonance in the
3C{'H} NMR solution spectrum. From all these data it is clear
that complexes 1 and 1* have the five-coordinate ground state
structure B, both in solution and in the solid state.

As already mentioned, a single-crystal X-ray analysis of 1*
demonstrates the tridentate coordination of the Tp* ligand. Fig-
ure 1 shows an ORTEP view of the molecules of this compound;
crystal data and important bond lengths and angles arc collected
in Tables 1 and 2, respectively. The five-coordinate, eighteen-
electron iridium centre has a distorted trigonal-bipyramidal
environment, which is made up of the terdentate Tp* fragment
and the two n°-bound molecules of ethylene. The equatorial plane
of this coordination polyhedron contains two of the N atoms of
the tris(pyrazolyl)borato group (N 12 and N22) as well as the
carbon atoms of one of the ethylene ligands (C3 and C4). The
three Ir—N distances are equal within the experimental limits of
detection (2.16(1) A, av.), and the three N-Ir-N bond angles of
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Figure 1. ORTEP drawing and atom labelling scheme of compound 1*.

Table 1. Crystal and refinement data for complex 1%,

formula C,oH;oN Blr

molecular weight 545.5

crystal system orthorhombic

space group P2.2.2,

a, 7.941(4)

b, A 13.402(6)

o A 19.045(3)

o 90

£ 90

F 90

V4 4

v, A> 2027(1)

Peuteas M 1.79

F(000) 1072

T. K 173

diffractometer Enraf-Nonius

radiation graphite-monochromated
Moy, (4 = 0.71069 A)

W(Moy,), em ! 65.8

crystal dimensions, mm 02x0.1%x0.1

20 range, " 1-60

scan technique (20

scan speed, “em ! 1.50-16.48

data collected (0.0,0) to (11,18.26)

unique data 3305

observed reflections 2521

decay <4%

standard reflections 3/84

weighting scheme unit

R =TS |A*F|/S|F)] 4.0

Rw = (Tw|A2F| /X w|F| 22 4.4

maximum shift/error 0.5213

absorption correction range 0.81-1.19

Table 2. Selected bond lengths (A) and angles (°) for complex 1%,

Ir-C1 2.16(1) Ir-N22 2.47(1)
Ir-C2 245(2) Ir-N32 2.15(1)
Ir-C3 2.08(2) C1 C2 1.37(2)
Ir C4 2.04(2) C3-C4 1.47(2)
Ir-N12 247(1)

N12-Ir-N22 89.9(4) N32-Ir-C1 161.3(5)
N12-1r-N 32 80.2(4) N32-1r-C2 160.4(5)
N22-Ir-N 32 81.9(4)

89.9(4), 80.2(4) and 81.9(4) fall in the range usually observed
for trihapto-bonded hydrotris(pyrazolyl)borato ligands.[1® 18!

The terdentate nature of the Tp* moiety of 1* forces the two
C,H, molecules to occupy the remaining equatorial and axial
positions of the distorted trigonal bipyramid. The axial N
donor, N32, and the two carbons of the axial C,H, define a
plane which is almost perpendicular to the equatorial plane
(dihedral angle 95.8(5)). The C,H, ligands are arranged in
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such a way that their axes are parallel to one another. A similar
arrangement has been found in the somewhat related complex
[(7°-C H)RK(C,H,),], whose structure has been determined
by gas-phase electron diffraction,[?®! while in the cationic Ir!
complex [Ir(C,H,),(PMe,Ph),]", the two olefins are equatorial
(structure C).F2!1 In the latter case, EHT calculations on the
model compound [Ir(C,H,),(PH;),]" reveal that conforma-
tions such as D and E, which have one C,H, axial and the other
equatorial, are higher in energy, owing to a combination of ¢
and w effects. In these studies E appears more stable than D
although the energy difference between the two is small.[?1]

T g

A P.. Pu.,

~ 'lrﬁp o '1“ — o "' —
P s =
c D E

The equatorial C,H, molecule appears to be somewhat more
strongly bonded to the Ir! centre than the axial ligand (av. Ir-C
bond distances 2.06(2) and 2.15(2) A, respectively). This is in
accord with the above-mentioned cal-
culations, which anticipate stronger
electron retrodonation to the equatori- "
al ethylene in structure D. In good \\\/ >/
agreement with this proposition, the
C1-C2 bond length (1.37(2) A) ap- 1=
pears to be slightly shorter than that
found for C3-C4 (1.47(2) A). In fact,
complex 1% reacts quite readily at
room temperature with phosphines to
give complexes of composition [Tp*Ir(C,H,)(PR )] in which the
ethylene ligand occupies the equatorial position.[*?) For the two
molecules of C,H, of 1* the C—-C double bond lengths (1.37(2)
and 1.47(2) A) are longer than in free ethylene (1.339 A),>3 but
compare well with corresponding bond lengths in [CpRh-
(C,H,),]?° and in [Ir(C,H,),(PMe,Ph),]BF,-0.5H,02! (av.
1.457(7) and 1.421(22) A, respectively). In the closely related
phosphine adduct [Tp*Ir(C,H,(PMe,Ph)}], in which the olefin
is contained in the equatorial plane,??! the Ir—C bonds and the
C—C bond also have similar lengths (2.08 (2) av. and 1.44(2) A,
respectively).

When a cyclohexane solution of 1* (60 °C) was gently heated,
a smooth transformation ensued (Scheme 2), which gave a mix-
ture of the hydrido—vinyl complex 2* and the hydrido—crotyl
complex 6*. The same sequence of events was observed in the
solid state, although higher temperatures (ca. 100 °C) were need-
ed to achieve reasonable reaction rates. Full characterisation of
2* was accomplished by *H and **C NMR studies of the reaction
mixture at moderate conversions. Nevertheless, an alternative
and more selective route to this complex was sought. The room-
temperature photolysis of C,H, solutions of 1* (Scheme 3) gave

hv, CgHg

{ir]* {Ir* . Uy
T e -~
X Yy o H/ 4 Hceﬁsy
1 2>

Scheme 3. Photolysis of 1*.
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a mixture of 2* and of the hydrido—phenyl complex
[Tp*IrtH(CH)(C,H,)]. Pure 2* was recovered from the mix-
ture by chromatography, albeit with considerable loss of
material. The use of other solvents (Et,O, CH,Cl,) did not
improve the yield of 2*. At the very late stages of this work we
found that complex 2* forms in almost quantitative yield when
frozen, diluted cyclohexane suspensions of 1* are irradiated
at —60 °C. Characterisation of this white microcrystalline solid
by NMR is straightforward (see Experimental Section) and
needs no further comment. It is worth pointing out that the
presence of several equivalents of C,H, does not have a negative
effect on the rate of the 1* to 2* rearrangement. This applies not
only to the thermal (C;D,, solution, NMR monitoring), but
also to the photochemical conversions. Therefore, the unsatu-
rated species {Tp*Ir(C,H,)} is an unlikely intermediate for this
C—H activation reaction.

The thermal conversion of 1* into 2* (Scheme 2) clearly indi-
cates that the latter is the thermodynamically preferred isomer.
However, this is only the first step in the thermal rearrangement
of 1*. Heating cyclohexane solutions of this compound at 60 °C
led to the gradual and irreversible formation of 6* (Scheme 4).

80°C

B e L N T | N N
H
H'(y eH12 H/>>f\) H/\&\MH/»\X
Me e Me
2* exo-anti-6* endo-syn-6* exo-syn-6*
20 : 2 : 1

Scheme 4. Thermal rearrangements of 1% and 2*.

Careful NMR monitoring of the course of reaction revealed the
intermediary role played by the hydrido—vinyl complex 2%,
which could be further demonstrated by the independent con-
version of isolated, pure samples of 2* into the same mixture of
hydrido—crotyls, under identical reaction conditions. In addi-
tion, a kinetic role of complex 1* in this C—C coupling reaction
could be discounted by PMe, trapping experiments (see below).
Complex 1* is highly reactive towards this phosphine at room
temperature, but none of the reaction products'>? were detected
upon thermolysis of pure 2* in the presence of this reagent. It is
worth mentioning at this point that all the hydrido—allyls de-
scribed in this paper display the NMR hydride signal at very
high field (in the range d = — 25 to —30). This allows them to
be distinguished from the hydrido—vinyl precursors, which res-
onate at lower fields (& —15to —20). This situation contrasts
with that found in the analogous Cp’ —Ir systems, where the two
kinds of compound exhibit very similar chemical shifts
(6=~ —15 to —20).12b-3.24

NMR characterisation of the various isomers of 6*
(Scheme 4) follows previous reports in the literature for
analogous complexes.[** 23] The anti and syn distribution of the
Me substituent can be readily ascertained from the values of the
J(H,H) coupling constants within the allylic moiety and also
from NOEDIFF measurements. The latter experiments, using
the Ir—H signal as a probe, additionally allow the exo or endo
configurations to be assigned.2¢ 27

The product ratio of Scheme 4 corresponds to the distribution
of the crotyl complexes under kinetic control. Prolonged heating
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(3 days) of this mixture at higher temperatures (C,H,,. ca
1207°C) yielded exclusively the endo—syn and exo—syn crotyls in
a 2:1 ratio (Scheme 5). The thermodynamic preference found
for the syn isomer is in agreement with data for most n-allyl
metal complexes.?® The 2:1 ratio in which the endo-syn and
exo—syn 6% form under kinetic control. although coincident
with the thermodynamic one, is not due to facile exo-endo
interconversion, since these species only start exchanging at an
appreciable rate at temperatures around 80 °C (Scheme 5). Evi-

80°C, CgH12

' _120°C i *I ’ =T
P CgH _ yay
H/ >f\> ez /7 \I7\M Keg=05 Bﬁ\\
Me e Me
exo-anti-6* endo-syn-6* exo-syn-6*

Scheme 5. Distribution of the crotyl complexes 6% formed under thermodynamic
control.

dence for this comes from the following observation: heating
compound 1* in the solid state at 100°C for 3—4 h yields the
mixture of crotyls shown in Scheme 4. However, when solid 1*
was heated additionally at 150 °C for 3 days, an all-syn endo-
6*:exo-6* ratio of ca. 9:1 was produced, and this equilibrated in
C H,, solution upon heating at 80°C.

Compound 6* is stable at room temperature in CDCI,. Heat-
ing these solutions at 60 °C resulted in chlorination at the hy-
dride site and concomitant formation of CHDCI,. The chloro
derivative [Tp*IrCl(syn-n3-C H,)] (7*) was produced as an ap-
proximately 3:2 mixture of endo and exo isomers (Scheme 6).

o, [If]*
6 so°C P }}7
cocly G 7
-Me
7*

Scheme 6. Reaction of 6* with CDCl,.

NMR monitoring of this transformation revealed that all the
isomers of 6* react at approximately the same rate in this trans-
formation, which effects smoothly the normally difficult anti—
syn conversion in these complexes.

Tp*Ir complexes derived from propene, I-butene and 2-cis-butene:
Inspired by the results described in the previous section and with
the additional purpose of gaining evidence relevant to the C-C
coupling of olefins and vinyl ligands, we sought to extend this
chemistry to the terminal olefins propene and 1-butene. The
reactions of [{Ir{(u-Cl)(coe),},] with these olefins and KTp*
(Scheme 7) yielded the olefinic C—H activation products as mix-

R
——/ 200¢c AT UAIR
[r(w-Ciicoe)aly ———— YR WS
KTp* ‘ lL
R/
R =Me trans-4a* 4b*(100,5) cis-4a* (10)

R =Et trans-5a* (> 90%)

Scheme 7. Reaction of terminal olefins with [{Ir(u-Cl)(coe),},] and KTp*.
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tures of the cis- and trams-alkenyl species in which the latter
clearly predominated. An undetected bis(olefin) compound is a
likely intermediate of these reactions. The trans and cis
stereomers can be readily distinguished by means of the *J(H,H)
coupling constant between the vinylic protons (ca. 16 Hz, trans;
10 Hz, cis). For R = Me, two frans stereomers 4a* and 4b*
were formed in a ca. 20:1 ratio. These might arise from the
coordination of the propene ligand through either of its enantio-
faces or, less likely, from restricted rotation around the Ir-—
propene bond. Since this aspect was of no relevance to the aims
and conclusions of this work, it was not pursued any further. In
a similar way, two cis stereomers were expected to form, but
only one could be detected. [ts 'HNMR data seems to be relat-
ed to that of the major trans isomer, and it was therefore given
an a label. Since the cis isomers are the less abundant, it appears
that the concentration of the cis-b isomer is beyond the limits of
detection by NMR. For the 1-butene system the irans-5a*
stereomer predominates (>90%).

The direct observation of the olefinic C—H activation prod-
ucts in the reactions involving the terminal olefins RCH=CH,
(R = Me, Et) suggests an important role of steric factors in this
reaction. To confirm this hypothesis, an internal olefin, 2-cis-
butene, was used. The reaction follows a different course
(Scheme 8) and provides a product resulting from the activation
of an sp® C—H bond, that is, it proceeds with allylic activa-
tion.[29!

{Ir(u-Cl){(coe) 2] 2% /[Ir]*
n- €)2l2 — P
Tp* H Bf\)
Me
exo-anti-6*

Scheme 8. Reuction of an internal olefin with [{Tr(1-Cl)(coe), },] and KTp*.

The exo—anti complex 6* is the main product of the reaction
(ca. 90%), although other unidentified species are also generat-
ed. Through this pathway of C- H activation observed for the
bulkier cis-2-butene, the resulting I'™ complex attains a formal-
ly six-coordinate, eighteen-clectron structure with the incorpo-
ration of only one organic fragment derived from one molecule
of the original alkene. Contrary to our expectations, the reac-
tion of [{Ir(x-Cl)(coe),},] with KTp*, in the ab-
sence of added olefin, did not afford a complex sy
with structure of type F* (i.e., the product of allylic ~ H - >W
activation). Instead, it furnished a complex mix- O
ture of at least five different compounds (with
no major product), which was subsequently dis- F
carded.

When solutions of compounds 4% and 5* were heated, the
expected coupling of the alkenyl and alkene moieties occurred.
As a result, complexes 8* and 9%, which contain six- and eight-
carbon allylic chains, respectively, were formed (shown in
Scheme 9 for the propene complexes 4%). As before, the kinetic
distribution of isomers equilibrated slowly at 120 °C to a mix-
ture of the all-syn endo and exo allyls (2:3).

Two of these isomeric compounds 8% were further character-
ised by single-crystal X-ray studies: exo,Et anzi-8* (for simplici-
ty designated as 8a* in the present structural discussion) and
endo,allsyn-8* (8b*). Figures 2 and 3 show the corresponding
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fir}* reported for these bonds.!!® 18251 Fj.

nally, regarding the coordination of the

Et Tp* ligands, the N-Ir-N bond angles (in

/[lr]*\ Ve + /['f]* Me 60 °C exo-Et anti-8*(100) the range ca. 82.3(4)-92.3(8)") are

H ( /M H >/M CgH12 + analogous to those encountcred in 1%
) J o Me - and in other »>-tris(pyrazolyl)borates.

Me Me Apart from the exo or endo configura-

trans-4a* (100)
trans-4b* ( 5)

cis-4a*(10)

Scheme 9. Thermal rearrangements of 4*.

Figure 3. ORTEP drawing and atom labelling scheme of compound 8b*.

ORTEP perspective views; important crystal data and bond
lengths and angles for the two compounds are summarised in
Tables 3 and 4, respectively.

The coordination geometry of the Ir atom of each complex
corresponds to a highly distorted octahedron, with the N atoms
of the tripod ligand defining one of the faces, the remaining
positions being occupied by the allyl ligand (formally two of
them) and the hydride. There are significant differences in the
three Ir—N separations in each complex, with one of the Ir-N
bonds being appreciably longer than the others. Thus, the Ir—
N 22 bond length is approximately 2.25 A in both compounds,
while the other two Ir—N distances are of the order of 2.00—
2.13 A. Since N 22is trans to the hydride ligand, this lengthening
can be clearly attributed to the high o-trans influence character-
istic of the hydride functionality. Similar Ir—=N bond length
differences have been observed in other hydride complexes of
iridium containing tris(pyrazolyl)borato ligands.[' '8 The Ir~
H distances found in 8 a* and 8 b* (Table 4) fall within the range
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endo-all syn-8*(30)

tion of the allyl ligands in 8a* and 8b*,
respectively, there appears to be signifi-
cant differences in the coordination of
this fragment in the two complexes. The
Me substituent at C2 is syn in both com-
pounds, but the Et group is antiin 8a* and syn in 8b*. The Ir-C
bond lengths seem to be longer in 8b* than in 8a*, but these
differences appear not to be important since the Ir—C bonds are
equal within +3 0. However, the coordination of the allyl moi-
ety in 8b* seems to be symmetrical, since the C2—-C3 and C3-
C4 bond lengths are identical (1.40(4) and 1.39(4) A, respec-

/Mg/
A

exo-all syn-8*(10)

Table 3. Crystal and refinement data for complexes 8a* and 8b*.

8a* 8h*
formula C,;H;3NBIr C,H,;;N,BIr
molecular weight 553.57 573.6
crystal system triclinic monoclinic
space group Pl P2,
a, 8.690 (1) 7.873(2)
b, A 10.583 (4) 20.065(R)
o A 13.390(4) 7.955(3)
a, © 74.27(4)
B, 80.38(2) [13.54(3)
- $7.56(2)
v, A? 1168.6(6) 1152.1(7)
VA 2 2
F(000) 568 568
Peated> gCm ! 1.63 1.65
7. K 293 295
u,em™! 57.08 57.9
crystal dimensions, mm  0.3x0.3x0.2 0.3x0.2x0.1

diffractometer
radiation

Enraf-Nonius CAD 4
graphite-monochromated
Moy, (/. = 0.71069 A)

Enraf-Nonius CAD4
graphite-monochromated
Moy, (/. = 0.71069 A)

scan technique Q)20 Q720

0,° t<f0<25 1<0<30

data collected (10, —12,0) to (10.12.15)  (—9.0.0) to (9.23.9)
unique data 4119 3449

unique data (/)>3g(7) 3300 2187

R(int), % 3.8 5.0

standard reflns 3/68 reflns 3/138 reflns

Re. % 4.8 5.8

Rwy, Y 5.5 7.1

average shiftjcrror 0.009 .10

Table 4. Selected bond lengths (A) and angles (°) for compounds 8a* and 8b*.

© VCH Verlagsgesellschaft mbH, D-69451 Weinheim, 1997

$a* 8b* 8a* $b*

Ir-C2  212() 22102 C2Ie-N12 160.16)  171.3(9)
Ir~C3  205(2) 2.24(2) C3-Ie-N 12 149.6(6)  136.4(9)
Ir—C4  208(2) 2.22(2) C41eN32 160.1(6)  169.9(9)
Ir-H 18(1) 1.7 H-Ir-N22 157(5) 165(16)

Ir-N12 0 211(1) 2.0003) NI2-I-N22 823(4)  90.0(3)
Ir-N22  223(1)  2.25(1) N12-1r-N32  837(4)  $6.4(9)
Ir=N32  213(1)  2.05(2) N22-I-N32 89.3¢d)  92.3(8)
C1-C2  1.59(3) 1.49(5) C1-C2-C3 103(2) 124(3)
C2-C3  128(3) 1.40(4) C2-C3-C4 118(2) 126(2)
C3-C4  1.543) 1.39(4) C3.-C4-C5 120(2) 120(2)
C4-C5  1.54(3)  1.48(4) C4-C5-Ch 113(2) 110(3)
C5-C6  14733)  1.50(5)
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tively), but in 8a* the C2—C3 bond (1.28(3) A) is shorter than
C3-C4 (1.54(3) A). The latter has a length that corresponds
essentially to a single C—C bond (compare, for example, the
values for C1-C2, C4-C5 and C5-C6 collected in Table 4).
It would therefore appear that there is a distortion toward a & —n2
coordination, with the pivotal o-bond at the Et-substituted car-
bon. Similar distortions have been found in other allyl complex-
es of the transition metals including iridium./23 3% [ ¢ is interest-
ing to note that comparison of the spectral characteristics of 8a*
and 8b* in solution indicates no important differences.

Complexes of the unsubstituted Tp ligand: For the sake of com-
pleteness, we have extended the above studies to the analogous
complexes of the unsubstituted Tp ligand. While Tanke and
Crabtree!'”! observed only decomposition of the bis(ethene)
compound [TpIr(C,H,),] (1) upon heating at 125 °C, we found
that gentle heating of a cyclohexane solution of this species at
80 “C for 7 h produced an unidentified, insoluble solid, together
with a solution of 1 and the known hydrido—vinyl complex 2 in
a ca. 2:1 ratio, as determined by NMR in CD,Cl, (Scheme 10).

decomposition

80 V
CeH12
0 80°C [

\( >/ CeH12 H/t/\/

' w\eCN
1 ,  80°C

MeCN

A

|

11a

Scheme 10. Thermal isomerisation of 1 and trapping of intermediate 2 with McCN
([15] = TpIn).

Further heating completely decomposed the mixture to the in-
soluble material. 1t is therefore evident that while the thermal
isomerisation of 1is possible the resulting complex 2 decompos-
es under the reaction conditions. In the presence of acetonitrile,
the trapped ethyl species 11a was formed in moderate yield
(Scheme 10).

The use of the Tp ligand permited the detection of the bis-
(propene) complex 3 (reaction 1, Scheme 11) as a highly fluxion-

(1) olefin= :/

A

[Ir) —
Me*"\/ >/"*Me H
Me/

[ir(u-Cl)(coe)olp —————»

olefin, -20 °C 3
KTp *

2 olefin= \—/

I

Y

10

H

Scheme 11. Reaction of terminal (1) and internal (2) olefins with [{{r(x-Cl){coe),},] and KTp.
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[Ir]
H/

VMe

trans-4a

al molecule, with structure probably similar to that found for
compounds 1 and 1*. This complex rearranged readily in C;H,,
solution to the hydrido—propenyls 4, of which the rrans-4a was
the predominant isomer (>80%). Further conversion into the
allyl coupling products occurred at 100 °C, but we did not at-
tempt a full characterisation of the resulting complexes. Finally,
cis-2-butene (reaction 2, Scheme 11) afforded directly the hydri-
do-butenyl complex 10. Note that in this case the less bulky Tp
ligand allows the coordination of two molecules of the olefin to
the metal and hence the formation of a hydrido- vinyl - olefin
complex as the product of olefinic C—H activation. No allyl
species derived from the coupling of the organic moieties of this
compound formed upon prolonged heating at 100 °C.
Contradictory reports have led to some confusion regarding
the room-temperature reaction of [{Ir(u-Cl)(coe),},] with MTp

(M = Na, K) in the ab-

sence of added olefin. Two (5] 0
different formulations, F H™ &) H Y
and G, has been respec- O d O
tively advanced for the re-

sulting product by Crab- F G
tree!' ™ and Oro;'® only

the latter proposal has been authenticated by X-ray methods. In
our hands, the reaction always gave the cyclooctenyl complex of
structure G. No evidence for the formation of the hydrido —allyl
F could be obtained from this reaction, but contrary to Oro’s

results, we observed the thermal rearrangement of G to proceed
as shown in Scheme 12, that is, with the allylic activation of a

80-100 °C
” CeH12 i
I ———
“6 \/O (CgHr4) H/qu
G F

Scheme 12. Thermal rearrangement of G.

molecule of cyclooctene. The reaction rate of this transforma-
tion was not appreciably affected by the presence of a few equiv-
alents of added coe.

Vinylic C—H activation in olefin complexes of iridium
with Tp and Tp* ligands: As already mentioned, the
conversion of 1* into 2* under thermal or photo-
chemical conditions is not inhibited by free C,H,.
Thus it seems that the vinylic activation is a direct
intramolecular process. The higher thermodynamic
stability of 2%, compared to 1%, contrasts with the
situation found in the analogous cyclopentadienyl
complexes where the opposite order of stability is
found.r>-3!

As discussed previously, the hapticity of the Tp’
ligand (Tp’ = Tp or Tp*) does not change during the
conversion of our [Tp'Ir(alkene),] compounds into
the hydrido—alkenyl isomers, both the starting and
the final products being eighteen electron species.
Hence, at variance with Graham’s observation™
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the driving force of this reaction cannot be ascribed to the coor-
dination of a third pyrazolyl ring. Similarly, since the activated
olefins do not contain donor atoms, the coordination of an
auxiliary functionality responsible for the vinylic C—H activa-
tions observed by Werner and co-workers'®! cannot be invoked
in our system.

It could be argued that the differences in the overall electron-
donor properties of the Tp” and Cp’ ligands might be responsible
for the higher stability of Ir(C,H;)H relative to Ir-C,H,, but
these differences are very small.l*!! While steric factors could
additionally be invoked (the cone angle values'®* 32 are Tp*,
224; Tp, 184; Cp*, 142; Cp, 110%), we favour the explanation
that the higher stability of Tp'Ir(C,H;)H compared to Tp'Ir—
C,H, results from the combination of two factors, which com-
binc to overcome the otherwise unfavourable energetics of the
Ir-C,H, to Ir(C,H;)H conversion. These are 1) the harder
nature of the Tp ligands (compared to the softer cyclopentadi-
enyls), which obviously prefer to bind the harder Ir' centres;
and 2) their well-known propensity to enforce six-coordination
at the metal,[*3 a situation that is highly favourable for Ir™,

Comparative studies of the vinylic C—H activation reaction
for a variety of [Tp'Ir(alkene),] complexes show some interest-
ing trends:

1) Derivatives of the bulkier Tp* ligand are more reactive than
those of the unsubstituted Tp analogue.

2} An important influence of the alkyl substituent within the
olefin is apparent: in the series of complexes [Tplr(alkene),],
the less reactive C,H, derivative requires heating to 80 °C for
the reaction to occur, the propene complex undergoes this
transformation at room temperature, and the cis-2-butene
species is too unstable to be isolated under am-
bient conditions.

3) The olefin substituent directs the site of activa- [Ir*
tion very efficiently. As summarised above the
trans C—H bond has the highest prefercnce
(Figure 4, position 1), while the C—H unit gem
to the R group (position 3) is readily activated z
if it is the only site available, as in ¢is disubsti-

tuted olefins (e.g. cyclooctene). .
[n*

. ) The observations outlined above H/S/ W
suggest that steric effects play an im- D
portant role in the C—H activation
reactions. They also seem responsi-

3 ble for the allylic C~H activation of

Figure 4. cis-2-butene observed in the Tp* sys-

tem. It is important to recall that the
Tplr fragment induces vinylic activation of this olefin. Hence, a
simple way for the sterically hindered Tp*—1Ir—cis-2-butene sys-
tem to attain a formally six-coordinate, eighteen-eclectron struc-
ture, while at the same time incorporating only one molecule of
the bulky olefin, is the formation of the hydrido—allyl complex
6* (Scheme §).

Ir'"-mediated coupling of vinyl and olefin ligands: While the allyl
complexes 6%, 8% and 9* can be obtained in one-pot reactions
starting from [{Ir(u-Cl)(coe),},], KTp* and the appropriate
olefin, the results discussed in the previous section reveal the
participation of the corresponding Ir'™ —vinyl -olefin derivatives
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as key reaction intermediates. Although our report of the over-
all transformation of 1* into 6* constitutes the first example for
the formation of an allyl complex from an M(C,H,), com-
plex,[*® and could be regarded as a new pathway for olefin
dimerisation, the coupling of vinyl and C,H, moietics is not
without precedent in the literature. For example, Lchmkuhl and
co-workers observed the formation of allylic species in the coor-
dination sphere of Ru centres,'t ! while Knox and co-workers
disclosed the rearrangement of a Ru,—C,H; complex to a hy-
drido—butadiene species in the presence of C,H,.**! To ac-
count for these transformations, the insertion of C,H, into the
M-CH=CH, bond to give a bifunctional four-carbon chain
was proposed as the first step, in close resemblance to the com-
mon insertion—f-elimination process for the dimerisation of
ethene.l'!) For our system, such a mechanism could be repre-
sented as shown in Scheme 13 (top). In this context, we note
that:

1) In accord with studies by Brookhart and co-workers,[?%!
mechanistic evidence accumulated during the progress of this
work shows that olefin insertion into the Ir-H bond (vide
infra) is much more facile than into the Ir—C bond of the
Ir-CH=CH, linkage.

2) If such a mechanism were applicable for the reaction we
describe, one would expect that generation of an unsaturated
{Tp*IrH,} fragment H in the presence of butadiene should
give the hydrido—crotyl complex 6* (Scheme 13; bottom).
The above fragment is generated readily, during the thermal
activation of the thiophene complex [Tp*IrH,(SC,H,)] .[3*%
but it does not give the expected allyl under the reaction
conditions at which the latter complex forms.

| N T W
N -
-
(Sé Ha) Pl Cafle no allylic species
~abglig H
H

Scheme 13. Mechanism for the dimerisation of ethene based on ref. [15] (top) and evidence discount-
ing this mechanism (bottom).

As mentioned already, ethene insertion into the Ir~ H bond of
2* is a facile process, and the resulting Ir—vinyl—ethyl interme-
diate I is readily trapped when solutions of 2* are heated at
moderate temperatures (60 °C) in the presence of various Lewis
bases (Scheme 14). Acetonitrile was found to be the best trap-
ping-agent for this reaction, whereas carbon monoxide did not
react at all (2 atm, 60 °C); only 6* was obtained in the presence
of the latter. It should be mentioned, however, that this last
observation does not imply the intrinsic instability of Tp*Ir™
carbonyl species. We have found that, once formed, this type of
species is highly reluctant to undergo carbon monoxide extru-
sion.B3%2:3721 THF and other cyclic ethers are also able to trap
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fast L

>/ —— [lf]*W —

| L = NCMe, 11a*; py, 11b*;
DMSO, 11c*; PMe3, 11d*

fir*

H/ﬁ

Scheme 14. Trapping of intermediate 1 with various Lewis bases.

intermediate I, but in this case the system evolves to form hydri-
do—carbene derivatives of Ir'.57® Kinetic studies for the dis-
apearance of 2%, carried out in CD,CL/[D,]DMSO mixtures
at 52°C, are in accord with a rate-law of the type k., =
k, +k,[DMSO] in the range of concentrations studied
(0.46—1.83 moldm ™ 3), with k, =425x1073s™* and %, =
1.41 x107* mol " 'dm3s~? (the first term corresponds to the
formation of the allylic species).

The two following experimental observations are also of im-
portance in connection with the mechanism of the C-C cou-
pling reaction: 1) Related insertions of the olefin ligand into the
Ir—H bond of complexes 4* and 5% (derived respectively from
propene and 1-butene) were observed when the kinetic mixtures
of the alkenyls were heated at 60 °C in the presence of PMe,
(Scheme 15). 2) The thermal reaction of 2* with a few equiva-
lents of C,H, in C,D,, (Scheme 16) yielded the allyls 6* and

. PMes, 60 °C .

e " /[Ir] — . /[lr]
H/‘( N7 H | 5(/ R=Me Et  MesP )( \k
S sh R R R R

R

Scheme 15. Transformations of 4% and 5* in the presence of PMe,.

(] CoHy, 60°C "
A v o
WU ceabe) SN /54
H H ’/>
ﬁ l/—\\ Me
2 14+ 6

Scheme 16. Transtormation of 2* in the presence of C,H,.

14*%, along with C,H, (detected by NMR). By analogy with the
reactions of 2* with Lewis bases described above, we propose
that ethene traps the unsaturated Ir—ethyl—vinyl intermediate
of Scheme 17. Unlike the NCMe and other Lewis base adducts
of type 117, the ethene adduct is unstable and eliminates C,H,,

=== B T
(7 i pn

-

(-C2Hg)

Il — /[ir]*W a-H ("
H b H )

VA » } ~—

/ o A

14

Scheme 17. Mechanism for the formation of 14* (Scheme 16).
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probable by sigma-bond methatesist*®! to yield a bis(vinyl) spe-
cies in a process similar to that proposed for the activation of
C.,H,37® by compound 2*%. While no evidence for [Tp*Ir(n*-
C,H )P can be found in this reaction, the formation of the
known®! allyl species 14* poinis to the intermediacy of a
vinylidene species®*! formed by «-H abstraction from one of the
vinyl ligands.'*® The coupling of vinyl and vinylidene ligands
proposed in the last step finds precedent in recent literature
reports.!4!]

On the basis of the mechanistic evidence gained during the
course of this study and presented in detail in the previous
sections, the general mechanism shown in Scheme 18 can be
proposed for the C~C coupling of vinyl and olefin ligands in the
coordination sphere of the Tp*Ir™ centres. All the proposed
intermediates are Ir'™ species. The involvement of any Ir! inter-
mediate, like [Tp*Ir(n>-butene)], can be safely discounted, ow-
ing to the lack of trapped products in the presence of CO, this
reagent being extremely reactive towards [Tp*Ir(olefin),] com-
plexes.[22 Thus, the reaction is triggered by the formal insertion
of the olefin into the Ir—H bond to give an unsaturated (or
agostic)*2* alkyl—viny! intermediate I. This could then under-
go an a-H abstraction from the a-vinyl carbon with concomitant
formation of the vinylidene species J. The insertion of the car-
bene ligand into the Ir—alkyl bond would be responsible for the
C-C bond-forming reaction,!*!**3! which
generates vinyl intermediate K possessing H
atoms at the ff carbon (a-vinyl substituent).
Following B-H elimination,!#2% ¢ 43! rota-
tion of the allene and insertion of the coor-
dinated C=C bond into the Ir-H bond
would finally afford the allyl products.

, LR

.

R R

o-H elim,

e

[tr]*
H/H/ y/

. _cHelim, (1 —
H/ﬁ W ///J W
i J

fir

\ H

[}
— AN
| H
K
I

o

Me*"

B-H elim. M o .

X

&
Scheme 18. General mechanism for the C—C coupling of vinyl and olefin ligands in
the coordination sphere of the Tp*Ir™ centres.

We have already furnished evidence in support of the partici-
pation of intermediates I and J in this reaction. The intermedi-
acy of a species of type L (i.e., a bis(hydrido)allene derivative)
is supported by the formation of the #*-allyl 15* when the
thiophene complex [Tp*IrH,(SC,H,)] (vide supra) is heated at
60°C in the presence of allene (Scheme 19). Finally,
an intermediate of type K could be responsible for
the formation of the iridapyrrole [Tp*Ir(C(Et)=C(H)-
C(Ph)NH)(H)] (Scheme 20) formed when the bis-
(ethene) compound 1* is heated with PhCN in the pres-
ence of H,0O as the reaction catalyst.[>*®*# The for-

(i
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[ _SL_, ( [ CHo=C=CHj oy
~(SC4Hyg) 7N
H 4 H 4 H H H/

Scheme 19. Evidence for the intermediacy of L (Scheme 18).

fIr)* PhCN, [HQO] |I‘]" H [Ir*
\\/ \/ wr /_<_(/

Scheme 20. Evidence for the intermediacy of K (Scheme 18).

mation of this and related iridapyrroles has been demonstrated
to be a general reaction for vinyt complexes of the type described
in this paper.

One additional aspect of this work which should be addressed
concerns the allylic activation of internal olefins. The cy-
clooctenyl complex G can experience the transformations
shown in Scheme 21. In the presence of acetonitrile, the alkyl—

I
80 100°C O/[ 1] \O _ CHCN
/
80-100°C [lr] [
-CgH14 B-H

Scheme 21. Possible mechanism for the allylic activation of cyclooctene.

vinyl intermediate M forms by migration of the hydride ligand
onto the coordinated olefin. This vinyl complex cannot undergo
o-H elimination and subsequent coupling with the coordinated
cyclooctyl fragment, but it can experience vinyl-to-nitrile cou-
pling yielding an iridapyrrole complex.'**! In the absence of
nitrile, irreversible dissociation of cyclooctene yields an unsatu-
rated hydrido-vinyl species, which gives an allene compound
by B-H elimination. If this hypothesis is correct, the observed
allylic activation of cyclooctene would involve, in the first step,
the activation of a vinyl hydrogen. A similar explanation may be
offered for the formation of the hydrido—crotyl compound 6*
from cis-2-butene, although in this case direct allylic activation
appears in principle more feasible.

Two points that are worth emphasising before closing concern
the very important roles played by the vinyl and tris(pyrazolyl)
ligands in the reactions described in this work. With respect to
the former, it should be additionally noted that vinyl intermedi-
ates are being increasingly implicated in a number of interesting
transformations.'*>) As for the latter, the differcnt behaviour
exhibited by the Tp’ complexes we have reported in this and in
previous contributions,[?#-36%-37-441 in comparison with other
related systems containing Cp’ or tripod ligands,[** 441 stems
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from the ability of the tris(pyrazolyl)borato units to stabilise the

" products and to prevent the formation of Ir! intermediates.
For example, the ethyl-vinyl intermediate [Tp*Ir(C,H;)-
(C,H,)] does not collapse to an Ir'-olefin compound, in con-
trast to the somewhat similar Cp*!2*! and triphos!*®! deriva-
tives. Also, the Ir'™ bis(vinyl) intermediate of Scheme 17 does
not experience the expected reductive elimination to the corre-
sponding Ir'-butadiene complex, a process typically found in
reactions of late transition-metal M(CH=CH,), fragments.!*”!

Experimental Section

All preparations and manipulations were carried out under oxygen-free nitro-
gen or argon following conventional Schlenk techniques. Solvents were rigor-
ously dried and degassed before use. The light petroleum used had a b.p.
40-60°C. The complexes [{IrCl(coc),!,]. ¥ [TpIr(C,H,),]1. ' 7! [TpirH-
(CgH 3)(n?-CgH, )1.1'® and [Tp*IrH,(thiophene)]'**®! and the ligands
KHB(pz),,*"? KTp, and KHB(3,5-Me,-pz),**" (KTp*) were prepared ac-
cording to literature procedures. Microanalysis were by Pascher Microanalyt-
ical Laboratory, Remagen (Germany) and the Microanalytical Service of the
University of Sevilla. Infrared spectra were recorded
on Perkin Elmer model 683 and 883 spcctrometers,
NMR spectra on Varian XL-200 and Bruker AMX-
300 and AMX-500 spectrometers. The 'H and
BC{'H} resonance of the solvent were used as the
internal standard, but chemical shifts are reported with
respect to TMS. *!'P NMR shifts are referenced to
external 85% H;PO,. Most of the NMR assignements
are based on extensive 'H--'H decoupling experi-
ments, NOEDIFF meuasurements and homo- and het-
eronuclear two-dimensional spectra.

fir} [Tp*Ir(C,H ), (1%): Complex {{IrCHCH ,),1.1 O &

1.11 mmol) was suspended in 80mL of THF

—20°C. Ethylene was bubbled through the mixture

for 10 min to give a colourless solution to which K Tp*

F (0.75 g, 2.22 mmol) was added. The reaction mixture

became reddish and gradually darkened during the fol-

lowing 4 h of stirring at room temperature. Volatiles

were stripped off under vacuum, and the residue ex-

tracted with S0 mL of a 1:1 mixture of Et,O and

CH, Cl,. The resulting suspension was centrifuged to eliminate the potassium

chloride and the solution was partially evaporated until cloudy. Cooling

at —20°C afforded pale yellow erystals of 1* in 70% yield. 'HNMR

(200 MHz, C¢Dy, 25°C): 0 = 5.51 (s, 3H, 3C-H ), 240 (s, 8H, 2C,H,),

2.39 (s, 9H, 3Me), 2.11 (s, 9H. 3Me); '*C{'H} NMR (50 MHz, C,D,.

25°C): 6 =151.5, 143.4 (1:1 ratio, C-Me)}, 107.6 (C-H, ), 262 (C,H,.

YJ(CH) =154 Hz), 14.7, 12.5 (1:1 ratio, C—Me): C, H, BN, Ir (545.52):
caled C 41.7, H.5.5, N 15.4; found C 41.1, H 5.8, N 15.0.

{Tplr(CH,=CHMe),] (3): The bis(propene) complex 3 was prepared follow-
ing the same procedure, but employing propene and KTp. However, owing
to its therma! instability (it converts into the hydrido - propenyl isomer), it
was isolated as a crude solid and stored at —20“C. Yield: 80%. 'H NMR
(300 MHz, CDCl,, 25°C): 6 =8 -6 (d, d, t, 3H each. C—er). 35-18
(broad humps, C—H,,.¢), 0.65 (brs, Me); '*C{*H} NMR (75 MHz, CDCl,,
25°C): § =138.5, 134.9, 105.1 (C- H,), 29.2,26.1, 254 (CHMe. CH, and
CHMe).

[Tp*IrH(CH=CH,)}(CH,=CH,)] (2*):

Procedure A: The bis(ethylenc) complex 1% (0.2 g, 0.37 mmol) was dissolved
in benzene (50 mL), and the solution photolysed with a UV lamp (Hg, 500 W)
for 2 h. Volatiles were removed under vacuum and the crude solid obtained
was investigated by NMR. A 2.5:1 mixture of complex 2* and a phenyl
derivative (sce text) was identified. Analytical sampies of 2% could be obtained
upon chromatographic separation on silica gel and petrolcum ether as the
eluent. The minor product remained in the column and was not separated for
characterisation purposes.
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Procedure B: complex 1% (0.2 g, 0.37 mmol) was suspended in cyclohexane
(30 mL) and the suspension was frozen and cooled at —40 °C. The matrix was
photolysed at that temperaturc for several hours (4-6) and then allowed to
reach the room temperature. The resulting solution was taken to dryness and
the residuc was investigated by NMR. The hydrido complex 2* was the
unique product in solution. Attemps to scale up the experiment resulted in a
considerable decrease in the conversion yicld.
'HNMR (200 MHz. C, D, 25°C; see Figure 5 for
Ir Hx atom labels): §=7.38. 5.63, 494 (GH, Ir-
>:::< CH=CH,. AMX spin system, >HAM)=10,
HA Him 3JAX) =18, 3J(M.X) = 3 Hz), 5.73, 5.56. 5.40 (s,
-~ 1H,1H, 1H,C-H_,), 3.90. 3.10 (2 m, AA'XX' spin
Figure 3. system, C,H,), 2.50. 2.36, 221, 2.12. 2.06, 1.80
(6Me), —16.90 (Ir—-H). '*C{'H} NMR (50 MHz,
C Dy, 25°C): § =126.4 (CH=CH,, 'H(C.H) = 142 Hz}, 118.8 (CH=CH,,
'J(C.H) =151 Hz), 108.0, 107.0, 1067 (C-H,). 439 (C,H,.
YJ(C.H) =161 Hz). 164, 15.2, 152, 14.0, 12.4. 12.4 (C. Me); IR (Nujol):
¥ =2200cm”™ ! (Ir—-H). C,4H ;BN Ir (545.52): caled C 41.7, H 5.5, N 15.4;
found C 41.8, H. 5.7, N 15.4.

[TpirH(CH=CHMe)(CH,=CHMe)] (4): A THF solution of complex 3 was
heated at 60°C for 6 h. The solvent was removed under vacuum and the
residue investigated by NMR, revealing quantitative formation of the hydri-
do-propenyl complex 4. trans-Propenyl major isomer: 'H NMR (200 MHz,
CoI34. 25°C; see Figurc 6 for atom labels): § =8.0-6.5 (9 m, 1H each,

Ir
Ir > <HM HN> HQ
Ha MeA Hx MeB
Figure 6.

C-H,,).6.48 (dq, 1 H, H,. *J(AM) =154, “J(H.Me,) = 1.4 Hz), 5.13 (dq.
1 H, Hy,. */(H.Mg¢,) = 6.1 Hz), 3.6-3.3 (m, ABC spin system, 3H, Hy, Hy.
Hy). 2.10 (dd, 3H, Me,), 1.12 (d, 3H, Me,. J(Me,H,) = 5.8 Hz), — 16.0 (s,
1H, Ir-H); *C{'H} NMR (50 MHz, C;Dg. 25°C): ¢ =145-105 (9C-
H,,,). 128.7 (Ir-CH=CHMe, 'J(C,H) =150 Hz), 118.2 (ir- CH=CHMe,
'J(CH)=132Hz), 570 (CH,=CHMe, 'J(CH)=158Hz), 49.0
(CH,=CHMe, 'J(CH)=160Hz), 234, 172 (Me); IR (Nujol):
¥ =2180em”! (Ir-H).

Synthesis of hydrido derivatives |TpIrH(CR’=CHR?)CHR'=CHR?)]
(Tp' =Tp*, R'=H, R*=Me, 4% Tp'=Tp* R!'=H, R?=Et 5%
Tp' = Tp, R! = Me. R? = Me, 10): [{IrCI(CgH , ,),},] (0.2 g, 0.22 mmol) was
suspended in 30 mL of THF at — 20 “C. and propene was passed through the
mixture for 3~5 min. KTp* (0.15 g, 0.44 mmol) was added to the resulting
orange solution. The reaction mixture was allowed to reach the room temper-
ature, and after 5 h of stirring a violet solution was obtained. The solvent was
evaporated under vacuum and the residue was extracted with 25 mL of ace-
tone. After centrifugation and partial cvaporation of the solvent, the solution
was cooled to —78 °C to give colourless crystals of 4* in 75% yield.

The 1-butene derivative 5* was obtained in the same way and crystallised
from a petroleur ether solution. Yield: 70%. The cis-2-butenc analogue 10
was also prepared by the same procedure.

[Tp*IrH(CH=CHMe)(CH,=CHMe)| (4*): trans-propenyl major isomer:
'HNMR (500 MHz, C,D,, 25°C): § = 6.54 (dq, 1H, H,, 3J(AM) =158,
*JHMe,) =14 Hy), 575,552, 544 (s, 1H, 1H, 1H, C-H_ ). 494 (dq,
1H, H,,, 3J(H.Me,) = 6.1 Hz), 4.04 (d, 1H, Hy, 3J(X,Q) =11.6 Hz), 3.94
(ddq. 1 H, By, >AQ,N) = 8.1, */(H ,Meg) = 5.7 Hz), 3.67 (d, 1 H, Hyj, 2.44,
2.44,.2.24,2.13,2.04, 2.03 (s, 3H cach, 6 Me), 2.01 (dd, 3H, Me,), 1.09 (d,
3H, Mey). —17.21 (s, 1H. Ir—=H); '3C{'H} NMR (50 MHz, C Dy, 25°C):
3 =155-140 (6C~Me), 125.4 (Ir-CH=CHMe, '"J(C,H) =150 Hz), 115.6
(Ir-CH=CHMe, 'J(C,H)=135Hz), 108.4. 106.9, 106.4 (C~H_ ), 53.7
(CH,=CHMe, "AC,H) =160 Hz), 49.3 (CH,=CHMec, 'J(C,H) =162 Hz),
25-10 (8 Me); IR (Nujol): # = 2175 em ™! (Ir-H).

Minor trans-propenyl isomer: 'HNMR (500 MHz, C;D,, 25°C): § = 8.14
(d, 1H. H,, J(AM) =15.5Hz), 5.03 (dq, 1H, Hy, *J(H,Me,) = 6.2 Hz).
4.40 (m. 1H, Hy), 3.61 (d. 1H, Hy, *J(X.Q) =12.5H7), 3.31 (d, 1H, Hy,
*J(N,Q) = 8.5 Hz), —24.23 (s, tH, Ir—H).
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cis-Propenyl isomer: "HNMR (500 MHz, C,D(, 25°C): 6 = 6.36 (d, 1 H.
H,, *J(AM) =10 Hz). 4.21 (d, 1 H, Hy, 3J(X,Q) =11.6 Hz), 3.80 (m. 1 H.
Hy), 346 (d. 1H, Hy, >J(IN.Q) = 8.5 Hz), —17.14 (s, 1H, [r—H). The Hy
resonance could not be located. C,, H,, BN Ir (573.56): caled C 44.0. H 6.0,
N 14.6; found C 44.0, H. 6.2, N 14.6.

I Tp*IrH(CH=CHEt}(CH,=CHELt)] (5*): trans-Butenyl major isomer:
"H NMR (500 MHz, C.Dy, 25°C; sce Figure 7 for atom labels): = 6.55 (dt.

Ir >:<HM H ':)>£<HQ

Ha CHoMep CHoMep
Figure 7.

1H, H,, 3J(A,M) =16.0, *J(H,CH,) =1.3 Hz), 5.77, 5.54, 544 (s. 1 H, 1 H,
{H, C-H,,), 498 (dt, 1H, Hy,, *J(H,CH, = 6.3 Hz). 4.03 (d, 1H, Hy.
3JX,Q) = 11.4 H2) . 3.95 (. 1 H, H). 3.63 (d. 1 H, Hy, *J(N.Q) = 8.1 Hz).
2.47,2.47,2.24,2.13,2.04. 2.04 (s, 3H each, 6Me), 2.33 (m, 2H. CH,Me,).
1.39 (m, 2H, CH,Mey), 1.04 (1, 3H, CH, Me,, *J(H,H) =7.5 Hz), 0.94 (m.
3H. CH,Mey), —17.17 (s, 1H, Ir—=H): '*C{'H} NMR (125 MHz. C,D,.
25°C): 6 =151.4, 150.5, 150.0, 143.4, 142.9, 142.6 (C-Mej, 133.6 (Ir—
CH=CHEt, 'J(C,H) =146 Hz), 113.4 (ir- CH=CHEt, 'J(C—H) =133 Hz).
108.4, 1069, 106.4 (C-H,,,), 60.7 (CH,=CHEt. 'J(C.H) =152 Hz), 47.9
(CH,=CHEt, 'J(C,H) =160 Hz), 32.5 (CH,Me,), 30.5 (CH,Mey), 26.2.
17.2,16.0. 159, 148, 14.7,12.4, 12.3 (6C—Me and Mc,, Me,). Data for the
minor isomers (< 10%) not reported.

[TpIrH(cis-CMe=CHMe)(cis-CHMe=CHMe)] (10): 'HNMR (500 MHz.
CDCl,, 25°C): =558 (qq. 1H, Ir—-CMe=CHMe, *J(H.Me) = 6.0,
4J(H,Me) =1.3 Hz), 4.72,4.13 (dq, 1 H, 1 H. CHMe=CHMe, *J(H.H) = 8.0,
3J(H,Me) = 5.7 Hz}, —18.13 (s, 1 H, Ir-H).

Synthesis of the hydrido—allyl complexes 6*, 8* and 9*: The bis(cthylene) 1*
(0.25 g, 0.46 mmol} was suspended in cyclohexane {10 mL), and the mixture
was heated at 60°C with stirring. Monitoring of the reaction by '"HNMR
spectroscopy showed the initial formation of 2* and 6*, but after heating at
this temperature for about 24 h 6* was the only detectable species. The
resulting solution was taken to dryness and the residue was dissolved in
petroleum cther (10 mL). Upon partial evaporation and cooling at —20°C,
off-white crystals of 6* were collected in 80% yicld.

The refated complexes 8* and 9* were prepared in a similar fashion, but using
the hydrido—vinyl compounds 4* and 5* as the starting materials. Com-
pound 9% displays similar NMR data to those detailed for 8% (see below).

Solid-state thermolysis of 1*: The bis(ethylene) complex 1* was cleanly con-
verted into the hydrido—allyl 6* upon heating solid samples at 100°C (oil
bath) for 4 h under a nitrogen atmosphere. The resulting white solid was
investigated by "THNMR (500 MHz, CDCl,) and shown to contain & mixture
of the hydrido~allyl isomers shown in Scheme 4 (average of two runs). When
the heating was carried out at 130 °C for 3 d the isomer ratio endo-6*:exo-6*
changed to ca. 9:1.

exo,anti-{Tp* IrH(y*-CH,CHCHMe)]| He
(6*): 'THNMR (200 MHz, C,D,. 25°C;
see Figurc 8 for atom labels): 6 = 5.66,

Hg! He2
562 542 (s, 1H, 1H, 1H, C H,). ° 77N s
506 (dt. 1H, He, *J(HH,) =102,
3J(He HY)~ *J(He HE) = 6.9 Hz), 4.32 Ha Me,

(quint, 1H, HZ, *J(H.Me,) = 6.5 Hz),
3.29(d. 11, HY). 2.74 (d, 1 H, H,), 2.36,
2.29,2.17.2.14, 2.12, 2.07 (s, 3H each, 6 Me), 1.53 (d, 3H, Me,}, —29.02 (s,
TH, Ir - H); "*C{'"H} NMR (50 MHz, C,Dyg, 25°C): 6 =129.3. 117.9. 109.1,
143.2. 1425, 142.3 (C-Me), 108.7, 105.8, 1057 (C-H, ). 78.7 (C-H,.
LIC,H) =160 Hz), 28.7 (CHMe, 'J(C.H) =150 Hz), 20.2, 16.9, 16.4. 14.7,
127, 124. 121 (TMe), 162 (CH,., 'J(CH) =156 Hz); IR (Nujol):
¥ = 2220 cm ™! (Ir-H); C, 4H,,BNIr (573.56): caled C 41.8. H 5.5. N 15.4;
found C 41.8, H. 5.7, N 15.4.

Figure 8.

endo,syn-[Tp*IrH(*-CH,CHCHMe)] (6%): 'HNMR (500 MHz, CDC(l,.
25°C; see Figure 9 for atom labels): ¢ = 5.80, 5.77, 5.64 (s, 1H, 1H. 1 H,
C-H 4.83 (td, 1H, Hg, *AH.HL)~3HLHL) = 9.8, 3AH Hy) =

pyi)s
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He 69Hz), 333 (dq. 1H, HZ,
3J(H,Meg) = 5.9 Hz), 3.21 (dd, 1 H, H,.

Hy e,  J(HgHY) =23Hz)., 240, 239, 235,

77 N\ 2.10, 2.05, 1.97 (s, 3H each, 6 Mc), (.48

(d, 3H, Meg), —28.55 (s, 1H. Ir H).

Hal Ha2 H} is immersed in the Mec rcgion

, (COSY); '*C|'H} NMR (125 MHz,
Figure 9.

CD,COCD;, 25°C): 6 =151.0, 150.9,
150.6, 143.1, 142.7, 1425 (C-Meo).
109.0,106.0. 105.7 (C-H ), 82.1 (C-H,, 'J(C.H) =158 Hz), 37.5 (CHMe,

T(C.H) =154 Hz), 23.6, 16.1, 15.9, 14.4, 13.0, 12.9,12.7 (7 Me), 18.7 (CH,.
1J(C.H) =153 Hz).

exo,syn-{Tp*IrH(n*-CH,CHCHMe)| (6%): 'HNMR (500 MHz, CDCl,,
25°C): 0 =584, 577, 560 (s, 1H, 1H, 1H, C-H_,), 474 (td. TH. H,
SJ(HLHY A (HeH2) = 9.6, *J(He Hg) = 6.9 Hz), 3.12 (dg, [H, HZ,
3J(H,Meg) = 5.9 Hz), 3.01 (dd, 1H, Hg, 2J(Hg,H}) =1.0 Hz), 2.36, 2.33,
2.31, 2.30, 2.28, 2.18 (s, 3H each, 6Me), 1.30 (d. 3H, Meg), —29.78 (s, 1 H,
[r~H), H} is inmersed in the Me region (COSY); '*C{*H} NMR (125 MHz,
CD;COCD,, 25°C): 6 =151.4, 151.4, 150.7, 143.2, 142.7, 142.5 (C-Mo),
109.0, 106.3. 105.7 (C—H._ ). 83.6 (C—H_, 'J(C.H) =160 Hz), 32.8 (CHMe,

pyr

L(C,H) =160 Hz), 207, 16.7, 16.3, 15.7, 13.2, 12.6, 10.8 (Me and CH,).

exo,Etanti{Tp*ItH(y*-CHMeCHCHED)] (8%): 'HNMR (500 MHz, C Dy,
25°C; see Figure 10 for atom labels): ¢ = 5.74, 5.55, 548 (s. 1H, 1H,
1H, C-H_ ), 486 (dd. [H, H.
He 3HLH,) = 9.1, 3HHH) =7.4 Hz),
4.27 (ddd, 1H, Hg, 3/(H.CH,) =107,
27Hz), 343 (dg, 1H. H,,
3J(H.Meg) = 5.8 Hz), 2.36, 2.34, 2.15,
212, 2.07 (s, 3H, 3H, 6H, 3H, 3H,
6Me), 2.21 (m, 1 H, CHHMe), 1.32 (d.
3H, Mey), 1.25 (t. 3H, CH,Me). 1.03
(m, 1H, CHHMe), —29.19 (s, 1H, Ir-
H): "*C{'H} NMR (125 MHz, C/D,,
25°C): 6 =151.4, 151.2, 150.3 (C~Me), 143.4, 142.5 (1:2 ratio, C' Me).
108.6, 106.1, 105.4 (C H,,.), 82.4 (C-H,, 'J(C,H) =160 Hz), 32.7 (C-Hj,
'J(C.H) =150 Hz), 31.4 (C-H,, '"J(C,H) =155 Hz), 30.1 (CH,Me), 20.2
(CH,Me), 19.8 (Meg), 16.7. 153, 15.3, 12.6, 124, 12.1 (6Me); IR(KBr):
§=2210cm™" (Ir-H).

Ha CHoMe

Figure 10.

endo,allsyn-[Tp*IrtH(y*-CHMeCHCHERD)| (8%): ‘H NMR (300 MHz, CDCl,,
25°C; see Figure 11 for atom labels): & = 5.80, 5.76, 5.67 (s, 1 H, 1H, 1H,
C-H,,.). 452 (t. TH. Hg, *J(He HY) = 2J(He,H2) = 9.6 Hz), 3.16 (dq, 1H,
H}, *J(H,Me) = 6.1 Hz), 3.11 (td, 1H. Hi. 5J(H,CHZ) =96,35Hz),2.5-
2.0 (Me), 1.43 (d, 3H, Mey). 1.13 (1,
He 3H, CH,Me), —=29.11 (s, 1 H, Tr-
H). CH,Et protons not located.
B3C{'H} NMR (75MHz, C/D,,
25°C): 6 =85.3(C H, 'J(C.H) =
154 Hz), 422, 345 (C-H,,
JCH) =147 and 151 Hz). 319
Figurce 11. (CH,Me), 24-12 (Me).
exoallsyn-{Tp*IrH(y*-CHMeCHCHEL)| (8*): 'H NMR (300 MHz, CDCl,,
25°C): 6=15.79, 5.78, 5.65 (s, 1H, 1H, 1H, C-H_,), 472 (t. 1H, H,
3J(He HY)~3J(Ho,H2) = 9.4 Hz), 2.89 (dq, 1H, HL, *J(H,Mcg) = 6.1 Hy),
2.82(td, Hi 3J(H,CH,) = 9.1,3.5 Hz), 2.5-2.0 (Me), 1.32(d, 3H, Meg), 1.15
(t, 3H, CH,Me), —30.61 (s, 1H, Ir—H). CH,Et protons not located.

exo,Pranti-[Tp*ItH(y*-CHEtCHCHPr)] (9*): Selected 'HNMR data
(500 MHz, CDCl,, 25°C; see Figure 12 for atom labels): & = 4.90 (dd, 1H,
Hc. *J(Hc,H,) = 10 Hz, *J(H,H) =7 Hz), 4.28 (ddd, 1 H. Hg, *J(H,.CH,)
=10,5, 2,6 Hz), 3.46 (dt, tH, H,, *J(H,CH,) =9 Hz), —29.10 (s, 1H,
Ir H).

He

CH3CHz

2NN

Ha CH2CH2CH3 Figure 12.
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endo,allsyn-[Tp*IrH(*-CHEtCHCHPr)| (9%): Selected 'HNMR data
(500 MHz, CDCly, 25°C; see Figurc 13 for atom labels): 6 = 4.63 (t, 1 H, H..
SJHHHY) = YJ(He H2) =10 Hz), 3.30 (m, 2H, H., H1), —28.60 (5, 1H,
Ir—H).

He

CHyCH, CHoCH2CH3

77N

Figure 13. Ha' Ha?

Reaction of [Tp*IrH,(SC,H,)] with allene: The thiophene complex
[Tp*IrH,(SC,H )] was dissolved in cyclohexane and heated at 60 °C for
8 h under 1 atm of allene CH,=C=CH,. The volatiles were removed under
vacuum and the residue investigated by 'HNMR. The hydrido -allyl
[Tp*IrH(#*-CH,CHCH,)] (15%) was detected in >90% vield.

endo-15*: "HNMR (300 MHz, CDCl;, 25°C): § = 3.76, 5.63 (s, 2H, 1 H.
C- H,,).509(tt, 1H,H¢, *J(H¢, Hy) =10.1, *J(H . Hy) = 6.6 Hz), 3.38 (dd,
2H, 2Hg, 2J(Hg,Hy) = 2.0 Hz), 2.55 (dd, 2H, 2H,). 2.5-2.0 (Me). —27.98
(s, 1H, Ir-H). In C Dy this last resonance appcars at —27.55.

exo-15*: '"HNMR (500 MHz, C,Dg, 25°C): §=493 (tt, 1H, H..
3J(He Hy) =101, *J(He Hg) = 6.5 Hz), 3.31 (d. 2H. 2H). 2.57 (d. 2H,
2H,). —28.76 (s, 1 H, Ir-H).

Synthesis of [Tp*IrCl(#*-CH,CHCHMe)| (7*): Complex 6* (0.1¢g,
0.19 mmol) was dissolved in CDCI, (2 mL}. and the solution heated at 60°C
for 68 h. The reaction was readily monitored by 'H NMR.

sra=T*: major isomer: "HNMR (500 MHz. CDCl,, 25 C): § = 5.84, 5.80,
546 (s, 1H, 1H, 1H, C H_), 497 (d. 1H. H. JH.HY=
YN(HHL) =114, 3J(H¢,Hg) =7.5Hz), 483 (dg. 1H, Hi, “J(HMey) =
5.7 Hz), 4.48 (dd, 1 H, Hg, >J(Hg.HL) = 2.9 Hz). 3.79 (dd. TH. H!). 2.5 1.9
(6Me), 1.58 (d, 3H, Mey).

Minor isomer: tHNMR (500 MHz, CDCly, 25°C): 6 = 6.09 (td. 1 H, H.
YJ(He Hy)y~ 3 J(He H3) =10.5, 3J(H,Hg) =7.5 Hz), 5.88, 5.75, 5.44 (s, 1 H,
1H,1H, C-H,,), 444 (dd, 1 H. Hg, 2J(Hg.H) =1.9 Hz). 4.33 (dq. 1 H. HZ.
jJ(H,Mcs) = 5.7 Hz), 3.33(dd, 1 H, Hk), 2.6-2.2(6Me). 1.35(d, 3H, Mey).

Preparation of Ir'" adducts [Tp’I(CH=CH,)(CH,CH,)L.| and [Tp*Ir-
(CH=CHMe)(CH,CH,CH)(PMe,)] (12*):

11a (Tp' = Tp, L = NCMe): A solution of complex 1 (0.06 g, 0.13 mmol) in
acetonitrile (10 mL) was heated at 80 °C for 18 h. Partial removal of the
solvent in vacuo and cooling at — 20 °C furnished a crudc solid from which.
after several recrystallisation steps, complex 11a was obtained as a white
microcrystalline solid in 50% yield. '"HNMR (500 MHz, CDCl,, 25°C):
d=38.01(dd, 1H, H,, *J(A,X) =18.0, *J(A,M) =10.5Hz). 7.7-6.0 (m, 9 H,
C-H,,,), 5.70 (dd, 1 H, Hy,, J(M,X) = 3.6 Hz), 4.85 (dd, 1 H, Hy ), 2.42 (s,
3H, NCMe), 1.60 (m, 2H. CH,CH,. 095 (1. 3H. CH,CII,.
3J(H,H) =7.3 Hz); *C{!H} NMR (125 MHz. CDCI,, 25°C) 0 =139.3,
139.1, 134.6, 134.4, 134.1, 105.2, 105.1 (1:2:1:1:1:2:1 ratio, C-H, ). 1384
(Ir-CH=CH,), 115.9 (Ir—-CH=CH,), 111.4 (NCMe), 16.6 (Ir-CH,CH;).
4.0 (NCMe), —10.7 (Ir-CH,CH;); C,sH, BN, Ir (514.04): caled C 359. H
4.2, N 19.5; found C 35.9, H 4.3, N 19.8.

1la* (Tp' = Tp*, L =NCMe): In a glass ampoule, complex 1% (0.06 g,
0.11 mmol) was heated in acetonitrile (10 mL) at 60 ~'C for 18 h. Thc resulting
solution was concentrated in vacuo and cooled to —20 *C. Complex 11a* was
obtained in 90% yield as a white microcrystalline solid. '"H NMR (500 MHz,
CDCly, 25°C): 6 =8.24 (dd, 1H. H,, *J(A,X) =17.8. *J(A.M) = 10.3 Hz),
575, 5.68, 564 (s, {H, 1H, tH, CWHWY), 5.55 (dd, TH, Hg.
YIM,X) = 3.6 Hz), 4.73 (dd, 1 H, Hy), 2.47 (s, 3H. NCMe). 2.36, 2.33, 2.32.
2.31,2.22, 219 (s, 3H each, 6Me), 2.12, 1.90 (m, 1 H, 1H, CH,CH ;). 0.43
(t. 3H, CH,CH,, *J(H,H) =7.6 Hz); '*C{'H} NMR (125 MHz, CDCl,,
25°C): 0 =151.6, 149.7, 142.7, 142.6, 142.4 (2:1:1:1:1 ratio, C-Me). 138.3
(Ir- CH=CH,), 114.3 (Ir-CH=CH,), 111.6 (NCMe), 107.1, 106.3. 106.1
(C—H,,), 154 (Ir CH,CH,). 13.6, 13.2, 12.9, (2.5, 12.3, (1:1:1:1:2 ratio.
C~Me),3.9(NCMe), —11.9 (Ir— CH,CH ,): C, H, , BN, Ir (374.04): caled C
43.0, H 5.6, N 16.7; found C 43.2, H 5.7, N 17.0.

ID,J-11a* (Tp’ = Tp*, L = NCCD,): "H NMR (500 MH7z. CD,CN. 25 °C):
8 =18.05(dd, 1H,H,, *J(A,X) =17.8, 3J(A.M) =10.3 Hz). 5.82, 5.74 (s, L H,
2H.C-H,),547(dd, 1H, Hy,, *J(M.X) = 3.6 Hz). 4.72 (dd., 1 H, H,), 2.37,

pyr.
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236, 234, 2.34, 219, 218 (s. 3H each, 6Me), 2.92, 2.15 (m, 1H, 1H,
CH,CH,), 0.41 (1, 3H, CH,CH,, *J(H,H)=7.6Hz); *C{'H} NMR
(125 MHz, CD,CN, 25°C): 6 =152.7, 1514, 151.3, 144.4, 144.1 (1:1:1:2:1
ratio, C—Me), 137.6 (Ir-CH=CH,), 115.7 (Ir—CH=CH,), 108.3. 107.4,
107.1 (C—H,,,). 162 (Ir-CH,CH,), 13.9, 13.7. 133, 132, 126, 125 (C—
Me). —12.0 (Ir- CH,CH,,).

11b* (Tp' = Tp*. L = pyridine): Complex 11b* was prepared similarly by
heating 1* at 60 °C in neal pyridine for 18 h. "HNMR (500 MHz, C.D,,
25°C): 0 =8.63 (d, 1H. C-H,,. 3J(HH)=57Hz), 8§49 (dd. 1H, H,,
JAX) =180, NAM) =10.7Hz), 790 (d. 1H, C-H,, “J(HH)=
5.5Hz),6.64 (1, TH. C-H ., SHHHY=76Hz), 637 (1. 1H,C-H ), 6.02
(dd, 1H, Hy,. *J(M,X) =33 Hz), 5.79 (1. 1H, C-H,), 5.73, 5.72, 5.68 (s,
1H, 1H. 1H, C-H_), 513 (dd, 1H. Hy), 2.79 (dg, 1 H, CH,HyCH,;,
2J(AB) =11.1, 3/(H.H) =7.5 Hz), 2.69, 2.27, 2.26, 2.18, 1.51, 1.50 (s, 3H
each. 6Me). 2.08 (dg. 1H, CH,H,CH,), 0.99 (t. 3H. CH,CH,): "*C{'H}
NMR (125 MHz, CDg, 23°C): 6 =140.1 (Ir-CH=CH,). 118.6 (Ir-
CH=CH,), —6.9 (Ir-CH,CH,).

IDJ-11c* (Tp' = Tp*, L = [D]DMSO): In an NMR tube, complex 1* was
suspended in 0.5 mL of [D,JDMSO. The resulting mixture was heated at
60 'Cin a water bath until complete disolution of the starting material NMR
monitoring at this point showed total conversion to complex 11¢*. "HNMR
(500 MHz, [DDMSO, 25°C): 6 =7.87 (dd. 1H, H,. *J(AX) =178,
*JHAM) =10.3 Hz). 591,5.86,5.80 (s, L H, 1 H, 1H,C-H_ ), 5.56 (dd, 1 H.
Hy. *J(M.X) = 3.2 Hz), 4.59 (dd. 1H, Hy), 2.46, 2.38, 2.34, 2.28, 2.17, 2.16
(s. 3H each, 6 Me), 0.39 (t, 3H, CH,CH,;. *J(H,H) =7.3 Hz). The CH,CH,
protons could not be located; **C{*H} NMR (125 MHz, [D,DMSO0, 25°C):
5 =151.1, 150.4, 149.3, 143.6, 143.5, 142.9 (C—Me), 133.4 (Ir-CH=CH,),
119.8 (Ir-CH=CH,), 108.2, 107.8, 107.8 (C-H ). 15.6. 152, 14.7, 13.9,
12.6, 12.6, 12.5 (CH,CH, and 6C-Me), —10.6 (Ir—-CH,CH,).

11d* (Tp' = Tp*, L = PMe,): Complex 1* (0.08 mg, 0.15 mmol) was sus-
pended in neat PMe, (1 mL) and heated for 10 h at 60°C. The solution was
taken to dryness and the residue was cxtracted with petroleum ether (10 mL).
Upon partial evaporation and cooling at —20 "C white crystals of 1Ld* were
collected in 75% yield. "HNMR (200 MHz, C¢Dy. 25°C): 6 = 8.60 (ddd,
1H. H,, *HAX) =176, *J(AM) =10.3, *J(H, ,P) =1.2 Hz), 6.20 (dd, 1 H,
Hy. 2J(M.X) = 3.6 Hz), 5.73, 5.65, 5.57 (s, 1 H, 1H, 1H, C-H_,,), 5.07 (dd,
1H, Hy), 2.57,2.29, 2.27,2.22, 2.19, 2.04 (s, 3H each, 6Me), 2.45 (m, 2H,
[r-CH,), 1.13 (d. 9H, PMe,, >J(H,P) = 9.4 Hz), 0.80 (t, 3H, [r-CH,CH,
AJ(HLH) =7.6 Hz); C{*H} NMR (50 MHz, C;D,.25°C): § =150.6, 150.2,
149.7 (4, s, s, 1:1:1 ratio, C-~Me, *J(C,P) = 4 Hz), 143.6, 143.1, 142.5 (C-
Me), 136.3 (d, Ir-CH=CH,, *J(C,P) =11 Hz) 118.1 (d. Ir-CH=CH,,
3J(C.P) =4Hz), 107.5, 107.4, 107.3 (C-H, ), 16.2, 16.1, 15.2, 14.6, 12.9,
12.7 (1:1:1:1:2:1 ratio, Ir-CH,CH, and 6C-Me), 152 (d, PMe,,
LJ(C.P) = 38 Hz), —15.1 (d, Ir—CH,CH,, 2J(C,P) = 6 Hz); *'P{'"H} NMR
(80 MHz, C(Dg, 25°C): 6 = —48.5.

[Tp*I(CH=CHMe)(CH,CH,CH,)(PMe;)] (12*): Similarly and by using
complex 4* as starting material complex 12* was isolated as a white crys-
talline solid in 70% yield. Major trans-propenyl isomer: '"H NMR (500 MHz,
C,D,, 25°C): § =7.67 (d. 1H. H,, /A M) =158 Hz), 5.73, 5.65, 5.58 (s,
TH. 1H, tH,C-H_ ), 5.02(dq, 1H, Hy, 3J(HMe,) = 6.1 Hz), 2.47, 2.26,
2.25,2.23,2.21, 2.07 (s, 3H each, 6 Me), 2.32 (m, 2H, IrCH,Et), 2.15 (d, 3H,
Me,), 1.21 (m, SH, [rCH,Er), 1.13 (d, 9H, PMe,, 2J(H,P) = 9.2 Hz);
13CI'H} NMR (125 MHz, CDy, 25°C): 6 =150.4, 149.9, 149.7, 143.3,
143.0, 142.0 (C—Me), 125.2 (d, Ir-CH=CHMe, 3J(C,P) = 4 Hz). 124.2 (d,
Ir -CH=CHMe, %J(C.P) =10 Hz), 107.4, 107.3, 107.2 (d, 5. s, 1:1:1 ratio,
CH,,,. *J(CP) = 4 Hz), 24.6 (Ir-CH,CH,CH,). 23.2 (Me,), 17.7 (Ir—
CH,CH,CH,), 16-12(6 C- Me), 15.4 (d, PMe;. 'J(C,P) = 37 Hz), —3.9(d,
Ir- CH,Et, 2J(C.P)=6Hz); *'P{'H} NMR (120 MHz. C,D,. 25°C):
& = — 50.2. Minor cis-propenyl isomer: '"HNMR (500 MHz, C,D,;, 25°C):
5=762 (d, 1H, H,. JAM)=10Hz), 615 (dg. 1H. Hy,
3J(H.Me,) = 5Hz); "*C{’"H} NMR (125 MHz, C;D,25°C): 6 =126.3 (Ir—
CH=CHMe), 1204 (d, Ir-CH=CHMe, *J(C,P) =10 Hz), —5.9 (d, Ir-
CH,Et, 2J(C,P)=7Hz); ¥'P {'H} NMR (120 MHz, C¢D4, 25°C):
3= —51.2; C,,H, BNPIr (647.62): caled C 44.5, H 6.4, N 13.0; found C
44.6, H. 6.7, N 12.4.

Synthesis of [TplrH(y*-CgH, ;)] (F): Complex G (0.04 g, 0.08 mmol) was
dissolved in cyclohexane (10 mL) and the solution was heated at 80°C for
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24 h. The solvent was evaporated under vacuum and the residue, a microcrys-
talline white solid, was investigated by 'H NMR. Only complex F was detect-
ed in solution, attesting to the quantitative conversion of G into F. '"H NMR
(300 MHz, CDCl,, 25°C): 6 = 8.1-6.0 (m. 9H. 2:1 ratio, C—H_ ), 444 (t.
1 H, He, ¥(He Hy) =7.5 Hz), 4.00 (g, 2H, 2 Hg, *J(H,CH,) = 8.0 Hz), 2.7~
1.3 (m, 10H, 5 CH,), —26.01 (s, 1H, Ir—H); *C{'H} NMR (125 MHz,
CDCl,,25°C): 0 =145.8,137.9,135.1,133.7,105.8,104.7 (2:1:1:2:2:1 ratio,
C-H,,), 88.2 (C-H,), 38.0, 37.6, 29.1, 26.6 (CH, and C—Hy).

Crystal structure determinations of 1%, 8a* and 8b*: A light yellow crystal of
prismatic shape of complex 1* was coated with epoxy resin and mounted in
a kappa diffractometer equipped with an Enraf-Nonius FR558SH low-tem-
perature device. The cell dimensions were refined by least-squares fitting the
0 values of the 25 reflections with a 20 range of 13—27°. The intensities were
corrected for Lorentz and polarization effects. Scattering factors for neutral
atoms and anomalous dispersion corrections for Ir were taken from the
International Tables for X-ray Crystallography.[®®! The structure was solved
by Patterson and Fourier methods. An empirical absorption correction!>!!
was applicd at the end of the isotropic refinements. A final refinement was
undertaken with unit weights and anisotropic thermal motion for the non-hy-
drogen atoms. The hydrogen atoms were included with fixed isotropic contri-
butions at their calculated positions. No trend in AF vs. F, or sinf//.. was
observed. Final difference showed no significantely electron density. Most of
the calculations were carried out with the X-Ray 80 system.!3?!

For complexes 8a* and 8b*, colourless prismatic crystals were coated with
epoxy resin and mounted in a kappa diffractometer. The cell dimensions were
refined by least-squares fitting the @ values of 25 reflections. The intensities
were corrected for Lorentz and polarization effects. Scattering factors for
neutral atoms and anomalous dispersion correction for Ir were taken from
the reference given above. The structures were solved by Patterson and
Fourier methods. Empirical absorption corrections were applied at the end of
the isotropic refinement.!’!! Final refinement were undertaken with fixed
isotropic factors and coordinates for all H atoms, except H1 whose coordi-
nates were located in AF and refined. Final difference synthests showed no
significantly electron density.

Most of the calculations were carried out with the X-Ray 80 system.552
Crystallographic 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-100295. Copies of the data
can be obtained free of charge on application to The Director, CCDC, 12
Union Road, Cambridge CB21EZ, UK (Fax: Int. code 4(1223) 336-033;
e-mail: deposit@ichemcrys.cam.ac.uk).
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Through-Bond Interactions in Silicon—Phosphorus and Silicon— Arsenic
Compounds: A Facile Synthesis of Dodecamethyl-2,3,5,6,7,8-hexasila-
123,443-diphosphabicyclo|2.2.2]octane, Its Arsenic Analogue,

and Related Compounds

Uwe Winkler, Mathias Schieck, Hans Pritzkow, Matthias Driess,* Isabella Hyla-Kryspin,
Holger Lange, and Rolf Gleiter*

Abstract: Dodecamethyl-2,3,5,6,7,8-hexa-
sila-14%,473-diphosphabicyclof2.2.2]oc-

tane (1) and its arsenic analogue 2 are
readily accessible in 69 and 73% yield,
respectively, by the cyclocondensation re-
action of 1,2-dichloro-1,1,2,2-tetrame-
thyldisilane (§) with the lithium pnictides
[LIEH,(dme)] (E = P (6), As(7); dme =
1,2-dimethoxyethane). The reactions pro-
cced via 1,4-diphosphaoctamethyltetrasi-
lacyclohexane (8) and its arsenic analogue
9. respectively, which werc isolated and
structurally characterized by X-ray crys-
tallography. The molecular structures of 1
and 2, which are isotypic, were also estab-
lished by single-crystal X-ray analysis:
they possess D, point symmetry with the
expected Si—E bond lengths (E = P, As)
but unusually long Si—Si bonds. The lat-
ter are 0.02-0.03 A longer than those in 8
and 9. mainly due to through-bond inter-
actions (TB) between donating n orbitals
of the E atoms and the o* acceptor or-
bitals of the Si—Si bond. The first expand-

ed analogues of 1, namely, 12 and 14, with
hexamethyltrisilane and dodecamethyl-
hexasilane chains bridging the two phos-
phorus atoms, were synthesized in a one-
pot cyclocondensation reaction of the
corresponding 1,3- and 1,6-dichloro-
oligosilanes 11 aud 13, respectively, with
[LiPH,(dme}] 6. Ab initio calculations on
the parent compounds la, 12a, and the
second-row analogue 1,4-diazabicyclo-
[2.2.2]octane (B} were carried out in order
to analyze the different coupling con-
stants and magnitudes of intramolecular
interactions (through-space/through-bond
coupling). TS and TB coupling in B were
found to be about two times stronger than
in the congener 1a, due to the compactness

Keywords
ab initio calculations -
con + phosphorus
spectroscopy

arsenic - sili-
photoelectron

of the N, C, skeleton and the greater extent
of s,p hybridization at nitrogen. Evidence
for TB interactions in 1 was obtained by
photoelectron spectroscopy and by com-
parison of the two first vertical ionization
potentials with calculated values for 1a.
The best agreement with experimental
data was achieved when 1a was calculated
at the MP 2 level. Compound 1a preferen-
tially adopts D, point symmetry; the
higher-symmetry D,, form possesses one
imaginary frequency and is slightly less
stable (0.46 kcalmol ™! at HF/6-31G*//
HF/6-31G* and 1.58 kcalmol ™! at MP 2/
6-31 G*//HF/6-31 G* level), suggesting
that this structure corresponds to a transi-
tion state on the potential energy surface.
The corresponding to the
global minimum of B and 12a have D,,
and C,, symmetry, respectively. At the
HF/6-31 G*//HF/6-31 G* level the Dj,
form of 12ais 17.61 kcalmol ! less stable
than the C;;, minimum.

structures

Introduction

The electronic structures of molecules and solids are dependent
on their topology. In the case of unsaturated organic molecules
and heterocycles it has been shown that certain topologies allow
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strong through-space/through-bond interactions.!"*? Studies
on classical examples such as pyridazine (A)®! and 1,4-diazabi-
cyclo[2.2.2]octane (B)* revealed that the through-bond interac-
tion between the nitrogen lone-pairs n, and n, is mediated by
the o framework. Detailed studies

showed a large energy difference /TN
between the lone pairs (1.72 eV for :N//—\N: NN
A and 2.13eV for B). Further-
more, the symmetrical linear com-
bination of the lone-pairs n, =
1/)/ 2(n, +n,) is energetically disfavored in comparison to the
antisymmetric linear combination n_ =1/}/2(n, — n,). These
interactions determine the electronic structure, stability, and
reactivity of such compounds. The size of the gap between n
and n_ can be established by means of photoelectron spec-
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troscopy and characterized by means of quantum chemical cal-
culations within the one-electron model. It would be useful to be
able to “design” the relay-like stabilization of electronically un-
usual compounds with appropriate topology (e.g., Cy symmet-
ric (radical) cations stabilized by through bond interactions),
since this might allow the synthesis of compounds from heavy
main-group elements with interesting electronic and optical
properties. To date, the only known heavier analogues of B
(containing the heavy main-group elements silicon, phospho-
rus,’’ arsenic,'”® antimony,®*™ and bismuth!®?) expected to
possess through-bond interactions are compounds 1-4. How-
ever, the extent of such interactions has hitherto remained unex-
plored.

$:
j

P Al Nas g v “Bi:
‘AS As: Sb Bi 10
TN N
1. ® = SiMe, 2 3 4
1a: @ = SiH,

Here we report on an improved synthesis of 1 and 2 and on
the first synthesis of structural analogues of 1, bearing longer
oligosilane chains (SiMe,), (n = 3 and 6) between the two phos-
phorus atoms. Furthermore, we present the PE spectroscopic
characterization of 1, ab initio calulations on the unsubstituted
compounds P(SiH,).P (1a) and P(SiH,),P (12a), and the syn-
thesis of the P,P’-diborane adduct of 1. These results clearly
prove the existence of relatively strong through-bond interac-
tions in these heavier analogues of B.

Results and Discussion

The compounds 1 and 2 were first prepared by reaction of the
1,2-dichlorodisilane 5 with sodium/potassium phosphide and
arsenide in relatively low yields {ca. 10 and 22 %) .13 We found
that 1 and 2 are conveniently accessible in higher yields by
reaction of 5 with [LiEH,(dme)] (E=P (6)., E = As (7),
Scheme 1). Formation of 1 and 2 occurred stepwise, via the
respective diphospha- and diarsatetrasilacyclohexanes 8 and 9
as intermediates, after salt elimination. Lithiation of 8/9 by 6/7
and subsequent cyclocondensation with 5 gave rise to 1 and 2 in
69 and 73 % yield, respectively, in the form of colorless crystals.

Compounds 8 and 9 were proven to be intermediates in the
synthesis of 1 and 2, respectively, since they were isolated in very
low yields from the reaction mixtures by fractional crystalliza-

Table 1. Selected bond lengths [/\] and angles [*] for 1, 2, 8, and 9.

cl [LlEHz(drne)]

[ 7E As

EH [LIEH2 dme}]
Ul N

Cl
5: ® = SiMe, 8:E=P E
‘E=As TE=P
2:E=As
/' N 2 BHy(thf)
-2 THF
HiB— P BH; -

Scheme 1.

tion. Compound 9 is thermolabile and decomposes in an argon
atmosphere at 25°C within 3 h to form an arsenic mirror,
whereas 8 survives under such conditions. Their structures were
established by X-ray structure analyses (Figure 1, Table 1).

On b0

Figure 1. Solid-state structure of 8 (8 is isotypic with 9).

They crystallize isotypically in the trigonal space group R3. The
Si,E, (E = P, As) chair is a little distorted and possesses approx-
imately C, symmetry with a center of symmetry. The E—Si bond
lengths are within the expected range for E—Si single bonds in
acyclic silylphosphanes, silaphosphanes, and their arsenic ana-
logues.'®! The Si-Si bond lengths of 2.340(1) A in 8 and
2.332(2) A in 9 are slightly different from those in dode-
camethylcyclohexasilane Me,,Si,.!”! The endocyclic angles in 9
are 115.31 and 115.64(7)° at silicon and 104.37(5)" at arsenic.
These angles are only slightly different from those in 8 and
related compounds, such as PhP(SiMe,),PPh™® (104.9(2)").
and in the cyclohexasilane Me,,Si [ (111.9(5)7). The C1-Si1-

i 2 8 9

E-Si 2.262(2) 2.363(1) 2.259(1), 2.261(1) 2.358(2). 2.338(2)

Si-Si 2.363(2) 2.358(1) 2.340(1) 2.332(2)

Si-C 1.879(3), 1.884(2) 1.881(2). 1.881(2) 1.876(2). 1.885(2) 1.882(5). 1884(5)
1.876(2), 1.880(5) 1.883(5), 1884(5)

Si-E-Si’ 101.50(4) 99.76(3) 105.70(3) 104.37(5)

E-Si-Si” 115.06(3) 116.22(2) 115.82(4), 115.78(4) 115.31(7)

CSiC 105.91(12) 106.24(10) 109.74(11), 109.59(10) 109.9(3). 109.7(3)

E-Si-C 108.08(9), 108.52(8) 107.89 (7)., 107.66(8) 108.04(7), 105.07(T) 108.5(2). 104.4(2)
107.87(8), 105.29(7) 107.8(2). 105.0(2)

Si-8i-C 109.59(9). 109.28(10) 109.45(7). 108.92(8) 109.80(8), 108.20(%) 110.3(2), 108.3(2)

110.34(8), 107.75(8) 110.2(2), 108.2(2)
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Si2-C3 torsion angle in 9 is 172.1°, and the deviation from the
ideal chair conformation is caused by the repulsive interaction
of the axial methyl groups.

It has been concluded from IR and Raman spectroscopic
investigations that 1 and 2 are of lower symmetry than the ideal
D,,, structure.l® We therefore determined the crystal structures
of both compounds by X-ray diffraction analyses. The crystals
are isotypic and possess C,; point symmetry (Figure 2). Where-

Figure 2. Molecular structure of 1 (1 is isotypic with 2).

as the Si—E bond lengths (E = P, As) show no unusual feature,
the Si~Si bonds in both derivatives are 0.02—0.03 A longer than
in the less strained Si,E, cyclic compounds 8 and 9; the Si-C
bond lengths in 1, 2, 8, and 9 are identical. The main reason for
the elongation of the Si—Si bonds in 1 and 2 is the through-bond
interactions between donating n orbitals of the E atoms and the
o* acceptor orbitals of the Si—Si bonds. The molecular struc-
ture of the P,P’-diborane adduct 10, formed in quantitative yield
from 1 and [BH,- (thf)] (2 equiv, Scheme 1), confirms the fact
that electronic and not steric effects are mainly responsible for
the longer Si—Si bonds. The structure analysis is not very accu-
rate, owing to the poor crystal quality; therefore, a comparison
of geometrical parameters with 1 is limited.'”’ However, the
Si—Si distance of 2.34(1) A in 10 is shorter than that observed
in 1 (2.363(2) A), despite the greater steric congestion in the
former.

Quantum Chemical Calculations and Photoelectron (PE) Spec-
troscopic Investigations: One of the aims of this report is to
discuss the characteristic differences in the electronic structures
of the isostructural homologues 1a and B. Therefore we carried
out ab initio calculations on these compounds, in order to ana-
lyze the different contributions (coupling) and magnitudes of
intramolecular interactions (through-space (TS) and through-
bond coupling (TB)). In addition, we compare the PE spectra of
1 and B as well as the calculated TS/TB couplings of 1a with
those of 12a.

Molecular Geometries: Computational details are described in
the Experimental Section. Results of the HF/6-31 G*-optimized
geometrical parameters of 1a, B, and 12a are collected in
Table 2.

The agreement between calculated and experimental bond
lengths and angles is very good. In the case of 1a the calcula-
tions predict that the D, structure represents a global minimum
on the potential energy surface, that is, no imaginary frequency
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Table 2. Optimized structural parameters of B, 1a, and 12a (bond lengths in Aand

angles in “; i = number of imaginary frequencies).
Compound B Compound la Compound 12a
Dy Exp. [a] Dy D, Exp. [b] D, Can
N-C 1.459 1.477 P-Si 2.268 2270 2.262 2.244 2261

c-C 1.555 1.590 Si--Si 2375 2371 2.363 2371 2363

C-N-C 109.1 108.1 Si-P-Si 103.0 1021 1015 115.10 109.4
N-C-C 109.8 110.5 P-Si-Si 1154 1142 1151 128.61 120.3

N-C-C-N 0.0 P-Si-Si-P 0.0 241 2241
P-8i-8i-Si 0.0 76.2
Si-Si -Si 120.0
i 0 1 0 3 0

[a] Ref.[14]. [b] X-ray data of 1, this work.

is observed. The Cj structure of 1a converges to the Dy struc-
ture. The vibrational analysis for the D,, isomer reveals one
imaginary a} mode at 42 cm ™!, suggesting that this structure
corresponds to a transition state on the potential energy surface.
An examination of the normal coordinates corresponding to
this ] mode suggests a distortion to the C, structure. However,
the twisting of the P(SiH,), moieties in 1a is not an energy-de-
manding process. At the HF/6-31 G*//HF/6-31 G* and MP2/6-
31 G*//HF/6-31 G* levels, 1a (D;,) is, respectively, 0.46 and
1.58 kcalmol ! less stable than la (D,). In contrast, during
geometry optimizations both the D, and C; structures of B
converge to D,,, whose frequencies are all real. Remarkably,
twisting of the N(CH,), units in B does not occur, due to the
large strain energy of the D,, form. In the case of 12a the
HF/6-31 G*//HF/6-31 G* calculations predict that the C,,
structure represents a global minimum on the potential energy
surface (. = 0). During geometry optimizations the C, isomer
converges to C,,, and the D,, structure with three imaginary
frequencies does not correspond to a stationary point on the
potential energy surface. At the HF/6-31 G*//HF/6-31 G* level,
the D,, structure of 12ais 17.61 kcalmol ™ less stable than the
C,y, minimum.

PE Spectrum of 1. The PE spectrum of 1 is shown in Figure 3.
The first band with maximum at 6.9 eV is well separated from
an overlapping broad band region with measurable maxima at
8.0, 8.6, 9.0, 9.5, and 10.5 eV (Figure 3). In order to assign the
bands and to understand the TS/TB coupling, we first proceed
empirically by comparing the bands of 1 with those of B, whose
assignment is unequivocal.'”) The lower-energy part of the PE
spectrum of B exhibits two well-resolved bands with maxima

COUNTRATE

1 2 1

I — | | N S|
6 7 8 9 10 11 12 1314 15 16

I (ev)
Figure 3. He(l) PE spectrum of 1.
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at 7.52 and 9.65 eV.1?! They are associated with ionization pro-
cesses from the bonding n, (HOMO) and the antibonding
n_. (HOMO —1) combinations of the nitrogen lone-pair or-
bitals. The splitting between these bands A7, (2.13 eV) provides
an experimental measure for the TS and TB coupling. If we
assume the same assignment as for B for the two first bands, the
TS/TB coupling is then predicted to be about two times weaker
(1.1 eV, Figure 4). In order to verify our empirical assignment
we carried out an ab initio analysis of the TS and TB interac-
tions for the model compound 1a and for B, as discussed in the

next section.

HOMO(n, ) HOMO-1 (n_) (\
N
INY
¢
Va
7 @ = SiMey
6 7 8 9 10 IP(eV)

Figure 4. Correlation between the first ionization energies of B and 1.

TS and TB interaction in 1a, B, and 12a: In Table 3 we compare
the two first ionization energies of 1 and B with the values
calculated by assuming the validity of Koopmans’s theorem
(I, = — &)!"%7as well as by using the ASCF (HF/6-31 G*//HF /6-
31G*) and the AMP2 (MP2/6-31 G*//HF/6-31 G*) methods.
For both molecules the canonical orbital sequence locates n,,
above of n_, and Koopmans’s defects do not change this se-
quence. For 12a the calculations predict the normal orbital

Table 3. The two first ionization energies of B, 1a, and 12a calculated by assuming
the validity of Koopmans's theorem (— ¢;) and by using the ASCF and AMP2
aproach. All values are given in eV.

Band —¢  ASCF  AMP2 I, [a] Assignment

B (D,,) i 839 7.33 6.51  7.52 24}: HOMO(n,)
2 11.29  9.60 884  9.65 245: HOMO —1(n_)
Al [b] 290 227 233 213

ta (D) 1 829 776 724 690 24,: HOMO(n,)
2 9.69 8952 849 8.00 24,: HOMO —1(n.)
Al [b] 140 1.6 1.25 110

12a (Cyy) 1 831 7.80 7.00 24”: HOMO(n _)
2 889 8.28 7.34 24’ HOMO —1(n})
Al [b] 0.58 048 0.34

[a] Experimental value for B (ref. [4]) and 1 (this work). [b] Splitting between
bands 1 and 2.

sequence, that is, the out-of-phase combination (n _} is located
above the in-phase (n,) combination. The calculated absolute
values for the two first ionization potentials of B are reproduced
accurately at the ASCF level; Koopmans’s theorem overesti-
mates and AMP2 underestimates the experimental values. In
the case of 1a the best agreement with experimental results is
achieved at the MP 2 level, that is, both relaxation and correla-
tion effects must be included in the calculation procedure. We
note, however, that in accord with the empirical assignment
given in Figure 4, the calculated splitting A/, of 1ais about two

Chem. Eur. J. 1997, 3, No. 6

times less than for B, independently of the level at which the
calculations are performed (Table 3).

In principle, the final energetic splitting Al may be a result of

TB and/or TS interactions. Table 3 provides little insight into
the factors responsible for the magnitude of the two types of
interactions. In order to obtain a deeper insight into the nature
of these interactions, the canonical molecular orbitals (CMOs)

of the ground state HF wave function of 1a, B, and 12a were
transformed into localized orbitals, for which we used the natu-
ral bond orbitals (NBOs) of Weinhold et al.l'"! For the quanti-
tative treatment we applied the procedure of Imamura et al.l' 3
The corresponding NBO interaction diagrams of 1aand 12a are
shown in Figures 5 and 6. The results obtained for B are dis-

cussed in the text.

£ (ov)]
s NBO TS TB1 TB2 CMO
-8
— a1(n N
91 |
IS‘i ’
si !
P ! ——-az(n_)
-10 T | }
1a “‘
] !
-1 |
|
!
121 j
!
_—
-13 az(n_ )/ /
— f
n=— \\_j
afn,)

Figure 5. TS/TB interaction diagram of 1a; NBO: energy of the degenerate, non-
interacting n NBOs; TS: energy after the TS interaction; TB1: energy after the
addition of three 5(Si—Si) NBOs; TB2: energy after the addition of three o*(8i—Si)

NBOs; CMO: energy of CMOs.
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Elew}
NBO TS TB1 TB2 CMO
-81 a"(n.)
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- 5 |
sisi//P\s;S;SI ‘ /—— a (n+)
Si ‘/
-101 12a /]
el Il
/
-121 n :iWI
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134

Figure 6. TS/TB interaction diagram of 12a. NBO: energy of the degenerate. non-
interacting n NBOs; TS: energy after the TS interaction; TB1: energy after the
addition of six o(Si-Si) NBOs; TB2: energy after the addition of six o*(Si-5i)
NBOs; CMO: energy of CMOs.
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The basis energies of the degenerate, noninteracting lone-pair
n NBQOs are displayed on the left-hand side of Figures 5 and 6,
respectively. The diagonalization of the 2 x 2 NBO Fock matrix
involving n NBOs gives the energies of the symmetry-adapted
precanonical molecular orbitals (PCMOs) n, and n_ in the
absence of TB coupling. The calculated TS energy gap between
PCMOs a{n,)and a5(n_) of Bis 1.34 eV. As shown in Figure 5
and 6, the PCMOs a,(n,) and a,{n_) of 1a resulting from TS
coupling are separated by only 0.49 eV. Neither for 1a nor for
B do these splittings reproduce the final (i.e., canonical and
experimental) results. Thus, a direct orbital interaction, that is,
TS homoconjugation, cannot be the only factor responsible for
the energetic splitting A7, found in the PE spectra of 1 and B.
The TS interaction in 1a is weaker than in B, owing to the large
P—P distance (do_, = 4.321 A (1a) vs. dy. y = 2.545 A (B)) and
the greater s character of the n NBOs (43% (1a) vs. 17% (B)).
Clearly, the latter is a result of the reluctance of heavier (3rd
period and above) main-group elements to undergo s.p hy-
bridization.!'3! In order to investigate the TB interactions we
built up the NBO matrices by successively adding in groups the
sets of o and o* NBOs, and at each step we diagonalized the
appropriate sub NBO Fock matrix. Since the NBO sets provide
basis functions for the symmetry-adapted PCMOs, for each
diagonalization step it is important to add a complete set of the
particular NBOs. In the last step we diagonalized the full NBO
Fock matrix. This gives the CMOs in the NBO basis. The most
important TB splittings of 1a and 12a are shown in Figures 5
and 6 and those of B are discussed in the text. While PCMOs n,
and n_ of B, 1 a, and 12a transform according to the one-dimen-
sional representation, it is clear that PCMOs belonging to the
degenerate representations will not contribute to the TB cou-
plings. In the case of B and 1a only the n, combination matches
with one PCMO, namely, o(C—C/Si—Si). This TB 1 interaction
destabilizes the PCMO a,(n, ) of laand ¢\ (n,) of Bby 1.2 and
1.63 eV, respectively. In the TB1 interaction the encrgy of
PCMO n_ remains unchanged, and this results in the inverted
PCMO sequence, with n, above n _. Subsequently, admixture
of PCMOs o*(C—C/Si-Si) (a, of 1a and &5 of B), denoted us
TB2 interaction, stabilizes the PCMO n_ by 0.63 eV (1a) and
1.31 eV (B). Again, both TB interactions are stronger in B than
in ta. The donor—-acceptor TB2 interaction leads (o ¢lectron
density transfer from n_ NBOs to the o*(C—-C/Si—Si) NBOs.
According to the NBO population analysis, the calculated occu-
pancy of the n NBOs is significantly lower than 2.00 (1.924 (1a),
1.923 (B)) and those of o¥*(Si-Si) and o*(C—-C) are 0.043 and
0.033, respectively (see Table 4). These resuits explain the exper-
imentally observed elongated Si-8i/C-C bonds in 1 and B
(2363 A (1), 1.590 A (B)""*). As shown in Figure 5, after

Table 4. Results of NBO population analysis for B, la. and 12a (OCC =
occuppation numbers).

NBO OCC(B) NBO 0CC(1a) OCC(12a)
n 1.923 n 1.924 1.900
a(CC) 1.995 & (SiSi) 1.973 1.974
& (NC) 1.984 & (PSi) 1.973 1.978
& (CH) 1.987 o (SiH) 1.988 1.986
T*HCC) 0.033 &*(SiSi) 0.043 0.032
o*(NC) 0.015 o*(PSi) 0.018 0.020
o*(CH) 0.011 o*(SiH) 0.020 0.012

878 ———— O VCH Verlagsgesellschaft mbH, D-69431 Weinheim, 1997

TS +TB1 +TB2 interactions the PCMOs n, andn_ of 1a are
already separated by 1.34 eV, which approximately corresponds
to the final (i.e., canonical and experimental) results of 1 (see
Table 3). For B, however, the calculated splitting at this step is
1.60 eV, and interactions of longer range seem to be important
to reproduce the canonical splitting.

Although the PE spectroscopic investigation of 12 was not
possible, a short comparison of the TS/TB couplings in 1a and
12a may be instructive. With respect to 1a, the basis energy of
the noninteracting lone-pair NBOs of 12a is shifted to higher
energy, due to the difference in s character of the n NBOs (43 %
(1a) vs. 34% (12a)). In 12a the large P—P distance of 5.601 A
prevents an efficient overlap between n NBOs, and consequent-
ly the TS coupling is practically absent. The calculated TS split-
ting is only 0.01 eV. In contrast to 1a both PCMOs nn, and n_
of 12a match with PCMOs constructed from Si—Si ¢ and o*
NBOs. Thus, PCMOs ¢'(n,) and «”(n_) will both be aftected by
the TB1 and TB2 interactions. The TB1 interaction destabilizes
the PCMOs n, and n_ by 0.26 and 1.01 eV, respectively. The
normal PCMO sequence with n_ above n, remains unchanged.
The TB2 interaction does not change this sequence; the PCMOs
a'(n,)and a”"(n_) are stabilized by 0.45 and 0.17 eV, respectively
(Figure 6). The TS and TB interactions in 1a are stronger than
in 12a and consequently the canonical splitting for 12a
(0.58 ¢V) is more than two times smaller than for 1a (1.40 eV)
(Table 3). It is interesting to note that the splitting between the
two first bands found in the PE spectrum of the analogous
molecule 1,5-diphosphabicyclof3.3.3]Jundecane is 0.56 eV.['3

Syntheses of the Expanded Analogues 12 and 14: The strategy
used for the synthesis of T can be surprisingly easily adapted to
expanded polysilane systems. Thus, reaction of 6 with the
dichlorooligosilanes 11 and 13 gave rise to the respective hetero-
bicycles 12 and 14, which were isolated in 24 and 16 % vields,
respectively (Scheme 2). The composition of both products was

P CI(SiMey);Cl Cl(SiMe,)eCl P
11 13
-« [LiPHy(dme)] ———
(LPH(dme)] (@) (& (ws
6
P
12: @ =SiMe, 14
12a: @ =SiH,
A P
—P %P

LY

12a (Dy,, 17.61 keal mot™) 12a (Cqp, 0.0 keal mal™)

Scheme 2.

determined by mass spectrometry, and the structures were un-
ambiguously established from the characteristic simple appear-
ance of the 'H and *'P NMR spectra. The singlets in the *'P
NMR spectra of 12 and 14 are shifted slightly downfield com-
pared to the corresponding signal in the spectrum of 1. The
methy! protons of the x-SiMe, groups in 12 give a doublet at
0 =037 (CJH,P) = SHz), and the protons of the -SiMe,
groups give a singlet at 6 = 0.14. The '"H NMR spectrum of 14
is almost identical to that of 12, except that the methyl protons
of the x-SiMe, groups appear as a singlet.
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Owing to the relatively high molecular weight of 12 and 14, a
PE spectroscopic investigation of these compounds has so far
not been possible. Thus, the extent TB interactions in 12 and 14,
compared to 1, has not yet been experimentally determined.

Conclusion

We have shown that 1 and its arsenic analogue 2 are readily
prepared in high yields by reaction of the 1,2-dichlorodisilane 5
with lithium phosphide 6 and arsenide 7, respectively. This
method can be adapted for the synthesis of the novel expanded
polysilane homologues 12 and 14. The PE spectroscopic study
of 1 and ab initio calculations on the parent compound 1a give
evidence for relatively strong TB interactions in this system. The
ab initio calculations on 1a and B give, for the first time, qual-
itative and quantitative insight into the magnitude of TS/TB
coupling. The magnitude of TB interactions in the second-row
analogue B is approximately twice that in 1, because of the
compactness of the N, C, skeleton and the different extent of s,p
hybridization at nitrogen. The ab initio calculations reveal that
through-space interactions are not present in 12a. The through-
bond interactions of 12a are weaker than those of 1a. Further
studies are necessary to gain insight into the influence of the
length of the silicon chain and of its branching on the strength
of TB interactions in other analogues of 1.

Experimental Section

All experiments were performed under anaerobic conditions using Schilenk
tube techniques. The starting materials 5,031 6 and 7,11 11,['7 and 13018
were prepared as described in the literature. 'H, 3'P, and ''B NMR spectra
were recorded on a Jeol-FX90Q (3'P: 36.6, ''B: 28.7 MHz). Chemical shifts
are given in ppm relative to respective standards. External standards for *'P
NMR: 85% aq. H,PO,; ''B NMR: F,B-OEt,; '"HNMR: SiMe,. Mass
spectra (MS) were obtained on a Finnigan MAT 8230. The He(1)-PE spec-
trum of 1 was recorded on a PS 18 spectrometer (Perkin-Elmer). The mea-
surement temperature was 160 °C (calibration: Ar and Xe).

Dodecamethyl-2,3,5,6,7,8-hexasila-143,4,3-diphosphabicyclo|2.2.2loctane (1),
1,4-Diphospha-1,4-dihydro-2,2,3,3,5,5,6,6-octamethyl-2,3,5,6-tetrasila-cyclo-
hexane (8), and Their Arsenic Analogues (2) and (9):

1: A solution of 6 (13.2 g, 0.1 mol) in THF (160 mL) at — 50 °C was allowed
to react with 5 (9.6 g, 0.05mol) for 2 h. The mixture was then allowed to
warm up to room temperature and stirred for 2 h. After removal of all volatile
components at 25 °C in vacuo (10~ 2 Torr), the residue was taken up in hexane
{120 mL), and the salt was tiltered off through a GIV frit. The clear solution
was concentrated to give colorless crystals of 1 at 25°C. Yield: 4.7¢g
{11.5 mmol), 69%.

2: A similar procedure was used to that for the synthesis of 1, starting from
7 (15.2 g, 87 mmol) in 80 mL of THF and 5 (8.2 g. 44 mmol). Fractional
crystallization at —20°C afforded 2 in the form of colorless crystals. Yield:
5.3 g (10.7 mmol), 73 %.

The analytical data of 1 and 2 are identical with those reported in refs [4, 5].

8 and 9: These compounds were isolated by fractional crystallization from the
reaction mixtures for the synthesis of 1 and 2 as described above. They were
isolated in the form of air- and water-sensitive colorless crystals. 9 is thermo-
labile and slowly decomposes above —20°C.

8: Yield: 1.27 g (4.26 mmol), 8.4%: 'H NMR ([D*JTHF): 3 = 0.30 (d, 24 H,
SiMe,, 3J(H.P) = 5.6 Hz). 1.45 (d, 2H, PH, "/(H.P) =186 Hz); *'P NMR
({D*THF): 8 = — 253.7 (d, LJ(P,H) = 186 Hz). MS (E1) m/z (%): 296 (54)
[M*], 238 (17) [(M — SiMe,)*], 178 (3) [Py(SiMe,)3]. 73 (100) [SiMe;]:
high-resolution MS for C,H,P,Si,: caled. 296.5940 found 296.5826.
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9: Yield: 422 mg (1.1 mmol), 5% '"HNMR ([DITHF): 0 = 0.32 (s. 24 H,
SiMe,). 1.25 (s, 2H, AsH). MS (ED) m/z (%): 384 (22) {M "], 326 (11)
[(M — SiMc,) ], 266 (3) [As,(SiMe,)T ], 73 (100} [SiMe; ): high-resolution
MS for C H,,As,Si,: caled. 384.4898 found 384.4865.

Diborane Adduct (10): A solution of 1 (0.73 g, 1.8 mmol) in 30 mL of THF
was treated with a 1w solution of the boranc-~THF complex (5.4 mL)
at —607C. The solution was warmed up to room temperature and stirred for
12 h. All volatile components were removed in vacuo (25°C. 10”2 Torr) and
the residuc was recrystallized from THF to give a colorless solid (m.p. 220°C
(decomp.)); quantiiative yield, 0.76 ¢ (1.8 mmol). '"HNMR (C,D,): ¢ = 0.38
(d, 36H, *J(H,P) = 6.3 Hz, SiMe,), 3.52 (brq. 6H, BH): ""B{'H} NMR
(CeDy): 6= — 350 (s); P NMR ([D*] THF, 25 C): —189.6 (s). MS (El)
mjz (%): 438 (1) [M *]. 410 (13) [(M — 2BH,)"]. 73 (100) [SiMe] }; high-res-
olution MS for C,H,,B,P,Si,: caled. 438.1560, found 438.1551.

Octadecamethyl-2,3,4,6,7,8,9,10,11-nonasila-14%,51*-diphosphabicyclo]3.3.3]-
undecane (12): A similar procedure was used to that for the synthesis of 1,
starting from 6 (4.41g, 33.6 mmol) in THF (50 mL) and 13 (4.10 g.
16.8 mmol). The colorless product was crystallized in hexane (10 mL)
at —20°C. Yield: 770mg (1.3 mmol). 24%: m.p. 150°C (decomp.).
YHNMR (C,D,): d = 0.14 (s, 18 H, -SiMe,), 0.37 (d. 36 H. *J(H.P) = 5 Hz,
2-S8iMe,); *'P NMR (C,Dy): 6 = — 243.2 (s). MS (EI) m/z (%): 584 (2)
[M 7], 410 (12) [(P,(SiMe,)) "1, 73 (100) [SiMe]]: high-rcsolution MS for
C,4H,,P,Siy: caled. 584.1607. found 584.1598.

Tetrapentacontamethyl-2,3,4,5,6,7,9,10,11,12,13,14,15,16,17,18,19,20-0ctade-
casila-12%,81%-diphosphabicyclo[6.6.6]eicosane (14): A similar procedure was
used to that for the synthesis of 1, starting from 6 (0.95 g, 7.3 mmol) in THF
(15mL) and 13 (1.52 g. 3.65 mmol). The colorless product was crystallized
from hexanc (5 mL)at —20°C and melts at room temperature. Yield: 220 mg
(0.2 mmol), 16.2%. '"HNMR (C¢D¢): & = 0.17 (s, 72H, Si-SiMe,-Si). 0.39
(s. 36H, 2-SiMe,); *'P NMR (C D,): & = — 234.3 (s). MS (El) miz (%):
1106 (5) [M 7], 410 (1) [(SiMe,) 1. 73 (100) [SiMecy |: high-resolution MS for
CyoH 0sP; 51,41 caled. 1106.3740, found 1106.3738.

Computational Details: All calculations were carried out with a 6-31 G* basis
using the Gaussian 94 system of programs.['3! The structures of 1a, B, and
12a were gradient-optimized at the Hartree-Fock (HF) level. In order to
check the stationarity, the equilibrium geometries of the isomers were used for
analytical calculations of the Hessian matrices. The PE spectrum was calcu-
lated according to Koopmans's theorem!® and by employing the ASCF
approach at the HF/6-31 G*//HF/6-31 G* and MP2/6-31 G*;/HF/6-31 G*
levels. In order to quantify the through-bond (TB) interactions, the canonical
molecular orbitals (CMOs) of the HF wave functions were transformed into
a sct of natural bond orbitals (NBOs) according 1o the Weinhold localization
procedure.l’' The variation in the lone-pair energics duc to through-space
(TS)/TB interactions was calculated by diagonalization of the particular
blocks of the NBO Fock matrix containing sclected subsets of interacting
orbitals. A detailed description of the NBO pathway approach as applicd to
the analysis of TS/TB interactions can be found in the literature !*?!

X-Ray Structural Analyses: Experimental details on the X-ray crystal struc-
ture determinations of 1, 2, 8, and 9 are listed in Table 5. Intensity data were
collected on a Siemens-Stoe AED2 (Moy, radiation, w scan). for 1 at room
temperature, for 2. 8, and 9 at —70°C. The structures were solved by direct
methods (SHELXS86) and refined by full-matrix least-squares methods
based on F?* using all measured reflections (SHELXL 93) with anisotropic
temperature factors for all non-hydrogen atoms. Hydrogen atomsin 1, 2, and
8 were located in difference Fouricr maps and refined isotropically; in 9 they
were inserted in calculated positions, but not refined.

Crystallographic 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-100143. Copies of the data
can be obtained free of charge on application to The Director, CCDC. 12
Union Road, Cambridge CB21EZ, UK (Fax: Int. code +(1223)336-033;
e-mail: deposit chemcrys.cam.ac.uk).
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Table 5. Crystal data and structure refinement for compounds 1, 2, 8, and 9.

1 2 8 9
formula Cy,H;P,Si, C,,H;0As,Si, CoH,P,Si, CyH,0As,Si,
formula weight 410.89 498.79 296.59 384.49
TIK] 293(2) 203(2) 203(2) 203(2)
crystal system trigonal trigonal monoclinic monoclinic
space group R3 R3 P2 jn P2in
alA) 9.711(8) 9.767(5) 6.971(4) 7.036(4)
h{A] 9.711(8) 9.767(5) 12.440 (6) 12.580(6)
¢ [A] 44.29(3) 43.99(2) 10.236 (5) 10.297(5)
2] 90 90 90 90
pi1 90 90 92.22(4) 92.71(3)
11 120 120 90 90
VAY 3617(5) 3634(3) 887.0(8) 910.4(8)
z 6 6 2 2
Pt lEEM ™) 1.132 1.368 1.110 1.395
F(000) 1332 1548 320 388
crystal size [mm] 0.7%0.6 x0.35 0.5x0.3%0.3 0.2x04x0.6 0.2x04x06
Dl 30.0 33.0 26.0 27.0
hkl range —11/11, 0/13, 0/62 —12/12, 0/14,0/67 —8/8, 0/15, 0/12 —8/8, 0/16, 0/13
refins collected 2171 2820 1744 1984
refins independent 1186 (R, = 0.030 1527 [R,,, = 0.028] 1744 1984
abs. coeff. fem ™ 1] 4.71 30.50 4.89 39.1
transmission 0.938-0.999 0.750- 0.822 0.866-0.999 0.482 0.999
parameters 56 56 116 69
GOF on #? 1.032 1.080 1.051 1.049
R1[I>2a(1)] 0.031 0.024 0.026 0.050
wR2 {all data) 0.080 0.055 0.067 0.121
resid. clec. dens. [e A3 0.22/-0.16 0.28/~0.32 0.27/—0.29 2.32/—-1.68

[1} R. Hoffmann, A. Imamura, W. I. Hehre, J. Am. Chem. Soc. 1968. 90, 1499.

[2] Reviews: R. Hoffmann, dcc. Chem. Res. 1971, Vol. 4, 1; R. Gleiter, Angew.
Chem. 1974, 86, 770 Angew. Chem. Int. Ed. Engl. 1974, 13, 696; R. Gleiter, W.
Schiifer, Acc. Chem. Res. 1990, 23, 369, M. N. Paddon-Row, ibid. 1982, 15,
245:; M. Eckert-Maksic' in Theoretical Models of Chemical Bonding (Ed.: Z. B.
Maksic’), Springer, Heidelberg, Germany, 1991, p. 153.

3] R. Gleiter, E. Heilbronner, V. Hornung, Helv. Chim. Acta 1972, 35, 255.

4] E. Heilbronner, K. A. Muszkat, J. Am. Chem. Soc. 1970, 92, 3818

[5) a) K. Hassler. J. Organomet. Chem. 1983, 246, C31; b) K. Hassler, S. Seidl,
ibid. 1988, 347, 27.

[6] G. Becker, G. Gutekunst, C. Witthauer, Z. Anorg. Allg. Chem. 1982, 486, 90;
W. Hoénle, H. G. von Schnering, Z. Naturforsch. 1980, 358, 789; M. Driess, R.
Janoschek, H. Pritzkow, Angew. Chem. 1992, 104, 449; Angew. Chem. Int. Ed.
Engl. 1992, 31, 460.

[7} H. H. Carell, J. Donohue, Acta Crystaifogr. 1972, 288, 1560.

{8 A. W. Cordes. P. F. Schubert, R. T. Oakley, Can. J. Chem. 1979, 57, 174.

{9] Preliminary crystallographic data for 10: Monoclinic P2,/u, a =13.720(7),
b =13.848(7), c =13.279(7) A. f = 03.27(4y’, V = 2708 A3, 7 = 4.

[10] T. Koopmans, Physica 1934, £, 104

|11 A. E. Reed, R. B. Weinstock. F. Weinhold, J. Chem. Phys. 1985, 83, 735, A. E.
Reed, F. Wembhold, ibid. 1983, 78, 4066.
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Conunun. 1988, 1508; M. N. Paddon-Row, S. S. Wong, K. D. Jordan, J Am.
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Naleways, L. A. Curtiss, J. R. Miller, J. Phys. Chem. 1991, 95, 8434; C. Liang,
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A Density Functional Study of [Fe(PR;),H,;]* Isomers:
Comparing Model Compounds (R = H) with Real Molecules (R = CH;)

Heiko Jacobsen and Heinz Berke*

Abstract: The structures, energetics, and
dynamics of various isomers of [Fe-
(PR,),H,]* (R = H, Me) were studied by
density functional theory. The conforma-
tions considered were derived from a
square planar (P), tetrahedral (T) and
C, -butterfly (C) arrangement of the
phosphine ligands. For PH,, the stability

in the PMe; case the P isomer was
least stable, T>C>P. Mechanisms for
the hydrogen exchange in the C and T

Keywords
density functional calculations - iron *
ligand effects - molecular modeling -
phosphorus

isomers are discussed. For the latter,
this process might be described as a tetra-
hedral jump, but could also be viewed
as a dodecahedral distortion of a cubic
arrangement. The theoretical findings are
compared with the results of experi-
mental studies of [Fe(PR;),H,]" (R =
Me, Et).

ranking P~ C>T was obtained, whereas

Introduction

One of the important aspects of modern coordination chemistry
is that of stcreochemically nonrigid structures.!'? Research in
this area has developed rapidly since the early sixties, and as far
back as 30 years ago Muetterties pointed out that “the neglect
of the effect of dynamics on stereochemistry can lead to serious
misconceptions and, at the very least, is a step removed from
reality” 1!

The field of fluxional behavior of transition-metal hydrides
was pioneered by Meakin, Muetterties, and co-workers, who
studied the dypamics of the hydrogen exchange in a series of
MH, L, complexes.!3! In connection with a mechanism for the
process investigated, the term “‘tetrahedral jump” was coined,
which-—and it is very important to note this—was intended only
to describe the shift of one H nucleus from an occupied to a
vacant coordination site,’* and which should not be associated
with any actual physical path.[3

Since then, a great deal of interest has been generated in the
structure and dynamics of transition-metal hydride complex-
es,[* including in the field of cationic complexes of the type
[MH,L,]*. Depending on the nature of the ligand and the re-
spective transition metal, these compounds exhibit different co-
ordination geometries.!™ Three prominent examples are the so-
called P-, C-, and T-type structures (vide infra). Here, the P, C,
and T nomenclature is derived from the coordination sphere of
the ligands L, which are based on a square planar, C,_ -butterfly,
or tetrahedral arrangement, respectively.[®!

[*1 H. Berke, H. Jacobsen
Anorganisch-Chemisches Institut der Universitdt Ziirich
Winterthurerstr. 190, CH-8057 Zirich (Switzerland)
Fax: Int. Code + (1)364-0191
e-mail: hberke@aci.unizh.ch
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In our laboratories, we recently characterized the structures
and the dynamics of cationic Group VIII complexes of the type
[MH,L,]" (M = Fe, Ru, Os; L = PMe,, PEt,).!"! We now
present the first results of a companion theoretical study, which
was based on approximate density functional theory (DFT).®
In the present paper, we report calculations on the isomers of
{FeH,(PR,),]" (R =H, Me). Three problems constitute the
main focus of this work. Firstly, we wanted to investigate the
structures and relative energies of several isomers. While the
results of this investigation support our interpretation of exper-
imental findings for [FeH;(PR,),]*, a broader concern (and the
second aspect of our work) is the validity of the theoretical
approach. A wide variety of calculations on transition-metal
hydride complexes exists in the literature,'®! in which very often
the PR, ligands are modelled by PH,. The validity of the model
was first analyzed by Lin and Hali'*! in connection with the
problem of classical and nonclassical isomers of [IrH;L,}. The
authors concluded that the replacement is a reasonable choice
for this particular field of calculations. Our results, however,
indicate that this approximation has to be abandoned when the
electronic structure of the metal complex is mainly determined
by phosphorus donor ligands. Lastly, we try to establish pos-
sible descriptions for the hydrogen exchange in the C-type and
T-type structures. We will present a concise description of our
computational approach before discussing our results in more
detail.

Computational Methods

General procedure: All calculations were based on the local density approxi-
mation (LDA) in the parametrization of Vosko, Wilk, and Nussair,!'"! with
the addition of the gradient corrections of Becke!'?! and Perdew!'3! (GGA).
The GGA was included self-consistently (NL-SCF). The calculations utilized
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the Amsterdam Density Functional package (ADF ) release 2.0.1.1'#! Use was
made of the frozen core approximation. For C and P, the valence shells were
described by a double {-STO basis, augmented by one d-STO polarization
function (ADF database [11). For the ns, np, nd, (n +1)s, and (n + 1) p shells
on Fe. a triple {-STO basis was employed (ADF database 1V, augmented by
%y, = 0.90, 1.40, and 2.30). H was treated with a double {-STO basis and one
additional p-STQ polarization function (ADF database IIT). The numerical
integration grid was chosen such that significant test integrals are evaluated
with an accuracy of at least four significant digits. No symmetry constraints
were applied in the calculations. All molecules were fully optimized at the
quantum mechanical level.

Energy analysis: The total bonding energy (TBE), which is associated with
the formation of a molecule from its atomic fragments, can be expressed as
in Equation (1),1'3" where AE® is steric repulsion and Af;, is orbital inter-

“int

action. The term AE® consists of two components [Eq.(2)]. Here,
TBE = AE° +AE,, (1)
AE" = AE g + 8B @

AE, .. describes the pure Coulomb interaction between the atomic frag-
ments, and it is usually attractive. The term AEg, ;. which is cailed exchange
repulsion or Pauli repulsion, takes into account the destabilizing two-orbital
three- or four-electron interactions between occupied orbitals. The second
term on the right-hand side of Equation (1). AE,,, includes the attractive
orbital interactions.

Charge analysis: Atomic charges are evaluated by a Hirshfeld charge analy-
sis.!'% In this approach, the total electronic charge in a bonded atom i is given
as cxpressed in Equation (3). Here p¥ describes an initial atomic density,

( []:u (r)

! P de 3)
2 pj(n)
J

Q;:‘

nol

density, whereas p™" is the molecular density, obtained as the result of the
self-consistent calculation. Adding the nuclear charge Z, gives the net atomic
charge ¢; [Eq. (4)]. Hirshfeld net atomic charges define the reorganization

g; =0, +2Z, 4)

of charge taking place when the atomic fragments, placed on their appropri-
ate positions, interact to form the actual molecule.

Results and Discussion

We begin our discussion with calculations on the T, C, and P
isomers of [Fe(PH,),H,]1* (la, 2a, 3a) as well as on [Fe-
(PMe,),H,]* (1b, 2b, 3b). Before we analyze energetic differ-
ences between the isomers as well as possible mechanisms for the
H-exchange process in 1b and 2b, we will briefly comment on
the optimized geometries in comparison with results obtained
from single-crystal studies.

(a) L=PH,
b) L=PM
(b) L=PMe, ® &
1 2
882 —— & VCH Verlagsgesellschaft mbH, D-69451 Weinheim, 1997

£ L1Fel.2 = 176.1°
2 L3Fel4 = 157.6°

£ L1Fel2 =165.4°
£ L3Fel4 = 144.9°

L=PH,

3a 3b

Structures of T, C, and P isomers of [Fe(PR,),H,|* systems: The
structure of the T-type isomers is shown in 1. Selected optimized
bond lengths and bond angles, together with the corresponding
data from an X-ray analysis of [Fe(PEt,),H,]", are collected in
Table 1. The T-type isomers possess a pseudo-C, symmietry axis,

Table 1. Comparison of selected geometrical parameters (distances in pm, angles in
) for the X-ray structure [a] of T-{[Fe(PEt,)H,|* and the caiculated [b] structures of
T-[Fe(PR;),H,]* (R = H (1a), Me (1b)).

T-[Fe(PEt,)H,}*, X-ray 1b, DFT 1a, DFT
d(Fe—H) [] 144(7) 152.2 1527
d(Fe—P1) 217.0 214.6 2145
d(Fe-P234) [c] 228.1 2256 2235
x(P1-Fe-P2) 1222 1194 121.7
¥(P1-Fe-P3) 117.4 117.8 173
%(P1-Fe-P4) 113.8 118.4 116.9
¥ (P2-Fe-P3) 96.5 98.7 975
% (P3-Fe-P4) 1015 996 9.6
¥ (P4-Fe-P2) 102.1 98.8 101.3

[a] Ref. [7]. [b] This work. [c] Averaged value.

which lies along the Fe—P 1 bond. The calculations are able to
reproduce the fact that this distinct Fe—P bond is 11 pm shorter
than the other Fe—P distances. In general, the calculated Fe—P
lengths are only about 2 pm (1b) to 4 pm (1 a) shorter than those
measured for the analogous [Fe(PEt,),H,]" structure. The
theoretical Fe—H distances match the crystal structure within
experimental error. Compared with the excellent agreement in
the bond lengths, the deviation between caiculated and experi-
mentally observed angles is somewhat larger. However, both
experiment and theory indicate that P-Fe-P angles that involve
the P1 ligand are opened up by about 10° compared to an ideal
tetrahedron, whereas the values for other P-Fe-P angles are
about 10° smaller than in the ideal case. Overall, the two calcu-
lated structures 1a and 1b are in very good agreement with the
experimental results.

We next turn to the C-type isomers, for which the geometric
arrangement is displayed in structure 2. Values for bond lengths
and bond angles are presented in Table 2. Also included are
geometric parameters for [Fe(PMe,),H,]" in the crystal. Once
again, we note the excellent agreement between theoretical and

0947-6539/97/0306-0882 8 17.50+ .50/0 Chem. Eur. J. 1997. 3. No. 6

L=PMe,





DFT Study of [Fe(PR,),H,]*

881-886

Table 2. Comparison of selected geometrical parameters (distances in pm, angles in
“) for the X-ray [a] and calculated [b] structures of C-[Fe(PR;),H,]* (R = H (2a),
Me (2b)).

C{Fe(PMe,)H,]*, X-ray 2b, DFT 2a, DFT
d(Fe-111) 148(3) 151.7 152.9
d(Fe -H2) 153(4) 156.4 157.1
d(Fe-H3) 172(4) 159.8 160.2
HH2-H3) 84(4) 90.7 90.4
d(Fe P1) 223.0(1) 2249 2034
d(Fe P2) 223.1(1) 226.4 2232
d(Fe-P3) 221.2(1) 224.6 212
d(Fe—P4) 226.0(1) 227.5 2248
X(H1-Fe-H2) 76(2) 67.6 68.7
¥(P1-Fe-P2) 152.51(3) 158.2 165.2
% (P1-Fe-P3) 95.59(3) 92,9 919
£(P2-Fe-P3) 98.05(3) 934 91.9
£(P3-Fe-P4) 94.0 101.6 97.8

[a] Rel.[7]. [b] This work.

experimental bond lengths. In particular, calculations and ex-
periment are consistent in that the P ligand in the zrans position
to the H1 ligand forms the longest Fe—P bond, whereas the P
ligand trans to the H2-H 3 dihydrogen ligand shows the short-
est Fe—P separation. Two of the Fe—H distances are well repre-
sented in the calculations, whereas the experimental and theo-
retical values for di., _y, differ by 12 pm. In the crystal structure,
the H, ligand is asymmetrically coordinated to the metal frag-
ment, with Fe—H distances differing by 20 pm. In the optimized
structure, the H, ligand is nearly symmetrically bonded to the
iron center, the distances Fe~H2 and Fe—H 3 differing only by
3 pm. These differences in the H, coordination are also reflected
in the discrepancies of the actual and calculated angles, involv-
ing the relevant ligands. Overall, and also in view of the high
standard deviations of the hydrogen positions in the X-ray dif-
fraction study, the calculated and the experimentally determined
geometries for the C-type structures are in good agreement.
The last set of isomers that we include in our discussion are
P-[Fe(PH,),H,]* and P-[Fe(PMe,),H,]*. The optimized ge-
ometries for these structures are displayed in 3a and 3b, respec-
tively. Whereas in the case of the C- and T-type isomers struc-
tures involving PH; or PMe, ligands are very similar, we
observe a significant ligand influence on the P-type geometries.
In structure 3a, the atoms P 1, P2 exhibit a slight bend toward
the hydride H 1, forming an angle P1-Fe-P2 of 176°. In 3b, on
the other hand, the P1 and P2 ligands are now bent toward the
dihydrogen ligand H2-H3, forming an angle P1-Fe-P2 of
165°. In [Fe(PH,),H,]", H2 and H 3 are located about 164 pm
away from the iron center; the H—H bond length amounts to
86 pm. On going to the PMe,-substituted species, a change in
the arrangement of the coordinated dihydrogen ligand is ob-
served. The Fe—H distance is now shorter by 4 pm, whereas
dy_y Is increased by 6 pm. This is a first indication that the
nature of the bond between the hydrogen ligands and the
Fe(PR,), fragment is indeed sensitive to the nature of the PR,
ligand. It also suggests how the relative stability of the different
isomers can be affected by a change of the phosphorus donor
ligand. In the next section, we shall discuss the energetic differ-
ences and the bonding in the various isomers in more detail.

Energy analysis: The relative energies of the different isomers
1-3 are displayed in Figure 1. For [Fe(PH,),H,]", the

Chem. Eur. J. 1997, 3, No. 6

© VCH Verlugsgesellschaft mbH, D-69451 Weinheim, 1997

P-type 3a and C-type 2a
isomers are very close in
energy. the C-type being
favored by 3kJmol !
The T-type structure 1a, at
35 kImol ™!, lies consider-
ably higher in energy than P (23)
2a. Ab initio studies by

Maseras and co-work-

erst'7# on the same mole- 10
cule also predicted the P —
structure to be the isomer j cab
of lowest energy, but ar-

E/kImol!

T (35)

. ) P(3)

rived at a considerably E—

higher energetic difference — —

of 46 kJmol™! between cO TO

the P- and C-type struc- [FelL H, Lopi, L=PMe,

tures. A different energetic
ranking is found where
[Fe(PMe,), H,1* is con-
cerned. In this case, the
T-type isomer 1b becomes the most stable species. The C and P
structures 2b and 3b are 11 kJmol™ ' and 23 kI mol ™! higher in
energy, respectively.

In NMR solution studies of [Fe(PMe,),H,]" the C and T
isomers were observed, and no indication for a P-type structure
was found.[”? However, the experiment revealed that the two
structures have the same enthalpy, the C-type structure being
favored over the T-type by entropic effects.!”! When comparing
the experimental and theoretical results, one should be aware of
the fact that the calculations refer to single molecules in the gas
phase. Different energies of solvation certainly affect the relative
stabilities of the two isomers in solution. The experiment indi-
cated that the C-type structure is better solvated in polar sol-
vents, since the equilibrium constant K = [C, 2b]/[T.1b] in-
creased with increasing dielectric constant of the solvent.I”! The
zero-point energies for 1b and 2b should be similar, since both
isomers have the same number and type of bonds. One could
expect the C isomer to show a somewhat higher zero-point
energy, owing to the maintained H—H bond.

The Hirshfeld charge analysis, as presented in Table 3, pro-
vides a first explanation of the different stability ranking of the
structures with PH; or PMe, ligands. In the T-type, the H lig-
ands carry a negative charge. For the C structures the charge for
hydride ligand H1 is negative, whereas the dihydrogen ligand
H2—-H3 carries a positive charge. This indicates that the H,

Figure 1. Relative energics of the T. C,
and P isomers of |Fe(PMe,),H,]* and
[Fe(PMe;) H,1".

Table 3. Hirshfeld charge analysis (a.u) for three isomers of [Fe(PR;),H,]*
(R =H, Me).

[Fe(PH;),H;]* [Fe(PMe;)H )"
T, 1a C, 2a P, 3a T, 1b C.2b P.3b
Fe —0.185  —0.169  —0.167 —0.182 —0.172  -0.173
H1  —0037 —0052 —0.066 —0.049  —0.060  ~0.067
H2  —0.035 0.012 0.009 —0.049 0.009  —0.006
H3  —0.037 0.023 0.008 —0.049 0.001  —0.007
Pi 0.282 0.236 0.230 0.334 0.304 0.305
P2 0.231 0.236 0.232 0.303 0.306 0.304
P3 0.231 0.220 0.227 0.303 0.296 0.297
P4 0.226 0.197 0.228 0.301 0.278 0.298
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ligand is mainly bonded by o donation. It also suggests that the
T-type structure 1s stabilized by more electron-rich metal cen-
ters, and thus by coligands which are good o donors. For the
C-type and P-type structures, the ability of the H, ligand to
compete with the phosphine ligands for ¢ donation becomes
important.

If the phosphine ligands are good o donors,*8! like for ex-
ample PMe,, one should expect hydride coordination to be
favored over the dihydrogen case, and thus that the T isomer is
favored over the C and P structures in terms of the bonding of
the hydrogens to the metal center. Turning to a weak o donor
like PH,.1*® the H, ligand can successfully compete with the
phosphine for ¢ donation, and the C and P isomers gain in
stability compared to the T isomer.

Itis of further interest to note that in all cases the iron centers
carry about the same amount of negative charge. This indicates
that donation from the P ligand to the Fe center is the dominant
bonding interaction for all the isomers. The formal change of
the oxidation number at the Fe center between the C-type (Fe'')
to T-type structure (Fe'¥) does not provide an obvious explana-
tion for the difference in stability.”?® It is rather the distinct
nature of the hydrogen ligands that is responsible for energetic
differences.

The results of the bonding analysis are presented in Table 4.
The energies and their contributions are given relative to the
T-type isomers. Negative values indicate stabilization, positive
destabilization. If we compare the C and T isomers, we find in
both cases (L = PH,, PMe,) that the C structures 2 exhibit
about 210 kI mol ~! less steric repulsion than the T structures 1.

Table 4. An analysis of the relative energies (kJmol™!') for three isomers of
[Fe(PR,),H.]™ (R = H, Me). For the T isomer, the energy terms are set to zero in
both cases.

[FC(PHJ).J"{.\]+
T.1a C,2a P, 3a

[Fe(PMe,),H,] "
T.1b C.2b P, 3b

AE® 0 —213 182 0 212 —375
AE,, 0 178 150 0 23 398
TBE 0 -35 -3 0 t 23

The increase in steric repulsion on going from C to T is mainly
determined by the arrangement of the hydrogens. Surprisingly,
the different bulk of the phosphine ligands constitutes only a
secondary effect. The average H-P distance in C-type ge-
ometries is about 250 pm. In the T type there are very short
H--P1 contacts of 210 pm, giving rise to the increase in steric
energy. On turning to the electronic interaction term, we realize
that now the T structures, 1, are favored over those of the
C-type, 2. One sees further that for L = PH, this stabilization
cannot overcome the increase in steric demand; thus the C struc-
ture of 2a is more stable than the T structure of 1a. However,
introduction of the better electron donor L = PMe, favors the
T-type structure 1b.

For the P-type isomers we observe more pronounced changes
when going from PH; to PMe,. For 3b, the steric stabilization
and electronic destabilization compared with the T structures
arc both more than twice as large as for 3a. This is a conse-
quence of the significant differences in the geometry of 3a and
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3b (vide supra). It is again the fine balance between steric and
electronic terms that is of importance for the relative energies of
the P-type structures. As mentioned above, for [Fe(PMe,), H,]*
the P isomer is least favored on energetic grounds. However, the
importance of the P-structure should not be underestimated,
since many representatives of the [ML,H,1* series (M = Fe,
Ru, Os), mainly those possessing bidentate phosphine ligands,
prefer a P-type arrangement of the framework of the phosphine
ligands.!!

A short comment on classical and nonclassical hydride complexes:
Nonclassical hydride complexes, which have been isolated by
Kubas,?2! contain a dihydrogen ligand coordinated through o
donation, in contrast to the classical hydride complexes. So far
we have discussed the nonclassical C- and P-type structures.
One should consider the classical alternatives C_ and P, as well.
Studies by Li and Ziegler™?® on the related systems
[M(PH,),H,] (M = Fe, Ru, Os) indicate that nonclassical com-
plexes are formed with Fe and Ru, whereas Os prefers the clas-
sical coordination. This result can be explained by relativistic
effects. The C_ and the P, isomers will however be of importance
in the last sections of our discussion. An example for a P-type
structure in the [ML,H,] series is the rhenium complex
[ReH (CO)(PMe,),], for which we recently described the crystal
structure 224

Mechanism of the hydrogen exchange in C-[Fe(PMe,), H,]* : The
hydrogen exchange in C-[Fe(PH,),H,]" (2a) has been exten-
sively studied by Maseras and coworkers.!7" They found a
transition-state structure for this process in which the central
hydrogen atom is equidistant from the other two.1?3! The H-H
distance was calculated as 104 pm, and the two Fe—H separa-
tions were 156 pm for the central H atom and 167 pm for the
remaining two hydrogen ligands. The activation barrier for H
exchange was calculated to be 13 kJmol™*. We could locate a
classical C-type structure as a possible transition state for the H
exchange in Fe[(PMe;),H,]* (2b). This C_-isomer is shown in
structure 4b. The arrangement of the hydride ligands differs
from that obtained by
Maseras and coworkers
for C-[Fe(PMe,),H,|"
in that the H-H dis-
tance is about 20 pm
longer, and the Fe—-H
contacts are 7-15pm
shorter. The arrange-
ment of the phosphine
ligands in 4b is similar
to that of the nonclassi-
cal isomer 2b. The acti-
vation barrier for the hy-
drogen exchange with 4b
4b as transition-state
structure amounts to only 2 kJmol~!. This corresponds well
with the experimental fact that very fast H/H, scrambling is
observed even at temperatures as low as —140°C.I"]

As seen above, the H exchange in the C isomer 2b does not
require a drastic rearrangement of the phosphine ligands, and is
mainly determined by the motion of the H atoms. This is in

£ L1Fel2 = 157.5°

£ L3Fel4 =98.4° L=PMe;
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contrast to the mechanism for the T-type isomer (1b), which we
discuss in the next section.

Mechanism of the hydrogen exchange in T-[Fe(PMe,) H,]*: The
“tetrahedral jump” model has been suggested as a possible
mechanism to describe the fluxional behavior of the hydrogen
ligands in the T-type structure. The name ““tetrahedral jump”
might imply that during the exchange process only one hydro-
gen ligand is moving, keeping the frame of the phosphine ligand
more or less rigid. This, however, is not the case. Muetterties
and coworkers introduced this name just to emphasize the topo-
logical aspect that only one H atom is changing place during the
process of isomerization. They further point out that their
NMR work does not provide any mechanistic information to
determine the actual physical path involved,* and that in the
particular case of [FeH,(PR,),] fluxionality the motion of the
phosphorus ligands makes the major contribution to the re-
duced mass for the exchange process.>4
One of the requirements of the tetrahedral jump mechanism
is that at some time during the process one H-Fe vector and
two P-Fe vectors must be coplanar. A geometry optimization
enforcing this constraint for [Fe(PH,),H,]" led directly to the
P-type structure. For [Fe(PMe,),H,]* however, this optimiza-
tion resulted in a struc-
fure as shown in S5b,
which is a likely candi-
date for the transition-
state structure of the H
exchange in T-[Fe(P-
Me,), H,]". Structure
5b lies 31kJmol !
higher in energy than
1b. This corresponds
excellently with the ex-
perimentally obtained
L=PMe; activation barrier of
5b 33 kJmol ™' {7! The re-
lationship between the
different isomers of [Fe(PMe,),H,] " is summarized in Figure 2.
As mentioned above, the isomers C and T can be observed in
NMR experiments, and do exchange. The P-type structure can-
not be found. It is likely that the P isomer 3b is related to the T
structure (1b) via the transition state for the hydrogen exchange.
It might be possible that 3b constitutes a short-lived intermedi-

Z L1Fel2 = 144.9°
Z L3Fel4 = 123.3°

E/KkImol-!
5b
S_) 31 kJ/mol .
ﬁ Oty ~
10 O/(g
] pJ
2 ki/mol 2b (P
(?;\'O
C=—T =~ P

Figure 2. Relative energies of the T, C, and P isomers of [Fe(PMe,),H,]", together
with activation barriers and possible transition states for hydrogen scrambling in
the T and C structures.
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ate in this exchange process. The structures 3b and 5b
might further play a key role for the isomerization process
C(2b)-T(1b).1"!

We now return to the geometry of the transition-state struc-
ture Sb. This molecule differs significantly from the T-type 1 bin
all aspects. The angles P 1-Fe-P 2 and P 3-Fe-P 4 have opened up
by 22.7° and 21.8°, respectively. The P1-Fe distance is 9 pm
longer. With respect to the phosphorus ligand frame, Sb is
halfway in the transformation of 1b to 3b. But changes in the H
coordination sphere are also observed. Besides the fact that H1
has moved between two P atoms, the distance H 2—H 3 is signif-
icantly reduced by 74 pm. The Fe center is now in the plane
defined by H1, H2, and H 3. The coordination of 5b can be
viewed as a distorted pentagonal bipyramid, or as a classical
P_-type structure as discussed in the previous section. The struc-
ture of 5b indeed bears similarities with the crystal structure
obtained for the complex [ReH,(CO)(PMe,),].*¥

We close our discussion with an alternative view of the ex-
change process. Rather than describing 1b as a seven-coordi-
nate species, we choose a description based on eight-coordina-
tion.t*®} The ligand framework of the T structure could be
pictured as a distorted cube, in which one corner is unoccupied.
The hydrogen exchange can then be described as a fluxional
process involving rearrangement to a dodecahedron. The gener-
al motion for such a process is shown in Figure 3a. The special
rearrangement for the pathway 1 be5b is outlined in Figure 3b.

(b)

Figure 3. a) Dodecahedral distortion of a cube as b) a possible mechanism for
hydrogen exchange in T-[Fe(PMe,),H,]".

H 2 and H 3 occupy the positions A and B in the cube, and move
toward each other during the process of dodecahedral distor-
tion. H 1 occupies the K position in the cube, and can be found
in the dodecahedral structure on the average position between
the former occupied K and the empty F position. In this way,
the dodecahedral rearrangement leads from an eight-coordina-
tion situation to a seven-coordinated structure. The result again
is a distorted pentagonal bipyramid or a classical P, structure,
which is one of the basic geometries for seven-coordina-
tion.!2%* 4 When arranging back to the cube, H1 can either
move into the K or the F position. Thus, in the overall view, just
one single ligand has effectively changed its place, in accordance
with the tetrahedral jump model. The merit of this picture is that
it stresses the synchronous participation of all ligands in the
rearrangement process, rather than focusing on one particular
kind of ligand.
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Concluding Remarks

In this study, we investigated structures, energetics and dynam-
ics of the system [Fe(PMe,),H,]". We addressed the question of
how well the PMe, ligand is represented by the computationally
less demanding model ligand PH;. Concerning the geometries
of various isomers of [Fe(PR,),H,]", we found that for both
cases, R = H and R = Me, satisfactory structures were ob-
tained in comparison with X-ray data. However, for an assess-
ment of the relative energies of the isomers it is of paramount
importance that the real ligand PMe; is used in the calculations.
We also investigated the hydrogen exchange in the C- and T-
type isomers of [Fe(PMe,),H,]*. For the C isomer, major
movement of only the H ligands is required in the exchange
process. For the T isomer, the mechanism might be described as
a tetrahedral jump, but requires considerable movement of all
the ligands in the coordination sphere around the metal center.
Alternatively, we described this process as a dodecahedral dis-
tortion of a cubic arrangement. Further work on the isomers of
the higher Group XITI homologues [Ru(PMe,),H,]" and
[Os(PMe,),H,]*,12% as well as on the mechanism of the C—T
isomerization process, is under way.
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Enantioselective Hydrogenation of Imines with Chiral

(Phosphanodihydrooxazole)iridium Catalysts
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Abstract: Cationic iridium(1) complexes
of chiral phosphanodihydrooxazoles were
used as catalysts for the enantioselective
hydrogenation of prochiral N-alkyl and
N-aryl imines. The complexes are air-sta-
ble crystalline solids that can be readily
prepared and are easy to handle. The
structures of two complexes werc deter-
mined by X-ray analysis. For N-alkyl
imines of acetophenone, enantiomeric ex-

lower reactivity and selectivity. A remark-
able dilution effect was observed for the
hydrogenation of the N-phenyl imine of
acetophenone: decreasing the substrate
and catalyst concentration led to a signifi-

Keywords
asymmetric catalysis
hydrogenation -

asymmetric
iridium - nitrogen

cant improvement of the enantiosclectivi-
ty. Thus, up to 89 % ee could be achieved
using 0.1 mol% of catalyst. The highest
enantioselectivities were obtained in
weakly coordinating solvents such as
CH,Cl,. Additives such as halides,
imides, or amines were found to poison
the catalyst. Hydrogen pressures of
100 bar were usually employed, but in
some cases identical results were achicved

cesses of up to 79% were obtained. Di-
alkyl ketimines and cyclic imines showed

Introduction

The enantioselective reduction of C -N double bonds has re-
ceived much attention over the last few years, both in academic
and industrial circles.'' A variety of chiral Rh, Ir,’*1 Ru, and
Til%! complexes have been studied as catalysts for the hydro-
genation of imines. A very general, highly selective catalyst sys-
tem has been reported by Buchwald et al.'™ The catalyst, which
is derived from a chiral ansa-titanocene complex developed by
Brintzinger, gives excellent enantioselectivities for a variety of
imines, particularly cyclic derivatives. However, a relatively
large amount of catalyst (in general 5 mol%) is required for
optimal results. High enantiomeric excesses have also been ob-
served in the Rh-catalyzed hydrogenation of benzylimines of
aryl methyl ketones in a two-phase system with water-soluble
chiral phosphane ligands.[®! An important new class of catalysts
was recently introduced by Noyori and coworkers. They
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with only 1 bar H,.

demonstrated that chiral Ru—-diamine complexes are highly ef-
fective catalysts for the enantioselective transfer hydrogenation
of imines with triethylammonium formate.!”! The first technical-
ly feasible enantioselective imine hydrogenation was developed
by a team at Ciba-Geigy.!®! The catalyst, a chiral ferro-
cenyldiphosphane—iridium complex, shows extremely high ac-
tivity and unprecedented productivity (up to 10° turnovers)
with certain arylimines. It is used to synthesize an important
herbicide precursor with 80% ee on a technical scale. Despite
these impressive achievements, the number of efficient practical
methods for the enantioselective reduction of imines is still fim-
ited. Further research is necessary in order to expand the scope
of this important transformation.

The remarkable catalytic properties of the (pyridine)(phos-
phane)iridium complexes developed by Crabtree!® prompted us
to evaluate chiral analogues as hydrogenation catalysts with
phosphanodihydrooxazoles as ligands. Chiral enantiopure
phosphanodihydrooxazoles, which have been developed inde-
pendently by the groups of Helmchen!*°® and Williams!!°) and
also in our laboratory,!'%* 4 <l are readily prepared from amino
alcohols. They have been successfully employed for enantiocon-
trol in Pd- and W-catalyzed allylic substitutions t*0s-d.e 11l i
Heck reactions,''?! Ru-catalyzed transfer hydrogenations,!!?
and Rh-catalyzed hydrosilylations.'*) Here we report the syn-
thesis of cationic iridium(1) complexes with phosphanodihy-
drooxazoles 1 and their application as catalysts for the enan-
tioselective hydrogenation of imines.
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Results and Discussion

Preparation of cationic (phosphanodihydrooxazole)Ir' complexes
2a-d: Ligand 1a and [{Ir(cod)Cl},] in CH,Cl, were heated at
50°C for 1-2hours under an inert atmosphere (Scheme 1).

1) [I{cod)Cll,
CH,Cly, 50 °C

0,

R | 2) NH,PFg R DR
R,P N\_) 3) Crystallization RoP, Ny

R=CgHs, R =H 2
R =CgHs, R'=CHy

R=CgFs R'=H

R = CgHyq, R =H

Qooo

Scheme 1. Preparation of iridium(i) complexes 2a—d from chiral phosphanodihy-
drooxazole ligands 1a—d.

Anion exchange by washing with an aqueous solution of
NH,PF, and recrystallization from CH,Cl,/Et,O afforded Ir
complex 2a in 82% yield. Like the Crabtree catalysts, the Ir'
complexes 2 are stable in air.

Single crystal X-ray analysis of complexes 2a and 2b: The two
complexes have very similar conformations, with a square pla-
nar coordination geometry of the iridium atom (Figure 1). The
isopropyl group of 2bis disordered. As in analogous Pd, W, and
Zn complexes!! '® 151 the phenyl substituents on the phosphorus
adopt a pseudoequatorial and a pseudoaxial position. Another
feature, which is also found in other metal complexes of phos-
phanodihydrooxazole ligands,[**? 131 is the strong deviation of
the chelate ring from planarity. Angles of 39° (2a) and 43° (2b)
were determined between the coordination plane (Ir1-P1-N1-
C25-C26-C29-C 30) and the ligand plane (P1-C1-C2-C19-N1)
(Table 1), whereas in analogous Pd complexes the correspond-

2a

Figure 1. Crystal structures of complexes 2a and 2b. The H atoms and the PF ion are omitted for clarity.
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Table 1. Selected bond lengths (A) and angies (°) of 2a and 2b.

2a 2b
Ir1-N1 2.097(4) 2.055(9)
Ir1-P1 2.264(2) 2.281(3)
C1-P1-C7 106.6(3) 107.3(5)
C1-P1-C13 103.2(3) 104.0(4)
C7-P1-C13 104.7(3) 107.1(6)
C3-C2-C19-01 —15.1(8) —24.1(1.3)
Coordination plane vs. best 38.5(2) 43.3(3)

plane through chelate ligand
(Ir1-P1-N1-C25-C26-C29-C 30
vs. P1-C1-C2-C19-N1)

ing values are between 24° and 36° due to the smaller radius of
Pd.['3% Superposition of 2a and 2b reveals the effect of steric
repulsion between the methyl group ortho to phosphorus and
the pseudoequatorial phenyl group, resulting in a twist of the
aryl moiety attached to the dihydrooxazole ring in 2b (Figure 2).

Figure 2. Superposition of the structures of 2a (grey) and 2b (black).

This is reflected in a 9° difference in the torsion angles C3-C2-
C19-O1of 2aand 2b (Table 1). Because of this steric repulsion,
the pseudoequatorial phenyl group of 2b is conformationally
more restricted and pushed slightly
towards the coordination site trans
to nitrogen.

Catalytic hydrogenation of imines:
Iridium complexes 2 were evaluated
as catalysts in the hydrogenation of
N-phenyl imine 3 and N-benzyl
imine 5 (Table 2). In the presence of
4 mol% of catalyst in CH,Cl, at
room temperature under a pressure
of 100 bar H,, both substrates were
fully converted to the secondary
amines 4 and 6. Very similar enan-
tioselectivities and yields were ob-
tained at 1 bar H, using ligand 1b.
No side products were detected by
'HNMR and GC-MS analysis of
2b the reaction mixture. Ligands la
and 1b gave similar results with
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Table 2. Catalytic hydrogenation of imines 3 and 5 with complexcs 2.

R
N 100 bar Hy, 23 °C, CH;Cly RNH
M A @
HaC Ph 4 mol% 2 H,C Ph
3R=Ph (100%) 4R=Ph
5K =Bn 6 R=Bn
Entry Complex ee 4 (%) ee 6 [%)
1 2a 70 76
2 2b 71 76
3 2¢ 73 15
4 24 64 64

the two substrates 3 and 5. Interestingly, poor enantioselectivity
was obtained in the hydrogenation of imine 5 with the Ir com-
plex of the analogous bis(pentafluorophenyl)phosphane ligand
1¢, whereas for imine 3 the ee was similar to the results using
ligands 1a and 1b. The dicyclohexylphosphane ligand 1d
proved to be less effective. Systematic variation of the sub-
stituent at the stereogenic center in the dihydrooxazole ring
showed the isopropyl group to be optimal for the hydrogenation
of imines 3 and 5. Other substituents, such as terr-butyl, iso-
butyl, and benzyl, gave slightly lower selectivities.

Under standard conditions, a series of imines derived from
aryl alkyl ketones was reduced using the Ir' complex 2b as the
catalyst, producing enantioselectivities of 20—79 % e¢e (Table 3).

Table 3. Catalytic hydrogenation of imines with complexes 2b.

Ry R'
N 100 bar Hy, 23 °C, CH,Cl, “NH

HaC/U\R2 4 mol% 2b HaC” R2
Entry R! R? Conversion [%] ee [%]

1 Bn Ph 100 76 [a,b]

2 Bn 2-naphthyl 100 69 (d]

3 Bn p-tolyl 100 79 [b]

4 Bn o-tolyl 100 351(d]

5 Bn Pr 30 9 (d]

6 Bn C.H,, (50°C) 100 20 [a,b]

7 Me Ph 100 58 [d]

8 nBu Ph 100 75 [d]

9 Ph Ph 100 71 [a,b]
10 Ph nPr 98 17[q]
1 Ph Bn 70 0 [b]
12 2,6-(Me),CeH, Ph 75 20 [d]

[a] Absolute configuration assigned as (R) by comparison of optical rotation with
literature values [5c, 16]. [b] Enantiomeric excess determined by HPLC on a Daicel
Chiraleet OD or OD-H column (entries 1, 3, 6 and 11: n-hexane; entry 9: n-heptane/
2-propanol 90:10). [c] HPLC on a Daicel Chiralcel OJ column (n-heptane/2-
propanol 99.99:0.01). [d] Enantiomeric excess determined by "H NMR analysis
with 2.3 equiv of (—)-mandelic acid (signals of CH, or CH at the stereogenic
center).

The effect of substituents in the acetophenone moiety of imines
3 and 5 was also investigated. A substituent in the ortho position
of N-benzyl imine 5 lowers the enantiomeric excess, while sub-
stituents in the para position lead to slightly higher enantioselec-
tivities. The electronic nature of the para substituent did not
affect the selectivity. The p-methoxy-, p-chloro, p-bromo, and
p-trifluoromethyl derivatives all gave 79 % ee. However, enan-
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tioselectivities from the hydrogenation of N-phenyl imines
derived from 3 were decreased by para substituents. p-Metho-
xy-, p-chloro, and p-trifluoromethyl derivatives gave 47%,
60%, and 50% ee, respectively. The N-benzyl and N-(n-butyl)
imines of acetophenone afforded very similar enantiomeric ex-
cesses (entries 1 and 8), whereas the corresponding N-methyl
imine reacted with somewhat lower enantioselectivity (entry 7).
A significant decrease in reactivity and enantioselectivity was
observed for the bulkier N-2,6-(dimethyl)phenyl derivative (en-
try 12). Dialkyl ketimines also showed lower reactivity and se-
lectivity (entries S, 6 and 10). Oximes, oxime ethers, and hydra-
zones, as well as imines derived from 4-pyridyl methyl ketone
and trifluoromethyl phenyl ketone, failed to react. Cyclic imines
7-9 afforded enantiomeric excesses of 57 %, 64 %, and 20%,
respectively, from complex 1b, whereas 10 and 11 proved to be
unreactive.

N‘ N MeO.
|
N
MeO &
7

N N

| !

M802C
10 1"

In contrast to the ansa-titanocene catalyst system,! no corre-
lation was found between the enantioselectivities in the hydro-
genation of the imines listed in Table 3 and the (£)/(Z) ratios
measured by 'HNMR spectroscopy. Also, acetophenone N-
benzylimine 5, which exists as a 13:1 (E)/(Z) mixture in CDCl,,
reacts with higher enantioselectivity than its cyclic analogue 8
with fixed geometry.

Additives such as iodide,** ¢ phthalimide,'*" and amines!3#
are known to strongly influence the enantioselectivity and the
rate of Ir-catalyzed hydrogenations. In our case too, addition of
iodide to catalyst 2a had a dramatic effect (Table 4). In the
presence of 1 equiv iodide/Ir the enantioselectivity dropped to
10% and the configuration of the product was reversed from
(R) to (S). This is in contrast to earlier findings with Ir-diphos-
phano complexes where much higher enantioselectivity was ob-
served after addition of 2 equiv iodide/Ir.1**) On the other hand,

Table 4. Effect of iodide in the catalytic hydrogenation of imine 5.

Bn\ Bn
N 100 bar Hy, 23 °C, CH,Cl, “NH
H3C Ph 4 mol% 2a ch Ph
5 6
Entry #Bu,N"1" fequiv/Ir] ee[%)
1 72(R)
2 0.5 T2(R)
3 1.0 10(S)
4 1.5 18(S)
5 2.0 20(S)
6 25 7(S)
0947-6539/97/0306-0889 § 17.50 + .50/0 — 889
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the Ir— BINAP catalyst system developed by Tani et al.%& was
not affected by the addition of iodide.

Addition of acetate or 1,2-diaminoethane resulted in com-
plete inhibition of the catalyst. Replacing PF, by other non-co-
ordinating counterions such as SbF;, BPh, . or BF, had no
apparent effect, whereas the corresponding trifluoroacetate salt
was much less active and led to the opposite enantiomer with
low ee. The highest enantioselectivities were achieved in CH,Cl,
and 1,2-dichloroethane, but other weakly coordinating aprotic
solvents such as ethyl acetate can also be used; in acetonitrilc
conversion was very low.

The best enantioselectivities and highest turnover numbers
were achieved in the reduction of imine 3. A remarkable concen-
tration effect was observed in this case. Decreasing the substrate
and catalyst concentration led to a significant enhancement of
enantioselectivity (Table 5). Under optimized conditions using

Table 5. Conceatration cffects in the catalytic hydrogenation of imine 3.

Ph_ Ph_
N 100 bar Hy, 23 °C, CH,Cl, NH
A @

HsC Ph 2b H;C Ph

3 4
Entry 131 [M] [Catalyst] [mol%] Conversion [%] ce [%]
1 0.22 37 100 71
2 0.24 0.1 100 &1
3 0.035 0.1 100 &6
4 0.035(5°C) 0.1 99 &9
3 0.035 0.01 50 &7

0.1 mol % of catalyst at 5°C, amine 4 could be obtained in
89% ee and 99% vyield. These numbers compare favorably to
the best results reported to date for this substrate.3*” ! The
N-benzyl derivative 5 was also cleanly hydrogenated using only
0.1 mol % of catalyst under diluted conditions, although no in-
crease of enantioselectivity was observed in this case.

Under standard conditions the reactions were run overnight.
However, we observed that the reactions are generally very fast.
In the presence of 4 mol% of catalyst (Table 5, entry 1) the
hydrogenation was complete after pressurizing the autoclave
and immediate release of pressure. In more dilute solutions (en-
try 3) 38% conversion was observed after 2 min.

Conclusions

In summary, we have shown that cationic Ir' complexes of phos-
phanodihydrooxazoles are efficient catalysts for the enantiose-
lective hydrogenation of imines. The complexes are readily syn-
thesized, air-stable, and easily handled. Up to 89% ee and
turnover numbers approaching 5000 could be achieved with the
N-phenyl imine of acetophenone. Although the enantioselectiv-
ities are lower in other cases, our results indicate a considerable
potential for this class of catalysts, which merits further investi-
gation. We have recently found that (phosphanodihydrooxa-
zole)Ir complexes are also promising catalysts for the enantiose-
lective hydrogenation of C-C double bonds. The results of
these studies will be reported in due course.
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Experimental Section

General: Dichloromethane, Merck p.a. [{Ir(cod)Cl},], Strem 99%. Specific
rotation: Perkin Elmer 241 polarimeter; 1 dm, 23*C, concentration in g/
100 mL of solution, estimated error: +5%. NMR: 'H: § relative to TMS as
internal reference; 13C: § relative to CDCl, (77.0 ppm); *'P: triphenylphos-
phate as external reference (18.0 ppm). MS: Varian VG-70-250 (NBA = 4-ni-
trobenzylalcohol).

seneral procedure for the preparation of complexes 2a—d: A solution of 1a
(191 mg, 0511 mmol) and {[{Ir(cod)Cl},] (171 mg, 0.255mmol) in
dichloromethane (10 mL) was heated for 1 h at 50"C in a sealed tube under
Ar. After cooling to room temperature, the solution was washed twice with
an aqueous solution of NH,PF, (0.4 M, two 10 mL portions). Anion exchange
was monitored by TLC (silica gel. CH,Cl,/CH;OH 20:1; [Ir(cod)(1a)]Cl: R,
0.2; [Ir(cod)(1a)JPF,: R 0.5). The red dichloromethane solution was washed
with water and dried over Na,SO,. Crystallization from CH,Cl,/Et,O and
drying at 0.04 mbar afforded 2a-(0.6 CH,Cl,}-(0.1 Et,0) (369 mg. 82%) as
a bright red powder. Analytical data were obtained from a different sample
containing 1 molar equivalent of CH,Cl, as a crystal solvent.

Complex 2a-CH,Cl,: Purple crystals; m.p. 194-196°C: [2]}, = — 361
(¢=0.20 in CHCl,, 23°C); 'HNMR (300 MHz. CDCl,): § = — 0.06 (d.
J=6.8Hz, 3H, CHy), 0.90 (d. J =7.0 Hz, 3H, CH;), 1.41-1.52 (m, 1H.
CH(CH,),), 1.64 1.74 (m, 1H, H,C of cod), 1.96-2.07 (m, 2H. H,C of
cod), 2.12-2.22 (m, 1 H. H,C of cod), 2.43-2.70 (m, 4H. H,C of cod),
2.92-2.97 (m, 1H, HC of cod). 3.21-3.49 (m, | H. HC of cod). 4.28 -4.33 (m,
1 H. HC(4)), 4.46 (dd, J = 9.6 and 3.5 Hz, 1 H. H,{(5)), 4.68 (1. / = 9.0 Hz,
1 H, H,C(5)). 5.01-5.29 (m. 1 H, HC of cod), 5.30~5.37 (m. 1 H. HC of cod).
7.09-7.14 (m, 2H, arom. CH). 7.36-7.75 (m, 11 H, arom. CH). 8.23-8-27
(m, 1H, arom. CH); *C NMR (7§ MHz, CDCl,): § =12.6 (CH(CH,),).
18.7 (CH(CH,),), 26.6 (H,C of cod), 28.5 (H,C of cod). 32.2 (H,C of cod).
32.9 (CH(CH,),). 36.2 (d, J(C,P) = 5 Hz. H,C of cod). 62.3 (HC of cod).
63.1 (HC of cod), 68.8 (H,C(5)), 70.4 (HC(4)). 94.3 (d, J(C.P) =13 Hz, HC
ol cod). 98.9 (d, J(C,P) =11 Hz, HC of cod). 128.7 (d, J(C.P) =11 Hz), 129.7
(d, J(C.,P)=11Hz), 131.8 (d, JIC,P)=2Hz), 1324, 132.5. 1332 (d,
JC.P) =10 Hz), 133.6 (d, J(C.P) =7 Hz). 133.8. 134.1 (d. JC.P) = 8 Hz).
134.8 (d, J(C,P) =12 Hz) (arom. CH). 122.8 (d. J = 57). 128.1. 129.0. 129.2.
130.4 (arom. C), 163.7 (d, J(C.P) =7 Hz, C(2); **P NMR (121 MHz. CD-
Cly): 6 =15.4; IR (CHCL,): ¥ = 3593 w, 3042 m, 2968 m, 2925 m, 2889 m,
2838 w, 16015, 1567 m, 14855, 1464 w, 14365, 1397w, 1380s. 1331w,
1284 w, 1259 m, 1178 w, 1115 m, 1098 s, 1000 w. 962 m, 909 s, §44 s, 694 s,
558 scem ' MS (FAB, NBA): m1/z (%): 674 (100) [M *, '°31r]. isotope cluster
672~ 676, caled (obsd): 57(62), 21(27), 100(100), 36(36), 6(7); Anal. caled
for C4,H,,CLFJIrNOP, (903.74): caled C 43.86, H 4.24. N 1.55; found C
43.93, H 4.19, N 1.49.

Complex 2b: Purple crystals: m.p. 239°C; [a}, = — 254 (¢ = 0.17 in CHCl,);
"HNMR (300 MHz, CDCl,): 6 = — 0.13(d, J = 6.9 Hz, 3H, CH,). 0.77 (d.
J =71, 3H, CH;), 1.40-1.47 (m, 1H, H,C of cod). 1.59-1.77 (m, 2H,
CH(CH,),. H,C of cod), 1.64 (s. 3 H. arom. CH,). 1.94-2.17 (m. 2H, H,C
of cod), 2.40-2.67 (m, 4 H, H,C of cod), 2.43 (5. 3H, arom. CH ), 2.72-2.84
(m, 1 H, HC of cod), 3.12-3.19 (m, 1H, HC of cod). 4.22-4.27 (m, 1 H,
HC(4)). 4.38 (dd. J = 9.6 and 3.6 Hz, 1 H, H,C(5)), 4.67 (t, / = 9.6 Hz. [ H,
H,C(5)). 4.92-4.98 (m, 1H, HC of cod), 5.18-5.23 (m. 1 H. HC of cod),
7.14 7.21 (m, 2H, arom. CH), 7.28 (s, 1 H, arom. CH), 7.41 - 7.43 (m, 3 H,
arom. CH), 7.55-7.60 (m, 3H, arom. CH), 7.67-7.74 {m, 2H. arom. CH),
7.97 (brs, 1H, arom. CH); '*C NMR (75MHz, CDCly): é=12.5
(CH(CH,),). 18.4 (CH(CH,),). 21.0 (arom. CH;). 24.5 (d. J(C.P) = 4 Hz.
arom. CH;). 26.8 (H,C of cod), 28.8 {H,C of cod}, 31.9 (H,C of cod), 32.9
(CH(CHy,),), 35.6 (d, J(C.P) = 5 Hz, H,C of cod), 62.9 (HC of cod), 65.1
(HC of cod), 68.6 (H,C(5)), 70.0 (HC(4))., 92.8 (d. J(C.P) =13 Hz. HC of
cod), 97.1 (d, JIC.,P) =12 Hz, HC of cod), 128.8 (d, J(C.P) =11 Hz). 129.9
(d, J(C.P)=11Hz), 131.0 (d, JC.Py =11 Hz). 131.1, 132.2 (d. JC.P) =
SHz), 1332 (d, JIC.P)=9Hz), 134.0 (d, JCP)=12Hz), 139.2 (d.
J(C,P) =10 Hz) (arom. CH). 119.4 (d, J(C.P) = 48 Hz), 125.2 (d, JC.P) =
55Hz). 128.1 (d, J(C,P) =51 Hz). 1314 (d, J(C.P) =17 Hz), 1433 (d,
J(C,P) = 66 Hz), 143.4 (d. J(C.P) =70 Hz) (arom. C), 164.9 (d, J(C.P) =
9Hz, C{2): *'P NMR (121 MHz, CDCl,): 8 =10.2: IR (CHCl,):
¥=23032m, 2971 m, 2889 m. 2838 m, 1592 m, 1482 m, 1437 m. 1386 m,
1372 m, 1162 m, 1098 m., 849 s cm~'; MS (FAB, NBA): m/z (%): 702(100)
[M ', "P3Ir]. isotope cluster 700 - 705 caled (obsd): $7(64), 22(29), 100 (100).
38(38). 7(7). 1(1); C3,H,, FJIrNOP, (846.84): caled C 48.22. H 4.76. N 1.65,
found C 48.04, H 4.59, N 1.69.
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Crystal structure determinations: Crystals of compound 2a and 2b werc
mounted in a glass capillary and transfered into the cold stream of N, on an
Enraf-Nonius CAD4 diffractometer. Accurate unit-cell parameters and an
orientation matrix were determined from the accurate scttings of
25 reflections. Intensity data were collected at 100 K. Crystal data arc shown
in Tabic 6. Absorption corrections were performed by -scans (2a} and nu-
merical methods (2b).1'7 The structures were solved by Patterson meth-
ods.l'7 <1 Refinement on F? was carried out by full-matrix least-squares
techniques." " All non-hydrogen atoms were refined anisotropically except
the disordered isopropyl group of 2b. All hydrogen positions were calculated.

Table 6. Crystal data of 2a and 2b [18].

2a 2b
empirical formula C;,H; F IrNOP,-CH,Cl, Cy H FJIrNOP,
T[K] 100 100
J 1A 0.71069 0.71069
crystal system monoclinic orthorhombic
space group P2, P2.2.2,
a[A] 9.4697(10) 11.731(3)
b [A] 18.688(2) 15.551(5)
¢ [A] 9.8823(10) 17.454(5)
a[] 90 90
B 103.419(6) 90
7 [ 90 90
V(A% 1701.1(3) 3184.2(16)
V4 2 4
Pearea IMEgM ™3] 1.764 1.766
u[mm 1) 4.237 4.360
Fovo 892 1680
crystal size [mm] 21 x 21 x 10 65 x 54 x 48
) range ["] 2.12-2998 1.75--29.97
index ranges —13<h<12 0<h<16
0<k<26 0<k<2l
0</<13 0</<24
absorption correction W scans numeric (DATAP)
no. of reflns collected 5087 5123
no. of independent reflns 5087 5123
no. of observed reflns 4833 4259
refinement method full-matrix least-squares on F?
data/restraints/parameter 5087/1/415 5123/7/373
Flack x parameter 0.010(8) —0.022(17)

GoF on F? 1.049 1.055

final R indices R1=10.0292; R1=10.0526;
wR2 = 00772 wR2 =0.1449
largest difl. peak/hole +2.41/-3.62 +3.48/-2.32

The disorder at the isopropyl group in 2b could not be resolved accurately.
One of the C—C bond lengths showed a shrinkage effect due to large thermal
movement. The opposite fluorines of the PF_ anion in 2b were refined with
the same anisotropic displaccment parameters, and C20 and C21 were re-
fined with similar anisotropic displacement parameters. In both structures,
residual electron density appeared perpendicular to the coordination plane of
the iridium atoms.

General procedure for the preparation of imines: To a solution of acctophe-
none (12.0 g. 100 mmol) and freshly distilled aniline (11.2 g, 120 mmol) in
benzene (40 mL) were added 3 A molecular sieves (50 g) that had been acti-
vated in a microwave oven. After being stirred at room temperature for 2 h,
the reaction mixture was filtered. Evaporation of the solvent in vacuo and
distillation afforded N-(1-phenylethylidene)aniline 3 (18.0 g, 92%) as a pale
yellow solid. B.p. 125°C/0.04 mbar; m.p. 38 -39°C; GC (Restck Rtx® 1701
column (30m, O.6bar H,), 100°C for 5min, 3°Cmin~!, 250°C):
tg = 31.4 min; 'H NMR (300 MHz, CDCl,): 6 = 2.22 (s, 3H, CHj), 6.77
6.81 (m, 2H, arom. CH), 7.05-7.10 (m, 1 H, arom. CH); 7.31 - 7.36 (m, 2H,
arom. CH), 7.40-7.45 (m, 3H. arom. CH), 7.89-7.93 (m, 2H. arom.
CH); '*C NMR (75 MHz, CDCl,): 6 =17.3 (CHy), 119.3, 123.2. 1271,
128.3, 128.9, 1304 (arom. CI), 1394, 151.7 (arom. C), 1654 (C=N);
IR (CHCly): ¥ =1639cm ™! (C=N); MS (70eV, EI): mjz (%): 195(55)
[M*]. 180(100) [(M — CH)* |, 118(11) [(M — CHy)'), 77(61) [C,H,):
C,,H,;N (195.26): caled C, 86.12 H 6.71 N 7.17; found C 86.06, H 6.72,
N 7.16.
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N-(1-Phenylethylidene)benzylamine (5): C, .H, ;N (209.29): pale yellow solid;
m.p. 39-41°C; GC (Restek Rtx 1701 column (30 m, 0.6 bar H,). 100 °C for
2min, 7°Cmin~ %, 250°C): 1 =19.3 min; '"HNMR (300 MHz, CDCl,):
4 = 2.31 (s, 3H, CH; (major isomer)), 2.37 (t, / = 1.2 Hz, 3H. CH; (minor
isomer)), 4.42 (s, 2H, H,CPh (minor isomer)). 4.73 (s. 2H. H,CPh
(major isomer)), 7.20--7.45 (m, 8H, arom. CH). 7.82-7.91 (m. 2H. arom.
CH); (E){(Z) isomer ratio 13:1; *C NMR (75 MHz, CDCl,): 3 =159
(CH,), 55.7(CH,), 126.6, 126.8,127.7, 128.2.128.4.129.6 (arom. CH), 140.6,
141.7 (arom. C), 166.0 (C=N); IR (CHCIl,): ¥ =1631cm ' (C=N): MS
(70eV, El): m/z (%): 209(14) [M*], 194(2) [(M — CH,)"]. 91(100)
[C;H, ™).

Acyclic imines (Table 3) were prepared according to the general procedure.
For analytical data of N-alkyl imines, see ref. [Sc]. Cyclic imines were pre-
pared as described in the literature.[3"-19]

General procedure for the Ir-catalyzed enantioselective hydrogenation of
imines: A glass flask (200 mL) with a magnetic stirring bar was charged in air
with N-(1-phenylethylidene)aniline (3) (1.00 g, S.12 mmol), complex 2b
(4.5 mg, 5.3 pmol, 0.1 mol%}), and CH,Cl, (50 mL) and placed in a steel
autoclave (500 mL). The reaction mixture was sticred overnight at room
temperature under 100 bar H,. After evaporation of the solvent, hexane was
added to the residue effecting precipitation of the catalyst. The resulting
slurry was filtered through a sintercd glass funnel (Por. 4). GC analysis
indicated complete conversion. Kugelrohr distillation afforded ( R)-N-phenyl-
1-phenylethylamine (4) (0.98 g, 97%) as a colorless oil. C, H (N (197.28);
b.p. 110°C/0.09 mbar; GC (Restek Rtx 170! column (30 m, 0.6 bar H,}.
100 °C for Smin, 3°Cmin "', 250°C): 1, = 31.7 min: HPLC (Daicel Chiraleel
OD-H column, 220 nm, 0.5 mL min "', n-heptane/2-propanol 90:10; 7, = 9.8
(S) and 12.0 (R) min): 84% ¢e; 'HNMR (300 MHz, CDCl,): & =1.51 (d,
J = 6.7Hz, 3H, CH;), 401 (brs, 1H, NH), 4.48 (q. / = 6.7 Hz, 1 H, CH),
6.49-6.52 (m, 2H, arom. CH), 6.61-6.66 (m, 1 H, arom. CH). 7.05--7.11 (m.
2H, arom. CH), 7.18-7.38 (m, SH. arom. CH): '*C NMR (75 MHz,
CDCLy): 6 = 25.0 (CH,), 53.4 (CH), 113.3, 117.2, 125.8, 126.8, 128.0, 129.1
(arom. CH), 145.2, 147.3 (arom. C); IR (CHCly): ¥ = 3431 cm ' (N-H):
MS (70 ¢V, EI): mjz (%): 197(46) [M *]. 182(100) [(M — CH,)"]. 105(69)
[CsH, 1. 77(40) [CoH; .

Experiments under standard conditions were usually conducted on a
0.1 mmolar scale of imine.

(R)-N-Benzyl-1-phenylethylamine (6): C,;H, N (211.31); colorless oil: b.p.
85°C/0.1 mbar; GC (Restek Rtx 1701 column (30 m, 0.6 bar H,). 100 C
for 2 min, 7°Cmin *, 250°C): 1, =16.5 min; HIPLC (Daicel Chiralcel OD
column, 220 nm, 0.5 mLmin" ", r-hexane: r, = 31 (R) and 40 (S§) min):
'"HNMR (300 MHz, CDCly): 6 =136 (d. J = 6.6 Hz, 3H., CH,), 1.60 (s.
{H, NH), 3.59 (d, J=132Hz, 1H, H,CPh). 3.66 (d. /=132 Hz 1H.
H,CPh), 3.80 (g, J = 6.6 Hz, 1 H, HC). 7.23--7.35 {m. 10 H. arom. CH): '3C
NMR (75 MHz, CDCl): 6 =24.5 (CH,). 52.0 (CH,), S7.8 (CH). 126.7,
126.8, 126.9, 128.1, 128.4, 128.5 (arom. CH). 140.7, 145.6 (arom. C); IR
(CHCL,): ¥ = 3320cm ! (N=H):; MS (70 eV, CI(NH,)): n2/z (%): 212(100)
[(M+1)*], 196 [(M — CH3)"]. 91(11) [C,H, ]

General procedure for the preparation of racemic amines: To a solution of
sodium cyanoborohydride (0.17 g, 2.3 mmol) in methanol (1.5mL) was
addcd dropwise at room temperature a solution of N-(I-phenylethyli-
denc)aniline (3) (0.61 g, 3.1 mmol) in methanol (1.5 mL). The mixturc was
stirred overnight under N, . The reaction was quenched by the addition of 6N
HCI (6 mL). After dilution with water and washing with fert-butyl methyl
ether, the aqucous phase was neutralized with a saturated solution of
Na,CO, and extracted three times with CH,Cl,. Drying over MgSO, and
kugelrohr distillation afforded N-phenyl-1-phenylethylamine (4) (0.34 g.
55%) as a colorless oil.

Acknowledgments: Support of this work by the Swiss National Science Foun-
dation, F. Hoffmann-La Roche AG, Basel, and the Max Planck Socicty is
gratefully acknowledged. We thank Marco Pickel for conducting preliminary
experiments.

Received: December 23, 1996 [F 559]

0947-6539197/0306-0891 § 17.50 + 50,0 —_— N





FULL PAPER

A. Pfaltz et al.

[1] a) R. Noyori, Asymmetric Catalysis in Organic Synthesis, Wiley, New York,
1994, p. 82-85; b) A. Johansson, Contemporary Organic Synthesis 1995, 2,
393; ¢} B. R. James in Catal. Org. React., Chem. Ind. ( Dekker) (Eds.: M. G.
Scaros, M. L. Prunier), 1995, 62, 167 - 180.

[2] a) S. Vastag, J. Bakos, S. Tords, N. E. Takach. R. B. King, B. Heil, L. Marko.

J. Mol. Catal. 1984, 22, 283; b) . Bakos, I. Toth, B. Heil, L. Marko, ./

Organomet. Chem. 1988, 279, 23; ¢) G.-I. Kang, W. R. Cullen, M. D. Fryzuk,

B. R. James, J. P. Kutney, J Chem. Soc. Chem. Commun. 1988, 1466; d) A. B.

Becalski, W R. Cullen, M. D. Fryzuk, B. R. James, G.-J. Kang, S. 1. Rettig,

fnorg. Chem. 1991, 30, 5002; e} M. J. Burk, J. P. Martinez, J. E. Feaster, N.

Cosford, Tetrahedron 1994, 50, 4399.

a) F. Spindler, B. Pugin, H.-U. Blaser, Angew. Chem. Int. Ed. Engl. 1990, 29,

558; b) F. Spindler, B. Pugin, to Ciba-Geigy AG, EP Patent 0256982, 1988;

¢} Y. P. Ng Cheon Chan, J. A. Osborn, J. Am. Chem. Soc. 1990, 112. 9400;

d) Y. P. Ng Cheon Chan, D. Meyer, J. A. Osborn, L. Chem. Soc. Chem. Com-

mun. 1990, 869; ¢) R. Sablong, J. A. Osborn, Tetrahedron Asymmerry 1996, 7,

3059; f) T. Morimoto, K. Achiwa, ibid. 1995, 6. 2661; g) K. Tani, I. Onouchi,

T. Yamagata, Y. Kataoka, Chem. Letr. 1995, 955.

a) W. Oppolzer, M. Wills, C. Starkemann, G. Bernardinelli, Tetrahedron Lett.

1990, 37,4117;b) D. E. Fogg, B. R. James in Catal. of Org. React., Chem. Ind.

{ Dekker) (Eds.: M. G. Scaros, M. L. Prunier), 1995, 62, 435-440.

a) C. A. Willoughby, S. L. Buchwald, J 4m. Chem. Soc. 1992, 114, 7562;

b) C. A. Willoughby, S. L. Buchwald, J. Org. Chem. 1993, 58, 7629 ¢) C. A.

Willoughby, S. L. Buchwald, J Am. Chem. Soc. 1994, 116, 8952: d) C. A.

Willoughby, S. L. Buchwald, ibid. 1994, 116, 11703; €) For highly efficient

enaniioseleciive hydrosilylations of imines with a similar catalyst system. see X.

Verdaguer. U. E. W. Lange, M. T. Reding. S. L. Buchwald, ibid. 1996, 118,

6784.

[6] a) ). Bakos, A. Orosz, B. Heil, M. Laghmari, P. Lhoste, D. Sinou, J. Chem.
Soc. Chem. Commun. 1991, 1684; b) C. Lensink, J. G. deVries, Tetrahedron
Asymmerry 1992, 3, 235,

[7] N. Uematsu, A. Fujii, S. Hashiguchi, T. Tkariya, R. Noyori, J. Am. Chem. Soc.
1996, 115, 4916.

[8] F. Spindler, B. Pugin, H.-P. Jalett, H.-P. Buser, U. Pittelkow, H.-U. Blaser in
Proceedings of the Conference on Catalysis of Organic Reactions, Atlania 1996,
in Catal. Org. React., Chem. Ind. (Dekker) (Ed.: R. E. Malz, Jr.), 1996, 68,
153-168.

2

=

&

[9] a) R. H. Crabtree, Ace. Chem. Res. 1979, 12, 331: b) R. H. Crabtree, G. E.
Morris, J. Organomet. Chem. 1977, 135, 395.

[10] a) P.von Matt, A. Pfaltz. Angew. Chem. 1993, 105, 614; Angew. Chem. Int. Ed.
Engl. 1993, 32, 566; b) 1. Sprinz, G. Helmchen. Terrahedron Lert. 1993, 34,
1769; ¢) G.J. Dawson, C. G. Frost, J. M. J. Williams, S. J. Coote, ibid. 1993,
34, 3149; d) P. von Matt, O. Loiseleur, G. Koch, A. Pfaltz, C. Lefeber, T.
Feucht, G. Helmchen, Tetrahedron Asymmetry 1994, 5, 573; ) G. Koch, A.
Pfaltz, ibid. 1996, 7, 2213.

[11] a) G. C. Lloyd-Jones, A. Pfaltz, Angew. Chem. 1995, 107, 534 Angew. Chem.
int. Ed. Engl. 1995. 34, 462; b) G. C. Lioyd-Jones. A. Pfaltz, Z. Naturforsch.
1995, 50b, 361.

[12] O. Loiseleur, P. Meier, A. Pfaltz, Angew. Chem. 1996, 108, 218 Angew. Chem.
Int. Ed. Engl. 1996, 35, 200.

[13] T. Langer, G. Helmchen, Tetrahedron Lett. 1996, 37, 1381,

[14] a) L. M. Newman. J. M. J. Williams, R. McCague. G. A. Potter, Tetrahedron
Asymmetry 1996, 7, 1597: b) T. Langer, 1. Janssen, G. Helmchen, ibid. 1996, 7.
1599.

{15] a) J. Sprinz. M. Kiefer, G. Helmchen, M. Reggelin, G. Huttner, O. Walter, L.
Zsolnai, Tetrahedron Letr. 1994, 35, 1523; b) N. Baltzer, L. Macko, M. Zehn-
der, Helv. Chim. Acta 1996, 79, 803.

[16] G. Wittig, U. Thiele, Liebigs Ann. Chem. 1969, 726, 1.

[17] &) P. Coppens, L. Leiserowitz, D. Rabinovich, DATAP, Acta Crystallogr.
1965, 18, 4656; b) G. M. Sheldrick, SHELXS-86, Program for the solution of
crystal structures, University of Gottingen (Germany), 1986, ¢) G. M.
Sheldrick, Acta Crystallogr. 1990, 446.467;d) G. M. Sheldrick, SHELXL-93.
Program for the refinement of crystal structures, University of Gottingen (Ger-
many), 1993.

[18] Crystallographic 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-100075. Copies of the data
can be obtained free of charge on application to The Director, CCDC,
12 Union Road, Cambridge CB21EZ. UK (Fax: Int. code +(1223)336-033;
e-mail: deposit@chemerys.cam.ac.uk).

[19] a) D.F. Fry, C. B. Fowler, R. K. Dieter, Synler: 1994, 836; b) M. L. Haslego,
C. A. Maryanoff, K. L. Sorgi, Heterocycles 1993, 35, 643; ¢) A. Brossi, L. A.
Dolan, S. Teitel in Organic Synthesis Vol. 56, 1977, p. 3.

892 — & VCH Verlagsgesellschaft mbH, D-69451 Weinheim, 1997

0947-6539/97/0306-0892 8 17.50 + .50/0 Chem. Eur. J. 1997, 3, No. 6






FULL PAPER

The Crystal Polymorphism of Tetrolic Acid (CH,;C=CCOOH):
A Molecular Dynamics Study of Precursors in Solution,
and a Crystal Structure Generation

A. Gavezzotti,* G. Filippini, J. Kroon, B. P. van Eijck and P. Klewinghaus

Abstract: The possible configurations of
two molecules of tetrolic acid in a solvent
box containing 226 carbon tetrachloride
molecules are studied by molecular dy-
namics with the GROMOS package and
force field over periods of up to 2000 pi-
coseconds. The cyclic hydrogen-bonded
dimer was the most persistent configura-
tion, but events leading to the cleavage of

tion of a precursor to the crystal catemer
motif were found to occupy up to 10% of
the simulation times. The experimental
bond-breaking enthalpy was correctly re-

Keywords
crystal  structure  predictions
molecular dynamics + polymorphism -
tetrolic acid

produced. Two different crystal structure
generation procedures were employed to
reproduce the two observed polymorphic
crystal structures and to predict other
possible polymorphs; in all cases, some
unobserved structures had more cohesive
packing energies than the observed ones.
The possible application of molecular dy-
namics in the study of the preliminary

one hydrogen bond and thus the forma-

Introduction

The prediction of crystal structure from molecular structure is a
thriving field of research.t! 3T In this respect, polymorphism is
a crucial issue, being at the same time a source of concern and
a relevant phenomenon that helps to throw some light on the
process of crystal construction.*! Computational approaches to
crystal structure prediction usually go through the following
steps: 1) assumption or optimization of the gas-phase molecu-
lar structure; 2) construction of a geometrical model of the
crystal; 3) enumeration of possible crystal structures with their
packing energies, and choice of the best structure on an energy
basis. Aside from the problems inherent in the choice of the
force fields, and the possible effects of temperature, such an
approach ignores the molecular recognition in bi- or multi-
molecular clusters that must occur in solution, and that dictates
the kinetics of the very first nucleation stages.

This paper tackles the problem of the “social background” of
crystallizing molecules in solution vis-d-vis the final crystal
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steps in crystal nucleation is discussed.

structure. A combination of molecular dynamics and crystal
structure generation methods is used. Computational chemistry
in solution is now a mature discipline,’® ~®! but has so far been
used mostly to study pure liquids or the intramolecular structure
of solute molecules in supramolecular chemistry or in systems of
biological interest. We aim explicitly at the modelling and, as far
as possible, understanding of multimolecular crystal precursors
in solution for small organic molecules. Tetrolic acid is an ideal
candidate for a case study, since two crystal phases with two
different and clearly characterized hydrogen bonding schemes
have been determined by X-ray single-crystal diffraction.!”! Its
small size and relatively easy parameterization help to reduce
the computational effort. Correspondences and differences be-
tween molecular recognition patterns across the hydrogen
bonds, as well as the basic recognition motifs in the crystal
structures, will be discussed.

Crystal structures of tetrolic acid: An increasing number of mol-
ecules exhibiting polymorphism in the crystalline state are ap-
pearing in the literature. The choice of tetrolic acid for this casc
study depended on the presence of two crystal phases with two
different and clearly characterized hydrogen bonding schemes
determined by X-ray single-crystal diffraction. Moreover, the
computational effort is reduced owing to the small size of the
acid and its relatively easy parameterization.

Tetrolic acid crystallizes in two modifications, an « and a f§
form (Table 1); both phases were grown from solution in an
apolar solvent (n-pentane).®! Crystals of the o form are triclinic,
space group PT; the structure consists of hydrogen-bonded cen-
trosymmetric dimers over the carboxylic group, arranged in
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Table 1. Crystal data (A, *) for tetrolic acid polvmorphs (ref. [9]).

Table 2. Force-field parameters.

a b ¢ % f 5
PT structure
experimental 7.320 5.099 7.226 83.97 117.46 112.0
reduced {a] 2.099 7.185 7.226 113.28 96.03 109.15
P2, structure
experimental 7.887 7.121 3.937 - 100.18

[a] Niggli cell reduction procedure.

planar layers (Figure 1a). Crystals of the ff form are monoclinic,
space group P2,; molecules are arranged in approximately pla-
nar chains, propagating along the twofold screw axis through a
single O-H --O hydrogen bond between pairs of molecules
(the so-called catemer motif; Figure 1b). This motif also ap-
pears in the crystal structure of formic acid,[*™ acetic acid,[*!]
and in the « form of oxalic acid.l’?! The structural motifs occur-

ring in organic carboxylic acids have been analyzed in several
15]

review papers.l'?”

Figure 1. Crystal structures of tetrolic acid (ref. [9]): a) PT.b) P2,. See Table 1 for
cell parameters. The positions of the carboxylic acid hydrogen atoms in the PT
structure are disordered. Dotted lines: hydrogen bonds; S denotes a screw axis.

Computational Details

Energy minimization (EM) and molecular dynamics (MD) calculations were
carried out with the GROMOS package!'® on a Silicon Graphics INDY
workstation. A centrosymmetric dimer of tetrolic acid, with starting molecu-
lar dimensions taken {rom the crystal structures, was inserted into a previous-
ly equilibrated rectangular box containing 226 CCl, molecules (starting box
dimensions 29.0, 31.4, 41.0 A). Periodic boundary conditions were applied.
The solvent was modelled in the united atom approximation, and two Len-
nard-Jones parameter sets were tried.l! 77 181 The tetrolic acid molecules were
modelled with a united atom for the methyl group in the charge group
approximation. The full force field (Table 2) is the standard GROMOS one,
supplemented by a few estimated force constants for the acetylenic part.
Stretch and bend equilibrium parameters were taken from the experimental
X-ray values.

894 —— 0 VCH Verlagsgesellschaft mbH, D-69451 Weinheim, 1997

charge parameters (electrons)

hydroxyl oxygen —0.40 hydroxyl hydrogen 0.40
carbonyl oxygen —0.38 carbony! carbon 0.38
bending k, kealmol "trad * o,
0=C O 120 123
0=C-C 120 124
0-C-C 120 113
C=C-C 200 180
H-0-C 95 113

dihedral (kcalmol ™ %)
H-0-C=0, H-0~C-C 211 = cos(24)]

improper dihedral (energy in kcalmol ™!, ¢ in rad)

C=0-0-C W

bond stretching, & (kcalmol "' A~™2), d (A)

O-H 750 1.000 C-0 900 1.310
C=0 1200 1.204 C-C 900 1.441
C=C 1500 1.178 C -CH 900 1.455

Lennard-Jones parameters for CCl, [a}

C,, (kcalmol "1 A12)
set A 1.544 x 107
set B 1.361 x 10°

C, (kealmol "' A®)
7.755 % 10* (ref. [17))
6.350 x 10% (ref. [18])

fa] Lennard-Jones parameters for solute: see ref. [16}.

[n the MD simulations, after an initial cnergy minimization the system was
kept in contact with temperature (7 = 298) and pressure (p =1 bar) baths,
with vclocity rescaling (relaxation times 0.20 ps for solvent and 0.05 ps for
solute molecules; 5 ps for isotropic pressure rescaling). The time step was
0.001 ps in all cases (see ref. [8] for details). Several runs were conducted
(Table 3) with different parameter sets and cutoff distances.

Table 3. Overview of MD runs.

Parameter set Cutoff, A Time. ps Label
A 14 1750 PARA
A 13 850 PARA |
B 14 2000 PARB

The molecular recognition pattern between the two tetrolic acid molecules
was analyzed by calculating average geometrical parameters (typical sam-
pling times were 0.05 ps for coordinates and 0.1 ps for energies and box
dimenstons). Distances and angles used for this purpose are defined in Table 4
and Figure 2; as a reference for recognition patterns. several idealized models
can be proposed, mostly suggested by obvious chemical concepts as well as
by inspection of the animations of molecular motion during the MD runs.
The crystal structures of the two polymorphs roughly correspond to DIM
(dimeric « form) and syn-cis-CAT (catemeric § form); therefore, the geomet-
rical parameters for these two configurations were taken from the crystal
structures, and are collected in Table 4.

Table 4. Geometrical parameters for idealized bimolecular configurations. from the
crystal structures (distances R in A, angles o in "). For definitions and numbering,
see Figure 2.

Parameter DIM (« phase) syn-cis-CAT (ff phasc)
R1 2-11 1.656 5.741
R2 4.9 1.656 1.683
R3 2-14 7.450 3910
R4 7.9 7.450 7.422
xl 1-2-10 119 97
22 1-3-9 116 121
%3 8-10-2 116 8
x4 8-9-3 119 137
o5 1-8-12 180 77
24 8-1-5 180 168
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Dim cis-CAT CAT events, are easily spotte.d by a sudden change
(2)M1’1{_8 in one O-H---Odistance; time intervals in which
C—CEC—C// \e—c=c—C syn nown C"_O either R1 or R2 (see Table 4 and Figure 2 for defi-
76 5 To—pmd® ® B o anti /\c—csc—c /\C—CEC—C nitions) grew greater than 3.7 A were considered
e gga s 22/ S8 as real CAT events, rather than fluctuations. This
trans-CAT 4r|1 , 1H . appareptly large threshold was chosen because the
) 3040 1004 ,0 main aim was to spot the syn-¢is-CAT geometry as
¥ ¢ ¢ found in the f crystal phase, where this distance is
?‘%EE_Q\ 9 ' cz as large as 5.7 A. However, one hydrogen bond

O—HmQ .
3 4 10\:%_%5%_% Ce Cn was preserved in au CAT events, so that the two
o H‘% c7 Cn 1nole(fules never drifted completely apart during

\,g anti our simulations.
U The PARA and, to a lesser extent, PARA 1 runs showed a
9 drift to higher than normal density; this is most likely a compu-
- O\\C—CEC—C tational artifact, since one box dimension tended to become
//owH—o’8 2 13 14 smaller than twice the cutoff radius, introducing a partial struc-
?‘%EE—9\3 P turing of the solvent to an almost crystalline lattice. Results for
:Qj syn the CAT events will therefore be discussed only for the PARB
|;| ot run, where the density and total energy are equilibrated, al-

Figure 2. Definition of possible configurations for a bimolecular complex of
tetrolic acid, with atom numbering.

Packing analysis of the existing crystal structures, and crystal structure gener-
ation for several phases of tetrolic acid, were carried out by means of the
OPEC-PROMET package!!®! with the accompanying crystalline force
field!*> and, in parallel, by the Utrecht crystal packing program UPACK!?!
with the same (orce field as used in the MD simulations.

Results

Molecular dynamics in solution: The starting configuration of
the two solute molecules in all MD runs, imposed as almost
perfect cis-DIM, was preserved during the largest fraction of
time as expected, since in a nonpolar solvent the carboxylic acid
groups cannot be favourably solvated and preferentially adopt
a shielded cluster arrangement against each other. Table S

Table 5. Average geometrical parameters with rmsd’s for DIM configurations dur-
ing MD runs. rmsd = [ (R — RN, ]2 See also Tables 3 and 4.

PARA (1150 ps)

PARB (550 ps)

R1 1.76(16)
R2 1.76(16)
R3 7.19(13)
R4 7.19(13)
al 134(8)
22 100(4)
3 100(4)
4 134(8)
5 165(9)
6 165(9)

1.78(18)
1.77(18)
7.19(15)
7.19(14)
133(9)
100(5)
100(5)
133(9)
164(9)
164(10)

shows average geometries of such DIM phases; aside from the
effects of molecular vibration, the dimer preserves its typical
structure and H-bonding geometry. When a simulation was run
in water, disruption of the molecular complex occurred almost

instantly.

During all MD runs, the DIM pattern is occasionally disrupt-
ed by cleavage of one hydrogen bond. These occurrences, called

Chem. Eur. J. 1997, 3, No. 6
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though the average density (1.31 gecm ™ %) is lower than that of
pure CCl, (1.59 gcm™3). We emphasize, however, that CAT
events of approximately the same significance were observed in
all MD runs, irrespective of density and of convergence prob-
lems.

Figure 3 shows plots of R1, R2, R3, R4, «5 and a6 during the
CAT 2 and CAT 3 events in the PARB simulation. Events occur-
ring during the first 1300 ps are analyzed in detail, while the

7.0 ; 6.0 |
6.0 ] 5.0
|
o<g. 4.0
4.0 7
23 x3.0 |
3.0 il |
i
ol 1.0 S e g e e
! 0600 300 800 700 800 900
time, ps
9.0 . 9.0 -
]
8.0 8.0 1 |
7.0 7 7.0 : MMW
6.0 ‘ 6.0 :
e & j |
5.0 5.0 ¢ |
4.0 4.0
. O600 700 800 900 600 700 800 900
time, ps fime, ps
200 . 200
! R ] i
”,120E [ ZOWZOj ‘ “ |
3 ‘ = |
80 80
. !
86T B G0 “Boo™ TFE0 T EGE T bo
time, ps time, ps

Figure 3. Evolution over time of relevant geometrical parameters (see Table 4 and
Figure 2 for definitions) during the CAT1 (670 ps), CAT2 (720 ps) and CAT3
(780-820 ps) events.
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simulation was carried over to 2000 ps just to check the overall
stability of the system. These results are typical and illustrate all
the observed possibilities. Table 6 shows the corresponding av-
eraged geometrical parameters.

Table 6. Average geometrical parameters with rmsd’s for CAT events during MD
runs (see also captions to Tables 3 and 4).

CAT?2 CAT3A CAT3B CAT4 CATS
R1 1.79(14) 4.82(49) 1.83(24) 4.07(100) 1.78(18)
R2  4.08(66) 1.75(14) 4.79(57) 1.77(15) 4.41(91)
R3 7.25(14) 4.54(58) 7.26(21) 6.71(69) 7.30(18)
R4 4.95(73) 7.28(15) 4.35(53) 7.28(17) 6.62(117)
21 124(13) 109(10) 122(14) 106(14) 125(16)
o) 50(19) 107(6) 28(18) 108(9) 72(20)
23 105(6) 26(15) 107(8) 72(18) 110(8)
24 114(12) 129(13) 104(15) 128(18) 101(17)
a5 162(10) 83(9) 157(15) 129(14) 159(11)
%6 97(13) 163(10) 83(11) 162(11) 132(23)

The CAT2 event is a real ¢is-CAT one; R1and R3 are as they
should be for the preserved hydrogen bond, while R4 (4.95 A)
is somewhat longer than the contact in the crystalline catemer
(3.92 A). «5 and «6 show the expected 170-80° pattern (see
Table 4).

The CAT 3 event is also a true ¢is-CAT one, even closer to the
ideal crystal geometry (R3 4.54 A). Interestingly, after 23 ps
(CAT3A), an intermediate flipover transition (about 1 ps)
switches the ¢is-CAT complex over to its permuted one, by
cleavage of the 4-9 bond and reformation of the 2—1]1 one
(CAT3B). The higher rmsd’s of the averaged R1 and R3
(R2 and R4) distances demonstrate, however, that the
cis-CAT configurations are rather flexible in solution, as could
have been expected; crystalline configurations are perforce
frozen ones. In fact, visual inspection of the animations during
the CAT events shows that the simulated CAT complex is not
always coplanar, as it is in the crystal. Clearly, planarity is
enforced only at the stage of string and layer formation. and
even more as layers are superimposed to form a three-dimen-
sional structure.

The syn—anti equilibrium fluctuates in all CAT events. It ap-
pears that the position of the carboxylic hydrogen atom is nearly
immaterial once the hydrogen bond has been cleaved, at least to
the approximation inherent in the present force field.

The CAT 4 and CAT 5 events are much less easy to analyze, let
alone classify. After cleavage of one hydrogen bond, the struc-
ture can be broadly assimilated to a trans-CAT one, although
with large fluctuations, in particular away from coplanarity.
The large rmsd’s of averaged R1 and R3 (R2 and R4) distances
confirm this.

Figurc 4 shows the electrostatic contribution to the interac-
tion energy between the two tetrolic acid molecules during the
CAT events. The bond-breaking energy, within the GROMOS
force field, is of an essentially electrostatic nature, since the
corresponding Lennard-Jones energy profiles only show mar-
ginal fluctuations. A rough estimate of the hydrogen bond
breaking energy is 811 kcalmol ™ ?, as reckoned from manual
averaging of the energy profiles. This value compares reason-
ably well with the experimental dimerization energy of the
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E,kcal mol™!

5 !
700 750 800 850

E, kcal mol !

—65% T - e
1050 110p 1150 1200
time, ps
Figure 4. Solute-solute electrostatic energy (kcalmol™!) during the CAT events.
The horizontal bars are manual estimates of the averages, from which the hydrogen

bond breaking energy is estimated. Left to right, top to bottom: CAT2, CAT 3.
CAT4. CATS.

first four aliphatic carboxylic acids,”*® 14-16 kcalmol ™} or
7—8 kcalmol ™! per hydrogen bond.

Crystal structure simulations: The PROMET procedure!!* was
used to generate crystal structures for tetrolic acid in the two
observed space groups. Briefly, the procedure consists of build-
ing preliminary cohesive structural units (in the present case,
centrosymmetric dimers or molecular ribbons along a screw
axis) and then expanding these in three or two directions, respec-
tively, to build complete three-dimensional crystal structures.
The cohesive energies of preliminary structural units and of full
crystal structures are calculated by means of standard inter-
molecular potentials.!’?

The centrosymmetric dimer for the search in space group
PT was easily constructed, with a cohesive energy of
11.2 kcal mol ~ 1. The search for stable molecular ribbons along
the screw axis posed a much more challenging problem. since
there are many possible arrangements for a complex formed by
just one O~H - - - O hydrogen-bond linkage. Screw ribbons with
a wide range of cohesive energies were considered as promising
and carried over to the translational search.

The basic structural motif shown in Figure 5a propagates
into a corrugated ribbon with a translational distance of
4 A (screw pitch 2A) and the highest cohesive energy
(18.8 kcalmol ™ "). The ribbon then forms a very stable P2, crys-
tal structure (see Table 7, entry “CORRUG™). On the other
hand, the basic motif that led to the computational reproduc-
tion of the observed structure is shown in Figure 5b; its cohesive
energy is only 10.8 kcalmol ™!, but it does show the expected
cis-CAT arrangement, and, unlike the motif in Figure 5a, it is
essentially planar. The packing energy of the full crystal struc-
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Figure 5. a) The basic structural motif along a screw axis for the corrugated CAT
crystal structure (see Table 7), as determined during the preliminary search with
PROMET. b) As for a) for the generation of the ¢is-CAT crystal structure, as
experimental.

Table 7. Cell dimensions (A and ©) and packing energies {(kcalmol~ ") for crystal
structures generated by the PROMET and UPACK procedures.

a b ¢ o B ¥ —PE Ve
PT structures
exptl 7.320 5.099 7.226 8397 11746 1120 - —
reduced [a] 5.10 7.18 723 1133 96.0 1092 173 2211
opt [b] 5.22 6.56 6.94 1131 96.1 109.2  18.3 198.5
PROMET Jc] 5.15 7.00 7.16 1193 94.2 1126 186 196.7
UPACK 6.89 513 6.62 871 113.8 116.8 - 188.5
P2, structures
exptl 7.887 7.121 3937 - 100.18 - 17.5 2176
opt [b) 7.73 6.75 391 - 102.1 B 184 1996
PROMET [c]
cis-CAT 7.63 6.72 399 - 104.4 - 18.7  198.0
CORRUG 8.25 4.31 57t - 94 - 18.5  202.5
trans-CAT 6.59 5.15 638 - 95 - 16.6 2149
UPACK
cis-CAT 8.31 6.24 4.00 - 111.3 - 193.3

fa] After cell reduction according to Niggli. [b] After structure relaxation by pro-
gram PCK 83 {27] and the same force field as used in PROMET calculations. [¢] See
text.

ture (Table 7) does not differ appreciably from that of the struc-
ture obtained from the previous motif.

The cohesive energy of the ribbon corresponding to the pure
trans-CAT configuration is 13.4 kcalmol™!. The crystal struc-
ture obtained from this completely flat ribbon consists of
layers, as shown in Figure 6; although it is a minimum in the

pood,
oo

Figure 6. Hydrogen-bonding motif in the layers of the planar trans-CAT crystal
structure {see Table 7). S denotes a screw axis.
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crystal potential energy hypersurface, its packing energy
(16.6 kcalmol ™!) is significantly lower than that of the other
two structures. Thus, corrugation of the layer (Figure 5a)
allows a translational periodicity of only 4 A and a better
packing.

Figure 7 shows an overview of the crystal structures generat-
ed by PROMET in the two space groups. As usual,[>- 2! the
number of generated structures is very large, and increases at
lower packing energies.
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cell volume, A**3

Figure 7. Scatterplot of packing energies for PT () and P2, (m) crystal structurcs
of tetrolic acid, generated by PROMET, after screening (or identical structures and
cell reduction. A labels the observed P2, structure; the B cluster contains several P{
structures, essentially identical in spite of screening.

For comparison, we also employed UPACK 2! which uses a
different crystal structure prediction method, based on a sys-
tematic search of the parameter space, and has now been ex-
tended to monoclinic and triclinic space groups, still assuming
one molecule in the asymmetric unit (details will be published
elsewhere). Briefly, rigid molecules are subjected systematically
to translations and rotations in crystal cells whose dimensions
are also variable, retaining an approximately constant density.
The GROMOS force field (Table 2) was used, and a cutoff ra-
dius of 9 A was used in the search procedure. Structures with
energy lower than a given threshold were clustered, subjected to
further rigid body energy minimization, and clustered again.
The resulting independent structures were optimized under re-
taxation of all structural parameters (cutoff 12 A). Only space
groups PT and P2, were considered (11 and 8 variable parame-
ters, respectively, at constant density). The lowest energy struc-
ture is in P1, and structures within 5 kcalmol™! of that are
shown in Table 8. At less cohesive energies, structures without
hydrogen bonds or that are otherwise improbable begin to ap-
pear.

The experimental structures are not the ones with lowest ener-
gies, but differences are hardly significant in view of the simplic-
ity of the force field. There is considerable room for improve-
ment, as can be seen from a comparison of calculated and
observed cell parameters (Table 7). The corrugated structure
found by PROMET (Table 7) was also found, with a slightly
lower energy than the experimental one. However, in the
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Table 8. Energy ordering for crystal structures generated by the UPACK proce-
dure.

Space group PT
relative energy [a] remarks [b]

Space group P2,
relative energy [a] remarks [b]

m~
S
3

<@
W

Expt 2.9

<
CoOOUUUTTTU
-

'S
@}
N
o

4.2 C P2im 4.3

fa] In kcalmol™*. [b] D: dimer; C: catemer; Expt: experimental X-ray structure.
When a space group is given, the structure corresponds (within a small tolerance)
io a special position in that space group; the two P2 /m structures are identical.

GROMOS force field the trans-CAT structure found by
PROMET changed into the corrugated structure upon energy
minimization. Catemer structures are very unlikely in P1, while
dimer structures cannot occur in P2, with one molecule in the
asymmetric unit.

In a few cases (marked in Table 8) the structures correspond
to special positions in space groups with higher symmetry. No
doubt a search in other space groups would produce many more
potential crystal structures.

Discussion and Conclusions

There is overwhelming experimental evidence for the formation
of “precursors’ in solution, either as aggregates or clusters,2?!
and it is also possible that small clusters may assume different
structures when passing from solution to mature crystals.[>* =231
Keeping that in mind, the following considerations are the rea-
sonable outcome of the different computational approaches:

1) Our calculations quite reasonably predict that in an apolar
solvent the hydrogen-bonded cyclic dimer is the most persis-
tent configuration, and yield the correct hydrogen bond
breaking enthalpy; we conclude that the force field is ade-
quate and that CAT events are not artifacts caused by bad
parameterization.

2) CAT events are ubiquitous in all simulations with different
solvent parameters; their frequency is about 45 events ev-
ery 1000 ps, and the time spent in the CAT configuration is
10% or less.

3) The MD simulation is an effective tool for probing solution
configurations, and demonstrates that both motifs found in
the crystal structures are already present in solution. Al-
though the DIM configuration largely predominates, the
presence of svn-cis-CAT configurations, some of which are
very stmilar to what is found in the crystal, proves that even
short-lived species can nucleate and survive into crystal
structures. However, the trans-CAT configuration is found
in solution but does not grow into a crystal structure; ap-
pearance in solution is thus a necessary but not sufficient
condition for nucleation and growth.
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4) anti conformations are observed only in the free OH group
at CAT events, but never for the OH engaged in the hydrogen
bond. The discussion of this equilibrium is, however, unreli-
able based on just two molecules in the solute model.

5) In solution, short but significant fractions of time are spent
in the planar ¢is-CAT configuration, although, as expected,
CAT configurations are very flexible. Planarity of cis-CAT
configurations is presumably completely enforced only at
later stages of crystal organization or growth.

6) The computer generation of crystal structures leads to recon-
struction of the two observed ones, thus confirming the effec-
tiveness of both the PROMET and UPACK procedures. Be-
sides these two, in all cases a number of other stable and
close-packed structures is found: observed structures are rec-
ognized when cell parameters and space group are known,
their packing energy being invariably among the highest but
not always the highest one. In this case, the disorder in the
carboxylic group can lower the free energy of the « phase by
entropic effects. While such calculations may be useful as an
aid in the interpretation of X-ray data,*®! predicting the
crystal structure in an a priori manner-—the fully ab initio
crystal structure prediction—remains a major challenge for
theoretical chemistry.

7) Combined results from MD and crystal structure generation
demonstrate that although the planar rrans-CAT configura-
tion occurs in solution, it cannot grow into a full crystal
because the three-dimensional packing of such a motif is less
favourable (16.6 against 18.5 kcalmol™! packing energy
in PROMET, collapse to the “‘corrugated” structure in
UPACK): this conclusion agrees with previous analyses.[!!
The corrugated, nonplanar ribbon structure is calculated
from two different force fields and computational proce-
dures, and could therefore be a third, as yet unobserved,
polymorph of tetrolic acid. However, subtle directional ef-
fects or cooperative stabilizing effects in planar continuous
chains, which are beyond the scope of pairwise additive po-
tentials used here, cannot be ruled out. These results are a
substantial contribution to the understanding of the crystal
packing of tetrolic acid.

Finally, we emphasize again that the simulation of precursors
in solution is a promising complement to crystal structure gener-
ation procedures towards the prediction of crystal structures,
offering at least a preliminary view of the nucleation kinetics.
Clearly, however, more consistent modelling of the highly coop-
erative nucleation phenomenon should comprise a much larger
number of solute molecules.
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Abstract: Oligosilsesquioxanes  (OSS)
may be considered as molecular sections
of silica. The incompletely condensed {(cy-
clopentyl), T,(OH), (T = SiOj;,,) has been
used 1o generate a phosphine-functional-
ized T,-OSS system by reaction with 2-
(trichlorosilyl)diphenylphosphinoethane.
The resulting model molecuie (cyclo-
pentyl), To(CH,),PPh, (1) is well suited to

the phosphorous atom. We selected the
tetrahedral bimetallic cluster [HFeCo,-
(CO),,]. Depending on the stoichiometry,
onc or two phosphine ligands could be

Keywords

added to the cobalt atoms, with substitu-
tion of CO molecules. Owing to the ¢y-
clopentyl substituents, the resulting com-
plexes [HFeCo4(CO),,{Ph,P(CH,),T,-
(cyclopentyl),}] (2) and [HFeCo,-
(CO),o{Ph,P(CH,), Ty(cyclopentyl), ]

coordinate to transition metal clusters via

Introduction

Heterogeneous silica-supported transition metal complexes play
a very important role in academic research and in the chemical
industry.!! Oligosilsesquioxanes (OSS) (Figure 1) possess
strong structure similarities with silica and may thus serve as
valuable molecular models, accessible to various physical meth-
ods of investigations.1?~

The incomplete T,-OSS systems (Figure 1 a) deserve particu-
lar attention, since their structure and their surface silanol den-
sity are very close to that of the cristobalite form of silica.[]
Furthermore. they can undergo corncr-capping reactions with
inorganic!® (e.g. transition metal complexes) or organic Lewis
acids, in exactly the same way as silica. It is therefore possible to
directly compare the random silica-supported catalysts and
their analogous, well-defined OSS-supported ones.

There are two ways of binding a transition metal complex or
a cluster to the T,-OSS unit, directly by using the trisilanol part
of the molecule!® or through a ligand covalently attached to the
OSS moiety by reaction of the trisilanol moiety with an appro-
priate group, such as a functionalized silane. The latter method

{*1 G. Schmid, V. Ruffieux
Insutut {ir Anorganische Chemie. Universitdt Essen
Universitétssir. 5—7, D-45117 Essen (Germany)
Fax: Int. code +(201)183-2402
e-mail: guenter.schmide uni-essen.de
P. Braunstein, J. Ros¢
Laboratoire de Chimie de Coordination, URA 416 CNRS
Université Louis Pasteur
4. rue Blaise Pascal, F-67070 Strasbourg (France)
Fax: Int. code +(388)418-6030
¢-mail: braunstii:chimie.u-strasbg.fr
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clusters catalyst models oligo- (3) are soluble in numerous organic sol-
silsesquioxanes -+ silica + supported vents. Therefore, they could be complete-
complexes ly characterized by 'H, '3C, 2°Si, and *'P
NMR spectroscopy.
3 H, H
Si—Q—Si Si—O-—3i
7 Ve 7
Q.o | Q07] s | W o7
/Si—Oc‘—)—& I \S‘I—O?—Sl ?
HO H.
O—ﬁ"—‘o“s'\G O}s‘ $O—Si—H
oHy 0 |, | ©
HO—Si Si—0—Si
~
H H
(a) (c)
Sx——o——Si/©

(b)

Figure 1. Oligosilsesquioxanes (OSS): a) The incompletely condensed (cyclo-
pentyl); T-(OH),. b) The completely condensed (phenyl),T;. ¢) The completely
condensed H,T,. The notation T refers to the repeating unit RSiO, ,.

should allow direct comparison with transition metal complexes
or clusters anchored to functionalized silica surfaces.l'™ 7 A
wide range of silanes containing reactive functional groups,
such as amines, phosphines, or thiols, are commercially or syn-
thetically available. It is also possible to match virtually every
possible distance between the metal catalyst and the OSS moiety
by modifying the length of the carbon chain, as in the case of
catalysts supported on functionalized silica surfaces. Only
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monofunctionalized OSS can be obtained in this way. Polyfunc-
tional molecules have been prepared in an important study on
aryl and vinyl substitution reactions!*!°! (Figure 1b) and hy-
drosilylation'* ! (Figure 1 ¢) of completely condensed T,-OSS. 1!

Here we focus our attention on the incompletely condensed
(cyclopentyl), T,(OH), system (Figure 1a) and its reaction with
2-(trichlorosilyl)diphenylphosphinoethane, in order to obtain a
well-defined, perfectly characterized prototype for monofunc-
tionalized Tg-OSS systems. We then treat this cage compound
with the bimetallic cluster [HFeCo,(CO), ,].}* %! whose ability to
undergo substitution reactions with phosphine ligands is well
established.!"*! The resulting new compounds can serve as mod-
els for bimetallic clusters or colloids supported on functional-
ized silica surfaces.

Results and Discussion

The incompletely condensed (cyclopentyl), T.(OH), is the main
product of the slow hydrolysis of (cyclopentyl)SiCl, in water/
acetone.!'*! In contrast to the preparation of the well-known
(cyclohexyl), T,(OH),, which takes 3 to 12 months,¥ (cy-
clopentyl), T,(OH), can be isolated after an acceptable period of
3 to 15 days. (Cyclopentyl)SiCl, was obtained from the hydrosi-
lylation reaction of cyclopentene and trichlorosilane with
H,PtCl, as the catalyst (Scheme 1).!*5! The functionalized silane
2-(trichlorosilyl)diphenylphosphinoethane was synthesized by
the photochemical addition of PPh,H to vinyltrichlorosi-
jane."!®! The reaction of 2-(trichlorosilyl)diphenylphosphino-
ethane and (cyclopentyl),T,(OH), in the presence of pyridine
afforded the completely condensed compound 1.

Compound 1 was fully characterized by IR spectroscopy, 'H,
3P{IHY, *C{'H}, and *°Si{'H} NMR spectroscopy, and by
elemental analysis (see Experimental Section). The typical
"HNMR pattern (phenyl protons omitted) is shown in Figure 2
(left). Figure 2 (right) gives the '*C NMR spectrum of the cy-
clopentyl carbon atoms bound to Si atoms, whose 1:3:3 ratio is
clearly accounted for by the C,, symmetry of the molecule.

Abstract in German: Oligosilsesquioxane (OSS) kinnen als
molekulare Ausschnitte aus dem Siliciumdioxidgitter betrachtet
werden. Aus dem unvollstindig kondensierten (cyclopentyl),-
T,(OH); (T = SiO;,,) und 2-( Trichlorsilyl) diphenylphosphino-
ethan wurde ein Phosphin-funktionalisiertes T,~OSS herge-
stellt. Die resultierende Modellverbindung (cyclopentyl),T,-
(CH,),PPh, 1 ist gut geecignet, iiber dus Phosphoratom
Ubergangsmetallcluster zu koordinieren. Wir wéhlten hierzu den
tetraedischen Dimetallcluster [HFeCo,(CO),,]. In Abhdin-
gigkeit von der Stéchiometrie wurden ein oder zwei Phosphin-
liganden unter Substitution von CO-Molekiilen an die Cobalt-
atome koordiniert. Die resultierenden Komplexe [HFeCo;-
(CO), A\ Ph,P(CH,),Ty(cyclopentyl),}] 2 bzw. [HFeCo,-
(CO), ol Ph,P(CH,),Ty( cyclopentyl);},] 3 sind dank der Cy-
clopentylsubstituenten in organischen Losungsmitteln lGslich und
konnten somit *H-, 13C-, 29Si- und *'P-NM R-spektroskopisch
vollstdndig charakterisiert werden.
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HoPtClg

<j +  HSiCly

10 days, reflux

/Si——o—/SI
Q. L0
Q‘ H,Ofacetone /Si — OC{L Si
SiCly HO .
10 days, reflux O—Sr)— O———SI\C]
aoH ‘
HO—Si
\ hv, 12h e
PhoH R
\—SiCly v PR cyclohexane T s
Si—0 —3Si . Ph.P
- o’ o | T N\ scn
S o L7 o
/SI————OTSI
HO &3:10—81\0
N
Ho—si” CL /
Si— 00—
Ve <
o707
Sj-- 'O?““SI T
L CgHsNibenzene O,:(}/S' Oo.js.'-O
% | ©
Si-—-0Q-—Si
thp/\/ 73
1

Scheme 1. Reaction scheme for the formation of (cyclopentyl), To(CH.),PPh, (1),

M
CH,-pentyl

fr[:||||ﬁ—vnr—y—rr.y| ||||u|v—|—rrvnr 11—rr—lrv|ﬁ—r—r

1.0 0.5 22.4 223 22.1

CH-pentyl

CH,(S)

Figure 2. Left: The alkyl signals in the '"HNMR spectrum of (cyclopentyl),-
T.(OH), (1); the CH,-Si and CH,-P resonances appear at § = 0.66 and 2.07.
respectively. Right: '3*C NMR spectrum of the cyclopentyl C atoms bound to Si.
showing a 1:3:3 pattern of the three resonances at d = 22,25, 22,23, and 22.20.

Compound 1 dissolves readily in apolar or weakly polar sol-
vents, such as n-hexane, cyclohexane, benzene, toluene, chloro-
form, or dichloromethane, but is insoluble in ethanol, acetone,
or acetonitrile. It i1s thermally stable up to 100°C. The phos-
phine group undergoes slow oxidation in the presence of air and
water. Despite the similarity of the siloxane structure with that
of silica, 1 can be purified by chromatography on silica gel. This
is probably possible due to the presence of the apolar cy-
clopentyl groups.

The CO substitution reaction of 1 with the bimetallic cluster
[HFeCo4(CO),,] (Figure 3) in equimolar amounts at room tem-
perature in dichloromethane afforded the violet monosubstitut-
ed compound 2 (Scheme 2), which was characterized by IR
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Figure 3. Structure of the bimetallic
tetrahedral cluster [HFeCo,(CO), ).

OCaxial co

spectroscopy, 'H, *'P{*H},
and *C{*H} NMR spec-
troscopy, and by elemental
analysis. Spectroscopic data
indicated that a cobalt-
bound axial CO ligand had
been selectively substitut-
ed, as observed with other
monodentate  phosphine
ligands." 7! This is account-
ed for by the high trans-

labilizing influence of the
Fe—~Co bond.['®

After purification by column chromatography, 2 was treated
with a further equivalent of 1 in toluene at 60 °C for 12 h to give
the disubstituted compound 3 (Scheme 2). By comparison with
data for [HFeCo,(CO),o(PR;),] clusters, it is clear that the sec-
ond phosphine ligand is also bound to cobalt, in an axial posi-
tion.

The complete characterization of 2 and 3 is given in the Ex-
perimental Section. The 'H NMR signals corresponding to the
CH,-P and CH,-Si protons in 3 exhibit a remarkable *“‘mir-
ror” pattern, which arises from the fact that these protons do

PhyP
PPh,
Si—0—Si j—=0) —Sj
o’ | Room temp. A Pl
0.2 500 o’ (o7
Sli--0—3|i CI) CH;Cly, th O\Si{——OQ-Si/ o]
) ) chromatogr. CH,Cly/ | | | |
Si—10—8i~ i—lo—Si
| ol ? o’ Hexane 3.7 C’)Q;S! OOO/SI_G
e Ve 3
SiZ-0~—si + HFeCo3(CON2 Si/_o_sl,,
o
1 2
+ 1
-CO 60°C, toluene, 12h
chromatogr.
CH,Cly/Hexane 1.9
lie
/ co\\
J="""=¢¢
\E-II/ \
PhyP PPhy

SI'—O[—"SI O I

éEO}s\«—(o —si-() O—&-oé—sx@o
N o [

S|——O——S! Si—0-—Si

SO

Scheme 2. Reaction of 1 with [HFeCo,(CO),,] yielding monosubstituted 2 and
disubstituted 3.
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not lie in the mirror plane of the C, molecule. The spin system
must therefore be described as AA’'BB’, with four magnetically
inequivalent protons. The '3C NMR spectrum exhibits the same
type of pattern for the phenyl carbons. In contrast, no such
pattern is observed for the carbons of the OSS moiety. This is
probably due to the high flexibility of the ethyl group, which
allows the ligand to achieve a conformation that minimizes ster-
ic hindrance.

Conclusion

The new Tg-OSS-ethyldiphenylphosphine complexes described
here seem to be valuable prototype models for transition metal
complexes or clusters anchored on silica surfaces. Despite their
apparently complicated structure, complete characterization
has been achieved in a relatively straightforward manner. Since
the OSS moiety is quite sensitive to the reaction conditions, it is
necessary to check the integrity of the OSS structure after each
reaction. For this purpose, !*C and 2°Si NMR spectroscopy are
most suitable methods, but the latter is more time-consuming.

The ability of Tg-OSS-ethyldiphenylphosphine to readily
complex metal centers with low oxidation state in a selective way
was clearly demonstrated in this work. The (cy-
clopentyl), T,(OH), is a very interesting precursor
for the design of functional T,-OSS systems for the
following reasons:

H 1) It can be prepared in good yields on an accept-
able timescale.

2) It is readily soluble in most common organic
solvents, except those of high polarity (e.g., wa-
ter, alcohols, acetone, and acetonitrile).

3) Itis thermally stable up to 100 “C and not sen-
sitive to air or moisture.

Experimental Section

General methods: Air-sensitive reagents and products were manipulated un-
der a nitrogen atmosphere using standard Schlenk techniques. All solvents
were dried and purified using standard procedures. NMR spectra were
recorded with a Bruker DPX or DMX instrument operating at 300 MHz for
'HNMR spectroscopy (75.5 MHz for '*C{'H}. 121.5 MHz for *'P{'H}.
and 59.6 MHz for 2°Si{'H}). IR spectra were recorded on a Perkin-Elmer
FT-IR 1600 spectrometer. Elemental analyses were carried out by the analyt-
ical service of the Chemistry Department of the University of Essen (Ger-
many).

PPh,H."" (cyclopenty)SiCl,,"">! and [HFeCoy(CO),,]:!*? These starting
materials were synthesized by well-described literature procedures.

(Cyclopenty!), T,{OH),: According to a modified literature procedure.'*! the
reaction mixture, consisting of {cyclopentyl)SiCl;, acetone, and water, was
refluxed under nitrogen for two weeks with a condensor muaintained
at —207C by a circulating bath of methanol. Tn order to simplify the filtra-
tion, the resulting solid was allowed to settle, and the clear brownish-red
acetone/water solution was transferred to another flask. The remaining solu-
tion was filtered. The solid cake was triturated and washed many times with
acetone, and finally dried in vacuo. The crude product was dissolved in
dichloromethane, and the solution was filtered to remove the insoluble (cy-
clopentyl), T,. The dichloromethane solution was concentrated to ca. 50 mL
and layered with ca. 200 mL of acetonitrile, whereupon (cyclopentyl).-
T,(OH), precipitated. After filtration and washing with small amounts of
acetonitrile, the pure (cyclopentyl), T,(OH); was dried overnight under vacu-
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um. Yield: 81%. The purity of the product was monitored by comparison of
the NMR data and elemental analysis (C 47.98 (calcd 48.02), H 7.68 (calcd
7.60)).

Ph,P(CH,),SiCl; was prepared by a modification of the procedure described
by Holmes-Smith:!'® Diphenylphosphine (10.7 g, 10 mL, 57.5 mmol) and
vinyltrichlorosilane (14.7 g, 11.6 mL, 90.9 mmol) were dissolved in dry cyclo-
hexane (100 mL, UV/Vis grad). The solution was transferred through a can-
ula into a 100 mL quartz photochemical reactor and irradiated with stirring
for 12 h at 20"C with a medium-pressure Hg Jamp. The solution was then
transferred under nitrogen into a 250 mL round-bottom flask. Volatiles were
removed under vacuum. The crude product was worked up by distillation
(173—-174°C/0.1 mmHg) to yield 17.1 g (85%) of pure product.

(Cyclopentyl), To(CH,),PPh, (1): Ph,P(CH,),SiCl; (4.0 g, 11.4 mmol) was
placed in a 500 mL Schienk round-bottom flask filled with nitrogen. Benzene
(250 mL) was added, followed by (cyclopentyl),T,(OH), (10.0 g, 11.4 mmol)
and pyridine (2.9 mL, 3.48 x 10”2 mo}), under vigorous stirring. The solution
was stirred for 12 h at room temperature, then filtered through a 10 cm-pad
of Celite and a 5 cm-pad of silica gel, in order to remove pyridine- HCI. The
filtration pad was washed with copious amounts of dry benzene. The solution
was concentrated to ca, 50 mL and carefully layered with ca. 200 mL acetoni-
trile, whereupon (cyclopentyl),T4(CH,),PPh, precipitated. The filtration
cake was washed with acetonitrile and dried in vacuum. Yield: 11.3 g (89%).
IR: ¥ = 3071 (w), 3053 (w; vPh), 2950 (s), 2865 (s: vAlk), 1481 (w; vPPh),
1434 (w: vPCH ), 1108 (vs; v, S1-O-8i), 739 (w), 696 (w; vSiCH,), 506 (m;
VegmSi-0-8i). "H NMR (CDCL,, ext. ref. TMS): § = 0.67 (m, 2H, CH,-Si),
0.90-1.02 (complex m, 7H, CH pentyl), 1.47-1.73 (complex m, 56H, CH,
pentyl), 2.07 (m, 2H, CH,-P), 7.30-7.39 (m, 10H, Ph). 3C{'H} NMR
(CDCl,, ext. ref. TMS): é = 8.05 (d, CH,- Si, 11.8 Hz), 20.82 (4, CH,-P,
13.3 Hz), 22.20, 22.23, 22.25 (s, CH pentyl, 3:3:1), 26.95, 26.99, 27.00, 27.28,
27.29, 27.35 (s, CH, pentyl, 3:3:1:3:1:3), 12836 (d, C? phenyl,
o-c.coc=04Hz), 12844 (s, C* phenyl), 132,68 (d, C> phenyl,
2o =180 Hz), 138.67(d, Jp_ =14.0 Hz). ?°Si{'H} NMR (C D, ext.
ref. TMS): § = — 65.86, —65.91, —65.94, —66.59 (3:1:3:1). *'P{'H} NMR
(CDCl,, ext. ref. H,PO,): 6 = —&.5. C,,H,,0,,PSiy (1113.80): caled. C
52.84, H 6.97; found C 52.57, H 6.88.

[HFeCo,(CO), {Ph,P(CH,), Ty(cyclopentyl}, }] (2): [HFeCo,(CO),,]

(0.100 g, 1.75x 10" * mol) was dissolved in dry dichloromethane (50 mL)
under nitrogen. (Cyclopentyl),To(CH,),PPh, (195 mg, 1.75 x 10 ~* mol) was
added. The solution was stirred until CO evolution had ceascd (ca. 15 min).
The solvent was complctely evaporated. The violet crude product was puri-
fied by chromatography on silica gel with dichloromethanc/hexane 7:3.
Yield: 0.238 g (82%). IR ¢, (CH,Cl,): ¥ = 2077 (m), 2034s, 2007 (m), 1966
(w; terminal CO), 1862 (m), 1847 (m: bridging CO). '"HNMR: § = — 21.26
(u5-H/, 0.49 (m, 2H, CH,-Si), 0.82--1.02 (m, 7TH., CH pentyl), 1.47--1.73
(m, 56H, CH, pentyl), 2.24 (m, 2H, CH,-P), 7.28-7.48 (m, 10H, Ph).
'3C{'H} NMR: § = 580 (CH, -Si, 2J._, = 5.3 Hz), 22.14, 22.15, 22.26 (CH
pentyl, 3:3:1), 24.55 (CH,-P, J._, = 22.2 Hz), 2692, 26.97, 27.00, 27.25,
27.29, 27.33 (CH, pentyl, 3:3:1:3:1:3), 129.04 (d, Ph, C*3|
Ye_p = 9.8 Hz), 130.76 (d, Ph, C**, *J,_, = 2.3 Hz), 131.44 (d, Ph, C"- 1
Jop = 40.0 Hz), 131.88 (d. Ph, C2 %, %J._, = 9.8 H7). *'P{H} NMR: 35.1
(Av, ., =1700 Hz). C,,H,40,;PSi;FeCo, (1655.57) caled. C 43.53, H 4.75;
found C 43.60, H. 4.85.

[HFeCo,(CO), ,{Ph,P(CH,), Ts{cyclopentyl),},] (3): Compound 2 (100 mg,
6.04 x 10 * mol) was dissolved in dry toluene (50 mL) under nitrogen, and 1
(67 mg, 6.04x 1073 mol) was added. Thc solution was stirred for 12 h at
60°C. After evaporation of the solvent, the green crude product was purified
by chromatography on silica gel with dichloromethane/hexane 1:9. Yield
0.101 g (61%).
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IR o (CH,CL): # = 2051 (m), 2020 (s), 1987 (s), 1953 (w; terminal CO),
1837 (m), 1821 (w; bridging CO). '"HNMR (Figure 4, left): § = — 21.42
(#5-HJ, 037.0.52 (m, 4H, H?* H?®, H>*" H?®) 0.82-1.03 (m, 14H, CH
pentyl), 1.47-1.73 (m, 112H, CH, pentyl), 2.36. 2.60 (m, 4H, H'*, H'5,
HW, H'YW) 6.65-7.43 (m, 20H, Ph*, Ph®, Ph*, Ph®). '3C{'H} NMR
(Figurc 4. right): 6 = 5.88 (CH,~Si, 2Jo_, = 5.4 Hz). 22.16, 22.20, 22.26
(CH pentyl, 3:3:1), 24.40 (CH,-P, J._, = 24.3 Hz), 26.94, 27.00, 27.28,
27.34 (CH, pentyl, 3:4:4:3), 128.48 (t, Ph, (34383838 37— ¢ 8 Ha),
129.77, 129.95 (s, Ph, C**, C**). 131.84, 133.03 (d. Ph, C'A ('S5
Joop=36.4Hz, J. ,=349Hz), 132.07, 13234 (d, 2, (2B
2Jeop=92Hz, "_,=10.1Hz), *'P{H} NMR: §=333 (Av, =
730 Hz). C,ogH,550;34P,8i;sFeCoy (2741.35) caled. C 47.32, H 5.70: found
C 47.19, H 5.80.
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The Structure of a-Gallium and Its Relationship to Deltahedral Clusters

Ulrich HauBermann,* Sergei I. Simak, Igor A. Abrikosov and Sven Lidin

Abstract: We present idealised geometri-
cal models for the 2-Ga and f-Ga struc-
tures based on two differently distorted,
corrugated 3° nets. We investigated the

tential linear muffin-tin orbital (FP-
LMTO) method in the framework of lo-
cal-density functional theory. Both meth-
ods show the existence of an optimum

puckering angle that corresponds well to
the situation in the experimental 2-Ga
structure. The geometrical model of the
a-Ga structure follows the building prin-

structural stability of two sets of two-di-
mensional and three-dimensional model
structures consisting of these corrugated
nets as a function of the net puckering. We
used the simple tight-binding (TB) Hiickel
model with the structural energy differ-
ence theorem and the advanced full-po-

ical calculations

Introduction

Owing to their structural diversity, compounds exhibiting multi-
centre bonding form one of the most fascinating areas in inor-
ganic chemistry, covering both molecular units and infinite
solids.!" 2 Classical examples are the closed deltahedral clusters
formed by B or Ga atoms. These clusters occur as isolated units
in borancs or form three-dimensional frameworks in main
group metal borides and gallides.’®>**) Characteristically the
cluster-forming atoms are coordinated by an additional atom,
which is oriented radially outwards from the polyhedron, lead-
ingtoa (1+3), (14+4)or (1+5) coordination depending on the
kind of polyhedron.

The electronic structure of those clusters is qualitatively ex-
pressed by Wade’s rules.!>! According to Wade the sp bonding
electronic states of a terminally coordinated closed deltahedron
with # vertices (n> 5) are divisible into # + 1 framework bonding
and n terminally bonding states. In the closed-shell case (4n + 2)
clectrons occupy these bonding states. This corresponds to two-
electron—two-centre (2e 2¢) bonding of the terminal atoms and
multicentre bonding between the atoms forming a polyhedron.
Assuming that the terminal atoms are hydrogen, the optimum
valence electron concentration (VEC) is (4+2/n) electrons per
X—H unit. Figure 1 shows the relationship between VEC and

[*] Dr. U. Hauermann, Prof. S. Lidin
Department of Inorganic Chemistry 2, Lund Usiversity
P. O. Box 124, 22100 Lund (Sweden)
Fax: Int. code +(46)222-4012,
e-mail: ulrich(@lindstrom.oorg2.1th.se
Dr. S. I. Simak. Dr. I. A, Abrikosov
Department of Condensed Matter Theory, Uppsala University
P.O. Box 530, 75121 Uppsala (Sweden)
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ciple of terminally coordinated deltahe-
dral clusters, extended to two-dimension-
al structures. The chemical bonding in
o-Ga is interpreted in terms of multicentre
bonding within the corrugated 3° nets and
two-electron —two-centre bonds connect-

elec-

ing these nets.

VEC

—_

LA B e B e e B

3 6 9 12 15

LI S B i S s Bt S S R S B a

N —

Figure 1. Three examples of terminally (H) coordinated closed deltahedral clusters.
In the octahedron (left) all cluster-forming atoms have (1 +4) coordination, and in
the icosahedron (right) (1 + 5) coordination. In the dodecahedron (centre) (1+4)
and (1 + 5) coordination occurs. The relationship between the optimum VEC (no.
of valence electrons per X - H unit) of a cluster and the number of vertices # is given
by VEC = (4 +2/n) as expressed in Wade’s rules. Known representatives following
this rule are indicated by black circles on this curve.

the number of vertices # in the series of closed deltahedra. The
contribution of 2/n to the VEC stems from the lowest-lying
electronic state. This nondegenerate state is characteristic of a
deltahedral cluster and has highest symmetry with equal contri-
bution from all polyhedron-forming X atoms.

Tt is interesting to speculate whether it is possible to realise the
asymptotic situation of one terminal-bonding and one frame-
work-bonding state per X —H unit leading to an optimum VEC
of four. An infinite value for n is equivalent to a two-dimension-
al net, and terminal bonding may result in a three-dimensional
structure on the borderline between metal and nonmetal. In this
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article we identify the a-Ga structure to be-—geometrically and
electronically—such a two-dimensional continuation of the ter-
minally coordinated closed deltahedral clusters, in agreement
with suggestions of von Schnering and Nesper.[®! We first out-
line the geometrical building principle of idealised deltahedral
clusters and derive two-dimensional (2 D) and three-dimension-
al (3D) model structures obeying this principle. The model
structures consist of (1+ 6)-coordinated atoms. In the second
part of this work we study the structural stability of the model
structures with the simple semiempirical tight-binding (TB) and
the ab-initio full-potential linear muffin-tin orbital (FP-LMTO)
methods. The TB method allows additionally the investigation
of the influence of the VEC, but does not yield reliable numeri-
cal results. However, a modified TB model has been applied
succesfully for the geometry optimisation of a-Ga and some
other selected structures,!” and it is interesting to compare re-
sults from this method with those obtained from accurate state-
of-the-art density-functional calculations.

Structural Relationships

When building up a closed convex polyhedron with equilateral
triangles only (corresponding to a deltahedral cluster with all
bond lengths equal), one finds eight possible solutions. The
smallest representative in this series is the tetrahedron (1) with
four vertices, followed by the trigonal bipyramid (2), the octahe-
dron (3), the pentagonal bipyramid, the dodecahedron (bis-
disphenoid) (4), the tricapped trigonal prism, the bicapped
quadratic antiprism and finally the icosahedron (5) with twelve

6 7 8

vertices. In these polyhedra a vertex can be shared by either
three, four or five triangles, and thus a particular vertex has
either three, four or five neighbours. In the following we call an
ensemble of three, four or five triangles defining a vertex a
tetrahedral cap {6), an octahedral cap (7) or an icosahedral cap
(8), respectively. The Platonic polyhedra tetrahedron, octahe-
dron and icosahedron each contain only one kind of vertex; this
implies that all angles between connected triangles (the dihedral
angles) are equal. With variable dihedral angles polyhedra with
two symmetrically different vertices may be built up. For ex-
ample, the trigonal bipyramid has three three- and two four-
coordinated vertices and the dodecahedron (bisdisphenoid) four
four- and four five-coordinated vertices.

Chem. Eur. J. 1997, 3, No. 6
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Naturally the curvature of a polyhedral cap decreases with the
number of triangles. It is not possible to construct a convex
polyhedral cap with six equilateral triangles, and the condition
of equal dihedral angles leads to the planar 3° net. With varying
dihedral angles one obtains corrugated 2D nets, and the sim-
plest distortion variants are shown in Figure 2. In variant [ adja-

Figure 2. Left-hand panel: Distortion variants of the 3° net consisting of equilateral
triangles. Darker circles are the same distance above the undistorted 3° net plane as
the brighter circles are below. The net of higher symmetry (top) is called variant [,
that of lower symmetry (bottom) variant I1. Right-hand panel: Terminal coordina-
tion of the net-forming atoms. The corrugated nets are viewed along the a axis. The
angle 7 quantifies the puckering of the 3° nets. The terminal bonds in variant [I
(bottom) are tilted from the normal of the mean 3° net plane by the angle &. The
different (1 +6) coordinations of the net-forming atoms are shown.

cent straight chains and in variant IT adjacent zigzag chains of
atoms are alternately lowered and raised by the same amount
with respect to the undistorted 3% net plane. Variant I has the
plane group symmetry p2mm with two atoms in the rectangular
unit cell, whereas in variant II the mirror planes perpendicular
to one axis are lost and the plane group symmetry reduces to
pm with four atoms per unit cell. The puckering angle 7y defined
in Figure 2 describes the deviation from planarity. The poly-
hedral caps (6—8) with all dihedral angles smaller than 180°
transform in variant I into an arrangement where six connected
triangles form two coplanar sets (in which the dihedral angles
are equal to 180°). The corresponding ensemble of variant Il
exhibits a convex and a concave part on the same surface
(Figure 2).

Analogously to in the closed deltahedral clusters in Figure 1,
the net-forming atoms may be coordinated terminally. These
terminating atoms are arranged in such a way as to minimise
Interaction with the net-forming atoms. Thus, the sum of dis-
tances of 4 terminating atom to all net-forming ones was chosen
to be a maximum for a given bond length. With this condition
the terminal bonds of variant IT are not perpendicular to the
undistorted 3° net plane, and the tilt angle 8, defined in Figure 2,
describes this deviation. In Figure 3 the nonlinear relationship
between this angle and the puckering angle y is shown. Whereas
deltahedral clusters have no structural freedom for a fixed bond
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Figure 3. Relation between the puckering angle y and the tilt angle J in the terminal
coordinated nets of variant Il (cf. Figure 2). The cross indicatcs the values in the
experimental 2-Ga structure.

length, their 2D analogues shown in Figure 2 show variable
puckering anglcs 7.

In order to build up 3 D structures the 2D units are stacked
and linked through the terminal bonds, which leads to or-
thorhombic structures (Figure 4). In case of variant I the space

4 il
B s - ] 9
| —— T [

&Ry o Ry REEN

Figure 4. 31 model structures with Immm symmetry (left-hand pancl) and Cmca
symmetry (right-hand pancl) obtained by stacking of the corrugated nets of vari-
ant T and LI, respectively, with puckering angles of 0 (top), 25 (centre) and 35"
(bottom). Four-, five- and six-membered rings emerge as new structurial elements
(defining atoms are represented as dark circles). The local (14 6) coordination is
emphasised (the Cmca structure with y = 25° does not have the appropriate tilt
angle).

group i1s immm with four atoms in position 4g (0,p.,0). For the
3D structure of variant I the space group in the standard set-
ting is Cmea with eight atoms in position 8f (0,y,z). For a pair
of Immm and Cmca structures with the same geometrical
parameters (i.e. puckering angle, distance in the corrugated 3°
net, stacking distance), the latter always has the higher density.
It is important to note that a stacking of the corrugated 3° nets
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of variant IT with the appropriate tilt angle for the terminal
bonds (Figure 3) will automatically fix the stacking distance at
a certain value. This causes an unrealistically long bond lenth
for the terminal bond in structures with lower values of y ( < 25%)
and an unrealisticly short distance in those with high y values
(>35%). For a puckering angle of 32.5° the corresponding tilt
angle is 17.6” (Figure 3), and variant II represents an idealised
geometrical model of 2-Ga, the low-pressure and low-tempera-
ture phase of gallium (space group Cmca, a=4.5192,
b =7.6586, ¢ = 4.5268 A at 298 K ; atomic position 8f (0,).z)
with y = 0.1549 and z = 0.0810)."1 The structure is shown
in Figure 5. In the corrugated 3° net, three slightly different

Figure 5. The structure of 2-Ga. Left: The 2 D building block is a corrugated 3° net
parallel to the (010) plane. Darker circles are the same distance above the mean
plane of the corrugated 3° net as the brighter circles are below. Three distances occur
in the corrugated nets: B = 2.691, C = 2.729, D = 2.786 A. The coordination by the
adjacent nets introduces a short distance A4 = 2.484 A. Right: View approximately
along [100] showing the stacking of the corrugated 3° nets along the & axis through
short type 4 bonds (2.483 A). The (1 -+ 6) coordination of an atom is emphasised.

nearest-neighbour distances lie in the narrow range between
2.69(Byand 2.79 A (D). The distance 4 between Ga atoms from
adjacent nets is 2.483 A . The angle y in the zigzag chain of B
bonds is 32.8°, and the angle between the bond 4 and the b axis
perpendicular to the corrugated 3° net is 17.2°. The agreement
with the idealised model is remarkable (cf. Figure 3). Thus, with
the short distance 4 designated as a terminal bond, the #-Ga
structure obeys the building principle of ideal deltahedral clus-
ters, where the terminally bonded atoms minimise their interac-
tion with other polyhedron-forming ones by means of their radi-
al orientation. Following this principle, the increase in the
coordination number from (1+5) of an icosahedral cap to
(1+6) is accompanied by the formation of 2D nets, thus ex-
plaining the local coordination of the Ga atoms in the x-Ga
structure. This interpretation is different from that of Nesper
and von Schnering,[® who divided the corrugated 3° net into the
a-Ga structure in units of distorted (1 4 5) coordinated icosahe-
dral caps and tetrahedra.

The structure resulting from the stacking of the 2D nets of
variant [ does not represent 4 known elemental structure, but
occurs as the partial structure of the major component in inter-
metallic compounds with the MoPt, structure. In this structure
type the voids along the a axis are occupied yielding a binary
compound with composition 1:2. Interestingly, the Immm struc-
ture with a y of 49° can be transformed into an idealised f-Ga
structure by a slip operation’ in every plane (020) with the
displacement vector R = (0,0.!/,) (Figure 6). The corrugated 3°
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Figure 6. Top: A crystallographic slip operation in the planes (020) with the dis-
placement vector R = (0,0,'/,) transforms the Immm model structure consisting of
corrugated 3° net with a puckering angle of 49" (left) to an idealised model of the
f-Ga structure. The stacking of the corrugated 3° nets in the monoclinic -Ga
structure (right) introduces zigzag chains defining the shortest distances (labelled A)
in this structure (4 = 2.689 A). Bottom: In the corrugated 3¢ net of 5-Ga (parallel
to the (010) plane) three different distances occur: B = 2771, C = 2872,
D =2916 A. The atoms in f-Ga have a local (2+6) coordination (right).

nets of variant I remain unchanged, but the terminal bonds are
replaced by zigzag chains running along the ¢ axis. The Immm
structure may be too open for a metal, so that it collapses ac-
cording to this slip operation, which changes the nearest-neigh-
bour coordination of the atoms from (1+6) to (2+6). In the
real 5-Ga structure (space group C2/c, a = 2.7713, b = 8.0606,
c=3.3314A, $=91.57°; atomic position (0,y,1/4) with
y = 0.131)1% three different distances between 2.77 and 2.92 A
occur in the corrugated 3% net, and the deviation from the model
with only equilateral triangles in this net is greater than in the
#-Ga structure. The distance in the zigzag chains (2.69 A) is not
much shorter than those in the corrugated 3° net, owing to the
increase in the coordination number.

Calculational Methods

TB calculations: Eigenvalues were obtained by solving the Hiickel secular
determinant \Hij(/?) — /] = 0 with the unit matrix 7 and the atomic parame-
ters of Ga (Hy, = —14.58 eV, Hy,, = — 6.75eV, {,, =1.77, {,, =1.55)
and H (H ;= —13.6eV, {|, =1.3). The resonance integrals were approxi-
mated by the Wolfsberg-Helmholtz formula Hy; = '/, KS,(H,; + H;;) with
K =175

In order to compare structural cnergy differences within the TB formalism we
applied the energy difference theorem of Pettifor [Eq. (1)].1*?! £ has the
form given by Equation (2), where 7,(¢) is the partial density of states
AEtoz ~ AEbond‘AEmp -0 (1)

EP™pe) = X7 (5 — e)n(e)de )

of the atomic orbital i, which we calculated from a Mulliken population
analysis.["3 ¢, is the corresponding orbital energy H,, and & the Fermi energy.
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The sum is over all atomic orbitals of the system. Because of Equation (3)!*%
the constraint AE, =0 is equivalent to Au, = 0. The quantity g, is

o ={"2e’n(e)de =3, HY o E,,, 3

called the second moment,!' 3 and the equality of y, between different struc-
tures can be achieved by isotropically changing the volumes of the structures
until their second moments match that of 4 reference structure (second mo-
ment scaling!*¢). Differences in the higher moments gy, = {7 ¢"n(a)de of
these structures can explain the behaviour of their structural cnergy
curves.[t7]

As reference structure for the p, scaling in the 2 D case we chose the corrugat-
ed 3° net of the x-Ga structurc. This net was coordinated with terminal H
atoms at experimentally based distances of 1.6 A in the direction of the net
linking A4 bonds in the 2-Ga structure. Nets of variants I and Il were con-
structed with puckering angles of 0, 5, 10, 15, 20, 22.5, 25, 27.5, 30, 32.5, 35,
40 and 45°. The nets were terminated with H atoms in the way described, and
the bond length was maintained at a value of 1.6 A whilc adjusting the
Ga—Ga distance in the net during the second-moment scaling. For the 3D
structures the experimental «-Ga structure served as reference structure for
the u, scaling. Only the interlayer bond length was varied in the scaling
procedure, and the parameters of the final 3D structures arc presented in
Tables 1 and 2. For the 2D structures a 100 &-point mesh and for the 3D
structures a 64 k-point mesh of the irreducible wedge was used.

Table 1. Parameters of the model structures with Jmmn symmetry.

Angle (%) a(A) b(A) ¢ (A) ¥

0 2.7305 5.8898 4.7294 0.25

5 2.7243 5.9730 4.7006 0.2328
10 2.7202 6.1360 4.6399 0.2167
15 21177 6.3704 4.5468 0.2022
20 27166 6.6579 4.4215 0.1896
22.5 2.7166 6.8146 4.3471 0.1839
25 2.7174 6.9743 4.2657 0.1787
27.5 2.7191 7.1360 41774 0.1738
30 2.7213 7.3014 4.0819 0.1693
325 2.7218 7.4869 3.9760 0.1654
35 2.7292 7.6351 3.8722 0.1612
40 2.7453 7.9682 3.6425 0.1541
45 2.7745 8.3085 3.3980 0.1478
Table 2. Parameters of the model structures with Cmca symmetry.
Angle () a(A) b(A) c(A) i E

0 4.7294 5.8705 5.4610 0.25 0.125

5 47111 5.9517 5.4261 0.2301 0.1240
10 4.6837 6.1054 5.3539 0.2113 0.1211
15 4.6472 6.3294 5.2465 0.1945 0.1172
20 4.5979 6.6339 5.1030 0.1800 0.1084
225 4.5678 6.8160 5.0186 0.1738 0.1036
25 4.5338 7.0173 4.9266 0.1682 0.0978
27.5 4.4963 7.2332 4.8285 0.1631 0.0911
30 4.4540 7.4664 4.7242 0.1587 0.0833
325 4.4085 7.7066 4.6169 0.1546 0.0743
35 4.3590 7.9532 4.5079 0.1508 0.0637
40 4.2502 8.4442 4.2975 0.1432 0.0370
45 4.1286 8.9013 4.1286 0.1340 0

FP-LMTO Calculations: Reliable energy differences between the 3D struc-
tures (Table 1 and 2) and the experimental o-Ga structure were calculated
with the FP-LMTO method,!'® which is a powerful all-clectron technigue for
the calculation of different properties of crystalline materials. The space was
divided into so-called muffin-tin spheres (MTS) surrounding atomic sites and
interstitial region between them. The charge density and potential were al-
lowed to have any shape inside MTS as well as in the interstitial region. The
basis set, charge density and potential were expanded in spherical harmonic
series within nonoverlapping MTS and in Fourier series in the interstitial
region. The basis set of augmented linear muffin-tin orbitals!' °! was used. The
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tails of the basis functions outside their parent spheres were linear combina-
tions of Hankel functions with negative kinetic energy. The basis set included
3d, 4s, 4p and 4d orbitals on the Ga sites. All states were contained in the
same energy panel with the 3d orbitals treated as a pseudovalence state in an
energy set different from the other basis functions. We adopted a double basis
where we used two different orbitals of /m character, each connected in a
continious and differentiable way to Hankel functions with different kinetic
encrgy. The spherical harmonic cxpansion of the charge density. potential,
and basis functions were carried out to / = 4. The integration over the Bril-
louin zone was performed by the special point sampling!?% with a Gaussian
smearing of 10 mRy and using 282 and 171 k-points in the irreducible wedge
for the Cmica and Immm model structures, respectively. The exchange and
correlation potential was treated in the local density approximation using the
von Barth-Hedin paramctrisation.!?%]

Results and Discussion

2D structures: Figure 7 shows the calculated TB bond energies
for the two terminally coordinated distortion variauts of the 3°
nct as a function of the puckering angle and the VEC in a
contour-map representation. Qualitatively the maps look alike.
The optimum VEC for the uncorrugated nets is slightly above
four electrons per Ga—H unit and decreases to exactly four at

Number of elections per Ga-H unit

Number of elections per Ga-H unit

00 00 20 %0 400
Puckering angle [

Figure 7. TB bond energy as a function of VEC and y for the 2D nets of variant I
(top) and variant II (bottom) (cf. Figure 2). The location of the minima are indicat-
ed by solid circles. Contour lines are calculated relative to the minima; the difference
between two lines is 0.2 eV.
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the optimum puckering angles with lowest bond energy. This
puckering angle is about 25° for variant I and 22.5° for vari-
ant II. At higher puckering angles the bond energy increases
again while the corresponding optimum VEC shifts rapidly to
lower values (<< 4). This effect is considerably more pronounced
in the case of variant II. Figure 8§ summarises the bond energies

3.0

o Cmeca model structures
< Immm model structures

Evona - Evong.min ( €Y/ Ga-H unit )

0.0

T i T . T
0.0 10.0 20.0 30.0 40.0 50.0
Puckering angie [9)

Figure 8. TB bond energy for the 2D nets of varianis I and 11 at optimum values
of VEC as a funtion of 7.

at the optimum VEC as a function of the puckering angle. Until
the optimum puckering angle is reached the curves of variant [
and I are very similar and the minimum value for E*"¢ is not
significantly different. Within the TB approach the two distor-
tion variants appear as energetically equivalent solutions, and
the optimum VEC of four is indeed the expected asymptotic
value in the context of Wade’s rules (Figure 1).

The shift of the optimum VEC towards lower values can
qualitatively be explained with the method of moments.[!7-2!
Differences in TB bond energies of two structures are controlled
by differences in the higher moments y, (n> 2). Such differences
originate in simple structural features. Of most influence are
changes in p,, and this particular moment is determined by the
number and form of three-membered rings in a structure. A
large number of triangles has the effect of producing a large
|51, and usually the larger |u,| of a structure, the lower is the
optimum VEC for maximum structural stability. For low values
of y the puckering procedure does not influence the number or
form of the triangles, and so || is almost constant. With in-
creasing puckering angle, additional interactions between net-
forming atoms situated in neighbouring chains at the same
height are possible, which enlarges the number of triangles. The
accompanying increasc in |z,| changes the optimum VEC to
lower values.

3D structures: Figure 9 shows the contour maps of the TB bond
energies for the two sets of 3D structures. For both sets the
optimum VEC for the unpuckered structure is about 2.5 elec-
trons per atom and increases to a value slightly below the ex-
pected three at an optimum puckering angle of 30°. The change
of the value of the optimum y compared to the 2D casc is due
to the change in the environment of the corrugated 3° nets in the
3D structures. The stacking of the nets creates new structural
elements (Figure 4), which certainly influence the optimum
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32

301 /7
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261 \
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2 M/\J
2 W%

204
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Puckering angle [9]

Number of electons per atom

Figure 9. TB bond energy as a function of VEC and 7 for the 3D structures with
Immm symmetry (top) and Cmca symmetry (bottom) (c[. Figure 4). The location of
the minima are indicated by solid circles. Contour lines are caleulated relative to the
minima; the difference between two lines is 0.2 eV.

puckering angle of the corrugated 3% nets from an clectronic
point of view. Besides, by assuming that the o-Ga structure
follows the building principle of deltahedral clusters (e.g. short-
er distances to terminal atoms which have bonding interaction
with only one net-forming atom), a 3D structure can only be
built up when y>30°. Hoistad et al. performed a geometry
optimisation of the experimental a-Ga structure with the same
TB model; they were able to reproduce the experimental value
of the puckering angle, but obtained a tilt angle that was slightly
too large.l”!

Again, changes in |u,| qualitatively accounts for the be-
haviour of the optimum VEC as a function of y. The unpuckered
structure has a large |u,| as it contains interlayer as well as
intralayer triangles. During the puckering procedure the influ-
ence of the latter reduces gradually, and so |p,| of the puckered
structures decreases until, analogously to the 2 D case, addition-
al interlayer triangles arise. The lowering of |u,| stabilises the
puckered structures at a VEC of around three relative to the
unpuckered structure, and the values of the optimum VEC fol-
low these changes of |u,!, as the structure with the higher |u,|
has its stability maximum at lower VEC. Along the structural
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route described by the puckering procedure, the model structure
of 2-Ga is the solution with minimum |g;| and, on the basis of
this fact, Lee et al. developed an alternative interpretation of the
a-Ga structure.''®1 In contrast to our focus on the local (1+6)
coordination of the atoms in this structure, they emphasise the
relationship between the number of triangles of interacting
atoms and the VEC. Hence, the o-Ga structure is the result of
optimising the number of triangles for a VEC of three. Com-
pared to the simple packing structure types fec, hep and bee,
which are stable at lower VEC, the number of triangles has to
be reduced when considering sp-bonded systems.

In the TB approach the higher symmetry Immm structures
appear to be more stable than the corresponding Crmica struc-
tures when y>15° In Figure 10 the TB and FP-LMTO results

3.0
O Cmca model structures
< Immm model structures
= 4
9o
e
> 20 A
(3}
<
E
g
[
o]
a
R
°
[
4]
a
i
0.0 T T T T ¢
0.0 10.0 20.0 30.0 40.0 50.0
0,15
0 Cmea model structures
< Immm model structures
£
[
D 010 4
3
<
£ K
3
L
. 005 A
°
L
Q.00

0.0

Puckering angle [9]

Figure 10. TB bond energies at optimum values of VEC (top) and FP-LMTO total
energics (bottom) for the 3D model Ga structures with Immm and Ciea symimetry
as a funtion of y.

are shown for comparison. For the structures with y> 157 the
energy versus y curves look similar to the TB curves and show
an optimum y value of about 30° for the /mmm structures and
about 32.5° for the Cmca structures. However, the Crmica struc-
tures lie lower in energy and the minimum at y~32.5° corre-
sponds more closely to the situation in the experimental o-Ga
structure. The TB bond energies obtained with the second mo-
ment scaling procedure!” ' 2- 1% gave reliable results for the opti-
misation of bond angles, but failed in the prediction of the
correct ground state for structures with different symmetry. The
numerical results from a TB model can certainly be influenced
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by the choice of the atomic parameters and the approximation
of the repulsive energy.M'*

In Figure 11 we show the total energy as a function of the
atomic volume for the experimental «-Ga structure and for the
Cmca and Immm Ga model structures with their optimum puck-
ering angles of 32.5 and 30°, respectively. The distortion from

~0.32
0O o-Ga{exp., 298 K)
_0.344 © Cmca model (32.5%)
<& immm model (30°)
e -0.36
S
= G\e\&_e/
>~ -0.38
L
e
g -0.401
=}
a8}
<1 -0.427
-0.444
-0.46 T T T T ¥ T T
17.0 18.0 18.0 20.0 21.0

Volume (A’ /atom)

Figure 11. Total energy differences of the Cmea and Immm model structures with
optimum puckering angle and of the x-Ga structure as a function of volume calcu-
lated with the FP-LMTO method. Solid symbols indicate the unrelaxed structures.

the idealised Cmica model structure with only one set of nearest-
neighbour distances in the corrugated 3° net stabilises the exper-
imental 2-Ga structure by only about 0.005 ¢V per atom. The
calculated equilibrium volume of the Immm model structure is
about 5% higher than that of the experimental x-Ga structure.
The energy difference between these two structures is about
0.06 eV per atom.

It is instructive to study the changes in the ratio between the
total number of p and s states calculated inside the Ga MTS for
the two sets of model structures (Figure 12). Comparing the
bonding situation in structures of isoelectronic elements with
four or fewer valence electrons, a high total number of p states
is characteristic for directional, covalent bonding, whereas a
high total number of s states indicates a more metallic character
of chemical bonding. Thus the ratio between these two numbers

08
3 Cmeca model structures
¢ Immm model structures
0.7
Z
. 1
Z
0.64
|
05 T 7 T v v T v T
0 1D 20 30 40 50

Puckering angle []

Figure 12. Ratio between the total number of p states (N,) and s states (N,) inside
the Ga MTS obtained from FP-LMTO caiculations for the Immm and the Cmca
model structures.
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can be used as a measure of the relative decrease or increase of
covalency in the complex bonding situation of structures on the
metal/nonmetal borderline. Figure 12 demonstrates the pres-
ence of “maximum covalency” for the Cimca and Immm model
structures when the puckering angle is in the range of 30—-32.5°.
This fact indicates the importance of covalency, that is, terminal
2e2c bonding, in the formation of the most stable model struc-
tures under consideration.

Concluding Remarks

We demonstrated that the x-Ga structure follows the building
principle of deltahedral clusters, which gives terminally coordi-
nated corrugated 3° nets as 2D building units. Based on this
principle it is possible to construct other (hypothetical) struc-
tures with (1 4 6)-coordinated atoms at the metal/nonmetal bor-
derline. The presented simplest case, a model structure with
higher symmetry than the x-Ga structure, was found to be con-
siderably less stable than «-Ga. Interestingly it is possible to
transform this higher-symmetry model structure into the 5-Ga
structure by a crystallographic slip operation. Recent scanning
tunnelling microscopy (STM) investigations on the x-Ga(010)
surface* and band structure calculations on the x-Ga struc-
ture!?* 231 emphasise the shortest bond length between Ga
atoms as the main structural feature in this system. Thus, z-Ga
is described as a metallic molecular crystal consisting of discrete
Ga, dimers. In contrast, when classifying the short bond length
as a terminal 2e 2¢ bond, in analogy to deltahedral clusters, the
a-Ga structure appears as a 2D metal. The optimum VEC is
three electrons per atom. Boron, in the a-rhombohedral boron
structure, realises an alternative, semiconducting solution to
this VEC based on B, icosahedra with (14 5)-coordinated B
atoms. Gallium is a higher homologue to boron and will there-
fore prefer higher coordination numbers in molecular and ex-
tended structures. The structure of a-Ga still follows the build-
ing principle of deltahedral clusters, but the increase in the local
coordination of the atoms from (1+5) to (146) leads to a
metallic structure.
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Peptide Nucleic Acids with a Conformationally Constrained
Chiral Cyclohexyl-Derived Backbone

Pierre Lagriffoule, Pernilla Wittung, Magdalena Eriksson, Kristine Kilsa Jensen,
Bengt Nordén, Ole Buchardt, and Peter E. Nielsen*

Abstract: Peptide nucleic acid (PNA)isan
achiral nucleic acid mimic with a back-
bone consisting of partly flexible amino-
ethyl glycine units. By replacing the
aminoethyl portion of the backbone by an
amino cyclohexyl moiety, either in the
(S.S) or the (R,R) configuration, we have
synthesized conformationally constrained
PNA residues. PNA oligomers containing
(S.S5)-cyclohexyl residues were able to
form hybrid complexes with DNA or
RNA, with little effect on the thermal sta-
bility (AT,, = +£1°C per (S,S) unit, de-
pending on their number and the se-
quence). In contrast, incorporation of the
(R.R) isomer resulted in a drastic decrease

RNA) complex (AT, = —8"C per (R,R)
unit). In PNA-PNA duplexes, however,
the (R,R)- and (S,S)-cyclohexyl residues
only exerted a minor effect on the stabili-
ty, and the complexes formed with the two
isomers are of opposite handedness, as ev-
idenced from circular dichroism spec-
troscopy. In some cases the introduction
of a single (S,S) residue in a PNA 15-mer
improves its sequence specificity for DNA
or RNA. From the thermal stabilities and

Keywords
DNA recognition - helical structures -
nucleotides - peptide nucleic acid -
thermal stability

molecular modeling based on the solution
structure of a PNA-DNA duplex deter-
mined by NMR techniques, we conclude
that the right-handed helix can accommo-
date the (S,S) isomer more easily than the
(R,R) isomer. Thermodynamic measure-
ments of AH and AS upon PNA-DNA
duplex formation show that the introduc-
tion of an (S,S)-cyclohexy! unit in the
PNA does indeed decrease the entropy
loss, indicating a more conformationally
constrained structure. However, the more
favorable entropic contribution is bal-
anced by a reduced enthalpic gain, indi-
cating that the structure constrained by
the cyclohexyl group is not so well suited

in the stability ot the PNA-DNA (or

Introduction

Peptide nucleic acid (PNA) is a DNA mimic with a pseudopep-
tide backbone composed of N-(2-aminoethyl)glycine units to
which the nucleobases are attached by methylene carbony! link-
ers (Figure 1).I' "8 PNA hybridizes to complementary oligonu-
cleotides with a specificity that is often superior to that of DNA,
and the duplexes formed have a higher thermal stability (gener-
ally 1°C per base pair) than the corresponding DNA -DNA
and RNA-DNA duplexes.!”? Thus PNAs—apart from their
significance as DNA mimics in bioorganic chemistry—are also
of great interest in medicinal chemistry for developing gene-
targeted (antisense and antigene) drugs.[® 711
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for DNA hybridization.

Base
O

o}
\NH’\/N\)I NH N\)J

PNA Cyclohexyl PNA

Figure 1. Structures of PNA and cyclohexyl PNA.

PNA -oligonucleotide duplex formation is enthalpically driv-
en and is accompanied by a significant decrease in the entropy
as two flexible single strands hybridize to a more rigid and
structured duplex.l”- '2! The free energy gain of duplex forma-
tion may be increased by reducing the entropy loss. This may be
accomplished by means of oligonucleotide analogues that are
more rigid in their single-stranded state, provided that their
preferred conformation is sutficiently close to that found in the
duplex. Such an approach using bicyclic DNA analogues!!*~13]
has previously been reported and has been partially successful
with cycloriboformacetal derivatives in triplex-forming oligonu-
cleotides.l’® In PNA the ethyl portion of the backbone con-
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tributes much of its flexibility, and is thus an attrac-
tive target for structural constraints.

We here report on the synthesis and hybridization
properties of PNAs that are conformationally con-
strained by a cyclohexyl ring that replaces the ethyl
moiety of the backbone (Figure 1). The introduction
of cyclohexyl units with (S,S) configuration into
PNAs has only minor effects on the stability of the
PNA —-DNA duplex. In some cases it confers im-
proved sequence discrimination, as concluded from

H,N NH, BocHN NH, BocHN NH_ __COOEt
Boc,Q BrCH,COOEt
1a(S,8) (73%) 5a (S,S) (65%)
Base Base
O 0
B-CH,COOH  BocHN N.__COOEt LiOH BocHN N._.COOH
DDC

thermal stability, calorimetric, and circular dichroism
(CD) measurements. Conversely, PNAs containing
cyclohexyl residues with (R,R) configuration hy-
bridize less efficiently to the complementary oligonu-
cleotides.

Results

Synthesis of cyclohexyl monomers and oligomeriza-
tion: The cyclohexyl PNA monomers were prepared
from (1,2)-diaminocyclohexane, commercially avail-
able in the (R,R) and (S,S) enantiomeric forms, and
essentially following the procedures previously employed with
other PNA monomers.!1¢~18]

Monoprotection of the 1,2-diaminocyclohexane with di-r-
butylpyrocarbonate (Boc,0), N-alkylation with methyl bromo-
acetate, and chromatography on silica gave the chiral back-
bone 4 (Scheme 1). Coupling of N-1-carboxymethylthymine

H\N/LL O
N-_Z>N
Base = <//ijN\J

o)
6a,b,c (50%, 63%, 80%)

7a,b,c (68%, 35%, 57%)

8] Q
LCH,CeH,  Hapgmg CHeCoHs

0
<NfNH o]
nAn P A CH,CH,

&)

N |
.

A@) c@) G2

Scheme 2. Synthesis of cyclohexyl-A, G, and C PNA monomers.

Triplex formation and stability: We synthesized all-thymine
PNA decamers containing one (S,S)- or one (R, R)-cyclohexyl
unit (PNA1 and PNA2, respectively). which hybridize to the
complementary DNA strand d(A,,) forming PNA,- DNA
triplexes. The thermal stabilities (7)) of these complexes de-
creased drastically for triplexes containing the (R, R)-cyclohexyl

isomer (AT, =197°C), as com-

pared to a regular PNA strand
0 (PNA3, see Table 1). Only a

T

H,N  NH, Boc,O BocHN ~ NH.__COOMe 1 oiocoomppc  BocHN N COOH slight decrease in T, (1.5°C)
(16h, RT) (4.5n, RT) was observed for the (S,S)-cy-
—_—
BrCHCOOMe LioH clohexyl isomer. The thermal
(1h, 0°C) (45 min, RT) stabilities of complexes between
2a,b (50%) 4a,p (70%)

Scheme 1. Synthesis of cyclohexyl-T PNA monomer (T = thymine).

(T-CH,COOH) with dicyclohexyl carbodiimide (DCC) or 3,4-
dihydro-3-hydroxy-4-ox0-1,2,3-benzotriazine (DhbtOH) fol-
lowed by alkaline hydrolysis yielded the desired monomer 4 in
35% overall yield (Scheme 1). The Boc-protected monomer
gave a single peak in HPLC, indicating that no epimerization
had occurred during the synthesis.

The benzoyloxy- ((Z)-)protected monomers of adenine, cy-
tosine, and guanine were prepared from the (Z)-protected nucle-
obase acetic acid, which was coupled to the cyclohexyl back-
bone with DCC/DhbtOH in an essentially analogous manner to
the thymine monomer (Scheme 2}.

The oligomerization was performed on a (4-methylbenz-
hydryl)amine resin (initial loading 0.1 meqg~ ') with O-(benzo-
triazol-1yl)-1,1,3,3-tetramethyluronium hexafluorophosphate
(HBTU)/diisopropylethyl amine (DIEA) in DMF/pyridine as
the coupling reagent. The free PNAs were cleaved from the resin
with the low/high TEMSA (trifluoromethane sulfonic acid) pro-
cedure,"* ! purified by HPLC, and characterized by mass spec-
trometry (MALDI-TOF- and/or FAB-MS).
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the (R,R)- or (S,S)-cyclohexyl
PNAs 1 and 2 and DNA
strands containing a single mis-
match [d(A,CA;)] were also
measured. The results indicate that triplex-forming PNAs
containing a single (R,R)- or (S,S)-cyclohexyl residue exhibit
improved discrimination against a single mismatch compared
to the regular aminoethylglycine PNA. In addition, the stabili-
ties of complexes between PNA1 and PNA2 and the com-
plementary RNA strand were measured and found to follow
the same pattern as the PNA,—DNA triplexes; the (S.S)-con-
taining PNA shows higher stability than the (R,R) isomer
(Table 1).

Circular dichroism (CD) spectra of complexes between
PNAT1 and PNA2 and d(A,,) are nearly identical (Figure 2),
and are also very similar to the CD spectrum of the unmodified
(PNA-T,o),—d(A,,) triplex.?® These observations indicate
that the overall structures of the triplexes with PNA1 and
PNA?2 are very similar to each other as well as to the regular
PNA,-DNA triplex.

Duplex formation and stability : For studies of duplexes modified
by cyclohexyl units, we synthesized 10-mer PNA strands of
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Table 1. Thermal stabilities (T;, ["C]) of PNA-DNA, PNA - RNA, and PNA-PNA complexes.

Strand 1 Strand 2 [a] Triplex Antiparallel Parallel Mismatch RNA RNA mismatch PNA
duplex duplex
H-TTTTTTTTTT-Lys-NH, (1) I 70.0 - 59.5 75.5 - 75.5
H-TTTTT, TTTTT-Lys-NH, (2) 1 52.5 - - 40 56 - 72.0
H-TTTTTTTTTT-Lys-NH, (3) 1 71.5 - - 66 81 - 76.0
H-GTGAGATGCACTg-Lys-NH, (4) II - 51 [b] 41 [b] 27.5 [b] 54 40 64.0
H-GTrrAGATx CACTy,-Lys-NH, (5) 11 - 33.5[b] [c] le] 33 32 66.0
H-GTAGATCACT-Lys-NH, (6) 11 - 55 [b] 38 [b] 34.5 [b] 55.5 46 68.5
H-(GTAGATCACT)-Lys-NH, (7) 11 - 4 [c] [e] 37 [e} 47.0
H-TGTACGT;CACAACTA-Lys-NH, (8) 111 - 69 57 57 73 61 83.0
H-TGTACGTCACAACTA-Lys-NH, (9) 111 - 68.5 54 36 72.5 56 76.5

[a] T =5d(CGCA ,CGC) or SA(CGCA,CA,CGC); II = FHAGTGATCTAC) or §AAGTGGTCTAC); I = §d(TAGTTGTGACGTACA) or SHTAGTTGTG-
CCGTACA) (mismatches in iralics). [b] Measured by CD in order to avoid interference from thermal transitions of the single-stranded PNAs. {¢] A well-defined transition

assignable to this complex could not be identified.

20

15 +

CD (mdeg)

260 280 300 320
Wavelength (nm)

Figure 2. Circular dichroism (CD) spectra of PNA 1 (thick solid curve) and PNA2
(thick broken curve) in complex with d(A ). The CD spectra of the single-stranded
PNA 1 (thin solid curve) and PNA2 (thin broken curve) are also shown.

mixed purine/pyrimidine content including three thymines with
either the (S,S)- or the (R,R)-cyclohexyl backbone (PNAs 4 and
5, respectively). Measurements of the thermal stability of du-
plexes formed between these PNAs and complementary DNA
strands showed that the complex with the (S,S5)-modified PNA
is more stable than the corresponding (R,R)-PNA complex (cf.
Table 1). Furthermore, the PNA strand containing (S,S)-cyclo-
hexyl thymines exhibited improved discrimination against a
single (T—G) mismatch compared to the regular PNA (PNA 6).
Like the regular PN A6, the PNA 4 modified with (S,S)-cyclo-
hexyl units bound considerably better to a DNA target in the
antiparallel rather than in the parallel orientation. However, the
discrimination between antiparallel and parallel duplexes was
less efficient when the PNA strand included (S,S)-cyclohexyl
residues (PNA4, AT, =10°C) than without (PNA6, AT, =
17°C). This difference in behavior may be due to the superior
ability of the unmodified PNA to adapt to the DNA strand
structure, resulting in a more favorable enthalpic contribution
to duplex formation (see the calorimetry section). The parallel
duplex, on the other hand, may enthalpically favor the (S,5)-
modified PNA strand.

We also prepared a PNA 10-mer of the same sequence with an
all (S,S)-cyclohexyl unit backbone (PNA7). The PNA-DNA
duplex formed with this oligomer had a lower T, than that
formed with PNA 4 containing only three (.5,5) residues, or with

914 ——— ©

VCH Verlagsgesellschaft mbH, D-69451 Weinheim, 1997

the unmodified PNA6 (41°C, 51°C, and 55°C, respectively).
The PNA7-DNA duplex was, however, considerably more
stable than the PNA5S-DNA complex that contained three
(R,R) residues (T, = 33.5°C). The T, of a regular DNA-DNA
duplex of the same sequence is 33.5°C, illustrating the destabi-
lizing effect of electrostatic repulsion for duplex stability; only
the structurally poorly suited sequence PNA 5 showed as low a
T,, as the regular DNA duplex of the same sequence.

Hybrid complexes of the PNAs 4, 5, 7, and 8 with RNA and
PNA were also studied (Table 1). The relative stabilities of these
complexes were similar to those of the corresponding DNA
complexes, and generally followed the order: PNA-PNA>
PNA-RNA >PNA-~DNA. "It should be noted, however, that
PNA4 (S,S) and PNAS (R,R) bound equally well to the com-
plementary achiral PNA strand, indicating that these form iden-
tical helical structures which are mirror images (vide infra).
Interestingly, the presence of one (S,S) residue (PNAS) in-
creased the stability of the 15-mer sequence, whereas three (S,S)
residues lowered the stability of the 10-mer PNA—-PNA duplex.
This observation either reflects sequence context effects, or sug-
gests that the presence of several (S,S) residues may disturb the
structure, while a single (S,S)-cyclohexyl unit is more ecasily
accommodated in the duplex. One (S,S) unit may be entropical-
ly favorable, owing to significant preorganization of the duplex.
The binding of PNA 4 and PNA 5 to RNA correlates well with
their binding to DNA; that is, the (S,S) form exhibits higher
duplex stability than the (R,R) form.

In order to further explore the sequence-discriminating prop-
ertiecs of PNA containing a (S,S)-cyclohexyl unit, we used a
15-mer PNA with a (S,5)-cyclohexyl thymine residue close to
the center of the sequence (PNAS8, Table 1) and measured the
stability effects of mismatched base pairs directly on either
side of the cyclohexyl-modified portion of the backbone,
that is, opposite PNAG6 or T7. The results, presented in
Table 2, show no clear trend in the sequence discrimination of
the PNA thymine containing the (S,S)-cyclohexyl backbone,
but in general, and especially when hybridized to RNA, the
discrimination appears to be less efficient than with the unmod-
ified PNA. The cyclohexyl PNA guanine, however, showed im-
proved discrimination towards G—-G and G-T mismatches
with RNA.

Calorimetry: The enthalpic contribution to the duplex stability
was measured by isothermal titration calorimetry experiments
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Table 2. Effects on thermal stability (AT, [ "C]) of single mismatches oppositc PNA G 6 or T 7in a PNA - DNA duplex. Strand 1[a]: H/5-TGTACGT ,CACAACTA ; strand 2:

¥-ACATGXYGTGTTGAT-5".

Mismatch: T C T-G T--T G-A G-G G-T
Strand 1 Strand 2: DNA RNA DNA RNA DNA RNA DNA RNA DNA RNA DNA RNA
regular PNA (9) 12.5 16.5 10 9.8 10 12.8 17 8 14.5 16.8 8 .3
cyclohexyl PNA (8) 12 12 11 10 8.5 8.5 16.5 15 13.5 20 11.5 16
DNA 11 - 5 - 9.5 - 13 - 10.5 - 9

[a] T, designates the position of any (S.5)-cyclohexyl-modified PNA thymine residue.

Table 3. Thermodynamic parameters for PNA--DNA duplex formation obtained from isothermal titration calorimetry experiments performed at 20 “C. The sequence of the

DNA strand was d(AGTGATCTAC) in all cases.

PNA KM AG (kImol™") SH (kJmol 1) AS(Jmol 'K Y
H-GTAGAT(CACTy-Lys-NH, (4) 6.7-107 —440 —127 —280

H-G Ty AGAT CACT-Lys-NH, (5) 5.0-10% 263 (—216) [a] (—650) [a]
H-GTAGATCACT-Lys-NH, (6) 5.8-107 435 —153 —375

{a] The accuracy of these values is not very good due to the relative instability of the complex.

of the hybridization of PNA decamers containing (R,R) or (S,S)
residues and their complementary DNA decamers. By applying
van’t Hoff analysis to the binding isotherms, recorded as reac-
tion enthalpies, the free energy and entropy loss of the inter-
strand reactions were calculated. Hybridization of PNA 4 con-
taining three (S,.5) units resulted in a smaller loss of entropy, but
also a less favorable enthalpic change than did the regular
PNA®6 (see Table 3). Thus, there was no net gain in duplex
stability over the unmodified sequence, as can be seen from the
similar equilibrium constants (K) and their similar melting tem-
peratures (Table 1). Therefore, the gain in entropy is essentially
lost in enthalpy, probably due to the (S,S) unit being structural-
ly less well suited than the regular PNA for hybridization with
DNA. With PNAS, which contained three (R,R) residues, a
larger entropic loss and a more favorable enthalpic gain was
indicated compared to regular PNA 6. However, due to weak
binding (PNA 5 binds almost 10*-fold less efficiently to the com-
plementary DNA than does PNA4 or PNAG6), the thermody-
namic data measured for the (R,R) isomer are much less accu-
rate than the other values given. The values of K, AH, and AS
obtained from calorimeteric measurements correlate well quali-
tatively with values calculated independently from thermal
melting experiments monitored by CD.

CD spectroscopy: The results from CD spectroscopy are fully
consistent with the 7, and calorimetry data. The CD spectrum
of the (S,5)-PNA4—-DNA duplex (Figure 3) is nearly identical
to that of the PNA6—-DNA duplex, indicating similar helical
structures. In contrast, the spectrum of the (R,R)-PNA5-DNA
complex is profoundly different, suggesting that the structure of
this duplex is less regular.

CD spectra of the PNA-PNA complexes with PNA4 and
PNAS are presented in Figure 4. Since the aminoethylglycine
backbone is achiral, PNAs made solely with this backbone ex-
hibit no CD signal .[2!- 221 However, single-stranded PNAs con-
taining the chiral (S,5)- or (R,R)-thymine units have weak but
distinct CD spectra, which are nearly mirror images of each
other (because of the presence of the terminal (L)-lysine, perfect
symmetry is not expected). Duplexes formed between PNA con-
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Figure 3. CD spectra of PNA 4 (thick solid curve), PNA 5 (thick broken curve), and
PNA 6 (thin solid curve) complexed with complementary antiparallel oligodeoxyri-
bonucleotide 5-d(AGTGATCTAC).
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Figure 4. CD spectra of PNA4 (thin solid curve) and PNAS (thin broken
curve) and their complexes with the complementary antiparallel PNA H-AGT-
GATCTAC-Lys-NH,; PNA4-PNA (thick solid curve) and PNAS-PNA (thick
broken curve).
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taining (R, R)- or (S,S)-cyclohexyl units and its nonchiral com-
plementary PNA strand gave strong CD signals, suggesting that
the complexes adopt helical structures of stacked basepairs.
These CD spectra are close to mirror images, indicating oppo-
site helical handedness for the (R,R) and (S,S) complexes.
The CD spectrum of the PNAS—-PNA complex ((R,R) con-
figuration) is essentially identical to that of the PNA6-PNA
duplex (same sequence with only a C-terminal (L)-lysine provid-
ing chirality). It has been proposed, based on quantum mechan-
ical calculations and its similarities to the corresponding DNA -
DNA duplex, that the PNA6—-PNA complex is a right-handed
helix.?2' It is surprising that the PNA 5-PNA duplex appears to

prefer a right-handed conformation, because it forms relatively -

unstable right-handed complexes with DNA. However, given
the substantial structural differences between PNA-PNA!23!
and PNA-DNAP* 251 duplexes recently discovered, the tenta-
tive assignment of the PNA 6-PNA duplex as right-handed!??!
may well be incorrect since this conclusion assumed a B-like
helix for the PNA duplex. In fact the present results argue in
favour of the PNA 6—PNA duplex being left-handed.

Structure modeling: The pronounced differences in duplex sta-
bility between DNA and PNAs containing the (S,5)- or the
(R.R)-cyclohexyl backbone units are most likely to be related to
the structure; therefore we performed molecular modeling ex-
periments. The structure of the PNA-DNA octamer duplex
H-GCTATGTC-NH, d(GACATAGC), previously determined
by NMR techniques,?*! was taken as the initial model after
replacing the three thymine residues of the PNA strand by either
(R,R)- or (S,5)-cyclohexyl backbone units. Molecular dynamics
simulations were performed on the model structures (keeping
the DNA strand essentially fixed) followed by energy minimiza-
tion. This resulted in markedly different structures for the
(R,R)- and (S,S)-PNA models. The cyclohexyl ring in all threc
modified residucs of the (S,5) model allows the backbone to
adopt a conformation roughly similar to that of the unmodified
structure (Figure 5). The bulky cyclohexyl rings are consistently
located on the periphery of the helix and cause only limited
steric interference with the thymine bases and the backbone and
base of the preceding residue. The (R,R) model, on the other
hand, shows considerable changes in the backbone conforma-
tion, particularly around the cyclohexyl region (backbone tor-
sion angles 5 and 7). The cyclohexyl rings are positioned in the
major groove, where they appear to pry apart the stacking be-
tween the thymine and the preceding base. Thus, the (R,R)
backbone seems to be poorly suited to fit in a right-handed helix
without significantly disturbing the structure.

These modeling results qualitatively agree with the experi-
mental 7, and CD results on the various PNA-DNA duplexes.
In the model, the (S,S)-cyclohexyl backbone requires little
structural change to be accommodated and it does not signifi-
cantly affect the stability (similar 7,) or disturb the base stack-
ing (similar CD spectra). In contrast, the model with the (R,R)-
cyclohexyl units appears to introduce more severe distortions in
the PNA strand structure. The considerable differences in the
CD spectra ol the oligomer duplexes containing (R,R) units
support the idea of drastic changes in the base pair stacking
around the modified residues (although some direct contribu-
tions of the chiral (R,R) backbone cannot be ruied out).
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Figure 5. Stercoview model of PNA-DNA octamer duplex H-GCTATGTC-
NH, -d(GACATAGC) containing three cyclohexyl-modified PNA  thymine
residues. CTyG portion of PNA strand shown. Regular (top). (R.R) (center), and
(S.S) PNA (bottom).

Conclusions

Peptide nucleic acid with the backbone conformationally con-
strained by cyclohexyl modifications in the (S,S) configuration
are well suited to form complexes with DNA or RNA, whereas
their (R,R)-cyclohexyl isomers are not. PNAs with (S,S)-modi-
fied residues cause changes in T, of only about 1°C per unit
(relative to regular PNA, and depending on the sequence). In
contrast, incorporation of (R, R)-cyclohexyl units dramatically
decreases the thermal stability of the PNA-DNA (RNA) com-
plex (AT, = — 8°Cper {R,R) residue). Molecular modeling ex-
periments, based on the solution structure of a PNA-DNA
duplex determined by NMR methods, suggest that the (S,S)
isomer is more easily accommodated in a right-handed hybrid
duplex with DNA than is the (R,R) isomer. The PNA-DNA
hybrid formation is accompanied by a smaller loss of entropy
for the PNA strand modified with (S,S)-cyclohexyl units than
for the regular PNA. However, the improved entropic effect is
approximately outweighed by a lowered enthalpic gain. This
suggests that the reduced conformational flexibility of the (S.,S)-
cyclohexyl residues causes some prestructuring of the PNA
strand, but that the constrained PNA strand is less well suited
for DNA hybridization than is the regular PNA backbone, and
therefore no significant net gain in hybrid stability is observed.
These results indicate that chemical constraint of the conforma-
tional freedom in the PNA backbone may indeed lead to im-
proved hybridization potency.
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Experimental Section

Abbreviations: DCC: dicyclohexyl carbodiimide; DCU: dicyclohexyl urea;
DhbtOH: 3,4-dihydro-3-hydroxy-4-oxo-1,2,3-benzotriazine; DIEA: diiso-
propylethyl amine; DMF: dimethyl formamide; DMSO: dimethy! sulfoxide;
HBTU: O-(benzotriazol-1yl)-1,1.3,3-tetramethyluronium hexafluorophos-
phate; TFMSA: trifluoromethanc sulfonic acid; THF: tetrahydrofuran; (Z):
benzoyloxy.

(1.5,25)-1-(N-t-butyloxycarbonylamino)-2-aminocyclohexane [(S,S)-1a]: To a
cooled solution of (18,2S5)-diaminocyclohexane (5mL, 41.6 mmol) in
CH,Cl, (25mL) was added a solution of di-r-butyl dicarbonate (3.03 g,
13.9 mmol) in CH,Cl, (25 mL) over a period of 30 min. The reaction mixturce
was stirred overnight at RT. Water (20 mL) and CH,Cl, (25 mL) were added
in order to dissolve the precipitate. After separation of the two phases, the
organic phase was concentrated under reduced pressure, and the residue was
dissolved in ether (25 mL) and water (25 mL). The mixture was acidified to
pH 5 with 4M HCI, and the bis-protected diamine was extracted with ether
(3 x 25 mL). The aqueous phase was adjusted to pH 10.5 with 2M NaOH and
extracted with AcOEt (6 x30 mL). The organic phasc was then dried over
sodium sulfate, filtered, and evaporated under reduced pressure to yield
(S.5)-1a (2.3g, 73% based on Boc,0). M.p. 109-111°C; 'HNMR
({D¢JDMSO): 6 =1.0-1.3 (m, 4H, 2CH, cycl), 1.45 (s, 9H, tBoc), 1.6 (m,
2H, CH, cycl), 1.85 (m, 2H, CH, cycl), 2.4 (dt, 1H, CHN), 2.9 (m, 1H,
CHN), 6.6 (m, 1H, NH carbamate); '*C NMR ([D,]DMSO0): § =155.6
(carbamate), 77.4 (tBoc), 57.0, 53.8, 34.4,32.2, 25.8, 24.8 (C cycl), 28.4 (1Boc)

N-[(25)-Boc-aminocyclohex-(1S5)-yl]-glycine methyl ester [(S,5)-2a]: To a
cooled suspension of (S,5)-1a (2 g, 9.35 mmol) and potassium carbonate
(3.87 g, 28.05 mmoi) in DMF (15 mL) was added a solution of methyl bro-
moacetate (0.9 mL, 9.35 mol) in DMF (5 mL) over 5min. After 1 h at 0°C
the salts were filtered off and washed with DMF and CH,Cl,. The filtrate
was evaporated under reduced pressure and the residue was purified by
chromatography on silica gel (cluent AcOEt). Yield: 1.9 g (70%). M.p. 68—
70°C; "HNMR ({D(]DMSO): 6 =1.0-1.3 (m, 4H, 2CH, cycl), 1.45(s,9H,
tBoc), 1.4-2.0 (m, SH, 2CH, cycl +NH), 2.3 (dt, 1H, CHN}), 3.1 (m, 1 H,
CHN), 3.4 (dt, 2H, CH,CO0O0), 3.7 (s, 3H, COOCH,), 6.7 (m, 1H, NH
carbamate); '3C NMR ([D]DMSO0): § =172.9 (ester), 155.5 (carbamate),
77.5 (tBoc), 59.7, 47.6 (CH,COOCH,;), 53.7, 51.4, 32.1, 31.1, 24.6, 24.2 (C
cyel), 28.3 (1Boc): MS (FAB*): 287.0 [M + 1].

N-[(28)-Boc-aminocyclohex-(1.5)-yl}-V-(thymin-1-ylacetyl)-glycine methyl es-
ter [(S,5)-3]: DCC (1.08 g, 5.24 mmol) was added to a solution of (S,5)-2a
(1.5 g, 5.24 mmol), thymine acctic acid (0.96 g. 5.22 mmol), and DhbtOH
(0.85 g, 5.2 mmol) in DMF (15 mL}and CH,Cl, (15 mL). After 4.5 h at RT,
DCU was filtered off and washed with CH,Cl, (100 mL). The filtrate was
washed with 1M NaHCO,; (3 x40 mL), 1m KHSO, (2x40mL) and H,O
(40 mL). The organic phase was dried over sodium sulfate and filtered.
Petrolcum ether (100 mL) was added and after 48 h at 0°C, (5.5)-3a was
collected by filtration. Yield: 1.7g (72%). M.p. 205-207°C; 'HNMR
([D(]JDMSO0): 6§ =1.2-2.0 (m, CH, cycl), 1.45 (s. 1Boc), 1.9 (CH, thyminc),
3.7 (s, COOCH,), 3.7 (dd, CH,C0O0), 4.8 (dd, CH,-T), 6.95 (m, NH carba-
mate), 7.2 (s, H—C=C—Me), 11.35 (s, NH imide); '*C NMR ([D,]DMS0):
6 =169.7,167.1,164.3, 154.9, 150.9 (C=0), 141.5,108.2 (C=C), 77.9 (tBoc),
59.8. 47.5 (CH,COOCH,), 53.7. 51.4, 32.1, 31.1, 24.6, 24.2 (C cycl), 28.2
(/Boc), 11.9 (CH, thymine); MS (FAB*): 4533 [M+1], 3533
[M+1 — tBocl.

N-{(25)-Boc-aminocyclohex-(1S)-yl|-V-(thymin-1-ylacetyl)-glycine  [(S.S)-
4a): The monomer ester (S,5)-3a (1.5 g, 3.3 mmol) was suspended in THF
(15 mL), and a solution of 0.5m LiIOH (15 mL, 7.5 mmol) was added together
with water (5 mL). After 45 min at RT, water (10 mL) was added, and the
mixture was washed with AcOEt (2 x 10 mL). The aqueous phase was acidi-
fied to pH 3 and extracted with AcOEt (4 x 120 mL). The organic phase was
dried over sodium sulfate and evaporated under reduced pressure. Yield:
1362 (94%). 'HNMR ([D,JDMSO): § =1.2-2.0 (m, CH, cycl), 1.45 (s,
tBoc), 1.9 (CH, thymine), 3.9 (dd, CH,COO), 4.8 (dd, CH,-T), 6.95 (m, NH
carbamate), 7.2 (s, H—C=C—Me), 11.35 (s, NH imide)}, 12.4 (m, COOH);
13C NMR ([D,]DMSO0): § =170.3, 166.8, 164.3, 155.0, 150.9 (C=0), 141.5,
108.1 (C=C), 779, 282 (tBoc), 9.7, 49.9, 479, 44.2, 32.1, 29.7, 24.4, 243
(C cyel +2CH,), 11.9 (CH, thymine); MS (FAB™): 4392 [M/+1], 339.1
[M+1 — tBoc].
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(1R,2R)-1-(V-t-butyloxycarbonylamino)-2-aminocyclohexane [(R.R)-1b]: To
a cooled solution of (1R.2R)-(—)-trans-1.2-diaminocyclohexane (5 mL.
41.6 mmol) in CH,Cl, (25 mL) was added a solution of di--butyl dicarbon-
ate (3.03 g, 13.9 mmol) in CH,Cl, (25mL) over a peried of 30 min. The
reaction mixture was stirred overnight at RT. Water (20 mL) and CH,Cl,
(25 mL) werc added in order to dissolve the precipitate. After separation, the
organic phase was concentrated under reduced pressurc and the residue dis-
solved in ether (25 mL) and water (25 mL). The mixture was acidified to pH §
with 4M HCI, and the bis-protected diamine was extracted with cther
(3x25mL). The aqueous phase was adjusted to pH =10.5 with 2M NaOH
and cxtracted with AcOEt (6 x 30 mL). The organic phasc was dried over
sodium sulfate, filtered, and evaporated under reduced pressure to yield
(R.R)-1b (2g, 69.5% based on Boc,0). M.p. 109—-111"°C: 'HNMR
([Dg]DMSQ): 6 =1.0-1.3 (m, 4H, 2CH, cycl), 1.45 (s. 9H. rBoc), 1.6 (m,
2H, CH, cycl), 1.85 (m, 2H, CH, cycl), 2.4 (dt, 1H, CHN), 2.9 (m, 1 H.
CHN), 6.6 (m, 1H, NH carbamate); '*C NMR ([D,JDMSO): § =155.6
(carbamate), 77.4 (1Boc), 57.0, 53.8, 34.4,32.2. 25.8, 24.8 (C cycl). 28.4 (tBoc)

N-[(2ZR)-Boc-aminocyclohex-(1R)-yl]-glycine methyl ester [(R.R)-2b]: To a
cooled suspension of (R,R)-1b (2 g, 9.35 mmol) and potassium carbonate
(3.87 g, 28.05 mmol) in DMF (15 mL) was added a solution of mcthyl bro-
moacetate (0.9 mL, 9.35 mol) in DMF (5 mL) over a period of 5 min. After
Th at 0°C the salts were filtered off and washed with DMF (15 mL) and
CH,Cl, (15 mL). The filtrate was evaporated under reduced pressure and the
residuc was purified by chromatography on silica gel (eluent AcOEL). Yield:
1.99 ¢ (74%). M.p. 68—70°C: *H NMR ([D,]DMSO): 6 =1.0- 1.3 (m., 411,
2CH, cycl), 1.45 (s, 9H, tBoc). 1.4-2.0 (m. SH. 2CH, cycl + NH). 2.3 (dt,
1H, CHN), 3.t (m, 1H, CHN), 3.4 (dt, 2H. CH,CQO), 3.7 (s, 3H.
COOCH,), 6.7 (m, 1 H, NH carbamate); '*C NMR ([D,]DMSO): é =172.9
(ester), 155.5 {carbamate}. 77.5 (iBoc), 59.7. 47.6 (CH,COOCH ;). 53.7. 51 4.
32.1, 31.1, 24.6, 24.2 (C cycl), 28.3 (1Boc): MS (FAB'): 287.0 [M + 1].

N-[(2R)-Boc-aminocyclohex-(1R)-yl]-N-(thymin-1-ylacetyl)-glycine, methyl
ester [(R,R)-3b]: To a solution of [(R,R)-2b] (1.5 g, 5.24 mmol), thymine
acetic acid (0.96 g, 5.22 mmol), and DhbtOH (0.85 ¢, 5.2 mmol) in DMF
(20 mL) and CH,Cl, (15mL) was added DCC (1.08 g, 5.24 mmol). Aflter
4.5h at RT, DCU was filtered off and washed with CH,Cl, (100 mL). The
filtrate was washed with 1M NaHCO; (3 x40 mL), 1M KHSO, (2 x 40 mL).
H,O (40 mL). The organic phase was dried over sodium sulfate and filtered.
Petroleum ether (100 ml) was added and after 48 h at 0°C, (R.R)-3b was
collected by filtration. Yield: 1.77 g ( 74%). M.p. 205- 207 C: '"HNMR
([D,]DMSO0): 6 =1.2-2.0 (m, CH, cycl), 1.45 (s, tBoc), 1.9 (CH, thymine),
3.7 (s, COOCH,), 3.7 (dd, CH,COO0), 4.8 (dd. CH,-T), 6.95 (m, NH carba-
mate), 7.2 (s, H-C=C—Me), 11.35 (s, NH imide); '*C NMR (|D,]DMSO):
3 =169.7,167.1,164.3,154.9, 150.9 (C=0). 141.5. 108.2 (C=C). 77.9 (tBoc).
59.8, 47.5 (CH,COOCH,;), 53.7, 51.4, 32.1, 31.1, 24.6, 24.2 (C cycl). 28.2
(rBoc), 11.9 (CH, thymine); MS (FAB™): 4533 [M+1]. 33533
[M+1 — (Boc].

N-[(2R)-Boc-aminocyclohex-(1R)-yl|-N-(thymin-1-ylacetyl)-glycine  [(R.R)-
4b]: The monomer ester (R,R)-3b (1.5 g, 3.3 mmol) was suspended in THF
(15mL), and a solution of 0.5M LiOH (15 mL. 7.5 mmol) was added as well
as water (5mL). After 45 min at RT, water (30 mL) was added and the
mixture was washed with CH,Cl, (3 x 30 mL). The aqueous phase was acid-
ified to pH 2.5-3 and extracted with AcOEt (6 x 120 mL). The organic phuse
was dried over sodium sulfate and evaporated under reduced pressure. Yield:
1.38 g (95%). '"HNMR ([D(]DMSO): § =1.2-2.0 (m, CH, cycl), 1.45 (s,
tBoc), 1.9 (CH; thymine), 3.9 (dd, CH,CO0), 4.8 (dd. CH,-T), 6.95 (m, NH
carbamate), 7.2 (s, H-C=C—Me), 11.35 (s, NH imide), 12.4 (m, COOH);
13C NMR ([D,]DMSO): § =170.3, 166.8, 164.3, 155.0, 150.9 (C=0), 141.5.
108.1 (C=C), 77.9, 28.2 (+Boc), 59.7,49.9,47.9,44.2, 32.1,29.7,24.4, 24 3 (C
cycl +2CH,). 11.9 (CH, thymine); MS (FAB™): 439.2 [M+1], 3391
[M+1 — (Boc].

N-](2.5)-Boc-aminocyclohex-(15)-yll-glycine ethyl ester {(S.S)-5a]: A solution
of ethyl bromoacetate (1.9 mL. 17.3 mL) in DMF (10 mL) was added to a
cooled suspension of (5,S)-1a (3.7 g, 17.3 mmol) and potassium carbonatc
(7.2 g, 51.9 mmol) in DMF (30 mL) over a period of 5 min. After | hat 0 °'C
and 1 h at RT the salts were filtered off and washed with DMF (30 mL) and
CH,CI, (30 mL). The filtrate was evaporated under reduced pressure and the
residuc was purified by chromatography on silica gel (eluent AcOED). Yicld:
3.4 (65%). "HNMR ([D,]JDMSO): § =1.0-2.5 (m, CH cyel + NH), 1.2 (1.
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3H. CH,), 1.45 (s, 9H, 1Boc), 3.4 (q, 2H, NCH,COO), 4.2 (g, 2H,
COOCH,), 6.8 (m, 1 H, NH carbamatc); '*C NMR ([D,]DMSO): § ==172.3
(ester), 155.4 (carbamate), 77.5 (1Boc), 60.0, 59.6, 53.7, 47.8, 32.1, 31.1, 24.6,
24.2 (C cycl +N--CH,-CO +COOCH,)). 28.3 (sBoc), 14.1 (CH,); MS
(FAB*): 301.2 [M+1].

Coupling of the (Z)-protected nucleobases adenine, guanine, and cytosine to the
backbone: DCC (0.34 g, 1.66 mmol) was added to a solution of (S,5)-2 (0.5 g,
1.66 mmol). (Z)-protected nucleobase acetic acid (1.66 mmol), and DhbtOH
(0.27 g, 1.66 mmol) in DMF (7 mL) and CH,Cl, (5mL). After 4h at RT,
DCU was filtered off and washed with CH,Cl, (30 mL). The filtrate was
washed with 1M NaHCO,; (3x10mL), 1M KHSO, (2 x 10 mL) and water
(2x 10 ml). The organic phase was dricd over sodium sulfate, filtered, and
concentrated under reduced pressure. The crude product was purificd by
chromatography on silica gel for the adenine and cytosine monomers (eluent
AcoEt, yield: 50% and 63 % respectively) or by precipitation from cther for
the guaninc monomer (yield: 80%).

Hydrolysis of the monomer esters: The monomer ester from the preceding
reaction was suspended in THF. and a 0.5M LiOH solution (5 mL, 2.5 mmol)
was added. After 1 h at RT, water (10 mL) was added, and the mixture was
extracted with CH,Cl, (4 x 10 mL). The aqueous phase was acidified to pH 3.
The adeninc monomer precipitated and was collected by filtration (yield:
58%). The cytosine and guanine monomers were extracted with CH,CI,
(4 x 10 mL). Yield: 35% for the cytosine monomer and 57 % for the guanine
monomer. The monomers gave a single HPLC peak and were used for the
PNA oligomerization without further purification.

N-1(25)-Boc-aminocyclohex-(1.5)-yl}-/V-(adenine(Z)-1-ylacetylglycine mone-
mer (7a): 'HNMR ([D]JDMSO): § =1.4(s,9H, ¢Boc), 1.2~ 2.2 (1, CH cyc),
3.9 (dd, 2H, CH,COOH), 5.3 (s, 2H, CH,—C.H;), 5.5 (dd, 2H, adenine-
CH,—CO), 7.0 (m, 1 H, NH carbamate), 7.5 (m, SH, C;H,), 8.2 (s, 1H, H
adenine), 8.7 (s, 1 H, H adcenine), 10.8 (s, 1 H, NH adenine), 12.0 (broad, 1 H,
COOH}; '3C NMR {([D(]DMSO): 6 = 24.4, 24.7,29.7, 32.1, 44.3, 50.0, 60.1,
66.3 (C cye. N—CH,—COOH and adenine—CH,—CO), 28.2, 77.9 (rBoc),
123.0,127.8-128.4 (C,H;). 136.4, 144.8, 149.4, 151 4 (adenine), 152.6, 155.0
(carbamate), 166.4 (amide). 170.5 (acid); MS (FAB™): 582.3 [M +1].

N-1(25)-Boc-aminocyclohex-(1.S)-yl)-N-(cytosine(Z)-1-ylacetyl)glycine mono-
mer (7b): "H NMR (D ]DMSO0): ¢ =1.4 (s, 9H, Boc), 1.2~ 2.1 (m, CH cyc),
3.9 (dd, 2H, CH,COOH), 5.0 (dd, 2H, cytosine—CH,—CO0), 5.3 (s. 2H,
CH,—-CH,), 6.9 (m, 1H, NH carbamate), 7.1 (d, 1 H, H cytosine), 7.5 (m,
SH. C,H;), 7.8 (d. 1 H, H cytosine), 10.5 12.0 (broad, 2H, NH cytosine and
COOH); '*C NMR {[D(]DMSO): § = 24.3,24.7,29.7, 32.1, 44.1,49.5, 50.0,
59.8, 66.5 (C cye, N-CH,—COOH and cytosine—CH,—CO), 28.2, 77.9
(tBoc), 123.0, 127.8-128.4 (CcHy), 150.1, 154.9 (carbamatc), 162.9 (CO
cytosine), 166.8 (amide), 170.5 (acid); MS (FAB™): 558.2 (M +1].

N-[(25)-Boc-aminocyclohex-(1.5)-yl|-V-(guanine(Z)-1-ylacetyl)glycine mono-
mer (7¢): "HNMR ([D,]DMSO): § =1.4(s, 9H, 1Boc), 1.2-2.0 (m, CH cyc),
3.9 (dd. 2H, CH,COOH), 5.2 (dd, 2H, guanine—CH,—-CO), 5.3 (s, 2H,
CH,~CgHy), 7.1 (m, 1H, NH carbamate), 7.4-7.6 (m, SH, C;H,), 7.8 (d,
1 H, H guanine), 11.4, 11.6 (broad, 2H, NH guanine and COOH); 13C NMR
([D,]DMSO): 6 = 24.4, 24.6, 29.6, 32.0, 43.9, 44.2, 50.1, 60.0, 67.2 (C cyc,
NCH,COOH and guanine— CH,CO), 28.2, 77.9 (tBoc), 123.0, 127.8-128.4
(C,H,). 140.0, 147.2, 150.0 (C guanine). 154.9, 155.1 (carbamate), 160.1 (CO
guanine), 166.4 (amide), 170.7 (acid); MS (FAB™): 598.8 {M +1].

Incorporation of the cyclohexyl-PNA monomers into PNA oligomers: The
oligomerization of the modified PNAs was performed by means of the stan-
dard procedure on a (4-methylbenzhydryl)amine resin (initial loading
0.1meqg ') with HBTU/DIEA in DMF/pyridine as a coupling
reagent.[?” 31 The free PNAs were cleaved from the resin with TFMSA,
purified by HPLC, and characterized by MALDI-TOF mass spectrometry on
a Kratos MALDI-II instrument (Table 4). The overall yields of purified
material were typically 10-30%, depending on the quality of the raw
product. Regular PNA oligomers were prepared as described previously.! !

T, measurements: Duplexes and triplexes were annealed by keeping the sam-
ples at 95°C for 5 minutes followed by slow cooling to RT. Absorbance versus
temperature profiles were obtained in 100 mm NaCl, 1 mM EDTA, 10 mm Na
phosphate, pH 7.0 at 260 nm with a Gilford responsc IT spectrophotometer
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Table 4. Mass spectral analysis of synthesized PNA.

PNA Calculated mw  Measured mw
H-TTTTT,TTTTT-Lys-NH, (1) 2860 2862 [a]
H-TTTTTg TTTTT-Lys-NH, (2) 2860 2862 [a]
H-(TTTTTT),Lys-NH, (10) 20653 2067 [a]
H-GTGAGATGCACT-Lys-NH, (4) 3014 3016 [b]
H-(GTAGATCACT)g-Lys-NH, (7) 3014 3016 [b)
H-TGTACGTCACAACTA-Lys-NH, (8) 3394 3396 [b]
H-TGTACGTCACAACTA-Lys-NH, (9) 4099 4101 [b]

[a] MS (FAB*). [b] MALDI-TOF.

scanning from 5 to 90°C 4t a rate of 0.5 °C per minute. The concentrations
of PNA and oligonucleotides were determined optically at 60 °C from the
molar extinction cocfficients of the four nucleosides.

Isothermal titration calorimetry (ITC): A MicroCal ITC MC-2 system was
used in conjunction with an electronically controlled circulating water bath
keeping the temperature constant at 25°C in all experiments. All samples
used in ITC experiments were kept in a 5mm sodium phosphate buffer at
pH 7.0. The solution of one of the strands was placed in the cell (6uM in a
volume of 1.4 mL) and 100 uL of the solution of the other strand (0.14mm)
was placed in a syringe equipped with a paddle-shaped stirring needle rotating
at 400 rpm. Typically 20 injections of 4 uL cach at intervals of 5 minutes were
made. The heat produced after each injection was measured and was taken
as the enthalpy of the reaction (determined from the average of the S—
10 initial mjections). The equilibrium constant was obtained by fitting these
titration data to a binding isotherm within a 1:1 bonding model. The entropy
change for the reaction was determined from the free energy change of the
reaction (from the equilibrium constant) and the measured enthalpy change.

Circular dichroism spectroscopy: CD spectra were recorded on a Jasco mod-
¢l 720 spectropolarimeter equipped with a thermoelectrically controiled celt
holder. Each spectrum shown is the average of at least eight scans, recorded
at 20°C with a 1 cm optical path length. The samples were kept in a Smwm
sodium phosphate buffer at pH 7.0.
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Synthesis and Biological Evaluation of a Backbone-Modified

Phytoalexin Elicitor

C. M. Timmers, J. J. Turner, C. M. Ward, G. A. van der Marel, M. L. C. E. Kouwijzer,

P. D. J. Grootenhuis and J. H. van Boom*

Abstract: Two suitably protected building blocks (11 and 33) for the preparation of
amide-linked heptaglucoside mimetic 2, an analogue of the naturally occurring phy-

toalexin elicitor 1a, were readily accessible by glycal chemistry. Sequential elongation
of terminal glucuronide 21 with laminaribiosyl hemiaminal 33 and anomeric amine 11
by EDC/HOBt-catalyzed condensation and two-step conversion of the C6-OTr moiety
into the corresponding carboxylate function afforded homogeneous carbopeptoid 2 in

Keywords
bioorganic chemistry - carbohydrates -
glycosides - peptide bonds -
chemistry

phyto-

high overall yield. It was found that replacement of the acetal linkages by the more rigid

amide bonds destroys the phytoalexin-elicitor activity.

Introduction

More than ten years ago, Albersheim et al. reported that the
branched f-p-glucohexaosyl glucitol 1a (Figure 1),/ isolated
from the mycelial walls of Phytophiora megasperma (f.sp.
glyeinea), showed phytoalexin-elicitor activity!?! in soybean.
Studics in our laboratory revealed that the synthetically pre-

pared a-methyl 32 3%di-g-D-glucopyranosylgentiopentaoside
(1b) exhibits the same phytoalexin-elicitor activity!* as natural-
ly occurring 1a.P! Structure —activity studies showed!™! that the
glucosy! units C, C" and E are essential for maximum elicitor
activity. However, the biopotency was reduced considerably if
the two side-chain glucosyl units C and C’ were attached to
adjacent backbone glucosyl residues (i.e. the isomer 33,3%-di-f-
p-glucopyranosylgentiopentaose) ') The outcome of the latter
structure—activity studies implies that the biopotency of 1a is
more or less governed by a defined spatial alignment of the
glucopyranosy! units along the linear sugar backbone. In this
context, it was of interest to find out whether restriction of the
conformational freedom of the f-(1 — 6) backbone linkages
would impair the phytoalexin-elicitor activity. Thus
far, several approaches dealing with the synthesis of
carbohydrate mimics containing peptide instead of
the natural interglycosidic bonds have been pub-
lished.[” The ease of introduction of an amide func-
tion, which is more rigid than a glycosidic bond,
prompted us to prepare the amide—saccharide hy-
brid 2, the backbone of which consists of a f-
(1 = 6)-linked glucuronosylamide chain.

OH
o
HO X
HOAE T~y o
OH
HO  HO AN X,
HO p )
HO OH o3 X
OH HO Y
OH o
ot o HO%R
H o]
oHo : OH
OH
0
1aR=0 b R=0 2 R= NH
OH o 0
HO" N3 HO" HO" N\ A
HO HO HO
HO oy HO GMe HO 5Me
X=0,Y =CHs X=0,Y = CH, X = NH, Y = CO

Figure 1. Structures of the naturally occuring phytoalexin elicitor 1a, methyl heptaglucoside (1b)

and carbopeptoid 2.
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Results and Discussion

Prior to the preparation of target compound 2, efforts were
focused on the assembly of the linear f~(1 — 6)-amide-linked
gentiotetraose™ analogue 29. 1t was envisaged that the (9 H-flu-
oren-9-ylmethoxy)carbonyl (Fmoc) strategy, as followed earlier
for the preparation of carbopeptoids,!” could be adopted for the
introduction of the requisite S-(1 —» 6)-amide bonds. To this
end, the condensation of the terminal f-glucosylamine 10 with
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tions gave fully protected
derivative 12. p-Toluenesulfon-
ic acid (p-TsOH)-mediated de-
tritylation of 12, followed by
oxidation!!?®) of the resulting
primary alcohol 13  with
2,2,6.6-tctramethyl-1-piperi-
dinyloxy free radical (TEM-
PO) and sodium hypochlorite
(NaOCl) under phase-transfer
conditions, afforded the Fmoc-
protected glucuronosylamine
unit 16 in a yield of 81 % based
on [2.

At this stage, the anomeric
amine in 10 was condensed
with the carboxylic acid
derivative 16 by means of the
coupling agent benzotriazol-
1-yloxytris(dimethylamino)-
phosphonium hexafluoro-
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n=0,R'=CO,H, R? = Bn, R®= Ac
n=1,R'=CH,0Tr, R =Bn, R® = Ac
n=1,R"=CHyOH, R?=Bn, R® = Ac
n=1,R"=CO,H, R?= Bn, R3 = Ac
n=2,R'=CH,OTr, R2=Bn, R®= Ac
n=2 R'=CH,0H, R2=R3=H

2
R0 ocH,

amine (DIPEA) to give the de-
sired dimer fragment 19
(R = NHFmoc) in a yield of
10%. The spectroscopic data
of the major product formed in
the condensation were in full
accordance with the f-(1 — 6)-
amide-linked derivative 18, in-
dicating that the intramolecu-
lar amide bond formation
proceeds faster than the corre-
sponding intermolecular pro-
cess.

It occurred to us that protec-

tion of the 1-amino function in
[14]

Scheme 1. 1) 3,3-dimethyldioxirane, CH,Cl,/acetone, 0°C, § min,

quant.; i) CH;CN, ZnCl,, 2h, 8: 65%. 9: 63%:
i) 0.1 equiv H,80,, THF/H,0 (5:1, v/v), 15 min, quant.; iv) FmocOSu, NaHCOj,, Na,CO,, dioxane/H,0 (1:1, viv), 3 h,
87%:v) a: TCPO, NEt;, CH,Cl;, 1 h: b: Ac,O, pyr, 12 h, 69%; vi) 4% p-TsOH, CH,Cl,/MeOH (1:1, v/v), 2 h, 13: 96%,
15: 89 %, 23: 94%, 26: 92%; vii) cat. TEMPO, NaOCI, NaHCO,, NaCl, KBr, Bu,NCI, CH,Cl,/H,0 (1:1, v/v), 30 min, 16:
84%, 17: 81%; viii) BOP, DIPEA, CH,Cl,, 1 h; ix) EDC, HOBt, THF, 10 h. 25: 84%, 28: 78%: x) ethylenediamine,

11 with the recently devised
tetrachlorophthaloyl  (TCP)
group presented an attractive
alternative. Thus, glucosyl-
amine 11 was converted into

CH,CN/EtOH/THF (2:1:1, v/v/v),20°C, 10 min, 88 % xi) a: vii; b: NaClO,, NaH,POQ,, 2-methyl-2-butene, (BuOH/H,O

(1:1, vjv), 1h, 24: 84%, 27: 81%: xi1) a: cat. KOrBu, MeOH/CH,Cl, (2:1, v/v), 30 min: b: 3 atm. H,, Pd/C, CH,Cl,}

MeOH/H,0 (1:2:1, vjv/v), 12 h, 28 — 29: 72%.

the Fmoc-protected nonterminal ghlucuronosylamine unit 16
was examined (see Scheme 1).

The two building units 10 and 16 were readily accessible!®]
starting from commercially available 3,4,6-tri-O-benzyl-p-glu-
cal (4) and known 3,4-di-O-benzyl-6-O-trityl-p-glucal (5).139
Treatment of 4 with 3,3-dimethyldioxirane (DMD)!"% afforded
the -1,2-epoxide 6,/! 11 which was converted with acetonitrile in
the presence of ZnCl, into the x-oxazoline 8 in an overall yield
of 65%. Ring-opening of oxazoline 8 with catalytic sulfuric
acid"?in THF/H,O furnished S-glucosylamine 10 in a quanti-
tative yield. In a similar way, glucal 5 was transformed into
hemiaminal 11. Treatment of anomeric amine 11 with Fmoc-
oxysuccinimide (FmocOSu) under Schotten—Baumann condi-

Chem. Eur. J. 1997, 3, No. 6
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glucosylimide 14 following the
recently reported procedure of
Fraser-Reid et al."' 31 Detrityla-
tion of 14 and TEMPO-mediated oxidation of the free primary
alcohol in 15 gave TCP-protected 1-amino-1-deoxy glucuronic
acid 17 in a high yield. Subsequent condensation of glucosy-
lamine 10 with glucuronide 17 under the agency of BOP and
DIPEA proceeded smoothly to give dimer 19 in a yield of 73 %.
It is of interest to note that the coupling efficiency of 10 with 17
to give 19 could be enhanced (73 — 81 %) by use of the known
peptide coupling agent 1-(3-dimethylaminopropyl)-3-ethylcar-
bodiimide hydrochloride (EDC) in the presence of the nucleo-
philic catalyst 1-hydroxybenzotriazole (HOBt). It was estab-
lished that removal of the TCP moiety in 19 with ethylenedi-
amine led to an epimeric mixture of 20 («/f =1:2). Unfortu-
nately, subjection of 19 to different reaction conditions (THF,
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T=0-60°C, 1-3equiv
ethylenediamine, 5—60 min)
did not suppress the
anomerisation. Moreover,
attempts to convert the a-
anomer of 20 into the corre-
sponding f-anomer with
catalytic amounts (0.1-
1.0 equiv) of H,SO, in
THF/H,O met with little
success. In order to circum-
vent anomerisation during
deprotection of the TCP
group, hemiaminal 11 was
now condensed with the
known methyl glucuronide
211¢ ynder the influence of
EDC/HOBt. Work-up and
purification gave the fully
protected disaccharide ana-
logue 22, detritylation of
which furnished dimer 23 in
an overall yield of 84%
from 11. Elongation of the
amide chain was effected by
oxidation of 23 and subse-
quent condensation of the
newly formed carboxylic
acid function in 24 with
the nonterminal unit 11.
TEMPQO/NaOCI-mediated

oxidation of 23 afforded an
inseparable mixture of the
desired carboxylate 24, the
corresponding aldehyde
and its hydrate. Neverthe-
less, treatment of the crude
mixture with NaClO, in the
presence of the radical scav-
enger 2-methyl-2-butene re-
sulted in complete oxida-
tion to 24 in a yield of
849%.1'7 Condensation of
24 with hemiaminal 11 pro-
ceeded smoothly to furnish
fully protected
ride mimetic 25. Repetition

trisaccha-

oTr
OBn
, 0Bn oTr o
6 + 3 (o] i oBnO Rr3
o RO = BnO o] |
BnO o BnO R' 1>
BnC OBn R
OR
. 30 R=H . 32 RV R%=0,R%=H
n [\
':31 R=Bn [: 33 R1_OAc,R2_H,R3=NH2

21}, v | 79%

o
BnO o
BnO 81% ano
OAcBnO ° BnO ° OAc
0 BnO BnO
BnO o OAc 0
BnO BnO "
Bno O ocH,
0CH3 vi ’: 34 R= CHzOTI’
wi [ 37 R=CHOTr i [ 35 R = CH,OH
Vi [ 38 R = CHpOH 36 R = CO,H
39 R = CO,H (33).v | 71%
R
o
NH o
BnO °
n OAc o
BnO BnO NH o
BnO
OAc 0
40 R=CH,OT " ofin® NH_¢°
X = OTr 8 o
vi nO
i [LE 41 R = CH,0H Bno Ok o °
42 R=COyH OBn BnO
BnO OCH;

V| 77%

RZO%
R%0

43 R'=Tr,R?=Bn, R®= 2
i, 2 R'=R2=R%=H

Scheme 2. i) ZnCl,, THF.0°C, 15 min, 58 % ii) BnBr, NaH, DMF, 2 h, 87%:iil) 3,3-dimethyldioxirane, CH,Cl,/acetone, 0°C,
5min, 95%;1v) a: CH,CN, ZnCl,,2h; b: 0.1 equiv H,SO,. THF/H,0 (5:1, v/v), 15 min, 59%: v) EDC, HOBt, THF, 10 h;
vi) 4% p-TsOH, CH,C1,/MeOH (1:1, v/v), 2 h, 35: 91%. 38: 92%, 41: 89%: vil) a: cat. TEMPO, NaOC!, NaHCO,. NaCl.
KBr, Bu,NCI, CH,CI,/TL,O0 (1: 1, v/v), 30 min: b: NaClO,, NaH,PO,, 2- mclhyl 2-butene, /BuOH;H,O (1:1, v/v), | h,36: 78 %,
39: 77%., 42: 74%; viii) a: 4% p-TsOH. CH,CL,/MeOH (1:1. v/v), 2h: b: cat. KOBu, MeOH:CH,C}, (2:1. viv). 30 min:
¢ 3atm. H,. Pd/CL CLLCL/MeOHHL,O (1:2:1, vivivy, 12 h, 70%.

of the sequence of reactions described above (i.e., two-step con-
version of 25 into 27 followed by coupling with 11) gave te-
tramer 28. Deprotection of 28 by detritylation, deacetylation
and hydrogenolysis yielded the gentiotetraose mimetic 29, the
homogeneity and identity of which was firmly established by
mass spectrometry as well as '*C and "HNMR spectroscopy
(see Figure 2).

The crucial transformation of the C6-OTr into the corre-
sponding carboxylate (22 — 24) thus being solved, it is evident
that the assembly of target heptamer 2 can be accomplished (see
Scheme 2) starting from the bifunctional laminaribiosyl unit 33.
The key dimeric hemiaminal 33 was prepared by regioselective
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condensation of a-1,2-epoxide 6 with 6-O-trityl-D-glucal!'®} (3)
yielding dimer glucal 30, ®? which was subsequently benzylated
to afford fully protected glucal 31. DM D-mediated oxidation of
31 to give a-1,2-oxirane 32, followed by ZnCl,-mediated reac-
tion with CH,CN and subsequent ring-opening of the interme-
diate oxazoline, led to the exclusive formation of the f-oriented
laminaribiosyl hemiaminal 33 in 56 % yield. EDC/HOBt-assist-
ed condensation of the anomeric amino function in 33 with the
methyl glucuronide 21 gave branched trimer 34 in 79% yield.
Removal of the trityl group in 34 with p-TsOH and two-step
oxidation (TEMPO/NaOC1 then NaClO,) of the CH,OH func-
tion in 35 yielded trimeric carboxylate 36. Extension of 36 to the
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fully protected tetrameric unit 37 was accomplished by EDC/
HOBt-induced coupling with the core building block 11. Te-
tramer 37 was converted into the corresponding carboxylate
39 by detnitylation (37 — 38) and oxidation. Coupling of 39
with 1-amino disaccharide 33 furnished the fully protected
hexasaccharide 40. Finally, after acidic removal of the trityl
group in 40 and oxidation of alcohol 41 to hexasaccharide
carboxylate 42, the terminal residue 11 was introduced by the
agency of EDC/HOBt to give the heptasaccharide analogue
43 in 77 % yield. Treatment of the doubly branched heptamer
43 with p-TsOH followed by Zemplén deacylation of the
2-O-acetyl groups and then hydrogenolysis of the benzyl
groups over Pd/C furnished target heptasaccharide mimetic
2 in 70% yield. The structure of 2 was unambiguously con-
firmed by mass spectrometry and NMR spectroscopy
(600 MHz *H TOCSY, HH-COSY and CH-COSY). For
example, the coupling constants and chemical shifts of the
set of four distinct doublets in the *H NMR spectrum (see
Figure 2, spectrum [) of the tetrameric fragment 29 are

i
H-1"H-1" H-1" H-1

9\ J

11

H-1B H-1C
H-1D H-1B' H-1E H-1A H-1C’

150 O G

toid 45 (below).

Figure 2. Anomeric regions of the 600 MHz 'HNMR
spectra of tetramer 29 (1) and heptamer 2 (I1).

characteristic for the presence of three f-(1 — 6)-amide linkages
and one o-linked methoxy group (H, corresponds to the glu-
curonide residue at the reducing end of 29 and H,.. to the
glucosylamine unit at the nonreducing end). Three additional
doublets, which arise from one p-(1 — 6)-amide and two f-
(1 — 3)-glucosidic bonds, are observed in the corresponding
spectrum (11) of the heptameric fragment 2.

Preliminary biological studies'??! revealed that the amide-
linked analogue 2 does not induce phytoalexin accumulation in
soybean.

Chem. Eur. J. 1997, 3, No. 6

The dynamic behaviour of the amide-linked gentiobiose car-
bopeptoid 45 (see Figure 3) was simulated by a 10 ns molecular

OH OH

o5’ 05
o 06 o N6
HO oo Hl?o NH_ 0 os
HO OH c1 cs 5 OH Ct C6\ c5_0Q
HO HO
HO 45 HO
44
HO OMe HO OMe

Figure 3. Structures of a-methyl gentiobioside 44 and carbopeptoid 45.

dynamics run at a constant temperature of 300 K, using the
recently developed CHEATY95 force field®! for hydrated
oligosaccharides. For comparison, the acetal-linked z-methyl
gentiobioside 44 (Table 1) was also simulated under the same
conditions. The most important difference between gentio-
bioside 44 and its amide-linked analogue 45 in the simulations
is the flexibility of the linkage. The former compound shows
many transitions between different conformers, while the latter
stays in the same conformation for more than 8 ns. After that,
a few transitions to a second conformation can be observed. The
average values of the dihedral angles around the linkages of the
most significant conformations observed in the simulations are
listed in Table 1 and the preferred conformations are shown in
Figure 4. It is not excluded that the binding of the flexible acetal-

St St

Figure 4. Stereoviews of the preferred conformations of x-methyl gentiobioside 44 (above) and carbopep-

Table 1. Average torsion angles (degrees) and relative occurrence (%) for the most
significant conformations of 44 and 45 in the 10 ns MD simulations.

Acetal-linked a-methyl gentiobioside 44

&y VCH Verlagsgesellschaft mbH, D-69451 Weinheim, 1997

05-C1-06-C6 C1-06-C6-C5 06-C6-C5-05 %
—50 —170 60 55
—40 180 —60 25
—60 —90 50 :
—50 180 170 5
—40 90 50 s
Amide-linked a-methyl gentiobioside 45
05-C1-N6-C6 C1U-NG6-C6-C5 N6-C6-C5-05 Yo
—130 180 —10 95
60 180 -20 5
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linked phytoalexin elicitor 1b to the plant cell receptor proceeds
by an induced-fit mechanism. However, the presence of the
amide linkages in the conformationally restrained heptaglu-
coside analogue 2 may prevent such a mode of binding to the
receptor, accounting for its lack of activity.

Conclusion

The results presented in this paper show that elongation of a
terminal glucuronide (e.g. 21) with a suitably protected anomer-
ic amine (e.g. 11 or 33) and subsequent two-step conversion of
the CH,OTr function in the growing chain into the correspond-
ing carboxylate presents a convenient approach towards f-
(1 > 6)-glucuronosylamide carbopeptoids (e.g. 2 and 29).
Moreover, it is also apparent that replacement of the f-(1 — 6)-
acetal linkages in 1b by the more rigid amide bonds completely
ruins the phytoalexin-elicitor activity. It may therefore be con-
cluded that incorporation of an amide instead of a natural gly-
cosidic bond into oligosaccharides has a detrimental effect on
the molecular geometry and hydrogen-bonding potential.

Experimental Section

'H and '3C NMR spectra were recorded with a Jeol JNM-FX-200 (200/
50.1 MHz), a Bruker WM-300 (300/75.1t MHz) or a Bruker DMX-600 spec-
trometer (600/150.3 MHz). Chemical shifts (§) are given relative to te-
tramethylsilane as internal standard. Mass spectra were recorded with a
Finnigan MAT TSQ70 triple quadropole mass spectrometer. Optical rota-
tions were measured on a Propol automatic polarimeter. Dichloromethane
(CH,Cl,), pyridine and toluene were heated undcr reflux with CaH, for 3 h,
distilled and stored over molecular sieves (4 A). N,N-Diisopropylethylamine
(DIPEA) was subscquently distilled from KOH, ninhydrin and CaH,. Tri-
ethylamine was distilled from CaH,. Acetone (Boom Chemicals, c.p.}, ace-
tonitrile (Rathburn, HPLC grade), 1,2-dichloroethane (Biosolvent, HPLC
grade), N,N-dimethylformamide (DMF, Baker, p.a.), 1,4-dioxane (Baker,
p.a.), ethanol (Baker, p.a.) and tetrahydrofuran (THF, Biosolvent, HPLC
grade) were stored over molecular sieves (4 A). Methanol (Rathburn, HPLC
grade) was stored over molecular sieves (3 A). Zinc chloride (Merck, p.a.) was
dissolved in THF (1.0M solution) and stored over molecular sieves (3 A).
Acetic anhydride (Baker, p.a.), benzotriazol-1-yloxytris(dimethylamino)-
phosphonium  hexafluorophosphate (BOP, Richelieu), benzyl bromide
(Merck), fert-butanol (Baker, p.a.}, 1-(3-dimethylaminopropyl)-3-ethylcar-
bodiimide hydrochloride (EDC, Acros), ethylenediamine (Acros, p.a.), 1-hy-
droxybenzotriazole (HOBt, Aldrich), 9-fluorenylmethoxycarbonyloxysuc-
cinimide (FmocOSu, Nova Biochem), 2-methyl-2-butene (Aldrich), Oxone®
(Aldrich), palladium on carbon (10%, Acros), potassium fert-butoxide
(Aldrich), sodium chlorite (Acros), sodium hydride (Acros, 60 % dispersion
in mineral oil), sodium hypochlorite (13% active chlorine solution, Acros),
tetra-n-butylammonium chloride, tetrachlorophthalic anhydride (TCPO,
Acros), 2,2,6,6-tetramethyl-1-piperidinyloxy free radical (TEMPO, Aldrich),
p-toluenesulfonic acid monohydrate (Aldrich) and trityl chloride (TrCl,
Merck) were used as received. Column chromatography was performed on
Baker silica gel (0.063-0.200 mm). Gel permeation chromatography was
accomplished on HW-40 column material (Pharmacia). TLC analysis was
carried out on prepared plates from Schleicher & Schiill (F1500, LS254) with
detection by UV absorption (254 nm) where applicable and charring with
20% H,SO, in MeOH or ammonium molybdate (25 gL~ ') and ceric ammo-
nium sulfate (10 gL.7') in 10% aq. H,SO,. Reactions were run at ambient
temperature, unless otherwise stated. Prior to reactions that required anhy-
drous conditions, traces of water in the glycosides were removed by coevap-
oration with 1,2-dichloroethane, pyridine or toluene.

(3aS,5R,6R,7S,7 aR)-6,7-Bis(benzyloxy)-5-(trityloxymethyl)-2-methyl-5 H-
pyrano|2,3-dloxazole (9): Under a continuous stream of dry nitrogen, ZnCl,
(1.0M solution in THF, 30 mL) was added to a stirred solution of epoxide 7
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(11.7 g, 20 mmol) in CH,CN (100 mL). The reaction mixture was stirred for
2 h, subsequently diluted with EtOAc (400 mL) and washed with sat. aq.
NaCl (2 x 100 mL) and aq. NaHCO, (1.0M, 100 mL). The organic phase was
dried (MgSO,) and concentrated in vacuo. Purification of the residue by silica
gel chromatography (20~ 50 % EtOAc/light petroleum) afforded oxazoline 9
as a white foam (7.9 g, 12.6 mmol, 63%). 'HNMR (CDCly): 6 =7.52-6.89
(m, 25H, H,,), 599 (d, 1H, H1, J , =8.1Hz), 485 (dd, 1H, H2,
J, 3 =84 Hz), 470 (AB, 2H, CH, Bn), 4.54 (AB, 2H, CH, Bn), 3.81-3.79
(m, 2H, H3/H4), 3.60 (m, 2H, H5/H6), 3.28 (m, 1H, H6'), 2.03 (s, 3H.
CHy); C{'H} NMR (CDCly): 3 =168.0 (C=N), 143.6 (C, Tr), 137.6,
137.5(C, Bn), 128.5-126.7 (C,,,) . 93.1 (C1, J. y =168.5 Hz), 86.3 (C, Tr),
80.0, 79.8, 74.5, 71.5 (C2/C3/C4/C5), 73.4, 721 (CH, Bn), 62.9 (C6).
14.0 (CH,).

2-0-Acetyl-3,4-di-O-benzyl-6-O-trityl- B-D-glucopyranosylamine (11): To a
stirred solution of oxazoline 9 (7.9 g, 12.6 mmol) in THF/H,0 (100 mL, 5:1,
v/v) was added aq. H,SO, (1.0M, 1.26 mL). After 30 min, the reaction mix-
ture was quenched by addition of aq. NaHCO, (1.0M, 50 mL). The neu-
tralised mixture was extracted with EtOAc (2 x 200 mL) and the combined
organic layers were dried (MgS0O,) and concentrated under reduced pressure.
The resulting colourless oil was purified by flash chromatography over silica
gel (50% EtOAc/light petroleum) to furnish glucosylamine 11 as a white solid
in quantitative yield (8.1 g, 12.6 mmol). [a], = +12.6 {¢ =1, CHCl,);
"HNMR (CDCly): 6 =7.52-6.84 (m, 25H, H,_), 490 (dd, 1H, H2,
J, ,=88Hz, J, ; =9.6 Hz), 4.67 (AB, 2H, CH, Bn), 4.60 (AB, 2H, CH,
Bn), 4.07 (d, 1H, H1), 3.86 (dd, 1 H, H3, J, , = 9.4 Hz), 3.69-3.42 (m, 3H,
H4/H5/H6), 3.21 (dd, 1 H, H6', J; . = 3.6 Hz, J; . =10.1 Hz), 2.03 (s, 3H,
CHj; Ac), 1.80 (brs, 2H, NH,); '*C{*H} NMR (CDCl,): § =170.2 (C=0
Ac), 1435 (C, Tr), 138.0, 137.5 (C, Bn), 128.5-126.7 (C,,,.). 86.1 (C, Tr),
84.3 (C1, Jo y =158.2 Hz), 83.3, 78.0, 75.5, 74.2 (C2/C3/C4/CS), 75.0, 74.6
(CH, Bn), 62.2 (C6), 20.8 (CH; Ac); C, H,,NO; (643.3): caled. C 76.49, H
6.42, N 2.18; found C 76.35, H 6.20, N 2.09.

N-(Fluoren-9-ylmethoxycarbonyl)-2- O-acetyl-3,4-di-O-benzyl-6-O-trityl-f-p-

glucopyranosylamine (12): To a stirred mixture of glucosylamine 11 (3.22 g,
5.0 mmol), dioxane (25 mL) and H,O (25 mL) containing NaHCO, (1.68 g,
20.0 mmol) and Na,CO; (1.06 g, 10.0 mmol) was added FmocOSu (2.02 g,
6.0 mmol). After 3 h, the reaction mixture was extracted with EtOAc
(2x100 mL) and the combined organic phases were dried (MgSO,) and
concentrated in vacuo. The resulting pale yellow oil was purified by silica gel
chromatography (0—25 % EtOAc/light petroleum) to furnish carbamate 12 as
a white foam (3.77 g, 4.4 mmol, 87%). "H NMR (CDCl,): § =7.87-6.93 (m,
33H, H,,.), 581 (d, 1H, NH, J, \,=6.6Hz), 507 (dd, 1H, HI,
Jy., =6.8Hz),4.76(AB,2H, CH, Bn),4.69 (AB, 2H, CH, Bn), 4.46 (d, 2H,
CH, Fmoc), 4.33 (t, 1H, CH Fmoc), 4.08 (dd, 1H, H2, J, , = 9.6 Hz),
3.78-3.62 (m, 4H, H3/H4/H5/H6), 3.25 (dd, 1H, He¢', J; , =2.8 Hz,
Jo.o: =10.1 Hz), 2.07 (s, 3H, CH, Ac); 3C{*H} NMR (CDCl,): 5 =171.4
(C=0 Ac), 156.2 (C=0 Fmoc), 144.9, 141.7 (C, Fmoc), 144.2 (C, Tr), 138.6,
138.1 (C, Bn), 129.2-120.3 (C,,,.), 86.8 (C, Tr), 83.5(C1), 81.3,78.2, 76.7,
73.3 (C2/C3/C4/CS), 74.8, 74.5 (CH,, Bn), 65.4 (CH, Fmoc}, 62.5 (C6), 47.3
(CH Fmoc), 21.2 (CH; Ac); C;cH, NO, (865.4): caled. C 77.67, H 5.94, N
1.62; found C 77.70, H 5.98, N 1.51.

N-(Fluoren-9-ylmethoxycarbonyl)-2-O-acetyl-3,4-di-O-benzyl-f-p-glucopyra-
nosylamine (13): A solution of p-TsOH (4%. 4.0 g) in MeOH/CH,Cl,
(100 mL, 1:1, v/v) was added to a stirred solution of compound 12 (3.77 g,
4.4 mmol) in CH,Cl, (4 mL). After 2 h, the reaction mixture was neutralised
by addition of aq. NaHCO, (1.0M, 50 mL) and extracted with EtOAc
(2 x 100 mL). The combined organic layers were dried (MgSO,) and concen-
trated under reduced pressure, and the resulting pale yellow oil was subjected
to silica gel chromatography (20- 50% EtOAc/light petroleum) to afford
alcohol 13 as a white solid (2.60 g, 4.2 mmol, 96%). '"HNMR (CDCl,):
6 =7.78-7.30 (m, 18H, H,,,), 6.68 (d, 1H, NH, J;, ,, = 6.4 Hz), 4.85 (dd,
{H, H1, J, , =7.1 Hz), 482 (AB, 2H, CH, Bn), 4.72 (AB, 2H, CH, Bn).
4.37 (m, 3H, CH, Fmoc, H2), 4.25 (t, 1 H, CH Fmoc}, 3.90-3.70 (m, 3H,
H3/H4/H5), 3.62 (m, 2H, H6/H6'), 1.95 (s, 3H, CH, Ac); '*C{'H} NMR
(CDCl,): 6 =170.8 (C=0 Ac), 155.7(C=0 Fmoc), 143.6, 141.2 (C, Fmoc),
138.1, 137.9 (C, Bn), 128.3-119.9 (C,,.), 83.0 (C1), 80.8, 77.2, 77.1, 72.7
(C2/C3/C4/CS), 75.2, 75.0 (CH, Bn), 65.7 (CH, Fmoc), 61.0 (C6), 46.8 (CH
Fmoc), 20.7 {CH, Ac); C,,H,,NO; (623.3): caled. C 71.25, H 5.98, N 2.25;
found C 71.3S, H 6.03, N 2.16.
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N,N-Tetrachlorophthaloyl-2-O-acetyl-3,4-di-O-benzyl-6- O-trityl-f-p-glucopy-
ranosylamine (14): Tetrachlorophthalic anhydride (1.72 g, 6.0 mmol) was
added to a stirred solution of glucosylamine 11 (3.22 g, 5.0 mmol) in CH,Cl,
(25 mL) containing triethylamine (0.84 mL, 6.0 mmol). The reaction mixture
was stirred for 1 h and concentrated in vacuo, and the resulting slurry was
dissolved in pyridine (15mkL). Acetic anhydride (1.42mL, 15 mmol) was
added to the latter solution and the reaction mixture was stirred for 12 h and
subsequently concentrated under reduced pressure. The residue was dissolved
in EtOAc (100 mL), washed with aq. NaHCO, (2 x 50 mL), dried (MgSO,)
and concentrated in vacuo. Traces of pyridine were removed by coevapora-
tion with toluene (3 x 50 mL). Purification was accomplished by silica gel
chromatography (0-30% EtOAc/light petroleum) 1o afford glucosylimide 14
as a white foam (3.15 g, 3.5 mmol, 69%). '"HNMR (CDCI,): § =7.51-6.94
(m, 25H, H,.), 5.88 (dd, L H, H2, J, , = 9.4 Hz, J, , = 9.2 Hz), 5.30 (d,
1H,H1),4.73(AB, 2H, CH, Bn), 4.67 (AB, 2H, CH, Bn), 4.07 (dd, 1 H, H3,
Ji.=96Hz), 376 (dd, 1H, H4, J, ; =9.2Hz), 3.62 (dd, 1 H, H6,
Js.s =21Hz, J; . =11.0Hz), 3.55 (m, 1H, HS), 3.25 (dd, 1H, He,
Js. ¢ = 4.1 Hz), 1.81 (s, 3H, CH, Ac); "*C{'H} NMR (CDCl,): 6 =170.0
(C=0 Ac), 161.6 (C=0TCP), 1439 (C, Tr), 140.5, 130.1, 127.3(C, TCP),
138.3,137.8 (C, Bn), 128.9-127.0 (C,,,,), 86.8 (C, Tr), 83.7 (C1), 78.9, 77.8,
77.4, 71.1 (C2/C3/C4/C5), 75.5, 75.2 (CH, Bn), 63.0 (C6), 20.7 (CH; Ac);
CoH3CINO, (909.1): caled. C 64.56, H 4.31, N 1.54; found C 64.55, H
4.29, N 1.55.

N,N-Tetrachlorephthaloyl-2-O-acetyl-3,4-di-O-benzyl--pD-glucopyranosyl-
amine (15): Compound 14 (3.15 g, 3.5 mmol) was detritylated as described for
the preparation of 13 from 12 and subsequently subjected to silica gel chro-
matography (20-50% EtOAc/light petroleum) to give alcohol 15 as a white
solid (2.06 g, 3.1 mmol, 89%). '"HNMR (CDCl;): 6 =7.45-7.39 (m, 10H,
H,.ow)» 591 (dd, 1H, H2, J, , =9.2Hz, J, ; =7.7Hz), 544 (dd, 1H, HI,
J,.; =1.5Hz), 4.96 (AB, 2H, CH, Bn), 4.87 (AB, 2H, CH, Bn), 4.02-3.84
(m, 4H, H3/H4/H6/HE), 3.70 (m, 1H, H5), 1.93 (s, 3H, CH, Ac); *C{'H}
NMR (CDCl,): § =169.9 (C=0 Ac), 161.7 (C=0 TCP), 140.2, 129.9, 126.9
(C, TCP), 138.2, 137.9 (C, Bn), 128.3-127.6 (C,,,,,), 83.4 (Cl), 78.6, 78.5,
76.9, 70.7 (C2/C3/C4/CS), 75.2, 75.1 (CH, Bn), 61.3 (C6), 20.6 (CH, Ac),
C,oH,5Cl,NO, (667.0): caled. C 53.83, H 3.76, N 2.09; found C 53.70, H
3.84, N 2.09.

N-(Fluoren-9-ylmethoxycarbonyl)-2-O-acetyl-3,4-di- O-benzyl-f-D-glucurono-
pyranosylamine (16): Alcohol 13 (2.60 g, 4.2 mmol) was dissolved in CH,Cl,
(20 mL). To this solution was added TEMPO (10 mg, 64 pmol), sat. aq.
NaHCO, (10 mL), KBr (50 mg, 0.42 mmol) and (nBu),NC! (60 mg). The
heterogeneous mixture was cooled (0 °C), after which a solution of aq. NaO-
CI (13% active chlorine, 8 mL), sat. aq. NaHCO, (5 mL) and sat. aq. Na(Cl
(10 mL) was added dropwise over 15 min under vigourous stirring. 15 min
after the final addition the reaction mixture was acidified with aq. HC1 (0.5m,
20 mL) and extracted with EtOAc. The combined organic phase was dried
(MgSO,) and concentrated under reduced pressure, and the resulting pale
yellow oil was subjected to silica gel chromatography (0-3% MeOH/
CH,Cl,) to afford carboxylic acid 16 as a white solid (2.23 g, 3.5 mmol,
84%). "HNMR (CDCl,): § =7.76-7.28 (m, 18 H, H__ ), 6.91 (d, 1H, NH,
Jy nu= 5.8 Hz), 498 (dd, 1 H, H1, J, , = 8.8 Hz), 4.84 (AB, 2H, CH, Bn),
4.68 (AB, 2H, CH, Bn), 4.58 (dd, 1H, H2, J, , = 8.1 Hz), 441 (d, 1 H, H5,
Jy s =79 Hz), 4.36-4.22 (m, 3H, CH, Fmoc, H4), 4.19 (1, 1 H, CH Fmoc),
3.96 (dd, 1H, H3, J; , = 9.2 Hz), 2.01 (s, 3H, CH; Ac); "*C{'H} NMR
(CDCl,): 6 =171.4,170.7 (C=0 Ac, C6), 155.6 (C=0 Fmoc), 143.4, 140.9
(C, Fmoc), 137.3, 137.4(C, Bn), 128.2-119.7 (C,,,,,), 81.9 (C1), 80.6, 79.5,
75.7, 71.9 (C2/C3/C4/CS5), 75.2, 74.7 (CH, Bn), 67.5 (CH, Fmoc), 46.5 (CH
Fmoc), 20.6 (CH; Ac); MS (ESI): m/z = 638 (M +H™), 655 (M +NH}), 660
(M+Na™); C;,H;,NO, (637.2): caled. C 69.69, H 5.53, N 2.20; found C
69.52, H 5.57, N 2.18,

N,N-Tetrachlorophthaloyl-2-O-acetyl-3,4-di-O-benzyl-B-p-glucuronopyrano-

sylamine (17): Alcohol 15 (2.06 g, 3.1 mmol) was oxidised with TEMPO/
NaOCl as described for the synthesis of 16 from 13 and the resulting pale
yellow oil was subjected to silica gel chromatography (0-3% MeOH/
CH,Cl,) to afford carboxylic acid 17 as a white solid (1.70 g, 2.5 mmol,
81%). '"HNMR (CDCl,): 6 =7.42-7.37 (m, 10H, H__ ), 6.03 (dd, 1 H, H2,
Ji,»=94Hz J, ; =7.5Hz), 560 (d, 1H, H1), 4.96-4.77 (im, 4H, 2x CH,
Bn),4.36 (d, 1H, HS, J, ;=79 Hz), 4.19 (dd, 1H, H4, J, , = 9.0 Hz), 3.94
(dd, 1H, H3), 1.95 (s, 3H, CH; Ac); '*3C{'H} NMR (CDCl,): § =169.6,
168.9 (C6, C=0 Ac), 161.3(C=0O TCP), 140.1, 129.7, 126.6 (C, TCP), 137.6,
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o) 82,4 (C1), 78.6, 78.0, 76.1, 69.5 (C2/C3/
C4/C5). 77.3. 76.6 (CH, Bn), 19.9 (CH, Ac); MS (ESI): m/z = 682
(M+H7), 699 (M+NH;); C,oH,,CI,NOQ, (681.0): caled. C 52.73, H 3.39,
N 2.05; found C 52.70, H 3.42, N 2.05.

137.1 (C, Bn), 127.9-127.3 (C,

N-Fluoren-9-ylmethoxycarbonyl-2-O-acetyl-3,4-di-O-benzyl- §-b-glucuronopy-
ranosylamide (18): BOP (0.243 g, 0.55 mmol) was added to a stirred solution
of glucosylamine 10 (0.246 g, 0.5 mmol), glucuronide 16 (0.319 g, 0.5 mmol)
and DIPEA (0.26 mL, 1.5 mmol) in CH,Cl, (3 mL). Stirring was continued
for 1 h, after which the reaction mixture was diluted with EtOAc¢ (50 mL) and
washed with aq. phosphate buffer (pH =7, 0.1M, 2 x 10 mL), dried (MgSO,)
and concentrated in vacuo. Purification of the residue by silica gel chro-
matography (0 30% EtOAc/light petroleum) afforded glucuronosylamide
18 as a white foam (0.238 g, 0.39 mmol, 77%). When the reaction was carried
out in the absence of 10, the same yield of cyclisation product 18 was ob-
tained. '"HNMR (CDCl;): § =7.78-7.07 (m, 18 H, H_ ). 5.69 (t, 1 H, H2,
J,=J,,=17Hz), 494 (d, 1H, H1), 458 (d, 1H, HS. J, , = 2.2 H2),
4.53-4.32 (m, 6H, 2xCH, Bn, CH, Fmoc), 4.18 {t, 1 H. CH Fmoc). 3.72
(dd, 1H,H4,J, , =1.7Hz),3.65(1,1H,H3),2.14 (s, 3H, CH; Ac); "*C{'H}
NMR (CDCl,): 6 =169.8, 166.8 (C=0 Ac, C6). 149.2 (C=0 Fmoc), 142.8,
141.1 (C, Fmoc), 136.8, 136.7 (C, Bn), 128.4-119.8 (C,,,.,.). 86.5 (C1). 76.6,
73.6,71.8, 65.3 (C2/C3/C4/C5), 71.9, 71.4 (CH, Bn). 68.8 (CH, Fmoc), 46.3
(CH Fmoc), 208 (CH, Ac); MS (ESI): mjz =620 (M+H"), 637
(M+NH]), 642 (M+Na"), 658 (M+K™"); C;,H,,NO, (619.3): caled. C
71.79, H 5.33, N 2.26; found C 71.76, H 5.35, N 2.19.

6-IV-(2-O0-Acetyl-3,4,6-tri-O-benzyl-f-p-glucopyranesyl)- {- NV, N-tetrachloro-
phthaloyl-2-0-acetyl-3,4-di-O-benzyl- $-D-amidoglucuronopyranosylamine
(19):

Method A: BOP (0.243 g, 0.55 mmo!) was added to a stirred solution of
glucosylamine 10 (0.246 g, 0.5 mmol), glucuronide 17 (0.340 g, 0.5 mmol) and
DIPEA (0.26 mL, 1.5 mmol) in CH,Cl, (3 mL). Stirring was continued for
1 h, after which the reaction mixture was diluted with EtOAc (50 mL) and
washed with aq. phosphate buffer (pH =7, 0.1M, 2 x 10 mL), dried (MgSO,)
and concentrated in vacuo. Purification of the residue was effected by silica
gel chromatography (10-30% EtOAc/light petroleum) to yield dimer 19 as
a white foam (0.422 g, 0.37 mmol, 73%).

Method B: EDC (0.105 g, 0.55 mmol) was added to a solution of glucosyl-
amine 10 (0.246 g, 0.5 mmol), glucuronide 17 (0.340 g, 0.5 mmol) and HOBt
(0.068 g, 0.5 mmol) in THF (3 mL) and the solution was stirred for 10 h.
Subsequently, the reaction mixture was diluted with EtOAc (50 mL), washed
with ag. NaHCO; (1.0m, 3 x10 mL), dried (MgSO,) and concentrated in
vacuo. Purification of the residue was accomplished by silica gel chromato-
graphy (10-30% EtOAc/light petroleum) to give dimer 19 as a white foam
(0.468 g, 0.41 mmol, 81%). '"HNMR (CDCl,): § =7.38-7.10 (m, 25H,
H,rom)s 714 (d, 1H, NH, Jyy ,» =7.4 Hz), 595 (dd, 1H, H2, J, , = 9.4 Hz,
J, 3 =85Hz), 5.37 (d, 1H, H1), 507 (dd, 1H, HY'", J,. ,. = 9.2 Hz), 4.85
(AB, 2H, CH, Bn), 4.76 (dd, 1H, H2', J,. ,, =10.6 Hz), 4.72 (AB, 2H, CH,
Bn), 4.63 (AB, 2H, CH, Bn), 4.56 (AB, 2H, CH, Bn), 4.45 (AB, 2H, CH,
Bn), 4.07 (d, 1H, HS5, J, 5 = 8.7 Hz), 3.85 (dd, 1 H, H4, J; , = 8.3 Hz), 3.75
(dd, 1H, H3), 3.73-3.68 {m, 3H, H3/H4/H5), 3.67 (dd. 1H, H6A,
Js oa=29Hz, Jo.\ o5 =92Hz), 3.55 (dd, 1H, H6'B, J;. 5 = 4.6 Hz),
1.87, 1.80 (2xs, 2x3H, 2CH; Ac); 3C{'H} NMR (CDCl,): § =170.6,
169.4, 167.8 (C6, 2C=0 Ac), 161.5 (C=0 TCP), 140.3, 129.9, 126.9 (C,
TCP), 138.0, 137.7, 137.7, 137.5, 1374 (C, Bn), 128.1-127.5 (C,,,,). 829,
82.4 (C1/C1"),78.6,77.8,77.5,77.3,76.4, 76.1, 72.4, 69.2 (C2-C5, C2' - C57,
75.2,75.1, 74.9, 74.8, 73.3 (CH,, Bn), 67.9 (C¢’), 20.5, 20.4 (CH; Ac); MS
(ESD): mjz =1155 (M+H™), 1172 (M+NH/); C;oH, CILN,0O,, (1154.2):
caled. C 61.25, H 470, N 2.42; found C 61.24, H 4.76, N 2.43.

6-N-(2-0-Acetyl-3,4,6-tri-O-benzyl-f-D-glucepyranosyl)-2-O-acetyl-3,4-di-O-
benzyl-a,f-D-amidoglucuronopyranosylamine (20): To a stirred solution of
dimer 19 (0.578 g, 0.50 mmol) in CH;CN/EtOH/THF (2:1:1, v/v/v, 4 mL)
was added ethylenediamine (0.13 mL, 2.0 mmol}. After 10 min, the reaction
mixture was concentrated under reduced pressure at room temperature, sus-
pended in CH,Cl, (25 mL) and filtered through a bed of silica (2 g). The
filtrate was concentrated in vacuo to afford anomeric mixture 20 as a white
solid (0.391 g, 0.44 mmol, 88 %, 2/f =1:2). a-Anomer: '*C{'H} NMR (CD-
Cly): 0 =172.0,170.5, 169.3 (C6, 2C=0 Ac), 138.1, 137.8. 137.7, 137.6, 137.5
(C, Bn), 128.3-127.6 (C,,,), 83.0,82.1 (C1/C1"), 78.3, 774, 76.5,75.1, 73.5,
72.5,72.4,71.0(C2-C5,C2'~-C5),75.0,74.8, 73.5, 72.6, 72.1 (CH, Bn), 67.8
(C6'), 20.9, 20.3 (CH, Ac); f-Anomer: '*C{*H} NMR (CDCl,): 3 =171.0,
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1702, 169.4 (C6. 2C=0 Ac), 138.1, 137.8, 137.7, 137.6, 137.5 (C, Bn),
128.3--127.6 (C,,,.). 84.1, 83.1 (C1/C1’), 79.6, 77.9. 77.4, 76.5, 76.4, 75.2,
74.1. 72,9 (C2-C5, CZ-C5"), 75.3, 75.0, 74.8, 74.6, 73.5 (CH, Bn), 68.1
(C6'), 20.9, 20.8 (CH, Ac); C5,H, N,0, , (888.4): caled. C 68.90, H 6.35, N
3.15: found C 68.94, H 6.42, N 3.08.

General procedure for amide bond formation: EDC (0.210 g, 1.1 mmol) was
added to a stirred solution of HOBt (0.135 g, 1.0 mmol), the appropriate
glucosylamine (1.0 mmol) and glucuronic acid derivative (1.0 mmol) in THF
(5 mL). When TLC analysis (40% EtOAc/light petroleum) indicated com-
plete conversion of the starting materials (10 h), the reaction mixture was
diluted with EtOAc (50 mL), washed with aq. NaHCO; (1.0mM, 3 x 10 mL),
dried (MgSO,) and concentrated in vacuo. Purification of the residue was
accomplished by silica gel chromatography (10-40% EtOAc/light
petroleum) to afford the corresponding amide-linked oligomer as a white
foam.

Methyl 6-N-(2-0-acetyl-3,4-di-O-benzyl-6-O-trityl-f-pD-glucopyranosyl)-2,3,4-
tri-O-benzyl-a-p-amidoglucuronopyranoside (22): Yield: 0.982 g, 0.89 mmol,
80%: "HNMR (CDCl,): § =7.47-6.86 (m, 40H, H, ). 6.97 (d, 1H, NH,
Jan.1 =94 Hz), 523 (dd, 1H, HI". J,, ,, =9.6 Hz), 497 (dd, 1H, HY,
Jy 5 = 8.9 Hz), 491 (d, 1H, Hi, J, , = 3.8 Hz), 485-4.62 (m, 10H, SCH,
Bn),4.39(d, 1H, H5. J, ; =10.5Hz),4.18 (dd, 1 H, H4. J, , = 8.7 Hz), 4.14
(dd, 1H, H3. J, , = 9.4 Hz),3.97 (dd, {1 H, H3. J,. , = 9.4 Hz). 3.72(t. 1 H,
H4'. J,. ., =94Hyz, 368 (dd, 1H, HO'A, /. o, =30Hs Joy g =
11.9 Hz), 3.62 3.50 (m, 2H, H2/H5'). 3.44 (s, 3H, OMe), 3.20 (dd, 1H,
H&'B. Jy. ¢p=4.1Hz), 1.87 (s, 3H, CH; Ac); *C{’"H} NMR (CDCl,):
¢ =170.2, 169.0 (C6, C=0 Ac), 143.3 (C, Tr), 138.1, 137.7, 137.5, 137.3,
137.2(C, Bn), 128.2--126.5(C,,,,,). 98.0 (C1), 85.9 (C, Tr), 82.7 (C1}, 80.8,
79.8. 79.0, 77.6, 77.4, 76.2, 72.7, 70.2 (C2-CS, C2'-C5'), 754, 75.0, 74.6,
74.5, 73.0 (CH, Bn). 61.6 (C6'), 55.2 (OMe). 20.2 (CH, Ac); MS (ESD:
miz=1104 (M+H"), 1121 (M+NH]), 1126 (M+Na"); C,,H;,NO,,
(1103.5): caled. C 75.05, H 6.30, N 1.27; found C 75.10, H 6.40, N 1.20.

General procedure for detritylation: A solution of p-TSOH (4%, 1.0 g) in
MeOH,;CH,Cl, (25mL, 1:1, v/v) was added to a stirred solution of the
6-O-tritylated oligomer (1.0 mmol) in CH,Cl, (2 mL). After 2 h, the reaction
mixture was neutralised by addition of aq. NaHCO; (1.0M, 50 mL) and
extracted with EtOAc (2 x 100 mL). The combined organic layers were con-
centrated under reduced pressure and the resulting pale yellow oil was sub-
jected to silica gel chromatography (0-2% MeOH/CH,CI,) to furnish the
corresponding primary alcohol as a4 white solid.

Methyl 6-NV-(2-0-acetyl-3,4-di-O-benzyl-f-p-glucopyranosyl)-2,3,4-tri-O-ben-
zyl-a-D-amidoglucuronopyranoside (23): Yicld: 0.720 g, 0.84 mmol, 94%;
'HNMR (CDCly): 8 =7.33-7.25 (m, 25H, H,,,), 6.88 (d, 1H, NH,
Jun. 1 =96Hz), 517 (dd, 1H. H1", J,. ,, = 9.2 Hz), 489 (dd, 1H, H2,
Jy 5o =10.7Hz), 4.82(d, 1 H. H1,J, , = 45Hz),4.79-4.60 (m, 10H, SCH,
Bn), 4.03 (d, 1H, H5. J, ; = 9.9 Hz), 4.01 (dd, 1 H, H4, J; , = 6.7 Hz), 3.80
(dd. 1H, H3, J, ;=88Hz), 375 (dd, 1H, HO&A, J; 4, =31Hz
Jooa op =71 Hz), 3.70-3.45 (m, 5H, H2/H3'/HA/H/H6'B), 3.37 (s. 3H,
OMe), 1.88 (s, 3H, CH, Ac), 1.78 (brs, 1 H, OH); *C{'H} NMR (CDCl;):
§ =171.0, 170.1 (C6, C=0 Ac), 138.7, 138.6, 138.3, 138.1, 138.0 (C, Bn),
128.5-127.7 (C,,,.)- 98.7 (C1), 83.1 (C1), 81.3, 80.0, 79.5, 78.0, 77.6. 77 4.
77.3, 70.8 (C2-C5, C2'-C5"), 759, 754, 75.1, 73.5, 73.4 (CH, Bn), 61.1
(C6'). 55.7 (OMe), 20.8 (CH; Ac); C5oH;sNO,, (861.4): caled. C 69.67, H
6.43. N 1.62; found C 69.50. H 6.40, N 1.63.

General procedure for oxidation of primary alcohols te carboxylic acids: To a
solution of the primary alcohol (1.0 mmol) in CH,Cl, (20 mL) was added
TEMPO (2 mg, 13 pmol), sat. aq. NaHCO, (2 mL), KBr (10 mg, 0.08 mmol)
and (nBu),NCI (15mg). This heterogeneous mixturc was cooled (0°C),
after which a solution of ag. NaOC] (13% active chlorine, 2 mL), sat. aq.
NaHCO, (1 mL) and sat. aq. NaCl (2 mL) was added dropwise over 15 min
under vigorous stirring. 15 min after the last addition the reaction mixture
was acidified with aq. HCl (0.5M, 10 mL) and extracted with EtOAc
(2 x 50 mL). The combined organic phase was dried (MgSO,) and concen-
trated under reduced pressure, and the resulting pale yellow oil was dissolved
in tBuOH (20 mL), 2-methyl-2-butenc (5mL) and H,O (20 mL). To this
solution was subsequently added NaH,PO,-H,O (2.0g, 14 mmol) and
NaClO, (2.0 g, 22 mmol). The reaction mixture was stirred for 2 h and ex-
tracted with EtOAc (2 x 100 mL). The combined organic layers were dried
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(MgSO,) and concentrated under reduced pressure, and the resulting colour-
less oil was purified by silica gel chromatography (0-3 % MeOH/CH,Cl,) to
afford the corresponding carboxylic acid derivative as a white solid.

Methyl 6-N-(2-0-acetyl-3,4-di-O-benzyl-f-D-glucuronopyranosyl)-2,3,4-tri-O-
benzyl-¢-nD-amideglucuronopyranoside (24): Yield: 0.544 g, 0.62 mmol, 84%;
'THNMR (CDCl,): 6 =7.36-723 (m, 25H, H,,,), 7.08 (d. 1H, NH,
Jew.1-=9.3Hz), 513 (1, 1H, HY, J,. ,, = 9.3 Hz), 4.90-4.65 (m, 10H,
SCH, Bn), 477 (dd, 1H, H2, J, 5 =9.5Hz), 458 (d. 1H, HI,
Ji,=46Hz), 410 (d, 1H, HS, J, , =92Hz), 403 (d, 1H, HS,
J, s =10.0Hz), 3.97 (dd, 1H, H4, J, , =94 Hz), 378 (dd, 1H, H4,
Jy. 4 = 8.7Hz), 3.76 (dd, 1H, H3'), 3.49 (dd, 1H, H2, J, ; = 9.2 Hz), 3.46
{dd, 1H, H3), 3.34 (s, 3H, OMe), 1.86 (s, 3H, CH, Ac): “*C{'H} NMR
(CDCLy): 6 =171.1, 170.7, 170.3 (C6, C6', C=0 Ac), 138.0, 137.4, 137.4,
137.1, 137.0 (C, Bn), 128.0 -127.4(C,,,.). 98.1 (C1), 81.8 (C1'), 80.8, 79.4,
78.9,78.8,77.5,75.6,72.0, 70.1 (C2-CS5,C2'-C5),75.4,74.9,74.8,73.2,73.1
(CH, Bn), 55.1 (OMe), 20.2 (CH; Ac); Cs;H,,NO, , (875.4): caled. C 68.56,
H 6.10. N 1.60; found C 68.54, H 6.25, N 1.54.

Methyl 6-V-[6-N-(2-O-acetyl-3,4-di-O-benzyl-6-O-trityl--D-glucopyranosyl)-
2-0-acetyl-3,4-di-O-benzyl-f-p-amidoglucuronopyranosyl|-2,3,4-tri-O-benzyl-
a-p-amidoglucuronopyranoside (25): Yield: 0.782 g, 0.52 mmol, 84%;
PBC{'H} NMR (CDCly): 6 =170.5, 170.3, 170.0, 168.8 (C6/C6', 2C=0 Ac),
143.4 (C, Tr), 138.0, 137.7, 137.5, 137.4, 137.3, 137.2, 136.9 (C, Bn), 128.3-
126.7 (C, o> 97.8 (C1), 86.0 (C, Tr), 82.8, 81.7 (C1//C1"), 80.7, 80.1, 79.4,
79.0, 77.4, 77.1, 76.9, 76.3, 76.1, 72.7, 71.9, 70.1 (C2-C5, C2'-C5', C2"-
(C5"),75.6,75.2.75.0,74.7,74.6,73.2,73.1 (CH, Bn), 61.7 (C6"), 54.6 (OMe).
20.3, 20.2 (CH, Ac); MS (ESI): m/z =1502 (M+HT™), 1519 (M +NH;),
1524 (M+Na™); Cg,Hy,N,0,, (1500.6): caled. C 72.78, H 6.17, N 1.87;
found C 72.80, H 6.20, N 1.86.

Methyl  6-V-[6-V-(2-0-acetyl-3,4-di-O-benzyl-f-p-glucopyranosyl)-2-O-ace-
tyl-3,4-di-O-benzyl--p-amidoglucurenopyranosyl]-2,3,4-tri-O-benzyl-a-D-
amideglucuronopyranoside (26): Yield: 0.602 g, 0.48 mmol, 92%; *C{'H}
NMR (CDCly): 6 =170.8, 170.4, 169.7, 168.4 (C6/C6', 2C=0 Ac). 138.3,
138.0, 137.7, 137.6, 137.6, 137.5, 137.4 (C, Bn), 12821274 (C_,.). 98.1
(C1), 82.8, 81.4 (C1'/C1"), 80.9, 80.0, 79.2, 79.1, 78.6, 77.8, 77.2. 771, 75.7,
72.7, 72.4, 70.3 (C2-C5, C2'-C5, C2"-C5"), 75.6. 74.9, 74.8, 74.6, 74.4,
73.2, 73.2 (CH, Bn), 609 (Cé6"), 55.5 (OMe). 20.5, 204 (CH, Ac):
C,,H,4N,O,4 (1258.5): caled. C 68.67, H 6.24, N 2.22; found C 68.69, H
6.20, N 2.19.

Methyl 6-N-[6-N-(2-O-acetyl-3,4-di-O-benzyl-B-p-glucuronopyranosyl)-2-O-
acetyl-3,4-di-O-benzyl-§-p-amidoglucuronopyranosyl}-2,3,4-tri- O-benzyl-a-D-
amidoglucuronopyraneside (27): Yield: 0.391 g, 0.31 mmol, 81%; "*C{'H}
NMR (CDCly): § =171.0, 170.4, 169.9, 169.8, 169.2 (C6/C6'/C6", 2C=0
Ac). 138.3, 137.7, 137.6, 137.5, 137.4, 137.3, 137.1 (C, Bn), 128.2-127.5
(Cromy- 98.1(C1), 81.8, 81.3(C17/C17),81.0.80.2,79.1,79.1, 78.2, 77.9, 76.6.
75.5, 75.2, 72.6, 72.0, 70.3 (C2-C5, C2'-C§&', C2"-C5"), 75.7. 75.0, 75.0,
749, 74.5, 743, 73.3 (CH, Bn), 55.6 (OMe), 20.6, 20.3 (CH, Ac):
C,,H, N,O, {1272.5): caled. C 67.91, H 6.02, N 2.20; found C 68.00, H
6.20, N 2.11.

Methyl 6-N-]6-NV-16-N-(2-O-acetyl-3,4-di-O-benzyl-6-O-trityl-f-p-glucopyra-
nosyl)-2-0-acetyl-3,4-di-O-benzyl-B-p-amideglucuronopyranosyl|-2-O-acetyl-
3,4-di-O-benzyl-f-p-amidoglucuronopyranosyl|-2,3,4-tri-O-benzyl-«-p-amido-
glucuronopyranoside (28): Yield: 0.459 g, 0.24 mmol, 78%: '*C{'H} NMR
(CDCly): 6 =171.1, 171.0, 170.4, 169.6, 168.6, 168.1 (C6/C6'/C6". 3C=0
Ac), 143.7(C, Tr). 138.5-137.3(C_ Bn), 128.7-126.9 (C,,,)- 98.3(C1), 86.4
(C, Tr), 83.2,82.0,81.4 (C17/C17;C1"y, 81.1, 80.4. 79.3,79.1. 78.2, 78.2, 77.8,
77.7,77.4,76.6,76.0,75.7,73.2,72.8,72.4, 70.4 (C2-C5. C2'-C§., C2"-C5",
C2"-C5"). 75.9-73.5 (CH, Bn). 62.3 (C&™"), 55.8 (OMe), 20.8, 20.7, 20.6
(CH, Ac): MS (ESI): m/z=1899 (M+H™"), 1916 (M+NH;). 1921
(M+Na*); C sH sN3O,, (1897.8): caled. C 71.47, H 6.10, N 2.21; found
C 71.28, H 6.19, N 2.18.

General procedure for deblocking of the amide-linked oligomers: The fully
protected oligomer was detritylated as described in the general procedure
to give the corresponding primary alcohol. To a stirred solution of the appro-
priate alcohol (0.10 mmol) in MeOH/CH,Cl, (5 mL, 2:1, v/v) was added
KOfBu (11 mg, 0.10 mmol). After 30 min, the reaction was terminated
by addition of DOWEX-H* (100 mg). The ion-exchange resin was filtered
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off and the filtrate was concentrated in vacuo. The resulting colourless oil
was dissolved in CH,Cl,/MeOH/H,0 (1:2:1, vjviv, 4mL), after which
palladium on carbon (10%, 100 mg) was added. The heterogeneous mix-
ture was hydrogenated at clevated pressure (3 atm) in a Parr apparatus
for 12 h and subsequently filtered. The filtrate was concentrated under re-
duced pressure and subjected to Pharmacia HW-40 gel filtration (eluent:
H,0) and lyophilised to afford the corresponding unprotected amide-linked
oligomer.

Methyl 6-N-[6-N-[6-N-(B-D-glucopyranosyl)-§-D-amidoglucuronopyranosyl|-
B-D-amidoglucuronopyranosylj-a-p-amidoglucuronopyranoside  (29):  Yield:
124 mg, 0.17 mmol, 72%. [2]p = + 3.57 (¢ = 0.4, H,0); '"HNMR (D,0):
§=5.11(d, tH, HY', 4. ,, =92 Hz), 509 (d, tH, H1". J,. ,. = 9.2 Hz).
5.00(d, 1H, H1", J1""2"" = 9.2 Hz),4.86 (d, 1 H, H1,J, , = 3.7Hz),4.11(d,
1H, H5,J, s =72 Hz), 408 (d, 1 H, HS, J,. 5. = 9.8 Hz), 4.03 (d, 1 H, H5",
Jy s» =92 Hz), 3.84 (dd, 1H, H6"A, Js. 54 = 2.1 Hz, Jou s =12.4 Hz),
377 (m, 1 H, H5"), 3.68 (dd, 1 H, H6"'B, J,. (s = 4.1 Hz), 3.66 (dd, 1 H, H3,
J, 3 =90Hz, J, ,=9.4Hz), 3.61-3.56 (m, 6H, H4/H3¥/H4/H3"/H4"/
H4),3.52(t, 1H, H3", J,. 3. = J5. o, = 9.7 Hz), 3.50-3.48 (m, 3H, H2/H2/
H27), 3.42 (dd, 1H, H2), 3.41 (s, 3H, OMe); '3C{'H} NMR (B,0):
6 =173.3,172.3, 172.2 (C6/C6'/C6"), 100.5 (C1), 79.9 (C17), 79.9(C1"), 79.9
(C1), 78.5, 77.2, 76.7, 76.6, 72.4, 72.2, 71.9, 71.8, 71.6 (C2/C4/C2'/C3'|C4]
C2"jC3"/CA"1C4"), 77.5(C5), 73.3 (C57), 72.3(C3"), 71.9 (C5), 71.8 (C5"),
71.6 (C3), 70.0 (C2"), 61.3 (C6"), 56.4 (OMe); MS (ESI): m/z =720
(M+H"), 737 (M +NH]).

1,5-Anhydro-3- 0-(3,4,6-tri-O-benzyl-$-D-glucopyranesyl)-6- O-trityl-2-deoxy-
D-arabino-hex-1-enitol (30): Under a continuous stream of dry nitrogen, Zn-
Cl, (1.0M solution in THF, 10 mL) was added to a cooled (0 °C) and stirred
solution of epoxide 6 (2.16 g, 5.0 mmol) and glucal 3 (2.91 g, 7.5 mmol) in
THF (25 mL). After 15 min, the reaction mixture was diluted with EtOAc
(100 mL) and washed with sat. ag. NaCl (2 x 50 mL) and aq. NaHCQ, (1.0w,
50 mL). The organic phase was dried (MgSO,) and concentrated in vacuo.
Purification of the residue by silica gel column chromatography (20-50%
EtOAc/light petroleum) afforded dimer glucal 30 (2.38 g, 2.9 mmol, 58%)
contaminated with ca. 0.5 mmol! (0.4 g) of the corresponding #-(1—>4)-linked
disaccharide glucal.

B-( 13 )-linked disaccharide glucal: “*C{'H} NMR (CDCl,): § =14538
(C1), 144.2 (C, Tr), 138.6, 137.8, 137.6 (C, Bn), 128.9-127.0 (C,.). 102.9
(C1', Jo.y =158.9 Hz), 100.2 (C2), 86.6 (C, Tr), 84.4, 81.9, 77.8, 77.7, 74.7,
74.6, 68.2 (C3-C5, C2' - C5Y), 75.3, 75.1, 73.5 (CH, Bn), 69.0 (C¢), 63.1
(C6); MS (ESI): m/z = 821 (M+H™), 838 (M +NH;), 843 (M+Na™).
B-( 1—4)-linked disaccharide glucal: **C{"H} NMR (CDCl;): § =1458
(C1), 144.2 (C, Tr), 138.7, 138.3, 137.6 (C, Bn), 128.9-127.0 (C,,,,,,), 103.8
(C1, Jo,u = 161.2 Hz), 100.1 (C2), 86.7 (C, Tr), 84.3, 82.2, 79.0, 77.8, 74.8,
74.5, 68.2 (C3-C5, C2-C5'), 75.4, 75.3, 73.7 (CH, Bn), 68.8 (C6'), 63.2
(C6).

1,5-Anhydro-4-0O-benzyl-3-0-(2,3.4,6-tetra-O-benzyl-B-p-glucopyranosyl)-6-
O-trityl-2-deoxy-D-arabino-hex-1-enitol (31): NaH (0.24 g, 10 mmol) and
benzyl bromide (1.2 mL, 10 mmol) were added to a stirred solution of dimer
30 (2.38 g, 2.9 mmol of f-(1-3)-linked disaccharide and 0.4 g, 0.5 mmol of
f-(1-4)-linked dimer) in DMF (10 mL). The reaction mixture was quenched
after 2 h by addition of MeOH (2 mL) and concentrated under reduced
pressure. The residue was then dissolved in diethyl ether (50 mL), washed
with H,O (2x25mL), dried (MgSO,) and purified by silica gel column
chromatography (0—-20% EtOAc/light petroleum) to furnish fully protected
dimer glucal 31 (2.52 g, 2.5 mmol, 87 %) as a colourless oil. "HNMR (CD-
Cly): 6 =7.50-7.05 (m, 40H, H,,,). 6.49 (dd, 1H, Hi, J , =6.1Hz,
J,, = 0.6Hz), 487 (dd, 1H, H2, J, , = 3.0 Hz), 4.82 (AB, 2H, CH, Bn),
4.77 (AB, 2H. CH, Bn), 4.60 (AB, 2H, CH, Bn), 4.58 (AB, 2H, CH, Bn),
4.52 (AB,2H, CH, Bn), 4.47(d, 1 H, H1", J, , =7.8 Hz), 4.39 (ddd, 1 H, H3,
J,.. =78 Hz), 4.11 (m, 1H, H5), 3.95 (dd, 1H, H4, J, ; = 5.5 Hz), 3.65-
3.54 (m, 4H, H3'/H4'/H5'/H6A), 3.46 (m, 2H, H6'A/H6'B), 3.38 (m, 1H,
H6B), 3.35 (dd. 1H, H2, J, , =87Hz); C{*H} NMR (CDCl,):
8=144.6 (C1), 143.7 (C, Tr), 138.4, 138.2, 138.1, 138.0, 1379 (C, Bu),
128.5-126.7 (C,on)» 101.8 (C1), 99.0 (C2), 86.2 (C, Tr), 84.4, 81.9, 77.5,
76.6,74.5,74.2, 74.2 (C3-C5,C2'~C5),75.2,74.6,74.4,73.0, 72.6 (CH,, Bn),
68.7 (C6'), 62.3 (C6); CcHy, 0, (1000.5): caled. C 79.18, H 6.44; found C
79.16, H 6.46.

1,2-Anhydro-4-O-benzyl-3-0-(2,3,4,6-tetra-O-benzyl-f-b-glucopyranosyl)-6-
O-trityl-B-D-glucopyranose (32): A solution of 3,3-dimethyldioxirane in ace-
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tone (0.080M, 38 mL, 3.0 mmol) was added dropwise to a cooled (0 'C) and
stirred solution of dimer glucal 31 (2.52 g, 2.5 mmol) in CH,Cl, (10 mL).
After the reaction mixture had been stirred for 5min, the solvents were
evaporated in vacuo to give 1,2-anhydro derivative 32 as a white foam (2.41 g,
2.4 mmol, 95%). '"HNMR (CDCl,): § =7.51-6.85 (m. 40H, H,, ). 5.09 (d,
1H, H1, J, , = 2.4 Hz), 4.79 (AB, 2H, CH, Bnj, 4.71 (AB, 2H. CH, Bn).
4.63 (AB, 2H, CH, Bn). 4.59 (d, 1H, H1', J;. ,. =7.8 Hz), 4.58 (AB. 2H.
CH, Bn), 4.52 (AB. 2H, CH, Bn), 419 (dd. 1H. H3. J, , =1.5Hz,
Jy . =7.5Hz), 395 (dd. 1H, H4, J, , — 6.5 Hz), 3.72 (m. 1 H. HS). 3.70 -
3.52 (m, 4H, H3'/H4/HS'/H6A), 3.41 (m, 2H, HO'A/H6'B), 3.31 (m, | H,
H6B), 3.29 (dd, 1 H, H2', J,. ;. = 8.0 Hz), 3.07 (dd. L H, H2); '*C{'H} NMR
(CDCly): 0 =143.6 (C, Tr), 138.3, 138.1, 138.0, 137.8, 137.7 (C, Bn). 128.4 -
126.6 (C, o). 101.0 (C1), 86.0 (C, Tr). 84.5. 81.9. 81.8.77.4, 76.6, 72.8, 72.7,
68.9 (C1/C3--C5, C2'-C5),75.2, 74.8, 74.5. 73.1, 73.0 (CH, Bn), 68.4 (C6").
61.8 (C6), 51.8 (C2).

2-0-Acetyl-4-0-benzyl-3-0-(2,3,4,6-tetra-O-benzyl- f-D-glucopyranosyl)-6-0-
trityl--nD-glucopyranosylamine (33): Under a continuous stream of dry nitro-
gen, ZnCl, (1.0m solution in THF, 3.6 mL) was added to a stirred solution of
epoxide 32 (2.41 g, 2.4 mmol) in CH,CN (20 mL). The reaction mixture was
stirred for 2 h, subsequently diluted with EtOAc (100 mL) and washed with
sat. aq. NaCl (2x 50 mL) and aq. NaHCO; (1.0m, 50 mL). The organic
phase was dried (MgSO,) and concentrated in vacuo. To a stirred solution of
residue in THF/H,O (15mL. §:1, vjv) was added aq. H,SO, (1.0m,
0.24 mL). After 15 min, the reaction mixture was quenched by addition of aq.
NaHCO, (1.0m, 10 mL). The neutralised mixture was cxtracted with EtOAc
(2 x 50 mL) and the combined organic layers were dried (MgSO,) and con-
centrated under reduced pressure. The resulting colourless oil was purified by
flash chromatography over silica gel (20-50% EtOAc/light petroleum) to
furnish glucosylamine 33 as a white solid (1.52g, 1.4 mmol, 59%).
lodp = +13.0° (¢ = 0.2, CHCIy); "HNMR (CDCl,;): 6 =7.55-6.90 (m, 40 H,
H,.om), 491 (dd, 1 H,H2, J, , =98 Hz, J, , = 8.9 Hz). 481 (AB, 2H, CH,
Bn), 4.72 (AB. 2H, CH,, Bn), 4.67 (AB., 2H. CH, Bn), 4.60 (AB. 2H, CH,
Bn), 4.57 (AB, 2H, CH, Bn), 4.52 (d, { H, H1", J,_,. = 10.8 Hz), 4.04 (d.  H,
H1),3.73 (dd, 1 H, H6A, J; ¢, = 1.7 Hz, J,, o5 = 9.2 Hz), 3.62 (dd, 1 H, H,
Jy 3 =89Hz, Jy , =7.8Hz), 3.59-3.45 (m, TH. H3/H4/H5/H4 /HS/
HG'A/H6'B), 3.42 (dd, 1 H, HY), 3.19 (dd, 1 H, H6B, J; 5 = 4.6 Hz). 2.09 (s,
3H, CH, Ac), 1.61 (brs, 2H, NH,); 13C{*H} NMR (CDCl,): § =170.1
(C=0 Ac), 143.8 (C, Tr), 1383, 138.2, 138.1, 137.9, 137.8 (C, Bn), 128.6~
126.7 (C,pom)» 103.3 (C17),86.2 (C, Tr), 84.7(C1), 84.4, 81.9,80.3,77.9, 77.8,
76.4,75.6,75.0(C2-C5,C2~C5),75.3,74.6, 74.4,73.1, 73.0 (CH, Bn), 69.0
(C67), 63.1 (C6), 21.0 (CH; Ac); MS (ESI): m/z =1076 (M+H™), 1093
(M +NH]); CgH o NO|, (1075.5): caled. C 75.89. H 6.46, N 1.30: found C
75.80, H 6.60, N 1.27.

Methyl  6-N-[2-O-acetyl-3-0-(2,3,4,6-tetra-O-benzyl-$-p-glucopyranosyl)-4-
O-benzyl-6-O-trityl--D-glucopyranosyl]-2,3,4-tri-O-benzyl-a-D-amidoglucu-
ronopyranoside (34): Yield: 1.21 g, 0.79mmol, 79%; *C{'H} NMR
(CDCly): 6 =170.6, 169.1 (C6A, C=0 Ac), 143.5 (C, Tr), 138.2--137.4 (C,
Bn), 128.5-126.6 (C o), 103.3 (C1C), 98.1 (C1A), 86.1 (C, Tr), 84.7(C1B),
81.8, 81.0, 80.1, 80.0, 79.0, 78.9, 77.8, 77.5, 76.8, 75.0, 73.6, 70.1 (C2A - CSA,
C2B-C5B, C2C-C50), 75.5-73.0 (CH, Bn), 68.7 (C6C), 62.4 (C6B). 554
(OMe), 20.6 (CH; Ac); MS (ESI): m/z =1537 (M +H™), 1554 (M +NH,));
CoeHg,NO, 5 (1535.7): caled. C 75.03, H 6.36. N 0.91; found C 75.02, H 6.40.
N 0.89.

Methyl  6-/V-[2-O-acetyl-3-0-(2,3,4,6-tetra-O-benzyl-f-p-glucopyranosyl)-4-
O-benzyl--p-glucopyranosyl]-2,3,4-tri- O-benzyl-a-n-amidoglucuronopyrano-
side (35): Yield: 0.934g, 0.72mmol, 91%; '3C{'H} NMR (CDCl,):
3 =170.6, 169.1 (C6A, C=0 Ac), 138.1-137.5(C, Bn), 127.9-127.0 (C o)
103.2 (C1C), 98.0 (C1A), 84.5 (C1B). 81.8, 81.6, 80.7. 79.8. 79.7, 78.9, 77.3.
76.7, 74.9, 73.4, 70.2, 70.1 (C2A-CS5A, C2B-C5B, C2C-C5C), 75.3-729
(CH, Bn), 68.7(C6C), 61.0 (C6B), 55.2(OMe). 20.5(CH, Ac); C,,H43NO,
(1293.6): caled. C 71.44, H 6.46, N 1.08; found C 71.60, H 6.61, N 1.02.

Methyl 6-N-[2-O-acetyl-3-0-(2,3,4,6-tetra-O-benzyl-f-p-glucopyranosyl)-4-
O-benzyl-$-D-glucuronopyranosyl]-2,3,4-tri-O-benzyl-a-p-amidoglucuronopy-
ranoside (36): Yield: 0.734 g, 0.56 mmol, 78%; '3C{'H} NMR (CDCl,):
§=1708, 170.2, 169.9 (C6A/COB, C=0 Ac), 138.3-137.4(C,_ Bn), 128.2-
127.3 (C,,,m), 103.4 (C1C), 98.2 (C1A). 84.7 (C1B). 82.0. 81.1, 81.0, 79.8,

79.7. 79.1, 79.0, 77.8. 71.7, 76.8, 73.4, 70.1 (C2A-C5A, C2B-C5B, C2C-
C5C). 754-73.2 (CH, Bn), 689 (C6C). 55.6 (OMe). 20.6 (CH,; Ad);
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C,oHg,NO , (1308.5): caled. C 70.68, H 6.24, N 1.07; found € 70.59, H 6.30,
N 1.10.

Methyl 6-NV-[6-N-[2-O-acetyl-3,4-di-O-benzy!-6-O-trityl-f-p-glucopyranosyli-
2-0-acetyl-3-0-(2,3,4,6-tetra-O-benzyl--p-glucopyranosyl)-4-O-benzyl--b-
amidoglucuronopyranosyl|-2,3,4-tri-O-benzyl-2-D-amidoglucuronopyranoside
(37): Yicld: 0.881 g, 0.45 mmol, 81%; *C{'H} NMR (CDCl,): 6 =170.4,
170.2, 169.3, 167.6 (C6A/C6B, 2C=0 Ac), 1434 (C, Tr), 138.1-137.2 (Cq
Bn). 127.9-126.7(C,,...), 103.2(C10), 97.6 (C1A), 85.9(C, Tr), 84,5, 82.7
(C1B/C1D), 80.7-69.9 (C2A-C5A, C2B-C5B, C2C-C5C, C2D-CSD).
75.1 -72.9 (CH, Bn), 68.7 (C6C), 61.5 (C6D), 54.5 (OMe), 20.4, 20.3 (CH,
Ac); MS (ESI): mi2z = 968 (M +2H7); C, 3H ;0N,0,5 (1932.8): caled. C
73.27, H 6.25, N 1.45; found C 73.12, H 6.40, N 1.39.

Methyl  6-N-[6-N-[2-O-acetyl-3,4-di-O-benzyl--D-glucopyranosyl]-2-O-ace-
tyl-3-0-(2,3,4,6-tetra- O-benzyl--D-glucopyranosyl)-4-O-benzyl-f-p-amido-
glucuronopyranosyl|-2,3,4-tri-O-benzyl-¢-pD-amidoglucuronopyranoside  (38):
Yield: 0.699 g, 0.41 mmol, 92%; 3C{'H} NMR (CDCl,): 4 =170.4, 170.0,
169.8, 168.0 (C6A/C6B, 2C=0 Ac), 138.0-136.9 (C, Bn), 127.8--127.1
(Carom)- 103.0 (C1C), 97.9 (C1A), 84.2, 82.6 (C1B/C1D), 81.6-70.0 (C2A
C5A, C2B-C5B, C2C-C5C, C2D-C5D), 75.3-72.8 (CH, Bn), 68.6 (C6C),
60.5 (C6D), 55.1 (OMe), 20.3, 20.1 (CH, Ac); CyoH,sN,0,; (1690.7):
caled. C 7028, H 6.31, N 1.66; found C 70.28, H 6.32, N 1.62.

Methyl  6-N-[6-N-[2-O-acetyl-3,4-di-O-benzyl--D-glucuronopyranosyl]-2-O-
acetyl-3-0-(2,3,4,6-tetra-O-benzyl-$-p-glucopyranosyl)-4-O-benzyl- §-p-ami-
doglucuronopyranosyl|-2,3,4-tri-O-benzyl-«-pD-amidoglucuronopyranoside
(39): Yield: 0.542 g, 0.32 mmol, 77%; *C{'H} NMR (CDCl,): § =170.5,
170.2,169.9, 169.7, 168.4 (COA/C6B/COD, 2C=0 Ac), 138.2-137.3(C, Bn),
128.5-127.1 (C,pom)» 103.3 (C10), 98.0 (C1A), 84.5, 81.9 (C1B/C1D), 80.8-
70.0 (C2A-C5A, C2B- C5B, C2C-C5C, C2D-C5D), 75.5-73.1 (CH, Bn),
68.8 (C6C), 554 (OMe), 20.5, 204 (CH; Ac); CyoH o N,0,, (1704.7):
caled. € 69.70, H 6.14, N 1.64; found C 69.54, H 6.28, N 1.57.

Methyl  6-N-[6-N-[6-N-[2-O-acetyl-3-0-(2,3,4,6-tetra-O-benzyl-§-n-glucopy-
ranosyl)-4-0-benzyl-6-O-trityl- f-D-glucopyranosyl]-2- O-acetyl-3,4-di- O-ben-

zyl-p-D-amidoglucuronopyranosyl]-2-O-acetyl-3-0-(2,3,4,6-tetra- O-benzyl- -

p-glucopyranosyl)-4-O-benzyl-$-p-amidoglucuronopyranosyl}-2,3,4-tri-O-ben-
zyl-a-D-amidoglucuronopyranoside (40): Yicld 0.639 g, 0.23 mmol, 71%;
B3C{'H} NMR (CDCl): 6 =171.2, 171.0, 170.4, 170.0, 169.8, 168.4 (C6A/
C6B/C6D, 3C=0 Ac), 143.5 (C, Tr), 138.0-137.0 (C, Bn), 127.9-127.0
(Carom)- 103.1, 103.0 (C1C/C1CY), 98.0 (C1A), 86.1 (C, Tr), 84.5, 81.8, 81.7
(CIB/CIDCIB), 80.7-70.2 (C2A-CSA, C2B-C5B, C2C-C5C, C2D-
Cs5D. C2B'-CSRB, C2C'-C5C"), 75.4-72.9 (CH, Bn), 68.8, 68.7 (C6C/
C6C’), 62.7 (C6B'), 55.2 (OMe), 20.5, 20.4, 20.1 (CH, Ac); MS (ESI): m/
2: = 1382 (M+2H"); C,ooH,~,N;0,, (2762.2): caled. C 72.57, H 6.24, N
1.52; found C 72.54, H 6.28, N 1.50.

Methyl  6-N-[6-N-[6-N-|2-O-acetyl-3-0-(2,3,4,6-tetra-O-benzyl- §-D-glucopy-
ranosyl)-4-O-benzyi-$-p-glucopyranosyl}-2-O-acetyl-3,4-di-O-benzyl--n-ami-
doglucuronopyranosyl]-2-O-acetyl-3-0-(2,3,4,6-tetra-O-benzyl-f-D-glucopyra-
nosyl)-4-O-benzyl-p-p-amidoglucuronopyranosyll-2,3,4-tri-O-benzyl-a-D-ami-
doglucuronopyranoside (41): Yield: 0.523 g, 0.20 mmol, 89%: '*C{*H} NMR
(CDCly): 6 =171.4,170.4,170.3.169.4, 168.2, 167.8 (C6A/C6B/C6D, 3C=0
Ac), 138.3-137.2 (C, Bn), 128.3-127.1 (Cppp)» 103.3, 103.2 (CIC/CICY),
98.1 (C1A), 84.6, 81.9, 81.9 (C1B/C1D/C1BY, 80.9-70.1 (C2A-C5A, C2B~
C5B. C2C-C5C, C2D-CSD, C2B'-C5B. C2C'-C5CY), 75.5-73.1 (CH,
Bn). 68.8, 68.7 (C6C/C6C'}, 61.3 (C6B'), 55.5 (OMe), 20.7, 20.5, 20.4 (CH,
AC): CueH | N0, (2520.1): caled. C 70.49, H 6.27. N 1.67; found € 7012,
H 6.39, N 1.57.

Methyl  6-N-{6-N-[6-N-[2-O-acetyl-3-0-(2,3,4,6-tetra-O-benzyl-$-n-glucopy-
ranesyl)-4-O-benzyl-g-p-glucuronopyranesyl|-2-O-acetyl-3,4-di-O-benzyl--p-
amidoglucuronopyranosyl}-2-O-acetyl-3-0-(2,3,4,6-tetra-O-benzyl-f-n-gluco-
pyranosyl)-4-O-benzyl-$-p-amidoglucuronopyranosyl|-2,3,4-tri-O-benzyl-a-D-
amidoglucuronopyranoside (42): Yield: 0.376 g, 0.15 mmol, 74%; C{*H}
'NMR (CDC1,): 8 = 1717, 170.6. 170.2, 169.6. 169.5, 169.4. 167.9 (C6A,/C6B/
C6D/C6B’, 3C=0 Ac), 138.3-137.0 (C, Bn), 128.1-127.2 (C,,,,,). 103.3.
103.2 (C1C/C1CY), 98.1 (C1A), 84.6, 81.9, 81.1 (C1B/C1D/C1B’), 80.9-70.2
(C2A ~C5A, C2B-C5B, C2C-C5C, C2D-C35D, C2B' -C5B', C2C'-C5C).
75.6 73.1 (CH, Bn), 68.9, 68.8 (C6C/C6C". 55.5 (OMe), 20.7, 20.6, 20.4
(CH; A¢); CyyH | 55N3055 (2534.0): caled. € 70.10, H 6.16, N 1.66; found
C 70.14, H 6.28, N 1.59.

Methyl  6-N-[6-N-16-N-{6-N-{2-O-acetyl-3,4-di-O-benzyl-6-O-trityl-§-D-glu-
copyranosyl]-2-0-acetyl-3-0-(2,3,4,6-tetra- O-benzyl-f-n-glucopyranosyl)-4-

O-benzyl-f-p-amidoglucuronopyranosyl]-2-O-acetyl-3,4-di-O-benzyl-f-p-ami-
doglucuronopyranosyl]-2-O-acetyl-3-0-(2,3,4,6-tetra- O-benzyl--p-glucopyra-
nosyl)-4-O-benzyl--p-amidoglucuronopyranosyl}-2,3,4-tri-O-benzyl-z-p-ami-
doglucuronopyraneside (43): Yield: 0.357 g, 0.12 mmol, 77%; ' *C{'H} NMR
(CDCl,):  =171.6, 170.8, 170.6, 170.4, 170.3, 169.6, 168.5, 167.8 (C6A/C6B/
C6D;CoB’, 4C=0 Ac), 143.7 (C, Tr), 138.4,138.3,138.3,138.2. 138.0,138.0,
137.9, 137.9, 137.8, 137.8. 137.7, 137.7, 137.6, 137.6, 137.5, 137.4, 137.3 (C,
Bn), 127.9~126.9 (C,,,,), 103.4. 103.4 (C1C/C1(C"). 98.2(C1A), 86.3 (C, Tr),
84.7, 84.6, 83.5,83.1 (C1B/C1D/C1B//C1E), 82.0, 81.9, 81.4, 81.1. 80.2, 79.4,
79.3,79.2,78.2,78.1, 779, 77.7,77.3, 77.2, 76 .8, 76.0, 75.8, 74.5, 74.5, 74.3.
73.6, 73.4, 73.2, 72.9, 72.8, 72.6, 71.7, 70.3 (C2A-C5A, C2B-C5B, C2C-
C5C, C2D-C5D, C2B'-C5B/, C2C'-C5C'/C2E~C5E), 75.8, 75.8, 75.7,
75.6, 75.6, 75.4, 75.4, 75.4, 75.3, 75.3, 75.2, 75.1, 75.0, 75.0, 74.8, 74.8, 74.5
(CH, Bn), 69.0, 68.9 (C6C/C6C"), 62.4 (C6E), 55.7 (OMe), 20.9, 20.7, 20.6.
20.5 (CH; Ac); MS (ESI): mf2z =1581 (M+2H"); C 4H,4,N,O4
(3159.3): caled. C 71.80, H 6.18, N 1.77; found C 71.99, H 6.40, N 1.65.

Methyl  6-N-|6-NV-[6-N-|6-N-[-D-glucopyranosyl]-3-O-(8-p-glucopyranosyl)-
B-pD-amidoglucuronopyranosyl|-g-p-amidoglucuronopyranosyl]-3-O-(-p-glu-
copyranosyl)-g-p-amidoglucuronopyranosyl|-a-p-amidoglucuronopyranoside
(2): Compound 43 (357 mg, 0.12 mmol) was deprotected and purified as
described in the general procedure to give 2 as a white fluffy solid (98 mg,
0.08 mmol, 70%). NMR data are given in Table 2. o], = — 2.0° (¢ = 0.3,
H,0); MS (ESI): mj2z = 610 (M +2H"); C,;H,N,0;, (1218.4): caled. C
42.37, H 5.79, N 4.60; found C 4231, H 5.93, N 4.53.

Table 2. 13C{'H} NMR (D,0. 150.3 MHz) and *H NMR (D,0, 600 MHz) data for hep-
tamer 2 [a] obtained [rom CH-COSY, HH-COSY and TOCSY experiments.

1 2 3 4 5 6 6

A 4870l (d)[c] 3.62(dd) 3.69 (dd) 3.55(dd) 4.09 (d)

(3.8) [d] (3.8,9.8) (9.8,10.0) (10.0,9.8) (9.8)
100.5 [e] 75 70.5 78.5 77.2 [f]

B S.15(d) 374(1) 389 (dd)  3.69(D  4.08 (d)
(9.3) 9.2) (9.2,99)  (9.9) (9.9)
80.0 714 84.6 77.5 721 [f]

B 5.12(d) 374(t) 389 (dd) 3.69(1)  4.05(d)
9.3) (9.3) (93,99  (9.9) (9.9)
80.0 714 84.5 715 720 il

C 477d) 334(dd) 3.50 (dd) 3.39()  3.46(m) 391 (dd) 3.71 (dd)
(7.9) (7.9,89) (89,8.6) (3.6 (12.3.2.3) (12.3,4.0)
103.5 74.3 76.4 70.1 773 61.6

¢ 476 (d) 335(dd) 3.51(dd) 338 ()  3.46(m) 3.90 (dd) 3.70 (dd)
(8.0) (8.0.8.9) (8.9,86) (8.6) (12.3.23)  (123.4.1)
103.5 743 76.4 70.1 77.3 61.6

D 5.10(d) 3.51(dd) 3.60()  3.59(1)  4.03(d)
(9.0) 9.0,92) (9.2) 9.3) 9.3)
79.9 71.9 77.2 774 71.8 ff]

E 501 (d) 336(t)  343()  341(dd)  3.51(m) 3.85(dd) 3.68 (dd)
6.2 9.2) 9.2) 9.2, 8.9) (11.6.2.5) (11.6,5.0)
79.8 734 725 713 77.0 61.4

[a] OMe group: & = 3.61 ('"HNMR) and 56.4 ('*C NMR). [b] Proton chemical shift.
[c] Proton multiplicity. {d} Proton coupling constants (Hz).[e] '3C chemical shift. {f] C6A"
CeB/CO6DCOR': 1733, 172.4, 172.1, 1719,
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Abstract: The formation of Langmuir
monolayers at the air—water interface has
long been believed to be limited to am-
phiphilic molecules containing a hydro-
phobic chain and a hydrophilic head-
group. Here we report the formation of
crystalline mono- and multilayer self-as-
semblies of oligothiophenes, a class of

isotherms, by scanning force microscopy
(SFM) after transfer of the films onto
atomically smooth mica, by cryo-trans-
mission electron microscopy (Cryo-TEM)
on vitreous ice, and by grazing incidence
synchrotron X-ray diffraction (GID) di-
rectly on the water surface. S, forms two
polymorphic crystalline multilayers. In
polymorph «, of structure very similar to

that of the three-dimensional solid, the
molecules are aligned with their long
molecular axis tilted by about 23° from
the normal to the water surface. In poly-
morph f the long molecular axis is per-
pendicular to the water surface. S, self-ag-
gregates at the water surface to form
mixtures of monolayers and bilayers of

aromatic nonamphiphilic molecules, self-
aggregated at the air—water interface. As
model systems we have examined the de-
position of quaterthiophene (S,), quin-
quethiophene (S), and sexithiophene (S¢)
from chloroform solutions on the water
surface. The structures of the films were
determined by surface pressure—area

Croscopy

Introduction

Polythiophenes are currently attracting attention owing to their
physical properties as processable polymeric organic conduc-
tors.[*- 21 These molecules have also been used as molecular wires
inside Langmuir—Blodgett films to induce charge transfer be-
tween donors and acceptors.’®! Since these physical properties
depend upon the structure and the orientation of the molecules
in a solid matrix,[* > the construction of thin organic films by
techniques such as Langmuir--Blodgett or self-assembly is of
great interest.
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Department of Materials and Interfaces, Weizmann Institute of Science
Rehovot 76100 (Israel)
Fax: Int. code +(8)934-4138
¢-mail: bpherutw weizmann. weizmann.ac.il
S. Palacin, A. Ruaudel-Teixier
Service de Chimie Moléculaire, DRECAM, CEA Saclay
F-91191 Gif sur Yvette (France)
K. Kjaer, W. G. Bouwman
Department of Solid State Physics, Riss National Laboratory
DK-4000 Roskilde (Denmark)
J. Als-Nielsen
H. C. Orsted Laboratory, Niels Bohr Institute
Universitetsparken 5, DK-2100 Copenhagen (Denmark)

930 —— ©

Keywords

electron
copy * monolayers - oligothiophenes -
polymorphism -+ scanning force mi-

cryo-transmission

VCH Verlugsgesellschaft mbH, D-69451 Weinheim, 1997

the § polymorph; S, forms primarily crys-
talline monolayers of both « and f forms.
The crystalline assemblies preserve their
integrity during transfer from the water
surface onto solid supports. The relevance
of the present results for the understand-
ing of the early stages of crystal nucleation
is presented.

micros-

Recent studies have demonstrated that hydrophobic mole-
cules such as n-perfluoroalkanes® and n-alkanes,!”? upon depo-
sition on a water surface, form crystalline self-aggregates akin to
those formed by amphiphilic molecules bearing polar head-
groups. In order to probe the generality of the crystalline film
formation by hydrophobic molecules, we embarked upon an
analysis of the packing arrangements of polyaromatic molecules
on the water surface. Here we describe structural studies on the
self-organization of oligothiophenes by surface pressure—area
isotherms and grazing incidence X-ray diffraction (GID) on a
water surface, by scanning force microscopy (SFM) after depo-
sition onto a smooth mica surface, and by cryo-transmission
electron microscopy (Cryo-TEM) on vitreous ice. The ability to
determine the structurc of the uncompressed oligothiophene
self-assemblies on water and after transfer to a solid support
provides a better way of monitoring the film properties.

Experimental Section

Quaterthiophene (S,) and quinguethiophene (S;) were synthesized from
dibromothiophene and dibromobithiophene, respectively, by means of a
modified Steinkopf method!™® with a phosphine—nickel complex catalyst.
Sexithiophene (S,) was synthesized from terthiophene by means of an oxida-
tive coupling procedure involving CuCl,."”!
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Surface pressure—area (n—4) isotherms of the materials dissolved in pure
chloroform (Merck) were measured on a Lauda trough at room temperature.

Scanning force microscopy (SFM) measurements were performed in air with
a Topometrix TMX 2010 stage. Sample preparation involved spreading of the
solution on the water surface, for a nominal area per molecule of 25 A2 at
room temperature, followed by cooling to 5 °C. The subphase was then slowly
drained in order to deposit the film onto a freshly cleaved mica support
located below the water level 1%

Cryo-transmission electron microscopy (Crye-TEM) measurements were per-
formed on a Philips CM 12 microscope with collodion-carbon coated
400 mesh grids mounted on a Gatan cold stage for work at —175°C. The
samples were prepared in 4 manner similar to that of SFM, but transferred
onto the electron microscope grids. After film transfer the grids were plunged
into liquid ethane to vitrify thc water layer.'’}

Grazing incidence X-ray diffraction (GID) experiments were carried out on the
liquid surface diffractometer at the synchrotron beamline BW 1, Hasylab,
DESY, Hamburg. The experimental setup has been described else-
where.[12#31 The ofigothiophene samplcs for the GID experiments were pre-
pared by spreading solutions in various concentrations that were freshly
sonicated or had been aged for about one day onto the water surface at room
temperature. After spreading for a given nominal area per molecule, the
samples were cooled to 5°C and GID measurements were performed at
various points along the isotherm.

In a GID experiment the evanescent wave is diffracted by the lateral 2D
crystalline order, leading to Bragg peaks in the measurement of scattered
intensity as a function of the horizontal component (g,,) of the scattering
vector. There is no restriction on the vertical componerit (g,) of the Bragg
scattered beam leading to so-called Bragg rods. With a Soller collimator to
define the horizontal scattering angle 26 and a vertical position-sensitive
detector to define the vertical scattering angle «,, where %, is the angle between
the water surface and the scattered beam, one thus determines the horizontal
(4,,) as well as the vertical (¢,) components of the scattering vector. The term
4., is approximately equal to (4n/2)sin(0,,). The vertical component ¢, is
equal to (2m/A)sina,. The Gy values yield the unit cell dimensions, and the
intensity distribution along ¢, permits determination of the molecular pack-
ing. The GID data of the mono- and multilayers were analysed in terms of
unit cell dimensions and plane group (or space group) determination as well
as X-ray structure factor calculations with atomic coordinate models to fit the
Bragg rod intensily profiles, as described elsewhere [14]

Results

Surface—pressure isotherms: The solubility of the oligothio-
phenes (S,, # = 4-6, Scheme 1) in organic solvents decreases
with an increase of the number of thiophene rings. Quaterthio-
phene (8,) was spread on the wa-
s ter surface from solutions of vari-
WA I, ¢

s \ / s ous concentrdtlops (0.5mm,
2 25uM, 7uMm). The isotherms be-
came more expanded with in-
creasing dilution (Figure 1 a), but
also with sonication. The nomi-
nal area per molecule (i.e., trough
surface area divided by the number of molecules) of the com-
pressed film varies from 5 to 10 A% with dilution. These values

suggest that the molecules mainly form multilayers.

S5 and S, being less soluble, were spread from very dilute
solutions, for example 7uM. These two oligomers show similar
isotherms with a limiting area per molecule of about 25 A2
(Figure 1b, curves b and ¢), indicating monolayer formation in
which the long molecular axes are aligned perpendicular to the
water surface.

Scheme 1. Oligothiophenes S,
n=4,56.
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Figure 1. a) Surface pressure - area isotherms of S, spread from CHCI, solutions
at various concentrations (a, —: 0.5mM; b, - —: 25uM: ¢, & Tum): by surface
pressure —area isotherms of oligothiophenes (a, A:S,:b.—~—: S;ic.— ' S,) spread
from 7um CHCI, solutions.

Scanning force microscopy (SFM): In order to obtain further
knowledge on the structure and size of these assemblies, we
transferred the films from the water surface onto atomically
smooth mica by draining the water, and analysed them by
SFM 131

Figure 2a shows a SFM topography image of S, on mica
obtained from a 0.5mu solution. The observed domains are
heterogeneous and rounded in shape. The measured thickness
in different regions of the sample varies from 60 to 200 A,
On spreading from dilute solution (7um), the domains be-
came much larger in size and much thinner (16 A), as
shown in Figure 2b. SFM studies performed on S, reveal the
formation of large areas (2—5 um) of monolayer, 20 A thick
(shown in Figure 2¢), and several multilayer domains {(not
shown). S, forms a monolayer film with a thickness of
26 A (Figure 2d). These film thicknesses of 16, 20, and 26 A
for S,, Ss, and S respectively, which correspond to their
molecular lengths, indicate that the molecules preserve their
orientation after transfer from the water surface onto the mica
support.

Cryo-transmission electron microscopy (Cryo-TEM): We studied
films on vitreous ice by Cryo-TEM in order to glean informa-
tion on their crystallinity and morphology. The bright field im-
ages of S, shown in Figure 3a display round domains similar to
those observed by SFM. Differences of contrast were observed
in different areas of the sample, which presumably correspond
to the formation of layers of different thickness. On the other
hand, the electron microscopy bright field images for S, and S,
are somewhat different; S, forms a homogeneous film (Fig-
ure 3 g) whereas the film formed by S; is inhomogeneous (Fig-
ure 3d).
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Figure 2. SFM topography images and height profiles of: a) S, film obtained from
a concentrated solution (0.5mu); b) S, film obtained from a dilute solution (7 pm);
¢) S; film obtained from a dilute solution (7pum): d) S, film obtained from a dilute
solution (7 um).

( 151‘)!: nm

The electron diffraction pattern of the S, crystallites is shown
in Figure 3b. The intense spots from a single crystal, superim-
posed on rings, reveal a preferential orientation. The spots with
the largest d-spacings of 4.3, 3.75, 3.08 A were assigned Miller
(hk) indices (1,1), (0,2), and (1,2) respectively, yielding a
rectangular unit cell of dimensions @ = 5.4 and b =7.5 A. Based
on this unit cell, the additional higher-order reflections could be
indexed (Figure 3¢). The observed rings indicate the presence of
an additional phase with d-spacings of 4.6, 3.8, and 3.1 A, which
were assigned (h,k) indices (1,1), (0,2), and (1,2), yielding a
rectangular cell of dimensions @ = 5.8 and » =7.6 A. This result
shows the presence of two polymorphs, « and 8.

The electron diffraction patterns of S, include three strong
diffraction rings of d-spacings 4.60, 3.90, 3.25 A (Figure 3e); the
corresponding bright field image is shown in Figure 3d. The
electron diffraction pattern of Sy arises from a single crystal
(Figure 3h), and thus could be unambiguously indexed (Fig-
ure 31). Rectangular unit cells of dimensions & = 5.6, b =7.6 A
forSsand a = 5.7, b =7.9 A for S, were derived. The calculated
area per molecule (ab/2) for each crystallite is 21.3 and 22.3 A2
respectively.

Grazing incidence X-ray diffraction (GID): The surface diffrac-
tion measurements provide direct information on the crystallini-
ty and structure of the films on the water surface. Moreover it
is possible to derive their crystal structures to near-atomic reso-
lution.

Quaterthiophene S,: As previously described, S, yielded a n- 4
isotherm of a shape dependent on the concentration and sonica-
tion time of the spreading solutions, and therefore we investigat-
ed the effect of these parameters on the structure and
thickness of the S, films in situ on the water surface.
First we measured the GID patterns of S, samples
formed by spreading a 0.47mm chloroform solution
that was sonicated for 2 hours, or aged for one day
just before use. The GID measurements were per-
formed for various nominal areas per molecule. The
sample prepared by spreading the freshly sonicated
solution yielded a highly intense GID pattern at nom-
inal areas per molecule of 25 and 17 A2 1n contrast,

the sample prepared by spreading the aged solution

did not diffract at an area per molecule of 25 A2, but
a GID pattern was obtained for 12.5 A2, at which
point the surface pressure just began to rise (Fig-
ure 1). The three GID patterns are very similar and
consist of six major Bragg peaks, shown in Figure 4 a.

[¥]

e 0T 8

-

-

Figure 3. a, d, g) Cryo-transmission electron microscopy bright field
images corresponding to the S,. S5, and S, films, respectively (scate:
65mm=15um for a and g; 6.5mm=24um for d): b, e,

> r h) obhserved electron diffraction patterns of S,, S5, and S, films, re-

spectively; ¢, i) drawings of the Miller-indexed reciprocal lattices of

the electron diffraction patterns b and h, respectively. Note that in ¢

REIST] the solid circles (powder diffraction) and the intense spots (from a
il single crystal) superimposcd correspond to the f polymorph. The pow-
3.‘ ':: der lines arising from the o polymorph arc dashed. ) Indexed powder

pattern corresponding to e.
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{20}, {21} + {21}, and {13} + {13}. The dimensions of this 2D
cell are very similar to those reported for the layer structure in
macroscopic S, powders, the packing arrangement of which was
obtained from X-ray powder diffraction data."®I Consequently,
the S, crystallites must consist of molecular layers oriented par-
allel to the water surface. Inspection of the GID pattern mea-
sured for the sample prepared by spreading the aged solution
shows two additional very weak peaks at g, values of 1.36 and
1.95 A~ that correspond to a different polymorph (Figure 4a),
and which were not observed for the film spread from freshly
sonicated solution.

The measured Bragg rod intensity profiles (Figure 4b) give
direct information on the thickness of the crystallites. For ex-
ample, the {11} +{11} intensity profile displays modulations
with a full width at half maximum (FWHM =
0.17 A~") yielding an estimated film thickness

T T T T T

1400 ] (12}+{1§) 1 180 |
800
80 I

400
30

Relative Intensity

(21)+{21} 1 of about 33 AT The separation (Aq.=

037A"° 1) between the first two modulations at
1 7,~0.19 A~* and 4,2 0.56 A~ ! indicates an in-
terlayer spacing of about 17A ( = 27/0.37).
Therefore the crystallites consist of two lay-
ers .18l

A detailed packing structure of S, crystallites

-20

‘ was obtained by X-ray structure factor calcula-
tions for a molecular model constructed from the

1800 b
130

80
900 " b

30

Relative Intensity
30!

3D single crystal structure of S,.1"?} The result-
ing calculated Bragg rod intensity profiles com-
pare reasonably well with the measured values
(Figure 4b). The packing arrangement, shown
in Figure 4 ¢, consists of a bilayer with the mole-
cules related by twofold screw symmetry (along
the b axis) within the layer. The second layer is
generated across a center of inversion, as in the

Figure 4. GID results for the Langmuir film of S, prepared from a spreading solution of 0.5mm.
a) Total scattered intensity /(g,.) as a function of the horizontal g, component of the scattering vector
q. The two reflections corresponding to a minor phase are denoted as §; b) measured (x x) and
calculated (— ) Bragg rod intensity profiles /(g,) of the reflections {11} + {11}, {02}, {20}, {12} + {12},
{21} +{21}, and {13} +{13}; ¢) left, middle: crystalline packing arrangement of the bilayer viewed
parallel to the water surface (along the ¢ and b axes respectively); right: layer packing viewed parallel

to the long molecular axis.

Assignment of the two peaks at g, values of 1.31 and 1.60 At
with Miller indices {11} + {11} and {02}, respectively, yielded a
rectangular cell of dimensions a = 6.08, b =7.86 A and a molec-
ular area of 23.9 A2. Corresponding to this cell, an additional
four observed reflections were assigned indices {12} + {12},

Chem. Eur. J. 1997, 3, No. 6 ©

VCH Verlagsgesellschaft mbH, D-69451 Weinheim, 1997

3D single crystal of S,. The molecular axis
makes an angle of 23.5° with the normal to the
layer plane. We may express this bilayer struc-
ture in terms of a unit cell « = 6.08, b =7.86,
c=1554, p =101°, space group P2,/a, with
two molecules in the cell and whose centers coin-
cide with the crystallographic inversion centers.

We now focus on the effect of concentration of
the spreading solution. The GID measurements
were performed on S, samples prepared from a
freshly sonicated (3 hours), very dilute solution
(6.8 uM) spread for a nominal area per molecule
of 50 A2. Diffraction patterns were measured at
25 and 17 A2 per molecule. The resulting GID
pattern (Figure 5a) is displayed in the form of a
two-dimensional intensity distribution I(g,,.4.)
as a function of the horizontal (¢,,) and vertical
(4,) components of the scattering vector ¢. The
three Bragg peaks at g, values of 1.37, 1.64,
and 1.95A77 were assigned Miller indices
{11} 4+ {11}, {02} and {12} + {11}, yielding a 2D
rectangular cell of dimensions ¢ = 5.71, b =7.67 A and an area
per molecule of 21.9 A2, This polymorph, which was observed
also for S, spread from concentrated solution but as a minor
phase, will be denoted as the f form, since it was not reported
for the macroscopic solid (x polymorph).

0947-6539/97/0306-0933 $ 17.50 + .50/0 933
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The ab unit cell dimensions of the a form, when projected
onto a plane perpendicular to the long molecular axis, yield axes
a,=5.58 A (= acosr, where 1 is the molecular tilt angle of
23.5” along the a axis), b, = b =7.86 A. The molecular cross-
sectional area a,b,/2 = 21.9 A? matches the molecular area of
the f form. These results indicate that in this § form the molec-
ular axis must be almost perpendicular to the layer plane. Fur-
thermore, the agreement between the lengths of the correspond-
ing axes ¢, b, of the o form and a. b of the §§ form is fingerprint
evidence that the two molecules within the layer must be related
by glide symmetry in the same way as in the o form. The only
remaining question is the symmetry and spatial relation between
the two layers. The interlayer contacts in the 3D crystal struc-
tures of oligothiophenes S,1'* and S,!2°! are achieved across
centers of inversion. The same symmeltry operation was as-
sumed for the interlayer arrangement of the § form. The layer

T —T T

T
2.0
L= (12} Sé-diluted

gxy (A1)
@
— ,Ag -

0.0 0.2 0.4 0.6 0.8
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b

580 —
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o

-20
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Figure 5. GID results for the film of S, prepared from a spreading solution of
6.8 uM. a) Two-dimensional scattered intensity contour plot /(g g.) as a function
of the horizontal ¢, and vertical ¢, components of the total scattering vector ¢;
by measured (% x) and calculated (- -) Bragg rod intensity profiles I(g.) of
the reflections {11} +{1T}, {02}, and {12} +{12}; ¢) left, middle: crystalline
packing arrangement of the bilayer viewed parallel to the water surface (along
the @ and b axes, respectively); right: layer packing viewed perpendicular to the
water surface.

934 — ©

VCH Verlagsgesellschaft mbH, D-69451 Weinheim, 1997

symmetry is 2, /a, where the 2, axis is parallel to » and the glide
is along the @ axis. In order to maintain this 2, /a crystallograph-
ic symmetry for the bilayer, the two layers related by translation
can be offset only along the g axis. We obtained an excellent fit
between the calculated and observed (Figure 5b) positions of the
Bragg rod maxima for an interlayer spacing of 17.4 A and an
offset between the translationally related layers of 2.1 A in the
direction of the a axis (Figure 5¢). The poor agreement between
the observed and calculated intensity profiles, particularly for
the {1,2} reflection, is most likely due to X-ray beam damage to
the sample. The skewed peak at ¢, 1.47 A~ (Figure 5a) must
belong to an unknown crystalline phase or to an impurity (sec
results for S;).

In conclusion, S, crystalline self-assemblies on water display
polymorphism dependent on the concentration of the spreading
solution. The samples prepared from relatively concentrated
spreading solutions crystallize in the o polymorph as the major
phase, with molecules tilted from the layer normal by 23.5°,
whereas the samples prepared from very dilute spreading solu-
tions crystallize in a § polymorph with molecules aligned normal
to the layer plane.

a
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~ 8l 3
A h
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Xk 3
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]
0.0
b
260[ T 1 380
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3 zoo.J {02} | 0
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qz (A
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Figure 6. GID results for a monolayer film of S; prepared from a spreading solu-
tion of 6.8 uM. a) Two-dimensional scattered intensity contour plot I{q,,. q.) as a
function of the horizontal ¢,, and vertical q. components of the total scattering
vector ¢; b) measured ( x x ) and caleulated (—) Bragg rod intensity profiles I1¢,)
of the reflections {11}-+{11}, {02}, and {12} +{12}; ¢) left, middle: crystalline
packing arrangement of the monolayer viewed parallel to the water surface: right:
layer packing viewed perpendicular to the water surface.
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Quinquethiophene Ss: Samples of Sy were spread from a very
dilute solution of 6.8 uM concentration and measured at nominal
areas per molecule of 70, 50, and 35 A2 corresponding to 4 very
low surface pressure (see Figure 1b). The obtained GID pat-
terns (Figures 6a, 7a) are consistent with the formation of the f
crystalline polymorph (see above section on S,) composed of
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molecules aligned normal to the water surface, in a cell of di-
mensions @ = 5.62, 5 =7.69 A,y = 90°. The skewed Bragg peak
at g, =1.51 A1 observed in one of the samples (Figure 6a) is
very similar to that already observed for S, spread from very
dilute solutions, which was ascribed to an unknown crystalline
phase or to an impurity. This peak is inconsistent with the major
B polymorph.t?"!

According to the n— A4 isotherm of S, which shows a surface
pressure increase starting with an area per molecule of x~45 A2
(Figure 1b, curve b), and the SFM images (Figure 2¢), we
might expect the formation of a monolayer film. Indeed the
GID pattern obtained from one of the S, samples (Figure 6 b is
consistent with the formation of a crystalline monolayer. Al-
though belonging to the same crystalline § polymorph, the
Bragg rod intensity profiles measured from the second S,
sample (Figure 7b) are very different in shape from that of the
first one (Figure 6 b), being consistent with the formation of a
bilayer. We stress that the distinction between the two sets of
Bragg rods (Figures 6b and 7b) is very clear, enabling us to
determine unequivocally the crystallites’ thickness and packing
arrangement. The lack of reproducibility in the number of layers
observed indicates that S, forms crystalline films under a kinet-
ically controlled process.

X-ray structure factor calculations based on a molecular
model constructed from the 3D crystal structure of S,1'%
showed that for the monolayer film the Bragg rod intensity
profiles (Figure 6b) are in good agreement with a crystalline
lattice constructed of vertically aligned molecules related by a
glide parallel to the a axis (Figure 6¢). For the bilayer sample,
we constructed a crystalline structure of minimum total energy

in the space group Pram using CERIUS? soft-
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— ware.[22! Based on this crystal structure, the cal-
culated Bragg rod intensity profiles (Figure 7b)
) were obtained for bilayer crystallites, with the
molecules being related by glide symmetry
1 (along the « axis) within the layer and by a
twofold screw axis (parallel to the ¢ axis) between
the layers (Figure 7¢). Note that the general
shape of the Bragg rods, especially of the high

e oxoh
.
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Figure 7. GID resuits for the bilayer film of S prepared from a spreading solution
of 6.8um. a) Total scattered intensity /(g,,) as a function of the horizontal g,,
component of the scattering vector ¢; b) measured ( x x)and cafculated (— ) Bragg
rod intensity profiles I(g,) of the reflections {11}+{1T}, {02}, {12} +{12},
{21} + {21}, and {13} + {13}, ¢) left, middle: crystalline packing arrangement of the
bilayer viewed parallel to the water surface; right: layer packing viewed perpendic-
ular to the water surface.
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order reflections, is very sensitive to the inter-
layer packing arrangement, thus enabling us to
determine the structure with a high degree of
accuracy.

In summary, S, forms crystalline monolayer or bilayer self-
assemblies at the air—water interface, in a packing arrangement
belonging to the f§ polymorph, namely the untilted form. For the
bilayer assemblies, a “three-dimensional” structure with a well-
defined space group could be constructed. Whether this 8 poly-
morph is induced during crystallization from very dilute spread-
ing solutions, as in the case of the S, films, is not clear.

0.7

Sexithiophene S,: The GID measurements were performed on a
S¢ film prepared by spreading from a dilute solution (6.9 um)
sonicated for 24 hours because of the very low solubility of the
compound, and at nominal areas per molecule of 50 and 25 A?
(Figures 8a,b).

We can unambiguously assign the four Bragg peaks at ¢,
values of 1.378, 1.625, 1.965, and 2.675 A~ as belonging to a
crystalline phase with cell dimensions « = 5.63, b =7.73 A,

0947-6539/97{0306-0935 § 17.50+ 50,0 — 035
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Figure 8. GID results for two points along the n— A4 isotherm of the Langmuir film
of S, prepared from a spreading solution of 6.9 um. a) At 50 A?/molecule: left: total
scattered intensity /(q,,/ as a function of the horizontal ¢, scattering vector; right:
two-dimensional intensity contour plot I{g,,.¢4.) as a function of the horizontal ¢,,
and vertical ¢, scattering vectors. Note that only {11} + {1T} and {02} reflections are
shown. b) At 25 A?/molecule. Scattered intensity I(y.,) as a function of the ¢,
vector. The Bragg peaks of the two polymorphs, abbreviated as « and 8, are shown
with the corresponding Miller indices. The sharp peak at ¢, =1.31 A~ %in both a
and b, denoted 3D, corresponds to a macroscopic crystal.
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Figure 9. S, monolayer crystalline film of the § polymorph: a) measured (x x)
and calculated (—) Bragg rod intensity profiles /(q,) of the reflections {11} + {11}
and {02}; b) left, middie: crystalline packing arrangement of the S, monolayer
viewed parallel to the water surface; right: layer packing viewed perpendicular to
the water surface.
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y = 90°, corresponding to the f form.
The film thickness estimated from the
Bragg rod profiles corresponds to a
monolayer. The packing arrangement of
this f form was obtained by construc-
tion, with CERIUS?, of a 2D crystal of
minimized lattice energy, with layer
symmetry P2,/a and in which the long
molecular axes are aligned perpendicu-
lar to the surface. This packing arrange-
ment for a monolayer (Figure 9b) yield-
ed the calculated Bragg rod intensity
profiles shown in Figure 9a.

The GID patterns display another set
of four Bragg peaks; the ratio of inten-

sities between this set and that of the f§ phase depends on the

state of the sample (Fi

gures 8a,b). Based on this observation

and from the g,, positions of all these peaks we obtained a
rectangular cell of dimensions a = 5.9, » =7.86 A. We may as-

sign these reflections as
of the o form, namely a

belonging to a single phase akin to that
herringbone structure with chains tilted

along the a axis. The FWHM of the {0,2} Bragg rod at

4y =1.598 A~1 (Figur

e 8a, right) suggests a monolayer, but

that of the two intensity modulations of the {1,1} Bragg rod at

q,, =133 A~ (Figure

8a, right) suggests more than a mono-

layer.?*! In addition, the very narrow peak at g,, of 1.31 A™!
corresponds to a macroscopic crystal of S¢ (o polymorph), pre-

sumably not dissolved

during the prolonged sonication time,

which transiently passed across the beam footprint.

Thus the S, films
consist mainly of a
monomolecular  crys-
talline layer at the air—
water interface, in
agreement with the n—
A i1sotherms and SFM
measurements.

Mixed films—sexithio-
phene as a growth in-
hibitor: In order to con-
trol the thickness of the
S, self-assemblies, we
grew them in the pres-
ence of S¢ as a tailor-

made  growth  in-
hibitor.?4 Since both
molecules have very

similar structures, Sg
may be incorporated in
the S, crystallites and
perturb their interlayer
growth perpendicular
to the water surface.
Solutions of S, (25um)
containing 10 and 20%
{molar) of S, were
spread at the air—water
interface after long
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Figure 10. Surface pressure—area isotherms
of the mixed films: a) S,:S; with varying per-
centage of S, (a: 0, b: 10, ¢: 20). The isotherm
d of a pure S, monolayer film is given as a
reference. b) 1:3 S,:arachidic acid mixed
films (a: n = 4, b: n = 6). The isotherm ¢ of
pure arachidic acid monolayer film is given as
a reference.
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sonication time. The isotherms show a significant in- a
crease in the limiting area per molecule, which is 12 and
18 A2 respectively (Figure 10a). These values are
smaller than those corresponding to a monolayer film,
implying that the multilayers were not completely
transformed into a monolayer film.

The above conclusion was further supported by
Cryo-TEM and SFM measurements on the 10 % mix-
ture. The electron diffraction measurements showed a
powder pattern composed of rings with d-spacings of
46, 4.3, 3.8, 3.15, 3.05A (not shown). These values
could only be explained in terms of a mixture of the two

1 SII

Height (R)
5

2

£20
< 10

o and ff polymorphs. The bright field images exhibit an 0
inhomogeneous membrane differing in morphology

Y 1 —
T T 1
5ﬂm I(MJ(J(I 15004 nm 0 500 1000 nm

from the round domains of the pure s4 . The SFM mea- Figure 12. SFM topography images and height profiles of the mixed film: a) 1:3 S,:urachidic

surements of this inhomogeneous membrane on the mi-
ca support showed formation of a bilayer.

Phase segregation between oligothiophenes and aliphatic acids:
Kuhn and coworkers have reported that when S, is incorporat-
ed inside a thin film of arachidic acid, it operates as a molecular
wire that transfers charge from a donor to an acceptor.**! From
the mechanistic viewpoint, it is important to differentiate be-
tween charge transfer through iso-
lated moleccules or through defined
clusters. For this reason, we inves-
tigated the structures of the olig-
othiophenes in mixed films with
aliphatic acids.

Solutions of 3:1 arachidic acid:
S, or S (25um) were spread at
the air-water interface. Their iso-
therms and that of pure arachidic
acid are shown in Figure 10b. The
collapse pressure of the S, mixture
is much lower than those of the
pure arachidic acid and of the
arachidic acid: S, mixture. This ob-
servation is consistent with multi-
layer formation.

The Cryo-TEM bright field im-
ages of 3:1 arachidic acid:S, ex-
hibit a film in which domains of
different contrasts can be observed
(Figure 11). The electron diffrac-
tion patterns are consistent with
phase separation of the two com-
ponents, showing patterns arising
from pure arachidic acid monolay-
er domains with cell dimensions
a=48A and b=78A (Figure
Figure 11. a) Cryo-transmis- 11b) and from o and B crystalline

sion electron microscopy dark . .
field image of 1:3 S,:arachidic domains of pure S, (Figure 11¢).

acid film (scale: 6.5mm = Similar results were obtained for
Lsum); by electron difftac- g apachidic acid:S, mixture ac-
tion pattern of arachidic acid i : .

domains inside the mixed film; cording to the electron diffraction

¢) electron diffraction pattern patterns (not ShOWn).
of S, domains of the two poly- . . . .
morphs @ and B inside the Phase separation in the various

mixed film. mixtures was also observed by

acid: by 1:3 S, tricosanoic acid.

SEFM measurements. The height analysis of the arachidic
acid:S, mixture indicates the presence of regions 250 A thick,
assigned to S, multilayers, and regions 30 A thick correspond-
ing to the arachidic acid monolayer (Figure 12a). The phase
separation appears to be general for the oligothiophene:aliphatic
acid C,H,,, ,COOH (n =19, 21, 29) mixtures. Differences in
thickness between the two phases were monitored by SFM.
Figure 12b shows a distinct height of 26 A corresponding to S,
domains and about 40 A corresponding to C,,H.,COOH do-
mains.

Discussion

We have shown that the oligothiophenes S,, S;, and S, form
crystalline monolayer and multilayer self-assemblies on the wa-
ter surface. The thickness of the S, and S, assemblies deter-
mined by GID and SFM matched; a monolayer was obtained
for S¢, and a monolayer and a bilayer for S;. For the S, mole-
cule, there appears to be an inconsistency. Dilute spreading
solution yielded mainly monolayer and some bilayer according
to SFM, only bilayer according to GID. The use of a more
concentrated solution resulted in formation of thick assemblies,
three to ten layers thick according to SFM and - 4 isotherms,
but only a crystalline bilayer judged by GID. We may reconcile
this inconsistency in the S, study if we assume multilayer forma-
tion on the water surface, but with a perfect ordering along the
interlayer direction for two layers only, namely a vertical coher-
ence length of two layers, perhaps arising from faults in the
stacking of the layers. A similar discrepancy was also noticed in
the a,-alkanediol 24! and in the n-alkane!! studies. In the alka-
ne system, specular X-ray reflectivity studies support such an
interpretation. However, we cannot exclude the possibility of
changes in the thickness of the domains during the transfer from
the water surface onto the solid support.

According to SFM, comparison of the S, samples prepared
from concentrated and dilute solutions show much smaller do-
mains from concentrated solution. This result is in keeping with
the existence of aggregates in the spreading solution, but not
proof thereof. Another piece of evidence suggestive of the pres-
ence of aggregates in the spreading solution is the formation of
multilayers at high concentration according to SFM. This result
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can also be correlated to the shape of the 7— 4 isotherms, which
are much more expanded for dilute solution and then give an
higher average area per molecule. Therefore, the present studies
should be also relevant for the understanding of the early stages
of crystal nucleation in solution.

Previous studies{*>~ 271 have shown that the orientation (ver-
tical or horizontal) of oligothiophenes evaporated onto a solid
support may vary according to the conditions of preparation
and the nature of the substrate. The 3D crystal structures of S,
S.. and S, have layer arrangements in which the molecules
adopt a herringbone motif. It is clear that the most dominant
molecular interactions lie within the layer. Therefore, strong
intralayer interactions should promote the formation of crys-
talline assemblies with the layer plane parallel to the water,
which has indeed been revealed by the various techniques ap-
plied, namely GID on water and Cryo-TEM on vitreous ice. The
fact that we are able to preserve this orientation after transfer
onto a solid support may be of great interest in the construction
of conducting devices.

Coexistence of the two polymorphs x and § was observed for
S, and S,. The « form, corresponding to the 3D crystal struc-
ture of oligothiophenes, consists of molecules with their long
axes tilted by about 23° from the direction perpendicular to the
layer plane. In the § form of S,, S, and S, which has not yet
been observed in 3D crystals, the long molecular axis is oriented
perpendicular to the layer plane. The (4k0) electron diffraction
patterns could be simulated from the crystal structures of the
two polymorphs (Figures 13a,b) by the CERIUS? package. The
difference between the two patterns resides mainly in the relative
intensities of their electron diffraction spots. These patterns,
shown in Figures 13c,d for S,. display their strongest spots
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Figure 13. a) Three-dimensional packing arrangement of the o polymorph of S,
viewed along the @ and b axes; b) simulated three-dimensional packing arrange-
ment of the f polymorph of §, viewed along the o and b axes: ¢, d) electron
diffraction patterns of the « and f# polymorphs of S, respectively. simulated with
CERIUS? software.
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along the reciprocal vectors a* and b*, respectively. Based on
these simulations, the observed electron diffraction patterns
from single crystals S, and S (Figures 3b,h) could be unam-
biguously assigned to the ff form. The observed electron diffrac-
tion patterns of the partial powder-like film of S, (Figure 3b)
was interpreted in terms of the presence of both the x and f
forms.

The self-assembly of oligothiophenes into crystalline assem-
blies of molecules aligned perpendicular to the layer plane may
be rationalized in terms of favorable lateral interactions within
the layer as opposed to weak interactions between the layers.
The stability of the two polymorphs was compared by means of
lattice energy calculations carried out by CERIUS?. The results
of the crystal and layer energy calculations, including van der
Waals and Coulomb terms from the universal force field, are
shown in Table 1 for S,. Judging by the 3 D lattice energy calcu-
lations, the two polymorphs are almost equally stable, but in
terms of monolayer formation, the f polymorph is the more
stable. Thisresult is in agreement with the lattice energy calcula-
tion for n-alkanes for the monolayer and multilayer formation
at the air-water interface.'”

Table 1. Results of the lattice energy calculations for the two polymorphs of S,.

S, polymorph Crystal energy (kcalmol ™) Layer energy (kcalmol ™)

2 —74.6 —57.0
B ~74.7 —58.4

Conclusion

In this study, we have shown that the formation of crystalline
mono- and multilayers on the water surface can be extended
from n-alkanes to hydrophobic aromatic molecules. The lateral
interactions between thiophene rings are strong enough to stabi-
lize two-dimensional crystallinity on the water surface. The re-
sults obtained from the various techniques are complementary,
although measurements were performed on the water surface,
on vitreous ice, and on a mica support. The observed similarities
in structure imply that the self-assemblies preserve their crys-
talline integrity during the transfer from the water surface to a
solid support or during the process of freezing. In general, the
packing arrangements of the crystallites could be determined to
near-atomic resolution from the GID data.

The present study demonstrates that oligothiophene assem-
blies preserve their structural integrity even when incorporated
inside other matrices. A complete phase segregation was ob-
served in the mixed films of oligothiophenes with aliphatic acids.
This result might provide a structural insight into the role played
by the oligothiophenes as molecular wires.

These results support our previous working hypothesis that in
the early stages of crystallisation, clusters of different structures
coexist, among which are those adopting a structure akin to that
of the 3D macroscopic form. The most stable polymorph will
grow at the expense of the metastable ones.'?®! This approach
has been shown to be useful in the design of tailor-made auxil-
iaries for the control of crystal polymorphism!?°~ 3! or for the
resolution of enantiomers by crystallisation.[*?
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Finally, the formation of structured clusters of hydrophobic
molecules at the air—liquid interface has been found to be a
general phenomenon, and the approach of obtaining ultrathin
crystalline films is currently being applied for the formation of
supramolecular architectures on solution surfaces.
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1-Azafagomine: A Hydroxyhexahydropyridazine that Potently Inhibits
Enzymatic Glycoside Cleavage

Mikael Bols,* Rita G. Hazell, and Ib B. Thomsen

Abstract:  (3,4-trans-4,5-trans)-4,5-dihy-
droxy-3-hydroxymethylhexahydropyrida-
zine (16) was synthesized in four steps
from 2,4-pentadienol (22) and 4-phenyl-
triazolin-3,5-dione (18) in an overall yield
of 32%. In the first step a Diels—Alder
reaction between 18 and 22 gave (+)-2-
hydroxymethyl-8-phenyi-1,6,8-triazabicy-
clo[4.3.0]non-3-¢ne-7,9-dione  (23¢) in
88% vyield. Epoxidation of 23¢ with tri-

ed in situ, gave the rrans epoxide 24¢ in
62 % yield. Hydrolysis of the epoxide with
perchloric acid gave stereoselectively (2,3-
trans-3.,4-trans)-3,4-dihydroxy-2-hydroxy-

methyl-8-phenyl-1,6.8-triazabicyclo[4.3.0]-

Keywords
chemoselectivity * enzyme inhibitors -
glycosidases - kinetics - pyridazines

nonane-7,9-dione (26) in 73% yield. In
the fourth and final step, hydrazinolysis
of 26 gave 16 in 84 % yield. Pyridazine 16
was found to be a potent inhibitor of a-
and f-glucosidase, isomaltase and glyco-
gen phosphorylase, while galactosidases
and a-mannosidase were not inhibited.
The inhibition of f-glucosidase is inde-
pendent of pH, and was found to be due
to unprotonated 16.

fluoromethyl(methyl)dioxirane, generat-

Introduction

Inhibitors of glycosyl-cleaving enzymes offer the opportunity of
modulating the metabolism of carbohydrates, thus opening up
a number of potential applications. These include treatment of
AIDS 1! diabetes,!?! and tumor metastasis,’® as well as crop
protection. Even though a variety of different glycosidase in-
hibitors are known,!*! the potential uses of such compounds are
relatively unexploited as only one such compound, acarbose,
has reached the market as an antidiabetic. There is a need for
new classes of potent and selective glycosidase inhibitors so that
research can progress in this area. Potent inhibitors of other
glycosyl-cleaving enzymes are also needed; they are virtually
nonexistent at present.

An important class of glycosidase inhibitors is made up of the
hydroxylated piperidines and pyrrolidines that occur in plants
and microorganisms'> and have been dubbed the ‘“‘sugar-
shaped alkaloids from plants”.!%! They are reversible competi-
tive inhibitors of glycosidases. One example of these compounds
is 1-deoxynojirimycin!™! (1), which closely resembles glucose:
the ring oxygen has been exchanged for a nitrogen atom. In
terms of polarity, the N-protonated 1 resembles the oxocarbeni-
um ion 2, which is generally expected to be a transition state in
the process of enzymatic glycoside bond cleavage. This resem-
blance might be the basis of its inhibition. Other examples are
nojirimycin!®! (3), fagomine!®! (4), and castanospermin*®! (5),

{*] M. Bols, R. G. Hazell, 1. B. Thomsen
Department of Chemistry, Aarhus University
DK-8000 Aarhus (Denmark)

Fax: Int. code 489423963
c-mail: mb(@kemi.aau.dk
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which resemble D-glu-
cose, and 1-deoxyman-
nonojirimycin*1!  (6),
galactostatin*21 (7), 1-
deoxyfuconojirimycin 3!
(8), and 2,5-dideoxy-2,5-
imino-D-mannitol*#!
(9), which resemble D-
mannose, D-galactose,
L-fucose, and D-fructo-
furanose, respectively
(Scheme 1). The proba-
ble purpose of these nat-
ural products is the inhi-
bition of the carbohy-
drate metabolism and
consequently the growth
of plant-consuming pests.
Recently we discovered
that a synthetic isomer of
fagomine (4), isofag-
omine (10)---in which a
nitrogen replaces the
anomeric carbon instead ~ HO"
of the ring oxygen—was OH
a much more potent gly-
cosidase inhibitor than
415717} 1t was particu-
larly potent in its inhibi-
tion of almond B-glucosidase, and, though yeast a-glucosidase
was inhibited, f-glucosidase inhibition was 780 times stronger.

8 9

Scheme 1. Nojirimycin and analogues.
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Subsequently it has been
found that the corresponding
fucose analogue (11), the

HO
1,
NH NH
HO' HOY

v H galactose analogue isogalac-
OH OH tofagomine (12), and the glu-
" I curonic acid analogue (13)

are potent inhibitors of
human placenta a-fucosi-
dase,l'®  B-galactosidase,t*!
and f-glucuronidase,!*®) re-
spectively (Scheme 2). Fur-
thermore, an isomaltose ana-
logue (14) of isofagomine has
been found to be a very po-
tent inhibitor of glucoamy-
lase, an enzyme that does not
accept substrates smaller
than disaccharides.!!” An-
other feature of these com-
14 pounds is the ability to in-
hibit glycosyl phosphorylas-
es, not displayed by com-
pounds 1-8.21

Isofagomine and its analogues, when N-protonated, do not
resemble the oxocarbenium ion, but rather the resonance form,
the anomeric carbocation 15. As a resonance form of 2, the ion
15 is also a reasonable intermediate in glycosyl cleavage of en-
zymes (Scheme 3).

Scheme 2. Isofagomine and analogues.

HO o
Ol ®
-
HO™ “OH
OH
15
~OOCEnzyme
““OH

Scheme 3. Simplified mechanism for glycoside cleavage by f-glycosidase.

We anticipated that an improved class of glycosidase inhibitor
would be obtained if a molecule could mimic both 2 and 15.
We expected that 1-azafagomine (16), a compound with a hy-
drazine incorporated into the ring, would be capable of this.
Protonation of the hydrazine could occur on either of the two
nitrogens to give the ions 17a and 17b (Scheme 4}, and thus
electronically resemble either resonance form 2 or 15. In this
paper we report an efficient stereoselective synthesis of the new
hexahydropyridazine 16 and analogues, and report on our in-
vestigations regarding the biological activity of these com-
pounds.
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Results and Discussion HO HO )
+H* Ha

NH —— N\NH

ZT

A Diels—Alder strategy to )
reach 16 seemed attractive, HO™ HO™"
because it would be an ex- OH OH
tremely short route. How-
ever, the double bond
would have to be trans-di- HO
hydroxylated in such a way N\NH2
as to obtain 3,4-trans-4,5-
trans stereochemistry. We
expected this to be possible
if an azadienophile was 17b
reacted with a butadiene
with a hydroxymethyl or
masked hydroxymethyl
substituent  (Scheme 5). OH
Epoxidation of the adduct
could be expected to occur
at the less hindered side to
give an epoxide trans to the
hydroxymethyl group. We
anticipated that the prefer- . NR o
ential attack of water in the 0., AR
subsequent hydrolysis of
the epoxide would occur at OH
the less hindered position. HO,, HO,,
We then needed to remove ) NR __, ' |
the nitrogen protection to g NR HO NH
obtain racemic 16. 4-
Phenyl-1,2,4-triazoline-3,5- 16
dione (18) seemed to us a Schen}e 5. Strategy for the synthesis of
. . 1-azafagomine (16).
more suitable azodieno-
phile than the azodicar-
boxylates due to its extreme reactivity, and because the adduct
would be more conformationally restrained. This, we anticipat-
ed, would favor a regioselective epoxide opening.

Paulsen and Steinert have already synthesized a dihydroxy-
hexahydropyridazine starting from carbohydrates.?? How-
ever, this compound does not have the required stereochemistry
to resemble a naturally occurring monosaccharide.

4-Phenyl-1,2,4-triazoline-3,5-dione (18) was easily prepared
by tert-butylhypochlorite oxidation!?3! of 4-phenylurazol (19),
and was prepared and used in situ (Scheme 6). The most readily
available diene with a masked hydroxymethyl substituent was
2,4-pentadienoic acid (20), which was commercially available,
but expensive. For large-scale synthesis it is better to prepare 20
by means of the Knoevenagel condensation between malonic
acid and acrolein.[**! Esterification of 20 with methanol gave
21,12%1 which was reduced to 24-pentadienol (22) with

16 17a

HO™"

Schemc 4. Protonation  of
omine {16).

1-azalag-

| -

R
# BN NR
|
S NR NR

OH

OH

0 0
L,

HN/( Bu'OCI N/(
f —Ph il N-—Ph

HN \« N\<

o (0]

Scheme 6. Preparation of the dienophile.
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COOH Table 1. Stereoselectivity of epoxidations.
CHx(COOH) R R B
ZcHo i j Reagent J(Z /Z)
pyridine N - N N
A | 1 N-Ph - o ' N-Ph + O I N-Ph
(ref 23) N\< N\( N\(
23 24 25
COOMe CH,OH
MeOH LiAlH, R Reactant Rea i ati
4 gent Yield Products Ratio
- . = #
H* COOH 23a MCPBA No reaction -
S 95 eactio
(ref 24) @ef2) N COOH 23a Me,CO, No reaction - .
COOMe 23b Me,CO, 96% 24b:25b 3:1
21 22 CH,OH 23b MCPBA 84% 24b:25b 12
Scheme 7. Synthesis of dienes 20-22. CH,OH 23c Me,CO, 100% 24c:25¢ a1
CH,OH 23¢ CF,(CH;)CO, 79--100% 24c:25¢ 301
CH,OH 23¢ Et(Me)CO, 66% 24c¢:25¢ 101
CH,0Ac 23d MCPBA 96% 24d:25d 2:1
. . . CH,0Ac¢ 23d Me,CO 85% 244d:25d 1:1
[26] 2 200, :
LiAIH,*% (Scheme 7). All of these dienes were reacted with 18 CH,OPiv  23e MCPBA e 24e25e 12

(Scheme 8). The reaction between 18 and 20--22 was fast at 0 °C
and could be followed by the disappearance of the red 18. Reac-
tion of 20 with 18 gave the Diels—Alder adduct 23a in 79%
yield. Reaction of 21 and 18 gave the corresponding ester 23b in
97% yield, while reaction of 22 and 18 gave the hydroxymethyl
adduct 23¢ in 88 % yield. Any of the adducts 23a—c could be
potentially employed in the synthesis, because the acid of 23a or
the ester of 23b could be reduced to a hydroxymethyl group at
a later stage. Epoxidation of all the adducts was then investigat-
ed in order to obtain the best possible stereoselectivity (Table 1).
Two ester derivatives of 23 ¢ were also studied. Acetate 23d was
obtained in 94% yield by standard acetylation of 23¢, while

O, _OH
CCOH 1% o
e N/( 0°c /(
N N\\< 79% N\(
o
20 © 23a
18
O OCH
cooMe O 03
0°C
F N/Z(
I N—Ph——= ’}'%N_Ph
N N\\( 97% N~
0 (e]
21 23b
18
OH
CH,0H O o
r rﬁ/(N Ph E—»l r;%(N Ph
~ N\\< 88% N—(
5 o)
23c
2 18 AcQ
. Me;COCE  pyridine
pyridine DMAP 1%
OAc 94%
o] OOCCMe;
N/< O
| 1 N—Ph A
1 —_—

N—Ph
o) N\(
(0]
23e

Scheme 8. Reaction of dienes with 18.
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pivalate ester 23e was obtained in 81 % yield by reaction of 23¢
with pivaloyl chloride, pyridine, and DMAP.

All the adducts turned out to be surprisingly difficult to epox-
idize, and many common epoxidation methods failed. Little
information was available from the literature because there were
no reports on the epoxidation of a 1,2,3,6-tetrahydropyridazine.
The only successful epoxidizing reagents were m-chloroperben-
zoic acid (MCPBA), under forcing conditions, and dioxiranes.
The acid 23a was the most unreactive. Neither MCPBA nor
even dimethyl dioxirane was able to convert 23a to an epoxide.
Methyl ester 23b was somewhat more reactive: it reacted slowly
with dimethyldioxirane to give a 3:1 mixture of the trans and cis
epoxides 24b and 25b in 96 % yield. Hydroxymethyl derivatives
23c—e were more reactive: they underwent epoxidation by
MCPBA in refluxing dichloroethane. The cis and trans epoxides
24¢—e and 25c—e were obtained in good yield (Table 1), but
with varying stereoselectivity. The MCPBA oxidation of 23¢
gave a 1:2 frans/cis mixture. Although unwanted, this stereo-
chemical behavior was to be expected as hydroxy groups are
known to be able to direct MCPBA addition to the syn face.
Protection of the hydroxy group had a favorable influence on
the selectivity; the acetate 23d reacted with MCPBA to give 24d
and 25d in a 2:1 ratio. The pivalate 23e gave a 3:2 ratio of 24d
and 25d under these conditions. Selectivity was, however, still
not satisfactory.

Dioxiranes seemed at first to be even less stereoselective
(Table 1). Dimethyldioxirane>” gave a 1:1 trans/cis mixture of
epoxides when reacted in acetone solution with either 23¢ or
23d. The more sterically hindered ethylmethyldioxirane also
gave a 1:1 ratio of 24¢ and 25¢ when reacted with 23c. How-
ever, trifluoromethyl(methyl)dioxirane, which was generated in
situ according to a recent procedure,!”® reacted with 23 ¢ to give
a 3:1 mixture of 24 c and 25¢. This was surprising, as we expect-
ed this more reactive dioxirane to be less selective. Perhaps the
electronegative trifluoromethyl group and the hydroxy group
repelled each other, thus directing the reagent to enter trans.
Despite the relatively modest stereoselectivity, this procedure
turned out to be the most useful, because 24 ¢ was crystalline and
could be crystallized readily and reproducibly from the reaction
mixture in 62% yield from 23c¢.
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1-Azatagomine

940947

Stereochemical assignment of these epoxides needs some
comment. Compounds 24b—e and 25b—e adopted flattened
chair conformations, so that the relative configurations were
not readily determined from the "H NMR coupling constants.
We therefore determined the structure of 24¢ by X-ray struc-
tural analysis (Figure 1). The configuration of the other epox-

Figure 1. X-ray structure of 24e¢.

ides was then assigned by comparison of the NMR spectra. The
13C NMR chemical shifts of C2 and C 5 were lower in 24 ¢ than
in 25¢, and the same was the case for 24d and 25d. In order to
confirm this, pure 24 ¢ was acetylated to give 24d. Acetate 24d
and pivalate 2de had almost identical 'H NMR specira, which
secured the configuration of 24e.

The X-ray structure of epoxide 24c¢ also indicated that the
exocyelic hydroxymethyl group exerted considerable steric hin-
drance towards epoxide opening at the 7 position. This turned
out to be the case. Hydrolysis of 24¢ with dilute HCIO, was
highly stercoselective to give triol 26 in 73% isolated yield
(Scheme 9). Thus, attack by water occurred preferentially at the

OH OH
o] (0]
HCIO4 HO, 5
] N/( . N/<
0, lil N—Ph——> A‘ N—Ph
\( H,0 HO \(
o o
24c 73% 2%
OH
NH,NH,  Ho,
——— " l}lH
100°C NH

HO
84%

16

Scheme 9. Stereoselective synthesis of 26 and its hydrazinolysis to 1-azafagomine
(16).

5 position. The determination of the configuration by NMR
was easier for 26 than for the epoxides. The 'H~"H coupling
constants between H2, H3, H4, and HS,, were rather large
(6—7 Hz), which is consistent with almost trans diaxial orienta-
tion. This became even more evident after removal of the N-pro-
tecting group in the next step.

Hydrazinolysis of 26 in neat hydrazine hydrate at 100 °C for
18 h gave hexahydropyridazine 16 in 84 % yield (Scheme 9). The
'H NMR spectrum of 16 showed large coupling constants (9.4
to 10.5 Hz) between H3, H4, HS, and H6,,, indicating that alt

ax?
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these protons were axial. This proved beyond doubt that 16 had
a chair conformation, and a configuration with all substituents
in equatorial positions.

Synthesis of a racemic fucose (6-deoxygalactose) analogue
was also investigated. This required that the 6-hydroxymethyl!
group be exchanged for a methyl group, and the double bond be
syn dihydroxylated cis to the methyl group. Osmium-catalyzed
dihydroxylation of tetrahydropyridazines has already been re-
ported.?®! Therefore, we carried out the Diels—Alder reaction of
2.4-pentadiene with 18. This gave the adduct 27 in 91% yield
(Scheme 10). Dihydroxylation of 27 with a catalytic amount of

B N—Ph — | L NP
1% \( NMO
e}
18 27 67%
HO : 7 :
A NHNH, HO -
| N—Ph—— A
HO N 100C g NH
0 90%
28 29

Scheme 10. Three-step synthesis of 29.

0s0, and N-methylmorpholine N-oxide as a cooxidant gave a
single diol 28 as a crystalline product in 67 % yield. The mother
liquor contained mainly 28 together with smaller amounts of
alkene 27 and another compound, possibly the other stereoiso-
mer. The very high stereoselectivity in the dihydroxylation indi-
cated that 28 was actually the 3,4-trans stereoisomer, as OsO, is
known to prefer the less hindered side.

Hydrazinolysis of 28 in neat NH,NH,/H,0 gave the dihy-
droxyhexahydropyridazine 29 in 90 % yield. The '"H NMR spec-
trum of 29 confirmed that the configuration was 3.4-trans. The
coupling constant J(3,4) was large (9.6 Hz), while both J(5,6,,)
and J(5,6.,) were small (2 and 4.5 Hz), which indicates that H3
and H4 were axial, and H5 was equatorial. Thus, the relative
stereochemistry was 3,4-trans-4,5-cis and not the fucose stereo-
chemistry (3,4-cis-4,5-cis).

Osmium-catalyzed dihydroxylation of 23¢ was also possible,
and was likewise highly stereoselective. A single triol (30) was
obtained as crystals in 79% yield, and no other stereoisomer
was observed (Scheme 11). As in the synthesis of 28, the high

OH OH
o} 0
0s04 HO,
nA ¢ oL A
| N—Ph f NTPh
Ny NMO  HO™ ~
0 0
23c 79% .
OH
NH,NH; HO
.. I?‘H
100°C oS NH
H ™
93% ©
31

Scheme 11. Synthesis of 31.
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stereoselectivity indicated that the 2,3-rrans isomer had been
formed. This was confirmed by an X-ray structure determina-
tion of 30 (Figure 2). Somewhat surprisingly, both the hydroxy-
methyl group and the 3-hydroxy group were axial, while the
4-hydroxy group was equatorial. The 'HNMR spectrum

Figure 2. X-ray structure of 30.

showed that that conformation also prevailed in solution as
J(4,5,) was large and J(3,4) was small. Why this conformation
is favored is not clear. Hydrazinolysis of 30 gave hexahydropy-
ridazine 31 in 93 % yield. In the "TH NMR spectrum both H6’s
gave small coupling constants to H 5, indicating that the latter
was equatorial, while H4 had one large coupling (9.3 Hz), indi-
cating that this proton was axial and thus H 3 was also axial. The
relative stereochemistry of the product was therefore confirmed
to be 3,4-trans-4,5-cis.

The biological activity of the hydroxyhexahydropyridazines
was then investigated (Table 2). As anticipated, racemic 16 was
found to be a competitive inhibitor of glucosidases. Almond
f-glucosidase was inhibited at pH 6.8 with a K; of 0.65 um, while
bakers” yeast «-glucosidase was inhibited with a K; of 3.9 um.
Yeast isomaltase, an a-glucosidase with a preference for 1,6-
linkages, was inhibited with a K| of 1.06 um. The other glycosi-
dases x- and S5-galactosidase and a-mannosidase were not signif-
icantly inhibited. Thus glucosidase inhibition by 16 was
selective. It was more potent in its inhibition of «-glucosidase
and isomaltase than both 1 and 10, but six times less potent than
10 in its inhibition of f-glucosidase. However, compound 16
was racemic, and as it is quite unlikely that the stereoisomer
resembling 1-glucose is a strong inhibitor, the K; value of the
inhibiting stereoisomer ((3R.4R,5R), depicted in Scheme 4) is
probably halif the value of the racemate. The difference in p-glu-
cosidase inhibition of 10 and (3R,4R,5R)-16 is then probably
only threefold.

It was also interesting to study the influence of pH on the
inhibition profile of 16. The inhibition of S-glucosidase by both
1 and 10 declined drastically with pH. However, inhibition of
p-glucosidase by 16 was found to be independent of pH
(Table 2), and thus equally potent over the enzyme’s entire
working pH range.

In order to try to explain this effect, we measured the pK, of
protonated 16 by titrating the aqueous acidic solution with
NaOH; it was found to be 3.9. Thus, the hydrazine is such a
weak base that it is still largely unprotonated even at pH 5. The
entity inhibiting f-glucosidase was therefore unprotonated 16,
and not 17a or 17b. The unprotonated amine is also the in-
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Table 2. Inhibition constants (K;) in uM measured at 26°C.

Enzyme 16 1{15] 1015 29 31
a-glucosidase (yeast, pH 6.8) 39 2S 86 >1000 >1000
f-glucosidase (almonds, pH 6.8} 0.65 47 0.11 41 137

p-glucosidase (almonds, pH 5.0) 0.76 330 - - -
f-glucosidase (almonds, pH 7.5) 1.09 -

Isomaltase (bakers’ yeast, pH 6.8)  1.06 11 72 >3000 3080

o-galactosidase (E. Coli, pH 6.8) 934 > 1000 - - -
f-galactosidase (£. Coli, pH 6.8) 702 > 1000 — >1000 149

a-mannosidase (jack bean, pH 5.0) 3306 270 (a] 770[a] 185 323
phosphorylase A (pH 6.8) 13.5[b] 55000 - - -

{a]l pH 4.5. [b] ICs,.

hibitor in 1 and 10, and because these compounds are stronger
bases, the fraction of free amine, and consequently inhibition,
decreases with pH.

The NMR spectrum of 16 at pH 1 shows the protonated
hexahydropyridazine. Both 'H and '3C NMR exhibited similar
changes in the chemical shifts of H3 and H6 or C3 and C6,
respectively, indicating that a mixture of 17a and 17b was
present and both nitrogens were approximately equal in base
strength.

[t is interesting to observe that 16 combines strong «-glucosi-
dase inhibition of 1 and strong f-glucosidase inhibition of 10.
This may be explained by the stereoelectronics of glycoside
cleavage (Figure 3). Cleavage of an a-glucoside can occur di-

e,

A ®

Figure 3. Stereoelectronics of the cleavage of a- and fi-glucosides.

rectly with assistance from the trans-diaxial lone pair of oxygen,
leading to an immediate positive charge at oxygen. This is not
possible for the f-glucoside, in which cleavage has to take place
without assistance from the oxygen lone pairs, and thus devel-
opment of a positive charge at the anomeric carbon occurs. For
this reason we propose that e-glucosidase favors positive charge
development at the ring oxygen, while §-glucosidase favors pos-
itive charge development at the anomeric carbon. As a conse-
quence, glucose analogues that can accommodate a positive
charge at the position of the ring oxygen inhibit the former and
those that accommodate positive charge at the anomeric carbon
the latter. Compound 16 is capable of both and thus inhibits
both enzymes potently.

Compound 16 also strongly inhibited glycogen phosphory-
lase from rabbit muscle (Table 2). The difference in inhibition of
this enzyme by 16 and 1 was particularly striking. Inhibition of
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a glycosyl phosphorylase should not be very different conceptu-
ally from that of a glycosidase, since the only difference in the
reaction they catalyze is the external nucleophile, and the inhibi-
tion of both enzymes by 16 seemed to confirm this.

The di- and trihydroxyhexahydropyridazines 29 and 31 did
not have a configuration at the chiral carbon atoms similar to
any natural sugar. Nevertheless, both 29 and 31 were moderate-
ly potent competitive inhibitors of f-glucosidase and «-man-
nosidase, and 31 also inhibited f-galactosidase to a moderate
extent (Table 2). The enzyme S-glucosidase is known to be rela-
tively unspecific towards the stereochemistry of the glycon of its
substrates; this might explain why the hexahydropyridazines
with the “wrong™ configuration bound relatively tightly. The
inhibition of a-mannosidase and f-galactosidase by these com-
pounds was quite interesting, because it was higher than the
inhibition caused by 16, 1, or 10. The syn-diol moiety was prob-
ably important for the binding of 29 and 31 to these enzymes,
as it could mimic the 2,3-diol of mannose or the 3,4-diol of
galactose.

In this paper we have shown that hydroxyhexahydropyridazi-
nes constitute a new class of potent competitive inhibitors of
enzymatic hydrolysis or phosphorolysis of glycosidic bonds.
Azafagomine has a potency that equals the corresponding hy-
droxypiperidines, but in contrast to these, acts potently on both
a- and f-glucosidases. [tis proposed that this is due to its ability
to mimic positive charge at both the anomeric carbon and the
ring oxygen. Another difference between 16 and hydroxypyri-
dazines is that inhibition was independent of pH; this is caused
by its low basicity. The hydroxyhexahydropyridazines can be
produced in a highly efficient manner by the short synthetic
route described in this paper.

Experimental Section

'3C NMR and 'H NMR spectra were recorded on Varian200 and 300 MHz
Gemini instruments. When CDCI; was uscd as the solvent, TMS and CDCl4
(*3C NMR: § =76.93) were used as references. Melting points are uncorrect-
ed. Concentrations were performed on a rotary evaporator at temperatures
below 40°C. An asterisk (*) indicates that 2,0 was added as an aid to
dissolution.

(4 )-8-Phenyl-1,6,8-triazabicyclo|4.3.0]non-3-ene-7,9-dione-2-carboxylic acid
(23a): 4-Phenylurazole (2) (1.1 g, 6.2 mmol) was suspended in EtOAc (3 mL)
at 0°C, and tert-butylhypochlorite (0.7 g) was added to give a red, homoge-
neous solution. Penta-2 4-dienoic acid (20) (0.7 g, 7.1 mmol) was added after
5 min, and the mixture was allowed to reach RT over a period of 30 min and
kept thus for 18 h. The precipitated adduct 23a was isolated by filtration and
washed with pentane (15mL). Yield: 1.33 g (79%); '"HNMR (CD,0D):
5 =7.25(m, 5H, Ar), 595 (s, 2H, H3, H4), 495 (s, 1 H, H2), 4.15(d, 1 H,
H5, . J(5,,.5.) =16.7Hz),3.85(d, 1 H, HS5,,); MS (EI}: m/z: 273.075 [M 1,

ax?

caled for C;3H, N;0,: 273.0749.

( £ )-2-Methoxycarbonyl-8-phenyl-1,6,8-triazabicyclo{4.3.0]lnon-3-ene-7,9-
dione (23b): 4-Phenylurazole (2) (2.2 g, 12.4 mmol) was suspended in EtOAc
(6 mL) at 0°C and tert-butylhypochlorite (1.5 g) was added to give a red,
homogeneous solution. Methy! penta-2,4-dienoate (21) (1.5 g, 13.4 mmol)
was added after 5 min, and the mixture was allowed to reach RT over a period
of 30 min. The precipitate was isolated by filtration and recrystallized from
CHCI, to give 23b. Yield: 3.45 g (97%); "HNMR (CDCl,): § =7.4-7.5 (m,
5H, Ar), 6.1 (s, 2H, H3, H4), 51 (s, 1H, H2), 44 (d, 1H, H5,
J(5,,,5.) =16.6 Hz), 4.0 (d. 1H, H5,)), 3.8 (s, 3H, OMe); MS (EI): m/z:
287.090 [M 7], caled for C,,H,3N,0,: 287.0506.

( £)-2-Hydroxymethyl-8-phenyl-1,6,8-triazabicyclo[4.3.0|non-3-ene-7,9-dione
(23¢): 4-Phenylurazole (19) (12.4 g) was suspended in EtOAc (40 mL)at 0°C
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and tert-butythypochlorite (7.63 g) was added to give a red, homogeneous
solution. Penta-2,4-dien-1-o0l (22) (6.8 g) was added after 5 min, and the mix-
ture was allowed to reach RT over a period of 30 min, then left at RT for 18 h.
The solution was concentrated, redissolved in CHCI, (700 mL), filtered. and
concentrated to give 23¢ (15.95 g, 88%). M.p. 150 °C; '*C NMR (CD,CN):
0 =128.5, 127.6, 125.7 (Ar), 122.6, 121.5 (C3, C4), 61.7 (C2), 55.7 (C2).
42.8 (C5); 'HNMR (CDCl): 8 =7.4-7.5 (m, SH, Ar). 6.1 (d, 1 H. H4,
J(3,4) =11 Hz), 585 (dd, 1H, H3, J(2,3) = 8.3 Hz), 4.6 (ddd, 1H, H2,
J(2,2,) =62, J(2,2)) =33 Hz), 425 (d, 1H, HS,,. J5,.5,,) =16.5Hz),
415(d, 1H, H5,),3.95(d, 1H, H2,, J(2,2}) =12.4 Hz), 3.90 (d, 1 H, H2}):
MS (EI): m/z: 259.096 [M *], caled for C,yH, ,N;05: 259.0957.

( £ )-2-Acetoxymethyl-8-phenyl-1,6,8-triazabicycloj4.3.0jnon-3-ene-7,9-dione
(23d): Pyridine (1 mL) and acetic anhydride (1 mL) were addcd to alcohaol
23¢ (518 mg, 2 mmol) dissolved in CH,Cl, (10 mL). The solution was kept
at RT for 18 h. The solution was washed with water (10 m1.), hydrochloric
acid (1M, 10 mL), and NaHCO; (5%, 10 mL), dried with MgSO,, filtered,
and concentrated to give 23d. Yield: 563 mg (94%). M.p. 118--124°C; 13C
NMR (CDCl,): 6 =125~129 (Ar), 123.1, 121.5 (C3, C4), 61.8 (C2). 52.6
(C2), 43.7 (C5), 20.6 (Me); MS (EI): m/z: 301.1061 [M*], caled for
C,sH,sN,0,: 301.1062.

(£)-8-Phenyl-2-(2,2,2-trimethylacetoxy)methyl-1,6,8-triazabicyclo[4.3.0]non-
3-ene-7,9-dione (23e): Pyridine (2mL), then pivaloyl chloride (965 mg,
8 mmol) and 4-dimethylaminopyridine (10 mg) were added to alcohol 23¢
(1.04 g, 4 mmol) dissolved in CH,Cl, (20 mL). The solution was kept at RT
for 3 d. More CH,Cl, (20 mL) was added. and the solution was washed with
water (20 mL), hydrochloric acid (1M, 20 mL), and NaHCO, (5%, 20 mL).
dried with MgSO,, filtered, and concentrated. Ether was added, and the
precipitate of 23e collected. Yield: 1.11 g (81%). M.p. 97-98 °C.

(2,3-trans-3,4-cis) and (2,3-cis-3,4-cis)-2-Carboxymethyl-3,4-epoxy-8-phenyl-
1,6,8-triazabicyclo[4.3.0]nonane-7,9-dione (24b and 25b): Mcthyl cster 23b
(112 mg, 0.39 mmol) was dissolved in CH,Cl, (1 mL), and a solution of
dimethyldioxirane in acetone®*”! (0.092m, 18.5 mL, 1.7 mmol) was added.
After 3 d the solution was concentrated, giving a 3:1 mixture of the epoxides
24b and 25b (113 mg, 96%). Flash chromatography in FtOAc/pentanc 1:1
gave first 25b (9 mg, 8%) and then 24b (78 mg, 66 %).

Epoxide 24b: 3C NMR (CDCl,): § =166.7 (C27), 129.9, 129.1, 126.4 (Ar),
55.4, 53.9 (C3, C4), 50.8, 49.5 (C2, OMe), 43.6 (C5); 'HNMR (CDCl,):
0=7.4(m,5H, Ar), 5.03(d, 1 H, H2, J(2,3) = 5.4 Hz), 4.44 (dd. 1H, H5,,
J(50005.0) =13.5, 74,5, ) =1.8 H2)), 3.85 (dd, 1 H, H 5, , /(4.5,,) =10.8 Hz),
3.8 (s, 3H, OMe), 3.58 (m, 2H, H3, H4).

Epoxide 25b: '*C NMR (CDCl,): 0 =166.7 (C2). 129.9, 129.1, 126.4 (Ar),
56.3, 54.8, 54.0 (C2, C3, C4), 49.6 (OMe), 42.6 (C5); 'HNMR (CDCl,):
6 =74 (m, 5H, Ar), 5.2 (s, 1H, H2), 42 (dd, 1H, H5_, J(5,,.5.,,) =13.5,
J(4,5,) =39 Hz),3.9(d, 1H,H5,),3.8(s,3H, OMe), 3.8 (s, 1H, H3), 3.6
(s, 1H, H4); MS (EI): m/z: 303.0854 [M *], caled for C,H, ;N ,0,: 303.0855.

(2,3-trans-3,4-cis)- and (2,3-cis-3,4~cis)-3,4-Epoxy-2-hydroxymethyl-8-phenyl-
1,6,8-triaza-bicyclo{4.3.0]nonane-7,9-dione (24¢ and 25¢):

By the trifluoromethyl(methyl)dioxirane method:'*® Alcohol 23¢ (1.00 g,
3.86 mmol) was dissolved in McCN (30 mL) and water (20 mL) in a flask
fitted with a funnel and a dry ice/acetone condenser. The solution was cooled
to 0°C in an ice bath, and 1,1,1-trifluoroacetone (4 mL) and NaHCO, (2.6 g)
was added followed by oxone (12.3 g) in smail pertions over a period of
5 min, The mixture was stirred at RT for 18 h. Another charge of NaHCO,
(1.3 g) and oxone (6.15 g) was added, and after 2 h the reaction was worked
up by the addition of watcr (200mL) and extraction with CHCI,
(8 x 100 mL). The combined organic layers were dried (MgSO,) and concen-
trated to give a solid mixture of epoxides 24¢ and 25¢ (1.09 g) in a 3:1 ratio.
On addition of CHCL; (40 mL) pure 24¢ crystallized out (656 mg, 62%).
M.p. 182~ 184°C.

Epoxide 24¢: '*C NMR (CDCly): 6 =128.3, 127.5, 124.6 (Ar), 61.1 (C2'),
54.2,50.2(C3,C4).47.6(C2),41.0(CS5); '"HNMR (CDCl,): 6 =7.4 (m, 5H,
Ar), 4.55(dd, 1H, H2, J(2,2,) = 4.7, J(2,2,) = 4.1 H7), 4.39 (dd, 1 H, H5,,
J(50ys5eq) =13.2, J(4,5.) =1.0 Hz), 4.18 (dd, 1H, H2}, J(2,,2;) =12.2 Hz),
4.04(dd, 1 H,H2}),3.88(dd, 1 H, HS,,, J(4,5,,) =1.4 Hz), 3.6 (ddd, 1H, H4,
J(3,4) = 4.0 Hz), 3.53 (d, 1H, H3).

Epoxide 25¢: 1*C NMR (CDCl,): § =128.3, 127.5. 124.6 (Ar), 60.6 (C2),
55.0,50.8(C3,C4),48.4(C2),42.8(C5); '"HNMR(CDCI,): 6 =7.4(m.5H,

axs
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Ar). 4.23 (ddd, 1H. H2, J(2,2;) = 6.1, J(2,2,) = 5.5, J(2,3) = 3.7 Hz), 4.01
(dd. 1H, H5,,, J(5,..5,) =134, J@4.5,) =0.6Hz), 391 (dd, 1H, HZ,
J(2,.21y =11 Hz),3.76 (dd, 1H, H2}), 3.59 (dd, 1 H, HS,, J(4.5,,) =1.8 Hz),
3.52 (dd, 1H, H3, J(3,4) = 3.7 Hz), 3.45 (ddd, 1H, H4); MS (El): m/z:
275.100 [M *1, caled for C ,H N0, 275.0906.

By the MCPBA method: Alcohol 23¢ (518 mg, 2 mmol) and m-chioroperben-
zoic acid (1.00 g) were dissolved in 1,2-dichloroecthane (5 mL) and heated at
80 “C for 3 h. After cooling to RT, the mixture was filtered, and the preaipitate
was washed with CH,Cl, (10 mL). The combined filtrates were washed with
Na,CO, solution (10%, 10 mL), dried with MgSO,, and concentrated to
give the epoxides 24¢ and 25¢ (463 mg, 84%) in a 1:2 ratio.

By the dimethvldioxirane method: Alcohol 23¢ (112 mg, 0.39 mmol) was dis-
solved in CHCI, (1 mL), and a solution of dimethyldioxirane in acetone*”
(0.092Mm, 13.5 mL, 1.24 mmol) was added. After 24 h the solution was concen-
trated to the epoxides 24¢ and 25¢ (119 mg, 100%) in a 1:1 ratio.

By the ethvimethyldioxirane method: A solution of ethylmethyldioxirane in
2-butanonc!?”1 (16 mL) was added to alcohol 23¢ (100 mg, 0.39 mmol). After
24 h the solution was concentrated to give a 1:1:1 mixture of cpoxides 24¢
and 25¢ and starting material 23c.

(2,3-trans-3,4-cis)- and (2,3-cis-3,4-cis)-2-Acetoxymethyl-3,4-epoxy-8-phenyl-
1,6,8-triazabicyclo|4.3.0jnonane-7,9-dione (24d and 25d): Acetatc 23d
(100 mg, 0.33 mmol) was dissolved in CH,Cl, (1 mL), and a solution of
dimethyldioxirane in acetone”™ (0.092m, 10 mL, 0.92 mmol) was added.
After 3 d the solution was concentrated to a 1:1 mixture of epoxides 24d and
25d (119 mg).

Epoxide 24d: '*C NMR (CDCl;): 6 =130.0, 129.1, 126.3 (Ar), 61.9 (C2),
52.5, 50.7 (C3, C4). 48.5 (C2), 42.7 (C5), 21.4 (Ac); '"HNMR (CDCl,):
6=74-75 (m, SH, Ar), 48 (ddd, 1H, H2, J(2,2,) =53, J2,2)) =42,
J(2.3) =1.3 Hz), 4.62(dd, 1H, H2,, J(2,.2,) =11.8 Hz), 4.3 (dd, 1H. H2}).
415 (d, 1H, HS., J(5,.5,)=132Hz, 395 (dd, 1H, HS,,
J(4.5,)=2.7Hz), 3.56 (ddd, 1H, H4, J(3,4) = 3.8 Hz), 3.54 (d, 1H, H3),
2.0 (s. 3H, Ac).

Epoxide 25d: '3C NMR (CDCL,): § =130.0, 129.1, 126.3 (Ar), 60.7 (C2),
51.0, 50.4 (C3, C4). 50.0 (C2), 45.2 (C5), 21.4 (Ac); 'HNMR (CDCl,):
§ =7.4-5(m, 5H, Ar), 3.65 (m, 1H, H3),3.48 (m, 1 H, H4), 2.0 (s, 3H, Ac).
By the MCPBA method: Acetate 23d (101 mg, 0.33 mmol) and m-chloroper-
benzoic acid (168 mg) were dissolved in 1,2-dichloroethane (3 mL) and heated
at 80 °C for 3 h. After cooling to RT the mixture was filtered, and the filter
cake was washed with CH,Cl, (10 mL). The combined filtrates were washed
with Na,CO, solution (10%, 10 mL), dried with MgSO,,, and concentrated
to give the epoxides 24d and 25d (102 mg, 96%) in a 2:1 ratio.

From the epoxide alcohol: Alcohol 24¢ (50 mg) was dissolved in pyridine
(1 mL) and acetic anhydride (0.5 mL) and kept for 1 h. Toluene (2 mL) was
added, and the mixture was concentrated. NMR of the residue identified the
product as 24d.

(2,3-trans-3,4-cis)- and (2,3-cis-3,4-cis)-3,4-Epoxy-8-phenyl-2-(2,2,2-trimethyl-
acetoxy)methyl-1.6,8-triazabicyclo[4.3.0lnonane-2,4-dione (24¢ and 25e): Pi-
valate 23e (79 mg, (.23 mmol) and m-chloroperbenzoic acid (200 mg) were
dissolved in 1,2-dichloroethane (3 mL) and heated at 80°C for 18 h. After
cooling to RT, the mixture was filtered, and the filter cake was washed with
CH,CI, {10 mL). The combined filtrates were washed with Na,COj, solution
(10%, 10 mL), dried with MgSO,, and concentrated to give a residue con-
taining the epoxides 24e and 25¢ (98 mg) in a 3:2 ratio. Further purification
by flash chromatography in EtOAc gave 35 mg (42%).

Epoxide 24e: '"H NMR (CDCl,): § =7.4-7.5(m, 5H, Ar), 4.78 (m, 1 H, H2,
J(2.2;) = 4.3,J(2,2,) = 3.8 Hz), 4.69 (dd. 1 H, H2;, J(2..2;) =12.2 Hz), 4.34
(dd. 10, H2)). 412 (d, 1 H, HS5_, J(5,,.5,) =14.1 Hz), 3.99(dd, 11, H5,,,
J(4.5,) = 3 Hz), 3.59 (m, 1H, H4), 3.5 (m, 1H, H3), 1.25 (s, 9H, Me's).
Epoxide 25¢: '"H NMR (CDCl,): § =7.4-7.5 (m, SH, Ar), 4.7 (m, 1H, H2,
J(2.2,) = 6.6, J(2.2,) = 5.6 Hz), 4.56 (dd, 1H, H2,, J(2,.2}) =11.3 Hz), 4.38
(dd. TH, H2}). 4.17 (dd, 1H, HS,,, J(5,,.5.,) =122, J(45,) = 3.8 Hz),
3.6-3.7 (m, 2H, H3, H4), 1.25 (s, 9H, Me’s).

(2,3-trans-3,4-trans)-3,4-Dihydroxy-2-hydroxymethyl-8-phenyl-1,6,8-triazabi-
cyclo|4.3.0lnonane-7,9-dione (26): Epoxide 24 ¢ (500 mg) was dissolved in wa-
ter (50 mL) and HCIO, (70%, 1.25 mL) was added. The solution was refluxed
for 5 h, then neutralized with KHCO, (1.49 g) and concentrated. Flash chro-
matography in EtOAc gave pure 26 (388 mg, 73%). '3C NMR (D,O):
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6 =136.6, 133.8 (Ar). 66.5, 66.2 (C3. C4), 61.2, 58.5 (C2. C21), 46.1 (C5):
"HNMR (CDCl,): 6 =7.4 (m, 5H, Ar), 4.21 (dd, 1 H, H2}, J(2,,2) =12.8,
J(2,2)) = 32 Hz),3.94 (dd, 1 H, H2}, J(2.2,) = 54 Hz), 3.91 (dd, 1H, H5,,
J(5,05eg) =11.7, H4.5,) =24Hz), 379 (ddd, 1H, H4, J45,) =74,
J(3,4) = 6.4 Hz), 3.71 (ddd. 1H, H2, J(2.3) = 6.4 Hz), 3.64 (dd, 1H, H3).
3.34 (dd, 1 H, H5,); MS (El): m/z: 293.101 [M *], caled for C;H;sN;0;:
293.1012.

(3,4-trans-4,5-trans)-4,5-Dihydroxy-3-hydroxymethylhexahydropyridazine
(16): Triol 26 (256 mg) was dissolved in hydrazine hydrate (5 mL) and heated
at 100°C for 18 h. The solution was concentrated to give a syrup. This was
dissolved in water and put on a column of ion-exchange resin (Amberlyst 15,
H™*), washed with water, and eluted with 2.5% NH,OH. Concentration
followed by flash chromatography in EtOH/NH,OH(25%) 9:1 gave purc 16
(109 mg, 84%). '*C NMR (D,0, pH 6): § =74.3, 73.8 (C4, C5). 65.5. 62.2
(C3, C3), 541 (C6); (pH 1): 6 =72.1, 70.8 (C4, C5). 63.7, 60.9 (C3, C3.
51.4 (C6); '"HNMR (D,0, pH 6): §=3.8 (dd, 1H, H3,, J(3,,3;) =12.5,
J(3.3)) = 3.0 Hz), 3.6 (dd. 1H, H3,, J(3.3,) = 6.0 Hz), 3.5 (ddd. 1 H. HS5,
J(5.6,,) =105, J(4.5) =94, J(56,)=50Hz). 33 (t, 1H, H4, J(3,4)=
9.4 Hz), 3.15 (dd, 1H, H6,,, J(6,,,6,) =12.5 Hz), 2.65 (ddd. 1 H, H3). 2.55
(dd, 1H, H6,); (pH 1): § = 3.85 (H3)), 3.75 (H3;), 3.7 (H5). 3.5 (H4), 3.5
(H6,,), 3.05 (H3), 2.9 (H6,,); MS (EI): mjz: 148.0847 {M "], caled for
C H,N,0;: 148.0848.

( £ )-2-Methyi-8-phenyl-1,6,8-triazabicyclo{4,3,0lnon-3-ene-7,9-dione (27): 4-
Phenylurazole (19) (1.77 g) was suspended in EtOAc (S5mL) at 0°C, and
tert-butylhypochlorite (1.1 g) was added to give a red, homogeneous solution.
Penta-2 4-diene (1.5 g) was added after 5 min, which led to immediate discol-
oration. The mixture was allowed to reach RT over 30 min. The solution was
filtered, and the precipitate was washed with EtOAc (10 mL). The combined
filtrates were concentrated to give crystalline 27 (2.22 g, 91%). M.p. 122~
125°C. '3C NMR (CDCl,): § =129.6, 128.6, 127.9, 125.9, 120.0 (Ar, C3,
C4), 50.8 (C2), 44.0 (C5), 18.0 (C2); 'HNMR (CDCl,): § =7.4 (m, SH,
Ar), 5.83 (bs, 2H, H3, H4), 4.5 (m, 1H, H2, J2.2)) = 6 11z), 4.24 (dd, 111,
H5, . J(5,,,5.,) =16, J(4,5,) =1.4Hz), 3.97 (dd, 1H, HS5,, J(4.5,) =
2.4Hz), 1.35 (d, 3H, H2); MS (EI): m/z: 243.100 [M "], caled for
C,;H 3N;0,: 243.1008.

(2,3-trans-3,4-cis)-3,4-Dihydroxy-2-methyl-8-phenyl-1,6,8-triazabicyclo-
|4.3.0lnonane-7,9-dione (28): Alkene 27 (564 mg) was dissolved in acetone
(1 mL) and water (1 mL) and N-methylmorpholine N-oxide (400 mg) was
added. Finally 1 mL of a solution of OsO, in t-butanol (10 gL ™ ') was added,
and the mixturc was stirred for 4 d at 25°C. A solution of Na,S,0; (30 mL)
was added, and the mixture was extracted with EtOAc¢ (5x20mL). The
organic layers were dried (MgSO,), filtered and concentrated. Recrystalliza-
tion of the residue from EtOAc/ether gave pure 28 (431 mg, 67%). 1*C NMR
(CD,CN*): 6 =128.3,127.5, 125.8 (Ar), 69.3,63.0 (C3,C4), 54.3 (C2),43.2
(C5), 123 (C29; 'HNMR (CD,CN*): § =7.46 (m, SH. Ar), 4.2 (m, 1 H,
H2, J(2,2)=6.5 J(2,3)=3.3Hz), 411 (ddd, 1H, H4, J4,5,) = 9.8,
J(4,5,) =49 (J3.4) = 2.6 Hz), 383 (dd, 1H, HS5,,, J(5,,.5.,) =11.1 Hz),
3.83(dd, 1H,H3),3.34(dd, 1H, H5,),1.28 (d, 3H, H2); m.p. 197-199°C;
MS (EI): m/z: 277.1062 [M 7], caled for C,;H,;N,0,: 277.1062.

(3,4-trans-4,5-cis)-4,5-Dihydroxy-3-methylhexahydropyridazine (29): Diol 28
(176 mg) was dissolved in hydrazine hydrate (10 mL) and heated at 100 “C for
18 h. The solution was concentrated to give a syrup, which was dissolved in
water and put on a column of ion-exchange resin (Amberlyst 15, H™), washed
with water, and eluted with 2.5% NH,OH. Concentration followed by flash
chromatography in EtOH/NH,OH (25%) 50:1 gave pure 29 (76 mg, 90%).
13C NMR (D,0): 6 =75.7. 69.0 (C4, C5), 55.2, 543 (C3, C6), 17.8 (C3');
'"HNMR (D,0): 4 =368 (ddd, 1H, HS5, J(5.6,) =45, J45) =30,
J(5,6,,) = 2 Hz), 3.11 (dd, 1H, H4, J(3.4) = 9.6 Hz), 2.78 (dd, 1H. Heé,,,
J(6.4.,6,) =14.5Hz),2.7(m, 1 H,H3),2.68 (dd, 1 H,H6,,),0.83(d,3H, H3",
J(3,3) = 6.2 Hz); MS (EI): m/z: 132.0896 [M *}, caled for C,H | ,N,O,:
132.0899.

(2,3-trans-3,4-cis)-3,4-Dihydroxy-2-hydroxymethyl-8-phenyl-1,6,8-triazabicy-
clo[4.3.0]nonane-7,9-dione (30): Alkene 23 ¢ (601 mg) was dissolved in acetone
(1 mL) and water (1 mL) and N-methylmorpholine N-oxide (400 mg) was
added. Finally 1 mL of a solution of OsQ, in z-butanol (10 gL~ ") was added,
and the mixture was stirred for 5 d at 25 °C. Solid Na,S,0 (0.5 g) was added,
and the mixture concentrated. The residue was subjected to Soxhlet extrac-
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tion with acetone. The acetone extract was concentrated, and the residue
recrystallized from acetone to give purc 30 (537 mg, 79%). '*C NMR
(CD,CN*): d =127.6,124.8, 125.8 (Ar), 63.6, 61.9 (C3, C4), 58.2, 56.3 (C2,
C2),42.5(C5); "HNMR (CD,CN#): § =7.4-7.5 (m, 5H, Ar), 4.18 (ddd,
1H, H2, J(2,2,) = 6.5, J(2,2,) = 5.4, J(2,3) = 4.1 Hz), 4.14 (ddd, 1 H. H4,
J(4,5,) =9.2, J4.5,) =44, J(3,4) = 2.7 Hz), 4.07 (dd, 1 H, H3), 3.87 (dd,
TH, H2, J(2,,2,) =12.2 Hz), 3.79 (dd, 1 H, H 5. J(5,,,5.,) =11.6 Hz), 3.74
(dd, 1H, H2p), 3.44 (dd, 1H, HS5,); m.p. 204-206"C: MS (EI): m/z:
293.1010 [M *], caled for C,,H,;N,O4: 293.1012.

(3,4-trans-4,5-cis)-4,5-Dihydroxy-3-hydroxymethylhexahydropyridazine (31):
Triol 30 (180 mg) was dissolved in hydrazine hydrate {10 mL) and heated at
100°C for 18 h. The solution was concentrated to give a syrup. This was
dissolved in water and put on a column of ion-exchange resin (Amberlyst 15,
H*), washed with water, and eluted with 2.5% NH,OH. Concentration
followed by flash chromatography in EtOH/NH,OH (25%) 20:1 gave pure
31 (85mg, 93%). **C NMR (D,0): § =70.4, 68.9 (C4, C5), 63.0, 60.7 (C3,
C3). 54.1 (C6); '"HNMR (D,0): § =38 (ddd, 1H, HS, J(5,6,) =209,
J(4,5) =20, JG5.6,)=16Hz), 3.6 (dd, 1H, H3, J(3.3) =113,
J(3,3;) = 3.1 Hz), 3.4 (dd, 1H, H3{, J(3,3,) = 6.2Hz), 34 (dd. 1H, H4,
J3.4) =93 Hz), 2.8 (ad, 1H. Hé,,, J(6,,.6,) =14.4 Hz), 2.8 (ddd, 1 H.
H3), 2.8 (dd, 1H, H6,); MS (EI): mjz: 148.0841 [M 7], caled for
CH ,N,0,: 148.0848.

Measurements of glycosidase inhibition: Each glycosidase assay was per-
formed by preparing eight 2 mL samples in cuvettes containing 1 mL sodium
phosphate buffer (0.1 M) of either pH 6.8 and 7.5 or phosphate citrate buffer
(0.1M) at pH 5.0, along with 0.2 to 0.8 mL of a 5 or 10mwm solution of either
4-nitrophenyl «-D-glucopyranoside, 4-nitrophenyl f-pD-glucopyranoside,
4-nitrophenyl a-D-mannopyranoside, 4-nitropheny! a-D-galactopyranoside
or 2-nitrophenyl §-D-galactopyranoside in water, and 0.1 mL of a solution of
cither the potential inhibitor (2, 10, or 16) or water, and topped up to a total
volume of 1.9 mL with distilled water. Four of the samples contained the
potential inhibitor at a [ixed concentration but with varying concentrations
of nitrophenyl glycoside. The other four samples contained no inhibitor, but
also varying concentrations of nitropheny! glycoside. Finally the reaction was
started by adding 0.1 mL of a diluted solution of either a-glucosidase from
bakers’ yeast (EC3.2.1.20, Sigma G-5003), isomaltase from bakers’ yeast
(EC3.2.1.10, Sigma 1-1256), f-glucosidase from almonds (EC 3.2.1.21, Sigma
G-0395), a-mannosidase from jack beans (EC3.2.1.24, Sigma M-7257),
a-galactosidase from E. Coli (EC3.2.1.22, Sigma G-6762) or -galactosidase
from E. Coli (EC3.2.1.23, Sigma G-6008). The formation of 4- or 2-nitrophe-
nol was monitored for 2—10 min at 26 °C by measurement of the absorbance
at 400 nm. Initial velocities were calculated from the slopes for each of the
cight reactions and used to construct two Hanes plots, one with and one
without inhibitor. From the two Michaelis—Menten constants (K} thus
obtained, the inhibition constant (K;) was calculated.

Glycogen phosphorylase inhibition: A procedure similar to that used by John-
son ct al.l*® was used. The glycogen phosphorylase A was from rabbit muscle
(EC2.4.1.1, Sigma P-1261). The substrates used were a D-glucopyranose
{-phosphate (0.1M) and a 4% glycogen solution. Experiments were carried
out in a 0.1M NaF/HCI buffer, pH 6.8, at 26 °C. The reaction was followed
in the direction of glycogen synthesis; phosphate evolution was followed as
described by Palmgren et al.l*}

Table 3. Crystallographic data for 24c¢ and 30.

Compound 24c¢ 30

Formula C;H3N,0, C3H N,Oq
Formula weight 275.27 293.29

a(A) 10.917(4) 11.204(4)
b(A) 7.075(3) 7.364(3)

¢ (A) 16.814(6) 17.067(6)
BEO) 116.56(2) 115.94(2)

T 120K 295 K

R 0.050 0.069

GoF 1.294 1362
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Crystallographic data: Both 24c and 30 crystallized as thin, colorless plates.
X-ray data were recorded with a HUBER 4-circle diffractometer in the 0-2¢
step scan mode with Moy, radiation. Both compounds formed monoclinic
crystals, space group P2,/¢ with Z = 4. The structures were solved by means
of the SIR 921321 direct methods package and refined on F by the full-matrix
least-squares method, allowing anisotropic displacement parameters for non-
hydrogen atoms. Hydrogen atoms were introduced in calculated positions,
and were refined in 24¢ but not in 30 because of luck of data. Important data
are given in Table 3.133!
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Towards 2-Silaallenes: Synthesis of Spirocyclic Precursors**

Brigitte Goetze, Bernhard Herrschaft and Norbert Auner*

Abstract: Reactions of dichlorodivinylsi-
lane (2) and Li/Buin a molar ratio 1/1 and
1/2 lead to highly reactive intermediates,

formation of both the neopentylsilene
H,C=CH(CI)Si=CHCH,sBu (3) and the
2-silaallene 1BuCH,CH=Si=CHCH,Bu

(4). The formation of double cycload-
ducts from 4 is particularly interesting
as a preparatively facile route for the

which can be trapped by suitable reagents.
In the presence of trimethylmethoxysi-
lane, norbornadiene, anthracene and
diphenylacetylene, products are formed
that provide evidence for the intermediate

cycloadditions -

Introduction

The reaction of chlorovinylsilanes R!R2Si(Cl)CH=CH, with
LisBu leads to lithiated intermediates R*R*Si(CHCH(Li)CH,-
rBu and, by 1,2-LiCl elimination, to highly reactive neopentylsi-
lenes R'R?Si=CHCH,Bu.l’ " The only stable neopentylsi-
lene to have been isolated is for R! = R? = Mesityl.1¥ Our ex-
perimental investigations during recent years indicate that
especially dichloroneopentylsilene (R' = R2 = CI, 1) shows an
extraordinary activity in cycloaddition reactions, even with di-
enes of only low reactivity (e.g., naphthalene and furans).[® 7}
Furthermore 1 is characterized by its ability to react with buta-
dienes and diorgano-substituted acetylenes to give monosilacy-
clobutanes and -butenes.!® 1% The H,C=CHSICl,/LitBu sys-
tem is thus an excellent reagent for the facile preparative
synthesis of heterocycles containing the dichlorosilyl functional
group.l* "1 Ajthough we have no spectroscopic proof for the
existence of silene 1 and although the generation of cycload-
ducts might be explained by alternative reaction pathways (e.g.
starting from the lithiated species C1,SiCH(Li)CH,¢Bu), our
experimental investigations indicate that a strongly polar Si—C
double bonded species must be formed as an intermediate.
Based on these experiments we now use this general principle of
silene generation for the preparation of a 2-silaaliene building
block. Starting from a mixture of dichlorodivinylsilane (2) and
LirBu in the molar ratio 1/2, the 2-silaallene intermediate 4
should be generated, possibly via the 1-chloro-1-vinylsilene (3)
(Scheme 1).1+2!
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synthesis of silaspirocycles such as 13,
16 and 17, which have been character-
ized by single-crystal X-ray structure

silaallenes -+ silicon -

analysis.
= + LitBu =\
/Sn ,Si=CHCH,tBu
ol \= - Licl ci
2 3

+ 2 LitBu + LitBu
- 2Ll -Licl
[ 1BuH,CHC=SI=CHCH,Bu |
4

Scheme 1. Reactions of dichlorodivinylsilane with one or two equivalents of
LirBu.

It is well known from the literature that silaspirocycles are
suitable precursors for the pyrolytic generation of 2-sila-
allenes.'3- 141 Thus, the double cycloadducts of 4 might be
possible starting materials for the retrosynthetic generation
of 2-silaallenes, allowing trapping experiments and spectro-
scopic analyses in low-temperature matrices or in the gas
phase.l'3: '®) This paper reports the preparation of such pre-
Cursors.

Results and Discussion

Synthesis of dichlorodivinylsilane (2): For investigations into the
generation of a synthetic equivalent to 2-silaallene 4, dichlorodi-
vinylsilane (2) is required in high purity and on a preparative
scale. Although there are several synthetic routes in the litera-
ture,[*2 17~ 2 none of these is useful for our purposes, because
of their low selectivities and yields. Therefore, a new highly
selective method for the generation of 2 was developed. Starting
from dichlorodiphenylsilane diphenyldivinylsilane (5) was pre-
pared by Grignard reaction.’??) In a one-pot procedure 5 was
then treated with triflic acid to give (CF;S0,),SiVi, and refunc-
tionalized with HNEt,Cl to yield an 82% yield of pure 2 after
distillation (Scheme 2).
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Ph,SiCl, + 2 VIMgCl — Ph,SiVi, + 2MqCi,
5
Ph,SiViy + 2 FsCSOH —= (F,CS0,),SiVi, + 2 PhH
5

{F5CS04),8iVi, + 2 NEt;HCl —— CI,SiVi, + 2 NEt;H(SO,CF,)
2

Scheme 2, Synthesis of dichlorodivinylsilane from dichlorodiphenylsilane
(Vi = vinyl).

Reactions of 2 with LirBu and attempts to trap the intermediates:
According to the literature LitBu adds to the vinyl group of
chiorovinylsilanes due to the silicon a-effect,2*2* giving an
organolithiated species, which can be trapped by Me,SiOSO,-
CF,.»25727  Intramolecular 1,2-LiCl elimination gives
neopentylsilenes, which react with Me,SiOMe, acting as a polar
trapping agent.'® 27271 Depending on the degree of Si=C
polarity and, thus, on the influence of substituents at the Si=C
moiety, the intermediate silenes react with unsaturated com-
pounds to yield cycloaddition products ({2 +2] and/or [4+ 2]
addition).[* "1 Without trapping agents neopentylsilenes
dimerize to yield 2,4-dincopentyl-1,3-disilacyclobutanes as
stable products.[28!

Analogously dichlorodivinylsilane (2) was treated with one
and two equivalents of LisBu and then with an excess of
Me,SiOSO,CF,. Although LiCF,SO, was formed during both
reactions, none of the expected products Cl,(H,C=HC)Si-
[CH(Si{CH,);)CH,Bu) (6) and Cl,Si[CH(Si(CH,);)CH,Bu],
(7) could be isolated from the reaction mixture. Instead, 1,3-
dichloro-2,4-dineopentyl-1,3-divinyl-1,3-disilacyclobutane (8,
Scheme 5), a formal head-to-tail dimerization product of silene
3, and small amounts of higher spirocycles were formed. The
preliminary lithiated intermediates that formed—BuCH,CH-
(LDCISI(CHCH=CH, and [tBuCH,CH(Li)],SiCl,—seemed to
preferentially eliminate LiCl, and silene dimerization was
strongly preferred over the substitution reaction with
Me,SiOSO,CF;. Not surprisingly the reaction of 2 with one
equivalent of LizBu and Me,SiOMe afforded the silene addition
products 9 and 10 in 40 and 20% yields, respectively. From the
reaction of 2 with two equivalents of LizBu and Me;SiOMe only
the double addition product 10 was obtained (yield: 65%)
(Scheme 3).

The silicon-substituted dimethoxy compound 10 was
analysed by standard methods (see Experimental Section). It
crystallized at 4°C and could be characterized by single-crystal
X-ray structure analysis (Figure 1). Compound 10 was found to
be thermally very stable: in the gas phase it required 980 °C to
eliminate two equivalents of Me,;SiOMe. Thus, 10 might be a

Abstract in German: Die Reaktionen von Dichlordivinylsilan (2)
und tBuli im Molverhdltnis 1]1 und 1)2 fiihren zu hochreaktiven
Verbindungen, die mit geeigneten Abfangreagentien, wie
Trimethylmethoxysilan, Norbornadien und Anthracen, sowie mit
Diphenylacetylen Additionsprodukte bilden. Daraus leiten sich
experimentelle Hinweise auf die kurzzeitige Entstehung des
Neopentylsilaethens H,C=CH(CDSi=CHCH,tBu (3), aber
auch des 2-Silaallens tBuCH,CH=Si=CHCH,tBu (4) ab. Vor
allem die einstufige Synthese doppelter Cycloaddukte aus 4 ist ein
priparativ einfacher Zugang zu Silaspirocyclen, wie 13, 16 und
17, die rontgenstruk turanalytisch charakterisiert wurden.
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o + LitBu/ SiMe, MeO SiMey
N MesSioMe CLS_ g
! s — i +
=/ \Cl - LiCl =/ \OMe _\OMe
2 SiMe,
9 40 % 10 20 %
ol + 2 LitBu/ SiMe
N 2MegSioMe MGO\S,
1 _— 1
=/ ¢t -2LC “OMe
2 SiMe,
10 65 %

Scheme 3. Trapping reactions of dichlorodivinylsilane with LifBu and Me,SiOMe.

Figure 1. DIAMOND plot of the molecular structure of 10.

potential precursor for the gas-phase formation of silaallene
4.[1 5,16]

In earlier work we showed anthracene to be a very efficient
dienophile for neopentylsilenes:'?*) from the mixture of 2/Lis-
Bu/anthracene the [4+ 2] cycloadduct 11 was isolated.['?! The
latter obviously serves as a precursor for a sterically protected
silene 12 with an exocyclic Si=C bond, because further reaction
of 11 with LirBu and anthracene yielded the double cycloadduct
13. Alternatively, 13 could be synthesized in a onec-step reac-
tion from 2 with two equivalents of LizBu and anthracene
(Scheme 4).

220

=\S/C' 2 LitBu \/S\K
JSi _— i
o = -2 Licl
y\/"
2 13
LitBu

OO | o e

=\ ’ tBuH,CHCy,
cr—St LitBu S
@ ’ _Licl @ @
1" 12

Scheme 4. Reactions of dichlorodivinylsitane with LisBu and anthracenc.

Both reactions yielded the crystalline product 13, which was
recrystallized from toluene/EtOH for X-ray structure analysis
(Figure 2). Although the formation of 13 does not necessarily
indicate that a silaallene intermediate is formed during the
course of reaction, first pyrolysis experiments show that 13 elim-
inates two equivalents of anthracene at about 950 °C giving an
identical product to that isolated in a matrix from the pyrolysis
of 10; the nature of this compound is not yet known.
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C32

Figure 2. DIAMOND plot of the molecular structure of 13 in polymotph B.

Reaction of equimolar amounts of 2/LifBu and norbornadi-
ene, as a nonclassical dienophile,¢-27-39732) clearly proved
that 3 had been formed, since it was trapped in a [24+2+2]
cycloaddition reaction to give 14 (Scheme 5). In a very similar

= 0 2 LirBu/2£b
s _— =7 Si
cof \= -2 Licl
2
16
LitBu LitBu :ﬁ\/
- L -tic | £
= A7
,Si=CHCH,1Bu di—~Cl
cf e
3 14
Li#Bu
- Licl

Cl\s/é/: 2 LitBu/Zﬂb

Scheme 5. Reactions of dichlorodivinylsilane with Liz/Bu and norbornadienc.

reaction to that discussed for adduct 11, 14 may serve as a
precursor for the generation of a silene 15 (Scheme 6) with a
sterically shielded silicon centre. Thus, 14/LizBu was able to
react slowly with a second equivalent of norbornadiene to give
the double [2+24-2] ad-
duct 16. Alternatively 16
was isolated from the reac-
tion mixture of 2 with two
equivalents of LifBu and
norbornadiene in a one-
step procedure (Figure 3,
Scheme 3). In strong con-
trast to the stepwise syn-
thesis via 14, the latter re-
action is very fast. When
the monoadduct 14 was
treated with LifBu, the 1,3-
disilacyclobutane 17 was

Figure 3. DIAMOND plot of the molec-
ular structure of 16.

950 ———
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obtained from a very slow reaction at room temperature. It
crystallized readily and gave very hard, almost insoluble crys-
tals, which were characterized by X-ray structure analysis (Fig-
ure 4). These findings were confirmed by the reaction of the
1,3~disilacyclobutane 8 with two equivalents of LifBu in the
presence of excess norbornadiene. According to GCMS analysis
of the reaction mixture only traces of a monoadduct were gener-
ated and could not be isolated. The main product 17 was ob-
tained after distillation (Scheme 5).

Figure 4. DIAMOND plot of the molecular structure of 17.

The synthesis of a mixed double cycloadduct 18 could be
achieved either by reaction of 11 with LirBu in the presence of
norbornadiene or by reaction of 14 with LizBu and anthracene
(Scheme 6). In the latter reaction the formation of the disilacy-

=‘\ /CI
L3
Dee LitBu Ch = ; LifBu
- Licl 2 - Licl
1 14
LitBu LizBu
- Licl - Licl

tBuH,CHCx;
e @ Si\‘CHCHeru
12 15
Vi, Tee
Si
A7

18

Scheme 6. Reactions of dichlorodivinylsilane with LifBu, anthracene and nor-
bornadiene.

clobutane 17 competes with the trapping reaction. Both prod-
ucts were clearly identified, but not separated from each other.
Thus, starting from 11 is by far the more efficient route to 18. A
dimerization product resulting from the corresponding silene
precursor 11 could never be observed,!!? and 18 was isolated by
distillation.
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While dichloroneopentylsilene (1) is trapped by quadricy-
clane forming a stereoisomeric pair of silacyclobutanes,
diorgano-substituted neopentylsilenes do not react with this
reagent.[2> 7273035331 YWhen one equivalent of Li/Bu was
added slowly to a solution of 2 and quadricyclane in n-pentane,
the only products to be formed were dimer 8 and oligomer 21
(Scheme 7), from 1-chloro-1-vinyl-2-neopentylsilene (3) or 1,3-
dineopentyl-2-silaallene (4). These products are the same as
those reported for the reaction of 2 with LisBu in the absence of
a trapping agent.!28!

[

= O thBu = \

AT ;L
2]

=\ b 2LifBu

Si — Si Si Si Si
of A= -2 of = X .
2 fast addition
19 20

bl

=\ _C 2Ly o)
Sl — Si St

of \= -2tcC Cl/ N\
2 slow addition

Scheme 7. Reaction of dichlorodivinylsilane with one and two equivalents of
Li/Bu.

The product formation strongly depends on the conditions
used. As can be seen from Scheme 7, the reactions in the pres-
ence of two equivalents of LifBu are much more complex: the
faster LisBu was added to the solution, the higher was the yield
of silicon tert-butyl substituted 1,3-disilacyclobutanes 19 and
20. Evidently the substitution reaction Si—Cl to Si—/Bu is fa-
voured over silene formation when the local concentration of
Li/Bu is comparably high. In contrast, the slow reactions of the
chlorovinylsilane/quadricyclane mixture with two equivalents
of LirfBu led to oligomers containing disilacyclobutane
spirochains 21, and some by-products that could not be identi-
fied.[3*! This result was confirmed by treating 2 with two equiv-
alents of LizBu in the absence of quadricyclane: 21 was formed
in high yield.

The reaction of silene 1 with diphenylacetylene is reported to
be an attractive high-yield synthesis of a dichloro-functionalized
silacyclobutene. In contrast, diorgano-substituted neopentylsi-
lenes do not react.>®! From the reaction of silene 3 and
diphenylacetylene, the (£/Z) isomeric silacyclobutenes 22 were
obtained as a viscous liquid in about 10% yield. The NMR
spectroscopic data were in very good agreement with those re-
ported for other derivatives.l®* °! However, when 2 was treated
with two equivalents of LisrBu and diphenylacetylene only traces
of the spirocyclic compound 23 could be identified by NMR
spectroscopic and mass spectrometric methods (yield <5%).
The main product to be isolated was the oligomer 24, a white
powder which is soluble in common nonpolar organic solvents.
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© VCH Verlagsgesellschaft mbH, D-69451 Weinheim, 1997

The basic structural features of 24 could be determined by
NMR spectroscopy, mass spectrometry and GPC methods
(Scheme 8). In addition its spectroscopic and chemical proper-
ties show a strong resemblance to thosc of 21,134

_—‘\S/C‘ LitBu/Ph—=—Ph _\
of \= Lo

2

=\ ,C‘ 2 LitBu/2 Ph—=—Ph

2 %

of _ T T2ha
h?& é—Ph

Scheme 8. Reactions of dichlorodivinylsilane with LizBu and diphenylacetylenc.

Conclusions and QOutlook

In this paper a facile one-pot synthesis of spirocyclic silahetero-
cycles is described. Starting from mixtures of dichlorodivinylsi-
lane and LisBu (molar ratio 1/2), with or without trapping
agents, either the silene 3 and/or the 2-silaallene 4 might be
involved in the product-forming process. Although experimen-
tal results confirm a participation of the silaallene unit, the
corresponding organolithium species must also be considered as
possible product-forming equivalents. Ab initio calculations on
the competitive reactions of neopentyl silenes R'R2Si=CHCH -
tBu and silaallcne 4 and/or their lithiated analogues R'R2Si-
(CHCH(Li)CH,#Bu and (BuCH,CH(Li)CISiCICH(Li)CH,tBu
are currently in progress. Discounting the fact that there is cur-
rently no spectroscopic proof for the existence of silene 3 or
silaallene 4, there is no doubt that the whole series of spirocycles
and addition product 10 are promising precursors for the forma-
tion of 4 in the gas phase. First investigations show that 10 and
13 eliminate two equivalents of Me,SiOMe or anthracene, re-
spectively, to give identical products, which can be frozen in an
inert low-temperature matrix.!*3 Consistent results were ob-
tained by photoelectron spectroscopic studies in the gas
phase.l'®! The product characterization is part of our future
work.

Experimental Section

X-ray structure analysis:
(4R,6R)-5,5-Dimethoxy-2,2,8,8-tetramethyl-4,6-bis(trimethylsilyl)-5-silano-~
nane (10): Compound 10 crystallizes to give orthorhombic crystals. Crystallo-
graphic and experimental data are given in Table 1. The molecular structure
of 10 (Figure 1) is characterized by a twofold symmetry in the solid state. The
central silicon atom Sil is pseudotetrahedrally surrounded by two methoxy
and two [CH(SiMe;)CH,CMe,] groups; the bond angles around Sit lie
between 104.04 and 117.3(2)°. Owing to its inherent symmetry, only one
independent Si1-C (187.7(3) pm) and one Si1 -O (164.4(3) pm) distance are
found. The C1-C2 bond length (138.8(7) pm) is exceptionally short.1*3) The
conformation of the molecule is influenced by a weak intramolecular electro-
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Table 1. Experimental details of the single-crystal structure determination of 10.

unit cell contents, mass
molecular formula, mass, Z
crystal system, Laue class
spacegroup

unit cell dimensions [pm]
unit cell volume [10° pm?]
measurement device
radiation, monochromator
temperature [K]

crystal colour and size [mm]
scan range (7]

structure solution program
structure refinement program
hydrogen atoms

no. of independant reflns

no. of observed reflns

Fooo

no. of parameters

refinement

minimized function
weighting function

max. resid. electron density
[107% pm "3} R factors
conventional (observed/all)
wR2 (observed/all}

GoF

CyoH 4,0481,,, 1619.42

C,oH,450,8i5, 404.86. 4

orthorhombic, mmm

Pcan, unconventional setting of Phcn (no. 60)
a=886.7(2), b =1515.9(3), ¢ = 2004.8(4)
2695(1)

imaging plate diffractometer (STOE)

Moy, (71.073 pm), graphite

200(2)

colourless, 0.30 % 0.48 x 0.70

4.88<26<52.70

h=0/11, k =0/18,/=0/24

direct methods, SHELXS86 for Si and O
difference fourier syntheses, SHELXL 93 for C
calculated, included in F? syntheses, not refined
2702

2465

904

126

full-matrix least-squares based on F?

Tu(F: — FY)

w !l =[2(F2) +(0.1703P)? +0.8732P);

P =1/3(F2 +2F?)

0.892

0.0820/0.1093
0.2479/0.2813
1.112

static interaction between O1 and one H at C2 (253 pm, O1-H-C2 121.8%).
The packing of the molecules in the unit cell is also determined by weak
electrostatic O - -+ H interactions, so that the molecules form rods along the
X dxis.

Table 2. Experimental details of the single-crystal structure determination of 13.

16,16’-meso-15,15'-Spirobi{ 16-neopentyl-15-silatetracyclo}6.6.2.02-7,0% '4}-
hexadeca-2,4,6,9(14),10,12-hexaene} (13) crystallizes to give monoclinic crys-
tals in two polymorphs, which are both found in the same sample. Crystallo-
graphic and experimental data are given in Table 2.

Polymorph A crystallizes in monoclinic form (P2, /n, no. 14) with four mole-
cules in the unit cell. The central silicon atom is situated in the spiro position
of two corner sharing bicyclic systems of 1-silaecthanoanthracene-type to-
pology and is surrounded pseudotetrahedrally by four carbon atoms, the
C-Si-C angles show distortion of the tetrahedral geometry: 99.6-117.8(2)°
(mean: 109.6°).

Polymorph B (Figure 2) crystallizes in monoclinic form (P2,/¢, no. 14). The
molecular geometry does not differ significantly from that of polymorph A,
except in the arrangement of the neopentyl groups, as reflected by the torsion
angles C9-C8-C1-8i/C9-C8-C1-C2 (A: 143.35/92.56"; B: 165.61/71.28%)
and C9A-C8A-C1A-Si/ CIA-CS8A-C1A-C2A (A refers to the second
neopentyl group; same numbering) (A: 134.59/102.94°; B: 114.26/124.527).
To confirm these findings X-ray diffraction experiments were perfomed to
prove that the bulk material is a single phase. Indexing a powder diffrac-
togram with the lattice constants of polymorph A failed. The lattice constants
of polymorph B were successfully used in the indexing procedure. but two
reflections were left unindexed. These reflections could not be indexed by
assuming anthracene, bisanthracene or anthraquinone to be a by-product.
Thus, some by-product of unknown constitution is still present in the bulk
material.

exo-(IR Y R9S5,9S)- and 9,9-meso-8,8'-Spirobi{9-neopentyl-8-silatetracy-
cl0[4.3.0.0%%.0° "nonane} (16): Compound 16 crystallizes in triclinic form.
The central Si atom is placed in the spiro position of two corner-sharing
sila-d-cyclane units (Figure 3). Crystallographic and experimental data are
given in Table 3. The carbon atoms C1 and C 14 are chiral centres ((S)-C 1,
(R)-C14; numbering scheme see Figure 3). The tetrahedral silicon centre is
strongly distorted, with the C-Si-C bond angles lying between 91.6(5) and
120.8(6)". After the first cycles of the structural refinement the calculations
converged at a conventional R = 0.20 relating to a strong peak as near as

polymorph A

polymorph B

unit cell contents, mass
molecular formula, mass, Z
crystal system, Laue class
spacegroup

unit cell dimensions

[pm. 7}

unit cell volume [106 pm3]
measurement device

radiation, monochromator
temperature [K]

crystal colour and size [mm)]
scan type

scan range [°]

hydrogen atoms

no. of independent refins
no. of observed reflns
R
Foao

no. of parameters

refinement

minimized function
weighting function

extinction coefficient

max. resid. electron density (10 "® pm ™3]
R factors

conventional (observed/all)

wR2 (observed/all)

GoF

CirooH 16514, 2111.36
CaoH,.8i, 552.84, 4
monoclinic, 2/m
P2,/n (no.14)

a =1039.3(8)

b =1773(1)
¢ =1771.6(9)
£ =90.26(5)
3264(4)

four-circle AED with Eulerian
cradle: STADI4 (Stoc)
Moy, (71.073 pm), graphite
293(2)

colourless 0.9 x 0.7 x 0.7
w{20

324 <20<45.00
h=—11/11

k=0/19

[=0/19

calculated. included in F2
syntheses, not refined

4256

4256

1192

341

full-matrix least-squares

based on £?

Sw(Fy — FY)

w1 = [2(F2) +(0.0720P)? +4.3891 P|;
P=1/3(F} +2F%)

0.0021 (6)

0.479

0.0660/0.1490
0.1300/0.1862
1.021

Cie0H, 7,80y, 2111.36
CioHysS1, 552.84, 4
monoclinic, 2/m

P2,/c (no. 14)

949.1(2)

1788.4(2)

1890.2(3)

99.49(2)

3164.5(9)

four-circle AED with Eulerian
cradle: STADI4 (Stoe)

Moy, (71.073 pm), graphite
293(2)

colourless 1.2 x 1.2 x 1.0

w{20

3.16<28<50.00

h=—11/11

k=0/21

= - 20/22

difference fourier syntheses, isotropically
refined; H atoms on C 14 calculated
6763

5563

0.0637

1192

535

full-matrix least-squares

based on F?

Sw(F: — F?)

w L= [2(F2) +(0.1703P)* +0.8732P]:
P =1/3(F2 +2F?)

0.0019(7)

0.281

0.0469/0.0787
0.1176/0.1389
0.988
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Table 3. Experimental details of the single-crystal structure determination of 16.

Table 4. Experimental details of the single-crystal structure determination of 17.

unit cell contents, mass
molecular formula, mass, Z
crystal system, Laue class
spacegroup

unit cell dimensions [pm, ]

Cy;HyoSiy, 721.02

C,H,,51, 360.51, 2

triclinic

P1 (no. 2)

a=976.9(2), h =1094.0(2), ¢ =1241.3(2)
o= 66.95(3), f = 87.05(3), y =70.64(3)
unit cell volume [10° pm?] 1147.0(4)

measurement device imaging plate diffractometer (STOE)

radiation, monochromator Moy, (71.073 pm). graphite

temperature {K] 18042)

crystal colour and size {[mm] colourless, 0.50 x 0.70 x 1.10

scan range [’} 6.74 <20 <56.56

h=—1212, k= —13/14,1 = 016

direct methods, SHELXS 86 for Si

difference fourier syntheses, SHELXL 93 for C
calculated, included in F? syntheses, not refined

structure solution program
structure refinement program
hydrogen atoms

no. of independant reflns 5193

no. of observed reflns 5193

Fooo 380

no. of parameters 492

refinement full-matrix least-squares based on F?

w(F - F)

w™! = [2(F2) +(0.3022P) +1.0002P];
P =1/3(F: +2F?)

max. resid. electron density 0.557

[107® pm~3] R factors

conventional (observed/all) 0.0928/0.1122

wR2 (observed/all) 0.2651/0.3022

GoF 0.688

minimized function
weighting function

unit cell contents, mass
molecular formula, mass, Z
crystal system, Laue class
space group

unit cell dimensions [pm]

C5.Hy 5,50, 2308.28

Ci4H(,Si,, 577.07, 4

monoclinic, 2/m

P2,/n (no. 14)

a=1192.5(2), b =1732.0(3), ¢ =1746.9(2)
B = 99.70{2)

unit cell volume [10¢ pm?] 3556.5(9)

measurement device four-circle AED with Eulerian cradle (STOE)
radiation, monochromator Moy, (71.073 pm), graphite

temperature [K] 190(2)

crystal colour and size [mm] colourless. 0.80 x 0.76 x 0.56

scan range [°] 3.34<20<59.98

h=—16/16, k = 0/24, [ = 0,24

direct methods, SHELXS 86 for Si

difference fourier syntheses, SHELXL93 for C
difference (ouricr syntheses, SHELXL 93

structure solution program
structure refinement program
hydrogen atoms

no. of independunt refing 10380

no. of observed reflns 10379

Fovo 1280

no. of parameters 617

refinement full-matrix least-squares based on F?

w(Fr — FY)

w1 = [2(F2) +(0.0623P)* +1.261P):
P=1/XFl +2t2)

max. resid. clectron density 0.440

{10 7° pm™7] R factors

conventional (observed/all) 0.0587/0.1311

wR?2 (observed/all) 0.1217/0.1547

GoF 1.007

minimized function
weighting function

150 pm to the Si atom as a Si split atom position. Assuming split positions
for all carbons improved the refinement and led to an occupation factor of
0.7 for the initially found molecule. The second molecule emerged in parts
from the Fourier map, but was not completed in the course of subsequent
difference Fourier calculations. The number of free parameters increased
drastically, but the structure model did not further improve. This is partly due
to the fact that many of the carbon split positions were not well resolved.
Although the calculations converged at ca. R = 0.08, only the configuration
of the molecule is confirmed. A more detailed discussion in terms of geomet-
rical parameters is not justified. A total of five specimens were investigated in
order to find a more suitable crystal, but all showed the same type of “*disor-
der”. Spectroscopic evidence suggests that all specimens under investigation
are possibly mixed crystals of molecules with configurations (R/S) and (R/R).

exo~(9R,9” R)-Dispiro-|2’,4’-dineopentyl-1’,3’-disilacyclobutane-1’,8;3",8”-bis-
{9-ncopentyl-8-silatetracyclo[4.3.0.0%%.0% "|nonane}] (17): The 1,3-disilacy-
clobutane 17 erystallizes in monoclinic form; crystaltographic and experimen-
tal data are given in Table 4. The silicon atoms of the 1,3-disilacyclobutane
ring motety are placed at the apex of a sila-d-cyclane unit each. The neopentyl
substituents attached to the 2,4-positions at the slightly folded ring (at C1 and
C2) adopt a (Z) configuration with respect to its least-squares plane. The
C-Si-C bond angles deviate significantly from tetrahedral symmetry
(88.48(9)-124.3(1)°). The short transannular Si---Si distance within the
disilacyclobutane subunit of 264.68(9) pm is even shorter than the Si-Si
bond length in sterically overcrowded disilanes.[*¢ 381 Ab initio calculations
on 1,3-disilacyclobutanes show no residual electron density inside the ring,
that is, no attractive interaction between the silicon atoms.!>®]

Crystallographic 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-100142. Copies of the data
can be obtained free of charge on application to The Director, CCDC, 12
Union Road, Cambridge CB21EZ, UK (Fax: Int. code +(1223)336-033;
e-mail: deposit@chemcrys.cam.ac.uk).

General: All reactions were performed under an atmosphere of dry nitrogen.
THF was distilled from Na/K alloy and benzophenone. MeOH and EtOH
were distilled from magnesium turnings. n-Pentane and n-hexane were dis-
tilled from LiAlH,. Toluene was distilled from sodium, and CHCl; and
CH,Cl, from calcium hydride. The dried solvents were stored over molecular
sieves. All glassware was heated to 100 °C, evacuated and filled with dry
nitrogen several times. Elcmental analyses were performed on a Leco CHNS-
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932. GC analyses were performed on Varian Chromstar 3400
(15m x0.32 mm, 1 p film, Fisons J & W scientific DB 1 column), and GCMS
analyses on Chrompack CP9000 (12.5mx0.25 mm, CP-SIL/5CB-MS
column) and a Finnigan Mat ITD 800 as mass-selective detector. For HPLC
and GPC a Varian system was uscd with a Varian pump 9012, a Varian
autosampler 9050 and a Varian 9050 UV/VIS detector or a Varian RI-4
refractive index detector. NMR spectra were recorded with Bruker AM 300
and DPX 300 spectrometers at 20 °C. Chemical shifts were determined with
the solvent resonance as standard. 2°Si NMR spectra were measured using
either the INEPT pulse sequence or the inversed gated decoupling technique
(TMS as external standard). The X-ray structures were measured on a
STADI4 four-circle diffractometer with Eulerian cradle and an imaging plate
diffractometer IPDS25 (STOE & CIE GmbH, Darmstadt, Germany).
Crystal structure analyses were performed with SHELXS 86149 and
SHELXL 93*!1 Molecular diagrams were produced with the plot program
DIAMOND.F#2

Diphenyldivinylsilane (5): In a 4 L flask with gas inlet, dry-ice condenser and
a mechanical stirrer, magnesium turnings (48.62 g, 2.0 mol) were suspended
in THF (1.5 L). After the addition of 1,2-dibromoethane (3 mL), vinyl chlo-
ride was passed slowly into the mixture over 3 h. The mixture was stirred for
another 4 h until the magnesium had reacted completely. Then dichloro-
diphenylsilane (228.16 g, 0.9 mol) was added dropwise within 0.5 h. A volu-
minous precipitate of MgCl, formed. The remaining Grignard reagent was
hydrolysed with water. HCI (0.5M) was added to dissolve all magnesium salts.
The THF layer was washed with HCI (0.5M) and water, and then dried over
MgSO, . After THF was removed, the viscous product was purified by distil-
lation. GC analysis showed one product (5). Yield: 1248 g (59%). B.p.
97-99°C/107? mbar, 'HNMR (CDCL,): é =646 (dd, *J,, = 3.8 Hz,
Jans = 20.2 Hz, 2H; CH=CHH), 6.82 (dd, 2J,,, = 3.8 Hz, *J, =14.5 Hz,
2H; CH=CHH), 7.13(dd, 3J,,, =14.5Hz, 3/, = 202 Hz, 2H; CH=CH,).
7.87-7.90 (m, 6 H; m,p-H), 8.19-8.22 (m, 4H; o-H); '*C NMR (CDCl,):
5 =129.97, 131.59, 135.99, 137.41 (CH, C,H,; CH=CH,), 13599 (C,).
138.50 (CH=CH,);**Si NMR (CDCl,): § = — 20.53; MS (70 eV, EI): m/z
(%): 236 (12) [M 1], 208 (20) (M * — Vi], 182 (12) [M ™ — 2Vi], 158 (50)
(M™ — Ph], 131 (52) [M* — Vi — Ph], 105 (100) (M * — 2Vi — Ph}, 77 (24)
[Ph*], 53 (50), [M* — Vi — 2Ph], 27 (23) [Vi*]; C,4 H,4Si (236.39): caled C
81.30, H 6.82; found C 81.18, H 6.99.

Dichlorodivinylsilane (2): Compound 5 (40.0 g, 169.2 mmol) was dissolved in
150 mL of n-pentane at 0°C. Under strict exclusion of moisture, trifluoro-
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methane sulfonic acid (30.0 mL, 340.0 mmol) was added within 10 min to the
solution. For completion the reaction mixture was stirred at RT for an
additional 60 min. (CF,S0,),SiVi, was not usually isolated, but refunctional-
ized in a one-pot reaction by adding freshly dried triethylamine hydrochloride
(46.8 g, 340.0 mmol). After the mixture had been stirred for 15 min, the white
ammonium salt disappeared. and two separatc phases (a heavier brown oil
and a clear solution) were obtained. The solution was separated from the oil
with a cannula, and the oil was extracted twice with n-pentane. The combined
organic solutions were distilled very slowly over a vigreux column. After
n-pentane and benzene had been removed, 2 was obtained as a colourless
liquid product. Yield: 21.2 g (82%). B.p. 114°C; 'HNMR (CDCly):
§=6.1-6.3(m, 6 H; CH=CH,); 3CNMR (CDCl,): 6 =131.7(CH=CH ),
138.1 (CH=CH,); ?°Si NMR (CDCl,): 6 = 1.5.(CF,;S0,),SiVi, was charac-
terized by NMR: 'HNMR (CDy): 6 = 5.9 -6.3 (m, 6H; CH=CH,); 13C
NMR  (C,D,): &=1i184 (q, J(°C,°F)=42Hz. CF,). 1280
(CH=CH,).145.2 (CH=CH,); *°Si NMR (C,Dy): 6 = — 27.0.

Attempted preparation of 3,3-dichloro-6,6-dimethyl-4-trimethylsilyl-3-sila-1-
heptene (6): Silane 2 (1.5 g, 10.0 mmol) was dissolved in 80 mL of n-pentane
at —78°C, and tert-butyllithium (5.9 mL, 10.0 mmol, 1.7M in n-pentane) was
added. The solution was allowed to warm up to S*C until LiCl started to
precipitate. Then CF,SO,SiMe, (2.22 g, 10.0 mmol) in 3 mL of n-pentane
was added, and the solution was warmed up to RT. After { d of stirring some
white LiCl and LiCF SO, gel were scparated from the solution by filtration,
and r-pentane was removed by distillation. Although LiCF;SO, was formed,
no substitution product could be isolated. A colourless oil resulted. GCMS
analysis only showed that 1,3-dichloro-2,4-dineopentyl-1,3-diviny}-1,3-disila-
cyclobutane (8) and trimer and tetramer products had been formed.

Attempted preparation of 5,5-dichloro-2,2,8,8-tetramethyl-4,6-bis(trimethylsi-
Iyl)-5-silanonane (7): The rcaction was performed as described for 6 (2 (1.5 g,
10.0 mmol) and (BuLi (11.8 mL, 20.0 mmol, 1.7m in s-pentane) and
CF,SO,SiMe; (4.44 g, 20.0 mmol) in 3 mL of n-pentane). There were no
changes In workup. Disilacyclobutane 8 and trimer and tetramer products
could be detected by GCMS analysis.

(3R, 4R)-, (35,45)-, (3R,4S5)- and (35,4R)-3-Chloro-3-methoxy-6,6-dimethyl-4-
trimethylsifyl-3-sifa-I-heptene (9): Silanc 2 (1.5 g, 10.0 mmol) and Me,;SiOMe
(1.04 g, 10.0 mmol) were dissolved in 70 mL of n-pentanc and cooled to 0°C.
terr-Butyllithium (5.9 mi., 10.0 mmol, 1.7M in #n-pentane) was added drop-
wise Lo the solution over 10 min. A white precipitate formed. The mixture was
stirred for an additional hour and then allowed to warm up to RT, After 24 h
of stirring LiCl was separated (rom the solution by filtration and #-pentane
was removed by distillation. GC analysis of the colourless residue showed
that three compounds had formed. They were separated by distillation.
Fraction 1: Yield: 1.1 g (39%). B.p. 38°C/10™ 2 mbar (GC: onc peak (9));
'HNMR (CDCly): 6 =0.09 (s, 9H: Si(CH,),). 0.84, 0.85 (Zs, 9H;
C(CH 4);). 1.35-1.71 (m, 3H: CHSI(CH ,),CH,), 3.46 (s, 3H; OCH,). 5.99
6.15 (m. 3H: CH=CH,); 1st diastercomer (70%): 3C NMR (CDCl,):
6 = 0.01 (SiC(CH;)5), 10.15 (CH), 29.57 (C(CH;)5), 31.56 (C(CH,),), 36.28
(CH,). 50.65 (OCH,), 13377 (CH=CH,), 13596 (CH=CH,); 2nd
diastercomer (30%): *3C NMR (CDC1,): 8 = 0.57 (SiC(CH,),). 10.97 (CH).
2952 (C(CH,),), 31.64 (C(CH,),), 36.34 (CH,), 50.65 (OCH,), 133.38
(CH=CH,). 136.13 (CH=CH,); ?°Si NMR (CDCl,): 5 = 4.32, 4.66; MS
(70 ¢V, BI): miz (%): 263 (19) [M* — Me], 247 (3) [M™* — OMe], 243 (2)
[AM+ —CIJ, 221 (11) [M* — (Bu], 155 (9) [M* — OMe — Cl — ¢Bu], 113
(100) [M* — OMe — Cl — rBu — Vi — Me], 73 (39) [SiMe}]; C,,H,,Si,Cl
(279.0): caled C 51.67, H 9.75, Ci 12.71; found C 51.98, H 9.87, Cl 12.63.
Fraction 2: Yield: 0.8 g (20%). B.p. 74°C/10~ 2 mbar. GC: two pcaks (10).

(4R,6R)-, (45,65)-, and 4,6-meso-5,5-Dimethoxy-2,2,8,8-tetramethyl-4,6-
bis(trimethylsilyl)-S-silanonane (10): The synthesis was performed as de-
scribed for 9 (2 (1.5 g, 10.0 mmol) and Me;SiOMe (2.08 g, 20.0 mmol) in
10 mL of n-pentane; ferz-butyllithium (11.8 mL, 20.0 mmol, 1.7M 1n r-pen-
tane)). GC: two peaks (11). The oil was purified by distillation. Yield: 1.7 g
(42%). B.p. 74°C/10° 2 mbar; 1st diastereomer (53%): "HNMR (CDCl,):
S =10.61 (s, 9H; Si(CH,),), 0.87 (s, 9H; C(CH,)y), 1.27 1.73 (m, 3H;
CHSI(CH,);CH,), 3.52 (s, 3H; OCH;); *C NMR (CDCly): 6 = 0.61
(Si(CH,),). 8.81 (CH), 29.91 (C(CH;)y). 32.10 (C(CH,),), 37.10 (CH,),
50.87 (OCH,): 2°Si NMR (CDCl,): 6 = — 5.63 (Si(CH,),), 3.65 (Si); 2nd
diastereomer (47%): "HNMR (CDCl;): § = 0.07 (s, 9H; Si(CH})5), 0.87 (s,
9H; C(CH,),). 1.27-1.73 (m, 3H; CHSI(CH,),CH,), 3.50 (s, 3H; OCH,):
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3¢ NMR (CDCLL): § = 0.61 (SI(CH,),), 9.47 (CH), 29.91 (C(CH ),), 31.87
(C(CH,),). 37.05 (CH,), 50.66 (OCH,); 2°Si NMR (CDCl,): 6 = — 563
(SICH,),). 3.56 (Si); MS (70 ¢V, EI): mjz (%): 389 (4) [M * — Me], 247 (45)
[M* — CHSiMe,CH,CMe,], 157 (20} [CHSiMe,CH,CMe}], 73 (100)
[SiMe: T; CyoH 140,505 (404.9): caled C 59.33, H 11.95; found C 59.68. H
12.09.

(15R,16R)-, (155,165)-, (15R,165)-~, and (155,16R)-15-Chloro-16-neopentyl-
15-sila-{5-vinyltetracyclo[6.6.2.0% 7.0% *jhexadeca-2,4,6,9(14),10,12-hexaene
(11): Silane 2 (1.5g, 10.0 mmol) and anthracene (2.4 ¢, 1.35 mmol) were
dissolved in 100 mL of boiling toluene, and rers-butyllithium (5.9 mL,
10.0mmol, 1.7M in n-pentane) was added dropwisc to the solution within
15 min. The yeliow solution quickly changed to orange and some white
precipitate formed. After 1 h the mixturc was cooled to RT and stirred for
another 10 h. The toluene was removed by distillation, and the oily yellow-
white residuc was dissolved in n-pentane. LiCl was separated from the yellow
solution by filtration. n-Pentane was removed by distillation and anthracene
by sublimation. The residue was purified by distillation. GC analysis of the
colourless oil showed two peaks. Yield: 1.3 g (14%). B.p. 125°C/10™ 2 mbar;
'HNMR (CDCL): d=1.18 (s, 9H; C(CH;),), 0.99-1.61 (m. 3H:
SiCHCH,), 4.34-4.50 (m, 2H; CH), 5.78~-6.38 (tm, 3H; CH=CH,), 7.38-
7.57 (m, 8H; 2 C¢H,): st diastereomer: (11R.12R; 115,125) (70%): '°C
NMR (CDCly): 6 = 24.29 (CH), 29.97 (C{CH;),). 31.59 (C(CH,),). 42.09
(CH), 43.77 (CH,). 54.03 (CH), 124.84-128.50 (CH; C,H,), 132.21
(CH=CH,}. 137.31 (CH=CH,), 139.18, 142.39 (C; C,H,); *°Si NMR (CD-
Cly): & = 8.85; 2nd diastercomer: (11R,125; 11S.12R) (30%): '*C NMR
(CDCY,): 5 = 27.45 (CH). 29.91 (C(CH,),). 31.94 (C(CH,),). 42.17 (CH).
44.27 (CH,), 54.03 (CH), 124.84-128.50 (CH; C,H,), 131.06 (CH=CH,),
138.42(CH=CH,), 140.82,141.76 (C; C;H,); 2°Si NMR (CDCl,): § = 8.15;
MS (70 eV, EI): mjz (%): 352 (2) [M "], 295 (2) [M* — Bu], 178 (100)
[CHGL T4 () [MT —C, H, ), 139(5) [M* —Cl—C,,H,,) 117 (36)
[M*—iBu—-C H %17 {M* —1Bu-C, H,,— Vil, 57 (32) [{Bu™];
C,oH,SiCl(353.0): caled C 74.86, H 7.14. C110.04; found C 74.54, H 7.34,
Cl 9.69.

(16R,16'R)-, (165,16"S)~ and 16,16"-meso-15,15'-Spirobi{16-neopentyl-15-
silatetracyclo]6.6.2.0%7.0% 4 |hexadeca-2,4,6,9(14),10,12-hexaene} (13):
Method A: Silanc 2 (1.5 g, 10.0 mmol) and anthracenc (4.5 g, 25.2 mmol)
were dissolved in 100 mL of boiling toluene, and zers-butyllithium (11.8 mL.
20.0 mmol, 1.7M in n-pentane) was added dropwise to the solution over
30 min. The yellow solution changed to red and finally to almost black. After
1 h the mixture was cooled to RT and stirred for another 10 h, during which
time it gradually turned colourless. Toluene was removed by distillation, and
the orange residue was dissolved in CH,Cl,. LiCl was separated from the
orange solution by filtration. CH,Cl, was removed by distillation. The solid
product was purified by LC (silica gel (0.063-0.200 mm, 70-230 mesh
ASTM), CH,Cly/n-pentane: 1/9, detection: TLC. CH,Cl,/n-pentane: 1,9,
UV, Ri(13) = 0.22, Ri(anthracenc) = 0.44). The yellow product was dissolved
in EtOH/toluene, and colourless rhombic crystals were obtained from the
solution. HPLC: two peaks (13). Yield: 0.6 g (10%).

Method B: Compound 11 (0.6g. 1.70 mmol) and anthracene (0.9 g,
5.0 mmol) were dissolved in 50 mL of boiling toluene, and rers-butyllithium
(1.08 mL, 1.7 mmol, 1.7M in n-pentane) was added to the solution. The yellow
solution changed to orange and finally to dark brown. After 1 h the mixture
was cooled to RT and stirred for another 10 h. Toluecne was removed by
distillation and the orange residue was dissolved in CH,Cl,. LiCl was sepa-
rated from the orange solution by filtration. CH,Cl, was removed by distil-
lation. The solid product was purified as described above. The yellow product
was dissolved in EtOH/toluene and colourless rhombic erystals were obtained
from the solution. HPLC: two peaks (13). Yield: 0.2 g (21 %).

13: M.p. 254-256°C;: 'HNMR (CDCly): d=044-122 (m, 6H;
SICHCH ), 0.65 (s, 18 H: C(CH,),), 2.90, 3.25 (25, 1 H; CH), 4.18,4.36 (2
d, TH: CH). 6.92-7.33 (m, 16H; C,H,): 1*C NMR (CDCl,): 6 = 21.04.
24.37 (CH). 29.19, 29.90 (C(CH,),), 32.18, 32.56 (C(CH,);). 37.21, 39.40
(CH), 40.58, 42.71 (CH,). 51.29, 52.48 (SiCH). 124.24-127.23 (CH. C H,).
138.89, 139.13, 140.05, 140.10, 140.29, 141.50. 142.35, 142.56 (C. C,H,):
2981 NMR (CDCl,): 6 = — 8.67; MS (70 eV, El}: miz (%): 552 (7) (M *].
374 (1) MY -CH) 317 32 M7 ~CH,, —:Bu]. 196 (6)
[M* —2C,H ], 178 (83) [C,,H/]. 139 (100) [M~ - 2C, ,H,, — Bu].
71(23)[Np ™1, 57(32) [1Bu*]; C,,H,,Si (552.9): caled C 86.90, H 8.02; found
C 86.50. H 8.36.
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exo-(8R,9R)- and (8S5,95)- or (85,9R)- and (8R,95)-8-Chloro-9-neopentyl-8-
sila-8-vinyltetracyclo[4.3.0.0% *.0% "Inonane (14): Silane 2 (1.5 g, 10.0 mmol)
and norbornadiene (5.0 mL, 50.0 mmol) were dissolved in 70 mL of n-pen-
tane at RT, and rert-butyllithium (5.9 mL, 10.0 mmol, 1.7 M in n-pentane) was
added dropwise to the solution within 15 min. After 10 h of stirring LiCl was
filtered off, and n-pentanc and norbornadiene were removed. The residue was
purified by distillation to give a colourless liquid product. GC analysis: one
peak (14). Yield: 1.5 (56 %). B.p. 60—62°*C/10" 2 mbar; '"H NMR (CDCL,):
& = 0.87-1.19 (m, 3H, cyclo C;H,), 0.92 (m, 9H; C(CH,),), 1.16 (m, 2H;
CH,C(CH,),), 1.20 (m, 1H, CH), 1.21 (m, 1H, SiCHCHCH,), 1.39-1.45
(m, 2H, CH,), 1.69 (m, 1 H, SiCHCHCH,), 2.14 (m, 1 H, CH), 5.97-6.32 (m,
3H; CH=CH,); "*C NMR (CDCl,): § =10.20, 13.79, 16.52 (cyclo C;H,),
24.79 (CH), 29.64, 29.79 (C(CH,),), 31.23 (C(CH,)5), 31.66 (SiICHCHCH,,),
33.18 (CH,), 38.74 (CH). 44.20 (CH,C(CH,);), 51.68 (SiCHCHCH,),
133.49 (CH=CH,), 135.89 (CH=CH,) (correlation of signals by 'H'H
COSY and '*C'H HSQC NMR and 3C DEPT methods); 2°Si NMR
(CDCl,): § = 29.98. According to the X-ray single-crystal structure determi-
nation of 16 and 17 it is obvious that the neopentyl group is in an exo position
relative to the ring system; from NMR spectra the position of the vinyl group
(exo or endo to the five-membered ring) cannot be determined. MS (70 eV,
ED: mjz (%): 266 (3) [M *], 231 (28) [M* — C1], 209 (24) [M* — (Bu], 181
23y [M* —iBu—-Vi-1], 173 (9 [M*-C,H,—1], 117 (36)
[M* —Bu—C Hy, 91 (64) [C,Hy —11, 57 (100) [/Bu™l; €, H,,SiCl
(266.8): caled C 67.51, H 8.69, Cl 13.28; found C 67.17, H 8.45, Cl1 12.94.

exo-(9R,Y R)-(95,9°S)- and 9,9'meso-8,8"-Spirobi{9-neopentyl-8-silatetracy-
clo[4.3.0.0%%.0% "|nonanc} (16):

Method 4: Silane 2 (1.5g. 10.0 mmol) and norbornadiene (10.1 mL,
100.0 mmol) were dissolved in 100 mL of n-pentane at RT, and rers-butyllithi-
um (11.8 mL, 20.0 mmol, 1.7M in n-pentane) was added dropwise over
15 min. The solution warmed slightly, and after about 10 min a white precip-
itate formed. After 10 h of stirring the precipitate was separated from the
solution by filtration, and n-pentane and excess norbornadiene were removed
by distillation. The oily residue was purified by distillation. GC: one peak
(16). From an EtOH/toluenc mixture colourless rhombic crystals werc ob-
tained. Yield: 0.9 g (24%).

Method B: Compound 14 (1.0 g, 3.75 mmol) and norbornadiene (1.5 mL,
15.0 mmol) were dissolved in 50 mL of n-pentane, and fers-butyllithium
(2.5 mL, 3.75 mmol, 1.7 in n-pentane) was added dropwise to the solution
during 5 min. LiCl precipitated only slowly. After 24 h of stirring the lithium
salt was removed by filtration, and the product purified as described above.
GC': one peak (16). Identical crystals were obtained. Yield: 0.5 g (35%).
16: M.p. 129-131°C, B.p. 153-155°C/10" 2 mbar; 'HNMR (CDCl,):
8 =067-1.91 (m, 22H; C,Hg, SICHCH,), 0.86, 0.88 (s, 18H; C(CH,)3);
3CNMR (CDC,): 8 =11.54,11.61, 12.76, 13.07, 15.86, 16.11 (cyclo C;H,),
19.75, 22.13 (CH), 25.87, 27.20 (CH), 29.59, 29.65 (C(CH ),),), 32.33, 32.36
(C(CH,),). 33.04, 33.56 (CH,; C,H,), 39.24, 39.37 (CH), 44.43, 4547
(CH,C(CH,),), 50.45, 50.88 (SiCH) (interpretation of the *C NMR data
according to 14); 2°St NMR (CDCl,): 6 = 45.44; MS (70 eV, ED): m/z (%):
380 (7) [M *], 323 (100) [M* — tBu), 231 (10) [M* — 1Bu — C,Hg], 197 (2)
M —2C,Hg+1]. 71 (13)[Np*], 57 (75) [1Bu™]; C,,H,,Si (380.7): caled C
82.03, H 10.59; found C 82.23, H 10.76.

exo-(9R,9” R)-Dispiro{2’,4’-dineopentyl-1’,3'-disilacyclobutane-1’,8;3",8”-bis-
{9-neopentyl-8-silatetracyclo[4.3.0.0* %.0°- "Inonane}] (17):

Method A: Compound 14 (1.45 g, 5.4 mmol) was dissolved in n-pentane
(50 mL) at RT, and rerz-butyllithium (3.2 mL, 5.4 mmol, 1.7M in #-pentane)
was added dropwise within 15 min. After 24 h of stirring the solution had
become slightly yellow with very little LiCl precipitate. GCMS monitoring of
the solution proved that the reaction was only complete after 20 4.3 LiCl
was removed by filtration and #-pentane by distillation. The residue was
distilled for purification. GC: two major peaks. Crystallization from CH,Cl,
gave very hard colourless crystals that were hardly soluble in all common
solvents. GC: one peak (17). Yicld: 0.1 g (3.2%).

Method B: Disilacyclobutane 8 (1.3 g, 3.6 mmol) and norbornadiene (3.7 mL,
36.4 mmol) were dissolved in n-pentane (50 mL) at RT, and ters-butyllithium
(4.3 mL, 7.3 mmol, 1.7M in n-pentane) was added dropwise within 5 min. The
solution immediately turned yellow, it warmed slightly and some white pre-
cipitate formed. After the mixturc had been stirred at RT for an additional
10 h, it was separated by filtration. n-Pentanc and norbornadiene were re-
moved by distillation. The oily orange residue was purified by distillation.

Chem. Eur. J. 1997, 3, No. 6

© VCH Verlugsgesellschaft mbH, D-69451 Weinheim, 1997

17: M.p. 239-241°C; B.p. 170-175°C/10”? mbar; 'HNMR (CD,CL,):
6 =0.70-2.14, 3.63, 5.35, 5.36 (m, 32H). 0.91 (s, 18H, C(CH;);). 0.99 (s.
18H, C(CH,),); *C NMR (CD,Cl,): & = 11.93, 13.89, 16.42 (cyclo C,H,).
12.80 (SICHSICH), 24.71 (CH), 29.54, 30.71 (C(CH,),). 31.88 (C(CH,),).
32.77 (CH,), 32.86 (C(CHj,);5). 33.78 (CH), 39.25 (CH). 39.66 (CH,), 44.41
(CH,), 48.62 (CH), 70.85 (CH,) (interpretation of '3C NMR data according
to 14); 2°St NMR (CD,CL,): § = 21.06; MS (70 V. EI): miz (%): 576 (4)
(M "] S19 (15) [M* — 1Bul, 287 (3) [M */2 —1}. 71 (12) [Np*]. 57 (100)
[tBu™]; € He,Si, (577.1): caled C 79.09, H 11.18: found C 78.70, H 11.34.

9’,15-Spiro{16-neopentyl-15-silatetracyclo|6.6.2.0>- 7.0% ! *|hexadeca-2.4,6,9-
(14),10,12-hexaene}{9-neopentyl-8'-silatetracyclo[4.3.0.0%-.0° "|nonane}
(18):

Method A: Compound 14 (2.6, 10.0 mmol) and anthracene (2.0 g. 11.0 mmol)
were dissolved in 100 mL of boiling toluene, and ter-butyllithium (5.9 mL,
10.0 mmol, 1.7M in n-pentane) was added dropwisc over 10 min. The yellow
solution turned to orange and almost to black after 10 min. After an addition-
al 5min it began to become brighter and turn red. After 10 h of stirring
GCMS monitoring proved that 14 had reacted completely. When the red
solution was cooled to RT it turned yellow. Toluene was semoved by distilla-
tion and »- pentane was added. LiCl was filtered off. GCMS: a mixture of
anthracene, 17 and 18 was detected. It was inseparable by sublimation or
crystallization. According to GCMS analysis LC {sitica gel/n-hexanc;CHCY,)
destroyed 18.

Method B: Compound 11 (0.6 g, 1.7 mmol) and norbornadiene (0.92 g.
10.0 mmol) were dissolved in 50 mL of boiling toluene. When rerr-butyllithi-
um (5.9 mL, 10.0 mmol, 1.7M in n-pentane) was added, the solution turned
orange. After 6 h of stirring, toluene and norbornadiene were removed by
distillation, and n-pentane was added to extract the residue. LiCl was filtered
off, and n-pentane removed by distillation. The residue was a white solid. GC:
two peaks (18). Yield: 0.4g (50%). M.p. 56-57"C. B.p. 188—194 'C/
10”2 mbar; 'HNMR (C/Dy): 6=044-200 (m. [4H, C.H,.
2x SiICHCIL,), 0.65 (s, 9H; C(CH,), anthracenyl side). 0.96 (s, 9H:
C(CH,); norbornadienyl side), 3.79 (s, 1H, CH). 4.39 (d. 1H. CH), 6.91-
7.15(m, 8H, C,H,); 3CNMR (C(Dy): 8 =10.30, 12.02, 14.06 (cyclo C,H ;).
19.61 (CH norbornadienyl side). 22.17 (CH anthracenyl side). 26.63 (CH
norbornadienyl side), 27.72 (C(CH,);). 29.10 (C(CH,),). 31.05 (CH,:
C,Hg), 31.56, 31.64 (C(CH,),;). 37.82, 38.23 (CH). 41.67, 4204
(CH,C(CH,),), 50.78, 50.91 (SiCH). 123.36, 123.50, 123.61, 124.14. 124.33.
124.96, 125.20, 126.18 (CH; C,H,),138.92, 139.85, 140.60. 141.71 (C; C H,)
(interpretation of the 'H and **C NMR data according to 13 and 16); 2"Si
NMR (CyDy): = 22.21; MS (70 eV, EI): m/z (%): 466 (4) [M *], 288 (4)
[M* —CH,l 231 22) [M™ — C,,H,, — (Bu]. 178 (26) [C, H[]. 57
(100) [Bu™*]; C;;H,,Si (466.78): caled C 84.91, H 9.07: found C 84.59, H
9.51.

Attempted reaction of 2 with 1 equiv of LisBu in the presence of quadricyclane:
Method A: Silane 2 (1.5 g, 10.0 mmol) and quadricyclane (1.8 g. 20 mmol)
were dissolved in 80 mL of n-pentane, and rers-butyllithium (5.9 mi..
10.0 mmol, 1.7M in n-pentane) was added dropwise within 10 min at RT.
Method B: Silane 2 (1.5 g, 10.0 mmol) and quadricyclane (3.7 g. 40 mmol)
were dissolved in 80 mbL of n-pentane, and rerr-butylhithiom (5.9 mL,
10.0 mmol, 1.7Mm in n-pentane) was added dropwise over 40 min at RT.

In both experiments LiCl precipitated quickly. After 1d of stirring at RT,
LiCl was filtered off, and n-pentane and quadricyclane were removed by
distillation to give a colourless oily residue. Yield: 0.5 g. By GCMS analysis
no cycloadduct could be detected; disilacyclobutane 8 was formed during the
reaction.

Attempted reaction of 2 with 2 equiv of LitBu in the presence of quadricyclane:
Method A: Silane 2 (1.5 g, 10.0 mmol) and quadricyclane (3.7 g, 40 mmol)
were dissolved in 80 mL of n-pentane, and rert-butyllithivum (11.8 mL,
20.0 mmol, 1.7M in n-pentane) was added dropwise within 15 min at RT. The
solution warmed up and turned stightly yellow; LiCl precipitated very sfowly.
After 1 d of stirring the salt was filtered ofl. and n-pentane and quadricyclane
werc removed by distillation. The residue was puritied by distillation.
A yellow oil and some colourless crystalline material was obtained. Yield:
0.5 g. GCMS analysis proved the formation of a complex product mixture
consisting mainly of 1,3-disifacyclobutane 8 and of oligomers 21. These com-
pounds could not be separated by either crystallization, distillation or subli-
mation.
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Method B: 2 (1.5 g, 10.0 mmol) and quadricyclane (3.7 g, 40 mmotl) were
dissolved in n-pentane (30 mL), and terr-butyllithium (11.8 mL, 20.0 mmol,
1.7 M in n-pentane) was added quickly at RT. The solution warmed up, turned
yellow and LiCl precipitated within 1 h. After 1 d this was filtered off with
n-pentane and quadricyclane then removed by distillation. The residue was
purified by distillation, and a yellow oil containing a small amount of crys-
talline material was obtained. Yield: 0.6 g. GCMS analysis showed that a
complex mixture of products had been formed, which could not be separated
by crystallization, distillation or sublimation, and consisted mainly of 3-rert-
butyl-1-chloro-2,4-dineopentyl-1,3-divinyl-1,3-disilacyclobutanes (19) and of
1,3-di-zert-butyl-1-chloro-2,4-dineopentyl-1,3-divinyl-1,3-disilacyclobutanes
{(20) (for characterization see refs. [12} and [28]).

(1RA4R)-, (15,45)-, (1R AS)-, and (15,4R)-1-Chloro-4-neopentyl-2,3-diphenyl-
1-sita-1-vinyl-2-cyclobutepe (22): Silane 2 (1.5 g, 10.0 mmol) and diphenyl-
acetylene (1.8 g, 10.0 mmol) were dissolved in 60 mL of n-pentane at RT, and
tert-butyllithium (5.9 mL, 10.0 mmol, 1.7 M in n-pentane) was added dropwise
within 5 min. After 15 min the solution had warmed slightly and LiCl precipi-
tated. The mixture was stirred overnight. LiCl was separated by filtration,
and n-pentane and diphenylacetylene (1.6 g, 9.2 mmol) were removed by
distillation. The oily residue was purified by distillation. GC analysis: two
peaks. Yield: 03 g (8%). B.p. 145°C/107? mbar; 'HNMR (CDCI,):
6 =085 094-1.81 (m, 12H; SiCH, CH,C(CH,),), 6.20-6.48 (m, 3H;
CH=CH,), 7.26-7.42 (m, 10H; C H,); 1st diastereomer (57%): '*C NMR
(CDCLy): 8 =29.59 (C(CH;),), 30.82 (C(CH,)y), 34.27 (SiCH), 40.34
(CH,C(CH,);), 127.15-128.62 (CH; C.H,), 131.72 (CH=CH,), 135.82,
135,94 (C), 137.87 (CH=CH,), 143.08, 158.78 (C); *Si NMR (CDCl,):
§=—597; 2nd diastercomer (43%): *C NMR (CDCl,): 6 = 29.30,
29.41 (C(CH,),), 30.73 (C(CH,)3), 36.70 (SiCH), 40.80 (CH,C(CH,);),
127.15-128.62 (CH; CyH,), 13280 (CH=CH,), 135.60, 136.27 (C),
138.84 (CH=CH,), 142.80, 158.21 (C); *°Si NMR (CDCl,): 6 = 0.58; MS
(70eV. EI): mfz (Y%): 352 (100) [M*], 317 (37) [M* —CI], 295 (88)
[M* —Bu], 290 (10) [M* — Cl-Vil, 267 (27) [M* ~ {Bu— Vi—1],
259 (30) [M* —Bu-Cl—1], 179 (10) [PhC=CPh+1], 117 (23)
{M" — tBu — PhC=CPh]; C,,H, SiCl (353.0): caled C 74.86, H 7.14, Cl
10.04; found C 74.73, H 7.32, C19.79.

(4R, 4 R)- and (45,4'S)- or 4,4-meso-1,1’-Spirobi{4-neopentyl-2,3-diphenyl-1-
sila-2-eyclobutene} (23) and silaspirochains (24): Silane 2 (1.5 g, 10.0 mmol)
and diphenylacetylene (3.6 g, 20.0 mmol) were dissolved in 60 mL of n-pen-
tane, and fert-butyllithium (11.8 mL, 20.0 mmol; 1.7M in n-pentane) was
added within 5 min at RT. After 15 min the solution was heated to reflux and
a white precipitate formed. Within 2 h the solution turned red. After stirring
for 12 h toluene was added to the orange mixture, and LiCl was removed by
washing twice with water. The combined organic phases were dricd over
Na,SO,, and the solvents and remaining diphenylacetylene (2.2 g,
12.3 mmol) were removed by distillation. Impurities were extracted from the
oily green residue with MeOH. The product was dried in vacuo to give a white
solid (24). HPLC and GPC showed at least four different products. Yield:
1.9 g M.p. 123-130°C; "HNMR (CDCl,): 6 = 0.35-2.23 (CH,C(CH )5,
SiCH), 6.85-7.32 (C4Hy), '*C NMR (CDCI): & = 26.61-35.0 (SiCH,
C(CH,),, C(CH,)5), 36.8--40.3 (CH,C(CH,),), 123.2-127.5 (C,H,, 2C-
Ph); 2°Si NMR (CDCl,): 6 = 3.38, 6.68; MS (70 ¢V, EI): The repetition unit
AM =196 was found. Elemental analysis found C 73.87, H 10.94.134

Traces of 23 ( < 5%) were detected in the crude product and in the methanolic
solution, but could not be separated: "H NMR (CDCl,): 6 = 0.92--1.64,2.42
(m, 24H; CH,C(CH,),. SiCH), 7.20-7.41 (m, 20H; C,H,); '’C NMR
(CDCL): 6=21.29, 21.63 (SiCH). 29.25, 29.91 (C(CH;);). 35.55, 36.00
(C{CH5)3), 39.25, 41.26 (CH,C(CH,)5), 125.44-129.13 (CH,). 137.80,
161.82 (2C-Ph); 2°Si NMR (CDCl,): § = 4.48; MS (70 eV, El): m/z (%):
552 (1) [M™], 495 (1) [M™ — Bu], 475 (1) [M* — Ph], 374 (1) [M™* —
PhC=CPh), 317 (1) [M* —PhC=CPh-—Bu], 195 (9 [M* —
2PhC=CPh —1], 178 (8) [PhC=CPh™], 139 (6) [M * — 2PhC=CPh — ¢Bu],
77 (5) [Ph*], 71 (10) [Np*], 57 (100) [rBu*]; C,,H,,Si (552.9).

Preparation of silaspirochains (21): Silane 2 (3.0 g, 20.0 mmol) was dissolved
in n-pentane (100 mL), and ferr-butyllithium (23.6 mL, 40.0 mmol; 1.7M in
n-pentane) was added within 5 min at 0°C. When the solution had warmed
to 10°C a white precipitate formed. After 2 h this was filtered off, and the
solvent was removed by distillation to give a yellow solid, which was purified
by extraction with MeOH and dried in vacuo to give a white powder (21).
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HPLC and GPC showed at least three different products. Yield: 3.3 g. M.p.
130-132°C; 'HNMR (CDCly): 8 =081-222 (CH,C(CH,),, SiCH),
5.51-6.40 (CHCH,); '*C NMR (CDCl,): é = 0.38 -1.49 (SiCH, C(CH,);,
C(CHy);), 1.49-2.35 (CH,C(CHy);); 2Si NMR (CDCly): 8 = 2.92, 6.37;
MS (70 eV, EI): the repetition unit AM =156 was found. Elemental analysis
found C 68.77, H 12.75.54
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A Comprehensive Qualitative and Quantitative Molecular Orbital Analysis
of the Factors Governing the Dichotomy in the
Dinorcaradiene = 1,6-Methano[10]Annulene System

Carlo Mealli,* Andrea Ienco, Earle B. Hoyt, Jr., and Robert W. Zoellner*

Abstract: The interconversion between
the valence tautomers 1,6-methano[10]-
annulene (1) and dinorcaradiene (2) was
computationally investigated by qualita-
tive extended Hickel molecular orbital
methods (with CACAO visualization) and
quantitative semiempirical and ab initio
methods. The fundamental bonding inter-

rationalized, and bonding changes during
the interconversion are monitored. The
electronic molecular structural prefer-
ences can be modified by through-space
interactions, and residual C1-C6 o
bonding remains even at the >2.1 A sepa-

Keywords

rations of the annulenic structures. Hith-
erto unprecedented calculations of the ge-
ometries of C11 homo-disubstituted
derivatives of 1 and 2 have been carried
out at semiempirical and ab initio levels to
identify the more stable tautomer and find
whether two stable minima may exist for
each derivative. Searches at the AM { lev-

actions are described in terms of per-
turbation theory arguments for both tau-
tomers, the influence of m-acceptor or n-
donor substituents at the C11 position is

Introduction

Since Vogel and Roth’s preparationt™! of 1,6-methano-
[10]annulene (1) (formally bicyclo[4.4.1]undeca-1,3,5,7,9-pen-
taene) more than 30 years ago, many aspects of the chemistry of
this interesting molecule and its valence tautomer dinorcaradi-
ene (tricyclo[4.4.1.0'-°Jundeca-2,4,7 9-tetraene, 2) have been
discussed from theoretical,”™ synthetic,”®! and experimental™!
viewpoints. Recently, 1 has enjoyed a small resurgence of activ-
ity because of its use as the core for the preparation of am-
phiphilic systems'! and as a ligand in metal complexes.[®]
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el to determine transition-state structures
for the interconversion of 1 to 2 and of
their C 11 homo-disubstituted derivatives
are also reported.

annulenes -

The interconversion between 1 and 2 is analogous to the for-
mation of adducts from fullerenes and carbenes.!”) For example,
the addition of a carbene (or the synthetic equivalent of a
nitrene) to the 6,6-fusion bond of C, results in a cyclopropane-
containing methanofullerene,'® while an analogous addition to
the 5,6-fusion bond of C,, forms a fulleroid, with concurrent
cleavage of the 5,6-fusion bond.'” The structural effects occur-
ing when an inorganic handle is attached to C,, (e.g., a transi-
tion metal fragment!' *isolobal!' Y with CH,) have aroused our
interest as well.l'?

Experimentally, the open bicyclic species 1 is favored over the
closed tricyclic tautomer 2 by only 5.7+ 2 kcalmol ', with a
structure in agreement with the long C1-C6 separation of
about 2.23 A. The abundant X-ray datal'® !5 show that sub-
stituents at the apical C11 position can significantly alter the
position of the equilibrium between the open bicyclic and closed
tricyclic limits represented by the parent compounds 1 and 2. As
early as 1975, a geometric parameterization of the pericyclic 1,6
ring closure of 1 in terms of the available X-ray data had been
carried out by Biirgi and Dunitz.t%!7} However, while the
11.11-dicyano derivative 3139 adopts the c/osed tricyclic dinor-

closed tricyclic 3

open bicyclic 4
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caradiene form and the 11,11-difluoro derivative 414" exhibits
the open bicyclic annulene structure, the situation becomes less
distinct with other apical substituents. In fact, the structures of
the 11,11-dimethy!*>* and 11-methyl-11-cyano derivatives!'!>"!
are characterized by noncanonical C1-C6 bonds of about
1.8 Ain length. Importantly, none of the reported open or closed
experimental structures deviate significantly from C,, symmetry
with respect to the core of the molecule when substituents are
ignored.

Computational investigations'?! of the dinorcaradienes and
the 1,6-methano[10]annulenes have increased modestly, in par-
allel with the number of experimental observations report-
ed.** 41 Although some of the studies have been carried out at
high levels of computational sophistication, including unre-
stricted Hartree—Fock (UHF) methods at the semiempirical
AM 1 level!™ and Moller—Plesset perturbation theory methods
at the ab initio level,1?*! some of the computationally optimized
structures are questionable when compared to experiment. For
example, some models optimize to an opex structure with a long
C1-C6 distance, similar to 1, but are characterized by inequiv-
alent lateral six-membered rings with overall C, rather than C,,
symmetry.* Thus, one goal of the present discussion is to
calculate systematically, for the first time, the structures of a
number of derivatives of both 1 and 2 with different substituents
at the apical carbon atom C11. Furthermore, to the best of our
knowledge, no comprehensive overview of the electronic and
steric factors affecting the tautomerism between 1 and 2 has
been presented previously.

All of our discussions address both qualitative and quantita-
tive molecular orbital (MO) approaches. The computational
methods we employ are extended Hiickel (EHMO),*# semiem-
pirical RHF-AM 1,[!*1 and higher-level ab initio RHF-3-21 G®
and RHF-6-31G* methods,?% 2!} the latter using SPAR-
TAN.221 We have also used the SPARTAN suite of programs to
investigate the AM1 level structures of the transition states
(TSs) during the interconversions of 1 and 2 and their deriva-
tives.

Our description of the system begins with the basic chemical
bonding in naphthalene, proceeds with the addition of a
methylene handle to the central C—C bond of naphthalene, and
then follows the evolution of the system toward either the dinor-
caradienic or the 1,6-methano[10]annulenic structure. A quali-
tative picture of this process at the EHMO level can be quickly
attained with the graphical interface package CACAO.?3 Visu-
alization of the frontier molecular orbitals along the intercon-
version pathway allows direct evaluation of the consistency be-
tween experimental and computational data in terms of simple
perturbation theory arguments.[?*! In the absence of such an
interpretational tool, a chemist’s intuition is limited to the va-
lence bond (VB) formalism intrinsic in the drawings of 1 and 2.

Results and Discussion

Parameters affecting the interconversion between limiting ge-
ometries: Initially, it is important to identify the geometric struc-
tural parameters that define the interconversion between the
dinorcaradiene and the 1,6-methano[l10]annulene tautomers.
We have used the structures of the 11,11-dicyano!*39 and the
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11,11-difluoro derivatives!'#*! as definitive extremes in this re-
gard.

The Cambridge Structural Database!?! contains about 30 X-
ray structures of derivatives of 1 and 2 having different sub-
stituents at the apical C11 carbon atom as well as at other
positions. In most cases, the accuracy of the experimental results
was sufficient to reliably determine the positions of the hydro-
gen atoms in the structures. Such a determination is crucial if an
accurate picture of the molecular stereochemistries and a
parameterization of the interconversion pathway is to be devel-
oped.

Essentially, 1 and 2 can be described as containing a CR,
handle attached to the 6,6-ring-fusion edge (by analogy to C,,
literature) of naphthalene. When R = CN, a cyclopropane-like
bonding network arises, as is clear in the end-on view L. Tt is well
established that m-acceptor substituents on C1 of a cyclo-
propanel?®! cause the C2-~C 3 bond to shorten, while n-donor
groups lead to bond lengthening. (A qualitative MO explanation
of this effect has been reported.!?”!) In no case, however, can
substituents alone cause a cyclopropane system to undergo ring-
opening; cyclopropane ring-opening occurs homolytically 128!

The side-on view II clearly demonstrates that the lateral C,
rings maintain their individual planarity, but that each has ro-
tated from the plane of the original naphthalene system by
about 15°, corresponding to a bookfolding dihedral angle @ of
about 150°. In the X-ray structure of the closed tricyclic 11,11-
dicyano derivative,!'*1 @ =151.15°; our calculations result in
© =143.39° (AM 1), 146.54° (3-21 G*) and 144.83° (6-31 G¥).
The dihedral angle © defines the major structural rearrange-
ment parameter during the attachment of a CR, handle to
naphthalene.

The dihedral angle @ also determines the tilting angle o of
the plane C2-C1-C10 (and its equivalent) with respect to the
C1-C6 vector. For @ =151°, o is about 24°. For comparison,
in cyclopropane the structurally required orientation of each
CH, moiety must correspond to a = 30° with respect to either
of its adjacent C—C vectors. Accordingly, all of the methylene
radial orbitals in cyclopropane (IIT) point exactly to the center
of the C; triangle. There are also in-plane tangential orbitals
(IV) which, together with the radial orbitals, form the C;
o-bonding network.

tangential py

m v
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1t is instructive to recall the concept of o aromaticity for such
a network (see V, Figure 1) .12%-3% [n the D, symmetry of cyclo-
propane, the radial (III) and tangential (IV) orbitals give rise to
the Hiickel aromatic MO pattern of three filled and bonding
MOs well separated from the higher energy and empty anti-
bonding MOs. This simplified MO picture will become useful
during the discussion (vide infra} of the bond-breaking/bond-
making aspects within the cyclopropane unit of the dinorcaradi-

ene = 1,6-methano[10Jannulene system.
™ az , @
e VAV
& %? Iﬁ 31'

v

261I

D=7

Figure 1. Methylene radial (III} and in-plane tangential orbitals (IV) which togeth-
er form the C, o-bonding network.

In VI, the structure of 11,11-difluoromethano[10}-
annulene!'*"! (4) is shown in the same end-on view as was used
in I for 3. The elongation of the C1-C6 vector is evident, and
a larger a angle of about 51° is also observed (the C1-C11-C6
angle is about 98°). Because of the magnitude of «, the radial
orbitals of the two methylene-like units (defined by the triad
C2-C1-C10 and its symmetry equivalent) are now redirected
from the center of the triangle toward C11. From the orthogo-
nal viewpoint VI, it is evident that the planarity of the two C
rings is lost: each ring is now folded by 20° (¢ =160°) about the
C2-C5 and C7-C10 vectors. In addition, the C—H bonds of
the atoms of these vectors are twisted downwards so as to be-
come nearly coplanar with the C2-C1-C10 plane or its symme-
try equivalent (see VI). The internal C-C-C angles of the C,
rings (y and é in VIII) have opened significantly from 120” in the

vi vl

closed tricyclic to as much as about 128° in the open bicyclic
derivative. (Our computational results at semiempirical and ab
initio levels of theory are consistent with these structural
parameters from extended Hickel calculations.)

By reference to a simple molecular modeling kit, the intercon-
version between 1 and 2 could be shown to potentially occur by
a combination of tor-
sions at various C-C
bonds. A reasonable
7 % pathway could be mim-

icked by using a re-
stricted number of
parameters and adopt-

8 %) ) 0 * 4
:‘ "Trll////////m//////llllm. S
/ /'/ 2
ing the strategy illus-

Vil trated in VIHI. This
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parameterization was further elucidated by our TS structural
investigations (vide infra). Because C,, symmetry is maintained
throughout the interconversion pathway, the movements of
atoms or groups of atoms are mirrored by their symmetry equiv-
alents during the interconversion.

Beginning with the closed tricyclic structure fixed as a
® =150° bookfolded naphthalene moiety with a CH, handle,
the tetraatomic unit HC3-C4H is rotated by a small angle
(t<4°) about the C3-C4 vector. Simultaneously, the atoms
defining the plane H-C2-C 1-C 10-H are rotated about the C2—
C 10 vector to an angle Z of up to 20°. In this manner, a simul-
taneous double envelope-opening process significantly elon-
gates the C1-C6 distance. This parameter could not attain the
value of about 2.2 A observed in the open bicyclic structures
unless allowances were made to also increase the y and J angles
to their experimental values, which are significantly larger than
120°.B31

An MO description of the chemical bonding and its evolution
during the closed-open interconversion:

The closed tricyclic dinorcaradiene tautomer: An in-depth
knowledge of n delocalization in naphthalene is fundamental to
the evaluation of the effects of adding a methylene handle to the
6,6-fusion edge of the molecule and, hence, to the compatibility
of a central cyclopropane unit with the two lateral portions of
the naphthalene system. As shown in Figure 2, naphthalene can
be conveniently constructed in terms of more elementary com-

butadienic
b1 0.0.p. / d
— 5T

butadienic

m*i..

ethylenic
TC *

-8.95eV

&0

-12.18 eV
HOMO
butadienic ,-/‘ IR
T2 0.0.p “‘. !
i.p. ‘-\ ,)['2b1u
ethylenic Z
T

butadienic Y,
T ﬁ: p.

Figure 2. Schematic description of the filled naphthalene ® MOs in terms of their
basic components (two lateral butadienic moieties plus a central ethylenic C, unit).

0947-6539/97/0306-0960 % 17.50+ .50/0 Chem. Eur. J. 1997, 3, No. 6





Dinorcaradiene=1,6-Methano{10] Annulene

958 —-968

ponents: the in-phase (i.p.) and out-of-phase (0.0.p.) bonding
and antibonding = levels of two butadienic fragments and the
and nt* levels of a central ethylenic unit.

The five filled naphthalene © MOs are primarily symmetry
combinations of the bonding MOs of the elementary compo-
nents: two from each lateral butadienic fragment and one from
the central ethylenic moiety. However, the filled 15,, MO also
has a large ethylenic n* contribution, which causes the 6,6-fu-
sion edge of naphthalene to elongate. The n* character in both
the filled (1b,,) and the empty (2b,,) MOs will ultimately be-
come a critical factor governing the closed tricyclic == open
bicyclic structural dichotomy (vide infra).

In order to establish a qualitative reference point, a generic
methylene fragment, characterized by a radial p, (III) and a
tangential p (IV) orbital, is allowed to interact with naphthalene
(D,, symmetry), as shown schematically in IX (Figure 3). The

/

28

naphthalene dinorcaradiene methylene
n C?v C2v

IX

Figure 3. Interaction of a generic methylene fragment characterized by a radial p,
and a tangential p orbital with naphthalene (D,, symmetry}.

c-bonding component of the incipient cyclopropane moiety ini-
tially results from the interaction of the low-lying 1b,, and 25,
MOs (1a, and 24, in C,, symmetry, respectively) with the
methylene p, radial orbital. When bookfolding occurs, a o-
bonding MO of the 6,6-fusion edge also becomes involved in the
orbital mixing process so as to produce a cyclopropane-like a,’
bonding combination similar to that shown in V.

Although slightly higher in energy than the p, radial orbital,
the p tangential orbital can be formally assigned the methylene
electrons, as only this orbital is capable of donating electron
density into the empty naphthalene 2b,, level. The situation is
complicated by the participation of the lower-lying 15, naph-
thalene level because of its implicit ethylenic n* character. The
overall three-center, four-electron interaction would cause a sig-
nificant destabilization of the 2b, HOMO of the system if the
naphthalene moiety remained planar. However, bookfolding
can stabilize the 25, HOMO and, therefore, the whole system.
Such stabilization is evident from a Walsh diagram for the
11,11-dicyano derivative {not shown) which indicates that, at
the EHMO level, the system gains about 2.6 eV during book-
folding. Further, a minimum in energy is attained at about
® =150°, in agreement with the experimental structural data.
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The relative cnergies of the CR, orbitals obviously must dc-
pend significantly on the nature of the substituents. When
R = CN, the n* orbitals of the cyano groups cooperatively low-
er the energy of the p orbital on the central carbon, while when
R = F, the filled fluorine p orbitals cause the p orbital to be
raised in energy by as much as 2 eV (compare X and XI) relative

~-10 eV

X xi

to the dicyano system. When the energy difference with respect
to 2b,, and the CR, orbitals diminishes, the donor—acceptor
interaction is favored, and because the energy difference with
respect to the filled 1b,, simultaneously increases, the effect of
the destabilizing three-center, four-electron repulsion is concur-
rently lessened.

More efficient electron donation from the carbon p orbital
into the 2b;, orbital, which is = antibonding at the 6,6-ring-fu-
sion bond of naphthalene, also forces the bond to lengthen. The
analogous substituent effect in cyclopropanes has becn ex-
plained similarly.®” In the present dinorcaradiene = 1,6-
methano[10Jannulene system, however, the C1-Cé6 distance
can become longer than 2.1 A. Below, we discuss in detail the
question of whether this length change implies bond stretching
or bond cleavage. At this point, however, the above arguments
suggest that the difluoro derivative is one of the best candidates
for bond cleavage. On the other hand, our ab initio calculations
suggest that the closed tautomer of the difluoro derivative is
realistic as well (vide infra).

Two important aspects related to the nature of the sub-
stituents should be mentioned at this point. First, the 11,11-
dichloro derivative, whose structure has not been determined, is
expected to favor the open structure even more strongly than the
difluoro derivative. In fact, the filled chlorine p orbitals force the
C 11 carbon p orbital to a higher energy than was seen in XI. In
contrast, our EHMO, semiempirical, and ab initio calculations
uniformly and distinctly favor the closed structure for the
dichloro derivative. Another peculiar case is that of the 11,11-
dimethyl derivative, whose methyl substituents can be attribut-
ed some m-donor capability. The compound has been experi-
mentally shown to have an intermediate C1-C6 bond length of
about 1.8 A which is neither truly open nor truly closed. In these
cases, structural preferences are in apparent conflict with the
electronic effects outlined above. In the next section, the com-
peting effect of intramolecular steric hindrance in determining
the most stable tautomer will be analyzed.

Presently, we shall continue to use the qualitative EHMO
picture to better understand the cause of the C1-C6 elonga-
tion. The process of bookfolding provides an approximate ener-
gy gain of 1.8 eV for the difluoro derivative compared to a gain
of 2.6 eV for the dicyano derivative. A visual comparison (see
X1II) of the two HOMOs (25, at @ = 30°) not only accounts for
the energy difference but also for the preference of the difluoro
derivative to open.
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The contribution of orbitals on C1 and C6 to these MOs is
significantly smaller for the dicyano derivative (2% vs. 8%),
because the three-orbital interaction involving the carbon p and
the two naphthalene b, levels (see Figures 2 and 3) forces mix-
ing between 2h,, and 1b,,. Perturbation theory indicates that
while * antibonding between the central ethylenic unit and the
butadienic wings is almost eliminated in the dicyano derivative,
the difluoro derivative is still significantly destabilized. More-
over, a through-space interaction between the C 11 p orbital and
the butadienic wings can also be observed in XII. By increasing
the degree of bookfolding, the through-space repulsion is re-
duced and the HOMO is stabilized.

It is instructive to compare the three b, MOs in IX with the n
system of the allyl anion, in which a typical four-electron, three-
center interaction occurs. In the anion (XIII), electronic repul-
sions dare minimized because the n,, MO has a node at the
central carbon atom. Although never perfectly achieved, a sim-
ilar situation occurs here, as illustrated in XTV. The filled 25,
level (HOMO) accumulates electron density on both the apical
C 11 and on the butadienic wings of the molecule because (ideal-
ly) a node exists at the C1 and C6 atoms. The dashed-line
partitioning in XIV highlights this aspect.

X

The 15, MO (the equivalent of the allyl n orbital) is overall
bonding between the components in XIV. Because of its highly
delocalized nature, the separation into different components is
an oversimplification. However, 1b, can be considered to be
responsible for one of the three o bonds needed for the cyclo-
propane network. Indeed, disregarding the contribution from
the lateral butadienic wings, the orbital resembles the left-hand
1¢) level previously illustrated in V. The right-hand 1e) orbital
is related to the original naphthalene 26, level (24, in IX) be-
cause, during the bookfolding process, the p orbitals of C1 and
C6 reorient toward each other. Finally, the cyclopropane &
level is formed from a C1-C6 o-bonding MO (not shown)
which partially mixes with the filled naphthalene 15,, and 25, ,
MOs of Figure 2.

The remaining four m-electron pairs of the naphthalene frag-
ment preferentially localize on the lateral butadienic wings.[3?!
Aside from the contribution of 15,, the © bonding between the
wings and C1 and C6 is small. As a whole, the simplified MO
description underscores and extends the VB description in 3.
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From the above analysis it is also evident that additional,
primarily repulsive, residual m interactions may still exist be-
tween the central cyclopropane moiety and the lateral butadi-
enic wings. The HOMOs in XII indirectly support this position.
To eliminate these sources of destabilization, the system can
rearrange to produce an alternative electronic distribution.

The 1,6-methano[ 10 ]annulene tautomer: Experimentally, each
C11-substituted derivative exists either as the dinorcaradiene or
the 1,6-methano[10]annulene structure. (To our knowledge, the
only substantiated equilibrium between the two forms is that of
the parent compounds containing an apical CH, group.l’” '3}
However, both semiempirical and ab initio calculations find
structural minima for both tautomers in many cases. Now, how-
ever, we shall proceed with our illustration of the qualitative
picture with the 1,6-methano[10Jannulene tautomer and the ge-
ometric interconversion to it from dinorcaradiene.

Figure 4 illustrates the behavior of selected frontier MOs of
the difluoro derivative during its evolution from the c¢losed to the
open structure by means of the parameters previously estab-
lished for this interconversion (VI1-VIIT). The essential feature

71 e
T A3a
_‘ ////,,»;\\ 1
e 1382
ST T2,
Energy (eV)
-11 l
18,
2
2
-13
)
closed open
Reaction Coordinate (steps)

Figurc 4. A Walsh diagram showing the evolution of selected frontier MOs during
the dinorcaradiene == 1.6-methano[10]Jannulene interconversion for the 11.11-
difluoro derivative.

of this figure is that the HOMO of the closed dinorcaradiene
(the 25, level) becomes significantly stabilized and, as the open
structure is attained, the 25, level crosses the two lower energy
1a, and 2a, levels, which are themselves somewhat destabilized.
At the EHMO level, the net energy gain is about 17 kcalmol !
in favor of the 11,11-difluoro-1,6-methano[10]annulene.

The trends in this Walsh diagram are confirmed by the order
of the filled frontier MOs in the ab initio 6-31 G* calculations
for the two structural minima. The calculated ordering for the
11,11-difluorodinorcaradiene tautomer in descending energy is
2b,, 1a, and 24,, while for the 11,11-difluoro-1,6-methano[10]-
annulene tautomer, 2b, has become the third-highest filled level,
with an increase in stabilization of about 1.5 ¢V. During the
interconversion, interlevel crossing must occur, and from an
MO viewpoint this indicates the possible existence of two struc-
tural minima.
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Visual analysis of the MOs provides a reasonable explanation
for the change of the HOMO from 25, to 1a,. As shown in XV,
the direction of the o hybrid orbitals on C1 and C6 is most
affected by the interconversion process. In naphthalene, these
orbitals point directly toward each other and in the closed tau-
tomer they point toward the center of the cyclopropane moiety,
but in the open structure
the orbitals diverge even
further and point directly
at C11. This continuing
divergence causes the c*
combination of the hy-

xv brids in XV to descend

steeply in energy and mix

with other b, levels (in particular the ethylenic n* orbital, for-

merly 2b,, in Figure 2). Eventually four of the b, levels, rather
than the three which appeared in IX, must be considered.

Although something of an oversimplification, the situation
can be described as follows: The MOs 2b, and 45, are the ¢ and
c* combinations relative to the bonding between the hybrids
XV and the C11 p orbital. Recall that in the closed difluoro
derivative, 25, (see the right-hand part of XII) was affected by
an unfavorable m* interaction between the central ethylenic
moiety and the butadienic wings.
In the open tautomer, the 2b, MO
(XVY) clearly shows residual n*
features in addition to the prevail-
ing c-bonding character. The roles
of the 15, and 36, orbitals remain
to be clarified.

To comply with the VB structure
4, none of the original ten naph-
thalene n electrons should be used
for bonding between C1 and C6.
Thus, more 7 interaction is expected at the bonds connecting
these atoms to the butadienic wings (which is partially con-
firmed by a modest increase in the overlap populations for these
bonds). However, C1 and C6 are in nearly ideal sp® environ-
ments. Their orthonormal p_ orbitals are far from parallel with
the p, orbitals of the butadienic wings (the skew angle between
them can be as large as45°). Thus n bonding between them must
be attenuated. The role of the filled 24, and the empty 35, MOs
(XVII and XVIIL, respectively) becomes critical in the evalua-
tion of the overall bonding picture.

Xvit Xvii

Each of these orbitals exhibits a significant (ca. 60 %) contri-
bution from the p, orbitals on C1 and C6, but their respective
n and ©* interaction with the lateral butadienic m systems is
modest. Instead, these levels are characterized by prevailing o

Chem. Eur. J. 1997, 3, No. 6
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and o* characters that do not exclude direct C1-C6 interac-
tions even when the separation is long.

To further elucidate the situation, we refer back to cyclo-
propane (see V). Assume that one C-C-C angle of cyclopropane
opens and the carbon atoms of the two separating CH, groups
become planar. The relative Walsh diagram is illustrated in Fig-
ure 5 (XIX). The loss of bonding character in the 2¢, combina-

L

C-C-C opening

XX

Figure 5. Walsh diagram for opening of one C-C-C angle of cyclopropane.

tion (originally a member of the degenerate 1¢] level) and the
loss of antibonding character in the 2b, combination (in which
one steeply descending member of the degenerate 2¢ level mixes
with the lower &5 MO) results in the quasi-convergence of these
two frontier levels.

[t is well-known that opening of cyclopropane occurs ho-
molytically,*® and a rigorous quantitative discussion of this
problem is not within the scope of this article. However, the
following qualitative arguments are meaningful: In Figure 5,
the acquired degeneracy of the 25, and 2, levels on ring open-
ing and their equal orbital contributions from the separating
carbon atoms imply a smooth transformation from a singlet to
a triplet ground state, leading eventually to the formation of a
diradical. The rotation of the terminal CH, groups about the
C--C bonds, which prevents the electrons from re-pairing, pro-
vides further stability to the diradical. Similar MO features have
previously been pointed out for organometallic systems in which
metal—carbon bond homolysis occurs.!33!

The diagram in Figure 4, for the dinorcaradiene = 1,6-
methano[10Jannulene rearrangement, exhibits similarities, but
also major differences, in comparison with Figure 5. The i.p.
and the o0.0.p. combinations of the p, orbitals of C1 and C6 are
stabilized and destabilized, respectively, during the interconver-
sion, and they would be expected to converge. However, this
convergence 1s prevented by the interactions with the « systems
of the two lateral butadienic wings. The two levels remain well
separated: In no case does the gap between the 35, and 24, levels
become less than 3 eV. Moreover, since these levels cannot even
become adjacent (the 1a, and 2b, w levels always remain at
intermediate energies), the possibility of an electron transition
to form a triplet ground state can be excluded. Given the MO
picture, as well as the rigidity of the system, there is little possi-
bility that the dinorcaradiene = 1,6-methano{10Jannulene tau-
tomerism proceeds via a diradical.

As stated above, the coexistence of a filled 24, and an empty
3, MO (XVITand XVIII) suggests a residual s bond at C1-C6

0947-6539/97/0306-0963 $ 17.50 4 .50/0 — 963





FULL PAPER

C. Mealli, R. W. Zoellner et al.

even for long experimental separations. This ¢ bond is in com-
petition with © bonding to the lateral butadienic wings. The n
bonding would become 100% effective if the empty 35, level
had solely n* character and the filled 15, was its n-bonding
partner. In other words, the latter description, which is simply
the viewpoint suggested by the VB formula 4, is not strongly
supported by the MO analysis. In fact, the MO topology, the
electronic distribution, and the C1-C6 overlap population
(never smaller than 0.1) indicates that the o bond between C1
and C6, although steadily weakened during the interconversion
process, is never completely eliminated.

In concluding this section, we address in more detail some of
the intriguing aspects of the tautomerism of the dichloro and
dimethyl derivatives. As mentioned earlier, the dichloro deriva-
tive is more stable at the closed minimum. Indeed, our 6-31 G*
ab initio calculations could not even find a stable minimum for
the open structure. According to our interpretation of the inter-
conversion, the chlorine p orbitals of the CCl, group, which are
higher in energy than the p orbitals of fluorine in CF,, should
trigger the opening of the central C1-C 6 bond even more read-
ily than does CF,. However, a
Walsh diagram (not shown, but
see XX) similar to that in Fig-
ure 4 provides a satisfactory
answer for this incongruity:
For the dichloro derivative, the
three highest filled MOs be-
have similarly to those in the
diagram for CF,, but the en-
ergetics of the whole system are
strongly influenced by a
sharply rising 1a, level.

Structure XX confirms the ¢ bonding character of the orbital
at the C1-C6 bond. However, this orbital is destabilized be-
cause of repulsive interactions between the in-plane lone pairs of
the two chlorine atoms and the © system of the butadienic wings,
to which the lone pairs are directed. This interaction prevents
the upward twist of the wings (the @ angle, see VII). Thus, in the
case of the 11,11-dichloro derivative, intramolecular steric hin-
drance becomes the governing factor in favor of the closed
structure. Perhaps for analogous reasons, as has been shown
computationally, the CBr, group attached to a 6,6-fusion edge
of Cy, is not accompanied by a significant lengthening of that
edge.34

An accurate X-ray crystallographic study!*>* of the dimethyl
derivative has shown that the C1-C6 bond has an unusual
length: 1.780(7) A and 1.836(7) A for the two molecules in the
asymmetric unit. In this case, again, only the closed structure
with a normal C1-C#6 bond length results from our 6-31 G* ab
initio calculations. Somewhat surprisingly, the corresponding
EHMO Walsh diagram exhibits a minimum in total energy that
corresponds closely to the experimental structure. Referring to
the interconversion pathway defined by the coordinates in VI,
VII, and VIII, this minimum is about midway along the path-
way, whereby the closed and open structures are about 0.2 and
0.4 eV higher in energy, respectively. Apparently, an exception-
ally delicate balance of steric and electronic effects occurs here.
The stabilization of the 2, level on opening (see Figure 4) is
effectively counterbalanced by the destabilization of the 2a, and
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1a, frontier levels, as well as that of the lower 14, level (some-
what similar to XX).

Semiempirical and ab initio calculations: The results of ab initio
calculations should be generally regarded as the standard for a
reliable study of the tautomerism of the organic species we de-
scribe here. However, correlating our results with a qualitative
MO analysis has allowed us to focus on the fundamental aspects
of the interconversion process. Now the qualitative MO picture
can also be used as a convenient guide for the analysis of the
results at higher levels of theory.

In general, the calculated heats of formation and electronic
energies (Table 1) are in agreement with experimental data for
the more stable tautomer of each known compound. With a few
exceptions, the calculations also show that a second, local min-
imum exists which corresponds to the alternative tautomer.
Since the experimental structures exhibit C,, or pseudo-C,,
symmetry (where pseudo means that the core of the molecule is

Table 1. Energies of selected 11,11-disubstituted dinorcaradienes and 1,6-methano-
[10)annulenes calculated at semicmpirical and ab initio levels of theory [a].

Heat of forma-
fion, AM 1
(kcalmol ™) [¢]

Compound [b] Energy,
321 G

(Hartree) [c]

Energy
6-31 G*
(Hartree) [c]

11,11C=N), (3) 162.9574 —602.352722 ~ 605.738895
11.114C=N), 163.2338 —602.338051 [d] —605.716215
AE 0.276 9.21 14.2
1,11-(F), 1.1745 —616.573320 —619.987609
11,11(F), (4) —0.1640 —616.583419 [d] — 619990946
AE —1.34 —6.34 ~2.09
11,11(H), (2) 88.1109 — 419927778 — 422286827
11,11-(H), (1) 81.0626 —419.934821 [d] — 422.287099
AE —7.05 —4.40 —~0.17
11,11-(CH,), 82.4881 ~ 497564233 —500.349723
11,11<(CH,), 86.4170 —497.557564 [¢]

AE 3.93 4.18

11,11(CH=CH,),  134.8373 —572.821693
I,11-(CH=CH,),  137.1420 —572.813265 [f]
AE 2.30 5.29

one minimum

-576.031248

one minimum

11,11-(C=CH), 210.6226 - 570.420325 —573.616889
11,11-(C=CH), 213.2654 — 570.407880 [d]

AE 2.64 7.81 one minimum
11,11-(C1), 84.2797 —1333.551438 —1340.064379
11,11-(CD), 84.8590 —1333.542595 [d]

AE 0.579 5.55 one minimum
11,11-(NO,), 115.5994 —824.462249 —829.187373
11,11-{(NO,), 116.9833 —824.462426 [d] —829.177874
AE 1.38 —0.111 5.96
11.11-(SiH;3), 103.2966 ~997.217870 —1002.430619
11,11-(SiH,), 106.7941 —997.202386 [e] —1002.408151
AE 3.50 9.72 14.10

[a] The information for each compound is provided in two lines, the first referring
to the closed dinorcaradienic structure and the second to the open annulenic struc-
ture, The designation of the experimentally stable structure, when known, and the
calculated lower energy structure for a given method are printed in boldface type.
fb] The energy difference, defined as AZ = E(open) — E(closed), for a given calcu-
lational method is reported in kcalmol ™! (1 Hartree = 627.5095 kcal mol™!) and
has been arbitrarily reported to three significant digits. [¢] Unless otherwise indicat-
ed, all results were optimized without the imposition of any symmetry constraints.
The cnergy differences between the ab initio optimizations with and without symme-
try constraints were generally small (less than 1.5 kcalmol™!), and appeared to
decrease with increasing computational level. Semicmpirical heats of formation and
ab initio energies are arbitrarily reported to four decimal places for the former and
to six decimal places for the latter. [d] Structure optimized by imposing C,, symme-
try constraints. [e] Structure optimized by imposing C, symmetry constraints.
[f] Structure optimized by imposing C, symmetry constraints.
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of C,, symmetry, but that some substituents, such as methyl or
vinyl, may force an overall lowering of that symmetry), all of the
calculations were performed under the appropriate symmetry
constraints. Although these results appeared generally reason-
able, we have occasionally observed that removal of the symme-
try constraints provided otherwise unobtainable convergence
(e.g., for the closed dicyano derivative). Because of the larger
number of parameters involved in the absence of symmetry
constraints, a slightly lower energy (always <2 kcalmol ™! atab
initio levels) was also obtained.

Such a difference is of little concern for the closed structures,
as they remain very close to C,, symmetry even in the absence
of symmetry constraints. However, the open structures, opti-
mized without the imposition of symmetry constraints, exhibit
conformations for the two lateral C; moieties which are signifi-
cantly asymmetric in comparison to each other, even at the
6-31G* level of theory. A typical example is provided by
the calculated C, structure of
the open difluoro derivative,
shown in XXI. Note that the
right-hand C; moiety man-
tains the planarity exhibited
by both the experimental and
computational closed struc-
tures, while the left-hand C

Xxt moiety is characterized by a @

angle (see VII) of about 20°.

Although this moiety may superficially resemble the ex-

perimental structures for the open derivatives, such an angle

is larger than that experimentally observed for any open struc-
ture.

Other authors!?® have pointed out similar conformations in
the calculated structures of the parent compound 1, and did not
exclude the possibility that a structure such as XXI could be an
artifact of the computational method. There could also be an
element of homoaromaticity!®®! in such a structure, since the
right-hand unit contains 6 7 electrons but an open bond, while
the left-hand unit adopts the features of a butadienic moiety
with 4 & electrons.

There are well-documented circumstances in the chemical
literature in which a molecule that could in principle adopt a
higher symmetry structure is forced by a particular electronic
configuration to distort to a lower symmetry conformation.
Common examples are provided by cyclic antiaromatic mole-
cules®®! in which Jahn-Teller effects are active.’” Thus, cy-
clobutadiene is rectangular rather than square*® and neutral
cyclooctatetraene is not octagonal, but tub-shaped.*®]
Analogous electronic requirements force the C,, fullerene to
prefer D, rather D,, symmetry."° In each of these cases, the
Jahn-—Teller effect removes the degeneracy of the highest occu-
pied levels by causing a molecular distortion to a lower-symme-
try, more stable structure.

We have no computational indication that such an electronic
argument can be applied to our system. In fact, all of the systems
we have investigated are singlets with large HOMO-LUMO
gaps. In any event, since our systems are of C,, symmetry, and
such a classification has no degenerate irreproducible represen-
tations, a Jahn—Teller effect per se cannot occur. Accordingly,
our discussion is based on the C,, symmetry tautomers and their
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interconversion is assumed to occur via a C,, pathway through-
out.

The first result of note in Table 1 is that the computationally
most stable tautomers are the closed for the dicyano and the
open for the difluoro derivative. These species also have two of
the highest interconversion activation energies (see Table 2).

Table 2. Semiempirical AM 1 calculations for the transition state structures and the
activation energies and Boltzmann distributions of the ground-state molecules of
selected 11,11-disubstituted dinorcaradienes and 1,6-methano[10Jannulenes [a].

Compound Heat of formation Activation Calculated
of transition state energy Boltzmann
(kcalmol 1) [b] E, (kcalmol™") distribution
11,11(C=N), (3) 173.1822 10.2248 60.03%
11,11-(C=N), 9.9484 39.97%
11,11-(F), 10.2200 9.0455 8.48%
11,11(F), 4) 10.3840 91.52%
11,11-(H), (2) 93.1975 5.0866 0.01 %
11,11-(H), (1) 12,1349 99.99 %
11,11-(CH,), 91.9540 9.4659 99.93%
11,11-(CH,), 5.5370 0.07%
11,11-(CH=CH,), 144.4998 9.6625 98.67 %
11,11-(CH=CH,), 7.3578 1.33%
11,11-(C=CH), 221.2880 10.6654 99.23%
11,11-(C=CH), 8.0226 0.77%
11,11-(C), 93.5838 9.3041 93.58%
11,11«(CD), 8.7248 6.42%
11,11-(NO,), 126.0251 10.4257 92.19%
11,11-(NO,), 9.0418 7.81%
11,11-(SiH,;), 113.9985 10.7019 99.84%
11,11-(SiH,), 7.2044 0.16%

[a] The information concerning the activation energy E, for each compound is
provided in two lines, the first referring to the closed dinorcaradienic structure and
the second to the open annulenic structure. The designation of the experimentally
stable structure, when known, and the results for the calculated lower energy struc-
ture at the semiempirical AM 1 level are printed in boldface type. Semiempirical
heats of formation and ab initio energies have been arbitrarily reported to four
decimal places for the former and to six decimal places for the latter. [b] All transi-
tion statc results were optimized without the imposition of any symmetry con-
straints. However, the resulting transition state structures closely approximated C,,
symmetry.

The rationale previously proposed for these preferences in terms
of m-acceptor and m-donor capabilities of the substituents is
confirmed by these results. Moreover, there is a satisfactory
correspondence with the relative order and trends for the HO-
MO levels, as mentioned earlier. It is also notable that only one
minimum is found for the dichloro derivative with the 6-31 G*
method, and this minimum is the c/osed structure. Such a result
is also in accord with our qualitative explanation based primar-
ily on the competition between purely bonding and intramolec-
ular steric effects for the dichloro derivative.

The semiempirical and ab initio results for the dimethyl
derivative deviate most from experiment. The AM 1 and 3-21 G**
calculations result in two minima with either a short or long
C1-C6 distance. The 6-31 G* calculations converge only at the
closed structure with an optimized C 1-C6 distance of 1.557 A,
which is clearly inconsistent with the crystal structure.!'** In
light of the carefully analyzed experimental data,!'5*! computa-
tional evaluation of this molecule at higher levels of theory,[*!!
perhaps with the inclusion of electron configuration interactions
(CT) or electron correlation, is necessary. However, because of
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their high computation-time requirements, such investiga-
tions*?! are only in preliminary stages at this time.

Tables 1 and 2 also list the computational results for other
known and unknown compounds with apical m-acceptor or n-
donor C 11 substituents, as well as calculations relative to the
parent CH, derivatives. As mentionced earlier, the parent deriva-
tives are reportedly characterized by a conformational equilibri-
um.”- "3 Thus, it is not surprising that the energy difference
between the two minima is small, and that a low interconversion
activation encrgy of about 5 kcalmol "' for the closed struc-
ture has been found. In the absence of steric effects and the
n-donor/acceptor features of the substituents, the experimental
and computational preference for the open structure may de-
pend on a subtle energetic interplay within the frontier MOs.
Such an effect is difficult to trace at our qualitative interpreta-
tional level or from our quantitative results concerning stable
minima.

Substituents such as ethynyl, vinyl, and nitro can definitely be
assigned m-acceptor character, and they are calculated to result
in structures of the closed tricyclic type. In addition, ethynyl and
vinyl may also exhibit some steric resistance towards transfor-
mation to the open structure. The slight preference of the disilyl
derivative for the closed structure is also understandable in
terms of steric hindrance (the interconversion activation energy
also appears to be higher).

We conclude this section with some comments on the TS
structure stationary points (species calculated to exhibit exactly
one imaginary frequency), as calculated by the semiempirical
AM 1 method. Since the AM 1 computational method has been
parameterized on the basis of experimental structures and prop-
erties of ground-state molecules,!'” the extension of such a
method to transition-state structures might be questioned.
However, in each TS structure, the single imaginary frequency
corresponded to a vibrational mode in which the C1-C6
vector lengthened and shortened, as would be expected along
a pathway in which the closed tricyclic derivative is converted
into the open bicyclic derivative or vice versa. Further, as
discussed elsewhere, the TS structures corresponded closely
to the postulated intermediate structure along the EHMO path-
way. Thus, even with the caveat concerning the parameteriza-
tion of the AM1 method, these TS structures appear to be
reasonable.

With regard to the geometical features of the TSs, the struc-
tures have nearly exact C,, symmetry even though they were
calculated without imposition of any symmetry constraints.
Further, when compared to our interconversion pathway, the
structures fit closely to points along the pathway we have de-
fined (see VI~ VIH). For example, the TS of the dicyano deriva-
tive corresponds to the pathway point defined by the values
& =170 and o = 41°. These two parameters are fundamental
geometric features of the rearrangement and, in the transition
state, they are almost intermediate between the closed (@ =180,
o = 25%) and the open (@ =160, « = 51°) structures. Thus, acti-
vation in either the closed or the open direction appears to re-
quire synchronous change in both of these deformations. Final-
ly, the range of activation energy values (5—12 kcalmol 1)
suggests that all of the interconversions could occur at ambient
temperatures (at least in the gas phase, as these calculations were
carried out without any “‘solvent” parameters).
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Conclusions and Extensions

The tautomerism between dinorcaradiene and 1.6-methano-
[10]annulene has been newly explored by a synoptic, interpreta-
tionally based MO approach, with support from higher-level
semiempiricat and ab initio calculations. Substituent effects for
both known and as-yet-unsynthesized derivatives have been
evaluated by using the CACAQ graphical interface,’*¥ which
helped to highlight fundamental features of the chemical bond-
ing and its evolution during the interconversion process. The
relationship between purely bonding interactions and in-
tramolecular through-space (steric) repulsions establishes a sub-
tle electronic balance between the species during their intercon-
version along a C,, least-motion pathway.

In the case of the dimethyl derivative, the 6-31 G* ab initio
method appears unable to reproduce the experimental features
of the molecule, such as the atypical C1-C6 bond length of
about 1.8 A. Future computational work may require higher
levels of theory and the incorporation of CI and clectron corre-
lation methodologies. Interestingly, the EHMO approach satis-
factorily reproduces the geometric features of the dimethyl
derivative and, more importantly, highlights a result of chemical
significance: the competition for the atomic orbitals on C 1 and
C6, which can either form a direct C1-C6 o bond or can =«
bond with the lateral butadienic wings. The involvement of
these orbitals in either & or © bonding depends on several fac-
tors, but even at the long C1-C 6 distances (> 2.0 A) observed
in the open structures, significant o bonding still exists between
these two atoms.

Extensions of this investigation, both in experimental and
computational fields, arise from the application of the isolobal
concept.[' 1] As mentioned eatlier, there are several examples in
the chemistry of C, in which a “*handle” on a 6,6-fusion edge
is produced through the addition of a d'° L,M or a d® L, M
fragment.'' " To the best of our knowledge, an analogous addi-
tion has not been reported for naphthalene, nor is any olefin-
type transition metal coordination chemistry known for the 6,6-
ring fusion edge in naphthalene. In this light, we have performed
some preliminary calculations™3! on species such as
[(PR,),M(#%-(C9,C10)-C,,Hy)] (M = Ni,Pd,Pt) to determine
whether such compounds are stable and whether they adopt the
open or closed structure. As expected, the isolobal analogy
works well in this instance,
and there are indications
that the closed structure
XXII is preferred over the
open structure XXIIL

Experimentally, we have
also begun to test possible
synthetic routes to these XXH XXIt
organometallic com-
pounds. The direct route involving naphthalene does not seem
practical, probably because the deformation from planarity is
unfavorable. It may be possible to follow a similar strategy
to that of Vogell'! to obtain the dinorcaradiene and 1.6-
methano[10]annulene tautomers; that is, the coordination of a
metal species to the central olefin bond of 1,4,58-tetrahy-
dronaphthalene (isotetralin), followed by gentle dihydrogena-
tion, and work in this direction is underway.
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Computational Methods

The semiempirical and ab initio calculations were carried out with the SPAR-
TAN!22 gyite of programs, running on Silicon Graphics Indigo and Indigo?
workstations. In each case, the molecule under consideration was constructed
and minimized by using the SPARTAN EXPERT builder mode, which al-
lowed the initial geometry to be either the closed tricyclic dinorcaradiene or
the open bicyclic 1.6-methano[l0]annulene structure. Following the EX-
PERT construction and minimization, the EXPERT structure was used as
input for a [ull gcometry optimization by the semiempirical AM 1 method.!®)
The results from the AM 1 calculation were then used as the input for full
geomelry optimization by the ab initio STO-3G method™*! (not reported
here), and the geometry which resulted was used as input for full geometry
optimization under the 3-21 G*' methodology.'*?! Finally, this latter output
was used as input for a full geometry optimization by the 6-31 G* method.[*!)
Calculations carried out under the imposition of symmetry constraints were
accomplished similarly.

Frequency analyses were carried out on all AM 1-, 3-21G™-, and 6-31 G*-
optimized molecules to determine the nature of the stationary points found.
All reported transition states resulted in exactly one imaginary frequency,
whilc all molecules reported as minima resulted in all real frequencies, with
exactly zero imaginary frequencies.

All of the MO calculations were of the extended Hiicke! type!'® and used a
weighted-modified version of the Wolfsberg—Helmholz formula®*! and stan-
dard atomic parameters for the species H, C, N, and Q;[184] F;l46] gj; 147
C1;148) and Pd.1*%1 The three-dimensional drawings and correlation diagrams
were performed with the program CACAO."?3 The molecular geometries,
based on experimental structures, were parametrized as discussed in the text.
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Synthesis of Glycodendrimers by Modification of
Poly(propylene imine) Dendrimers**

Peter R. Ashton, Sue E. Boyd, Christopher L. Brown, Sergey A. Nepogodiev,
E. W. Meijer,* H. W. 1. Peerlings, and J. Fraser Stoddart*

Abstract: The use of preformed poly-
(propylene imine) dendrimers (DAB-
dendr—(NH,),) for the rapid and facile
construction of high molecular weight
carbohydrate-coated dendrimers (glyco-
dendrimers) is presented. An efficient at-
tachment of spacer-armed derivatives of
D-galactosc and lactose to the primary
amino end groups of DAB-—dendr—
(NH,), has been achieved by means of
amide bond formation, using the N-hy-
droxysuccinimide coupling procedure.
Acetate protecting groups have been em-
ployed in order to avoid side reactions at

the target glycodendrimers. The reactivity
of all the available DAB—dendr—(NH,),
(generations 1-5) has been investigated
and a series of homologous carbohydrate-
coated dendrimers have been synthesized.
In addition, the attachment of larger sac-
charide moieties has been demonstrated
by the condensation of a trisgalactoside
cluster with DAB-dendr—(NH,), carry-

Keywords
carbohydrates * dendrimers - gly-
cosides * neoglycoconjugates * poly-
mers

ing both four and eight primary amino
groups. The regularity of the glycoden-
drimers has been proven by NMR spec-
troscopy, and the molecular weights of
the low-generation carbohydrate-coated
dendrimers have been determined by mass
spectrometry. Modifications of DAB-
dendr—(NH,), with biologically active
carbohydrates affords a new and simple
approach to high molecular weight com-
pounds that may be considered as neogly-
coconjugates with perfectly symmetrical
structures and that offer much promise as
multivalent ligands involved in carbohy-

the coupling stage. Deacetylation leads to

Introduction

Dendrimers are known for their well-defined, regular, highly
branched architectures with a large number of reactive end
groups and their guest—host properties.l!! The end groups are
confined in space and are present at the periphery of the mole-
cule. Therefore, dendrimers become unique starting materials
for numerous chemical modifications. End group modification
1s particularly attractive for—and is mostly employed on—den-
drimers made by the divergent approach.[?! From this class of
compounds, the poly(amido amine) dendrimers (PAMAM den-
drimers),[?*3 the arborols,*! and the poly(propylene imine)
dendrimers (DAB—dendr—(NH,), ) are among those most fre-

{*1 Prof. J. F. Stoddart, Dr. C. L. Brown, Dr. S. E. Boyd, Dr. S. A. Nepogodiev,

P. R. Ashton
School of Chemistry. University of Birmingham
Edgbaston, B152TT Birmingham (UK)
Fax: Int. code +(121)414-3531
Prof. E. W. Meijer, H. W. L. Peerlings
Laboratory of Organic Chemistry, Eindhoven University of Technology
P. O. Box 513, NL-5600 MB Eindhoven (The Netherlands)
Fax: Int. code +(40)245-1036

[**] Synthetic Carbohydrate Dendrimers, Part 3. For Part 2, see: P. R. Ashton,
S. E. Boyd, C. L. Brown, N. Jayaraman, J. ¥ Stoddart, Angew. Chem. Int. Ed.
Engl. 1997, 36, issue 7. A list of abbreviations used in this paper is given in
ref. [37].
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drate-protein interactions.

quently studied on account of their availability on a reasonable
to large scale, even for the higher-generation dendrimers. Some
of the unique properties of dendrimers, for example, dense sur-
face packing and controled architecture, only arise in the case of
dendrimers of higher generations,!® and there is therefore a
need to use dendrimers that have an almost perfect structure.
The attachment of certain residues to the surface of dendrimers
has attracted enormous attention. Structures obtained in this
way include unimolecular (inverted) micelles,!”! catalysts,!®]
metallodendrimers,'® and dendritic boxes.!'® In addition,
biomolecules such as peptides!*!! and antibodies!!?! have been
attached to dendritic scaffolds. The modification of various
functional groups on the surface of the dendrimer can also lead
to changes in, or enhancement of, some of their properties as a
consequence of cooperative effects.!” ' 3] In biological sys-
tems, we can identify numerous examples of molecular recogni-
tion processes enhanced by multiple interactions within the moi-
ecule. This kind of multivalent effect is well known for
carbohydrate - protein interactions!! * for which, in many cases,
binding of saccharide ligands by protein receptors can be im-
proved significantly by the clustering of the saccharide struc-
tures.[* 3 It has been proposed that several sugar residues, joined
to the branching point by appropriate lengths of spacer arms
through covalent bonds, may be able to form much stronger
complexes with protein receptors than do individual saccha-
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rides. This belief has stimulated
research on the synthesis of mul-
tivalent carbohydrate  struc-
tures.l'® With these aims in
mind, dendritic molecules can be
considered as suitable candidates
for potential carriers of oligosac-
charides in the preparation of
neoglycoconjugates," ' rather
than carriers based on proteins or
synthetic polymers.

Recently, a series of papers on
the chemical modification of den-
drite-like macromolecules, aimed
at the preparation of biologically
active glycodendrimers, has been
published by Roy and co-work-
ers.l'8) Although the concept of
multivalency has been developed
very elegantly in this research, the
highly branched scaffoldings are
not those of the spherically
shaped dendrimers that are our
aim. After our own research pro-
gramme had started,'®! Okada
et all?%] reported the synthesis
of a so-called “sugar Dball"—
poly(amido amine) (PAMAM)
dendrimer (! conjugated with 48
carbohydrate residues derived
from 4-0-(f-p-galactopyranosyl)-
D-gluconic acid. Moreover, Lind-
horst and Kieburgt?®® have re-
cently described a number of
cluster glycosides, also starting
from PAMAM dendrimers. We
now present our results on the
modification of DAB-dendr-
(NH,), "} involving the multiple
attachment of saccharide units
through a spacer arm, terminated
with carboxylic acid end groups,

to the peripheral primary amine groups, that is, the carbohy-
drate—dendrimer linkages are amide bonds. The approach com-
bines commercially available dendrimers, simple saccharide
derivatization, and standard coupling techniques to yield com-

plex but well-defined structures.

Results and Discussion

The Synthetic Strategy: As a result of our current research to
optimize the synthesis of poly(propylene imine) dendrimers, we
have now available well-defined DAB—dendr—(NH,),, 1a—5a
(Figure 1}, with 4, 8, 16, 32, and 64 primary amine end groups,
respectively.l®® These dendrimers have been characterized in
great detail and are among the most monodisperse dendritic
compounds. Electrospray mass spectrometry has shown that
the first three generations of DAB-dendr—(NH,), are defect

Chem. Eur. J. 1997, 3, No. 6
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Figure 1. The poly(propylene imine) dendrimers 1a—5a and the glycodendrimers 1bfe-6b/e obtained according to
Scheme 2.

free and that the fifth generation, with 64 terminal amine
groups, possesses a polydispersity of 1.002, or a dendritic purity
of 18%.2"! From our investigations, it is known that the car-
boxylic acid functionalized dendrimers!??! lead to complex reac-
tion mixtures upon attempted modifications, whereas the pri-
mary amine terminated analogues DAB—dendr—(NH,), can be
cleanly brought into reaction with a variety of reagents, includ-
ing sulfonyl chlorides,''3?! acid anhydrides,'?®! activated es-
ters,!'® 132 and acid chlorides.’?! In the knowledge that the
preparation of neoglycoconjugates by the covalent linking of
saccharides to carriers is well established.! 7" 2#) one can envis-
age using a range of preformed dendrimers bearing primary
amino groups on the periphery as a macromolecular support for
the attachment of carbohydrates. The linking of the sugars may
be achieved by the conventional methods of amide bond forma-
tion, provided that the reaction proceeds quantitatively or near-
ly so. Since we expected that the size and complexity of the
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compounds associated with the higher generation dendrimers
would give problems in their characterization, we decided to
synthesize a whole series of carbohydrate-coated dendrimers
based on all generations of DAB—dendr—(NH,), 1a—5a, start-
ing from the chemical modification and analysis of lower gener-
ation dendrimers. We note that a very successful modification of
the dendrimer 5a has been performed!*® 3% using activated
ester derivatives of amino acids. Therefore, we decided to use
the same mild coupling method for the construction of the car-
bohydrate-coated dendrimers.

Maodification of DAB—dendr—(NH,), with Saccharide Residues:
Before the coupling of the saccharide residues to the den-
drimers, two carbohydrates (D-galactose and D-lactose) were
converted to their acetylated spacer-armed derivatives contain-
ing an activated ester as the reactive end group (Scheme 1).

AcO OAc AcO OAc

AcO%&OAC ACO%COO’%,OAC
OAc AcO OAc OAc
6 9
¢ a ¢ a
AcO OAc AcO Olg
ACO%S Aco%go’év\ﬁwo”
one & o AcO OAC OAc O
10

g "
AcO OAc O='(|;>=O ACO OAc O:(;):O
& Yy AcO ﬁg/ '
Aco%sqo Ird Sumy©
OAc O AcO OAc OAc O
8 1

Scheme 1. Synthesis of galactose and lactose derivatives for attachment to the
DAB - dendr—(NH,), dendrimers. Reagents and conditions: a) HS(CH,),CO,H/
BF,-OEt,/CH,Cl,, 25°C, 4-5h, 8% (7), 53% (10); b) NHS/DCC/
MeO(CH,),0Me. 0--107C, 20 h, 93% (8), 95% (11).

A simple and efficient procedure!?*! (HSCH,CH,CO,H/BF,"
OEt,/CH,Cl,, 20°C, 5 h) afforded the thioglycoside 7 in high
yield, starting from D-galactose f-pentaacetate 6. Employing
very similar conditions, lactose octaacetate!?®2™ 9 was trans-
formed into 10 in 53 % yield. The activated esters 8 and 11 were
prepared from 7 and 9, respectively, by condensation of these
carboxylic acid derivatives with N-hydroxysuccinimide under
the influence of DCC (MeOCH,CH,0OMe, 0—5°C, 18 h).1*#
The O-acetyl protection of the hydroxyl groups was essential for
the efficient coupling of activated esters to the dendrimers: after
the attachment of the saccharide to the dendrimers, they were
deprotected.

Coupling of the active esters 8 and 11 with the DAB~dendr—
(NH,), (Scheme 2) was carried out by using one molar equiva-
lent of the activated ester for every primary amino end group
present in the dendrimers. Reactions were performed in CH,Cl,
at25°C for 15— 18 h to give carbohydrate dendrimers 1 b/c—5b/
¢ (Figure 1), which were isolated after vigorous washing of the
diluted (CH,Cl,) reaction mixtures with aqueous saturated

976 ——— © VCH Verlagsgesellschaft mbH, D-69451 Weinheim, 1997

Acetylated
sacharide

S/\io + [HzN‘]— DAB-dendr-(NH,)

Acetylated

sacharide DAB-dendr-(NHy),

Free

sacharide DAB-dendr-(NH,),

Scheme 2. Coupling of saccharide units with the primdry amino groups in the
dendrimers. Reagents and conditiom a) CH,Cl,.25°C, 15-18 h: b) 1. MeONa;/
MeOH/CH,Cl,, 25°C, 10-15min, 2. NaOH/H O/MCOH 25°C, t6 h,

Na,CO;. No starting materials or acids derived from 8 or 11
could be detected following this particular workup procedure.
Deprotection of the peracetates 1bfc—5Sb/c was achieved by
subjecting them to standard Zemplen deacylation,[**! followed
by treatment with an aqueous NaOH solution. The deacetylated
products 1d/e—-5d/e (Figures 2 and 3) were completely soluble
in water and their desalination was achieved successfully in all
cases by means of GPC.

sy

DAB-dendr-(NHGOCH,CH,S-Gal),

(g w}%

DAB-dendr-(NHCOCH,CH,S-Gal)g

y (3d)
<'&/ Iy [a]lp +6.3°
! “S\/F o /o Ja /o C/S* 5.43 (5.56)

(1d)

[ofp +8.3°

CIS* 4.87 (4.92)
Calc. MW 1317.6

(2d)

[o]p +5.1°

C/S* 5.25 (5.40)
Calc. MW 27755

DAB-dendr-(NHCOCH,CH,S-Gal) g Calc. MW 5691.1

(4d)
o& [l +5.6°
S\Ag C/S* 5.53 (5.68)

DAB-dendr- (NHCOCHgCHZS -Gal)z Calc. MW 11522.5

(5d)
o&/ N [olp +7.5°
< S\/W M C/S* 5.57 (5.66)
Calc. MW 23185.2

DAB-dendr-(NHCOCH,CH,S- Ga|)54
Figure 2. Galactodendrimers 1d—5d. C/S* gives the calculated (and found) micro-

analyses.
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e

DAB-dendr-(NHCOCH,CH,S-Lact),

(te)

[e]p +0.5¢

CIS* 7.12(7.13)
Calc. MW 1966.2

oH (2e)
Hog y (alp +0°
it HS\/WN
HO"OH o 2 /o C/S* 7.49 (7.47)
Calc. MW 40726
DAB-dendr-(NHCOCH,CH,S-Lact)s
" (3e)
Hoy og%/ 8 [o]p +0.2°
wdon " ”S\Ag C/S* 7.68 (7.65
2 /2 /2 68 (7.65)
Calc. MW 8285.4
DAB-dend(—(NHCOCHzCst'LaCU16
H (4e)
voy g% N lalp +0°
won " Y £ 77777
2 2 2 2 /2 C/S* 7.77 (71.71)

Calc. MW 15842.7

nals were assigned on the basis of the unambiguous
assignments of the resonances in the '*C NMR spec-
tra of the monosaccharide precursors 7 and 10: the
assignments were established by COSY and C-H cor-
relation experiments. The acetyl protecting groups are
very clearly evident as two sets of peaks located
around J = 20 (CH,CO) and in the region § =169
170 (CH;CO), where signals for the NHCO groups
also appear. All the remaining signals for the inner
parts of the acetylated glycodendrimers are to be
found between § =26 and 54 (see the '*C NMR
chemical shifts listed in Table 1).

Characteristic signals for the acetyl groups, the
amide functions, and the pyranose ring protons were
also identified in the '"H NMR spectra of the glyco-
dendrimers 1bjc—5b/c. However, well-resolved spec-
tra were obtained only for the modified low-genera-
tion dendrimers (see, for example, the 'H NMR data

DAB-dendr-(NHCOCH,CH,S-Lact)3;

H
H O
H ! N
HO OH 0

DAB-dendr-(NHCOCH,CH,S-Lact)g,

(5e)

T

2

Figure 3. Lactodendrimers le—5e. C/S* gives the calculated (and found) microanalyses.

Determination of the Structure of the Galacto- and Lacto-Den-
drimers: Evidence for the introduction of saccharide moieties at
the surface of the dendrimers 1a—S5a was forthcoming from the
inspection of the NMR spectra of the coupled products. In all
cases, the 13C NMR spectra are more diagnostic of the products
than are the 'H'NMR spectra. Both the galactose and lactose
residues of the acetylated glycodendrimers Ib/c—5b/c give risc
to 1*C NMR resonances in the region § = 60~101 in the shape
of well-resolved signals, namely, six and twelve for b and ¢,
respectively (Figure 1). The chemical shifts of particular carbon
atoms (C1-C6) in the saccharide residues of the five genera-
tions of dendrimers are almost coincident (Table 1). These sig-

[ofp +1°
o CIS* 7.82(7.81)
Calc. MW 33562.4

for 1b and 1¢ recorded in the Experimental Section).
In the case of the higher molecular weight dendrimers,
a considerable broadening of the spectral lines was
observed.

The IR spectra obtained for compounds 1bfc—5 b/
c are almost identical within each generation. differ-
ing only a little in the relative intensities of selected
absorption bands. A strong absorption at 1655 cm ™!
is characteristic of the newly formed amide bond.

In order to determine the molecular weight of the carbohy-
drate-modified dendrimers 1bjc—5bje, LSI-MS techniques
were applied, and the molecular ion peaks for the dendrimers I b
and 2b, and 1c and 2 ¢, with four (b) and eight (¢) saccharide end
groups, were identified successfully (Table 2). A satisfactory re-
sult was also obtained using LSI-MS for dendrimer 3b with its
16 acetylated monosaccharide units, again showing essentially
the presence of a single molecular compound devoid of statisti-
cal defects. This observation is in agreement with the ES-MS of
the starting materials. The molecular masses of the higher
molecular weight compounds 3¢, 4b/c, and Sb/c cannot be de-
termined by LSI-MS as a consequence of the limitations of the

Table 1. '3C NMR spectroscopic data (selected & values) for acetylated glycodendrimers 1b/e—-5bje and 7 and 10 at 100.6 MHz in CDCI; at 25°C.

Compound [a] Carbohydrate component

Dendritic component

C-1 C-2 C-3 C-4 C-5 C-6 SCH, CH,CONH CONHCH, CH,NCH, CH,CH,CH,
1b 84.4 67.0 71.5 67.1 743 613 26.5 36.8 379 51.5 33.5 26.7
2b 84.2 66.8 71.3 67.0 74.1 61.1 26.3 36.5 374 50.9 51.3 26.4
3b 84.4 67.0 71.5 67.0 74.2 61.3 26.5 36.7 317 511 51.7 26.8
4b 84.2 67.0 71.4 67.0 74.0 61.1 26.3 36.5 374 50.8 516 26.6
sb 84.3 67.2 71.5 67.2 74.2 61.3 264 36.5 37.4 50.8 51.6 26.4
7 84.6 67.1 71.8 67.3 74.5 61.6
Ic Gle 100.7 69.9 734 75.7 76.6 61.6 26.7 36.9 37.8 51.3 535 26.7
Gal 84.0 68.8 70.6 66.4 70.3 60.5
2c Gile 100.8 70.0 73.5 75.7 76.7 61.7 26.8 36.9 37.7 511 519 26.8
Gal 84.0 68.9 70.7 66.4 70.4 60.6
3¢ Glc 100.6 69.9 73.4 75.7 76.5 61.7 26.6 36.7 37.4 50.9 51.6 26.6
Gal 83.8 68.8 70.6 66.4 70.3 60.5
4c¢ Gle 100.9 70.1 73.6 759 76.7 61.8 26.6 36.7 377 50.0 51.6 26.6
Gal 84.1 69.0 7.08 66.5 70.5 60.6
Sc Gle 100.6 70.0 73.5 753 76.5 61.7 26.6 36.7 37.3 51.1 St 26.6
Gal 83.7 6388 70.6 66.4 70.3 60.5
10 Gle 101.8 70.0 735 76.0 76.5 62.1
Gal 83.6 69.0 70.8 66.5 70.5 60.7
[a] For lactose units in Te—5c¢ and 10, the chemical shifts are given for glucose (Glc) and galactose (Gal) residues in separate rows.
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Table 2. Mass spectrometric data for the glycodendrimers.

Molecular formula  Calculated Mass spectrometric data

molec. mass LSI-MS MALDI-TOF-MS
b CyoH N OuSe 1990.2 1990 [M+HJ* 1990 [M + 1]
2b  Ci,H,7,N 0408 41207 4143 [M +Na]* 4124 [M +H]*
3b CuooH 60N 01605, 83815 8401 [A/ + Na]* 8402 [M+ Na}'
le  CaHi0pNO,S, 31432 3143 [M+H)® 3143 [M+H]*
3165 (M +Na]*
2¢ CuopHupoN,.0,.sSs  6426.7 6448 [M + Nal* 6433 [M+H]*
1d  CyHooN 058, 1317.6 1319 (M +H]'
3141 [M+ Na]*
2d  C,,H,00N 0,8, 27755 2777 (M + H]*
2799 [M -+ Na]*
le  CyeHy3N,O,.S, 1966.2 1989 [M +Na]*
2e  CioollgaN,O04Se 40726 4097 [M +Na)*
16a C,, H ;5N O 5, 5377.2 5399 {M+Nal*
16b C, 1M, 0N L0y 3359.4 3387 [M + Na]*

technique. Although the use of MALDI-TOF mass spectrome-
try was attempted with these compounds, reliable determination
of molecular weights again proved to be impossible. Clearly,
statistical defects are present in these dendrimers as a resuit of
the divergent nature of the synthesis. In contrast, the lower
molecular weight compounds 1b—3b and 1c¢ and 2¢ exhibit
good MALDI-TOF spectra, which contain peaks for both
[M+Na]" and [M+K]" ions.

The structures of the unprotected carbohydrate dendrimers
1d/e—5d/e were also analyzed by NMR spectroscopy and mass
spectrometry. The '3C NMR spectra of these compounds
(Table 3 and Figure 4 for the galactodendrimers) obtained in
D,O show remarkable similarities in particular regions of the
spectra, when they are grouped together, either according to the
nature of the carbohydrate residue, or according to the genera-
tion of the DAB—dendr—(NH,), core. The resonances for the
13C nuclei of the galactose or lactose residues appear as a set of
six or twelve signals, respectively; the chemical shifts of the
signals for comparable nuclei in different generations is abso-
lutely identical. Therefore, the nature of the dendritic core does
not influence the NMR spectroscopic behavior of the carbohy-
drate residues. Also, the signals for the poly(propylene imine)
parts of the glycodendrimers 1d/e—5d/e are comparable for the
galactose- (d) and lactose-containing (e) compounds built up
from DAB-dendr—(NH,), dendrimers of the same generation.
The signals appear as sets of five to nine resonances of different

a C-6 Ga|

C-1 Gal

C-2-C-5Gal
f‘_A*‘\

LI 1 D B M e
5 90 80 70 60
b CHNHCCH;

SCH;
CH,CHoCH;

1T

|

(o]

-

[0

— e ——

-

50 40 30 20

Figure 4. The '*C NMR spectra of galactodendrimers 1d—5d recorded at
75.5 MHz in D,0O at 25°C using the PENDANT technigue: a) Signals of the p-
galactopyranosyl residue 1d (this portion of the spectra is essentially the same for
the whole series) and b—f) Dendritic core region of the spectra of 1d, 2d, 34, 4d,
and 5d, respectively.

o

intensity in the range 6 = 21-56 and have a specific pattern for
dendrimers of a particular generation (Figure 4). The relative
simplicity of these parts of the spectra for compounds 1d/e—5d/
e allows us to conclude that the dendritic cores do not contain
any serious defects as a result of the chemical manipulations
(e.g., basic treatment in the workup procedure or the deacetyla-
tion) performed on these compounds. Signals for the amide
carbonyl groups are also observed very clearly at o =
177.3-177.4.

Table 3. '*C NMR data (8 values) of glycodendrimers 1d/e—5d/e and 16b and 17b at 75.5 MHz in D,0 at 25°C [a].

Generation 1 Generation 2

Genceration 3 Generation 4 Generation 5

1d le 16b 2d 2e 17b 3d 3e 4d 4e 5d Se
CH,CH,CH, 233 23.3 23.2 21.6 21.5 215 21.6 22.0 219 22.5 24.7 22.1
233 233 23.3
SCH, 26.1 26.1 26.0 26.1 26.1 26.0 26.1 26.1 26.0 26.2 26.1 26.2
CONHCH,CH, 293 26.0 243 29.2 289 243 29.2 28.9 29.1 28.9 293 289
CH,CONHCH, 389 38.9 38.8 38.9 38.9 38.8 389 389 38.0 39.0 39.0 39.0
CH,NCH, 53.4 533 53.1 524 52.4 523 524 52.7 52.3 5406 524-540 53.4 534
54.8 54.8 54.8 52.6 52.5 524 52.7 52.8
536 535 533 53.6 535
55.2 55.2 552
CH,CONHCH, 1774 1713 1789 177.4 178.8 1774 1772 177.3 177.2 1773 1772

[a] Signals of terminal saccharide units in i) galactodendrimers 1d—5d, d 64.0 (C-6), 71.5, 72.3,76.6, 81.6 (C-2, C-3, C-4, C-5), 88.7—-88.8 (C-1), ii) lactodendrimers 1 e—5e,
d 63.0-63.1 and 63.7 -63.8 (C-6 Gal and C-6 Glc), 71.2, 73.6, 74.6-74.7, 75.2, 78.0- 78.1, 78.5, 81.0-81.2 (C-2, C-3, C-4, C-5 of Gal and C-2, C-3, C-4. C-5 of Gle), 81.3.
87.9-88.0 (C-1 Gle), 105.5-105.6 (C-1 Gal), iii) trisgalactosidodendrimers 16b and 17b, d 37.2 .37.3, 37.5, 45.4 (COCH, CH, CH,C0), 62.6 (CH, of Tris), 63.7 (C-6), 70.3,
71.3.73.4, 75.2, 77.8 (C-2, C-3, C-4, C-5 of Gal), 106.2 (C-1 Gal), 173.6-173.7 (NHCO of Tris).

978§ — © VCH Verlagsgesellschaft mbH, D-69451 Weinheim, 1997
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Table 4. Yields and specific optical rotation data for the acetylated glycodendrimers
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The 'H NMR spectra of all the glycodendrimers, recorded at
25°Cin D,0, exhibit extensive broadening of all signals. Elevat-
ed temperature (100 °C) and the use of (CD;),SO as a solvent
were explored in an attempt to overcome this problem. Some
improvements in the quality of the spectra were achieved, par-
ticularly for the first generation in each series: interpretation of
the '"H NMR spectra of 1d and 1e is given in the Experimental
Section. It should be noted that when 'H NMR spectra of the
original DAB—dendr—(NH,), 1a—5a were recorded under the
same conditions, this dramatic difference in the resolution of the
spectra of lower and higher generation dendrimers was not ob-
served. Mass spectrometric analysis using the MALDI-TOF
technique was also useful for characterization of the lower
molecular weight glycodendrimers 1d, 2d, 1e, and 2e (Table 2).
In all these cases, the [M+ Na]” ion appears as the highest
intensity peak in the mass region above 1 kDa.

The chiroptical properties of the glycodendrimers were also
investigated. Polarimetry revealed that the specific optical rota-
tions of the compounds in each carbohydrate series remain
nearly constant, with [«], values of about + 6° for the galactose
dendrimers and 0° for the lactose dendrimers (Table 4). Al-
though these observations are not unexpected, they are in sharp
contrast with the significant decline in the specific optical rota-
tions for amino acid modified DAB—dendr—(NH,), dendrimers
with increasing generations.!***

1b/c—5b/c and free glycodendrimers 1d/e—Sd/e.

Table 5. C/S ratios, theoretical and calculated from microanalytical data, for the
free glycodendrimers 1d—5d and 1e—Se.

Compd Molecular formula C/S (caled) C/S (found)
1d C,,HggNGO,,S, 4.87 4.92
2d C112H1208N1404554 5.25 5.40
3d C13:H432N300065 6 5.43 5.56
4d Ca72HgeoNe2014285, 5.53 5.68
54 Cos2H 776N 1260385864 5.57 5.66
le Cr6H136N60,.S, 4.87 4.92
2e CiooH 288N 14054Sy 7.49 7.67
3e C326H502N3001745 6 7.68 7.65
de Cosall1200N62035253, 777 7.7
Se C336H2416N 1620704864 7.82 7.81

In general, the degree of functionalization of the amino
groups in the DAB—dendr~(NH,), dendrimers by saccharides
will probably depend to a large extent on the structure of the
saccharides. We might reasonably expect very large oligosaccha- -
rides to reveal a tendency toward random and incomplete at-
tachment to the amino groups on the surface of the dendrimers,
particularly those of higher generations.

Analysis of the galactodendrimer 5d, which contains
64 galactose units, by the use of simulated annealing stochastic
molecular dynamics (as implemented in the program Macro-
model 5.0,1*1) at a simulated bath temperature of 300 K using
the GB/SA solvent model'32! for water), revealed the highly
globular nature of the dendritic macromolecule (Figure 5). It

Genera- Acetylated glycodendrimers Unprotected glycodendrimers
tion Compd  Yield/% [a]p (CHCL,) Compd Yield/% [, (H,0)

1 1b 96 —4.5(c =1.0) 1d 87 +82(c =0.9)
2 2b 100 —4.8 (¢ =1.0) 2d 85 +5.1 (¢ =1.0)
3 3b 99 —4.9 (¢ =1.0) 3d 88 +6.3 (¢ =1.0)
4 4b 100 —58 (¢ =1.0) 4d 74 +5.6 (¢ =1.0)
5 5b 97 -55(c =1.0) 5d 69 +7.5(c =1.0)
1 1c 97 —55( =1.0) le 78 +0.5(c =1.1)
2 2¢ 97 —~72 (¢ =1.0) 2e 79 0(c =12)

3 3¢ 100 —8.0(c =1.0) 3e 73 +0.2(c =1.1)
4 4c 94 —85(c =1.0) 4e 69 0 =1.1)

5 5¢ 93 =77 =11 Se 64 +1(c=12)

The synthetic methodology we have employed relies upon the
complete reactivity of many amino groups on the dendrimer
surfaces. The full characterization by numerous methods, in-
cluding mass spectrometry, of the first-, second-, and third-gen-
eration glycodendrimers allows the unambiguous assignment of
completely functionalized molecules without statistical defects:
they are perfect molecular compounds. For the higher genera-
tions, reliable NMR spectroscopic information, even without
mass spectrometric evidence, allows us to conclude with consid-
erable confidence that extremely efficient functionalization of
the larger dendrimers—4a and Sa—has been achieved. How-
ever, it is obvious that there is a small number of statistical
defects, at least of the same order as those present in the starting
poly(propylene imine) dendrimers.[?!! The number of saccha-
ride units incorporated in the glycodendrimers was estimated by
combustion analysis,*°) which gives a reliable ratio of carbon to
sulfur (Table 5); absolute values from elemental analyses were
not reliable, as might be expected for such hygroscopic com-
pounds.

Chem. Eur. J. 1997, 3, No. 6
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Figure 5. The molecular visualization of 5d in the form of a sample taken at 300K
from the simulated annealing molecular dynamics simulation. Atoms are colored as
follows: carbon, grey; hydrogen, white; nitrogen, blue; oxygen, red; and sulfur,
yellow.

occupies a molecular volume of about 17400 A3 and has an
average molecular radius of 28 A (taken as the average of
15 distances described by a point located at the center of the
central bond of the core unit to various points located at the
outermost periphery on the surface). This visualization has
given us some insight into the dimensions and transient dynamic
motions of molecules of this type. Investigation of the “‘movie”
file obtained from the output of the molecular dynamics simula-
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tion allowed us to observe transient voids and channels on the
surface of the sphere, as well as the formation of deeper “‘holes”
permitting access to the central region of the dendrimer. As
expected, most of the galactose residues are evident on the sur-
face of the macromolecule with only a few residues being located
within the dendrimer interior. Although computational studies
of this type can only give an impression of the dynamic behavior
of these types of molecules in solution, they can afford some
insight into a molecular “world™ that is not easy to appreciate
in any other way.

Construction of the Trisgalactoside-Modified DAB-—dendr—
(NH,), Dendrimers: Recently, we demonstrated**! the efficien-
cy of a convergent approach!®3! in the synthesis of carbohy-
drate-based dendrimers. In this particular approach, the saccha-
rides are connected first to a small branching unit to form a
cluster that then serves as a building block in a further step. In
this investigation, we used one of the known cluster glycosides
in the form of compound 12H%*341 o modify the first two
generations (la and 2a) of the DAB-—dendr—(NH,), den-
drimers. In order to introduce a spacer arm with a carboxylic
acid end group onto the trisgalactoside 12 (Scheme 3), the latter

RNHCOOPh —2 3 RNHp — 2 RNHCOCH,CHoCHoCOLH

12 13 14

0
il
Gy RNHCOCHZCHZCHzco—N:;l
o)

15
AcO OAc
AcO O
¢ OAc
AcO OAc (o)
= AcO Qo N-C~CH
OAc A 2
AcO OAc
o)
AcO O
¢ OAc

Scheme 3. Synthesis of the active ester 15 from the trisgalactoside 12. Reagents and
conditions: a) H,/Pd—C/EtQAc, 30°C, 10h, 61%; b) glutaric anhydryde/
CH,Cl,, 20°C, 4 h, 75%; ¢} NHS/DCC/MeO(CH,},0OMe, 0-10°C, 20 h, 95%.

was N-deprotected (H,, 10% Pt/C, 40°C, 8 h) to afford the
amine 13, which was then acylated with glutaric anhydride to
give compound 14 in an overall yield of 46%. Condensation of
14 with N-hydroxysuccinimide using the standard procedure?8]
yielded the activated ester 15 in near quantitative yield. Reac-
tion of the dendrimers 1a and 2a with 4.0 and 8.0 equiv of 15,
respectively, was carried out under the same conditions as de-
scribed earlier in this paper, affording compounds 16a and 17a
(Figure 6) in 90 and 84 % yield, respectively.

Deacetylation of 16a and 17a (MeONa/MeOH, followed by
NaOH/H,0/MeOH at 22°C for 8 h) produced the carbohy-
drate dendrimers 16b and 17b (Figure 6) bearing 12 and
24 monosaccharide residues, respectively. On account of the
symmetry present in 16a/b—17a/b, simple NMR spectra were
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Figure 6. The structure of acetylated trisgalactosidodendrimers 16a and 17a syn-
thesized by attachment (Scheme 3) of active ester 15 to the (DAB)—dendr—(NH,),
dendrimers 1a (top) and 2a (bottom) followed by deacetylation according to
Scheme 2.

obtained. The internal non-carbohydrate part of the glycoden-
drimers was revealed most distinctly in the !3C NMR spectra of
the compounds recorded in D,0. With the exception of the
difference brought about by the “new” spacer arm, there was a
close correspondence between the 3C and 'H chemical shifts
for the methylene protons in the NMR spectra of 16b and 17b
and for the signals of the analogous galacto- and lactoden-
drimers (Tables1 and 3). LSI-MS and MALDI-TOF-MS
helped to confirm the structure of the low-generation den-
drimers 16a and 16b (Table 2). It is interesting to note that the
specific optical rotations of both compounds turned out to be
zero, that is, 16a and 16b, exhibit no special chiroptical
behavior.
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Conclusion

In the current investigation, we have demonstrated that modifi-
cation of the readily available DAB—dendr—(NH,), dendrimer
series (x = 4, 8, 16, 32, 64) by mono- and disaccharides, as well
as by a cluster trisgalactoside, can be achieved using a common
amide bond forming procedure. Notwithstanding the fact that
the exhaustive characterization of high molecular weight, carbo-
hydrate-clothed dendrimers still represents a considerable chal-
lenge on account of their complexity and polymeric nature,
there is no indication of the presence of major structural defects
in these compounds. This conjecture is strongly supported by
our results on the modifications of the lower-generation DAB-
dendr—(NH,), dendrimers 1a (x =4) and 2a (x = 8), which
afforded large, multibranched molecules possessing uniform
structure and distinct molecular weight, as determined by mass
spectrometry. The use of acetylated saccharides for attachment
to the dendritic cores does not seem to suffer from steric hin-
drance to the extent that there is any interference between the
many condensation reactions. Obviously, after the removal of
the protecting groups, the space between the carbohydrate
residues will increase, allowing their motion to be freer on ac-
count of the flexible linker connecting the carbohydrate residues
to the dendrimers. In this investigation, we have successfully
used a rather long spacer arm in the synthesis of both the galac-
to- and lactodendrimers. It is reasonable to propose that the
efficiency of the attachment would not be affected adversely by
using a longer spacer arm. From the biological standpoint, elon-
gation of a spacer arm may have a highly beneficial effect on the
ability of a carbohydrate dendrimer to form a strong complex
with, for example, a protein receptor. It is conceivable that such
an elongation could provide just the right distance between the
carbohydrate ligands that is needed for optimal binding to the
protein receptor. A further improvement of the properties of
dendrimer-based neoglycoconjugates might be achieved by
combining the divergent and convergent approaches to their
synthesis—and even applying the relatively new double expo-
nential growth technique.l'®® 3% The divergent approach, de-
scribed here for the construction of the galacto- and lactoden-
drimers, has made it possible for us to obtain high molecular
weight compounds in one step by using a simple reaction many
times over. The convergent approach, which has been used in
the synthesis of trisgalactosido-dendrimers 16b and 17b, has the
advantage of using a precisely designed saccharide wedge for the
final attachment to a dendrimer core.

Experimental Section

General: Chemicals, including lactose and 1,2,3,4,6-penta-O-acetyl-S-D-
galactose, were purchased from Aldrich. Poly(propylene imine) dendrimers
la—5a were supplied by DSM Research (The Netherlands). For deacetyla-
tions, anhydrous MeOH was prepared by reflux over Mg and distillation.
Thin-layer chromatography (TLC) was carried out on aluminum sheets coat-
cd with Kieselgel 60 F, 5, (Merck). The plates were inspected under UV light
and developed with 5% H,SO, in EtOH at 120 °C. Column chromatography
was carried out using silica gel 60 F (Merck 40—63 mm). Gel permeation
chromatography (GPC) was performed on a column (80 x 1.6 cm with
V,~60 mL) packed with Fractogel TSK HW-40(S) (Merck) in H,0. Frac-
tions were monitored using a Differential Refractometer 141 supplied by
Waters. Optical rotations were measured at 2242 °C on a Perkin-Elmer 457
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polarimeter. 'HNMR Spectra were recorded on either a Bruker AC 300
(300 MHz) spectrometer or a Bruker AMX 400 (400 MHz) spectrometer with
either the solvent reference or TMS as internal standard. '*C NMR Spectra
were recorded on a Bruker AC300 (75.5 MHz) or a Bruker AMX400
(100.6 MHz) spectrometer using the PENDANT pulse train. Liquid sec-
ondary ion mass spectra (LSI-MS) were recorded on a VG Zabspec mass
spectrometer equipped with a cesium gun operating at ~30 keV. Matrix-as-
sisted laser-desorption ionization/time-of-flight mass spectra (MALDI-TOF-
MS) were recorded on a Kratos Kompact MALDI 111 instrument using a
2,5-dihydroxybenzoic acid matrix. Microanalyses were performed by the
University of North London Microanalytical Services.

3-(2,3,4,6-Tetra-O-acetyl-$-D-galactopyranosylthio)propionic Acid (7): The ti-
tle compound was prepared from the f-acetate 6 according to the litera-
ture?) to afford a colorless oil in a yicld of 88%, R 0.67 (PhMe/EtOAc/
AcOH, 80:19:1); [alp =—9 (¢=1.0 in CHCly); "HNMR (300 MHz,
CDCly, 25°C): 0 =1.97, 2.04, 2.05, 2.14 (4 x5, 4x 3H; CH,CO). 2.74 (m,
2H; SCH,CH,), 2.93 (m, 2H; SCH,CH,), 3.91 (m, 1H: H-5), 4.08 (dd,
Js 6o = 6.5Hz; Jo, on =11.2Hz, 1H; H-6a), 4.14 (dd, J; ., =7.0 Hz, 1H;
H-6b), 4.53 (d, J;,=98Hz, 1H; H-1), 503 (dd, J, ,=10.0Hz
Jy 4 =3.5Hz, 1H; H-3), 5.21 (pt, J, ,~J, 5 =10 Hz, 1H; H-2), 5.41 (dd,
Jy s =1.0Hz, 1H; H-4); *C NMR (100.6 MHz, CDCl,, 25°C): § = 20.7,
20.8, 21.45 (COCH,), 25.35 (SCH,), 35.4 (CH,CO,H), 61.6 (C-6), 67.1
(C-2),67.3(C-4), 71.8(C-3), 74.5(C-5), 84.6 (C-1), 169.7, 170.1, 170.3, 170.6
(OCH,), 176.8 (CO,H). A small portion of 7 was deacetylated using 0.1M
MeONa in MeOH, followed by deionization with Amberlite IR-120 (H™"), to
give crude 3-(f-p-galactopyranosylthio)propionic acid; 'H NMR (400 MHz,
D,0,25°C)d 2.67 (m, 2H; SCH,CH,), 2.87 (m, 2H; SCH,CH,), 3.44 (pt,
Ji.&J, 3 =9.7Hz, 1H; H-2), 3.53 (d, J, , = 3.4 Hz, 1 H; H-3), 3.56-3.61
(m, 2H, H-5, H-6a), 3.65 (dd, J5 4, = 8.6 Hz; J,, ¢, =12.0 Hz, 1 H; H-6b),
3.86 (dd, 1H; H-4), 4.38 (d, 1 H; H-1); '*C NMR (100.6 MHz, D,0, 5°C):
6 =217 (CH,CO,H), 37.5 (SCH,CH,), 63.6 (C-6), 71.3 (C-4), 72.1 (C-2).
76.45 (C-3), 81.4 (C-5), 88.6(C-1), 179.0 (C=0); MALDI-TOF-MS m/= 290
[M+Na]*: CoH,,0,S (268.3).

N-Hydroxysuccinimidoyl-3-(2,3,4,6-tetra- O-acetyl-f-p-galacto-pyranosylth-
io)propionate (8): DCC (3.5 g, 17 mmol) and NHS (1.9 g. 16.5 mmol) were
added to a solution of compound 7 (7.2 g, 16.5 mmol) in McO(CH,),OMe
(50 mL) and the mixture was stirred at 0—10°C for 20 h. The precipitated
product was filtered off and the solvent was removed by evaporation, before
the residue was dissolved in CHCI, (150 mL). The solution was filtered again,
the filtrate was concentrated to ca. 50 mL and then poured into cyclohexane
(250 mL). The solvent was decanted, the remaining viscous oil was dissolved
in a minimum amount of CHC!;, and the product precipitated again with
cyclohexane. The solvent was decanted and the remaining oil was dried to
give a white foam, 8 (7.1 g, 93%); R, 0.64 (PhMe/EtOAc, 7:3); [a), = — 8.3
(¢ =1.08 in CHCIy); "HNMR (300 MHz, CDCl,, 25°C): & = 2.00, 2.06,
2.08,2.17 (4xs5,4x3H; CH,C0),2.86(s,4H; CH, Suc), 2.96-3.17 (m, 4H
SCH,CH,), 3.97 (m, 1H; H-5), 4.14 (m, 2H: H-6a, H-6b), 4.59 (d,
Ji.»=99Hz 1H; H-1), 5.07 (dd, J, , =10.0Hz, J, , = 3.3 Hz, 1H: H-3),
5.23 (pt, 1H; H-2), 5.44(d, 1 H; H-4); '3C NMR (75.5 MHz, CDCl,, 25°C):
) = 20.5, 20.6 (x2), 20,7 (COCH,), 24.7 (SCH,), 25.5 (CH, Suc), 32.7
(CH,CO,-Suc), 61.6 (C-6), 66.9 (C-2), 67.2(C-4), 71.7(C-3). 74.5(C-5), 84.1
(C-1), 167.0 (CH,CO,-Suc), 168.9 (C=0 Suc), 169.7, 170.0, 170.2, 170.5
(CH;CO); MALDI-TOF-MS: m/z 555 [M+Na]", 571 [M+K]*":
C,,H,,0,;NS (533.5).

3-12,3,6-Tri-O-acetyl-4-0-(2,3,4,6-tetra-O-acetyl--p-galacto-pyranosyl)-§-n-
glucepyranosylthiolpropionic Acid (10): A solution of lactose heptaacctate 9
(13.0 g, 19.2 mmol, a mixture of o/f isomers, 1.0/3.7, prepared by acetylation
of lactose with Ac,0/AcONa by the standard procedure!?®) and 3-thiopropi-
onic acid (6.7 mL, 77 mmol) in CH,Cl, (100 mL) was treated with BF;-OEt,
(3.5 mL, 28 mmol) and the mixture was left to stand for 5 h at room temper-
ature, before being diluted with CH,Cl, (100 mL) and washed with t M HCI
(3x40mL). The product was isolated by column chromatography
(SiO,:PhMe/EtOAc/AcOH, 80:18:2) to afford 10 (7.4 g, 53%); R, 0.34 (Ph-
Me/EtOAc/AcOH, 80:19:1); [a], =—11 (¢ =132 in CHCl;); '"HNMR
(300 MHz, CDCl,, 25°C): 6 =1.97, 2.05, 2.12, 2.15 4 x, 7x 3H; CH,CO).
2.70 (m, 2H; CH,CO,H), 2.84 (m, 1H; SCH_H,). 2.94 (m, 1H; SCH, H,),
3.66 (m, 1H; H-5), 383 (pt, J, ,=J, s = 9.2 Hz, 1H; H-4), 3.91 (pt.
Jso 60 X Js oy =7.5Hz, TH; H-5), 4.10 (m, 3H; H-6a, H-6a’, H-6b"), 4.49
(m, 1H, H-6b),4.51(d, J;. ;. =7.6 Hz,1H; H-1"),4.53(d.J, , =92 Hz, 1 H;
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H-1). 492 (pt. J, ,~J, = 9.2Hz, 1H; H-2), 499 (dd, J, ,. 10.4 Hz,
Jy 4 = 34 Hz, 1H; H-3), 509 (dd, 1 H; H-2), 5.19 (pt, 1H; H-3), 5.32 (d,
1H; H-4); '3C NMR (75.5MHz, CDCl,, 25°C): 6 =20.3, 20.4, 20.5
(COCH,), 25.1 (SCH,), 35.0 (CH,CO,H). 60.7 (C-6), 62.1 (C-6), 66.6 (C-
4.69.0 (C-27), 70.0 (C-2), 70.5(C-5), 70.8 (C-3), 73.5 (C-3), 76.0 (C-41, 76.5
(C-5), 83.6 (C-1). 100.8 (C-1"), 169.0-170.4 (7 C; CH,CO), 175.9 (CO,H):;
MALDI-TOF-MS: mjz 747 [M +Na]*, 763 [M+K]*: C,oH,,0,,S (724.7).

N-Hydroxysucinimidoyl-3-{2,3,6-tri- O-acetyl-4-0-(2,3,4,6-tetra-O-acetyl- -
p-galactopyranosyl)--pD-glucopyranosylthio|propionate (11): Compound 10
(5.9 g, 8.1 mmol) was treated with NHS (0.95 g, 8.1 mmol) and DCC(1.83 g,
8.9 mmol) in MeO(CH,),0OMe (25 mL) for 7 h at 0—5 °C and the product was
isolated, as described for the preparation of 8, to give the ester 11 (6.3 g,
95%). R;0.30 (PhMe/EtOAc/AcOH, 80:19:1); o], = —11.7 {¢ =1.04 in
CHCJ,); 'HNMR (300 MHz, CDCl,, 25 °C): § =1.97,2.05,2.12,2.15 (4 x 5,
7x3H; CH,CO), 2.75-3.01 (m, 8H; SCH,CH,CO,Suc), 3.61 (m, 1 H, H-
5), 372 (pt. S ,.=J,5s=90Hz, tH; H4), 385 (pt, S 4 =
s on =7.5Hz, 1H; H-5), 4.00-4.10 (m, 4H; H-6a, H-6b, H-6a’, H-6b').
4.45(d,J, , =7.6 Hz, 1H; H-1")_4.51 (d, J, , = 9.0 Hz, 1 H; H-1), 4.88 (pt,
Jy o3 dy 3 =90Hz, 1H; H-2), 450 (dd, J,. 5. =100Hz, J; , =34Hz
1H; H-3), 5.02 (dd, 1 H; H-2), 5.16 (pt, 1H; H-3), 5.28 (d, 1 H; H-4); 13C
NMR (75.5 MHz, CDCly): 6 = 20.3-20.6 (7 C, COCH,), 24.5 (SCH,), 25.4
(CH, Suc), 32.6 (CH,CO,-Suc), 60.65 (C-6'), 61.9 (C-6), 66.9 (C-3), 68.8
(C-2'), 70.0(C-2), 70.4 (C-5'), 70.8 (C-3), 73.3(C-3), 75.9 (C-4), 76.5 (C-5),
83.3 (C-1), 100.6 (C-1"), 167.0 (CH,CO,), 168.9 (C=0 Suc), 169.5-170.3
(CH;C0); MALDI-TOFMS: m/z caled for Cy;H,;NO,;S = 821.8, lound
844 [M + Na]™, 860 [M +K]"*.

General Procedure for Coupling of Activated Esters with DAB-dendr—
(NH,),.: To a solution of the DAB—dendr—-(NH,), dendrimer (about 50 mg,
which corresponds to approximately 0.16, 0.065, 0.03, 0.014, and 0.007 mmol
of dendrimers 1 a, 2a, 3a, 4a, and Sa, respectively) in CH,Cl, (10 mL), the
activated ester 8 or 11 (0.65, 0.53, 0.48, 0.45, and 0.45 mmol for reactions with
la, 2a, 3a, 4a, and Sa, respectively) was added and the mixture was stirred
for 18 h at room temperature. After dilution with CH,Cl, (40 mL), the
solution was washed with saturated aqueous Na,CO, (5x 30 mL, usually
1 -3 h was required for the complete separation of layers), dried (Na,S0,),
filtered, and concentrated to give a white solid foam, which was dried in
vacuo. Yields and [o];, valucs are given in Table 4. '3C NMR and mass
spectroscopic data are listed in Tables 1 and 2, respectively. 'H NMR spectra
of compounds tb and ¢ are described below.

Galactodendrimer 1b: 'HNMR (400 MHz, CDCl,, 25°C): § =1.35 (brm,
4H; NCH,(CH,),CH,N), 1.58 (brm, 8H; NCH,CH,CH,N), 1.92, 1.99,
2.00,2.10 (4s, 48 H; Ac) 2.25-2.55 (m, 20H; CH,N and CH,NHCO), 2.82—
3.02 (m, 8H, SCH,), 321 (brm, 8H; CH,CONH), 390 (pt,
Js s =I5 o = 6 Hz, 4H; H-5 Gal), 4.03 (dd, J5_,, = 6.0 Hz, J;, 4, =11 Hz,
4H; H-6a Gal), 411 (dd, J; ., =6.0 Hz, 4H; H-6b Gal), 4.52 (d,
Jy ; =95Hz,4H: H-1 Gal), 5.00(dd, J, ; = 9.5Hz,J; , = 3.0 Hz,4H; H-3
Gal), 5.13 (pt, J; ,~J, ; = 9.5Hz, 4H; H-2 Gal), 5.37 (d, 4H; H-4 Gal),
6.80 (1, J = 5.0 Hz, 4H; NH).

Lactodendrimer 1¢: 'H NMR (400 MHz, CDCly, 25°C): 6 =1.39 (brm, 4H;
NCH,(CH,),CH,N), 1.63 (brm, 8H; NCH,CH,CH,N), 1.97, 2.05, 2.06,
2.07,2.10, 2.14 (6s, 84 H; Ac) 2.33-2.50 (m, 20H; CH,N and CH,NHCO),
2.86 (m, 4H; SCHH,), 299 (m, 4H; SCHH,), 3.28 (brm, 8H;
CH,CONII), 3.66 (m, 4H; H-5 Glc), 3.82 (pt, J; ,~J, 5 = 9.5 Hz, 4H: H-4
Gle), 3.93 (pt, J5 6u =S5 o, = 6.8 Hz, 4H; H-5 Gal), 4.06-4.17 (m, 12H;
H-6a Gle, H-6a, H-6b Gal), 4.56 (d, J, , = 8 Hz, 4H; H-1 Gal), 4.57 (d,
J,., =10.0 Hz, 4H; H-1 Glc), 4.60 (brd, J,, ¢, =11 Hz, 4H; H-6b Gic), 4.91
(pt. Jy,=J, 3=95Hz, 4H; H-2 Gal), 499 (dd, J,,=10.2Hz,
Jy, = 34Hz4H;H-3Gal),5.11(dd, J, , =8.0Hz,J, , =10.2 Hz, 4H; H-2
Gley, 5.21(dd, J, 3~ J, 4 = 9.5 Hz, 4H; H-3Glc), 5.36 (d, J, , = 3.4 Hz,4H;
H-4 Gal), 6.93 (brt, J = 5.3 Hz, 1 H, NHCO).

General Procedure for Deacetylation of Protected Carbohydrate Dendrimers
1b/c—5b/c: A solution of acetylated glycodendrimer (200--400 mg) in a mix-
ture of dry CH,Cl, (2mL) and dry MeOH (3 mL) was treated with 1m
MeONa in MeOH (0.5 mL) and stirred for about 15 min at room tempera-
ture. A white precipitate was formed and the mixture was concentrated in
vacuo and the residuc was dissolved in H,O (5-8 mL) and MeOH (1-2 mL).
The solution was stirred overnight at room temperature, neutralized with 1M
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HCI to pH 6, concentrated to 1 mL, and subjected to GPC in H,0. All
fractions, which were detected using a differential refractometer and eluted
before salt, were collected, combined, concentrated, and freeze-dried from
H,0 to give white powders. The yields and values of [¢],, are listed in Table 4,
13C NMR spectra of 1dfe—5d]e are given in Table 3, mass spectroscopic data
are listed in Table 2, and the C/S ratios from elemental analysis are listed in
Table 5.

1d and le: In order to give an indication of the resonances present in
'H NMR spectra, the data for compounds 1d and 1e are described below.

Galactodendrimer 1d: ‘H NMR (400 MHz, 100°C, (CD,),S0): 3 1.82 (m,
4H; NCH,CH,CH,CH,N), 1.92 (m, 8 H; NCH,CH,CH,NHCO), 2.46 (m,
8H; CH,CONH), 2.79-2.92 (m, 8H; SCH,), 3.05-3.23 (2m, 12H and 8 H;
CH,NCH, and CH,NHCO), 335 (dd, J, ; =9.3Hz, J, , = 34Hz, 4H;
H-3 Gal), 342 (pt, J, ,~J, ;=93Hz, 4H; H-2 Gal), 344 (ddd,
Jos=11Hz, J ¢, =J5 6 =00Hz, 4H; H-5 Gal). 3.55 (dd,
Joa oo =13.2Hz, 8H; H-6a, H-6b Gal), 377 (dd, J, ,=34Hz
J,. s =1.1Hz, 4H; H-4 Gal), 4.27(d, J; , = 9.3 Hz, 4H; H-1 Gal), 7.78 (bs,
4H; NHCO); IR spectrum (KBr): ¥ (cm™1) = 919, 951, 1054, 1083, 1152,
1225, 1372, 1437, 1546, 1654, 1752, 2962, 3395.

Lactodendrimer 1e: 'H NMR (400 MHz, 100 °C, (CD,),S0): 6 1.82 (n, 4H;
NCH,CH,CH,CH,N), 1.92 (m, 8 H; NCH,CH,CH,NHCO), 2.46 {m, 8 H;
CH,CONH), 2.79-2.92 (m, 8H; SCH,), 3.05-3.23 2m, 12H and 8H;
CH,NCH, and CH,NHCO), 3.34-3.43 (m, 20H; H-24 and H-3 Gal, H-3,
H-4, H-5 Gle), 348 (m, 4H; H-5 Gal), 3.55-3.63 (m, 8H; H-6a and H-6b
Gal), 3.67 (dd, J5 o, = 4.8 Hz, J,, ¢, =12.4 Hz, 4H; H-6a Glc), 3.71 (dd,
Jy o =28Hz, J, s =14 Hz, 4H: H-4 Gal), 3.82 (dd, J; ¢, = 2.5 Hz, 4H;
H-6b Gley, 4.23(d, J, , =73 Hz, 4H; H-1 Gal), 4.23(d, J, , = 9.6 Hz, 4H;
H-1 Gle), 7.80 (bs, 4H; NHCO); IR spectrum (KBr): ¥ (cm ™) = 913, 954,
1048, 1232, 1371, 1435, 1544, 1659, 1756, 2943, 3396.

Tris(2,3,4,6-tetra-0-acetyl-f-np-galactopyranosyloxymetyl)methylamido-
glycine (13): A solution of 12 (3.08 g, 2.36 mmol) in EtOAc (30 mL) was
hydrogenated over Pd/C (10%, 0.5 g) at 30°C for 10h, filtered through
Celite, and concentrated. The residue was subjected to column chromatogra-
phy (810,, EtOAc:EtOH 99:1 to 94:6) to give the amine 13 (1.57 g, 61 %),
R:0.20 (CHCI;:Me,CO 5:1); [a], = —14.3 (¢ =1.05 in CHCl,); 'HNMR
(300 MHz, CDCly, 25°C): § =1.97, 2.05, 2.06, 2.15 (4 x5, 21 H; COCH,),
3.27 (s, 2H; NH,), 3.82 (d, J/ =10.0 Hz, 3H; C(quat)CH,H,). 3.91 (m, 4H;
H, Gly, H-5 Gal), 4.08--4.21 (m, 8H; H, Gly, C{(quat)CH H,, H-6a and
H-6b Gal), 442 (d, J; , =7.9 Hz, 3H; H-1 Gal), 5.01 (dd, J, , =10.2 Hz;
J5..=3.2Hz 3H;H-3Gal), 5.13(dd, 3H; H-2 Gal), 5.37 (d, 3H; H-4 Gal),
7.20 (s, 1H; C(quat)NH): 3C NMR (75.5 MHz, CDCl,): 4 = 20.5, 20.6
(x2), 20.8 (COCHj;), 45.3 (CH,NH,), 58.72 (C(quat)), 61.0 (C-6), 68.1
(C(quat)CH,), 66.9 (C-4), 69.0 (C-2), 70.6 (C-3), 70.7 (C-5), 101.4 (C-1),
169.4,170.0,170.2, 170.4 (CH,CO), 173.0 (CONH); MALDI-TOF-MS mjz:
1191 [M+Na]™, 1208 (M +K]*: C, H N,O;, (1169.07).

Tris(2,3,4,6-tetra-O-acetyl--D-galactopyranosyloxymetyl)methylamido-
glycinamidoglutaric Acid (14): Glutaric anhydride (170 mg, 1.5 mmol) was
added to a solution of the amine 13 (1.57 g, 1.34 mmol) in CH,Cl, (10 mL).
The mixturc was stirred for 4 h at 20°C and concentrated, and the product
was purified by column chromatography (SiO,, EtOAc:EtOH 99:1 to 94:6)
to afford the corresponding acid 14 (1.28 g, 75%); R; 0.39 (CHCl,:Me,CO
5:1); [a], = —14.0(¢ =1.04in CHCI,); "H NMR (400 MHz, CDCl,,31°C):
8 =1.96- 2.02 (m, 11 H; COCH, and CH,CH,CH,), 2.09, 2.18 (2 xs, 27H;
2x COCH,), 2.37-2.46 (m, 4H; CH,CH,CH,), 3.78 (d, J =10.3 Hz, 3H;
C(quat)CH,H,), 3.87 (dd, J = 4.8 Hz, J = 6.8 Hz, 1 H; H, Gly), 3.97 (pt.
Js 6a™Js o =7 Hz, 3H; H-5 Gal), 3.98 (m, 1H; H, Gly overlapping with
H-5 Gal); 4.14 (dd, Js ¢, = 6.1 Hz, Jg, &, =11.2 Hz, 3H; H-6a Gal overlap-
ping with C(quat)CH, H,), 4.14 (d, 3H; C(quat)CH _H, overlapping with
H-6a Gal), 4.20 (dd, J; ¢, = 6.7 Hz, 3H; H-6b Gal), 445 (d. J; , =7.7 Hz,
3H; H-1 Gal), 5.05(dd, J, ; =10.5Hz, J; , = 3.3 Hz, 3H; H-3 Gal), 5.13
(dd, 3H; H-2 Gal), 5.40 (d, 3H; H-4 Gal), 6.39 (s, 1 H; C(quat)NH), 6.94 (t,
J = 5.2 Hz, 1H; NH Gly); '*C NMR (100.6 MHz, CDCl; 31°C): 5 = 20.3,
20.4, 20.5,20.6 (CH,CO and CH,CH,CH,), 32.7,34.6 (CH,CH,CH,), 42.6
(CH, Gly), 59.3 (quat. C), 60.9 (C-6), 66.8 (C-4), 67.9 (C(quat)CH,), 68.9
{C-2), 70.4 (C-3), 70.7 (C-5), 101.2 {C-1), 169.5 (NHCO Gly), 169.4, 169.8,
170.0, 170.2 (CH,CO), 172.7 (C{quat)NHCO), 175.9 (CO,H); MALDI-
TOF-MS m/z: 1306 [M+Na]*, 1321 [M +K]*; C4,H,,N,0,, (1283.17):
caled C 49.61, H 5.81, N 2.18; found C 49.68, H 5.71, N 2.08.
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N—Hydroxysuccinimidoyl-tris(Z,3,4,6-tetra-O-acetyl-li-l)-galacto-pyranosyl-
oxymetylymethylamidoglycinamidoghutarate (15): A solution of the acid 14
(1.11 g, 0.87 mmol), DCC (206 mg, 1.0 mmol), and NHS (103 mg, 0.9 mmol)
in MeO(CH,),OMe (10 mL) was stirred for 17 h at 4—10°C. The workup
procedure, which was analogous to that described for 8. afforded a syrupy
mass of the activated ester 15 (1.14 g, 95%), [«], = — 13.4° (¢ = 1.0, CHCL,),
'HNMR (300 MHz, CDClL): 6 =1.99 (s, 11 H; COCH,, CH,CH,CH,),
2.08 (s, 18H; COCH,), 2.17 (s, 9H; COCH,), 2.42 (t, J=7.2 Hz, 2H;
CH,CH,CONH), 2.73 (t, / =7.2 Hz, 3H; CH,CO,-Suc), 3.77-3.82 (m,
4H; H, Gly, C(quat)CH,Hy), 3.96-4.01 (m, 4H; H, Gly, H-5 Gal), 4.11—
4.22 (m, 9H; C(quat)CH_H,, H-6a and H-6b Gal), 444 (d. J, , =7.8 Hz,
3H; H-1 Gal), 5.03 (dd, J, ; =10.4 Hz; Jy 4 = 3.4 Hz, 3H; H-3 Gal), 5.13
(dd,3H:; H-2),5.39(d, 3H; H-4), 6.23 (s, 1 H; C(quat)NH), 6.56 (m, 1 H; NH
Gly); '*C NMR (75.5 MHz, CDCl,): § = 20.2, 20.3, 20.4, 20.5 (CH,CO,
CH,CH,CH,), 25.3 (CH, Suc}, 29.7, 33.8 (CH,CH,CH,), 42.8 (CH, Gly).
58.9 (C(quat)), 60.9 (C-6), 67.8 (C(quat)CH,), 66.7 (C-4), 68.7 (C-2), 70.3.
70.5 (C-3, C-5), 101. (C-1), 168-171.8 (C=0).

Glycodendrimer 16a: This compound was prepared from la (22 mg,
0.07 mmol) and 15 (398 mg, 0.228 mmol) according to the general procedure
for coupling of activated esters with PA-dendrimers. Yield 340 mg (90 %),
]y = —11.6 (¢=1.0 in CHCl): 'HNMR (400 MHz, CDCl,, 25°C):
3 =140 (brm, 4H; NCH,(CH,),CH,N), 1.64 (m, 8H, NCH,CH,CH,N),
1.98 (brs, 20H; COCH, and COCH,CH,CH,CO), 2.08, 2.17 (2xs, 36 H;
COCHj;), 2.22-2.45 (m, 28 H; COCH,CH,CH,CONH(CH,),CH,NCH,),
3.26 (m, $H; CH,CH,NHCO), 3.78 (d, 4H, J =10.2 Hz; C(quat)CH,1,),
3.86 (m, 4H; H, Gly), 3.98 (pt, 3H: J;5 ¢,~J5 ¢~ 7 Hz, 12H; H-5 Gal),
4.11-421 (m, 28H; H-6a and H-6b Gal, C(quat)CH,H,), 446 (d,
Jy »=7.7Hz, 12H; H-1 Gal), 5.05 (dd, J, ; =10.5Hz, J; , = 3.3 Hz, 12H;
H-3 Galy, 5.13 (dd, 12H; H-2 Gal), 5.39 (d, 12H; H-4 Gal), 6.28 (s, 4H;
C(quat)NH), 6.84 (1, J = 5Hz, 4H; NHCO Gly), 7.09 (t, J = 5Hz, 4H,
NHCO dendrimer); '*C NMR (100.6 MHz, CDCl, 31°C): § = 20.4, 20.5,
20.6, 20.7 (CH;CO and COCH,CH,CH,CO), 25.8, 27.0 (CH,CH,CH,),
33.8, 34.9, 35.3, (COCH,CH,CH,CONHCH,), 42.7 (CH, Gly), 49.3, 52.0
(CH,NCH,), 59.2(C (quat)), 67.0(C-6), 66.8 (C-4), 68.0 (C(quat)CH,), 68.9
(C-2), 70.4 (C-3), 70.6 (C-5), 101.2 (C-1), 168.8 (NHCO dendrimer), 169.3,
169.9,170.0, 170.3 (CH,CO0), 172.6, 172.8, (C(quatyNHCO, NHCO Gly); for
the MALDI-TOF mass spectrum see Table 2.

Glycodendrimer 17a: This compound was prepared as described previously
for 16a starting from 2a and 15 in 84% yield, [o]y, = —11.6 (¢ =1.0 in
CHCL).

Glycodendrimer 16b: This compound was prepared in 74 % yield by deacetyl-
ation of 16a according to the description given in the general procedure,
fodp = + 0.3 (¢=1.2in H,0); 'HNMR (400 MHz, (CD,),SO, 100°C):
4=174-193 (m, 20H; COCH,CH,CH,CONCH,CH,. NCH,-
(CH,),CH,N), 2.12-2.24 (m, 16H; COCH,CH,CH,CO), 3.06-3.20 (m,
20H; CONHCH,CH,CH,NCH,), 3.30-3.40 and 3.52-3.65 (2 xm, 48 H;
H-2, H-3, H-5, H-6 Gal), 3.69 (m, 20H; CH, Gly and H-4 Gal), 3.83 (d,
J=10Hz, 12H; C(quat)CH,H,), 4.06 (d, 12H; C(quat)CH_H,), 4.17 (d,
J=8Hz, 12H; H-1 Gal), 6.85 (s, 4H, NHCO Gly), 7.65 (brs, 8H,
NHACO(CH,),CONH). The '*C NMR spectrum and MS data are listed in
Tables 3 and 2, respectively.

Glycodendrimer 17b: This compound was prepared as described for 16b in
67% yield, [a]p = 0 (¢ =1.0 in H,0). The '*C NMR spectroscopic data are
listed in Table 3.

Molecular Simulation: Simulations were carried out using the AMBER force-
field as implemented in Macromodel®!! (version 5.0) running on a Silicon
Graphics Indigo2 Workstation. The dendrons were assembled within the
Macromodel INPUT submode and then fully minimized (final gradient
<0.5kJA™") using the Polak Ribiere Conjugate Gradient (PRCG) al-
gorithm with extended cut-off. Solvation was included in the form of the
GB/SA solvation model for H,0.7?! The individua! dendron units were then
attached to the central core unit. The whole assembly was then fully mini-
mized using the above method (final gradient <0.5kJA™'). Simulated an-
nealing using stochastic molecular dynamics (SD), was performed within
Macromodel. The system was allowed 20 ps of equilibration at 300K (time
step 1.5 fs) then “cooled” to 50K over 80 ps to afford a structure removed
from the starting geometry. This structure was then fully minimized
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(AMBER*, PRCG. GB/SA solvation for H,0) until the RMS deviation was
<0.5kJ A" . Molecular volume calculations were performed using Biosym's
Insight and Discover®®! software, running on a Silicon Graphics Indi work-
station.
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Control of the Helical Chirality in Octahedral Complexes by a Chiral
Macrobicyclic Cavity Possessing Six Convergent Hydroxyl Groups

Paul Baret, Virginie Beaujolais, Didier Gaude, Christian Coulombeau and
Jean-Louis Pierre*

Abstract: The (aR,aR,aR) and (aS,aS,aS) enantiomers of a chiral macrobicyclic ligand
with a bicapped tris(binaphthol) structure were synthesized. Complexation of galli-
um(r), chromium(m) and iron(t) centres in the chiral cavities of these two ligands
yielded exclusively one octahedral configuration in each case: the (aR,aR,aR) enan-
tiomer gave a A complex and the (4S,aS,aS) enantiomer a 4 complex. These assign-
ments were established by CD spectroscopy for chromium and iron centres and by
molecular modelling.

Keywords
chirality * coordination modes
macrocyclic ligands + octahedral com-
plexes * supramolecular chemistry

Introduction

The design of host molecules capable of strong and stereoselec-
tive complexation of metal ions is an important area of molecu-
lar recognition. Octahedral complexation of transition metal
ions with three bidentate ligands usually leads to racemic mix-
tures of 4 and A isomers. The importance of the absolute config-
uration of the octahedral metal centre has been demonstrated
through the recognition of iron(in)-siderophore complexes
by membrane receptor proteins.!' ¢!
Chiral siderophore analogues have
been shown to undergo stereoselective

chirality has been reported for tris(binaphthoiate) complexes of
tungsten(vr).[*3!

The pioneering work of Vogtle!!¢~18) and Raymond!'? 24
on bicapped tris(catecholate) iron(111) complexes inspired us to
synthesize the iron(irr) complex of a macrobicyclic ligand con-
taining three conformationally racemizable 2,2'-dihydroxy-
biphenyl subunits.[23] We describe herein the synthesis and com-
plexation properties of a new chiral macrobicyclic ligand, the
bicapped tris(binaphtholate) LH, (Figure 1). Since chiral and

formation of 4 or A coordination

isomers upon complexation of metal
ions such as iron(ur), gallium(u),
chromium(in) or cobalt(1).[? 74! The
source of the stereoselective chelation
has been ascribed to nonbonded,
weakly polar interactions between
substitutents of the chiral moieties pe-
ripheral to the metal centre. In all of
these examples, the ligand chirality
arises from amino acid derived sub-
units. The direct control of the 4 or A
coordination by means of intrinsically
chiral bidentate moieties with axial
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Figure 1. Synthetic pathway to LHg: a) CuCl,, PhCH,NH,, methanol (2a, 63 % yield) [26]. b) NaOH, ethanol;
acidic treatment (2h, 99% yield). ¢) Resolution of racemic 2b (27]. d) (CH;0),S0,, K,CO,, acetone (2¢, 90%
yield). e) NaOH, methanol, acidic treatment (2d, 97% yield). f) SOCI, (2e, 99% vyield, used without further
purification). g) NaH, 2-mercaptothiazoline, THF (2f, 99 % yield). h) TREN (0.3 equiv), CH,C],; chromatogra-
phy (silica gel} (3, 46% yield). i) TREN (1 equiv), CHCl,, high-dilution technique (4a, 38% yield). j} BBr;,
CH,CI, (4b, LH,, 93% yield).
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optically stable binaphthol subunits were used, both the
(«R,aR.aR) and the (aS,aS.aS) ligands could be obtained in
enantiomerically pure form.

Results and Discussion

Syntheses of Ligand LH, (Figure 1): Oxidative coupling of 1
afforded the racemic mixture 2b,12%7 which was resolved into
{(@R)-2b and (aS)-2b according to Cram.!*”! The optically pure
precursors 2¢ and 2d were obtained and identified according to
published procedures.[?® = 3% The methyl-protected enantiomer-
ically pure (aR.aR,aR) and (aS,aS,aS) bicapped ligands 4a were
obtained from the corresponding tripods 3 by using high-dilu-
tion techniques based on Raymond’s methodology employing
2-mercaptothiazolide derivatives.?’! Removal of the methyl
groups with BBr; gave the two enantiomers of LH.

Metal complexes: The following metal complexes of LH¢ were
formed.

Gallium( 1rr) : Diamagnetic gallium(rn) has been used extensively
as a substitute for iron(ir) in NMR studies.t'?- 14:31.321 Both
ions have the same charge and similar ionic radii in six-coordi-
nate complexes. Since neither high-spin d® iron(it) nor d'° gal-
lium(1r) have any crystal field stabilization, they are similar in
their ligand exchange rates. The gallium complexes were pre-
pared from (¢R,aR,aR)- and (aS,aS.aS)-LH through an ex-
change procedure involving gallium acetylacetonate. The com-
plexes formed exhibited identical NMR spectra. The enantio-
meric relationship between these two complexes was revealed by
the polarimetric measurements (complex from the (¢R,aR,aR)
ligand: [a]38, =+ 213, [a]2l, =+ 222; complex from the
(aS,aS,aS) ligand: [«]2], = — 211, [e]2}, = — 221). NMR anal-
ysis showed a single set of signals with a pattern similar to that
observed for the tris(methyl-protected) free ligand. This estab-
lishes the isomeric purity of the complexes. On the basis of the
NMR data, the structure of the [LGa]® ~ complex anion in solu-
tion was assigned D, symmetry. Partial crystallization experi-
ments were used to confirm that only one isomer had been
formed for each ligand: no changes were observed in the NMR
spectra of samples from the liquid phase and from the solid
phase. Surprisingly, the gallium complexes K;[LGa] obtained

from (aR,aR,aR)- and (aS,aS,aS)-LH, were found to be less |

stable than the corresponding iron(1n) complexes (see below);
they decomposed within a few days in solution, but were more
stable in the solid state. Nevertheless, before decomposition, no
isomerization was observed (no change in the NMR spectrum):
the constrained bicapped structure does not allow inversion of
the octahedral centre, contrary to simple trisbidentate complex-
es.[321 It should be emphasized that octahedral inversion would
lead to diastereoisomeric material, since the ligand LHg cannot
racemize under the experimental conditions. Ga(acac), was
added progressively to LH¢ (in D,0, NaOD), and the complex-
ation was monitored by *HNMR spectroscopy. The 1:1 stoi-
chiometry for the complex was thus confirmed. The absence of
exchange at ambient temperature between free and complexed
ligand indicates that the complex is not labile before decomposi-
tion: kinetic lability, resulting from the absence of ligand field

970 ——— & VCH Verlaugsgesellschaft mbH, D-69451 Weinheim, 1997

stabilization, would favour the release of the metal and the
exchange between free and complexed ions. Exchange has been
observed for the simple tris(bidentate) complexes.!'?!

Chiromium( iii): Chromic ions induce kinetic inertness leading to
stable optical isomers, and the d—d transition of the d* complex-
es is allowed. Diastereoisomeric chiral chromic complexes and,
in some cases, the resolution of optical isomers have been de-
scribed by Raymond et al.t'9337371 The absolute configura-
tions have been assigned in some examples. X-ray data have
been reported for K,[Cr(Cat),]-1.5H,0.5%

Stable chromic complexes K,[LCr] were prepared from
(aR.,aR.aR)- and (aS,aS,aS)-LH, through an exchange proce-
dure involving chromic acetylacetonate. The complexes were
crystallized, but the crystalline material was unfortunately not
suitable for X-ray structure determination. Titration of the lig-
ands with the chromic salt, monitored by UV/Vis spectroscopy,
established a 1:1 stoichiometry of ion and ligand in the complex.
FAB™ mass spectra in an NBA matrix confirmed the purity of
the complexes. From each enantiomer of LHg, only one isomer
of the complex was formed. This was demonstrated by partial
crystallization experiments; the CD spectra were unmodified for
the liquid phase and for the solid phase.

Iron( i) : The ferric complexes K,[LFe] were similarly prepared
from each enantiomer of LH, through an exchange procedure
involving ferric acetylacetonate.'** Titration of the ligands with
the ferric salt, monitored by UV/Vis spectroscopy, established a
1:1 stoichiometry of ion and ligand in the complex. The FAB~
mass spectra corroborated the 1:1 stoichiometry. The crys-
talline material was not well-suited for X-ray structure determi-
nation. Partial crystallization experiments showed that only one
isomer was formed (CD spectra unmodified for the liquid phase
and for the solid phasc).

Stereochemistry: It has been established that tripodate ligands
force complexes to form in a fac arrangement.!'?? This is all the
more true for LHg, which can be regarded as a tripodate ligand
with its three “feet” connected by a second TREN (tris-
(2-aminoethyl)amine) moiety. Only a cis (fuc) arrangement of
each set of three hydroxyl groups is possible (Figure 4), and the
4 and A isomers are therefore the only two that need be consid-
ered for a given ligand. Thus, the diastereoisomers A4-
(@aR,aR,aR)- or A-(aR,uR,aR)-[LM]?" can be formed from
(aR,aR.aR)-LHg, and 4-(aS,aS,aS) or A-(aS,aS.aS) diastereo-
mers from (aS,a45,4S)-LH,. Only one isomer has been detected
in both cases, and the complexes obtained from the (aR,aR,aR)
and (aS.,aS,aS) enantiomers of LH are also enantiomers. It
appears that the chirality of the ligand leads to the formation of
only one of the two possible diastereomeric metal complexes; in
other words, the configuration (A or A) of the created chiral
octahedral centre is entirely controlled by the chirality of the
ligand.

The chirality of the metal centre was investigated by circular
dichroism (CD) for the chromium and ferric complexes (see
below).

Chromium complex: The electronic spectra in methano! (the
same spectrum is obtained for the two enantiomers) are similar
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to those of other Cr'™ complexes with oxygen donor ligands.
The main bands are at 558nm (¢ =784mM lcm™ 1),
375nm (6=926x103M 'ecm ') and 236nm (¢ =1.97x
10°M~ 'em ™ ') (Figure 2). The wavelength and the intensity of
the well-resolved band at 558 nm are characteristic for the spin-
allowed *4,,-*T,, d-d transition. The highest-cnergy
*A,, — *T,, d—d transition is masked by the transitions of the
ligand. The CD spectrum (visible region) of the complex from
the (aS,aS,aS) ligand is shown in Figure 2 (the CD spectrum of
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Figure 2. UV/Vis (top) and CD (bottom) spectra in methanol of the chromium{in)
complex from the (aS,aS.aS) enantiomer of LH,.

the complex from the (aR,aR,aR) ligand is the mirror image of
the CD spectrum in Figure 2). The CD bands in the visible
region are at 610 nm (Ae = — 0.31mM 'em™!) and 430 nm
(Ae= +1.1M 'cm™1).

Assuming Dy coordination point symmetry, the *4,, » *T,,
octahedral transition factors into *4, — *A4, +*E, which gives
transitions of 4, and E symmetry. The 4, and low-energy E
(designated E,) transitions should be opposite in sign. A widely
used empirical rule for d® complexes!®®! predicts a 4 abso-
lute configuration when the low-energy transition with E
symmetry is negative. The negative low-energy band at 650 nm
allows us to assign the 4 configuration to the complex from
the (aS,aS,aS) ligand. In the same way, the A configuration
can be assigned to the complex from the (aR,aR,aR)
ligand.

Ferric complex: The assignment of the absolute configuration of
the metal centre is more challenging because it is not possible to
use the forbidden d—d transition for circular dichroism studies.
We therefore used the LMCT transition, which is sensitive to
chirality. Since there are no spin-allowed d—d transitions for
ferric high-spin d® systems, the absorption maximum in the
UV/Vis spectrum observed at 483 nm (¢ = 8660) was assigned
(D, symmetry) to the e,, — ¢* LMCT transition (the lower ener-
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gy a, — ¢* LMCT transition was not observed). The CD spec-
trum of the ferric complex from the (aS,aS,aS) ligand exhibits
a positive Cotton effect for the LMCT band at 420 nm
(Ac = 83m 'cm™ 1) (Figure 3). An opposite effect (and equal
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Figure 3. CD spectra of the enantiomeric iron(nn) complexes in methanol.

in intensity) is observed for the ferric complex from the
(aR.,aR.aR) ligand; this confirms the enantiomeric relationship
of the two complexes. The chiral tris(catecholate) ferric com-
plexes of D, symmetry exhibit a positive effect for the ¢,, — ¢*
LMCT transition (from 4-1.5 to 3.8M 'cm™!) for the 4 iso-
merst?-11:12:401 (the Cotton effect is of reverse sign for the
a, — ¢* LMCT transition). These results are consistent with the
assignments of A4-(aS,aS,aS) and A-(aR,aR.aR) to the absolute
configurations of our complexes; nevertheless, the correlation
with the CD spectra of catecholates should be treated with cau-
tion.

Molecular modelling studies show that the A-(aS,aS,aS) com-
plex has a lower energy than the A-(aS,aS,aS) complex. The
former complex retains its original configuration during the
minimization process, leading to a total energy of
8.9 kcalmol™!; it adopts a structure that is substantially flat-
tened along the C, principal axis (Figure 4). With the A-
(aS,aS.,aS) complex, the minimization process without con-
straints leads to configurational inversion of the metal centre
and formation of the same conformer as for the A-(aS.aS,aS)
complex. Minimized with constraints on the iron and oxygen
atoms, the 4-(aS,aS,aS) complex adopts a structure which, af-
ter elimination of constraints, retains its configuration upon
minimization with an energy of 116.6 kcalmol ' (Figure 4).

In a further step, the iron atom was removed from the final
structures obtained above to give the two conformers of the
ligand preorganized for 4 and A4 complexation. The lower-ener-
gy conformer (AE =107.7 kcalmol ™) corresponds to the 4-
(aS,aS,aS) configuration. The noticeable energy difference be-
tween the two conformers arises from van der Waals terms and
from the stacking of the aromatic rings, which is only possible
for the flattened A-(aS,aS,aS) isomer; the electrostatic interac-
tions are not stabilizing. It should be emphasized that it is the
trend in the energy values and not their absolute magnitude that
is of importance. A similar preference for the A-(a¢S.,uS.aS) iso-
mer has been calculated by a similar method for the tungsten(vr)
complex of binaphtholate.!*? The calculations strongly support
the assignment of the A-(aS,aS,aS) configuration to the unique
isomer obtained with the (4S,aS,aS) isomer of LH,.
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Figure 4. Stereoviews of A-(aS,aS,aS) (top) and A-(aS,aS,aS) (bottom) [LFe]*~ complexes (generated by molec-

ular modelling).

Conclusion

We have presented the first example of an optically active mac-
robicyclic ligand bearing six convergent hydroxyl groups and
examined its ability to stereospecifically control the chirality in
octahedral complexation. The putative absolute configurations
assigned to the iron(1r) complexes of LHg are in agreement with
the assignments established for the chromic complexes. The two
metals have the same charge and similar ionic radii in six coor-
dinate complexes, and the chiral control upon complexation by
LH, is undoubtedly the same. The configuration assignments
have also been corroborated by molecular modelling studies.

Experimental Section

Materials and Equipment: Solvents were purified by standard techniques. The

amine TREN was distilled from sodium. All other compounds were of

reagent grade and were not further purified. Spectra were collected on cus-
tom-built 200 MHz or 250 MHz FT Brucker (‘H and '3C NMR). Nicolet
Impact 400 (FT-IR), Kontron Uvikon 930 (UV/Vis) and Nermag R1010C
(mass spectra) spectrometers. The multiplicity in **C NMR was determined
by DEPT techniques. CD spectra were recorded on a Jobin Yvon CD6
dichrograph. Rotation angles were obtained with a Perkin-Elmer 341 polar-
imeter. Molecular modelling calculations were performed using Insight/Dis-
cover package of Biosym on an IBM RS 6000 42-T station; a force-field
ESFF was used. For ligand syntheses, see Figure 1.

2e: '"HNMR (250 MHz, CDCl,): § = 3.46 (s, 6H, OCH,): 7.12 (d, 2H,
J =8.7Hz, ArH): 7.40-7.55 (m, 4H, ArH); 8.07 (d, 2H. J = 8.7 Hz, ArH);
8.87 (s, 2H, H,): 1*C NMR (75 MHz, CDCL,): § = 62.3 (OCH,): 125.4 (CH)
126.2 (C,,,0); 1264 (CH); 127.3 (C,); 129.2 {Cyp,); 130.0 (CH): 1303
(CH); 136.5 (Cpp): 1375 (CH): 133.7 (C-0); 164.6 (C=0); IR (NaCl,

ecm ™) ¥ =1779 (C=0).

2f: The bis(2-mercaptothiazolide) was prepared in quantitative yield on a
11 mmol scale by adaptation of the published procedure!¥ and used without
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further purification. Yellow solid, m.p. 153—
155°C. "THNMR (200 MHz, CDCl,): 6 = 3.21

343 (m, 10H, CH,,OCH,); 449-4.73 (m, 4H
CH,); 7.13 (d, 2H, J =78 Hz, ArH); 7.25(t
2H, ArH); 7.34 (1, 2H, ArH); 7.80 (d, 2H
J=78Hz, ArH); 794 (s, 2H, H,); '3C NMR
(50 MHz, CDCly): 6 =29.1 and 55.7 (CH,):
61.7 (OCHy); 1233 (C,,); 1254 (CH); 1258
(CH); 128.1 (C,,); 128.2 (CH); 128.7 (CH):
129.3 (C,

quat

) 1297 (Cy,): 130.5 (CH): 135.5

3: Under high-dilution conditions, TREN
(305 pL, 2.0 mmol in 120 mL CH,Cl,) was slow-
ly added (3 d), under nitrogen, to a solution of 2f
(5.8 g; 11 mmol in 1L CH,Cl,). The yellow
solid obtained by evaporation of the solvent was
purified by column chromatography (SiO,: 0 to
5% gradient of methanol in CH,Cl,); TLC,
R, = 0.7, CH,Cl,/CH,OH : 9/1. Yellow solid.
1.5 g;0.93 mmol; m.p. 215-220"C. («R.aR.aR)-
3:{uJ3lg = +11(c = 0.38, CH,CL,). (aS,aS,aS)-
3: [x)2ls = —12 (¢ = 0.37, CH,Cl,). 'HNMR
(200 MHz, CDCLy): 6 =2.83-290 (6H, m,
CH,); 3.27(9H, s, OCH,); 3.29-3.38 (15H, m,
CH,, OCH,); 3.57-3.60 (6H, m, CH,); 4.55-
4.69 (6H, m, CH,); 7.01 3H. d, / =8.3 Hz,
ArHYy; 7.11-7.39 (15H, m, ArH); 7.85 (6 H, d,
] =83 Hz ArH); 797 (3H,s, ArH); 8.12-8.15
(3H, m, NH); 8.65 (3H, s, ArH). '3C NMR
(50 MHz, CDCly): 6 = 29.0 (CH,): 38.0 (CH,)
53.4 (CH,); 55.6 (CH,); 61.6 (OCH,); 61.9 (OCH,); 123.5(C,,,); 125.1
(Cpua)s 1254 (CH); 125.6 (2 CH); 126.0 (C,,); 128.1 (CH); 128.3 (CH):
128.8 (CH): 129.3 (CH), 129.4, (C,,,,) 129.8 (C .05 130.0 (CH); 130.2 (CH);
133.5 (CH); 135.1 (Cyup); 135.2 (Cpus 1525 (C-0); 133.4 (C-0); 165.5
(C=0); 166.1 (C=0). IR (NaCl, cm™"): ¥ = 3398 (NH), 1650 (C=0). MS
(FAB*, NBA matrix): m/z =1604 [M+H"'], 1393, 1252, 1088, 1033, 999,
529. Anal. caled (found) for Cg,H, ;0 ,N,S.-1.5CH,Cl,: C 61.48 (61.54); H
4.55 (4.87): N 5.67(6.05); S 11.11 (11.69).

4a: Under high-dilution conditions, TREN (85 uL, 0.57 mmol in 130 mL
CHCI;) and 3 (900 mg., 0.56 mmol in 150 mL CHCl,) were simultaneously
and slowly (4 d) added, under nitrogen, to CHCl, (600 mL) at reflux. After
concentration of the solution to a volume of 300 mL, the mixture was washed
with brine and then dried on Na,SO,. The product was purified by chro-
matography (Si0,: 0 to 5% gradient of methanol in CH,Cl,). Whitish solid
(300 mg.  0.22mmol); m.p.>250°C. (aR.aRaR)-4a: [« =+ 60
(¢=0.32 in CH,ClL,). R; (Si0,) = 0.5, CH,Cl,/CH,OH = 9/1. '"HNMR
(200 MHz, CDCl,): ¢ = 2.95 (s, 30H, NCH,, OCH,); 3.49-3.59 (m, 6H,
NHCH,); 3.74-3.86 (m, 6H, NHCH,); 6.88 (d, 6H, J = 8.4 Hz, H,); 7.21
(t, 6H, J=84Hz, Hg); 737 (t, 6H, J=82Hz H,); 791 (d, 6H.
J=82Hz, Hy); 8.09-8.14 (m, 6H, NH): 8.72 (s, 6H, H,): '3C NMR
(50 MHz, CDCly): 6 = 38.1 (NHCH,); 53.1 (NCH,); 61.5 (OCH,); 124.8

(Cpua)s 125.0 (Cy) 125.3 (C, ) 125.8 (C,): 128.1 (Cy): 129.3 (Cg); 130.0
(C i 133.6 (C,); 1348 (C,,.0); 153.2 (C-0); 164.8 (C=0); IR (NaCl
cm™'): ¥ = 3386 (NH), 1654 (C=0); MS(FAB™, NBA matrix): m/z =1392
[M+H"]., 978. Anal. caled (found) for Cy H,,N,O,, 1 CH,Cl,-1CH,0OH:
C 68.50 (68.29); H 5.62(5.59); N 7.49(7.82).

4b: Macrobicycle 4a (570 mg, 0.41 mmol), in 30 mL of CH,Cl, at 0 'C, was
treated under nitrogen with a solution of BBr, in CH,Cl, (I1m. 4.1 mL). The
mixture was stirred at 25 °C for 15 h and then treated with 10 mL of water and
stirred for 1 h. The product was precipitated by adding 100 mL of water and
200 mL of chloroform (pH of the aqueous phase 1.5). The solid was filtered.
The product was purified by dissolution in 4M NaOH, washing with CH,Cl,
and precipitation by addition of 4N HBr. The yellowish solid was dried under
vacuum (497 mg, 0.38 mmol). (aR,aR,aR)-4b: [2]2l, =228 (¢ =0.11 in
methanol); (aS,a5,a5)-4b: []2}, = — 231 (¢ = 0.13 in methanol). '"H NMR
(200 MH7, NaOD-D,0): 6 = 2.84-3.08 (m, 12H, CH,); 3.22-3.30 (m, 6 H,
CH,): 3.93-4.00 (m, 6H, CH,); 6.68-6.73 (m, 6H, ArH); 6.98-7.02 (m
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12H, ArH); 7.74-7.79 (m, 6 H, ArH); 8.44 (s, 6 H, H,); '*C NMR (50 MHz,
NaOD-D,0): § = 36.7 (NHCH,): 54.6 (NCH,); 120.4 (CH); 122.2 (C,.,);
123.6 (CH): 124.1 (C,,0); 127.1 (CH); 129.3 (CH); 129.4 (CH): 137.1 (C )3
163.5(C-0);170.8 (C=0); IR (KBr,cm ™ 1): ¥ = 3382, 3259, 3035, 1649 MS
(FAB*, NBA matrix): m/z = 1307 [LHg+H *], 880. Anal. calcd (found) for
C,gHeNgO,, 2HBr-8H,0: C 58.07 {57.91); H 5.25 (5.16); N 6.95 (6.77).

Gallium complexes: Alcoholic KOH (0.5nm, 390 pL) and Ga(acac), (14.6 mg,
0.039 mmol) were added to of (aR,aR.aR)-LH¢ (51 mg, 0.039 mmol) in
methanol (15 mL) under argon. The yellow solution was stirred for 24 h and
the solvent then removed. The complex was purified on a Sephadex G25
column with methanol elution. MS (FAB*, NBA matrix) : m/z =1487
[LHK,Ga], 1449 [LH,K,Ga], 1411 [LH,KGa]. [o]i}, = +213;
[x]3ig = + 222 (¢=034 in methanol) [(aS,aS.aS) enantiomer:
[a]28e = — 211; [o]2}, = — 221]. '"HNMR (300 MHz, CD,0OD): é = 2.05
(m,12H,CH,);2.43(m,12H, CH,); 6.42 (d, 6 H,J = 8.3 Hz, ArH); 6.75 (m,
6H, ArH); 6.90 (m, 6H, ArH); 7.60 (d, 6H, J = 8.3 Hz, ArH); 7.77 (s, 6H,
H,).

Chromium complexes: LCrK ; complexes were obtained by a similar proce-
dure using Cr(acac)y. After purification on a Sephadex G25 column
(methanol) the complexes were crystallized by slow diffusion of diethyl ether.
Yield: 94%). UV/Vis (CH;OH, nm, M~ *cm ™ !): 558 (¢ =78.4), 375 (¢ = 9.26
10%), 236 (¢ =1.97 x 10°). MS (FAB™, NBA matrix) : mjz =1392 [LHK (1],
1354 [LH,Cr], 1381 [LH,K ], 1343 [LH,K], 1305 [LH,]. Anal. caled (found)
for C,4HgqO,,NgCrK,-5H,0: C 60.03 (59.84); H 4.52 (4.99); N 7.18(7.22);
Cr 3.33(3.56).

Iron complexes: LFeK, and LFeNa; complcxes were similarly obtained,
using Fe(acac);; Yield: 85-95%). UV/Vis (CH;0H, nm, M~ lem ) 483
(e = 8.66 x 10°%), 377 (¢ = 8.86 x 10%), 236 (¢ = 1.64 x 10°). MS (FAB~, NBA
matrix): m/z =1396 [LHKFe], 1358 [LH,Fe]. (FAB™, Thioglycerol matrix):
mfz =1383 [LH,NaFe], 1360 [LH,Fe], 1307 [LH,]. HRMS (FAB™, Thio-
glycerol matrix): caled for C,;Hg,O,,NgFe: 1360.3993; found 1360.3899.
Anal. caled (found) for C;gH¢,O,,NgFeNa,, 6 H,0: C61.04(59.94); H4.43
(4.74); N 7.31 (7.11); Fe 3.65 (3.65).
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Localization Patterns in Interstitial Space:
A Special Property of the Electron Localization Function (ELF)
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Abstract: The electron localization func-
tion (ELF) is a new descriptor of chemical
bonding in real space which has turned
out to be enormously powerful. We show
here that the ELF also has predictive pow-

method was tested for the compounds
Ca,Sb,0, Ba,Ge, X, Ba,,Ge,0;, and for
the so-called second SrSi modification,
which, according to our analysis, very
probably has the composition Sr,,Si,,X.

In these cases the positions of the het-
eroatoms O and X were located and, in
the case of X, proposals for a preferred
atom type or group are made. Even in
cases where the missing atoms are the ma-

er. By analysis of the interstitial space, un-
detected atoms can be recognized by lo-
calization patterns in such regions. The
importance of this approach is that the
correct number of valence clectrons is
unknown before the calculations. The

electron

Introduction

The techniques of structure determination of chemical ensem-
bles have developed enormously over the last 50 years.!*! Today
the geometrical structure of a compound is the most important
basis on which to understand and classify its reactivity. While
nowadays diffraction methods constitute a most important part
of the determination of structure—property relations, other
methods like NMR spectroscopy still have great potential and,
despite their present significance, may become still more impor-
tant in future.f) To date no combined fitting of model parame-
ters to both diffraction and NMR data has been practically
possible, although recent theoretical developments allow for
substantial progress.[>#

However, in some cases X-ray diffraction methods face non-
trivial problems too, even for smali unit cells if, for example,
super- or noncommensurate structures have to be determined, if
twinning or disorder phenomena demand very sophisticated ap-
proaches, or if very light atoms have to be determined against
heavy scatterers. In the latter case void search methods!® ~8 or
molecular modeling may supply some help.'® 'Y A void scarch
may be performed on a purely geometrical analysis of the struc-
ture, while force-field methods can only work successfully if

[*] Prof. Dr. R. Nesper, Dipl.-Chem. Steffen Wengert
Laboratorium fiir Anorganische Chemie
Eidgendssische Technische Hochschule, ETH Zentrum
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jority component the approach was quite

successful. As an example, the structure of
hydrides CaH, was generated from the known Ca
Zintl anions positions by a two-step iterative proce-

dure.

good potential parameters and reliable effective charges are
known, conditions that quite frequently cannot be met.

In some cases, important bonding considerations arise from
the question of whether all atoms of a structure have been reli-
ably located or not. If this is not the case, chemical arguments
may help to settle this question. For example, normal Zintl
phases like main group silicides can in general be rationalized by
the application of simple bonding concepts based on electron-
counting rules.''? If, however, unusual or unexpected moieties
occur it is not always certain whether they really do exist or are
just the result of an erroneous structure determination.[!3" 16!
The existence of a geometrical void in such a structure reason-
ably has to generate suspicion, but it cannot be used as a safe
indicator for an overlooked atom or group of atoms. The “*free”
space may be generated for electronic reasons, for example as a
packing space for free electron pairs which are tightly bound to
specific atoms, or of more or less free electrons as in electrides,
intermetallics, and metals. In the latter case an additional elec-
tron volume which 1s relatively independent of the actual atom
distribution has to be considered.

We would like to present here a novel property of the electron
localization function (ELF )!! "' that may help quite effectively in
such difficult situations. The ELF turned out to be an extraordi-
narily useful electron localization sensor for interstitial space, a
property which is especially useful for checking trial structures
in problematic cases, as mentioned before.

The ELF can be generated on the basis of quantum mechan-
ical calculations of quite different levels of sophistication, for
example extended Hiickel, Hartree—Fock, or density functional
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methods. It has been shown that the ELF is able to display
chemical bonding in its different occurrences very clearly, dis-
tinctly, and fairly comprehensively. There have been quantita-
tive and qualitative investigations of electronic structures of
molecules,!*8! clusters,''®? ring systems,2°! semiconductors,!?*)
intermetallic compounds, and pure metals'*?! as well as of sur-
faces and surface reconstructions,'*¥ which show impressively
that a novel descriptor and measure of chemical bonding is
gained with the ELF.[2#-23]

Here we should point out that the ELF enables the visualiza-
tion of patterns in interstitial spaces in such regions which can
hardly be associated with single atoms. Such patterns, which
indicate weakly bound but still spatially localized electrons, are
in many cases indicative of overlooked atoms and thus may be
of considerable importance for checking the correctness of a
structure. We would like to present this sensor function of
the ELF by means of four examples, namely Ca,Sb,0,!2¢
Ba,Ge, X,?" Ba, ,Ge,0,,1*% and CaH, .12 3% Furthermore we
will try to predict missing atoms in hitherto accepted structures,
for example, in the so-called second modification of SrSi.P!
The starting point of our investigations was in fact the theoret-
ical treatment of this unusual modification, which led us to the
detection of the phenomenon we would like to present here. To
back up our findings concerning the ELF on the basis of theo-
retical LMTO band structure calculations'*? we analyzed in the
same way Zintl phases that have proved to contain light het-
eroatoms in addition to Zintl anions and heavier cations.

Results and Discussion

Location of missing atoms in Ca,Sh,0: Compound Ca,Sb,01?%
was first described as binary calcium antimonide Ca,Sb,1*%) an
assertion corrected shortly after by the authors themselves. The
structure contains isolated Sb3~ anions and thus can only meet
the electronic structure of a semiconducting valence compound
as experimentally confirmed if another X2~ entity is present to
accumulate the excess electrons from the calcium. The addition-
al anion was identified as O?~ coordinated octahedrally by six
Ca atoms (Figure 1a).

Surprisingly, the calculation of the ELF for Ca,Sb, (based on
a LMTO calculation without the O atom![37-3%)) generates one
and only one additional localization region, which lies at the
center of the Ca octahedron (Figure 1 b, white area). After in-
troduction of the O atom (and six more valence electrons) into
the calculation, an ELF is yielded which clearly displays the O
atom with its core regions (white shell, Figure 1c¢). It is remark-
able that despite the use of the different electron counts, namely
those for Ca,Sb, (8+10¢7) and for Ca,Sb,0 (8+10+6¢e7),
similar localization patterns are found in the two cases.

As expected from the conception of Zintl, Klemm, and Bus-
mann (ZKB)!'?! the density of states (DOS) of Ca,Sb,0 shows
a clear band gap of about 2 ¢V in the region of the Fermi energy
while the hypothetical Ca,Sb turns out to be metallic (Figure 2).
The DOS of Ca,Sb,0 below the Fermi energy may be divided
into three separate energy ranges, namely the Sb s, the O p, and
the Sb p regions (the O s states are much lower in energy and
were treated in the LM TO calculation as a core function). Thus,
within the ZKB picture we can formally speak of Ca,Sb,0 as

986 ———— © VCH Verlagsgeselischaft mbH, D-69451 Weinheim, 1997

Figure 1. a) Perspective view of the structure of Ca,S$b,0; b) ELF distribution in
a two-dimenstonal section through the base of the Ca,, octahedron (ref. [36]), calcu-
lated without O atom; ¢} calculated with O atom.
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Figure 2. Density of states (DOS) based on LMTO calculations: a) Ca,Sb,0 and
b) Ca,Sb.

02 46 81012141618
DOS (states/eV cell)

(Ca?*),(Sb>~),(0O?7). On the other hand, the DOS of Ca,Sb
shows, as well as the comparable Sbs and Sb p regions, an
additional peak between the virtual metallic and the occupied
Sb region (Figure 2, grey area). The corresponding states con-
tain the two excess electrons remaining after the occupation of
Sb states. Analysed by means of partial density (within the ener-
gy range marked in grey) these states turn out to be mainly
localized in the centers of the Ca, octahedra (Figure 3), exactly

“Ca

Ca

= Ca
Figure 3. Partial density of Ca,Sb in the energy range —1 eV < E< E,. Two-dimen-
sional section in the (001) plane through the base of the Ca, octahedron. The
contour values are given in (¢~ 'au™3).
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those regions where the ELF distribution shows an extraordi-
nary maximum. Thus the ELF just marks localized metallic
states, the so-called cage orbitals,'t® which act as HOMOs in the
sense of a frontier orbital picture of the reaction with oxy-
gen.[38:3°%1 This may explain why oxygen is built in exactly at
these positions in the centers of the Caq octahedra.

Location of X/O in Ba;Ge /X and Ba,,Ge,,O;: Quite recently
von Schnering et al. synthesized derivatives of barium ger-
manides which contain Ba X octahedra and typical Zintl anions
of germanium. In Ba,Ge, X" there are Ge?~ tetrahedrons,
and in Ba, ,Ge, ;0,8 planar Ge;°~ rings besides isolated Si*~
units occur (Figures 4a and Sa). Both structures can be viewed
as a framework of corner-shared Ba, octahedra with the corre-
sponding Zintl anions embedded in the remaining voids. The
ELF distributions (based on LMTO calculations*°l) without
the heteroatoms X show localization patterns which are exactly
and exclusively at those positions that are occupied by X. Fig-
ures 4b—c and 5b-c display corresponding ELF sections
through the Ba, octahedra without and with heteroatoms
(X = O) for Ba,Ge X and Ba,,Ge,O,, respectively. The ELF
denotes the sites of the heteroatoms quite convincingly. Accord-
ing to electron counting rules, X~ units of small groups such as
02~, C27, NH?", are expected.[*1!

Figure 4. a) Perspective view of the structure of Ba,;Ge,X; b) BELF sec-
tions through the base of the Ba, octahedra without and c¢) with heteroatom
X =0).

Location of hydride positions: We believe that a related test for
a hydride structure is of special interest and importance, because
in general, hydrides present a problem for X-ray crystallogra-
phy. Quite frequently, hydride samples are microcrystalline and
thus single-crystal investigations cannot be performed. Further-
more, hydride positions may not be found by X-ray analysis

Chem. Eur. J. 1997, 3, No. 6
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(b) (c)

Figure 5. a) Perspective view of the structure of Ba,,Ge,O;; b) ELF sections
through the base of the Bag octahedra without and ¢) with heteroatom (X = Q).

because of the small scattering factor of H. In some cases elec-
tronic cluster concepts may favor interstitial H atoms as in
Nb,I,,H“* or in TheBr,,H,™3! at certain weli-defined posi-
tions. Stll there may be considerable ambiguity about the H
positions: in NbgI, H there is a hydrogen atom in the center of
the Nby cluster; however, in ThBr, ;H; only five of the six faces
of the Th, octahedron can be occupied, giving rise to statistical
distribution for the overall crystal structure.

We chose the structure of CaH, as an example and performed
the analysis as follows: band structure and subsequent ELF
calculations were performed starting with the pure Ca substruc-
ture to follow a typical development of a hydride structure de-
termination.’#! Figures 6 b—d display a section of the structure
that contains all crystallographically independent positions Ca,
H1, and H2. In Figure 6b the ELF is shown for the pure Ca
substructure, which means without electron acceptors H. The
valence electron count per formula unit is two. There is a weak
but significant localization (typical for intermetallic compounds
and metals) that includes the H2 position. If now one H atom
per formula unit (three valence electrons) is added and located
at that site, a new localization spot that coincides with the posi-
tion of H1 becomes clearly visible (Figure 6c). Actually this
region is already distinct in the ELF for the pure Ca substruc-
ture, but the localization is not much higher than for a neighbor-
ing position unoccupied by H in the real structure. It may,
however, be a potential interstitial position that might, for ex-
ample, be used as a jump position if H™ ion mobility occurred.
These two weaker localization regions can be clearly distin-
guished after introduction of the first H site (H2). However, a
choice between the first not quite correct structure determina-
tion of CaH,?*1 and the second one!3°! cannot easily be made
by an ELF analysis because the differences, which concern only
the position H2, are quite small (A~ 30 pm). Finally, the ELF
of the complete structure (Figure 6 d) reveals the ionic character
of this hydride beautifully: there are only low ELF minima
(green to blue) between the atoms. Despite that, a significant
polarization is visible, especially of the hydride ions but also of
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(d)

Figure 6. a) Perspective view of the structure of CaH,; ELF sections in a (010)
plane. b) LMTO calculation without and ¢) with one H position (H1) and d) with
all H atoms (ref. [44]).

the Ca®" cations, which induces deviations from the spherical
symmetry. The considerable deviation of the polarized ions
from spherical symmetry may give rise to the low triclinic sym-
metry of the whole structure, but allowing for relatively short
distances and high density.

Structure of the second meodification of “SrSi”: The so-called
second modification of SrSi (Figure 7a), which was never con-
firmed experimentally, contains a very interesting Zintl anion, a
planar [Si,,]2° 13! with quite peculiar bond distance differ-
ences. With respect to the ZKB concept, one would expect a
formal charge distribution for Si,, like that depicted in Fig-
ure 7b. However, the bond distances Si1-Si1 (256 pm) are so
much longer than the other two (Si1-Si2 241 pm, Si1-Si3
241 pm) that a simple singly bonded system with an overall
charge of ¢ = — 20 seems quite suspect. A closer look at the
cation structure shows that the Sr atoms form an empty distort-
ed octahedron. The ELF treatment*3! reveals a localization
pattern consistent with the assumption of single bonds between
Si1 and Si2 and a weak bond between Sil and Sil. The other
short bond, Si1-S8i3, however, unexpectedly has only the
localization pattern of a weak bond and not the white spot
which was expected from valence rules, the ZKB concept, and
bond length/bond strength considerations. Even more surpris-
ing is a large localization region in the center of the Sr, octahe-
dron (upper middle in Figure 7b). The four surrounding atoms
and two above and below that plane generate the octahedron,
which, incidentally, shows a remarkable contraction compared
with the neighboring rectangles. Too high an accumulation of
charge on the Zintl anion could lead to a charge back-transfer
to strontium and formation of an Sr-centered cage orbital.'*!
In this case, SrSi would belong to the class of electrides on
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Figure 7. a) Perspective view of the structure of “SrSi”"; ELF distribution in per-
pendicular sections [010]. b) StSi; ¢) Sr;,Si;40.

the one hand and to that of the metal cluster compounds
on the other.

Another explanation, however, seems more reasonable to us,
namely that the center of the Sr octahedron is occupied by a
light heteroatom, for example by oxygen. The corresponding
distances (4 x 245, 2x285pm, d = 258 pm) fit well with this
hypothesis. Distances in SrO (rocksalt type, 6 x 257 pm!4®]) or
SrTiO, (perowskite, 12 x 276 pm™7)) compare well if in the lat-
ter case the higher coordination number of Sr is taken into
account. The presence of a heteroatom would also explain the
failed attempts to synthesize this “SrSi”” modification from espe-
cially purified elements.#®!

Both extended Hiickel™® 3%T and LMTO band structure cal-
culations for Sr,,Si,, (“SrSi”) and Sr,,Si,,O reveal a band
crossing at the Fermi level, indicating metallic conductivity ;>
we therefore believe that the corresponding real compounds
would not have a band gap (Figure 8). This means that there is
no preferred valence electron number to be extracted from the
density of states (DOS) distribution. This, however, allows for
small heteroatoms other than oxygen, such as F, N, or even C.

For the binary “SrSi”, unusual Sr contributions to a few
bands below the Fermi level occur, which diminish after intro-
duction of the heteroatom (O). A complete filling of these
bands, which arise from the antibonding m* states of the Si,,
unit corresponding to the Lewis formulation in Figure 7b, is not
obtained, independent of the type of the above-mentioned het-
eroatoms. In all cases a weak n-bonding character remains in the
Si,, anion; this reduces the effective lone pair contribution to
the electronic structure. The © states perpendicular to the ring
plane overlap between the ecliptically stacked adjacent Si,,
units. This gives rise to a o-like weak bonding interaction along
the stacks, which serves as an adaptable electron sink. In the
band structure one finds considerable dispersion of the related
7 bands (see Figure 8). This situation was observed quite recent-
ly for a number of binary and ternary silicides that contain
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Figure 8. EHMO band structure and DOS curves of a) SrSi, b) Sr,,Si; 0.

planar Si, units stacked ecliptically as in the compound dis-
cussed here.!'**! These interactions are found both in extended
Hiickel and in LM TO calculations. In addition, the more precise
first principle LMTO investigations reveal that close to the
Fermi level o* and n* contributions are present; this means that
small changes of the valence electron number will change both
o and 7 bonding (Figure 7¢,d). Thus competition of ¢*, n*, and
free electron pair states generates a quite complex electronic
structure close to E, that does not allow for a clear definition of
a preferred valence electron number. Without this collective
bonding effect, Sr,,Si;,O would clearly be a semiconductor
(Figure 8).

Based on a corresponding LMTO band structure for Sr,,-
Si, 40, the ELF shows a surprisingly reasonable localization
pattern under this model situation (Figure 7c). We would like to
emphasize that it was not obvious from the beginning that a
removal of two electrons from the Sr,,Si,, structure would gen-
erate a near-normal bonding pattern with lone pairs and weaker
and stronger bonds with expected qualitative ratios of relatively
high localization regions.

The geometrical analysis of the structure shows that another
void is present, enclosed by the semicircle Si3-S11-Si1-Si3 close
to the Si1—-Si1 bond. There are two of these positions per Si,,
unit, and consequently two hydrogen atoms could be present.
However, each of them would be engaged in a five-center two-
electron bond (Si3, Si1, Si1, Si3, H), and this does not seem to
be very probable, because not even p,-bridging H atoms have
ever been observed in hitherto known silanes. There is only
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spectroscopict®¥ and theoretical evidence for such bonding situ-
ations for small molecules like Si,H, .1* 33! Considering the pos-
sible hydrogen content in the compound, the compositions Sr,-
(8r,O)Si, H, or Sr;,Si;H, could occur, both of which would
be metals according to the calculated band structures and thus
not preferred against the pure suboxide. Furthermore, there is
no particular additional localization in the regions in question
separable from the localization centers which have to be as-
signed to the Si,, cluster. Finally, the localization maximum
between the Sil atoms does not deviate from the interatomic
vectors towards the possible H position. Thus, we believe that
there is no hydrogen present in this compound, but only oxygen,
according to the formula Sr,,Si,,0. Hence, the Zintl anion
Sii3~ has to be interpreted as a weakly bonded dimer of two
Sig~ chain sections.

1dentification of oxygen in a silicide: A check of our own recently
found new silicides with the ELF analysis revealed straightfor-
wardly that we have overlooked an oxygen atom in the structure
of Sr,,Mg,Si,, (refs. [54,55]; Figure 9a). Out of a large number
of silicides with planar Si, anions, this was one of the very few
for which no n-bond contribution was expected according to the
formulation [Sr?7],,[Mg?*1,[Si3®][Si*"],. The special Zintl
anion here is the all-trans zigzag chain section Sig. This formal
Zintl Klemm-type description implied a normal Zintl com-
pound with a purely o-bonded chain system. This match with
the normal valence rules and the knowledge that there is no
energy gain for silicon from the formation of n bonds instead of
o bonds®®! dissuaded us from checking this compound immedi-
ately, although a fairly low yield in the synthesis indicated that
better synthesis conditions had to be evaluated.

The ELF treatment for this compound shows a marked local-
ization region inside an “‘empty” Srg unit with the form of a
distorted octahedron (Figure 9b,c). Reaction of stoichiometric
amounts of SrO, Sr, Mg, and Si gave the pure phase
Sr;(SrsO)Mg,Si,, within a few percent. Supporting single-crys-
tal investigations confirmed the full oxygen occupancy of the
central site in the Sr, octahedron.!®*! This not only demonstrates

Figure 9. a) Perspective view of the structure of Sr;Mg,Si,,O: ELF distribution
in perpendicular sections [010]. b) Sr, ,Mg,Si,,: ¢} Sr Mg,S8i,,0.
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that such ELF analyses do have a reasonable predictive and
analytical character, but also that heteroatom inclusions like O
and N and possibly C, B, or F, too, are not impurities but
structurally important entities that do form inverse cationic
complexes M, X"*. Such complex cations, which may be found
everywhere in oxides and thus may at first sight be considered
as trivial descriptions, obtain a new meaning in Zintl phases
with formally highly charged anions, because they occur here as
separable or isolated units. Further, such entities are also highly
charged large cations, a combination that is quite rare in chem-
istry. Interestingly, just this kind of cation is needed to separate
and stabilize very sensitive and highly reducing Zintl anions
with large formal charges. It need not be stressed that such
entities have been sought for a long time, ever since attempts
were first made to dissolve Zintl anions in polar solvents. Up to
now success has only been achieved in cases where the Zintl
anions had fairly low formal charges. The features we find in our
ELF map directly support these findings.

Conclusion

We consider that the ELF is able to describe chemical bonding
in molecules, clusters, and extended structures so well that even
information about missing atoms can easily be extrapolated
from the function. It should be emphasized that in cases like
CaH, even positions for the majority component atoms may be
found, as we have shown. In case of suspect structures, we
propose to calculate the ELF for the known (partial) structure
(if necessary applying different valence electron numbers, for
example for EH calculations) to yield an impression as to
whether the structural capability of localizing valence electrons
is reasonable.
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