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CORRIGENDUM

In the paper by S. De Feyter, Jan van Esch et al. published in Chem. Eur. J. 2003, 9, 1198 —1206, the affiliation of the co-authors
M. Larsson and Prof. J. van Stam, that is, Physical Chemistry, Karlstad University, 65188 Karlstad (Sweden), was missed. We
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CONCEPTS

Predominantly o-Bonded Metal Carbonyl Cations (o-Carbonyls): New
Synthetic, Structural, and Bonding Concepts in Metal Carbonyl Chemistry

Helge Willner*!*! and Friedhelm Aubke!"!

~

Abstract: Predominantly o-bonded metal carbonyl cati-
ons (o-carbonyls) are conveniently generated in the
Lewis superacid SbFs or the conjugate Brgnsted —Lewis
superacid HF—SbF;, primarily by solvolytic or reductive
carbonylations. Thermally stable salts are formed with
the fluoroantimonate(v) ions [SbF¢]~ and [Sb,F;;]~. The
salts are characterised by analytical, structural, spectro-
scopic and computational methods. Most homoleptic
carbonyl cations have very regular geometries, comensu-
rate with their d-electron configurations: linear (d'?),
square planar (d®) or octahedral(d®). The cations with
metals in oxidation states of +2 or +3 are termed
“superelectrophilic”. Extended molecular structures
form by significant interionic C—F contacts with electro-
philic carbon as acceptor. To account for all experimental
observations, a conceptually simple synergetic bonding
model is proposed. An outlook at anticipated future
developments based on very recent results is provided.
Keywords: carbonyl ligands - cations - fluoro antimo-

Knates - solid-state structures - superacidic systems )

Introduction

Homoleptic metal carbonyl cations, after pioneering studies
by E. O. Fischer and W. Hieber in the 1960s, have remained
restricted to cations of the type [M(CO)]* formed by Group 7
metals.l: 2 All attempts to extend the synthetic approach, for
example, halide abstraction by the Lewis acids M'X;, M’ = Al,
Fe, X=ClI, Br at high temperatures and CO pressures from
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M(CO)sX, M =Mn, Tc, Re to other metal carbonyl halides,
have been without success.'? The generation of [Au-
(CO),]* s in the Brgnstedt superacid HSO,F!* * in 1990,
and the subsequent isolation of [Au(CO),][Sb,F;;] has pro-
vided a break-through. An early success of our new synthetic
strategy has been the synthesis of [Hg(CO),][Sb,F};],,l which
has remained the only thermally stable and fully characterised
carbonyl compound formed by a post-transition metal.

The replacement of HSO;FP! and magic acid,
HSO,F—SbF; !l first by SbFs, the strongest molecular Lewis
acid,” ¥ and then by HF—SbF;,[> 1% has allowed an extension
of the existence range of o-metal carbonyl cations and their
derivatives."13l As seen in Figure 1, there are at present

Thermally Unstable
d10 polycarbonyl

Highly Reduced Typical Metal Complexes
Carbonyl Anions Carbonyls and
Carbonylates
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[M(CO)gl* , previously
synthesized by E.O. Fischer
and W. Hieber et al. 1960-65

Figure 1. The distribution of thermally stable homoleptic metal carbonyls
and their derivatives. Metals that form o-carbonyl cations are highlighted;
shading indicates structurally characterised compounds.

sixteen metals, ranging from Group 6 to 12, that form
thermally stable cationic metal carbonyl derivatives. As seen
in Table 1, most of the metal carbonyl cations are, following a
suggestion by G. A. Olah, termed “superelectrophiles” 4
with the central metals in oxidation states of +2 and +3. In
addition to homoleptic metal carbonyl cations of the general
type [M(CO),]"™*, with n =2 (linear), 4 (square planar) and 6
(octahedral) and m =1, 2, or 3, a number of derivatives are
known. They are formed by substitution of one or more CO
ligands of a homoleptic metal carbonyl cation by anions (Cl-,
SO;F-, SbF¢, etc.).
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Table 1. Thermally stable homoleptic o-metal carbonyl cations*"! and their derivativesi®®! generated in/with superacids.

Group Cation Point group Method of generation Derivative Point group Method of synthesis
and reaction medium and reaction medium
12 [Hg(CO),J** D, solvolytic carbonylation
[Hg,(CO),]** in SbF; or HF—SbF;
11 [Au(CO),]** D, reductive carbonylation [Au(CO)SO;F] ~C, reductive carbonylation
in SbF, in HSO,F
10 [Pd(CO),J** Dy, reductive carbonylation cis-[Pd(CO),(SO;F),] ~GC,, reductive carbonylation
[Pt(CO),I** in SbF; or HF—SbF; cis-[Pt(CO),(SO;F),] in HSO,F
cis-[Pd,(u-CO),J** D,, recryst. from HSO;F
9 [Ir(CO)¢*+ 0, reductive carbonylation mer-[Ir(CO);(SO;F);] ~ G, CO addition in HSO;F
in HF—SbF; Jac-[Ir(CO);F;] 11 ~Cs, oxidation in HF with XeF,
[Rh(CO),]* Dy, 1 Cl abstraction with [Rh(CO);CI1]** Cyy oxidative carbonylation
[Ir(CO),J* MCl, (M: Ga, Al) [Ir(CO),CI>* C {in SbF,
8 [Fe(CO),]>" el 0, oxidative carbonylation
in SbF5 or HF—SbF;
[Ru(CO)gJ* ! 0, reductive carbonylation
[Os(CO)gJ* ¢ in SbFs5 or HF—SbF; trans-[OsO,(CO),J* D, reductive carbonylation in SbFs
7 [M(CO),]* 0, halide abstraction with MX;
(M =Mn, Tc, Rel™) (M =Al, Fe; X=Cl, Br)
at high 7, high pco
6 polym-[{Mo(CO)},(u-F,SbF,);]1" C; oxidation of M(CO),
(M=Mo, W)
[W(CO)(FSbFy)[" el by SbF; in HF—SbF;

[a] Structurally characterised species in bold. [b] With [Sb,F;;]~ ion unless stated otherwise. [c] With SO;F~ as counterion. [d] Characterised as
[Ir(CO)¢][SbF¢); - 4HF. [e] M,Cl;,~ (M = Ga, Al) as counterion. [f] Characterised by EXAFS. [g] Also obtained and structurally characterised with [SbF4]~.

[h] [Re(CO)¢][Re,F};] has been structurally characterised.

As in the early examples cited,’> %" the superacid ion
[Sb,Fy,]~ .1l formed by self-assembly in liquid SbF; as well as
in HF-SbF;,' is frequently found as a counterion. The
resulting salts have high thermal stabilities, with decomposi-
tion points usually well beyond 100°C. They are generally
obtained in very high purity. As a consequence, most salts are
fully characterised by various analytical, physical, spectro-
scopic and structural methods.''3 In summary, metal car-
bonyl cations and their derivatives!''~' have in the short time
of their existence become important members of the large and
diverse metal carbonyl family!'2% and a classification of all
CO complexes into three groups: metal carbonylates,?]
neutral metal carbonyls!"l and metal carbonyl cations!"'-3!
is fully justified and useful (see Figure 1).

We want to discuss here the concepts behind the individual
synthetic methods and the bonding situation for o-carbonyls,
based on mostly recent structure determinations, spectro-
scopic analyses and the use of computational methods!!-13 2!l

Synthetic Concepts

The reaction medium: The use of the Lewis superacid
SbFy* 78 as reaction medium in carbonylation reac-
tions[® =13 131 is viewed as both an extension and an improve-
ment over the use of AlX;, X =Cl, Br in the early studies"?
on four accounts:

1) SbF;is a stronger Lewis acid” ® and at ambient conditions
a liquid. Reactions proceed with reactants and products in
a suspension.

2) The reaction conditions are milder (7~ 60°C, p~1 atm
CO) and carbonylations can be performed in glass bulbs.

1670
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3) A range of starting materials like medium- to high-valent
metal fluorides or fluorosulfates can be used,!'! in addition
to metal carbonyls or their derivatives.['> 1*]

4) The reaction products and excess SbFs can be easily
separated.[® 11-13. 13]

There are, however, limitations: SbFs is a good oxidizing
and fluorinating agent. This has three implications:

1) Low-valent metal carbonyl cations like [M(CO),]t, M=
Rh, Ir cannot be generated in the presence of SbFs. Here
the use of nonoxidizing Lewis acids like MCl;, M = Al, Ga
is advantageous (see Table 1).

2) The deliberate use of SbF; in oxidative carbonylations for
example, of [M(CO);] M=Mo, W results in the
formation of a reduced byproduct (SbF; or the adduct
6 SbF; - 5SbFs??l), which needs to be separated from the
product and results in reduced yields.

3) In oxidative carbonylations of chloride containing precur-
sors (e.g., [Ir(CO);Cl1]?3), the M—Cl interaction becomes
stronger on oxidation. Hence chloride abstraction is no
longer feasible and, in the example cited above,
[Ir(CO)sCl]** is obtained rather than [Ir(CO)¢]*+.

The use of HF—SbFi*> ! again brings advantages: the
higher ionizing ability of the protonic superacid and the
reduced viscosity of the medium, allow reactions to proceed
faster, at lower temperatures and in homogenous phase. It is
found, that CO is modestly soluble in superacids, with CO
uptake from the gas phase possible at low CO pressures of
~1 atm.l'"B3] The reaction products are crystalline. As a result
a substantial number of crystal structures are obtained (see
Table 1).112.13.2L.23] I the syntheses of [M(CO)gJ** salts, M =
Fe, Ru, Os["-"l both [Sb,F;]- and [SbF]- are possible
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counterions, on account of equilibria such as that given in
Equation (1).14

HF—SbFs

[SbF6]7(>ulv)+SbFS(solv) = [SbZFll]i(solv) @

It is anticipated that use of new superacids containing
nonoxidizing, weakly coordinating anions®> 29 will extend the
existence range of metal carbonyl cations. A promising anion
in this respect is [B(CF;),]~."

Carbonylation reactions in HF—SbF; or SbF;s: For the
generation of homoleptic metal carbonyl cations, reductive
or solvolytic carbonylation reactions are elegant methods that
produce the new compounds in quantitative yields.""-'3l When
metal fluorides or fluorosulfates are used as starting materials,
the byproducts COF, or a 1:1 mixture of CO, and S,0OsF, are
volatile and easily removed in vacuo from the reaction
mixture. In reduction reactions the potential counterions
[SbF¢]~ or [Sb,F;;]- are generated. An illustration of the
reductive carbonylation of IrFg in liquid SbFs is shown in
Scheme 1. As can be seen, a complete exchange (F~ against
CO) of all six ligands occurs in a remarkably simple 3e-
reduction. In the reaction, IrFy is quantitatively converted to

a) 3e” Reduction of IrFg:
2IrFg + 3CO + 6SbFs ——» 20r¥ (1) + 6[SbFg} (so1v,) + 3COF;

b) Carbonylation of Ir* ., :
Ir3+(solv.) +6CO —> [Ir(CO)6]3+(solv.)

c) Salt Formation :
(i) in dilute HF-SbF; :
[E(CO)6I**(somvy + 3[SOF6T (solyy + 4HF ——[1(CO)g[SbFgl3*4HF(s)

(ii) in conc. HF-SbF; :
I(CO)6I* sotv.y + 3[SDF 1] (s0lvy —— [IH(COXIISb,Fy]5s)

Overall Reaction in SbF; :

SbF.
2IrFg +15CO + 12SbFs W» 2[Ir(CO)g][Sb,F; (15 + 3COF,
s 5
in dilute HF-SbF :
21tFg +15CO + 6SbFs + 8HF%2[Ir(CO)G][SbFﬁ]3 « 4HF + 3COF,

Scheme 1. The reductive carbonylation of IrF, in HF—SbF; at 50°C and
1 atm CO.

the [Ir(CO),]** ion, with volatile COF, as sole byproduct. The
product from the reaction in SbF; is identified as [Ir-
(CO)¢][Sb,Fy1]5, while in dilute HF—SbFs the solvate [Ir-
(CO)][SbF¢]; - 4HF forms instead.?!!

The complete absence of isolable or spectroscopically
detectable intermediates or byproducts (other than volatile
COF,, CO, or S,05F,) in all reductive or solvolytic carbon-
ylation reactions studied by us,® !-13:15. 21 indicates a general
reaction pathway, which is illustrated in Scheme 2. It is
assumed in this rationale, that the initial step involves the
generation of so called “naked” (or very weakly coordinated)
metal cations by reduction and/or solvolysis; these ions are
found in a superacid “matrix” together with two types of very
weak Lewis bases: gaseous carbon monoxide (CO) and the
fluoroantimonate(v) ions [SbFy]~, [Sb,Fy;]~, [SbsF¢]~ etc.?

Chem. Eur. J. 2003, 9, No. 8
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1) Components of the Superacid Matrix at ~50°C, 1 atm. CO
Equilibrium Species:

) [SbFe] (solvy + SbFs(so1vy) == [SbaF 1] s0lv) 3

) COg) == COsolv)

2) Metal Ions Formed by Reduction and/or Solvolysis:

A) Soft or Class b M™*(d"):
OsZ*(5d%), Ru*(4dS), Ir**(5d%)  P2+(5d8), Pd2*(4d®)  Au*(5d'0), Hg?*(5d'0)

¢ +CO
Homoleptic Carbonyl Cations
[M(CO)eI'"™ [M(CO), % [M(CO), I
M:Ir*, Ru?, Os?* M: Pd%*, P> M: Au*, Hg?*
Isolated as thermally stable [SbyFy;]- and [SbFg]” Salts

e —

¢+co ¢+co

B) Hard or Class a M2+(d*) n=4, 10

M = Cr(3d*), Mn(3d5), Fe(3d®), Co(3d"), Ni(3d®), Cu(3d%), Zn(3d'?), Ag(4d!9),
Cd(4d'%)

React with [SbFg]” ————> M[SbFgly,

C) Soft M*, M = Cu, 3d"%, Ag, 4d'%in Strong Protonic Acids

Form solvated polycarbonyls [Cu(CO), ¥, » 1= 1-4,

and [Ag(CO), I sory, , n=1-3

No isolable products are obtained from these solutions.
Scheme 2. Reaction chemistry of “naked” metal ions in CO/HF - SbFs and
other protonic acids.

The generated cations consist of the 5d species Hg?*,[%]
Aut I P2+ Ir3* and Os*t1'2 as well as the 4d ions Pd?* and
Ru?".[121 All seven cations are strongly polarizing transients
that require stabilisation by suitable donor ligands in order to
give isolable salts with complex cations. As illustrated in
Scheme 2, all cations in this group, termed A, are viewed as
soft to borderline acids, in terms of Pearson’s soft and hard
acid and base (SHAB) concept,® or, according to a
classification proposed earlier by Ahrland, Chatt and Davies,
as class b metal ions.””) These soft acids will react preferen-
tially with the soft Lewis base CO in SbF; or HF—SbFs, 2 to
form thermally stable homoleptic, frequently superelectro-
philic,) metal carbonyl cations.'''3l The resulting metal
carbonyl cations are all diamagnetic and have unique
compositions, just like neutral mononuclear metal carbon-
ylsl711 or metal carbonylates.'’-?l The metal carbonyl ions
[M(CO),]"* crystallise with [Sb,F;;]~ or [SbF]~ and most of
the resulting salts have been structurally characterised by
single-crystal X-ray diffractionl® ''-13.21.30] (see Table 1).

The composition of the homoleptic metal carbonyl cations
and their molecular structures fall into three groups in
accordance with their d-electron configurations: 1) linear
(d%) D, found for [Hg(CO),]*"! and [Au(CO),]*; I
2) square planar (d®), Dy, for [Pd(CO),]** and [Pt(CO),]>*;%
and 3) octahedral, (d°) O, for [Os(CO)¢**, [Ru(CO)yJ*+1'
and [Ir(CO)¢)*+.2U

Linear and square-planar geometries have previously been
unknown in metal carbonyl chemistry,’”?"! and the effective
atomic number (EAN) rule is obeyed only for the [M(CO)¢]"*
ions. The regular octahedral geometry is also found for metal
carbonylates in Groups 4 and 5,%! neutral homoleptic mole-
cules in Group 61 and as discussed for cations in
Groups 7,2 8 and 9.1"13.3U This structural similarity allows
an extensive, systematic correlation of their structural and
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spectroscopic properties,' 12 supported by density functional
theory (DFT) calculations?® 3! on sixteen isostructural mol-
ecules or ions. According to DFT calculations,?!J all [M(CO);]
species have partial atomic charges g that are more positive
(or less negative) than gy; hence, the difference gc — gy is a
positive entity,?* 3! as is found in the case for metal carbon-
ylates? and neutral metal carbonyls.'’-] In summary all
[M(CO)¢]™" ions with m=2, 3 have electrophilic carbon
centres, as do the [M(CO),]** ions M = Pd, Pt.?"

In addition a number of cations (type B in Scheme 2),
mostly from the 3d series and generally of the type M?>* M =
Cr, Mn, Fe, Co, Ni, Cu, Zn, Cd, can be generated in HF—SbF;
as well as in a wide range of ionizing solvents either by
reduction or solvolysis. However, even at high CO pressures,
there is no CO uptake and layered materials of the type
M][SbF,], form.*? The M?* ions, with the exception of the d*°
ions Zn** and Cd** are all paramagnetic and have magnetic
susceptibilities and moments commensurate with high-spin
cations in weak octahedral ligand fields.?*! The formation of
M[SbF,], complexes rather than [M(CO),]"* species is not
unexpected, since the M?* ions are viewed as hard-to-border-
line, according the SHAB concept®! or predominantly as
class a metals®! (see Scheme 2).

As can been seen from the oxidative carbonylation of
[Fe(CO)s] according to the overall reaction given in Equa-
tion (2), relatively hard metals??® 2! like Fe** can also form
homoleptic, superelectrophilic!¥ metal carbonyl cations.

HF-SbFs

[Fe(CO)s] + CO + XeF, + 4SbF; —" [Fe(CO)(][Sb:F ], + Xe 0)

With both [Sb,F;;]~ and [SbF¢]~ as counterions, salts of high
thermal stability up to 190°CP* are formed. The irreversible
thermal decomposition studied by DSC, leads to Fe[SbF],,
with simultaneous loss of all six CO ligands.*> 34 In a similar
manner, [M(CO),] (M =Mo, W) undergoes 2e~ oxidation in
HF—SbF; by SbF;. In case of  tungsten,
[W(CO)4(FSbFs)][Sb,F] is isolated, while for Mo conden-
sation produces polymeric [{Mo(CO),},(F,SbF,);][Sb,F;,].5

In addition the soft acids?®! Cu* and Ag* (labelled type C in
Scheme 2) form solvated polycarbonyl ions of the type
[M(CO),]* M =Cu, Ag, n=1 to 4) in strong protonic acids;
however, no isolable products result. In spite of this the
solvated polycarbonyl cations have found extensive use in
catalysis.l’”)

Correspondingly, Cu* and Ag* salts with weakly coordi-
nating anions will readily add CO stepwise in aprotic
solvents.’® ¥ There are, however, two important differences:

1) The formation of polycarbonyls occurs; this is without
precedent in metal carbonyl chemistry.['01216201 The
composition of these polycarbonyls is controlled by
temperature and CO pressure. Up to four CO ligands
can be coordinated to M+ (M = Cu, Ag) by increasing the
CO pressure.

2) The CO addition is reversible and stepwise loss of CO
occurs either with increasing temperature or decreasing
CO pressure.

In summary, the role of superacids as reaction media in
reductive or solvolytic carbonylation reactions is seen 1) in

1672
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the formation of “naked” cations, 2) dissolution of CO and
3) formation of the ions [SbF,]~ and[Sb,F;;]~. The metal cations
will either take up the soft donor CO,? ?lirreversibly or rever-
sibly in case of Cu' and Ag", or react with [SbFy]~ to form
M[SbF],. The diverging behaviour of the “naked” M"* ions
can be rationalised in terms of the SHAB concept? and the
metal ion classification according to Ahrland, Chatt and Davies.”]
No other synthetic method has so far produced a super-
electrophilic metal carbonyl cation in a thermally stable salt.

Structural Aspects of 6-Bonded Metal Carbonyl
Cations and Their Derivatives

All 22 molecular structures mentioned in Table 1 involve
metal carbonyl cations of very high electrophilicity. The
[Sb,F,;]~ ion, formed by self assembly in the superacids, is the
most common counterion. In Group 8 complexes, [SbFy]~ is
encountered also, whereby both [Sb,F;;]~ and [SbF]~ are
found. The structural parameters and vibrational spectra for
both sets of [M(CO)4J** ions (M =Fe, Ru, Os) are identical
within esd values and independent of the anion.['> 3 This is
also the case for the isostructural pair [Rh(CO),][M’,Cl,]
(M’ = Al, Ga).l"

Among the salts in Table 1, additional isostructural pairs
are listed, formed by 4d and 5d metals: [M(CO),][Sb,Fy1],,
M=Pd, Pt;* [M(CO)CI|[Sb,F,,,, M=Rh, Ir;®I
[M(CO)e][Sb,Fyl,, M=Ru, Osl? and [M(CO)4][SbFg],,
M =Ru, Os,l'2 53], In these complexes the unit cell volumes
V, of the 5d metal salts are very slightly smaller (by about 0.3
to 0.8 %) than those of the corresponding salts formed by 4d
metals,['> 3] on account of relativistic effects.*"!

In addition to the noted contraction of the unit cell volumes
V, for salts formed by 5d metals of isostructural pairs? *! and
triads [M(CO)¢]** (M =Fe, Ru, Os)!'> 13- 34 with either [SbFy]~
or [Sb,F;]- as counterions, the principal internal bond
parameters dy_c, dco, V(CO),, and fo for the cations are
identical within error limits, again due to relativistic effects.[*’]
Hence interionic C—F contacts are for isostructural salts
comparable in numbers and the strength of these con-
tacts.l2 3]

Consistent with the near absence of M —CO m back-
bonding, two interrelated effects are noted: a) M—C bond
lengths increase with increasing oxidation states of M and are,
for superelectrophilic!'*l cations, with ~2.0(1) A>3 among
the longest M—C distances listed for the various metals in the
Cambridge data index;*! b) correspondingly C—O distances
are very short, among the shortest listed in the Cambridge
data index.[* However, as discussed,''-*l the strength of the
C—O bond is better expressed in terms of v(CO),, or f-o and
measured values are as high as ~2280 cm~L. According to a
theoretical study,®? these very high v(CO),, values are,
primarily, due to a polarisation of the C—O bond. With
increasing positive charge of the central metal atom an
increasing positive charge on the C atoms of the CO ligands is
induced. This results in an increasing Coulomb contribution
on the CO bond, with the O atom negatively charged. Its
strength will depend directly on the oxidation state of M and
inversely on the number of CO ligands in the coordination
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sphere of the cation. Consequently for a homoleptic metal
carbonyl ion of the type [M(CO),]™*, the strength of the C—O
bond, measured as d¢_q, V(CO) or fq, is found to be directly
proportional to the complex charge m and inversely propor-
tional to the coordination number 7.

For homoleptic, superelectrophilic metal carbonyl ions
[M(CO),]"* of the 5d series, the observed order of increasing
CO bond strength, with v (CO),, in cm™' for [Sb,Fy]~
saltsl 121 js: [Os(CO)eJ*t  (2209) < [Pt(CO),J** (2259) <
[Ir(CO)qJ*+ (2268) < [Hg(CO),]** (2280). It is apparent that
M—CO bonding for all species involves mainly M «— CO o
donation.

Substitution of one or more CO groups in a homoleptic
cation by anions (Cl-, SOF-, FSbF;~) will reduce the effective
oxidation sate of M and consequently f-o or v(CO),, for the
{M(CO),} moiety of the resulting derivative will de-
crease."1321 The validity of the empirical relationship is
apparent also from the observed range of v(CO),,, fco, dco
and dy;_¢ for the currently known metal carbonyl cations and
their derivatives!!'-3] listed in Table 1. For example, v(CO),,
extends from 2280 cm™~! for linear [Hg(CO),]** to low values
of 2116 and 2124 cm™! for octahedral [Re(CO)4]* or seven-
coordinate [W(CO)4(FSbFs)]*, respectively.l-!

Finally for isostructural, octahedral [M(CO)] species, the
relationship extends also to neutral metal carbonyls and metal
carbonylates.l'’2%! Even though the bond parameters (v(CO),
feos de-o, dyi-c) vary widely for the o metal —carbonyl cations
on the one hand!"-" and the reduced metal carbonylates
[M(CO)¢]>> M=Ti, Zr, Hf)? on the other. A careful
analysis of the four bond parameters, including also *C
chemical shifts!''13] for octahedral [M(CO);] species, reveals
that all variations in bond parameter with increasing oxida-
tion state of M are gradual and can be explained readily by a
wider variation in o donation and m backbonding, the two
main components of synergetic M—CO bonding.['> %3 4 These
conclusions are fully confirmed by DFT calculations.B!

In summary it is apparent, that CO is a far more versatile
ligand than had been assumed previously.'’"") The use of
powerful reducing agents in basic solvents®! on the one hand
and strong oxidisers in superacidic reaction media on the
otherl"-13l has widened the observed range of v(CO) from
~1500 to 2300 cm~!. The resulting complexes range from
supernucleophiles®! to superelectrophiles.'>31 There is no
need for the use of a classification into “classical” (v(CO)
<2143 cm™') and “nonclassical” (v(CO) >2143 cm~') metal
carbonyls,®® because M—CO bonding remains synerget-
icl12 3% 431 gver the entire range, and the two different bonding
modes of CO claimed®¥ do not exist in metal carbon-
y]S.[11_13’ 17-20]

Two interesting observations are not readily explained by
the proposed relationship between CO bond strength, the
oxidation state of M and the coordination number of the
{M(CO),} species, discussed previously:

1) For the three CO stretching fundamentals (A, E,, T},) of
isoelectronic octahedral [M(CO),] complexes (5d metals)
the increase in ¥(CO) is no longer linear and increments of
Av(CO) between different species decrease for the ions
[Os(CO)gJ** and [Ir(CO)J*+1-1321 (see Figure 2).
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Figure 2. A plot of the CO-stretching fundamentals [cm~!] for octahedral
[M(CO)e]™ (M =W, Re, Os, Ir; m=0, 1, 2, 3) versus the nuclear charge.

2) For a new, fully characterised borane carbonyl,
(CF;);BCO®1 values of »(CO)=2267 cm™! and foo=
21.80 x 1°Nm™! are observed; these are much higher
than in any other borane carbonyl®” 41 and identical to the
v(CO),, value for [Ir(CO)yJ>*.[11-13.21

A plausible cause for a reduction in C—O bond strength for
superelectrophilic metal carbonyl cation is seen in an
interionic charge transfer from the fluoroantimonate(v)
anions into the m* molecular orbitals of the CO ligands in
[M(CO), ] in which n=2,4 or 6 and m =2, 3.

Direct evidence for such an interionic electron transfer is
twofold:

1) There are several significant interionic C—F interactions
and considerably weaker, imposed O—F contacts found in
the solid-state structures!'> 3] (see Table 1). The observed
C—F contacts are up to 0.7 A shorter than the sum of the
van der Waals radii for C and F of 3.19 A and decrease
both in number and strength with increasing coordination
number in the order: 2 (linear) ~4 (square planar)>6
octahedral >7 coordinate species due to increasing elec-
trophilicity of the carbonyl C atom (vide supra) (see
frontispiece).

2) To facilitate the formation of extended structures through
C—F interionic contacts, the conformation of the ubiqui-
tous [Sb,F;;]~ is distorted, in salts with superelectrophilic
metal carbonyl cations, from its Dy, equilibrium symme-
tryll by bending and rotational processes('> ¥ towards C;.
In salts with unipositive ions like [Au(CO),|* and
[Rh(CO),]*, the D, symmetry of [Sb,F;;]” is retained
and significant C—F contacts are absent.

Convincing proof for the electrophilic nature of carbon
comes from the recently reported molecular structure of
[Ir(CO)¢][SbF]; - 4 HF?! (see Figure 3). The F atoms of the
HF solvate molecules are strongly coordinated in isotri-
dentate and anisobidentate modes to the six C atoms of
a regular octahedral [Ir(CO)¢*" ion.P! The structure of
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Figure 3. The colecular structure of the solvated cation in [Ir(CO)4]-
[SbF4;-4HF.

[Ir(CO)4][SbFy];+ 4 HF?! provides a realistic model for the
solvation of superelectrophilic metal carbonyl cations in
HF—SbF, 1% and other superacids.”! Additional evidence
for the electrophilic nature of the carbonyl C atoms comes
from an emerging chemistry®l and the growing use of
[M(CO),]"* species in catalysis.[’’!

A limited number of molecular structures have been
reported for the polycarbonyl complexes of Cu! and Ag! and
reviewed recently.®) The structural features reported, differ
from those of o-carbonyl cations!''*? on five counts:

1) Any interionic or intermolecular contacts to the C atoms
of the CO ligands are absent.

2) Relatively short, covalent contacts between anions and M+
(M =Cu, Ag) are found in a number of monocarbonyl
complexes.

3) In addition to anion-cation contacts, bent {Cu(CO),}
moieties with C-Cu-C bond angles of about 120° are
found.B!

4) In CO complexes of Cu' and Ag', v(CO) is found to be
anion dependent with wide variations noted.?*")

5) Some Ag—F contacts of ~3 A found in Ag[B(OTeF;),])
are retained on CO addition to give [Ag(CO),][B(O-
TeF;),],P% n=1, 2 with Ag—F contacts of similar strength
also found in Ag[Al(ORy),] complexes.F!]

These observations set the polycarbonyl ions of Cu' and Ag!
apart from the o-carbonyl cations!'''? and other metal
carbonyls!'?% and allow three conclusions:

1) The partial charge distribution in the M-C-O moiety (M =
Ag, Cu) is different, with gy more positive than g,
consistent with theoretical calculations.? 3]

2) This polarity is retained on coordination to CO and
multiple, reversible CO addition to the metal centre is
possible.

3) In addition, relativistic effects for Au* and Hg?* strengthen
the o-bonds to CO formed by these metals and thermally
stable salts can be prepared with the 5d'° species.

A comparison between o-carbonyls and the polycarbonyl
complexes of Cu' and Ag' is found in Table 2. The proposed
subdivision into o-metal carbonyl and polycarbonyl com-
plexes is confirmed by “perturbation” calculations for linear
d'® dicarbonyl species.?

The presence of electrophilic carbon centres in o-metal
carbonyl cations!!!'"3] establishes a link to the large family of
stable carbocations,’3 which can also be generated in super-
acids.! With NMR spectroscopy widely used in their study in
solution, a limited number of reliably determined molecular
structures have become available.’ 51 They feature similar
superacid ions to [SbF¢]~ and [Sb,F,,]~. The presence of fewer
electrophilic carbon centres results frequently in ion pairing,
but extended structures are encountered as well.P* >

Bonding Aspects in ¢-Carbonyls

To summarise the bonding interactions encountered in salts
formed by metal carbonyl cations ([M(CO),]"t n=2, 4, 6;
m =1-3) and fluoroantimonate(v) anions ([Sb,F;;]~, [SbF4] ")
in the solid state, a model is presented in Figure 4. The model

Table 2. Summary and comparison between metal carbonyl cations and complexes of Cu' and Ag'.

Features and Homoleptic metal carbonyl

Cu! and Ag' CO complexes

properties cations: [M(CO),]"* [M(CO),]Y (n=1-4)
distribution 5d: Hg, Au, Pt, Ir, Os, Re; 4d: Ag; 3d:Cu

4d: Pd, Rh, Ru, Tc; 3d: Mn, Fe, Co
metal oxidation state +1to+3 +1

reaction media
synthetic methods
composition

characterization

thermal stability
thermal decomposition
strength of CO bond (v(CO), feo, dc-o0)

extended structures
partial atomic charges:

superacids (SbFs, HF—SbFs, etc.)
1) irreversible CO addition to transient, soft M"* (n=1-3)
2) oxidative carbonylation of metal carbonyls and derivatives

3 types of [M(CO),|"*: n=2, D, d';

n=4, D, d&%; n=6, O,, d°.

extensively characterized by analytical, spectroscopic

(IR, Raman, NMR) methods

and X-ray diffraction, and supported by DFT calculations

stable between 100 to 250°C

as [Sb,F};]~ or [SbF,] salts

complex, irreversible complete

loss of CO; M and COF, formed
proportional to (oxidation state of M/
coordination number of M)

formed through C-F contacts
qC>gM>qO

qC —gM is positive

aprotic solvents

reversible, pressure- and temperature-controlled

CO addition to M* salts with weakly
coordinating anions (Y)

polycarbonyl complexes [M(CO), Y]
n=1-4; depending on pco, T
characterized by computational methods;
limited number of molecular structures;
vibrational spectra in the CO stretching
region only

unstable at ambient conditions

stepwise, reversible loss of CO
strong anion dependance of v(CO)
M -F contacts and M-Y covalent bonds

gM >qC>q0O
qC —gM is negative
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Figure 4. Bonding interactions in metal carbonyl cations with fluorantim-
onate anions in the solid state.

is derived from a description of synergetic bonding,* !
introduced by us previously.'!l The metals include, in addition
to the “soft”] or class b metals,®! also Fe, Rh, Mo and W,
whereby carbonyl cations are synthesised by oxidative
methods.'" In addition to the classical components of
synergetic bonding, o-donation and m-back-donation,* 4!
two new components are added: 1) bond polarisation of the
CO bond™ by M™*—this contributes to the very strong CO
bonds—and 2) F —xt* back-donation, which includes in the
discussion also the anion of the extended structures.

o-Donation and bond polarisation are complementary and
will effectively strengthen the C—O bond. In contrast, wt-back-
donation and interionic electron delocalisation are competing
processes, which will weaken the C-O bond by electron
release into w* MOs of the CO ligands. At high oxidation
states of M (42, +3), n-back-bonding becomes improbable,
and M—CO o bonding dominates. We have chosen the term “o
metal carbonyl cation” or o-carbonyl for this situation, which
describes the principal M < CO bonding mode. Hence, in the
absence of m-backbonding, v(CO),, in the [Os(CO)¢]** and
[Ir(CO)¢]*+ salts decreases through F —m* back-dona-
tion,""5 but in the molecular o-carbonyl (CF;);BCO,*!
v(CO) is unexpectedly high.

Summary, Conclusions and Outlook

In a relatively short period of time since the first detection of
[Au(CO),]*B! in a superacidic media,™ thermally stable o-
bonded metal carbonyl cations and their derivatives!!'3] have
grown into a substantial, well-characterised group. Through
new, imaginative synthetic methodology, well over twenty
molecular structures,['-13 21, 22.30. 34 complete vibrational anal-
ysesl!h:12.15.30.34 and supporting DFT calculations?® 3! are
available and form a sound experimental basis for a bonding
description. In this description, the traditional components of
synergetic bonding,** that is, o-donation and M —CO -
back-donation, are supplemented by CO bond polarisation!*?!
and external electron delocalisation into @* MO’s on CO to
account for the high electrophilicity of the carbonyl carbon
atom.l?- 2

There are four recent indications that the rapid develop-
ments of the last 12 years,["'~"3l summarised above, have not
come to an end yet and that our synthetic methodology can be
expanded beyond carbonylations in HF—SbF;:

Chem. Eur. J. 2003, 9, No. 8
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1) The abstraction of chloride from [Rh(CO),Cl], by the
Lewis acids MCl; (M = Al, Ga) in the gas phase has, in the
presence of CO, produced [Rh(CO),J[M,Cl;] M=Al,
Ga), both of which are structurally characterised.[

2) The oxidation of [{Rh(CO),Cl},] or [Rh(CO),]* ) in
HF or HSO;F by F, or S,0O4F, has produced
[Rh(CO);Cl][Sb,F;], (previously structurally character-
ised)®! and fac-[Rh(CO);(SO;F)s], respectively.*® 3) The
partial hydrolysis of [B(CF;),] ?" in concentrated H,SO,
has produced surprisingly the new borane carbonyl
(CF;);BCO,"! which has been structurally characterised
both in the gas phase and in the solid state.*!

4) The reaction of (CF;);BCO with Co,(CO); in HF in the
presence of CO has produced [Co(CO)s][B(CF;);F)].0
The structural analysis reveals the presence of the first
trigonal bipyramidal (D5,) metal carbonyl cation.[®!
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Abstract: Following a bottom-up ap-
proach to nanomaterials, we present a
rational synthetic route from hexacya-
nometalates [M(CN)¢]*~ (M=Crll,
Co') cores to well-defined heptanuclear
complexes. By changing the nature of
the metallic cations and using a localised

tion and by powder magnetic suscepti-
bility measurements, [Cr™(CN-M'L,,),]**
(M'=Cul, Ni', Mn', L, =polydentate
ligand), showing spin ground states Sg =
9/2 [Cu"], with ferromagnetic interac-
tions Jer oy =+45cm™, S;=15/2 [Ni"]
and Jo=+173 cm™, S =27/2 [Mn"],

with an antiferromagnetic interaction
Jeevn=—9 cm™!, (interaction Hamilton-
ian A =—Jey [SeZSu(D)], i=1-6).
With M =Co™, d° §=0, the heptanu-
clear analogues [Co™(CN—M'L,)]**
(M'=Cu", Ni', Mn") were similarly
synthesised and studied. They present a

orbital model it is possible to control and
to tune the ground state spin value.
Thus, with M =Cr'", d3, §=3/2, three
heptanuclear species were built and
characterised by mass spectrometry in
solution, by single-crystal X-ray diffrac-

molecules -

Introduction

Magnets are widely used in a large number of applications and
one of the challenges of the next few years will be the use of
nanoparticles, or even molecules, as the smallest sized entities
for magnetic information storage.l'l Particles of various
materials in the 10— 100 nm range that exhibit slow relaxation
of magnetisation below a temperature defined as the blocking
temperature have been reported.?! Most of these nanomate-
rials are obtained from macroscopic samples by decreasing
their sizes through the so-called fop-down approach. To
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singlet ground state and allow us to
evaluate the weak antiferromagnetic
coupling constant between two next-
nearest neighbours M'—Co—M'.

high-spin

single-

achieve the same properties, molecular chemists have recently
grown polynuclear complexes from mononuclear precursors
in the frame of a bottom-up approach, and opened the field of
“single-molecule magnets”.>=] Only a few examples of these
polynuclear complexes featuring large spins and very peculiar
magnetisation properties have already been published, such
as Mny, (§=10),1°%1 Mn, (§=9/2)P1% and Fey(S =10).0112

At low temperature the magnetic moments of these
compounds, orientated in the direction of the field, keep
aligned when the field is switched off. This property is due to
an axial anisotropy due to a zero field splitting (ZFS) D (D
negative) of the ground state, which gives rise to an energy
barrier between the two energetically degenerate + mig states
(Figure 1). The energy of the barrier is equal to DS 2, S, being
the projection of the spin ground state on the easy axis.C!
Another striking property of these objects, when they present
some rhombic anisotropy E, is magnetic quantum tunnel-
ling.> 14 The magnetic properties of such complexes are now
well studied and well known, and the presence of steps in the
magnetic hysteresis loop, the quantum tunnelling and the
quantum phase interference effects are better understood.['”]
Nevertheless, a number of questions remain such as the
effective control of the blocking temperature and of the
parameters involved in the magnetic properties of a single-
molecule magnet.

Raising the blocking temperature is undoubtedly one of the
most important goals in this new field of single-molecule

0947-6539/03/0908-1678 $ 20.00+.50/0 Chem. Eur. J. 2003, 9, No. 8





Hexacyanometalate Molecular Chemistry, Part I

1677-1691

£

thermal activation

T 7 |

exchange
coupling (o) 2
—/-m+1
A AN
tunnelling effect

E,

zero-field splitting

Figure 1. Schematic plot of a single-molecule magnet experiencing axial
zero field splitting.

magnets. A trivial calculation demonstrates for example that
if one wants to create an anisotropy barrier DS,? able to
compete with the thermal quantum at room temperature (let
us say 400 K), a possible choice is a spin § =20 and a ZFS
constant of the ground state D =1 K. This is one of the first
necessary conditions to overcome to be able to store useful
information on one molecule. This is not in fact a priori an out-
of-reach goal. Thus, compounds with a high-spin ground state
and large easy axis type of anisotropy are a new challenge in
molecular magnetism.['® 17! Another evident requirement is to
get a spin ground state well separated in energy from the first
excited states, separation that in the simplest cases is propor-
tional to the exchange interaction Ji,,, between two neigh-
bouring spin carriers, metallic cations or radicals. The intra-
molecular J coupling constants must therefore be as high as
possible. Finally, a last condition if one wants to observe the
magnetic properties of the isolated polynuclear clusters is to
get negligible intermolecular interactions J';;.

Our approach is based on a step-by-step synthetic strategy
to get polynuclear complexes based on hexacyanometalate
chemistry with a good control of the most important
parameters (S, D, J, zJ'). The work is divided into several
contributions. The first three are: 1) the synthesis and the
study of heptanuclear bimetallic complexes [MM'] where the
ground spin state is controlled by the electronic structure and
spin value of M and M’ (Part1, present paper); 2) the
synthesis and study of polynuclear heterobimetallic com-
plexes with variable stoichiometries, [MM'x| with (x=1, 2, 3,
5, 6; M’ =Ni!") where the structural anisotropy is controlled
(Part 2, see following paper in this journal)l'¥! and 3) the
synthesis and study of trinuclear complexes [MM’,] where
intra- and intermolecular interactions are analysed (Part 3).["]
The strategy is presently extended to other polycyanometa-
late precursors to obtain tailor-made high-spin molecules and
single-molecule magnets.

Most of the high-spin molecules described have been
obtained by “serendipitous assembly”?% such as the Mn;,,[’*!
mentioned above, the nickel and cobalt polynuclear cages by
Winpenny et al.,? 2! the {Fe,,}{Fe,,} compounds by Powell et
al.,?> 2l and the octacyanometalate clusters published by
Hashimoto et al.?* and Decurtins et al.?> 2l Murrie et al. are
now adopting a similar approach to produce Ni,, cages.?’] The
serendipitous assembly has produced attractive structures but,
as shown above, there exists a demand for a rational design of
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clearly identified target molecules. In this perspective, our
process is therefore different, based on a rational approach
tending towards effective control of the chemistry.

After presenting the synthetic strategy that has been used in
this study, we shall discuss the synthesis, the main character-
izations and the magnetic properties of three complexes
[CI(CN-M'L,)s]’* (M'=Cu", Ni', Mn", L, =polydentate
ligand), denoted as CrCug, CrNiz and CrMng, respectively.
Additional discussion will focus on the cobalt(i)-centred
analogues, with M’ = Cu', Ni'!, Mn"!, denoted as CoCu,, CoNig
and CoMn;.

Synthetic strategy: Hexacyanometalate chemistry has been
developed in the laboratory for the design and synthesis of
room-temperature molecule-based magnets.?3% These pre-
cursors have also been used in molecular chemistry for the
formation of high spin polynuclear complexes. Two commu-
nications dealt with the two heptanuclear complexes
[Cr{CN—Ni(tetren)}¢(ClO,),,? (with ligand tetraethylene-
pentamine, tetren) denoted as CrNig* in the following, and
[Cr{CN—Mn(trispicmeen)}4(ClO,),,?4 (with ligand N,N,N'-
(tris(2-pyridylmethyl)-N'-methylethane)-1,2-diamine,  tris-
picmeen) denoted as CrMng*, which were not fully charac-
terised: 1) for CrNig*, the full determination of the crystal
structure proved to be impossible (even at low temperature
and using a CCD detector) and we never succeeded in
reaching a magnetisation at saturation equal to the expected
15 Bohr magnetons; 2) for CrMng* the product was amor-
phous and we never reached the saturation value of the
magnetisation equal to the expected 27 Bohr magnetons. The
synthetic route described in the present paper, initiated by
Mallah in our groupP:3 and then followed by others, 33
leads to the formation of crystallographically well-defined
heptanuclear complexes.

The reaction of hexacyanometalate precursor [M(CN)]*~
(M =Cr", Co™), a Lewis base, with an excess of Lewis acid,
that is, a mononuclear complex formed by a paramagnetic
metal ion chelated by a multidentate terminal ligand L,
leaving one easily accessible free coordination position only,
allows the formation of the target heptanuclear species
[M(CN-M'L,)¢]** (M’ = Cu'l, Ni', Mn") (Figure 2) by forma-
tion of six M—CN—M'’ coordination bonds.

The choice of the cyanide as bridging ligand is directed by
two considerations: 1) as far as the synthesis and structure are
concerned, the cyanide ion presents a number of useful
singularities: it is well known to bridge two transition metal
atoms in an end-to-end fashion;P*3*! cyanide is a nonsym-
metrical bridge, allowing it to bind selectively two different
transition metals; the polycyanometalate precursors are
stable and often inert building blocks, especially the hexacya-
nochromate complex, [Cr(CN)s>~ used in the present
study;P) 2) as far as the magnetic properties are concerned
the cyanide, itself diamagnetic, allows strong exchange
coupling between the spin carriers,*”! and thanks to the quasi
linear configuration of the M—CN—M’ unit, it is possible to
foresee the nature and to tune the value of the orbital
interactions through the cyanide by choosing the metallic
centres M and M’ involved, and therefore the spin ground
state of the molecules. In the heptanuclear complexes
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Figure 2. Synthetic strategy scheme.

[Cr(CN—M'L,)¢]°*, whatever the nature of the interaction is
(ferromagnetic or antiferromagnetic), high-spin values are
foreseen and observed. In this radial symmetry, a short range
ferromagnetic coupling between M and M’ leads to a total
spin ground state that is the sum of the spins: S;= Sy + 6 Sy, -
A short-range antiferromagnetic coupling leads to a total spin
ground state that is the difference between the spins: Sy=|
Sm— 68y |- To foresee the |J| value, the orbital models by
Hoffmann et al.(orthogonalised magnetic orbitals)*! or Kahn
et al. (non-orthogonalised magnetic orbitals)!'®# are avail-
able. Both predict that orthogonal orbitals give rise to
ferromagnetism (F) and that overlap can give rise to
antiferromagnetism (AF). Such considerations determine
the choice of the metallic ions.

The formation of highly charged cationic complexes is
another key point of our synthetic strategy. The selection of a
trivalent core (M=Cr'", d3, §=3/2; Co", d° S$S=0) and
divalent peripheral metallic cations (M") together with neutral
ligands (L) avoids the precipitation of neutral products in
aqueous solution and favours a slow growth of crystals.
Furthermore, charged complexes allow the separation of the
molecular ions in the solid state by various counter anions and
a possible control of the intermolecular interactions. Another
advantage of this strategy is the possible variations in several
synthetic parameters such as the nature of the metallic
cations, the polydentate ligands, the counter anions and the
stoichiometry.

The peripheral transition metal ions that have been selected
in the present study are copper(i) (d°), nickel() (d®) and
manganese(t1) (d°), chosen for their divalent charge state and
their spin value, S=1/2, 1 and 5/2, respectively. A specific
study also has been performed on a cobalt(il) precursor,
leading to unexpected fascinating results that will be pre-
sented in a forthcoming publication.[*]

The selection of the terminal multidentate ligand L, is
determined by the ability of the ligand to leave only one free
position accessible to the cyanide Lewis base. It must form
stable and redox inactive ML, mononuclear complexes in
solution and present a steric configuration compatible with
the formation of the heptanuclear species. We developed the
synthesis of many polydentate amines, but two commercially
available polyamine molecules proved to be the most useful
and are utilised in the present study. Concerning the copper (1)
compound, tris(2-amino)ethylamine (tren) has been used as a
tetradentate ligand since it gives stable copper(il) complexes
with a trigonal-bipyramidal geometry. Regarding the nickel(i1)
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and manganese(l) complexes, frequently encountered in an
octahedral environment, the tetraethylenepentamine (tetren)
ligand has been used, despite the fact that the ligand is known
to adopt multiple conformations (up to eight).[*] The tetren
ligand has never been adopted for manganese complexes, the
chemistry of which is usually based on pentaazacyclopenta-
decanel® %1 or polypyridine ligands.’>3* 471 In all cases the
ligand plays the role of a blocking unit leaving one accessible
position, as required by the synthetic strategy.

Despite their hazardous reactivity, perchlorate salts have
been used because we were unable to get similar compounds
with equivalent properties and good quality crystals with
other counter anions, including tetrafluoroborate anions.

Results and Discussion

Synthesis: All the heptanuclear complexes [M(CN—M'L,)s]>*
M =Cr'l, Co'™, M’ = Cull, Ni'l, Mn", L = tren or tetren) have
been synthesised by the following method: the mononuclear
species [M'L(H,0)]** is generated in situ by addition of the
perchlorate salt of the desired metallic cation into an aqueous
solution of the corresponding L, ligand, before adding the
stoichiometric amount of the hexacyanochromate(lr) or
hexacyanocobaltate(111) precursors.

The polynuclear complex [M(CN—Cu(tren))s]** (CrCug)
was obtained by a dropwise addition of a potassium hexacya-
nochromate(i1r) solution to the mononuclear copper(l) com-
plex generated in situ from the ligand tris(2-aminoethyl)-
amine (tren) and a Cu" perchlorate salt. Partial evaporation
of the solvent leads to hexagonal blue crystals. As discussed
below, the X-ray diffraction structure reveals not only the
presence of the expected heptanuclear compound but
also of a “parasitic” co-crystallised trinuclear complex
[tren{Cu(tren)};]**. We checked the high stability of the
trinuclear copper (1), already observed as a parasitic species in
the literature.[*s! Indeed, the trinuclear copper(ii) species can
be synthesised separately by another route and isolated as
crystals. Many attempts to obtain good quality single crystals
of the isolated CrCu, complex (using all sorts of tetradentate
ligands, counter anions, solvents and exchange-cation resins)
failed, especially because of the appearance under the new
synthetic conditions of p-cyano homodinuclear copper(ir)
complexes, other unwanted by-products of high thermody-
namic stability which have been discussed previously.[*
Nevertheless, the pure isolated CrCu, was obtained as a
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powder or as very thin platelets similar to the ones obtained
for the cobalt-centred analogue CoCug, and the character-
izations of the product are in good agreement with the
expected structure.

The polynuclear complexes [M{CN—Ni(tetren)}¢]** (CrNig)
and [M{CN—Mn(tetren)}s]** (CrMng) were obtained similarly
using tetren as a blocking ligand and perchlorate salts. The
purity of the ligand and the nature of the counter anions are of
major importance. With respect to the CrNig complex, for
example, when using the commercially available tetren, which
contains several isomers, the quality of the crystals is not good
enough to allow a full determination of the crystallographic
structure. Under such conditions, preliminary results indicate
the formation of the CrNig* product with disorder on the
terminal polyamine ligand.’Y By using the tetren hydro-
chloride salt, commercially available at a suitable purity level,
the final product is not the target heptanuclear product
but a chloride salt of a trinuclear CrNi, complex,
[Cr(CN),{CN—Ni(tetren)},]CL*! To selectively obtain the
pure CrNig, it is necessary to avoid the presence of chloride
ions. For this purpose, tetren hydrochloride salt has been used
for the synthesis in situ of the mononuclear complex and the
chloride was exchanged with perchlorate by addition of silver
perchlorate salt and filtration of AgCl precipitate before
adding the hexacyanochromate solution. The recrystallisation
in the presence of sodium perchlorate salt gives octahedral
red crystals of the target CrNig product.

A similar procedure has been used for the chromium -
manganese heptanuclear complex CrMng. The reaction was
performed under an argon atmosphere to avoid the formation
of parasitic p-oxo dinuclear manganese(iif) complexes.’"! The
final CrMng product obtained as large brown crystals is
slightly sensitive to oxygen. Due to the nature of the
pentadentate ligand (tetren), this CrMn, heptanuclear com-
plex is different from the amorphous one based on the
manganese trispicmeen precursor,? and from that recently
described by Murray and co-workers.[34

To evaluate exchange interactions between external met-
allic cations, similar polynuclear complexes with diamagnetic
cobalt(i1) cores have been obtained by using hexacyanoco-
baltate (1) as precursor. Following a similar synthetic strategy,
CoCug, CoNig and CoMng heptanuclear complexes have been
synthesised and fully characterised.

The CoCu, synthesis leads to two different types of crystals
in the same reaction medium: a minor fraction of crystals is
isostructural with the CrCug (B form) analogue with the
trinuclear copper(i) side product and the other fraction is
made of pure CoCu, without trinuclear copper(in) species (A
form). The CoMn, complex, which grows as light yellow
crystals, is isostructural with the chromium CrMn, analogue.
With respect to the nickel species, two different results have
been obtained: 1) Addition of the hexacyanocobaltate pre-
cursor to a nickel perchlorate salt as starting material in the
presence of pure tetren gave a hexanuclear complex CoNis
will be described in detail in Part 2.'81 2) Starting with tetren
and a mixture of chloride and perchlorate nickel salts, led to
the formation of CoNig, which has been isolated as crystals of
defective quality, the characterizations of which are in agree-
ment with the expected structure.
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The synthetic strategy used in the present study allows us
not only to synthesise well known heptanuclear clusters, but
also to define the experimental and the recrystallisation
conditions of the chemical reaction that might thus be
extended to other polycyanometalate precursors.

Infrared spectroscopy: The heptanuclear complexes CrCug,
CrNig, CrMng, CoCug, CoNig and CoMng have been charac-
terised by their infrared spectra. In all cases, the intense
distinctive broad band of the perchlorate anion (around
1090 cm™') clearly indicates the presence of charged cationic
complexes. In the frequency range of the stretching of the
cyanide, 22002000 cm™!, a unique CN asymmetric stretching
band is observed: for the hexacyanochromate(iir) derivatives,
CrCuy, exhibits a weak band at 2180, CrNig at 2149 and CrMn,
at 2146 cm™!; for the hexacyanocobaltate(iil) derivatives,
CoCug presents a band at 2188, CoNig at 2152 and CoMn, at
2129 em~! (2137 cm~! sh). For comparison, the corresponding
values for the cyanide of the trispotassium hexacyanochro-
mate(111) and hexacyanocobaltate(iir) complexes are 2131 and
2130 cm™!, respectively.P’!] Considering that the CN bridging
group usually absorbs at a higher frequency than the terminal
group, it appears that the stretching vy bands for all the
heptanuclear complexes are characteristic of bridging cyano
groups. To analyse these results, the simplest discussion might
be based on the electronegativity of the metallic ions involved
in the polynuclear structures, according to El-Sayer and
Sheline.P!l In such a hypothesis (the lower the electronega-
tivity, the lower the frequency), since the value of the
electronegativity of the metals increases in the order Mn <
Ni < Cu, the CN stretching frequency of the CrMny complex
has to be the lowest in the series CrMng < CrNigz < CrCug and
CoMn, < CoNig < CoCug as observed experimentally.

Orbital considerations might also be used for the interpre-
tation of the infrared spectra. Although the description of the
bonding is more complex, the concept of the o basicity and &
acidity also remains useful for interpreting the influence of
metal-ligand m bonding on the CN stretching band in
polycyanometalate complexes. An electron-poor metal centre
that has d orbitals lowered in energy induces a shorter CN
bond and a higher CN stretching frequency. An electron-rich
centre generates a highly populated CN m-antibonding
orbital, so that the CN bond is weakened. As a result, the
CN bond lengthens slightly and the CN stretching frequency
decreases.

Considering copper(il) metallic ions, for instance, the
absence of back donation between Cu' and the st* orbital
might explain the high vy value observed for the CrCug
complexes at 2180 cm~' and we can therefore expect a
quasi-linear Cr—CN—Cu bond. On the other hand, the
electronic configuration of the Mn!" complexes and the
predicted electron delocalisation might explain the CN
stretching frequencies observed for the CrMng complexes at
2146 cm~'. The distortion of the cyano bridge, induced by the
populated CN m-antibonding orbital and directly correlated to
the stretching frequency, is discussed further through the
crystallographic X-ray structure and the magnetostructural
correlation.
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Crystallographic structures: The heptanuclear compounds
CrCuq, CrNig, CrMng, CoCuq and CoMng have been charac-
terised by single-crystal X-ray diffraction. The crystallo-
graphic data and the details of the refinements have been
deposited at the Cambridge Crystallographic Data Centre
and are reported in a condensed form in Table 1. The key
distances and angles are reported in Table 2. In all cases, the
heptanuclear entity [M(CN—M'L)¢]** is well defined, without
disorder on the polyamine ligand and with a unique con-
formation for the tetren ligand. The crystal system (trigonal)
and the space group (R3) obtained for all the compounds
demonstrate the high symmetry of the molecular and crystal
structures.

The cell parameters for crystals of the CrCug complex (B
form) are very peculiar, especially the ¢ value (a=b=
15.169(5) and ¢=77305(17) A, V=15398(12) A?). In addi-
tion to the expected heptanuclear complex CrCuy, a trinuclear
entity, [tren{Cu(tren)};]®* (Cu,) is present in the unit cell, with
a CrCug/Cu, ratio of 1:2 (Figure 3). This trinuclear complex is
formed with by [Cu(tren)]** mononuclear fragments linked
together by a residual tren ligand (Figure 4).

Along the b axis, layers of [Cr{CN—Cu(tren)}¢]’* entities
are separated by the [tren{Cu(tren)};]°" species with an
average distance of 27.6 A between two layers. The electro-
neutrality is ensured by the presence of 21 perchlorate anions
to compensate the nine positive charges of the
[Cr{CN—Cu(tren)}s]°* complex and the six charges of each
of the two trinuclear compounds. The [Cr{CN—Cu(tren)}s]**
entity is formed by the hexacyanochromate core, with the
chromium center in an octahedral environment and six
copper(tl) ions fixed on the six available nitrogen atoms. The

copper atoms are in a trigonal-bipyramid geometry, in which
the tren ligand plays the role of blocking ligand. The cyano
bridge appears quasi-linear with Cr-C-N and C-N-Cu angles
of 176.4(9) and 176.5(9)°, respectively. A more complete
structural description will be carried out as a comparative
discussion between the whole complexes.

When the experimental conditions were changed slightly,
the CrCu4 complex was obtained as thin platelets, the quality
of which was not sufficient to allow the determination of the
X-ray structure. Nevertheless, this compound can be consid-
ered as the heptanuclear complex without co-crystallised
trimers (A form). The nature of the product is further
substantiated by the two X-ray crystallographic structures of
the CoCu4 complex, solved with and without the parasitic
trimers (B and A forms, respectively).

The structure of CoCuy (B form) is isostructural with that
obtained for the CrCu, complex. The crystallographic struc-
ture of CoCug (A form) indicates that only the heptanuclear
entity [Co{CN—Cu(tren)}¢]’* is present in the unit cell, with
the nine expected perchlorate ions, water and acetonitrile
molecules. As in CrCug (B) the copper atom is in a trigonal-
bipyramid geometry, the cobalt atom is in an octahedral
environment and the cyano bridge is close to linearity with
Co-C-N and C-N-Cu angles of 178.7(18)° and 175.7(12)°,
respectively.

Despite the number of similarities between CrNig and
CrMng, both complexes being prepared using the tetren
ligand and perchlorate salts, the two crystals are not isostruc-
tural.

The unit cell parameters for CrNi4 (Figure 5) are a=b=
15.274(4) and ¢ = 41.549(7) A in a trigonal system. They differ

Table 1. Crystallographic data of the heptanuclear complexes: CrCug, CrNigz, CrMn4, CoCu4 and CoMny.

CrCugq CrNig CrMng CoCugy CoMny Cuy
[Cr{CNCu(tren)}], [Cr{CNNi(tetren)}s], [Cr{CNMn(tetren)}s],, [Cr{CNCu(tren)}], [Co{CNMn(tetren)}q],, [tren{Cu(tren)};]-
[tren {Cu(tren)};],, (ClO,)y(H,0), [Mn(tetren)(H,0)], (ClO,)y (CH4CN), [Mn(tetren)(H,0)],- (ClOy)s

(C10,)s; (Cl104), (H,0); (ClO4),

chemical formula CrCu,,CyoH,s,- CrNigCs,H; 50 Cr,Mn,C o Hipg- CoCu¢CssHp- Co,Mn,,C;,4Hz6- C,,HoNCus-
Ng;Cly O, N34ClyOsg N ClOgy N3ClyOs9 N Cl,Ogg ClgOyy

Fw 5106.44 2635.29 6059.56 2504.90 6073.28 1372.29

crystal system trigonal trigonal trigonal trigonal 23 monoclinic

a[A] 15.169(5) 15.274(7) 23.288(18) 15.051(7) 23.267(7) 16.259(3)

b [A] 15.169(5) 15.274(7) 23.288(11) 15.051(7) 23.267(9) 17.291(2)

c[A] 77.305(17) 41.549(7) 40.644(23) 41.076(24) 40.478(17) 19.996(3)

a[’] 90 90 90 90 90 90

AN 90 90 90 120 90 104.92 (1)

v [°] 120 120 120 90 120 90

V [A3 15398(12) 8395(4) 19094(23) 8047(8) 19094(23) 5432(1)

VA 3 3 6 3 6 4

space group R3 R3 R3 R3 R3 P2//a

crystal shape hexagonal plates octahedral parallelepiped parallelepiped parallelepiped parallelepiped

crystal color blue red orange-brown blue pale yellow blue

data collected 6759 4985 8067 3506 8015 10382

unique data collected 6010 4489 7466 3081 7417 9546

data used for 3071 2642 2262 1477 2248 4225

refinement ((F,)* > 30(F,)*)

Rl 0.0786 0.0881 0.141 0.1007 0.129 0.0473

R 0.0928 0.0951 0.154 0.1192 0.144 0.0565

variables 416 178 229 182 229 659

APin [ A7 —0.90 -1.73 —0.78 —1.04 —1.34 —0.49

APmax [6 A7) 1.20 3.69 1.45 0.73 1.14 0.76

[a] R=Z||F,| = [Fe| /2] Fo |. [b] Ry =[ZW(|F, | = [ Fe| ) IZWF]™.
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Table 2. Selected bond lengths [A] and angles [°] in the complexes CrCug, CrNig, CrMng, CoCug and CoMng.

CrCug CrNig CrMn CoCu, CoMngll
interatomic distances [A] Mnl Mn2 Mnl Mn2
C-N bridge 1.14(1) 1.154(9) 112 112 1.178(17) 115 111
Cr (or Co)—cyanide 1.996(8) 2.077(6) 2.06 2.05 1.861(14) 1.91 1.87
M —cyanide 1.97(1) 2.113(6) 221 224 1.928(13) 2.16 231
M-N11 2.10(2) 2.130(6) 226 226 2.019(12) 226 224
M-N12 2.045(9) 2.081(7) 2.30 2.30 2.036(13) 228 235
M-N13 2.019(9) 2.133(6) 232 2.34 2.107(13) 231 229
M-N14 2.09(1) 2.117(6) 227 233 2.066(14) 226 237
M-N15 - 2.084(6) 2.30 2.34 - 2.30 2.30
bond angles [°]

Cr (or Co)-C1-N1 cyanide 176.4(9) 174.6(6) 1738 1757 178.7(12) 176.0 1793
C1-N1-M cyanide 176.5(9) 164.6(6) 161.7 153.6 175.7(12) 166.6 145.7
N11-M-cyanide 98.3(5) 91.2(3) 88.6 91.4 177.7(6) 90.8 92.5
N12-M-cyanide 94.8(4) 91.3(3) 1519 160.6 93.8(5) 150.7 161.6
N13-M-cyanide 177.6(4) 89.8(3) 88.4 88.4 96.8(6) 86.5 87.7
N14-M-cyanide 93.8(4) 169.2(3) 93.3 94.3 95.1(6) 91.2 93.8
N15-M-cyanide - 90.3(3) 105.2 100.2 - 110.3 101.0
N11-M-N12 118.1(5) 81.4(3) 76.7 78.1 84.2(6) 76.5 76.0
N11-M-N13 84.0(4) 162.7(3) 114.9 107.9 85.2(6) 116.8 108.9
N11-M-N14 115.9(6) 97.6(3) 169.5 173.1 85.1(6) 168.3 172.9
N11-M-N15 - 96.7(3) 94.4 97.8 - 92.5 98.0
N12-M-N13 84.7(4) 81.3(3) 76.7 79.6 118.7(7) 76.3 82.7
N12-M-N14 123.1(5) 96.3(3) 105.6 97.3 123.9(7) 106.5 93.8
N12-M-N15 - 177.5(3) 99.8 97.3 - 96.7 94.8
N13-M-N14 84.5(4) 83.7(3) 755 76.1 114.9(7) 74.9 74.5
N13-M-N15 - 100.6(3) 148.2 152.7 - 146.5 151.1
N14-M-N15 - 82.4(3) 75.1 77.4 - 76.0 71.7

[a] Due the poor quality of the X-ray structure, only approximate values are given.

Figure 3. X-ray crystal structure of the [Cr{CN—Cu(tren)}s]’" entity in
CrCugq.

from the ones already published.?!l Two heavy atoms only are
present in the asymmetric unit: the chromium atom located at
the origin of the unit cell on an inversion centre and the nickel
atom in a general position. The nickel ion is in an octahedral
symmetry, surrounded by six nitrogen atoms, including those
of the pentaamine ligand. A distorted cyano bridge links the
two metallic atoms (Cr-C-N and C-N-Ni angles are 174.6(6)
and 164.6(6)°, respectively). The operation around the —3
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Figure 4. X-ray crystal structure of the [tren{Cu(tren)};]** entity in Cus.

axis generates the heptanuclear complex. Three
[Cr{CN—Ni(tetren)}s]°* entities are present in the unit cell,
related to each other by inversion symmetry and rotation
around a three-fold screw axis along the ¢ axis. As expected
for the charge balance, eighteen perchlorate anions are found
in the unit cell.

The CrMn, crystallographic structure is more complex and
sufficient data were not available to perform the refinement
with anisotropic thermal parameters. The structure displays
the presence of two crystallographically independent hepta-
nuclear [Cr{CN—Mn(tetren)}¢]’* entities and of a mononu-
clear complex [Mn(tetren)(H,O)]**. The asymmetric unit
contains five heavy atoms, four of which generate the two
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Figure 5. X-ray crystal structure of the [Cr{CN—Ni(tetren)}s]** entity in
CrNig.

heptanuclear entities by a —3 axis and an inversion centre as
in the CrNig complex; the last transition metal is associated
with the presence of the crystallographically disordered
mononuclear complex [Mn(tetren)(H,O)]**. The overall
configuration of the two [Cr{CN—Mn(tetren)}]** units is the
same but they differ from each other by the distortion of the
cyano bridge between Cr and Mn: in one unit the Mn-N-C
angle is about 155.2°, whereas it is 161.7° in the other
(Figure 6). The volume of the unit cell, filled with six
heptanuclear compounds, six mononuclear complexes, and
sixty-six perchlorate ions reaches the remarkable value of
19094 A3, Beside the interest of the CrMng compound itself,
the present structure displays the first example of a “Mn!-
(tetren)” entity identified by X-ray crystallography (Figure 7).

Figure 6. X-ray crystal structure of one of the two [Cr{CN—Mn(tetren)},]**
entities in CrMng.
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Figure 7. X-ray crystal structure of the mononuclear [Mn(tetren)(H,O)]**
ion in CrMnj.

It clearly demonstrates the stability of this N-bonded man-
ganese complex.

The selected metric data of the five molecular entities
CrCuq, CrNig, CrMng, CoCug and CoMng are compiled in
Table 2 for a comparative structural study. The C—N bond
lengths are similar in the five structures: 1.14(1) (CrCuy),
1.154(9) (CrNig), 1.14(2) and 1.11(2) (CrMng), 1.178(17)
(CoCug), 1.15(2) and 1.11(2) A (CoMng). The Cr—C bond
length is notably short at 1.996(8) A in the case of the CrCu,
complex, whereas it remains in the range 2.06(£+0.02) in the
two other compounds (2.077(6), CrNis; 2.08(2) and
2.051(19) A, CrMny), as expected for hexacaynochromate
species. In the hexacyanocobaltate(111) complexes the Co—C
distances are shorter, 1.861(14) (CoCu4), 1.91(2) and
1.866(18) A (CoMny), in agreement with similar cobaltocya-
nide cores.”® The main differences observed deal with the
distortion of the M—CN—M'’ bridge and especially the C-N-M’
angle varying from 176.5(9)° for CrCu, to 155.2(16) for one of
the CrMnq entities.

This difference might be explained by the electronic
configuration of the external cation, M’, and principally the
b /e, orbitals more or less involved in back donation with the
empty CN m-antibonding orbital as discussed previously.
According to the electronic configurations of the external ions
M’ (t,, and e, symmetry), different situations may occur: with
M = Cu" (dz? orbital, e, local symmetry) and to a lesser extent
with Ni" (also with e, electrons), there is no back donation.
However, with the Mn" complexes, an effective back donation
is expected. These considerations are in agreement with the
importance of the distortion: minimal for CrCu4 and at the
maximum for the CrMng complex, the CrNig species being in
between. This is consistent with the binding model because an
increase in the electronic density on the metal atom is
delocalised over the CN ligand thereby weakening the CN
bond by populating the cyano nt* orbital. Another illustration
of the effect is the decrease in stretching frequency observed
in the infrared spectra when electronegativity decreases.

Mass spectrometry: To characterise the polynuclear com-
plexes and to evaluate their thermodynamic stability in
solution, mass spectrometry has been performed for all the
heptanuclear species. Electrospray desorption—ionisation
was used to characterise these highly charged com-
plexes. The best-resolved spectrum was obtained for CrCus,
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with  a major peak at m/z 1080 assigned to
{[Cr(CN—CuL)](ClO,),}*", denoted as {[CrCu](ClO,),}**
(Figure 8).

[CrCu,,7C10,1**
100 1080.5
relative
abundance
50 [CrCu,,3CI0,1**
671.1
([Cutren,CIO,T* |
307.7 i
!
| 2
[CrCu,,ClO > | [C'C"g.’f?cllo‘*] "1 [CrCu, 4CIO,]*
ol 4671 vl b b e 144&_11
200 600 1000 1400

mfz —————»

Figure 8. Mass spectrum of CrCus.

With the high energetic parameters induced by a high
difference potential (180 V) between the capillary exit and the
skimmer, other peaks appear on the spectrum at m/z=
493, 293 and 236 assigned to {[CrCug(ClO,)s}**,
{[CrCug](Cl10,);}** and {[CrCug](ClO,),}’*, respectively. The
peaks of the trinuclear copper (i) complex are observed at m/z
1271 and 584 corresponding to {[tren(Cutren);](ClO,)s}* and
{[tren(Cutren);](ClO,),}**. The spectrum also displays peaks
of the hexa {[CrCus](Cl0O,)s}**, penta {[CrCu,](ClO,),}**, and
tetra {{[CrCus](ClO,)}** nuclear species as doubly charged
cations (at m/z 877, 671 and 467). The distribution of the
corresponding peaks is a distorted Gaussian curve with a
maximum for the tetranuclear complex. This distribution is a
clear indication that these species are fragmentation products
induced by the mass technique.

Similar results obtained for the CrNiz and CrMn, com-
plexes are collected in Table 3. Most of the observed peaks
correspond to doubly charged cations: the peaks correspond-

Table 3. Observed peaks and corresponding species detected by mass
spectrometry for CrCuq, CrNig, CrMng, CoCug, CoNiz and CoMny.

Observed peaks: m/z Observed peaks: m/z Attribution
(M=Co or Cr)
CrCu, 1080 CoCu, 1084 {[MCu,](ClO,), )2+
493 495 {[MCu,](ClO,)s}*+
293 294 {[MCu,](CIO,),}5+
236 236 {[MCu,](CIO,),)7+
877 881 {[MCuy](ClO,) )2+
671 674 {[MCu,](ClO,),>*,
467 471 {[MCu,](CIO,) P+
CrNig 1194 CoNig 1199 {[MNi(](CIO,),}>*
972 975 {[MNi;](C1O,), >+
1596 1601 {[MNi,](CIO,),}*
747 751 {[MNi,](CIO,),}?*
1151 1155 {[MNi,](CIO,),}*
CrMn, 1185 CoMn, 1188 {[MMn](CIO,),**
967 971 {[MMny](CIO,)sP>*
742 746 {(MMn,](CIO,),}>*
1138 1145 {[MMn,](CIO,),}*
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ing to the monocations {[CrM](ClO,)s]}" are not visible
because they are outside the observation range. We interpret
the absence of peaks belonging to the higher charged states
([CtM,,] 3% with m=2-6) by the high stability of the
heptanuclear entity strongly associated with the counter
anions. This special stability was checked by using high
energy parameters. No significant changes in the mass spectra
occurred, demonstrating that the ejection of the perchlorate
anion from the “external coordination sphere” of the complex
is difficult. In all cases, the distorted Gaussian distribution of
the doubly charged ion peaks is observed. Despite the relative
complexity of the spectrum and by analogy with the spectra of
other complexes, the results indicate the presence and the
stability of the heptanuclear complexes in methanol/acetoni-
trile solution.

Concerning the CrMng and CoMn, complexes, a priori
more sensitive products, the relative stability of the com-
pounds in solution is quite remarkable in an anaerobic
medium. However the stability decreases rapidly in aerobic
solution.

Magnetic studies: Magnetisation measurements have been
performed on all the heptanuclear complexes with a SQUID
magnetometer in the temperature range of 7=2-300 K in an
applied field H=200 Oe and at T=2 K in an applied field
range H=0-5x10*Oe. We discuss in the following the
results of the chromium(i) derivatives (CrCuq, CrNig and
CrMng) and then those obtained for the cobalt(im)-centred
compounds (CoCu, CoNiz and CoMnyg).

The analysis of the magnetisation of the chromium(ii)
derivatives is relatively simple because: i) in a CrMy entity
there is one central paramagnetic centre surrounded by six
identical other centres, leading to a unique J value between
chromium and its first neighbours; ii) the peripheral para-
magnetic centres are far from each other (more than 10 A
through the chromium centre) and in a first approximation,
the exchange coupling constant J,, (next nearest neighbours)
can be neglected; iii) the intermolecular interaction zJ' (z =
number of magnetic neighbouring units) is expected to be
weak, due to the insulating role of the counter-anions; iv) the
octahedral symmetry of the hexanuclear units precludes the
presence of a significant D factor in the ground state and can
be ignored; v) in this way a simple analytical expression of the
molar susceptibility y, becomes available through the sol-
utions of the isotropic Heisenberg Hamiltonian (i ranges from
1 to 6; [Eq. (1)].°4

H =—JeanSee 218y (1)

The energy spin state diagrams E(S)/J =f(S) for the three
entities [Cr(CN—-M)¢]** (M =Cu, Ni, Mn) are shown in
Table S1 in the Supporting Information. They display the
remarkable energy/spin structure for two ferromagnetic high
spin complexes (where the highest spin is at the ground state)
and the ferrimagnetic one (where the highest spin lies at the
highest energy). The diagram, first used to the best of our
knowledge in reference [55] also demonstrates the original
nature of such high-spin complexes, with the coexistence of
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discrete quantum levels and a quasi continuum of energy
levels, in between quantum and classical physics.

The thermal variation of the magnetisation allows us to
determine the nature and magnitude of the exchange intra-
molecular interaction, the exchange coupling constant J and
the Lande factor g. The best-fit values are given in Table 4. To
take into account the decrease of y,, at low temperature, we
included either a weak intermolecular interaction zJ' (using a
mean field approach: (Ya)eor = (¢m)ea [7/T — 0]) or zero field
splitting D of the ground state. The new Hamiltonian is then
given by Equation (2) with D the uniaxial anisotropy and E
the rhombic one.

J . . N . & .
yf:i(sz— $2,— S%,,r)+D(SZz—?)+E(SXz— Sp) )

The high symmetry of the heptanuclear complexes implies
that D and E are very small. For the fits, in the first
approximation, E is chosen equal to zero and D is the only
anisotropic parameter involved. The agreement factor
R for the fits is defined as R=Z[(¢m)obs(f) — Crnm)earcai) ]/
OO

The magnetisation as a function of the magnetic field at low
temperature (7=2 K) allows a direct determination of the
ground spin state when the saturation value gS is reached at
high field (H=35 x 10* Oe in the present case) and can be
compared to the theoretical Brillouin function.

Magnetic properties of CrCu,: Two different samples of CrCu,
are available: CrCug-A, without parasitic trimer and CrCug-B,
with two trinuclear Cu; entities. We deal first with the CrCus-
A derivative. The yx,T value increases continuously from
room temperature to 2 K (Figure 9). This is consistent with a
ferromagnetic interaction between the Cr'"" and the Cu® ions,
in agreement with the orthogonality of the Cr' (#,,)* and the
Cu" (ay,) singly occupied orbitals, as predicted by Kahn’s
model and discussed later. The value of y,7 at 300K is
5.4 cm*mol 'K (significantly higher than what is expected for
the magnetically isolated spins: 4.125 cm®*mol~' K with g =2).
At temperatures below 15K, y,T reaches a plateau and
becomes 12.3 cm*mol~' K, which is the exact expected value
for §=9/2 (12.375 cm*mol 'K, g=2). The y,,T experimental
data were fitted to the analytical expression using the spin
Hamiltonian given in Equation (1) and including a mean field
correction zJ' for intermolecular interaction (z being the
number of neighbours). The intramolecular interaction be-
tween the next nearest neighbours Cu!! cations is neglected
and the ground state zero field splitting D is expected to be
zero. With an agreement factor R=1.1 x 1073, the best-fit
values give an exchange coupling value J=+455cm™}, a

0 50 100 150 200 250 400

TIK ————
Figure 9. Thermal dependence of the yT for CrCus.

Lande factor, g=1.99, an intermolecular interaction zJ' =
1.5 x 102 cm~! and D ~ 0 cm~%. The J value is high compared
to exchange coupling in other heterodimetallic p-cyano
species.

The magnetisation as a function of the applied magnetic
field, at 2 K, is reported in Figure 10. The data shows a value
close to saturation at 9 p and gives a further demonstration of

30+
25 CrMng
204 o°
Q
°
154 o assaanaa........ a  CrNig

M/NygB °
101 ° CrCug

0 1x10% 2x10% 3x10* 4x104 5x10*  6x10*

H/Oe —»

Figure 10. Field dependence of the magnetisation at 2 K for CrCug, CrNig
and CrMng; the dotted lines correspond to the Brillouin functions for S =9/
2,8=15/2 and §=27/2.

the ground spin state, S = 9/2. The good agreement of the data
with the computed Brillouin function for a spin § = 9/2 shows
that the ground state is the only one populated at 7=2 K. The
energy of the first excited state computed by using the
Hamiltonian given in Equation (1) is AE/K =J x (3/2k) ~ 98
corresponds to this observation.

Table 4. Best-fitted values for parameters J, g, D, and, zJ' for all the complexes.

IR: vey [em™] 6, M-C-N [°] Jexp. [em™!] g zJ' [em™!] D [em™] R
CrCugy 2180 176.45 45.5 1.99 —0.001 —0.009 1x10
CrNig 2149 164.6 17.3 1.96 —0.020 —0.029 5x 10
CrMng 2146 161.8 & 153.6 -9.0 1.98 —0.035 —0.042 9x10°
CoCug, 2181 178.5 —0.82 2.10 - - 1x10°
CoNig 1952 - —045 2.00 0.005 - 1.6 x 1073
CoMny 2146 166.6 & 154.7 —0.15 1.98 0.002 - 24 %1073

1686 ——

© 2003 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

0947-6539/03/0908-1686 $ 20.00+.50/0 Chem. Eur. J. 2003, 9, No. 8





/cm® K mol™!

Hexacyanometalate Molecular Chemistry, Part I

1677-1691

The results obtained for the sample CrCu, (B-form), in the
presence of trinuclear Cu; complex are in agreement with the
previous data. To get the magnetic susceptibility of the
heptanuclear complex [Cr(CN—Cu)y]’* in the CrCu4-B sam-
ple, we withdrew the experimental paramagnetic contribution
of the trinuclear complex, [tren{Cu(tren)};]** (corresponding
to the Curie law for three isolated spin 1/2 copper(11)) from the
experimental susceptibility of CrCus-B. The resultant y,,7T
curve is similar to the one obtained for the CrCuy-A sample
and the fit leads to similar J, g and zJ' values. For the
magnetisation as a function of the applied magnetic of the
sample CrCug-B, the data were obtained by withdrawing from
the experimental magnetisation of CrCu, the magnetisation of
six independent S=1/2 (six Cu" ions from the two parasitic
trinuclear complexes), computed by the corresponding Bril-
louin function. The resulting magnetisation curve is similar to
the one obtained for CrCug-A and corresponds to S =9/2.

Magnetic properties of CrNis: Similar experiments and
analyses have been performed for the CrNig complex. The
results are given in Table 4. For this compound, the treatment
of the data is easier than for CrCu6 since 1) there is no
cocrystallised species in the compound and 2)there is a
unique [Cr{CN—Ni(tetren)}¢]’* entity in the unit cell.

The y,T versus temperature curve (Figure 11) indicates
that y,,T increases continuously as the temperature decreases
until 6 K, characteristic of ferromagnetic behaviour, as
foreseen by the orbital model. Below this temperature, the
thermal dependence of y,T mildly declines, an effect that

35
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Figure 11. Thermal dependence of the 7 product for CrNis.

might be due to weak intermolecular interactions or zero-field
splitting. The x,7 value obtained at high temperature is
8.93 cm’mol~'K, which is higher than the evaluation for six
isolated paramagnetic nickel ions and an additive chromium
atom (7.875 cm®*mol'K). At low temperature (6 K), the
agreement between the experimental yx,7 data
(30.7 cm®*mol~'K) and the theoretical value for S=15/2
(31.875 cm®*mol~'K) is acceptable, considering the assumed
intermolecular interactions. The y,,7 experimental data were
fitted to the theoretical expression coming from the Hamil-
tonian given in Equation (1) and lead to a coupling exchange
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value J=+173 cm™!, with g=1.98, a sign of a quite strong
ferromagnetic interaction between paramagnetic centres
527 A apart and bearing two and three spins.

Addition of anisotropy D or intermolecular interaction
terms in the fit do not allow significant improvement of the
quality of the fit and lead to small values of D (—0.03 cm™') or
zJ' (5.8 x 10~ cm™!). The very low values simply confirm the
high symmetry of the complex (weak anisotropy) and that the
highly charged species are well isolated from each other, as
anticipated from the synthetic strategy. The relatively high J
value, in comparison with other “Cr—Ni” compounds such as
trinuclear CrNi, complexes in which J=+10 cm~!, might be
explained by the weak distortion of the cyano bridge.
Magnetostructural correlation in CrNi species is discussed in
Part 3 of this series of papers.['!)

The magnetisation as a function of the applied magnetic
field, at 2 K is reported in Figure 10. It corresponds to the
unique [Cr{CN—Ni(tetren)}s]’* entity and displays a value
close to saturation at 14.95 pg (14.85 with g=1.98), confirma-
tion of the ground spin state, S =15/2. The agreement of the
data with the computed Brillouin function for a spin S =15/2
shows that, at T=2 K, only the ground state is populated, in
agreement with the energy of the first excited state computed
using the Hamiltonian given in Equation (1): AE/K=J x (3/
2k) ~37.

Magnetic properties of CrMng: With respect to the CrMng
compound, the analysis takes into account the presence of two
manganese(ll) mononuclear complexes and two different
[Cr{CN—Mn(tetren)}¢]’* entities per unit cell. The two species
[Cr{CN—Mn(tetren)}¢]’* differ by the distortion of the cyano
bridge and may present two different J values. To get the
thermal variation of yx,7 shown in Figure 12, which
corresponds to only one heptanuclear complex
[Cr{CN—Mn(tetren)}¢]’*, we divided by two and subtracted
the paramagnetic contribution of [Mn"(tetren)(H,O)]** (Cu-
rie law for S = 5/2) from the experimental susceptibility of the
compound CrMng. The y,T value at room temperature is
slightly smaller than the one computed for six insulated § =5/2
[Mn!] ions and one isolated S = 3/2 [Cr!!] ion (26.23 instead of
28.125 ~225/8 cm®*mol~!). It decreases with temperature
down to y,,7=25.07 at T=148 K and then increases steadily
up to a maximum value of y,,7=90.4 at T=2 K. The presence
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Figure 12. Thermal dependence of the y\7 product for CrMn.
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of the minimum is well documented® and is a characteristic
signature of an antiferromagnetic coupling between spins of
different values: here, in a [Cr(CN—Mn(tetren))s]°* unit, it
means that the chromium (i) is antiferromagnetically coupled
to the six manganese(il) ions, leading to a ground spin state
S§=27/2. The x,,T value at the lowest available temperature is
weaker than the expected value for spin §=27/2 with g=2
(xuT=97875 cm®*mol~!'K) but below 4 K y,7T reaches a
plateau and then decreases, which might be the sign of an
intermolecular interaction. To fit the susceptibility data, we
first used the simplified Hamiltonian given in Equation (1)
and got average values for Jand g: /J=-9 cm~! and g=1.98.
The J value confirms the antiferromagnetic interaction
between chromium and manganese. A second fit taking into
account the presence of two different [Cr{CN—Mn-
(tetren)}]** species gave: J;=—72cm™!, J,=—-10.8 cm™!
and a mean g = 1.98. The two J values can be associated with
the two different angles in the two [Cr(CN—Mn)¢]** CrMn,
with 6 =161.7° and 6 =153.6°: the larger J value corresponds
to the larger angle (smaller deviation from linearity) and to a
better overlap between the f,, orbitals of chromium and
manganese.

The magnetisation as a function of the applied magnetic
field at 2 K is reported in Figure 10. It corresponds to one
[Cr{CN—Mn(tetren)}¢]°* entity (dividing by two the exper-
imental value and then subtracting the Brillouin contribution
of the mononuclear [Mn'(tetren)(H,O)]** ion. At high field,
it displays a value a little smaller than the saturation at 27 pj,
(26.73 with g =1.98) in agreement with the large ground spin
state, S =27/2. The agreement of the exprimental data with
the computed Brillouin function for a spin $=27/2 and g=
1.98 (from the fit of the susceptibility data) shows that, at 7=
2 K, the ground state is fully populated and that the first
excited spin states do not contribute to the magnetic proper-
ties. Indeed, the energy of the first excited state computed by
using the Hamiltonian given in Equation (1) is: AE/K =|J | x
(3/2k) ~19.5.

Magnetostructural correlation: It is possible at this point to
come back to the orbital mechanism leading to the nature,
ferro- or antiferromagnetic, of the interaction between the
chromium and its nearest neighbours, copper(1n), nickel(i) and
manganese (i), which can be foreseen by our simple orbital
model. The exchange interactions are short range. The
interpretation can be made at the simplest level, looking at
the pairs Cr''! - Cu"l, Cr''-Ni' and Cr'! - Mn! and considering
an ideal linear configuration of the Cr-CN-M bridge, the
direction of which can be chosen as the z axis. In this
framework, on the chromium side, the singly occupied
molecular orbitals centred on the metal and partially delo-
calised on the cyanide ligand active in the exchange (“mag-
netic orbitals”) are xz and yz, of local t,, symmetry, or «
symmetry related to the z axis. The xy orbital, the axes of
which are in a plane perpendicular to the z axis, plays a lesser
role for this particular Cr—M pair. On the M side, the z?
orbital belongs to ¢ symmetry related to the z axis and is
therefore orthogonal to the chromium xz and yz orbitals. This
is the origin of the ferromagnetism in CrCus and CrNig. In
CrNig, the second magnetic orbital, x> — y?, will also play a less
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important role. The mechanism of the ferromagnetic inter-
action between Cr'! and Cu® and Ni! is the same as in the
three-dimensional Prussian blue analogues.”® The impor-
tance of the J value is related to the strong spin density
overlap on the cyano bridge and particularly on the nitrogen
atom: the Cr-CN-Cu(Ni) bridge is close to linearity: Cr-C-N
angle =176.4° and C-N-Cu(Ni) angle is 176.5° (164.6°). Thus,
a strong spin density in m-symmetry orbitals (coming from
Cr'™) and a strong spin density in o orbitals (coming from Cu"
or Nil!) are present on the nitrogen atom. The overlap density
(product of these orbitals) is important around the nitrogen
center and determines the value of the exchange integral k
and therefore J =2 k. We shall see in detail later, in Part 3 of
this series,'] that the bridging angles play an important role in
fixing the magnitude of the ferromagnetic interaction in p-
cyanochromium —nickel complexes. As for CrMng, there are
o-symmetry orbitals on the manganese side like in the nickel
case, and also T symmetry t,, xz and yz orbitals. The first give a
ferromagnetic contribution and the latter overlap with those
of chromium, and give rise to an antiferromagnetic contribu-
tion that counterbalances and overcomes the ferromagnetic
contribution and ensures the antiferromagnetic coupling
between chromium and manganese. It is possible to compare
the overall interaction energies J nyny (7, =number of
unpaired electrons on M, ny, =number of unpaired electrons
on M’) corresponding to all the myny orbital pathways:
Jnene,=J-3-1=135em™'~196 K (no=three unpaired
electrons, nc,=one unpaired electron); Jneny=J-3-2=
104 cm™' ~ 132 K (n¢, = three unpaired electrons, ny=two
unpaired electrons), Jnehy,=|J|-3-5=135cm™'~196 K
(nc,=three unpaired electrons, ny,="five unpaired elec-
trons). The overall energy is so far not similar in the three
compounds.

Hexacyanocobaltate(i1)) derivatives: To evidence and better
understand the nature of the interaction between external
metal ions (“second neighbours” or “next-nearest neigh-
bours” interaction) at a distance through the centre larger
than 10 A, we studied three heptanuclear complexes formed
with a diamagnetic Co™ ion centre: CoCu,, CoNig and
CoMng. The main results are reported in Table 4.

For the CoCug4 compound, the thermal dependence of y,, T
is characteristic of a paramagnetic species. y,,7 is constant
with an experimental value of 2.33 cm®*mol~'K in agreement
with six isolated copper (i) metallic ions (2.36 for six separated
spin 1/2 and g =2.1). At low temperature, below 40 K, the y,,T
curve decreases indicating either intra- and/or intermolecular
antiferromagnetic interactions between the spin carriers. The
value reached at 2 K is 1.14 cm®*mol~' K and extends to zero at
lower temperature.

Concerning the CoNigz and the CoMng complexes, similar
magnetic behaviour is observed with a constant y,,7 value at
5.83 and 23.6 cm*mol~'K, respectively, expected for para-
magnetic species but smaller than the calculated values for six
isolated Mn"" (y,,T=6 cm*mol~'K) or for six isolated Mn"
ions (7= 26.5 cm*mol~'K). At low temperature, x,,T drops
below 10 K, which indicates clearly intermolecular antiferro-
magnetic interaction between the spin carriers.
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The values of the computed exchange coupling, —0.82,
—0.45 and —0.15cm™' for CoCu4, CoNiz and CoMny,
respectively, indicate that the next-nearest neighbours ex-
change interaction (through the NC-Co'!-CN bridge) is weak
(compared to the nearest neighbours one) and that this
parameter might be omitted in the magnetic studies of high-
spin chromium-centred complexes, as done previously.

Low-temperature experiments: Preliminary experiments per-
formed at low temperature (from 30 mK to 2 K) on the
present CrNigz high-spin complex indicate that no hysteresis
loop and no frequency dependence of the AC susceptibility,
characteristic of single-molecule magnet behaviour, are
observed. This is due to the fact that the zero field splitting
factor D is nearly zero, leading to a very small energy barrier
between the two Mj spin states. Despite the high-spin value of
the complex (S=15/2), a relatively high J value (J=
173 cm™') and no intermolecular interactions, the complex
does not behave as a single-molecule magnet, indicating
clearly the importance of the anisotropic factor for the
observation of the expected physical properties.

Similar experiments have been performed on CrNig*, a
compound obtained from the tetren ligand of technical
quality. A hysteresis loop at 300 mK is observed that is
described elsewherel” and the nature of which is still
controversial. The mixture of the polyamine ligands present
in the sample may induce a disorder that might be associated
with a slight structural anisotropy of the final complex,
generating anisotropy. Concerning the CrMn, complex, once
again the studies at very low temperature indicate clearly that
there is no single-molecule magnet behaviour. Nevertheless,
these results allow a better understanding of the parameters
required to obtain single-molecule magnet behaviour: the
ground state spin value as well as the structural and electronic
anisotropy.

Conclusion

A rational synthetic strategy for highly charged polynuclear
species, based on Cr'™ and Co™ polycyanides, surrounded by
Cu", Ni' and Mn", which might be extended to other metallic
polycyanometalate precursors, has been described herein.
High-spin molecules such as CrCu, (S =9/2), CrNi4 (S =15/2)
and CrMng (§=27/2) and the corresponding cobalt(i1)-
centred species were thus synthesised and fully characterised.
Despite the fact that CrCuq, CrNig and CrMng complexes are
very isotropic and that no single-molecule magnet behaviour
has been observed, these high-spin molecules might be of
great interest. First of all, they open up a large family of
polycyanometalate complexes of various nuclearities. New
building blocks have been employed, especially the
[Mn(tetren)]** fragment, which has been used successfully
and mentioned here for the first time. The polynuclear
complexes described herein allow us to define and to better
understand the chemical parameters involved in the field of
single-molecule magnets and to design new chemical objects
of potential interest. The study of isotropic high-spin mole-
cules might be also interesting for physicists because it
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provides new magnetic tools for the study of higher order
parameters implied in the spin Hamiltonian. Finally, the
possible control of the ground state spin value has been
demonstrated, a necessity in the domain of nanomagnets.
Another important parameter is the structural anisotropy that
is analysed and controlled in Part 20'8] of this series of papers.

Experimental Section

Warning! Although we have experienced no difficulties with the complexes
described herein as perchlorate salts, these are potentially explosive and
should be handled in small amounts and with great caution. We used them
since no similar products or no crystals suitable for single crystal X-ray
diffraction were obtained with other counterions. K3[Cr(CN)¢] was
synthesised according to references [58,59]. All other reagents were
purchased as reagent grade chemicals and used without further purifica-
tion. All solvents were of analytical grade quality. Air-sensitive products
were synthesised using Schlenk techniques under an argon atmosphere,
then transferred in a glove-box (a few ppm of dioxygen in aqueous
atmosphere) and crystallised by slow evaporation of the solvent.
[Cr{CN—Cu(tren)}](C10,)y (CrCus-A): A solution of tris(2-amino)ethyl-
amine (0.95 g, 6.5 mmol) in water—acetonitrile (1:1, 10 mL) was added to a
solution of copper perchlorate (2.29 g, 6 mmol) in water —acetonitrile (1:1,
20 mL). The mixture was stirred for 5 min before hexacyanochromate (i)
potassium salt (0.260 g, 0.8 mmol) dissolved in a minimum of water was
added. The solution was left standing for 24 h and the fine blue hexagonal
crystals formed were collected and washed with ethanol (a green
precipitate was then eliminated by suction). Yield 32%. IR (KBr): 7=
2180 cm~!(v,(CN)); elemental analysis caled (%) for C,H,ClyCrCu.
N;03: C 21.36, H 4.61, N 17.79, Cr 2.20, Cu 15.21, CI 13.51; calcd for
C4,H,03ClyCrCugN3,034(CH;CN),(H,0): C 21.42, H 4.92, N 17.37, Cr 2.02,
Cu 14.78, Cl 12.64; found: C 21.08, H 4.77, N 17.66, Cr 1.96, Cu 14.42, Cl
12.68.

[Cr{CN—Cu(tren)}][tren{Cu(tren)};],(Cl04),; (CrCus-B): A solution of
tris(2-amino)ethylamine (0.95 g, 6.5 mmol) in water—acetonitrile (1:1,
10 mL) was added to a solution of copper perchlorate (2.29 g, 6 mmol) in
water —acetonitrile (1:1, 30 mL). The mixture was stirred for 20 min before
hexacyanochromate (i) potassium salt (0.325 g, 1 mmol) dissolved in a
minimum of water was added. The solution was left standing for a few days
and the blue hexagonal crystals formed were collected and washed with
ethanol. Yield 78 %. IR (KBr): 7 =2180 cm™! (v,(CN)); elemental analysis
caled (%) for CyoH,s5,CrCu,,Ng,Cl,Og,: C21.17, H 4.94, N 1701, Cr 1.02, Cu
14.93, C1 14.58; found: C 21.28, H 5.03, N 16.87, Cr 1.07, Cu 14.84, Cl 14.63.

[Co{CN—Cu(tren)};](C10,)y (CoCus-A) and [Co{CN—Cu(tren)}]-
[(tren){Cu(tren)};],(C10,),; (CoCu¢B): A solution of tris(2-amino)ethyl-
amine (0.95 g, 6.5 mmol) in water—acetonitrile (1:1, 10 mL) was added to a
solution of copper perchlorate (2.29 g, 6 mmol) in water —acetonitrile (1:1,
20 mL). The mixture was stirred for 20 min before hexacyanocobaltate (i1
potassium salt (0.2 g, 0.6 mmol) dissolved in a minimum of water was
added. The solution was left standing for a few days, which led to two
fractions of different crystals: fragile blue hexagonal plates (CoCu4-A;
51 % yield) and deep blue hexagonal crystals (CoCug-B; 15 % yield) which
are the expected heptanuclear complexes without (A) and with (B) a
cocrystallised trinuclear copper(i) complex.
A-[Co{CN—Cu(tren)}c](C10,),: IR (KBr): #=2188 cm~! (CN asymmetric
stretch); elemental analysis caled (%) for [Cy,H;gCoCuN3,ClyiOy]: C
21.30, H 4.60, N 17.74, Co 2.49, Cu 16.10, Cl 13.47; caled (%) for
CoH,5CoCugN3,ClyOs4 (CH;CN),(H,0)4: C 21.59, H4.96, N 17.52, Co 2.30,
Cu 14.90, Cl 12.47; found: C 20.95, H 5.10, N 16.95, Co 1.93, Cu 13.85, Cl
12.85.

B-[Co{CN—Cu(tren)}][ (tren){Cu(tren)};],(C10,),;: IR (KBr): 7=
2188 cm™! (v,(CN)); elemental analysis calcd (%) for CyH,5,CoCu;,Ng,.
Cl,,Og,: C 21.14, H 4.97, N 16.98, Co 1.15, Cu 14.91, Cl, 14.56; found: C
20.95, H 5.11, N 17.15, Co 1.05, Cu 14.68, CI 14.66.

[tren{Cu(tren)};](ClO,)s: A solution of tris(2-amino)ethylamine (1.17 g,
8 mmol, 4/3 equiv) in water-acetonitrile (1:1, 10 mL) was added to a
solution of copper(i) perchlorate (2.29 g, 6 mmol) in water—acetonitrile
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(1:1,30 mL). The mixture was stirred for 20 min and then left standing for a
few days. The blue crystals were collected and washed with ethanol. Yield
95%. Elemental analysis caled (%) for C,H;,CusN(Cl,0,: C 21.01, H
5.29,N 16.33, Cu 13.89, Cl1 15.50; calcd for C,,H7,Cu3N;,ClsO,, (CH;CN): C
22.10, H 5.35, N 16.85, Cu 13.49, Cl1 15.05; found: C 22.35, H 5.70, N 17.96,
Cu 14.00, Cl 14.52.

[Cr{CN—Ni(tetren)}s(Cl10,),(H,0), (CrNig): Potassium hydroxide (850 mg,
5.6 mmol) in aqueous solution followed by nickel(i1) perchlorate (755 mg,
2 mmol) dissolved in a minimum of water were added to a solution of
tetren-5HCI (tetracthylene pentamine pentahydrochloride) (1.12 g,
3.01 mmol) dissolved in water (20 mL). The mixture was stirred for
10 min before solid silver perchlorate (3.12 g, 3.01 mmol) was added to
eliminate the chloride ions. The solution was left stirring for 1 h in the dark,
then the precipitate was filtered off and acetonitrile (20 mL) was added to
the resulting filtrate. Hexacyanochromate(in), potassium salt (0.150 g,
0.46 mmol) dissolved in a minimum of water was added and the solution
left standing for a few days in the presence of a large excess of sodium
perchlorate salt (2 g). The red-purple octahedral crystals formed were
collected and washed with water. 82% Yield; IR (KBr): #=2149 cm™!
(v(CN)); UV/Vis (H,O/CH;CN): A (6) =791 (65), 537 (33), 337 nm
(202) (L mol~'em™!); elemental analysis caled (%) for CsyH;3CrNigNsq.
ClyOs34(H,0),: C24.03, H 5.60, N 18.68, Cr 1.93,Ni 13.05, C1 11.82; found: C
23.72, H 5.39, N 18.68, Cr 1.85, Ni 13.28, C1 11.97.

[Co{CN—Ni(tetren)}s] (ClO,), (CoNig): Potassium hydroxide (1.7 g,
30 mmol) in aqueous solution followed by nickel(i) perchlorate (2 g,
6 mmol) dissolved in a minimum of water were added to a solution of
tetren-5HCI (tetracthylene pentamine pentahydrochloride) (2.23 g,
6 mmol) dissolved in water—acetonitrile (20 mL). The mixture was stirred
for 10 min and then potassium hexacyanocobaltate(tr) (0.331 g, 1 mmol)
dissolved in a minimum of water was added and the solution left standing
for a few days. The red-purple octahedral crystals formed were collected
and washed with water. 52% Yield; IR (KBr): #=2152 cm™! (v,(CN));
elemental analysis calcd (%) for Cs,H;33CrNigN3ClOs4: C 24.97, H 5.32, N
19.41, Co 2.27, Ni 13.56, Cl 12.28; found: C 25.45, H 5.49, N 19.26, Co 2.18,
Ni 13.24, C1 12.18.

[Cr{CN—Mn(tetren)}¢], [Mn(tetren)(H,0)1, (C10,),, (CrMng): The experi-
ment was performed in Schlenk tubes under an argon atmosphere (or in a
glove box). Sodium hydroxide (0.3 g, 7.5 x 10~ mol, 5 equiv) in aqueous
solution followed by manganese(i]) perchlorate (543 mg, 0.15 mmol,
1 equiv) in deoxygenated water (SmL) were added to a solution of
tetren-SHCI (tetraethylene pentamine pentahydrochloride) (557 mg,
0.15 mmol) in water (10 mL). The mixture was stirred for 10 min before
solid silver perchlorate (1.46 g, 7.5 mmol, 5 equiv) was added to precipitate
the chloride ions. The solution was left stirring for one hour in the dark,
then the precipitate was filtered off using a cannula, and acetonitrile
(10 mL) was added to the resulting filtrate. Potassium hexacyanochroma-
te(rm) (0.084 g, 0.217 mmol, 1/6 equiv) dissolved in a minimum of water was
added and the resulting pale yellow solution was left standing in a
dioxygen-free glove box. The orange-brown parallelepiped crystals formed
were collected and washed with water. IR (KBr): #=2146 cm™! (v,,(CN));
UV/Vis (H,O/CH;CN): Ay (6) =367 nm (369 Lmol~! cm™'); elemental
analysis calcd (%) for [Cs,H;33CrMngN36][Cly;O4,][MnCgH,sNsO]: C 24.58,
H 5.42,N 18.95, Cr 1.72, Mn 12.69, C112.87; found: C 24.58, H 5.56, N 18.87,
Cr 2.04, Mn 12.19, C1 13.44.

[Co{CN—Mn(tetren)}s], [Mn(tetren)(H,0)], (Cl04),, (CoMn): The ex-
periment was performed following the procedure described for CrMng
using potassium hexacyanocobaltate(i) (0.084 g, 0.217 mmol, 1/6 equiv)
instead of hexacyanochromate(ir). The pale yellow solution was left
standing in a glove box. The light yellow parallelepiped crystals formed
were collected and washed with water. IR (KBr): 7 =2146 cm~' (v,,(CN));
elemental analysis calcd (%) for [CsH;33CoMngNs4][Cly;O44][MnCgH,s.
N;O]: C 24.52, H 5.41, N 1891, Co 1.94, Mn 12.66, Cl 12.84; found: C
24.37, H 5.50, N 18.76, Co 1.86, Mn 12.58, C1 13.01.

Physical characterisation: IR spectra were recorded between 4000 and
250 cm~! on a Bio-Rad FTS 165 FT-IR spectrometer on KBr pellets. DC
magnetic susceptibility measurements were carried out on a Quantum
Design MPMS SQUID susceptometer equipped with a 5T magnet and
operating in the temperature range 1.8 to 400 K. The powdered samples
(10-50 mg) were placed in a diamagnetic sample holder and the measure-
ments realised in a 200 Oe applied field using the extraction technique.
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Before analysis, the experimental susceptibility was corrected from
diamagnetism using Pascal constants!'%! and from temperature independent
paramagnetism (TIP) of the transition metals.®) Electrospray ionization
mass spectrometry experiments were performed on an ESQUIRE ion trap
(Bruker-Franzen Analytic GmbH, Bremen, Germany).l®! The non-linear
ion trap worked in the mass-selective instability mode without using DC
voltage (that is, U =0 condition) at the ring electrode. The instrument has a
fundamental RF frequency of 781 kHz and is used in the standard mode: a
mass-to-charge ratio up to 2000 Th with a selective resonance ejection at
the non-linear resonance at 2/3 (¢,=0.78). The ion trap operated at an
uncorrected partial He buffer gas pressure of 3.4 x 107> Torr (4.5 x
103 Pa). A differentially pumped interface transferred the ions from the
electrospray source (Analytica of Brandford, Inc., Brandford, CT) to the
mass spectrometer. Some applied parameters were unchanged for all
experiments, as the RF frequency amplitude of the hexapole (700 V), and
the voltage applied to the electron multiplier (— 1500 V). In the positive ion
mode, the DC voltage applied to the ion guide (hexapole) was 2V, the
dynode voltage of the electron multiplier was —5 kV, the delay before
scanning was 10 ms and the exit lens voltage was — 100 V. The complexes
were analysed after dilution at approximately 10~* moll~! in dry acetoni-
trile or methanol/acetonitrile (5:1, v/v) and were infused into the ESI
source using a Cole-Parmer Instrument Company (74900 series) syringe
pump at a flow rate of 2 pL min~". The capillary entry voltage was about
—3500 V. The N, drying gas temperature was 150°C with a flow rate of
200 Lh~.

Crystallographic studies: Suitable crystals for X-ray crystallography were
obtained directly from the reaction medium or by re-crystallisation from
water —acetonitrile solutions. For all the structures described herein,
accurate cell dimensions and orientation matrices were obtained by least-
squared refinements of 25 accurately centred reflections on a Nonius
CAD¢4 diffractometer using graphite-monochromatic Moy, radiation. No
significant variations were observed in the intensities of two checked
reflections during data collections. Absorption corrections were applied by
using the -scan method. Refinement was performed by using the PC
version of Crystals.®’l Scattering factors and corrections for anomalous
dispersion were taken from Cromer.l®] The structures were solved with
SHELX 86! followed by Fourier maps technique and refined by full-
matrix least-squares with anisotropic thermal parameters for all non-
hydrogen atoms, when sufficient data were available.

CCDC-184835 (CrCu,), CCDC-184838 (CrNigz), CCDC-184837 (CrMny),
CCDC-184840 (CoCuy), CCDC-184839 (CoMng) and CCDC-184836 (Cus)
contain the supplementary crystallographic data for this paper. These data
can be obtained free of charge via www.ccde.can.ac.uk/conts/retrie-
ving.html (or from the Cambridge Crystallographic Center, 12 Union
Road, Cambridge CB21EZ, UK; Fax: (+44)1223-336033; or deposit@
ccde.cam.ac.uk).
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Hexacyanometalate Molecular Chemistry: Di-, Tri-, Tetra-, Hexa- and
Heptanuclear Heterobimetallic Complexes; Control of Nuclearity and

Structural Anisotropy**
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Carine Guyard-Duhayon,*! Jacqueline Vaissermann,!®! Jérome Marrot,"!
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Abstract: Following a bottom-up ap-
proach to nanomaterials, we present a
rational synthetic route to high-spin and
anisotropic molecules based on hexa-
cyanometalate [M(CN)4]*~ cores. Part 1
of this series was devoted to isotropic
heptanuclear clusters; herein, we discuss
the nuclearity and the structural aniso-
tropy of nickel(i1) derivatives. By chang-

isation by mass spectrometry, X-ray
crystallography and magnetic suscepti-
bility of bi-, tri-, tetra-, hexa- and
heptanuclear species [M(CN),-
(CN-M'L)¢_,]™* (with n=0-5; M=
Cr't, Co'l, M’ =Ni'l; L =pentadentate
ligand). Thus, with M = Crl'l, d*, §=3/2,
a dinuclear complex [Cr'(CN)s-
(CN-NiL,)]°*, (L,=polydentate li-

gand) was built and characterised, show-
ing a spin ground state, S;=5/2, with
a ferromagnetic interaction Je.c,=
+18.5 cm~!. With M =Co!' (df, S=0)
were built di-, tri-, tetra-, hexa and
hepanuclear CoNi species: CoNi,
CoNi,, CoNi;, CoNis and CoNi4. By a
first approximation, they behave as one,
two, three, five and six isolated nickel(1r)

ing either the stoichiometry, the nature
of the terminal ligand, or the counterion,
it is possible to tune the nuclearity of the
polynuclear compounds and therefore
to control the structural anisotropy. We
present the synthesis and the character-

Keywords:
molecules -

anisotropy

Introduction

In the field of molecular magnetism!'l, specific attention is
devoted to polynuclear complexes with large-spin ground
states and high anisotropy that exhibit original magnetism
such as single-molecule magnet behaviour* (slow relaxation
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complexes, respectively, but more accu-
rate studies allow us to evaluate the
weak antiferromagnetic coupling con-
stant between two next-nearest neigh-
bours M'-Co-M'.

high-spin

structural

time of the magnetisation below a so-called blocking temper-
ature, Tj) or magnetic quantum-tunnelling effects.> ¢! The
topic is both fundamental and applicable, due to potential
storage of magnetic information at the molecular scale. To
obtain a “single-molecule magnet”, one must build a uniaxial
system with an anisotropy barrier E,= DS,? between the two
degenerate 4+ M energy levels, where D is the zero-field
splitting of the ground state, and S, is the projection of the
spin along the anisotropy axis. The higher the barrier is, the
higher the blocking temperature and the more efficient the
single-molecule magnet. The other parameters to control are
1) the intramolecular exchange coupling J between para-
magnetic ions in the cluster, which has to be significant to
sufficiently separate the ground spin state from the excited
states; 2) the intermolecular interaction z/', where J' is the
intermolecular exchange interaction, and z is the number of
neighbouring clusters, which has to be negligible to avoid
three-dimensional order and to observe the properties of the
isolated nanoscale objects.

Among the four parameters to take into consideration in
the design and the synthesis of the single-molecule magnets
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(S, D, J and zJ'), we have shown in Part 1171 how to control the
ground spin state S and how to reach spin values as high as
27/2 with a manganese derivative of hexacyanochromate(ir),
the octahedral ferrimagnetic [Cr''(CN—Mn'!(L),)] cluster. We
observed also that the octahedral symmetry leads to negli-
gible values of the anisotropy D. Indeed, the ground state
anisotropy of a polynuclear cluster (uniaxial D, rhombic E and
higher terms in the Hamiltonian) is a function of several
parameters such as 1) the local anisotropy of each of the
metallic ions; 2) the exchange anisotropy and 3) the overall
structural anisotropy.®! If the third, structural, parameter
cannot be controlled by chemistry, it is futile to focus on the
electronic ones. Thus herein we focus on the structural
anisotropy and in particular on polynuclear complexes based
on hexacyanometalates [M(CN)y,)] (M =Cr™ and Co™), in
which the nuclearity was varied from binuclear to heptanu-
clear, and nickel() species were used as Lewis acids
associated with the cyanometalates.

Part 31 of this series is devoted to the study of the exchange
coupling, through the description of several trinuclear CrNi,
complexes. The study of electronic aspects of anisotropy
based on high-frequency EPR of mononuclear and poly-
nuclear complexes, and on magnetisation measurements on
single crystals, are in progress and will be reported later.

Results and Discussion

The synthesis of new polynuclear complexes with large-spin
ground states has been developed in our laboratory over
several years.l'>"] Following a strategy that uses polyfunc-
tionalised cores such as [Cr(CN) >~ as Lewis bases and
mononuclear complexes designed to leave only one coordi-
nation site available as Lewis acids, new heptanuclear
complexes such as [Cr{CN—Cu(tren)};]** (CrCug)
[Cr{CN—Ni(tetren)}s]’* (CrNi,;) and [Cr{CN—Mn(tetren)}q]**
(CrMng) have been synthesised and characterised (see
Part 1171). Despite the high-spin value of these compounds
(§=9/2, 15/2, and 27/2, respectively), no single-molecule
magnet behaviour has been observed, because their high
symmetry leads to a uniaxial anisotropy D equal to zero. Thus,
it was necessary to develop new synthetic routes to obtain
polynuclear complexes with an effective control of the
nuclearity and the structural anisotropy, one of the important
parameters to understand and to tune.

There are very few examples of polynuclear complexes
based on hexacyanometalate precursors in the literature. In
addition to the heptanuclear complexes that are prevalently
reported,l? 10 1L 16-1 only a few other species have been
previously reported®?2 and most of them have been
obtained without effective control of the nuclearity.

Starting with a hexacyanometalate precursor, nine different
polynuclear complexes with various geometries might be
obtained, which are associated with the corresponding pseudo
symmetry: dinuclear (D), trinuclear—cis (C,,), trinuclear—
trans (D), tetranuclear—fac (Cs,), tetranuclear—mer (C,,),
pentanuclear—cis (C,,), pentanuclear—trans (D,;,), hexanu-
clear (C,) and heptanuclear (O,) complexes (Figure 1).
Modifying synthetic parameters, it has been possible to
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Figure 1. Schematic representation of the polynuclear complexes based on
hexacyanometalate precursors: those described in the present publication
are denoted by e those not described by o.

synthesise seven of them: di-, tri- tetra-, hexa- and hepta-
nuclear, which are described in the present paper. We then
illustrate the possibility of tuning the nuclearity of the target
products and the potentiality of the strategy.

After presenting the synthetic route developed in this study,
we shall discuss the experimental conditions that allow the
formation of complexes of controlled nuclearity and then
outline the main parameters involved in this investigation.

Synthetic strategy

The general synthetic method is the following: starting with a
polydentate ligand (tetraamine for copper(i) and pentaamine
for nickel(11)) and adding a metallic salt, it is possible to create
a mononuclear precursor with one labile position available.
The reaction of this mononuclear complex (Lewis acid) with
hexacyanometalate precursors (Co'! or Cr'M) (Lewis base),
allows the synthesis of polynuclear complexes. Following this
strategy and by modifying the synthetic parameters such as
the nature of the ligand, the counter anions and the
stoichiometry, di-, tri-, tetra-, hexa- and heptanuclear com-
plexes are selectively obtained:

MU4+L — MUL 0
ML + [MU(CN)¢** — ML+ [M(CN)5(CN-M'L)]- o)

(n — ML + [M(CN)s(CN-M'L)]~ — [M(CN)s_.(CN-M'L),]>"* (3)

The formation of charged species is a key aspect of the
synthetic strategy (see Part 11"1). Highly charged complexes
allow a good separation between the molecules in the solid
state and the control of the intermolecular interactions,
thanks to the use of different counterions. To avoid the
precipitation of neutral products, we chose a trivalent core
([IM™(CN)4]*-) and divalent peripheral metallic cations (M)
bonded to neutral ligands L. Herein, only nickel() and
copper (1)) complexes surrounding hexacyanocobaltate(111) and
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hexacyanochromate(iir) precursors are described. However,
the strategy might be extended to other cations and different
polyfunctionalised cores.?]

Amine ligands and mononuclear complexes: Two commer-
cially available polyamine molecules are employed in this
study: the tetradentate tris(2-amino)ethylamine (tren) is used
with copper (1), since it leads to stable complexes with trigonal
geometry around the copper centre. The pentadentate
tetracthylenepentamine ligand (tetren) is employed with
nickel(i1), since it gives stable complexes with octahedral
symmetry around the nickel centre (in spite of the fact that it
is known to adopt up to eight conformations).?¥! Two other
pentamine ligands®® 29 are used: 1,9-bis(2-pyridyl)-2,5,8-tri-
azanonane and 1,11-bis(2-pyridyl)-2,6,10-triazaundecane, de-
noted as dienpy, and dipropy,, respectively (Scheme 1). These

<//\N£:;;\NH2 <//\NH NH NH//\>
NHs H2N

NH,  H2N
tren tetren
i:___\hﬁ/r__\z NH NH//~§:]
=N = =N NZ==
dipropy, dienpy,

Scheme 1. Ligands employed in this study.

polydentate pyridyl-containing ligands were prepared from
diethylenetriamine or N-aminopropyl-1,3-propanediamine
and 2-pyridinecarboxaldehyde, reactions that involved the
one-to-two Schiff bases and subsequent hydrogenation with
sodium borohydride.? The purity of the ligands was checked
by 'H and *C NMR spectroscopy and mass spectrometry.

After the synthesis of the ligands, the formation of the
mononuclear complexes corresponds to the second step of the
synthetic route. The ligands tetren, dienpy, and dipropy, are
already known to form very stable complexes with nickel(-
mP-201 and the stability constants K,, are 2.5 x 107 for
[Ni(tetren)(H,O)]*", 1.6 x 10" for [Ni(dienpy,)(H,0)]** and
2.4 x 10" for [Ni(dipropy,)(H,O)]**.”] The high stability of
the complexes, which allows our strategy, is mainly due to the
high basicity of the linear pentadentate tetren, to the =
bonding between the pyridyl & or «v* and the 1,, orbitals of the
metals and to the entropy gain associated with the formation
of several chelate rings.

It is feasible to isolate these highly thermodynamically
stable mononuclear complexes as single crystals and to use
them as starting materials in the synthesis of polynuclear
complexes. The mononuclear complexes [Ni'(tetren)(ClO,)]*

1694
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(1) [Ni'(dienpy,) (H,O)P** (2) and [Nifi(dipropy,) (HL,O)[** (3)
are obtained by addition of an aqueous solution of nickel(ir)
tetrafluoroborate or perchlorate to a water—acetonitrile
solution containing the polyamine ligand L (L =tetren,
dienpy,, dienpy,). After a few days, crystals of the mono-
nuclear nickel(l1) complexes are isolated and used without
further purification. For the copper(l) complexes, the for-
mation of a trinuclear complex [(tren){Cu'(tren)};]*" (see
Part 1) does not allow isolation of the mononuclear species
from tren and copper(i).

Polynuclear complexes: The hexacyanometalate precursors,

[CO™(CN)4J*~ or [Cr™(CN)g]*~ are added to the mononuclear

complexes, generated in situ or previously isolated as crystals.

After slow evaporation of the solvent, the polynuclear

complexes with the appropriate number of counter anions

are isolated as crystals and characterised by several techni-
ques including IR, X-ray crystallography and mass spectrom-
etry.

The synthesis of the dinuclear complex, [Cr(CN)s-
{CN—Ni(dienpy,)}]~, denoted as CrNi, has been performed
with the precursors [Cr(CN)]*~ and [Ni(dienpy,)(H,O)]** in
a stoichiometric amount, in the presence of the large cations
tetraphenylphosphonium and tetraphenylarsonium. This fa-
vours the selective crystallisation of the large [CrNi]~ ion,
regardless of the nature of the ligand L around the nickel
center. The resultant product is soluble in organic solvents
such as dichloromethane, ethanol or acetonitrile. Similar
experiments have been performed starting with a hexacyano-
cobaltate(111) precursor leading to similar CoNi species but the
quality of the crystals were not suitable for single-crystal
X-ray diffraction.

To obtain the frans-trinuclear complexes [M(CN),.
(CN—-M'(L)),]*, MM',, two strategies might be used:

1) Using dienpy, as the ligand and tetrafluoroborate or
perchlorate as the counter anion, in the presence of a
hexacyanometalate, the trinuclear complexes are obtained
selectively (M = Co™, Cr'f; M’ =Ni"). Thus, the ligand
induces the formation of the cobalt(i)- or chromium(i)-
centred species [Co(CN),{CN—Ni(dienpy,)},](BF,) and
[CoM™(CN),{CN—Ni(dienpy,)},](ClO,), denoted as CoNi,-
(dienpy,), [Cr'"(CN),{CN-Ni(dienpy,)},](BF,) and
[Cr™(CN),{CN—Ni(dienpy,)},](ClO,), denoted as CrNi,-
(dienpy,). All the CrNi, compounds are described in
Part 3.0 In this way, the formation of the frans-trinuclear
complex might be explained by the steric effect induced by
the bulky ligand and by the presence of the two pyridyl
rings in trans positions as indicated by X-ray crystallog-
raphy.

2) The second way to obtain trans-trinuclear complexes is to
use smaller ligands, tetren for example, and a specific
counter anion, such as chloride. Thus, starting with a
nickel(r) chloride precursor, in the presence of tetren, it
was possible to selectively obtain the trans-trinuclear
complex, [Co(CN),{CN—Ni(tetren)},]Cl, denoted CoNi,-
(tetren).

The cis-trinuclear and the mer-tetranuclear complexes have
been obtained as co-crystallised species in the synthesis of
Co—Cu complexes. The reaction was performed in water—
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acetonitrile solution by addition of the tren ligand to a copper
perchlorate, which led to the formation of the mononuclear
complex in situ, before the [Co(CN),]>~ precursor was added.
In this reaction the stoichiometry plays an important role and
the Cu/Co ratio must be smaller than 4:1 to avoid the
formation of the heptanuclear CoCu4 complex. The difference
between the copper(i) and the nickel(ll) complex in the
formation cis/trans or fac/mer polynuclear complexes is
discussed below.

The fac-tetranuclear complexes were obtained by using the
dipropy, ligand in the presence of tetrafluoroborate or
perchlorate salts and, once again, the ligand influences the
formation of an isostructural fac family. The reaction was
performed in a water—acetonitrile solution of the isolated
mononuclear Ni'' complex by addition of the hexacyanome-
talate. In this way, for example, the [Co™(CN);(CN—Ni-
(dipropy,));](BF,); complex, denoted CoNi; was synthesised
and fully characterised.

No pentanuclear complexes were obtained starting with
hexacyanometalate precursors despite the attempts per-
formed with specially designed ligands. Specific attention
was paid to the synthesis of [Co™(CN),{CN—Cu(tren)},]-
(ClO,)s, a CoCu, complex that might exist considering that
the FeCul' analogue has been reported.¥! Despite our
endeavors, until now we have not isolated single crystals
suitable for X-ray crystallography.

The hexanuclear complex CoNis; was obtained without
effective control of the nuclearity. Initially, we thought that
the stoichiometry played an important role in the synthesis
and used a 5:1 Ni:Co ratio. However, it appears that the
hexanuclear complex CoNi; crystallises as the thermodynami-
cally stable product when using pure tetren ligand, regardless
of the initial Ni:Co stoichiometric ratio (from 1:3 to 1:7).

The heptanuclear complexes were prepared with Ni'l -tet-
ren and Cu'-tren as precursors and perchlorate salts as
counter anions in water—acetonitrile mixtures. In this way,
CrNig, CoNig, CrCu,y and CoCug were obtained and charac-
terised (see Part 107).

These results demonstrate clearly the importance of the
synthetic parameters in controlling and tuning the nuclearity
of the polynuclear compounds and some of the unavoidable
limits. We now focus on the three main factors to master: the
nature of the counter anions, the nature of the ligands and the
stoichiometry.

Counter anions: The choice of the counterion is important and
allows the crystallisation of specific compounds. Thus, using
the same ligand under similar experimental conditions (same
solvent, metallic ion and concentrations), the final products
differ according to the nature of the salt. For example, a
nickel(i1) perchlorate, in the presence of the tetren ligand and
hexacyanochromate(ir) precursors, leads to the heptanuclear
complex CrNigz, whereas CrNi, is obtained when using the
nickel(ir) chloride. The thermodynamic stability of the chloro
derivative of the trinuclear complex undoubtedly explains
such a result. Similarly, the synthesis of heterodinuclear
complexes takes advantage of the negative charge of the final
product. Regardless of the nature of the polyamine, the
reaction between a trivalent hexacyanometalate [M™(CN)y]

Chem. Eur. J. 2003, 9, No. 8
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and a divalent peripheral metallic cation (M) in the presence
of large cations, such as AsPh, or PPh,, favours the dinuclear
species: in aqueous solution, the association of loosely
solvated large cations and large anions leads to weak
solubility constants and to precipitation. Thus the reaction
of the [Cr(CN)y*~ precursor and of the mononuclear
[Ni(L)J** complex, in the presence of tetraphenylarsonium,
leads to thin crystalline plates of [AsPh,]*[CrNi]~ containing
the dinuclear [CrNi]~ ion.

Reaction of an excess of the mononuclear nickel(in)
precursor with hexacyanometalate in the absence of the
AsPh, or PPh, cations leads to higher nuclearity highly
charged cations [CrNj, ]|® =3+,

Polyamine ligands: According to the nature of the polyamine,
tri-, tetra- or heptanuclear complexes crystallise. Several
experiments were performed with three different ligands:
tetren, dienpy, and dipropy,. The resulting products differ
from each other with regard to the steric hindrance exhibited
and to the conformation of the ligand surrounding the nickel
ion. The tetren ligand is used successfully in the formation of
the CrNig heptanuclear complex (see Part 17). Under similar
experimental conditions, the ligand dienpy, leads to trinuclear
complexes, whereas dipropy, leads to tetranuclear entities.
Regardless of the nature of the hexacyanometalate core
([Cr(CN),] or [Co™(CN)g]), of the peripheral cation [Ni' or
Cu'] or of the counter anion (tetrafluoroborate or perchlo-
rate), the final products are isonuclear: CoNi, and CrNi, for
the dienpy, series, and CoNi; and CrNi; for the dipropy,
family. In such a case, the nuclearity is clearly induced by the
ligand itself. The result can be extended to other metallic ions.

Stoichiometry: The stoichiometry also plays an important role,
especially in syntheses with the copper complexes. It was
demonstrated that when an excess of a mononuclear Cu”
complex was used in the presence of hexacyanocobaltate(11r),
the final product was the heptanuclear complex CoCu, with or
without the co-crystallised trimer (see Part1l). With a
smaller Cu:M(CN)j ratio (1:4), CoCu, and CoCu; complexes
were obtained.

The trans-trinuclear complexes with peripheral nickel(1r)
are particularly stable. Nine different crystallographic struc-
tures were obtained, and two of them are described herein.
Several factors explain why the trinuclear complexes are
preferentially formed and why the trans configuration is
favoured, after the first step leading in solution to the
dinuclear [M™(CN);CN—M"ML)]~ or [MM'L]": Firstly, simple
electrostatics allows us to understand the preferred formation
of the trinuclear complex: the cationic M'L*" complex is
attracted by the anionic [MM'L]~ unit to form the trinuclear
[M(M'L),]* ion, while it is repelled by the [M(M'L),]" ion to
form the tetranuclear [M(M'L) ;]** ion. Secondly, the trans
approach of the cationic M'L** to [MM'L]~ is favoured
compared to the cis one since the steric hindrance induced by
the ligand L and the local electrostatic repulsions are stronger
in the cis positions than in the trans one. Thirdly, the electronic
density, delocalised over the peripheral nitrogen atoms of the
dinuclear species [MM'L]~ (that is, the basic character)
influences the interaction with the approaching ML?**. Hiickel
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calculations performed on a dinuclear [MM'L]~ model (with
M = Cr, M’ =Ni, L = NH;), indicate that the nitrogen atom of
the cyano group in the trans position of the attached M'L
bears a more negative charge than the cis ones. Instead,
similar calculations for a dinuclear [CrCu]* model complex
suggest that the nitrogen atom of the cis cyanides is more
negative than the frans one, which may explain a)the
preferred formation of frans-trinuclear nickel(ir) [M(NiL),]*
complexes and the possibility to obtain cis-trinuclear cop-
per(i) [M(CuL),]* complexes and even b) the formation of
the mer-tetranuclear CoCu; complex. Fourthly, more difficult
to rationalise is the formation of the tetranuclear complex
with the fac geometry. More accurate calculations are
required in which the full ligand geometry is used to
determine more precisely the basicity of the nitrogen atoms
(aliphatic amine or pyridine) and its influence on long
distance effects.

Infrared spectroscopy: The complexes CrNi, CoNi, CoNi,-
(tetren), CoNi,(dienpy,), CoNi;, CoNi; and CoNi, were
characterised by their IR spectra. For all species, except for
the monoanionic [CrNi]~ and [CoNi]~ complexes, the distinc-
tive bands of the perchlorate or tetrafluoroborate counter
anions (1090 and 1085 cm™!, respectively) clearly indicate the
presence of positively charged complexes. The intensity of the
bands increases as the total charge of the final product varies
from one (trinuclear), three (tetranuclear), seven (hexanu-
clear) up to nine counter anions for the heptanuclear
complexes. The presence of bands of the tetraphenylarsonium
(at 452, 690, 750, 997 and 1079 cm™!) confirms the negative
charge of the [CrNi]~ and [CoNi]~ units.

In the frequency range for asymmetric stretches of cyanide,
2200-2000 cm ™, several bands are observed, the number of
which is dependent on the coordination type of the bidentate
CN ligand. Vibrations of free and bridged cyanides are
noticeable in the spectrum and can be compared to the ones of
free hexacyanochromate(iil) and hexacyanocobaltate(1r) pre-
cursors (2131 and 2130 cm™?, respectively). CrNi exhibits a
weak band at 2151 cm™!, which is related to the bridging
cyanide, and stronger ones at 2120 and 2129 cm~!, which are
attributed to the free cyanide. The difference between the
different terminal CN stretching bands might be due to
hydrogen bonding in the crystal or to cis- and trans-cyanide.
Similar bands are observed for the CoNi (2119, 2128,
2157 cm™'), CoNiy(tetren) (2117, 2131, 2142 cm™'), CoNi,-
(dienpy,) (2136, 2141(sh)cm™!), CoNi; (2141 and 2170 cm™!)
and CoNis (2135(sh), 2156 cm™!) complexes, for which the
intensity increases with an increasing number of bridging
cyanides. Only one single band at 2152 cm™! is visible in the
CoNi, spectrum, where all the cyano groups are bridging. The
CN stretching bands are summarized in Table 3. In the series
of CoNi complexes, the wavenumber of the bridging CN
stretching band increases, up to 2170 cm~! depending on the
structural and electronic characteristics of the bonding
cyanide. The stretching value is related to the C-N-Ni angle,
which differs from one complex to another (see Part 117).
Table 4 and Figure 2, which displays the vy band versus the
distortion of the C-N-Ni entity in hexacyanocobaltate(111)-
centred nickel() complexes, show the direct correlation
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Figure 2. Plot of the stretching bands vy versus the distortion of the
C-N-Ni bridge.

between the energy of the stretching band of the bridging
cyanide (2138 -2170 cm™!) and the C-N-Ni angle (145-174°).
Similar observations are valid for hexacyanochromate(11n)-
centred nickel complexes (Part 31%).

Structural study: Single-crystal X-ray diffraction is a useful
technique for the present study because it allows the
characterization of the polynuclear nature of the complexes
as well as the structural parameters (bond lengths, angles,
packing, intermolecular distances) that influence the mag-
netic properties.

The bi-, tri- (cis and trans), tetra- (fac and mer), hexa- and
heptanuclear complexes, as well as the nickel(11) mononuclear
complexes were characterised by X-ray crystallography. The
principal crystallographic data are summarized in Tables 1
and 2. In all cases, [Ni(tetren)(ClO,)](CIO,) (1), [Ni(dien-
py2)(H,0)](CIO,), (2), [Ni(dipropy,)(H,0)](BF,), (3), and in
CrNi, CoNiy(tetren), CoNi,(dienpy,), CoNi;, CoNis and
CrNiz, the mononuclear or the polynuclear entities
[M(CN)¢_,(CN—M'L),]** are well defined without disorder
on the polyamine ligand.

Surprisingly, there are only a few examples in the literature
of crystallographic mononuclear nickel complexes chelated
by a linear pentadentate polyamine ligand. To our knowledge,
with regard to the pentadentate tetren, dipropy, and dienpy,
ligands, only cobalt complexes have been characterised by
X-ray crystallography,?*3% even though the nickel species
have already been described and commonly used in the
formation of polynuclear complexes. The compounds 1-3 are
of great interest in the step-by-step synthetic strategy
discussed in the present paper. They comprise the pentaden-
tate ligand, which blocks five of the six coordination sites of
the nickel(t1), the last position is occupied by a counter anion
or a water molecule. These compounds might serve as
precursors in the formation of new polynuclear complexes.

The complex [Ni(tetren)(ClO,)](ClO,) (1; Figure 3a) was
isolated as purple hexagonal crystals. The crystallographic
data indicate an orthorhombic system and a Pbca space group
with the following cell parameters: a=13.862(4), b=
15.747(8), ¢ =31.984(14) A. Two different nickel atoms are
present in the asymmetric unit. Among the eight different
conformations that might exist with tetren, two are present in
the unit cell, corresponding to the two different diaster-
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Table 1. Crystallographic data of the mononuclear complexes 1-3.

1 2 3
[Ni(tetren)(ClO,)](CIO,) [Ni(dienpy,)(H,0)](CIO,), [Ni(dipropy,)(H,0)](BF,),

chemical formula CgH,;CI,N;sNi,Oq C,H,;,CI,N;sNiO, CsH,yB,FgNsNiO
Fw 446.92 579.03 563.78
crystal system orthorhombic monoclinic monoclinic
a[A] 13.862(4) 8.548(3) 17.764(7)
b [A] 15.747(8) 10.797(3) 8.252(8)
c[A] 31.984(14) 26.753(7) 18.417(4)
a ] 90 90 90
AN 90 93.01(3) 117.93(3)
v [°] 90 90 90
v [A% 6962(5) 2466(1) 2385(1)
V4 16 4 4
space group Pbca P2,/n Cc
crystal shape parallelepiped parallelepiped parallelepiped
crystal colour violet violet blue
data collected 6772 4913 2336
unique data collected 4315 2096
data used for refinement 2823 (F,)*>30 (F,)? 2937 (F,)*> 30 (F,)? 1902 (F,)* > 20 (F,)?
Rl 0.0508 0.0697 0.0310
R, 0.0570 0.0818 0.0371
variables 384 309 344
Apumin [e A7) —1.42 —0.42 —0.32
APpax [€ A7 0.96 0.65 0.35
[a] R=Z[|F,| = |F.||/Z|F,|. [b] Ry=[Zw(| F,| — |F.| /ZwWF3]">.
Table 2. Crystallographic data for the polynuclear complexes CrNi, CoNi,(tetren), CoNi,(dienpy,), and CoNi;.

CrNi CoNi,(tetren) CoNi,(dienpy,) CoNi,

[Cr(CN)s{CNNi(dienpy,)}],
(As(C¢Hs),),, 6H,0

[Co(CN),{CNNi(tetren),}]
Cl, 7H,0

[Co(CN),{CNNi(dienpy,),}]
(BF,), 9H,0

[Co(CN);{CNNi(dipropy,);}]
(BF,);, 6H,0

chemical formula
Fw

crystal system
a[A]

b [A]

c[A]

a[]

B[]

7]

V[A3]

Z

space group
crystal shape
crystal colour
data collected
unique data collected
data used for refinement
R

R,

variables

Apin [e A7)
Apmax [e A3

Cy,HygAs,Cr,N,,Ni,Of
3958.37
triclinic
12.7971(10)
17.7015(13)
23.2455(17)
109.796(2)
98.546(2)
96.042(2)
4830.6(6)

2

P1

thin plates
pink

17504
11844
11844
0.1434
0.2662

535

—0.553
1.441

C,,HgCICoN 4Ni, O,
872.6
monoclinic
14.378(2)
8.420(1)
16.518(2)

90

98.88(1)

90

1975.6(6)

2

P2,/c

hexagonal plates
violet

6323

5734

3827 (Fo)?* > 30 (Fo)?
0.0402

0.0444

309

—0.50

0.37

Cy3HgBCoF,N4Ni,Oq
1152.18
monoclinic
34.977(18)
10.389(2)
14.987(9)

90

109.35(5)

90

5138(5)

2

C2/c
parallelepiped
pink

5545

5040

2879 (F,)*> 30 (F,)?
0.056

0.07

296

—0.468

0.863

CgoHo3B3;CoF )N, Ni;04
1699.99
trigonal
18.343(22)
18.343(15)
23.394(18)
90

90

120
6818(12)

3

R3

cube

pink

2944

2669

1203 (F,)?> > 30 (F,)?
0.0955
0.1103

151

—0.53
0.69

[a] R=Z||F,| = |Fc||/Z|F,|. [b] Ry=[ZwW |F, | — |F. [/ZWF3]"™.

eoisomers. The tetren ligand is bound to the nickel(i1) centre
by five nitrogen atoms (Ni—N mean distance 2.095 A). The
position left available on the nickel(i1) ion by the pentadentate
ligand is occupied by a perchlorate anion. The Ni—O distance
is 2.30(1) A, similar to that in other perchlorate—nickel
compounds when the counter anion is present in the first
coordination sphere.:3? The transition-metal ion resides in
an octahedral environment, which is elongated along the
Ni—O direction; the cis N-Ni-N angles vary from 83 to 101°.
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Similar twisting is observed for the trans N-Ni-N angle with
values ranging from 166 to 174°.

The complex [Ni(dienpy,)(H,0)](ClO,), (2; Figure 3b) was
isolated as violet parallelepiped crystals (monoclinic system,
a=8.548(3),
26.7537(7) A, f=93.01(3)°). There is an octahedral arrange-
ment around the nickel centre with five Ni—N bonds (mean
distances 2.08 A) and one Ni—O bond (2.135 A, for the water
molecule). The two pyridine rings are oriented cis to each

b=10.797(3), c=
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Table 3. Selected interatomic distances [A] and angles [°] in the complexes CrNi, CoNiy(tetren), CoNi,(dienpy,), and CoNi,.

CrNi CoNi,(tetren) CoNi,(dienpy,) CoNij
interatomic distances [A]
C-N bridge 1.15(3) 1.152(3) 1.143(6) 1.14(2)
C—N free 1.20, 1.18, 1.18 1.10, 1.20 1.145(3), 1.139(3) 1.140(7) 1.13(3)
Cr (or Co)—CN bridge 2.05(3) 1.894(2) 1.882(4) 1.87(2)
Cr (or Co)—CN free 1.95,2.01, 2.03, 2.04, 2.06 1.901, 1.896 1.901(5), 1.898(5) 1.91(2)
M-CN 2.13(3) 2.125(2) 2.115(4) 2.03(2)
M-N11 1.97(3) 2.127(3) 2.112(4) 2.099(17)
M-N12 2.08(2) 2.080(2) 2.124(4) 2.11(2)
M-N13 2.142) 2.112(2) 2.076(4) 2.13(2)
M-N14 2.17(2) 2.114(2) 2.082(4) 2.08(2)
M-N15 2.17(2) 2.112(2) 2.062(4) 2.13(3)
bond angles [°]
Cr (or Co)—CN bridge 173.3(3) 173.3(2) 172.4(4) 177.6(20)
Cr (or Co)—CN free 171, 176, 177, 173, 165 178.1(2), 177.2(3) 1772(5), 179.2(5) 178.2(22)
CN—M cyanide 1632 155.8(2) 145.8(4) 169.0(19)
N11-M-cyanide 82.4 85.58(9) 89.2(2) 174.2(8)
N12-M-cyanide 90.2 92.30(9) 170.5(2) 92.7(8)
N13-M-cyanide 92.3 94.19(9) 90.1(2) 90.3(8)
N14-M-cyanide 91.3 172.15(9) 93.7(2) 88.8(9)
N15-M-cyanide 1713 91.46(9) 91.2(2) 93.2(9)

Table 4. Best fit values for parameters J, g, D and zJ’ for the complexes CrNi, CoNi, CoNi,(tetren), CoNi,(dienpy,), CoNi;, CoNis and CoNi,.

IR: vy bridge) IR: vy free 0, C-N-Ni Jexp. g zJ D R

[em™'] [cm™'] [']
CrNi 2151 2120, 2129 163.2 18.5 1.98 —0.144 -0.16 1x107*
CoNi 2157 2119, 2128 - - - - -
CoNi,(tetren) 2142 2117 & 2131 155.8 -0.13 2.02 - - 1x107°
CoNi,(dienpy,) 2138 2136 145.8 -0.10 2.04 3x1073
CoNi; 2172 2141 169 —0.43 1.95 8x 107
CoNis 2156 2142 158.4, 159.1, 158.6, 157.0, 174.9 (trans) -0.15 2.02 2x1073
CoNig 2152 - - —045 2.0 —0.005 1.6 x 1073

other and to the water molecule. The cis N-Ni-N angles
(between 80 to 101°) and the trans N-Ni-N angles (163 and
176°) indicate the high distortion of the octahedral environ-
ment of the nickel ion.

The complex [Ni(dipropy,)(H,O)](BF,), (3; Figure 3c)
forms dark blue parallelepiped crystals (monoclinic system,
Cc space group, with the following cell parameters: a=
17.764(7), b=8252(8), c¢=18.417(4) A, p=11793(3) A).
One mononuclear complex is present in the asymmetric unit
as well as two tetafluoroborate anions that compensate the
cationic charge. The nickel ion resides in a quasi-octahedral
environment and, as expected, the polyamine ligand chelates
five of the six coordination sites leaving one position occupied
by a water molecule: five Ni—N bonds (mean distances
2.115A), one Ni—O bond (2.142 A), cis N-Ni-N angles
(between 81.30 to 97.17°), trans N-Ni-N angles (169.5 and
174.0°). The conformation of the dipropy, ligand is well
defined, with no disorder of the carbon atoms of the ligand.
The two pyridine rings are oriented cis to each other, one of
them being oriented trans to the water molecule.

The conformation of the ligands induced a chiral structure.
In contrast to 1 and 2, in 3 the non-centrosymmetric space
group (Cc) indicates that the two enantiomers are not present
in the unit cell of a same crystal, but exist separately in
different crystals. Chirality is also present in other complexes
such as CoNi;. This topic will be discussed in detail together
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with a description of the enantiomeric separation, the
absolute configuration, dichroism, in a future publication.

The CrNi complex (Figure 4) crystallises as very thin and
fragile pink plates of the tetraphenylarsonium salt (for the
parameters, see Table 2). Three heavy atoms are present in
the asymmetric unit: the chromium, nickel, and arsenic atoms.
The latter is surrounded by four phenyl fragments of the
tetraphenylarsonium cation that plays the role of the counter
cation to balance the anionic charge of the heterometallic
dimer. In the CrNi dinuclear unit, the hexacyanochromate (i1
fragment is slightly distorted compared to the potassium salt
(mean Cr—C distances 2.05 A; mean C—N distances 1.13 A).
One CN ligand bridges the unique nickel ion present in the
unit cell. The C—N distance is in the range of values published
for cyano bridges! and in the other structures reported
herein. The C-N-Ni angle deviates moderately from linearity
(163.02°; Table 3). The conformation of the dienpy, ligand
(the two pyridine rings are oriented cis to each other and to
the cyano bridge) is the same as that observed in the
mononuclear and trinuclear complexes. The packing is
formed by layers of dinuclear species separated by AsPh,*
ions; the interlayer distance is 9 A.

The CoNi,(tetren) complex (Figure 5), which is obtained as
violet hexagonal plates, crystallises in the monoclinic system
in the P2,/c space group (Table2). The asymmetric unit
contains two heavy atoms (one cobalt atom is located on
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Figure 3. X-ray crystal structure of the cations in the mononuclear nickel
complexes 1 (a), 2 (b), and 3 (c).

an inversion centre and one nickel atom is in a general
position) and a chloride ion (as counter anion). In the CoNi,
trinuclear unit, the hexacyanocobaltate(i11) fragment is slight-
ly distorted compared to the potassium salt (mean Co—C
distances 1.897 A, mean CN distances 1.145 A). Four un-
bonded cyanides with Co-C-N angles close to linearity
(178.1(2) and 177.2(3)°) lie in equatorial positions of the
complex. In axial positions, the cobalt(im) centre is linked to
two nickel ions through CN bridges, which leads to a trans-

Chem. Eur. J. 2003, 9, No. 8
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Figure 4. X-ray crystal structure of the [tren{Cu(tren);}]** entity in CrNi.

Figure 5. X-ray crystal structure of the [Cr(CN),{CN—Ni(tetren)},|* entity
in CoNi,-tetren.

trinuclearcomplex with a N—Ni distance of 2.112(2) A, and
Co-C-N and C-N-Ni angles of 173.3(2) and 155.8(2)°,
respectively. The tetren ligand occupies the other five
coordination sites of the nickel centre, which adopts a
distorted octahedral symmetry. The distances and angles of
the cyano bridges are given in Table 3. Seven water molecules
per unit cell build a network of hydrogen bonds. The CoNi,
molecules pack in such a way that all the molecules lie in the
same direction. A detailed report of the packing in these
complexes is given in Part 3P together with the description of
four different CrNi, complexes.

The second trans-trinuclear complex obtained, CoNi,(dien-
py») (Figure 6), is formed with a dienpy, ligand coordinated to
the nickel centre and tetrafluoroborate as counter anions. The
product forms pink parallelepiped crystals (monoclinic, space
group C2/c, for the parameters see Table 2), isostructural with
perchlorato equivalent complexes formed with perchlorate
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Figure 6. X-ray crystal structure of the [Co(CN),{CN—Ni(dienpy,)},]|*
entity in CoNi,(dienpy,).

salt and/or other metallic transition metals under similar
experimental conditions. Two metallic atoms (one chromium
and one nickel) are present in the asymmetric unit. The
presence of an inversion centre on the chromium ion
generates the trinuclear complex. The boron atom of the
tetrafluoroborate anions is also on a specific position that
generates the complete tetrahedral structure from two
fluoride atoms. The unique positive charge of the trinuclear
complex is then compensated by one BF,~ ion. The cobalt
centre is close to octahedral with cis and trans C-Co-C angles
close to 90 and 180°, respectively. The Co—C bond lengths are
in accordance with the literature values in related com-
poundsP* 3 (mean Co—C distances 1.894 A, mean C-N
distances 1.143 A). The nickel atom in the [Ni(dienpy,)]**
unit adopts a distorted octahedral geometry with significant
variations of the Ni—N bonds (from 2.063(4) to 2.120(4) A)
and the cis N-Ni-N angles range from 81.3(2) to 101.88(19)°,
whereas the trans N-Ni-N angles vary from 163.78(19) to
174.85(19)°. The axial Co-CN-Ni bridge appears very dis-
torted with Co-C-N and C-N-Ni angles of 172.4(4) and
145.7(4)°, respectively. Despite this axial strong distortion, the
other equatorial CN groups are close to linearity (179.5(5) and
177.2(5)°). The conformation of the dienpy, ligand is the same
as in the mononuclear Ni complex and in the CrNi structure.
In the unit cell, the molecules are well ordered in the ac plane,
forming columns separated by BF, ions. The distance
between two adjacent layers is approximately 3 A, whereas
the shortest Co—Ni intermolecular distance is 6.8 A (com-
pared to 4.8 A for the intramolecular ones).

The trinuclear cis and the tetranuclear mer complexes,
CoCu, and CoCu; (Figure 7) co-crystallised, as blue paral-
lelepipeds, in a 1:1 ratio. The poor quality of the X-ray
structure does not allow a complete description of the
structure (bond, distances). Nevertheless, the two products
have been identified without ambiguity and are included here
to demonstrate the feasibility of the formation of this kind of
geometry.

The tetranuclear fac CoNi; complex (Figure 8), which
crystallises as pink cubes, is formed with the dipropy, ligand
as the tetrafluoroborate salt. The compound crystallises in the
trigonal system, space group R3 (Table 2). Only two metal
ions (cobalt and nickel) are present in the asymmetric unit:
the cobalt ion is on the C; axis, bound to two crystallo-
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Figure 7. X-ray crystal structure of the [Co(CN),{CN—Cu(tren)},]* (top)
and [Co(CN);{CN—Cu(tren)};]** entities (bottom) in CoCu,—CoCu;.

Figure 8. X-ray crystal structure of the [Co(CN);{CN—Ni(dipropy,)}s]**
entity in CoNi;.

graphically different cyano groups, and the nickel atoms are in
a general position, surrounded by the dipropy, ligand. Then
the C; axis induces the fac tetranuclear complex. In addition, a
BF, ion, located on a general position, generates the three
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tetrafluoroborate anions necessary to compensate the charge
of the polynuclear complex. Once again, the hexacyanoco-
baltate (1) core is close to the ideal octahedral symmetry with
Co—C bonds of 1.87(2) and 1.91(2) A, the cis C-Co-C angles
near 90° and the trans C-Co-C angles close to 180°. The C—N
bonds are 1.14(2) and 1.13(3) A. The nickel atom resides in a
distorted octahedral environment. The C-N-Ni angle slightly
deviates from linearity (169°). The packing is of particular
interest because the molecular anisotropy induced by the fac
configuration is maintained in the unit cell, the molecular C;
axis becoming a crystal anisotropy axis.

The CoNis complex (Figure 9), which formed with the
tetren ligand as a perchlorate salt, crystallises in the mono-
clinic system, space group P2, (for the parameters, see

Figure 9. X-ray crystal structure of the [Co(CN){CN-Ni(dipropy,)}s]"*
entity in CoNis.

Experimental Section). Despite the low symmetry, the
presence of two individual [Co(CN){CN—Ni(tetren)}s]’* enti-
ties in the asymmetric unit, and the presence of the expected
14 perchlorate anions (for a total of 236 atoms without
counting the hydrogen atoms), the crystallographic structure
was fully determined. Only five nickel atoms are bonded to
the cyanides around the distorted octahedral hexacyano-
cobaltate(1) unit. The quality of the X-ray structure is not
sufficient to give precise distances and angles.

The crystallographic structure of the CrNig (trigonal, R3)
was described in Part 177 of this series. Only cell parameters
were obtained for the CoNi4 complex.

Mass spectrometry: Electrospray the mass spectrometry was
used to characterise these highly charged complexes, and the
results obtained are in agreement with the expected struc-
tures. Moreover, the technique allows the characterisation of
the nuclearity of the complexes and the study of their
thermodynamic stability in solution. The only two anionic
species, CrNi and CoNi, were detected by using the negative-
ion mode, and the corresponding molecular peaks were
observed at m/z 1013.5 and 1017 and are attributed to

Chem. Eur. J. 2003, 9, No. 8

© 2003 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

[Cr(CN)s{CN—Ni(dienpy,)}] and [Co(CN)s{CN—Ni(dienpy,)}]~,
respectively. The positively charged polynuclear com-
plexes were analysed by using the positive-ion mode.
The simplest spectra were obtained for the mono-
cationic species [CoNi,(tetren)]* and [CoNi,(dienpy,)]* with
a single peak at m/z 709 and 904, respectively. For
[CoNi;)**, the mass spectrum indicates undoubtedly the
presence of the molecular peaks at m/z 1505.9 and
7075 ascribed to [Co(CN);{CN—Ni(dipropy,)};]** and
{[Co(CN),;{CN—Ni(dipropy,)};](Cl1O,)}*. An  additional
peak at m/z 959.0, which was consistent with
[Co(CN),{CN—Ni(dipropy,)},]*, is also present and can be
considered as a residual entity induced by the technique. The
results obtained for CoNi; are slightly more complex but once
again the molecular peaks are visible in the spectrum at m/z
618 and 439 for {{Co(CN){CN—Ni(tetren)}s](ClO,),}** and
{[Co(CN){CN—Ni(tetren)}s](ClO,);}**, respectively. Other
peaks are also present in the spectrum, which are attributed
to [CoNi** ({[Co(CN){CN—Ni(tetren)},](ClO,):}*+; miz
726), [CoNiy]™ ({[Co(CN){CN—Ni(tetren)},](ClO4),}"; miz
1607), [CoNi;]** ({[Co(CN){CN—Ni(tetren)};](ClO,)}*+; m/z
528), [CoNi;]™ ({[Co(CN){CN—Ni(tetren)};](ClO,),}"; m/z
1158) and [CoNi,|* ([Co(CN){CN—Ni(tetren)},|"; m/z 709).
Finally, the mass spectrum of [CoNig]** displays the molecular
peak at m/z 1199 attributed to the dication
{[Co{CN—Ni(tetren)}s](C10,),}**.

All these data provide additional evidence of the nature of
the polynuclear species and demonstrate their thermodynam-
ic stability in solution.

Magnetic studies: Magnetic studies were performed for all the
mononuclear and polynuclear complexes described above and
most of them are discussed below.

After the description of the magnetic properties of the CrNi
complex (S=5/2), the only one obtained here with the
paramagnetic hexacyanochromate (1), [Cr'"'(CN)¢]*~, specific
attention will be paid to the mononuclear nickel complexes
and to the CoNi, species (x=1, 2, 3, 5) prepared from a
diamagnetic [Co™(CN)4]*>~ core. The other Cr' derivatives
were (Part 1) or will be (Part 31) discussed elsewhere. With
respect to the CrNi compound, the yy7T product (yy is the
molar magnetic susceptibility) increases continuously when
cooling down from room temperature to 10 K (Figure 10).

42-
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Figure 10. Thermal dependence of the y7 for CrNi.
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The y\T value at 300 K is 2.9 cm®*mol~K (a little larger than
the one expected for two magnetically isolated spins 3/2 [Cr']
and 1 [Ni"]: 2.875cm’mol 'K with g=2). It becomes
412 cm®mol~'K at 12 K (a little less than 4.375, the value
calculated for ferromagnetically coupled spins and g=2)
before decreasing at temperatures below 10 K. All these
features are consistent with the occurrence of a ferromagnetic
exchange coupling between the chromium(iil) and the nick-
el ions (as expected from the orthogonality of their
magnetic orbitals); the ground spin state is 5/2. A least-
squares fit of the susceptibility data to an analytical expression
derived from the spin Hamiltonian # = —JS¢Syi (Ser=3/2,
Sxi=1)leadsto/=+185cm™, g=1.97and R=4 x 107 (R is
the agreement factor defined as Zi[(a)obs(£) — On)earca(E) ]
Z[(tm)ons(D)]?)- The computed curve matches very well with
the data in the temperature range 10—300 K as indicated by
the low value of R. It is also possible to reproduce the
decrease below 10 K, to include in the analytical expression
the zero-field splitting D of the ground state and some
intermolecular interaction (zJ'), using a mean field term (7 —
zJ'). The best fit values are then J=+18.5cm™, g=1.97, D=
—0.16 cm™' (negative) and zJ'=—0.15cm™!, indicating sig-
nificantly weak anisotropy and an antiferromagnetic inter-
action between nearest neighbours. On the other hand, the
molar magnetisation as a function of the applied field at 7=
2K gives the saturation value corresponding to the spin
ground state, S We find (Figure 11) 5 g corresponds to the
expected ground state spin, S =5/2. The first magnetisation

5
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° experience
14 - brillouin for S= 5/2
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H/ 06—

Figure 11. Field dependence of the magnetisation at 2 K for CrNi; the solid
lines correspond to the Brillouin functions for §=5/2.

curve is successfully compared to the corresponding Brillouin
function for a spin 5/2. The exchange coupling J is quite strong
for two spins 3/2 and 1, far more than 5 A. It will be compared
to those obtained in other hexacyanochromate CrNi, (x=2,
6) complexes and used to establish magneto-structural
correlation in Part 3 of the series.”)

The mononuclear Ni'! compounds were studied as refer-
ence species to evaluate the magnetic parameters of a single
complex. Indeed, the ground state anisotropy of a polynuclear
cluster (uniaxial D, rhombic E and higher terms in the
Hamiltonian) is a function of several parameters such as
1) the local anisotropy of each of the metallic ions, 2) the
exchange anisotropy, and 3) the overall structural anisotropy.
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Only preliminary results concerning the mononuclear Ni
complexes 1, 2 and 3 are given here.

The magnetic properties of the three mononuclear com-
pounds 1-3 are in agreement with paramagnetic species (S =
1) of high anisotropy. The y\T product is constant from high
temperature to 15K and then decreases continuously. The
values of yy7T (1.22, 1.08 and 1.11 cm*mol'K, for 1-3,
respectively) are higher than the calculated value for an
isolated S=1 and g=2 (yy7T=1 cm*mol'K) system, which
leads to mean g values of 2.20, 2.07 and 2.10 for 1, 2 and 3,
respectively. The complete study of electronic aspects of the
anisotropy of the mononuclear complexes, data for which was
extracted from the magnetisation measurements and com-
pared to high-frequency EPR results, is in progress and will be
reported elsewhere. With regard to the hexacyanocobalta-
te(itr) derivatives, which have a diamagnetic core, the mag-
netic studies allow the evaluation of the Ni—Ni interaction,
through the long diamagnetic NC-Co-CN bridge (more than
10 A), with the next-nearest neighbours, and the determina-
tion of individual anisotropic factors of the Ni"! or Cu'" in a
cluster. In all the cases, CoNi, CoNi,(tetren), CoNi,(dienpy,),
CoNi;, CoNis, CoNig, as well as CoCu, and CoCu; behave as
paramagnetic isolated Ni'" or Cu" species with weak intra-
molecular interactions. The yy7 product of the nickel(ir)
species are reported in Figure 12. The values are constant

00000 © o o o © o o © o o CoNig
ropoo0 © ©0o O @ o o @ o o g CONi5
;CM T ; 00000 o o o6 o © © o° o o o CQNi3
/em* K mol XX XXX X X x X x x X X X X CONi2
br+++ 4+ 4+ 4+ + 4+ + + 4+ CoNi
P P RS I IS S T P |
100 150 200 250 300 350

T/IK —p

Figure 12. Thermal dependence of the yy7 product for CoNi, CoNi,,
CoNi;, CoNis and CoNig.

from room temperature to 15K and then decrease at
low temperature. The y,T values at 300 K for CoNi (1.10),
CoNi, (2.11), CoNi; (2.75), CoNis (5.13) and CoNig
(5.83 cm®*mol'K) are in agreement with one, two, three, five
and six isolated nickel ions, respectively, and g~ 2. Similar
results were noted in the first magnetisation curve at 2 K with
five series of data corresponding to compounds containing
between one and six isolated nickel ions (Figure 13); the
pentanuclear species, CoNi,, is the only missing complex of
the complete family.

The values of the computed exchange coupling were
determined for all the “CoNi,” species (x =2) and the results
are as follows: —0.13 (g=2.02), —0.10 (g=2.04), —0.43 (g=
1.95), —0.15 (g=2.02) and —0.45 cm™! (g=2.0), for CoNi,-
(tetren), CoNi,(dienpy,), CoNi;, CoNis and CoNig, respec-
tively. This indicates that the exchange interaction to the
second neighbours (through the NC-Co™-CN bridge) is weak
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Figure 13. Field dependence of the magnetisation at 2 K for CoNi, CoNi,,
CoNi;, CoNis; and CoNig; the solid lines correspond to the Brillouin
functions for 1, 2, 3, 5 and 6 isolated nickel ions.

(compared to that to the first neighbours) and is directly
correlated to the N-C-Ni angle, and that this parameter might
be omitted in the magnetic studies of high-spin chromium-
centred complexes.

The CoNi; complex presents an interesting geometry with
three metallic ions in a triangle that are weakly antiferro-
magnetically coupled. This would have been viewed as an
example of spin frustration if the exchange coupling constant
had been more significant. Very low-temperature studies are
in progress to analyse more deeply the frustration effect.

With regard to the CoCu,-CoCu; complexes, similar
experiments were performed that showed that the thermal
dependence of y,,T is characteristic of a paramagnetic species.
xmI is constant with an experimental value of
2.15 cm?mol 'K in agreement with five isolated copper(ir)
metallic ions (the expected value is 2.14 cm*mol~'K for five
separated spin = 1/2 and g =2.14). At low temperature, below
30 K, the yyT curve decreases continuously indicating the
occurrence of either intra- and/or intermolecular antiferro-
magnetic interactions between the spin carriers. The best fit
was obtained with /= —0.48 cm~! and g=2.15 and displayed
an agreement factor R=9.6 x 10°° (the distinction between
cis and trans CN-Co-CN bridges was not taken into consid-
eration). The antiferromagnetic intramolecular interaction is
smaller than the one obtained for the CoCu, complex (J =
—0.85 cm™); the difference between the two coupling con-
stants is due to the different values of the C-N-Cu angle (see
Part 3 of this series).”)

Conclusion

A rational strategy for the synthesis of polynuclear species
based on hexacyanocobaltate(ir) center surrounded by Cul!
and Ni! ions is described herein. Among the nine possible
geometries for an hexacyanometalate core, seven were
obtained. Thus, molecules such as CrNi, CoCu, and CoCus,
in addition to the series of CoNi, complexes (x=1, 2, 3, 5, 6):
CoNi, CoNi,, CoNi;, CoNis and CoNig were synthesised and
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fully characterised. This family of compounds is the main
focus of the present paper, and demonstrates the possibility to
obtain selectively, bi-, tri-, tetra-, hexa- or heptanuclear
complexes by tuning the synthetic parameters (ligand, counter
anion, stoichiometry). It should be possible to extend the
synthetic strategy to other metallic polycyanometalate pre-
cursors and especially to hexacyanochromate(ir), which
should in turn allow the preparation of anisotropic high-spin
molecules such as CrNi, CrNi,, CrNi; and CrNis that might
behave as single-molecule magnets. We have already demon-
strated the feasibility of this approach and the analogy of
hexacyanochromate(ir) and hexacyanocobaltate(i11) through
the description of the CrNi complex. The trinuclear CrNi,
compounds are fully described in Part 3”1 of this series
together with the study of the intramolecular exchange
coupling. The other species, especially CrNi;, will be descri-
bed elsewhere.

Experimental Section

Warning! Although we have experienced no difficulties with the perchlo-
rate salts and complexes described, these are potentially explosive and
should be handled in small amounts and with caution. K;[Cr(CN)4] was
synthesised by using literature methods.’> 3 The ligands 1,9-bis(2-pyridyl)-
2,5,8-triazanonane (dienpy,) and 1,11-bis(2-pyridyl)-2,6,10-triazaundecane
(dipropy,) were obtained following experimental methods already descri-
bed.[521 All other reagents were purchased as reagent-grade chemicals and
used without further purification. All solvents were analytical-grade
quality.

[Ni(tetren)(C10,)](C10,) (1): Potassium hydroxide (2.26 g, 40.5 mmol;
5 equiv) dissolved in a minimum of water was added to a solution of
tetraethylenepentamine hydrochloride salt (tetren-5HCI) (3 g, 8.1 mmol)
in water (10 mL). After the mixture had been stirred for 10 min, the
product was extracted with dichloromethane. The organic phase was dried
on potassium sulfate, and the filtrate and the solvent were evaporated
under reduced pressure. Nickel perchlorate salt (1.5 g, 4.1 mmol) dissolved
in water was added to the tetren (1.2 g, 6.3 mmol) in H,O/CH;CN (1:1;
10 mL) mixture. The blue solution was left standing for a few days.
Recrystallisation in the presence of sodium perchlorate salt allowed the
formation of purple crystals of the mononuclear nickel complex, which
were washed with ethanol. M, =446.91,23 % yield; IR (KBr): ¥ =965, 1035,
1456 and 1593, (ligand), 522 and 1080 cm~! (ClO,); elemental analysis calcd
(%) for CgHp3NiN;sClLOy: C21.50, H 5.19, N 15.67, Ni 13.13, C1 15.87; found:
C21.16, H 5.29, N 15.40, Ni 12.90, Cl 15.55.

[Ni(dienpy,)(H,0)1(C10,), (2): Nickel perchlorate salt (3.2 g, 9.4 mmol;
1 equiv) dissolved in water was added to a solution of 1,9-bis(2-pyridyl)-
2,58-triazanonane (dienpy,) (3 g, 9.6 mmol) in water (10 mL). After the
mixture had been stirred for 10 min, the solution was left standing for a few
days. Blue crystals appeared which were characteristic of the mononuclear
nickel complex. 59% Yield; IR (KBr): 7=1641, 1608, 1492, 1438, 522
(ligand), 1085 cm™! (ClO4); elemental analysis calcd (%) for C,H,sNi-
N;O0,Cl,-H,0: C33.19, H 4.70, N 12.10, Ni 10.14, Cl 12.25; found: C 33.10,
H 5.47, N 12.14, Ni 9.30, CI 11.90.

[Ni(dipropy,)(H,0)1(BF,), (3): Nickel tetrafluoroborate salt (3.2 g,
9.4 mmol; 1 equiv) dissolved in water was added to a solution of 1,11-
bis(2-pyridyl)-2,6,10-triazaundecane (dipropy,) (3 g, 9.6 mmol) in water
(10 mL). After the mixture had been stirred for 10 min, the solution was
left standing for a few days. Dark blue crystals of the mononuclear nickel
complex appeared. M, =563.77,68 % Yield; IR (KBr): 7 =1641, 1608, 1492,
1438, 522 (ligand), 1085 cm™' (BF,); elemental analysis caled (%) for
CsHyNiNsO: C 38.35, H 5.18, N 12.42, Ni 10.41, B 3.84, F 26.96; found: C
38.20, H 5.21, N 12.43, Ni 10.32, B 3.82, F 26.86.

[Cr(CN)s{CNNi(dienpy,)}][AsPh,] (CrNi): A solution of tris(2-amino)-
ethylamine (0.95 g, 6.5 mmol) in water—acetonitrile (1:1, 10 mL) was
added to a solution of 1,9-bis(2-pyridyl)-2,5,8-triazanonane (dienpy,) (1 g,

0947-6539/03/0908-1703 $ 20.00+.50/0 1703





FULL PAPER

V. Marvaud, M. Verdaguer et al.

3.5mmol) in water (20 mL). The mixture was stirred for 20 min before
hexacyanochromate potassium salt (0.325 g, 1 mmol) dissolved in a
minimum amount/volume of water was added. The solution was left
standing for a few days in the presence of tetraphenylarsonium, and the
resulting light pink fragile plates were collected and washed with ethanol.
Yield: 63 %; IR (KBr): #=2120, 2129 and 2151 cm™! (v,,(CN)); elemental
analysis calcd (%) for [CyHy3 AsCrNiN | [(H,0);: C 55.89, H 4.89, N 15.59,
Cr 5.26, Ni 5.94, As 7.58; found: C 55.50, H 4.66, N 15.14, Cr 5.75, Ni 5.76,
As 7.52.

[Co(CN)s{CNNi(dienpy,)}1[AsPh,] (CoNi): This complex was prepared
following the procedure described for [Co(CN)s{CNNi(dienpy,)}][AsPhi,],
using hexacyanocobaltate as the starting precursor. The solution was left
standing for a few days in the presence of tetraphenylarsonium, and the
resulting pink-purple product was collected and washed with ethanol.
Yield: 68 %; IR (KBr): 7=2119, 2128 and 2157 cm™! (v,((CN)); elemental
analysis caled (%) for [CyHyzAsCoNiNy [(H,0)5: C 55.44, H 4.96, N 15.46,
Co 5.91, Ni 5.89, As 7.52; found: C 55.95, H 4.95, N 14.12, Co 5.38, Ni 5.35,
As 8.24.

[Co(CN),{(CNNi(tetren),}]JCl (CoNi,-tetren): Nickel chloride (755 mg,
3.17 x 103 mol) was added to a solution of tetren-5HCI (tetraethylene-
pentamine pentahydrochloride) (1.12 g, 3.01 x 103 mol) in water (20 mL).
The mixture was stirred for 10 min before potassium hexacyanocobaltatate
(0.150 g, 4.6 x 10~* mol) dissolved in a minimum amount of water was
added. The purple hexagonal crystals were collected and washed with
water. Yield: 54%; IR (KBr): #=2117, 2131 and 2142 cm™! (v,,(CN));
elemental analysis caled (%) for [C,H,CoNi,N(Cl](H,O),: C 30.28, H
6.88,N 25.69, Co 6.75, Ni 13.45, C14.06; found: C 30.41, H 6.79, N 25.52, Co
6.61, Ni 13.24, Cl1 3.99.

[Co(CN){(CNNi(dienpy,),} (BF,)(H,0), (CoNi,(dienpy,)): Nickel tetra-
fluoroborate (0.55g, 1.6 mmol, 0.9 equiv) was added to a solution of
dienpy, (0.514 g 1.8 mmol) in water —acetonitrile (1:1; 10 mL). The mixture
was stirred for 10 min before potassium hexacyanocobaltate(ir) (0.22 g,
0.66 mmol, 0.4 equiv) dissolved in a minimum of water was added. The
solution was left standing for a few days to give pink-purple crystals. Yield:
78 %; IR (KBr): #=2136 and 2138 cm™! (sh) (v,,(CN)); elemental analysis
caled (%) for [Cy;HysCoNi,N;(BF,](H,0)s: C 40.24, H 5.51, N 19.76, Co
5.20, Ni 10.35, B 0.95, F 6.70; found: C 40.11, H 4.91, N 19.79, Co 3.67, Ni
8.92, B 1.48, F 5.02.

[Co(CN)s{(CN)Ni(dipropy,)};:1(BF,); (CoNis): Potassium hexacyanocobal-
tate(tr) (56 mg, 0.17 mmol) dissolved in a minimum amount of water was
carefully added to a solution of [Ni(dipropy,)(BF,),] (0.5 g, 0.88 mmol) in
water—acetonitrile (1:1; 10 mL). After slow evaporation of the solvent,
purple cubic crystals appeared. M,=1699.99; yield 75%; IR (KBr): 7=
2141 and 2172 cm™! (v,((CN)); elemental analysis calcd (%) for [C4Hg Co-
Ni;N,,B;F},|(H,0),: C 42.39, H 5.51, N 17.30, Co 3.47, Ni 10.36, B 1.91, F
13.41; with (KBF,)y4s, C 40.45, H 5.26, N 16.51, Co 3.31, Ni 9.88, B 2.21, F
15.57; found: C 40.48, H 5.13, N 16.55, Co 3.28, Ni 9.56, B 2.18, F 13.56.

[Co(CN){(CN)Ni(tetren)}s](C10,), (CoNis): NaOH (404 mg, 1 x 10-2 mol)
followed by nickel perchlorate (502 mg, 1.4 x 107> mol) was added to a
solution of tetren-5HCI (tetraethylene pentamine pentahydrochloride)
(0.747 g,2 x 1073 mol) in water (20 mL). The mixture was stirred for 10 min
before silver perchlorate (2.08 g, 1 x 1072 mol) was added to eliminate the
chloride ions. The solution was stirred for 1h in the dark, then the
precipitate was filtered off and acetonitrile (5 mL) was added. Potassium
hexacyanocobaltate(trr) (0.111 g, 3.34 x 10~* mol) dissolved in a minimum
of water was added and the solution was left standing for a few days and
filtered from time to time. The resulting pink-purple crystals were
collected. Yield: 69%; IR (KBr): #=2149cm~' (v,(CN)); elemental
analysis calcd (%) for [CyH;14CoNisN3 Cl,Ox](H,0): C 25.47, H 5.44, N
20.02, Co 2.72, Ni 13.53, Cl 11.44; found: C 25.46, H 5.49, N 19.89, Co 2.72,
Ni 12.78, C1 11.30; X-ray diffraction: chemical formula: Cy,H,3,N¢,Co,Ni.
Cl;,Os5, Fw=4338.48, monoclinic, space group=P2,, a=17186, b=
23374, c=22.427 A, f=93.258°, V=93184 A%, Z=4.

[Co(CN){CN—Cu(tren),}][Co(CN);{CN—Cu(tren);}1(Cl0,), (CoCu,—
CoCu;): A solution of tris(2-amino)ethylamine (0.3 g, 2 mmol) in water—
acetonitrile (1:1, 20mL) to a solution of copper perchlorate (0.75 g,
2 mmol) in water—acetonitrile (1:1, 20 mL). The mixture was stirred for
10 min before potassium hexacyanocobaltate(ir) (0.325 g, 1 mmol) dis-
solved in a minimum of water was added slowly. The solution was left
standing for a few days and the resulting blue hexagonal crystals were
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collected and washed with ethanol. Yield: 37 %; IR (KBr): #=2126, 2132
and 2162 cm™' (v,(CN)); elemental analysis caled (%) for C,HgsCo,.
Cu;sN5,Cl,O,: C 25.89, H 5.07, N 23.00, Co 6.05, Cu 16.30, Cl 7.28; found:
C 2297, H 437, N 21.10, Co 5.48, Cu 14.52, Cl 8.66; X-ray diffraction:
chemical formula: CyH,5,CrCu;,Ng,Cly;Og,, Fw =5106.36, crystal system:
monoclinic, space group=P2/c, a=8269(3) b=45351(5), c=
12.200(2) A, V=4556(2) A3, Z=3, R(Rw) = 0.128 (0.129).

Physical characterisations: Electronic spectra were obtained with a
UV 210 PC Shimadzu spectrophotometer. IR spectra were recorded
between 4000 and 250 cm™! on a Bio-Rad FTS 165 FT-IR spectrometer
in KBr pellets. DC magnetic susceptibility measurements were carried out
on a Quantum Design MPMS SQUID susceptometer equipped with a 5T
magnet and operating in the temperature range 1.8—400 K. The powdered
samples (10-50 mg) were placed in a diamagnetic sample holder and the
measurements realised in a 200 Oe applied field by using the extraction
technique. Before analysis, the experimental susceptibility was corrected
for diamagnetism using Pascal constants!!! and for the temperature-
independent paramagnetism (TIP) of the transition metals. ESI-MS
measurements were performed in solution using a modified NERMAG
R10-10 quadrupole mass spectrometer, equipped with an Analytica of
Brandford electrospray source. The range of the instrument was m/z 10—
2000. The spectra were recorded over the range m/z 2000, in steps of m/z 1.
The output signal of the electron multiplier was transferred to a PC for
treatment of the spectra. The MST mass treatment program was developed
in the Laboratoire de Chimie Structurale Organique et Biologique
according to the algorithm of Reinhold et al.’’! The complexes were
analysed in the positive mode after dilution at approximately 10~* mol L~!
in dry acetonitrile. The entry capillary voltage used was —2700 V. The
samples were infused into the source using a Harvard 11 syringe pump at a
flow rate of 2 pL min~!. The exit capillary voltage was 60 V and the first
skimmer voltage was 50 V. The N, drying gas temperature was 75 °C with a
pressure of 68.95 x 10° Pa at 5 Lmin~".

Crystallographic studies: The CrNi structure was recorded on a CCD
diffractometer in Versailles. All other structures were solved on a CAD4
diffractometer. Suitable crystals for X-ray crystallography were directly
obtained from the reaction medium or by recrystallisation from water—
acetonitrile solutions. For all the structures described, accurate cell
dimensions and orientation matrices were obtained by least-square refine-
ments of 25 accurately centred reflections on a Nonius CAD4 diffrac-
tometer equipped with graphite-monochromated Mok, radiation. No
significant variations were observed in the intensities of two checked
reflections during data collection. Absorption corrections were applied by
using the 1 scan method. Computation was performed using the PC version
of Crystals.*®! Scattering factors and corrections for anomalous dispersion
were taken from Cromer.*” The structures were solved with SHELX 864!
(Fourier maps technique) and refined by full-matrix least-squares with
anisotropic thermal parameters for all non-hydrogen atoms, when suffi-
cient data were available. Full crystallographic data and details of the
refinements are given in Table 1.

CCDC-187301 (Ni(tetren)), CCDC-187299 (Ni(dienpy,)), CCDC-187300
(Ni(dirpopy,)), CCDC-186515 (CrNi), CCDC-187296 (CoNi,(tetren)),
CCDC-187298 (CoNi,(dienpy,)) and CCDC-187297 (CoNi;) contain the
supplementary crystallographic data for this paper. These data can be
obtained free of charge via www.ccdc.can.ac.uk/conts/retrieving.html (or
from the Cambridge Crystallographic Centre, 12 Union Road, Cambridge
CB21EZ, UK; Fax: (+44)1223-336033; or deposit@ccdc.cam.ac.uk).
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Organic Chemistry on Cold Molecular Films: Kinetic Stabilization of Sy1 and
Sn2 Intermediates in the Reactions of Ethanol and 2-Methylpropan-2-ol with

Hydrogen Bromide

Seong-Chan Park,"! Kye-Won Maeng,”! and Heon Kang*!?!

Abstract: We prepared thin molecular
films of ethanol and 2-methylpropan-2-
ol on Ru(001) substrates at temperature
of 100-150 K and examined their reac-
tivity toward HBr. The reaction inter-
mediates and products formed at the
surfaces were unambiguously identified
by the techniques of Cs* reactive ion

2-methylpropan-2-ol surface, protonat-
ed alcohol [(CH;);COH, "] and carboca-
tion [(CH;);C"] were formed with the
respective yield of 20 and 78 %. Alkyl
bromides, which are the final products of
the corresponding reactions in liquid
solvents, have extremely small yields
on these surfaces (< 0.3% for ethyl

bromide and 2% for tert-butyl bro-
mide). The results indicate that the
reactions on frozen films are character-
ized by kinetic control, stabilization of
ionic intermediates (protonated alco-
hols and fert-butyl cation), and effective
blocking of the charge recombination
steps in Sy1 and S\2 paths. The implica-

scattering (RIS) and low-energy sputter-
ing. The reaction on the ethanol surface
produced protonated ethanol, which is

.. spectromet
stabilized on the surface and does not P Y

Keywords: alcohols - ice - mass
surface analysis

tion of these findings for the molecular
evolution process in interstellar medium
is also discussed.

reaction intermediates

proceed to further reactions. On the

Introduction

Reactions on frozen molecular solids have received increasing
attention in recent years partly owing to discovery that they
play an important role in atmospheric and interstellar
chemical processes. On ice particles in the polar stratospheric
clouds, heterogeneous catalytic reactions take place which
cause the seasonal recurrence of ozone depletion over the
Antarctic.'3l Interstellar icy grains are thought to be a
catalyst in extraterrestrial organics formation. The increasing
evidencel* ! from both infrared astronomic observations!®
and laboratory experiments,®'% support the possibility that
simple chemicals are transformed to more complex molecules
in the cold icy mantle of interstellar grains. The keen interest
on such environmental issues has stimulated a large number
of projects on the chemistry on water-ice surfaces, which
include spectroscopic investigations of molecular states on
ice,"-17l laboratory model studies of the stratospheric reac-
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tions of halogen reservoir molecules (CIONO,, HCI, and
HBr),['8-21 reactions induced by photons®'% and high-energy
particles,?4 and the measurements of fundamental chemical
properties on well-defined ice films such as the mobility of
waterl® 2] and proton,?”] and the proton transfer efficiency in
the H;O*/NHj; system.?8! The next interesting system in this
line of investigation is a solid alcohol surface. Methanol is the
most abundant organic molecule observed in the interstellar
medium and in cometary volatiles,*! not to mention the wide
usage of alcohols as reagents and reaction media in organic
chemistry laboratory. The study of solid-phase alcohols,
however, has been very limited so far. The structure and
phase-transition behaviors of simple alcohols such as ethanol
have been examined in a frozen bulk state,[? 3 although the
surface structure and reactivity are almost completely un-
known at present. Roberts et al.’! recently examined the
chlorine substitution reaction of 2-methylpropan-2-ol on a
water-ice surface using temperature-programmed desorption
mass spectrometry (TPDMS).

Apart from the importance to interstellar chemistry, the
frozen alcohol surface is an interesting research subject from a
standpoint of fundamental chemistry as well. Consider, for
example, Scheme 1 which depicts reactions of hydrogen
halide with ethanol and 2-methylpropan-2-ol in a liquid
phase, textbook examples of the Syl and Sy2 reaction
pathways. The reactions readily occur in ordinary solvents at
room temperature and their behavior is governed by thermo-
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+ + 5 ) U
H + X o— O+
CH;CH,OH =—= CH;CH,;~OH, —— x---Clllz-»-OIIZ —> X—CH; + H,0
protonated CH, CH,
alcohol

Sy2 transition state

H +  —ILO SF x
(CH;);COH 2= (CHy;,C—OH, 2——= | (CH),C | ——> (CHy),CX

protonated
alcohol

Swl transition state :
carbocation

Scheme 1. Reactions of hydrogen halide with ethanol and 2-methylpro-
pan-2-ol in a liquid phase.

dynamics. Intermediate species of the reactions such as
protonated alcohol and carbocation exist only for transient
time and are rapidly converted to alkyl halides. These
intermediates can be isolated only in unusual reaction media
such as superacid solvents.?*! On the other hand, a frozen
alcohol surface provides a much different reaction environ-
ment from liquid solvents mainly for two reasons. Firstly,
according to the Arrhenius equation, the thermal rate cross-
ing over an activation barrier is negligible at the temperature
of frozen alcohols (<150 K) for the majority of chemical
reactions. Secondly, the rate of reagent diffusion is reduced by
several orders of magnitude upon the phase transition from
liquid to solid in general. With such drastic changes, the
occurrence of a chemical reaction in any appreciable speed
might be considered doubtful on frozen molecular surfaces.

For a reaction study on a frozen alcohol film, it is necessary
to prepare a well-defined and contamination-free surface,
since the lack of information about the structure and chemical
composition brings a perplex situation to the investigation.
An ultra thin film deposited on a metal surface under ultra
high vacuum (UHV) is a good candidate for this purpose. In
the present work, we examined the reactions depicted in
Scheme 1 by preparing ultra thin alcohol films on Ru(001) in
UHV. On these surfaces we found that alcohols readily
reacted with HBr to produce protonated alcohols and tert-
butyl cation, despite the hostile nature of the environment
mentioned above. The reactions, however, did not go to
completion and stopped at intermediate states. The trapped
species on the surface were directly identified by the
techniques of Cs* RIS and low-energy sputtering. This work
not only demonstrates how chemistry of alcohol differs on a
frozen molecular surface and in a flask, but also gives the first
clear example that the intermediates of organic reactions can
be isolated on frozen molecular surfaces, a conjecture thus far
assumed in interstellar molecular evolution.

Experimental Section

The detailed description of Cs* RIS experiment on a frozen molecular
surface has been described previously.?® 3 3 In the UHV chamber® with
a base pressure of 1 x 1071 Torr, a Cs* beam was generated from a surface
ionization source and was scattered at a sample surface to be analyzed. The
Cs™ beam energy was chosen between 10 and 50 eV, and the current density
at the sample was 2 -3 nA cm~2 The scattered positive ions were measured
with a quadrupole mass spectrometer (QMS; ABB Extrel) with its ionizer
filament off. The scattered ions are composed of reflected primaries, RIS
products that are association products of Cs™ with neutral molecules at the
surface, and the preexisting ions ejected from the surface. The mechanism

Chem. Eur. J. 2003, 9, No. 8
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of the RIS process on a frozen molecular surface has been explained.** The
beam incidence and the detector angles both were 45° with respect to the
surface normal.

The substrate was a Ru single crystal with a (001) face attached to a sample
manipulator, and its temperature could be varied in the range of 90—
1500 K. The substrate surface was cleaned by repeated cycles of Ar*
sputtering and annealing at 1500 K in UHV. Alcohol films were deposited
on this surface maintained at 120 K by backfilling the chamber with alcohol
vapor at a pressure of 1 -5 x 108 Torr. C,H;0D (Aldrich, 99.5 + % isotope
purity) and 2-methylpropan-2-ol (Aldrich, 99.5+ % purity) samples were
degassed by several vacuum freeze — thaw cycles before introduced into the
chamber. The alcohol films were prepared to the thickness of 3-5
monolayers (MLs), where the thickness was deduced from TPDMS
measurements. Calibration experiments on alcohol films of various thick-
ness indicated that 3—-5 ML was sufficient to eliminate basically all the
substrate effects in the surface reaction. The sampling depth of RIS is one
monolayer on frozen molecular films in the employed energy range.*! Ton-
induced damage or surface contamination by incident Cs* ions was
negligible during the time of RIS spectral acquisition. Whenever necessary,
fresh films were prepared to eliminate the surface contamination effects in
the measurement. An ethanol film deposited at 120K is in a plastic-
crystalline phase (rotationally disordered phase).?>* The packing struc-
ture is unknown for 2-methylpropan-2-ol. HBr gas (Aldrich, 99+ %
purity) was introduced into the chamber through a separate leak valve and
guided close to the sample face by a tube doser, which reduced chamber
contamination by the acid. In this configuration the pressure difference of
HBr between the sample and the ionization gauge region was about eight
times, which was taken into account in calculating the HBr exposure at the
sample. The chamber was equipped with an Auger spectrometer to monitor
surface cleanness and elemental composition. Residual gas analysis and
TPDMS experiments were done with a QMS.

Results

Reaction on the ethanol surface: A film of deuterated ethanol
C,H;0D was deposited on Ru(001) at 120 K, and its surface
was analyzed with RIS at 100 K. Figure 1a shows an

a)
CsC,ILDO"

Cs™(1/20)

CsH,0"

Cs(C,H,DO"),

Cs'(1/20)

CsC,H,DO*
C,11DO°
JH CH,DO" |CsHDOY - cg(c 1 pon),

il L N
T T T frrr e

Cs™(1/200) CSCZHPDO+

CsHBr"

CsHDO'
HZDOj .
C,H1,,D0" ﬂ Cs(C,H.DON),

“ l J b
st aaa R L L 1]

0 25 50 75 100 125 150 175 200 225 250 275
m/z

Figure 1. Cs™ RIS mass spectra obtained on a pure C,H;OD film a) and on
a C,H;OD film exposed to HBr gas for 0.2 L b). Cs* beam energy was 20 eV
in a) and b). In ¢), Cs* energy was increased to 40 eV on a C,H;OD film
exposed to 0.2 L of HBr. The ethanol films were 3—4 ML thick, prepared
by condensing C,H;OD vapor on a Ru(001) substrate at 120 K. HBr gas
was added to the films at 100 K. Cs* peak intensity is shown in a reduced
scale.

0947-6539/03/0908-1707 $ 20.00+.50/0 — 1707





FULL PAPER

H. Kang et al.

RIS spectrum obtained at Cs* collision energy of 20 eV. The
spectrum shows a strong peak of the reflected Cs* primaries at
m/z 133, together with RIS products at m/z 180 and m/z 227
which are association products of Cs* with neutral molecules
at the surface. The m/z 180 peak is assigned as CsC,H;DO",
representing the pickup of a C,H;OD molecule at the surface
by a Cs™ projectile. The m/z 227 peak, CsC,H;,O,D,", is due
to the pickup of two ethanol molecules. In CsC,H;DO™" and
CsC,H,,0,D,", ethanol is believed to retain its molecular
identity, since Cs* is unreactive toward ethanol molecule in
gas phase and binds to it only through ion—dipole attraction
force. In this respect, the ions will be written as Cs(C,H;OD)*
and Cs(C,H;OD)," in the text whenever structural clarity is
needed. The RIS peaks reveal that ethanol exists as an
undissociated molecule on the frozen film. A small peak at
m/z 151 (CsH,O") is due to adsorption of residual water vapor
on the surface, and its intensity increased with time after
initial deposition of the film.

In Figure 1b, we added HBr on the C,H;OD film for an
exposure of 0.2 L (1L=1x107°Torr s) at 100 K, and then
examined the surface with RIS at the same temperature.
Upon HBr addition, new peaks readily appeared at m/z 48
and 95, in addition to the RIS peaks already seen in Figure 1a.
The m/z 48 amu signal is assigned as protonated ethanol
(C,H;ODH™), and the m/z 95 amu signal, protonated ethanol
dimer [(C,H;OD),H*]. Each of these peaks is accompanied
by smaller neighboring peaks of 1 amu difference, indicating
that the protonated ethanol undergoes H/D exchange reac-
tions on the surface. For convenience the chemical species will
be denoted hereafter only by its representative isotope. It is
important to recognize that the CH;ODH" and
(C,HsOD),H" signals are due to protonated ethanol mole-
cules produced from reaction of HBr with ethanol on the
surface. These preexisting ions are desorbed molecularly by a
process called low-energy sputtering upon Cs* impact.l'4 2%l

In Figure 1c, Cs™ impact energy was increased to 40 eV to
analyze the same surface as in Figure 1b. Additional peaks are
seen at m/z 20, 29, 213, and 215. The m/z 20 amu peak is
assigned as protonated water (H,DO™), and the m/z 29 amu
peak as C,Hs". The RIS products appeared at m/z 213 and 215
correspond to CsHBr*, which indicates that a certain fraction
of HBr remains undissociated on the surface.

Further we examined the low-energy sputtered ions ob-
served in Figure 1b and c, by monitoring their intensities as a
function of Cs* impact energy. Figure 2 a shows the intensities
of C,H;OHD* and C,Hs" ions measured on two different
films: one made only of ethanol and the other, HBr added to
ethanol. On the HB1r/C,H;OD surface, the C,H;OHD" signal
shows a substantial intensity even at a Cs™ energy of 10 eV.
The C,Hs" emission from this surface exhibits a threshold at
15-20 eV. The threshold energies for two ions are obviously
different, suggesting that they have different origins.
C,H;OHD™" with the lower threshold must be due to
molecular ejection of preexisting C,H;OHD™" ions on the
surface. In analogy, low-energy sputtering readily ejects
hydronium and ammonium ions from the surfaces containing
these preformed ions.®! The C,Hs* signal with the higher
threshold, on the other hand, must result from collisional
fragmentation of preexisting C,H;OHD". The fragmentation
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Figure 2. a) Variation of ion intensities with Cs* impact energy. Solid
symbols represent the signals from an ethanol film exposed to 0.2 L HBr,
and open symbols, from a pure ethanol film. The sample temperature was
100 K. b) Relative intensities are plotted for the C,HOD* and C,Hy*
signals from the HBr-exposed ethanol surface in a).

of C,HsOHD™ produces HDO as well, and this species is
evidenced in Figure 1c by the increase in CsSHDO™ signal and
by the appearance of protonated water signal, H,DO™. In
Figure 2b, C,H;OHD* and C,Hs* signals are plotted against
their relative intensity ratio. The relative intensity of C,Hs" is
negligible at low energy and increases above 20 eV, at the
expense of the decay of C,H;OHD™ intensity at high energy.
This behavior reveals that C,Hs™ is a secondary species
produced from C,H;OHD™ fragmentation.

Also shown in Figure2a are the emission yields of
C,H;OHD" and C,Hs" from a pure ethanol film which does
not have preexisting ions. These signals are emitted only at
impact energy greater than 40 eV and their yields are very
small even above this energy. These ions are produced as a
result of ordinary sputtering process, that is, impact-induced
fragmentation and ionization of neutral molecules. This
means that the ions appeared at energy below 40eV in
Figure 1 are due to low-energy sputtering, which refers to
collisional desorption of preexisting C,H;OHD™ ions, either
molecularly or in fragments.

The observed threshold energy for ion emission is ulti-
mately related to formation energy of the ion and its binding
strength to the surface. Hydrogen-bonding energy of proto-
nated ethanol to another ethanol molecule is 32.2 kcalmol~!
from gas-phase measurement.% This value is related to the
molecular desorption energy of protonated ethanol from an
ethanol film. The formation energy of C,Hs" from protonated
ethanol in gas phase is 34 kcalmol~1,3% and this will roughly
be the energy additionally required for C,Hs"™ ejection from
the surface via fragmentation of protonated ethanol. The
adsorption energy difference of protonated ethanol and
C,Hs" is not included in this estimation, as it is small
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compared to their formation energies. The heterolytic cleav-
age of a neutral ethanol molecule to C,Hs" and OH™ in gas
phase requires an energy of 239 kcalmol 1l much higher
than the previous two values. These gas-phase values are well
correlated with the threshold energies of ion emission in the
present study: <10 eV for desorption of protonated ethanol
(the gas-phase value is 32.2 kcalmol™'), 15-20 eV for C,H;s*
emission from a protonated ethanol surface (66 kcalmol!),
and 40 eV for G,Hs" production from a pure ethanol film
(239 kcalmol!). The thermodynamic correlation further
supports that the threshold energies distinguish the different
origins of low-energy sputtered ions. Desorption of proto-
nated ethanol occurs at the lowest impact energy, its
fragmentation at a higher energy, and the impact-induced
ionization of neutral ethanol requires the highest energy.

Particular attention was given in the present study as to
whether ethyl bromide is formed or not. In liquid solvents,
protonated ethanol is only a transient intermediate and is
readily converted to ethyl bromide through the S\2 transition
state (Scheme 1). In the present case, CsC,HsBr* signal (m/z
241 and 243) did not appear even after extensive signal
accumulation. To check if RIS can quantitatively identify
G,H;:Br on the surface, a calibration experiment was per-
formed in which C,H;Br was deposited on a frozen ethanol
film and its detection sensitivity was measured. The RIS
detection efficiency for C,H;Br, that is, the probability that
Cs* picks up C,H;Br adsorbates to form CsC,HsBr*, was
found to be 1 x 1073 at Cs* energy of 20 eV. From this RIS
efficiency, we conclude that the reaction of HBr with ethanol
does not form C,H;Br in any appreciable amount on the
surface (<0.05ML in Figure 1b). This conclusion is also
supported by the observation that the intensity of CsHDO*
signal was hardly increased in Figure 1b from the original
CsH,O" intensity in Figure 1a. If the S\2 reaction occurred, it
would form HDO as the coproduct of C,HsBr. Note that
strong H,DO™ and CsHDO™ signals in Figure 1c are due to
collisional fragmentation of protonated ethanol at 40 eV, as
mentioned before. The negligible increase of CSHDO™ signal
from Figure 1a to Figure 1b indicates that the increase in
surface water concentration is less than 5 x 10~*ML, as
calculated from the RIS detection efficiency for physisorbed
water (about 0.1).%] This sets an upper limit for the Sy2
reaction yield for C,H;Br to be 0.3 %, if the initial coverage of
HBr is assumed to be 0.2 ML with HBr sticking probability of
unity on the surface. In this estimate the small, unionized
portion of HBr molecules is ignored. From the almost absent
water species on the surface, it can also be said that self-
alkylation reaction of ethanol which releases water does not
occur either.

The transition state of the Sy2 reaction, C,H,DOBr, were it
formed and trapped on the surface, would be detected as
CsC,H¢DOBr" (m/z 260 and 262). This signal was not
observed nor its possible fragmentation peak, CsC,H;Br*.

The temperature effect on the reaction was examined by
varying the substrate temperature over the range of 100—
150 K. Above 150 K an ethanol film sublimes in vacuum.
The only change observed was an increase in signal intensity
of protonated ethanol by 15% upon a temperature increase
from 100 to 150 K. The other features of Figure 1b and c

Chem. Eur. J. 2003, 9, No. 8
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remained unchanged. To examine the temporal behavior of
the reaction, we delayed the RIS measurements after adding
HBr to the film. The spectral intensities did not change
noticeably with the delay time up to 30 min at 100 K.

Reaction on the 2-methylpropan-2-ol surface: Figure 3 shows
RIS results obtained on 2-methylpropan-2-ol films. On a pure
2-methylpropan-2-ol film (Figure 3 a), the strongest RIS peak
observed is CsC,H;,O" (m/z 207), which represents the

a)

CsC,IL0"

Cs (x1/100)

e
b)
Cs"(x1/100)
C4H9+
; CsH,0°
CsC,H, 0"
MARRE RS LALAR RS RARAS
H,0"
CsC,H, 0"
Cs(H,0),
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m/z

Figure 3. Cs* RIS mass spectra obtained on a pure (CH;);COH film a) and

on a (CH;);COH film after HBr exposure for 0.3 L b). Cs* beam energy

was 20 eV. In c), Cs* energy was increased to 40 eV on a (CH;);COH film

exposed to 0.3 L of HBr. The alcohol films were prepared 4—5 ML thick on

Ru(001) at 120 K. HBr exposure and RIS analysis were done at 100 K. Cs*
peak intensity was reduced by the factor indicated.

pickup of (CH;);COH molecule by Cs*. No fragmented or
ionized species of 2-methylpropan-2-ol is observed in the
spectrum. The small CsH,O" signal (m/z 151) is attributed to
physisorption of residual water vapor.

In Figure 3b, 0.3 L of HBr was added to the 2-methylpro-
pan-2-ol film at 100 K, and the resulting surface was analyzed
using a 20eV Cst beam. For low-energy sputtered peaks,
C Hy* (m/z 57) appears strong together with C,H;;O" (m/z
75), which are assigned as tert-butyl carbocation [(CH;);C*]
and protonated 2-methylpropan-2-ol [(CH;);COH, "], respec-
tively. For RIS peaks, CsH,O" signal is much increased in
intensity. This increase is not caused by adsorption of residual
water nor collisional fragmentation of protonated 2-methyl-
propan-2-ol by incident beams. The CsH,O" signal appeared
strong right from the start of RIS measurement and did not
vary significantly with a beam exposure time. The efficient
emission of (CH;);C* and (CH;);COH," ions at this low
energy indicates that these ions preexist on the surface,
formed by reaction of HBr with 2-methylpropan-2-ol. The
surface water molecules represented by CsH,O™ must be
formed in the conversion reaction of (CH,;);COH,* to
(CH,;);C" depicted in Scheme 1.
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When Cs* energy was increased to 40 eV in Figure 3¢, the
spectrum showed additional peaks. In particular, C,Hs" (m/z
29) and C;Hys* (m/z 41) appear in addition to the already
observed C,Hy™ and C,H,;O™. To judge whether these ions are
preexisting species or secondary products due to molecular
fragmentation, we examined their yields as a function of
impact energy, as we did before in Figure 2. Figure 4a shows
that C,Hyt and C,H;;O" ions are emitted even at 10 eV,
whereas the C,Hs" and C;Hs' emission exhibits a threshold at
15-20eV. The relative intensity ratios of these signals are
plotted in Figure 4b. The gradual decrease of the C;Hy" and
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Figure 4. a) Ion intensities as a function of Cs* energy. Solid symbols
represent the signals from a (CH;);COH film exposed to 0.3 L of HBr, and
open symbols, from a pure (CH;);COH film. The sample temperature was
100 K. The inset magnifies the threshold energy region. b) Signal intensities
of C;Hy*, C,H,,0%, C,H;s*, and C;H;s* from the HBr-exposed (CH;);COH
film are shown for their relative abundance.

C,H,;,O0" curves at higher energy is characteristic of intact
desorption of preformed ions. On the other hand, the
C,Hstand C;Hs" curves start from zero to increase gradually
for higher energy, indicating that they are produced from
fragmentation of C,Hy" and C,H;;O*. Shown also in Figure 3 a
are the emission intensities of the same ions from a pure
2-methylpropan-2-ol film. The ion emission is observed only
at > 25¢eV on this surface with very weak intensity. The
difference in the threshold energies and the energy depend-
ency in ion yields prove the preexistence of C,Hy" and
C,H,,O" ions on the surface, which are formed in the reaction
of HBr with 2-methylpropan-2-ol.

In addition to the peaks shown in Figure 3c, a 40eV
spectrum contains more peaks that have too small intensity to
be visible in the displayed scale of Figure 3c. Table 1
summarizes all the peaks observed at 40 eV, together with
their relative intensity and classification of their origins
(preexisting or fragmented by the collision). The peak origin
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was deduced from energy dependency of the corresponding
signal. In Table 1, H;O" is interpreted to be formed when
water molecules, released from protonated alcohol, are
protonated by HBr. CsHBr" is seen at m/z 212 and 214,
which indicates that a small portion of HBr remains undis-
sociated at the surface. CsC,HyBr* appears with a very small
intensity at m/z 269 and 271. Most of the peaks in Table 1 do
not vary in intensity with surface temperature (100 - 150 K) or
reaction time (0-30min), except that C,H;;O" and
CsC,H,Br™ signals increase slightly at higher temperature.

Table 1. List of the peaks observed from a HBr/(CH;),;COH surface upon
40 eV Cs* impact.

mlz Peak  Assigned formula Relative height [% ] Origin

19 H;0" 1.5 preexisting
29 C,Hs" 25 fragmented
41 C;Hs™ 11 fragmented
57 CHy* 57 preexisting
75 C,H;,0" 5 preexisting
93 CH,;,0-H,0" <0.5 preexisting
151 CsH,O* 81 preexisting
169 Cs(H,0),* 4 preexisting
207 CsC,H,,O* 13 preexisting
212,214 CsHBr+ 2 preexisting
269, 271 CsC,HyBr* <0.02 preexisting

[a] The relative peak heights are calculated separately for low-energy
sputtered ions (m/z < 133) and RIS products (m/z > 133).

We examined the CsC,HyBr™ signal in more detail, since
this is the end product of the 2-methylpropan-2-ol reaction in
liquid. Firstly, to check if RIS can properly detect C,H,Br, we
adsorbed C,HyBr on a new 2-methylpropan-2-ol film and
analyzed the surface by RIS. Figure S5a shows a 40eV
spectrum obtained on a pure 2-methylpropan-2-ol film, and
Figure 5b, a C;HyBr-adsorbed alcohol film. The two spectra
show almost identical features, but small extra peaks are seen
at m/z 269 and 271 in Figure 5b, representing CsC,HBr*. This
shows that C;HyBr is properly detected by RIS and does not

a)
CsC H, 0" (x1/3)

47710

Cs' (x1/1000)

CsH,0"
(x1/10)

I b}
Cs™(x1/1000) CsC,H, 0" (x1/3)
CBH«’;v
o Csl1,0"
CHy (x1/10) CsC H,Br"

0 25 50 75 100 125 150 175 200 226 250 275
mz —————
Figure 5. Cs* RIS mass spectra from a pure (CH;);COH film a) and from a

(CHj;);COH film covered with 0.2 ML of C,H,Br b). Cs* collision energy
was 40 eV.
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fragment significantly, as deduced from the unchanged C,Hy*
intensity. Secondly, we quantitated the RIS detection sensi-
tivity for C;HoBr through calibration experiments on 2-meth-
ylpropan-2-ol films with various C,H,Br coverages. The
absolute coverage of C;H,Br was estimated from the decay
rate of CsC,H,,O" signal which comes from the underlying
alcohol film. A linear calibration plot was obtained for
CsC,HyBr* intensity versus C,HyBr coverage in the range of
0.05-1.0 ML, from which the amount of C,;HyBr product in
Table 1 was estimated to be about 0.005 ML. This value
corresponds to the C,H,Br formation yield of 2% in the
reaction of HBr with a 2-methylpropan-2-ol film. A small
portion of unionized HBr remained on the surface was
ignored in the yield calculation. The other products of the
reaction, fert-butyl carbocation and protonated 2-methylpro-
pan-2-ol, have the branching ratio of 78 and 20 %, respec-
tively, as deduced from their peak intensities in Figure 3b by
assuming that their sputtering efficiencies are the same.

Discussion

According to the results shown in the previous section, the
reactions on the frozen alcohol surfaces can be summarized as
follows. HBr reacts with an ethanol surface to exclusively
produce protonated ethanol. On a 2-methylpropan-2-ol sur-
face, the major species formed are protonated 2-methylpro-
pan-2-ol (20 %) and tert-butyl cation (78 %). A large fraction
of the former is transformed to the latter by loss of water.
Although both alcohols produce alkyl bromides as the final
products in liquid, the yields for alkyl bromides on the cold
surfaces are almost negligible (< 0.3 % for ethyl bromide and
2% for tert-butyl bromide). It can be noticed that the products
identified in this work are the intermediates of the liquid-
phase reactions. This gives a good reason to believe that the
reaction on a frozen molecular surface has the same reaction
path (potential energy surface) as that for liquid alcohol.
Molecular constituents are basically the same in both environ-
ments. The big difference, however, is whereas a liquid-phase
reaction easily finds the lowest energy path of the potential
energy surface and goes all the way to final products due to
high mobility of the reagents, this is not the case on a frozen
film. Scheme 2 summarizes the mechanistic paths on frozen
alcohol films based on the present results. In the liquid phase,
the reaction of HBr with primary alcohol produces alkyl
bromide with a yield typically greater than 80%, and
protonated alcohol is never stabilized. On the other hand,
the frozen molecular surface blocks the formation of the Sy2

+ — o+
CH;CH,0OD + HBr —> CH3CH,—ODH + Br %> | Br--CH,- DOH
protonated (|,‘H3
alcohol

(yield % 99.7%)

+ } ]t
(CH3);COH + HBr —> (CH3);C—OH; + Br —> [(CH3)3Ci| + Br + H,0 & (CH;);CBr + H,0

protonated
alcohol

carbocation

ield = 78%
(vield = 20%) yie )

Scheme 2. Summary of the mechanistic paths on frozen alcohol films.
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transition state in the ethanol reaction and traps the proto-
nated ethanol intermediate. For the reaction of fert-butyl
alcohol, the rate-determining step in liquid solvent is hetero-
lytic dissociation of the reactant to a carbocation and the
leaving group. The dissociation is followed by rapid combi-
nation of the carbocation with a nucleophile present in the
medium, forming tert-butyl bromide. This Syl reaction is
governed by thermodynamics. On the cold surface, the
heterolytic dissociation of the protonated tert-butyl alcohol
does occur with a yield of about 78 %, but the next process
which combines (CH;);C* and Br~ is prohibited. Note that
only tert-butyl alcohol goes beyond the protonation step to
isolate the carbocation. Therefore, the reactions of primary
and tertiary alcohols result in different product distributions
on the frozen surfaces, unlike for liquid reactions. Subtle
chemical difference of the reagents is highlighted on the cold
surface, enhancing selectivity of the reactions.

The intermediates in the Sy1 and S\2 reactions of alcohols
have long been a subject of physical organic chemistry
research. These intermediates are too reactive to be stabilized
and directly observed in ordinary reaction conditions. Laser
flash photolysis studiesP*>"l showed that simple alkyl cations
have lifetimes shorter than 10~'°s in water, methanol, and
ethanol solvents at room temperature. Stable carbocations
have been isolated in superacid solvents such as SbFs, and in
such environment the first direct observation of tert-butyl
cation was made by NMR spectroscopy.P! Since then, various
spectroscopic methodsi*-#2 have yielded information on the
structure and reactivity of carbocations, including X-ray
photoelectron spectroscopic study of carbocations isolated
in a superacid matrix at low temperature.*”l The present study
gives the first example of isolating and identifying tert-butyl
cation and protonated alcohols on a molecular surface that
has the same chemical composition as an ordinary medium.
The surfaces do not have extremely weak nucleophiles as in
superacid solvent, and only the temperature cooling was
necessary to isolate the intermediates. Since fert-butyl cation
is stabilized on the surface but ethyl cation is not, the relative
stability of the carbocations appears to go parallel with the
gas-phase and liquid-phase trends; this confirms the inherent
stability of carbocation outweighs the solvent effect.

We interpret that the isolation of reaction intermediates in
this work is a result of kinetic stabilization rather than a
thermodynamic consequence, since thermodynamically the
reaction paths are identical on a frozen surface and in a liquid
medium, as mentioned before. This interpretation is consis-
tent with the observation that the proton transfer in the H;O*/
NH; system is incomplete on
water-ice surfaces;?! the pro-
ton-transfer yield is far too
small compared to the thermo-
dynamic yield in liquid or gas
phase, and is governed by the
reagent diffusion on ice. In the
present case, close examination
of Scheme 2 reveals that the
frozen surfaces preferentially
stabilize ionic species and pro-
hibit their further reactions. For

(vield £ 0.3%)

(vield < 2%)
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example, protonated alcohols and tert-butyl cation are iso-
lated along the reaction paths. Also, the nucleophilic attack of
protonated ethanol by Br~ is almost completely blocked, and
so is the combination process of fert-butyl cation and Br—. On
the other hand, reactions involving movement of neutral
molecules are facile, such as the initial reactive encounter of
HBr with alcohols producing protonated alcohols and the
liberation of water molecule from (CH;);COH,".

The preferential stabilization of ionic species in the reaction
paths suggests that the reactant mobility is a critical factor
which controls the reaction behavior on the cold surface.
Ethanol and 2-methylpropan-2-ol molecules are expected to
be somewhat mobile on the surface at the employed temper-
ature, since water molecules are known[® 2! to be so at this
temperature on a water-ice film, and the melting temperature
of water-ice (273 K) is higher than that of ethanol (159 K) and
comparable to 2-methylpropan-2-ol (298 K). Ethanol mole-
cules are expected to be rotationally activated at this temper-
ature on the surface, as they are known?” ! to be in the bulk
state. Such active diffusion and rotation of alcohol molecules
will make their reactive encounters facile. On the other hand,
ions such as C,H;OH,*, (CH;);C*, and Br~ are solvated, at
least partially, by alcohol molecules on the surface, such that
their mobility is greatly reduced. It has been reported®” ¥l that
hydronium and ammonium ions are immobile on ice, and the
immobility reduces the proton transfer yield from H;O* to
NH;. We believe that such ion immobility prohibits the
surface diffusion and attack of a Br~ nucleophile to C,H;OH,*
or (CHj;);C™. As such, these ions become trapped between the
kinetic barriers. Another factor that may contribute to ion
stabilization is the formation of a solvation shell around an ion
which has a rigid structure at low temperature. The rigid
solvation shell is difficult to be penetrated by a counter ion
which is also solvated. In addition, the molecular motions are
restricted in two-dimension on the surface. This will hinder
formation of a transition state in the optimal three-dimen-
sional geometry. This effect can be particularly serious in the
ethanol reaction which requires to form the Sy2 transition
state through concerted bond-making and breaking processes.

A few extra points may be mentioned about the kinetic
stabilization and its possible consequences. At the temper-
ature of frozen alcohol films, the reaction must be initiated by
chemical energy of the reactants since there is not enough
thermal energy. The proton affinity of an alcohol provides the
driving force for HBr ionization and alcohol protonation. The
extra energy released in this step can either be utilized for the
next step of carbocation formation or just be dissipated to the
surface. Once carbocation or protonated alcohol is formed,
they get quenched and trapped almost permanently between
the kinetic barriers. In our observation the trapped ions are
not transformed to other species up to 30 min at 100 K. Such a
feature clearly distinguishes the kinetic trapping from the
reduction of thermal reaction speed. The ions trapped on a
frozen surface can be regarded as stable products under the
given reaction condition, rather than transitory intermediates.
The kinetic trapping often results in diverse products com-
pared with those of liquid-phase reactions which are thermo-
dynamically converged, simple species. Also, subtle chemical
difference between the reactants can be amplified on a frozen
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surface to increase the product diversity, as mentioned before.
These aspects might have implication for the molecule
formation process in interstellar space as proposed®'% %! to
take place on the surface of interstellar dust particles covered
with ice mantle of simple molecules such as H,O, CO, CO,,
and CH;OH. The molecules can break apart upon bombard-
ment by energetic photons or cosmic ray particles to produce
reactive fragments. Some reactions may occur solely from
chemical energy upon encounter of reactants according to the
present finding, but certainly these external energy sources
can greatly increase the reaction yield and the range of
products. The reactive species created will remain frozen in
the cold environment of ice mantle (7'< 50 K) for some time.
Tonic species, if formed, will be isolated for much longer time
than neutral species. Such kinetic trapping may help increas-
ing molecular complexity by stabilizing various intermediates
and having them available for next reactions.

Conclusion

This work has demonstrated that a low-temperature molec-
ular film provides a unique environment for organic reaction.
Simple alcohol molecules do undergo facile reactions with
HBr, but their reactivity is quite different from that in the
liquid solvent. Reaction of HBr with an ethanol surface
produces protonated ethanol as the final product. On a
2-methylpropan-2-ol surface, the major products observed are
protonated 2-methylpropan-2-ol and tert-butyl cation. Alkyl
bromides are hardly formed in both reactions, although they
are exclusive final products in the reactions in liquid solvents.
Unique features of the frozen surface reactions can be
summarized as follows: i) the reactions are controlled by
kinetics rather than by thermodynamics, ii) the kinetic control
leads to isolation of reaction intermediates, iii) ionic species
are preferentially stabilized in the reaction path, and iv) the
reactivity of primary and tertiary alcohols is well distinguished.

A molecular interpretation is suggested for these observa-
tions in terms of reactant mobility. While neutral alcohol
molecules are mobile and rotationally activated on the
surface, ion mobility is greatly reduced due to partial solvation
of an ion by alcohol molecules. The reduced ion mobility
prohibits the diffusive encounter between Br~ and a counter
ion such as C,H;OH,* and (CHj;);C*, thus effectively blocking
the completion of the Syl and S\2 pathways. Other factors
that may additionally contribute to the ion trapping include
the rigid solvation shell formed around an ion, and the two-
dimensional restriction in forming the optimal geometry of
the transition states.
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Binding Site Optimisation for Artificial Enzymes by Diffusion NMR

of Small Molecules

Catherine E. Atkinson, Abil E. Aliev,* and William B. Motherwell®!

Abstract: A binding site optimisation
protocol for the design of artificial
enzymes based on “small molecule—
small molecule” binding studies by dif-
fusion NMR is presented. Since the
reaction chosen was the hydrolysis of
ester 1 ([4-(4-carboxy-1-oxobutyl)-ami-
nobenzyl]-phenethyl ester), an analo-
gous phosphonate ester 2 ([4-(4-car-
boxy-1-oxobutyl)-aminobenzyl]-phos-

phonic phenethyl ester) was selected as
a suitable transition state analogue
(TSA). The key objective of the NMR
studies was to find a unit with functional
groups capable of binding to the acidic
sites of the TSA. Nine dipeptides, main-
ly with basic and hydroxyl groups, were
used and their affinity to the TSA was

studied by measuring the change in the
diffusion coefficient, D,,, upon binding
by pulse field gradient NMR. The value
of D, at 298 Kin D,O at pD 5,7 and 10
was measured both in free solution, and
mixtures containing one dipeptide and
the TSA. As both components are low
molecular weight species with M < 500,
a TSA-to-dipeptide ratio of 10:1 was
used to detect significant changes in
D,.,. The results revealed that dipepti-
des with basic residues show higher
affinity to the TSA than those with

Keywords: diffusion enzyme
models ester hydrolysis
peptides - transition states

hydroxyl or aliphatic side chains in
aqueous solutions. The dipeptide show-
ing the most significant relative change
in D,, was H-Arg-Arg-OH, and the
binding constant was estimated to be
86 Lm~! by measuring D,,, at varying
concentrations of the TSA. In addition,
binding of the TSA to a new water-
soluble polymer with a polyallylamine
backbone and randomly distributed
Arg-Arg binding sites was examined,
and the binding constant was estimated
to be >1500 Lm~!. As confirmed by
further catalytic activity tests, polymers
containing Arg-Arg as a binding site are
capable of significant rate accelerations
in the hydrolysis of ester 1.

Introduction

It is now well established through extensive studies of
naturally occurring enzymes that the acceleration of reaction
rates is most effectively accomplished when the enzyme active
site is capable of binding a species intermediate between the
substrate and the product.'l As an automatic corollary it
follows that artificial enzyme-like properties can be achieved
by designing an active site structure that suitably binds the
transition state for a given reaction. However, in view of the
short lifetime of any given transition state it is generally
impossible to preselect a matching binding unit, and hence the
highly successful alternative strategy based on the use of a
stable transition state analogue (TSA) is often employed. The
seminal work of Lerner and Schultz in developing catalytic
antibodies is centred around this concept. 3l

Nevertheless, if some degree of complexity is required in
designing and constructing a catalytic domain, the develop-
ment of a reliable and quantitative assay for estimation of

[a] Dr. A. E. Aliev, Dr. C. E. Atkinson, Prof. W. B. Motherwell
Department of Chemistry, University College London
20 Gordon Street, London WC1H 0AJ (UK)
Fax: (+44) 020 7679 7463
E-mail: a.e.aliev@ucl.ac.uk
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binding between the TSA and even a small structural portion
of the ultimate artificial enzyme is a highly desirable
objective. The purpose of the present paper is to outline a
useful NMR method for the estimation of binding strength
between two small molecules of similar molecular weight.
Since even the cumulative effect of a limited number of small
intermolecular non-covalent interactions does not manifest
itself in a substantial gain in energy, such binding studies,
especially in aqueous media, are often considered to be
problematic.

Thus, whilst investigating the design of a new artificial
enzyme capable of catalysing the hydrolysis of ester 1, we

required an efficient method of identifying small molecular
weight species that would bind the transition state of the
reaction. Since phosphonates are well known to mimic the
tetrahedral geometry found in the transition state of the
reaction, the phosphonate 2 was therefore chosen as the TSA.
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For the design of the catalyst, a low molecular weight unit
with the ability to bind the TSA was required. The unit should
in principle be capable of binding both the carboxylate and
the phosphonic acid sites of TSA 2, and also possibly of
forming a hydrogen bond with the amide bridge. The choice of
peptide units derived from natural amino acids as potential
binding units is appropriate, as they are a constituent part of
enzymes and contain functional groups that are potentially
capable of binding to the TSA 2. In addition, if a dipeptide
was chosen to bind with the acid sites of the TSA 2, the
peptide bond should also be appropriately placed to form a
hydrogen bond with the amide group of the TSA 2. Thus,
various dipeptides with basic and hydroxyl groups were
selected for binding site optimisation. As both the TSA and
the chosen dipeptides have a molecular weight M <500, a
technique was required that could identify binding between
two small molecules.

A variety of techniques have been reported for studying
binding interactions, and the majority of these involve NMR.
Binding studies by NMR rely on the fact that when two
molecules are involved in simple “association = dissociation”
equilibrium, changes are observed in NMR parameters, such
as chemical shifts, relaxation rates and diffusion coefficients.*
The use of diffusion for binding studies in solution is of
particular interest since the diffusion coefficient is molecular
weight dependent: when two molecules associate in solution,
the apparent molecular weight increases, and this can be
observed as a slowing down of the translational diffusion in
solution. Diffusion NMR can also be superior to the
techniques based on T, relaxation,’! as well as 'H NMR
chemical shift measurements,®! especially when complexation
is associated with proton exchange between binding compo-
nents, and there is a possibility of confusing acid-base
chemistry with binding phenomena.ll As a result diffusion
NMR has been widely applied for binding studies.[62]
However, the majority of the reported applications involve
binding between a small ligand and a large receptor.
Monitoring binding of two small molecules of similar molec-
ular weight is in general a more difficult task since the observed
changes in the NMR parameters are expected to be small.

In this work we have studied the binding properties of
various dipeptides to the TSA 2 by diffusion NMR. Both
components in this case are low molecular weight species of a
similar molecular mass. As shown below a simple approach
based on the use of an excess of one of the components allows
us to detect significant changes in the diffusion coefficient of
the minor component and hence allows comparative analysis
of binding properties of a number of small molecular weight
binding partners. The affinity of the TSA 2 to nine dipeptides
at three different pD values was studied in this way and the
results are reported below. Unlike techniques based on
screening of soluble compound mixtures,'® ! separate sol-
utions of each dipeptide with the TSA 2 were used in order to

Chem. Eur. J. 2003, 9, No. 8
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exclude possible bindings of different dipeptides to each
other. In addition, for one of the dipeptides the binding
constant has also been determined using variable concen-
tration measurements. Finally, the binding properties of a new
water-soluble polymer incorporating the highest affinity
dipeptide as judged by NMR results has been examined with
a view to probing the efficiency of binding as a function of
macromolecular environment.

Results and Discussion

Dipeptides and choice of concentrations: Nine commercially
available dipeptides were chosen for use in binding studies
(see below). Of them, four, H-Arg-Arg-OH, H-Ala-Arg-OH,
H-fAla-Lys-OH and H-fAla-His-OH (L-carnosine) contain
one or more basic groups. Two dipeptides, H-Gly-Tyr-OH and
H-Gly-Thr-OH contain hydroxyl residues, and one more
dipeptide, H-Ser-His-OH contains both basic and hydroxyl
residues. For comparison, two dipeptides, H-Ala-Gly-OH and
H-fAla-Leu-OH, which contain neither basic, nor hydroxyl
groups, were also included in this set.

The translational diffusion coefficients of the dipeptides
and the TSA 2 were measured both in free solution and in a
mixture containing one dipeptide and the TSA. Initially when
a 1:1 ratio was used, only very small changes in the diffusion
coefficients were observed. As the binding of the TSA with
dipeptides in solution is an equilibrium process, by Le Cha-
telier’s principle, the use of an excess of one of the
components is expected to push the equilibrium to the right,
towards the formation of the TSA --- Pep complex.

TSA + Pep=TSA ---Pep )

Thus, a 10:1 ratio of concentrations of TSA-to-dipeptide
was used, and, as shown below, this was sufficient for the
observation of significant changes in the diffusion coefficients
of the low molecular weight dipeptides studied. A control
experiment was also carried out for a 10 : 1 dipeptide-to-TSA
solution for one of the dipeptides.

NMR parameters, pD dependence of proton chemical shifts:
The 'H NMR chemical shifts and */,; coupling constants for
3mwm solutions of dipeptides in D,O at three different pD
values are listed in Table 1. The chemical shifts of the a-
protons of the first H-Pep residue in each dipeptide vary
considerably as the pD is varied, that is when increasing pD
from 5 to 10 an increase of 0.41 —0.65 ppm in (H®) is observed.

The observed changes can be explained using pK, values of
dissociating groups in free amino acids and peptides.['l For the
a-amino group pK, is about 9—10 in amino acids and about 7.7
in peptides. On increasing pD from 5 to 10 the concentration
of the unprotonated R-NH, form is increasing, and as the -
NH, group is less electron withdrawing than -NH;*, a
significant shift to lower frequencies (relative to R-NH;") is
observed for the a-protons of the first residue. For a-carboxyl
group pK, is about 2 in amino acids and about 3.6 in peptides,
hence at pD 5, 7 and 10 a carboxyl group is predominantly
present as the carboxylate ion. As a result, no significant
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Dipeptides with one or more basic residues

i i i i
I
HgN—?H-C—H—(i‘,H-C—OH H2N—?H-C—H—?H-C—OH
(C|3H2)3 ((|3H2)a CHg ((|3H2)a
ITIH NH ITIH
?:NH C=NH (i‘,:NH
NH, NH5 NH;
H-Arg-Arg-OH H-Ala-Arg-OH
i i i i
HoN—(CHy)~C—N—CH-C—OH  HzN—(CHg)z~C—N—CH-C—OH
((|3H2)4 CHy
NH.
2 N N
\ Nk

H-pAla-Lys-OH H-BAla-His-OH

Dipeptides with a hydroxyl residue

i i it i
HoN=CHa~C—N—CH-C—OH HoN=CHp-C—N—CH-C—OH
CH, HC—OH
&y
OH
H-Gly-Tyr-OH H-Gly-Thr-OH

Dipeptides with both a
basic and hydroxyl residue

o] 0 o 0
I I
HoN—CH—C—N~CH-C~OH HaN—(CHz)z~C—N—CH-C—OH
<|:H2 CHa C|:H2
OH HC-CH;,
NT SH
(e 8
H-Ser-His-OH H-pAla-Len-OH

chemical shift changes are observed for the a-protons of the
second Pep-OH residue as pD is changed from 5 to 10.

Chemical shift changes of the side chain protons can also be
explained using the corresponding pK, values. For instance,
the pK, of the e-amino group of Lys is about 10.5 in peptides
and therefore at pD 5 and 7 these groups are in the protonated
form [H;N*—CH,—]. At pD 10 a considerable amount of the
unprotonated form [H,N—CH,—] is expected, hence a shift to
the low frequency is observed for the adjacent H® protons. The
other significant chemical shift changes observed for the
aromatic His and Tyr protons can be explained in a similar
manner using corresponding pK, values (6—7.4 for imidazole
of His and 9.5-10.5 for phenolic hydroxyl of Tyr).

The '"H NMR chemical shifts and */,; coupling constants for
3mm dipeptide mixed with 30 mm TSA at three dif-
ferent pD values are listed in Table 2. For the majority of
dipeptides no significant chemical shift changes are observed
when comparing values measured for 3 mm dipeptide (Ta-
ble 1) and those for 3 mm dipeptide mixed with 30 mm TSA
solution (Table 2).

1716 ——

Dipeptides without a
basic or a hydroxyl residue
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Some significant changes of
chemical shifts are observed for
the aromatic protons of His in
H-Ser-His-OH (at pD 5 and 7)
and H-BAla-His-OH (at pD 7).
These are likely to be caused by
the alteration of the populations
of the ionised dipeptide species,
which is in turn caused by the
change of the pK, value for His
in the (D,0+TSA) environment.
Peptide pK, variations depend-
ing on the environment are com-
mon, and, interestingly, varia-
tions as much as three pH units
are often encountered at the
active sites of enzymes.[!! Finally,
Table 3 summarises the 'H chem-
ical shifts for solution of the TSA
2 in D,O at three different pD
values. As the TSA 2 is expected
to be a relatively strong acid with
low pK,, no significant pD de-
pendence of the chemical shifts is
observed. The largest change of
only —0.09 ppm is observed for
the CH, protons adjacent to the
COOH group as a result of pD
increase from 5 to 10.

Diffusion measurements for the

HEN_CH_E_N_CHZ_E_OH TSA and ‘dipe.ptides: T‘hg trans-
i H lational diffusion coefficients of
: the dipeptides and the TSA 2
were measured both in free sol-
ution and in a mixture containing
H-Ala-Gly-OH

one dipeptide and the TSA in
D,O at pD 5, 7 and 10. As an
illustration, the result of meas-
urements for 3 mMm H-BAla-Leu-OH at pD 10 is shown in
Figure 1. The measured value of the diffusion coefficient was
(4.85+£0.02) x 107 m?s~. For the mean value and mean
deviation calculations diffusion coefficients measured from
four different experiments for five different peak areas in
each experiment were used. The overall mean deviation for all
of the samples used in this work was in the range £0.01-
+0.10 x 107 m?sL.

The diffusion coefficient of the TSA 2 (Drg,) in 30 mm
aqueous solution was measured to be 3.48+0.03 x
1071 m?s~! at pD 5, 3.38+0.01 x 107" m?s~! at pD 7, and
3.33+£0.02 x 1071 m? s~ at pD 10. The lowest value of D, at
pD 10 maybe the result of increased hydration or self-
association of the TSA molecules. It is relevant to note that
lysozyme aggregation has been studied as a function of pH
and it has been shown that the aggregation species shift from
dimer to higher oligomer as the pH is increased.’! In the
presence of any of the dipeptides, it was expected that the
value of D15, would not significantly change, since even if a
very stable complex formed, only 10 % of the TSA molecules
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Table 1. 'H NMR parameters of 3 mm dipeptide solutions in D,O at pD 5, 7 and 10 (7= 298 K). The standard atom numbering convention for peptides is

used.
'H NMR chemical shift, d [ppm] Jym [Hz]
Dipeptide pD H* H? H H? H¢ 3] ,5(HPep) 3] ,,(PepOH)
H-Arg-Arg-OH 5  4.04 HArg; 419 ArgOH 1.63-1.95 1.63-1.95 3.21;3.22 - 6.3;6.3 5.8;7.9
7  3.99 HArg; 419 ArgOH 1.63-1.93 1.63-1.93 3.21;3.22 - 6.3;6.3 5.8;79
10 3.43 HArg; 4.19 ArgOH  1.60-1.85 1.60-1.85 3.17;3.19 - 6.3;6.3 52;8.0
H-Ala-Arg-OH S5 4.09 Ala 4.16 Arg 1.55 Ala 1.74;1.84 Arg  1.62 Arg  3.21 Arg - 7.1 Ala 5.8;7.8 Arg
7  3.86 Ala4.17 Arg 143 Ala1.73;1.84 Arg  1.62 Arg 321 Arg - 7.1 Ala 5.5;7.8 Arg
10 3.51 Ala 4.18 Arg 1.26 Ala 1.72;1.85 Arg 159 Arg  3.19 Arg - 7.0 Ala 5.1; 8.0 Arg
H-pAla-Lys-OH 5 3.27 BAla 4.26 Lys 2.73 pAla 1.75;1.87 Lys  1.44 Lys 1.69 Lys 3.00 Lys scssl® 5.2;84 Lys
7  3.26 fAla 4.14 Lys 2.71 pAla 1.70; 1.81 Lys  1.42 Lys 1.68 Lys 3.00 Lys scssl® 5.3;8.2 Lys
10  2.86 BAla 4.14 Lys 242 fAla 1.65;1.78 Lys  1.33 Lys 1.43 Lys 2.58 Lys  scssld 4.8; 8.8 Lys
H-fAla-His-OH 5 323 fAla 4.54 His 2.69 fAla 3.12;3.26 His - 7.27 His 8.59 His  scssl 5.3; 8.2 His
7 3.19 BAla 4.44 His 2.63 fAla 2.95;3.11 His - 6.92 His 7.68 His  scssl 4.7; 8.7 His
10 2.75 BAla 4.46 His 2.33 fAla291;3.12 His - 6.90 His 7.63 His  scssld 4.5; 9.3 His
H-Ser-His-OH 5 4.10 Ser 4.50 His 3.97 Ser 3.15; 3.25 His - 7.25 His 8.53 His 4.9;4.9 Ser 5.7;7.5 His
7  3.89 Ser 4.46 His 3.86 Ser 3.06; 3.17 His - 7.06 His 8.06 His  4.0; 5.7 Ser 5.2; 7.8 His
10  3.45 Ser 4.44 His 3.66 Ser 2.98; 3.11 His - 6.91 His 7.64 His 5.2;5.2 Ser 4.8; 8.0 His
H-Gly-Tyr-OH 5 3.70;3.80 Gly4.52 Tyr  2.90;3.15 Tyr - 7.16 Tyr 685 Tyr (3 —161Gly) 5.0;8.8 Tyr
7 3.64;3.74 Gly 4.43 Tyr 2.85;3.12 Tyr - 7.15 Tyr 6.84 Tyr (3] =162 Gly) 4.9;89 Tyr
10 3.22;3.24 Gly 4.38 Tyr 2.81; 3.05 Tyr - 7.01 Tyr 6.62 Tyr (3] =169 Gly) 4.9;84 Tyr
H-Gly-Thr-OH 5 3.91 Gly 4.26 Thr 4.30 Thr 1.19 Thr - - - scsslel
7  3.88 Gly 4.17 Thr 4.24 Thr 1.18 Thr - - - 4.1 Thr
10 3.39 Gly 4.17 Thr 4.24 Thr 1.16 Thr - - - 3.8 Thr
H-fAla-Leu-OH 5  3.27 fAla 4.24 Leu 2.72 BAla 1.61 Leu 1.64Leu  0.89;0.93 Leu - scsst@) scsslel
7 324 fAla 4.16 Leu 2.70 fAla 1.57 Leu 1.61 Leu  0.87;0.91 Leu - scssl?) scsslel
10 2.90 BAla 4.18 Leu 2.44 BAla 1.56 Leu 1.60 Leu  0.87;0.90 Leu - scssll scssll
H-Ala-Gly-OH S5 412 Ala 3.84;3.92 Gly 1.55 Ala - - - 7.1 Ala (3J —17.5 Gly)
7  4.10 Ala 3.73; 3.85 Gly 1.53 Ala - - - 7.1 Ala (3] —17.2 Gly)
10 350 Ala3.74;377Gly 126 Ala - - - 7.0 Ala (J —17.3 Gly)

[a] scss: strongly coupled spin system.

Table 2. 'H NMR parameters of 3 mum dipeptide mixed with 30 mm TSA in D,O at pD 5, 7 and 10 (7'=298 K). The standard atom numbering convention for

peptides is used.

'"H NMR chemical shift, ¢ [ppm] Jun [Hz]
Dipeptide pD H¢ H# H” H° He¢ 3] s(HPep) 3] ,;(PepOH)
H-Arg-Arg-OH 5  4.03 HArg 4.17 ArgOH 1.60-1.95 1.60-1.95 3.15;3.17 - 6.3;6.3 5.8;7.9
7 402 HArg 4.17 ArgOH 1.61-1.93 1.61-1.93 3.18;3.16 - 6.3;6.3 5.6;7.9
10  3.44 HArg 4.18 ArgOH  1.59-1.83 1.59-1.83 3.16;3.14 - 6.3;6.3 5.3;8.0
H-Ala-Arg-OH 5  4.08 Ala 4.15 Arg 1.54 Ala 1.72;1.83 Arg  1.60 Arg 3.16 Arg - 7.1 Ala 5.6;7.8 Arg
7 394 Ala4.15 Arg 148 Ala 1.72;1.83 Arg  1.60 Arg 3.16 Arg - 7.1 Ala 5.5;7.9 Arg
10 3.49 Ala 4.17 Arg 125 Ala 1.71;1.84 Arg  1.57 Arg 3.15 Arg - 7.0 Ala 5.1; 8.0 Arg
H-pAla-Lys-OH 5  325pAla4.14 Lys 2.70 fAla 1.70; 1.80 Lys  1.41 Lys 1.67 Lys 297 Lys  scsst 5.2;83 Lys
7 3.29 BAla 4.15 Lys 2.74 BAla 1.72;1.83 Lys  1.44 Lys 1.70 Lys 3.00 Lys scssl® 5.1;84 Lys
10  2.88 fAla 4.14 Lys 2.41 fAla 1.65;1.78 Lys  1.33 Lys 1.43 Lys 259 Lys  scssl® 4.8; 8.8 Lys
H-fAla-His-OH 5 3.24 fAla 4.51 His 2.64 fAla 3.11;325 His - 7.29 His 8.54 His  scssl? 5.3; 8.3 His
7  3.21 BAla 4.47 His 2.66 fAla 3.04;3.18 His - 7.12 His 820 His  scssll 5.1; 8.4 His
10 2.75 fAla 4.45 His 233 fAla291;3.12 His - 6.90 His 7.63 His  scssl® 4.5; 9.3 His
H-Ser-His-OH 5 4.07 Ser 4.48 His 3.95 Ser 3.12; 3.23 His - 7.20 His 8.40 His 4.9;4.9 Ser 5.4;7.5 His
7 3.96 Ser 4.46 His 3.90 Ser 3.07; 3.18 His - 7.22 His 8.20 His  4.6;5.3 Ser 5.3;7.7 His
10 3.44 Ser 4.43 His 3.64 Ser 2.97; 3.10 His - 6.90 His 7.63 His 5.2;5.2 Ser 4.9; 8.0 His
H-Gly-Tyr-OH 5 3.66;3.77 Gly 444 Tyr ~ 2.85;3.12 Tyr - 7.15 Tyr 6.84 Tyr (3 —16.1 Gly) 5.0;9.0 Tyr
7  3.64;3.76 Gly 443 Tyr ~ 2.85;3.12 Tyr - 7.14 Tyr 6.83 Tyr (3] —16.1 Gly) 5.0;9.0 Tyr
10 3.21;3.25Gly 438 Tyr ~ 2.82;3.07 Tyr - 7.08 Tyr 6.76 Tyr (3 —16.8 Gly) 5.0;8.5 Tyr
H-Gly-Thr-OH 5 3.90 Gly 4.18 Thr 4.24 Thr 1.18 Thr - - - 4.1 Thr
7  3.89 Gly 4.17 Thr 4.24 Thr 1.18 Thr - - - 4.1 Thr
10 3.41 Gly 4.18 Thr 4.26 Thr 1.17 Thr - - - 3.8 Thr
H-BAla-Leu-OH 5 3.26 fAla 4.17 Leu 2.70 BAla 1.58 Leu 1.61 Leu  0.88;0.92Leu - scssll scssl
7 3.9 BAla4.17 Leu 2.65 fAla 1.58 Leu 1.61 Leu  0.88;0.92Leu - scssl?l scssll
10  2.89 BAla 4.18 Leu 2.43 fAla 1.57 Leu 1.61 Leu  0.88;0.91 Leu - scssl?l scssl
H-Ala-Gly-OH 5 411 Ala3.75;385Gly 154 Ala - - - 7.0 Ala (3J —17.2 Gly)
7 409 Ala3.72;3.84 Gly 152 Ala - - - 7.1 Ala (3] —17.2 Gly)
10 351 Ala3.74;3.77 Gly  1.25 Ala - - - 7.0 Ala (3J —17.6 Gly)

[a] scss: strongly coupled spin system.
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Table 3. '"H NMR chemical shifts of TSA in D,O at 298 K. The following
numbering of protons is used in the Table.

9 11 OH 5 47

8 10~ 1.0 18

1 5 9 17 19
HOTT Y e N7y 18'

H

Proton o [ppm] at pD 5 o [ppm] at pD 7 J [ppm] at pD 10
2-CH, 2.33 2.26 2.24
3-CH, 1.94 1.92 1.91
4-CH, 243 242 2.40
8,8'-CH 7.28 7.30 7.27
9,9'-CH 7.13 7.14 7.12
11-CH, 291 291 2.90
14-CH, 3.95 3.96 3.94
15-CH, 2.84 2.85 2.83
17,17-CH 7.24 7.25 7.23
18,18'-CH 7.34 7.35 7.33
19-CH 7.27 7.28 7.25

would be involved in binding. We were therefore interested in
observing the change in diffusion coefficients of the dipep-
tides, since dipeptides showing the strongest binding should
show the greatest decrease in diffusion coefficient. The
measured diffusion coefficients are summarised in Table 4.
The parameter Ry, in Table 4 reflects the relative change in
diffusion coefficient as percentage and is defined as:

D ep D’ e
Rp=100 x 22— )
pep
where D, is the diffusion coefficient observed for the pure
dipeptide solution and D', is the diffusion coefficient

observed for dipeptide mixed with the TSA 2.

We first consider the diffusion coefficients of the free
dipeptides. To the first approximation, comparison of D,
values shows that diffusion coefficients of the free dipeptides
correlate well with their molecular weights. The self-asso-
ciation ability of each dipeptide, which is expected to be
pD dependent, may in principle interfere with its binding to
TSA 2. For the two dipeptides containing an Arg residue,
D,,, values at the three different pD values are the same
within the uncertainties of measurements involved. For
the rest of dipeptides, D, values decrease by about 2-13 %
with the increase of pD from 5 to 10. The largest single
step change is observed for H-Gly-Tyr-OH, from 4.97 x 10~
at pD 7 to 4.54 x 1071 at pD 10. This is likely to be caused
by the change in the protonation state of the phenolic OH
group, the pK, of which is known to be in the range 9.5-10.5
in proteins and 10.1 for tyrosine. Hence, at pD 7 the phenolic
OH groups are predominantly in the protonated form,
whereas at pD 10 a significant amount of the unprotonated
form is present. The observed decrease of D, at pD 10
can then be assigned to the possibility that in its unprotonated
phenolic form Gly-Tyr either self-associates or solvates
better than that in the corresponding protonated form.
Considering the relatively large change in D, as a func-
tion of pD, self-association, rather than solvation, is the
likely primary factor. The influence of the Gly amino
protonation state (pK, 9.8 for glycine) is expected to be
negligible for H-Gly-Tyr-OH, since no strong pD dependence
of D, is observed for H-Gly-Thr-OH (Table 4). The other
two dipeptides showing a moderate decrease of D, (by
ca. 5 %) with increasing pD are H-fAla-Lys-OH and H-fAla-
Leu-OH.

H?® (Leu)
4.85x107'°

HYand H? (Leu) ‘

T T T T

HP (BAla)
4.82x107'°
H* (BAla)
4.84%x10°'°
HO (Leu) 4.84x10°'°
eu
4.88x107'°
Gradient
strength
G cm-!
0.7 !
s s n l'
12.0
14.7
17.0 —metlmn
19.0 ~—nhe
20,8 =t
22 .5
24,0 s “ s
25.5 e
26 .9 Mmre
28.2 w -
29,4
T T
4.0 3.5

T
3.0 2.5 2.0 1.5 1.0 ppm

Figure 1. 'H-BPPLED NMR spectra measured for 3 mm H-fAla-Leu-OH in D,O at pD 10. The spectra were acquired at 298 K with A =200ms, d =2.8 ms
and g ranging from 0.7 Gem™! to 32.9 Gem . Sixteen BPPLED spectra were acquired as a function of g and the first thirteen of these are shown. Diffusion

coefficients measured for five different peak areas are also shown.
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Table 4. Observed diffusion coefficients of dipeptides in D,O at 298 K: D

for 3 mm solutions of dipeptide and D',,, for mixtures containing dipeptide

(3 mMm) and TSA (30 mm). The parameter Ry, in the Table reflects the relative change in diffusion coefficient.

pD5 pD7 pD 10
Dipeptide Dy, D'y Ro Dy, D'y Ry Dy D'y Ry
[x 1071 m?s~1] [x 101 m?s7!] [%] [x 1071 m?s~1] [x 101 m2s7!] [%] [x 101 m?s~!] [x 1071 m?s~1] [%]
H-Arg-Arg-OH 4.08 +0.03 3.46 £0.05 15 4.10+£0.04 3.40+0.04 17 4.14+0.02 3.68 +0.05 11
H-Ala-Arg-OH 4.76 +0.03 4.234+0.04 11 4.76 +£0.05 4.18 £0.08 12 4.77+£0.03 4.41+0.07 8
H-pAla-Lys-OH 4.93+0.03 4.57 +0.04 7 4.91 +£0.03 4.39+0.04 11 4.69+0.03 4.324+0.07 8
H-fAla-His-OH 5.224+0.03 4,74 +0.06 9 5.18+0.03 4.71+0.05 9 5.05+0.05 4.56 +0.06 10
H-Ser-His-OH 4.98 +0.03 4.81 +0.09 3 4.89 +0.03 4.46+0.05 9 4.87+0.04 4.72+0.07 3
H-Gly-Tyr-OH 5.234+0.07 4.55+0.07 13 4.97 +0.04 4.64 +0.07 7 4.54+0.03 4.354+0.08 4
H-Gly-Thr-OH 5.56 +0.04 5.26+0.05 5 5.54+0.04 5.194+0.04 6 5.47+0.03 5.204+0.05 5
H-pAla-Leu-OH 5.09+0.03 4.87+0.04 4 4.97 +0.08 4.62+0.09 7 4.85+0.02 4.59+0.04 5
H-Ala-Gly-OH 6.16 +0.04 5.70+0.10 7 6.08 +0.05 5.72+0.08 6 6.00+0.05 5.50+0.10 8

We now consider the change in the diffusion coefficients of
the dipeptides mixed with TSA. As the binding constant
measurements require lengthy variable concentration studies,
the relative change in the diffusion coefficient, Ry, is used to
compare affinity of different dipeptides to the TSA 2. Overall,
the largest changes in R, are observed at pD 7, hence in the
following discussion we mainly concentrate on Ry values
measured at neutral pD. All of the dipeptides used are
unprotected, and therefore contain at least one free amino
group at their N-terminus. Therefore, all dipeptides should be
capable of forming a complex, however weak, between the
amine of the dipeptide and the carboxylic acid group of the
TSA 2. In all cases a decrease of the diffusion coefficient upon
mixing with the TSA is expected (D',,, < D,,). As can be
seen from Table 4, this was indeed the case. As there are only
two amino acid residues in each dipeptide, the functionalities
of the side chains are important in determining differences in
physical and chemical behaviour of the dipeptides. Based on
preliminary information obtained from the Cambridge Struc-
tural Database, it was expected that the dipeptides containing
basic, or hydroxyl residues should show the strongest affinity
to the TSA 2, since the terminal amino group could interact
with the carboxylic acid group, and the hydroxyl or basic
residue could bind with the phosphonic acid. As shown in
Table 4, at pD 7 the five dipeptides containing one or more
basic residues show the largest change in diffusion coefficient
upon mixing. Dipeptides containing hydroxyl residues,
H-Gly-Tyr-OH and H-Gly-Thr-OH, did not appear to show
good affinity for the TSA 2, and their R, are comparable to
those observed for the two dipeptides that contained neither a
basic nor a hydroxyl residue. This may be due to the aqueous
medium used, which interferes strongly with possible hydro-
gen bonds formed between the dipeptide hydroxyl groups and
the TSA functional groups. Nevertheless, for H-Gly-Tyr-OH,
R, =13% at pD 5, although R, decreases significantly as pD
is increased. Based on the discussion above, for H-Gly-Tyr-
OH the self-association is less at low pD, hence better binding
at pD 5 than at pD 7 and 10 is expected due to the competitive
nature of the binding and self-association processes.

Of the five dipeptides containing basic residues, H-fAla-
His-OH (L-Carnosine) and H-Ser-His-OH showed slightly
weaker affinity to the TSA 2, when compared to the others.
This can be related to the fact that the basic side chain of His
has a much lower pK, (pK, ca. 6 for imidazole, 6.5-7.4 in

Chem. Eur. J. 2003, 9, No. 8
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proteins) when compared with Arg (pK, > 12) and Lys (pK,
> 10.5). Nevertheless, the affinity for the TSA 2 of dipeptides
containing a His residue was better than that of dipeptides
with no basic groups. Of all the dipeptides studied, the two
that showed the greatest change were H-Ala-Arg-OH, and
H-Arg-Arg-OH. The side chain of arginine contains a
guanidine fragment, which is known to form complexes with
carboxylate groups,” stabilised by hydrogen bonding and
electrostatic interactions as shown schematically below. It is
possible that the phosphonic acid site of TSA 2 might be able
to interact in a similar manner.

CH, O CHy
é \P/
070 070
H A
I U
H/NQ§§N\H H/NQ§§N\H
NH NH

In conclusion, the results show that dipeptides with basic
residues show higher affinity to the TSA 2 than others. The
presence of hydroxyl groups in the side chain of the peptide
residues does not improve binding capabilities of dipeptides
to the TSA 2 in aqueous solutions. To the first approximation,
ignoring differences in hydrophobic properties of the dipep-
tides, the pK, of the sidechain correlates well with the binding
capability of the dipeptide to acidic sites of the TSA 2, that is
the stronger the dipeptide sidechain base the better a binder it
is. Overall, compared to other dipeptides Ry, is significantly
higher for the H-Arg-Arg-OH at pD 7. It is possible that this
dipeptide is acting as a bidendate ligand, that is both
guanidine groups are involved in binding to the TSA func-
tional groups.

Binding constant measurements: As the largest change in the
diffusion coefficient is found for H-Arg-Arg-OH, this dipep-
tide was chosen for the binding constant (K,) measurements.
The binding constant for a bimolecular process is given by:
K- [TSA- - -Pep] 3)
[TSA][Pep]

Assuming that the equilibrium process is fast in the NMR

timescale, the observed diffusion coefficient for the dipeptide

0947-6539/03/0908-1719 $ 20.00+.50/0 1719





FULL PAPER

A. E. Aliev et al.

mixed with the TSA 2 (D',.,) is the mole fraction weighted
average of the diffusion coefficients observed for the free
molecule (D,,) and for the complexed molecule (D".,):

D'y =X Dy + X"D"pey 4)

On the assumption that there are only free and bound
dipeptide species, the sum of the mole fractions of free (x) and
bound dipeptide (x”) is 1. We note that no separate NMR
peaks were observed due to free and bound dipeptides for any
of solutions studied, indicating that the equilibrium process is
fast in the NMR chemical shift timescale. As the diffusion
delay used is sufficiently long (200 ms), the fast “associatio-
n=dissociation” equilibrium in the NMR chemical shift
timescale will also be fast in the diffusion NMR timescale.F!

In systems where the host is considerably larger than the
ligand, the diffusion coefficient of the host should not be
affected upon complexation, and hence D", is assumed to be
equal to the diffusion coefficient of the free host. The mole
fractions can therefore be found from Equation (4), and the
binding constant K, can be calculated. In cases, where the two
molecules are similar in size, such an assumption is not valid,
and K, can be determined by measuring the diffusion
coefficients for a series of differing concentrations of one of
the components, as shown by binding measurements using
'"H NMR chemical shifts.[! For the binding constant measure-
ment, the concentration of H-Arg-Arg-OH was kept constant
(1mwm), and the concentration of the TSA 2 was varied from 0
to 55mm. Neutral pD was used, since the overall aim was to
synthesise a water soluble polymer that would catalyse ester
hydrolysis under neutral conditions. As the concentration of
H-Arg-Arg-OH is relatively low, the integral intensity of the
well-separated signal due to four H? protons at about 3.2 ppm
was used for the diffusion coefficient measurements.

As can be seen from Table 5, the diffusion coefficient of
H-Arg-Arg-OH gradually decreases with increasing TSA
concentration. This agrees well with the presence of a binding
equilibrium between H-Arg-Arg-OH and the TSA 2. The
measured diffusion coefficients of the H-Arg-Arg-OH were
plotted against the concentration of the TSA, and the binding
constant K, was calculated using the non-linear least squares
fitting.?” 28] The estimated value of K, was found to be

Table 5. Diffusion coefficients and 'H NMR chemical shifts of H-Arg-Arg-OH as a
function of TSA concentration in D,O solution at pD7 and T=298 K. The
concentration of H-Arg-Arg-OH was 1 mm. The mean deviation was in the range
+0.03- £0.08 x 10" m?s~! for the diffusion coefficient measurements and ca.
+0.003 ppm for the chemical shift measurements.

86+ 15Lm™! (D'pey=3.24+0.07 x 107 m*s~"). The small
difference in the diffusion coefficients of H-Arg-Arg-OH
and the TSA is likely to be the main source of the relatively
high error in the K, determination. The binding constants
calculated from the chemical shifts of H? (Table 5) was 82 +
19 Lm~. Note that concentration-dependent changes of
chemical shifts observed for H* are very small (Table 5) and
cannot be used for a reliable prediction of the binding
constant. More pronounced concentration-dependent chem-
ical shift changes for H® than for H* (Table 5), as well as
comparison of the chemical shift changes for different protons
in the (H-Arg-Arg-OH x TSA) mixture (Tables1 and 2),
suggests that the guanidine moieties are likely to interact with
the carboxylate and phosphonate groups of the TSA 2, hence
larger shifts for the near-to-guanidine protons H° are ob-
served when the TSA concentration is increased.

Weak binding generally has a value of K, less than 10 LM},
and strong binding a value of K, greater than 10° Lm LM In
our case binding constants determined from the diffusion
coefficients and the chemical shifts show that H-Arg-Arg-OH
has a moderate affinity for the TSA 2. Strong binding in an
aqueous solution was not expected, since the use of water as a
solvent interferes with much of the hydrogen bonding
between the guanidine group of H-Arg-Arg-OH and the
acidic sites of the TSA 2. Electrostatic interactions between
ionised species are in general effective over greater distances
than are hydrogen bonds. However, these interactions are also
weakened by water, as the strength of electrostatic interaction
is inversely proportional to the dielectric constant of the
medium.

Binding properties of a synthetic polymer: The information
obtained from the diffusion rate measurements indicated that
H-Arg-Arg-OH should be able to act as a binding site for the
transition state of the ester hydrolysis reaction. However,
binding is also dependent on the surrounding environment.
Therefore, a soluble polymer 3 containing randomly distrib-
uted Arg-Arg (attached to ca. %5 of repeat units) and Lys
(attached to ca. % of repeat units) fragments was synthesised
from polyallylamine,™! in order to establish if the unit could

1 2

fj/}@ {j/}’s
N °N

c? NH;

N‘H Ho

H
o?/
HN. N .
N

Concentration of TSA [mM] D'y, [x107°m?s7"] 6 (H*) [ppm] ¢ (H®) [ppm] H
0 416 (D,,) 4189 3210 HoN P ANH:
1 4.10 4.187 3.204
2 4.02 4.185 3.198
4 3.88 4.183 3.200 H‘N
7 3.84 4.180 3.190 /g
9 3.76 4.181 3.183 HaN™ “NH polymer 3
16 3.68 4178 3.175
19 3.60 4.175 3.170
28 3.55 4.173 3.168 still bind in a polymer environment. Lysine residues were
22 ; ‘3‘; jig; g ig; included simply to move the free amine groups of the polymer
i i i away from the polymer backbone. Polymers containing only
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lysine residues showed little or no interaction with the TSA,
and thus these amine groups were not expected to participate
in the binding.

6-Amino caproic acid (ACA) was also introduced as a
linker between the polymer backbone and the Arg-Arg unit in
order to ensure a high conformational flexibility of the
dipeptide fragment, and consequently to enhance its binding
capabilities. A control experiment was also carried out for
20 mm H-Arg-Arg-OH and 2 mm TSA free solutions and their
mixture at pD 7.

The results of diffusion coefficient measurements are
shown in Table 6. A decrease of Dispn (Rp=10%) was
observed for the control 2mm TSA+20mm H-Arg-Arg-
OH) solution. On passing we note that D, for the 30mM free

amino group of the starting polyallylamine (M ~42900) were
functionalised by Arg-Arg-ACA (attached to ca. ¥ of repeat
units) and Lys (attached to ca. % of repeat units), the
maximum molecular weight for polymer 3 would be about
214000. The lower limit of the K, value can then be assessed
using the following three possibilities: i) assuming that there
are still free -[CH,-CH(CH,NH,)]- fragments in polymer 3
not substituted by Arg-Arg-ACA and Lys, M ~172300 gives
K, ~1500 LM% ii) if all the amino groups of the starting
polyallylamine are substituted by Arg-Arg-ACA and Lys, M
~172300 gives K, =~4000Lm"!, and iii) assuming full
substitution of the starting polyallylamine by Arg-Arg-ACA
and Lys, M ~214000 gives K, =~1500 Lm~!. Hence, K,
>1500 Lm~! and the corresponding Gibbs free energy of
binding |AG| >18 kImol~". Note that in general a higher
binding energy is favoured, as it will lower the energy

Table 6. Observed diffusion coefficients of the TSA (Drs4), H-Arg-Arg-OH (D)
and polymer 3 (D,,) in D,O solutions at pD 7 and 7= 298 K. The mean deviation
was in the range £0.03- £0.09 x 1071 m?s~%.

Drgp [m?s™']

difference between the ground state and the transition state
of the reaction, hence leading to reaction rate acceleration.

Although these are only estimates, the results nevertheless
indicate that the TSA 2 has a relatively strong affinity for the
polymer 3. If a polymer containing Arg-Arg has a strong
affinity for the TSA, then it is expected to bind the transition
state in the ester hydrolysis, and hence enhance the efficiency
of the catalyst. Indeed, as confirmed by HPLC kinetic

Solution D, or D, [m?s7']

2 mm TSA 3.60 x 1010

4.5 mgmL~' Polymer 3 -

20 mm H-Arg-Arg-OH -

2mM TSA+4.5mgmL~" Polymer 3~ 7.28 x 107" (D'rs4)
2 mm TSA+20 mm H-Arg-Arg-OH 322 x 1071 (D'r5,)

1.36 x 101!
3.77x 1071
136 x 10711 (D)
3.74 x 10710 (D',

solution (3.38 x 107 m?s~!) was less than that for 2mm
solution. The observed concentration dependence of Dqgy
can be explained by increased hydration or self-association at
higher concentrations.”® 3 A similar concentration depend-
ence of D was also observed for H-Arg-Arg-OH (3.77 x
109 m?s~! for the 20 mM solution, 4.10 x 10~ m?s~! for the
3mw solution and 4.16 x 107 m?s~! for the 1mwm solution).

When the TSA 2 is mixed with polymer 3, the observed
diffusion coefficient of the TSA decreased by about 80 %
(Table 6). This is a significant change, and suggests a strong
binding between the TSA 2 and the polymer 3. As the
molecular weight of the polymer is considerably larger than
that of the TSA 2, the normal assumption can be made that
the diffusion coefficient of the complex (D" rg,) is the same as
that for the polymer measured and shown in Table 6, and thus
the percentage of bound TSA 2 can be calculated using the
following expressions:[*’]

’

_ DTSA -D TSA

- ’
Drsp = D'pal

K,= x” 6

”

(©)

where ¢ and ¢, are the total concentrations of the TSA 2 and
the functional polymer repeat unit. Substituting the values
shown in Table 6 into Equation (5), the mole fraction, x”, was
found to be 0.83. Unfortunately, the exact molecular weight of
the polymer is unknown, and hence it is not possible to
measure an exact binding constant K,. Nevertheless, assuming
that polymer 3 is monodisperse, a recently described relation-
ship between D,, and molecular weight M of a polymer
(Dpor=10"72M"2 with D, in units of m?s 1) gives an
approximate value of M ~172300. For comparison, if every

Chem. Eur. J. 2003, 9, No. 8
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studies,® a polymer containing Arg-Arg as a binding site
showed a significant rate acceleration for the hydrolysis
reaction of ester 1 whilst the “blank” lysine polymer without
predesigned binding sites, was entirely without effect.

Conclusions

In this work we have shown how the binding of small
molecules to a TSA can be modelled and optimised using
diffusion NMR. The approach undertaken mainly focuses on
modelling studies aimed at improved binding of a transition
state analogue to dipeptides, and examines whether a random
distribution of peptide side chains on a polymer will indeed
improve its affinity to a TSA. For this purpose, dipeptides with
basic, hydroxyl and aliphatic side chains were used, and their
affinity to the TSA with three different functional groups was
studied by measuring the change in the diffusion coefficient
upon binding by diffusion NMR. As both components of the
binding equilibrium are low molecular weight species, a 10:1
TSA-to-dipeptide ratio was used to detect sufficient changes
in D,,. The results showed that dipeptides with basic residues
show higher affinity to the TSA 2 than others. The presence of
hydroxyl groups in the side chain of the peptide residues did
not improve binding capabilities of dipeptides to the TSA 2 in
D,O solutions. The dipeptide showing the most significant
relative change in D, was H-Arg-Arg-OH. Based on these
results, a new water-soluble polymer with polyallylamine
backbone and randomly distributed Arg-Arg and Lys side
chains was synthesised, and the diffusion NMR measurements
confirmed that the TSA 2 has a strong affinity for this
polymer. Subsequent catalytic activity tests have shown that
polymers containing the Arg-Arg unit as a binding site are
indeed capable of significant rate accelerations in the
hydrolysis of ester 1.
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Experimental Section

3 mm Solutions of each dipeptide in D,O and a 30 mm solution of the TSA 2
in D,O were prepared with pD 5, 7 and 10. The pD of solutions were
adjusted using NaOD and DCI. Sample mixtures containing one dipeptide
and the TSA 2 were also made up so that the concentration of the dipeptide
was 3mM, and the concentration of the TSA 2 was 30mwm. Eleven samples
were prepared for binding constant measurements at pD 7, all with a fixed
1 mm concentration of H-Arg-Arg-OH and with a TSA concentration
varying from 0 to 55 mm. The upper limit of the TSA concentration in these
studies was limited by its solubility in D,O. To probe the binding properties
of polymer 3 (described in “Results and Discussion”), three solutions at
pD 7 were used for the diffusion measurements: 4.5 mg of polymer in 1 mL
of D,0; 2 mu solution of the TSA 2 in D,0, and 4.5 mg of polymer in ImL
of a 2 mm solution of the TSA 2.

All NMR experiments were carried out on a Bruker AVANCES00 NMR
spectrometer operating at 500.13 MHz for 'H observation, and equipped
with pulse field z gradients. A 5 mm broadband probe with a z gradient
actively shielded coil was used. Based on the comparative analysis of
various pulse sequences for diffusion coefficient measurements,** the
BPPLED pulse sequence was chosen,! and diffusion coefficients of the
dipeptides and the TSA 2, both in the pure samples, and in their mixtures
were measured. The pulse sequence used contains a longitudinal eddy
current delay at the end of the pulse sequence (11 ms in our experiments),
which avoids artefacts arising from residual eddy currents. The use of the
BPPLED sequence is also known to minimise J modulation®> %] and
background gradient effects.*!

In the BPPLED experiments, the attenuation of the NMR resonance
depends on gradient areas ¢ according to:

I=1I,exp [—Dq2<A—g—%>] (7

where [ is the signal intensity in the NMR spectrum measured for a given g,
1, is the signal intensity in the absence of gradient pulses, A is the diffusion
delay (200 ms in our experiments),* D is the diffusion coefficient, and 7 is
the delay between the bipolar gradient pulse pair (0.1 ms). For the sine
shaped gradients used in this work:

2
q=-gvo (®)
T

where y is the gyromagnetic ratio, g is the amplitude of the bipolar gradient
pulse pair and 0 is the duration of the bipolar gradient pulse pair (2.4-
2.8 ms for dipeptides, the TSA 2 and their mixture, and 12 ms for polymer
3). In each experiment, a set of 16 or 32 separate BPPLED spectra was
acquired as a function of gradient amplitude, which ranged from 2 to 95 %
of the maximum sine shaped gradient strength, corresponding to 0.7—
32.9 Gem™. Up to six experiments were carried out for each solution in
order to assess the uncertainties of diffusion coefficient measurements. The
maximum gradient field strength (54.4 Gem™') was calibrated by measur-
ing the diffusion coefficient of residual HOD in D,O (>99.9 at % D,
purchased from GOSS Scientific Instruments) at 298 K and using a value of
(1.902 4+ 0.003) x 10~ m?>s~'P*" for backward calculation of the gradient
strength. This was additionally verified by measuring the diffusion
coefficient of de-ionised H,O at 298 K (measured value (2.30+0.01) x
102 m?s~!, reported value for distilled water (2.299+0.003) x
10~ m?s~'(®1) and tetradecane (>99 %, Aldrich) at 298 K (measured value
(5.54 £0.01) x 107" m?s~!, reported values (5.50+£0.01) x 107" m?s~! and
(5.5440.01) x 101 m?s~'*]). The latter was chosen as a secondary
standard since its diffusion coefficient is of the same order as those of the
TSA 2 and dipeptides studied.

To avoid any possible vibrational instabilities, as well as spinning sidebands
all measurements were performed on a static sample. All of the diffusion
measurements were performed for solutions in D,0O at 298 K. The
temperature was stabilised using a high airflow of 400-670 Lh~'. As
shown by detailed studies recently, no convection effects are observed at
298 K in D,O solutions,*! mainly due to the relatively high viscosity of this
solvent. Our control experiment for D,O and for 3 mm H-fAla-Leu-OH
solution in D,O using convection compensated pulse sequencel*!] revealed
essentially the same diffusion coefficients as those measured by BPPLED
sequence confirming that the convection effects are unimportant for

1722 — © 2003 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

aqueous solutions at 298 K. As a control of a possible solution viscosity
change, the diffusion coefficient of HOD, which should have a value of
1.902 x 10~ m?s~! at 298 K for residual HOD in D,0O,*”l was monitored in
each experiment. In our experiments a value between 1.89 x 10~ and
1.93 x 10~ m?s~! was always observed.

The BPPLED measurements were carried out with and without solvent
presaturation. The purpose of solvent presaturation was to suppress the
residual HOD peak in order to minimise possible baseline distortions near
about 4.8 ppm and to improve the reliability of the diffusion coefficient
measurements for nearby peaks due to dipeptide H*-protons, as well as to
optimise the spectrometer receiver setting for the dipeptide and the TSA
signals.

Data acquisition and processing was performed using standard Bruker
XwinNMR software (version 2.6). The NMR spectra were acquired with
typically 16-32 K complex points, with a spectral width of 6 kHz. The
baseline was fitted to a zero-order polynomial. '"H Chemical shifts were
measured relative to sodium salt of 3-(trimethylsilyl)-1-propane sulfonic
acid (Aldrich). The diffusion coefficients were determined from Equa-
tion (7) using 7'/T, utility of XwinNMR. The Associate program, which
employs the non-linear least squares Levenberg — Marquardt method to fit
parameters to equilibrium complexation models, was used to determine the
binding constant K,.1" %l
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Natural Abundance Deuterium NMR Spectroscopy in Polypeptide Liquid
Crystals as a New and Incisive Means for the Enantiodifferentiation of Chiral

Hydrocarbons

Philippe Lesot,* Muriel Sarfati, and Jacques Courtieu!*!

Abstract: Polymeric chiral liquid-crys-
talline solvents based on homopolypep-
tides are of interest with the view to
discriminate between enantiomeric
pairs of chiral hydrocarbons using pro-
ton-decoupled deuterium one- and two-
dimensional NMR spectroscopy at nat-
ural abundance level. This method of-
fers the major advantage that neither
chemical modification nor isotopic la-

separations and the S/N ratio from the
spectra are usually large enough to
measure the enantiomeric excess with
an accuracy varying between 5 to 10%.
This analytical approach is successfully
applied to a large collection of chiral,
rigid or flexible unsaturated as well as
saturated hydrocarbons, including cases
of axial chirality, atropoisomerism, and
moieties existing as a mixture of enan-

tiomers interconverting by ring inver-
sion. Using the results reported in liter-
ature, a systematic comparison with
other analytical strategies (NMR, GC,
HPLC, VCD) is made and discussed.
Also, a tentative proposal to rationalise
the various results in terms of chiral
differentiation and enantioselective
shape recognition is presented. We show
that this original tool provides an attrac-

belling of the solutes to be studied is
required. Chiral differentiation between
optical isomers is observed through a
difference in residual deuterium quad-
rupolar splittings. The spectroscopic

Introduction

In the field of chiral analysis, NMR analytical strategies were
found to have some practical advantages over HPLC or GC
methods. Shorter experimental times in particular are an
advantage, as NMR does not need any long conditioning or
calibration procedures. In addition, chiral columns can prove
to be rather expensive as well as very compound specific.
However, in spite of the widespread development of isotropic
NMR techniques for stereochemical characterisations and
enantiomeric-purity determinations, there is so far no univer-
sal, attractive NMR methodology which can be successfully
applied to all classes of organic molecules, namely polar and
nonfunctionalised compounds, as well as rigid or highly
flexible structures with large or small molecular shape
anisotropy.l' 2 Consequently, the development of direct,
accurate and rather inexpensive NMR alternatives, accessible
to almost all research groups, is a substantial task, and
numerous efforts are continuously devoted to this aim.P!

[a] Dr. P. Lesot, M. Sarfati, Prof. Dr. J. Courtieu
Laboratoire de Chimie Structurale Organique
Université de Paris-Sud, Bat. 410
ICMMO, UMR 8074, 91405 Orsay cedex (France)
Fax: (+33)1 69 1547 70
E-mail: philesot@icmo.u-psud.fr
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tive and incisive alternative to the exist-
ing analytical techniques for studying
nonfunctionalised chiral materials.

enantio-
liquid

Classical NMR methods used to differentiate enantiomers
necessitate chiral auxiliaries, either a chiral derivatising agent
(CDA), a lanthanide chiral shift reagent (LCSR) or a chiral
solvating agent (CSA).[~?2 The lack of generality of these
techniques arises from the fact that only functionalised chiral
molecules can interact with these chiral auxiliaries to convert
enantiomers either to stable diastereomers or to distinguish-
able diastereomeric adducts. As a direct consequence, the
unsaturated and saturated chiral hydrocarbons, which do not
possess any polar groups, are not good candidates for the
common means used in laboratories. This situation is a major
disadvantage for simple and rapid investigations in asymmet-
ric synthesis involving chiral hydrocarbons such as asymmet-
ric hydrogenation of olefinic compounds, allenic compounds,
or asymmetric enzymatic chemical transformations such as
kinetic resolution of alkanes for instance.

Some advanced NMR analytical tools in isotropic phases
have been proposed for analysing chiral hydrocarbons, and
sporadic reports can be found in the literature.*8! However,
these different approaches were often considered, sometimes
unfairly, as rather exotic or too sophisticated to be used
routinely by organic (bio)chemists. Among them are NMR
techniques using enantiopure fluorinated compounds (2,2,2-
trifluoro-1-(9-anthryl)ethanol) as CSA,[¥l NMR methods us-
ing either binuclear complexes obtained by the combination
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of achiral silver salt and optically active lanthanide (L =Yb,
Eu, Pr) complexes ([Ag(fod)]/[(+)-L(hfbc);]) as CSR,*
organometallic CDAs involving trans-chlorinated-[chiral
amine] platinium(i) complexes (Am*-Pt''(Cl,)),'1 or C,-
symmetric palladium(o) or platinum(o) complexes ((diop)-
M?).12. 181 More recently, NMR approaches using dirhodium
complexes [Rh,(mtpa),]¥l as well as C,-symmetric rhodium
complexes [Rh(nbd)[-bdpp]ClO4]*>! as CSRs have been
described. Although these spectroscopic strategies have been
successfully realised for specifically discriminating some
chiral allenic, olefinic or aromatic hydrocarbons, they do not
always guarantee resonance separations large enough for a
convenient enantiomeric purity determination. Besides, none
of them provides a general tool for efficiently analysing any
chiral hydrocarbons.

Other NMR methodologies, based on the use of chiral
torus-shaped macromolecules such as a.f,y-cyclodextrins
(abbreviated a,8,y-CDs) or chemically modified homologues
in solutions as hosts, have received much attention over recent
years for studying the discrimination of chiral organic guests.
These methods, which involve cyclic oligosaccharides as chiral
solvating agent, have provided some successful practical
applications for chiral hydrocarbons.'*®l Due to their rela-
tively hydrophobic interiors, CDs have the ability to form
inclusion complexes with substrates of different chemical
structures, including apolar molecules. The key point for
enantioselective recognition within CDs is their ability to
accommodate enantiomers of varying polarity into the apolar
cavities by virtue of attractive hydrophobic interactions, and
then to produce short-lived diastereomeric solvates having
anisochronous NMR resonances through differential shield-
ing effects. Among the reported results, the successful
spectroscopic differentiation of some chiral bicycloal-
kenes,' 20 chiral trisubstituted allenes?'-24! or chiral aromatic
hydrocarbons? have been described.

Although interesting and original, the NMR approaches
mentioned above yielded very limited results for chiral
alkanes, even if the NMR enantioseparation at low temper-
ature of one example of chiral bicycloalkane, cis-decaline,
complexed with 8-CD, is noteworthy.?"! To the best of our
knowledge, all these strategies have failed to solve the
problem of the discrimination between enantiomeric pairs
of branched acyclic alkanes. Two reasons may explain this
situation. Firstly, since enantiomeric alkanes have no func-
tional groups, it is not possible to derivatise them or to form
distinguishable diastereomeric complexes as in the case of
chiral olefins. Secondly, it seems that the lack of polar
interactions as well as a strong molecular shape anisotropy
results in small energetic and structural differences in alkane-
cyclodextrin complexes, so that anisochronous NMR reso-
nances are poorly resolved. It is clear that this class of
compound lacks molecular features able to undergo “inten-
sive” diastereoisomeric interaction with CDs to be discernible
by NMR, even though the enantioresolution of some linear
chiral alkanes by chiral GC using CD as chiral stationary
phase (CSP) has been proved.?” 81 Actually this failure also
emphasises that the observable NMR effect used in isotropic
solvents for differentiating between diastereoisomeric com-
plexes, namely a variation of chemical shifts induced by
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differential shielding effects, is certainly not sensitive enough
to clearly separate the NMR signals of chiral acyclic alkanes in
CDs. If this lack of sensitivity cannot be overcome using the
highest accessible magnetic fields, other NMR analytical
strategies have to be designed, keeping in mind that the
differentiation between two enantiomers requires the need of
another chiral species.

The alternative strategy we propose consists of using a
chiral ordering agent (COA) as a chiral selector. COAs are
mainly chiral liquid crystals (CLCs), such as the organic
solutions of chiral polypeptidic polymers as discussed be-
low.?: 31 Approaches involving COA are based on three
major features. Firstly, NMR spectra in (weakly) oriented
media are affected not only by the usual chemical shifts and
scalar couplings, but also by anisotropic interactions such as
the chemical shift anisotropy, (Ac;), the dipolar coupling (D;)
and for spin / > ' nuclei, and the quadrupolar splitting
(Avg;).? 311 These order-dependent terms, which are averaged
to zero in the liquid state, provide new and powerful
observable NMR parameters as far as the spectral enantio-
discrimination is concerned.””! Secondly, the intermolecular
enantioselective interactions between the chiral solute and
the chiral phase sufficiently affect the ordering of the
enantiomers to produce spectroscopic separation. In other
words, NMR enantiodiscrimination in CLCs reflects a selec-
tive ordering of the enantiomers, and it does not necessitate
specific chiral short-range strong interactions that are able to
affect the electronic shielding of enantiomers differently, as in
isotropic NMR.P? Thirdly, the method is quantitative and
enantiomeric composition of a chiral mixture can be assessed
by peak integration.?®’!

The first work describing how chiral liquid-crystalline
solvents can be used in this way was reported by Sackmann
etal.B¥ A long period followed when this approach was
rejected by (bio)chemists, primarily because the liquid-
crystalline phases employed were not good solvents for a
wide range of compounds.? Unexpectedly, organic solutions
of synthetic homopolypeptides, such as poly-y-benzyl-L-
glutamate (PBLG) or poly-e-carbobenzyloxy-L-lysine
(PCBLL) have shown an amazing chiral discrimination power
when used as the chiral selector, as well as a large ability to
dissolve organic molecules.’” 3 Thus it was found that
differences in enantioselective interactions between the S
and R isomers and the polypeptide helices were sufficiently
large to provide chiral recognition for a large variety of
functionalised molecules using either deuterium, carbon-13,
or fluorine-19 NMR spectroscopy.?!

It is obvious, however, that the choice of the nuclei to
observe in a chiral molecule, and the associated anisotropic
observable parameters, are crucial since all anisotropic
interactions do not exhibit the same sensitivity towards the
differential ordering effect (DOE) of enantiomers. This
should be of special importance when investigating non-
functionalised enantiomers, as we assume a priori that the
enantioselective interactions between the polypeptide helices
and such solutes should be rather weak, thereby leading to
small DOE values. This is probably the reason why we
reported in an earlier study that the proton-decoupled
carbon-13 (3C-{'H}) NMR in PBLG failed in differentiating
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chiral hydrocarbons such as (+)-a-pinene, (+)-limonene and
(+)-3-methylpentene on the basis of chemical shift anisotropy
differences.®® A rough estimation of the sensitivity of the
various 'H, H, 3C or "°F anisotropic interactions towards the
DOE indicates clearly that |Av,, |>]|D;|> |Ag;|.) Conse-
quently the initial investigations focused on chiral discrim-
ination using proton-decoupled deuterium NMR in PBLG
using monodeuterated solutes.’”-*] The large sensitivity of the
deuterium quadrupolar interaction allowed for the visual-
ization of various families of chiral functionalised molecules.
Among them, enantiomers of polar molecules that are chiral
by virtue of isotopic substitution were successfully differ-
entiated in PBLG.™ More interestingly was the discrimina-
tion, by 2H{'H} NMR in PBLG, between the two enantiomers
of (£)-4-deuterobicyclo[3.2.1]oct-2-ene, for which the deute-
rium probe was stereoselectively introduced into the endo-
position.*! Indeed this first example of spectral enantiodis-
tinction of a bicycloalkene suggested fruitful prospects for
examining other chiral hydrocarbons.

Although many synthetic strategies can be found in the
literature, the selective introduction of deuterium nuclei into
chiral molecules, without racemisation, is neither always
possible nor easy to do. In particular the site-specific isotopic
labelling of chiral nonfunctionalised hydrocarbons, and the
purification procedures, can be very tedious. As this step may
present a serious limitation, we recently turned our attention
towards the possibility of recording high-resolution natural
abundance deuterium (NAD) NMR spectra of solutes in the
polypeptidic oriented phases. We have demonstrated that
NAD NMR spectra of chiral functionalised compounds can
be recorded with satisfying quality, using routine NMR
equipment (on a 400 MHz and even a 250 MHz spectrome-
ter!), within a reasonable experimental time (overnight) and
80-100 mg of a racemic mixture.*"#! Even though the level
of natural abundance (0.015%) and the NMR sensitivity of
deuterium are extremely low compared with 'H, the main
advantage of NAD NMR is its ability to provide rather simple
spectra (no 2H-2H couplings). Moreover, the method simul-
taneously probes the signals of all possible isotopomers of a
molecule. This latter occurrence strongly increases the
probability of distinguishing between enantiomers compared
to selectively labelled chiral material. In this context, it
became possible to investigate the enantioselectivity of PBLG
or PCBLL towards a large variety of chiral apolar solutes
without any chemical transformation of the molecules to be
studied.

In this article, we present an extended study of the
visualisation of chiral compounds devoid of polar functional
groups in the PBLG system using ?H-{'"H} NMR spectroscopy
at natural abundance level. In Sections 2 and 3 NAD NMR
spectroscopy in liquid crystals is introduced. In Section 4 we
investigate a collection of twenty apolar hydrocarbons such as
bicyclic and acyclic alkenes, alkanes, alkynes, aromatic com-
pounds, including the cases of chiral molecules with no
stereogenic carbon. The experimental results are discussed
and compared with those obtained by other analytical
methods when data were found in the literature. The goal of
these discussions is to convince chemists that this NMR
method in CLCs provides substantial prospects in the field of
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chirality. Besides this, in Section 5, the significance of the
results will be briefly discussed. We will attempt to rationalize
some results in terms of chiral differentiation and shape
recognition in order to propose some qualitative insights of
the dominant factors responsible for enantiodifferentiation of
hydrocarbons in these chiral mesophases.

Background—Enantiodiscrimination of
Hydrocarbons Using the NAD NMR in PBLG
Systems

Oriented organic solutions of a polypeptide in a magnetic
field: Organic solutions of an homopolypeptide are prepared
by dissolving the appropriate amount of polymer (PBLG or
PCBLL) in various neat organic solvents or mixtures of
solvents. Both synthetic polymers are commercially available
from Sigma. The most useful organic solvents are CHCls;,
CH,Cl,, THF, dioxane and DMF, the latter being a good
aprotic polar solvent.”” Due to the large number of possible
solvents, almost all polar and apolar chiral compounds may be
dissolved in such mixtures.

When dissolved in these helicogenic solvents, the poly-
peptidic chain adopts a rigid a-helical conformation,*}! while
the side chains, branched from the main helix, are appreciably
extended in the transverse direction to the helix, thus forming
a rather mobile, secondary helix.[**1 Within certain concen-
tration ranges these organic solutions of a-helical rods form
stable cholesteric phases. When placed in the probe of the
NMR instrument, the strong static magnetic field unwinds the
cholesteric supramolecular helix, thus yielding a chiral
nematic phase with director, n, homogeneous orientated
parallel to B,.

Optimisation of this ternary mixture, chiral material/
polymer/organic solvent, indicated that the best NMR results
are usually obtained for samples prepared with a concen-
tration of polymer varying between 12 to 30% by weight
depending on the organic solvent, with a degree of polymer-
isation (DP) in the range of 350 -600. Polypeptidic polymers
with higher DPs may also be used but NMR linewidths begin
to increase due to the sample viscosity. When the polymer
concentration is below 10%, the samples are generally
polyphasic. Apart from some molecules that are able to
precipitate the polymer fibres, the addition of as much as 80 to
200 mg of a compound to be studied to a 100 mg of polymer
dissolved in 350-500 mg of organic solvent mixture does not
disrupt the liquid-crystalline properties of the sample. The
possibility to use large amounts of solute is an important
advantage for NAD NMR applications because we can
investigate compounds with a molecular weight up to
200 gmol~!, and hence partially overcome the low natural
abundance of deuterium. The PBLG or PCBLL systems
usually provide a very homogeneous anisotropic mesophase,
with a low to moderate viscosity at room temperature. This
depends not only on the organic solvent, but also on the size,
the chemical type and the amount of solute added as well. The
lower the viscosity of the sample, the better the resolution and
S/N ratio. It should be noted that the viscosity of PBLG
phases in the presence of hydrocarbons is generally higher for
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a given organic co-solvent at room temperature than that
found with functionalised analogues. This situation may arise
from a restricted mobility of PBLG side chains due to the
tendency of PBLG fibres to aggregate in some solvents.**l The
increase of the sample temperature or the use of trifluoro-
acetic acid (TFA) can reduce this effect.[*! Last but not least
in NAD, the solid-like NMR spectrum of PBLG does not
interfere with that of the solutes. Consequently it is not
necessary to use “cosmetics” to suppress the lines due to
PBLG molecules.

Proton-decoupled deuterium NMR in oriented media: In
deuterium NMR in liquid-crystalline media, the partially
averaged magnetic interactions are dominated by the quad-
rupolar couplings. Consequently we obtain simple spectra that
make deuterium NMR very useful in this respect.?!l The
ZH{'H} NMR spectrum of two monodeuterated enantiomers
oriented differently in a chiral ordered environment consists
of two independent quadrupolar doublets, one for each
stereoisomer. Since 2H chemical shift anisotropy is negligible
in all chemical situations, the doublets are usually centered on
the same chemical shift. The separation between the two lines
is referred to as the quadrupolar splitting. Expressed in Hertz
it is equal to:[*-31

AvSoR =%, (7(20;( 2l ) Sk )
The ratio e*Qpgc-p/h, noted hereafter K¢ p, is the deuterium
quadrupolar coupling constant (QCC). K¢, is a priori the
same for two enantiomers, but varies from one deuterium
atom to another depending on the hybridization state of the
bonded carbon atom. It is approximately equal to 170+
5kHz, 1854+ 5kHz and 210+ 5kHz, for sp’, sp?> and sp
carbon atoms, respectively.P!) S5 X is the order parameter of
the C—D; bond for the S or R enantiomers relative to the
magnetic field axis. Here it is assumed that the electric field
gradient (EFG) tensor is axially symmetric along the C—D
bond.*) Equation (1) indicates clearly that chiral discrimina-
tion is only detected when |Av — Avf | # 0. The relatively
large magnitude of K, for deuterium nuclei implies that
even though the difference of orientation between the R and S
isomers is small, their residual quadrupolar splittings may be
sufficiently different to provide spectral separation of enan-
tiomer’s signals. A chiral discrimination is observed when
[AVS |+ |A1/R | even if one of the splittings is averaged to
Zero (Flgure 1 e) This latter situation, sometime encountered
experimentally, is obtained when the average orientation of a
C—D internuclear axis lies fortuitously along the magic angle
direction, for which the order parameter Sc_p, =0.22%31

To quantitatively analyse the “differential ordering effect”
associated with given C—D directions in both enantiomers,
and get better insight on the phenomenon, we define the
DOE factor as:

|Avlaesr| — | Aysmalir]
| DOE, =2 x et @
| vy | + | Ve |

The stereochemical descriptors R and S are replaced by the
superscripts “larger” and “smaller” because, to date, there is
no correlation between the amplitude of the splittings, Av,,
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Figure 1. Schematic representation of possible 2H{'H} spectral patterns
associated with two monodeuterated enantiomers embedded in a CLC
compared to the isotropic spectrum. a) Isotropic spectrum. b)-e) see
figure. Only patterns d) and e) show a spectral enantiodiscrimination. The
various spectra are plotted to scale, and the assignments S and R given in all
spectral patterns are arbitrary. Due to the weakness of H chemical shift
anisotropy in all chemical situations, the difference of the chemical shift
anisotropies between two enantiomers, AAg:y =| AUZSH - AO’!: |, is assumed
to be too small to produce significant effects on the spectra.

and the absolute configuration of the enantiomers. The use of
absolute values in Equation(2) is also due to the lack of
information about the sign of Av,. The reason for Equa-
tion(2) is that there is no (known) correlation between
molecular orientation and chiral discrimination. As a matter
of fact, the magnitude of chiral differentiations, A(Av,),
seems uncorrelated to the magnitude of quadrupolar split-
tings Av,,. In other words, a large chiral differentiation does
not necessarily imply large quadrupolar splittings, and recip-
rocally. This above DOE factor must be seen as the degree of
differential orientation of a C—D bond in enantiomers with
respect to the average orientation of the same C—D bond in
the achiral oriented phase made of a racemic mixture of
PBLG and its enantiomer, PBDG (denoted PBG in the
following). This interpretation supposes, however, that the
quadrupolar splittings have the same sign. Sign changes are
necessary in Equation(2) when the signs of Avi‘ger and
Av;“"a”er are different. This rather rare latter situation can
easily be controlled when comparing spectra obtained of
PBLG and PBLG/PBDG in organic solutions or through
variable temperature experiments. Note that in PBG mix-
tures, two enantiomers are diffusing very rapidly, on the NMR
time scale, from the vicinity of PBLG and PBDG. Conse-
quently we observe only an average of these situations, thus
eliminating the chiral discrimination.’®” Disregarding the
simultaneous cancellation of quadrupolar doublets for both
enantiomers, Equation(2) indicates that the DOE factor
varies from zero (no chiral discrimination) (Figure 1c¢), to two,
corresponding to the spectral situation for which the residual
quadrupolar splitting for one of the enantiomers is averaged
to zero as shown (Figure 1e). Although insufficient for an
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absolute comparison, the DOE factor already provides a
quantitative measurement of the differential ordering effect
between two given enantomeric C—D directions in the CLC,
and hence may be used to rationalize numerous experimental
results. Furthermore, it is often necessary to take into account
small order variations due to any change in working temper-
ature or concentration when DOE values are to be compared
from one sample to an other. For this purpose the Av, values
measured in a sample may be normalised, for instance to the
ratio (Av, of CDCl; in one sample divided by Av, of CDCl,
for the sample).

Natural abundance proton-decoupling deuterium 1D and 2D
NMR: Due to the very low probability to observe two
interacting deuterium atoms in the same isotopomer, the 2H/
2H spin —spin couplings are not detected at natural abundance
levels. Consequently, as all the couplings to protons are
eliminated through broadband decoupling, the NAD spectra
in the PBLG phase are rather simple as they consist of the
superposition of independent quadrupolar doublets corre-
sponding to all nonequivalent deuterium atoms in each of the
enantiomers.*: ¥ Disregarding any quadrupolar doublet
originating from organic solvent, we can expect 2n doublets
to be visualized in the NAD spectrum for a racemic mixture of
chiral hydrocarbons possessing # nonequivalent deuterium
atoms, assuming that neither line overlaps nor null quadru-
polar splittings occur and that all deuterated chiral isotopom-
ers are discriminated.

We found it convenient to characterise the efficiency of the
spectroscopic chiral discrimination in terms of deuterated site
numbers differentiated in the molecule. For this purpose we
define the ratio of deuterated sites showing a chiral separation
of signals over the total number of nonequivalent sites in the
molecule. This ratio, hereafter denoted R, allows for instance
for a simple comparison between homologous derivatives.
Between two solutes, the variations in R, can result from a
lack of an enantiorecognition ability of the polypeptide, a lack
of spectral resolution or the nonobservation of deuterium
signals when quadupolar doublets do not emerge clearly from
noise (as we will see in the Discussion Section).

For large chiral molecules, the identification of the two
components for each quadrupolar doublet in NAD spectra is,
however, not straightforward due to numerous peak overlaps.
This situation arises because the largest quadrupolar splittings
in PBLG solutions have approximately the same amplitude as
the deuterium chemical shift dispersion at 9.4 T. Consequent-
ly, the NAD 1D-NMR spectra in PBLG do not exhibit an
approximately symmetrical aspect as in strongly ordered
liquid crystals (for which the correlation between two
components is usually trivial). Nevertheless, this can be seen
as a practical advantage because it enables the assignment of
almost all quadrupolar splittings on the basis of chemical
shifts. To facilitate the analysis of overcrowded NAD spectra
by establishing the correlation between components of each
deuterium doublet, we have developed several proton-decou-
pled deuterium 2D NMR experiments referred to as QUOSY
(for QUadrupole Ordered SpectroscopY). Among them, the
2D autocorrelation experiment named Q-COSY was found to
be the most suitable and useful 2D sequence for NAD NMR
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in terms of signal sensitivity.”l The role of Q-COSY 2D
experiments is to simplify congested NAD 1D spectra (Fig-
ure 2).
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Figure 2. Principle of the spectroscopic separation of independent quad-
rupolar splittings associated with enantiomeric isotopomers using a NAD
2D Q-COSY experiment. a) NAD 1D spectrum exhibiting the overlap of
two quadrupolar components. b) NAD Q-COSY spectrum showing the
separation of two pairs of quadrupolar splittings centred on chemical shifts
d, and d;. c) Tilted Q-COSY spectrum. Note the elimination of quadrupolar
splittings in the F, dimension and the scale factor (equal to 2) on the
chemical shifts. d) Columns extracted from the 2D tilted contour plot and
showing separately the two pairs of quadrupolar splittings.

The Q-COSY experiment consists basically of a simple two-
pulse sequence (90°, — t; — 180°, — t,) which presents a formal
analogy with some sequences applied for spin /=", but it
cannot be simply compared.*> 5! In this sequence, the first
pulse creates one-quantum coherences that evolve during the
t; period. The 180° pulse produces a total coherence transfer
between the one-quantum coherences that evolve again
during the detection period t,. The effect of nonideal pulses,
which generates a degradation of the S/N ratio and undesir-
able residual on-diagonal peaks in the Q-COSY, have been
corrected by replacing each single pulse in the sequence by
composite pulses which have a greater tolerance to imperfec-
tions.[*> > One limitation of the Q-COSY sequence is that the
2D contour plot should be displayed in the magnitude mode
to remove the phase-twist line shapes, thus reducing the
spectral resolution. It could be argued that 2D NMR experi-
ments giving pure absorption peaks in both dimensions are
more valuable to analyse overcrowded spectra. For NAD
NMR applications we have however shown that the phase
sensitive variant of the Q-COSY sequence, referred to as
Q-COSY-ph, was less sensitive by a factor /2 than the
Q-COSY itself.*> 511 Consequently, the Q-COSY-ph 2D ex-
periments are well adapted for the analysis of perdeuterated
chiral molecules dissolved in polypeptide liquid crystals, but
not for NAD applications. As on-diagonal peaks are absent in
the Q-COSY 2D contour plot, it is possible and useful to tilt
the data as in a J-resolved 2D NMR experiment.? In this
case, all quadrupolar doublets line up parallel to the F; axis
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with a scaling factor of 2 on the chemical shift in the F,
dimension.[“2 31

This data manipulation produces a deuterium chemical
shift spectrum in the F, dimension, and allows the separation
of the sub-spectra of each isotopomer in the mixture,
extracting a column at their chemical shift (Figure 2c¢). From
the various sums of columns extracted from the tilted 2D data
set, it is trivial to observe the two components of each
quadrupolar doublet and to measure their residual splittings.

Results and Discussion

The twenty compounds investigated in this work were
specifically chosen for their structural features and are quoted
as compounds 1-20. To organise the discussion, chiral solutes
have been divided into five distinct classes of structurally
related compounds. For each of these molecular classes, one
or two selected examples of NAD spectra are shown in the
corresponding figure and are discussed in detail in the text.
The first class of structure (Table 1) gathers rigid bicyclic
hydrocarbons such as pinene and various isomers. Here the
word “rigid” implies that the carbon skeleton of molecules
does not possess any rotating C—C bond other than C—CHs.
Besides, we assume that the effects due to molecular
vibrations are negligible, in particular their correlation
between vibrations and reorientations, are neglected.”¥ The
second class (Tables 2 and 3) contains functionalized mole-
cules such as aromatic, ethylenic and acetylenic derivatives
which possess both an unsaturated functional group and an
asymmetric carbon atom in a flexible chain. The third class
(Table 4) contains flexible chiral cyclic hydrocarbons such as
trans-1,2-dimethylcyclohexane. The fourth class (Table 5)
contains nonfunctionalized flexible, acyclic molecules such
as 3-methylhexane which is the simplest chiral alkane. Lastly,
the fifth class of compounds (Table 6) gathers some chiral
hydrocarbons without a stereogenic carbon atom, but that
exist in enantiomeric forms. The structure of the molecules,
the sample composition and temperature, the quadrupolar
splitting of the solvent (column 1), the deuterated site
evaluated (column 2), the associated chemical shift and
quadrupolar splittings for both enantiomers when the assign-
ment was clearly possible (columns3 and 4), AAv, (col-
umn 5), the DOE factor (column 6); the different values and
the various methods (reported in literature) which have
already provided successful chiral discrimination (columns 7
and 8) are given in all tables.

For almost all compounds, the assignment of quadrupolar
doublets is mainly based on chemical shifts of corresponding
protons found in the literature. This is possible because the 2H
chemical shifts are very close to those of in proton NMR (in
ppm). Although the *H chemical shift anisotropy is negligible,
the O values reported in the tables can exhibit small
discrepancies with respect to literature values obtained in
isotropic solvents. These upfield or downfield shift solvent
effects seem a direct consequence of the strong polarity of the
polymer (ca. 3.5 debye per peptidic residue). When no data
were available, the assignment of each doublet was not always
trivial to achieve, noticeably in apolar alkanes where 2H
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chemical shift dispersion is rather small.*'#l In these
situation, assignments were performed through classical
methods in the isotropic state, COSY, HMQC and INAD-
EQUATE, until a clear assignment of *C and 'H NMR
signals could be made. The assignments were confirmed, when
necessary, by measuring the proton-carbon dipolar cou-
plings, D¢y, in the BC spectra of compounds in PBLG.!
Indeed, because Scp=Scy the |Avg. /Dcy| ratio is
approximately fixed by the quadrupolar and dipolar constants
at ~12. Thus, from the Dy value measured the magnitude of
| Avq. | for a given site can be reasonably approximated, and
therefore compared with experimental values.

Rigid chiral bicyclic hydrocarbons: Historically, the first
successful enantiomeric discrimination of a chiral hydro-
carbon using deuterium NMR in PBLG was observed with the
(+)-endo-4-deuterobicyclo[3.2.1]oct-2-ene, namely a chiral
bicycloalkene.™ As the first examples of using NAD NMR
in PBLG, it was therefore pertinent to test various other chiral
bicycloalkenes such as a-pinene [(+)-1] and regioisomers
such as -pinene and camphene. Chiral monoterpene hydro-
carbons are common natural products and are prevalent
constituents of essential oils.’) Some of these are also
constituents in certain insect pheromones, and are used as a
starting material for a number of enantioselective chemical
transformations.’> % In addition, these chiral compounds
have been extensively employed as model molecules to
investigate the efficiency of numerous analytical methods to
differentiate enantiomeric pairs of chiral apolar alkenes.
Among the numerous successful methods already used for
(£)-1, we can cite the chromatographic approaches (GC and
HPLC) using cyclodextrins as CSP,?? % %2l NMR using chiral
lanthanide/silver binuclear shift reagents[® dirhodium com-
plexes,' as well as CD derivatives in aqueous solutions as
chiral solvating agent.[' 2. 6] More recently, it was shown that
by using vibrational circular dichroism (VCD) it was possible
to differentiate between the two enantiomers of (=)-1.64 63
Figure 3a presents the NAD Q-COSY map of (+)-a-pinene
in the PBLG phase recorded at 298 K. Projections show a
strongly congested NAD 1D NMR spectrum, which is rather
difficult to decipher unambiguously. Such a spectrum perfect-
ly illustrates the usefulness of QUOSY 2D experiments. As
described schematically in Figure 2b, only the cross-peaks
autocorrelating the two components of each quadrupolar
doublet appear on the 2D spectrum, improving the legibility
of the 2D spectrum. The tilted spectrum shows that only 2H
chemical shifts are observed along the F, axis (Figure 3b).
Under these conditions the 2H spectrum in this spectral
dimension is formally identical with the NAD 1D-NMR
spectrum recorded in an isotropic solvent. This situation
usually allows the assignment of numerous quadrupolar
doublets on the basis of their chemical shifts d,5. The (+)-
a-pinene assignments were based on that published by Martin
et al in the context of the well-known SNIF-NMR method.[®]
Among the various deuterated sites showing a distinct chiral
differentiation, we report in Figure 3¢ and d the traces of the
methyl deuterium atom 8 and the deuterium atom 7’ in the
endo-position, respectively.
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Figure 3. a) NAD Q-COSY spectrum of (+)-trans-a-pinene in the PBLG/CHCI; phase recorded at 298 K. The 2D matrix is 313 (¢;) x 1400 (z,) data points.
No filtering was used. b) 2D contour plot after tilting. Note the cancelling of quadrupolar doublet in the F, dimension. (c and d) Columns extracted from the
2D tilted spectrum and showing the spectral enantiodistinction on the methyl group 8 and the exo deuterons 7'.

The values of quadrupolar splittings for both enantiomers
as well as the corresponding DOE are summarized in Table 1
(entry 1). For this first example, we can visualize that seven
out of ten possible couples of chiral isotopomers in the
mixture are discriminated, leading to a total of sixteen
quadrupolar splittings visible on the 2D contour plot. This
spectral situation corresponds to R,=0.70. The DOE factors
at 298 K vary between 0 and 1.16. Thus, the deuterated site 4’
exhibits the largest DOE factor while no chiral discrimination
is detected on the methyl deuterium atoms 9 and 10. The
range of values perfectly reflects the versatility of chiral
discrimination between two chiral isotopomers, and shows the
undeniable interest of NAD 2D NMR to simultaneously
probe all possible deuterated sites of the molecule. It should
be noted that the quadrupolar doublets associated to deute-
rium atom 1 do not clearly emerge from the noise. Disregard-
ing the fact that a single isotopomer deuterated in position 1
contributes to the NMR signal, and not three as for methyl
groups, two reasons can be proffered for explaining this lack
of signal. First, the 7 relaxation time may be unusually large
compared with values usually measured in PBLG (typically 7}
~200-400 ms). In this case our relatively high recycling rate
could produce a significant loss of signal. Relaxation effects
could be problematic since the recycling rate used in the 2D
experiment may affect the accuracy on quantitative measure-
ments. This argument is actually not valid because, within the
experimental errors, all our attempts to give evidence of any
difference in the deuterium longitudinal relaxation time
between two enantiomers failed.[®! Secondly, the site-specific
isotopic ratio (H/D) for the corresponding site can be low
because of depletion effects, thus reducing the S/N ratio for
this site in the NAD spectrum considerably. In the case of
site 1, the isotropic NAD NMR spectrum clearly shows a
significant depletion effect relative to the corresponding
deuterated isotopomers. [ ]
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As the enantiomers were commercially available, we
prepared an enriched sample in the R enantiomer (ee 50 %),
keeping the concentration (w/w) of solute, polymer and co-
solvent constant (compared to the racemic sample). The
difference in peak intensities allowed each pair of quadrupo-
lar splittings to be assigned to a particular enantiomer. The
analysis of these data (Table 1) emphasises that there is no
direct correlation between the measured quadrupolar split-
tings and the absolute configuration. In other words, the set of
smaller (larger) quadrupolar splittings is not associated with a
single enantiomer. This is a consequence of the fact that
molecular ordering is a second-rank tensorial property and
not a single scalar number.?!

Further chiral rigid bicycloalkenes we have investigated
were (£)-f-pinene [(£)-2] and (£)-camphene [(£)-3] as
regioisomers of (+)-1. These molecules have also been
extensively employed in assessing the enantioselectivity of
CDs grafted as CSP in GC or HPLC.[%%2 The results collected
using NAD NMR in PBLG are listed in entries 2 and 3 of
Table 1, but their respective NAD spectra are not shown. In
case of (4)-3 and (+)-4, the solute-solvent mixture was
rather viscous. In order to enhance the fluidity of such
samples, we increased the working temperature slightly
compared with (£)-1. The results obtained for (+)-1, (£)-2
and (£)-3 (also including the (%)-endo-4-deuterobicy-
clo[3.2.1]oct-2-ene),*! show good enantioselectivity of the
oriented polypeptide helices toward this kind of rigid bicyclic
compound. As in the case of solute (+)-1, the range of DOE
factors is large (from 0 to 1.5) and the R, factor is high (from
0.66 to 0.75). Such an analysis enables an easy choice of the
best site to measure an eventual ee. Disregarding the
numerical differences in DOE values from one site to another,
it can be claimed that the enantiomeric recognition ability of
PBLG is not really sensitive to either the position of the
double bond, or to that of the gem-dimethyl group.
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Table 1. Data for chiral rigid bicyclic hydrocarbon compounds (1-4).
Entry Site ol | Apsmaller | /| Ayplareer | AAv,ld DOE/ Other Ref.M
Structure [ppm] [Hz] b [Hz] methods
Sample composition?! used
T/ | Avsé:lvem | [b]
1 D1 Notil NO GC
10 D3 5.26 218.7 (R)/247.3 28.6 0.123 Cpli [56,57,59,61,63]
) D44 2.19 205.8/325.1 (R) 119.3 0.449 MCDlil [27,58,60]
3 . 2.24 58.2 (R)/220.5 162.3 1.164 HPLC
% D5 2.09 298.2 (R)/315.5 17.3 0.056 CD 62]
44 r D7en 1.23 108.3/173.5 (R) 65.2 0.462 NMR
5 D7'ex 2.38 46.9 (R)/103.9 57.0 0.756 MCDll [19.20]
D8 0.92 90.1/100.7 (R) 10.6 0.111 BNClI 6-8]
51+50/100/350 D9 1.31 87.3 0 0 D(Clil (14
298/827 D10 1.70 71.5 0 0 VCD [64.65]
2 D1 NO GC
10,10° D33’ 1.92 473 0 0 CD [56.57.59.61,63]
1.39 47.6/67.3 19.7 0.343 MCD [27.58,60]
- 2 1 D44 1.73 20.5/175.8 155.3 1.583
' : & 1.22 230.2/357.3 127.1 0.432 HPLC
44' T D5 1.64 222.1/235.4 133 0.058 CD 62]
5 D7., 1.25 121.8/283.4 161.6 0.798
D7 1.73 39.6/131.3 91.7 1.073 NMR
D8 1.06 80.5/95.9 154 0.174 BNC 7l
D9 1.09 97.1 0 0
514-51/100/350 D10,10’ 4.52 153.1 0 0
298/803 4.75 244.1/283.9 39.8 0.151
3 D1 NO GC
D4 1.91 54.7/73.5 18.8 0.293 CD 159.61]
D55 1.40 91.1/142.3 51.2 0.439
1.72 153.9/199.5 45.6 0.258 HPLC
D6,6 1.27 182.2 0 CD 162]
1.64 211.2/231.3 20.1 0.090
D7,7 1.22 166.1/193.9 27.8 0.154 NMR
1.73 35.9/59.8 239 0.499 BNC 6-8]
D88 4.52 198.1 0 0
4.76 11.6/34.9 233 1.002
97/101/353 D9 1.05 16.8/54.2 37.4 1.054
303/858 D10 1.09 42.1/59.8 17.7 0.347
4 D1 NO GC
10 D2 211 4103 0 0 CD 571
H D33’ 1.27 129.9/143.3 13.4 0.098 MCD [70.71]
a 2 ) 1.71 21722 0 0
' @ D44 1.77 247.2/305.1 60.1 0.209
44 T 1.82 106.5/164.2 577 0.426
5 D5 1.91 126.1/191.0 66.1 0.409
D7., 1.40 424.4/441.8 17.4 0.040
D7 2.08 5.5/38.6 33.1 1.501
D8 0.90 111.4 0 0
41+42/100/371 D9 1.28 110.2/119.6 9.4 0.082
303/858 D10 0.92 128.2 0 0

[a] Sample composition (x mg of solute/x’ mg of polymer/x” mg of organic solvent). [b] Sample temperature [K] and quadrupolar splitting [Hz] of the C—D
bond of the solvent. [c] Deuterium chemical shift measured in the chiral liquid crystal. The solvent signal is used as internal reference. For chloroform, it was
calibrated at 7.24 ppm. [d] adrupolar splittings for each enantiomer. [e] Difference of splittings: AAv, =| Avlé“'g” =] sz)‘?“’"” |. [f] DOE factor for a given
deuterium atom i (see text). [g] Analytical methods (NMR, VCD, HPLC, GC, optical) able to differentiate between enantiomers of the compound and
already reported in literature. [h] Numbering of references given in the text. [i] NO: No observation of deuterium signals. The quadrupolar doublets do not
clearly emerge from noise. [j] BNC: binuclear complex, CD: (a,f,y)-native cyclodextrin, DC: dirhodium complex, MCD: chemically modified cyclodextrin,
NR: no report found in literature, PC: platinium complex, RC: rhodium complex. [number| Suggested assignment, but may be reversed.

We also recorded the NAD spectrum of (+)-trans-a-pinane
[(£)-4] in the system PBLG at 303 K. The result was very
successful since unexpectedly, 50 % of deuterated sites (R, =
0.5) exhibited an enantiomeric spectral differentiation with a
maximum DOE of 1.5 for the deuterium atom 7' in the exo-
position. This is the first example of the enantiomers of a

Chem. Eur. J. 2003, 9, No. 8
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“rigid” chiral bicyclic alkane being discriminated by using
NMR spectroscopy. This result is important because it shows
that the intermolecular potential experienced by this bicyclic
hydrocarbon when in the chiral environment of PBLG is
sufficiently large to produce an efficient DOE, even if the
molecule lacks m-electrons. From a more fundamental point
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of view, this could indicate that the presence of chemical
functions on the solute is not necessary in the global chiral
differentiation mechanism occurring in this homopolymer,
and that selective topological recognition plays a significant
role in the case of chiral rigid solutes. Moreover, we will see
below that shape-selective aspects of molecular recognition in
a polypeptide are sufficiently large for differentiating between
enantiomeric pairs of flexible, chiral saturated hydrocarbons.
This result emphasizes that NMR in chiral oriented media is
able to overcome the inefficiency of analytical NMR techni-
ques in isotropic media for this type of compounds.>*2 To our
knowledge no previous reports of the chiral differentiation of
(£)-4 using NMR was found in literature. However, a GC
enantiomeric separation of (+)-4, on permethylated 5-CD
and on perpenthylated y-CD was reported in 1989.5%70. 711

Semi-rigid chiral aromatic, acetylenic and ethylenic deriva-
tives: Chiral compounds belonging to this second class can be
seen as semi-rigid molecular structures. They are featured by
an electron-rich rigid group (aromatic, acetylenic, ethylenic
group) and a flexible part containing the chiral center
(Tables 2 and 3). Contrary to the previous series of molecules,
only a small number of strategies to discriminate the
enantiomers of these compounds have been published.
NMR using rhodium or platinum complexes gave positive
results in case of (+)-2-phenylbutane [(£)-5] and (+)-3-
methylpentene [(+)-8],) while NMR methods involving f-
CDs as solvating agents exhibited separate resonances for the

Table 2. Data for chiral semiflexible aromatic compounds (5-7).

enantiomers of (+)-5 and (4)-2-a-naphthylbutane [(+)-
6].2* %1 Note that for this latter compound, optical activity
measurements were described.’? No reports were found in
the literature for other compounds, even if it was shown that
peralkylated B-CDs were suitable for the enantiomeric
separations of some chiral dienic derivatives. Note that
the lack of experimental results for these specific compounds
does not necessarily mean that they cannot be differentiated
using the various approaches already referenced, but only that
they have not been retained as model molecules to explore
their respective analytical efficiency. The NAD NMR results
obtained in the PBLG phase are summarized in Tables 2 and 3
(entries 5-10). In all examples investigated, the enantiose-
lectivity of the polypeptide yields separated NAD signals for
each enantiomer in numerous deuterated sites. In particular,
all chiral isotopomers of compound 5 are differentiated with
DOE:s varying between 0.01 to 1.32 (Figure 4).

In this example, the ratio R is equal to 1, and indicates an
optimal situation in terms of enantiomeric discrimination.
Results obtained with (+)-6 and (+)-3-phenyl-but-1-ene [(+)-
7] also show high discrimination efficiency of PBLG toward
these chiral moieties, since the R, values are equal to 0.66 and
0.75, respectively. Note that the assignment of benzenic
signals in § and 7 is based on the group-contributing method
for protons, while for 6 it is based on reports in literature.[

Of particular interest is the discrimination of flexible
olefinic enantiomers such as (4)-3-methylpentene [(+)-8]
and (+)-3-methylhexene [(£)-9]. No previous NMR report

Entry Site ol [ Avimater || Avigree | AAvylel DOE/ Other Ref.
Structure [ppm] [Hz] [Hz] methods
Sample composition?! used
T/ | Avighen | 1
5 D1 1.46 4.5/21.9 17.4 1.318 NMR
D2 2.81 616.9/625.2 8.3 0.013 RClI (sl
D33 1.81 343.1/362.4 19.3 0.055
1.81 55.7/164.9 9.2 0.152 NMR
D4 1.05 97.2/108.4 11.2 0.102 MCD (24.25]
D6 7.43 349.4/361.9 12.5 0.035
102/102/350 D7 7.53 347.8/359.2 11.4 0.032
299/680 D8 7.43 544.1/555.8 11.7 0.021
6 D1 1.59 8.1/23.6 15.5 0.978 NMR
D2 3.74 465.1/514.5 49.4 0.100 MCD (24.25]
D33 1.93 158.5 0 0
2.06 166.3/231.5 65.2 0.327 (72l
D4 1.16 57.1/71.5 14.4 0.224
D6 7.65M1 464.5/483.7 19.2 0.041 Optical
D7 7.6611 434.2/512.2 78.0 0.164 activity
D8 7.92 328.1/363.7 35.6 0.103
D10 8.12 276.9/312.4 35.5 0.122
D11 7.672 4773 0 0
99/100/370 D12 7.672 4342 0 0
299/619 D13 8.43 270.1/305.1 35.0 0.122
7 D1, NO NR
4 D2 6.27 331.1/376.2 45.1 0.127
6 'RE D3 3.68 581.7/596.7 15.0 0.025
7 5 3 = D4 1.58 6.4/19.6 132 1.015
2 D6 7.44 242.7/255.7 13.0 0.052
8 D7 7.53 247.1/260.2 13.1 0.052
102/100/350 D8 7.43 586.7/602.9 16.2 0.027

299/648

[a—j] See the footnotes of Table 1.
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Table 3. Data for chiral semiflexible ethylenic and acetylenic compounds (8-11).
Entry Site slel | Asmaller | /| Aylareer | AAv, el DOE! Other Ref.in
Structure [ppm] [Hz] [Hz] methods
Sample composition?! used
T/ I Avsé’l"“" | [b]
8 D1,1 4.90 102.4/112.2 9.8 0.091 HPLC
6 4.99 367.3/371.3 4.0 0.011 PC o
'RE D2 5.71 356.5 0 0
5 3 = D3 2.07 4172 0 0 NMR
44 2 D44 1.36 57.7/61.8 4.1 0.068 PC
1.37 152.7/165.8 13.1 0.082 ©
100/101/350 D5 0.83 86.2 0 0
298/832 D6 0.90 25.8/33.8 8.0 0.268
9 D11’ 3.08 B6RH656.3 380 0.623 NR
7 D2 5.70 648.5/655.1 6.6 0.010
5.5 1,1 D3 2.16 771.5/783.7 12.2 0.016
~F D44 1.310 563.2 0 0
6 447 o 1.350 412.7/422.1 9.4 0.023
D55 1.28M1 391.9/408.5 16.6 0.041
1300 496.3/508.9 12.6 0.025
99/101/402 D6 0.92 158.2 0 0
298/1121 D7 1.01 14.9/23.1 8.2 0.431
10 D1 1.98 255.3 0 0 NR
7 D3 2.36 349.2/397.6 484 0.130
5,5 D44 1.36 257.3/289.7 324 0.118
6 TN 1.69 260.6/274.7 14.0 0.052
447 N, D55 1.29 296.7 0 0
1.32 3133 0 0
81/82/428 D6 0.87 91.1/96.9 5.8 0.061
300/804 D7 1.11 79.3/85.1 5.8 0.071
[a—j] See the footnotes of Table 1.
*
il i -CDH,, ' 7 ‘ =CD
(6 and 7) 5 11 (1,1'and 2)
6 .3
/ . . 44" 2 95Hz
L L o Q y b .o
*0Ce
2. 3 i ppm @’ Hz % Hz,
4 - 00 T
& 3 i St Y otk
67 [ 50 6 77 6 12 1" 1
[ 250.0 0.0 600.0 200.0
[ Hz Hz
L 100 Figure 5. NAD NMR signals associated to the methyl groups 6 and 7 (a)
\\r\ ’ L and ethylenic deuterium atoms 1, 1’, 2 (b) extracted from the tilted
4 11 4 * T [ Q-COSY spectrum of (+)-3-methylhexene in the PBLG/CHCI; phase at
————— e ——————- 298 K. The spectrum was recorded as a 2D matrix of 300 (¢,) x 1750 (t,) data
1.5 1.0 10.0 50 0.0 points and 400 scans were added per ¢, increment. An exponential window
ppm ppm

Figure 4. On the right: NAD Q-COSY spectrum of (+)-2-phenylbutane in
the PBLG/CHCI; phase recorded at 299 K and using 331 (#,) x 1600 (z,)
data points. No filtering was applied. The chloroform signals are marked by
an asterix on the F, projection. Left: Sum of columns showing enantiomeric
discrimination on the methyl groups 1 and 4.

concerning these two compounds was found, but Schurig and
Nowotny have described the enantioseparation of (+)-2,4-
dimethyl-1-heptene using GC on derivatised y-CD.[*l Numer-
ous spectral enantiodifferentiations in PBLG are observed for
(£)-8 (R.=0.62) and (£)-9 (R.=0.83) (Figure 5). Thus, the
spectral analysis of (+)-9 shows a chiral differentiation on
deuterium atoms in the methyl group 7, on deuterium atom D5

Chem. Eur. J. 2003, 9, No. 8
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(LB,,=1Hz) was applied in both dimensions. The doublets due to each
enantiomer is arbitrarily labelled.

located on the asymmetric carbon, as well as deuterium atoms
on the gem-(D,), trans-(D;) and cis-(D,) positions in the vinyl
group, but not on the methyl group6. Note that the
quadrupolar splittings for the cis- and gem-deuterium atoms
in the vinyl group are very close.

This is because the associated C—D bonds EFG are more or
less parallel, and hence they must have a very similar
orientation relative to the magnetic field. This fact enables
us to simply assign the ethylenic deuterium atoms. Similar
behaviour can be observed for the vinyl group of (£)-8. The
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large difference in peak intensities exhibited by gem-(D,) and
cis-(D;) compared with trans-(D;) in (£)-9 originates from
an important depletion effect,[ already observed in the
isotropic NAD 1D NMR spectrum. The same depletion
mechanism explains why quadrupolar doublets for cis-(D,)
and trans-(D;) in (£)-7 do not clearly emerge from the
noise.

Comparison of the data found for solutes (+)-8 and (+)-9
are informative. It shows that the magnitude of quadrupolar
splittings, and hence order parameters, increases with the
length of the main alkyl chain. This is due to the classical
increase of order parameters with the shape anisotropy
(length/diameter) from (4)-8 to (+)-9. In contrast, the DOE
values do not seem strongly affected by this increase in the
molecular ordering. This remark suggests that molecular
order and chiral discrimination may not be correlated to the
same molecular properties. Finally, we have studied the case
of chiral acetylenic compounds using a racemic mixture of
3-methylhexyne [(£)-10]. Here again the NAD spectrum
exhibits numerous separate resonances for the two enantiom-
ers with a relatively good R, (R, =0.62).

In this class of derivatives (Tables2 and 3), it should be
noted that compound (=£)-7 differs slightly from the set of
other derivatives because two groups with m-electrons are
present in the molecular structure. The comparison of the
quadrupolar splittings and the DOE factors with (£)-5 shows
that the orientational behaviour of both derivatives toward
the oriented polypeptide helices does not differ strongly. This
could indicate that the vinyl group plays a minor role in terms
of molecular recognition ability, probably because the differ-
ence in the size and shape anisotropy of both molecules is
rather negligible.

Several conclusions can be drawn from the examination of
all the results collected using this class of molecules:

a) A chiral discrimination can be observed in the flexible as
well as in the rigid part of
these molecules.

b) The quadrupolar splittings
measured on the methyl
groups are generally among

the smallest in a molecule. 6" 44

Actually this is true what-
ever the class of molecule
concerned. This is due to the
rotation of the methyl group
around the C—CHj; axis.[™
Consequently, calculating
the average orientation, the
order parameter associated o
to a methyl C—D bond ap-
pears equal to the order
parameter of the C—C bond
times [3cos?(m —26,,) — 1]/
2=—Y%, where 26, is the
tetrahedral angle. This —5 40 20
factor justifies the above re-
mark in that sense that the

oe

45

5,5

-CDH-
(4" and 5)

| :
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54

T [ e —

ppm
Figure 6. Right: NAD Q-COSY spectrum of (£)-3-methylhexane recorded at 298 K using 300 (#,) x 1700 (z,)

ways three times smaller that the order parameter of the
C—C direction it turns around.

c) All C—D bonds that are roughly oriented along the
molecular longest axis give rise to the largest quadrupolar
splittings. This is particularly visible for the deuterium
atom in the para-position in the monosubstituted benzene
derivatives (4)-5 and (+)-7. Probably the same reason
explains why in (+)-6 the deuterium atoms 11 and 12, as
well as 6 and 7 which are colinear to 11 and 12, respectively,
exhibit the largest quadrupolar splittings. Note that this
situation is not observed for the acetylenic deuterium atom
of 10, and it means that in this case the most oriented axis
does not coincide with the acetylenic C—D direction.

d) Deuterium atoms on the chiral centers exhibit generally
large quadrupolar splittings but small DOEs. So far, we
have no clear explanation for this particular behaviour.

Flexible chiral alkanes: We next turned our attention to the
flexible chiral saturated aliphatic hydrocarbons with the
general formula CHR'R?R? (R = alkyl), such as 3-methylhex-
ane (10) and higher homologues.” Indeed, these chiral
species feature a high conformational flexibility which may
severely reduce or eliminate the polypeptide helices’ ability to
be enantioselective. Although the enantiomeric separation of
these trialkylmethanes have been achieved by GC using
undiluted cyclodextrins as CSP??%! to the best of our
knowledge, all isotropic NMR techniques failed in discrim-
inating such chiral alkanes.

All results obtained in CLC are summarised in Table 4.
Figure 6 reports the NAD Q-COSY map of (+)-10 as well as
two different traces associated with deuterium atoms referred
to as 4’ and 5. On this 2D spectrum, we can observe twelve
different quadrupolar doublets. This result clearly indicates
that two deuterium atoms in the molecule are discriminated,
as only ten quadrupolar doublets would be detected if no
enantiomeric separation occurred.

2,2

S S

.3 L ppm

oe

34 Hz g0 6 - 0.0
ke RIS

¢
o® r

2.0

4.0

0.0 4.0 2.0 0.0
ppm

data points. 400 Transients for each ¢, increment were added. A Gaussian filtering was used in both dimensions.

average order parameter of
a methyl group will be al-
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The chloroform doublet is not shown in the spectrum. Left: sum of columns showing a spectral enantiomeric
discrimination on the deuterium atom 4'.
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Table 4. Data for chiral flexible acyclic alkane compounds (11-13).
Entry Site okl | Avgmatter || Avgreer | AAvylel DOE/" Other Ref."
Structure [ppm] [Hz]l [Hz] methods
Sample composition?! used
T/ I Avsé:lvem | [b]
11 D1 0.86 64.5 0 0 GC
7 D22 1.12 160.0 0 0 MCD [27.28]
55 1.33 135.7 0 0
N3 1 D3 1.30 346.1 0 0
6" 447 22 D44 1.08 247.4 0 0
1.27 239.1/245.9 6.8 0.028
D55 1.28 213.0 0 0
1.33 211.6/203.4 8.2 0.039
80/1001)/445 D6 0.88 81,8 0 0
298/585 D7 0.85 272 0 0
12 D1 0.86 112.7 0 0 GC
8 D22 1.12 296.9/307.5 10.6 0.035 MCD (27.28]
55 1.33 258.9/258.9 0 0
7 $ 1 D3 1.30 696.7/703.5 6.8 0.01
66 44> 22 D44’ 1.09 580.2 0 0
1.29 [508—529]* -
D55 1.23 [508 —529]* - -
127 [508—529]* - -
D6,6 1.28 470.8/479.6 8.8 0.018
1.29 [508—529]* - -
50/100/400 D7 0.89 143.5 0 0
298/882 D8 0.85 69.9 0 0
13 D1 0.84 123.7 0 0 GC
9 D22 1.11 301.6/313.2 11.6 0.038 MCD (27.28]
77 58 1.32 279.6/289.8 10.2 0.036
8 1 D3 1.27 794.2 0 0
66 44° 22 D44’ 1.08 [671—696]* - -
127 [671 - 696]* - -
D55 1.23 746.2/751.4 52 0.007
127 [671—696]* - -
D6,6 1.22 639.0/653.8 14.8 0.023
1.24 [671-696]* - -
D7,7 1.28 546.7/562.7 16.0 0.029
1.29 529.5/546.7 17.2 0.032
60/100/400 D8 0.87 168.7 0 0
298/896 D9 0.84 98.9 0 0

[a—j] See the footnotes of Table 1. [k] 50 mg (DP =562)+50 mg (DP =1078). * The exact measurement of the quadrupolar splitting was not possible,

consequently only an interval of values is given for information.

The assignment of each doublet (Figure 6a) was achieved
using the procedure described at the beginning of this section
(Table 4, entry 11). Thus, we were able to deduce that the 4’
and 5 deuterium atoms are discriminated while deuterium
atoms 2 and 3 show only broad peaks indicating a spectro-
scopically unresolved chiral discrimination. In contrast, no
chiral discrimination was detected on the methyl signals
referred to as 1, 6 and 7. The analysis of NAD NMR spectra
of 3-methylheptane [(£)-11] and 3-methyloctane [(4)-12]
recorded at 298 K in a PBLG/CHCI; phase have unam-
biguously shown the doubling of numerous peaks; this
indicates that enantiomers of these solutes are signifi-
cantly discriminated in this oriented phase. Here again, the
identification procedure previously described shows that the
largest chiral separations are measured for the diastereotopic
deuterium atoms noted 2, 6 for (+)-12 and 2, 2, 6, 7, 7 for
(£)-13. As for (+)-12, none of the methyl groups is
discriminated, probably because the factor —' intro-
duced above makes the DOE too small to be observed
here. A small chiral separation is visible on the deuterium
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atoms attached to the asymmetric carbon atom of these
compounds. Even if the spectral differentiation obtained are
small for these chiral alkanes, it must be stressed that no
alternative NMR methods are available for this series of
compounds.

Flexible chiral monocyclic hydrocarbons: We have investi-
gated the chiral monocyclic six-membered-ring hydrocarbons,
exhibiting ring conformational changes during the flipping
process, with the purpose of exploring the influence of
conformational dynamics in the enantioselective recognition
in PBLG. The case of chiral frans-disubstituted cyclohexanic
derivatives is especially interesting (Table 5, entries 14-17).
Except for compound 17, no report in literature was found
involving NMR differentiation of the enantiomers of these
molecules.” % 4l Schurig et al. have, however, described the
enantioseparations of these three analytes on CDs using GC,
as well as for a series of homologues such as cis/trans-1-ethyl-
2-methylcyclohexane and cis/trans-1-methyl-2-n-propylcyclo-
hexane.[0- 70
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Table 5. Data for chiral flexible cyclic hydrocarbon compounds (14-17).
Entry Site okl | Avgmatter | /] Ay jareer | AAvylel DOE/" Other Ref."
Structure [ppm] [Hz]@ b [Hz] methods
Sample composition?! used
T/ I Avsé’l"“" | [b]
14 D1/D3 1.81 309.5/320.5 11.0 0.035 GC
7 D2/D2 1.31 166.4/185.4 19.0 0.108 MCD (701
D4,4'/D6,6 1.15 120.7/141.1 20.4 0.156
66 ! 00 1.55 250.1/258.5 8.4 0.033
’ D5/D5’ 1.49 180.2/201.1
552 D7/D8 0.94 57.5/65.9 8.4 0.136
4.4
99/101/349
298/891
15 D1/D2 0.94 553.6/567.5 13.9 0.025 GC
7 D3a/D6a 0.95 543.5 0 0 MDC (70]
D3'e/D6'e 1.62 24.2/54.2 30.0 0.765
66 1 o 8 D4a/D5a 1.24 571.6/528.5 43.1 0.078
’ 2 D4'e/D5'e 1.68 294.5/308.1 13.6 0.045
55 33 D7/DS$ 0.89 842 0 0
4,4'
101/100/351
298/884
16 D2a 0.81 4233 0 0 GC
7 8 D2'e 1.3811 178.0/198.7 20.7 0.110 MCD (701
f D3 1.5621 189.9 0 0
66 oo D4a 0.77 4233 0 0
D4'e 1.69 213.3/239.9 26.6 0.117
55Ny D5a 1.46 4402 0 0
44 D5'e 15501 4534 0 0
Do6a 1.091 453.1 0 0
Do6'e 1.39 408.8/408.8 0 0
D7 0.94 33.6/43.3 9.7 0.253
102/100/351 D8 0.94 110.3 0 0
298/865 D9 0.89 123.5 0 0
17 D2 5.38 29.3 0 0 GC
7 D33’ 1.88 496.6/574.3 77.7 0.145 CD [59.61]
1.91 107.3/317.4 210.1 0.989 MCD 58.67]
66N 2 D4 2.06 631.9/662.2 30.3 0.047
D55 1.45 679.1/726.7 47.6 0.068 HPLC
5SSy 38 1.81 182.7 0 0 CD (62
8 D6,6 2.03M1 329.4 0 0
05”0 2,051 4293 0 0 NMR
D7 1.61 351.1 0 0 BNC (78]
D99y 4.68 167.0 0 0 DC (4]
52+52/100/350 4.68 1184.5 0 0
298/877 D10 1.71 76.5 0 0

[a—j] See the footnotes of Table 1.

As a first illustration, we focused on the (+)-trans-1,3-
dimethylcyclohexane [(+)-14]. Such a molecule can be seen
as chiral with an average C, symmetry on the NMR time scale.
This is a typical example of molecules whose averaged
symmetry is higher than the symmetry of chiral contributing
conformers (C,).l The inversion of the chair conformation
(a,e and e,a) leads to the formation of a single isomer that is
nonsuperimposable with its mirror image (Figure 7a). Con-
sequently, like two chiral “rigid” enantiomers, the PBLG
fibres should interact differently with the two enantiomeric
conformers of trans-1,3-dimethylcyclohexane, thereby permit-
ting their spectroscopic differentiation using NAD NMR.
Since we detect only monodeuterated isotopomers which are
different from the totally protonated molecule in NAD NMR,
an important question arises at this stage of the discussion.

1736 ——
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One could argue that a monodeuterated isotopomer in the
(a,e) position is no longer identical with the isotopomer in the
(e,a) position as the axial deuterium atom becomes equatorial
and vice versa. Actually, in PBLG as solvent, the order
parameters are very small (in the 1073 to 10~* range), and
consequently no isotopic effect on the ordering of solutes has
ever been detected to date. Consequently, molecular orienta-
tional ordering of a protonated molecule is essentially
identical to that of its monodeuterated isotopomers.[*]

The NAD Q-COSY map of (+)-14 is displayed in Fig-
ure 7b. The assignment given in the 2D contour plot is based
on that proposed by Grant and co-workers.””l Note the
assignment of quadrupolar doublets is much simpler than in
acyclic alkanes because the average C, symmetry axis reduces
the number of nonequivalent deuterium atoms by a factor of
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Figure 7. a) Representation of the conformers of (+)-trans-1,3-dimethylcycohexane and their stereochemical relationships. b) and ¢c) NAD Q-COSY spectrum
of (+)-trans-1,3-dimethylcyclohexane in the PBLG/CHCI; phase and the PBG/CHCI; phase, respectively. Both 2D spectra recorded at 298 K and using 300 (¢,)
x 1400 (z,) data points. An exponential window (LB, ,=2.0 Hz) was applied in both dimensions. The chloroform signals are not shown. Note the collapsing of

pairs of quadrupolar doublet into a single doublet in the achiral phase.

two. The analysis of the NAD 2D NMR spectrum showed a
spectral differentiation on all chiral isotopomers of the
molecule because six pairs of quadrupolar doublets centred
on six distinct chemical shifts were observed (R.=1.0).

In regard to the above discussion relating to isotopic effects
on orientation, we have confirmed our assertion by recording
the spectrum of (£)-14 in an organic solution of PBG.
Experimentally only one quadrupolar doublet (instead of
two) should be observed in the NAD Q-COSY spectrum for
each nonequivalent deuterium atom in this achiral nematic
phase. The NAD Q-COSY spectrum recorded in the achiral
solvent PBG is shown in Figure 7c. As expected, the various
quadrupolar doublets associated with two chiral isomers
(which were differentiated in PBLG) collapse now into six
doublets in the nonchiral phase. The result obtained is,
therefore, consistent with our previous analysis, and subse-
quently it can be concluded in the light of this result that
PBLG helices differentiate between the two enantiomers of
(£)-14 at room temperature.

The stereochemical behaviour of (+)-trans-1,2-dimethylcy-
clohexane [(+)-15] differs from that of (+)-14 because the
isomerisation process involves the interconversion of two
diastereomeric chair conformations (a,a and e,e) of different
energy. At room temperature the difference in steric energy
(11.5 kI mol~!) between the (e,e) and (a,a) trans-conformers
leads to a Boltzmann distribution of 99% (e,e) and 1%
(a,a).l*! Consequently, only the (e,e) isomer and its enan-
tiomer are detected on NAD NMR spectra. Results extracted
from the NAD spectrum (Table 5, entry 15) indicate unam-
biguously the spectral separation of enantiomers of (+)-15,

Chem. Eur. J. 2003, 9, No. 8
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but only four of six possible chiral isotopomers exhibit a chiral
discrimination (R,=0.66). Also NAD NMR in PBLG is a
suitable method to visualise the two enantiomers of (£)-1,1,3-
trimethylcyclohexane [(+)-16]. Note that our assignment of
quadrupolar doublets agrees with that made in the earlier
literature.” The R, ratio is quite weak (R.=0.25) and
notably reduced compared with that of solutes 14 and 15. We
have no clear explanation for such a result, however, only a
single site is sufficient if the corresponding S/N and DOE are
sufficient to be used for quantitative measurements.

Monocyclohexenes exist in half-chair form as depicted in
Figure 8a.1°l In case of limonene (&)-17, the ring inversion
produces diastereomers with two distinct conformations.
However, the rather low inversion barrier of this type of
cycloalkenes implies a fast conformational equilibrium be-
tween the two conformers at room temperature. Consequent-
ly, on the 2H NMR time scale in PBLG the two conforma-
tional isomers cannot be observed separately, and hence the
six-membered ring can be considered as planar. However, due
to the propylenic ligand, the molecule still possesses an
overall C; symmetry and exists in two enantiomeric forms.
NMR, using the binuclear shift reagents Yb(Hfc),/Af(fod)
and dirhodium complex Rh,(MTPA),, has been applied
successfully for this chiral cyclohexene.l”% 4 Besides, the
enantioresolution of (£)-17 by GC using CDs as CSP was
extensively investigated.’® > 6. 671 Figure 8b and c display the
tilted NAD Q-COSY spectrum of (+)-17 and one column
showing a chiral differentiation.

The identification of quadrupolar doublets of (+)-17 (as
well as in (£)-16) is based on the identification proposed in
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Figure 8. a) Representation of the conformers of (£)-limonene and their stereochemical relationships. b) Tilted NAD Q-COSY spectrum of (+)-limonene in
the PBLG/CHCI; phase recorded at 298 K. The data matrix is 256 (#;) x 1400 (,) data points. An exponential window (LB, ,= 1.0 Hz) was applied in both
dimensions. ¢) NAD spectrum recorded at 298 K in an isotropic solution of CHCl;. d) A column showing enantiomeric discrimination on the methyl

deuterium atom 5.

ref. [77]. Unambiguously, the analysis of this spectrum shows
a chiral discrimination on several signals (R.=0.25), in
particular those belonging to the cyclohexylene part. To
confirm this result we have recorded the NAD Q-COSY
spectrum of (£)-16 in the racemic PBG/CHCI, liquid crystal
(not presented), and clearly observed the elimination of pairs
of quadrupolar doublets.

Chiral hydrocarbons without a stereogenic carbon atom: To
broaden the application of this method, we finally examined
derivatives exhibiting enantiomeric isomers but lacking
stereogenic tetrahedral carbon atoms (Table 6, entries 18—
20). Thus, we have investigated allenic molecules with axial
chirality,® an example of atropoisomerism typically provided
by the chiral 1,1'-binaphthyl derivatives,® and a chiral
molecule known to exist as a mixture of enantiomers
interconverting by ring inversion as the cis-decahydronaph-
thalene.[]

In the literature, several papers dealing with the enantio-
discrimination of chiral allenic compounds can be found. In
1986, Mannschreck et al. obtained fair spectral discrimina-
tions induced by a mixture of achiral salt Ag(fod) and the
optically active complex (+)-Yb(hfbc); for some chiral 1,3-
disubstituted allenic hydrocarbons through 'H NMR spectro-
scopy.””l More recently, Salvadori and co-workers have
investigated another approach and shown the analytical
potential of CDs as CSA for the determination of the
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enantiomeric composition of a small collection of chiral
trisubstituted allenic hydrocarbons using '"H NMR.2'?] Here
we have investigated a chiral disubstituted allene, the hepta-
2,3-diene in racemic mixture [(£)-18]. The NAD Q-COSY
spectrum of (£)-18 in a PBLG system and related traces are
shown in Figure 9. Here again, the ability of PBLG to inter-
act differently with the two enantiomers yields spectral
enantiodiscrimination on numerous sites of the molecule
(R,=0.63).

The most significant spectral discrimination is obtained on
the diastereotopic sites 5 and 5’ of the molecule, but
diastereotopic sites 6 and 6" also exhibit spectral discrimina-
tion. Note that the doubling of the deuterium signals for the
methyl group 7 in the flexible chain does show a small chiral
separation while no separation is obtained for methyl group 1
directly bonded to the rigid part of the molecule. Again this
situation perfectly illustrates the complexity of determining a
priori the deuterated site providing the best chiral differ-
entiation.

We next studied a binaphthyl compound in the cisoid
conformation (Figure 10). In this conformation, the dihedral
angle between the two naphthalene rings is less than 90°,[5
and hence the molecule exhibits two atropoisomeric enan-
tiomers.*) This molecule is featured by an overall C,
symmetry, reducing the number of chiral isotopomers by a
factor of two. In Figure 10a and b, we present the F,
projection of the NAD Q-COSY spectrum of (+)-2,2-
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Table 6. Data for chiral hydrocarbon compounds without a stereogenic carbon atoms (18—20).

Entry Site otel | Avsmater | /| Avlarer | AAv, [ DOE/! Other RefM
Structure [ppm] [Hz] [Hz] methods
Sample composition?! used
T/ I Avsé’l"“" | [b]
18 D1 1.64 724 0 0 NR
; D2 NO - - -
66 D4 NO - - -
NS4 3 2 D55 1.96 268.2/278.2 10.0 0.037
7" 5s 1.98 235.1/244.3 92 0.038
D66’ 143 185.1/192.9 7.8 0.041
102/100/399 143 205.6/213.9 83 0.039
300/661 D7 0.93 80.5/88.5 8.0 0.095
19 D11 2.12 103.7/129.7 26.0 0.222 NR
6 o 4 1.98 78.5/105.2 272 0.289
7 OO 3 D3-9M NO
2
AN . NO
9 1
50/100/400 (CHCl,)
300/652
58/134/258 (DMF)
313
20 D1/D5a 1.52 126.2/196.9 70.7 0.437 NMR [26]
D1'DSe 1.10 244.8/266.6 21.8 0.085 CD
D2/D6a 1.14 214.7/229.8 15.1 0.067
D2//D6'e 1.640 133.3/144.3 11.1 0.080
D3/D7a 125 283.6/303.1 19.5 0.066
D3/D7e 1.29 537.9/576.4 385 0.069
' D4/D8a 1.380°1 128.1/198.3 702 0.430
22 D4//D8’e 1.380) 223.2/244.6 214 0.091
11/601"/603 (CH,Cl,) DY/D10 1.56 22272323 9.6 0.042

230/no data

[a—j] See the footnotes of Table 1. [1] Values given in the first and the second line correspond to the splittings measured in the PBLG/CHCI; phase and the
PBLG/DMF phase, respectively. [m] The DP of polymer used is 1352. [n] The most deshielded quadrupolar doublet is used as internal reference with 6 =

1.64 ppm.
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Figure 9. Right: NAD Q-COSY spectrum of (+)-hepta-2,3-diene in the
PBLG/CHCI; phase recorded at 300 K and using 340 (#,) x 1750 (1,) data
points. 496 scans were added per ¢, increment. An exponential filtering
(LB, =1.0 Hz, LB, =0.5 Hz) was applied in both dimensions. The chloro-
form signals is not shown. Left: signals of the methyl deuterons 7 and the
diastereotopic deuterium atoms 5,5, both showing a spectral enantiodis-
crimination. Only the deshielded components of quadropolar doublets are
displayed. The peaks due to each enantiomer are arbitrarily labelled by (e)
and (o).
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dimethyl-1,1"-binaphthyl [(+)-19] dissolved in the PBLG/
CHCI; phase and in the PBLG/[D;]DMF phase, respectively.
Both experiments were recorded under similar NMR con-
ditions (Table 6, entry 19). As mentioned in the Experimental
Section, the comparison of both spectra emphasises the strong
advantage of using chloroform instead of other organic
solvents having numerous distinct deuterated isotopomers.
For DMEF, three quadrupolar doublets centered on three
chemical shifts are expected to be found in the NAD spectrum
of the co-solvent at room temperature. Because of the
conformational steric hindrance, the two methyl groups in
the N-gem position are nonequivalent, and so they exhibit
distinct 2H chemical shifts and quadrupolar splittings in NAD
spectra.

In both experiments, the quadrupolar doublets associated
with biaryl groups of solutes are not clearly discernable from
the noise, and only the signals of methyl deuterium atoms
provides a useful signal. This is, however, sufficient to
measure an eventual enantiomeric excess. The reason is that
the deuterium signal of the methyl groups is the sum of six
equivalent isotopomers for each enantiomer. The presence of
two doublets located on the chemical shift of the methyl group
shows the enantiodifferentiation of this molecule in both
oriented phases.
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Some years ago we
presented an experi-
mental study of the vis-
ualisation of enantiom-
ers through proton-de-
coupled carbon-13
NMR (*C{'H}) in nat-
ural  abundance.[% 8!
By this technique spec-
tral discrimination be-
tween enantiomers 1is
observed through a dif-
ference of carbon-13
chemical-shift anisotro-
pies, visible on the
BC{'H} spectra through
a simple difference of
resonance frequencies.
In particular, we have
described the chiral dis-

10.0 50 50 crimination of 2,2'-di-

ppm hydroxy-1,1’-binaphth-
Figure 10. F, projection of the NAD  yl mixtures enriched in

Q-COSY spectrum of (+)-2,2'-dimethyl- the R enantiomer (ee
1,1'-binaphthyl in the PBLG/CHCl, 31%) dissolved in the

phase (a) and in the PBLG/DMF phase
(b). Both 2D spectra were recorded at PBLG/ [D7]DMF phase
at 313 K.*3% The re-

300 K and 313 K respectively using 245
(#,) x 1760 (1,) data points and 496 scans sults were remarkable
were added per t, increment. A gaussian because. at 100 MHz. 8
indow (GB =40%, LB = — 3.0 Hz) was ’ ’
wincow ( . . z)w out of 10 of the aromat-
applied in both dimensions. Note the ) :
ic carbon atoms exhib-
ited two different reso-

difference of the spectral fingerprint
associated with the deuterium signal of

nances with differences
varying from 10 to

chloroform and DMF (x). The doublets
of the methyl groups are arbitrarily

17 Hz. Such separations
allowed for easy meas-

labelled (@) and (o).

urment of the ee by
peak integration. It was therefore of interest to examine the
BC{H} spectrum of (+)-19 in order to compare these two
solutes. For this purpose the C{'H} 1D spectra of (£)-19 in
PBLG/CHCI; and in PBLG/DMF were recorded at 300 and
313 K, respectively. Only the spectrum in the CHClL/PBLG
phase is reported in Figure 11. The assignment of carbon
atoms of aromatic group proposed in the spectrum is
tentatively based on the group-contribution method.f In
both oriented solvents, the results are quite amazing because
almost all aromatic carbons (90% in CHCl; and 80% in
DMF) show a chiral discrimination on the basis of C
frequency differences. The spectral separations measured in
the CHCL,/PBLG phase vary between 2 and 6 Hz, while those
found in the PBLG/DMF solvent vary between 3 to 9 Hz
(spectrum not shown). The chemical-shift differences meas-
ured in spectra are globally smaller than values measured with
the (£)-2,2'-dihydroxy-1,1"-binaphthyl in the PBLG/DMF
system (10—17 Hz), but still allow for an easy determination
of the enantiomeric composition by peak integration. The
results obtained with (£)-19 using *C{'H} NMR are impor-
tant. Until now almost all others chiral molecules investigated
in this work were not differentiated (alkane) or gave too small

a) #
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Figure 11. 100.4 MHz *C{'H} NMR signals associated with the aromatic
carbon atoms of (+)-2,2-dimethyl-1,1'-binaphthyl embedded in the PBLG/
CHCI, phase. The spectrum was recorded at 300 K using 2800 scans and 28
k data points, respectively. A gaussian filtering (GB =36 %, LB = —2.0 Hz)
was applied to enhance the spectral appearance, and the FID was zerofilled
to 64 k data points to increase the digital resolution.

spectral separations to be useful (alkenes, alkynes). As the
sample composition of (+)-19 and the hydroxy derivative in
the PBLG/DMF system are the same, a comparison between
these molecules is possible in terms of enantioselectivity.

Thus it appears that the replacement of a polar functional
group (such as OH) by a nonpolar one (CH;) does not avoid
the chiral discrimination, but only affects its magnitude. The
fact that almost all aromatic carbon atoms shows a chiral
discrimination through a difference of *C chemical-shift
anisotropy suggests that orientational parameters are strongly
different for the two mirror-image isomers. Actually the C
chemical-shift anisotropy of sp? carbon nuclei is rather small
and only large DOEs may result in such visible NMR
discriminations.®-*! Consequently *C anisochronous reso-
nances of (+)-19 imply a large difference in the orientational
behaviour of these atropoisomeric enantiomers. This result
gives new and important evidence of the role of shape
recognition in the mechanisms governing the differential
ordering effect in the PBLG oriented phase.

NMR differentiation of chiral compounds existing as a
mixture of enantiomers interconverting by ring inversion is of
practical importance in numerous applications, and is an
interesting challenge in stereochemical analysis. Especially
intriguing is the example of cis-decahydronaphthalene (Ta-
ble 6, entry 20). For this chiral flexible bicyclic alkane, also
called cis-decalin, the interconversion between two predom-
inant, chair-chair conformers of equal energy with an overall
C,-symmetry, noted 20a and 20b, is possible at room temper-
ature (Figure 12a). By contrast, the freezing of the ring
inversion at low temperature leads to a racemic mixture of
chiral “rigid” invertomers.® Based on the chromatographic
separation of cis- and trans-decalin using 8-CD,*, Dodziuk
et al. have recently found that *C{'H} NMR involving 3-CD
as chiral solvating agent was able to discriminate between
chiral conformers 20a and 20b at 223 K.?) This elegant
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approach shows modest chemical-shift differences between
diastereomeric complexes, since the largest peak separation
measured using a 11.7 T magnetic field does not exceed 7 Hz.
To explore the chiral recognition ability of PBLG toward
chiral nonfunctionalised invertomers as well as to compare
the results with those obtained using CDs, we have prepared a
sample of cis-decalin dissolved in the PBLG/CH,CI, phase.[®]
To avoid too long an experimental time associated with NAD
NMR experiments at very low temperature, we have used the
perdeuterated cis-decalin (20) which is commercially avail-
able. Figure 12b reports the 2H Q-COSY phased spectrum of
20 recorded at 230 K. The analysis of the autocorrelated peaks
visible in the 2D contour plot unambiguously shows seventeen
distinct quadrupolar doublets (the doublets b’ and d are
overlaping). To understand the spectrum multiplicity, it must
be recalled that, due to the overall C, axis, only nine
nonequivalent pairs of C—D directions exists in 20a (or 20b)
when the ring inversion is frozen. Thus, in an achiral oriented
solvent, nine quadrupolar doublets are expected to be
observed if there is no overlapping of signals.

Assuming now that the molecular ordering for the enan-
tiomers 20a and 20b are different inside the chiral phase, we
may expect to observe up to eighteen doublets, if all lines are
well resolved. Experimentally, we detect eight further dou-
blets compared with the theoretical maximum expected in an
achiral liquid crystal. This result must be interpreted as the
evidence of the chiral recognition of d,/-conformers of cis-
decalin by the polypeptide. To confirm this analysis, the 2H
Q-COSY phased spectrum of 20 was recorded in the achiral
solvent PBG/CH,Cl, at 230K (Figure 12c). The various
quadrupolar doublets associated with equivalent deuterium
atoms in 20a and 20b, which were differentiated in PBLG,
now collapse into nine doublets in the achiral phase. This
result proves unambiguously that PBLG helices differentiate
between the two chiral invertomers of cis-decalin at low
temperature and leads to a surprising high R, factor (R, = 1.0),

2 b feheg ?‘gb
1 ow [

i
g

with two sites exhibiting a DOE factor larger than 0.4. Note
that the assignment of quadrupolar doublets is based on the
work published recently by Abraham and co-workers.[#] We
have explored the enantioselective ability of two other chiral
liquid-crystalline phases: the PBLG/CHCI; and the PCBLL/
CHCI; systems. In both cases, these chiral oriented systems
interact enantioselectively with the two invertomers of cis-
decalin.[®

Prospects

The various experimental results described here emphasize
the feasibility, the versatility and the large analytical potential
of natural abundance deuterium (NAD) NMR spectroscopy
in chiral liquid-crystalline solvents. Thus this approach
provides a suitable solution to chiral hydrocarbon DOE
measurements in PBLG without site-specific isotopic label-
ling. It may be argued that the sensitivity of this tool is
inherently limited by the low sensitivity of deuterium nuclei
and its very low natural abundance level. Indeed, in the
conditions we explored, we generally estimate that the
accuracy of the enantiomeric excess measurements in NAD
NMR is somewhere between 5 and 15%. Furthermore, it
depends on the available amount of material under inves-
tigation in respect to its molecular weight. In practice, we have
experimentally shown that it was not possible to safely
quantify ee’s over ca 95% with our current experimental
means and a reasonable amount of NMR time.®”) Below this
limit the signal of minor enantiomers is not observed, even on
a methyl group for which the amplitude of signal is three times
larger than for a monodeuterated isotopomer.

Also, it is clear that the amount of racemate used in this
work (80-100 mg) can appear discouraging for organic
chemists, even if the enantiomers can always be extracted
from the liquid-crystalline sample after the NMR measure-
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Figure 12. a) Representation of the two interconverting d,/-conformational forms of cis-decalin. b) and c) Deuterium phased Q-COSY spectra for cis-
[Dyg]decalin at 230 K in the PBLG/CH,CI, phase and in the PBG/CH,CI, phase, respectively. Both spectra were acquired as a matrix of 512 () x 1024 (t,)
data points with 64 scans for each ¢, and then filtered using a sine window prior to the complex Fourier transformed according to the echo - anti-echo mode.
Peaks marked by an asterisk arise from the deuterium nuclei of perdeuterated trans-decalin impurities.
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ments. This situation is not an insurmountable obstacle. There
is no doubt that, by taking advantage of higher magnetic field
NMR spectrometers now available in many laboratories, it
should be possible to acquire the NAD spectra with less chiral
compounds, to reduce the experimental time (EXPT) or to
determine the ee with higher accuracy.? ®! Thus, when
recording the NAD spectra of a chiral molecule at
122.8 MHz (18.79 T or 800 MHz for 'H), the S/N ratios would
be increased by a factor of 2.8 for the same EXPT. Conversely,
the EXPT would be reduced by a factor of 6.6 to obtain the
same S/N ratio that is obtained at 61.4 MHz with a 939 T
field. The second advantage of using very high-field magnets
is obviously a better readability of the NAD NMR spectra due
to a larger dispersion of deuterium chemical shifts.

Another, and much less expensive, solution to improve the
S/N ratio of NAD spectra in PBLG would consist of using
selective cryogenic probes which have shown increasing
success. The most recent developments of those cryoprobes
have shown a very significant gain of the signal sensitivity (a
factor around 4) compared to standard probes.*! To give a
simple comparison, calculations indicate that the sensitivity of
a 600 MHz spectrometer equipped with a selective deuterium
cryoprobe would be equivalent to a 1500 MHz spectrometer
equipped with a standard probe. Consequently, the use of
higher magnetic fields combined with deuterium cryoprobes
will yield such an enhancement of sensitivity that the above
results should be acquired with optimal conditions for a very
accurate determination of enantiomeric purity.

The cheapest way to improve the sensitivity of NAD
experiments could consist of using proton-to-deuterium
polarisation transfer.’) To date the various experimental
tests performed in our group have shown a dramatic loss of
deuterium signal in 2H-'H correlation 2D experiments
compared with direct measurements. The main reason is that
the low magnitude of 2H-'H scalar and dipolar couplings in
very weakly oriented solvents, such as those provided by
organic solutions of PBLG, requires unacceptably large delays
for the transfer periods in the NMR sequences with respect to
the deuterium ?H relaxation times.

Some considerations on the mechanisms of enantioselective
recognition in a polypeptide oriented phase: Although the
twenty compounds investigated here have different structural
topologies, all of them have shown spectral enantiodiscrimi-
nations in PBLG. It was possible to obtain these results
because the oriented polypeptide helices are always able to
interact enantioselectively with rigid or flexible, nonfunction-
alized enantiomers. Furthermore, the sensitivity of the quad-
rupolar interaction towards the DOE is sufficiently large to
reveal small to very small orientational differences. The
results obtained with flexible molecules imply that the
intermolecular shape recognition mechanisms in the poly-
peptide system are rather insensitive to fast conformational
changes, as in the case of linear chiral alkanes or (+)-trans-
disubstituted cyclohexane derivatives at room temperature. If
this was not the case, then the results for nonrigid molecules
would be poor.

Beyond the practical applications, the screening of apolar
enantiomers is a necessary task in the context of a systematic
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exploration of the various parameters governing the differ-
ential ordering in polypeptidic liquid-crystalline solvents.
Indeed from an electrostatic point of view, the various
molecules chosen are rather free of appreciable permanent
dipole moments, in particular alkanes. This enables us to
neglect strong site-specific interactions such as hydrogen
bonding or charge-transfer interactions, as in case of
polar functionalised solutes. In such compounds the leading
electrostatic interactions involve the polarisability which, as
shown in ref. [91], seems to have a relatively negligible
contribution to solute ordering in liquid crystals. Conse-
quently, it should also have a negligible effect on the
differential ordering of two enantiomers in CLC. This remark
leads to the idea that geometrical aspects could be dominant.
At least, the results reported here clearly indicate that
interactions involving strong host—guest electrostatic inter-
actions are not the only mechanism involved in chiral
recognition of solutes in polypeptidic oriented solvents.
Clearly, if strong interactions were required, no chiral
discrimination could be observed for alkanes and cyclo-
alkanes. On the other hand, the enantioselective contributions
derived from the short-range repulsive intermolecular forces,
correlated with the molecular-shape anisotropy, seems to play
an important role.[ 9\ %2

At present some reasonable assumptions on enantiodiscri-
minating forces responsible for chiral recognition in a poly-
peptide oriented phase can be made. Regarding the above
results and those already obtained with a wide variety of polar
functionalised molecules, it appears that the polarity of the
solutes and the related site-specific interactions is important
but not the unique factor in the mechanism of chiral differ-
entiation. For molecules devoid of polar functions other short-
range interactions are sufficiently large in the chiral discrim-
ination mechanism to produce a visible spectral effect.
Among them, we may imagine that n-stacking effects between
the aromatic rings of the lateral chains of PBLG and aryl
moieties of solute molecules contribute to the chiral differ-
entiation by reinforcing the short-range solute — polypeptide
chiral interactions. This could explain why relatively large
DOE values were measured with aryl derivatives (entries 5—
7,19). Nevertheless this hypothesis has to be balanced against
the bulky vander Waals volume of an aryl group that
contributes strongly to the molecular shape anisotropy of
the solute. Hitherto there is no absolute or direct experimen-
tal evidence to substantiate the role of any s —m interactions,
but such an effect is clearly plausible.

Before this investigation we were almost totally convinced,
in a crude molecular representation, that electrostatic host—
guest interactions were the predominant factors to account for
the mechanism of differential ordering of enantiomers, while
the shape selectivity might be considered as a secondary
contribution.®® In the light of these new results, it now
appears that we have underestimated the contribution of
intermolecular shape recognition, and now reverse can be
suggested for these compounds. The quantification of relative
contributions of electrostatic terms and geometrical shape
recognition related to the steric character in the chiral
discrimination mechanism is a major task for obtaining a
deeper understanding of the phenomenon. It will, however,
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stimulate our future studies aimed at elucidating the mech-
anisms of enantioselectivity in polypeptidic oriented solvents.

Conclusion

The differentiation of hydrocarbon enantiomers and their
stereochemical characterisation is the ultimate challenge in
asymmetric synthesis. It requires methodologies which can be
successfully applied to the widest possible range of chemical
types. This is an important development in the field of
enantioselective synthesis, where there is an immense need
for routine, accurate, reliable and universal methods for the
determination of optical purities. So far no analytical ap-
proach has completely answered the expectation of organic
chemists involved in asymmetric synthesis.

As an alternative to the isotropic NMR methods, we believe
that NAD NMR in chiral oriented solvents can play a major
role as illustrated in this paper. The experimental results
presented here for twenty chiral hydrocarbons broaden the
scope of the method, and therefore amplify the undeniable
potential of NMR using polypeptidic COAs, which have been
illustrated earlier for a wide range of polar chiral molecules.
From a practical point of view, the major advantage of this
methodology is based on the remarkable enantiorecognition
capacity of homopolypeptide helices, compared to other
chiral selectors, to interact enantioselectively with rigid as
well as flexible chiral apolar derivatives. Consequently, none
of the alternative methods (chiroptical, chromatographic or
other NMR techniques) currently available for hydrocarbons
seems to be as general as that proposed in this work. Finally
the price-to-performance ratio should push chemists involved
in the analysis of chiral material to adopt this original
analytical strategy.

So far the main criticism for routine use of this approach
could eventually be the low sensitivity of deuterium NMR at
natural abundance level. There is no doubt, however, that the
advent of very high-field NMR spectrometers and/or the
widespread use of cryogenic probe systems will enhance the
present potential and the range of applications of this tool in
the near future.

The ultimate challenge of our upcoming research is
obviously the determination of the absolute configuration of
chiral molecules in these chiral oriented media. This goal
necessitates the evaluation a priori of the order parameters of
any ij internuclear vectors, S;;, for each of the enantiomers. In
terms of chiral differentiation, we should be able to predict (at
least qualitatively) whether S > S§ or S¥ < Si. Hence, it
should be possible to assign the larger (or smaller) deuterium
quadrupolar doublets for one of the enantiomers for a given
site. It is highly probable that a direct correlation between the
CIP symbols, which ascribes priorities of ligands on the
stereogenic tetrahedral centers on the basis of atomic number,
and the magnitude of quadrupolar splitting is not possi-
ble.[* ] Priorities based on the ligand volumes, their elec-
tronic profile and their chemical nature will probably provide
more reliable correlations.’**?1 Whatever the system priority
proposed, it will be necessary to develop a realistic model in
order to take into account all contributions involved in the
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chiral discrimination and their subtle balance. We believe the
experimental results presented in this paper will contribute to
this task, because they demonstrate the role of geometrical
factors in the chiral recognition mechanisms. The comparison
between theoretical results and experimental data collected
using NAD NMR should enable numerous parameters of the
model to be adjusted. Here again, the advent of powerful
computer-aided molecular-dynamics (MD) simulations based
on reliable molecular force-field parameters for the polypep-
tide will facilitate this work.[4-46.97]

Besides, if two enantiomers can be discriminated by NMR
using organic solutions of PBLG, it would be of interest to
investigate its use as mesogenic chiral stationary phase in
HPLC."™ In a preliminary publication, it has recently been
shown that a large set of nonchiral olefinic compounds were
resolved by HPLC using PBLG as stationary phase.l””! The
investigation of the enantioseparation of chiral hydrocarbons
by this kind of CSPs is now in progress.

Experimental Section

Materials and general comments: In NAD NMR applications, the
preparation of oriented samples is crucial because a lack of macroscopic
homogeneity may strongly affect the quality of spectra, in particular the
linewidths, and hence the signal-to-noise (S/N) ratio for solute signals. The
typical procedure to prepare suitable samples for NAD NMR consists of
directly weighing 80—100 mg of the investigated material, 80—-100 mg of
polymer and adding about 350—500 mg of co-solvent into a 5 mm NMR
tube.”l Under these conditions, the total volume of the sample is optimal
compared to the length of the coil of a 5 mm diameter probe head. The
exact composition of each NMR sample is given in column 1 of Tables 1-6.
The accuracy of the weighing procedure is £ 0.5 mg. Unless other specified,
we have utilised PBLG with a degree of polymerisation (DP) of 562 (M,,
~120000) and dry chloroform as organic solvent in this study. Chloroform
dissolves a large variety of organic material, and the temperature of PBLG/
CHCl,; samples can be varied over a wide range (from 230 to 360 K).[%5 The
rapid solute motions in this oriented phase generally leads to narrow lines
(3-10Hz) in the 2H{'H} spectra. Furthermore, chloroform contains a
single deuterated isotopomer that gives rise to a single additional
quadrupolar doublet in the NAD spectrum which is easily recognised in
the spectra. Note that the shape and the linewidth of chloroform signals
provided a strict control of the magnet stability as well as possible time
evolution of the sample homogeneity during the NAD experiments. In
addition, the number of deuterium atoms per unit volume is not exceed-
ingly large relative to those of the chiral solutes, thus minimising the
digitisation problems associated with the dynamic range of the analogue-
to-digital converter (ADC).'"! The last advantage of chloroform as co-
solvent is to provide a strong proton signal which can be efficiently used to
shim the magnet of the spectrometer from the proton FID. To avoid the
evaporation of deuterochloroform during long NMR experimental time, it
is convenient to seal the samples. Note that it can also be useful to perform
several freeze-pump-thaw cycles to remove paramagnetic oxygen dissolved
in the sample that may contribute to NMR linewidths of solutes, but this
step is not usually required. Before recording the NAD NMR spectra, it is
recommended to keep the sample in the magnetic field for about 15-
30 min in order to achieve good thermal equilibration. When spectral
resolution is rather hard to achieve, centrifugation and rehomogenization
of the sample to remove concentration gradients in the sample is needed
for a successful observation of good quality NAD spectra.

NMR measurements: NAD 1D and 2D NMR experiments in polypeptidic
oriented solvents can be performed on routine spectrometers equipped
with a direct or inverse BB probe, and hence no additional hardware is
required.*" #I Nevertheless, the use of high magnetic field spectrometers
and a selective deuterium probe is advantageous to enhance the detection
of deuterium nuclei at natural abundance level.l%! In this work, all NAD
NMR spectra were recorded on a Bruker DRX-400 high-resolution NMR
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spectrometer (9.4 T) equipped with a 5 mm selective deuterium probe
(61.4 MHz) with fluorine lock (376.5 MHz) developed by Bruker France,
and a standard variable temperature control unit (BVT 3000). The fluorine
field-frequency-lock device was required for an overnight acquisition only
if the field drift gave rise to a significant line broadening. All NAD 1D and
2D NMR experiments presented here were recorded with digital filtering
and over-sampling to enhance the dynamic range of the ADC and applying
the WALTZ-16 composite pulse sequence to decouple protons. Note that
the proton decoupling in NAD applications did not necessitate more power
than for isotropic samples because of the small magnitude of the residual
'"H -2H dipolar couplings (few hertz). The NMR tube was not spun in the
magnet and its temperature was regulated carefully (temperature for each
sample is given in Tables 1-6). Obviously, for each sample, the tuning and
the matching of the deuterium coil were optimized to induce maximum
NMR signal. Unless otherwise specified, the NAD Q-COSY experiments
were recorded using 320 FIDs for each ¢, increment, using a recycling delay
around 0.5 s. All 2D spectra were zero-filled to 1024 (¢;) x 2048 (t,) data
points prior to 2D FT and then symmetrized.
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Unique Coordination of Two C=C Double Bonds to an Electron-Deficient

Lead Center

Thomas Miiller,*!21 Christian Bauch,!?! Michael Bolte,'”! and Norbert Auner*!@

Abstract: Reaction of bis(cyclopentene-
methyl)diethylplumbane (2) with trityl
cation leads to the formation of the
plumbyl  cation  bis(cyclopentene-
methyl)plumbylium (1), in which the
positively charged lead atom interacts
with the two C=C double bonds of the
cyclopentene ligands. The plumbyl cat-
ion 1 is characterized by NMR spectros-
copy (6(*"Pb) =807 ppm, 6(PC(C=C)) =

X-ray crystallography. The structure of
1 reveals a distorted trigonal-bipyrami-
dal coordination sphere for the lead
atom with a unique coordination of two
C=C double bonds in apical positions.
According to quantum-mechanical cal-

Keywords: alkene ligands - cations
- computer chemistry - lead - NMR
spectroscopy

culations (MP2/6-311G(d,p) (C, H),
SDD (Pb)//MP2/6-31G(d), SDD (Pb))
this interaction stabilizes 1 by
28.3 kcalmol~! relative to the tricoordi-
nated plumbylium ion 10. An “atoms in
molecules” (AIM) analysis indicates a
n-type interaction between the lead
atom and the C=C double bonds, rem-
iniscent of that in the 2-norbornyl
cation.

136.1 ppm, J(Pb,C=C)=14.4 Hz) and

Introduction

Intramolecularly stabilized triorgano-substituted cations of
the heavier analogues of carbon have recently received
considerable attention.l'? Many examples with the central
element stabilized by interaction with remote donor substitu-
ents having lone pairs are known, and this interaction leads to
tetra-, and pentacoordination for the formally positively
charged element atom.>* We have previously shown that
the stabilization with a m-donor ligand, as it is provided in the
norbornyl framework, is sufficient to generate and character-
ize organo-substituted cations of the Group 14 elements.?
This methodology is now extended to form a cationic
pentacoordinated complex of lead 1 (see Scheme 1), which
is intramolecularly stabilized by two C=C double bonds.

Results and Discussion

The synthesis of the plumbyl cation 1 exploits remote attack
of a strong electrophile on an ethylplumbane. The cation 1 is
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formed from the bis(cyclopentenemethyl)plumbane 2 after
hydride abstraction by trityl cation and ethene elimination
(Scheme 1).57 Solutions of the salt 1-[B(CgFs),] in dry

_ +

PhsC* Et-\ ¢

2 1

Scheme 1. Formation of plumbyl cation 1.

—_—
— Ph3CH, CoHy

[Dg]toluene are stable at room temperature for several weeks.

During the synthesis of cation 1, the plumbanorbornyl
cation 3/ and a third compound to which we assign structure
4P are formed as minor by-products with varying yields (5—
10%). These cations are formed from triethyl(cyclopentene-
methyl)lead (5) and from ethyltris(cyclopentenemethyl)-
lead, (6).[*! Both plumbanes 5 and 6 are formed readily by a

-~ _| +
_| + Q *
Et,Pb —Pb
3 4
fast ligand-exchange reaction of the precursor 2 upon

standing even at temperatures as low as —30°C (Scheme 2).

0947-6539/03/0908-1746 $ 20.00+.50/0 Chem. Eur. J. 2003, 9, No. 8





1746-1749

Etszm >
2

2

Scheme 2. Ligand disproportionation reaction of plumbane 2.

Therefore, 3 and 4 are unavoidable by-products in the
synthesis of cation 1.

'H, 3C, and *’Pb NMR spectra confirm the formation of
cation 1. The *"Pb NMR signal for 1 is strongly shifted
downfield compared to that of the precursor plumbane
2(0(*"Pb) =807, AS(*"Pb(1, 2)) =777 ppm) indicating posi-
tive charge accumulation at the lead atom. It is, however,
significantly less deshielded than the lead atom in the
triethylplumbylbenzenium ion, [Et;PbC¢H¢]* (7) (0(*"Pb) =
1432 ppm),©! which rules out the possibility of the formation
of a trialkylplumbylbenzenium ion in our experiment.

In addition, the appreciable difference in the 27Pb NMR
chemical shift between the spirocation 1 and the plumbanor-
bornyl cation 3, (6(*"Pb)=1039 ppm,’] AS(*"Pb(1,3)) =
232 ppm) discards a conceivable degenerate equilibrium of
plumbanorbornyl cations 8 (Scheme 3), for which a *7Pb
NMR chemical shift near to that of 3 is to be expected.

mE mE

Et ~k\" : R
Pb S f— Et \Q
8

Scheme 3. Degenerate equilibrium between plumbanorbornyl cations 8.

The presence of only six *C NMR signals for 1 suggest that
both cyclopentenemethyl substituents in 1 are equivalent in
solution and indicate a symmetric structure for 1. The
BC NMR chemical shifts of the saturated carbon atoms
C2-C5 are typical for the norbornyl cage and are similar to
those found for the norbornyl cation 3.5! The position of the
13C NMR signal of the vinylic carbon atoms C6/C7 (6(**C(C6/
7)) =136.1 ppm) is highly diagnostic for the bridged structure
of the cation 1. The small but significant lowfield shift
(AS(3C(C6/7)), compared to the precursor plumbane 2
(AO(1*C(C6/7))=5.9 ppm) is consistent with intramolecular
coordination of the double bonds to the positively charged
lead atom and indicates charge transfer from the element to
the carbon atoms C(6/7). The direct bonding between the lead
atom and the vinylic carbon atoms C6/7 is demonstrated by a
significant scalar coupling constant (1/(C,Pb) = 14.4 Hz) since
an alternative coupling path along four bonds can not lead to
substantial scalar coupling.'!! The observed 1J(C,Pb) coupling
is an order of magnitude smaller than regular couplings along
a C—Pb single bond ('J(C,Pb)=200-300 Hz),"" a fact that
can be rationalized by the particular bonding situation in
cation 1. Similar strongly reduced 'J(C,Pb) coupling constants
have been found for zwitterionic compounds of the type 9
(*J(C,Pb)=11-30 Hz)!'! and for the norbornyl cation 3
(MJ(C,Pb) =16.2 Hz).P! An additional indication for the direct
bonding between the lead atom and the vinyl groups is given

Chem. Eur. J. 2003, 9, No. 8

EtsPb ﬂ , EtPb <_<j| >
3
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V4

Me\
Me,Pb-" B(iPr), .

— _Pb
= e
Me iPr

by the small scalar coupling between the vinyl hydrogen
atoms and the lead center (3/(H,Pb) =18.8 Hz).

Crystals of 1 suitable for X-ray structure analysis were
grown under solvothermal conditions in pentane. The struc-
ture of the salt, 1-[B(C4Fs),], reveals well-separated cations
and anions. No fluorine atom of the anion is closer than
380 pm to the lead atom. The lead atom in cation 1 has a
distorted trigonal-bipyramidal coordination geometry (Fig-
ure 1). The planarity of the trigonal base is indicated by

Figure 1. a) Molecular structure of cation 1 in the crystal. b) Coordination
sphere of the lead atom in cation 1. Selected interatomic distances [pm] and
angles [°]: Pb1—C6 285.5(14), Pb1—C7 293.4(14), Pb-(center C6, C7) 281.7,
Pb1—-Cé6' 287.7(15), Pb1—C7' 287.7(15), Pb-(center C6', C7’) 280.7, Pb1—C2
227(2), Pb1—C2" 221.1(15), Pb1—C8 231.0(19), C6—C7 133(2), C6'—C7’
132(2); C6-Pb-C7 26.6(4), C6'-Pb-C7’ 26.4(4), C2-Pb-C8 123.9(7), C8-Pb-
C2' 116.2(6), C2'-Pb-C2 119.9(6), (center C6, C7)-Pb-(center C6', C7')
163.6.

summation of the three C-Pb-C angles (123.9, 119.9 and
116.2° to 360.0°. The coordination sphere of lead is completed
by the C=C double bonds of the two cyclopentenemethyl
substituents, which take up the apical positions. The steric
requirements of this intramolecular interaction enforces the
deviations from the ideal trigonal-bipyramidal coordination.
That is: 1) the axis along the centers of the two C=C double
bonds is tilted by 14° towards the basal C;Pb plane, and 2) the
centers form an angle o, which differs markedly from 180°
(a=163.6°, Figure 1), with the central lead atom. This spatial
arrangement places seven carbon atoms at distances less than
290 pm around the positively charged lead atom.

A comparison of the calculated structure!® of cation 1 (at
the MP2/6-31G(d) (C,H), SDD(Pb) level of theory, see
Figure 2a)'% 131 and the solid-state structure reveals a close
agreement: the important bond lengths around the lead
center deviate in the theoretical structure by less than 3 %
from the experimental data, thereby validating the theoretical

0947-6539/03/0908-1747 $ 20.00+.50/0 1747





FULL PAPER

T. Miiller et al.

Figure 2. a) Calculated structure of 1 (at MP2/6-31G(d) (C,H), SDD
(Pb)). Additional interatomic distances [pm] and angles [°]: Pb—C6 294.0,
Pb—C7 294.5, Pb—(center C6, C7) 286.3, Pb—C6" 296.3, Pb—C7’ 295.0,
Pb—(center C6', C7') 287.8; C6-Pb-C7 26.6, C6'-Pb-C7" 26.7, C2-Pb-C8
119.1, C8-Pb-C2’ 121.4, C2'-Pb-C2 119.5, (center C6, C7)-Pb-(center C6/',
C7') 171.3. b) Contour plots of the Laplacian distributions V?o(r) in the
plane containing the atoms Pb, C6, and C7. Solid and dotted lines designate
regions of local charge concentration and depletion, respectively. The bond
paths are indicated by the solid black lines, bond critical points are marked
with a black square.

results. The intramolecular interaction between the positively
charged lead atom and the two C=C double bonds markedly
stabilizes the cation 1 by 16.8 and 28.3 kcalmol ! relative to
the norbornyl cation 8 and the trivalent plumbylium ion 10,
respectively (at MP2/6-311G(d,p) (C,H), SDD(Pb)//MP2/6-
31G(d) (C,H), SDD(Pb)). An NBO analysis!'% of the MP2/6-
311G(d,p) (C,H), SDD(Pb) wave function suggests a signifi-
cant charge transfer from the C=C double bonds to the lead
center in 1, which leads to considerable occupation of the
formally empty 6p(Pb) orbital (0.20 e in 1, versus 0.06 e in 10)
and modestly depleted m orbitals of the C=C double bonds
(1.87 e (1), 1.93 e (10)). This interaction reduces the electron
deficiency of the lead atom in 1 slightly compared to that in
the trivalent plumbylium ion 10, as shown by the calculated
NBO charges for the lead atom (1: +1.90; 10: +1.94). The
most significant result of a topological “atoms in molecules”
(AIM) analysis!'” 18] of the MP2/6-311G(d,p) electron density
is graphically shown in Figure 2b. The AIM analysis indicates
T-shaped paths of maximum electron density, the so-called
bond paths, which connect the lead atom with the bond critical
point[*! of the C=C double bonds (shown in Figure 2b for one
double bond). No bond critical point and no bond path exists
between the lead atom and the vinylic carbon atoms. This
situation is reminiscent to that in the norbornyl cation,?”! and
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is typical for m complexes between an electron-deficient
center and a C—C multiple bond.?!I Therefore, the topological
analysis of the electron density reveals that 1 is best described
as a double m complex with a central pentacoordinated lead
atom.

Conclusion

The plumbyl cation 1 is synthesized in aromatic solvents by
electrophilic attack of trityl cation on an ethylplumbane 2 in
the presence of a weakly coordinating anion. Hydride
abstraction from the ethyl substituent is followed by ethene
elimination and leads to the formation of the plumbyl cation
1. The lead atom in 1 adopts a distorted trigonal-bipyramidal
coordination polyhedron and the two C=C double bonds of
the cyclopentenemethyl substituents adopt the apical posi-
tions. Quantum-mechanical calculations indicate a m-type
interaction between the Pb atom and the C=C double bonds.
Therefore, the plumbyl cation 1 is an example of an unique
coordination of lead to two C=C double bonds. Investigations
on other examples for Group 14 congeners of 1 are currently
in progress in our laboratories.

Experimental Section

General methods: All reagents were obtained from commercial suppliers
and were used without further purification. THF was distilled from sodium/
potassium alloy/benzophenone; [D¢]benzene and [Dgltoluene were dis-
tilled from sodium; trityl tetrakispentafluorophenylborate (TPFPB) was
stored under vacuum for several hours prior to use. All reactions were
carried out in oven-dried glassware under inert argon atmospheres. NMR
spectra were recorded on Bruker AM-400 and DPX-250 instruments.
'"H NMR spectra were calibrated by using residual nondeuterated solvents
as internal reference (C4DsH at 6 =7.15 ppm, C¢DsCD,H at 6 =2.03 ppm),
3C NMR spectra by using the central line of the solvent signal (C¢Dg at 6 =
128.0 ppm, C¢DsCDj; at 6 =20.4 ppm). Assignments were made with the aid
of 2D correlation spectroscopy (HSQC) experiments. 27Pb NMR spectra
were calibrated by using external (HsC,),Pb (0(*"Pb)= 71.0 ppm).
Chloromethyl-3-cyclopentene,” TPFPBP! and dibromodiethylplum-
banel?l were prepared as described in the literature.

2: Cyclopentenemethylmagnesium chloride (6.54 mmol) in dry THF
(30 mL) was added to dibromodiethylplumbane (1.4 g, 3.31 mmol), and
the mixture was stirred overnight, then dried in vacuum. The resulting
slurry was extracted pentane (3 x 10 mL). The combined solutions were
cooled to —130°C and filtered through Celite. Removal of solvent in
vacuum yielded a greenish oil (0.68 g, 1.59 mmol). Purification was
achieved by bulb-to-bulb distillation to give 2 as a colorless oil; yield
14.8% (0.21 g, 0.49 mmol).

'"H NMR (250.133 MHz, [Dg4]benzene, 303 K, 6(C;,DsH) =715 ppm): 0 =
5.65 (s, 4H; -CH=CH-), 2.69 (hept, 3J(H,H) =7.1 Hz, 2H; -CH-), 2.51 (m,
4H; -CH,-CH-CH,-), 191 (m, 4H; -CH,-CH-CH,-), 1.66 (d, 3/(H,H) =
7.1 Hz, 4H; -CH-CH,-Pb-), 1.48 (s, *J(Pb,H) =127 Hz, 10H; -Pb-CH,-CHj;
BC NMR (62.860 MHz, [Dg]benzene, 303 K, 6(C¢Dg) =128.0 ppm): 6 =
130.2 (IJ (C,H)=161.4 Hz; -CH=CH-), 43.8 (3J(Pb,C) =571 Hz; -CH,-
CH-CH,), 38.5 (3/(Pb,C) =28.6 Hz; -CH-), 27.5 ('J(Pb,C) = 181.6 Hz; -CH-
CH,-Pb-), 14.0 (3/(Pb,C) =30.2 Hz, -CH3;), 11.1 ppm ('J(Pb,C) =197.0 Hz, -
CH,-CH;); *"Pb NMR (52.304 MHz, [Dg4]benzene, 303 K, o(Et,Pb)=
71.0 ppm): 6 =30.2 ppm.

1-[B(C¢Fs),]: Plumbane 2 (210 mg, 0.49 mmol) was added slowly to a
Schlenk flask charged with a vigorously stirred solution of trityl tetrakis-
pentafluorophenylborate (TPFPB) (0.461 g, 0.5 mmol) in dry [Dg]toluene
(3 mL). Immediately an evolution of gas accompanied by a noticeable
increase in temperature was observed. The resulting brown, two-phase

0947-6539/03/0908-1748 $ 20.00+.50/0 Chem. Eur. J. 2003, 9, No. 8





Bis(cyclopentenemethyl)plumbylium Cation

1746-1749

reaction mixture was allowed to settle down and the layers were separated
by cannula transfer. The upper layer contained the by-product triphenyl-
methane. Treatment of the oily lower layer with pentane (3 x 10 mL)
resulted in the formation of a white-brown solid (502 mg, 0.466 mmol,
95%). Single crystals suitable for X-ray analysis were obtained by
recrystallization from pentane under solvothermal conditions.

'H NMR (250.133 MHz, [Dg]toluene, 303 K, 8(C¢DsCHD,) = 2.03 ppm):
0=531 (s, 2J(Pb,H)=188Hz, 4H; -CH=CH-), 413 (m, 3/(PbH)=
3472 Hz, 2H; -CH-), 2.23 (m, 4H; -CH,-CH-CH,-), 1.99 (q, 3/(H,H) =
8.0 Hz, 2H; -CH,-CHj;), 1.67 (br, 4H; -CH-CH,-Pb-), 1.58 (t, 3/(H,H) =
8.0Hz, 3H; -CH;), 1.42ppm (m, 4H; -CH,-CH-CH,-); “C NMR
(62.860 MHz, [Dg|toluene, 303 K, 6(C,DsCD;)= 20.4 ppm): 6=136.1
(J(Pb,C) =14.4 Hz; -CH=CH-), 48.4 (1J(Pb,C) =74.3 Hz; -CH-CH,-Pb-),
39.3 (3J(Pb,C) =50.1 Hz, -CH,-CH-CH,-), 35.6 (3/(Pb,C) =43.1 Hz; -CH-),
33.4 (J(Pb,C) =82.7 Hz; -CH,-CH,), 13.0 (3/(Pb,C) = 42.3 Hz, -CH;); *’Pb
NMR (52.304 MHz, [Dgltoluene, 303K, O(Et,Pb)=71.0ppm) o=
806.7 ppm.

Crystal data for 1 at 173 K with Moy, (4 =0.71073 A) radiation. Crystal
dimensions: 0.40 x 0.12 x 0.07 mm, Cs;H,;BF,,Pb, M,=1077.57, ortho-
rhombic, Pbca, a=19.620(1), b=17483(1), c¢=23.817(2), V=
8169.6(9) A3, Z=8, peea=1.752Mgm3, 26,,,, =50.66, F(000)=4144,
78979 reflections, 7412 independent reflections, 541 parameters, GOF =
0.929, numerical absorption correction. The structure was solved by direct
methods, and refined against F? using all data.” R, =0.0732 [I>20(])],
wR, = 0.2007, min./max. residual electron density —2.269/2.475 eA-3,

CCDC-190170 (1) contains the supplementary crystallographic data for this
paper. These data can be obtained free of charge via www.ccdc.cam.ac.uk/
conts/retrieving.html (or from the Cambridge Crystallographic Data
Centre, 12 Union Road, Cambridge CB21EZ, UK; fax (+44)1223-336-
033; or e-mail: deposit@ccdc.cam.ac.uk).
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Ethene/Norbornene Copolymerization with Palladium(y) «-Diimine
Catalysts: From Ligand Screening to Discrete Catalyst Species

Jens Kiesewetter and Walter Kaminsky*[*!

Abstract: Sixteen palladium() a-di-
imine catalysts were investigated in a
screening-like procedure for the copoly-
merization of ethene with norbornene.
The resulting copolymers were charac-
terized by *C NMR spectroscopy, differ-
ential scanning calorimetry, gel perme-
ation chromatography, and viscosimetry.
The degree of incorporation of norbor-

for most of the catalysts. To validate the
results achieved in the screening, two
catalysts, [{ArN=CHCH=NAr}Pd(Me)-
(CH;CN)|BATr, (1b"; Ar=2,6-Me,CH;,
BArt, =BJ[3,5-C¢H;(CF;),],) and

Keywords: homogeneous catalysis -
N ligands - palladium - polymer-
ization - polyolefins

[f{ArN=C(CH,;)C(CH;)=NAr}Pd(Me)-

(CH;CN)IBATY, (2¢/; Ar=2,6-iPr,CHs),
were synthesized as discrete catalytically
active species, and their copolymeriza-
tion behavior was investigated in detail.
In agreement with the screening results,
1b’ incorporates norbornene much bet-
ter in the polymer chain than ethene, a
property that has no analogue in metal-

nene in the polymer chain is very high

Introduction

The discovery of the metallocene/methylaluminoxane-
(MAO)-catalyzed copolymerization of ethene with norbor-
nene in 1991 opened a new field of interest in polyolefin
chemistry.l'l Since then, these cyclic olefin copolymers
(COCs) have been the focus of academic and industrial
research. Due to the rigidity of the bicyclic norbornene units,
ethene/norbornene copolymers are usually amorphous and
show excellent transparency and high refractive index, which
make them suitable for optical applications. In addition, their
glass transition temperatures T, are high, and their densities
low. In many applications, they have better mechanical
properties than comparable amorphous thermoplastics, and
they are processible by all conventional methods. Ethene/
norbornene copolymers are proving valuable as materials for
high-capacity CDs and DVDs, lenses, blister foils, medical
equipment, capacitors, and packaging.?

The copolymer properties depend on different parameters,
such as comonomer content and distribution in the polymer
chain, as well as the conformational orientation of the
comonomer units. The microstructure of the copolymer can
be controlled by appropriate choice of the reaction conditions
and the catalyst structure. The most powerful method to
determine the copolymer microstructure is *C NMR spectro-

[a] Prof. Dr. W. Kaminsky, Dipl.-Chem. J. Kiesewetter
Institute of Technical and Macromolecular Chemistry
University of Hamburg, Bundesstrasse 45
20146 Hamburg (Germany)

Fax: (4-49)40-42838-6008
E-mail: kaminsky@chemie.uni-hamburg.de
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locene catalysts.

scopy. In the past few years, much progress has been achieved
in peak assignment for COCs.!

The major disadvantage of metallocene/MAO-based cata-
lyst systems is their high sensitivity to polar impurities. The
incorporation of norbornene in the polymer chain is generally
low, and high molar fractions of norbornene in the feed are
required to cover all technically interesting degrees of
incorporation. Since Brookhart et al. discovered that cationic
nickel and palladium complexes with bulky a-diimine ligands
can produce high molar mass polymers,*! catalysts based on
late transition metals became an interesting alternative.”! In
1998, Goodall et al. reported on ethene/norbornene copoly-
merization with a variety of late transition metal catalysts.[ In
contrast to their nickel analogues, a-diimine/palladium(ir)
systems can copolymerize ethene with norbornene. These
catalysts are relatively insensitive to polar impurities.”)

Another interesting feature of these catalyst systems is that
they generate highly branched or even hyperbranched (i.e.,
branches on branches) products when applied in ethene
polymerization.®! Ethene/norbornene copolymers with low
norbornene contents also show these hyperbranches. The
mechanical properties of these branched polymers are
assumed to differ from those of the metallocene/MAO-based
COCs.

The synthesis of palladium(i) a-diimine catalysts is com-
paratively easy and fast. This makes them a candidate for
combinatorial chemistry. Symyx Technologies recently re-
ported combinatorial syntheses of large libraries of Ni' and
Pd" a-diimine complexes and investigated their polymer-
ization behavior towards ethene by high-throughput screen-
ing.l’)
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Scheme 1. Ligand library investigated for the copolymerization of ethene with norbornene.

Here we present the results of ethene/norbornene copoly-
merizations performed by catalysts based on a library of 16 a-
diimine ligands. To obtain representative results, the screening
conditions were optimized and standardized. Two catalysts
with interesting performance were synthesized as discrete
cationic species, and their properties with regard to the
copolymerization of ethene with norbornene were investi-
gated in detail. The results of
screening and discrete-species
polymerizations are compared R R
in order to check the reliability
of the screening results under
the chosen reaction conditions.

Results and Discussion
R R

Ligand screening: The investi-
gated ligand library (Scheme 1)
for the copolymerization of Pd
ethene with norbornene con- H,C;
tains 16 symmetric a-diimines,
which represent the possible
combinations of four a-dike-
tones (glyoxal (1), 2,3-butane-
dione (2), acenaphthenequinone (3), and 1,2-cyclohexane-
dione (4)) and four anilines with different substitution
patterns (2,4-dimethylaniline (a), 2,6-dimethylaniline (b),
2,6-diisopropylaniline (¢), and 2-tert-butylaniline (d)).

The ligands were synthesized serially by acid-catalyzed
condensation of an a-diketone with two equivalents of an

Chem. Eur. J. 2003, 9, No. 8
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aniline. Metalation and activation were performed directly in
the polymerization reactor just before the polymerization.
Palladium(i) acetate was used as Pd precursor, and the
resulting complex was alkylated with triethylaluminum
(TEA). To generate the cationic active catalysts species, the
alkylated complex was treated with of tris(pentafluoro-
phenyl)borane (Scheme 2).[

P

R
AcO/ \OAc

l TEA

R

N

HSCZ/ CZH5

X

Pd(OAc),

X

_|+

B(CgFs5)s

Scheme 2. Generation of the catalytically active species by alkylation with triethylaluminum (TEA) and alkyl
group abstraction with tris(pentafluorophenyl)borane.

The conditions of the screening experiments are pres-
ented in Table 1 and are based on previous results of our
group.[' To ensure complete turnover of the metal precursor,
a sixfold excess of the ligand, a threefold excess of TEA, and a
1.8-fold excess of tris(pentafluorophenyl)borane were re-
quired.
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Table 1. Polymerization conditions in screening experiments.

Condition Screening Excess rel. to [Pd]
[Pd] (1.8-2.1) x 10~ mol L~} 1
[diimine] (1.12-117) x 103 molL™!  5.5-6.0
[TEA] 5.71 x 10~* mol L' 29-32
[borane] (3.48-3.52) x 10~*molL~!  1.7-1.9
pressure (ethene) 6 bar

[ethene] 0.7 molL!

[norbornene] 0.35 molL!

polymerization temp.  30°C

solvent toluene

reaction volume 200 mL

reaction time 30 min

The polymerization sequence was optimized and stand-
ardized to guarantee identical conditions for each polymer-
ization run (Figure 1). The polymerization sequence of the
screening experiments is described in the Experimental
Section. The results of the screening experiments are sum-
marized in Table 2.

The activities range from 8 kg(Pol) mol(Pd)~'h~! for 1a to
105 kg(Pol) mol(Pd)~'h~! for 2d. Considering the high de-
grees of incorporation of norbornene, the activities are about
one order of magnitude lower than for typical metallocene/
MAO catalyst systems. Bulky and rigid bridges, as well as
bulky substituents in the ortho positions of the N-aryl rings,
yield higher activities. An exception is catalyst 1b, which has
higher activity than expected.

The norbornene contents were calculated from the
13C NMR spectra of the ethene/norbornene copolymers. For
the calculation, the *C NMR spectra were separated into four

Table 2. Results of ligand screening. Polymerization of ethene with
norbornene at 30°C in toluene.

Ligand Al X! T M, MM,
[°C] [gmol™']

1la 8 1 215 6000 2.4l
1b 73 0.65 168 48000 1.8
1c 9 0.37 145 25000 1.7
1d 29 It 194 9000 2.3l
2a 30 0.42 156 16000 1.5
2b 49 0.48 112 209000 1.3
2¢ 94 0.25 51 293000 1.7
2d 105 0.42 93 146000 1.6
3a 43 0.69 168 37000 1.7
3b 71 0.46 129 181000 14
3c 70 0.36 67 195000 1.3
3d 100 0.47 133 128000 1.5
4a 25 0.48 141 12000 1.3
4b 39 0.39 101 93000 1.3
4c 52 0.21 41 158000 1.6
4d 30 0.41 107 65000 1.3

[a] Activity (A): kg(Pol) mol(Pd)'h~'. [b] Molar fraction of norbornene in
the polymer determined by '*C NMR spectroscopy. [c] Determined by
differential scanning calorimetry. [d] Determined by viscosimetry. [e] De-
termined by gel permeation chromatography, relative to polystyrene
standards. [f] Not evaluable by '*C NMR spectroscopy. [g] Polymer is bi-
or multimodal.

In the case of the metallocene/M AO-catalyzed copolymer-
ization of ethene with norbornene, the norbornene content
can be calculated by Equation (1).

[1(C2,C3) + I(C1,C4))/5 I(A) + I(B) + I(C)

= M

. Xy= =
peak areas (Figure 2, Scheme 3, Table 3). ¥ I(C5,C6) + 1(C,, Gy, C,, Cy)] /2 2.51(D)
{ charging the reactor with the ligand ] — multiple rinsing with argon ]
30 min -
30 min evacuation cooling in
drying the ligand vacuum
charging the reactor with norbornene
and toluene to a total volume of 200 mL .
60 min

5 min stirring evacuating

solving the ligand at 90°C

charging the reactor with }
palladium(ll) acetate
10 min stirring . .
U metalation of the ligand discharge and cleaning
of the reactor
’ injection of triethylaluminum ] A
5 min stirring
alkylation of the complex .
5 min stirring
. . decomposition of the
start of the saturation with ethene active species
20 min stirring
saturation with ethene 30 min
injection of tris(pentafluorophenyl)borane polymerization venting of ethene pressure
start of polymerization » injection of 5 mL ethanol

Figure 1. Standardized polymerization sequence applied in screening experiments.
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D cally less hindered ethene,
which leads to lower degrees
of incorporation of norbor-
nene. The bulk and rigidity of
the bridging unit intensifies this
trend. Ligands with small or no
substituents in the ortho posi-
tion of the N-aryl rings, such as
methyl, show very high values
of Xy since norbornene can
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Figure 2. 3C NMR spectrum of an ethene/norbornene copolymer with a content of norbornene of Xy=0.25,
produced by 2¢ at 30°C in toluene. Separation into the peak regions A to D for calculating the norbornene

content of the polymer.

Scheme 3. Denomination of a 2,3-cis-exo-orientated norbornene unit and
the neighboring methylene carbon atoms in an ethene/norbornene polymer
chain.

Table 3. BC NMR assignments of ethene/norbornene copolymers in four
seperate peak regions.

Signal area 6(**C) [ppm] Assignments

A 56-44.8 C2,C3

B 44.8-36.8 Cl, C4

C 36.8-32.8 Cc7

D 32.8-10 C5, C6, Ca, CB, Cy, Co

The presence of branches and hyperbranches in the
methylene chain in the case of Pd-based catalysts impedes
calculation by Equation (1), since signals of branching points
(33-40 ppm), methylene groups adjacent to branching points
(31-38 ppm), other methylene groups in branches (20—
37 ppm), and of methyl groups in branches (10-20 ppm) also
appear in signal areas B, C, and D. Therefore, the norbornene
content was calculated from signals above 46 ppm (area A in
Figure 2), which can be assigned exclusively to norbornene

[Eq. (2)].1°)

I(A)
Xy= (2
I(B)+1(C) +I(D) — 1L.51(A)

The molar fractions of norbornene in the polymer chain Xy
(see Table 2) are very high. They range from Xy =0.21 for 4¢
to Xx=0.69 for 3a. Most catalysts incorporate norbornene
better in the polymer chain than ethene. This result has no
counterpart in the case of catalysts based on early transition
metals. Bulky substituents in the ortho positions of the N-aryl
rings, such as isopropyl, favor the coordination of the steri-

Chem. Eur. J. 2003, 9, No. 8
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easily be coordinated. For the
20 5 10

ethanediimine-bridged  cata-
lysts 1a and 1d, both of which
bear only one ortho substitu-
ent, partial displacement of the
ligand by norbornene is as-
sumed. The resulting copoly-
mers were bi- or multimodal, and the formation of poly-
norbornene is likely, which indicates the presence of “naked”,
ligand-free palladium. The determination of the norbornene
content by C NMR spectroscopy is aggravated by the
presence of polynorbornene, since it leads to a strong increase
of signal linewidth due to the heterogeneous nature of the
NMR sample. Nevertheless, some polynorbornenes produced
by late transition metal catalysts have good solubility.

Generally, the degree of incorporation of norbornene
corresponds to the activity. Catalysts that incorporate nor-
bornene well are less active. Again a significant exception is
1b, which is highly active and produces copolymers with a
high norbornene content.

The microstructure of the copolymers is closely related to
the molar fraction of norbornene in the polymer. Figure 3
shows a series of '3C NMR spectra of copolymers with
increasing norbornene contents. At low degrees of incorpo-
ration, the copolymer shows signals of isolated norbornene
units together with the typical signals of branches and
hyperbranches in the methylene chain. At higher Xy, signals
of smaller norbornene blocks coexist with signals of alternat-
ing sequences and branching. Copolymers with a norbornene
content of greater than Xy=0.5 show signals of longer
norbornene blocks, and no branching signals are observed.
Copolymers containing more than 70 mol % of norbornene
are not evaluable, probably due to the presence of poly-
norbornene.

The molar masses M,, determined by viscosimetry, are
summarized in Table 2. They range from oligomeric to high
molar mass products. Most of the molar masses are in a
technically interesting range and are comparable to those of
polymers produced by metallocene/MAO catalysts. The
molar masses are directly influenced by the ligand structure.
To obtain high molar mass polymers, the rate of chain transfer
reactions must be slowed relative to chain propagation. This is
the case when the ligand bears bulky substituents in the ortho
position of the N-aryl ring and when a rigid and bulky bridge
is present. The bulky substituents and the rigid bridge force
the N-aryl rings into an axial position of the square-planar
complex. Brookhart et al. assumed that the chain termination
proceeds by a S-hydride elimination to yield an olefin hydride
complex, followed by an associative displacement of the
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Figure 3. '*C NMR spectra of ethene/norbornene copolymers produced with the catalysts 4¢ (I, Xy =0.21), 3d (II, Xy =0.47), 1b (III, Xx =0.65), and 1d

(IV, Xy =not evaluable).

olefin.! The latter process is disfavored, since the bulky
substituents block the axial approach of olefins. According to
DFT calculations by Ziegler et al. on ethene polymerization
with Ni' a-diimines,'!] chain transfer does not involve an
olefin hydride complex but occurs by a concerted process
involving direct fB-hydrogen transfer to the coordinated
monomer. Despite the different mechanism, this reaction is
also slowed by bulky substituents in the axial position. In
conformity with these results, 1a produces the copolymer with
the lowest molar mass, and 2¢ that with the highest. Again
catalyst 1b does not follow this trend. The molar mass of the
produced copolymer is higher than expected.

Molar mass distributions (Table 2) were determined by gel
permeation chromatography (GPC). Most of the catalysts
produce monomodal polymers with polydispersities M,,/M,, of
less than 2, which indicates that the polymerization is likely to
show “living” character. This behavior is consistent with
results recently published by Brookhart et al. on the living
polymerization of ethene with Pd" a-diimine catalysts.'”
Under appropriate polymerization conditions (low temper-
ature, low concentration of active centers), it should be
possible to produce copolymers with even smaller polydis-
persities. Catalysts 1a and 1d produce bi- or even multimodal
polymers, probably due to partial ligand displacement by
norbornene during polymerization. For catalysts bearing only
one ortho substituent, the formation of C, and C; symmetric
isomers due to the relative orientation of the aryl rings might
lead to bimodal polymers, though bimodality is exclusively
observed for 1a and 1d.

Glass transition temperatures T, were determined by
differential scanning calorimetry (DSC). The T, values of
the copolymers are correlated with the norbornene contents
Xy The bicyclic nature of norbornene leads to higher rigidity
of the polymer chain and therefore higher 7,. Catalysts with
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bulky substituents produce copolymers with high norbornene
contents and high 7,. In accordance with the norbornene
content, 4¢ produces the polymer with the lowest T, of 41°C,
while 1b and 3a produce those with the highest T, of 168°C.
The polymers synthesized with 1a and 1d have T, values of
194 and 215°C, respectively. Since the polymers are multi-
modal and the presence of polynorbornene is assumed, these
data are not reliable. None of the copolymers showed
crystallinity, although in the literature semicrystalline, stereo-
regular, alternating ethene/norbornene copolymers were
described for metallocene/MAO and constrained-geometry
catalysts.["*]

Discrete cationic catalysts. Based on the results of the ligand
screening, two catalysts showing interesting performance
were synthesized as discrete cationic species and investigated
in detail (Scheme 4).

Catalyst 1b’ was selected since its behavior deviates from
the general trends. Catalyst 2¢’ showed a balanced perform-
ance, that is, high activity and high molar mass polymer
together with moderate degrees of norbornene incorporation.
The results of the polymerizations with the two catalysts are
summarized in Table 4.

The copolymerization diagrams are presented in Figure 4.
It shows the molar fraction of norbornene in the polymer Xy
as a function of the molar fraction of norbornene in the feed xy.

The two catalysts show a notably different polymerization
behavior. As predicted in the ligand screening, 1b’ incorpo-
rates norbornene much better in the polymer chain than
ethene. Even at very low molar fractions of norbornene in the
feed (e.g., xy=0.05), the incorporation of norbornene is
about Xy=0.44. When metallocene/MAQO catalyst systems
are applied, it is necessary to polymerize at feed compositions
of up to xx=0.90 to incorporate norbornene to the same
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Scheme 4. Discrete cationic catalysts investigated for the copolymerization of ethene with norbornene.
Table 4. Ethene/norbornene copolymerization with the catalysts 1b’ and 2¢'. 1.0 1 )
Results of polymerizations at 30°C in toluene. alb' i
m2c' ;!
Reaction conditions Results ) /!
Cat. xy ¢ ex N AP X T e mgmp  § 08 i
[molL-!] [molL-!] [umol] [’C]  [gmol] g i
[ % ‘/
1b" 0.00 0.70 - 16.76 36 0.00 -75 1500 1.4 ﬁ 7 7
1b" 0.05 0.72 0.04 419 161 0.44 98 13000 1.4 é . At i
1b" 0.10 0.72 0.08 419 243 048 126 36000 1.5 o 0.6 1
1b" 020 0.57 0.14 419 120 0.54 146 40000 1.7 g ///
1b" 034 047 0.24 8.38 67 0.59 169 55000 1.9 §
1b’ 040 042 0.28 16.76 57 0.60 177 54000 1.8 S /,/"
1b’ 050 0.35 0.35 16.76 50 0.62 189 36000 1.7 _5 0.4 1 .
1b" 059 0.29 0.41 16.76 34 0.62 216 18000 1.7 g
b’ 0.80 0.14 0.56 16.76 11 M By 12000 1.7 ":f
1b’ 090 0.07 0.63 33.54 10 M By 7000 2.74 %
1 100 - 0.88 354 <1 100 1 K E 021
2¢” 0.00 0.69 - 7.77 185 0.00 —67 73000 1.1 x
2¢"  0.10 0.63 0.07 7.77 75 0.09 —-28 502000 1.7
2¢" 020 0.55 0.14 7.77 63 0.16 10 358000 1.7 00
2¢ 034 047 0.24 777 53 026 48 287000 1.7 . ' 0'4 ols ois 1' 0
2¢ 040 042 0.28 777 57 029 63 248000 16 00 02 ' ' : :
2¢ 049 036 0.35 7.82 48 0.34 83 231000 1.5 xy molar fraction of norbornene in the feed
2¢ 059 029 0.42 7.82 37 0.40 97 157000 2.7 Figure 4. Copolymerization diagrams. Copolymerizations of ethene with
2¢ 081 017 0.70 7.82 8 040 120 22000 6.3 norbornene performed by the catalysts 1b’ and 2¢'.
2¢" 090 0.17 1.52 15.65 4 - i _[K] Ikl
2¢ 1.00 - 0.79 26.22 <1 1.00 il _[K] Ikl

[a] Molar fraction of norbornene in the feed. [b] Activity (A): kg(Pol) mol(Pd)-'h~!.
[c] Molar fraction of norbornene in the polymer determined by C NMR
spectroscopy. [d] Determined by differential scanning calorimetry. [e] Determined
by viscosimetry. [f] Determined by gel permeation chromatography, relative to
polystyrene standards. [g] M,, determined by GPC. [h] Not evaluable by *C NMR
spectroscopy. [i] Polymer decomposes. [j] Polymer is bi- or multimodal. [k] Polymer
not soluble in decahydronaphthalene and 1,2,4-trichlorobenzene.

extent. At higher molar fractions of norbornene in the feed,
the incorporation is nearly independent of xy and reaches a
plateau of about Xy =0.60. Polymerizations carried out at xy
of more than 0.70 yielded partially insoluble polymers. Again
the formation of polynorbornene is assumed, and indicates
that to some extent the ligand is displaced by norbornene. The
13C NMR spectra of these polymers were not evaluable.

In contrast, 2¢’ shows almost ideal copolymerization
behavior at low to moderate values of xy, that is, the
norbornene content of the polymer reflects the feed compo-
sition. The degree of incorporation is low compared to 1b’,
but still higher than for most metallocene/MAO catalysts. The
norbornene content does not surpass Xy =0.40. No norbor-
nene block structures could be observed in the *C NMR
spectra, and even at higher xy sequences with isolated
norbornene units are formed exclusively. The coordination
site is blocked by the isopropyl substituents, and the ligand is
inflexible because of the 2,3-butanediimine bridge. The steric
bulk of the growing polymer chain when norbornene is the

Chem. Eur. J. 2003, 9, No. 8
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last inserted unit aggravates the coordination of norbornene.
The formation of norbornene block sequences is therefore
improbable. The coordination of ethene and hence the
formation of copolymers with isolated norbornene units, is
much more likely. The steric bulk of the methyl groups in 1b’
is much lower, and the 1,2-ethanediimine bridge is more
flexible than 2,3-butanediimine. The coordination site is
therefore less blocked in 1b’, and norbornene block sequen-
ces are more likely. At molar fractions of norbornene in the
feed of less than 10 %, alternating structures are dominant.

The molar fractions of norbornene in the polymer at xy=
0.33 are interesting for comparison with the values achieved in
ligand screening. For 2¢’ the value of Xy = 0.26 fully confirms
the screening value of Xy =0.25. For 1b’, the screening value
of Xy=0.65 is higher than the degree of incorporation of
Xx=0.59 achieved with the discrete catalyst, although it is of
the right magnitude. Therefore, the screening can be said to
give representative results for the degree of incorporation of
norbornene.

The copolymerization behavior also influences the activity.
Figure 5 shows the activity as a function of the molar fraction
of norbornene in the feed.

As could be predicted from the copolymerization diagram,
1b’ shows the course of a distinct comonomer effect, that is an
increase in the polymerization rate in the presence of a
comonomer. The activity in the homopolymerization of
ethene is comparatively low, but even small amounts of
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Figure 5. Copolymerization of ethene with norbornene performed with
1b' and 2¢'. Dependence of the catalyst activity on the molar fraction of
norbornene in the feed. A = activity.

norbornene in the polymerization mixture lead to a massive
increase. The maximum of 243 kg(Pol)mol(Pd)~'h~! is
reached at xy=0.10. Considering the very high norbornene
content of the resulting polymers, this catalyst can compete
with the activity of metallocenes. At higher molar fractions of
norbornene in the feed, the activity decreases rapidly. The
activity in the homopolymerization of norbornene is low.

In contrast, 2¢ shows the highest activity of
185 kg(Pol)mol(Pd)~'h~! for the homopolymerization of
ethene. The activity decreases with increasing molar fraction
of norbornene. The activities in polymerizations with a high
molar fraction of norbornene in the feed and for the
homopolymerization of norbornene are very low. At xy=
0.33, the activity of 1b’ (67 kg(Pol) mol(Pd)~'h~1) is consistent
with the screening results (73 kg(Pol)mol(Pd)~'h-!). The
activity of 2¢’ of 53 kg(Pol)mol(Pd)~'h~' is lower than the
screening activity of 94 kg(Pol) mol(Pd)~'h~!. Nevertheless,
the activities are of the right order of magnitude, and hence
the screening values are reliable.

The molar masses presented in Tables2 and 4 show a
general problem. Mark-Houwink constants of statistical
ethene/norbornene copolymers with branches in the methyl-
ene chain and of block copolymers are not described in the
literature. All values for copolymers were calculated by using
constants for strictly alternating ethene/norbornene copoly-
mers. In the case of polymers produced with 2¢, the vast
increase in the molar mass on going from polyethene
(M, =73000 gmol ') to an ethene/norbornene copolymer
produced at a monomer composition of Xy=0.10 (M, =
502000 gmol~') is mainly caused by the change in the
Mark - Houwink constants. Polymers for which the applied
Mark —Houwink constants should be suitable nonetheless
give molar masses greater than 200000 gmol~, indicating that
2 ¢’ usually produces high molar masses products. Catalyst 1b’
shows a different behavior. The molar mass is generally lower

1756 ——
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than for 2¢’. The polyethene produced is oligomeric, and the
molar mass increases with increasing xy. A maximum of M, =
55000 gmol ! is attained at xy=0.33. At higher molar ratios
of norbornene molar masses decrease rapidly. The conformity
with the screening results is excellent for both catalysts.

The polydispersities are generally lower than 2, which
indicates that the polymerization mechanism has a “living-
like” character. Polymers produced at high molar fractions of
norbornene in the feed are bi- or multimodal.

As seen in the screening, the degrees of incorporation of
norbornene also influence the glass transition temperatures
T,. The T, of copolymers produced with 1b’ are very high and
range from 98 to 217°C. Copolymers produced at xy=10.80
and above, as well as polynorbornene, show no glass transition
or melting points below 350°C, and decompose at higher
temperatures. The T, values of copolymers produced by 2¢’
range from —28 to 120°C due to the lower norbornene
contents. Figure 6 shows T, as a function of the molar fraction
of norbornene in the polymer Xy.

250 1 o
Alb'
m2c'
A
200 A
150 4
o L]
l:°’ 100 A .
50 4
o] T T T ]
ojo / 0.2 0.4 06 08
50 - Xy molar fraction of norbornene in the polymer

Figure 6. Copolymerization of ethene with norbornene performed by 1b’
and 2¢". Glass transition temperatures as a function of the molar fraction of
norbornene in the polymer.

The linear relationship observed for 2¢’ indicates that the
Fox correlation!" is valid in this case. For 1b’ a linear
relationship could also be identified, but the deviation is
greater. Generally, deviation from a linear correlation is due
to the presence of branches in the methylene chain™> and of
norbornene block structures.!! The much higher molar
masses of the copolymers produced by 2¢’ compared to those
produced by 1b’ leads to a higher T,, as can be seen in the
linear fits in Figure 6. The T, of copolymers produced at xy =
0.33 align with the screening results. The deviation for both
catalysts is within the accuracy of the measurement.

Despite the different microstructures, the relationship
between norbornene content and glass transition temperature
for copolymers produced by Group4 metallocene/MAO
systems is comparable with the relationship obtained for
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palladium catalysts. Deviations are mainly due to differences
in the molar masses of the polymers.

Summary: The copolymerization of ethene with norbornene
is possible with all catalysts tested in the ligand screening. The
performance is strongly dependent on the catalyst structure.
Catalysts bearing bulky substituents in the ortho positions of
the N-aryl rings and rigid a-diimine bridges produce high
molar mass polymers with comparatively high activities.
Degrees of incorporation of norbornene are generally high,
and in most cases norbornene is incorporated better in the
polymer chain than ethene. The generally low polydispersities
indicate that the polymerization mechanism has a “living-
like” character.

Two catalysts were synthesized as discrete cationic species
and investigated in detail. Within the limit of error, the results
achieved in the ligand screening are consistent with those of
the discrete catalysts. Catalyst 1b’ is highly active and
incorporates norbornene very well in the polymer chain,
whereas the molar masses of the polymers are quite low. In
accordance with the high molar fractions of norbornene, 1b’
mainly produces blocky copolymers. In contrast, 2 ¢’ produces
high molar mass polymers with discrete norbornene units. No
block sequences occur, even with norbornene-rich feed
compositions.

For further validation of the screening results, other
discrete catalysts will be synthesized. The screening itself
should be expanded to different substitution patterns and
bridges. Based on the screening results, predictions can be
made of which substitution patterns are promising and which
are redundant. The mechanical properties of the copolymers
are to be investigated in the near future.

Experimental Section

General: All manipulations were performed by using standard Schlenk,
syringe, and drybox techniques unless otherwise noted. Argon was
purchased from Linde and purified by passage through a Messer-Griesheim
Oxisorp cartridge. Solid organometallic compounds were stored and
transferred in an argon-filled drybox. *C NMR spectra of polymer samples
were recorded on a Bruker Ultrashield 400 spectrometer at 100.62 MHz
(pulse program: waltz-16, pulse angle: 60°, delay time: 5 s, number of scans:
1000-4000) and 100°C using 200-300 mg of polymer in 1,2,4-trichoro-
benzene (2.7 mL) and 1,1,2,2-tetrachloro[D,]ethane (0.3 mL). Chemical
shifts are reported relative to C,D,Cl, (6 =74.24 ppm for '*C). High-
temperature gel-permeation chromatography (GPC) was performed in
1,2,4-trichlorobenzene at 135°C using a Waters GPCV 2000 instrument
with Ultrastyragel columns. Calibration was against polystyrene standards.
Differential scanning calorimetry curves were recorded on a Mettler
Toledo DSC 821¢ instrument calibrated with n-heptane (77, =—90.6°C),
mercury (7,,=—38.9°C), gallium (7,=29.8°C), indium (7,,=156.6°C),
and zinc (7, =419.5°C). Results of the second thermal cycle are presented
exclusively. Viscosimetric measurements were performed in decahydro-
naphthalene at 135°C with an Ubbelohde viscosimeter (0a capillary, K =
0.005 mm?s~2). In case of copolymers with an degree of incorporation of
norbornene of less than 5%, Mark—-Houwink constants of polyethene
(K=4.34x102mLg™!, a=0.724) were applied. For all other copolymers,
molar masses were calculated with Mark — Houwink constants of a highly
alternating ethene/norbornene copolymer (K=4.93x102mLg™!, a=
0.589).

Materials: Ethene (Linde) and toluene were purified by passage through
columns of BASF R3-11 catalyst and 3 A molecular sieves. Norbornene
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(Acros) was stirred for 48 h with triisobutylaluminum at 50 °C and distilled
off. A 6—7molL"! solution in toluene was used for polymerizations.
Ligand syntheses were performed according to literature procedures.!'”]
Palladium(t1) acetate, triethylaluminum, and tris(pentafluorophenyl)bor-
ane were purchased from Aldrich, Schering, and Lancaster, respectively.
sodium tetrakis[3,5-bis(trifluoromethyl)phenyl]borate  (Na[BAr!]),!'8!
[{ArN=CHCH=NATr}Pd(Me)(CH;CN)|BATr, (1b’; Ar=2,6-Me,CH;),"
and [{ArN=C(CH;)C(CH;)=NAr}Pd(Me)(CH;CN)|BATr!, (2¢/; Ar=2,6-
iPr,C¢H3)!"! were synthesized by literature procedures.

General polymerization procedure: Norbornene homopolymerizations
were performed in a 200 mL glass reactor equipped with a heat jacket
and a magnetic stirrer. All other polymerizations were performed in a
Biichi BEP 280 laboratory autoclave with a Type I glass pressure vessel.
Temperature was adjusted with a heat jacket connected to a thermostat,
which allowed adjustment of the polymerization temperature with an
accuracy of £0.5°C. During polymerization runs, the ethene pressure was
kept constant using a pressure controller. The ethene consumption was
monitored with a Brooks 5850 TR mass flow meter and a Westphal WMR
4000 control unit. A standardized ligand screening experiment is described
in detail in the results and discussion section. For a typical screening
experiment, the reactor was evacuated at 90°C for 60 min. It was then
flushed with argon several times while the temperature was equilibrated to
30°C within 30 min. The ligand was filled into the reactor and evacuated for
30 min. Subsequently, the reactor was charged with a solution of
norbornene in toluene, toluene, palladium(i) acetate, a solution of
triethylaluminum in toluene, and ethene up to a total volume of 200 mL.
The polymerization was started by injection of tris(pentafluorophenyl)bor-
ane in toluene. After 30 min, the reaction was quenched by addition of
ethanol (5 mL). After discharge and cleaning, the reactor was evacuated at
90°C for the next polymerization cycle.

For a typical discrete-catalyst experiment, the reactor was evacuated at
90°C for 60 min and then cooled to 30°C. Subsequently, the reactor was
charged with norbornene in toluene, toluene, and ethene up to a total
volume of 200 mL at the desired feed composition. The polymerization was
started by injection of the catalyst dissolved in fluorobenzene. The reaction
was quenched by addition of ethanol (5 mL).

All polymer solutions were stirred overnight with 100 mL of dilute
hydrochloric acid. After phase separation, the organic phase was washed
three times with water and reduced to 50-70 mL on a rotary evaporator.
The polymer was precipitated with a tenfold excess of ethanol, filtered off
with a fritted glass filter, and dried in vacuo at 60°C until the weight
remained constant.
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Double Bonds in Motion: Bis(oxazolinylmethyl)pyrroles and
Their Metal-Induced Planarization to a New Class of Rigid Chiral

C,-symmetric Complexes

Clément Mazet and Lutz H. Gade*!2!

In memory of Jacky Kress

Abstract: The synthesis of a new class
of chiral C,-symmetric tridentate N-do-
nor ligands, a series of 2,5-bis(2-oxazo-
linylmethyl)pyrroles, was achieved in
four steps starting from the known 2,5-
bis(trimethylammoniomethyl)pyrrole

diiodide (1). Reaction of 1 with NaCN in
dimethyl sulfoxide gave 2,5-bis(cyano-
methyl)pyrrole (2) cleanly, which was
then cyclized with amino alcohols to
give the 2,5-bis(2-oxazolinylmethyl)pyr-
roles 3a—c (3a: bis[2-(4,4'-dimethyl-5-
hydrooxazolyl)methyl]pyrrole; 3b:
(8,5)-bis[2-(4-isopropyl-4,5-dihydrooxa-
zolyl)methyl]pyrrole; 3¢: (S,S)-bis[2-(4-
tertiobutyl-4,5-dihydrooxazolyl)methyl]-
pyrrole). Metallation of 3a—c¢ with one

ment of the N-donor atoms in the
crystallographically characterized com-
plex 4a is almost ideally square planar,
all three heterocycles in the ligand are
twisted out of the coordination plane,
leading to a chiral conformation of the
complex. Attempts to freeze out these
two conformers in solution at 200 K
(NMR) failed, and this suggests that
the activation barrier for conformational
racemization is significantly below
10 kcalmol~t. The palladium-induced
shift of two double bonds as well as the
porphyrinogen/porphyrin-type  oxida-
tion of the complexes 4a—c led to the
planarization of the 2.,5-bis(oxazolinyl-
methyl)pyrrolide ligands in the palladiu-

m(1)) complexes 5a—c¢, 6b, and 6¢, and
to the formation of rigid chiral C,-
symmetric systems as shown by X-ray
diffraction studies. The formation of the
conjugated system of double bonds in
this transformation is accompanied by
the emergence of an intra-ligand chro-
mophore. This is evident in the absorp-
tion spectrum of 6c¢ which displays an
intense band with a maximum at 485 nm
attributable to an intra-ligand 7*
transition and a characteristic vibration-
al progression of va1350 cm~!. Com-
plexes 4b and 4c¢ were tested in the
catalytic asymmetric Michael addition
of ethyl 2-cyanopropionate to methyl
vinylketone (catalyst loading: 1 mol %)

molar equivalent of rBulLi and their
subsequent reaction with a stoichiomet-
ric amount of [PdCl,(cod)] (cod=cy-
clooctadiene) gave the palladium(i)
complexes 4a—c. Whereas the arrange-

Introduction

The pyrrole unit is the building block in porphyrin and
porphyrin-related coordination chemistry.ll The unique prop-
erties of oligopyrroles may not only explain their ubiquity in
nature but have inspired the synthesis and investigation of a
large variety of non-biotic artificial systems.> 3l Whereas the
macrocyclic compounds may occupy centre stage, several
classes of open-chain derivatives, as well as related ligands,
have been studied in recent years.*”) Among these related
systems, the bis(2-pyridylimino)isoindoles (I), first prepared
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and were found to give maximum ee
values of 43 % (4b) and 21 % (4¢) at low

NMR spec- .
conversions.

in the 1950s,1® are readily accessible monoanionic tridentate
ligands that have found extensive application in oxidation
catalysis.”)

Meridionally coordinating chiral tridentate N-donor li-
gands have attracted much attention in asymmetric cataly-
sis.l'% I The point of reference in this field is Nishiyama’s
chiral C,-symmetric 2,6-bis(2-oxazolinyl)pyridine (‘pybox’)
ligand II, which nowadays belongs to the basic 'tool kit in
stereoselective catalysis (Figure 1).> 31 Formally charging
this ligand by exchanging the central pyridine ring for a
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Figure 1. Charging and deforming the pybox ligand: the conceptual background and choice of the model system.

benzene ring, which is coordinated in its cyclometalated form,
led to the analogous ‘phebox’ ligands III developed more
recently by the same group.l'* 1 The same set of donor atoms,
but in a different arrangement, is found in the 1,3-bis(2-
oxazolinylmethyl)benzene derivatives IV that Bergman and
Tilley reported very recently.l'] These are distorted analogues
of '‘phebox’ ligand set and could lead to different coordination
geometries.

We reported the synthesis of 2,5-bis(2-oxazolinyl)pyrro-
lides V, which are phebox analogues but which are distorted in
the opposite sense, such that the outer N-donor functions are
bent away from the charged central ligating unit (Figure 1).[!7)
This has led to preferential didentate coordination of this
ligand or the formation of oli-
gonuclear complexes. To regain
mononuclear chiral C,-symmet-

MeoNH-HCI/ H,CO /N

thyl)pyrroles were obtained in
a four-step synthesis starting
from the parent compound pyr-
role (Scheme 1). The key inter-
mediate was the 2,5-bis(trime-
thylammoniomethyl)pyrrole
diiodide (1), which was ob-
tained from the starting materi-
ﬂ al by Mannich dimethylamino-
methylation in the 2- and 5-po-

sitions and subsequent

[\ quaternization of the two dime-

(’j) thylamino groups with excess

SN N\//‘O methyl iodide.'®! This strategy
&\\<R ﬁ ) is based on work reported by

Elsenbaumer etal. who dem-
Vi onstrated that the bis(trimethy-
lammonium) derivative 1 is
particularly suited to further
functionalization in the a-meth-
ylene positions by nucleophilic
displacement of trimethylamine.l'’] Reaction of compound 1
with NaCN in dimethyl sulfoxide gave 2,5-bis(cyanomethyl)-
pyrrole 2 cleanly, which was then cyclized with the appro-
priate amino alcohol to give the 2,5-bis(2-oxazolinylmethyl)-
pyrroles 3a—c¢.[]

Reaction of 3a—c¢ with one molar equivalent of rBuLi gave
the corresponding lithium pyrrolides, which were then
allowed to react in situ with a stoichiometric amount of
[PdCly(cod)] to give the palladium(i) complexes 4a-c
(Scheme 2). While the formulation of these complexes was
confirmed by elemental analyses, the local C,-symmetry of the
ligands and their tridentate coordination was deduced from
'H NMR, 3C NMR, and IR spectroscopic data.

CHyl I\

I\
Y

ric complexes with a molecular
geometry that is well adapted to
their application in asymmetric
catalytic conversions, we now
report the synthesis and coor-
dination chemistry of 2,5-bis(2-
oxazolinylmethyl)pyrrolides
VI. We will show that the
presence of the 2,5-dimethyl-
enepyrrole unit in these ligands
leads to reactivity that is similar
to that of open-chain oligopyr-
roles, of which these ligands are
the chiral analogues.

/N
N
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Scheme 1. The four-step synthesis of the 2,5-bis(oxazolylmethyl)pyrrole ligand precursors.
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Scheme 2. Synthesis of the mononuclear palladium(i) complexes 4a—4c.
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A single-crystal X-ray analysis of compound 4a was carried
out to gain detailed insight into the molecular geometry and
the way this novel ligand system binds to the metal center.
Two views of its molecular structure are displayed in Figure 2,
together with the principal bond lengths and interbond angles.

The coordination geometry in complex 4a is almost square
planar. The angles between mutally trans-disposed donor
atoms are N(2)-Pd-Cl 179.74(7)° and N(1)-Pd-N(3) 172.6(1)".
This arrangement of the ligating atoms is associated with a
characteristically twisted arrangement of the tridentate ligand
system as a whole, as is apparent in the view along the CI-Pd-
N(2) axis which coincides with the virtual twofold molecular
axis. All three heterocycles in the ligand are twisted out of the
coordination plane; the dihedral angles are N(2)-C(10)-
C(11)-C(12) 46.7°, C(10)-C(11)-C(12)-N(3) 53.2°, N(2)-C(7)-
C(6)-C(3) 46.3, and C(7)-C(6)-C(3)-N(1) 53.9°. The planes
spanned by the four donor atoms and the pyrrolide ring are
inclined relative to each other by an angle of 29.7°. The overall
arrangement of the tridentate ligand leads to a chiral
conformation to the complex. Figure 2 displays the 6 con-
former of compound 4a, in line with a generalized application
of Bailar’s designation of twisted chelates (Scheme 3).2!
There is a 1:1 distribution of both helically chiral conformers
in the monoclinic crystal.

Attempts to freeze out these two conformers by low-
temperature NMR spectroscopy were unsuccessful for all
three complexes 4a—c in solution. Even at 200K, the
spectrum of the achiral compound 4a showed sharp singlet
for the methylene proton resonance signal, not the AB system
that is expected for frozen conformational chirality, which
indicates an activation barrier for the conformational race-
mization below 10 kcal mol L. Similar observations were made
for the chiral derivatives 4b and 4c¢ at 200 K. Their 'H NMR
spectra displayed the single AB system of the CH, protons
that represents the high-temperature limit and did not
coalesce or split to give the two multiplets of the frozen
helical diastereomers. A potential preference of one con-
former with respect to its helical diastereomer could therefore
not be probed.

The metal-induced shift of two double bonds: rearrangement
and planarization of 2,5-bis(oxazolinylmethyl)pyrrolide li-
gands in the palladium(@y) complexes: The synthesis of the
palladium(i1) complexes 4a—c described in the previous
section was based on the initial
lithiation of the pyrrole deriva-
tives 3a—c and the use of the f
lithium pyrrolides as ligand-

transfer reagents. As an alter- o | e —

native route to Pd compounds — h—
without lithiation of the ligand i % o0l x\

precursor, we treated the pro-
tonated ligands 3a—c directly
with [PdCL,(NCPh),]. This was
a relatively slow reaction but
complete metalation of the pyr-
roles was observed. However, %
in the conversions of 3a and 3b,
a second reaction product was  rapid on the NMR timescale).

Chem. Eur. J. 2003, 9, No. 8
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Figure 2. Two representations for the molecular structure of 4a. Principal
bond lengths [A] and angles [°]: Pd—Cl 2.3176(9), Pd—N(1) 2.046(2),
Pd—N(2) 1.995(3), Pd—N(3) 2.048(3), C(8)—C(9) 1.404(4), C(10)—C(11)
1.483(4), C(9)—-C(10) 1.369(4), C(7)—C(8) 1.375(5), C(6)—C(7) 1.511(4),
C(11)—C(12) 1.494(4), C(6)—C(3) 1.486(4); CI-Pd-N(1) 94.07(7), Cl-Pd-
N(2) 179.74(7), CI-Pd-N(3) 93.33(7), N(1)-Pd-N(3) 172.6(1), C(10)-C(11)-
C(3)-N(3) 53.2(5).
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g _-'Lﬁ | /kx 2 | s~
OLN—pld--N/ o Q ._._N--p|di JO
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N
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]

Scheme 3. Schematic representation for the interconversion of two enantiomeric helical conformers (which is
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Scheme 4. Alternative synthesis of complexes 4a and 4b and their constitutional isomers 5a and 5b.

found apart from 4a and 4b, respectively, while the reaction of
3¢ gave 4c¢ exclusively, albeit in moderate yield (Scheme 4).

After chromatographic workup, the two new complexes Sa
and 5b were isolated from the product mixtures. While their
'H and *C NMR spectroscopic patterns are similar to those of
4a and 4b, the chemical shifts of the individual signals differ
markedly. Complexes 4a— ¢ display characteristic resonances
for the 3- and 4-pyrrolide protons and '*C nuclei at 0 =5.85-
5.88 ppm and 6 =103.3-104.6 ppm, respectively, as well as
signals for the bridging CH, groups ('H NMR: 0 =3.66—
3.76 ppm; C NMR: 6 =26.3-29.1 ppm), whereas these are
absent in the spectra of Sa and 5b. Instead, the resonances of
an olefinic CH group (5a: 6 =4.94 ppm; 5b: 6 =4.99 ppm)
and a modified CH, unit (5a: 6 =2.79 ppm; 5b: d =2.85 ppm)
are observed. Based on these data, the structures of 5a and 5b
were postulated (Scheme 3), which represent constitutional
isomers of 4a and 4b. These isomeric forms are related by a
formal 1,3-hydrogen shift which for 5a and 5b leads to a
conjugated chromophore.

The relative amounts of Sa and Sb isolated from the
reactions were found to be time-dependent (Scheme 4), and to
become more abundant with time at the expense of 4a and 4b.
To investigate whether the second isomer 5§ was derived from
4 under the reaction conditions, a sample of 4a was stirred in
dichloromethane over a period of several days. Since no
conversion was observed, a few milligrams of [PdCl,(NCPh),]
were added, which induced the selective conversion of 4a to
5a (Scheme 5). This is not surprising since the Pd" reagent is
only slowly consumed in the reaction with the nonmetalated
bis(oxazolinylmethyl)pyrrole ligand and therefore acts as a

I\
N - N =
N [PACI,(PhCN),] N
N‘P|d’N/ o T e @ N—pgq—N 0
L \// CDCly \\/ | \\/’
R2R' CI R?h r2R' CI R?py

5a Me Me

5¢c H tBu

100% / 7days

Scheme 5. Pd-induced isomerization of 4a and 4¢ to S5a and S5c,
respectively.
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catalyst for the conversion of 4a
to Sa during the course of the
reaction.
The isomerization was car-
ried out at ambient tempera-
ture in an NMR tube and
monitored by 'H NMR spectro-
scopy and was found to be
17% complete after 11 days. At this

stage, no trace of 4a could be
16% detected in the 'H NMR spec-
tra above the noise level, which
indicates that the ratio of Sa to
4a was greater than 10°. This
amounts to a difference in free
enthalpy between 5a and 4a of at least 4 kcalmol~. The
thermodynamic driving force in this Pd-catalyzed conversion
is clearly the generation of a planar delocalized m system in
5a. An analogous experiment has established similar behavior
in compound Sec.

To establish the molecular structures of these isomers, an
X-ray diffraction study of Sa was carried out. Its molecular
structure, along with the principal bond lengths, and inter-
bond angles, is shown in Figure 3. A shift of the two double
bonds from the pyrrole ring to the exocyclic C—C bond is
evident from the elongation of the C(8)—C(9) bond
(1.503(7) A) and the contraction of the C(6)—C(7)
(1.372(7) A) and C10—C11 (1.341(8) A) bonds relative to
the analogous bond lengths in the structure of 4a (Figure 2).
The direct localization of the C-bonded hydrogen atoms in
these positions confirmed the formulation of the structure.

As a consequence of the rearrangement of the double
bonds to the bridging methylene positions the ligand now
possesses a conjugated m system and a planarized structure.
This planarization induces a marked steric hindrance between
the chloro ligand and the methyl substituents on the oxazoline
ring. This repulsion leads to a distortion of the chloro ligand
and the oxazoline ligands away from the idealized molecular
plane and generates a coordination geometry which is
reminiscent of the saddle-type conformation adopted by
many porphyrin complexes.'*l The chloro ligand points out-
of-plane (N(2)-Pd-Cl1 160.0(2)°) and is almost equidistant with
respect to the oxazoline methyl groups (CI—C(5)/H(7) 3.362/
2.607, CI-C(16)/H(22) 3.355/2.597, CI-C(4)/H(5) 3.286/2.502,
CI-C(15)/H(18) 3.351/2.590 A). The strong interligand repul-
sion disfavors the conversion of 4a to 5a and thus the lower
limit for the free reaction enthalpy discussed above must be
interpreted with this constraint in mind. In other words, the
net thermodynamic gain due to the planarization and
generation of the conjugated m system is significantly greater.

NS

| 7

L

R2R' CI RZRi

0%

The porphyrinogen — porphyrin analogy: oxidative planariza-
tion of the 2,5-bis(oxazolinylmethyl)pyrrolide —palladium
complexes

The methylene-bridged tris-heterocyclic ligands 3a—3c¢ bear
a certain resemblance to macrocyclic and open-chain oligo-
pyrroles.”71In the latter, in particular in their transition-metal
complexes, there is a strong tendency to form planar ligands
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Figure 3. Two representations of the molecular structure of 5a: a) View
along the Pd—N(2) vector showing the repulsion between the chloro ligand
and the methyl substituents on the oxazoline rings; b) view orthogonal to
the idealized molecular plane. Principal bond lengths [A] and angles [°]:
Pd—N(1) 2.030(4), Pd—N(2) 2.022(4), Pd—N(3) 2.047(4), Pd—Cl 2.328(4),
C(8)—C(9) 1.503(7), C(6)—C(7) 1.372(7), C(10)—C(11) 1.341(8); N(1)-Pd-
N(3) 165.3(1), N(1)-Pd-N(2) 91.0(2), N(2)-Pd-N(3) 90.4(2), N(2)-Pd-Cl
160.0(2), C(10)-C(11)-C(12)-N(3) 13.6(4).

that are characterized by conjugated m systems which are
generally formed by oxidation of the CH, bridges between the
rings. This is the principle of the
porphyrinogen —porphyrin con-
version, a key step, which is <k
generally induced by atmos-
pheric oxygen, in the synthesis
of porphyrins.! In view of this
well established pattern of re-
activity it was of interest to us to
investigate the oxidation of the
complexes 4a—4c in air. 05 4
Whereas complex 4a was
unreactive towards oxidation
with O, the chiral complexes
4b and 4c¢ were cleanly con-
verted to their planarized oxi-
dation products 6b and 6c,
respectively (Scheme 6). This

Absorbance

210 310
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Scheme 6. Oxidative planarization of complexes 4b and 4¢ to give the
conjugated systems 6b and 6¢, respectively.

transformation was accompanied by a change of color from
yellow to orange-red which was monitored by UV/Vis
spectroscopy. Monitoring the reaction by 'H NMR spectro-
scopy established the concomitant formation of H,O as the
second reaction product. A series of absorption spectra
recorded during the reaction of a solution of 4b under an
atmosphere of O, (1 bar) is shown in Figure 4.

The starting material 4b displays a relatively featureless
absorption spectrum in the visible region, with the long wave-
length tailing of the metal-ligand charge transfer (MLCT)
absorption band at 375 nm (lg(e) = 2.60) being responsible for
the yellow color. This MLCT absorption band experiences a
significant increase in intensity (hyperchromic effect: lg(e) =
3.06 with a maximum at 368 nm) upon conversion to the
oxidized complex 6b, and an intense band, which is assigned
to an intraligand st* < m transition in the conjugated planar-
ized ligand, increases in intensity at 485 nm. This ¥ < m band
displays a characteristic vibrational progression of v ~ 1350 cm™".

The details of the molecular structure of complex 6b were
established by an X-ray diffraction study. Two representations
of the molecule are depicted in Figure 5 along with the
principal bond lengths and interbond angles. The view along
the CI-Pd-N(2) vector in Figure S5a shows the almost ideal
planarity of the ring system, the two isopropyl groups pointing
in opposite directions, the methyl groups of which are
oriented away from the bulky chloro ligand. In contrast to
the structure of Sa, the planarization of 6b leads to a virtually

S conv, 100 .
) i
=] '

4 [ B 1ty 12 14

[

Time (h}

410 510 610 710 810

Wavelength (nm)

Figure 4. UV/Vis absorption spectra showing the progressive conversion of 4b into 6b (recorded in CH;CN,
concentration 5 x 10~ molL!).
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Figure 5. Two representations of the molecular structure of 6b. a) View
along the Cl-Pd-N(2) axis showing the almost ideal planarity of the ligand
chromophore; b) view onto the coordination plane. Principal bond lengths
[A] and angles [°]: Pd—Cl 2.3211(9), Pd—N(1) 2.012(3), Pd-N(2) 2.003(3),
Pd—N(3) 2.015(3), C(7)—C(8) 1.349(5), C(9)—C(10) 1.328(6), C(11)—C(12)
1.361(5); CI-Pd-N(2) 179.82(7), N(1)-Pd-N(3) 177.8(1), C(8)-C(7)-C(3)-
N(1) 2.3(2).

ideal square-planar arrangement of the four ligating atoms
around the central atom (CI-Pd-N(2) 179.82(7), N(1)-Pd-N(3)
177.8(1)°). While the C—C bond lengths of the exocyclic
double bonds of the pyrrole ring are essentially identical to
those found in complex 5a (av 1.355 A), the C(9)—C(10) bond
length of 1.328(6) A confirms the presence of an additional
double bond in the converted pyrrole ring.

Conclusion

In this work we have established a new class of chiral C,-
symmetric meridionally coordinating N-donor ligands which
are ideally adapted to triscoordination in square-planar
transition-metal complexes. These are interrelated by oligo-
pyrrole-type planarization reactions of the CH,/CH bridges
that link the three heterocycles and constitute an alternative

1764
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set of ancillary ligands to the well-established pybox/phebox
systems.

All three types of C,-symmetric palladium complexes may
act as catalysts in Lewis acid catalyzed transformations. In a
first step towards the application of these systems and in order
to relate them to the known {(phebox)Pd} " catalysts, we have
tested 4b and 4c¢ in the catalytic asymmetric Michael addi-
tion of ethyl-2-cyanopropionate to methyl vinylketone
(Scheme 7).22 %

o)

)J\/
N Cat. : Pd/AgBF
atl. | 4
CHs {1 mol%, 1:1)

o
NC)Y ~ 10 mol % iPr,NEt

0 RT

0
)Wcoza
CN

CH3

Scheme 7. Asymmetric Michael addition of ethyl-2-cyanopropionate to
methyl vinyl ketone as catalyzed by 4b and 4c.

This reaction, for which Richards et al. found an enantio-
selectivity (ee) of 35% using [(phebox)Pd(OH,)](SbF,), was
found to be catalyzed by both 4b and 4c¢ (catalyst loading:
1 mol%) and gave rise to maximum ee values of 43 % (4b)
and 21% (4c¢) at low conversions (14% and 29 %, respec-
tively).?*l The limiting factor appears to be the relatively low
activity of both complexes, accordingly significant competi-
tion from the noncatalyzed (non-stereoselective) reaction
occurs, which reduces the overall enantioselectivity in this
conversion. This is evident from the systematic decrease in
stereoselectivity with longer reaction times.

Nishiyama and co-workers have very recently reported
significantly superior results for this reaction (ee>80%,
2mol% cat.) with an in-situ generated phebox-rhodium
complex [(phebox)Rh(SnMe;)Cl] as catalyst.>! The current
activities in our group are aimed towards the extension of the
coordination chemistry of these novel ligand systems and the
exploration of the catalytic activity of their complexes with
other transition metals in a variety of transformations

Experimental Section

Solvents were dried according to the standard procedures and saturated
with nitrogen. Solids were separated from suspensions by centrifugation to
avoid filtration procedures with a Hettich — Rotina 48 centrifuge equipped
with a specifically designed Schlenck tube rotor (Hettich Zentrifugen,
Tuttlingen, Germany).l The 'H and *C NMR spectra were recorded on a
Bruker AC300 ("H 300 MHz; “C{'H} 75 MHz), a Bruker AM 400 (‘H
400 MHz; "“C{'H} 100 MHz), and a Bruker ARX 500 ('H 500 MHz;
BC{'H} 125 MHz) spectrometer. Infrared spectra were recorded on a
Perkin Elmer 1600 FT-IR spectrometer and UV spectra on a Varian
Cary 05E UV-VIS NIC spectrometer. EI mass spectra were recorded on a
Shimadzu QP 5050-GC/MS system. The elemental analysis were carried
out by the Service Commun de Microanalyse de 1'Université Louis Pasteur
of Strasbourg. 2,5-Bis[(trimethylammonio)methyl]pyrrole diiodide,!' %)
3,4-diethylpyrrole-2,5-dicarboxylic  acid,?”)  [Pd(PhCN),CL],”¥!  and
[PdCl,(1,5-cod)] (cod = cyclooctadiene)®! were prepared according to
the previously described procedures. All other chemicals employed as
starting materials were obtained commercially and used as received
without further purification.

Preparation of 2,5-biscyanomethylpyrrole (2): In a 1 L round bottom flask
equipped with a gas trap, sodium cyanide (11.275 g, 0.23 mol) was dried
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under vacuum at 110°C for 1 h. The flask was then cooled to 0-10°C and
dimethyl sulfoxide (250 mL) was carefully added, followed by the dropwise
addition of a slurry of 2,5-bis[(trimethylammonio)methyl]pyrrole diiodide
(46.5 g, 0.1 mol) in dimethyl sulfoxide (350 mL). The mixture was heated
and stirred at 40 °C for 1 h until the evolution of gas ceased. After cooling to
room temperature, the suspension was poured onto 1L of water and
extracted with ethyl acetate. The combined organic phases were dried over
sodium sulfate and solvents were removed by rotary evaporation to give a
brown residue that was purified either by chromatography (SiO,, EtOAc,
R;=0.70) or recrystallization from dichloromethane (yield =62 %).

'H NMR ([D¢]DMSO; 300 MHz): 6 =11.16 (broad s, 1H; pyrrole NH),
591 (d, ¥/ =3 Hz, 2H; pyrrole H-3, H-4), 3.90 ppm (s, 4H; CH,); BC{'H}
NMR ([D¢]DMSO; 75 MHz): 6 =120.5 (pyrrole C(2,5)), 118.1 (pyrrole
C-3, C-4)), 107.1 (C=N), 15.6 (CH,); IR (KBr disk): 7= 3444 (m), 2251 (s),
1628 (w), 1592 (s), 1416 (s), 1328 (s), 1175 (s), 754 (s), 602 (m), 378 cm™!
(m); MS: m/z: 145 [M]*+, 119 [M — CN]*, 105 [M — CH,CN]*, 65 [M —
2 CH,CNJ*; elemental analysis (% ) for C¢H;N; (145.16): caled: C 66.19, H
4.86, N 28.95; found: C 66.02, H 4.73, N 29.08.

General procedure for the preparation of the 2,5-bis{(oxazolyl)methyl}-
pyrroles 3a—3c: ZnCl, (582 mg, 8.54 mmol) was melted in vacuo and then
cooled under an atmosphere of nitrogen. 2,5-Biscyanomethylpyrrole
(1.00 g, 8.54 mmol), chlorobenzene (20 mL), and the appropriate amino
alcohol (23.9 mmol, 3.75 equiv) were added successively and the reaction
mixture was subsequently stirred at 115 °C for 4-5 days in a closed system.
The solvent was removed under vacuum and the dark brown residue was
purified by chromatography on silica gel and eluted with a ethyl acetate —
triethylamine mixture (95:5% v/v) to afford the desired product as brown
to light brown solids or oils.

Bis{2-(4,4'-dimethyl-5-hydrooxazolyl)methyl}pyrrole (3a): Isolated as a
pale brown solid after four days; yield: 76%; R;=0.42; 'H NMR
(300 MHz, CDCl;, 295 K): 6 =9.33 (br. s, 1 H; pyrrole NH), 5.90 (d, ¥/ =
2.6 Hz, 2H; pyrrole H-3, H-4), 3.93 (s, 4H; oxazolyl CH,), 3.59 (s, 4H;
CH,), 1.28 ppm (s, 12H; CHj;); *C{'H} NMR (75 MHz, CDCl;, 295 K): 6 =
163.3 (oxazolyl C=N), 124.0 (pyrrole C-2, C-5), 106.9 (pyrrole C-3, C-4),
79.2 (oxazolyl CH,), 67.2 (oxazolyl C,,,), 28.4 (CH;), 27.2 ppm (CH,); IR
(KBr disk): 7=2967 (s), 1663 (s), 1584 (w), 1362 (w), 1270 (m), 1143 (m)
98lcm™' (m); MS: mi/z: 289 [M]*, 246 [M—iPr]*, 217 [M—
C(CHs;),CH,0]*, 145 [M — 2 C(CH;),CH,O]*; elemental analysis (%) for
C,sH3N;0, (289.37): caled: C 66.41, H 8.01, N 14.52; found: C 65.62, H 8.27,
N 14.38.

(S,5)-Bis{2-(4-isopropyl-4,5-dihydrooxazolyl)methyl}pyrrole (3b): Isolated
as a brown oil after four days; yield: 56 %; R;=0.47; '"H NMR (300 MHz,
CDCl;, 295 K): 6 =9.45 (br. s, 1 H; pyrrole NH); 5.90 (d, 4/ =2.6 Hz, 2H;
pyrrole H-3, H-4), 4.24 (m, 2H; oxazolyl CH,), 3.93 (m, 4H; oxazolyl CH,,
CH), 3.61 (s, 4H; CH,), 1.72 (sept, 2H; iPr CH), 0.97 (d, 3J=6.7 Hz, 6 H;
iPr CH;), 0.87 ppm (d, 3/ =6.7 Hz, 6 H; iPr CH,); *C{!H} NMR (75 MHz,
CDCl;, 295 K): 0 =164.8 (oxazolyl C=N), 124.0 (pyrrole C-2, C-5), 106.9
(pyrrole C-3, C-4), 72.3 (oxazolyl CH), 70.4 (oxazolyl CH,), 32.7 (iPr CH),
26.9 (CH,), 18.9 (iPr CHj;), 18.3 ppm (iPr CHj;); IR (KBr disk): 7 =2963 (s),
1662 (s), 1517 (w), 1422 (m), 1369 (m), 1265 (s), 895 cm™" (m); MS: m/z: 317
[M]*, 205 [M —oxa]", 93 [M —2oxa]"; elemental analysis (%) for
CsHy,N;0, (317.43): caled: C 68.11, H 8.57, N 13.24; found: C 67.73, H
8.66, N 12.97.

(S,5)-Bis{2-(4-tertiobutyl-4,5-dihydrooxazolyl)methyl}pyrrole (3¢): Isolat-
ed as a brown oil after five days; yield: 48 %; R;=0.52; "H NMR (300 MHz,
CDCl, 295 K): 6 =9.51 (br. s, 1 H; pyrrole NH), 5.90 (d, */=2.6 Hz, 2H;
pyrrole H-3, H-4), 415 (m, 4H; oxazolyl CH, and CH), 3.87 (m, 2H;
oxazolyl CH,), 3.62 (s, 4H; CH,), 0.89 ppm (s, 18 H; CH; /Bu); “C{'H}
NMR (75 MHz, CDCl;, 295 K): 6 =164.7 (oxazolyl C=N), 124.0 (pyrrole
C-2, C-5),106.9 (pyrrole C-3, C-4), 75.8 (oxazolyl CH), 68.7 (oxazolyl CH,),
33.6 (1Bu C), 26.9 (CH,), 25.8 ppm (rBu CH,); IR (KBr disk): 7=2958 (s),
1665 (s), 1523 (w), 1414 (w), 1354 (m), 1265 (s), 744 cm~! (m); MS: m/z: 345
[M]*+, 288 [M — C(CHa);]*, 219 [M —oxa]t, 93 [M —2 oxa]"; elemental
analysis (%) for Cy,H3N;0, (345.48): caled: C 69.53, H 9.04, N 12.16;
found: C 69.17, H 9.11, N 12.05.

Typical procedure for the preparation of the bis{2-(4,5-dihydrooxazolyl)-
methyl}pyrrole(chloro)palladium complexes 4a—4c¢: A solution of 2,5-
bis[{(oxazolinyl)methyl}pyrrole] (0.100 g, 0.35 mmol) in diethyl ether
(10 mL) was cooled under a nitrogen atmosphere to —78°C. A solution
of rBuLi (1.7 M) in hexane (0.20 mL) was added and the mixture stirred at
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this temperature for 30 min. A suspension of [PdCl,(1,5-cod)] (0.108 g,
0.38 mmol) in Et,0 (15 mL) was then added through a cannula at —78°C.
After the addition was completed, the dry ice bath was removed after one
hour, the reaction mixture was allowed to warm to room temperature and
then stirred overnight. The reaction mixture was filtered, the solvent
removed under vacuum, and the orange or red residue was subjected to
column chromatography (silica gel; CH,ClL,).
[{Bis[2-(4,4'-dimethyl-5-hydrooxazolyl)methyl]pyrrole}PdCl] (4a): Isolat-
ed as a red solid; yield: 0.113 g, 76%; R;=0.45; 'H NMR (300 MHz,
CDCl;, 295 K): 6 =5.85 (s, 2H; pyrrole H-3, H-4), 4.08 (s, 4H; oxazolyl
CH,), 3.76 (s, 4H; CH,), 1.66 ppm (s, 12H; CH;); *C{'H} NMR (75 MHz,
CDCl;, 295 K): 6 =170.1 (oxazolyl C=N), 124.9 (pyrrole C-2, C-5), 103.3
(pyrrole C-3, C-4), 81.9 (oxazolyl CH,), 68.6 (oxazolyl Cy,), 29.0 (CHy),
26.3 ppm (CH,); IR (KBr disk): 7=2962 (s), 1628 (s), 1466 (m), 1398 (m),
1261 (s), 1162 (m), 799 (s), 348 cm™' (w); elemental analysis (%) for
C1sHCIN;0,Pd (430.24): caled: C 44.67, H 5.15, N 9.77; found: C 44.56, H
4.95,N 9.29.
[{(S,S)-bis[2-(4-isopropyl-4,5-dihydrooxazolyl)methyl]pyrrole}PdCI] (4b):
Isolated as a yellow solid; yield: 0.060 g, 38%; R;=0.37; 'H NMR
(300 MHz, CDCl;, 295K): 6 =5.87 (s, 2H; pyrrole H-3, H-4), 4.65 (m,
2H; oxazolyl CH,), 4.38 (m, 4H; oxazolyl CH, and CH), 3.90 (d, J(H,H) =
18.8 Hz, 2H; CH,), 3.66 (d, J(H,H) =18.8 Hz, 2H; CH,), 2.55 (sept, 2H;
iPr CH), 0.93 (d,3/ =71 Hz, 6 H; iPr CH;), 0.71 ppm (d,3/ =71 Hz, 6 H; iPr
CH,;); BC{'H} NMR (75 MHz, CDCl;, 295 K): 0 =169.4 (oxazolyl C=N),
124.4 (pyrrole C-2, C-5), 104.6 (pyrrole C-3, C-4), 70.1 (oxazolyl CH), 67.7
(oxazolyl CH,), 29.9 (iPr CH), 29.1 (CH,), 18.1 (iPr CHj;), 14.2 ppm (iPr
CH,;); IR (KBr disk): d =2955 (m), 1648 (s), 1539 (s), 1389 (m), 1262 (m),
1226 (s), 10023 (m), 730 (m), 348 cm~! (w); elemental analysis (%) for
C,sH,6CIN;O,Pd (458.29): caled: C 47.17, H 5.72, N 9.17; found: C 46.97, H
5.33,N 9.37.

[{(S,S)-bis[ 2-(4-tertiobutyl-4,5-dihydrooxazolyl)methyl]pyrrole}PdCl] (4c¢):
Isolated as a pink solid; yield: 0.071g, 42%; R;=0.32; 'H NMR
(300 MHz, CDCl;, 295 K): 0 =5.88 (s, 2H; pyrrole H-3, H-4), 4.52 (m,
4H; oxazolyl CH, and CH), 4.43 (m, 2H; oxazolyl CH,), 3.95 (d, J(H.H) =
18.8 Hz, 2H; CH,), 3.67 (d, J(H,H) =18.8 Hz 2H; CH,), 1.03 ppm (s, 18 H;
Bu CH;); C {'H} NMR (75 MHz, CDCl;, 295 K): 6 =169.5 (oxazolyl
C=N), 123.2 (pyrrole C2/5), 103.4 (pyrrole C-3, C-4), 70.1 (oxazolyl CH,),
69.6 (oxazolyl CH), 33.3 (rBu C), 28.5 (CH,), 25.0 ppm (rBu CH,); IR (KBr
disk): 7 =2965 (s), 1632 (s), 1406 (m), 1414 (w), 1230 (s), 1070 (m), 996 (m),
743 (m), 313 cm™! (w); elemental analysis (%) for C,H;CIN;O,Pd
(486.34): caled: C 49.39, H 6.22, N 8.64; found: C 49.67, H 6.05, N 8.87.
General procedures for the preparation of Sa—c

1) Synthesis from 3a-b: [Pd(PhCN),Cl,] (1.5 equiv) was added to the
ligand (3a-b, 0.475 mmol) in dichloromethane (25 mL). The reaction
mixture was stirred at room temperature for two days. The solvent was
removed and the brown residue purified by column chromatography (SiO,,
CH,CL).

2) Isomerization from 4a or 4c: Compound 4a (or 4¢) (10 mg) and one
molar equivalent of [Pd(PhCN),Cl,] were dissolved in CDCl; (0.42 mL).
The reaction was monitored by 'H NMR spectrocopy until completion.

Sa: Isolated as a red solid; yield: 76 %; R;=0.75; 'H NMR (300 MHz,
CDCl;, 295 K): 6=4.94 (s, 2H; CH), 3.94 (s, 4H; oxazolyl CH,), 2.79 (s,
4H; pyrrole CH,), 1.77 ppm (s, 12H; CH;); *C{'H} NMR (75 MHz, CDCl;,
295 K): 6 =167.8 (oxazolyl C=N), 161.2 (pyrrole C-2, C-5), 82.0 (CH), 81.7
(oxazolyl CH,), 30.5 (pyrrole C-3, C-4), 28.2 ppm (CH,;); IR (KBr disk):
7=2943 (s), 1610 (s), 1539 (s), 1430 (m), 1262 (m), 1004 (m), 949 (m),
357 cm™! (w); elemental analysis (%) for C,sH,,CIN;O,Pd (430.24): calcd:
C 44.67, H 5.15, N 9.77; found: C 44.49, H 5.02, N 9.87.

5b: Isolated as an orange solid; R;=0.75; '"H NMR (300 MHz, CDCl;,
295K): 6=4.99 (s, 2H; CH), 4.34-4.20 (m, 6 H; oxazolyl CH, and CH),
2.85 (s, 4H; pyrrole H-3, H-4), 2.52 (sept, 2H; iPr CH), 0.86 (d, 3/ =7.0 Hz,
6H; iPr CH;), 0.59 ppm (d, *J=7.0Hz, 6H; iPr CH,); “C{'H} NMR
(75 MHz, CDCl;, 295 K): 6 =169.2 (oxazolyl C=N), 162.3 (pyrrole C-2,
C-5), 81.1 (CH), 68.4 (oxazolyl CH), 67.4 (oxazolyl CH,), 31.4 (iPr CH),
30.6 (pyrrole C-3, C-4), 18.7 (iPr CHj;), 13.9 ppm (iPr CHj;); IR (KBr disk);
2954 (s), 1616 (s), 1539 (s), 1430 (m), 1262 (m), 1225 (s), 1024 (m), 956 (m),
735 (w), 357 cm™! (w); elemental analysis (%) for C;gH,,CIN;O,Pd
(4358.29): calcd: C 4717, H 5.72, N 9.17; found: C 46.99, H 5.55, N 9.23.

5c: Isolated as a red-orange solid; R;=0.70; '"H NMR (300 MHz, CDCl;,
295K): 0=4.91 (s, 2H; CH), 4.75 (m, 2H; oxazolyl CH), 4.30 (m, 4H;
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oxazolyl CH,), 2.79 (m, 4H; pyrrole CH,), 0.97 ppm (s, 18 H; rBu CHj;);
BC{'H} NMR (75 MHz, CDCl;, 295 K): d =167.3 (oxazolyl C=N), 162.5
(pyrrole C-2, C-5), 81.9 (oxazolyl CH), 69.6 (CH), 69.5 (oxazolyl CH,), 35.4
(rBu C), 30.4 (pyrrole C-3, C-4), 26.1 ppm (rBu CHj;); IR (KBr disk): 7=
2944 (s), 1610 (s), 1551 (s), 1245 (s), 956 (m), 735 (w), 357 cm™! (w);
elemental analysis (%) for C,H;CIN;O,Pd (486.34): caled: C 49.39, H
6.22, N 8.64; found: C 49.49, H 6.13, N 8.84.

General procedure for the conversion of 4b—c to 6b—c: Complex 4b or 4¢
(25 mg) was dissolved in CH,Cl, (or CH;Cl; or CH;CN) and exposed to an
oxygen atmosphere (1 bar). After the conversion was complete, Na,SO,
was added, the mixture was filtered and the solvent removed to give the
product.

Complex 6b: Isolated as an orange solid; yield: 24 mg, 100 %; R;=0.82;
"HNMR (300 MHz, CDCl;, 295 K): 6 = 6.95 (s, 2H; pyrrole H-3, H-4), 5.56
(s, 2H; CH), 5.07 (m, 2H; oxazolyl CH,), 4.33 (m, 4H; oxazolyl CH, and
CH), 2.61 (sept, 2H; iPr CH), 0.91 (d, 3/ = 6.9 Hz, 6 H; iPr CH;), 0.59 ppm
(d, 37=6.9 Hz, 6H; iPr CH,); BC{'H} NMR (75 MHz, CDCl;, 295 K): 0 =
166.9 (oxazolyl C=N), 133.6 (pyrrole C-3, C-4), 131.0 (pyrrole C-2, C-5),
86.5 (CH), 69.6 (oxazolyl CH), 67.8 (oxazolyl CH,), 31.4 (iPr CH), 18.7 (iPr
CHs;), 13.9 ppm (iPr CH3); IR (KBr disk): #=2923 (s), 1616 (s), 1539 (s),
1261 (m), 1226 (s), 1023 (m), 799 (w), 352 cm~! (w); elemental analysis (%)
for C;gH,,CIN;O,Pd (456.27): caled: C 47.38, H 5.30, N 9.21; found: C 47.23,
H 5.19, N 8.84.

Complex 6¢: [solated as a red solid; yield: 24 mg, 80 %; R;=0.73; '"H NMR
(300 MHz, CDCl;, 295 K): 0 =6.88 (s, 2H; pyrrole H-3, H-4), 5.45 (s, 2H;
CH), 5.00 (m, 2H; oxazolyl CH,), 4.41-4.29 (m, 4H; oxazolyl CH, and
CH), 0.95 ppm (s, 18 H; rBu CHj;); *C {'H} NMR (75 MHz, CDCl;, 295 K):
0 =167.3 (oxazolyl C=N), 133.1 (pyrrole C-3, C-4), 130.9 (pyrrole C-2, C-5),
87.2 (CH), 69.9 (oxazolyl CH), 68.2 (oxazolyl CH,), 36.4 (1Bu C), 26.3 ppm
(rBu CH;); IR (KBr disk): 7=2964 (s), 1600 (s), 1521 (m), 1420 (m), 1327
(w), 1267 (s), 1225 (s), 1210 (s), 1042 (m), 999 (m), 818 (m), 759 (W),
348 cm~! (w); elemental analysis (%) for C,)H3,CIN;O,Pd (484.33): calcd:
C 49.60, H 5.83, N 8.68; found: C 49.72, H 5.91, N 8.53.

General procedure for the asymmetric palladium-catalyzed Michael
reaction: In a glove box, the complex (0.01 mmol) and CH,Cl, (2mL)
was added to AgBF, (0.01 mmol). After 45 min, the mixture was filtered
under nitrogen through a pad of Celite directly into a test tube and the
solvent was removed in vacuo. The solid was then redissolved in dry
toluene (3 mL). Ethyl-2-cyanopropionate (1.0 mmol) and methyl vinyl
ketone (1.0 mmol) were added to the solution at 25 °C. N-Ethyldiisopropyl-
amine (0.1 mmol) was subsequently slowly added with a syringe. The
reaction mixture was stirred at this temperature and followed by GC and
GCMS analysis. The mixture was diluted with CH,Cl, and washed with HCl
(1m) and water. The organic layers were combined, dried over MgSO,.
After removal of the volatile solvents, the product, ethyl-2-cyano-2-methyl-
S5-oxohexanoate, was purified by silica gel chromatography (2:1 v/v hexane/
diethyl ether) to afford a pale yellow oil. 'H NMR (300 MHz, CDCl;,
295 K): 6=4.25 (q, 2H; OCH,CH,), 2.70-2.54 (m, 4H; (C*)CH,), 2.20—
194 (m, 2H; CH,), 2.12 (s, 3H; C(O)CH,), 1.56 (s, 3H; C(CN)CH,),
1.30 ppm (s, 3H; CH,CH;); MS: m/z 197 [M]", 182, 169, 155, 124, 108, 96,
82, 68, 58, 43; GC analysis: Chiraldex G-TA, column temperature 125°C;
detection: £,=20.1 min (minor enantiomer), f,=23.7 min (major enan-
tiomer).

X-ray crystallographic study of 4a, Sa, and 6b: Suitable crystals of the
complexes 4a, 5a, and 6b were obtained by layering concentrated solutions
of the compounds in dichloromethane with hexane and allowing slow
diffusion at room temperature. The crystal data were collected on a Nonius
Kappa CCD diffractometer at —100°C and transferred to a DEC Alpha
workstation; for all subsequent calculations the Nonius OpenMoleN
package was used.’”) The structures were solved by using direct methods
with absorption corrections as part of the scaling procedure of the data
reductions. After refinement of the heavy atoms, difference Fourier maps
revealed the maxima of residual electron density close to the positions
expected for the hydrogen atoms; they were introduced as fixed contrib-
utors in the structure factor calculations with fixed coordinates (C—H:
0.95 A) and isotropic temperature factors (B(H) =1.3 B.,,(C) A?) but not
refined. Full-matrix least-square refinements were made on F2 A final
difference map revealed no significant maxima of electron density. The
scattering factor coefficients and the anomalous dispersion coefficients

Table 1. Crystal data and structure refinement for compounds 4a, Sa, and 6b.

4a Sa 6b
formula C6H,,CIN;0,Pd  C;sH,,CIN;0,Pd  C3gH,,CIN;0,Pd
M, 430.23 430.23 456.26
crystal system monoclinic monoclinic orthorhombic
space group P2,/c Cc P2,.2.2,
a[A] 11.6838(2) 10.4133(5) 8.0937(2)
b [A] 10.2010(2) 24.320(2) 12.9910(3)
c[A] 14.5161(3) 7.1009(4) 17.9425(4)
a ] 90 90 90
A1 100.80(5) 107.456(5) 90
v [°] 90 90 90
VA3 1697.24(6) 1715.5(2) 1886.57(8)
z 4 4 4
Pearca [gem 3] 1.68 1.67 1.61
radiation (4 [10\]) Moy, (0.71073) Mok, (0.71073) Mok, (0.71073)
u [mm~!] 1.263 1.250 1.141
F(000) 872 872 928
crystal size [mm] 0.20 x0.18x0.12 0.14 x 0.10 x 0.06  0.20 x 0.20 x 0.16
0 range [°] 2.5-30.00 2.5-30.06 2.5-30.03
reflections collected 8200 3989 5316
independent reflect. 4143 2063 2452
data/restraints/param. 4143/0/208 2063/2/206 2452/0/226
Son F? 1.236 1.017 1.051
final R indicesl®
[1>30(1)]
R, 0.029 0.025 0.026
wR, 0.063 0.033 0.026

max/min Ap [eA3]  0.828/ —0.306 0.438/—0.105 0.501/—-0.196

[a] S=[Ew(F2—F?)*/(n—p)]* where n=number of reflections and p=total
number of parameters, R, =Z||F,|—|F.||/Z|F,|, wR,=Z[w(F2—F2)?]/
Z[w(FS) P, wo!=[R¥(F,)* + (aP)’ +bP], P=[max(F30)+2(F2)]/3.

were taken from reference [31]. Crystal data and experimental details for
the crystals of 4a, Sa, and 6b are given in Table 1.

CCDC-195952 (4a), CCDC-195953 (5a), and CCDC-195954 (6b) contain
the supplementary crystallographic data for this paper. These data can be
obtained free of charge via www.ccdc.cam.ac.uk/conts/retrieving.html (or
from the Cambridge Crystallographic Data Centre, 12 Union Road,
Cambridge CB2 1EZ, UK (fax: + (44) 1223-336-033; or deposit@ccdc.cam.
ac.uk)).
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Modulation of a Supramolecular Bowl and Pot by Changing Solvent Systems
and/or Metal/Ligand Ratios

Seong Jin Park,!?! Jae Woo Lee,!*! Shigeru Sakamoto,'*! Kentaro Yamaguchi,!!

and Jong-In Hong*[* P!

Abstract: A resorcin[4]arene-based li-
gand 2a with four pyrimidine substitu-
ents at the upper rim was synthesized,
and the generation of different metal-
mediated superstructures from the same
ligand and metal ions utilizing the un-
favorable incorporation of the third and
fourth Pd" ions to ligand 2a was inves-
tigated. The supramolecular bowl 3a,
which comes from a 1:2 combination of
ligand 2a and [Pd(en)(NOs;),], was ob-

gradually formed, which was the major
product when the ratio of mixed solvent
reached methanol/water=>5:1 (v/v).
Host —guest complexation phenomena
of 3a toward several aromatic carbox-
ylates were demonstrated by isothermal
titration calorimetry (ITC) and by
'H NMR spectroscopy; both the enthal-

Keywords: metal/ligand ratios - pi

py gain from electrostatic and hydro-
phobic interactions, and the entropy
gain from desolvation cooperatively
contribute to the binding of anionically
charged guests. The crystal structure of
supramolecular pot 4 shows direct evi-
dence for the hydrogen bonding be-
tween water and the aromatic w elec-
trons in the solid state. The modulation
between supramolecular bowl 3a and
pot 4 was also made possible by chang-
ing the metal/ligand ratios in aqueous

ined i housh ¢ interactions self-assembly
;?éﬁe n lwater even olug de)l(gcessdg solvent effects supramolecular
complexes were employed. By add- chemistry

ing methanol, the supramolecular pot 4

Introduction

Metal-induced self-assembly is a flourishing area of study in
the field of host —guest and supramolecular chemistry. There
are many examples of metal-mediated self-assembly such as
squares,!l helices,?l grids,®! catenanes,™ cylinders,! circular
helicates,[® and cages.”! In particular, cis-protected, square-
planar Pd! or Pt complexes have been widely used to
incorporate 90° bond angles and to avoid the formation of any
oligomeric products owing to its convergent nature. With the
simple combination of cis-protected, square-planar metal
complexes and pyridine-based ligands, a great number of self-
assembled superstructures, for example, molecular triangles,
squares, catenanes, cages, tubes, and capsules, have been

[a] Prof. Dr. J.-I. Hong, S. J. Park, J. W. Lee
School of Chemistry, College of Natural Sciences
Seoul National University, Seoul 151-747 (Korea)
Fax: (+82)2-889-1568
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[b] Prof. Dr. J.-I1. Hong
Center for Molecular Design and Synthesis
KAIST, Daejon 305-701 (Korea)

[c] Dr. S. Sakamoto, Prof. Dr. K. Yamaguchi
Chemical Analysis Center, Chiba University
Chiba 263-8522 (Japan)
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methanol solution as well as by varying
the water content of the mixed solvent.

designed and synthesized.[®! Only a few examples, however,
have been reported in which pyrimidine-based ligands were
used as building blocks for the construction of supramole-
cules, because it is unfavorable to coordinate at the 1,3-
position of a pyrimidine ring due to the cationic repulsion
between two adjacent metal ions and the electron-withdraw-
ing effects of the adjacent metal — pyrimidine bonds.[ 1]

We recently described that an intramolecularly assembled
cavity 3b was constructed by the addition of two equivalents
of [Pd(en)(NOs;),] to a suspension of 2b in an aqueous
solution.!l From CPK and computer-aided modeling, the
formation of a supramolecular pot 4 was expected from the
combination of 2a with pyrimidine (Prm) moieties instead of
pyridine moieties as pendent groups and four equivalents of
cis-protected Pd" ions.'?l Also, the formation of a supra-
molecular bowl 3a was expected to arise from the unfavorable
coordination at the 1,3-position of a pyrimidine ring.

Herein, we demonstrate how different metal-mediated
superstructures are generated from the same ligand and
metal ions; supramolecular bowl 3a is predominantly formed
in water, while the construction of pot 4 is accomplished in a
water/methanol solvent mixture when ligand 2a and four
equivalents of [Pd(en)(NO,),] were employed. Also, the
formation of bowl 3a is achieved by changing the metal/ligand
ratios in a water/methanol solvent mixture.
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Scheme 1.

Results and Discussion

Synthesis and characterization of a resorcin[4]arene-based
pyrimidine ligand 2a and a self-assembled supramolecular
bowl 3a: A resorcin[4]arene-based ligand 2a with four
pyrimidine substituents at the upper rim was synthesized
from a tetrakis(bromomethyl)cavitand 1 by nucleo-
philic  substitution = with  5-hydroxymethylpyrimidine
(Scheme 1). 1 When a suspension of ligand 2a and
[Pd(en)(NO;),] (4 equiv) in water was heated at 80°C for
20 min, a clear solution was obtained. 'H NMR spectroscopic
analysis, contrary to our expectations, showed the formation
of a C,-symmetric bowl 3a, which comes from a 1:2
combination of 2a and [Pd(en)(NOs;),]; not only do H,
protons divide into two signals (Hy,, H,), but also the bridging
methylene protons split into two sets of signals (H,/H,., H;/
H,). Since protons H;. and H, exist in the shielding region
between the two pyrimidine ligands interacting with the Pd!
ion, they are expected to move further upfield than H; and
H,."1 Also the benzylic protons (Hy) at the upper rim
become desymmetrized by the hindered rotation upon Pd!
complexation and appear as a pair of doublets.'’! This also
indicates the formation of a rigid C,,-symmetric superstruc-
ture.') Additional evidence for the formation of supra-

Abstract in Korean:
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L = ethylenediamine

molecular bowl 3a was obtained by a coldspray ionization
mass spectrometric (CSI-MS) spectrum (Figure 1): [3a—
2NO;7** (769.0).

[3a -2 NO;I** 0.50 u

4

766 768 770 772 774

0 bl w TV TWR PR ﬁ (PITY ,M
400 500 600 700 800 900 1000 1100 1200 1300 1400 1500 1600
mlz

Figure 1. CSI-MS spectrum of 3a (needle voltage: 2.3 kV, orifice voltage:
21V, ringlens voltage: 78 V, ion source temperature: 293 K).

Binding phenomena of supramolecular bowl 3a: The host—
guest complexation with supramolecular bowl 3a was dem-
onstrated by the complexation-induced changes in the chem-
ical shift observed in the 'H NMR binding titrations in
[D,]water (Table 1). Analysis of the titration data of 3a with
several aromatic guests showed that the binding isotherms are
well fitted by a 1:1 binding model. The 1:1 stoichiometry of the
complex formed between 3a and the sodium salt of p-anisic
acid was further confirmed by a Job plot (Figure 2).

The binding constants of 3a for anionic guests showed the
same trend, but were smaller that those for 3b (Table 1).
Presumably, the repulsive interaction between the carbox-
ylate group of the guests and the directional dipole of

Table 1. Binding constants of
[D,]water.[?]

the 1:1 host—guest complexes in

Kyina [M71] of 32 Kiing [M7'] of 3b

1,4-dimethoxybenzene 4200 4500
benzoic acid (sodium salt) 250 1040
p-toluic acid (sodium salt) 9700 70000
p-anisic acid (sodium salt) 38000 > 100000

[a] Binding constants were obtained by 'H NMR titrations on the basis of
the 1:1 binding model at 300 K.
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Figure 2. Job plot for 3a with the sodium salt of p-anisic acid.

pyrimidine’s non-coordinated nitrogen atoms of 3a contrib-
utes to the lowering of the binding constants.['” 18]

To elucidate the thermodynamic parameters controlling the
complexation process, isothermal titration calorimetry was
carried out for the complex formation between 3a and the
sodium salt of p-toluic acid at 30°C in water (Figure 3).
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Figure 3. ITC titration data for 3a with the sodium salt of p-toluic acid at
30°C in water.

It was shown that the complexation process is both
enthalpically (AH®° = —2.80 + 0.09 kcal mol~!) and entropical-
ly favored (AS°=9.07 calK-'mol~'), which indicates that
both the enthalpy gain from electrostatic and hydrophobic
interactions, and the entropy gain from desolvation cooper-
atively contribute to the binding. The complexation process of
3b toward the sodium salt of m-toluic acid has been proven to
be enthalpically favored, but entropically disfavored.!M Tt is
presumed that the difference in entropy originates from the
binding site of 3a being more solvated than 3b owing to the
pyrimidine’s non-coordinated nitrogens.

The energy-minimized structure of the self-assembled
supramolecular bowl 3a shows the generation of a hydro-
phobic binding site by the Pd"-induced self-assembly (Fig-
ure 4a).['2l Moreover, inspection of the computer-generated
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Figure 4. Energy-minimized structures: a) the self-assembled supramolec-
ular bowl 3a; b) the complex between supramolecular bowl 3a and sodium
salt of p-anisic acid.

structure of the complex between 3a and the sodium salt of p-
anisic acid indicates that the guest molecule induces a
conformational change of 3a to maximize the resulting
hydrophobic and electrostatic interactions (Figure 4b). The
guest molecule is oriented in a manner whereby its methyl
group is embedded within the resorcin[4]arene-backbone and
its carboxylate group is located near the clipping Pd" ions.['”
This indicates that an appropriate length of the alkyl chain of
the aromatic carboxylate guest is required for the most
effective hydrophobic and electrostatic interactions.

Synthesis and characterization of a self-assembled supra-
molecular pot 4: To construct the supramolecular pot 4 by the
incorporation of the third and fourth Pd" ions, we attempted
to change the solvent system by adding methanol.’] Gentle
heating with gradual addition of methanol to an aqueous
solution of 3a and two equivalents of [Pd(en)(NO;),] resulted
in a slow increase in intensity of a new set of '"H NMR peaks
(Figure 5). Moreover, these new peaks are the only ones
observed when the mixed solvent system reached a ratio of
[D,]Jmethanol/[D,]water =5:1 (v/v).[20-21

. Hy How o
. A I\ '
O J. i x
0 A A L A JL #L..__

,b_)__J\___Mu_‘ _.JL A
a) Ha' Hb' Hb" JHC« Ho'
1 I0 “) Eli 7l (I) ppm

Figure 5. Portion of the 'H NMR spectra with gradual addition of
methanol to an aqueous solution of 3a and two equivalents of [Pd(en)-
(NOs),] (300 MHz, 300 K): a) in [D,]water; b) in [D,Jmethanol/[D,]water
=1:1 (v/v); ¢) in [Dy]methanol/[D,]water =3:1 (v/v); d) in [D,Jmethanol/
[D,]water =5:1 (v/v); e) in [D,]methanol/[D,]water = 10:1 (v/v).

One- and two-dimensional NMR measurements allowed
us to deduce that the new sets of "H NMR signals correspond
to a Cy,-symmetric structure. The new structure was assigned
as the supramolecular pot 4, in which four Pd" ions
were incorporated into the ligand 2a (Scheme 2). This
was confirmed by a CSI-MS spectrum (Figure 6):
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Figure 6. CSI-MS spectrum of 4 (needle voltage: 2.2 kV, orifice voltage:
56 V, ringlens voltage: 175V, ion source temperature: 288 K).

[4 —Pd(en)(NOs), —
(1058.9).21

The structure of the supramolecular pot 4 was determined
by an X-ray crystallographic analysis (Figure 7).2°1 A single
crystal suitable for an X-ray structure analysis was obtained
by standing a solution of 4 in a water/methanol mixture at
ambient temperature for two days. The crystal structure of 4
clearly demonstrates that the resorcin[4]arene-based pyrimi-
dine ligands are clipped by four Pd" ions. The Np,,-Pd-Np,,,
angles range from 91.4-91.7°, which are close to the ideal
bond angle of 90°. The adjacent Pd---Pd distances are 5.82
and 5.90 A, and the distance between the two remote Pd
atoms is 8.30 A. Interestingly, supramolecular pot 4 crystal-
lized with two water molecules entrapped within the cavity in
spite of the hydrophobic nature of its interior.? The O ---O
distance of the two entrapped H,O molecules is 3.89 A, and

2NO; * (914.0) and [4—2NO, |

L = ethylenediamine (en) 3a

the water molecules are over
41A away from the four in-
ward-pointing ether oxygen
atoms of 4; this indicates that
there is very weak or no hydro-
gen-bonding interaction be-
tween them. This water-entrap-
ping phenomenon is elucidated
by the fact that the entrapped
4 water molecules are surround-

ed by four aromatic rings and

that the distances of centroid -+
O in aromatic rings---H,O range from 3.5 to 4.1 A. This
clearly shows the existence of an OH-m(aromatic) interac-
tion between entrapped water molecules and the surrounding
aromatic rings.1’]

Figure 7. The X-ray crystal structure of 4: two side views. The nitrate
anions and solvent molecules outside cavity are omitted for clarity.

Modulation of supramolecular bowl 3a and pot 4 by changing
solvent systems with four equivalents of [Pd(en)(NO;),] and
by altering metal/ligand ratios in a water/methanol solvent
mixture: To investigate the reversible modulation of supra-
molecular bowl and pot by changing the solvent system
(Scheme 3), a 'H NMR study was performed by varying the
water/methanol ratio of solution containing 4 (Figure 8).
Gradual addition of [D,]water to a solution of the C,-
symmetric pot 4 in [D,]water/[D,Jmethanol = 1:5 (v/v) result-
ed in a slow increase in the intensity of signals for the C,,-
symmetric bowl 3a. When the ratio of mixed solvent reached
[D,]water/[D,]Jmethanol =2:1 (v/v), only 3a remained.

To investigate the tuning of the structure between supra-
molecular bowl and pot by changing metal/ligand ratios, a

8+

N(/\/'\ X /~N/\

Scheme 3. Changing solvent systems: i) 4 equiv [Pd(en)(NOs),], [D,]water, 80°C, 20 min; ii) add [D,Jmethanol; iii) add [D,]water. Altering metal/ligand
ratios: i) 2 equiv [Pd(en)(NOs),|, [D4]methanol/[D,]water = 10:1 (v/v); ii) add 2 equiv [Pd(en)(NO,),]; iii) add 2 equiv 2a.

Chem. Eur. J. 2003, 9, No. 8

© 2003 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

0947-6539/03/0908-1771 $ 20.00+.50/0 1771





FULL PAPER

J.-I. Hong et al.

H, .
a Hy . H.

BN G Y W

Warmaisies Wrppsiaré

J HL m

b) l
A : o

Y )LHZN J; JL ° L...,,..

T T T

10 9 8 7 ppm

<)

g
—

Figure 8. Portion of the '"H NMR spectra with gradual addition of water to
a solution of 4 in a water/methanol mixed solvent (300 MHz, 300 K): a) in
[D,]water/[D,]methanol =1:5 (v/v); b) in [D,]water/[D,]methanol =1:2.5
(v/v); ¢) in [D,]water/[D4]Jmethanol = 1.5:1 (v/v); d) in [D,]water/[D,]Jmeth-
anol=2:1 (v/v).

'H NMR study was performed in a water/methanol mixture
([D4]methanol/[D,]water =10:1 (v/v)) with different metal/
ligand ratios (Figure 9). It turned out that the C,,-symmetric
bowl 3a was constructed immediately after mixing of 2a and
two equivalents [Pd(en)(NOs),]. Also mixing 2a and four
equivalents of the Pd" complex gave rise to a simple 'H NMR
spectrum that corresponds to the C,,-symmetric pot 4.1
Furthermore, with a 1:3 mixture of 2a and [Pd(en)(NO;),],
both 3a and 4 resulted.

H,

S L

'S

He ‘Hy
H,

b) Ha Hy iHy» H
Y -
H, H r
a) a b H,
1 A N
T T T T T
10 o 8 7 6

Figure 9. Portion of the "H NMR spectra with changing metal/ligand ratios
in an aqueous methanol solution (300 MHz, [D,]methanol/[D,]water =
10:1  (v/v), 300K): a)free 2a; b)2a/[Pd(en)(NO;),|]=1:2; c)2a/
[Pd(en)(NOs),] =1:3; d) 2a/[Pd(en)(NO;),] = 1:4.

Conclusion

We could modulate the formation of the supramolecular bowl
3a and pot 4 by using the unfavorable incorporation of the
third and fourth Pd" ions into the resorcin[4]arene-based
pyrimidine ligand 2a by changing the metal/ligand ratios in a
water/methanol solvent mixture, as well as by varying the
water content of the mixed solvent. When a 1:4 ratio of ligand
2a and Pd" ions were employed, the supramolecular bowl 3a
was predominantly formed in water, while the formation of
the supramolecular pot 4 was accomplished in a water/
methanol mixture. Also, the formation of bowl 3a was
achieved when 2a and two equivalents of Pd! ions were
mixed in a water/methanol solvent mixtuer. Host-guest
chemistry of 3a and various aromatic carboxylates in water
showed the importance of the desolvation energy as well as
the cooperative effect of electrostatic and hydrophobic
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interactions. The crystal structure of supramolecular pot 4
shows direct evidence for hydrogen bonding between water
molecules and the aromatic 7 electrons in the solid state.

Experimental Section

General: All the chemicals were of reagent grade and used without any
further purification. The complex [Pd(en)(NO;),] was prepared according
to a published method.?”) All of the aromatic carboxylate guests were
obtained by treating the aqueous solution of the corresponding commer-
cially available acids with an equimolar amount of NaOH. Deuterated
solvents were acquired from Cambridge Isotopic Laboratories and used as
such for the complexation reactions and NMR measurements. 'H,
3BC NMR, and other 2D NMR spectra were recorded either on a Bruker
Avance DPX-300 or a Bruker Avance 500 spectrometer. Chemical shifts
are given in ppm, with the residual resonances of deuterated solvents as
internal references (6 =7.27 ppm for chloroform; ¢ =4.80 ppm for water;
0=4.87 ppm for methanol). FAB-MS (Fast atom bombardment mass
spectroscopy) data were obtained on a JEOL JMS-AXS505WA mass
spectrometer, with NBA (m-nitrobenzyl alcohol) as a matrix. CSI-MS data
were measured on a four-sector (BE/BE) tandem mass spectrometer
(JEOL JMS-700T) equipped with a CSI source. ITC experiments were
performed on an isothermal titration calorimeter purchased from Microcal
Inc. Molecular modeling was performed on a Silicon Graphics O2 machine
with the modified Amber* force field in the MacroModel 7.0 program.
Data for the crystal structure of the supramolecular pot 4 were recorded
with an Enraf-Nonius Kappa-CCD diffractometer equipped with a graph-
ite crystal incident-beam monochromator Lp.

Preparation of ligand 2a: A mixture of 5-hydoxymethylpyrimidine
(332 mg, 3 mmol), NaH (720 mg, 3 mmol), [15]crown-5 (661 mg, 3 mmol),
and tetrakis(bromomethyl)cavitand 1 (482 mg, 0.5 mmol) in dry DME
(10 mL) was stirred under nitrogen atmosphere at 50°C for 12 h. The
solvent was evaporated and the residue was dissolved in CHCl; (50 mL).
The solution was washed with water and brine, and dried (Na,SO,). The
solution was evaporated to dryness under vacuum. The crude solid was
purified by chromatography on silica gel with CH,Cl,/MeOH (10:1) to
provide 2a (323 mg, 60% yield). 'H NMR (300 MHz, [D]chloroform,
300 K): 6=9.16 (s, 4H; PrmH,), 8.68 (s, 8H; PrmH,), 7.22 (s, 4H; ArH,),
5.69 (d, J(H,H)=6.55Hz, 4H; ArOCHH;OAr), 4.95 (q, 3J(HH)=
7.02 Hz, 4H; CHCH,;), 4.50 (s, 8H; PrmCH,0), 4.33 (s, 8H; OCH,Ar),
4.25 (d, *J(H,H) =6.65 Hz, 4H; ArOCH, H;0Ar), 1.72 ppm (d, *J(H,H) =
7.78 Hz, 12H; CHCH,;); C NMR (75 MHz, [D]chloroform, 300 K): ¢ =
158.28, 156.63, 153.43, 138.72, 130.98, 12287, 120.23, 99.18, 67.83, 62.48,
30.97, 15.90 ppm; FAB-MS: m/z caled: 1081.4096; found: 1081.4066
[M+H]"; elemental analysis calcd (%) for C4HssNgOy,: C 66.66, H 5.22,
N 10.36; found: C 66.29, H 5.33, N 10.18.

Preparation, physical, and spectroscopic properties of 3a

Method I: Ligand 2a (108 mg, 0.1 mmol) and [Pd(en)(NOs),] (>2 equiv,
> 59 mg, > 0.2 mmol) were suspended in water (3 mL), and the mixture was
heated at 80°C for 20 min. Ethanol was added to the clearly dissolved
reaction solution, and the precipitate was collected. The white precipitate
was collected by filtration, washed with aqueous ethanol and dried under
vacuum to give 3a (103 mg, 62 % yield).

Method 2: Ligand 2a (1.1 mg, 10 umol) and [Pd(en)(NO;),] (2 equiv,
0.6 mg, 20 umol) were mixed in [D,Jmethanol/[D,]water=10:1 (v/v)
(0.5mL) in an NMR tube. '"H NMR (300 MHz, [D,]water, 300 K): 6 =
9.62 (s,4H;PrmH,),9.17 (s,4H; PrmH,), 8.87 (s,4H; PrmH,,), 7.59 (s, 4 H;
ArH,), 6.09 (d, 3/(HH)=6.32Hz, 2H; ArOCH,H;OAr), 49 (b, 6H
ArOCH, H;OAr + CHCH,), 4.60 (s, 8H; PrmCH,0), 4.43 (d, *J(H,H) =
9.81 Hz,4H; OCHHAr), 4.11 (m, 6H; OCHHAr + ArOCH,H;OAr), 3.62
(d, 3J(H,H) =6.38 Hz, 2H; ArOCH,.H;OAr), 2.90 (s, 8H; NCH,CH,N),
1.79 ppm (d, 3/(H,H) = 6.40 Hz, 12H; CHCHs;); CSI-MS: m/z: 769.0 [3a —
2NO;7]**; elemental analysis caled (%) for CgH,,N O, Pd,-2H,0: C
45.26, H 4.51, N 13.20; found: C 45.02, H 4.46, N 12.82.

Preparation, physical, and spectroscopic properties of 4: Ligand 2a
(108 mg, 0.1 mmol) and [Pd(en)(NOs),] (4 equiv, 117 mg, 0.4 mmol) were
mixed in the mixed solvent MeOH/H,O (10:1 (v/v), 10 mL), and the
mixture was gently heated. Ethanol was added to the reaction solution, and
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then the precipitate was collected. The white precipitate was collected by
filtration, washed with aqueous ethanol, and dried under vacuum to give 4
(174 mg, 78 % yield). '"H NMR (300 MHz, [D,]methanol/[D,]water =10:1
(v/v), 300 K); 0 =10.24 (s, 4H; PrmH,), 9.28 (s, 8H; PrmH,,), 7.53 (s, 4 H;
ArH,), 605 (d, 3/(HH)=711Hz, 4H; ArOCH,H, OAr), 496 (q,
3J(HH) =7.53 Hz, 4H; CHCH,;), 4.57 (s, 8H; PrmCH,0), 4.39 (s, 8H;
OCH,Ar), 426 (d, 3J(HH)=724 Hz, 4H; ArOCH,.H;.OAr), 2.9 (m,
16H; NCH,CH,N), 1.78 ppm (t, 3J(H,H) =747 Hz, 12H; CHCH,); CSI-
MS: m/z: 10589 [4—2NO; J**, 914.0 [4—Pd(en)(NOs), —2NO; |**;
elemental analysis calcd (%) for CgiHggN,,O5 Pd,-2H,O: C 35.83, H
4.07, N 14.75; found: C 34.32, H 4.48, N 14.83.
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Helical Polymer-Anchored Porphyrin Nanorods

Pieter A. J. de Witte,!*! Mariangela Castriciano,’™ Jeroen J. L. M. Cornelissen,!!
Luigi Monsu Scolaro,**! Roeland J. M. Nolte,'*! and Alan E. Rowan*!?!

Abstract: Well-defined arrays of porphyrins attached to a rigid polyisocyanide
backbone have been synthesized and their physical and optical properties studied.

The helical polymers are rigidified by an inter-side chain hydrogen-bonded network
and have an average mass of 1.1 x 10° Daltons and a polydispersity index of 1.3. Each
of the polymer strands contains four columns of around 200 stacked porphyrins and
has an overall length of 87 nm. The chromophores are arranged in a left-handed

Keywords:  chirality helical
structures nanostructures
polymers - porphyrin arrays

helical fashion along the polymer backbone. Photophysical studies show that at least

25 porphyrins within one column are excitationally coupled.

Introduction

Well-defined arrays of chromophoric molecules are of great
interest not only as mimics of natural antenna systems but also
because they can display unique optical and physical proper-
ties.l'l The beautiful examples found in nature, for example
the photosynthetic light-harvesting antenna complexes and
reaction centers in bacteria and green plants, contain organ-
ized assemblies of bacteriochlorophyll molecules held togeth-
er by protein scaffolds.?) The precise organization and
orientation of the chromophores results in efficient absorp-
tion and transportation of light energy and its conversion into
chemical energy.?!

Inspired by these naturally occurring architectures, much
attention is currently focused on the design of nanometer-
sized chromophoric assemblies, which may find application in
the fields of molecular photonics and electronics. In order to
construct such assemblies several methods have been tried.
Stepwise covalent coupling is one of the most commonly used
approaches.!! This approach is, however, limited, because
large structures can only be obtained by multi-step synthetic
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routes which usually lead to low yields, although more
recently an elegant procedure has been developed by Osuka
et al. which allows the covalent synthesis of porphyrin arrays
through a Agl-promoted meso—meso-coupling, resulting in
linear arrays of up to 128 porphyrins (ca. 106 nm).P!

The introduction of molecular recognition motifs into the
porphyrin building blocks, such as hydrogen bonding, m—mx
stacking, electrostatic interactions, and metal-ligand bonds
and the use of self-assembly, offers an easy way to access well-
defined arrays such as fibers, sheets, grids, cubes and rings.[’]

In this paper we describe an alternative approach to obtain
well-defined nanometer-sized arrays of porphyrins by anchor-
ing these molecules to precisely defined polymers, for
example polymers of isocyanides. Many porphyrin pendant
polymers and porphyrin coordination polymers have been
synthesized, but they possessed limited structural definition.["]
We previously attempted to graft porphyrins onto polyiso-
cyanides but obtained only incomplete substitution of the
polymeric backbone and an ill-defined arrangement of the
chromophores.®l To overcome this problem we decided to
synthesize monomeric isocyano peptide porphyrins, which
can be subsequently polymerized to give highly organized
architectures. Recently, we reported that polyisocyanides
prepared from isocyanodipeptides form exceptionally stable
B-helical architectures due to the presence of hydrogen-
bonding arrays along the helical polymer backbone.l’! This
secondary hydrogen-bonding network rigidifies the helix and
prevents unwinding, a problem previously encountered with
polyisocyanides.'”! The chiral centers in the side chains
control the handedness of the polymeric backbone, which
allows one in principle to tune the architectures and
consequently the macromolecular properties. The resulting
helical polymers are very rigid, have a precise architecture
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and a persistence length of the order of 70 nm. Using
improved polymerization procedures, the isocyanopeptides
can be polymerized to reach single polymer lengths of up to
12 pm." 1t was therefore decided to decorate these rigid
peptido polyisocyanides with porphyrins and synthesize
nanometer-long porphyrin wires.

In this paper we describe the synthesis of porphyrin
monomer 1 and its polymerization with a nickel(l) catalyst
to give polymers in which the chromophores are arranged in
precisely defined stacks that run parallel to the polymer
axis.l?

Results and Discussion

Synthesis: The preparation of porphyrin 1 is shown in
Scheme 1. The monomer is derived from the amino acid L-
alanine in order to provide a peptide bond, which leads to the
p-helical structure of the polymer. In addition the porphyrin is
functionalized with aliphatic tails to increase the solubility of
the resulting polymer. Monohydroxyporphyrin 4 having three

r——< :>—OH
O/

' b

e

OC12H35

HN0 Q

OC12H35

OC12H35

=
d OwN
O oo —2m oo
e H

dodecyloxy tails was synthesized according to standard
procedures and coupled to 3-bromopropylamine. The result-
ing amino compound § was coupled to N-formyl-L-alanine
using dicyclohexylcarbodiimide and N,N-dimethylaminopyr-
idine, and the product 6 was converted into the isocyanide
using diphosgene as dehydrating agent and N-methylmorpho-
line as base. Polymerization of 1 was carried out in CH,Cl,
under air in a reaction vessel protected from light using 3 x
10-3 equivalents of Ni(ClOy), -6 H,O as catalyst. The yield of
polymer 2 was 68%. The IR spectrum showed an N—H
stretching vibration at 3265 cm~!, which implies a structure in
which the side chains are in a hydrogen-bonding arrangement,
in agreement with previous studies on polyisocyanides
prepared from isocyanodipeptides.'¥! Additionally, the posi-
tion of the amide carbonyl vibration (1655 cm™!) was proof of
its participation in a hydrogen-bonding array.

Photophysical studies: The UV/Vis absorption spectra of
monomer 1 and polymer 2 are depicted in Figure 1. The
observed spectra are identical in chloroform and in aromatic

OC12H35

OC12H35

o}

M

OC12H35

Scheme 1. a) C;,H,sBr/K,CO;, cyclohexanone; b) p-hydroxybenzaldehyde/pyrrole, propionic acid, reflux 1 h; ¢) bromopropylamine hydrobromide/NaOH,
DMF; d) N-formyl-L-alanine, DCC/DMAP, CH,Cl,; e) N-methylmorpholine/diphosgene, CH,Cl, ; f) Ni(ClO,),- 6 H,0 (2 x 1073 equiv), CH,Cl,.
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Figure 1. Absorption spectrum of monomer 1 (seee, solvent CHCl;, 2.4 x

10-°m) and polymer 2 (——, CHCl;, 4.3 x 10-°M), and emission spectrum

(-——, CHCl;, 4.3 x 10-°M) of polymer 2.

350 400 450

solvents such as toluene. Dramatic changes are observed upon
going from the monomer spectrum to that of the polymer. The
monomer displays a Soret band at 421 nm, whereas, in the
polymer this band has disappeared and two new Soret bands
are present at 413 and 437 nm. The splitting of the bands and
the very sharp absorption observed at 437 nm are indicative of
the presence of well-defined and excitationally-coupled stacks
of porphyrin molecules. We attribute the red-shifted Soret
band to an offset stacking of the 1st and 5th porphyrin and the
blue shift is attributed to a combination of interactions
between the 1st and 4th porphyrin and the 1st and 2nd
porphyrin.

The emission spectrum of monomer 1 showed a typical two-
band profile of a free-base porphyrin. Polymer 2 displayed
essentially the same two bands (Figure 1), but the maxima
were hypsochromically shifted by 3 nm and the intensity had
decreased significantly. This is attributed to quenching by
neighboring porphyrins.

The circular dichroism spectrum of a solution of 2 in CHCl,
(Figure 2) showed a strong bisignate Cotton effect originating
from the porphyrin Soret band at 437 nm and smaller
bisignate signals with lower intensities corresponding to the

8l

A/ L mol'cm

-1000

-1500

-2000 . . . . . ; . '
300 400 500 600 700

Alnm

Figure 2. CD spectum of polymer 2 (solvent CHCl;, conc. 4.0 x 10-°m) and
the corresponding absorption spectrum (——-).
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blue-shifted Soret bands. No CD signal was observed for the
porphyrin monomer 1. The intense bisignate signal at 431 nm
is slightly asymmetric and blue-shifted by 6 nm due to overlap
of other transitions. It stems from coupling interactions
between the 1st and the S5th porphyrin molecule in the
polymer backbone, which are located on top of each other
(see Figure 6). From the negative sign of this couplet a left-
handed helical arrangement of the porphyrins can be inferred,
according to the exciton chirality method for porphyrins.['4l
The smaller bisignate signals are due to other intramolecular
couplings, as mentioned above. The positive couplet at 400 nm
is assigned to an exciton coupling between the 1st and 4th
porphyrin, which have a right-handed orientation with respect
to each other in the stack (see Takahashi et al.)[']

Atomic force microscopy: Single molecules of polymer 2 were
visualized by atomic force microscopy (AFM) using spin-
coated solutions of 2 on mica. The results are presented in
Figure 3. At high concentration (10->M) monolayer islands of
aggregated polymers are visible (Figure 3a) as is often seen
for rigid rod polymers. Upon dilution, isolated single polymer
strands can be observed (10~°M, Figure 3b). Further dilution
did not result in any change of the features. The images reveal
that polymer 2 has a rod-like character as was expected for
polyisocyanides with hydrogen-bonding amino acid side
chains."'l The measured height of the single molecules was
42(£0.3) nm and of the islands was 4.7(+£0.2) nm. CPK
models show that the diameter of a polymer chain with
stretched side groups is 8.6 nm, and without tails the diameter

Figure 3. AFM images of polymer 2: a) monolayer islands at 10~ M (inset:
enlargement of island); b) isolated single polymer fibers at 10°Mm (inset:
enlargement of fibers). (bar =100 nm).
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amounts to 5.6 nm. It is known that, due to the indentation of
the tip, the measured height can be less than the real height.['"]
The measured values are in good agreement with the
calculated heights and further confirm the presence of single
molecules.

Molecular weight determination: Since it was not possible to
determine the molecular weight and polydispersity of 2 by
MALDI-MS or GPC due to the rod-like nature of the
polymers we turned to the AFM images to calculate these
parameters. Several images of the type shown in Figure 3b
were used to evaluate the polymer contour lengths. The
results are shown in Figure 4. From this histogram the weight-
average and number-average apparent length (L, and L,) and
the length polydispersity PD were calculated using the
Equations (1) and (2).0'%

> ON-L? > ON-L

L,= 27 L,= 1)
N; - L,

0

L,
T
These values amounted to: L, =(87+7) nm and L,=(69+
5) nm, giving PD =127 £0.14. Assuming that every mono-
mer segment adds 1.05 A to the polymer chain,” a weight-
average length of 87 nm corresponds to a degree of polymer-
ization of about 830 and a weight-average molecular mass of
1.1 x 10° Daltons. Therefore these porphyrin polyisocyanides
are probably the longest well-defined porphyrin pendant
polymers described to date.

PD = (2

180

160 <

140+
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100+

804

60+
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Figure 4. Histogram of the length distribution of 2, as calculated from the
AFM images.

Resonance light scattering: In order to obtain more insight
into the precise geometry of the porphyrins in these long rigid
polymers we used the technique of resonance light scattering
(RLS). This technique has proven to be a sensitive and
selective tool for the investigation of electronic and geo-
metrical properties of aggregated chromophores, such as
synthetic porphyrins!!”! and natural chlorophyll a arrays.'$! In
particular, depolarized RLS measurements can give further
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information about the relative orientation of the stacked
porphyrin molecules.[""]

The RLS effect is an enhancement of the scattered light
intensity in the red edge of an absorption band. In turn this is
related to an electronic coupling between adjacent chromo-
phores, to the size and the geometry of the aggregates in
which the chromophores are present, and to the molar
absorbance of the individual chromophores.'’”! This phenom-
enon allows identification of the precise orientation of the
chromophores in an aggregate and their interactions even
when they are present in complex matrices. A simple quantum
mechanical model for RLS, based on exciton-coupling theory,
has recently been developed, addressing the relationship
between the intensities of the observed RLS features and the
electronic and geometrical properties of the aggregates.['”]

The RLS spectrum of 2 (Figure 5) showed the presence of
an intense peak (at least two orders of magnitude larger than
the peak of the neat solvent) in the region of the Soret band
(444 nm), accompanied by a deep well in the region 408 -
438 nm, due to photon absorption. The enhancement ob-
served for the scattered light intensity of the polymer is
consistent with the presence of large domains of more than 25
(n>>25) interacting chromophores.

500 0.24
443‘nm
. H0.20
400 - 40.16
3 q012g
2 =
300 |- - 0.08
____________ - 0.04
43mm_—> .
200 L L 0.00
400 450 500

Alnm

Figure 5. RLS spectrum of 2 (-—-). The dispersion profile of the RLS
depolarization ratio p,(90) is reported as a full line.

In addition to obtaining information concerning the num-
ber of interacting chromophores, depolarized RLS studies can
also give details about the precise orientation of the chromo-
phores in the polymeric nanorods. Figure 5 shows the
dispersion profile of the depolarization ratio p,(90) at the
absorption feature for polymer 2. The value of py(90)
provides information about the geometry of the excited state
of an aggregated species.!') The absorption feature at 437 nm
has the appearance of a J band and the corresponding py(90)
is 0.185. From this an angle a2230° is calculated® between
porphyrin molecules 1 and 5 which are stacked 4.2 A apart
(see below).”) From this value the twist angle B (Figure 6¢) is
calculated to be 22°.2 This angle f is in complete agreement
with that predicted using previous experimental results.
Crystal structures of the monomeric peptido isocyanides
indicate that the hydrogen-bonding network places the
dipeptides 4.7 A apart. In contrast, studies on simpler poly-
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isocyanides predict an imine C,—C; length of 4.2 A. In order to
accommodate this difference, the helix has to twist by a
calculated angle 5 of 20°. This value is in good agreement with
the value of 22° that is derived from the RLS experiments. In
addition, it is known that porphyrins have a preference for an
off-set stacking.??!

Conclusions

The combined results presented in this paper indicate that
nanometer-long, well-defined arrays of porphyrin molecules
can be constructed using peptido isocyanide polymers as
scaffolds. These polymers have a rigid chiral core to which the
porphyrin chromophores are attached in four parallel stacks.
In one stack the porphyrins are precisely 4.2 A apart with a
slip angle of 30° (see Figure 6). Resonance light scattering
shows that the arrays contain at least 25 interacting porphyrin
molecules in one stack, with the overall stack having an
average length of 87 nm.

To the best of our knowledge the present polymer system is
the only system displaying a unique well-defined face-to-face
porphyrin architecture involving hundreds of chromophores
arranged over tens of nanometers.['?!

a)

Figure 6. a) Schematic drawing of a molecule of polymer 2, one column is
shown in yellow; b) side view of a detail of the stack showing that the fifth
porphyrin has a slip angle of 30° with respect to the first porphyrin; c) top
view showing a twist angle 3 of 22°.

These rigid rod-like porphyrin polymers may be of interest
as a synthetic antenna system, which will be further optimized
and equipped with an energy gradient to measure energy
transfer properties. Work along this line is in progress.

Experimental Section

Atomic force microscopy: AFM experiments were performed using a
Nanoscope IIla instrument from Digital Instruments. A solution of 2 in
CHCI; was spincoated onto freshly cleaved Muscovite mica. All images
were taken in tapping mode in air at room temperature. Commercial
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tapping-mode tips (Digital Instruments) were used with a typical resonance
frequency of around 300 kHz.

Light scattering: Resonance light scattering experiments were performed
on a Jasco mod. FP-750 spectrofluorimeter, using a synchronous scan
protocol with a right angle geometry.'”l Depolarized resonance light
scattering measurements were carried out on the same spectrofluorimeter
equipped with linear polarizers (Sterling Optics 105UV). The depolariza-
tion ratio is defined as py(90) = Iyy/Iyy, Where Iy and Iy are the scattered
light intensities with horizontal and vertical polarization, respectively. In
order to correct the value of /Iy for the difference in transmission efficiency
of polarized light from both excitation and emission monochromators, we
used Equation (3) where G = Iy/Iyy is a correction factor.['"]

Iy
pv(90) =G x — 3

\A%

Depolarized dynamic light scattering measurements were made with a
Malvern 4700 submicron particle analyzer. Elastic light scattering experi-
ments were performed with a home-built goniometer apparatus in the
range 20-150° (5.8-32.5um™" in the scattered wavevector range). The
exciting light source was a 50 mW polarized Nd/YAG laser (532 nm). A
Glan-Thompson polarizer was placed before the photomultiplier.

Molecular weight determination with AFM: For the analysis of the
polymer several images were evaluated, taken from different samples and
different places on the mica substrate. Only molecules that were separated
and had a consistent height and phase appearance were measured. In total
1058 molecules were analyzed. It was assumed that the overestimation of
the length due to the shape of the AFM tip was equal to the overestimation
of the width.

Synthesis

4-(Dodecyloxy)benzaldehyde (3): This compound was synthesized using a
modified literature procedure, that is dodecyl bromide was used instead of
hexadecyl bromide in cyclohexanone.””l 'H NMR (CDCl;, 300.13 MHz):
0=9.88 (s, 1H; HC(O)), 7.82 (d, 2H; ArH ortho to formyl), 6.98 (d, 2H;
ArH ortho to formyl), 4.04 (t,2H; OCH,), 1.81 (p(pentet), 2H; OCH,CH,),
1.46 (p, 2H; OCH,CH,0CH,), 1.27 (m, 16 H; aliphatic), 0.88 (t, 3H; CHj).

Porphyrin 4: A suspension of 3 (15 g, 51.7 mmol) and 4-hydroxybenzalde-
hyde (2.09 g, 17.3 mmol) in propionic acid was heated until the compounds
were dissolved. As soon as the temperature had reached 110°C freshly
distilled pyrrole (4.66 g, 69.2 mmol) was added at once to the solution,
whereupon the mixture was refluxed for 1 h. After cooling, the obtained
slurry was filtered and washed with ethanol until most of the polypyrrole
side product was removed. After column chromatography (2 x ) (silica gel,
0-2% MeOH in CHCl;) compound 3 was isolated as a purple solid (0.95 g,
4.6%). 'H NMR (CDCl;, 300.13 MHz): 6 =8.86 (m, 8H; -pyrrole), 8.10
(d, 6H; ArH meta to OR), 8.06 (d, 2H; ArH meta to O-aminopropyloxy),
728 (d, 6H; ArH, ortho to OR), 719 (d, 2H; ArH ortho to O-amino-
propyloxy), 5.01 (brs, 1H; OH), 425 (t, 6H; OCH,), 1.98 (p, 6H;
OCH,CH,), 1.63 (p, 6H; OCH,CH,CH,), 1.37 (m, 48 H; aliphatic), 0.89 (t,
9H; CH,), —2.77 (s, 2H; NH).

Porphyrin 5: For the synthesis of this compound a modified literature
procedure was followed.?!l To a solution of 4 (350 mg, 0.30 mmol) in DMF
(10 mL) and toluene (15mL) was added crushed sodium hydroxide
(0.245 g). After stirring for 20 min at room temperature, 3-bromopropyl-
amine hydrobromide (74 mg, 0.34 mmol) was added and the reaction was
continued for 3 h, upon which another 50 mg (0.23 mmol) of 3-bromopro-
pylamine hydrobromide was added. The suspension was stirred for an
additional 1h and the reaction mixture was poured into water and
extracted with dichloromethane (2 x ). The combined organic layers were
washed with water, dried (MgSO,) and evaporated to dryness. The
resulting purple solid was subjected to column chromatography (silica
gel, 5% MeOH in CHCL) to yield 5 as a purple solid (276 mg, 74.2%).
'"H NMR (CDCl;, 300.13 MHz): 6 =8.86 (m, 8H; -pyrrole), 8.09 (d, 8H;
ArH meta to OR), 7.26 (d, 8H; ArH ortho to OR), 4.35 (t,2H; OCH,), 4.24
(t, 6H; OCH,), 3.10 (t, 6H; NHCH,), 2.16 (p, 2H; NHCH,CH,), 1.96 (p,
6H; OCH,CH,), 1.61 (m, 6H; OCH,CH,CH,), 1.30 (m, 48 H; aliphatic),
0.90 (t, 9H; CH3;), —2.75 (s, 2H; NH); *C NMR (CDCl;, 75.47 MHz): 6 =
158.9 (ArC ipso to OCH3), 158.7, 135.6, 134.7, 134.4 (all ArC), 130.9 (br;
ArCnext to ArN), 119.8,119.6,113.8,112.7 (all ArC), 68.3, 66.2 (ArOCH,),
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39.4 (CH,NH,), 31.9 (CH,CH,CHS,), 29.6 (m; CH,), 26.2 (CH,CH,NH,),
22.7 (CH,CH,), 14.2 (CH,); FAB-MS: m/z: 1240 [M]*.

Porphyrin 6: N-Formyl-L-alanine (31.8 mg, 0.168 mmol) was suspended in a
solution of 5 (190 mg, 0.153 mmol) in dichloromethane (10 mL) and the
mixture was cooled with an ice bath. To this mixture was added
dicyclohexylcarbodiimide (34.9 mg, 0.168 mmol) and a catalytic amount
of dimethylaminopyridine. The reaction mixture was stirred for 1 h at 0°C
under a nitrogen atmosphere and stirred overnight at room temperature.
The mixture was concentrated and subjected to column chromatography
(silica gel, 2% MeOH in CHCl;). The collected purple solid was dissolved
in CHCI; and precipitated by addition of MeOH. The compound was
filtered, washed with MeOH and dried to give 6 as a purple solid (142 mg,
69.3%). '"H NMR (CDCl;, 300.13 MHz): 6 =8.86 (m, 8H; -pyrrole), 8.22
(s, 1H; formyl), 8.12 (d, 2H; ArH meta to O-propyl), 8.10 (d, 2H; ArH
meta to OC,Hys), 7.26 (d, 8H; ArH ortho to OR), 6.50 (t, 1H; NHCH,),
6.36 (d, 1H; HC(O)NH), 4.62 (p, 1H; CH), 4.33 (t,2H; OCH,), 4.24 (t, 6 H;
OCH,), 3.65 (q, 2H; NHCH,), 2.22 (p, 2H; NHCH,CH,), 1.97 (p, 6H;
OCH,CH,), 1.63 (p, 6 H; OCH,CH,CH,), 1.50 (d, 3H; alanine CH3), 1.30
(m, 48H; aliphatic), 0.89 (t, 9H; CH;), —2.75 (s, 2H, NH); *C NMR
(CDCl;, 75.47 MHz): 6 =171.2 (CO; alanine), 160.3 (HCO; formyl), 158.5
(ArC ipso to OC,Hys), 157.9 (idem), 135.2 (ArC meta to OC;,H,s and O-
propyl), 134.7 (CH; S-pyrrole), 134.0 (C; meso), 130.6 (br; ArC next to
ArN), 119.5 (ArC ipso to meso C), 119.0 (idem), 112.3 (ArC ortho to OR),
679 (OCH,), 66.1 (OCH,), 47.3 (CH; alanine), 374 (H,NCH,), 31.5-22.3
(CH,; aliphatic), 25.8 (CH,; propyl), 18.1 (CHj; alanine), 13.7 (CH;); MS
(HR-MALDI-TOF, dithranol): m/z: caled for CgH;,N;Oq: 1338.880;
found: 1338.882 [M]*.

Isocyanoporphyrin 1: N-Methylmorpholine (5.3 uL, 47.4 umol) was added
to a solution of the formamide 6 (30 mg, 22.4 umol) in CH,Cl, (6 mL). The
mixture was cooled on an ice bath at 0°C and over a period of 30 min
diphosgene (1.4 mL, 11.3 mmol in 1 mL CH,Cl,) was added. After 10 min
the ice bath was removed and the mixture was dropped into a vigorously
stirred saturated aqueous NaHCO; solution (100 mL). The resulting
mixture was extracted with CH,Cl, (2 x ), and the combined organic layers
were washed with water (2 x ), dried (MgSO,), and concentrated. The
resulting solid was purified by preparative HPLC (reversed phase, 1%
MeOH in CHCL,) to yield the title compound as a purple solid (20 mg,
67.6%). 'H NMR (CDCl;, 300.13 MHz): 6 =8.86 (m, 8H; S-pyrrole), 8.13
(d, 2H; meta to O-propyl), 8.10 (d, 6 H; meta to OC,,H,s), 7.34 (d, 2H; ortho
to O-propyl), 7.27 (d, 6 H; ortho to OC,,H,s), 7.15 (t, 1H; NHCH,), 4.39 (t,
2H; OCH,), 4.25 (t, 6H; OCH,), 4.34 (q, 1H; CH), 3.71 (q, 2H; NHCH,),
2.26 (p, 2H; NHCH,CH,), 1.98 (p, 6H; OCH,CH,), 1.74 (d, 3H; alanine
CH,), 1.63 (p, 6H; OCH,CH,CH,), 1.31 (m, 48 H; aliphatic), 0.90 (t, 9H;
CHj;), —2.75 (s, 2H; NH); 3C NMR (CDCl;, 75.47 MHz): 6 =166.2 (CO;
alanine), 158.9 (ArC ipso to OC,H,s), 158.3 (idem), 135.7 (ArC meta to
OC,,H,s and O-propyl), 135.1 (CH; S-pyrrole), 134.1 (C; meso), 131.0 (br;
ArC next to ArN), 120.0 (ArC ipso to meso C), 119.5 (idem), 112.8 (ArC
ortho to OR), 682 (OCH,), 671 (OCH,), 53.8 (CH; alanine), 38.7
(H,NCH,), 32.0-22.5 (CH,; aliphatic), 26.1 (CH,; propyl), 20.0 (CHs;
alanine), 14.2 (CH,); FTIR (KBR): #=3313 (NH), 2134 (NC), 1685 cm™!
(amide); MS (HR-MALDI-TOF, dithranol) m/z: calcd for CgH;;,NOs:
1320.869; found: 1320.876 [M]".

Polymer 2: In a vessel protected from light monomer 1 (19 mg, 14 umol)
was dissolved in CH,Cl, (1.5 mL). To this solution was added 0.003 equiv
Ni?* catalyst (0.35 mL of a solution of Ni(ClO,), -6 H,O (2.5 mg) in 97 mL
CH,Cl, and 3 mL EtOH). The mixture was stirred for 1 h, after which it was
poured into methanol/water 1:1 v/v (50 mL). The precipitate was filtered
and the residue washed with acetone until the filtrate was colorless,
followed by washing with dichloromethane. The residue was dissolved in
CHCI; and precipitated in EtOAc filtered and dried, resulting in a purple/
red solid (13 mg, 68%). 'H NMR (CDCl;, 400.15 MHz): 6 =9.0-6.7 (br
with maxima at 8.7, 8.0, 7.2), 4.1 (br; OCH,), 2.5 - 1.0 (br with maxima at 1.6,
1.5, 1.3, 0.9, 0.7, 0.6, 0.3); *C NMR (CDCl;, 100.62 MHz): 6 =32.2, 30.1,
23.1, 14.5 (aliphatic tails); FTIR (KBR): #=3265 (NH), 1655 (amide),
1605 cm~! (C=N).

For further characterization see text. It was not possible to determine the
molecular weight of polymer 2 by GPC due to severe tailing on the column.
MALDI-TOF MS experiments were also unsuccessful. AFM was used
instead (see text).
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Homochiral Oligopeptides by Chiral Amplification within
Two-Dimensional Crystalline Self-Assemblies at the Air— Water Interface;
Relevance to Biomolecular Handedness

Isabelle Weissbuch,**! Helmut Zepik,®! Gérard Bolbach,”! Edna Shavit,?! Mao Tang,!*!
Torben R. Jensen,!*! Kristian Kjaer,(!‘! Leslie Leiserowitz,**! and Meir Lahav*!?!

Abstract: A possible role that might
have been played by ordered clusters at
interfaces for the generation of homo-
chiral oligopeptides under prebiotic con-
ditions has been probed by a catalyzed
polymerization of amphiphilic activated
a-amino acids, in racemic and chiral
non-racemic forms, which had self-as-
sembled into two-dimensional (2D) or-
dered crystallites at the air—aqueous
solution interface. As model systems we
studied N®-stearoyl-lysine thioethyl es-
ter (C;g-TE-Lys), y-stearyl-glutamic thi-
oethyl ester (Ci-TE-Glu), N“carbox-
yanhydride of vy-stearyl-glutamic acid
(Cig-Glu NCA) and vy-stearyl-glutamic

situ grazing incidence X-ray diffraction
measurements on the water surface,
(R,S)-Ci-TE-Lys, (R,S)-Cis-TE-Glu,
and (R,S)-C;s-Glu-NCA amphiphiles
self-assembled into ordered racemic
2D crystallites. Oligopeptides 2-12
units long were obtained at the air-a-
queous solution interface after injection
of appropriate catalysts into the water
subphase. The experimental relative
abundance of oligopeptides with homo-
chiral sequence generated from (R,S)-

Keywords: chiral
peptides polymerization
assembly - X-ray diffraction

amplification
self-

Cis-TE-Lys and (R,S)-Cs-TE-Glu, as
determined by mass spectrometry on
enantioselectively  deuterium-labeled
samples, was found to be significantly
larger than that obtained from (R,S) Cs-
thio-Glu which polymerizes randomly.
An efficient chiral amplification was
obtained in the polymerization of non-
racemic mixtures of C,;-Glu-NCA since
the monomer molecules in the racemic
2D crystallites are oriented such that the
reaction occurs between heterochiral
molecules related by glide symmetry to
yield heterochiral oligopeptides whereas
the enantiomer in excess, in the enan-
tiomorphous crystallites, yield oligopep-

thioacid (C,4-thio-Glu). According to in-

Introduction

The biopolymers of life are built from chiral molecules of a
single handedness: the proteins from S-a-amino acid building
blocks and the nucleic acids from R-sugars. One of the
unsolved puzzles of the origin of life is related to the transition
from prebiotic racemic chemistry to chiral biology.'3! Chiral
non-racemic mixtures of a-amino acids have been generated
from racemates by spontaneous symmetry breaking processes

[a] Dr. I. Weissbuch, Prof. Dr. L. Leiserowitz, Prof. Dr. M. Lahav,
Dr. H. Zepik, E. Shavit, M. Tang
Department of Materials and Interfaces
The Weizmann Institute of Science, 76100-Rehovot (Israel)
Fax: (+972)89-34-4138
E-mail: isabelle.weissbuch@weizmann.ac.il
leslie.leiserowitz@weizmann.ac.il
meir.Jahav@weizmann.ac.il
[b] Dr. G. Bolbach
Laboratoire de Chimie Structurale Organique et Biologique
Université Pierre et Marie Curie, 75252 Paris Cedex 05 (France)
[c] Dr. T. R. Jensen, Dr. K. Kjaer
Materials Research Department
Risp National Laboratory, 4000 Roskilde (Denmark)

1782

© 2003 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

tides of a single handedness.

such as stochastic crystallization,**! or by induced enantiose-
lective destruction upon irradiation with circularly polarized
light.l'! An open question still remains as to how homochiral
oligopeptides of a single handedness might have been
generated from such mixtures of low enantiomeric imbal-
ance.? 191 Polymerization of racemic mixtures of monomers
in solution!'" is expected to yield polymers comprising a
random sequence of left- and right-handed repeat units
following a binomial distribution, although recently it has
been reported that polymerization of racemic N*-carboxyan-
hydrides of hydrophobic a-amino acids in buffered aqueous
solutions has been found to yield an enhanced abundance of
homochiral oligopeptides.® 2!

Grazing incidence X-ray diffraction (GIXD) studies have
demonstrated that a large variety of amphiphilic molecules
self-assemble, at the air—water interface, into two-dimen-
sional (2D) crystalline domains, of structures that can be
determined at the molecular level.”2l Two-dimensional self-
assemblies formed on the water surface can provide ideal
systems for stereospecific and enantioselective chemical
reactions.”**% The 2D assemblies promote effective molec-
ular ordering, yet allow substantial molecular flexibility and
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further afford access of catalysts from the aqueous subphase
to the ordered, flexible molecules. Thus, based on a process
involving self-assembly followed by lattice-controlled poly-
merization reaction, we propose a general scenario for the
generation of homochiral oligopeptides of a single handed-
ness from non-racemic mixtures of activated a-amino acid
derivatives.[3!

By analogy to 3D crystals, racemic mixtures of amphiphilic
molecules at interfaces self-assemble into 2D crystallites of
three types: 1) racemic compounds in which both enantiomers
are packed together, related to one another by glide
symmetry;P2 2) enantiomorphous conglomerates involving
segregation of the enantiomers, and 3)enantiomerically
disordered solid solutions.

Here we focus on chiral non-racemic mixtures that undergo
a phase separation by self-assembly into a 2D racemic
crystalline phase and an enantiomorphous 2D phase of the
enantiomer in excess (Scheme 1).% The chemical properties

8§>R monomers

self-assembly

pure enantiomorphous
2D crystallites

racemic (R,S)
2D crystallites +

polymerization polymerization

racemic mixtures and
heterochiral products depending
upon packing arrangement

isotactic oligopeptides

+
§-5-5-S-5-S

Scheme 1. A chiral amplification process of oligopeptides starting from
non-racemic mixtures of monomers undergoing phase separation by self-
assembly at the air—water interface.

of each crystalline phase should be substantially different,
yielding products that differ in composition as well as in the
length of the oligomers. Polymerization within the enantio-
morphous crystallites would yield homochiral oligopeptides
of a single handedness, whereas reaction within the racemic
crystallites yields racemic mixtures and heterochiral products
depending upon the packing arrangement and the reaction
pathway (Scheme 1). Consequently, a chiral amplification
process of the homochiral oligopeptides can be envisaged
(Scheme 1). The enantiomeric excess of the products will
depend on the packing arrangement and product distribution
within the racemic phase (Scheme 1, and Scheme 2). Within

a) b)
R R R R R—R—R—R
RS S—S—5—5
R R R R R—R—R—R
AN
M g S—S—5—S§

reaction along
the glide plane

reaction along
the translation axis

R-S-R-S-R-S-R
syndiotactic
oligopeptides

R-R-R-R + §-S-S-S
racemic mixtures
of isotactic oligopeptides

Scheme 2. Schematic representation of the packing arrangement and
possible reaction pathways in the 2D racemic crystallites.
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these 2D crystallites, the reaction can occur either in a random
manner or preferentially, either between heterochiral mole-
cules (Scheme 2a) related by glide symmetry or between
homochiral molecules (Scheme 2b) related by translation
symmetry.

Different model systems were selected to illustrate our
approach: Nt-stearoyl-lysine thioethyl ester (Cig-TE-Lys), y-
stearyl-glutamic thioethyl ester (C;;-TE-Glu), and y-stearyl-
glutamic  acid  N-carboxyanhydride  (C;-Glu-NCA)
(Scheme 3). As reference system for a random process, we
studied the system of y-stearyl-glutamic thioacid (C,s-thio-
Glu) that undergoes an almost random polycondensation,
affording a comparison perhaps more realistic than with a
theoretical binomial distribution of the products.

H 0] H O
CiHzs | I Cp7Has | I\
17\?/N\/\/\§C_S’C2H5 \(;/N\/\/\&C¥O
S N
g B YN }') H™ ¥Npt
C4-TE-Lys Cig-Lys
(II) [ 0
CgH H
RGe —S8-C,Hs CiHss | N
9 N ~aeNao A =S
N
C - TE-Glu Cig-thio-Lys
i
CHss |
CigHs l(l; I BN —0
; C—0 ~Nao~o~
\O/ \/§<N_é 1—1\\‘ (Ij\
H ) <0 le} | X0
H H
C4-Glu-NCA Cg-Lys-NCA

>

o) X

o X
- H
Ciglly /g cl&s )\ E):\ |)é\
6} \/K Hol H I H
H NH;,*

Oo/n-2
Cg-thio-Glu oligo-Lys X = CH3-(CH,);5-CO-NH-(CH,)4-
oligo-Glu X = CH;3-(CH,),7-O-CO-(CH,),-

Scheme 3. Model systems selected to illustrate our approach.

The packing arrangements of the 2D crystallites self-
assembled at the air—water interface were determined by
GIXD using synchrotron radiation. The diastereoisomeric
distribution of the oligopeptide products (Scheme 3) starting
from various mixtures of monomers enantioselectively la-
beled with deuterium was determined by matrix-assisted
laser-desorption ionization time-of-flight mass spectrometry
(MALDI-TOF MS).

Results and Discussion

Packing arrangements of the 2D crystallites on water surface

C5-TE-Lys: Chloroform solutions of enantiomeric (R) or ()
and racemic (R,S)-C;s-TE-Lys, in the form of their trifluor-
oacetate salts, were spread on the water surface for a nominal
molecular area of 35 A2 corresponding to ~70% surface
coverage. The S enantiomer of racemic C;s-TE-Lys incorpo-
rated perdeuterated hydrocarbon chains (labeled S,), leaving
the other unlabeled (R,). The GIXD patterns measured on
water from the enantiomeric (S) or (R) 2D crystallites of Cs-
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Figure 1. GIXD patterns, represented as two-dimensional contour plots of the scattered intensity as a function of the horizontal g,, and vertical g,
components of the scattering vector, 1(q,,q.), of the self-assembled 2D crystallites of C;s-TE-Lys on water at 4°C prior to (a—c), and after (d) injection of a
concentrated aqueous solution of the I,/KI catalyst beneath the film: a) enantiomerically pure (S), (the patterns of (R) are identical); b) racemate; c) 2:8
(R:S) mixture (3:7 (R:S) is almost identical); d) racemate after a reaction time of 15 h. In a—c) the {0,1} Bragg rods at ¢,, = 0.68 A~! are out of range and not

shown, for clarity.

TE-Lys are identical but they differ from those of the racemic
(R,S)-C4-TE-Lys (Figure 1a and b).

These patterns also differ from those measured for related
compounds such as C;g-LysP* or C¢-thio-Lys!*! showing the
influence of the -S-CH,-CH; group. The derived primitive
oblique subcell of the enantiomeric phase of Cs-TE-Lys, of
dimensions a;=4.89 A, by=5.16 A, y5=114.3°, A, =23 A2,
is based on the three strong Bragg peaks tentatively assigned
(h,k) Miller indices of {0,1}s, {1,0}, and {1, — 1}5. However, two
additional weak reflections at g,, values of 0.685A-! (not
shown)B! and 1.291 A-! indicate that the primitive subcell
must be transformed (Scheme 4a) into a centered pseudo-

a) b)

tilt-direction

tilt-direction

as=a a=a

Scheme 4. Drawings of the crystalline unit cells derived from the GIXD data measured from: a) (R)- or (§5)-Cys-
TE-Lys, b) (R,S)-Cis-TE-Lys, and c) oligopeptide products from enantiomeric and racemic C;g-TE-Lys.
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rectangular unit cell (a=a5, b=ag + 2bg) containing two
molecules, with a=4.89 A, b=943 A, y=86.1°. After the
transformation, the {h,k} indices of the strong reflections
become {0,2}, {1,1}, and {1, — 1} (Figure 1a) and the two very
weak reflections are {0,1} and {1,0}. The molecular chains are
tilted 35° from the surface normal along an azimuthal
direction of 14° from the b axis, as calculated from the g,
positions of the maximum intensity of the Bragg rods.
Therefore, the two molecules in the unit cell must have their
alkyl chains related by translation since a typical pseudo-
herring-bone motif is precluded due to the azimuthal direc-
tion of tilt not being along any cell axis. An atomic coordinate
molecular model® was con-
structed and the structure was
refined by X-ray structure-fac-
tor constrained least-squares
analysisP®! to fit the five meas-
ured Bragg rod intensity pro-
files (Figure 2a).’! The result-
ing 2D packing arrangement
viewed normal to the ab plane,
that is the water surface, is
shown in Figure 2b. Intermolec-
ular hydrogen bonds are
formed along the a axis be-
tween the secondary amide
groups within the alkyl chains.

The GIXD data from the
racemic mixtures of C;-TE-

b tilt-direction

28>

49

a=a
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Figure 2. a,d) Measured (x) and calculated (——) Bragg rod intensity
profiles I(g.) and b,c) the corresponding packing arrangements of C,;-TE-
Lys 2D crystallites viewed perpendicular to the water surface: a,b)
Enantiomerically pure and d,c) Racemic. The color code: O red, N blue,
S yellow.

Lys yield an almost rectangular unit cell, with a=4.94 A, b=
9.04 A, y=88.6°, containing two molecules whose alkyl
chains are tilted by 33° from the surface normal but in a
direction almost parallel to the b axis (Scheme 4b). This
result, coupled with the observation that the dimensions of the
unit cell projected along the chain axis are a,=4.9 A, b,=
75 A, ¥, 90°, is fingerprint evidence of herring-bone chain
packing achieved by pseudo-glide symmetry relating two
molecules of opposite handedness. Therefore, the self-assem-
bled 2D crystals are racemic. Their molecular packing
arrangement was determined by X-ray structure-factor con-
strained least-squares refinement (Figure 2¢), yielding a
reasonably good fit to the measured Bragg rod intensity
profiles (Figure 2d).

The self-assembled enantiomeric and racemic C;s-TE-Lys
2D crystallites, whose structures were determined by GIXD,
were subsequently allowed to react, by injection of catalyst
(I/KI) into the water subphase, to obtain oligopeptide
products. The GIXD patterns measured % to 2 h later showed
no presence of the starting monomer phase, but rather the

Chem. Eur. J. 2003, 9, No. 8
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formation of a new crystalline phase belonging to the
oligopeptide products (Figure 1d) and which is very similar
for both reacted enantiomeric and racemic C;g-TE-Lys 2D
crystals. These patterns are also very similar to those
measured from the crystalline product phase obtained upon
polymerization of racemic Cg-lysine-N“-carboxyanhydride
monomer (C;g-Lys NCA) within enantiomorphous 2D crys-
tallites.” The three Bragg rods at g,, values of 1.28, 1.40,
1.44 A1 are consistent with a centered pseudo-rectangular
subcell, (a=4.96 A, b=9.82 A, y=88.0°), containing two
repeat units whose alkyl chains are tilted 38° from the normal
to the water surface along an azimuthal direction of 15° from
the b axis (Scheme 4c). Such a cell can accommodate
oligopeptide repeat units with parallel alkyl chains linked by
intramolecular hydrogen bonds along the a axis, as obtained
by the reaction occurring preferentially between homochiral
molecules related by translation symmetry along the a axis of
the monomer phase.!

C5-TE-Glu and Cg-thio-Glu: To cast light on the influence of
an “ester” (-O-CO-) or a “secondary amide” (-HN-CO-)
functional groups, contained within the long hydrocarbon
chain, on the 2D structures we investigated the packing
arrangements of y-stearyl-glutamic thioethyl ester C;;-TE-
Glu and vy-stearyl-glutamic thioacid Cg-thio-Glu (Scheme 3).
The GIXD patterns measured from the self-assembled 2D
crystallites of these “glutamate” amphiphiles (Figure 3) are

{L13{1-15

po=vy

1.0

¢ L '

04 0.6 0.8
q, AN

Figure 3. GIXD pattern /(q,,q.) of the self-assembled 2D crystallites of
(R,S)-C5-TE-Glu (C,s-thio-Glu is very similar) on water at 4°C. Race-
mates were prepared as mixtures of S molecules enantioselectively
deuterium-labeled with unlabeled R molecules.

0 0.2

significantly different from those measured for the “lysine”
counterparts (Figure 2).*] The GIXD patterns measured
from either C;s-TE-Glu or C,s-thio-Glu whether enantiomeri-
cally pure or racemic are almost identical indicating similar
arrangements for all the four systems, implying also no
contribution (to the scattered intensity) of the -CH,-CH,
group connected with the S atom. Despite the limited
information of these GIXD patterns it is possible, based on
accumulated information,?? to establish whether molecules in
the two racemates pack as a 2D racemic compound or
undergo spontaneous separation into enantiomorphous 2D
crystallites.

The diffraction patterns exhibit two reflections consistent
with a rectangular unit cell containing two molecules, of
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dimension a=5.8 A (5.6 A for C-thio-Glu), b=8.6 (8.5 A
for C¢-thio-Glu). The long alkyl chains are tilted in the
direction of the a axis, as deduced from the g, position of the
maximum intensity of the Bragg rods. In view of the unit cell
dimensions, as projected along the molecular chain axis (~
4.5 A x8.6 A), which indicate “shallow” a-glide packing"
relating molecules of opposite handedness, the 2D crystallites
self-assemble from racemate molecules as racemic com-
pounds. The 2D packing arrangement of the racemic 2D
crystallites, determined by X-ray structure-factor constrained
least-squares refinement of an atomic coordinate molecular
model of C;-TE-Glu, together with the measured and
calculated Bragg rod intensity profiles, are shown in Figure 4.
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Figure 4. a) Measured (x) and calculated (line) Bragg rod intensity profiles
1(g.); b) refined packing arrangement of (R,S) C;s-TE-Glu 2D crystals
viewed (left) perpendicular to the water surface and (right) parallel to the
water surface along the b axis. The color code: O red, N blue, S yellow.

The molecules within the 2D crystallites of racemic Cs-TE-
Glu are enantiomerically ordered, presumably due to the
bulky -S-CH,-CHj groups, as deduced from the MALDI-TOF
MS results (see below). For racemic C,g-thio-Glu, which
embodies a zwitterionic (-HC*-(NH;")-COS~) head group,
enantiomeric and conformational disorder is present, as
deduced again from the MALDI-TOF MS results (see below).

In the (R) or (S) crystallites, self-assembled from enantio-
meric Cg-TE-Glu or Cg-thio-Glu, the pure glide symmetry is
forbidden, yet the structure may resemble that of the race-
mate. This mimicry may be achieved by a pseudo-glide
arrangement of the molecular chains, but the head groups are
related by pseudo-translation.

The GIXD patterns measured from the 2D crystals of (R,S)
Cs-TE-Glu and C4-thio-Glu did not change after injection of
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the catalyst into the water subphase.*t! MALDI-TOF MS
analysis of samples taken from the air—water interface before
catalyst addition showed the presence only of the starting
monomers, whereas after catalyst addition the oligopeptide
products were found.

Enantiomeric composition of the products from MALDI-
TOF MS: This analysis was employed to determine the
number of the R and S units within each oligopeptide
molecule obtained in the polycondensation reaction. For this
purpose, one of the reactant enantiomers was labelled with a
perdeuterated alkyl chain. As a result of the enantioselective
labeling of only the S enantiomer with deuterium we obtain a
mass difference per peptide repeat unit of Am/z 35 mass units
for C;5-TE-Lys and 37 for C,g-thio-Glu and C,g-TE-Glu.? %]

The MALDI-TOF MS analysis was performed on samples
collected from the interface two to four hours after aqueous
solutions of catalysts (I/KI, or AgNO,) were injected into the
water subphase beneath the 2D crystallites.*> “ According to
the MALDI-TOF MS analysis (see Experimental Section),
the products prepared by polycondensation of (R,S)-C,s-TE-
Lys contain a mixture of di- to hexapeptide products of
various composition. The total ion abundance of the different
oligopeptides, normalized to that of the dipeptide product
obtained from C;;-TE-Lys exhibits an exponential decrease
with increasing length of the oligopeptides (Figure 5). Similar

100 T T T T T
I °
3 %
)
2 4,]
k=l
S0 % 3
=R 1]
g
g J
S
L <)
1 ! ! ] 1

2 3 4 5 6 7 8
total number of repeat units (k+d)

Figure 5. The normalized yield, defined as the relative intensity of the
various oligopeptides normalized to that of the dipeptide, shown for each
oligopeptide length with a total number of repeat units n=h+d=2-8:
(0) Ci3-TE-Lys (o) C;g-thio-Glu. The error bars include the uncertainties
obtained by studying different mass spectra of different prepared samples,
different deposits of the same sample and different spots on a same sample.

behavior was observed for (R,S)-Cjs-thio-Glu (up to octa-
peptides), (R,S)-C,s-TE-Glu (up to penta-peptides) and Cis-
Glu-NCA (up to dodeca-peptides). In the total m/z range, the
ionization yield and detection efficiency can depend on the
peptide length. Thus the observed exponential decay gives
only a trend. However, the comparison (Figure 5) between
(R,S)-Cs-TE-Lys and (R,S)-Cjs-thio-Glu is more relevant
since both compounds are observed in a similar mass range
and thus with very similar detection efficiency.
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Although we cannot differ-
entiate between diastereomeric
oligopeptides containing the
same number of R and S units,
the method does allow us to
differentiate enantiomers of
both homochiral and heterochi-
ral oligopeptides. For oligopep-
tides of the same length, the
observed ion intensity in the
MALDI-TOF spectra and the
amount of molecules are reli-
ably proportional. The chemi-
cal properties of such oligope-
tides are similar and their ion-
ization efficiencies are
expected to be identical. In-
deed, for such oligopeptides,
with similar chemical proper-
ties and comparable masses and
velocities in the TOF mass
spectrometer, ionisation yield
and detection efficiency are ex-
pected to be identical. Thus we
can reliably express the compo-
sition of the oligopeptides in
terms of a relative abundance
ra (h,d), (where h is the number
of R(unlabeled) units and d the
number of S(deuterated) units)
for molecules of each length.
This relative abundance was
obtained by division of the in-
tensity of all the ions corre-
sponding to each molecule to
the intensity of the ions from all
the molecules of the same
length (see Experimental Sec-
tion).

The relative abundance of
the different diastereoisomers
for each oligopeptide length
obtained from the polyconden-
sation reaction of racemic Cg-
TE-Lys with I,/KI catalyst have
a distribution (Figure 6a) that
reveals a clear trend towards
enhanced formation of homo-
chiral R, and S, peptides vis-a-
vis their heterochiral counter-
parts. When the reaction was
catalyzed by addition of Ag"
ions injected into the water
subphase, a similar distribution
of the oligopeptides, especially
for the tetra-, penta-, and hex-
apeptides, was obtained (Fig-
ure 6b). The relative abun-
dance of the di- and tripeptides
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Figure 6. MALDI-TOF MS analysis of the oligopeptides obtained at the air—water interface from racemic
mixtures of monomers, 2 h after injection of concentrated aqueous solutions of various catalysts: a, b) C;-TE-Lys,
I/KI and AgNO; catalysts, respectively; ¢, d) Cs-thio-Glu and C,s-TE-Glu, L/KI catalyst; ) C;s-Glu-NCA,
Ni(CH;CQO,), catalyst. The histograms show the relative abundance of each experimentally obtained
oligopeptide, (solid bars), compared to those calculated for a binomial distribution in a theoretically random
process (empty bars). For clarity, histogram in e) shows the distribution of only some of the oligopeptides, namely
those with A +d =2, 4, 6, 8, 10, 11, 12.
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with homochiral sequence is smaller compared to that
obtained using I,/KI catalyst, reflecting a different reaction
mechanism.[*] For comparison, Figure 6¢ shows the distribu-
tion of oligopeptides obtained from the polycondensation of
racemic Cg-thio-Glu that yielded essentially a random
distribution of the diastereoisomeric oligopeptides (Fig-
ure 6a, b, ¢ empty bars). Therefore Cs-thio-Glu provides an
experimental reference system, more realistic than the
theoretical values for a binomial distribution in a random
process. This result implies that the racemic C-thio-Glu
crystallizes with enantiomeric disorder of the head groups, as
proposed above. A comparison between Figure 6a, b, and ¢
shows a distinct bias for the Cj-TE-Lys system to form
homochiral diastereoisomers, labeled (4,0) and (0,d), at the
extremities of each distribution for di- to hexapeptides. The
enhanced concentration of the homochiral Cs-TE-Lys oligo-
peptides, (Figure 6a,b), is in agreement with the packing
arrangement of this racemic monomer (Figure 2c). The amino
group of one molecule is appropriately oriented and in close
proximity to a carbonyl group of a nearest neighbor homo-
chiral molecule (~5.0 A) to react and form a peptide bond
(Figure 7 a, left). In contradistinction, the amine and carbonyl
groups of two heterochiral molecules related by glide
symmetry are less appropriately aligned for a nucleophilic
attack (Figure 7a, right).

The distribution of the different diastereoisomers for each
oligopeptide length obtained in the polycondensation of the
racemic C,¢-TE-Glu (Figure 6d) reveals a trend similar to that
of the Ci;-TE-Lys system towards enhanced formation of
homochiral R, and S, peptides vis-a-vis their heterochiral
counterparts, especially for tri-, tetra-, and pentapeptides.
Once again, molecules related by translation along the a axis
within the racemic monomer 2D crystallites undergo prefer-
red condensation. However, this system was found to be less
reactive than C-TE-Lys yielding a mixture of di- to
pentapeptides and the relative abundance of the homochiral
R, and S, peptides is smaller compared to that of Cg-TE-Lys.
According to the packing arrangement of racemic Cs-TE-
Glu, the distance between the N(amino) and C(carbonyl)
atoms is smaller for molecules related by glide symmetry than
by translation symmetry, however the reaction occurs prefer-
entially between homochiral molecules related by translation,
presumably because the SN2 reaction pathway appears to
depend on the orientation of these groups in the 2D
crystallites (Figure 7b, right, left).

a) translation glide

Chiral amplification of the oligopeptides: We will now
describe the structure and the polycondensation behavior of
non-racemic C,3;-TE-Lys monomers and non-racemic C3-TE-
Glu monomers at the air—water interface. The MALDI-TOF
MS results clearly show a distinct enhancement of the
homochiral fraction of the S, oligopeptides (0,d) relative to
that of the heterochiral molecules (4,d) obtained, especially
for penta- to hexa- (hepta-)peptides, upon polycondensation
of 3:7 and 4:6 (R:S) mixtures of C;;-TE-Lys monomers
(Figure 8a,c). The diastereoisomeric composition of the
oligopeptide products is compared not only with the theoret-
ical values for a random process (Figure 8a, c empty columns)
but, once again, with Cs-thio-Glu (Figure 8b, d), our exper-
imental reference system for random polymerization. En-
hanced formation of the homochiral products was obtained
also for the 3:7 and 4:6 (R:S) mixtures of Ci-TE-Glu
monomers (Figure 9).

Analysis of the experimental results shows that when
starting with 3:7 and 4:6 (R:S) mixtures of C;;-TE-Lys, the
relative abundance of the homochiral (S)-hexapeptides nor-
malized to the corresponding experimental values obtained
for the C,¢-thio-Glu have enhancement factors of 2.2 and 2.0,
respectively. For the C;;-TE-Glu system, the normalized
enhancement factor is 2.0 for both (S)-hexapeptides and
(8)-pentapeptides, obtained from 3:7 and 4:6 (R:S) mixtures,
respectively, of the monomer. These enhancement factors
imply a phase separation of the starting non-racemic mixture
of monomers into racemic and enantiomorphous 2D crystal-
lites and the polycondensation reaction taking place within
such separate domains.

The GIXD patterns measured from the enantiomorphous
and racemic 2D crystallites of C;;-TE-Glu are very similar,
therefore in the diffraction patterns we could not detect a
phase separation of the non-racemic mixtures. By compar-
ison, the GIXD patterns measured from the enantiomorphous
and racemic 2D crystallites of C;;-TE-Lys are significantly
different. Monolayer samples of racemic and non-racemic
mixtures of C;;-TE-Lys prepared from the same number of
molecules were measured by GIXD. However, the patterns
measured from 3:7 (R:S) mixtures of C,;-TE-Lys (Figure 1c¢)
were very similar to those measured from the racemate
(Figure 1b) in terms of the positions in g,, and g, components
of the scattering vector corresponding to the Bragg rods as
well as their intensities. These results indicate that the
crystallinity in the racemic and non-racemic samples is

b) translation plide
air ‘\\-’\
water b Y 8
\ <o &

Figure 7. Pairs of a) C;s-TE-Lys and b) C,5-TE-Glu molecules related by translation and by glide symmetry in their racemic 2D packing arrangements shown
respectively in Figure 2 ¢ and Figure 4b, viewed parallel to the water surface. For clarity, only part of the hydrocarbon chains is shown.
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Figure 8. MALDI-TOF MS analysis. Relative abundance of the oligopeptides obtained, at the air—water
interface, from non-racemic mixtures of monomers (solid bars) compared to those calculated for a theoretical
random process (empty bars): a, b) 3:7 (R:S) and c, d) 4:6 (R:S) C;s-TE-Lys and Cs-thio-Glu non-racemic

mixtures of monomers, respectively.

similar. Two possible packing modes can be envisaged for the
non-racemic mixtures of C,g-TE-Lys, either the formation of a
random solid solution or the excess of S-molecules crystallizes
in a “phase” similar to the racemate. In view of the MALDI-
TOF MS results we eliminate
the formation of a solid solu-

intermolecular hydrogen bonds
along the a axis between the
secondary amide groups within
the alkyl chains and which in-
duced a change in the tilt direc-
tion of the alkyl chains of the
enantiomorphous “phase” as to
resemble the racemic “phase”.
This model is reinforced by the
GIXD pattern of the 2:8 (R:S)
mixture of C;-TE-Lys (Fig-
ure 1c¢), which is also very sim-
ilar to that of the racemate
(Figure 1b).[47

The relative abundance of
the homochiral oligopeptides
determined by MALDI-TOF
MS was used to calculate the
enantiomeric excess (ee) for
oligopeptide molecules of each
length obtained from the non-
racemic mixtures of the three
monomer systems (Table 1). As
seen from Table 1, the ee values
of the homochiral oligopeptides
obtained from C;;-TE-Lys and
Cs-TE-Glu increase with the
length and are higher than
the ee of the corresponding
mixture of monomers. The ee
values calculated for the Cg-
thio-Glu system, that under-
goes an almost random poly-
condensation are apparently
high; however the relative
abundance of the longer homo-
chiral oligopeptides is very low
(Figure 8b, d) as in any random
process.

Due to complexity of the
factors that affect the reactivity
within two-phase systems, it is
difficult to explain these values of ee. on a quantitative basis.
Qualitatively, however, several aspects depending on the
structure and reactivity within the racemic 2D crystallites
clearly influence the ee. Oligopeptide products of various

B CI8-TE-Lys 3.7
Otheoretical random

(6,0)
(5.1
(4.2)
(3.3)
24
(1.5)
(0.6)

W C18-thio-Glu 3:7
Otheoretical random

(6,0)
(5,1
(4.2)
(3.3)
(2.4)
(1,5
(0.6)

B CI8-TE-Lys 4:6
O theoretical random

(7.0)
(5.2)
(4.3)
(3.4
(2,5
(1,6)

0,7

—_
=
~

W C18-thio-Glu 4:6
Othcorctical random

Table 1. Comparison between the enantiomeric excess (ee)l® obtained upon polycondensation of 3:7 and 4:6

tion. A way to rationalize the

(R:S) mixtures of C;g-TE-Lys monomers, C;g-TE-Glu monomers, and C,s-thio-Glu monomers.

packing arrangement of the 3:7
(R:S) mixtures of Cg-TE-Lys is

Starting monomer

3:7 (R:S) ee=40

4:6 (R:S) ee=20

) ) . . peptide C-TE-Lys  C-TE-Glu  Cp-thio-Glu  Cig-TE-Lys  Cjg-TE-Glu  Cjg-thio-Glu
in terms of a line epitaxial
crystallization of the enantio- 9 46 48 8 34 27 42
y “ . tri- 63 71 80 34 39 54
morphous ($)-“phase” along-  iera- 73 82 78 4 46 67
side the racemic “phase” with  penta- 85 91 63 60 59 77
the interfacial “line” perpen-  hexa- 86 >99.8 51 62 - 98
« hepta- - - 0 >99.8 - 0

dicular to the a axis

(4.9 A).4] This “epitaxy” may
have been promoted by the

Chem. Eur. J. 2003, 9, No. 8
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[a] The values of the enantiomeric excess calculated according to ee =100([S] — [R])/([S] + [R]), where [S] and
[R] represent the experimental relative abundance for the homochiral oligopeptides of each length.

0947-6539/03/0908-1789 $ 20.00+.50/0 — 1789





FULL PAPER

1. Weissbuch, L. Leiserowitz, M. Lahav et al.

0.2

Relative abundance
=)

0.0

2,0
(¢B)]
©2)
3.0

@n
1.2)

> ST =

4,0
G0
22

—
e

n
©2)
(3.0
(2,1)
a, 2)
©03)
©4

—~
<.
o

<

number of repeat umts (h,d)

Figure 9. MALDI-TOF MS analysis; Relative abundance of the oligopeptides obtained, at
interface, from non-racemic mixtures of monomers (solid bars) as compared to those calculated for a theoretical
random process (empty bars): 3:7 (a)

lengths may be formed within each of the two phases. For
example, only (S)-heptapeptides were formed from the 4:6
(R:S) mixtures of C;-TE-Lys (Figure 8c) and only (S)-
hexapeptides from the 3:7 (R:S) mixtures of C;-TE-Glu
(Figure 9a), products that were not obtained from the
corresponding racemates.

The polycondensation reaction occurring between homo-
chiral molecules, related by translation symmetry (Sche-
me 2b) within the racemic monomer phases of the C;;-TE-Lys
and C;3-TE-Glu systems, resulted in the formation of the
homochiral oligopeptides from the minor monomer leading to
a reduction of the ee. To circumvent this drawback, a system
was selected where the polymerization reaction within the
racemic monomer phase occurs between heterochiral mole-
cules related by glide symmetry (Scheme 2a), to form
syndiotactic oligopeptides. Consequently, oligopeptides that
are homochiral and of a single handedness will be formed only
within the enantiomorphous 2D crystallites of the two-phase
system of the monomers, as demonstrated for the system of
Cis-Glu-NCA.

The GIXD pattern, (Figure 10a, top), measured from the
enantiomeric Cig-Glu-NCA spread on water for a nominal
molecular area of 35 A2, yields a pseudo-rectangular unit cell
of dimension a=5.52 A, b=8.62 A, y=92.5°. From the ¢,
positions of the maximum intensity of the three Bragg rods
we derive that the molecular chains are tilted by 34.8°
from the surface normal in a direction 15° off the a axis. The
refined 2D molecular arrangement and the corresponding
Bragg rod intensity profiles are shown in Figure 10a (middle,
bottom). Injection of catalyst (nickel acetate) into the water
subphase induces a reaction that could be observed by GIXD
yielding a pattern similar to that shown in Figure 10b (top).
A minor, yet significant, change occurs in the unit cell
that becomes rectangular (a=5.54 A, b=8.58 A, y=90°),
in keeping with chains of the polymerized film tilted by
34° from the surface normal in a direction parallel to the
a axis.
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B Cg-TE-Glu 3.7
O theoretical random

The GIXD patterns of race-
mic C;;-Glu-NCA on pure wa-
ter (Figure 10b, top), and on
aqueous solution containing
catalyst are similar, namely, no
change in the diffraction pat-
tern was observed during the
reaction. The refined 2D pack-
ing arrangement of the C3-Glu-
NCA monomer molecules self-
assembled into racemic 2D
crystallites and the correspond-
ing Bragg rod intensity profiles
are shown in Figure 10b (mid-
dle, bottom).

o~ —_
o in
) -

B C g-TE-Glu4:6
O theoretical random

3 2 8§ a8 @& Note that the diffraction pat-
g e e tern of racemic C,;-Glu-NCA is
. very similar to those measured

the air—water

from enantiomeric and racemic
Cis-TE-Glu and Cg-thio-Glu
(Figure 3), however the path-
way of the polymerization re-
action is very different. As described above, Cs-TE-Glu self-
assembled into racemic ordered 2D crystallites and the
reaction occurred preferentially between homochiral mole-
cules along the a axis, due to appropriate head group orientation
and in spite of the fact that the relevant intermolecular
distance is smaller for molecules related by glide symmetry.
By contrast, according to the packing arrangement of the
racemic 2D crystallites of C;;-Glu-NCA, a lattice-controlled
polymerization can occur primarily between heterochiral
molecules related by glide symmetry (Scheme 2a). Such a
pathway occurs, presumably, due to the appropriate “herring-
bone” orientation of the rigid N-carboxyanhydride moieties.
Indeed, the MALDI-TOF MS results are in agreement with
the proposed reaction pathway. The distribution of various
oligopeptides (Figure 6¢) obtained upon polymerization of
the racemic monomer shows the formation of heterochiral
oligopeptides in concentrations beyond the theoretical ran-
dom distribution and significantly different from those of C -
TE-Lys, Cis-TE-Glu, and C,g-thio-Glu (Figure 6a-d).

Consequently, a most efficient chiral amplification process
was anticipated for the non-racemic mixtures of C;;-Glu-NCA
that may undergo a separation into racemic and enantiomeric
phases. The former (i.e. racemic) primarily yields heterochiral
oligopeptides, whereas the latter (i.e. enantiomeric) yields
oligopeptides that are homochiral and of a single handedness.
The MALDI-TOF MS results clearly demonstrate the for-
mation of short oligopeptides rich in heterochiral diaster-
eoisomers, whereas the longer oligopeptides obtained from
3:7 and 4:6 (S:R) mixtures of monomers are rich in
homochiral sequences of single handedness (Figure 11a, b).
Oligopeptides nine or ten units long obtained from the 3:7
(S:R) mixtures of monomers comprise only compositions
15:8R and 0S:9R or 15:9R and 0S:10R , labeled (1,8), (0,9) and
(1,9), (0,10) respectively (Figure 11a). Similarly the 4:6 (S:R)
mixtures yielded octa- and nonapeptides of only 15:7R and
0S:8R or 15:8R and 0S:9R compositions, labeled (1,7), (0,8)
and (1,8), (0,9), respectively (Figure 11b).
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Figure 10. GIXD patterns 1(q,,,q,), measured (x) and calculated (—) Bragg rod intensity profiles and the refined packing arrangements, viewed
perpendicular to the water surface, of the C,;5-Glu-NCA 2D crystallites: a) enantiomerically pure and b) racemic. For clarity, only the N*-carboxyanhydride

ring is shown.

Conclusion

The feasibility of obtaining homochiral oligopeptides with
high relative abundance starting from racemic monomers that
pack in the form of 2D racemic compounds has been
demonstrated for the C;z-TE-Lys and C;;-TE-Glu systems.
The analysis of the GIXD data yielded the precise packing of
the hydrocarbon chains and a determination of the head
group packing to near atomic resolution where constraints
had been imposed on the intra- and intermolecular distances.
The correlation between the 2D packing arrangements of the

Chem. Eur. J. 2003, 9, No. 8
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monomers and the composition of the various diastereoiso-
meric products is not straightforward. The enhanced forma-
tion of the homochiral oligopeptides from the C-TE-Lys
monomer could be rationalized by taking into consideration
the favorable orientations of the amine and carbonyl groups
prior to the formation of the peptide bonds. The preferred
formation of heterochiral oligopeptides could also be corre-
lated with the 2D packing arrangement of the C;;-Glu-NCA
monomer. These results provide prima-facie evidence that the
polymerization reaction is lattice-controlled. There is no
simple correlation, however, between the 2D packing ar-
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Figure 11. MALDI-TOF MS analysis; Relative abundance of the oligopeptides obtained,
interface, from non-racemic mixtures:

rangement of the C;s-TE-Glu monomer and the diatereoiso-
meric composition of the products. We can only rationalize
the preferred formation of oligopeptides of homochiral
sequence by assuming a structural change that might have
occurred in the polar head groups during the polymerization
reaction, without causing a measurable change in the GIXD
patterns.

Lattice-controlled reactions within such self-assemblies
also provide ways to generate homochiral oligopeptides of a
single handedness from non-racemic mixtures of monomers
with a low enantiomeric imbalance. The amplification of
chirality requires that the non-racemic monomers self-assem-
ble such that the racemic component forms racemic 2D
crystallites comprising both enantiomers, whereas the fraction
of the enantiomer in excess separates into enantiomorphous
2D crystallites. Such phase separation follows from the
distribution of the diastereisomeric oligopeptides determined
by MALDI-TOF MS analysis in all the three systems.

The ee of the homochiral oligopeptides is determined by the
packing arrangement and the reaction pathway within the
racemic 2D crystalline phase.[* The highest ee is obtained in
systems where the reactivity within the racemic phase occurs
solely between heterochiral molecules to yield heterochiral
oligopeptides whereas the fraction of the enantiomer in excess
yields homochiral oligopeptides of the corresponding handed-
ness.

The kinetics of polymerization within the racemic and
enantiomorphous crystalline phases should be different.
Consequently, the distribution of the oligopeptides of differ-
ent length obtained from the two phases should not be
identical. This difference implies that in systems where longer
oligopeptides are formed in the enantiomorphous phase, they
should be of a single handedness, as for example, in the Cjs-
Glu-NCA systems.

The success of such amplification processes depends on the
degree of phase separation of the non-racemic mixtures of
monomers. From the systems described here, only the C.3-TE-
Lys was amenable to study also by GIXD since for the other
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enantiomorphous phase as in-
duced by the racemic phase.*”]
Consequently, several analyti-
cal methods must be used for
the complete characterization

at the air—water

of the systems.

Finally, lattice-controlled polymerization within 2D crys-
talline self-assemblies are associated with the appearance of
nonlinear effects*’) that may lead, in appropriate systems, to
efficient chiral amplification in the formation of biomolecules
and therefore should be of relevance to prebiotic chemistry.
Optimization of such processes, by providing a deeper insight
into the detailed structures of the 2D crystallites as well as by
clarifying the precise reaction pathway, is required. Inves-
tigations along these lines are underway.

Experimental Section

Materials: R- and S-N*-stearoyl-lysine-thioethyl ester (Cis-TE-Lys) and R-
and S-y-stearyl-glutamic-thioethyl ester (C,;-TE-Glu) were synthesized by
the reaction of the corresponding Nt-Stearoyl-Lys(Boc) and y-stearyl-
Glu(Boc) with thioethanol followed by removal of the Boc protecting
group with trifluoacetic acid. N*-Stearoyl-Lys(Boc) was synthesized by the
reaction between with N-hydroxysuccinimide of stearic acid and Boc-Lys-
OH (BACHEM AG), according to standard procedures. For the normal
series of compounds, we used stearic acid (Aldrich) and for deuterated
compounds we used perdeuterated stearic acid (D35 98% Cambridge
Isotope Laboratories). y-Stearyl-Glu(Boc) was synthesized from the
reaction of Boc-Glu-OFm (BACHEM AG) with stearyl alcohol (Aldrich)
for the normal series of compounds and per-deuterated stearyl alcohol
(D37 98% Eurolsotope) for deuterated compounds.
Ne-carboxyanhydrides of R- and S-y-stearyl-glutamic acid (C,-Glu-NCA)
were synthesized from the corresponding long-chain amino acid y-stearyl-
glutamic acid (C;-Glu), according to a reported procedure. In the
synthesis of Cis-Glu we used either stearyl alcohol or per-deuterated stearyl
alcohol.Pl R- and S-y-stearyl-glutamic thio-acid(C,s-thio-Glu) were ob-
tained from the corresponding C;-Glu-NCA with H,S in the presence of
2,6-lutidine at —10°C.[%

Characterization of compounds

R-, S- C;5-TE-Lys (C,;;H;; chain): 'H NMR (400 MHz): 6 =0.9 (t, 3H), 1.27
(br m, 31H), 1.45-1.8 (br m, 8H), 2.16 (t, 2H), 2.9 (q, 2H), 3.28 (q, 2H),
3.51(t,1H) 5.5 ppm (s, 1 H); FTIR (KBr pellet): 7= 3327,2928, 2859, 1702,
1642, 1549, 1463, 1208, 1141 cm~!; ESI-MS: m/z: 457.8 [M* +H].

R-, S-Cs-TE-Lys (Cy;D35 chain): 'H NMR (400 MHz): 6 =1.27 (t,3H), 1.45
(m,2H),1.5-1.8 (m, 6H),2.88 (q,2H), 3.28 (q,2H), 3.5 (t,1H) 5.6 ppm (s,
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1H); FTIR (KBr pellet): 7 =2919, 2853, 1702, 1642, 1549 cm~!; ESI-MS m/
z:492.9 [M*+H].

Cg-thio-Glu (C,gHj, chain): '"H NMR (400 MHz): 6 =0.9 (t,3H), 1.3 (br m,
30H), 1.77 (m, 2H), 2.5-2.6 (m, 2H), 2.90 (t, 2H), 4.28 (t, 2H), 4.72 ppm
(m, 1H); FTIR (KBr pellet): 7= 3208, 2916, 2850, 1736, 1591, 1532, 1472,
1260, 1200 cm~'; ESI-MS: m/z: 416.5 [M* +H].

Cy-thio-Glu (C,D;, chain): '"H NMR (400 MHz): 6 =2.5-2.7 (m, 2H),
2.97 (t, 2H), 479 ppm (t, 1H); FTIR (KBr pellet): #=3200, 2190, 2088,
1733 cm~'; ESI-MS: m/z: 453.76 [M* + H].

Cs-TE-Glu (C3Hj, chain): 'H NMR (400 MHz): 6 =0.88 (t, 3H), 1.28 (br
m, 35H), 2.35 (m, 2H), 2.6 (t, 2H), 3.0 (q, 2H), 4.08 (m, 2H), 4.28 ppm (m,
1H); FTIR (KBr pellet): #=2919, 2853, 1736, 1726, 1660, 1467, 1208,
1135 em™!; ESI-MS: m/z: 444.5 [M* + H].

C5-TE-Glu (C;3D3, chain): 'H NMR (400 MHz): 6 =1.27 (t,3H), 2.2-2.35
(m,2H),2.59 (m,2H), 3.0 (q,2H), 4.7 ppm (t, 1 H); FTIR (KBr pellet): 7 =
2190s, 2088s, 1733, 1648s, 1208 cm~'; ESI-MS: m/z: 481.86 [M* + H].
C5-Glu-NCA (C;gH;; chain): 'H NMR (400 MHz): 6 =0.88 (t, 3H), 1.25
(br m, 32H), 2.1-2.3 (m, 2H), 2.55 (t, 2H), 4.09 (t, 2H), 4.37 (t, 1H),
6.22 ppm (s, 1H); FTIR (KBr pellet): 7 = 3276, 2919, 2851, 1857, 1848, 1812,
1770, 1735, 1241, 1182, 933 cm™'; ESI-MS: m/z: 414.52 [M~ —H].
C5-Glu-NCA (C3D3; chain): '"H NMR (400 MHz): 6 =2.1-2.3 (m, 2H),
2.62 (t, 2H), 4.45 (t, 1H), 6.28 ppm (s, 1 H); FTIR (KBr pellet): ¥ =3268,
2204, 2085, 1846, 1802, 1768, 1733, cm™!; ESI-MS: m/z: 461.46 [M~ — H].
As catalysts, we used nickel acetate -4H,O (Aldrich), I,/KI prepared by
dissolution of crystalline I, (1.9 g, 7.5 mmol; Merck) into an aqueous
solution of KI (0.4M, 60 mL) and AgNO; (Aldrich).

Sample preparation: The solutions (0.5 mm) of the amphiphile monomers
were prepared in chloroform for C;g-TE-Lys, Ci;-TE-Glu, and C5-Glu-
NCA, or in chloroform with 1% TFA for Cs-thio-Glu. The solutions were
spread on water for a nominal molecular area (area of the trough divided
by the total number of molecules contained in the spreading solution) of
35 A2, corresponding to ~70% monolayer coverage. The temperature of
the water subphase was 20 °C, except for C,;-Glu-NCA where the water was
cooled to 4°C(or to close to 0°C). Under these conditions, the surface
pressure did not increase above 1 mNm~!. GIXD measurements were
performed after cooling to 4°C and purging with cold helium. For the
monolayers of Cig-TE-Lys, C5-TE-Glu, and Cig-thio-Glu, the polyconden-
sation reactions were initiated by addition of concentrated aqueous
solutions of I,/KI or AgNO; catalysts into the subphase beneath the
monolayer to reach a final concentration of 1mm and 5mm, respectively.
For the monolayers of Ci;-Glu-NCA, the polymerization was initiated by
addition of concentrated aqueous solutions of nickel acetate to reach a
concentration of Smm. The reaction time was two to four hours.

MALDI-TOF MS: After the reaction, the monolayer films were com-
pressed with the barrier and the material, observed by visual inspection,
was collected from the liquid surface, transferred to a glass vial and dried
under vacuum. Samples for the MALDI-TOF MS analysis were then
prepared by dissolving the dry material in chloroform containing 1%
trifluoroacetic acid. One microliter of this solution was deposited on top of
a matrix deposit (1:1 v/v of dithranol solution in chloroform and Nal
saturated solution in THF) on the instrument holder. The MALDI-TOF
positive-ion mass spectra were obtained in reflector mode from two
different instruments at the Weizmann Institute (Bruker Biflex 3) and at
the University of Paris VI (Perceptive Biosystems, Voyager Elite), both
equipped with a N, laser. External calibration of the mass spectra was
achieved using calibrating peptide ( Substance P, ACTH 8-39) in the
studied mass range. Only singly charged ions, [M +H]", [M + Na]* and
[M +2Na — H]* with the expected isotopic pattern, were observed. Other
ions with the same isotopic pattern were often observed and shifted by
Am/z of 4 units and 6 units and 113 units with respect to [M + Na]™ and
[M +2Na — H]*, presumably resulting from the gas-phase reaction of these
species or formation of an adduct with one trifluoroacetic acid ion (114
units). The nature of these ions is currently under investigation. Deutera-
tion of the different compounds being not complete, but lying in the range
98.6% (Cs-TE-Glu), 97.9% (C;s-TE-Lys), a program was developed by
using Visual Basic (V5.2) to derive the complex isotopic pattern of the
oligopeptide species from that of the monomers comprising either
protonated or perdeuterated hydrocarbon chains. In these experiments,
the isotopic pattern for a given oligomeric species containing protonated
and deuterated units and the mass precision (better than 0.1 unit) are
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sufficiently well defined to correctly assign the monomer composition of
the various observed ions. Mass spectra resulted from a signal average of at
least a few hundreds of laser shots in different spots of the target in order to
get a reliable statistic about the ion peak. The good statistic is obtained
when the isotopic distribution of an ion species corresponds to that
expected from the calculation. Mass assignments were made using both m/z
measurement and isotopic distribution (different from protonated and
deuterated monomers). A good agreement was found on both instruments
for the observed ions and their relative abundance.

We use the following notation code of the oligopeptide molecules: (h,d)
designates a molecule comprising /& S(deuterated) repeat units and d
R(protonated) repeat units, with n = i + d, being the total number of repeat
units. The relative abundance (ra) of each type of oligopeptide (h,d) is
obtained by dividing the intensity of all the ions from a particular molecule
to the total intensity of the ions from all the molecules of the same length, n.
For example, the relative abundance of a tetra-peptide (4,0) composed of
four R(protonated) chains, is calculated with Equation (1).

ra(4,0) = intensity(4,0)/intensity{(4,0) + (3,1) + (2,2) + (1,3) + (0,4)} 1)

The relative abundance of the tetrapeptide (2,2) composed of two
R(protonated) and two S(deuterated) chains is calculated with Equa-
tion (2).

ra(2,2) =intensity(2,2)/intensity{(4,0) + (3,1) + (2,2) + (1,3) + (0,4)} 2)

A very similar ionization yield is expected for the (h,d) oligopeptides of the
same length n =& + d, due to identical chemical properties. In addition, the
very close masses of those compounds and the very close ion velocities in
the TOF mass spectrometer allow to expect similar detection efficiency.s]
Thus the ion intensity of the different (4,d) oligopeptides are directly and
reliably comparable.

The enhancement factors where calculated by dividing the relative
abundance of any oligopeptide by the corresponding experimental values
obtained for the C-thio-Glu system that was found experimentally to
undergo an almost random polycondensation.

GIXD measurements: These were performed by using the liquid —surface
diffractometer mounted at the BW1 synchrotron beamline at Hasylab,
DESY, Hamburg. Details about the experimental technique and the
instrument were reported elsewhere.l?l The measured GIXD patterns are
represented as two-dimensional contour maps of the scattered intensity,
1(qyy» q,), as a function of the horizontal g,, and vertical g, components of
the scattering vector. The unit cell dimensions of the 2D lattice are derived
from the g, positions of the Bragg peaks. The full width at half maximum of
the Bragg peaks (corrected for instrument resolution), FWHM(q,,), gives
an estimate of the crystalline coherence lengths L, ~0.9Q2x/FWHM(q,,))
associated with each A,k reflection. Bragg rod intensity profiles are the
intensity distribution along ¢q,, I(q,), derived by integrating across the gy,
range for each of the Bragg peaks. The full width at half maximum of the
Bragg rod intensity profiles, FWHM(q.), gives a first estimate of the
thickness d~0.9(2n/FWHM(q.)) of the 2D crystallites. More accurately,
the intensity at a particular value of g, in a Bragg rod is determined by the
square of the molecular structure factor |F,,(q.)|? The 2D packing
arrangement is determined by performing X-ray structure factor calcu-
lations, using atomic coordinate molecular models constructed using the
CERIUS? molecular package,*” and rigid-body structure refinement, using
the SHELX-97 program®®! adapted for 2D structures.
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Spontaneously Organizing Metal Connectors as Supramolecular Structure
Directors of Two- and Three-Dimensional Organometallic Assemblies

Rolf Eckhardt, Hilka Hanika-Heidl, and R. Dieter Fischer*?!

Abstract: The supramolecular interplay
of Me;Sn* and [M(CN),,]" ions (n=3
and 4) with either 4,4"-bipyridine (bpy),
trans-bis(4-pyridyl)ethene (bpe) or 4-cy-
anopyridine (cpy) in the presence of
H,O has been investigated for the first
time. Crystal structures of the six novel
assemblies: [(Me;Sn),MoY(CN);-
2H,O - bpy] (8) and [(Me;Sn),Mo'v(C-
N)g-2H,0-bpe] (8a; isostructural),
[(Me;Sn);Fe(CN),-4H,O - bpy]  (9).
[(Me;Sn);Co™(CN),-3H,0 - 3/2bpy]

(10), [(Me;Sn),Fe''(CN),-H,O - 3/2bpy]
(11), and [(Me;Sn),Ru(CN)4-2H,0 -3/
2cpy] (12) are presented. H,O mole-
cules are usually coordinated to tin

atoms and involved in two significant
O—H---N hydrogen bonds, wherein the
nitrogen atoms belong either to bpy
(bpe, cpy) molecules or to M-coordinat-
ed cyanide ligands. Extended supramo-
lecular assemblies such as -CN—
Sn(Me;) — O(H---)H--N(L)N -- HO-

(H---) — Sn(Me;) «— NC- (L =bpy, bpe
or cpy) function as efficient metal con-
nectors (or spacers) in the structures of
all six compounds. Only in the three-

Keywords: crystal engineering - hy-
drogen bonds - structure elucidation
- supramolecular chemistry - tin

dimensional framework of 11, one third
of all bpy molecules is involved in
coordinative N — Sn bonds. The supra-
molecular architecture of 9 involves
virtually non-anchored (to cyanide N
atoms), Me,Sn* units with a strictly
planar SnC; skeleton, and two zeolitic
H,O molecules. Pyrazine (pyz) is sur-
prisingly reluctant to afford assemblies
similar to 8—12, however, the genuine
host—guest  systems  [(Me;Sn),Mo-
(CN)s-0.5pyz] and  [(Me;Sn),Mo-
(CN)g-pym] (pym = pyrimidine) could
be isolated and also structurally charac-
terized.

Introduction

Organometallic compounds of the type [(Me;Sn),M(CN),,] =
S[M{p-CNSn(Me;)NC},] (¢ =2 or 3) with n=2 (M =Nill), 3
M=Co, 1?) or 4 (M=Mo or W, 2, 3B4) are well-
documented coordination polymers, whose metal atoms M
may be considered as nodes of four-, six- ,or eight-connected
nets. The five-atom metal connectors, or spacers, -CN — Sn «—
NC- (type I) usually result by rapid self-assembly when
dissolved [M(CN),]"~ ions meet hydrated Me;Sn* ions. The
somewhat modified host—guest system [(Ph;Sn);Fe(CN);-
H,0-MeCN] = J[Fe{u-CNSn(Ph;)NC},{u-CN--HO(H)Sn-
(Ph;)NC}-MeCN] (4)P1 is, on the other hand, a heteroleptic
congener of 1 and 1a (M = Fe),?® in that its six-connected net
contains, in the ratio 2:1, both spacer I and the seven-atom
spacer II: -CN--HO(H) — Sn < NC-. Another long known!®!
assembly with a related heteroleptic framework struc-
ture is the guest-free system [(Me;Sn),Fe''(CN),-2H,O-
diox] = J2[Fe{u-CNSn(Me;)NC},{u-CNSn(Me;)O(H)H - O-

[a] Prof. Dr. R. D. Fischer, Dr. R. Eckhardt, Dipl.-Chem. H. Hanika-Heidl
Institut fiir Anorganische und Angewandte Chemie
Universitdt Hamburg
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(diox)O -- HO(H)Sn(Me;)NC}] (diox = dioxane) (5) wherein
both spacer I and the notably more expanded spacer III: -
CNSnO(H)H --L--HO(H)SnNC- (with L=diox) span a
strongly elongated six-connected framework.”l In view of
the spontaneous formation of 4 and 5 from dissolved R;Sn*
and [Fe(CN)¢]*~/[Fe(CN)¢]*~ ions in the presence of acetoni-
trile and dioxane, respectively, the spacers II and III obviously
owe their existence to self-assembly, too.

A possible homologue of 5 containing 4,4-bipyridine (bpy)
instead of dioxane (6) is obtained from [(Me;Sn),Fe(CN)] (7)
and bpy in moist acetonitrile as solvent.[’] However, neither
single crystals of 6 have so far been obtained, nor could its
water content reliably be determined. In principle, the
heterocyclic nitrogen base L can either be tin-coordinated,
hydrogen-bonded (as diox in 5) or simply encapsulated by
suitable cavities of the guest framework. Herein we focus on
the supramolecular architecture of six better crystallizing new,
likewise H,O/L-containing compounds with L =either bpy,
trans-bis(4-pyridyl)ethene (bpe), or 4-cyanoyridine (cpy), 8/
8a—12.

[(Me;Sn),Mo'Y(CN),-2H,0 - bpy] =[2-2H,0 - bpy] 8
[(Me;Sn),Mo'Y(CN),-2H,0 - bpe] = [2-2H,0 - bpe] 8a

[(Me;Sn);Fe(CN),-4H,O - bpy] = [1a-4H,0 - bpy] 9

0947-6539/03/0908-1795 $ 20.00+.50/0 1795





FULL PAPER

R. D. Fischer et al.

[(Me;Sn);Co(CN),-3H,0 - 3/2bpy] = [1-3H,0-3/2bpy] 10
[(Me,Sn),Fe(CN), - FL,O - 3/2bpy] = [7-HL,O-3/2bpy] 11

[(Me;Sn),Ru'(CN),-2H,0 - 3/2cpy] = [7a-2H,0 -3/2cpy] 12

The presence of bpy, bpe or cpy together with H,O in §—12
suggests that at least part of the bidentate nitrogen base could
be hydrogen-bonded to probably metal-coordinated water
molecules, affording thus novel, quite extended metal con-
nectors. However, without more detailed structural insights,
the possibility of simply encapsulated or Sn-bonded nitrogen
bases L cannot strictly be excluded.

Results and Discussion

Preparation and general properties of 8--11

Single crystals of 8, 8a, and 10-12 suitable for X-ray
crystallography were obtained during the long-term exposure
of aqueous K,[M(CN),,]/L solutions to Me;SnCl vapor, which
is in equilibrium with a solid source of this quite volatile
compound!! (route 1). Most unexpectedly, excellent single
crystals of 11 were also obtained in low yields during attempts
to grow crystals of the coordination polymer
[(Me;Sn)¢{Fe¥ (u-bpy)(CN),}]! from very slowly warmed
stacks of initially frozen solutions of Me;SnCl and K¢[Fe,(u-
bpy)(CN),o], respectively, separated by layers of pure ice
(route 2). Single crystals of 9 and 10 resulted after one to three
days when samples of 1a or 1 (which are sparingly soluble in
pure H,0) had been completely dissolved in mixtures of H,O
(excess), L, and (traces of) MeCN (route 3). While 11 could
only be obtained in quantities of up to 10-20 mg, larger
polycrystalline (bulk) products of 8, 8a, 10, and 12 were
readily obtained by co-precipitation. Hereby, an aqueous
solution of K,[M(CN),,] was added to a solution of Me;SnCl
and L prepared one or two hours before (route 4). Interest-
ingly, addition of Me;SnCl to K,[M(CN),,]/bpy solutions led
only to markedly bpy-deficient, or even bpy-free, products,
suggesting that likewise supramolecular, but still soluble,
precursor systems containing hydrated Me;Sn* and bpy!['l are
essential for the successful generation of the new bpy/H,O-
containing products.

Surprisingly, experiments carried out according to routes 1
and 4, in which pyrazine (pyz) was used instead of bpy, did not
lead to any assembly containing both pyz and H,O. Instead,
only with K,[M(CN)s] (M =Mo, W) as starting components
did we obtain genuine host — guest systems such as [(Me;Sn),.
Mo(CN);s-xL] with L=pyz (x=0.5, 13!']) and pyrimidine
(pym) (x=1.0, 141'?) that were structurally characterized.
Likewise, single crystals of the guest-free assemblies
[(Me;Sn),M(CN)s] (M =Mo, 15;3 M =W, 16!'*]) could be
grown by route 1 for the first time. These three products are
virtually isostructural with the two earlier reported host—
guest systems with L = tetrahydrofuran (thf),” although the
methyl carbon atoms of 16 turned out to be unusually
disordered. While the architecture of the host frameworks
remains essentially unchanged, the encapsulated guest mol-
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ecules (thf?! pyz, pym) are always strongly disordered and
difficult to identify by X-ray diffractometry alone.

The products 8, 9, 10, and 13 were also subjected to thermal
analysis (thermal gravimetry (TG)/differential thermal anal-
ysis (DTA), in air). While 8 displayed a continuous weight loss
of up to 16.7% between 160 and 260°C, the genuine host—
guest system 13 remained unaffected until 310 °C, whereafter
vigorous decomposition took place. Pyrazine was monitored
by mass spectrometry (MS) as one of the volatile products.
Although the weight loss of 8 corresponded roughly to its total
content of H,O and bpy, fragments of the latter could not be
detected by MS, and the powder X-ray diffractogram (XRD)
of the solid residue displayed no sharp reflections. Compound
9 starts darkening at 250 °C, although weight loss takes place
at >100°C (1.13%). Subsequent thermal gravimetic events
occurred between 200 and 240°C (6.95 %) and between 240
and 300°C (37.6 % ). Reduction of Fe! to Fe!! and concom-
itant liberation of cyanogen are most likely to take place
already around 100°C.

Only the thermal analysis of 10, along with the identifica-
tion of the solid residue (obtained at 250°C) as pure 1, would
justify the assumption of a reversibly regenerable, virtually
genuine host—guest system. Decomposition takes place in
three steps (90°C: 4.2%; 140°C: 19.2%; 260°C: 28.9%).
Although below 250 °C no fragments of bpy were indicated by
MS, the IR spectrum of the corresponding solid residue
displayed no bands typical of bpy either. However, both the
elemental analysis and the XRD of this residue confirmed
unambiguously the formation of neat 1. Moreover, this
particular residue could be converted back to 10 (by route
3), and thereafter, again by controlled thermal decomposition,
into 1. According to its elemental analysis, compound 12
seems to lose all its H,O on drying in vacuo at about 100°C.

Crystal structures and vibrational spectra (v(CN)) of 8—11

[(Me;Sn);Mo(CN)s-2H,0 -bpy] (8) and [(Me;Sn),;Mo(C-
N)g-2H,0 -bpe] (8a): Although the bpe molecule is longer
than the bpy molecule (N -- N) by about 2 A, 8 and 8a turn out
to be isostructural.l'> 91 In contrast to the structure of 2,0 only
four of the eight cyanide ligands of each {Mo(CN),} fragment
are involved in spacers of type I, which leads to the generation
of wavy, ABAB-stacked layers (Figure1). Mo atoms of
adjacent layers are connected pairwise by two type II spacers,
in that [Mo(u-spacer II),], strands extend almost perpendic-
ular to the layers (Figure 2). If the bpy or bpe molecules are
ignored, the resulting heteroleptic 3D framework can be
considered as a six-connected net. Figure 1 offers a view upon
two adjacent layers of 8, and Figure2 one particular
perspective parallel to three adjacent layers. For better clarity,
one of the two equivalent layers considered in Figure 1 is
presented mainly in black. As in 2, the coordination geometry
of each Mo atom is square antiprismatic.

The bpy molecules actually present in 8, as well as the bpe
molecules of 8a, are not just encapsulated “mechanically”,
but distinctly anchored, through two O-H--N hydrogen
bonds, to water molecules of type II spacers of two suitably
positioned [Mo{u-spacerII},], strands (see Figure 2). Overall,
the supramolecular assemblies 8 and 8a may therefore be
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Figure 1. View along the ¢ axis upon two subsequent layers (A, B) of 8;
a) in black only layer A and the bpy molecules residing between A and B.
b) Alternatively, only layer B and the bpy molecules below it are presented
in black. Mo(CN); fragments are blue, Sn atoms yellow, O atoms (of H,0)
red, and bpy units green; methyl groups have been omitted for clarity. Mo
atoms numbered in italics are signified as nearest neighbors of Mo* (see
text for details).

Figure 2. Perspective view of the structure of 8 along three subsequent
layers (B, A, B). Methyl groups have been omitted, faint, dotted lines
indicate O — H-- N hydrogen bonds. Again, Mo atoms numbered in italics
are nearest neighbors of Mo* (see text for details).

considered either as heteroleptic, six-connected frameworks
with unusually well-fixed guests, or as guest-free systems held
together by spacer I and the novel tetradentate spacer (or
metal connector) IV (Scheme 1).
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Scheme 1. Tetradentate metal connector of type IV.

In the case of the latter view, 8 and 8a may formally be
understood as ten-connected nets, since then, for example the
Mo atom designated by an asterisk in Figure 1 and 2, would
not only be connected with the atoms Mol, Mo3, Mo5, Mo7,
Mo9 and Mo!0 (by spacers I or II), but, moreover, (by spacer
IV), also with the more distant metal atoms Mo2, Mo4, Mo6
and Mo8.

Spacer IV clearly comprises not only all of the initially
spotted type II spacers, but, inter alia, also the aforemen-
tioned spacer of type III with L = bpy. Interestingly, spacer IV
is also found in the crystal structures of 9 and 10 (vide infra).
For all these assemblies, the O --N(bpy) distances compare
well with the O ---N(cyanide) distances (see Tables 1 and 2).
This feature supports the view that the bpy (or bpe) molecules
should be considered as integral parts of distinct metal
connectors. Selected structural data of 8 and 8a are compiled
in Table 1. In particular, the seven lowest entries demonstrate
that quite a number of distances and angles only undergo
rather modest changes to accommodate either bpy or bpe.
Although only four of the eight cyanide ligands of each
{Mo(CN)g} unit are metal-bridging (Mo-CN — Sn), the IR
spectra of both 8 and 8a display just one sharp and intense
v(CN) band at 2131 cm™! (2: 2140 cm~'[4)),

[(Me;Sn);Fe(CN);-4H,O0 -bpy] (9" According to a per-
spective of the structure of 9 viewed along the a axis
(Figure 3), four of the six cyanide ligands of each {Fe(CN)}
fragment are, as in the structures of 8 and 8a, primarily

Table 1. Selected interatomic distances [A] and angles [°] of 8, 8a, and 9.

8 8a 9
Sn1-N1 2317(4)  23401(19)  Sn1-N4 2.329(3)
Sn2-N3 2337(4)  23302)  Sm2-N2 2.651(4)
Sn2-N4 2339(5)  2336(2)  Sm2-Né6 2.638(4)
Sn1-01 2288(4)  2.2487(16)  Sm3-Nl 2.337(3)
Sn1-01 2.202(3)
C1-N1-Sn1 1683(4)  16247(17)  Sn3-02 2.239(3)
C3-N3-Sn2 1413(4)  14532(18)
C4-N4-Sn2 1480(4)  147.92(19)  CI-N1-Sn3  144.9(4)
C4-N4-Sn1  143.0(3)
01---N5 27773)  27393)  C2-N2-Sm2  171.7(9)
O1---N40 2760(3)  2.689(3)  C6-N6-Sm2  117.4(13)
HIB ---N5 1.983(3)  1.90(4)
HIA ---N40 2.0083)  1.856(10) O1---N5 2.653(4)
N5-O1-N40 1252(4)  117.00(10)  O1---N40 2.382(4)
Mo7--Mol0®  16.80(4)  16.02(4) 02---N3 2.778(6)
Mo*---Mo**d  12.46(5)  13.60(4) 02---N30 2.266(5)
Mo*---MoI™  11.54(5)  11.70(3) HIB --N5 1.716(4)
01---011 1262(3)  14.62(3) HIA---N40  1.769(4)
N5-O1-Snl 1134(3)  118.94(10)  H2A---N3 2.128(6)
N5-O1-N40 1252(4)  117.00(10)  N5-O1-N40  120.4(7)
N40-O1-Sn1 1209(4)  116.74(9) N3-02-N30  113.6(6)

[a] Intralayer. [b] Interlayer. [c] With bpy/bpe between O1 and O1'.
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Figure 3. Perspective view of the structure of 9 along the a axis. Three
[Mo(u-spacerIV)],, chains (see the text) extending along the b axis are
shown. Dotted lines indicate O—H -- N(bpy) hydrogen bonds.

involved in the formation of type II spacers, affording again,
along the b axis, infinite [Fe{u-spacerll},], strands with
doubly bridged Fe atoms. These strands are interlinked
further through very strongly hydrogen-bonded bpy mole-
cules (see Table 1), approximately along the a axis, to form
infinite, puckered sheets (Figure 4).

Figure 4. Perspective view of the structure of 9 along the ¢ axis. Methyl
groups have been omitted for clarity, and dotted lines indicate O—H --
N(bpy) hydrogen bonds.

According to Figure 3, the two trans-oriented ligands
C(2)N(2) and C(6)N(6) of each Fe atom extending along
the ¢ axis would appear, in principle, predestinated to
generate with the fragment {Me;Sn(2)}" almost linear, infinite
-Fe-CN-Sn-NC- chains. Quite surprisingly, however, the two
N—Sn distances of 2.65 and 2.63 A, found along the ¢ axis
considerably exceed the usual length of about 2.33 A typical
of spacer I (see Tables 1 and 2), suggesting here unusually
weak coordinative interactions. Actually, an Sn—N distance of
2.63 A would exceed the sum of the covalent radii of Sn and
NU8l by about 0.5 A. Accounting here for the tightly anchored
bpy molecules and probably negligible coordinative Sn--N
interaction along the ¢ axis, the puckered sheets of 9 (vide
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supra) turn out to be based exclusively on the presence of
spacers of type IV as metal-connecting building blocks. In the
strict absence of any coordinative N — Sn bonding, the
cationic {Me;Sn "} (see also the note added in proof) fragment
could be associated with the long-sought stannylium ion.[""]
Unfortunately, the paramagnetism of 9 (low-spin Fe'! center)
does not admit an independent inspection of the effective
coordination number of Sn(2) by solid-state '"Sn NMR
spectroscopy, and an isostructural, diamagnetic homologue of
9 with M = Co has so far not been obtained (vide infra).

In contrast to 8, 8a, and 10-12, two of the four H,O
molecules of 9 turn out to be notably disordered, occupying
zeolitic positions between the layers. Accordingly, the oxygen
atoms O(10) and O(11) give rise to larger thermal ellipsoids
than O(1) and O(2) (Figure 5), which are tightly fixed by

Figure 5. Structure of 9 (asymmetric unit including the atomic numbering
scheme; ORTEP plot with thermal ellipsoids represented in 50 %
probability).

coordinative (O — Sn) and hydrogen bonds. The zeolitic
water molecules seem to be well separated from the surpris-
ingly well-encapsulated Me;Sn* ions, which otherwise would
readily afford [Me;Sn(OH,),]* complexes (vide infra). Fig-
ure 5 also reveals that the atoms of the potential stannylium
ion (as well as N(2) and N(6)) display reasonably small
thermal ellipsoids. The two IR-active v(CN) bands of 9 at 2136
and 2078 cm™' may tentatively be ascribed to CN groups
belonging to spacer IV and to the virtually terminal CN
ligands (oriented along the c axis), respectively.

[(Me;Sn);Co(CN), - 3H,0 - 3/2bpy] (10)!2!: Quite surprising-
ly, reaction of 1 (M = Co) and 1a (M =Fe), respectively, with
H,O/bpy (route 3) affords two totally different products.
Compound 10 contains, unlike 8 and 9, bpy molecules in two
different structural environments, that is bpy* and bpy® (1:2).
While bpy* may again be ascribed to the central component
of a tetradentate spacer of type IV, which is responsible for the
formation of a negatively charged 3D framework of the net
composition [(Me;Sn),Co(CN), - H,O - 0.5bpy*]~ (vide infra),
the bpy® molecules interlink doubly hydrated Me;Sn* ions to
infinite, positively charged ribbons (containing [bpy - H,O],,
zigzag chains) of the composition *%[Me;Sn(H,0), bpy®|L
(Scheme 2).
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Scheme 2. Infinite, positively charged [Me;Sn(H,0), - bpy®]* ribbon of 10.

Basic building blocks of the negatively charged subframe-
work of 10 are parallel zigzag chains involving only spacers
of type I. Connectors of type II interlink these chains
to puckered, porous layers (Figure 6). Appropriately sepa-
layers are,

rated moreover, connected through two

> b

Figure 6. View of one wavy, porous layer constituting the structure of 10
(see text for details). Dotted lines indicate O—H --N hydrogen bonds, and
only bpy* molecules oriented away from the spectator are shown. Color
code as in Figure 1

O — H--N(bpy*)hydrogen bonds to a voluminous 3D frame-
work (Figure 7). By this latter step, the aforementioned type
IT connectors are again expanded to tetradentate spacers of
type IV. Because of the large internal voids within the
resulting negatively charged assembly, two strictly equivalent
3D frameworks undergo mutual interpenetration. This final
step parallels the interpenetration of two equivalent, but
uncharged 3D frameworks of the earlier reported”! com-
pound 5 (see the Introduction).

The positively charged ribbons *[Me;Sn(H,0), - bpy®]%
(Scheme 2) extend between two adjacent layers of inter-
penetrating subframeworks (Figure 8). The tin-coordinated
water molecules containing O(1) are then alternantly in-
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Figure 7. View along two equivalent, porous layers (A, A) of 10 that are
connected by bpy* molecules to an open 3D framework. Light green bpy
ligands are located above, and dark green bpy ligands below the projection
plane. Dotted lines indicate hydrogen bonds.

=

e

Figure 8. Perspective (as chosen for Figure 6) of the complete structure of
10. Only the cationic ribbon (see the text and Scheme 2) is comparatively
dark. Dotted lines indicate O—H -+ N hydrogen bonds within the ribbon and
with the 3D framework, respectively. Dotted lines indicate hydrogen bonds,
and bpy® molecules are red-brown in color.

volved in O—H --N(cyanide) hydrogen bonds with the other-
wise terminal cyanide ligands {C(2)N(2)} and {C(4)N(4)} of
either subframework. Owing to this direct involvement of the
positively charged ribbon, none of the six cyanide ligands of
each {Co(CN)} fragment will remain strictly terminal. More-
over, by distinct fragments of these chains exceeding in length
even spacers of type III (with L =Dbpy), cobalt atoms of the
two interpenetrating subframeworks become also interlinked.
Ignoring, however, this latter feature, each cobalt atom of 10 is
connected, by spacers of type I and IV, with eight other cobalt
atoms. Somewhat surprisingly, 10 gives rise to just one IR-
active v(CN) band (at 2158 cm™!'), suggesting again that
cyanide ligands carrying a tin atom and those involved in CN -
-H-O(H) — Sn hydrogen bonds, respectively, may have very
similar force constants. It is, moreover, noteworthy that all of
the H,O and bpy units of 10 are intrinsic components of a
complex supramolecular architecture although, according to
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its thermal behavior (vide supra), 10 behaves like a genuine
readily de- and rechargeable, host —guest system.

[(Me;Sn) ,Fe(CN), - H,O - 3/2bpy] (11)12!1: This assembly con-
tains, like 10, two bipyridine molecules, bpy” and bpy® (2:1),
in different structural environments, but is devoid of spacers
of type IV. Basic building blocks of 11 are quasi-parallel,
infinite [Fe-C(1)N(1)-Sn(1)-N(6)C(6)],, zigzag chains (con-
taining only type I spacers) that extend pairwise along the ¢
axis. According to a somewhat simplified perspective view
along the a axis (Figure 9), the Fe atoms of two pairs of chains
are connected further by type I spacers (designated as
-C(3)N(3)Sn(3)N(4)C(4)-) to infinite ribbons. A character-
istic feature of these ribbons is Fe; triangles with type I spacers
as edges.

*fr

Figure 9. View of four pairs of [Fe-CN-Sn(3)-NC], zigzag chains (A, B, A,
B) of 11. Adjacent (A,B) ribbons are interlinked by strongly bent
CN—Sn(4) < bpy* — Sn(4)-NC tethers (type V) with bpy* molecules
(green) almost perpendicular to the projection plane. Only three bpy®
molecules (connecting nonadjacent ribbons) are shown in the upper right
segment. Methyl groups have been omitted, and dotted lines indicate O-H -
-N(bpy®) hydrogen bonds.

Ignoring for a moment the presence of bpy® molecules
(only three of which are drawn in Figure 9), the infinite
ribbons turn out to be interlinked by strongly bent spacers of
the new type V: -C(5)N(5) — Sn(4) «— N(bpy*)N — Sn(4) «—
N(5)C(5)-. While Figure 9 suggests, somewhat misleadingly,
the presence of infinite sheets, an alternative perspective
(along the c axis, Figure 10) reveals that even in the absence of

* o

Figure 10. Perspective view of the structure of 11 parallel to three strongly
folded sheets (A,B,A). While all bpy* molecules (green) interlinking
adjacent sheets (A,B) are shown, only those bpy® molecules connecting the
two A sheets (only faintly greyish) are displayed. Dotted lines indicate
O—H--N(bpy®) hydrogen bonds. All methyl groups have been omitted.

1800

bpy? the framework would not be interrupted along a.
Actually, infinite sheets are stacked along the c¢ axis and
interlinked by spacers of type I. The tin-coordinated water
molecules of 11 (shorter dark lines in Figure 9 and 10) are,
finally, involved in the fixation of the bpy® molecules through
strong O-H --N(bpy®) hydrogen bonds (Figure 10 and also
Figure 9). As each H,O ligand makes use of its two hydrogen
atoms, infinite zigzag chains as depicted in Scheme 3 result.

NC-
N
Sn—
|
0
H H
L L
N S
o
N
Sn——
[
NC- fo'e)

Scheme 3. Infinite [CNSn(Me;)(H,O) - L], ribbon of 11 (L =bpy) and 12
(L =cpy).

Scheme 3 differs from Scheme 2 only in that the peripheral
H,O(1) ligands present in the latter are replaced by the
nitrogen ends of cyanide ligands (coordinated to Fe atoms).
Exchange of the two external (bpy?)N -- H-O hydrogen bonds
of Scheme 3 by -CN -- H-O bridges would, on the other hand,
disrupt the infinite chain into single type IV spacers.

In spacer V the Sn—N(cyanide) distance Sn(4)—N(5) is
remarkably short (2.204(5) A), while the Sn—N(bpy?) dis-
tance Sn(4)-N(9) is rather long (2.540(5) A, see Table 2).
Sn—N distances involving a {R;Sn} unit and an aromatic
nitrogen base frequently exceed 2.5 A% 2 suggesting only a
weak metal-to-nitrogen interaction. Generally, a lengthening
of one of the two apical bonds of a trigonal-bipyramidal {A-

Table 2. Selected interatomic distances [A] and angles [°] of 10, 11, and 12.

10 1 120
Sn2-N1 2350(5) Sn1-N1 2.333(10) Sn1—N1 2.324(3)
Sn2-N5 2346(5) Sn1-N6 2.336(9) Snl-N14 2.296(3)
Sn3-N6 2355(5) Sn2-N2 2242(6)  Sn2-N2 2.303(3)
Sn1-01 2276(5) Sn3-N3 2285(5) Sn2-N24 2.309(3)
Sn1-02 2.265(5) Sn3-N4 2329(5) Sn3-N3 2.303(3)
Sn3-03 2.253(5) Snd-N5 2209(5) Snd—N4 2.221(3)
Snd-NOLl  2540(5) Sn3-Ol 2.447(3)
CI-N1-Sn2 159.3(5)  Sn2-O1 2.117(7)  Snd-O41 2.475(3)
C5-N5-Sn2  166.3(5)
C6-N6-Sn3 157.7(5)  CI-N1-Snl 1562(5)  O1---N7 2.720(4)
C2-N2-Sn2 1440(6)  O1---N8 2.862(5)
N2---O1  2.699(14) C3-N3-Sn3 162.3(6)  O41---N81 2.822(8)
N4---01 2.706(17) C4-N4-Sn3 143.0(6)  O41---N82 2.917(13)
N41---02  2.749(3) (C5-N5-Snd 170.8(6)
N42.--02  2720(2) C6-N6-Snl 1533(5)  OI-HIB-N7  102(2)
N3---03 2.682(9) O1-HIA-N8  161(3)
N51---03  2.683(8) OI---N8 2.702(6) O41-H2A-N81 168(3)
O1---N7 2.731(5) O41-H2A-N82 170(4)
N7-O1-N8  95.7(4)

[a] Sn—N(bpy) distance. [b] C-N-Sn angles between 146.1(3) and 164.5(3).
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Sn(R;)-B} system is accompanied by the shortening of the
other apical bond (and vice versa). For instance, compounds
of the type [(R,N){(Me;Sn),OH}Ni(CN),] display {N-
Sn(Me,)-O} fragments with (for R=nBul®!) rather short
O—Sn distances (about 2.15 A), but unusually long N—Sn
distances between 2.529 and 2.546 A. The almost symmetrical
{N--Sn(Me;) -- N} fragment present in the structure of 9 with
two even longer N—Sn distances (of >2.63 A, vide supra)
contrasts drastically with the usual findings (see also the note
added in proof). Another exceptional feature is the less
pronounced, but simultaneous shortening of both the
N(2)-Sn(2) and the O(1)-Sn(2) distances in the {N-
Sn(Me;)-O} fragment of 11 (see Table 2).

The three methyl carbon atoms of Sn(4) are bent signifi-
cantly away from the cyanide nitrogen atom (average C-Sn-
N(bpy*) angle: 86.5°). The structural findings in total seem to
disfavor the view that spacer V involves fragments resembling
chemically a [Me;Sn(u-bpy*)SnMe;]** ion. Such fragments
could mimic a hexamethylated, distannamethylviologen cat-
ion which might be expected to act as an electron acceptor.
Actually, the deep red color of 11, which contrasts strongly
with the practically colorless appearance of 6 and 7, deserves
an explanation. The presence of an electron acceptor close to
the powerful electron donor {Fe''(CN)4}*~ would admit facile
electron transfer. For instance, owing to CT excitation in the
visible range, host — guest systems of the type [(Me;Sn);M!(C-
N)¢-0.5MV] (M =Fe, Ru, Os; MV =methylviologen dica-
tion) are significantly colored.?” The comparatively broad,
IR-active v(CN) bands of 11 at 2078sh, 2068, 2053, and
2025wcem™! seem to reflect the presence of more than three,
significantly different CN ligands (actually, there are six
nonequivalent ones in the asymmetric unit).

[(Me;Sn),Ru(CN)¢-2H,0 -3/2cpy] (12)1*!: Basic building
blocks of this assembly are strongly folded sheets containing
exclusively type I spacers. Figure 11 offers a view upon two
subsequent sheets (A and B) which may be distinguished by
their shading. Two cis-oriented cyanide ligands of each Ru

of 12. Only atoms of sheet A are presented in color (for color code see
Figure 1). The cpy* molecules (green) and Sn(Me;)OH, fragments (with
Sn4 or Sn41) are strongly disordered (see also the two inserts of Figure 12).
Methyl groups have been omitted for clarity.
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atom carry Sn(Me;)OH, units, only one of which is strongly
disordered. While two disordered Sn(Me;)OH, groups of
adjacent sheets (A, B) seem to be connected by one likewise
disordered cpy* molecule, pairs of nondisordered
Sn(Me;)OH, units from equivalent layers (A,A or B,B) help
construct, through well-localized (cpy®)N:-H—O(Sn--)—H -
N(cpy®) hydrogen bonds, infinite zigzag chains (see also
Scheme 3). A perspective view of the structure of 12 along
three subsequent layers (ABA) including the disordered and
nondisordered bridges, respectively, is given in Figure 12.

CET _ NB2 C4215, 411 041

CRE d Sndl oy

P o4 42 ;&'_’. 041

NEL — 1 - spa A1
B2 ~r

83 C‘m%ij ca3

Figure 12. Perspective view of the structure of 12 parallel to three strongly
folded sheets (A,B,A). Only the cpy® molecules connecting the two A
sheets have been left uncolored, dotted lines indicate O—H--N(cpy®)
hydrogen bonds. Otherwise, dotted lines and all methyl groups have been
omitted. For the disordered cpy* molecules and SnMe; - OH, fragments see
the two inserts.

The cpy® molecules of the infinite zigzag chains are,
moreover, oriented in a way that each water molecule forms
one hydrogen bond with a nitrile nitrogen atom, and the
second hydrogen bond with a pyridyl nitrogen atom. While
the cpy® molecules can again be considered as intrinsic
building blocks of quite voluminous three-dimensional frame-
works, the cpy® molecules more likely play the role of less
strongly anchored “guests”. The supramolecular architecture
of 12 may, like the structures of 5 and 10, again be associated
with two equivalent, ideally interpenetrating subframeworks
(consisting here either of A or of B sheets only). Interestingly,
the perspective view of the sheets A, B, A. of both 11 and 12 as
shown in Figure 10 and 12 reveals very similar zigzag chains.
Adjacent sheets of 11 (A, B) are interlinked by type V spacers,
while equal sheets (A,A; B,B) are connected by type III
spacers with L =bpy. Perhaps the significant disorder of the
{Sn(Me;)OH, - cpy#} fragments of 12 results from the fact that
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spacers of type III with L =cpy* would not match in size
appropriately with spacer V of 11. We are only aware of one
earlier reported®! case of an unexpectedly disordered Me;Sn
unit that connects, through CN bridges, two Cu! ions. Some-
what surprisingly, the IR spectrum of powdered single crystals
of 12 did not contain any bands of cpy molecules, although
the appearance of the v(CN) absorption range differs clearly
from that of the “precursor” assembly [(Me;Sn),Ru(CN)4]
(7a; see Figure 13). In contrast, the IR spectrum of a bulk

20848 20750
o \

2054.0 2037.6
|

2100 v/em™! 2000

Figure 13. IR bands of 12 (a) and its “precursor” 7a (b) in the v(CN)
absorption range.

sample of 12 displayed several bands that can be ascribed to
cpy (including the nitrile v(CN) vibration at 2251cm™!),
whereas here the cyanide ligands give only rise to one rather
broad band centered at 2081 cm~'. For the final conclusions it
should be recalled that the “precursors” of 11 and 12 are, in
contrast to, for example, 1 and 2 not strictly homoleptic
systems. They are primarily Lewis acidic and not amphoteric
like 1, 1a, 2, and 3 (vide infra). Compounds 7 and 7a are also
known to afford derivatives with IR spectra surprisingly rich
in v(CN) bands.?’l

Conclusion

While the encapsulation of organic or organometallic cations
by negatively charged host frameworks built up of triorgano-
tin(IV) cations and cyanometalate anions has already been
described in detail >+ 2027 the corresponding entrapment of
uncharged molecules has so far been notably less successful.?®l
However, according to the results reported herein, several
adducts comprising an uncharged, usually bidentate, nitrogen
base L together with two water molecules are readily
accessible, owing probably to an efficient synergism of the
two cooperating “guests” L and H,O. Whereas most of the
hydrophobic, potential host assemblies [(Me;Sn),M(CN),,]
are chemically resistant against neat H,O, the cleavage of a
CN — SnR; bond followed by the coordination of a water
molecule is strongly stimulated in the presence of a Lewis
base L (Scheme 4). Actually, both hydrogen atoms of a tin-
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© 2003 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

M—CN — Sn(Me;)<— NC
l H,0,L

M—CN-—H.
(or -L—) 0= Sn(Mey)<— NC
L—H

Scheme 4. Essential steps for the remodeling process: homoleptic — he-
teroleptic assembly.

coordinated water molecule become strongly inclined to form
efficient O—H - N hydrogen bonds with L = bpy, bpe, or cpy,
and intermediately resulting terminal cyanide ligands, respec-
tively. Bidentate pyridine derivatives tend to build up novel,
usually quite extended metal connectors. Interestingly, also
with L = acetonitrile,”! but not with dioxane,®! both hydrogen
atoms of a tin-coordinated water molecule form hydrogen
bonds. While the net formulae of 8—12, and several exper-
imentally accessible properties, too, would not rule out a
priori the formation of genuine host—guest systems, our
single-crystal X-ray studies leave no doubt in the realization
of unprecedented, heteroleptic framework structures with a
bidentate Lewis base L as the intrinsic component of a
supramolecular metal connector. Neither of the structural
motifs actually found during our investigation has been
predictable. Although, for example, bpy is well known to
connect two hydrated metal ions through hydrogen bonds,?!
spacers like those presented in Scheme 1-3 are unprecedent-
ed. One of the most exciting results seems to be the lack of
type I spacers in the 2D framework structure of 9, where
virtually infinite —[Fe-CN-Sn-CN]- chains appear to be
disrupted into isolated Me;Sn* ions and nonbridging (termi-
nal) cyanide ligands. It is also noteworthy that, with the
exception of compound 11, the nitrogen base is never
coordinated directly to the tin atom, although related com-
pounds involving for example (bpy)N — SnR; bonds have
been reported.'s] The O--N(bpy) distances found in 9 are
unusually short. In view of the absence of any well-defined
type I spacer in 9, the discovery of other 2D or 3D assemblies
involving exclusively more extended, supramolecular spacers
(than those of type I and type II) does not appear unlikely.?!

Experimental Section

General methods: Manipulation under an inert gas atmosphere was not
necessary. Infrared spectra were obtained on a Perkin-Elmer IR-1720
spectrometer, and TG/DTG studies were carried out on a Netzsch STA 409
instrument equipped with a Balzer QMS 421 quadrupole mass spectrom-
eter. Elemental analyses (C/H/N) were conducted by the elemental
analysis service station of the Chemistry Department on instruments of
the type Heraeus CHN-O Rapid. X-ray powder diffractograms were
obtained at room temperature on a Bruker Advance D8 diffractometer
(reflection technique, Cuy, source and Ni filter). Powder X-ray diffracto-
grams (XRDs) were simulated with CERIUS? 3.0 (MSI), 20 range 5-50°.
The comparison of experimental and simulated XRDs served as an
important method to identify numerous bulk samples.

Preparation of 812

Representative description of route 1 (making use of gaseous Me;SnClI) for
8: Two open, cylindrical 10 mL tubes containing solid Me,;SnCl (0.19 g,
0.98 mmol) and a solution of K,[Mo(CN),] (0.15 g, 0.32 mmol) and 4,4'-
bipyridine (0.10 g, 0.64 mmol) in H,O (ca. 4 mL; plus two drops of
acetonitrile) were placed inside a 500 mL flask, which was tightly closed
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and stored at room temperature. Single crystals of 8 optimally suited for
X-ray crystallography were harvested after three days, whereas the mainly
polycrystalline, yellow bulk of 8 was separated from the mother liquor after
one week. Yield (after drying at air): 0.31 g (85%).

Single crystals of X-ray quality of 8a, 12, and 15 could only be obtained
when instead of solid Me;SnCl a relatively concentrated aqueous solution
was chosen (ca. 300 mg in 1.5mL). In this way, the vapor pressure of
Me;SnCl was further reduced, and the crystallization process more
favorably slowed down.

Description of route 2 for 1I: An aqueous solution of K[Fe,(u-
bpy)(CN),,]R% (0.15 g, 0.20 mmol) in H,O (10 mL) was frozen under liquid
N,, powdered, and placed into a cylindric Dewar container as the lowest
layer. Pure, granulated ice (from ca. 30 mL of H,O) was added thereafter as
a second layer. The third layer consisted of a likewise frozen solution of
Me;SnCl (0.24 g, 1.20 mmol) in H,O (5mL). Optimal thermal isolation
permitted thawing periods of 2 -4 weeks. Aside various other, unidentified
solid products, deep red, needlelike crystals of 11 were finally discovered
and manually selected.

Description of route 3 (“remodeling” of a supramolecular assembly) for 9:
Under stirring, [(Me;Sn);Fe(CN),] (1a;0.10 g, 0.14 mmol), was dissolved in
a suspension of 4,4-bipyridine (50.0 mg, 0.32 mmol) in H,O (50 mL). After
2 h, the filtrate of the almost clear, yellow solution was placed into a closed
beaker and stored at room temperature under protection from light. After
three days, the continuous growth of reddish-yellow crystals of 9 was
finished. Yield: about 0.06 g (45%).

Representative description of route 4 (coprecipitation) for 8: A solution of
Me;SnCl (0.35 g, 1.74 mmol) and 4,4-bipyridine (0.13 g, 0.86 mmol) in H,O
(50 mL) was, about 2 h after its preparation, united under stirring with a
solution of K,[Mo(CN)] (0.29 g, 0.43 mmol) in H,O (10 mL). The resulting
precipitate was washed with small portions of cold water and dried in
vacuo. Yield: 0.45 g=0.39 mmol (91 %).

8: Elemental analysis calcd (%) for C;)H,sMoN,;,0,Sn, (1151.48): C 31.29,
H 4.20, N 12.16; found: C 31.28, H 4.40, N 12.16.

8a: Elemental analysis calcd (% ) for C;,HsyMoN;,O,Sn, (1177.52): C 32.64,
H 4.28, N 11.89; found: C 32.84, H 4.18, N 11.65.

9: Elemental analysis calcd (%) for C,sH3sFeNgO,Sn; (926.55): C 32.23, H
4.65, N 12.02; found: C 31.56, H 4.23, N 12.02.

10: Elemental analysis caled (% ) for C;0H,;sNyCoO5Sn; (994.75): C 36.22, H
4.56, N 12.67; found: C 36.45, H 4.45, N 12.95.

11: Elemental analysis calcd (% ) for C3;3HsgFeNyOSn, (1117.41): C31.29, H
4.20, N 12.16; found: C 31.56, H 4.23, N 12.02.

12: Color yellow; anhydrous sample; elemental analysis caled (%) for
C,,H,(NgRuSn, (1016.50): C 28.35, H 3.97, N 11.02; found: C 28.35, H 3.81,
N 10.91.

13: Elemental analysis calcd (%) for C,;H3sM0oN,ySn, (1006.32): C 26.36, H
3.93, N 12.81; found: C 26.85, H 3093, N 12.57.

14: Elemental analysis calcd (% ) for C,,H,(N;;MoSn, (1039.36): C 34.84, H
4.61, N 11.08; found: C 34.60, H 4.38, N 11. 46.

15: Elemental analysis calcd (%) for C,yH3sMoNSn, (959.27): C 25.04, H
3.78, H 11.68; found: C 25.28, H 3.94, N 11.53.

16: Elemental analysis calcd (%) for C,)H3¢NgSn,W (1047.18): C 22.93, H
3.47, N 10.70; found: C 21.30, H 3.24, N 9.81.

X-ray crystallography: Data collections were performed at a temperature
of 153 K either on a Hilger & Watts Y2900 four-circle diffratometer (8, 10,
11) or on a Bruker AXS Smart-CCD diffractometer (8a, 9, 12), (with Moy,
source and graphite monochromator). Individual crystal data are listed in
refs. [11-17, 20, 21, 25].

Calculations were based either on the Siemens SHELXTL-93 software or
on Bruker SHELXTL programme sets (for Windows), and conducted
either on a Micro Vax II computer or on a commercial Pentium III PC
(300 MHz). Absorption correction based on symmetry equivalent reflec-
tions was automatically carried out by the Bruker instrument applying the
SADABS programme. Structures were visualized with the CERIUS? V 4.0
software. R1L=2||F,|—|F.||/Z|F,|; wR2 ={Zw(

F§ = F2PHZw(F)".

CCDC-172264 (8), CCDC-187720 (8a), CCDC-174771 (9), CCDC-166200
(10), CCDC-174769 (11), CCDC-187721 (12), CCDC-172267 (13), CCDC-
172266 (14), CCDC-172265 (15), and CCDC-172804 (16) contain the
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supplementary crystallographic data for this paper. These data can be
obtained free of charge via www.ccdc.can.ac.uk/conts/retrieving.html (or
from the Cambridge Crystallographic Center, 12 Union Road, Cambridge
CB21EZ, UK; Fax: (+44)1223-336033; or deposit@ccdc.cam.ac.uk).
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Transannular Reactions of Two Parallel 1,3-Butadiynes: Syntheses, Structures,
and Reactions of 1-Azacyclotetradeca-3,5,10,12-tetrayne Derivatives

Erik M. Schmidt, Rolf Gleiter,* and Frank Rominger!?!

Abstract: The synthesis of 1-alkyl and
1-aryl-1-azacyclotetradeca-3,5,10,12-tet-
raynes was achieved in a stepwise ap-
proach. The key intermediate was 1,13-
dibromotrideca-2,4,9,11-tetrayne  (18).
Reaction with methyl- (19a), ethyl-
(19b), isopropyl- (19¢), n-butyl- (19d),
and tert-butylamine (19e) as well as
aniline (19f) and p-methoxyaniline

of 10.6 kcalmol~! was calculated for
AG* X-ray investigations on single
crystals of 20b, 20¢, and 20 f revealed
the axial position for the substituent at
each nitrogen atom. For 20b we encoun-
tered the chair conformation, for 20¢
both chair and boat conformations, and
for 20f the boat conformation in the
solid state. The reaction of 20c¢ with

concentrated HCI in ethanol yielded
2,10-dichloro-6-isopropyl-6-azatricyclo-
[9.3.0.0*¢]tetradeca-1(11),2,4(8),9-tetra-
ene (25¢). Compound 25¢ was
oxidized by 2,3-dichloro-5,6-dicyano-
1,4-benzoquinone (DDQ) to 27¢. The
structure of the latter was confirmed by
X-ray investigations. The reaction of 20 ¢
in aqueous HCl lead to the formation of

(19¢) gave the corresponding 14-mem-
bered tetraynes 20a-20g. The ring
inversion process of 20b was studied by
variable temperature 'H NMR spectros-
copy. From these measurements a value

Introduction

The close proximity of two triple bonds results in bond
formation between them. Examples for this reaction are the
dinaphthalene derivative 1,1 1,6-didehydro[10]annulene
(2),2 and 1,6-cyclodecadiyne (3).1*! The parallel alignment of

SO

P = OO
O'O T H

1 2 3

1,3-butadiyne units in the solid state (Scheme 1) causes a 1,4-
addition in a topochemical reaction if the angle v is close to
45° and the distance d is below 4.3 A .5 This polymerization
creates single crystals of organic polymers with a conjugated
back bone. It is proposed that the polymerization propagates
through a biradical species.!

[a] Prof. Dr. R. Gleiter, Dipl.-Chem. E. M. Schmidt, Dr. F. Rominger
Organisch-Chemisches Institut der Universitdt Heidelberg
Im Neuenheimer Feld 270, 69120 Heidelberg (Germany)
Fax: (+49)6221-544205
E-mail: rolf.gleiter@urz.uni-heidelberg.de
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ring compounds
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10-chloro-2-isopropyl-1,3,4,6,7,8-hexa-
hydro-2H-benzo[glisoquinolin-9-one
(37¢). The structure of 37 ¢ was verified
by X-ray studies on single crystals.

medium-
structure

R R R
Scheme 1. Polymerization of 1,3-butadiyne in the solid state.

When the two 1,3-butadiyne units are oriented in a parallel
arrangement and are incorporated in a ring system we expect
transannular ring closure to a polycyclic system. Indeed, when
1,2:7,8-dibenzocyclododeca-1,7-dien-3,5,7,11-tetrayne (4a)
was reduced with sodium in liquid ammonia, the pentacyclic
system 5 resulted as the main product and 7 and 8 as side
products (Scheme 2). The catalytic hydrogenation with palla-
dium on charcoal yielded 6 as main product together with 7
and 8.0

Analogous results were obtained when 5,6:11,12-bis(tetra-
methylene)-1,3,79-tetradehydro[12]annulene was used in-
stead of 4a."

Treatment of a tetraalkyl-substituted derivative (4b) with
iodine in benzene as solvent at room temperature yielded the
fully conjugated pentacyclus 9 (Scheme 3).[8 Tt consists of the
same 6-5-6-5-6 fused ring architecture as encountered in 5 and
7 (Scheme 2).
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Na/NH;

[ Ho/PAIC Rﬁ(CH2)4I>R
(CH2)4 R

Scheme 2. Reduction of 4a.

4b R = C4H,

Scheme 3. Reaction of 4b with iodine.

In connection with our investigations on transannular ring
closures of 3P and 1,6-disubstituted 1,6-diazacyclodeca-3,8-
diynes”? (10) (Scheme 4) we were interested in the trans-
annular interactions of two 1,3-butadiyne units incorporated

H
= R
RN NR -HCL ;{I}N
=/ R N
Cl
10 13
: :
RIS RN
R
" 12

Scheme 4. Ring closure modes of 10 induced by heat or HCIL

in a 14-membered ring system. We chose a system in which
both 1,3-butadiyne units are tethered with a three-membered
bridge. This guarantees a parallel alignment of both 1,3-
butadiyne units in sufficient close proximity. Furthermore, the
14-membered ring allows more flexibility than the 12-
membered ring system of 4a. It makes ring closure modes
other than a n-6-n one likely.[> 7 In this paper we report the
syntheses, structures, and reactivities of azacyclotetradeca-
3,5,10,12-tetraynes.

Results and Discussion

Syntheses: Our synthesis of the 1-azacyclotetradeca-3,5,10,12-
tetraynes commenced by constructing the trideca-2,4,9,11-
tetrayne unit from 1,6-heptadiyne (14)(') and the THP-
protected 1-bromo-prop-1-yne-3-ol (15)I'1 (Scheme 5) by a
Cadiot - Chodkiewicz coupling!™? with copper(i) iodide and
pyrrolidine.3! The free diol 1714 was obtained from 16 by
hydrolization with sulfuric acid. The diol 17 was converted

Chem. Eur. J. 2003, 9, No. 8
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= 28— —a,
<:= O-THP :— =

14 15 16
OH Br
R Sy
= OoH T B
17
Scheme 5. Synthesis of 18. a) Cul, pyrrolidine; b) H,SO,, H,O/MeOH;
c¢) PBr;, pyridine/Et,O.

into the dibromide 18 with PBr; and pyridine. Reactions of 18
with various primary amines in presence of potassium
carbonate as base afforded, in small yields, the 1-substituted
azacyclotetradeca-3,5,10,12-tetraynes 20a—g as shown in
Scheme 6.

Br

T N G

Br
18 19 a-g 20 a-g

R = CHj, C,H5, -C3H7, n-C4Hg
a b [ d
t-C4Hg, CgHs, p-CH30-CgH,
e f g

Scheme 6. Synthesis of 20a—g. a) K,CO;, acetonitrile.

As further products we identified in the case of tert-
butylamine (19e) the a,w-diamine 21 in 44 % yield. By using
isopropylamine (19 ¢) we were able to isolate the correspond-
ing dimer 22¢. The yield of the cyclization product 20 was
highest for 20b (32%), 20¢ (31 %), and 20d (35%). For the
others it varied between 5% and 15 %.

21e

Structural investigations: The assigned structures of 20 follow
from their analytical properties, especially their NMR and
mass spectra. By using dynamic NMR spectroscopy!™ we
were also able to investigate the half ring inversion (Ig)
process of 20b. Analogous to our studies on 1,6-diazacyclo-
deca-3,8-diyne (10),!'Y) we expect a half ring inversion process
(Scheme 7) and inversion at the nitrogen atom. From these
investigations we figured that the energy for the ring inversion
might be estimated by means of 'H NMR spectroscopy,
whereas the activation barrier for inversion at the nitrogen
center should be too low for this technique.

chair boat
Scheme 7. Chair and boat conformation of 20.
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At room temperature the 'H NMR spectrum of the diethyl
derivative 20b exhibits a singlet for the diastereotopic protons
at C2 and C14 at 6 =3.57 ppm (for the numbering of the
atoms see Scheme 7). Lowering the temperature leads to a
broadened signal, which eventually splits into an AA’ signal.
The coalescence temperature for the half ring inversion
process is T.,=210K. From this we estimate AG*=
10.6 kcal mol~L. This value is close to that found for 10 (R =
CH;; AG*=11.0 kcalmol").l']

Calculations: Having obtained a value of AG* for the ring
inversion process, we were interested in both the energetic
differences AG of chair and boat conformations and the
influence of the arrangement (axial/equatorial position) of the
substituent at the nitrogen atom on the stability of the
azacyclotetradeca-3,5,10,12-tetraynes. As a result of AM1 -
calculations!'”l of the unsubstituted 1-azacyclotetradeca-
3,5,10,12-tetrayne, we found that both conformers with the
hydrogen in axial position are 7.5 kcalmol~! more stable than
the equatorially substituted ones. The energetic difference
between the two chair and boat conformations is below
0.25 kcalmol~!, the boat-shaped one being the more stable
molecule. For 1-methyl-1-azacyclotetradeca-3,5,10,12-tet-
rayne we determined 6.2 kcalmol™! as the difference in
energy between the axially and the equatorially substituted
conformers. The energetic difference between boat and chair
conformation is minute. The predicted preference of the axial
position for the substituents at the nitrogen atoms as well as
the small energy difference between boat and chair confor-
mation is corroborated by the results of the X-ray investiga-
tions (see below).

X-ray investigations: Single crystals of the azacyclotetradeca-
3,5,10,12-tetraynes were obtained by crystallization of 20b,
20c¢, and 20 f from ethyl acetate. As an example we show the
molecular arrangement of 20b in the solid state in Figure 1
and the molecular structure of 20 ¢ in Figure 2. It is seen from
Figure 1 that the ethyl group adopts the axial position and the
chairlike rings utilize a herring bone motif in the solid state.
The substituents in 20 ¢ and 20 f adopt also the axial position.
In the solid state of 20 ¢ both the boat and chair conformations
are present (Figure 2). For 20 f we encountered only the boat
conformation in the solid state.

Figure 1. Arrangement of 20b in the crystal (50 % ellipsoid probability, H
atoms have been omitted for the sake of clarity).

1816 ——
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Figure 2. Molecular structures (chair and boat conformations) of 20¢
(50% ellipsoid probability).

The most relevant bond lengths of 20b, 20¢, and 20 f are
compared with those of cyclotetradeca-1,3,8,10-tetrayne
(23)I'81 and the 1,8-diazacyclotetradeca-3,5,10,12-tetrayne de-
rivatives 24b,c,h,i’ in Table 1.

2 3_4 5 6 71 2 3_4 5 8 7
TP U8 T T N8
] (CTURNTI, s RN T gl) (1: f NR
=1 E—— \___—____—=—/
14 43712 11 0 9 14 13 12 11 10 9

23 24
R = C,Hs, i-C3H5, C4Hg, CHoCgHsg
b c h i

The bond lengths for the triple bonds in 20b, 20¢, and 20 f
are close to those of the other four species (see Table 1). In all
cases the angles at the peripheral sp centers (a, 0) have bigger
values than those (3, y) at the central sp centers. As a result
the transannular distances between the peripheral C(sp)
centers (a, d) are shorter (3.06—3.11 A) than the distances
between the inner C(sp) centers (b, ¢) (3.35-3.41 A).

Reactions with HCI: The treatment of 20 ¢ with concentrated
HCIl in ethanol under argon atmosphere yielded a new
product whose analytical properties (MS) revealed that two
equivalents of HCl were added. Based on the *C NMR data it
was evident that the sp carbons of 20 ¢ were changed into sp?
carbons. We observed four different sp? carbons at 6 =141.8,
136.4, 131.2, and 125.5 ppm. Three of them (141.8, 136.4,
131.2) were assigned to quaternary carbons, and one (125.5) to
a tertiary carbon. The NMR data also revealed that the
original C, symmetry of 20¢ was retained. The '"H NMR
spectrum showed only two equivalent hydrogen atoms in the
olefinic region (0 =5.85ppm). These data indicated four
possible structures (25¢, 25¢’, 26¢, and 26¢’), two of which
contain a 5-8-5 and two a 7-4-7 tricyclic ring system. Systems
with three six-membered rings (e.g., 9) can be ruled out for
reasons of symmetry.

For the structures 25 and 25’ we propose a central cyclo-
octatetraene ring. The valence isomers of 25¢ and 25¢’ (not
shown) are unfavorable for steric reasons since the five-
membered rings were more strained. For 26 and 26’ the center
is formed by a [4]radialene system. In the latter case we expect
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Table 1. Comparison between selected bond lengths [A] and bond angles [°] of 20b, ¢, f, 23, and 24b, ¢, h, i. For the definition of a, b, ¢, d, a, 5, y and ¢ as well

as the numbering see structural formulae.

20b 20¢ 20f 2301 24b!1) 24 ¢l 24h!") 24il")

a 174.5(2) 174.9(4) 170.4(2) 177.9(1) 173.6(1) 175.6(1) 174.3(1) 175.7(1)
o 175.0(2) 170.0(4)
B 1732(2) 171.9(4) 174.6(6) 172.9(1) 173.1(1) 172.8(1) 173.3(1) 173.1(1)
P 172.8(2) 174.9(5)
y 171.9(2) 173.7(4) 173.0(4) 173.0(2) 172.5(1) 173.3(1) 172.2(1) 172.6(1)
% 173.2(2) 173.1(2)
B 176.4(2) 175.7(4) 176.0(4) 175.6(2) 176.0(2) 172.1(1) 175.9(1) 174.3(1)
& 176.4(2) 175.7(7)
a 3.078(2) 3.103(6) 3.193(3) 3.098(2) 3.074(2) 3.081(2) 3.058(2) 3.067(2)
b 3.375(2) 3.413(6) 3.394(3) 3.390(2) 3361(2) 3.365(2) 3351(2) 3.356(2)
c 3.393(2) 3.392(6) 3.382(3) 3.390(2) 3361(2) 3.365(2) 3351(2) 3.356(2)
d 3.110(2) 3.113(6) 3.096(3) 3.098(2) 3.074(2) 3.081(2) 3.058(2) 3.067(2)
C3-C4 1.196(2) 1.202(6) 1.195(2) 1.194(2) 1.202(1) 1.197(2) 1.189(4) 1.199(2)
C12-C13 1.198(2) 1.196(2)
C4-C5 1.384(3) 1.384(5) 1.384(3) 1.385(2) 1.380(1) 1.382(2) 1.378(4) 1.378(2)
Cl11-C12 1.379(3) 1.380(2)
C5-C6 1.198(2) 1.201(6) 1.195(2) 1.195(2) 1.200(1) 1.198(2) 1.186(4) 1.199(2)
c10-Cl1 1.192(2) 1.195(3)

Cli Cl

Ao o
Cr Cli
25¢ 25¢’ Q
cl Cl|
O <
Cl C
26¢c 26¢”

for the *C NMR spectrum a chemical shift in the order of 6 =
148 ppm for the central carbons and 6 =100 ppm for the
peripheral carbons.”™ For the cyclooctatetraene nuclei in 25
and 25’ we expect 0 values between 120 and 150 ppm.?!l The
values observed for our product fit somewhat better to 25 and
25'.

The oxidation of the tricyclic product by DDQ at room
temperature led to a new product, for which signals for two
further equivalent aromatic hydrogen atoms at 6 =6.5 ppm
and five carbon signals between 6 = 118.2 and 139.8 ppm were
observed. These new data fit better with either of the pyrrol
derivatives® 27 and 27’ than with the azepine®! derivatives
28 and 28'.

Cl Cl

o A
C Cl
27¢c 27c¢’
Cl Ci
OO O
Cl Cl
28¢c 28c’

The new compound was stable at room temperature, which
was not expected if it were an azepine derivative.*! Fortu-
nately, we were able to isolate single crystals of the oxidation
product which proved to be structure 27c¢ (Figure 3). As
anticipated the central ring shows the boat conformation. In

Chem. Eur. J. 2003, 9, No. 8
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Figure 3. Molecular structure of 27¢ (50% ellipsoid probability). The
hetero atoms are indicated.

Scheme 8 a mechanism for the HCl addition to 20c¢ is
suggested. We assume as a first step the protonation at C4
to yield the highly energetic vinyl cation 29 ¢, which reverts to
the bicyclic buta-1,2,3-triene 31¢, probably via the cation 30c¢.

7 8 5 4_3 o — H D H
(e — o
3 29¢c 30c

9 10 11 12

20c
Cl H Cl H Cl H
b GO = D8 O O
- cl
31c 32¢c 25¢c

Scheme 8. Proposed reaction mechanism to generate 25¢ from 20¢.

The highly strained buta-1,2,3-triene isomerizes to cycloocta-
trienyne 32¢. B3LYP 6-31G* calculations®® of 31¢ revealed
structure 32¢ as a minimum in energy.?¥. The latter adds a
second molecule of HCI giving rise to the bicyclic cyclo-
octatetraene derivative 25¢. Our assumption for the highly
strained 1,2,3-triene 31 ¢ as an intermediate is corroborated by
the observation of 1,2,3-cyclooctatriene.””) When we used DCI1
instead of HCl we obtained [D,]25¢ deuterated in the a-
position to the chlorine atoms. This result supports the
proposed mechanism as shown in Scheme 8.
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By treating 20c¢ with concentrated HCl without the
presence of ethanol we isolated a further product (37¢) in
low yield. The analytical properties of 37 ¢ revealed that one
equivalent of water and HCI were added to 20¢. Its structure
was elucidated by NMR spectroscopy (HMBC).

The investigation of single crystals of 37¢ also revealed a
tricyclic structure. In contrast to the 5-8-5 ring system of 25¢
we encountered for 37c three annelated six-membered rings
(Figure 4). The generation of 36¢ from 20¢ can be rational-
ized by assuming a different mode of ring closure as indicated

Figure 4. Molecular structure of 37¢ (50% ellipsoid probability). The
hetero atoms are indicated.

in Scheme 9. We assume that protonation at C3 of 20¢
generates the highly energetic vinyl cation 33 ¢, which reverts
to the bicyclic system 34c¢ by adding a Cl anion. Further
protonation creates the highly energetic tricyclic cation 35c.
This species contains in its center a cyclohexa-1,2,4-triene unit

©
¢l cl
)\N e A2, Hel )\N f}r4 A
Ho o T H H H
20c 33c 34c
ct { ore Cl OH cl o
geccligscé|Mgvée
H H
35¢ 36¢ 37¢c

Scheme 9. Proposed reaction mechanism to generate 37¢ from 20c.

and a vinyl cation. We assume that the vinyl cation is trapped
by OH~ (or H,O with loss of H*) to yield 36 ¢. This derivative
of isobenzenel” tautomerizes to 37¢. By carrying out the
experiment with DCI instead of HCI we found [D;]37 ¢ with
two deuterium atoms at the 4-position and one at the
5-position. This supports the proposed mechanism of HCl
addition to 20 ¢ as shown in Scheme 9.

Conclusion

We were able to elaborate a synthetic protocol to synthesize a
series of N-substituted 1-azacyclotetradeca-3,5,10,12-tet-
raynes 20a—g. We found little energy difference between
the chair and boat conformations, both of which were present
in the solid state of 20¢c. The most interesting results were
obtained by treating 20c¢ with concentrated HCl in the

1818
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absence and presence of ethanol as solvent. In the presence
of ethanol the two parallel 1,3-butadiyne units in 20 ¢ under-
went ring closure and HCI addition to give a 5-8-5 tricyclic
system. Such a ring-closing mode has never been observed in
this type of chemistry. We ascribe this to our concept of
allowing the two parallel 1,3-butadiyne units in the 14-
membered ring system of 20 more flexibility than in the 12-
membered system 4. By adding concentrated HCI in the
absence of ethanol a 6-6-6 tricyclic system was built up. This is
reminiscent to the reactions shown in Schemes 2 and 3.

Experimental Section

General: Starting compounds and solvents used in the syntheses were
reagent grade. Diethyl ether and chloroform were dried following standard
drying techniques and degassed by distillation under argon atmosphere.
Reactions were performed under argon in standard glassware. For column
chromatography, neutral aluminium oxide was deactivated with 6%
(weight) of water prior to use. '"H and C NMR spectra were recorded
on Bruker Avance 300 (300 and 75 MHz, respectively) or Bruker
Avance 500 spectrometers (500 and 125 MHz, respectively). For the
variable temperature experiments the latter was equipped with a Bruker
BVT 3000 Digital variable temperature unit. Chemical shifts are quoted in
ppm on the O scale, with the residual protonated solvent as the internal
standard. IR spectra were measured with a Bruker Vector 22 FT-IR
spectrometer, UV/Vis spectra were obtained from a Hewlett—Packard
HP 8452A spectrometer with CH,Cl, as solvent. Absorption maxima of IR
spectra are quoted in cm~! and those of UV/Vis spectra in nm, with log ¢
quoted in 1000 cm?>mol~". Elemental analyses were carried out by the
Mikroanalytisches Labor der Chemischen Institute der Universitdt Hei-
delberg. Mass spectroscopy was performed with a JEOL JMS-700 spec-
trometer. Melting points were obtained from a melting point determination
apparatus as described by Dr. Tottoli (Biichi) and are uncorrected.
1,13-Bis(tetrahydro-2-pyranyloxy)trideca-2,4,9,11-tetrayne (16): Copper(1)
iodide (0.76 g, 4 mmol) was dissolved in pyrrolidine (50 mL) with magnetic
stirring. At 0°C compound 141" (1.84 g, 20 mmol) was added to the
solution and compound 150" (8.60 g, 40 mmol) was added dropwise
through a syringe into the reaction mixture over a period of 2 h. After
stirring for 30 minutes at 0°C, the resulting solution was poured into a
stirred mixture of ice (200 g) and diethyl ether (100 mL). Concentrated
hydrochloric acid was added slowly until the the green color of the resulting
mixture turned slightly red. The ether layer was seperated quickly, and the
acidic aqueous solution was extracted with diethyl ether (2 x 50 mL). The
combined organic layers were washed twice with a saturated aqueous
solution of sodium hydrogencarbonate and brine, and dried over anhydrous
sodium sulfate. After filtration the solvent was evaporated, and the crude
product was purified by column chromatography (Alox III, petrol ether/
diethyl ether 5:1, R;=0.25) to yield 16 (2.88 g, 7.8 mmol, 39%) as a pale
yellow oil. 'H NMR (300 MHz, CDCL): d=4.80 (t, */y14p 15110020 =
3.1 Hz, 2H; H-14/19), 4.31, 4.28 (2d, 2Jyy =18.7 Hz, 4H; H-1¥/13%, H-1%/
13%), 3.82-3.77 (m, 2H; H-18%23%), 3.55-3.51 (m, 2H; H-18%23%), 2.41 (t,
3uesns = 0.9 Hz, 4H; H-6/8), 1.79-1.51 ppm (m, 14H; H-7, 15/20, 16/21,
17/22); 3C NMR (75 MHz, CDCl;): 6 =97.5 (C-14/19), 79.9 (C-5/9), 73.0
(C-2/12),71.3 (C-3/11), 66.2 (C-4/10), 62.7 (C-18/23), 55.1 (C-1/13), 30.9 (C-
15/20), 27.4 (C-7), 26.0 (C-16/21), 19.7 (C-17/22), 19.0 (C-6/8); IR (film):
7=2942 (s), 2869 (m), 2257 (w), 1120 (s), 1026 cm~" (vs); UV/Vis: Apax
(loge) =244 (3.01), 258 (2.78), 276 nm (1.93); HRMS (FAB + ) m/z calcd:
369.2066 [M*+H]; found: 369.2078; elemental analysis caled (%) for
C,3H50, (368.47): C 74.97, H 7.66; found: C 74.91, H 7.71.
Trideca-2,4,9,11-tetrayne-1,13-diol (17): A solution of concentrated H,SO,
(0.1 mL) in water (2.5 mL) was added dropwise to a magnetically stirred
solution of 16 (2.88¢g, 7.8 mmol) in methanol (50 mL). Stirring was
continued at room temperature over night. The solvent was evaporated
and the residue dissolved in ethyl acetate. The organic solution was washed
with a saturated aqueous solution of sodium hydrogencarbonate (2 x
50 mL) and brine (1 x 50 mL), and dried over anhydrous sodium sulfate.
After filtration the ethyl acetate was partly removed, leaving approx-
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imately 10 mL. Petroleum ether (100 mL) was added dropwise to the
resulting solution and the beginning crystallization was completed at
—30°C over night. The crystals were filtered off and dried in vacuo yielding
17 (1.31 g, 6.5 mmol, 84 %) as colorless solid, which turns readily red on
expose to light (m.p. 88-89°C, R, (Al,0;, Et,0) =0.5). '"HNMR (CD;O0D,
500 MHz): 6 =4.21 (s, 4H; H-1/13), 2.41 (t, ¥yyqpmsar = 6.9 Hz, 4H; H-6/
8), 1.74 ppm (quin, *Jyueurns= 6.9 Hz, 2H; H-7); ¥C NMR (CD;OD,
125 MHz): 6 =80.1 (C-5/9), 75.8 (C-2/12), 70.2 (C-3/11), 66.3 (C-4/10), 51.0
(C-1/13), 28.1 (C-7), 18.9 ppm (C-6/8); IR (KBr): 7=2928 (s), 2858 (m),
2252 (w), 1630 (m), 1426 (m), 1353 (s), 1229 (m), 1120 (w), 1022 cm™! (vs);
UV/Vis: Ay (loge) =244 (2.94), 258 (2.75), 274 (2.10), 286 nm (1.93);
HRMS (EI+) m/z caled: 200.0837 [M*]; found: 200.0845.

1,13-Dibromotrideca-2,4,9,11-tetrayne (18): Diol 17 (1.31 g, 6.5 mmol) was
dissolved in diethyl ether (150 mL). Pyridine (0.5 mL) was added, and the
reaction mixture was cooled to 0°C. Under magnetic stirring a solution of
phosphorus(ir) bromide (0.94 mL, 9.8 mmol) in diethyl ether (20 mL) was
added dropwise within 1.5 h. Then the reaction mixture was stirred at room
temperature for 2 days. The polyphosphorus acid was neutralized by
addition of a saturated aqueous solution of sodium hydrogencarbonate
(30 mL). The ether layer was separated, and the aqueous layer was
extracted twice with diethyl ether. The combined organic layers were
washed with a saturated aqueous solution of sodium hydrogencarbonate
and water, and dried over anhydrous sodium sulfate. After filtration the
solvent was removed and the crude product was purified by column
chromatography (Alox III, petrol ether/diethyl ether 5:1, R,=0.5) to yield
18 (1.31 g, 4.0 mmol, 62 %) as a pale yellow oil. By freezing the oil becomes
a colorless solid (m.p. 36-37°C) that turns pink on exposure to light.
'"H NMR (500 MHz, CDCl;): 6 =3.95 (s, 4H; H-1/13), 2.44 (t, 3J/yesm7=
6.9 Hz, 4H; H-6/8), 1.77 ppm (quin, 3Jyy.745.65 = 6.9 Hz, 2H; H-7); *C NMR
(125 MHz, CDCl;): 6 =82.0 (C-5/9), 72.2 (C-2/12), 71.2 (C-3/11), 66.1 (C-4/
10), 27.2 (C-7), 19.1 (C-6/8), 152 ppm (C-1/13); IR (KBr): #=2938 (w),
2252 (s), 1422 (m), 1259 (s), 1198 (vs), 607 ppm (s); UV/Vis: Ay, (loge) =
242 (3.74), 256 (3.83), 268 nm (3.71); HRMS (EIl+) m/z caled: 246.9945
[C\3H,*'Br+], 244.9966 [C,3H,,Br*]; found: 246.9927, 244.9968; elemental
analysis calcd (%) for Cj3H,(Br, (326.03): C 47.89, H 3.09, Br 49.02; found:
C 48.00, H 3.16, Br 48.81.

General procedure for the preparation of 1-alkyl/aryl-substituted 1-azacy-
clotetradeca-3,5,10,12-tetraynes (20a—20g): Freshly ground potassium
carbonate and the relevant amine were added to a solution of 18 in
acetonitrile. The mixture was heated to slight reflux, and the reaction
monitored by TLC. After the starting material had disappeared, the
reaction mixture was allowed to cool to room temperature. The solvent was
evaporated, and the residue was dissolved in a mixture of diethyl ether and
water. The ether layer was separated and the aqueous layer was extracted
twice with diethyl ether. The combined organic layers were dried over
anhydrous sodium sulfate and filtered. After evaporation of the solvent, the
crude product was purified by column chromatography, by using Alox III
and mixtures of petrol ether and diethyl ether. Ratios and further data are
given below.

1-Methyl-1-azacyclotetradeca-3,5,10,12-tetrayne (20a): Compound 18
(326 mg, 1.0 mmol) was heated together with methylamine (0.1 mL,
1.5 mmol) and potassium carbonate (1.39 g) in acetonitrile (135 mL),
yielding 20a (12 mg, 0.06 mmol, 6 %) as a light brown, light-sensitive solid
after column chromatography (R,;=0.2; 5:1). '"H NMR (300 MHz, CDCl,):
0=3.52 (s, 4H; H-2/14), 2.55 (s, 3H; H-15), 2.40 (t, *Jyy701.8=15.7 Hz, 2H;
H-7/9), 1.78 ppm (quin, *Jyg51.70= 5.7 Hz, 2H; H-8); *C NMR (75 MHz,
CDCl;): 0=280.3 (C-6/10), 73.3 (C-3/13), 72.4 (C-4/12), 68.3 (C-5/11), 47.0
(C-2/14), 39.4 (C-15), 24.3 (C-8), 20.3 ppm (C-7/9); HRMS (EI+) ml/z
caled: 195.1048 [M*]; found: 195.1031.

1-Ethyl-1-azacyclotetradeca-3,5,10,12-tetrayne  (20b): Compound 18
(0.49 g, 1.5 mmol), ethylamine (0.15mL, 2.25mmol), and potassium
carbonate (2.07g) were refluxed in acetonitrile (200 mL). Column
chromatography (R,=0.35; 5:1) yielded 20b (100 mg, 0.48 mmol, 32%)
as a colorless, felted, slightly light-sensitive solid (m.p. >90°C decomp).
'H NMR (500 MHz, CDCLy): 6 =3.57 (s, 4H; H-2/14), 2.89 (quart, 3/g ;s .
16=72Hz, 2H; H-15), 2.41 (t, 3Jy0ns=15.7 Hz, 2H; H-7/9), 1.78 (quin,
Jsuao=5.7Hz, 2H; H-8), 1.09 ppm (t, /iy 161415="72 Hz, 3H; H-16);
3C NMR (125 MHz, CDCL): ¢ =80.3 (C-6/10), 73.6 (C-3/13), 72.1 (C-4/
12), 68.4 (C-5/11), 45.0 (C-15), 44.8 (C-2/14), 24.3 (C-8), 20.4 (C-7/9),
13.0 ppm (C-16); IR (KBr): 7=2968 (m), 2931 (m), 2853 (w), 2248 (w),
1631 (m), 1424 (m), 1327 cm~' (m); UV/Vis: 1., (log &) =252 (4.23),
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264 nm (3.92); HRMS (EI + ) m/z calcd: 209.1205 [M*]; found: 209.1187;
elemental analysis caled (%) for C,sH;sN (209.29): C 86.08, H 7.22, N 6.69;
found: C 85.96, H 7.19, N 6.73.

1-Isopropyl-1-azacyclotetradeca-3,5,10,12-tetrayne (20c): Compound 18
(2.99 g, 9.2 mmol) and isopropylamine (0.80 mL, 9.2 mmol) were refluxed
toghether with potassium carbonate (12.7 g) in acetonitrile (1.2 L). After
column chromatography (R,=0.21; 10:1) 20¢ (657 mg, 2.3 mmol, 32 %)
was obtained as light brown, felted, light-sensitive solid (m.p. >115°C
decomp). 'H NMR (500 MHz, CDCl,): 6 =3.61 (s, 4H; H-2/14), 3.42 (sept,
Masmaer = 06.2 Hz, 1H; H-15), 2.41 (t, 379018 =5.8 Hz, 4H; H-7/9), 1.78
(quin, ¥y gp79=>5.8 Hz, 2H; H-8), 1.14 ppm (d, *Ji116175.15 = 6.2 Hz, 6H;
H-16/17); *C NMR (125 MHz, CDCl,): 6 =80.4 (C-6/10), 74.0 (C-3/13),
72.2 (C-4/12), 68.3 (C-5/11), 47.7 (C-15), 43.9 (C-2/14), 24.3 (C-8), 21.5 (C-
16/17), 20.4 ppm (C-7/9); IR (KBr): # =2970 (m), 2931 (m), 2247 (w), 1630
(m), 1429 (m), 1331 (m), 1158 cm™! (w); UV/Vis: .., (loge) =252 (3.06),
264 nm (2.79); HRMS (EI +) m/z caled: 223.1361 [M*]; found: 223.1356;
elemental analysis calcd (%) for C¢H;N (223.31): C 86.05, H 7.67, N 6.27;
found :C 85.78, H 7.61, N 6.26.

1-n-Butyl-1-azacyclotetradeca-3,5,10,12-tetrayne  (20d): Compound 18
(326 mg, 1.0 mmol) was heated together with n-butylamine (0.07 mL,
1.0 mmol) and potassium carbonate (1.39 g) in acetonitrile (125 mL).
Column chromatography (R;=0.29; 10:1) yielded 20d (83 mg, 0.4 mmol,
35%) as a colorless, slightly light-sensitive solid. 'H NMR (300 MHz,
CDCly): 0 =3.54 (s,4H; H-2/14), 2.81 (t, */y.15m.06 = 7.0 Hz, 2H; H-15), 2.41
(t, *Jgapmns=06.0 Hz, 4H; H-7/9), 1.78 (quin, /g5 =6.0 Hz, 2H; H-8),
145-131 (m, 4H; H-16,17), 0.92 (t, *Jy3u17=70Hz, 3H; H-18);
13C NMR (75 MHz, CDCl;): 6 =80.2 (C-6/10), 73.7 (C-3/13), 72.1 (C-4/
12), 68.4 (C-5/11), 50.5 (C-15), 45.1 (C-2/14), 29.8 (C-16), 24.3 (C-8), 20.6
(C-17), 20.4 (C-7/9), 142 cm™! (C-19); IR (Kbr): v =2953 (m), 2930 (m),
2860 (m), 2246 (w), 1722 (w), 1628 (m), 1424 (m), 1331 (m), 1162 (w), 958
(w), 670 (W), 558 cm ! (w); UV/Vis: A, (loge) =250 (3.11), 264 nm (2.76);
HRMS (EI+) m/z caled: 237.1517 [M*]; found: 237.1506.

1-tert-Butyl-1-azacyclotetradeca-3,5,10,12-tetrayne (20e): Compound 18
(0.50 g, 1.5 mmol) and fert-butylamine (0.16 mL, 1.5 mmol) were refluxed
together with potassium carbonate (2.12 g) in acetonitrile (200 mL). After
column chromatography (R;=0.42; 5:1) 20e (47 mg, 0.2 mmol, 13 %) was
obtained as colorless, needle-shaped, slightly light-sensitive crystals (m.p.
88°C decomp). 'H NMR (500 MHz, CDCL;): 6 =3.62 (s, 4H; H-2/14), 2.40
(t, *Jyapns =58 Hz, 4H; H-7/9), 1.77 (quin, /5599 =>5.8 Hz, 2H; H-8),
1.29 ppm (s, 9H; H-16,17,18); *C NMR (125 MHz, CDCl;): 6 =80.6 (C-6/
10), 77.6 (C-3/13), 71.6 (C-4/12), 68.6 (C-5/11), 55.6 (C-15), 40.8 (C-2/14),
28.6 (C-16,17.18), 24.5 (C-8), 20.5 ppm (C-7/9); IR (Kbr): 7#=2963 (vs),
2243 (w), 1604 (w), 1421 (m), 1386 (s), 1260 (vs), 1207 (s), 1084 (vs), 1022
(vs), 933 (m), 802 cm™! (vs); UV/Vis: A, (loge) =242 (3.40), 252 (3.37),
264 (3.28), 282 (2.87), 296 (2.60), 344 nm (2.27); HRMS (EI + ) m/z caled:
2371518 [M*]; found: 237.1525.

1-Phenyl-1-azacyclotetradeca-3,5,10,12-tetrayne  (20f): Compound 18
(500 mg, 1.5 mmol) and freshly destilled aniline (0.14 mL, 1.5 mmol) were
refluxed with potassium carbonate (2.11 g) in acetonitrile (200 mL).
Column chromatography (R;=0.25; 5:1) yielded 20 f (9 mg, 0.04 mmol,
2%) as a colorless solid. 'H NMR (500 MHz, CD,CL): 6 =733 (dd,
Jnarnaenaoio =84 Hz, Jyaznenis=74Hz, 2H; H-17/19), 6.94 (d,
nasnmaonae = 8.4 Hz, 2H; H-16/20), 6.92 (t, *Juispamo =74 Hz, 1H;
H-18),4.20 (s,4H; H-2/14), 2.33 (t, 3/ .70 113 = 5.8 Hz, 4H; H-7/9), 1.70 ppm
(quin, *Jyyg 170 = 5.8 Hz, 2H; H-8); B*C NMR (125 MHz, CD,Cl,): 6 =146.5
(C-15), 129.6 (C-17/19), 119.6 (C-18), 115.4 (C-16/20), 81.3 (C-6/10), 74.0
(C-3/13), 70.7 (C-4/12), 67.9 (C-5/11), 42.6 (C-2/14), 24.6 (C-8), 20.3 ppm
(C-7/9); HRMS (EI + ) m/z caled: 257.1205 [M~*]; found: 257.1189.

1-(p-Methoxyphenyl)-1-azacyclotetradeca-3,5,10,12-tetrayne (20g): Com-
pound 18 (0.90 g, 2.8 mmol), p-anisidine (0.34 g, 2.8 mmol), and potassium
carbonate (3.81 g) were heated in acetonitrile (360 mL). After column
chromatography (R,;=0.23; 5:1) 20g (52 mg, 0.2 mmol, 7% ) was obtained
as slightly yellow crystals (m.p. > 105°C decomp). 'H NMR (500 MHz,
CeDg): 0=6.84 (d, Jyimiemon0=94Hz, 2H; H-17/19), 6.75 (d,
3 isaazionie = 94 Hz, 2H; H-16/20), 3.62 (s, 4H; H-2/14), 3.32 (s, 3H;
H-21), 1.66 (t, *Jy791s=06.0 Hz, 4H; H-7/9), 0.93 ppm (quin, *Jyg51.79=
6.0 Hz, 2H; H-8); 3C NMR (75 MHz, CiDy): 6 =154.1 (C-18), 140.8 (C-
15),117.8 (C-17/19), 115.1 (C-16/20), 80.8 (C-6/10), 74.4 (C-3/13), 72.1 (C-4/
12), 69.3 (C-5/11), 55.0 (C-21), 43.1 (C-2/14), 24.3 (C-8), 20.0 ppm (C-7/9);
IR (KBr): 7=2962 (w), 1512 (vs), 1444 (m), 1259 (s), 1029 (s), 818 cm~' (s);
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UV/Vis: Ay (loge) =244 (3.87), 280 nm (3.52); HRMS (EI+ ) m/z caled:
287.1310 [M*]; found: 287.1303.

N,N'-Di-tert-butyltrideca-2,4,9,11-tetrayne-1,13-diamine (21e): From the
synthetic procedure described for compound 20 e, compound 21e (209 mg,
0.7 mmol, 44 %) was formed in a side reaction. A yellow, viscous liquid was
obtained from column chromatography (R,=0.18; 1:1). 'H NMR
(300 MHz, CDCly): 6=3.43 (s, 4H; H-1/13), 2.37 (t, 3¢ =70 Hz,
4H; H-6/8), 1.69 (quin, */y71.65=7.0 Hz, 2H; H-7), 1.10 ppm (s, 18H;
H-15/16/17/19/20/21); ®*C NMR (75 MHz, CDCl,): 6 =77.8 (C-5/9),76.3 (C-
2/12), 67.7 (C-3/11), 66.0 (C-4/10), 51.0 (C-14/18), 32.9 (C-1/13), 29.1 (C-15/
16/17/19/20/21), 27.0 (C-7), 18.4 ppm (C-6/8); IR (film): 7 =2962 (vs), 2258
(w), 1479 (m), 1364 (s), 1228 (s), 1086 (m), 1032 (W), 744 cm~! (m); UV/Vis:
Amax (log €) =242 (3.36), 254 (3.07) 286 nm (2.91); HRMS (EI + ) m/z caled:
310.2409 [M*]; found: 310.2401.

1,15-Diisopropyl-1,15-diazacyclooctaeicosa-3,5,10,12,17,19,24,26-octayne
(22¢): We were able to isolate 159 mg (0.4 mmol, 4%) of 22¢, a side
product of the synthesis of 20¢, after column chromatography (R,= 0.43;
1:1) as light brown solid (m.p. >90°C decomp). 'H NMR (500 MHz,
CDClLy): 0=3.61 (s, 8H; H-2/14/16/28), 3.04 (sept, *Ji0 m3051/ms2m3334 =
6.3 Hz, 2H; H-29/32), 2.43 (t, 31700 mgmaims e = 0.8 Hz, 8H; H-7/9/21/23),
1.77 (quin, */y.s prom.22n2103 = 6.8 Hz, 4H; H-8/22), 1.10 ppm (d, V30511200
masenn = 0.3 Hz, 12H; H-30/31/33/34); *C NMR (125 MHz, CDCl;): 6 =
779 (C-6/10/20/24), 72.9 (C-3/13/17/27), 70.4 (C-4/12/18/26), 66.3 (C-5/11/
19/25), 50.3 (C-29/32), 41.9 (C-2/14/16/28), 27.2 (C-8/22), 20.9 (C-30/31/33/
34),18.5 ppm (C-7/9/21/23); HRMS (FAB + ) m/z calcd: 447.2800 [M*+H];
found: 447.2773.

2,10-Dichloro-6-isopropyl-6-azatricyclo[9.3.0.0*%]tetradeca-1(11),2,4(8),9-
tetraene (25¢): A suspension of tetrayne 20 ¢ (200 mg, 0.9 mmol) in ethanol
(5mL) and concentrated hydrochloric acid (10 mL) was heated to 80°C
with magnetic stirring. To monitor the reaction, small quantities were
withdrawn from the reaction mixture periodically, treated with sodium
hydroxide solution, extracted with diethyl ether and subjected to TLC. To
avoid oxidation of the product, the workup was carried out in an argon
atmosphere: the reaction mixture was added slowly to a magnetically
stirred and cooled mixture of a solution of sodium hydroxide (10 g) in water
(20 mL) and diethyl ether (50 mL). The organic layer was separated, and
the aqueous layer was extracted three times with diethyl ether. The ether
layers were combined and the solvent was distilled off at room temperature
by using a cryo trap cooled with liquid nitrogen. The crude product was
purified by column chromatography under protective gas (Alox III, petrol
ether/diethyl ether 20:1, R;=0.27), yielding 25¢ (0.2 g,0.7 mmol, 74 %) as a
slightly yellow solid (m.p. 91-93°C). 'H NMR (CDCl;, 300 MHz): 6 =5.85
(s, 2H; H-3/9), 3.52-3.44 (m, 2H; H-5/7%), 3.33-3.27 (m, 2H; H-5/7"),
2.76-2.65 (m, 2H; H-12/14%), 2.57 (sept, *yism1617 = 6.3 Hz, 1H; H-15,),
2.35-2.25 (m, 2H; H-12/14%), 2.11-1.90 (m, 2H; H-13), 1.05 ppm (d, /3115
s = 6.3 Hz, 6H; H-16/17); 3C NMR (CDCl;, 75 MHz): 6 =141.8 (C-1/
11), 136.4 (C-4/8), 131.2 (C-2/10), 125.5 (C-3/9), 60.9 (C-5/7), 54.3 (C-15),
36.2 (C-12/14),22.1 (C-13), 2.8 ppm (C-16/17); IR (Kbr): 7#=2963 (s), 2874
(s),2783 (s), 2607 (W), 1610 (s), 1447 (m), 1379 (m), 1323 (s), 1233 (m), 1190
(m), 889 (m), 851 (m), 829 (m), 770 (m), 693 cm~' (m); UV/Vis: A
(loge) =296 (2.88), 350 nm (2.52); HRMS (EI+) m/z caled: 299.0837
[CisH"CLLN*], 297.0865 [C,¢H,s*’CI*CIN*], 295.0895 [C,H,;*CL,N*];
found: 299.0886, 297.0852, 295.0889; elemental analysis caled (%) for
CsHoCLN (296.23): C 64.87, H 6.46, N 4.73, Cl 23.94; found: C 64.92, H
6.49, N 4.76, Cl 23.94.

[3,9-D,]-2,10-Dichloro-6-isopropyl-6-azatricyclo[9.3.0.0*%]tetradeca-
1(11),2,4(8),9-tetraene ([D,]25¢): The reaction was carried out according
to the synthesis of 25¢ but with [D,]ethanol (5 mL) and DCI (10 mL) in
D,0 yielding [D,]25¢ (7 mg, 0.02 mmol, 3% ) as yellow crystals. 'H NMR
(CDCl;, 300 MHz): 6 =3.56-3.44 (m, 2H; H-5/7%),3.35-3.27 (m, 2H; H-5/
), 2.76-2.65 (m, 2H; H-12/14%), 2.59 (sept, Vyaspagns=6.3 Hz, 1H;
H-15), 2.33-2.24 (m, 2H; H-12/14%), 2.13-1.85 (m, 2H; H-13), 1.05 ppm
(d, Vypagnamas = 6.3 Hz, 6H; H-16/17); 3C NMR (CDCl,, 75 MHz): 6 =
141.8 (C-1/11), 136.4 (C-4/8), 132.0 (C-2/10), 60.8 (C-5/7), 54.3 (C-15), 36.2
(C-12/14), 22.1 (C-13), 21.8 ppm (C-16/17); HRMS (EI+) m/z caled:
3010961 [CyeHCLD,N*], 299.0990 [CoH"CICID,N*], 297.1200
[C1eH75CLD,N*]; found: 301.0974, 299.0965, 297.0952.

2,10-Dichloro-6-isopropyl-6-azatricyclo[9.3.0.0*%]tetradeca-1(11),2,4,7,9-
pentaene (27¢): 2,3-Dichloro-5,6-dicyano-1,4-benzoquinone  (DDQ)
(224 mg, 1.0 mmol) was added to a solution of 25¢ (257 mg, 0.9 mmol) in
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chloroform (25 mL). After 5 minutes the resulting residue was filtered off.
Purification of the crude product was done by column chromatography
(Alox III, petrol ether, R;= 0.35). Compound 27 ¢ (117 mg, 0.4 mmol, 46 %)
was obtained as colorless crystals (m.p. 125-127°C). '"H NMR (CDCl,,
300 MHz): 6 =6.50 (s, 2H; H-5/7), 6.38 (s, 2H; H-3/9), 4.09 (sept, *Ju.is1.16/
7=6.7Hz, 1H; H-15), 2.59 (br, 4H; H-12/14), 1.94 (quin, Jy. 31014 =
76 Hz, 2H; H-13), 140 ppm (d, 3/ 617m15=06.7 Hz, 6H; H-16/17);
BC NMR (CDCl;, 75 MHz): 6 =139.8 (C-1/11), 129.1 (C-2/10), 124.5 (C-
3/9),119.4 (C-5/7),118.2 (C-4/8),51.2 (C-15), 36.9 (C-12/14), 23.8 (C-16/17),
22.3 ppm (C-13); IR (KBr): 7 =2967 (s), 2851 (m), 1629 (m), 1527 (s), 1442
(m), 1367 (m), 1297 (m), 1199 (m), 1176 (s), 1139 (s), 1031 (m), 899 (s), 839
(s), 784 (vs), 709 (s), 629 cm™! (m); UV/Vis: A, (log €) =236 (4.35), 306 nm
(3.67); HRMS (EI+) m/z caled: 297.0679 [CiH,;CLLN*], 295.0708
[C¢H77CI®CINT], 293.0738 [C,¢H;;CLN*]; found: 297.0671, 295.0705,
293.0741; elemental analysis caled (%) for C,;H,;,CLN (294.22): C 65.32, H
5.82, N 4.76; found: C 65.23, H 5.88, N 4.73.

10-Chloro-2-isopropyl-1,3,4,6,7,8-hexahydro-2H-benzo| g Jisoquinolin-9-
one (37¢): Compound 20¢ (300 mg, 1.3 mmol) was suspended in concen-
trated hydrochloric acid (20 mL). The reaction mixture was heated to 80°C
for 3 h, until there was no more starting material detectable by TLC (a
small quantity was taken from the reaction mixture, treated with sodium
hydroxide solution, and extracted with diethyl ether). The reaction mixture
was allowed to cool to room temperature and was added to a stirred and
cooled mixture of a solution of sodium hydroxide (15 g) in water (20 mL)
and diethyl ether (20 mL). The ether layer was separated, and the aqueous
layer extracted with three portions of ether. The combined organic layers
were dried over anhydrous sodium sulfate and filtered. After removal of
the solvent the crude product was purified by column chromatography
(Alox III, petrol ether/diethyl ether 2:1, R,=0.16) yielding 37¢ (19 mg,
0.1 mmol, 5%) as yellow solid (m.p. 63—66°C). WARNING: Although the
reaction was carried out safely several times, in one case spontaneous
deflagration occured leaving a black, powdery, graphite-like solid! '"H NMR
(CDCl;, 500 MHz): 6 =6.92 (s, 1H; H-5), 3.75 (s, 2H; H-1), 2.98 (sept,
Miiipazis = 6.5 Hz, 1H; H-11), 2.88 (t, /413 =5.8 Hz, , 2H; H-4), 2.86 (t,
ey =6.5 Hz, 2H; H-6), 2.70 (t, *Jysu4=>5.8 Hz, 2H; H-3), 2.64 (t,
isny = 6.6 Hz, 2H; H-8), 2.04 (m, 2H; H-7), 1.14 ppm (d, *Jyp030.1 =
6.5 Hz, 6H; H-12/13); *C NMR (CDCl;, 125 MHz): 6 =197.0 (C-9), 144.0
(C-5a), 141.9 (C-4a), 134.2 (C-10a), 132.7 (C-10), 127.9 (C-9a), 127.5 (C-5),
54.3 (C-11), 50.2 (C-1), 44.8 (C-3), 40.8 (C-8), 30.7, 30.6 (C-4,6), 22.8 (C-7),
18.5 ppm (C-12/13); IR (KBr): 7#=2920 (s), 2851 (m), 1686 (s), 1598 cm™!
(s); UV/Vis: Ay (loge) =262 (4.06), 302 nm (3.31); HRMS (EI1+): m/z:
caled: 279.1204 [C,Hy"CINO*], 2771233 [CiH,*CINO"]; found:
279.1195, 277.1190.

[4,4,5-D;]-10-Chloro-2-isopropyl-1,3,4,6,7,8-hexahydro-2 H-benzo|[ g]iso-
quinolin-9-one ([D;]37¢): The reaction was carried out according to the
synthesis of 37¢. Compound 20¢ (300 mg, 1.33 mmol) was suspended in
DCI (20 mL) in D,0 yielding [D;]37 ¢ (21 mg, 0.07 mmol, 5%) as a yellow
solid. 'H NMR (CDCl;, 500 MHz): 6=3.75 (s, 2H; H-1), 2.98 (sept,
3yamas = 6.5 Hz, 1H; H-11), 2.87 (t, 3/y.611.,= 6.5 Hz, 2H; H-6), 2.69 (s,
2H; H-3), 2.64 (t, *Jy447=6.6 Hz, 2H; H-8), 2.04 (m, 2H; H-7), 1.14 ppm
(d, ¥izn3m1 = 6.5 Hz, 6H; H-12/13); *C NMR (CDCl;, 125 MHz): 0 =
197.0 (C-9), 143.9 (C-5a), 141.7 (C-4a), 134.2 (C-10a), 132.7 (C-10), 128.0
(C-9a),54.3 (C-11), 50.1 (C-1), 44.6 (C-3), 40.8 (C-8), 30.6 (C-6),22.9 (C-7),
184ppm  (C-12/13); HRMS (EI+) m/z caled: 282.1392
[CeH,77CID;NO*], 280.1421 [C,(H;¥CID;NO*]; found: 282.1390,
280.1432.

X-ray diffraction analyses: All measurements were carried out on a
Brucker SMART diffractometer with graphite monochromated Mok,
radiation using a CCD detector. Frames corresponding to a sphere of data
were collected using the w-scan technique; in each case 20 s exposures of
0.3° in w were taken. The reflections were integrated and equivalent
reflections were merged and an absorption correction was applied to all
structures, except for 20b and 20¢ by using SADABS.P!l The data were
corrected for Lorentz and polarization effects. The structures were solved
by direct methods and expanded using Fourier techniques (SHELXTL
5.10).B'. The structural parameters of the non-hydrogen atoms were
refined anisotropically; hydrogen atoms were included in calculated
positions except for the structures of 20b and 27¢. The single crystals of
20¢ were disordered: we found about 28 % chair, 53% boat, and 19%
“inverted” boat conformation, in which N and C8 (of the chair conforma-
tion) had changed places. The final cycle of full-matrix least-squares
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Table 2. Selected crystallographic data for 20b, 20¢, 20 f, 27 ¢, and 37c.

20b 20¢ 20f 27¢ 37¢
empirical formula CisHsN C,H;N CyHsN C,H;,CLLN C,H,,CINO
M, 209.28 223.31 257.32 294.21 271.78
crystal size [mm?] 0.44 x 0.21 x 0.08 0.60 x 0.10 x 0.10 0.38 x 0.32x 0.22 042 x0.22x0.16 0.44 x 0.20 x 0.16
crystal system monoclinic orthorhombic triclinic monoclinic triclinic
space group P2//c Pmn2, Pl P2,/c Pl
a[A] 12.8262(8) 12.0906(3) 8.9469(3) 12.8798(3) 8.6299(4)
b [A] 5.2560(3) 10.5958(3) 13.9246(4) 7.6161(2) 9.2301(4)
c[A] 18.2412(11) 5.1624(2) 17.0568(5) 15.9958(4) 9.6701(4)
a [’ 90 90 92.332(1) 90 101.597(1)
A 1°] 101.389(2) 90 99.508(1) 111.387(1) 98.863(1)
v [°] 90 90 92.017(1) 90 108.105(1)
V[AY] 1205.51(13) 661.35(4) 2092.15(11) 1461.04(6) 697.52(5)
Peaca [gem 3] 115 112 123 134 132
0 range [°] 1.6 to 24.1 1.91t023.3 12t0 275 1.7to0 275 2210275
V4 4 2 6 4 2
F(000) 448 240 816 616 344
Pgin/ Pinax —14/14 —13/13 —11/11 —16/16 —10/11
Konind K max —6/6 —-11/11 —18/18 -9/9 —1111
Lin/max —20/20 —5/5 —22/22 —20/20 —12/12
u [mm™1] 0.07 0.06 0.07 0.43 0.27
reflns collected 8867 4768 21819 14515 7224
unique reflns 1906 1004 9531 3336 3165
observed reflns 1295 870 6166 2855 2678
variables 205 96 541 240 174
R(F?) 0.040 0.056 0.041 0.029 0.033
R.(F?) 0.083 0.137 0.093 0.075 0.086
S (Gof) on F? 1.02 1.18 0.99 1.06 1.03
[AO]max [€ A3 0.13 0.21 0.17 0.29 0.30
[AO]in [ A73] —0.16 -0.19 -021 -0.23 -0.25
refinement converged. The function minimized was =w[(F,)* — (F.)*]>. All [9] J. Ritter, R. Gleiter, Eur. J. Org. Chem. 1997, 1179-1188; R. Gleiter,

calculations were performed with the SHELXTL crystallographic software
package of Bruker.®!l Table 2 contains the crystallographic data and details
of the refinement procedure for componds 20b, 20¢, 20 f, 27 ¢, and 37¢. The
X-ray studies were performed at 200(2) K. CCDC-197950 (20b), CCDC-
197951 (20¢), CCDC-197952 (20f), CCDC-197953 (27¢) and CCDC-
197954 (37¢) contain the supplementary crystallographic data for this
paper. These data can be obtained free of charge via www.ccdc.cam.ac.uk/
conts/retrieving.html (or from the Cambridge Crystallographic Data
Centre, 12 Union Road, Cambridge CB2 1EZ, UK; fax: (+44) 1223

336 -

033; or email: deposit@ccdc.cam.ac.uk).
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Formation, Preservation, and Cleavage of the Disulfide Bond by Vanadium

Dongren Wang, Axel Behrens, Mahin Farahbakhsh, Jessica Giitjens, and Dieter Rehder**!

Abstract: Reaction of the disulfide
{HpicanS}, (HpicansS is the carboxamide
based on picolinate (pic) and o-mercap-
toaniline (anS); the {} brackets are used
to denote disulfides) with [VOCI,(thf),]
leads to reductive scission of the disul-
fide bond and formation of the mixed-
valence (VIV/VY) complex anion [(OV-
picanS),u-O]~ (1), with the dianionic
ligand coordinating through the pyri-
dine-N atom, the deprotonated amide-N
atom, and thiophenolate-S atom. Re-
ductive cleavage of the S—S bond is also
observed as [VCly(tmeda),] (tmeda=
tetramethylethylenediamine) is treated
with the disulfides {HsalanS}, or {Hvan-
anS}, (HsalanS and HvananS are the
Schiff bases formed between o-mercap-
toaniline and salicylaldehyde (Hsal)
or vanillin (Hvan), respectively), yield-

(salanS)] (2a), or [VCl(tmeda)-
(vananS)] (2b). The disulfide bond re-
mains intact in the aerial reaction be-
tween {HsalanS}, and [VCI,(thf);] to
yield the VV complex [VOCl{salanS},]
(3), where (salanS)’>~ coordinates
through the two phenolate and one of
the imine functions. The S—S bond is
also preserved as [VO(van),] or [VO-
(nap),] (Hnap =2-hydroxynaphthalene-
1-carbaldehyde) is treated with bis-
(2-aminophenyl)disulfide, {anS},, a re-
action which is accompanied by conden-
sation of the aldehyde and the diamine,
and complexation of the resulting bis-
(Schiff bases) {HvananS}, or {HnapanS},

biomimetic
S ligands -

Keywords: amides
synthesis - disulfides -
vanadium

to form the complexes [VO{vananS},]
(4a) or [VO{napanS},] (4b). In 4a and
4b, the phenolate and imine functions,
and presumably also one of the disul-
fide-S atoms, coordinate to V'V. 2-Mer-
captophenyl-2’-pyridinecarboxamide

(HypicanS) retains its identity in the
presence of VU, reaction between
[VCls(thf);] and H,picanS yields [V-
{picanS},]- (5). The dithiophenolate
2,6-bis(mercaptophenylthio)dimethylpy-
ridine (6a) is oxidized, mediated by
VO, to the bis(disulfide) octathiadi-
aza-cyclo-hexaeicosane 6b. The rele-
vance of these reactions for the speci-
ation of vanadium under physiological
conditions is addressed. [HNEt;]-1-
0.5NEt;  3-3CH,Cl,, {HsalanS},,
[HNEt;]-5, and 6b-4THF have been
characterized by X-ray diffraction anal-

ing the V™M complexes [VCl(tmeda)-

Introduction

There is continuing interest in studies towards the coordina-
tion of thiofunctional ligands to vanadium!'! in the context of
enzymes containing vanadium in the active center, since these
investigations can model the specific bonding situation and
thus reactivity of the vanadium cofactor. Examples are
vanadium-nitrogenase from Azotobacter, where vanadium—
in analogy to its molybdenum counter-part—is coordinated
to, inter alia, three sulfides,”) and vanadium-containing nitrate
reductase from A. vinelandii,’’¥ which—again in analogy to the
more common Mo analoguel*—probably contains dithiolen-
ate (as a constituent of a pyranopterin moiety) attached to the
oxo—metal center. Furthermore, the sulfide peroxidase
activity of vanadate-dependent haloperoxidasesl®! suggests

[a] Prof. Dr. D. Rehder, Dr. D. Wang, Dipl.-Chem. A. Behrens, Dr. M.
Farahbakhsh, Dipl.-Chem. J. Gétjens
Institut fiir Anorganische und Angewandte Chemie
Universitdt Hamburg, 20 146 Hamburg (Germany)
Fax: (+49)40-4123-2893
E-mail: dieter.rehder@chemie.uni-hamburg.de
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ysis.

the formation of an intermediate where the organic sulfide is
in contact with the active center, since formation of sulfoxide
from prochiral sulfides occurs enantioselectively. Likewise,
sulfide- and disulfide—vanadium intermediates supposedly
form in the enatioselective oxo transfer to sulfides®7 and
disulfides!® with oxovanadium Schiff base®® and oxovana-
dium —ethanolamine systems.[”!

An additional, and an equally important aspect of the
vanadium —sulfur interaction is the redox and nonredox
inhibition by vanadate of phosphatases containing cysteine
in their active centers.”>!% Vanadate may coordinate to the
active center cysteinate, forming a coordination environment
very much reminiscent of that in haloperoxidases, with the
exception that histidine is replaced by cysteinate.['!! Inhibition
of a protein tyrosine—phosphatase by vanadate has been
noted as a possible key stepl'? in the insulin-mimetic action of
inorganic and organic (coordination) compounds of vanadi-
um.[13]

Vanadium complexes undergo a complex speciation pattern
in extra- and intracellular body fluids, including hydrolysis,
ligand exchange, and redox chemistry, the knowledge of which
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is a precondition for understanding physiological effects of
vanadium compounds. Several solution speciation studies
modeling this situation with glutathione and related ligands
have been carried out recently.l' %] The particularly impor-
tant intracellular tripeptide glutathione GSH (where SH

me 1b) formed in this case is a dinuclear, oxo-bridged, mixed-
valence anionic VIVVV complex containing the tridentate
amide ligand picanS?>~ (NNS?>7). The counterion in this
reaction, which has been carried out in the presence of NEt;
to capture the protons formed, is [HNEt;]".

represents cysteine) and its oxi-
dized form GSSG, which are
present in millimolar concen-
trations and can redox-interact
with vanadium,['*!8] have been
shown to form a variety of
complexes with VO?** in aque-
ous solution, including com-
plexes with thiolate coordina-
tion to the vanadyl ion.[®]
The present study is designed
to evidence the extent and
quality of interactions between
vanadium in various oxidation
states and multifunctional li-
gands containing disulfide or
thiolate functions, and thus
modeling interactions of vana-
dium with peptides and pro-
teins having cystine or cysteine
constituents.

Results and Discussion

An overview comprising the
ligands and complexes em-
ployed or characterized in this
work is shown in Schemes 1a
(ligands) and 1b (complexes).

Cleavage of the disulfide bond:
We have previously shown!!’)
that the disulfide 2,2'-dithiodi-
benzaldehyde is reduced in a
two-electron  reduction by
[VCls(thf);] to form, in the
presence of 2-mercaptoaniline,
a chlorooxovanadium(v) com-
plex stabilized by the tridentate
(SNS) Schiff base ligand origi-
nating from the condensation of
mercaptoaniline and the prod-
uct of the disulfide reduction,
2-mercaptobenzaldehyde

[Eq. (1)]. As shown in Equa-
tion (2) for the reaction be-
tween [VOCI,(thf),] and the
disulfide {HpicanS},, {HNNS},
(letters in italics correspond to
ligand functions), reductive
cleavage of the sulfur—sulfur
bond can also be initiated by
(VVO)**. Anion 1 (see Sche-

1806 ——

© 2003 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

(o)

S Cl
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{HpicanS};
@ ON : OH
0
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0
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{HpicanS}, R = H: {HsalanS},; R = 3-OMe: {HvananS},

NH, S
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Ox O

NH SH

e @ISH

HapicanS 6a

b)@
o ©
&N

O§\Z/NO

Q/’“J@?

O  [(OVpicanS),u-0] 1
Ot
@m/@&

R=3-OCHj:

R = H: [VCKtmeda)(salanS)] 2a
R = 3-OMe: [VCl(tmeda)(vananS)] 2b

[VO{vananS},]

R=5,6-k /:

[VO{napanS},] 4b

R = 3-OMe: {HvananS},,

R= 5,6-\ // : {HnapanS},

R

@ﬁs
6b

[VOCl{saknS};] 3

« OO

[V(picanS),] 5

Scheme 1. Overview of the ligands (a) and complexes (b) employed or characterized. pic = picolinate, anS = o-
mercaptoaniline, sal =salicylaldehyde, van = vanillin, nap = 2-hydroxynaphthalene-1-carbaldehyde. The picanS
ligands are carboxamides, the ligands salanS, vananS, and napanS are Schiff bases. Braces {} indicate disulfides.
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The additional oxygen atom presumably stems from
residual water in the solvent THF; the second electron
needed in this reaction may originate from a second vanadyl
ion. The v(CONH) associated with {HpicanS},, 1626 cm™, is
shifted to 1596 cm™' in 1, indicative of deprotonation of the
amide in picanS?>~. Both nitrogen atoms, and the thiolate
formed by reduction, coordinate to the vanadium center.
There is a broad band for the v(V=0) at 991 with a shoulder at
981 cm~!. The room-temperature EPR spectrum of 1 in THF
shows two superimposed eight-line systems (coupling of the
electron to the 'V nucleus (nuclear spin=7/2)) with signifi-
cantly different g, and A, values, namely g,=1.983 and A,=
82 x 10~* cm™! for component 1, and g,=1.97 and A,=101 x
10~* cm™! for component 2. The electron is thus not delocal-
ized over the two vanadium sites; the two different vanadium
sites, in which the single electron can reside, are about equally
populated.

The inequivalence of the two oxo-linked building blocks of
the dinuclear anion 1 is also revealed by the crystal structure
determination of [Et;NH]-1-0.5NEt; (Figure 1). For selected

Figure 1. Structure of [Et;NH][(OVpicanS),u-O], [Et;NH]-1, (ORTEP
plot; 50% probability level) including one molecule of NEt; of crystal-
lization per 2 units of [Et;NH]-1.

bonding parameters see Table 1. The counterion (N5) is
linked to one of the doubly bonded oxo groups (O2) by an
N—H --- O bond (2.856 A). While one of the vanadium centers,

Table 1. Selected bond lengths [A] and angles [°] of vanadium complexes.

V1, is in an about ideal square-pyramidal array with the
doubly bonded oxo group in the apical position and vanadium
displaced from the plane N1N2S1 O3 by 0.0272 A, the other,
V2, is in a somewhat distorted tetragonal-pyramidal environ-
ment, quantified by an angular 7 parameter of 0.26 (=0 for
an ideal square pyramid, =1 for an ideal trigonal bipyr-
amid). V2 is 0.1161 A above the plane spanned by the three
ligand functions and the bridging oxygen O3. O3 is not exactly
in the center of the two vanadium ions; d(V1-O3) =1.749(2),
d(V2—03)=1.866(2) A; the angle V1-O-V2 amounts to
135.06(10)°. The V=0 moieties are arranged in between the
perpendicular and the syn configuration; the torsion angle
01,V1,v2/02,V2,V1 is 40.22° and thus differs from the
situation encountered in other mixed-valence dinuclear
vanadium complexes such as anti-[{VO(tacn)},u-O] (176.5°,
tacn is a functionalized triazacyclononane),?” syn-[{VO(sal-
ser)},u-O]~ (11.6°, sal-ser is the Schiff base from salicylalde-
hyde and serine),?! or [{VO(sal-ala)},u-O]~ (83.7°).2% The
d(V—S) are comparable to those in most other thiolate
complexes of VIV and VV (compare the discussion in
reference [19]). Not unexpectedly, they are substantially
shorter than in thioether complexes.'”> 23] The bonds to the
pyridine-N atom are again in the usual range,?¥ the bonds to
the amide nitrogen atoms (N2 and N4), 2.042(2) and
2.031(2) A, are slightly longer than reported in the literature
(mean d(V-N, ) = 2.014 AR3)),

As can be expected for a V! compound, [VCl,(tmeda),]
(tmeda = N,N,N', N'-tetramethylethylenediamine) also reduc-
tively splits the disulfide bond in the double Schiff base
disulfides derived from 2,2’-diaminodiphenyl disulfide and
salicylaldehyde ({HsalanS},) or 2-hydroxynaphthalene-1-car-
baldehyde ({HvananS},), HONSSNOH; see the idealized
Equation 3. The structures of the disulfides are described
below. V! is oxidized to V!, and the resulting Schiff base
thiolates salanS?>~ and vananS?~ substitute one tmeda and one
chloro ligand to form the monochlorovanadium complexes 2a
and 2b. The reaction is conducted in THF, yielding mixtures
of 2 and the hydrochloride of tmeda; 2 can be isolated in
analytically pure form by diffusion of pentane into the THF
solution. The Raman spectrum of 2 no longer exhibits the
band between 500 and 550 cm~! typical of the disulfide
bridge.?l The v(HC=N) is shifted by 10 cm~! on coordination

1 3l 5

V1-01 1.6111(18) V2-02 1.612(2) vV-02 1.589(3) V-N1 2.1141(19)

V1-03 1.7496(17)) V2-03 1.866(2) vV—Cl 2.3690(14) V-N3 2.1141(18)

V1-S1 2.3307(7) V2-S2 2.3458(7) V-01 1.925(3) V-N2 2.0582(18)

V1-N1 2.092(2) V2-N3 2.097(2) V-03 1.986(3) V-N4 2.0777(18)

V1-N2 2.042(2) V2—-N4 2.031(2) V-N1 2.117(4) V-S1 2.3481(7)
N1-C15 1.304(6) V-S§2 2.3868(7)

V1-03-V2 135.06(10) N2—-C12 1.308(6)

03-V1-01 109.01(9) 03-V2-02 111.64(9) S1-S2 2.0699(17) N1-V-§81 159.91(6)

03-V1-§81 92.84(6) 03-V2-§2 92.92(6) N3-V-82 153.63(6)

03-V1-N1 90.96(8) 03-V2-N3 87.99(8) Cl-V-N1 156.83(10) N2-V-N4 173.52(7)

0O3-V1-N2 146.47(8) 03-V2-N4 136.81(8) 01-V-03 142.55(13) S1-V-S2 103.47(3)

S1-V1-N1 145.45(6) S2-V2-N3 152.52(6) Cl-V-02 103.71(13) N2-V-N1 77.98(7)

N1-V1-N2 76.70(8) N3-V2-N4 78.24(8) Cl-V-03 87.52(10) N2-V-N3 97.03(7)

S1-V1-N2 81.40(6) S$2-V2-N4 82.47(6) O1-V-N1 86.38(14) N2-V-S1 83.17(5)

N2-V-82 152.52(6)
[a] Additional parameters for the disulfide moiety are provided in Table 3
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(1613 and 1611 in 2a and 2b, 1603 and 1601 cm™ in free
{HsalanS}, and {HvananS},).

2 V"+ HONSSNOH — [V'(ONS),] + 2H* 3
{HsalanS}, 2a

Preservation of the disulfide bond: The mechanism of the
rupture of the disulfide bond as catalyzed by metals may
involve intermediate coordination of the electrophilic metal
ion to (one of the sulfurs of) the disulfide.?”?! Disulfide
complexes have been known since the work by Brindén,*
although no such complex has so far been structurally
characterized for vanadium. Our own efforts to prepare
vanadium complexes of disulfides have lead to a structurally
characterized complex with an intact, though uncoordinated,
disulfide in the coordination sphere, 3, and to disulfide
complexes, structurally not characterized, where one of the
sulfurs probably coordinates to vanadium, namely the com-
plexes 4a and 4b, see Scheme 1b. The reactions leading to 3
and 4 are presented in idealized form in Equations (4) and (5).

V' + HONSSNOH + %40, — [VYO(ONSSNO)] + 2H" 4)
{HsalanS}, 3

[VYO(00)] + HoNSSNH: — [VVYO(ONSSNO)] + 2H,0 + 2H" 5)
{anS}, 4

Compound 3 is obtained from the reaction between
[VCls(thf);] and {HsalanS}, in CH,Cl, in the presence of
triethylamine as a proton scavenger. Oxygen present in the
solution oxidizes V' to oxovanadium(v), which coordinates to
the dianionic ligand {salanS~},, "ONSSNO~. The character-
istic v(V=0) lies at 992 cm~". The v(HC=N) of the free ligand,
1613 cm™!, is split into two bands in 3, shifted to 1627 and
1607 cm™, corresponding to uncoordinated and coordinated
imine-N atoms in the complex. This situation is corroborated
by the X-ray diffraction analysis of 3-3CH,Cl, (Figure 2;
selected bonding parameters are collated in Table 1). Al-
though {salanS~}, usually functions as a pentadentate li-
gand,P*3] only three of its functions are employed in
coordination here, namely the two phenolate oxygen atoms
O1 and O3, and one of the imine nitrogen atoms (N1), while

Figure 2. Structure of [VOCl{salanS},] (3) (ORTEP plot; 50 % probability
level), including the three CH,Cl, molecules of crystallization.
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the two sulfur atoms S1 and S2 and the second imine group
(N2) remain uncoordinated, the closest contact being that
between Vand S1 (4.29 A), that is, clearly beyond the sum of
the van der Waals radii. Despite this, the bond length
d(S1-S2) =2.070(2) is widened with respect to this distance
in the free ligand {HsalanS}, (2.026 A; vide infra), but
compares to d(S1—S2) in metal complexes in which the sulfur
binds to the metal.?31 The coordination sphere of 3 is
supplemented by the doubly bonded oxo group and a chloro
ligand. Vanadium, in a slightly distorted square-pyramidal
environment (7 =0.28), is displaced from the tetragonal plane
formed by O1, O2, N1, and CI by only 0.089 A. All bond
lengths involving vanadium are normal. The bonding param-
eters of {salanS~}, in complex 3 will be discussed in a broader
context below.

Reaction of [VO(van),] (Hvan = o-vanillin) or [VO(nap),]
(Hnap = 2-hydroxynapthalene-1-carbaldehyde), [VO(0OO),]
(OO~ is the aldehydo ligand) in Equation (5), with diamino-
diphenyl disulfide ({anS},) in dry THF yields the complexes
4a and 4b derived from the double Schiff-base ligands
{HsalanS}, and {HvananS}, (see Scheme 1), which form by
in situ condensation. The structure for 4 proposed in
Scheme 1b is based on spectroscopic characteristics and
elemental analyses. Thus, the IR bands (Table 2) character-
istic of the aldehyde group of [VO(OO),] and the amino
groups of {anS}, are no longer present in 4. Instead, new IR
absorptions appear for the newly formed HC=N moiety.

Table 2. Selected IR characteristics of the complexes 4 and their pre-
Cursors.

v(NH,) v(CHO) v(HC=N) v(V=0) v(V-S)
VO(van), 1657 958
VO(nap), 1686 978
{anS}, 3373, 3297
4a 1603 985 362
4b 1617 982 358

The coordination of one of the sulfur atoms of the disulfide
bond is supported by a v(VS) around 362 cm~! and the
parallel (z) component of the EPR spectroscopic hyperfine
coupling constant A,=162 x 10~ cm~!. Using the partial a,
values provided by ChasteenP* and Kabanos et al.’s]! for
imine-N (44.1), phenolate-O (38.9), and thiophenolate-S
(35.3) atoms, the calculated A, originating from an SNO,
equatorial donor set amounts to 156.9 x 10~*cm~!. We
suppose, however, that a disulfide-S atom is a clearly weaker
ligand than a thiolate-S atom and hence gives rise to a larger
partial contribution than the latter, resulting in the observed
value.

Thiolato complexes, and the formation and characterization
of disulfides: V! does not redox interact with thiolates; the
anionic VM thiolato complex 5 has thus been obtained by
direct reaction of [VCls(thf);] with the amide ligand H,picanS
(Scheme 1a) in dry THF plus NEt;. Addition of triethylamine
is necessary to promote deprotonation of the amide group and
its coordination, along with the pyridine-N atom and the
thiophenolate-S atom, to the vanadium center. A triethylam-
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monium ion is the counterion for 5. Complex 5 contains two
nonequivalent picanS?- ligands, as evidenced by two amide
bands in the IR spectrum (1611 and 1586; free H,picanS:
1690 cm™'), and by the molecular structure as revealed by
X-ray structure analysis (Figure 3). The complex is distorted

Figure 3. Structure of [Et;NH][V(picanS),], [Et;NH]-5 (ORTEP plot;
50% probability level).

octahedral. The two tridentate ligands occupy meridional
positions, with the two amide-N atoms N2 and N4 trans to
each other. Bonding parameters (Table 1) are in the usual
range, except for the d(V—N,,q) distances 2.058(2) and
2.078(2) A, which are considerably longer than corresponding
parameters reported in the literature (mean 2.014 ARS),

On the other hand, thiolates can be oxidized to disulfides in
the presence of VO?* 13381 a reaction that can be accompanied
by an abstraction of the oxo group 3! and concomitant
formation of non-oxo V!V complexes.?¥! The VO**-mediated
oxidation of thiolate has also been observed for the reaction
between the dithiolate 6a and [VO(acac),] (acac=
acetylacetonate(1 —)), which leads to the cyclic bis(disulfide)
6b (see Scheme 1a). For the overall reaction we propose the
sequence represented by Equation (6), in which the initiating
step is the deoxygenation of the vanadyl group (Equa-
tion (6a)), followed by oxidation of thiolate to disulfide by
VIV (Equation (6b)), and reconstitution of the vanadyl moiety
by oxygen (Equation (6¢)). The net reaction is therefore
aerial oxidation of the thiolate, catalyzed by the vanadyl ion.

2-SH + VO?** — 2-8 +VIV4+H,0 (6a)
2VIV42-8° — 2Vl .SS. (6b)
2V 4150, + H,0 — 2VO?* +2H* (6¢)

The cyclo-hexaeicosane 6b (Figure 4) and the disulfide
{HsalanS}, (Figure 5) were characterized by X-ray diffrac-
tion analysis. Selected structural data, including those for

Chem. Eur. J. 2003, 9, No. 8
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c22 s4 C17

Figure 5. Structure of {HsalanS}, (ORTEP plot; 50% probability level).
The two independent molecules in the unit cell are shown.

{salanS~}, of compound 3 are summarized in Table 3. The unit
cell of {HsalanS}, contains two independent molecules in the
“perpendicular” orientations to each other (Figure 5).

The two phenyl rings C5,C6,C9,C12,C20,C8 and
(C5,C6,C9,C12,C20,C8)* in 6b (point group C,) are parallel
to each other; the distance between the two planes, 3.35 A
(the offset of the ring centers is 1.84 A) suggests interaction.
Bonding parameters are about equal for the three disulfides
and, with the exception of d(S—S), also in the range noted for
other disulfides.® The d(S—S) in 6b and {HsalanS}, are
significantly shorter than in disulfides in general (av (2.072 +
0.08) A)®! and, as far as 6b is concerned, other cyclic
bis(disulfides) such as tetrathia-cyclo-eicosanes in particular
(2.083(1) A).B%37 On the other hand, d(S—S) of {salanS~},in 3
falls within the range of average S—S distances in neutral
disulfides, and in complexes where {salanS~}, coordinates in
the pentadentate fashion, including coordination of one of the
sulfurs.B*%! Quite in contrast, the angles S-S-C in {salanS—}, in
3 are narrowed with respect to uncomplexed {HsalanS}, and
other disulfides, where the ¥(S-S-C) range from 102.6 to
104.8°, and this is also the case for the dihedral angle C1,51,S2/
C10,S2,S1, 72.14° in 3, narrowed with respect to the corre-
sponding angle in {HsalanS}, (82.34°) and other disulfides (av
(82.1 £5.4)°). These differences apparently are due to the
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Table 3. Bonding parameters of structurally characterized disulfides.

d(S-S) d(S—C) X (S-S-C) Dihedral angle
S-S-C/C'-S-S
{HsalanS}, 2.026(2) Cl: 1.782(2), Cl4: 1.786(3) Cl: 104.64(9), C14: 105.40(11) 82.34
2.027(2) C27: 1.785(3), C40: 1.785(3) C27: 105.36(11), C40: 105.30(10) 80.39
{salanS}, in 3 2.0699(17) C1: 1.780(5), C10: 1.782(5) C1: 100.30(16), C10: 98.95(16) 7214
6b 2.039(3) C5: 1.778(8), C7: 1.812(9) C5: 104.7(3), CT: 104.4(3) 87.13

specific steric situation in 3. Participation of the sulfur of
{salanS~}, in coordination gives rise to further narrowing, see,
for example, 55.4° in [NiCl{salanS},] (55.4°).533

Conclusion

With the present study we have provided evidence, including
structural support, that vanadium, in its physiologically
relevant oxidation state 1v (and mil*-#l) can form, break,
and preserve the disulfide bond when interacting with organic
disulfides and thiolates. The formation of disulfides via thiyl
radicals has been shown to occur when thiolates such as
cysteine are treated with vanadium(v) complexes.*> #! This
reaction is of considerable relevance for the removal of VV in
the intracellular medium (and hence for the detoxification of
vanadate(v), an inhibitor of ATPases*), where glutathione
(GSH) is a potent reducing agent,'®:1%4.4 being itself
oxidized to GSSG, although GSH can also be a slow and
rather ineffectual reducing agent in vitro.*! As shown by
Equation (6), vanadyl ions (V'VO)>** are able to catalyze the
aerial oxidation of thiolates. Under physiological conditions, a
similar reaction can take place in the extracellular medium,
and may also be anticipated for the cytoplasm in the presence
of cytoplasmatic oxygen, superoxide, or peroxide. GSSG
makes up about 1-2% of the overall GSH+ GSSG (2-
3 mMm) in erythrocytes;* 4! the reformation of GSH from
GSSG, commonly achieved by the action of NADH, might
also be mediated by VO?**; see Equation (1). Vanadyl ions can
therefore attain a dual role in the GSH/GSSG transformation.
In addition, VO can stabilize the disulfide bond ([Eq. (5)])
and thiolates by coordination. As was shown by solution
speciation studies, this stabilization includes GSH, for which
several vanadyl complexes have been proposed where cys-
teinate participates in coordination.['>'7 ) Another candidate
for direct stabilization of thiolates is VIII, which coordinates
thiolates without concomitant redox events. Where VO3* is
formed in redox interactions with disulfides, complex forma-
tion with the resulting thiolate ([Egs. (1, 2)]) or the precursor
disulfide ([Eq.(4)]) can occur. Transmitted again to the
situation in biofluids, vanadium in its oxidation states vV, 1V,
and 111 can be anticipated to be a subtle regulator of the GSH/
GSSG equilibrium, and corresponding equilibria concerning
other peptides with cysteine residues, by scavenging, redox-
transforming and releasing thiolates and disulfides. To what
extent cysteine and cystine moieties undergo redox interac-
tion in the presence of vanadium also depends on the extent of
their stabilization by complexation.
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Experimental Section

Physical measurements: Elemental analyses (C, H, N) were carried out on
an Heraeus CHNO-Rapid analyser. IR spectra were recorded on a Perkin-
Elmer 1720 spectrometer, using KBr pellets or nujol spreadings between
KBr crystal plates. 'H spectra were recorded on a Varian Gemini 200 MHz
spectrometer with the usual parameter settings. EPR spectra were
measured with a Bruker ESP 300E spectrometer at 9.74 GHz in 4 mm
vials and concentrations of 1 -5 mM at room temp. and at 97 K. Parameter
adaptions were carried out with the program SimFonia (Bruker).

X-ray structure analyses: X-ray structure analyses were carried out in the 6/
20 scan mode either on an Enraf-Nonius CAD4 diffractometer with Cuy,
irradiation (graphite monochromator, A =1.54178 A) at 173(2) K ({Hsa-
lanS},), or on a Bruker SMART Apex CCD diffractometer with Moy,
irradiation (graphite monochromator, A= 0.71073 A) at 153(2) K. For the
solution and refinement of the structures, the program package
ShelXTL 5.1 (Bruker 1998) was employed. Hydrogen atoms were placed
into calculated positions and included in the last cycles of refinement. The
protons directly attached to the nitrogen atoms of the [HNEt;]* counter-
ions of 1 and 5 were located. Disorder of C62 (the CH; group of one of the
ethyl substituents of the NEt; of crystallization in compound [Et;NH]-1-
0.5NEt;) was treated with a 60:40% model. Disorder of one of the
CH,Cl, molecules in 3-3CH,Cl, was treated in the following way: Cl6
versus Cl7=50:50%, CI8 versus Cl9/Cl110=50:50%, and Cl9 versus
Cl10=30:20%. The five C—Cl bond lengths in this model were fixed.
Crystal and refinement data are collated in Tables 4 and 5. CCDC-192885
([Et;NH]-5), CCDC-192866 (3-3CH,Cl,), CCDC-192887 ([Et;NH]1-
NEt;), CCDC-192888 ({HsalanS},), and CCDC-192889 (6b) contain
the supplementary crystallographic data for this paper. These data can be
obtained free of charge via www.ccdc.can.ac.uk/conts/retrieving.html
(or from the Cambridge Crystallographic Centre, 12 Union Road,
Cambridge CB21EZ, UK; Fax: (+44)1223-336033; or deposit@ccdc.cam.
ac.uk).

Starting materials: These were obtained from commercial sources or
prepared according to literature procedures: [VOCl,(thf),],"
[VCl4(thf),],”? {HpicanS}, and H,picanS,* 6a-HCLP and [VCl,(tme-
da),].! The precursors [VO(aldehyde),] were prepared and identified as
described below, and used directly in the syntheses of 4a and 4b:

[VO(o-vanillin),]: o-Vanillin (7.6 g, 0.05mol), VOSO,-5H,0 (6.32¢g,
0.025 mol), and NaOAc-3H,O (6.8 g, 0.05 mol) were dissolved in deoxy-
genated water/ethanol 1.25:1 (80 mL). The solution was stirred for 2 h at
room temperature. The green precipitate was collected by filtration,
washed with ethanol and diethyl ether, and then dried in vacuo. Yield:
14.7 g (80%); IR (KBr): 7=3032 (C—H_,om), 978 (V=0), 737 cm~! (arom.
aldehyde).

[VO(2-hydroxynaphthalene-1-carbaldehyde),]: 2-hydroxynaphthalene-1-
carbaldehyde (8.6 g, 0.05 mol), VOSO,-5H,0 (6.32 ¢, 0.025 mol), and
NaOAc-3H,0 (6.8 g, 0.05 mol) were dissolved in deoxygenated water/
ethanol 1.25:1 (80 mL). The solution was stirred for 4 h at room temper-
ature. The green precipitate was collected by filtration, washed with
ethanol and ether, and dried in vacuo. Yield: 14.3 g (70%); IR (KBr): 7=
3050 (C—H,rom), 982 (V=0), 746 cm™! (arom. aldehyde).

Preparation of the specific compounds

N,N'-{1,1'-dithiobis(phenylene)}bis(salicylideneimine) ({HsalanS},): A sol-
ution of 2,2'-diaminodiphenyl disulfide (2.48 g, 10 mmol) in methanol
(30 mL) was warmed to 40°C and treated by stirring with salicylaldehyde
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Table 4. Crystal data and structure refinement of complexes.

[Et;NH]-1-0.5NEt; 3-3CH,(C, [Et;NH]-5
empirical formula C3H395N5505S,V, C,yH,,CILN, 055,V C;H3,N0,S,V
molecular mass [gmol ] 540.93 609.67
space group Pl Pl P1

a[A] 8.7500(4) 11.9662(9) 10.6472(9)
b [A] 10.8826(5) 13.2090(10) 10.9097(9)
c[A] 18.4756(8) 13.7553(10) 12.8210(11)
a ] 90.678(1) 65.150(1) 88.555(2)
A1 102.990(1) 84.3596(1) 70.753(1)
v [°] 96.984(1) 65.950(1) 89.178(2)
volume [A3] 1700.16(13) 1473.9(2) 1405.5(2)
z 2 2 2
Pearea [gem 3] 1.029 1.030 1.441
u [mm™1] 0.51 0.50 0.54
F(000) 536 522 636
crystal size [mm] 0.41 x0.24 x 0.14 0.60 x 0.30 x 0.29 0.58 x 0.24 x 0.07
0 range [°] 1.13-25.00 1.69-25.00 2.17-27.50
limiting indices -10<h <10 —-11<h<14 —-13<h<13

—-12<k<12 —15<k<15 —-7<k<13

-21<I<21 —l6<i<14 —l6<i<14
reflections collected 32275 9640 9289
unique reflections 5982 6036 6022
R(int) 0.0377 0.0283 0.0212
refined parameters 433 395 368
Goof on F? 1.107 1.108 0.932
final R1, wR2 [I>20(1,)] 0.0368 0.1006 0.0709, 0.1715 0.0415, 0.0858
R1, wR2 (all data) 0.0423, 0.1114 0.0790, 0.1789 0.0586, 0.0909
diff. peak and whole [e A~3] 0.889, —0.295 1.106, —1.099 0.483, —0.411

Table 5. Crystal data and structure refinement of disulfides.

{HsalanS}, 6b-4THF
empirical formula C,sHN,0,S, Cs,Hs,N,0,S¢
molecular mass [gmol '] 456.56 1059.54
space group P1 P2//c
a[A] 12.166(10) 8.6681(17)

b [A] 12.380(12) 28.111(5)
c[A] 16.84(2) 10.775(2)

a ] 70.50(7)

BI°] 69.35(7) 93.485(4)

v [ 89.84(7)

volume [A3] 2219(4) 2620.7(9)

z 4 2

Peatea [gem ™3] 1.367 1.343

u [mm™] 2.388 0.388
F(000) 952 1120

crystal size [mm] 0.45 x 0.40 x 0.30 0.82 x 0.30 x 0.14
0 range [°] 3.00-76.40 2.03-26.50
limiting indices —-15<h<5 -9<h<10

—15<k<15 —34<k<34

—-21<i<19 —-12<i<13
reflections collected 9845 16166
unique reflections 9324 5389
R(int) 0.0094 0.0960
refined parameters 594 307
Goof on F? 1.069 1.182

final R1, wR2 [I>20(I)]

R1, wR2 (all data)

diff. peak and whole [e A~%]

0.0443, 0.1203
0.0463, 0.1226
0.367, —0.554

0.1385, 0.3192
0.1662, 0.3347
1.011, —0.794

(2.1 mL, 20 mmol). The yellow suspension thus obtained was refluxed for
2 h. This reaction mixture was cooled in an ice bath, whereupon a yellow
solid precipitated, which was filtered off, washed with cold methanol
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(60 mL), dried in vacuo and recrystallized from chloroform/DMF (1:1;
30mL). Pure, yellow {HsalanS}, cystallized from this solution within
two days in the form of small cubes suitable for an X-ray structural
analysis. Yield 3.93¢g (86%); 'H NMR ([D¢]DMSO, TMS): §=12.59
(s, 1H; Ph—OH), 9.04 (s, 1H; N=CH), 7.76-7.00 ppm (m, 8H; aromatic
H); IR (KBr): v=3459 (O—H), 3053 (C—H,,n), 1613 (C=N), 1493
(C=0), 1464 (CH-S), 1280 (O—H), 1183 (CH—S wagging), 753 (o-subst.
arom.), 713 (C=S), 463 cm™' (S—S); elemental analysis calcd (%) for
CyH,0N,O,S, (456.56): C 68.40, H 4.42, N 6.14; found: C 68.30, H 4.39,
N 6.11.

N,N'-{1,1'-dithiobis(phenylene)}bis(3-methoxysalicylideneimine) ({Hvan-
anS},): This disulfide was prepared in an analogous fashion to {HsalanS},,
using o-vanillin (3.04 g, 20 mmol) dissolved in methanol (50 mL). Recrys-
tallization from CHCIl/DMF (1:1; 40 mL) yielded orange needlelike
crystals of {HvananS},-0.25 DMF. Yield 4.55 g (85%); IR (KBr): #=3050
(C—H,rom), 2838 (C—Hopme), 1611 (C=N), 1566 (C=C), 1455 (CH-S), 1276
(O—H), 1250 (Ph—OMe), 1194 (CH—S wagging), 780 and 758 (o-subst.
arom.), 734 (C-S), 455 cm™ (S—S); elemental analysis caled (%) for
CyH,,N,O,S, - 0.25 DMF (534.90): C 64.55, H 4.85, N 5.89; found: C 64.50,
H 4.25, N 5.62.
[Et;NH][{VO(N-2-mercaptophenyl-2'-pyridinecarboxamide)},0]
([Et;NH]-1): [VOCI,(thf),] (282 mg, 1 mmol), N,N'-[dithiobis(phenylene)-
bis(pyridinecarboxamide)] ({HpicanS},) (458 mg, 1mmol) and NEt,
(303 mg, 3 mmol) were dissolved in absolute THF (100 mL). The solution
was refluxed overnight under N,, and then filtered. The precipitate was a
mixture of complex [Et;NH]-1 and [NEt;H]CL IR (KBr): 7=1626, 1596
(C=0), 991 and 981 sh (V=0), 463 cm! (V-S).

Dark green crystals of [HNEt;]-1-0.5 NEt; with the same IR characteristics
were obtained by redissolving the precipitate in CH,Cl,, and keeping the
solution at —20°C. The room-temperature EPR spectra of the crystals of
[HNEt;]-1 dissolved in THF gave a two-component spectrum with the
following parameters: g,=1.983 and 1.97, A;=82 and 101 x 10~*cm ™.

[VCI{N-1-thiophenyl(salicylideneiminate)}tetramethylethylenediamine]
(2a): A yellow solution of {HsalanS}, (457 mg, 1 mmol) in THF (20 mL)
was warmed to 60°C, and then treated dropwise, in an inert gas
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atmosphere, with a blue solution of [VCl,(tmeda),] (339 mg, 1 mmol) in
THF (10 mL). The resulting brown solution was refluxed overnight to yield
a red-brown precipitate, which was filtered off. The filtrate was concen-
trated until saturation. Red-brown microcrystals of 2 were obtained within
weeks by diffusion of pentane under a N, atmosphere into the THF
solution. Yield 260 mg (60%); IR (KBr): #=3058 (C—H,om), 1603, 1598
(C=N), 1573 (C=C), 1448 (CH-S), 1285 (CH—S wagging), 759 and 743 (o-
subst. arom.), 421, 389 cm~! (V—S, V—Cl); elemental analysis caled (% ) for
C,yH,sCIN;OSV (429.89): C, 53.09, H5.86, N 9.77, 0 3.72; found: C 52.89, H
5.95,N 9.45, O 3.75.

[VCI{N-1-thiophenyl(3-methoxysalicylideneiminate)}tetramethylethylene-
diamine] (2b): This compound was prepared in an analagous fashion to 2a.
Yield: 248 mg (36 %) of a dark brown microcrystalline powder; IR (KBr):
7=3050, 3021 (C—H,om), 2832 (C—Hope), 1601 (C=N), 1566, 1548 (C=C),
1442 (CH-S), 1246 (Ph—OMe), 1187 (CH-S wagging), 757 and 746 (o-
subst. arom.), 445, 402 cm~! (V=S, V—Cl); elemental analysis calcd (% ) for
CyH,;,CIN;0,SV (459.91): C 52.23, H 5.92, N 9.14, O 6.96; found: C 52.23,
H 6.05, N 8.79, O 7.25.

[VOCKN, N'-[1,1'-dithiobis(phenylene) ]bis(salicylideneiminato)} ] A3):
{HsalanS}, (457 mg, 1 mmol) and [VCls(thf);] (373 mg, 1 mmol) were
dissolved in absolute CH,Cl, (100 mL). Triethylamine (405 mg, 4 mmol)
was added, and the solution was refluxed overnight under nitrogen. After
filtration, the filtrate was cooled to —20°C to give, within 2 months, dark
green, temperature-labile crystals of 3-3 CH,Cl,, which were suitable for
an X-ray structure analysis, along with bulk material of a mixture of 3 and
[NEt;H]CL IR (KBr): 7=1627, 1606 (C=N), 992 (V=0), 422 (S—S), 389,
369 cm~! (V=S, V-CI).

[VO{N,N'-[1,1'-dithiobis(phenylene) ]bis(3-methoxysalicylideneiminate)} ]
(4a): Diaminodiphenyl disulfide, {anS},, (248 mg, 1 mmol) and [VO-
(o-vanillin),] (369 mg, 1 mmol) were dissolved in absolute THF (100 mL).
The solution was refluxed overnight under N,, and then filtered. The
filtrate was evaporated to dryness and further dried under vacuum. Yield:
630 mg (80%) of a golden yellow powder; IR (KBr): 7=3054 (C—H,;on);
2998, 2831 (OCH3), 1607 (C=N), 984 (V=0), 419 cm~! (V-S); EPR (THF):
8 =1975,4,=93x10*cm™'; g,,=1.983, g,=1.954, A,, =60, A, =162 x
10~#cm™!; elemental analysis caled (%) for CH,,N,04S,V (581.05): C
57.83, H 3.81, N 4.82, S 11.03; found: C 58.48, H 4.46, N 4.67, S 10.84.

[VO{N,N'-[dithiobis(phenylene) |bis(5,6-benzosalicylideneiminate)}] (4b):
This was prepared, following the procedure for 4a, from {anS}, (248 mg,
1 mmol) and [VO(2-hydroxynaphthalene-1-carbaldehyde),] (410 mg,
1 mmol) in THF (100 mL). Yield: 630 mg (80 %) of a dark brown powder;
IR (KBr): 7=3055 (C—H,om), 1617 (C=N), 982 (V=0), 418 (V-S)cm};
EPR (THF): g,=1.969, A;=94 x 10~*cm!; elemental analysis calcd (%)
for C;,H,,N,05S,V (621.62): C 65.69, H3.57, N 4.51, S 10.31; found: C 64.89,
H 4.42, N 4.38, S 10.71.

[HNEt;][V(/V-2-mercaptophenyl-2'-pyridinecarboxamide),] ([HNEt;]-5):
[VCls(tht),] (373 mg, 1 mmol) and N-2-mercaptophenyl-2'-pyridinecarbox-
amide (H,picanS) (231 mg, 1 mmol) were dissolved in absolute THF
(60 mL). Triethylamine (405 mg, 4 mmol) was added, and the solution
refluxed overnight. The resulting brown precipitate was filtered off and the
filtrate kept in the refrigerator. Microcrystalline [HNEt;]-5, containing
variable admixtures of [Et;NH]CI, was collected by filtration and dried
under vacuum. Yield: 0.25 g (80 % with respect to [VCls(thf);]); IR (KBr):
7=3044 (C-H,,), 2976, 2672, 2498 (HNEt;), 1611, 1586 (C=0),
363 v,(V-S), 320 cm™! v(V—S). Dark red crystals of [HNEt;]-5 suitable
for an X-ray structure analysis were obtained by recrystallization from
CH,Cl,.

1,4,5,8,14,17,18,21-Octathia-11,24-diaza-cyclohexaeicosane (6b): 2,6-Bis-
(mercaptophenylthio)dimethylpyridine hydrochloride (6a-HCI) (470 mg,
1.1 mmol) was dissolved in THF (15mL) and treated with water-free
sodium acetate (246 mg, 3.3 mmol) and [VO(acac),] (265 mg, 1.1 mmol).
The deeply blue solution was stirred for 1.5 h at room temperature and
refluxed for an additional hour. A light blue precipitate of unidentified
composition formed, which was filtered off. From the filtrate, a few
colorless crystals of 6b-4THF were recovered after standing for three
weeks at 4°C. Due to the low yield, an elemental analysis was not carried
out. A selected crystal was used for the X-ray structure determination. IR
(KBr): 7=3063 (C—H,,om), 1453 (CH-S), 1188 (CH—S wagging), 720
(C-S), 443 cm™! (S-S).
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A Versatile Approach Towards Regioselective Platinated DNA Sequences

Robert J. Heetebrij, Martin de Kort, Nico J. Meeuwenoord, Hans den Dulk,
Gijs A. van der Marel, Jacques H. van Boom,* and Jan Reedijk*!!

Abstract: Undesired N7 platination of
2'-deoxyguanosine residues at predeter-
mined sites in an oligodeoxynucleotide
(ODN) sequence is prevented by apply-
ing the sterically demanding diphenyl-
carbamoyl (DPC) as an O°®-protecting

vides an ODN with specifically blocked
guanine-N7 sites for platination. In the
hexanucleotides prepared in this study,
5-GGBGGT-3'(for B=T, C and A), a
platinum GG adduct is introduced at
G4,GS. These site-specific platinated

hexamers were isolated in a yield of
65%, and were fully characterized by
using reversed-phase HPLC (high per-
formance liquid chromotography),
LCMS (liquid chromatography-mass
spectrometry), MALDI-TOF MS (ma-

group. The presence of a base-labile
oxalyl linker between the immobilized
3'-nucleotide and controlled pore glass
(CPG) allows cleavage of the protected
ODN from the support and leaves DPC
protection unaffected. This method pro-

matography

platination

Introduction

Platinum coordination compounds play an important role in
health care as chemotherapeutics in the treatment of testic-
ular and ovarian cancer.l' Tt is now widely accepted that the
antitumor activity of cisplatin (cis-diamminedichloroplati-
num())) is related to the ability of this drug to form
bifunctional lesions with DNA.[> 31 The various binding modes
of cisplatin to DNA and the resulting structural distortions
from B DNA are known, and intrastrand 1,2-GG (G =gua-
nine) crosslinks are predominantly formed.™ 3 Structural and
mechanistic aspects of platinum antitumor drugs have been
investigated by elucidation of 3D structures of platinum
adducts of oligodeoxynucleotides (ODNs) by X-ray diffrac-
tion analysis and solution-based NMR techniques.[!4]

The construction of selectively platinated DNA adducts by
the modification of an unprotected ODN with a platinum
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trix-assisted laser desorption/ionization
time-of-flight mass  spectrometry),
PAGE (polyacrylamide gel electropho-
resis) and Maxam - Gilbert sequencing

- site-specific :
analysis.

complex is hampered by the lack of selectivity of the
platination reaction. The synthesis of site-specific platinated
ODNSs has been restricted only to those with a low purine
content." Consequently, the study of the diversity of
DNA —Pt cross-links is rather limited.

Besides this quest for more heterogeneity within the scope
of Pt—DNA adducts, there is a growing interest in using
platinated ODNSs as therapeutics. Site-specific modifications
of ODNs by trans-platinum compounds offer potential
therapeutical strategies, like gene modulation by antisense
and antigene methodologies.['5-!8]

The interest and relevance of the site-specific metallation of
ODNs has recently been reviewed by Grinstaff et al.l'’]
Regioselective ruthenium- and osmium-modified ODNs have
been prepared by means of solid-phase DNA synthesis by Tor
etal., ? and by Grinstaff etal.?!! from phosphoramidite
derivatives of Ru/Os-modified nucleosides. However, this
strategy fails, due to the incompatibility of the amidite
function with the coordinated platinum complex 229 in the
preparation of a N7-platinated phosphoramidite derivative of
2'-deoxyguanosine. A recent contribution from this labora-
tory revealed that N7-platination of 2’-deoxyguanosine can be
effectively prevented by the presence of an O°-diphenylcar-
bamoyl (DPC) protecting group.?*

A new and convenient approach to the preparation of site-
specific N7-platinated ODNs is reported, by using the fully
protected 2'deoxyguanosine derivative 1a (see Figure 1) in
preventing N’-platination with platinum complex 2 (see
Figure 1).
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Figure 1. Structures of the fully O%-DPC-N?-Pr-protected and partially N>-iBu-protected dG units 1a and 1b, respectively, as well as [Pt(en)(dmf),](BF,), (2),

an analogue for cisplatin (cis-[Pt(NH;),CL)]).

Results and Discussion

As mentioned above,?Y N7-platination of 2'-deoxyguanosine
can be completely prevented by the presence of the sterically
demanding diphenylcarbamoyl (DPC) protecting group at the
O°-postion of the guanine base. It is also well known that
platination of ODNs occurs most efficiently in aqueous
solutions. Unfortunately, a solution-phase synthesis of ODNs
containing, both O°NZ2- and N2-protected dG units is an
intrinsically laborious and rather time-consuming process. On
the other hand, a successful stepwise solid-phase synthesis
(SPS) of ODNs containing O®DPC-N2-Pr- and N2-iBu-
protected D-guanosine units (i.e., 1a and 1b, respectively)
has to meet the following two demands. Both the release of
the required ODN from the solid support and the unmasking
of the cyanoethyl (CE) phosphate protecting groups must be
compatible with the presence of the OS-DPC protecting
group. Nearly a decade ago, Letsinger et al.?l reported that a
partially protected ODN, immobilized on controlled pore
glass (CPG) by a rather labile oxalyl link, could be converted
into an N-acyl protected ODN by the two-step process
depicted in Scheme 1. For example, treatment of the immo-
bilized ODN fragment A with dry diisopropylamine led to the

A) (5") HO-CB?[CE]AB?[CE]G®Y[CE]T-oxalyl-CPG

"
N
\r Y ,16 h, 293 K

B) (5') HO-CB?ABZGBUT_oxalyl-CPG

5% NH4OH / MeOH, 5 min, 293 K

© (5') HO-CB2AB?GBUT-OH (3)

Scheme 1. Solid-phase synthesis of an N-acyl protected ODN, in which
[CE] represents the -cyanoethyl phosphotriester (3' — 5) internucleoside
link, Bz an N-benzoyl and iBu an N-isobutyryl group.

exclusive elimination of the f-cyanoethyl (CE) phosphate
protecting groups to give the charged immobilized fragment
B. Subsequent selective cleavage of the oxalyl link, leading to
the N-acyl protected fragment C, could be effected in less than
five minutes by treatment of the immobilized sequence B with
5% ammonium hydroxide in methanol.

It is evident that the earlier formulated demands for a
successful SPS of ODNss, that contain O°N?- and N2-protected
d-G units would only be met if the O®-DPC group survived the
two-step deblocking protocol (i.e., conversion of A into C) of
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Letsinger. This last requisite was addressed by subjecting the
O%-DPC-N?-Pr-protected D-guanosine derivative 1la (R'=
R2?2=H) to several basic conditions, the results of which are
recorded in Table 1.

Table 1. Relative stability of the O®-DPC-group in O®-DPC-N?-Pr-dG (1a,
R!'=R?=H) under basic conditions.

Entry Conditions t,,[min]
1 diisopropylamine (dry) >10000
2 0.1m NaOH in H,O/dioxane, 1/1, v/v 240

3 conc. NH,OH/solvent I, 1/1, v/v 90

[a] Estimated by TLC analysis. [b] MeOH, i-propanol or dioxane.

Firstly, it was gratifying to establish that the O°-DPC group
was fully compatible (see entry 1) with the unmasking of the
CE-protecting groups. Also, the DPC group will survive the
cleavage of the oxalyl linker by using either sodium hydroxide
(0.1 M) in methanol for 1 minute (see entry 2), or ammonium
hydroxide (5%) in methanol for 5 minutes (see entry 3).
Moreover, complete removal of the DPC and N-acyl protect-
ing groups in the final stage of the synthesis can be performed
most efficiently with concentrated ammonium hydroxide.

At this stage, having established the compatibility of the O-
DPC protecting group with the Letsinger’s two-step deblock-
ing process, the SPS of the ODN fragment 5a (B = CB?) and its
conversion into the monoplatinated target compound 7a
(B =C) were first investigated (see Scheme 2). The construc-
tion of the partially protected ODN fragment 5a (B = CP%)
commences by immobilization of 5'-O-dimethoxytritylthymi-
dine through the labile oxalyl linker to controlled pore glass
(CPG) to give compound 3. By using an automated DNA
synthesizer, sequential elongation of compound 3 with
commercially available phosphoramidite building blocks and
the known O%DPC,N?-Pr-protected D-guanosine derivative
1a,2° provided the fully immobilized fragment 4a (B = C?%).
The overall coupling efficiency was found to be ~90%,
as gauged spectrophotometrically by the released DMT
cation.

Treatment of immobilized 4a (B = CP?) with dry diisopro-
pylamine for 16 h at 293 K was followed, after extensive
washing of the resin with acetonitrile, by a short treatment
with sodium hydroxide (0.1m). Neutralization of the reaction
after 1 minute at 293 K, with Sephadex (H"-form), gave, as
evidenced by LCMS analysis, the partially protected ODN 5a
(B=CP%) as the major product (see Figure2, trace A).
Platination of crude 5a (B=CP) with the bifunctional
platinating agent 2 proceeded smoothly (see Figure 2,
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Scheme 2. Synthetic pathway to compounds 4-8. i) a) Dry diisopropylamine, 16 h, RT; b) 0.1m NaOH, H,0/1,4

ESMS spectrum of 7a (B=C)
is a clear indication of a {Pt(en)}
cross-link between G4 and GS5.
Moreover, regioselective plati-
nation at G4,G5 was also un-
ambiguously ascertained by
Maxam-Gilbert sequencing
analysis which showed (Fig-
ure 3 D) absence of platination
at G1,G2.

The efficacy of the method-
ology is also well illustrated by
the synthesis of the monoplati-
nated hexamers 7b (B=T) and
7¢ (B=A), which were both
isolated as homogeneous com-
pounds as gauged by reversed-
phase HPLC analysis (see Fig-
ure 3 panels A and B), PAGE
(panel C) and Maxam - Gilbert
sequencing (panel D).

i
R ——

5-GGBGGT-3'
8(a-c)

dioxane, 1/1, v/v, 1 min; Sephadex H*. ii) 100-300 um [Pt(en)(dmf),](BF,),, in DMF or H,O, 16 h, RT. iii) Conc.

NH,OH, 16 h, 50°C.

I
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Conclusion

These results show for the first
time, a successful approach to
| the synthesis of regioselective
platinated DNA sequences.
This novel method is reprodu-
cible and allows platination of
heterogeneous, that is, multi-
ple A and G-containing se-
quences.

It is anticipated that other

H N/_\NH
2! ‘Pt 2

—>

¢/min {/min

Figure 2. Reversed phase HPLC analysis of the crude hexamers 5-d(GGCGGT)-3' A) 5a, and B) 6a, and C) the

purified 7a.

trace B) to produce the crude monoplatinated adduct 6a (B =
CB7). Ammonolysis of the latter adduct gave, after anion-
exchange and reversed-phase HPLC, the homogenous target
compound 7a (B=C) in an overall yield of 14% (see
Figure 2, trace C). The homogeneity of 7a was also confirmed
(see Figure 3C) by PAGE.

The presence of a platinum lesion in 7a (B=C) was
indirectly established by the following well-known deplatina-
tion procedure.™ Hence, treatment of 7a (B=C) with
sodium cyanide (0.3 M) at pH 9 for 16 h at 37°C, gave the
fully deplatinated hexameric ODN, which co-migrated (in
anion-exchange HPLC and PAGE) as expected with the
ODN fragment 8a (B=C, see Scheme 2) obtained after
ammonolysis of the immobilized hexamer 4a (B = C?).

In addition, MALDI-TOF mass spectrometry analysis (see
Experimental Section) of 7a (B = C) revealed the presence of
one ligated {Pt(en)} moiety. More importantly, the presence of
the pCp[GpGPt(en)]pT fragment (as [M**+2H]) in the
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site-specific platinated oligonu-
cleotides, such as trans-Pt-1,3-
GXG adducts for potential an-
tisense applications, as well as
other ligands, may be construct-
ed in a similar manner.

—_—>
t/min

Experimental Section

General: Compound [Pt(en)Cl,] was synthesized according to literature
procedures and converted into the reactive species [Pt(en)(dmf),](BF,), by
treatment with a 1.95 equivalent of AgBF, in DMF.1?% 2% The fully protected
phosphoramidite building block 1a was prepared according to an earlier
described procedure.?* 2”1 Oxalyl-CPG was prepared as described and was
used, loaded with DMTAT, as the solid support.>! The resin loading was
determined by treating the resin (2.24 mg) with trichloroacetic acid (3 %) in
dichloromethane, and by measuring the concentration of the released trityl
cation (A, 505 nm). The resin loading was 51 pmolg .

All chemicals, apart from the p-nucleotide building units, were purchased
from Aldrich Chemicals. TLC analysis was performed on Merck Silica
gel 60 F,sy visualized at 254 nm. Analytical anion-exchange HPLC was
performed on a Mono Q HR 5/5 column (Pharmacia), elution at pH 12.0:
step gradient of buffer A (0.01M NaOH) to buffer B (0.01m NaOH + 1.2Mm
NaCl). For analytical anion-exchange HPLC analysis of DPC protected
species, an alternative buffer system was applied; 25mm NaOAc in
CH,;CN:H,0 (2/8) (A) — 1M NaCl in 25mM NaOAc/CH;CN (8/2) (B).
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Figure 3. Reversed-phase HPLC analysis of A) 7b (B=T) and B) 7¢ (B =
A). C) PAGE (20%) of platinated hexamers, 7a-¢c and a nonplatinated
control 8a (deprotected derivative thereof, i.e., d(5-GGCGGT-3')) and
D) Maxam - Gilbert sequencing analysis proving platination at G4 and G5
(absence of platination at G1 and G2 is evident).

Analytical reversed phase chromatography on purified platinated hexam-
ers, (compounds 7a,b and ¢). Column: Alltima C18, 5uM, 4.6 x 150 mm.
Buffers A: 50 mm TEAA pH 7.0 and B: 50mm TEAA pH 7.0/CH,;CN (1/3
v/v). Flow rate of 1.0 mLmin~! at 40°C.

LCMS was performed by using a JASCO LCMS system coupled to an ABI
165 SciEx ES-MS operating in positive mode. Reversed-phase column:
Alltima C18, 5 pm, 4.6 x 150 mm. Buffers A: 10mm NH,Oac; B: 20%
CH;CN in 10mm NH,OAc.

Synthesis of oligodeoxynucleotides: The polymer-supported synthesis of
DPC-protected G-containing DNA fragments (see Scheme 1) was per-
formed on a fully automated synthesizer (Pharmacia Gene Assembler
Special), with phosphoramidite 1a and commercially available (Perseptive
Biosystems, USA) 2'-deoxynucleoside 3'-O-(2-cyanoethyl-N,N-diisopro-
pyl)phosphoramidites. Oxalyl-controlled pore glass (CPG-AP), loaded
with DMTAT, was used as the solid support. Deprotection of the cyanoethyl
protecting groups was established by diisopropylamine for 16 h at RT.
Cleavage of the base-protected oligodeoxynucleotide from the solid phase
was performed by treatment of the CPG with 0.1m NaOH in H,0/14-
dioxane, 1/1, v/v (1 min, syringe; quantitative cleavage with 0.01M NaOH
required 10 min) and immediate quenching with Sephadex H*, a weakly
acidic ion-exchanger. The solid support was rinsed with H,O/CH;CN (8/2,
v/v). The solution was concentrated and a stock solution of the ODN was
prepared in H,O/MeOH (8/2, v/v). ODN sequences were synthesized
starting on a 1 umol scale. A typical preparation, that is, the synthesis of
4a(B =CP), yielded 21.9 mg of 4a (329 nmol, 32.9% yield). Subsequent
deprotection by ammonolysis, ion exchange chromatography, and reversed
phase chromatography purification, yielded compound 8a (B=C) in 21 %
yield.

Platination: Platination of the base-protected ODN (100-300um) was
effected by treatment of the stock solution with 1.0equiv of
[Pt(en)(OH,),](BE,), for 16 h at RT. The reaction was followed by ion
exchange, as well as reversed phase HPLC. The crude mixture was
concentrated under reduced pressure (8 mbar, 4 h, 30°C) and complete
deprotection of the platinated ODN was effected with concentrated
ammonia in a sealed vial and heated for 16 h at 50°C. Purification was
performed by fast protein liquid chromatography (FPLC) with a Pharmacia
(Uppsala, Sweden) LCC-500 liquid chromatograph. The appropriate
fractions were collected and neutralized with acetic acid. Desalting and
further purification was effected by reversed phase chromatography
(Lichrospher C18, Merck, Germany). In a typical experiment, that is, the
preparation of 7a (B = C), 1.23 mL of a 220 um solution of 4a (271 nmol) in

1826 —
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H,0/MeOH (8/2 v/v mixture) was reacted with 543 uL of a 500 pm solution
of [Pt(en)(OH,),](BF,), (271 nmol), a 200-fold H,0O-diluted solution from
the 0.1m DMF stock. The final purified product, 7a (B = C), was isolated in
14 % yield.

Purity of the target compounds 7a—c was determined by analytical
reversed-phase HPLC, LCMS, and 20% polyacrylamide gel electropho-
resis. (MALDI TOF) MS analysis was performed at Eurogentec (Belgium).

Hexamer 7a: 5'-GGC[GGPt(en)]|T-3

LCMS: 1052 [M**+2H], 1063 [M*'+H+Na], 1074 [M>*'4+2Na], 702
[M3++3H], 710 [M3+2H+Na]. Fragmentation: GpGpC[pGpGPt(en)]pT
— GpG + pCp[GpGPt(en)]pT. The latter fragment was visible as
[M*+2H] 763 and its monosodium species [M?**+H-+Na] 774. MALDI-
TOF, positive mode, found: 2100 [M *+H]; caled: 2103. Retention time
analytical reversed phase HPLC: 11.5 min.

Hexamer 7b: 5-GGT[GGPt(en)|T-3

LCMS: 1058 [M**+2H], 1069 [M*'+H+Na], 1080 [M>*'+2Na], 706
[M3++3H], 714 [M**+2H+Na], 721 [M3**+H+2Na], 728 [M**+3Na],
736 [M3++-H+4Na]. Fragmentation: GpGpTp[GpGPt(en)]|pT — GpG +
pTp[GpGPt(en)]pT. The latter fragment was visible as [M>**+2H] 769 and
its mono-sodiated species [M>*+H+Na] 780. MALDI-TOF, positive mode,
found: 2116 [M*+H]; calcd: 2118. Retention time analytical reversed
Phase HPLC: 10.4 min.

Hexamer 7¢: 5-GGA[GGPt(en)]T-3'

LCMS : 1064 [M>*+2H], 1075 [M?**+H+Na], 1086 [M**+2Na], 710
[M*+3+H], 718 [M3**+2H+Na], 725 [M*+H+2Na]. Fragmentation:
GpGpA[pGpGPt(en)|pT — GpG + pAp[GpGPt(en)|pT. The latter frag-
ment was visible as [M2*4+2H] 774 and its mono-sodiated species
[M?**+H+Na] 785. MALDI-TOF, positive mode, found: 2119 [M *+H];
calcd: 2126. Retention time analytical reversed phase HPLC: 11.7 min.
Poly acrylamide gel electrophoresis and Maxam - Gilbert sequencing:
Hexamers were labeled 5’ in a kinase reaction with y-?P-ATP (Amersham-
Pharmacia Biotech 6000 Cimmol~!). Labeled hexamers were run on a
20% (19:1) 7 m urea polyacrylamide gel (8 x 10 cm) in 1 x TBE buffer. The
chemical degradation of guanine of the platinated hexamers was carried
out according to Maxam & Gilbert, with a modification for the time to
15 min at 37°C.”" Samples were run on a 20%(19:1) 7 M urea polyacry-
lamide gel (30 x 40 cm) in TBE buffer for 2400 V x H at 35 mA.
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Progress in the Palladium-Catalyzed Cyanation of Aryl Chlorides

Mark Sundermeier,®! Alexander Zapf,*! Sateesh Mutyala,'*! Wolfgang Baumann,'*!
Jiirgen Sans,”! Stefan Weiss,"! and Matthias Beller*!?!

Abstract: The development of new palladium catalysts for the cyanation of various
aryl and heteroaryl chlorides is described. The combination of amine co-catalysts
with chelating phosphine ligands, for example, 1,4-bis(diphenylphosphino)butane

(dppb) or 1,5-bis(diphenylphosphino)pentane (dpppe), allows an efficient cyanation
of chloroarenes with simple potassium cyanide. General palladium-catalyzed
cyanation of nonactivated and deactivated chloroarenes is possible for the first time.
Studies of the oxidative addition of aryl halides to palladium triphenylphosphine

Keywords: aryl chlorides - benzoni-
triles - cyanation - homogeneous
catalysis - palladium

complexes in the presence and absence of amines suggest that the co-catalyst is
capable of preventing catalyst deactivation caused by the presence of excess cyanide

ions in solution.

Introduction

Palladium-catalyzed coupling reactions of aryl halides have
attracted widespread interest for the synthesis of organic
building blocks and pharmaceutical and agrochemical deriv-
atives. In addition to small-scale applications (<1 to 100 g),
there is increasing awareness of the possible application of
this type of reaction for industrial fine chemical synthesis (1 to
>100 t per annum).'l When availability is taken into account,
aryl chlorides are economically the most attractive starting
materials among the aryl halides. Some time ago, we started a
research program to develop palladium-catalyzed coupling
reactions of aryl chlorides to a practical level. Initially, the so-
called palladacycle was introduced by Herrmann et al. and us
as a stable and robust palladium complex.? This catalyst gives
high turnover numbers for Heck and Suzuki coupling
reactions of activated aryl chlorides. However, the catalyst
activity is not sufficient to allow an efficient activation of
neutral and electron-rich aryl chlorides. Hence, we and other
groups developed palladium catalysts based on sterically
hindered basic phosphines, which are more active and
productive.’l We were the first to introduce alkyldiadaman-
tylphosphines as ligands for active palladium catalysts. The
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high activity of these ligands with aryl chlorides as substrates
has been demonstrated in Suzuki¥ and Heckl! reactions,
palladium-catalyzed amination,® and arylation reactions of
ketones.! We also demonstrated that basic chelating phos-
phines based on the ferrocene core allow a general carbon-
ylation of nonactivated chloroarenes.’l Carbene ligands, as
well as electron-rich phosphine ligands, have been demon-
strated to generate active palladium catalysts for aryl chloride
activation.

Recently we became interested in the cyanation of aryl
chlorides also. This transformation offers a simple and elegant
approach towards substituted benzonitriles from a number of
available aryl and heteroaryl chlorides. The resulting benzo-
nitriles are of considerable industrial importance as integral
parts of dyes, herbicides, natural products, agrochemicals,
pharmaceuticals, and new active agents. A selection of drugs is
shown in Figure 1.1

In general, aryl cyanides are synthesized from aryl halides
and stoichiometric amounts of copper(l) cyanide (Rosen-
mund - von Braun reaction), from aniline by diazotization and
subsequent Sandmeyer reaction, or on an industrial scale by
ammoxidation.l'l Alternatively, benzonitriles may be synthe-
sized by the transition-metal-catalyzed cyanation of aryl
halides using inexpensive cyanide salts such as potassium
cyanide or sodium cyanide.['? 13]

In the past, comparatively large amounts of nickel catalysts
(up to 10 mol %) were reported to catalyze the cyanation of
aryl chlorides with either potassium cyanide or sodium
cyanide in the presence of various additives. Apparently,
researchers from Bayer have recently improved this method:
the nickel-catalyzed cyanation of 4-chlorobenzotrifluoride on
a ton scale has been reported.['2 4]
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Bicalutamid
Casodex (Zeneca)
non-steroidal antiandrogen,
antineoplastic, anti(prostate)cancer

Periciazine
Aolept (Bayer)
antipsychotic, neuroleptic

Figure 1. Selected cyano-substituted pharmaceuticals.

Palladium catalysts are in general more tolerant towards a
variety of functional groups than nickel catalysts, and they can
be tuned more easily for activating aryl-X bonds. Hence,
there is interest in developing improved palladium catalysts
for this reaction. The cyanation of aryl chlorides using
palladium catalysis was not observed until very recently,
except in the case of strongly activated C—Cl bonds. The most
general procedure was reported in 2000 by Jin and Confalone,
who discovered that aryl chlorides react with zinc(11) cyanide
in the presence of catalytic amounts of [Pd,(dba);] (dba=
trans,trans-dibenzylideneacetone), 1,1’-bis(diphenylphosphi-
no)ferrocene (dppf), and zinc to give the corresponding
nitriles.®) A drawback of this procedure is the use of an
almost stoichiometric amount (0.6 equiv) of zinc(i1) cyanide,
which leads to the formation of heavy metal salt waste. Other
disadvantages of this procedure are the use of 4 mol%
palladium catalyst and the need for zinc as an additive
(12 mol % ). More recently, we reported on the first procedure
for the direct cyanation of activated aryl chlorides using
inexpensive potassium cyanide in the presence of catalytic
amounts of palladium catalysts.'®l However, nonactivated aryl
chlorides such as chlorobenzene and 3-chlorotoluene gave the
corresponding nitriles in only low yields (17-33 %). Here, we
present a full account of our work on catalyst development for
the cyanation of aryl chlorides, which has led to a significantly
improved procedure for the cyanation of activated, non-
activated and even deactivated aryl chlorides and heteroaryl
chlorides, and we offer new insight into the mechanism of the
palladium-catalyzed cyanation.

Results and Discussion
Catalysis: In our preliminary communication we reported that
the cyanation of 4-chlorobenzotrifluoride proceeds with

excellent conversion (97 %) and yield (91%) to give 4-cya-

Chem. Eur. J. 2003, 9, No. 8
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Citalopram
Cipramil (Promonta Lundbeck)
antidepressant, selective serotonin-
uptake inhibitor

Cyamemazine
Neutromil (Farmitalia)
neuroleptic, tranquilizer

nobenzotrifluoride in the presence of a combination of
Pd(OAc),, 1,5-bis(diphenylphosphino)pentane (dpppe), and
N,N,N',N'-tetramethylethylenediamine (TMEDA) as organic
co-catalyst (Scheme 1). We have also shown that these
reaction conditions are useful for the cyanation of other
activated aryl and heteroaryl chlorides. Less activated or
sterically hindered aryl chlorides react only sluggishly under
these conditions.

Pd(OAc),, dpppe,
TMEDA

CIOC& + KCN - Nc@ca

Scheme 1. Palladium-catalyzed cyanation of 4-chlorobenzotrifluoride.

toluene
140-160 °C; 16h

Further studies of our model reaction revealed that the
reaction is sensitive to the amount of TMEDA present. As
shown in Table 1 (entries 1—4), at least 20 mol % of the amine
is necessary to obtain the desired product, 4-cyanobenzotri-
fluoride, in good yield. Next, we were interested in reducing
the amount of catalyst. Early results (Table 1, entries 5, 6)
showed that a simple decrease in the amount of palladium
complex leads to a breakdown of the catalytic activity. We
assumed that cyanide ions might inhibit the palladium catalyst
(see the discussion under Mechanistic Studies). If so, at a
constant catalyst concentration an increased amount of
starting material should be converted successfully, because
the ratio of catalyst to dissolved cyanide ions has not changed
(Table 1, entries 7-9). Indeed, it is possible to increase the
turnover number (TON) by a factor of 2, to approximately
100. However, a further increase is not possible due to the
insolubility of potassium cyanide and potassium chloride,
which results in a high loading of solids in the reaction
mixture.
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Table 1. Pd-catalyzed cyanation of 4-chlorobenzotrifluoride.

Entry 4-Chlorobenzo- Pd(OAc), TMEDA Conversion!®! Yield[®! Selectivity TON
trifluoride [mmol] [mol %] [mol %] [%] [%] [%]
1 2 2 10 26 24 92 12
2 2 2 20 97 91 94 46
3 2 2 30 94 88 92 44
4 2 2 40 94 85 91 43
5 2 1 20 3 0 0 0
6 2 1 10 2 1 32 1
7 4 1 20 71 70 90 70
8 8 0.5 20 57 49 90 98
9lel 20 0.2 20 10 0 1 0

[a] General conditions: 4-chlorobenzotrifluoride, potassium cyanide (1 equiv), dpppe (Pd/P=1:4), toluene (2 mL), 16 h, 160°C, in a pressure tube.
[b] Conversions and yields were determined by GC using an internal standard (diethylene glycol di-n-butyl ether). [c] Magnetic stirring breaks down because

of the high solids loading.

The beneficial effect of TMEDA as co-catalyst prompted us
to investigate the influence of other amines in the palladium-
catalyzed cyanation of nonactivated chloroarenes. Here,
chlorobenzene is a more suitable model system which does
not react efficiently with KCN under standard conditions; for
example, benzonitrile is obtained in only 13% yield in the
presence of 0.2 equivalents of TMEDA and 2 mol % palla-
dium catalyst. All catalytic experiments using different co-
catalysts were performed in ACE pressure tubes with toluene
as solvent in the presence of 2 mol % Pd(OAc),. To ensure
reproducibility, each run was performed at least twice. Where
observed yield differences were >10%, a third experiment
was carried out. In agreement with our previous optimization
study, a Pd/dpppe ratio of 1:2 was used. More than 25 primary,
secondary, and tertiary amines were tested as co-catalysts
(Table 2).

The reaction outcome is influenced significantly by the
added amine. Among the various amines tested, the best
results were achieved in the presence of 0.2 equivalents of
sparteine (Table 2, entry 5: 62% benzonitrile), 1,1'-methyl-
enedipiperidine (Table 2, entry 7: 66%), 2,2'-bipyridine
(Table 2, entry 10: 64 %), and 1-adamantylamine (Table 2,
entry 13: 60%). In the case of 1-adamantylamine a slight
increase in the yield of benzonitrile (Table 2, entry 14: 66 %)
was observed when the amount of additive was reduced to 0.1
equivalents. Interestingly, no palladium-catalyzed amination
(Buchwald — Hartwig reaction) was observed in this case.
There is no clear trend regarding the product yield and the
basicity or steric hindrance of the amine.

As we had better co-catalysts to hand, we also tested the
cyanation of chlorobenzene in the presence of phosphines
other than dpppe (Table 3). Monodentate basic phosphines,
which give good results in other types of coupling reactions,
do not catalyze the reaction appreciably. However, the use of
1,4-bis(diphenylphosphino)butane (dppb) leads to some im-
provement and gives 89% conversion and 84 % yield of
benzonitrile. To our knowledge, this is the first efficient
palladium-catalyzed cyanation of a nonactivated aryl chloride
with simple alkali cyanide to be reported. Furthermore, when
the variation of the Pd:P ratio was tested again under our new
conditions, as expected the best results were obtained with
Pd:P =1/4, as in the case of TMEDA.

Next, we tested 1,1’-methylenedipiperidine (MDP) in the
presence of Pd(OAc),/2dpppe or dppb with other chloroar-
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enes to determine the scope and limitations of this new
protocol. To compare the new co-catalyst appropriately with
the previous catalyst system, reactions were also performed in
the presence of TMEDA (Table 4).

Apart from chlorobenzene, we tested 4-chlorotoluene,
3-chloroanisole, and 5-chloroindole as non- or deactivated
aryl chlorides. 4-Chlorobenzaldehyde, 2,4-difluorochloroben-
zene, and 4-chloro-2-nitrotoluene were used as activated
chloroarenes. Activated but sterically more hindered aryl
chlorides such as 2-chlorobenzotrifluoride and methyl 2-chlor-
obenzoate were also employed. We also used 3-chloropyr-
idine, 4-chloroquinaldine, and 2-chloro-6-methoxypyridine as
interesting heteroaryl chlorides. Except for 5-chloroindole,
the corresponding aryl cyanides were obtained in moderate to
excellent yields by using reaction conditions optimized for
chlorobenzene and 4-chlorobenzotrifluoride. In general, the
use of 0.2 equivalents of MDP as the organic co-catalyst led to
significantly improved yields of the corresponding nitriles,
compared with the use of TMEDA. Somewhat surprisingly, in
the cases of 3-chloroanisole (Table 4, entries 7, 8) and
4-chloroquinaldine (Table 4, entries 20, 21) we observed
better results using TMEDA.

Interestingly, the palladium-catalyzed cyanation of 4-chlor-
obenzaldehyde with KCN gives 4-cyanobenzaldehyde in very
good yield (86%) (Table 4, entry 1). In general, cyanide-
catalyzed benzoin condensation would be expected to occur
in this case. However, the free cyanide ions should be trapped
by the palladium; hence, catalytic cyanation is preferred to the
classic benzoin condensation. 4-Chloro-2-nitrotoluene (Ta-
ble 4, entries 9-11) was used as substrate, because the
corresponding 4-methyl-3-nitrobenzonitrile and 4-cyanoben-
zaldehyde represent intermediates in the synthesis of hydroxy-
stilbamide, a potent antiprotozoal agent.['> 7] Unfortunately,
the corresponding nitrile was obtained only in a moderate
yield (55%). Remarkably, the cyanation of nonactivated,
deactivated, and sterically hindered aryl chlorides proceeded
smoothly. 4-Chlorotoluene, 3-chloroanisole, and chloroben-
zene (Table 4, entries 2—-8) gave the desired nitriles in good
yields (59, 82, and 84 %, respectively). 5-Chloroindole reacted
with KCN in low yields (22 %) under our reaction conditions.
Sterically hindered aryl chlorides such as 2-chlorobenzotri-
fluoride (Table 4, entries 16, 17) and methyl 2-chlorobenzoate
(Table 4, entries 18, 19) gave the corresponding nitrile in
sufficient yield (73-75%). The use of TMEDA as addi-
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Table 2. Catalytic cyanation of chlorobenzene in the presence of different
co-catalysts.[?]

Table 3. Catalytic cyanation of chlorobenzene in the presence of different
phosphines.[?!

Entry Amine Amine Conversion®  Yield®
concentration  [%] [%]
[mol %]
|
1 SN 20 13 13
I
~ "~
2 NN 20 17 16
|
3 SNSANS 20 23 22
| I
4 _IN 20 21 20
INJ
5 20 62 62
|
N
6 ( X 20 35 35
N /N\
7 @\O 20 67 66
N S
8 /@RW \ 20 59 59
=
N
9 7\ \> 20 30 30
=N N~
10 =% 20 84 64
=N N
11 7 N\ %» 20 61 58
=N N
():NHZ
12 NH, 20 31 30
(cis/trans)
13 HZN@ 20 61 60
14 10 71 66

[a] General conditions: chlorobenzene (2 mmol), potassium cyanide
(2 mmol), palladium(tr) acetate (0.04 mmol), dpppe (0.08 mmol), amine,
toluene (2 mL), 16 h, 160°C, in a pressure tube. [b] Conversions and yields
were determined by GC using an internal standard (diethylene glycol di-n-
butyl ether).

tive with these substrates led to very low yields and
conversions.

Nitrogen-containing heteroaryl chlorides (entries 20-26),
for example, 4-chloroquinaldine, 3-chloropyridine, and
2-chloro-6-methoxypyridine, reacted to give the correspond-
ing nitriles in good to excellent yields (74-91%). For
3-chloropyridine we observed higher yields when we used
dpppe as ligand instead of dppb. This result contrasted with
the reaction of chlorobenzene. Apparently, choice of the best

Chem. Eur. J. 2003, 9, No. 8
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Entry Ligand Conversion® [%] Yield® [%]
1 PPh; 26 18
2 PCy, 16 8
3 dppb 89 84
4 dpppe 67 66
5 dppf 24 [§

[a] General conditions: chlorobenzene (2 mmol), potassium cyanide
(2 mmol), palladium(tr) acetate (0.04 mmol), Pd/P =1:4, MDP (0.4 mmol),
toluene (2 mL), 16 h, 160°C, in a pressure tube. [b] Conversions and yields
were determined by GC using an internal standard (diethylene glycol di-n-
butyl ether).

phosphine ligand for the cyanation reaction also depends on
the substrate used. Therefore further improvements in some
of the reported cases might be possible by changing the
phosphine ligand.

Mechanistic studies: The results shown in Table 2 and Table 4
demonstrate that different amines are effective co-catalysts
for the cyanation of a variety of aryl chlorides. The question
remaining is which elementary steps are influenced by the
addition of amine. To understand the effect of the organic co-
catalyst in more detail, we performed the palladium-catalyzed
C—C coupling in single steps according to the generally
accepted mechanism for such reactions!"®! (Scheme 2) in the

Pd(OAc),
base nt
[Pd]
ArCN ArX
] ]
ArfP|dfCN ArfP|de

[P = PdOL, (n = 2-4; L = solvent, PR3, R3N, CN")

Scheme 2. Proposed mechanism for the palladium-catalyzed cyanation of
aryl halides.

presence and absence of TMEDA. The catalytic cycle starts
with the oxidative addition of the aryl halide to a Pd° species.
For aryl chlorides the activation of the C—X bond is more
difficult than for aryl bromides, aryl iodides, or aryl triflates.['"]

The resulting aryl palladium(i) halide complex should
undergo an exchange of the halide by cyanide. It is possible
that this reaction step is facilitated by base (amine), by in situ
formation of the corresponding amine complex. Finally, the
aryl palladium(i) cyanide species will reductively eliminate
the desired product (benzonitrile) and regenerate the active
Pd? species. Because of the high temperatures, palladium
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Table 4. Catalytic cyanation of various aryl chlorides!?

Entry Aryl chloride Product Amine Conversion® [%] Yield® [%]
1 C"@W Nc©ﬁ\ TMEDA 99 86
[¢] o
2 = MDP 67 66
30 C\_/ NC@ MDP 89 84
4 TMEDA 13 13
5 MDP 71 59
6 c < > NC@ TMEDA 2 12
7 OMe OMe MDP 62 53
8 m@ NC@ TMEDA 88 82
9 NO, NO, MDP 46 41
[d]
10 o C NC@‘ MDP 66 55
1 TMEDA 32 24
B c NC MDP 52 (22)kl
13 \©j @j TMEDA 25 trace
N N
14 R R MDP 67 42
15 N >D . NCGF TMEDA 11 10
16 FaC, FaC, MDP 74 73
17 o ) NC@ TMEDA 11 11
18 o— o— MDP 93 75 (71)el
19 0= © TMEDA 12 3
Cl N\ / NC
20 N Ny MDP 68 63 (58)kl
21 @;2/ (;(g/ TMEDA 76 74 (67)1
Cl CN
2 = = MDP 87 80
230 AN N\ MDP 61 55
24 TMEDA 48 46
25 MeO._N_Cl MeO. N CN MDP 95 91
26 P T\V/ TMEDA 86 85 (81)k!

[a] General conditions: aryl or heteroaryl chloride (2 mmol), potassium cyanide (2 mmol), palladium(ti) acetate (0.04 mmol), dpppe (0.08 mmol), MDP
(0.4 mmol), toluene (2 mL), 16 h, 160°C, in a pressure tube. [b] Conversions and yields were determined by GC using an internal standard (diethylene glycol
di-n-butyl ether). [c] dppb instead of 1,5-bis(diphenylphosphino)pentane. [d] Reaction conditions: aryl or heteroaryl chloride (2 mmol), potassium cyanide
(2 mmol), palladium() acetate (0.08 mmol), DPPPE(0.16 mmol), MDP (0.4 mmol), toluene (2 mL), 16 h, 160°C, in a pressure tube. [e] Yields of isolated

products in parentheses.

colloids may also be a catalytically active species. It is known
that such colloids, or nanoparticles, are formed from unstable
palladium phosphine complexes at high temperature and that
they show catalytic activity in C—C coupling reactions.*"!
However, our reaction mixtures were the pale yellow that is
typical of the palladium phosphine complexes discussed here.

Takagi et al. proposed the involvement of some Pd" cyanide
complexes as cyanide carriers for the formation of the aryl
palladium(ir) cyanide.?!] Despite the simplicity of this mech-
anism and the analogy to similar coupling reactions, there
should be some concern about its viability, because so far we
know of no report on the isolation of an aryl palladium(in)
cyanide complex, and no detailed study on oxidative additions
of Pd° complexes to aryl halides in cyanation reactions.
Therefore we investigated, by 'H and *'P NMR spectroscopy,
the stoichiometric reaction of [Pd(PPhs),] with 4-bromoben-

1832

© 2003 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

zotrifluoride in the presence of different cyanide concentra-
tions. To obtain a controlled amount of cyanide ions in
solution, tetra-n-butylammonium cyanide was used as the
soluble cyanide source. [Pd(PPh;),] was chosen as a model
catalyst for two reasons: a) the complex catalyzes the
cyanation of aryl chlorides to some extent (as shown in
Table 3); and b) the more reactive Pd’—dpppe and Pd’-dppb
complexes have not been isolated in pure form, because they
easily undergo formation of dimeric and oligomeric species,
which significantly complicate the interpretation of the NMR
data.

The NMR studies were performed in standard NMR tubes.
In all experiments tetrakis(triphenylphosphine)palladium(o)
and five equivalents of 4-bromobenzotrifluoride were dis-
solved in [Dgtoluene. 3P and 'H NMR were performed
immediately after addition of the respective amount of tetra-
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n-butylammonium cyanide. Then, within minutes, the reac-
tion mixtures were heated from room temperature to 80°C, at
which temperature NMR data were collected every 45 min.
The oxidative addition proceeded smoothly at room temper-
ature in the absence of cyanide ions (Figure 2a).?? In addition
to the signal of [Pd(PPh;),] at d =13.1 ppm, a second signal
appeared at 0 =24.4 ppm, belonging to the oxidative addition
product trans-bromo[4-(trifluoro-
methyl)phenyl]bis(triphenylphos-

phine)palladium(i). Because the
liberated triphenylphosphine is in
rapid equilibrium with the coordi-
nated triphenylphosphine in the
[Pd(PPh;),], two different signals
are not observed; only a shift of
the [Pd(PPh;),] signal to high

a)

detected. It is clear that the presence of cyanide ions
dramatically decreases the reactivity of palladium(0) com-
plexes towards oxidative addition by replacing PPh;. In the
presence of one equivalent of cyanide (with respect to the
palladium complex) the oxidative addition was slowed down,
but it still worked at higher temperatures. In the presence of
five equivalents no reaction was observed. 'H NMR inves-

fields occurs (the more “free”
phosphine is present in the solu-
tion, the larger this shift to high

80 °C, 90 min

fields). Upon heating to 80°C the
reaction was completed and the

formation of “free” PPh; was ob-
served at 0=—-34ppm. In the
presence of one equivalent of
cyanide (Figure 2b) no oxidative
addition was observed at room
temperature. Instead, a significant
broadening and shift of the
[Pd(PPh;),] signal from 6=13.1
to 0.7 ppm were observed. This

b)

can be explained easily by ligand-
exchange reactions of [Pd(PPh;),]

with cyanide ions. The increased
concentration of PPh; accounts for
the shift of the signal towards

........................

noncoordinated (“free”) PPh;
(0 =—4 ppm). When the mixture
was heated to 80°C the formation
of  trans-bromo[4-(trifluorome-
thyl)phenyl]bis(triphenylphosphi-
ne)palladium(i) (6 =24 ppm) and
PPh; (0=-3.5ppm) was ob-
served. Interestingly, GC analysis
of the NMR mixture after the
reaction revealed the formation

c)

80°C,2h

of 4-cyanobenzotrifluoride.
In the presence of a fivefold
excess of cyanide ions, already at

100 °C, 45 min

room temperature no signal for
[Pd(PPh;),] could be observed.

80 °C, 90 min

The only clear detectable signal
belonged to PPh; (6=-3.7 to

,,,,,,,,,,,,,,,,,,,,,,,,

—49ppm). If the mixture was
heated to 100°C no formation of

the oxidative addition product was
observed. GC/MS analysis of the
reaction mixture also showed no

Figure 2. 3P NMR spectra of the oxidative addition of [Pd(PPh;),] to 4-bromobenzotrifluoride in the

product formation; only 4-bromo-
benzotrifluoride and PPh; were

presence of different amounts of n

Chem. Eur. J. 2003, 9, No. 8 © 2003 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Bu,NCN: a) without added cyanide; b) in the presence of one equivalent of

cyanide; c) in the presence of five equivalents of cyanide.
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tigations of the oxidative addition reaction at different
cyanide concentrations produced similar results. Different
palladium(0) cyanide complexes were most probably formed,
which were in equilibrium with each other. Therefore no
defined signal was observed.

As we showed, the use of TMEDA as co-catalyst leads to
improved yields of 4-cyanobenzotrifluoride in the palladium-
catalyzed cyanation of 4-chlorobenzotrifluoride.'®l Therefore,
we performed the same NMR studies of the model reaction in
the presence of a 10-fold excess of TMEDA; this resembles
the conditions of the catalytic reactions. Somewhat disap-
pointingly, no difference was seen in the P NMR and
'"H NMR spectra. Whereas in the presence of one equivalent
of cyanide the signal of the arylpalladium(i) complex
appeared again at 0 =24 ppm, no signal of the oxidative
addition product was observed in the presence of five
equivalents of cyanide ions. Apparently, the addition of
TMEDA had no effect on the oxidative addition. However, a
closer GC/MS examination of the NMR mixture after the
reaction detected, surprisingly, in addition to 4-bromobenzo-
trifluoride and PPh;, the desired product (4-cyanobenzotri-
fluoride) in 45 % yield! The addition of TMEDA doubtless
prevents deactivation of the palladium(o) complex. We
assume that the amine is capable of substituting cyanide ions
on the palladium center, thereby regenerating an active
palladium catalyst. Moreover, it is evident that the arylpalla-
dium() halide complex formed in situ reacts immediately
with cyanide to give the corresponding benzonitrile and a
palladium(o) complex. Hence, the second and third elemen-
tary steps in the catalytic cycle, transmetalation and reductive
elimination, must be much faster than the oxidative addition.
It should be kept in mind that these are model studies, as the
actual catalysis takes place at 160°C. To prove whether
TMEDA also has a beneficial effect on one of these latter
steps of the catalytic cycle, we studied the reaction of trans-
bromo[4-(trifluoromethyl)phenyl]bis(triphenylphosphine)-
palladium(i) with an excess of tetra-n-butylammonium cya-
nide in toluene (Scheme 3).

In both reactions 4-cyanobenzotrifluoride was obtained in
good yield (70-72 % with respect to the complex used). The
yield of the product was not changed, but the selectivity of the
reaction was influenced significantly by the presence of the
amine co-catalyst. Without TMEDA, 70 % benzonitrile (with
respect to the complex used) was produced, demonstrating
the low stability of triphenylphosphine towards ligand degra-
dation (aryl —aryl scrambling).3 In the presence of TMEDA
this side reaction was reduced significantly. Thus, only 18 % of
benzonitrile was observed. Again, this unexpected result
might be explained by ligand exchange reactions of TMEDA.
Here, a substitution of triphenylphosphine by TMEDA is

possible. This beneficial effect of TMEDA might be useful for
other types of palladium-catalyzed coupling reactions, too.

Conclusion

These results demonstrate that the palladium-catalyzed
cyanation of nonactivated and activated aryl chlorides with
KCN is possible in good yields and selectivities in the
presence of chelating phosphine ligands and new amine co-
catalysts. This procedure for the first time allows the use of
simple alkali cyanides for a general palladium-catalyzed
cyanation of chloroarenes. Thus, it represents an important
advance in this area. On the basis of NMR studies we
conclude that the amine co-catalyst prevents deactivation of
Pd’ complexes caused by cyanide ions and increases the
stability of the phosphine ligand. In addition, we observed
that aryl palladium cyanide formation and reductive elimi-
nation were significantly faster than the oxidative addition.
Owing to the importance of the concentration of cyanide in
solution, caution should be exercised regarding the crystallite
size of the cyanide source and the purity of the solvents.?¥

Experimental Section

General: All chemicals were commercially available and used without
further purification. Potassium cyanide (Fluka) was dried in vacuo and
stored under argon. The KCN crystallites used measured 120 nm.

General procedure: In an ACE pressure tube (Aldrich) aryl chloride
(2 mmol), potassium cyanide (2 mmol), TMEDA (0.4 mmol), palladium(ir)
acetate (0.04 mmol), dpppe (0.08 mmol), and toluene (2 mL) were stirred
under argon at 160°C for 16 h. After cooling, the internal standard
(diethylene glycol di-n-butyl ether) was added, and the mixture was diluted
with dichloromethane (2 mL) and washed with water (2 mL). The organic
layer was dried over sodium sulfate and analyzed by gas chromatography.
Products were isolated by column chromatography.

NMR experiments: In a 5 mm NMR tube containing [Pd(PPh;),] (29 mg,
0.025 mmol) and tetra-n-butylammonium cyanide (1st experiment: 0 mg;
2nd experiment: 6.7mg, 0.025mmol; 3rd experiment: 33.5mg,
0.125 mmol), 4-bromobenzotrifluoride (17.5 pL, 0.125 mmol), and [Dg]tol-
uene (1 mL) were added under argon. After the mixture was heated from
room temperature to 80 °C/100°C, 'H and P NMR spectra were measured
every 45 min. Finally, the reaction mixture was analyzed by GC/MS.

Stoichiometric reaction of frans-bromo[4-(trifluoromethyl)phenyl]bis(tri-
phenylphosphine)palladium(): In an ACE pressure tube (Aldrich) trans-
bromol[4-(trifluoromethyl)phenyl]bis(triphenylphosphine)palladium(i1)

(171 mg, 0.20 mmol), triphenylphosphine (105 mg, 0.40 mmol), TMEDA
(1st experiment: OpL; 2nd experiment: 302 pL, 2.0 mmol), tetra-n-
butylammonium cyanide (536 mg, 2.0 mmol), and toluene (2 mL) were
stirred under argon at 160°C for 16 h. After the mixture had been cooled,
the internal standard (diethylene glycol di-n-butyl ether) was added, then
the mixture was diluted with dichloromethane (1 mL) and washed with

PPh 2 equiv PPh3
Br-Pd CF3  + 10 equiv nBusNCN > NCOCFs + NC@
2 mL toluene

PPhs 160 °C; 16h
0.2 mmol
no co-catalyst: 0.14 mmol 0.14 mmol
10 equiv TMEDA: 0.14 mmol 0.04 mmol

Scheme 3. Stoichiometric reaction of trans-bromo[4-(trifluoromethyl)phenyl]bis(triphenylphosphine)palladium(ir) with tetra-n-butylammonium cyanide.
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water (3mL). The organic layer was dried over sodium sulfate and
analyzed by gas chromatography.

Analytical data

4-Cyanoquinaldine: 'H NMR (400 MHz, CDCl;, 297 K): 6 = 8.07 (dd,
S(HH) = 83 Hz, 4(HH) = 0.8Hz, 1H), 8.04 (d, (H,H) = 85Hz,
LH), 777 (dt, J(H,H) = 7.7 Hz, “/(H,H) = 1.4 Hz, 1 H), 763 (dt, J(H,H)
= 76 Hz, (H,H) = 1.0 Hz, 1H), 7.56 (s, 1 H), 2.75 ppm (s, 3H); “C{'H}
NMR (101 MHz, CDCl;, 297 K): 6 = 158.8, 148.2, 131.5, 129.9, 128.6,
1262, 125.1, 124.3, 119.2, 116.1, 25.6 ppm; MS (70 eV, EI): m/z: 168 [M*],
153 [M* — CHj;], 140; IR (KBr): v = 3067, 2230, 1594, 1560, 1503, 1408,
1383, 1323, 894, 756 cm™'; elemental analysis (%) calcd for C;;HgN,: C
78.55, H 4.79, N 16.66; found: C 78.77, H 4.87, N 16.61.

5-Cyanoindole: 'H NMR (400 MHz, CDCl;, 297 K): 6 = 8.99 (bs, 1 H), 7.98
(d, ¥(H,H) = 1.6 Hz, 1H), 748 (d, 3/(HH) = 84 Hz, 1H), 7.37 (dd,
3J(HH) = 84Hz, “/J(HH) = 1.6 Hz, 1H), 732 (d, 3J(H,H) = 3.5Hz,
1H), 6.59 ppm (d, *J(H,H) = 3.5Hz, 1H); “C{'H} NMR (101 MHz,
CDCl;, 297 K): 0 = 1376, 1276, 126.7, 126.3, 124.6, 121.1, 112.14, 103.1,
102.2 ppm; MS (70 eV, EI): m/z: 142 [M*], 115 [M* — HCN]; elemental
analysis (%) calcd for CH¢N,: C 76.04, H 4.25, N 19.71; found: C 76.45, H
4.47,N 19.26.

2-Cyano-6-methoxypyridine: '"H NMR (400 MHz, CD,Cl,, 297 K): 6 =7.68
(dd, 3J(HH)=73Hz and 85Hz, 1H), 731 (dd, *(HH)=73Hz,
4J(HH)=0.8Hz, 1H), 6.98 (dd, *J(H,H)=8.5Hz, “/(HH)=0.8Hz,
1H), 3.94 ppm (s, 3H); BC{'H} NMR (101 MHz, CD,Cl,, 297 K): 6=
164.7, 139.5, 130.6, 122.6, 117.7, 116.4, 54.3 ppm; MS (70 eV, EI): m/z: 134
[M~], 133,104 [M* — CH,0], 77 [M* — CH,0 —HCN], 40; IR (KBr): 7=
3002,2949, 2915, 2853, 2225, 1603, 1465, 1131, 1028 cm~'; elemental analysis
(%) caled for C;HgN,O: C 62.68, H 4.51, N 20.88; found: C 62.29, H4.57, N
20.48.

Methyl 2-cyanobenzoate: 'H NMR (400 MHz, CDCl;, 297 K): 6 =8.09-
8.14 (m, 1H), 7.76-7.81 (m, 1H), 7.61-7.68 (m, 2H), 3.97 ppm (s, 3H);
BC{'H} NMR (101 MHz, CDCl;, 297 K): 6 =164.4, 134.8, 132.7, 132.4,
132.3,131.1, 1175, 112.9, 52.8 ppm; MS (70 eV, EI) m/z: 161 [M*], 130, 102
[M*— COOCH;], 89, 77 [C4Hs*], 51 [C4H;1]; elemental analysis (% ) caled
for C,H;NO,: C 67.07, H 4.38, N 8.69; found: C 67.14, H 431, N 8.97.

All other cyanation products are commercially available. In these cases
reaction products were identified by comparison with authentic samples
using GC/MS methods.

trans-Bromo|4-(trifluoromethyl)phenyl]bis(triphenylphosphine)palladi-
um(@: [Pd(PPh;),] (5.8 g, 5 mmol) was suspended in toluene (20 mL) and
4-bromobenzotrifluoride (2.8 mL, 20 mmol) was added under argon. The
mixture was stirred for 4 h at 80°C and, after cooling to room temperature,
evaporated under reduced pressure. The crude reaction product was
purified by washing with diethyl ether and crystallization from dichloro-
methane/n-pentane. '"H NMR (400 MHz, CD,Cl,, 297 K): 6 =7.50-7.53
(m, 12H), 736-740 (m, 6H), 7.26-731 (m, 12H), 6.76 (d, J(H,H)=
81Hz, 2H), 641ppm (d, J(HH)=81Hz, 2H); “C{'H} NMR
(101 MHz, CD,Cl,, 297K): 6=136.3, 135.0, 1314, 1304, 1283,
123.6 ppm; *'P{'"H} NMR (162 MHz, CD,Cl,, 297 K): 6 =24.24 ppm; MS
(NBA, FAB): m/z: 855 [M*—1], 775 [M* —1—Br], 630 [M* —1—Br—
PhCF;], 407 [PPhy(C,H,CF;)*], 339 [PPh,*], 262 [PPh,*]; IR (Nujol): ¥ =
3054, 1586, 1480, 1437, 1322, 1158, 1111, 1096, 1069, 1010, 817, 745, 726, 693,
519, 495 cm™!; elemental analysis (% ) caled for Cy3H3,BrF;P,Pd: C 60.34, H
4.00, Br 9.33, P 7.24, Pd 12.43; found: C 60.01, H 4.27, Br 9.71, P 7.25, Pd
12.12.
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Criteria for the Elucidation of the Pseudopericyclic Character of the
Cyclization of (Z)-1,2,4,6-Heptatetraene and Its Heterosubstituted
Analogues: Magnetic Properties and Natural Bond Orbital Analysis

Jesiis Rodriguez-Otero*!®l and Enrique M. Cabaleiro-Lago'™!

Abstract: The electrocyclization of heterosubstituted derivatives of (Z)-1,2,4,6-
heptatetraene, (27)-2,4,5-hexatrien-1-imine and (22)-2,4,5-hexatrienal exhibit some
features which suggest a pseudopericyclic mechanism. In order to examine this, a

comprehensive study including the determination of magnetic properties to estimate
aromaticity and an NBO analysis throughout the reaction path was conducted. The
cyclization of 5-oxo-2,4-pentadienal, a process of unequivocal pseudopericyclic
nature, was studied for comparison. The results suggest that, although the lone

Keywords: ab initio calculations -
aromaticity density functional
calculations - electrocyclic reactions
- transition states

electron pair on the heteroatom in the heptatetraene derivatives seemingly plays a
crucial role in the reaction mechanism, it does not suffice to deprive the reaction from
the essential features of a pericyclic disrotatory electrocyclization.

Introduction

Pseudopericyclic reactions were originally defined by Lemal
as a concerted transformation where the primary changes in
bonding compass a cyclic array of atoms, at one (or more) of
which nonbonding and bonding atomic orbitals interchange
roles.- 2 The role interchange means a “disconnection” in the
cyclic array of overlapping orbitals because the atomic
orbitals switching functions are mutually orthogonal. Hence,
pseudopericyclic reactions cannot be orbital symmetry for-
bidden. Although this definition is seemingly quite clear,
some ambiguity remains as the orbital description is not
unique.

Birney and co-workers*'? have examined a large number
of pseudopericyclic reactions, which as they have found
possess three essential features, namely: very low or zero
activation energies, planar transition states and that no
pseudopericyclic reaction can be forbidden. One such reac-
tion is the cyclization of 5-oxo-2,4-pentadienal to pyran-2-one
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Facultade de Quimica, Universidade de Santiago
15782 Santiago de Compostela, Galicia (Spain)
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(reaction D in Figure 1).1% This reaction involves the in-plane
attack of the lone electron pair on the carbonyl oxygen on the
electrophilic allene carbon; there is a lack of overlap between
o and & orbitals, and no barrier to ring closure. The 1,5-
electrocyclizations of iminodiazomethanes and conjugated
nitrile ylide exhibit similar features.* 'l Another pseudoperi-
cyclic processes have been described recently.['>-7]
S <’_\

A L2 )
W 4 i

\ \ Q
\ X / ¥ \Oa D}—

X =NH reaction A

X=0 reaction B
X =CHz reaction C

reaction D

Figure 1. Reaction schemes for the electrocyclizations studied. Reaction A
represents the E configuration of the imine. The Z configuration is studied
by means of reaction A2.

(Z)-1,2,4,6-Heptatetraene and its heterosubstituted deriva-
tives undergo electrocyclizations similar to that of 5-oxo-2,4-
pentadienal. Recently, Lera et al.l'8l hypothesized that, while
the cyclization of the parent compound (reaction C in Fig-
ure 1) is pericyclic, those of its derivatives (2Z)-2,4,5-hexa-
trien-1-imine (reaction A in Figure 1) and (2Z7)-2,4,5-hexa-
trienal (reaction B in Figure 1) involve a nucleophilic addition
that is pseudopericyclic in nature. In our minds, however, the
evidence provided by these authors is not sufficient to
unequivocally establish the pseudopericyclic nature of these
processes; rather, our calculations suggest that reactions A
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and B are essentially pericyclic, even though they are favored
(or assisted) by the lone electron pair on the heteroatom.["”l In
previous work, we found the energies of activation for such
reactions not to be too low and the corresponding transition
states to be far from planar. Also, the mere observation of the
nuclear motion corresponding to the imaginary frequency of
the transition state suggests no appreciable difference among
the transition states TS, TSz and TS¢. Although the lone pair
on the heteroatom plays a prominent role—it decreases the
energy of activation—there is no in-plane attack on the allene
carbon as deviations are quite substantial. Thus, for the
transition state of reaction A, the lone pair is at an angle of 57°
with respect to the N1-C2-C3 plane. One of the arguments
used by Lera et al. was based on the increased aromaticity of
the transition state in reaction C relative to those in A and B.
The cyclic loop of pericyclic reactions is known to give rise to
aromatic transition states;?*?¥ additionally the typical dis-
connection of pseudopericyclic reactions prevents this aro-
maticity. Based on our magnetic susceptibility anisotropy
()anis) calculations, the transition states TS, and TSy (With i
values of —36.54 and —31.37 cgsppm, respectively) are less
aromatic than TS¢ ()un = — 46.44 cgsppm) but still aromatic
to some extent. It should be noted, however, that these data
are of limited value, as it seems more logical to examine the
cyclization process as a whole than the transition structures
involved. Moreover aromaticity and its quantitation remain
controversial subjects.’>>2°1 For this reason, in this work we
conducted a careful study of the whole cyclization process in
reactions A, B and C rather than its transition states alone; to
this end, we examined aromaticity in terms of both y,.;, and
the nucleus-independent chemical shifts (NICS) reported by
Schleyer.”’l The reactions were also studied using the natural
bonding orbital (NBO) analysis?*3% and all the results
compared with those for a similar, unequivocally pseudoper-
icyclic process (namely the cyclization of 5-ox0-2,4-pentadie-
nal, reaction D). The combination of these data enabled a
more accurate assessment of the character of these reactions.

It is necessary to indicate that in the present work we have
not only studied the E configuration of the imine of the
reaction A, but that we have also analyzed the behavior of Z

Abstract in Spanish: La electrociclacion de los derivados
heterosustituidos del (27)-1,2,4,6-heptatetraeno, el (27)-2,4,5-
hexatrien-1-imine y el (2Z)-2,4,5-hexatrienal presentan carac-
teristicas que podrian sugerir un mecanismo de tipo pseudo-
periciclico. Para examinar esta circunstancia se ha realizado un
exhaustivo estudio que incluye el cdlculo de propiedades
magneticas (para estimar la aromatizacion) y el andlisis NBO a
lo largo de todo el camino de reaccion. A efectos comparativos,
tambien se ha realizado el estudio de la ciclacion del 5-oxo-2,4-
pentadienal, proceso inequivocamente de naturaleza pseudo-
periciclica. Los resultados obtenidos parecen indicar que
aunque en los andlogos del heptatetraeno la participacion del
par electronico solitario del heterodtomo es de vital importan-
cia en el mecanismo de reaccion, no es suficiente para que estas
reacciones pierdan las caracteristicas esenciales correspondien-
tes a una electrociclacion disrotatoria periciclica.
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© 2003 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

configuration (reaction A2). In the (Z)-imine the lone pair
position of the N atom (outwards of the ring) precludes its
involvement in the new bond formed. Cossio and Lera have
demonstrated that (E)-imine gives rise to a transition state
less aromatic than the (Z)-imine.’'! However, we think that
this is not a conclusive demonstration of that electrocycliza-
tion of the (E)-imine is a pseudopericyclic process. Thus, it is
evident that the (Z)-imine must give rise to a pericyclic
process very similar to the reaction C, since the lone pair
cannot participate in an efficient way. It is with the (E)-imine
where doubts arise, since the position of the lone pair is the
one that could give rise to a pseudopericyclic reaction as it is
the case of 1,5-electrocyclization of (E)-iminodiazomethane:
for this reaction Fabian et al.l¥l showed the pseudopericyclic
character of the absolutely planar transition state.

Computational Methods

The geometries of all stationary points were fully optimized using the
Gaussian 98 software packagel® with the 6-31G** basis set and the density
functional theory (specifically, the Becke3LYP functional).’® 34 In other
electrocyclizations this method had previously provided results comparable
to those obtained with computationally much more expensive methods.*’]
All points were characterized as minima or transition structures by
calculating the harmonic vibrational frequencies, using analytical second
derivatives. Also, the whole path for each reaction was obtained by using
the intrinsic reaction coordinate (IRC)P%3%] with mass-weighted cartesian
coordinates. Changes in magnetic properties along the IRC were moni-
tored at different points for which the nucleus-independent chemical shift
(NICS), magnetic susceptibility () and magnetic susceptibility anisotropy
(%anis) Were calculated. NICS values were obtained by using a slightly larger
basis set (namely B3LYP/6-31+G**) in conjunction with the GIAO
(Gauge-Independent Atomic Orbital) method.) Magnetic susceptibility
values were calculated by computing the NMR shielding tensors at the
6-311+G(2d,p) level as they required a much more powerful basis set.
Because the GIAO method provides no information about magnetic
susceptibility; this was calculated using the IGAIM (Individual Gauges for
Atoms in Molecules) method,“* *!l which is a slight variation of the CSGT
(Continuous Set of Gauge Transformations) method.l***l Processes were
also monitored by applying the NBO (Natural Bond Orbital) method?$-"]
along the IRC, using the B3LYP/6-31G** electron densities.

Results and Discussion

Reaction paths: Figure 2 shows the reaction profiles for the
five processes studied. Consistent with previous findings of
Birney et al.,[) the B3LYP/6-31G** method revealed no
energy barrier for the pseudopericyclic reaction D. Conse-
quently, the reactant as depicted in Figure 1 could not be
located at this computational level. On the other hand, the
HF/6-31G** method allowed its identification and provided
an energy barrier of only 1.52 kcalmol~'. For this reason, we
chose to monitor the IRC at the Hartree —Fock level and
perform B3LYP/6-31G** single-point calculations at different
points of the reaction path. This was the computational level
used to obtain the graph in Figure 2, which reveals no energy
barrier either.

The other four processes exhibited moderate energy
barriers, namely: 6.13 kcalmol! for reaction A,
1715 kcalmol~! for reaction A2, 8.04 kcalmol™! for reac-
tion B and 11.05 kcalmol~! for reaction C. In any case, these
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Figure 2. Energy profile for the reactions.

are not true energies of activation as their computation should
not have relied on the ¢Zc conformation of the reactant—
which is the most unstable—but rather on the most stable one,
generally ¢Zt. The energies of activation thus obtained (at 0 K,
including zero-point vibrational energies, scaled by 0.9806)*!
were 13.75, 24.14, 14.41 and 19.97 kcalmol—' for reaction A,
A2, B and C, respectively. The previously calculated energies
of activation for the cyclization of (Z)-1,3,5-hexatriene and its
heterosubstituted analogues were 20.58, 37.12, 21.52 and
30.11 kcalmol~! (including ZPVE).’) A comparison of these
values with those for reactions A, A2, B and C reveals that the
replacement of the terminal double bond with an allene group
results in marked decreases in the energy of activation
(namely 6.83 kcalmol~! for reaction A, 12.98 kcalmol~! for
reaction A2, 7.11 kcalmol ! for reaction B and
10.14 kcalmol~! for reaction C).

Anisotropy along the reaction path: Table 1 shows the y,u;
values obtained at the singular points of the reactions. As can
be seen, the transition state of reactions A2 and C exhibited
an abrupt decrease in anisotropy with respect to both the
reactant and product. This is the behavior to be expected from
a typical pericyclic reaction! since, as stated by Zimmerman,

Table 1. Anisotropies and NICS at the singular points of reactions.

Xanis [cgs ppm] NICS [ppm]
reactant —17.67 1.27
reaction A TS —36.54 —-5.73
product —-3.71 420
reactant —18.65 —0.01
reaction A2 TS —47.85 —11.88
product -3.71 420
reactant —19.55 1.08
reaction B TS —31.37 —4.47
product —4.40 5.05
reactant —15.49 —0.34
reaction C TS —46.44 —10.98
product —14.67 5.10
reactant —16.33 —-0.75
reaction D TS —21.08 —1.64
product —26.98 -0.14
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thermally allowed pericyclic reactions are considered to take
place preferentially through concerted aromatic transition
states that are energetically favored.? This is not the case
with pseudopericyclic reaction D; rather, y,,s decreases
monotonically from the reactant to the product and there is
no appreciable aromatization in the transition state. In
reactions A and B, the aromatization of the transition state
is more than appreciable and, though not so strongly as in
reactions A2 and C; this suggests that both reactions take
place via an essentially pericyclic path. Figure 3 reflects these

20

Karie/ CQS ppm
=

20 - @ reaction A
+  reaction A2
= reaction B
=30 — &+ reaction C
*  reaction D
40 - T T T
-4 -2 0 2 4 4

re.d amu'® bohr

Figure 3. Variation of anisotropy of the magnetic susceptibility relative to
the reactant.

conclusions in a more graphical manner; it shows not only the
singular points, but also the whole reaction path (as the
variation of y,.;, With respect to the reactant). As can be seen,
the curves for reactions A, A2, B and C are similar. To a
different extent, the four exhibit a central sink (near the
transition state, but slightly shifted to the products) that
reflects the aromatization inherent in a pericyclic reaction. On
the contrary, in reaction D, y,,;, decreases continuously from
the reactants to the product; although the latter appears to be
somewhat more aromatic, there is no appreciable sink
suggestive of a specially favored aromatic transition state.

The magnetic susceptibility (Figure 4) varies identically
with anisotropy. The only difference is that the curve for the
pseudopericyclic process D exhibits a very small minimum—
much smaller than those for the other four reactions.

NICS along the reaction path: Although, originally, Schleyer
et al.?” calculated NICS at the geometric center of the ring,
they subsequently™l chose to use the ring critical point (3,+1)
obtained using Bader’s “theory of atoms in molecules”*! as
implemented in the AIMPAC suite of programs.*l This
choice, based on the topology of the electron density,
constitutes an unambiguous characterization of a ring, so we
used it to obtain NICS at selected points along the reaction
path. The results (Table 1 and Figure 5) suggest that NICS
behaves identically with magnetic susceptibility. Thus, the
transition states of reactions A, A2, B and C exhibit markedly
decreased NICS values and hence increased aromaticity; on

0947-6539/03/0908-1839 $ 20.00+.50/0 1839





FULL PAPER J. Rodriguez-Otero and E. M. Cabaleiro-Lago
6 = Table 2. Wiberg bond orders at the transition states.
4 TS, TS TSy TSc TSy
LA X1-C6 1.69 1.49 1.54 1.57 1.52
25 C6—C5 1.23 1.38 1.29 132 1.28
C5—C4 1.58 1.46 1.49 1.53 1.51
Q- C4—-C3 1.27 1.37 1.33 1.29 1.34
£ C3—C2 1.61 1.52 1.53 1.61 1.41
g 2- C2—X1 0.29 0.41 0.31 0.33 0.30
E‘r X7-C2 1.90 1.89 1.93 1.89 2.00
2 4
_6 i
= reaction A Table 3. Bond lengths [A], angles and dihedral angles [°] at the transition
sl ¢ reaction A2 states.
= reaction B
10 - *  reaction C TSA TS TSy TSc TSp
* reaction D
X1-C6 1.298 1.336 1.254 1.377 1.226
12 7 ' T T ' C6—C5 1.427 1.401 1.418 1.411 1.414
i 2 o 2 4 & C5—C4 1.373 1.396 1.384 1.385 1.362
i T C4—C3 1.425 1.410 1.411 1.424 1.407
. L. . s . C3—C2 1.353 1.371 1.362 1.359 1.364
Figure 4. Variation of magnetic susceptibility relative to the reactant. X1 2186 2.091 2047 2971 1,985
X7-C2 1.319 1.322 1.314 1.324 1.138
8 - C3-C2-X1 99.4 105.0 103.6 101.1 100.6
C4-C3-C2 129.2 126.8 124.9 129.2 127.8
& C5-C4-C3 126.9 124.9 125.0 126.1 128.4
4 C6-C5-C4 1214 119.7 119.6 122.1 118.2
X1-C6-C5 121.3 124.0 125.5 120.9 122.7
2 - C2-X1-C6 115.7 108.1 1141 106.0 122.3
0 X7-C2-C3 151.0 147.2 152.5 148.8 154.6
X7-C2-C1 109.3 106.5 103.8 108.2 104.8
E -2 C4-C3-C2-X1 —-17.2 —-5.6 —26.8 —-1.5 0.0
Pl | C5-C4-C3-C2 20.8 19.6 18.9 20.4 0.0
S . TS C6-C5-C4-C3 23 —47 98  -81 0.0
R X1-C6-C5-C4  —230  —295  —216  —302 0.0
-8 " reaction B C2-X1-C6-C5 21.1 382 8.5 4.1 0.0
* reaction C C3-C2-X1-C6 —-2.6 —-20.9 14.7 —27.5 0.0
-10 ¥ reaction D X7-C2-C3-C4 156.3 158.7 148.0 158.1 180.0
12 C2-X1-C6-H  —155.3 —132.7 —165.9 —130.6 180.0
H-X1-C6-C2[2] —148.0 75.3 - —127.0,78.4 -
4 - T ' i - H-X1-C6-C5 1691  —37.1 - 169.9, 363 -
A -2 0 2 4 & H,-X7-C2-C3  —41.1 —26.1 —280 —325 -
TR R H,-X7-C2-C3 1445 1582 155.9 1514 -

Figure 5. Variation of nucleus-independent chemical shift (NICS) relative
to the reactant.

the other hand, the curve for the pseudopericyclic reaction D
exhibits a small sink but NICS remains virtually constant
throughout the reaction, so the process involves negligible
aromatization.

Although the minimum is indeed more shallow for A and B
than for A2 and C, its appearance is seemingly consistent with
a pericyclic aromatic process.

The only salient difference between the y,,, and NICS
results lies in the pseudopericyclic reaction D: while iy,
predicts greater aromaticity in the product than in the
reactant, NICS suggests similar aromaticity in both. In any
case, this has no effect on our discussion, which is focussed on
the aromatization near the transition states.

NBO analysis: The transition state and whole path of each
reaction were subjected to a comprehensive NBO analysis.
Tables 2 and 3 show the Wiberg bond orders and structural
parameters, respectively, for the transition states. Table 3
shows that TS, and TSy are far from planar although not as
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[a] Deviation of the H atom with respect to the plane formed by atoms X1,
C6 and C2.

much as TS,, and TSc. The length of the incipient bond
(C2—X1) differs appreciably among the reactions, but the
differences have small effect on bond orders (which range
from 0.29 to 0.33), except for TS,, (0.41) which represents a
transition state somewhat closer to the product, which also
happened in the parent compound (without allene group).?’]
One of the few salient features is probably the bond order of
the X7—C2 exocyclic bond. Thus, it is highest for the
pseudopericyclic reaction D (2.00) and somewhat lower for
the other four reactions (1.90, 1.89, 1.93 and 1.89). The bond
orders for the natural localized molecular orbitals (NLMOs)
involved in the interaction between atoms X1 and C2 in the
transition states (Table 4) are of greater interest as they allow
one to identify the localized orbitals most actively involved in
the C2—X1 bond formed in the cyclization process. As
expected, the lone pair on the heteroatom plays a crucial
role (bond order of 0.147) in the pseudopericyclic process
D--much more so than the  bonds in the molecule. On the
other hand, the X7—C2 exocyclic bond takes virtually no part
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Table 4. Bond orders of the natural localized molecular orbitals (NLMOs)
for the interaction between atoms X1 and C2 in the transition states.

TS, TS TSy TSc TSp

n(X1-C6) 0.033 0.118 0.035 0.098 0.007
7(C2-C3) 0.027 0.050 0.025 0.041 0.020
7(C4—C5) 0.039 0.069 0.033 0.057 0.014
7(C2-C7) 0.009 0.031 0.007 0.031 <0.002
LP(X1) 0.077 0.003 0.092 - 0.147

in the process, which is consistent with the above-mentioned
Wiberg bond order (2.00). In reactions A2 and C, which are
unequivocally pericyclic in nature, the t(X1—C6) bond play a
prominent role, although the other & orbitals also participate
in outstanding way. In these transition states TS,, and TS,
the exocyclic bond is involved nearly to the same extent as the
other m orbitals (0.031). The transition states for reactions A
and B lie in an intermediate behavior, albeit closer to TS,
and TS: although the most important role is that played by
the lone pair on the heteroatom, the m orbitals are also
strongly involved. On the other hand, the m orbital of the
exocyclic bond is only slightly involved (0.007 and 0.009).
Regarding the similarity of TS, and TS to TS,, and TS, the
lack of a properly oriented lone pair in reactions A2 and C is
partly offset by the participation of the exocyclic bond. The
most salient features of the unequivocally pseudopericyclic
reaction D are an overwhelming predominance of the lone
pair and a nearly zero involvement of the exocyclic bond.
The analysis of the transition states is completed with the
data of Table 5, which shows the results of the second order
perturbation analysis as the energies of delocalization of
electrons from filled NBOs into empty NBOs—so that they
do not finish up quite filled or quite empty. De Lera et al.?!
suggested a pseudopericyclic nature for reaction A on the
basis that the lone pair on N1 donates to the localized orbitals
n*(C2—C7) and m*(C2—C3) with associated second-order
perturbation energies of about 17 and 8 kcalmol~!, respec-
tively; we obtained 16.43 and 7.89 kcalmol~! as a result of the
different basis set used. These authors stated that “... in sharp
contrast, the interactions between the m(C2—C3) and
t(N1—C6) localized orbitals, which would be associated with
the disrotatory process, are only of ca. 3 kcalmol~!...”. As can
be seen from Table 5, our results for such interactions were
2.79 and 2.52 kcal mol~'. According this Table, we believe that
the previous assertion by de Lera et al. is unwarranted. Based
on the values for TS, the disrotatory character of which is
unquestionable, the 7t(C2—C3)-n(X1—C6) interactions also

Table 5. Stabilization energies [kcalmol~!], E®, for the transition states of
the reactions as obtained by second order analysis using the NBO method.

Donor Acceptor TS TS TSg TSc TSp

n(X1-C6)  m*(C4—C5) 7.61 10.46 441 1525 3.88
n(C4—C5) a#(X1-C6)  24.66 25776 3552 1724 35.97
n(C2—C3) a*(C4-C5) 21.22 2129 2725 16.19 29.68
n(C4—C5) a*(C2—C3) 11.78 1640  10.64  16.89 9.71
n(C2—C3) a*(X1-C6) 2.79 6.49 2.37 4.81 0.58
n(X1-C6)  a*(C2—C3) 2.52 11.49 3.99 6.25 1.00
LP(X1) n#(C2—C7) 16.43 <050 1511 - 54.12
LP(X1) #(C2—C3) 7.89 276  13.84 - <0.50

[a] The inner lone pair of O1 atom in reactions B and D.
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exhibit low energies (4.81 and 6.25 kcalmol~!), much smaller
than the interactions m(C4—C5)—m(X1—C6) and 7(C2—C3) -
7t(C4—C5) (15-17 kcalmol ). Although in TS, and TSy the
interactions of the lone pair of X1 with m*(C2—C7) and
7*(C2—C3) are important, they are less so than some of the
nt—7t* interactions. Thus, the strongest interaction in both TS,
and TSy is n(C4—C5) — a*(X1-C6) (24.66 and
35.52 kcalmol !, respectively). The pseudopericyclic reac-
tion D behaves rather differently from the previous reactions;
thus, the interaction of the lone pair occurs almost exclusively
with the t*(C2—C7) exocyclic bond and the magnitude of this
interaction, 54.12 kcalmol~!, is the largest by far.

As with the magnetic properties, the whole reaction path is
more informative than are the individual transition states. In
fact, it allows the course of the reaction to be monitored and
the restrictions arising from focussing on a single point to be
avoided. As can easily be seen from the variation of NBOs
along the reaction path, reactions A, A2, B and C behave
rather differently from the unequivocally pseudopericyclic
reaction D. In the latter, one of the two lone pairs on O1
attacks C2 in a direct manner, so, at a given point in the
process (close to TS) where the reaction coordinate is about
0.04 amu'? bohr, the lone pair becomes the ¢ bond between
O1 and C2, and, simultaneously, the NBO 7t(C6—01) becomes
the lone pair of O1. This situation can be associated with the
definition of Lemal: nonbonding and bonding atomic orbitals
exchange roles. Thus, a p, orbital of atom O1 that previously
formed a m bond with C6 becomes the nonbonding orbital
corresponding to the lone pair. The situation is different for
reactions A, A2, B and C. Thus, the NBOs corresponding to
the lone pairs in reactions A and B form no other type of bond
at any time; they preserve their identity throughout the
reaction and, as this proceeds, they undergo a rotation
(computed from the directionality of NBOs) which is highly
similar to that experienced by C1—H bonds in reaction C and
result in disrotation with respect to the terminal CH, group in
the allene. In reactions A, A2, B and C, the o bond between
X1 and C2 result from the transformation of & bonds in the
molecule, so no exchange between non-bonding and bonding
atomic orbitals takes place (i.e., no disconnection occurs), so
the reactions are seemingly of pericyclic nature. Figure 6
illustrates the rotation of the lone pairs through the variation
of the Y-X1-C6-C5 dihedral, Y denoting a lone pair in A, B
and D reactions, and the inner H atom on C1 in reaction C.
For clarity, we have omitted the graph corresponding to the
A2 reaction, because although the behavior is very similar to
the one of reaction C, the rotation of the H atom on N1 ranges
a great interval (from 0 to —180°). As can be seen, the
rotation is roughly similar for reactions A, B and C, specially
at the beginning of the cyclization. The only salient difference
between the rotation in A and B with respect to C is that, in
the last, the H-C1-C6-CS5 dihedral reaches a value of —106.2°
at the end of the IRC by virtue of the NBO corresponding to
the C—H bond being formed by an sp* hybrid orbital of C1. In
reactions A and B, the final dihedral angle is —90.0° by effect
of the lone pair, which starts as a hybrid of roughly sp?
character, ending as a virtually pure p, orbital normal to the
molecular plane in order to increase m delocalization. In
pseudopericyclic reaction D rotation of the lone pair is absent,
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Figure 6. Change of the Y-X1-C6-C5 dihedral angle along the reaction
path. Y denotes a lone pair in reactions A, B and D; and the inner H atom
on C1 in reaction C.

so the lone pair is initially coplanar with X1-C6-C5 but adopts
a normal orientation immediately after the transition state
since, as stated above, it forms a p, orbital in O1, when the
orbital interchange occurs (r.c. 0.04 amu'? bohr).

Conclusion

The magnetic properties (), and NICS) calculated along the
reaction path for the electrocyclization process examined in
this work suggest that reactions A, A2, B and C involve a
strong aromaticity increase, which is typical of pericyclic
reactions. By contrast, the pseudopericyclic reaction D ex-
hibits no appreciable aromaticity maximum: y,,, decreases
monotonically from the reactant to the product and NICS
remains virtually constant throughout the reaction path.

The NBO analysis leads to the same conclusions and
exposes the clear-cut differences between the pseudopericy-
clic and pericyclic mechanism. Thus, the former involves the
exchange between non-bonding and bonding orbitals (specif-
ically, between the lone pair on X1 and a bonding pair),
whereas the latter involves no exchange as the lone pairs on
X1 preserve their identity throughout reactions A and B, and
experience a clear-cut disrotatory rotation with respect to the
other end of the cyclic loop.

The reaction A2 is clearly pericyclic and displays a behavior
very similar to reaction C in all the aspects analyzed.
Although the evidence reported in this work is suggestive of
an essentially pericyclic mechanism for reactions A and B,
their characteristics are in between those of reactions C and
D, which are unequivocally pericyclic and pseudopericyclic,
respectively. This is no doubt the result of the prominent role
of the lone pair on X1 in the cyclization process. This
substantially decreases the energy of activation and provides a
reaction path where the aromatic stabilization is not necessary
to be too high. The stabilization of the transition state due to
the interaction of the lone pair with the m system already has
been shown by Houk etal. for the ring opening of 1,2-
dihydroazete.l*l Because of this interaction, in reactions A
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and B the molecules need not undergo as much geometrical
distortion as in a prototypical pericyclic reaction. Notwith-
standing their special features, reactions A and B retain the
essential characteristics of a pericyclic mechanism.

At this point, the following question arises: is a more or less
pseudopericyclic reaction feasible ? Based on the definition of
Lemal, we believe a reaction is either pseudopericyclic or
non-pseudopericyclic since at least one orbital disconnection
is needed to meet the requirements of the former. The
involvement of the lone pair in reactions A and B seemingly
“pushes” the reaction mechanism to the pseudopericyclic end,
so these two reactions might be borderline cases. However,
our results suggest that the borderline is not crossed—no
disconnection is apparent—and that both reactions are
pericyclic disrotatory electrocyclizations favored by the
assistance of a lone electron pair.
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Stereodynamics and Characterization of the Hexa(4-n-dodecylbiphenylyl)-
benzene Hexaanion that Includes a Twisted Benzene Core

Lior Eshdat,'®! Roy E. Hoffman,!*! Andreas Fechtenkotter,™ Klaus Miillen,*! and

Mordecai Rabinovitz*!

Abstract: Hexa(4-n-dodecylbiphenylyl)benzene (HDBB) was reduced by a series of
alkali metals in THF under high vacuum. Three reduction states were identified by

NMR spectroscopy, namely the dianion, tetraanion and hexaanion. The NMR spectra
of HDBB?®~ revealed a remarkable distortion of symmetry, which is interpreted by
adoption of a twisted conformation of the central benzene ring and a slow rotation of
the inner phenylene rings of the biphenyl units. Due to the surprising thermal stability

Keywords: alkali metals - carban-
ions - molecular dynamics - NMR
spectroscopy - structure elucidation

of the hexaanion, a dynamic NMR investigation revealed the pseudorotation of the
twisted conformation and the phenylene rotation mentioned above.

Introduction

The addition of electrons to polycyclic aromatic hydrocarbons
(PAHs)[!l drastically modifies their physical and chemical
characteristics including their structure and stereodynamic
processes.”4I Thus, in the phenyl-substituted benzenes ortho-
terphenyl- and 1,2,4,5-tetraphenylbenzene the barrier for
rotation of the phenyl rings about the formal single bonds
was found to increase as a result of reduction.> ¥ The higher
energy barrier suggests that more efficient conjugation
increases the m bond order between the phenyl rings and
the central benzene ring. For the same reason the torsional
angles of the twisted systems are decreased upon charging.

We have recently investigated the reduction of hexaphe-
nylbenzene (HPB) by alkali metals.[! Bart characterized the
solid-state structure of neutral HPB by X-ray crystallography,
showing that the central benzene ring is planar and the six
attached phenyl groups form a propeller conformation (@ =
67°) with a D, symmetry.’! The elongation of the C—C bonds
between the central ring and the substituting phenyls to
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available on the WWW under http://www.chemeurj.org or from the
author.
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merely a single bond (1.47-1.53 A) is evidence for only
partial conjugation. Phenyl rotation leads to enantiomeriza-
tion of the right- and left-hand propellers, and this was studied
by selective addition of substituents to the ortho and meta
positions and by m complexation of only one of the phenyl
rings. These studies afforded rotational barriers in the range
of 12.2-33 kcalmol .l The nonsubstituted HPB does not
suffer from the additional steric interference and should
therefore have even a lower rotational barrier.

HDBB

In our previous study we demonstrated that HPB is reduced
to a hexaanion (HPB®") characterized as six covalently linked
benzyl anions, while the central benzene ring acts as an array
of six benzyl functions. It has been shown that the central ring
carries two charges, and adopts a nonaromatic twisted
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conformation (Scheme 1). There are only a handful of other
examples of benzene rings that distort into twisted conforma-
tions, none of these were reduction products.’ ®l

[Dg]THF
high vacuum

| e

M=Na or Li

Scheme 1. Reduction of HPB, indicating the “stern and bow” and “side”
positions in the twisted conformation.

In a six-membered twisted ring there are two distinguish-
able positions of the ring: 1) “stern and bow” and 2) “side”
positions in the ratio of 2:4 (Scheme 1). Hence, in HPB®-
there are two types of phenyl substituents in the ratio of 2:4.
The phenyls attached to the “side” positions have a high
phenyl rotation barrier, as evidenced by its ABCDE pattern
in the NMR spectra.

Two dynamic processes can therefore take place:’! 1) a
pseudorotation process of the six-membered twisted ring
(Scheme 2), which interconverts two degenerate twisted
conformations thus exchanging the “stern and bow” and the
“side” sites of the phenyl substituents, and/or interconversion
of two twisted enantiomers, which leads to enantiomerization;

S e R AL

\ / SN

Scheme 2. Pseudorotation of a twisted six-membered ring. Note the
circled substituents that interchange positions.

Abstract in Hebrew:

PPN

»1-5Y 91N (HDBB) 10)2(59)929 8 N T-n-4)NOPN
DIPNY NN [Dg] THF-2 RYOXRPON MONN DY N0
oM NN NPYL NN NDN AT YIYY .7
DIVPAD  JPIRDPAN IMIRNILLVN [ INOTN
AT XN 11990200 MY QYN HDBB® Sv a7nnn
YTI-DY NNNYHD PO TINNAMNP NININD vNaY
D2)2297 D DY LN NI 1N MYV
NYNANN NINN MDINN NIND 0NN qiPNIY
2V MNT INN NPPN NIYINND PINKOPIN DY
NRNYND NYIOT ININNINP DY HIVINTIVMN
222 170NNV 19190 DO Y
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2) phenyl rotation, which exchanges the two different ortho
sites as well as the meta positions of the asymmetrical “side”
phenyl rings.

Due to thermal instability of HPB®~, we could not follow
these molecular dynamic processes on the NMR timescale. A
second drawback of this instability was the incapability to
perform a nucleophilic quench reaction that would chemically
prove the hexaaionic state—our assignment had to be based
exclusively on physical grounds.

We therefore extended our study to an analogous larger
system, hexa(4-n-dodecylbiphenylyl)benzene (HDBB),!!
which could be described as a HPB in which each phenyl
ring is substituted by another phenyl ring in the para position.
The extended m system could stabilize the high levels of extra
charge and, hence, would meet our objectives. HDBB itself
forms ordered columnar mesophases with favorable proper-
ties.['%! It was prepared by a Kumada-type Grignard reaction
of 4,4'-dibromotolane with 4-n-dodecylphenylmagnesium
bromide, catalyzed with PdCl,(1,1’-bis(diphenylphosphanyl)-
ferrocene), to give di(4-n-dodecylbiphenyl)acetylene, which
underwent a Co(CO)g-catalyzed trimerization to HDBB in a
50% overall yield.[']

In the present study we show that HDBB is reduced by
alkali metals in THF to give the di-, tetra-, and hexaanions
HDBB?-, HDBB*-, and HDBB?®-, respectively, thus produc-
ing another rare example of a PAH that reaches such high
degrees of reduction. 'l We demonstrate that the symmetry
of HDBB®~ is distorted; this can be explained by the adoption
of a twisted conformation of the central benzene ring and
slowing of phenylene rotation. The surprising thermal stabil-
ity of HDBB?®- allowed us to monitor the kinetic processes at
elevated temperatures thus providing firm evidence for a
complex stereodynamic situation.

Results and Discussion

Reduction of HDBB in [Dg]THF was carried out by a
potassium mirror under high vacuum in an extended NMR
tube in a controlled fashion; this enabled us to spectroscopi-
cally monitor the formation of the different reduction states
(Figure 1). After a few minutes of metal contact, the solution
color changed to purple, and two broad sets of 'H NMR
chemical shifts appeared (Figure 1b). These two sets were
assigned as species HDBB?~ and HDBB*-, and each one of
them maintained a spectral pattern similar to the starting
material (two AB systems). The center of gravity of the
aromatic signals of HDBB?~ and HDBB*~ was shifted upfield
relative to that of the neutral species by 0.20 and 0.44 ppm,
respectively. Further contact with the metal increased the
intensities of the HDBB*~ signals at the expense of those of
HDBB?- until the latter disappeared (Figure 1c); the signals
of HDBB*~ then became narrower, and a new NMR pattern
(HDBB?®") grew in parallel with a decrease in the signal
intensities of HDBB*~ (Figure 1d). This new spectrum
showed a center of gravity at even higher field than that of
the previous two species (0.81 ppm upfield shift relative to the
neutral center of gravity of the aromatic region). Finally, the
spectrum exhibited exclusively HDBB®- (Figure le). The

0947-6539/03/0908-1845 $ 20.00+.50/0 1845





FULL PAPER

M. Rabinovitz et al.

e)

d)

o J

b)/\_J\_/L/\

7.4 7.2 7.0 6.8 6.6 6.4 6.2 6.0 5.8 5.6 5.4 5.2 5.0 ppm

Figure 1. Aromatic region of the '"H NMR spectra (400 MHz, [Dg]THF) of
the diamagnetic products of reduction by potassium of HDBB. a) HDBB,
RT; b) HDBB?~+HDBB*, 210K; c) HDBB*, 210K; d) HDBB* +
HDBB?®-, 210 K; ¢) HDBB®, RT, a breakdown in the symmetry of the
molecule results in a set of ten doublets in the aromatic region and of two
triplets (inset) in the benzyl region.

solution maintained a purple color throughout the whole
reduction process.

The degree of reduction was determined 1) on the basis of
the successive appearance of the species, 2) by a quenching
reaction with D,0, 3) by the redox reaction with the neutral
compound, and 4) based on the upfield shift of the 'H and
13C NMR signals. After each stage of the reduction process,
oxidation with oxygen regenerated the starting material; this
indicated that none of the three species forms as a result of
decomposition or protonation processes. The three species do
not represent different conformations of the same reduction
state, because the sequence of their appearance was not
temperature dependent and only resulted from further
contact between the organic solution and the metal. Further,
conformational changes cannot explain the gradual shift to a
higher field of the NMR signals. The total upfield shift of the
13C NMR signals of an anion relative to the neutral compound
(2A0) is proportional to the number of electrons that were
added to the m system, and in most PAHs ZAd ~ 160 ppm
per extra electron.' The ZAS values for HDBB* and
HDBB‘~ were found to be 608 and 874 ppm, respectively,
very close to the expected values. The ZAd value for HDBB?*~
was not available owing to the lack of a full assignment
of its *C NMR signals. Hence, the assignment of HDBB?~
was based on being the first diamagnetic species, followed
by the tetra- and hexaanions, and on a quenching reaction
with D,0O that yielded dideutero-HDBB (m/z=2004.3
[M*+H]).®l A similar reaction with HDBB*  and D,O
yielded mainly tetradeutero-HDBB (m/z =2008.7 [M*+H]).
To establish the assignment of HDBB®~ and HDBB*-,
we performed a redox experiment, as described in Equa-
tion (1), in which two equivalents of HDBB®~ reacted with
one equivalent of the neutral compound (under inert con-
ditions).

2HDBB¢- + HDBB — 3HDBB* 1)

1846 ——
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Following our assumption concerning the reduction states,
after addition of neutral HDBB, the 12 equivalents of charge
should have been distributed over a total of three equivalents
of HDBB, so the solution must have contained the suspected
tetraanion. Indeed, after reaching equilibrium the solution
contained three equivalents of the tetraanion, as observed by
NMR spectroscopy. Further, a quenching reaction of HDBB*-
with D,O yielded mainly tetradeutero-HDBB (m/z =2008.7
[M*+H]).

The spectrum of HDBB®~ showed a duplication of lines,
which is explained by the adoption of a conformation of a
lower symmetry (D,) such as that observed for hexaphenyl-
benzene, in which the central benzene ring exists in a twisted
conformation as described in Scheme 3. Ten 'H NMR

Scheme 3. Geometry of HDBB®~. The central benzene ring is in twisted
conformation. The four “side”-attached biphenylene systems are in the
same orientation relative to the main plane of the twisted central ring; the
two “stern-and-bow”-attached biphenylene systems lie on the C, axis.

doublets and twenty *C NMR peaks appeared in the aromatic
region, and included two types of benzyl signals as well as two
central ring carbon signals. According to heteronuclear single-
quantum correlation with improved sensitivity (HSQCSI)*!
and heteronuclear multiple-bond correlation (HMBC)!!
experiments, four of the "H NMR doublets belong to one
type of biphenylene system and six doublets belong to a
second type. In the latter, the outer phenylene ring has two
doublets of double intensity compared to the rest, and the
other four belong to the inner phenylene ring. The two sets of
biphenylene groups and benzyl positions are in line with a
twisted six-membered ring as the central ring, which has two
“stern and bow” carbons and four “side” carbons. However,
this should result in two sets of four doublets (eight all
together) in the ratio of 2:4 and only 18 aromatic *C NMR
signals. The spectrum can be fully rationalized by a slow
rotation about the inner biphenyl o-bond and a fast rotation
about the outer biphenyl o-bond (Scheme 3). Thus, at slow
rotation the inner phenylene rings should contribute four
proton doublets as well as six carbon signals instead of two
proton doublets and four carbon signals when a rapid rotation
occurs, while the fast rotating outer phenylene rings should
contribute the two doublets of double intensity and four
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carbon signals. Owing to the C, axis that crosses the “stern and
bow” biphenylene systems, these rings should contribute the
same number of proton doublets (four) and carbon signals
(eight) at any rate of the phenylene rotation. All the “side”
substituents are in the same orientation relative to the main
plane of the twisted structure of the central ring. Otherwise
we would have witnessed an additional duplication of lines in
the NMR spectra.

The hexaanion HDBB®~ showed a surprisingly high thermal
stability; we were able to record temperature-dependant
'"H NMR spectra up to 415 K. When the sample was cooled to
room temperature, the intact spectrum of HDBB®~ did not
indicate any decomposition.

The most dispersed signals of nuclei that exchange sites in
the dynamic processes were the doublets of the protons ortho
to the central benzene ring (Figure 2). At low temperatures,
there were three such doublets, in accordance with the twisted

T 3857

370

S |

b) 340

Mm
/
3w 3 310

o

Figure 2. Temperature-dependent '"H NMR spectra (200 MHz, [D4]THF)
of positions 3, 3' and 3” in HDBB®" (with potassium counterions).
a) Coalescence of H3' and H3" attributed to phenylene rotation. b) The
unified doublet of H3' and H3". c) Coalescence of H3 and the unified
doublet of H3’ and H3" attributed to pseudorotation of the central benzene
ring.

conformation, giving rise to two types of biphenylene groups,
and with a slow phenylene rotation of the inner phenylenes
about bond “a” (Scheme 3). They are designated as H3 on the
“stern/bow” biphenylene and H3’/H3"” on the “side” biphe-
nylene. The H3' proton is the one that is spatially closer to the
“stern/bow” biphenylene than H3"”, as determined from a
larger NOE to protons H3 and H4 of the “stern/bow”
biphenylene. Upon elevating the temperature the doublets of
H3” and H3' broadened and then coalesced at 335 K; this
corresponds to a barrier of AG$5=17.5+0.2 kcalmol~! for
the phenylene rotation process that exchanges the magnetic
sites of these two protons. At a temperature a few degrees
higher their signals sharpened into a doublet. This new
doublet broadened again and coalesced with the doublet of
H3 at 386 K as result of pseudorotation of the twisted benzene
ring (AG3 =18.34+0.3 kcalmol!). The barriers were calcu-
lated by using the Eyring equation and by assuming a
transmission coefficient of unity.

Above 370K the spectrum suffered from general line
broadening, attributed to mixing of a low-lying triplet state
into the electronic structure of the hexaanion that is more
pronounced at higher temperatures. Therefore, EXSY (ex-

Chem. Eur. J. 2003, 9, No. 8
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change spectroscopy) was implemented in order to follow the
dynamics at lower temperatures.'”’ A cross-peak should
appear in an EXSY experiment whenever a chemical ex-
change takes place between different spins during the mixing
time (z,,) of a regular NOESY pulse sequence. The intensity of
the cross-peak is dependent on the rate of exchange and on ¢,,,.
Measurements at different temperatures or with different ¢,
yield kinetic data of the exchange process, after taking into
account statistical considerations. Thus, it allows us to detect
processes in the timescale of #,, that are usually in the order of
less than 1 Hz. It follows that this is superior to the conven-
tional one-dimensional temperature-dependent 'H NMR
spectroscopy. In one-dimensional experiments a broadening
of the signals enables extraction of kinetic data only when the
rate of the dynamic process approaches the frequency differ-
ence between the two exchanging signals, usually not less then
a few dozens of Hz.

The results of the EXSY experiments are presented in
Figure 3 and Table 1 and are fully in line with the kinetic data
collected by regular temperature-dependent 'H NMR. In

Table 1. Kinetic data of the dynamic processes of HDBB®~ (from EXSY).
AH* [kcalmol™!] AS* [calmol™!]

pseudorotation!! 16.3 -54
phenylene rotation!*! 8.1 -29.8

[a] Error estimation ~ +7 %. [b] Error estimation ~ +£2%.

17.0
+ phenylene rotation

AG* lkeal mol™

B pseudorotation

16.0

270 280 310 330 350 370
TIK

Figure 3. Free-energy barrier versus temperature as extracted from EXSY
experiments of HDBB®-.

addition to the exchange between the H3, H3', and H3”
positions, there is also an NOE contribution to the EXSY
cross-peak, therefore the NOE effects were suppressed by a
pulse sequence combined with rotational NOE. The process-
ing of the data had to take into account statistical consid-
erations due to the participation of the nuclei in both of the
dynamic processes.

The dynamic behavior of HDBB®~ could be explained by
analyzing its electronic structure. A schematic picture of the
charge distribution over the i system can be extracted from
the differences between the *C NMR chemical shifts of an
anion and its neutral parent compound.l'Z Equation (2)

0= (éNi - éRi)/KC (2)
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describes the well-known correlation between the change in

the chemical shift and the partial additional charge of a
specific carbon in which Q; is the partial charge, and dy; and
Og; are the 3C chemical shifts of carbon i in the neutral system
and in a system in a reduction state R, respectively. K is
derived by dividing ZAJ (see above) by R.

Table 2 shows the 3C chemical shifts of HDBB, HDBB*-,
and HDBB®- and the charge distribution of these anions. A
schematic presentation of the charge distribution is shown in
Scheme 4. In HDBB®- the central benzene ring (C1 and C1;
Scheme 3) carries the highest amount of charge, which sums

C1 2H25 C12H25
stern/bow
CioHos
Ar Ar  Ar side
Ar Ar Ar
Ar Ar

Scheme 4. Schematic presentation of the charge distribution as calculated
from 3C NMR chemical shifts of HDBB*~ (left) and HDBB®~ (right). The
dark circles represent partial charge.

up to 1.28 units of charge. This is a surprising result because
one would expect the charge to spread out to the remote
corners of the molecule due to charge repulsion.l'! However,
addition of electrons to a benzene ring contributes to its
paratropic (antiaromatic) character, so it appears reasonable
that only one ring “sacrifices” its aromaticity. The high charge
density on the central benzene ring can rationalize the twisted
conformation of the benzene ring, as a twisted conformation
offers a more stable nonaromatic character. Additionally, the

twisted conformation creates a less encumbered environment
for the phenylene rings, and thus a more efficient conjugation
with the central ring.

The six phenylene rings of the inner rim carry much more
charge than those of the outer rim (3.67 and 1.05 units of
charge, respectively). Almost five out of the six charge units
are delocalized over the central benzene ring and the first rim
of phenylene rings that are attached to it, a moiety that
resembles HPB.

The charge distribution shows a high resemblance to the
charge distribution of biphenylmethylene anion.[”) Except for
the partial charge on C2 and C2', the charge is distributed in a
charge alternation fashion (high charge density on the ortho
and para positions)?? that is a general characteristic of phenyl
substituents in carbanions®®*2! and in particular of the
biphenylmethylene anion. Like the biphenylmethylene anion,
the rings close to the methylene position carry more charge
than the remote phenylene rings. In this aspect, HDBB®~ may
be viewed as a collection of six biphenylene methine anions
that are connected through their methine positions to form a
six-membered ring (the former central benzene ring). This is
also the case for HPB®-, which exhibits characteristics of six
covalently linked benzyl anions.”!

As in HPB®-, the delocalization of five charge units over the
HPB moiety in HDBB®~ leads to higher conjugation between
the phenylene rings and the central benzene ring, and, thus, to
a higher barrier for phenylene rotation about the biphenyl
bond marked “a” (Scheme 3). In contrast, the low charge
density over the phenylene rings of the outer rim and their
spatial environment is in line with the fact that there was no
detectable slowing in their phenylene rotation rate about
bond “b”. The similar steric effect and charge distribution
over the two types of biphenylene systems makes it likely that
the difference in the rotational barriers between bond “a” and
“b” are similar for both “stern and bow” and “side”
biphenylene systems. This cannot be spectroscopically ob-

Table 2. C NMR chemical shifts of HDBB, HDBB*-, and HDBB?®~ (with potassium counterions) and the calculated partial charge.[?

Position HDBB HDBB*- HDBB®-
number 0; 0; AO; Q; 0; A0, 0,
141.42 109.28 —32.14 0.21 111.04 —30.38 0.21
1 141.42 109.28 —32.14 0.21 108.72 —32.70 0.22
2 140.62 136.72 —3.90 0.03 128.56 —12.06 0.08
2 140.62 136.72 —3.90 0.03 124.75 —15.87 0.11
3 132.97 123.61 —8.61 0.06 121.79 —11.18 0.08
3 132.97 123.61 —8.61 0.06 116.22 —16.75 0.12
3" 132.97 123.61 —8.61 0.06 116.05 —16.92 0.12
4 125.67 124.36 —2.06 0.01 123.51 -2.16 0.01
4 125.67 124.36 —2.06 0.01 117.90 -17.77 0.05
4" 125.67 124.36 —2.06 0.01 123.34 -2.33 0.02
5 138.53 115.24 —2329 0.16 104.93 —33.60 0.23
5 138.53 115.24 —2329 0.16 102.06 —36.47 0.25
6 138.83 139.66 0.83 —0.01 139.19 0.36 0.00
6 138.83 139.66 0.83 —0.01 139.60 0.77 —0.01
7 127.12 121.22 -5.90 0.04 118.29 —8.83 0.06
7 127.12 121.22 -5.90 0.04 125.75 -1.37 0.01
8 129.33 128.98 —0.35 0.00 128.73 —0.60 0.00
8 129.33 128.98 —0.35 0.00 128.85 —0.48 0.00
9 142.32 133.34 —8.98 0.06 127.67 —14.65 0.10
9 142.32 133.34 —8.98 0.06 123.59 —18.73 0.13
[a] O;: calculated partial charge on carbon i; d;: chemical shift of carbon i; Ad;: difference between the chemical shifts of the anion and the neutral carbon of
carbon i.
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served for the “stern and bow” biphenylene systems owing to
the C, axis, which averages the two parts of the this system at
any rate of rotation.

If HDBB?~ and HDBB*~ adopt a twisted conformation as
well, then they would undergo a fast pseudorotation, since
simplicity is maintained in both the '"H and C NMR spectra
even at 165 K. Otherwise, their central benzene ring would
maintain its planarity or adopt a chair conformation that
could still provide only one type of biphenylene substituents,
if they all adopted the same axial/equatorial position.

We also chose to study the reduction of HDBB by lithium,
sodium, and rubidium. All reduction processes were very
similar to the reduction with potassium as described above,
except for the following differences. When the reducing metal
was lithium, the signals flattened before and after the
appearance of the broad 'H NMR signals (7.6 Hz) of
HDBB?~. Only the aliphatic peaks were exhibited in
3C NMR spectroscopy, and HSQCSI and HMBC experi-
ments showed no cross-peaks, which are necessary for an
assignment of the '3C signals. With sodium, the reduction
produced broad HDBB?*~ peaks (8.6 Hz) that did lead to a
partial assignment of the *C NMR peaks of HDBB?~, by the
C-H correlation cross-peaks of the HSQCSI experiment.
With either lithium or sodium the reduction progressed with
the appearance HDBB~, showing only traces of HDBB*.

Only the chemical shifts of HDBB®~ exhibit slight counter-
ion dependence. In this highly charged reduction state, there
should be a higher affinity of the cations towards the anion;
hence the ion-pairing equilibrium? 2 is shifted toward the
contact ion pair. A closer interaction between the cations and
the anion facilitates the acceptance of the extra electrons by
reducing the Coulomb repulsion between the negative
charges.? The chemical shifts that showed the highest
dependence belong to the carbon atoms of the central
benzene with a standard deviation of 4.5 ppm compared to
an average of 1.5 ppm of the outer carbons. These positions
are potential locations for the counterion when the anion is in
contact ion-pair status. The 'Li NMR spectra showed chem-
ical shifts at —0.77 and — 1.28 ppm (220 K, LiBr in [Dg]THF as
reference), which accompanied the 'H NMR spectra of
HDBB?- and HDBB®-, respectively. Lowering the temper-
ature to 170 K caused a slight shift to a lower field of the
former to —0.68 ppm, and a splitting into two signals of the
latter (—0.63 and —2.04 ppm); this indicates that there are at
least two different locations of the cations with respect to the
anion that undergo through a fast exchange at higher temper-
atures. These chemical shifts are indicative of solvent-
separated ion pairing (SSIP) as the dominant state in the
ion-pairing equilibrium for the lithium salt.?>! The SAd order
of Li>Na>K>Rb (919.5, 909.9, 873.6, and 854.5 ppm,
respectively) points to a growing SSIP character with increas-
ing size of the counter ion.

Conclusion
The reduction of the title compound with alkali metals
constitutes a particularly striking example of an electron-

transfer-induced structural change. In the case of the hexa-
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anion it comprises the transition of an inner benzene ring from
the conventional flat Dy, structure to a twisted arrangement.
Thereby a complex stereodynamic situation arises, which,
remarkably enough, could be fully analyzed by temperature-
dependent NMR spectroscopy. Another favorable effect of
the reduction process is the increased m bond order of formal
single bonds in oligophenylene systems. This leads to higher
activation barriers for rotation about the single bonds—
processes that are often undetectable for the corresponding
neutral compounds. Alkali metal derivatives are usually
kinetically unstable and only exist in the absence of water.
However, the mode of the extended m conjugation and the
ion-pairing situation of the charged species of HDBB leads to
a higher thermal stability, thus rendering extensive NMR
studies feasible. Two features may finally be mentioned which
place the above studies into even wider perspectives: 1)
hexaphenylbenzene and hexa(biphenylyl)benzene can under-
go electron-transfer-induced cyclodehydrogenation processes
under appropriate conditions affording extended polycyclic
aromatic hydrocarbons,* 1026271 and 2) such compounds have
been shown to serve as core units for dendritic and hyper-
branched polyphenylenes with penta- or hexaphenylbenzenes
repeat units.”®! Similar reduction experiments thus appear
highly promising.

Experimental Section

The 1D and 2D NMR spectra were recorded on a Bruker DRX-400 pulsed
FT spectrometer operating at 400.13, 100.62, and 155.51 MHz for 'H, 3C,
and Li NMR, respectively. Temperature-dependent 'H NMR spectra were
recorded on a Bruker AMX-200 pulsed FT spectrometer operating at
200.06 MHz. Field-desorption (FD) mass spectroscopy measurements were
taken on a VG Instrument ZAB2-SE-FPD. The synthesis of HDBB was
reported previously.!'%

Preparation of the reduction samples: HDBB (5 mg) was added to a 5 mm
NMR glass tube with an 8 mm extension. The alkali metal (kept in paraffin
oil, cleaned from the oxidized layer and rinsed in petroleum ether 40—
60°C) was introduced under argon to the extension as a lithium wire or a
piece of sodium/potassium/rubidium. The extended tube was then placed
under high vacuum and dried by a flame. In the case of sodium, potassium,
and rubidium, the metal was sublimed several times, creating a metal
mirror on the 8§ mm extension. Anhydrous [Dg]THF (0.7 mL; dried over a
sodium/potassium alloy under high vacuum) was vacuum transferred to the
NMR tube and was degassed several times. Finally the extended tube was
flame-sealed under high vacuum.

Controlled reduction process: The reduction took place when the [Dg]THF
solution was brought into contact with the metal by inversion of the sample
and was stopped by returning the sample to the upright position, separating
the metal from the solution.

Quenching reactions: Quenching with oxygen was performed under a
nitrogen funnel. The sample was broken and the 8 mm extension
containing the metal was removed. A mild stream of oxygen gas was
bubbled through a syringe into the cooled solution until the color
disappeared; this was followed by an examination by NMR spectroscopy.
Reaction with D,0O was performed by breaking the sample in a glove box
and pouring the solution into a vial containing D,O (2 mL). The product
was then extracted by dichloromethane and dried over magnesium sulfate;
finally the solvent was evaporated. Field-desorption (FD) mass spectros-
copy measurements of [D,JHDBB and [D,HDBB (m/z=2004.3 and
2008.7 [M*+H] (major peak), respectively) confirmed the degree of
deutoration. MALDI-TOF spectra suffered from disproportionation and
aromatization products that probably occur due to the laser excitation.

Oxidation of HDBB®~ to HDBB*~: A sample containing HDBB (4 mg,
2 umol) was reduced by a potassium mirror to HDBB®~, as confirmed by
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"H NMR spectroscopy. The sample was broken in a glove box, and the glass
chamber that contained the metal mirror was removed. Neutral HDBB
(2 mg, 1 pmol) was added, and the NMR tube was capped. After 5 minutes
at 220 K, the NMR spectrum showed broad lines of HDBB®~ and after
15 minutes the spectrum showed HDBB*~. An NMR spectrum of HDBB*~
after 24 h excludes possible oxidation by oxygen.

EXSY experiments: Samples for EXSY experiments were prepared by the
same procedure as described above with the exception of dissolving the
HDBB (1 mg, 0.5 pmol) in dry [Dg]THF (0.1 mL) in sealed 4 mm tubes
with a minimum space above the solvent; this space contained the metal
mirror. The 4 mm tubes were placed inside 5mm NMR tubes. EXSY
spectra were obtained with short mixing times relative to the longitudinal
relaxation time (#). NOE effects were suppressed by combining with
rotational NOE. Peak and multiplet volumes were measured by integra-
tion. Rate constants were determined from the integrals by using the matrix
method described in the literature.*’)

The peak intensity at zero time (M) is the sum of all the multiplets in that
column corrected for relaxation effects. The intensity matrix (f) is then
symmetrized for all i [Eq. (3)]:

Mj = exp([m/tlj)ZIij 3)
The intensity matrix is symmetrized and normalized to yield A [Eq. (4)].
A= I+ )12/ (MM)) 4)

The Jacobi transformation®! can then be used to find the natural logarithm
of A. This is achieved by diagonalizing the matrix to yield its eigenvalues
(), which are placed on the diagonal of an otherwise zero matrix, and
eigenvectors (X), such that f(A) = X~'f(1)X. For a symmetric matrix A, its
eigenvectors X are the transpose of their inverse so we have f(A) = X7f(1)X.
Dividing the natural logarithm of A by the mixing time yields the rate
constant matrix R if the molar ratios (MR) are all one [Eq. (5)].

R;=—-X"(InA)X/t,, (5)
If the molar ratios are not all one then we get Equation (6):
R;=—X"(InA)X\/(MR/MR))lt,, (6)

NMR data: Chemical shifts (see Scheme 3) were measured relative to the
downfield solvent peak, (temperature calibrated).*!)

HDBB: 'H NMR (400 MHz, [Dg]THF, RT): 6 =0.87 (t, *J(H,H) = 6.80 Hz,
18H; Hu), 1.27 (br, 108 H; Hy —HA), 1.56 (tt, *J(H,H) =7.38, 6.48 Hz, 12H;
Hp), 2.53 (t, 3J(H,H) =738 Hz, 12H; Ha), 6.96 (d, *J(H,H)=8.01 Hz,
12H; H3), 707 (d,*J(H,H) = 8.19 Hz, 12H; H8), 7.18 (d, *J(H,H) = 8.01 Hz,
12H; H4), 7.32 ppm (d, *J(H,H) =8.19 Hz, 12H; H7); *C NMR (100 MHz,
[Dg]THEF, RT): 6 = 14.43, 23.55, 30.19, 30.30, 30.47, 30.56, 30.58, 30.61, 30.64,
32.43,32.87,36.29 ppm (Ca); aromatic signals are presented in Table 2; 'H
and ®C NMR data in C,D,Cl, are reported in reference [10a].

K,> [HDBBJ> : '"H NMR (400 MHz, [Dg]THF, 220 K): 6 = 1.50, 2.49, 6.50,
6.95, 7.33 ppm (all broad).

K/~[HDBB]*: 'H NMR (400 MHz, [DgTHF, 210K): 0=0.88 (t,
3J(H,H) =6.60 Hz, 18H; Hy), 1.26 (br, 108H; Hy-HA1), 1.49 (br, 12H;
Hp), 2.40 (br, 12H; Ha), 6.10 (d, *J(H,H) =7.34 Hz, 12H; H3), 6.78 (d,
3J(HH)=734Hz, 12H; H4), 6.80 (d, *J(HH)=734Hz, 12H; H7),
707 ppm (d, *J(HH)=734Hz, 12H; HS8); *C NMR (100 MHz,
[Dg]THF, 210 K): 6 =14.82 (Cu), 23.92, 30.53, 30.82, 31.02, 31.07, 33.20,
33.44 (Cp), 36.46 ppm (Ca); aromatic signals are presented in Table 2.

K [HDBB]S—: 'H NMR (400 MHz, [Dg]THF, RT): 6 =0.88 (t, 3/(H,H) =
6.60 Hz, 4H; Hy), 0.89 (t, 3/(H,H)=6.60 Hz, 8H; Hu'), 1.27-1.32 (br,
108H; Hy-41) 1.40-1.54 (m, 12H; Hp) 2.31 (t, 3J(H,H)=7.52 Hz, 4H;
Ha), 2.37 (t, J(H,H) =716 Hz, 8H; Ha'), 4.77 (d, */(H,H) =8.62 Hz, 4H;
H3), 532 (dd, 3J(H,H)=9.35, “J(H,H)=2.20 Hz, 4H; H3"), 5.37 (dd,
3J(HH) =935, “J(H,H) =220 Hz, 4H; H3'), 6.53 (dd, */(H,H)=9.35,
4J(H,H) =2.20 Hz,4H; H4"), 6.59 (d, *J(H,H) = 8.44 Hz, 8H; H8'), 6.64 (d,
3J(H,H) =8.07 Hz, 4H; H8), 6.77 (d, */(H,H) =8.62 Hz, 4H; H4), 6.79 (d,
3J(H,H) =8.44 Hz, 8H; H7'), 6.80 (dd, 3J(H,H)=9.17, */(H,H) =2.20 Hz,
4H; H4'), 6.89 ppm (d, *J(H,H) =8.07 Hz, 4H; H7); ¥C NMR (100 MHz,
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[Dg]THEF, RT): 6 =14.50 (Cu), 23.62, 30.38, 30.66, 30.70, 30.75, 30.81, 33.04
(CB'), 33.10 (Cp), 36.36 (Ca'), 36.48 ppm (Ca); aromatic signals are
presented in Table 2.
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[ReO;(bipy) ] [X] -Catalyzed Aldehyde Olefination:
Carbene and Phosphorane Intermediates

Xiangyang Zhang and Peter Chen*!?!

Abstract: The aldehyde olefination reaction, catalyzed by cationic high-valent

oxorhenium complexes, shows evidence of the intermediacy of both carbene
complexes and phosphoranes. The solution-phase reaction is facile and amenable mass spectrometry -
to tuning and is, hence, likely to prove to be of practical significance. Individual steps
in the catalytic cycle are observed in the gas phase. Catalytic competence of each of

the putative intermediates can be demonstrated.

Introduction

We report a convenient variant of Herrmann’s aldehyde
olefination reaction in which an electrospray mass spectro-
metric study indicates the existence of both rhenium carbene
and phosphorane intermediates. The conversion of a C=0O
functional group into a C=C moiety is a fundamental synthetic
transformation most commonly done with the Wittig reaction
by way of a phosphorane intermediate. While of broad scope
and versatility, the Wittig reaction suffers from the need for a
strong base or nucleophile to generate the phosphorane. The
aldehyde olefination reaction, in which catalytic amounts of a
transition metal complex mediate the reaction of triphenyl-
phosphine, an aldehyde, and ethyl diazoacetate, first reported
by Herrmann and co-workers!!! for [ReO5(CH;)] (methylrhe-
nium trioxide: MTO),? offers a base-free alternative to the
Wittig reaction. Subsequent work by Carreiral®l using [Re-
OCI;(PPh;),], Fujimura™ using [RuCl,(PPhs);], WooP! using
[Fe"(ttp)] (tpp = meso-tetra(p-tolyl)porphyrin), and Lebell
using [RhCI(PPhs;);] and other complexes found that aldehyde
olefination proceeds under mild conditions for a wide range of
substrates with either diazoalkane or diazoesters and either
phosphines or phosphites. Nevertheless, there has remained a
mechanistic ambiguity: whereas Herrmann and Carreira have
assumed that the reaction proceeds by way of a transition-
metal carbene complex (and therefore, in the next step, a
metallaoxetane), Lebel, Woo, and Fujimura suggest that the
olefination step is performed by a phosphorane. In the latter
case, the transition-metal complex plays a role only in the

[a] Prof. Dr. P. Chen, Dr. X. Zhang
Laboratorium fiir Organische Chemie
Eidgenossische Technische Hochschule
ETH Ziirich, 8093 Ziirich (Switzerland)
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base-free, in situ formation of the phosphorane, which then
reacts with the aldehyde as in the Wittig reaction. Lebel,
however, presents experimental evidence against the inter-
mediacy of metal —carbene intermediates, raising a question
as to the origin of the phosphoranes. We report both a new
variant of the aldehyde olefination reaction in which the
catalyst is cationic, and, hence, amenable to study by electro-
spray mass spectrometry, as well as evidence for reduced
oxorhenium complexes, rhenium carbenes, and phosphorane
intermediates; the phosphoranes derive from carbene inter-
mediates.

Results

Before mass spectrometric experiments could be done, it was
necessary to establish the model system in conventional
solution-phase reactions. While there is no guarantee that the
same mechanism applies for all of the various Re, Rh, and Ru
complexes that have been found to catalyze aldehyde
olefination, the broad similarity of the reactions in all the
reports suggest that they operate by a common reaction
pathway. In any case, the Re,O,/bipyridine combination is
certainly the least expensive option among the known choices,
so it is perhaps appropriate that the mechanistic work is done
for this system. It should be noted that these results are not
fully optimized; most likely the Re,O,/ligand system can be
substantially improved. The solution-phase results are sum-
marized below in Table 1.

It should be noted that very similar results are seen when
the catalysts are the isolated complexes!”? [ReOs-
(bipy)]*[SbF4]~, prepared by reaction of [ReClO;] with
Ag[SbF¢], or [ReO;(bipy)]"[CF;CO,]~, prepared by reaction
of Re,0; with (CF;CO,),0 in the presence of bipyridine. This
indicates that the perrhenate anion plays no major role, and
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Table 1. Solution-phase aldehyde olefination reactions with [ReOs(bipy)]*[ReO,]~ as catalyst. The chemical yields are based on chromatographically
isolated products and byproducts. The E/Z ratio is determined by NMR integration.

(o]

o}
o) i H
H [Re205 (bipy)] OC,Hs
)j\ + OC,Hy + PRy — > +
Ph™ "H Ph”” “H
Pl

o}

N
h)J\H

H
\'HKOCQH5
N

+ O=PR; +N,

Nz
cinnamate azine
solvent phosphine mol % catalyst reaction time [h] T [°C] % cinnamate E/Z ratio % azine % recovered aldehyde
THF PPh;, 3 44 25 86 38 2 12
THF PPh; 3 8 60 91 20 - 9
THF PPh; 0.7 22 60 75 31 6 19
THF P(OMe); 3.6 94 25 14 3 - 54
CH;CN PPh; 3 50 25 36 22 16 16
CH;CN P(OMe); 3.6 94 25 36 3 - 28
CH,(Cl, PPh; 3 48 25 37 27 21 20

that the observed catalysis stems from reactions of the
coordinated ReO;* ion.

The time dependence of phosphine, phosphine oxide, and
phosphorane (cis + trans) signals in the 3'P NMR spectrum is
shown in Figure 1. Even without further kinetic analysis, it is
easily seen that the phosphine decreases rapidly in correlation
with the rise of the phosphorane, and that the phosphorane
decays slowly in correlation with the rise of the phosphine
oxide. The observation of the phosphorane by 3P NMR
spectroscopy is consistent with reports by Woo, Fujimura, and
Lebel.
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Figure 1. Time dependence of the 3P integrations for a solution of
benzaldehyde, triphenylphosphine, ethyl diazoacetate, and [ReO;-

(bipy)]"[ReO,]~ (1.0:1.2:0.9:0.07) in [Dg]THF. The integration for the cis
and trans phosphoranes are summed together.

The trans/cis ratio of olefin product greatly depends on the
phosphine or phosphite applied to this reaction, although a
broad range of phosphite/phosphine compounds need to be
tested. The E/Z ratio of >20 was obtained when triphenyl
phosphine was used and about 3 for trimethyl phosphite.
Similar E/Z ratios (ca. 20) for the olefin product were found
for direct reaction between benzaldehyde and commercially
available  carbethoxymethylene triphenylphosphorane
(Ph;P=CHCO,Et). If [Re,0,(bipy)] (0.03 mmol) in THF
(25 mL) was treated with PPh; (0.03 mmol), the originally
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colorless solution becomes purple after ~10 min. Addition of
PhCHO (1.0 mmol), P(OMe); (1.1 mmol), and EDA
(1.5 mmol; EDA = ethyl diazoacetate) gives the product ethyl
cinnamate with an E/Z ratio of 2/1.

Based on the solution-phase experiments, the electrospray
ionization mass spectrum of the solution was recorded as
components were added one-at-a-time in concentrations
comparable to those in preparative runs. Figures 2—4 show
the positive ion mode spectra for ~10m solutions of

1
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500000 ~
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Figure 2. ESI-MS of a solution of Re,0, and bipyridine in CH,Cl,; it shows
the clean formation of [ReO;(bipy)]*, m/z =391. The double peak for the
complex is due to rhenium isotopes in their natural abundance (37.4 %
15Re, 62.6 % '"'Re).

bipyridine and Re,0;, bipyridine and Re,O; with triphenyl-
phosphine, and bipyridine and Re,O; with triphenylphos-
phine and ethyl diazoacetate, respectively. Rhenium-contain-
ing species are easily identified by the characteristic pattern
arising from the natural abundance of rhenium isotopes. The
electrospray ionization mass spectra of solutions analogous to
those used in the 3P NMR experiment are fully consistent
with the NMR results in that phosphine and diazo compound
are converted rapidly to phosphorane in the presence of
catalytic [ReOj;(bipy)]* ions in solution.
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Figure 3. ESI-MS of a solution of Re,0;, bipyridine, and triphenylphos-
phine in CH,Cl,; it shows the formation of [ReO,(bipy)]* (m/z =375) and
[ReO,(bipy)(PPh;)]* (m/z =637). The double peaks for the complexes are
due to rhenium isotopes in their natural abundance (37.4% '®Re, 62.6 %
7Re).
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Figure 4. ESI-MS of a solution of Re,0;, bipyridine, triphenylphosphine,
and ethyl diazoacetate in CH,Cl,; it shows the formation of the
phosphorane, seen as the phosphonium cation after protonation.

Gas-phase ion —molecule reactions were then conducted in
which [ReO;(bipy)]"™ (m/z=391), [ReO,(bipy)(PPh;)]*
(mlz=637), or [ReO,(bipy)]|* (m/z=375) were produced in
the ion source by electrospray of solutions of Re,O; and
bipyridine in CH,Cl, (10-3m), with or without PPhs, to probe
the otherwise invisible elementary steps in the catalytic cycle.

Reactions of these ions with ethyl diazoacetate in the
octopole cleanly produce ions with mass-to-charge ratios
m/z =461, 723, and 809 as depicted in Figures 5 and 6, and
Scheme 1. Simpler structural assignments can be made by a
combination of the m/z value with chemical intuition. More
complicated structures can be assigned on the basis of collision-
induced dissociation of the selected ions with xenon in the rf
(rf=radio frequency) octopole. For example, m/z =375 is
unquestionably the reduced [ReO,(bipy)]' species. Reaction
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Figure 5. Daughter-ion spectrum produced by reaction of the mass-
selected ion [ReO,(bipy)]* (m/z =375) with 0.38 mTorr ethyl diazoacetate
in the octopole ion guide at low initial kinetic energy. The product ion at
m/z =461 can be assigned to [ReO,(bipy)(=CHCO,Et)]*.
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Figure 6. Daughter-ion spectrum produced by reaction of the mass-
selected ion [ReO,(bipy)(PPhs)]" (m/z=637) with 0.38 mTorr ethyl
diazoacetate in the octopole ion guide at low initial kinetic energy. The
product ion at m/z =375, [ReO,(bipy)]* comes from simple loss of PPh;.
The product ion at m/z =723, is either a complex with a phosphine and a
carbene ligand, or a phosphorane complex. The product at m/z =809 must
be a phosphorane complex with an additional carbene ligand. The small
peak at m/z =461 comes from either loss of PPh; from m/z=723 or
reaction of m/z =375 with another molecule of ethyl diazoacetate.

of the ion with m/z =375 with EDA produces m/z =461 as the
sole product. With a clear assignment of the starting ion to a
deoxygenated [ReO,(bipy)]", the product is without doubt
the rhenium carbene. Collision-induced dissociation (CID)
experiments on the rhenium carbene show that it is stable
against dissociation after collision with an inert gas atom
under these relatively mild CID conditions. Reaction of the
ion with m/z =461, assigned above to the rhenium carbene,
with excess PMe; produces two daughter ions, m/z =537 and
613 (not shown). The masses indicate addition of either one or
two molecules of the phosphine. In principle, the ion with
m/z =537 could be a five-coordinate phosphorane complex or
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Scheme 1. Reactions of the [ReO;(bipy)]* ion (m/z =391) in solution and in the gas phase as evidenced by ESI mass spectrometry.

a six-coordinate carbene/phosphine complex. For m/z =613,
there is no alternative other than a complex in which there is
one phosphorane and one phosphine ligand.

In the experiment depicted in Figure 6, the ion with m/z =
637 is identifiable as a phosphine complex and not a
phosphine oxide complex because collision-induced dissoci-
ation (CID) of m/z =637 leads to loss of triphenylphosphine.
It reacts with ethyl diazoacetate to form daughter ions at
m/z =809 and 723. Representative daughter ion spectra in
which ions with m/z =809 and 723 were generated in the 24-
pole, mass-selected in the first quadrupole, and then collided
with Xe in the octopole at low kinetic energy (0.38 mTorr, — 2
to —7 eV laboratory frame) are shown in Figures 7 and 8, in
which the CID results can be seen. The ion with m/z =809,
upon mass-selection and CID with Xe, dissociates by means of
a single major channel, losing the phosphorane ligand as an
intact unit. The ion with m/z =723 yields three daughter ions
corresponding to loss of triphenylphosphine, triphenylphos-
phine oxide, and the phosphorane. One accordingly assigns
m/z =723 to a mixture of phosphorane complex and phos-
phine —carbene complex, and m/z =809 to a phosphorane —
carbene complex.

Another series of gas-phase experiments was also done
in which [ReO,(bipy)(PMe;)]", m/z =451, was treated
with ethyl diazoacetate to produce [ReO,(bipy)-
(Me;P=CHCO,Et)]", m/z =537, assigned in the previous
experiment to a phosphorane complex, assuming analogous
structures to those in the PPh; series. Together with the
previously mentioned reaction of m/z =461 with PMe; to

Chem. Eur. J. 2003, 9, No. 8
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Figure 7. Daughter-ion spectrum produced by collision induced dissocia-
tion (CID) of [ReO,(bipy)(=CHCO,Et)(PPh;=CHCO,Et)]" (m/z =809)
with xenon at low initial kinetic energy. The product ion at m/z =461 comes
from simple loss of the phosphorane ligand. The product ion at m/z =349 is
the phosphonium ion produced by protonation of the phosphorane.

produce m/z =537, this experiment, and the analogues with
PPh;, demonstrates that the order of addition, that is, diazo
compound first and then phosphine or visa-versa, does not
matter. The gas-phase chemistry is summarized in Scheme 1.

The experiments show clearly that [ReO,(bipy)]*, pro-
duced in solution or in the gas-phase by deoxygenation of
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Figure 8. Daughter ion spectrum produced by collision induced dissocia-
tion (CID) of m/z =723 with xenon at low initial kinetic energy. The
product ion at m/z =375 derives from loss of a phosphorane ligand and
supports a structural assignment of [ReO,(bipy)(PPh;=CHCO,ELt)]* for
m/z ="723. The product ions at m/z =461 and 445 derive from loss of either
triphenylphosphine or triphenylphosphine oxide and support a structural
assignment of [ReO,(bipy)(=CHCO,Et)(PPh;)]", for m/z =723. Accord-
ingly, both species, likely interconvertible, are presumed to be present.

[ReOs(bipy)]*, reacts with a diazo compound to produce a
carbene complex. If a phosphine ligand is present stoichio-
metrically or in excess, the carbene complex goes on to form a
phosphorane complex.l The formation of phosphorane
complexes from carbene complexes, at least for the case of
ethyl diazoacetate, is the central result of the gas-phase
experiments.

Discussion

While the original aldehyde olefination reaction displayed a
number of desirable properties,[!! the reaction has found little
application in synthesis for several reasons, among them the
temperature of the reaction and the catalyst loading. The
greatest limitation on the optimization of the reaction was,
however, the catalyst; MTO, with limited possibilities for
substitution, cannot be effectively tuned. Subsequent work by
several groups found other transition-metal complexes that
catalyzed aldehyde olefination;*° some of these complexes
were substantially cheaper and more flexible than the original
MTO. Moreover, the introduction of trialkyl phosphites in
place of triphenylphosphine simplified workup and purifica-
tion.’] Two different mechanisms for the aldehyde olefination
reaction have been proposed, but investigations aimed at
clarifying the course of the reaction have been hampered by
the absence of effective analytical methods.

The initial step in the first possible mechanism, shown in
Scheme 2, is deoxygenation of MTO, and has been studied
computationally by Rosch and co-workers.! They report that
the simple oxo transfer from MTO to PPh; is somewhat
endothermic, but can be rendered exothermic if MeReO,
dimerizes. Moreover, for other [ReOs;(L)] complexes the
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Scheme 2. Herrmann’s mechanism for aldehyde olefination catalyzed by
methyltrioxorhenium.

Re=0 bond is weaker, making oxo transfer more favorable.
The subsequent steps in the putative mechanism have not
been confirmed independently, although the reaction of a
metal carbene with an aldehyde via a metallaoxetane is the
usual formulation for the quenching of olefin metathesis by a
carbonyl compound. The alternative mechanism was pro-
posed by Lebel,l!!] who suggested that aldehyde olefination
proceeds by a base-free formation of a phosphorane, which
then reacts as in the Wittig reaction. She discounted, however,
the intermediacy of a carbene complex based on the poor
catalytic activity for aldehyde olefination exhibited by Ru and
Rh carbenes produced either in situ or as isolated compounds.
The specific mechanism for phosphorane formation was not
given, although it was presumed that the metal complex acted
electrophilically to activate the diazo compound to displace-
ment of N, by the phosphine. Lebel’s mechanism would be
consistent with the E/Z ratios in Table 1. If the sole role of the
phosphine were to be deoxygenation of rhenium oxo com-
plexes, then there would be no reason to expect a different
E/Z ratio for the cinnamate ester product when P(OMe); is
used instead of PPh;. On the other hand, if a phosphorane
were to be formed, there is no reason to expect the same E/Z
ratio for a phosphine versus a phosphite. As is evident from
Table 1, the E/Z ratios from triphenylphosphine versus
trimethylphosphite are approximately 30 and 3, respectively,
suggesting (as indirect evidence) that Scheme 2 does not
represent the mechanism, at least for this catalytic system.
Consistent with this claim is the observation that ReV,
prepared in situ by stoichiometric reduction of ReV! by one
equivalent (relative to Re) of PPh;, catalyzes the aldehyde
olefination reaction with an E/Z ratio of 2/1 when P(OMe)j; is
subsequently added. A similar E/Z ratio (ca. 20) for the olefin
product of the reaction of aldehyde with Ph;P=CHCO,Et
provides the direct evidence for the intermediate phosphor-
ane.

Our solution-phase NMR studies confirm the observation
of phosphorane intermediates made by Lebel,[) Wool! and
Fujimura, and lead further to the conclusion that the
original mechanism, depicted in Scheme 2, can already be
ruled out because that mechanism would necessarily require
phosphine oxide to be produced at the same rate that
phosphine is consumed. The elimination of the original
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mechanism, and the direct observation of phosphoranes as
intermediates, begs the question as to the mechanism by
which the phosphoranes are formed. Are carbenes involved or
not?

Having used electrospray ionization tandem mass spec-
trometry to study C—H activation, catalytic epoxidation,
catalytic hydrogenation, Ziegler— Natta polymerization, and
olefin metathesis,'™'?l we resolved to approach aldehyde
olefination as a reaction in which we believed it possible that a
discrete rhenium —carbene species might be observed. Reac-
tions of metal —carbene complexes have been observed in the
gas-phase by mass spectrometry,'¥l but apart from the work
from the present group, none of the previous studies prepared
species that contain a phosphine ligand. Because electrospray
requires a charged complex, and all of the reported catalysts
for aldehyde olefination are neutral, a new catalyst was
needed. Re,0;is one of the transition-metal oxides that shows
appreciable solubility in organic solvents. The solubility
derives in large part from the facility by which Re,0; can
cleave heterolytically in polar, coordinating media such as
THEF or acetonitrile.l'1] Accordingly, addition of a bidentate
ligand, such as bipyridine (bipy), to Re,0; in a variety of
coordinating and noncoordinating solvents, was expected to
produce the soluble ion-pair [ReOs;(bipy)]|"[ReO,] . The
[ReO;(bipy)]* ion, a d® ReV! complex, is easily observed
mass spectrometrically by electrospray of a solution of the
bipyridine and Re,0; in CH,Cl,.

As is seen in Table 1, [ReO;(bipy)]*[ReO,4]~ functions as a
catalyst for the aldehyde olefination reaction. The reaction
conditions are comparable to those for the original reaction,
and the catalyst is certainly less expensive.l'¥) More impor-
tantly, the preparative-scale reactions define reaction con-
ditions under which mass spectrometric experiments are
sensible. While the best bulk results were obtained in THEF,
the results in CH,Cl, were acceptable; the latter solvent is,
however, much better for electrospray. Given the observation
of phosphoranes by NMR spectroscopy, the mass spectro-
metric evidence for phosphoranes is not surprising. In contrast
to the conclusion from Lebel’s work, however, the gas-phase
reactions of mass-selected carbene complexes and phos-
phine —carbenes indicates that carbene complexes are pre-
cursors to the observed phosphoranes. Our proposed catalytic
cycle is shown in Scheme 3. The phosphorane produced at
each turnover then goes on to react with aldehyde to produce
the final olefin product. The catalytic cycle is based on two
kinds of mass spectrometric evidence. Firstly, ESI-MS serves
as a relatively straightforward analytical tool for the charac-
terization of the ions in solution as the components are
progressively added. Because Re,O; by itself in a polar
solvent shows no prominent ion signals, Figure 2 shows that
coordination by a bidentate donor ligand suffices to induce
heterolysis in solution.

Figure 3 shows that addition of phosphine to the solution
used for the measurment of spectrum shown in Figure 2
results in deoxygenation, that is, reduction, of the coordinated
ReY! species to ReY. Addition of ethyl diazoacetate to the
solution used for the measurment of spectrum shown in
Figure 3 leads to the spectrum shown in Figure 4 if there is an
adventitious proton source to protonate the rather basic
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Scheme 3. Proposed mechanism for aldehyde olefination catalyzed by
cation trioxorhenium(vir) complexes [Re,O,(bipy)].

phosphorane, rendering it visible in the ESI-MS. The mass
spectrometric analyses of progressively constructed reaction
solutions is informative in that we hope to directly observe the
species in the catalytic cycle. However, we recall that, for a
catalytic cycle at steady-state, the most abundant species-the
resting state of the cycle-may be the only observable member
of the cycle, and the phosphorane, being produced by much
smaller amounts of catalyst, is present in high concentration.
Other species would occur at much lower concentration.

Mere observation of species in solution does not constitute
strong evidence for a mechanism. Proof of catalytic compe-
tence by reaction studies is needed. In the present work, the
proof of competence is done by gas-phase reactions of mass-
selected ions that correspond to elementary steps in the
proposed catalytic cycle. Production of carbene species by
reaction of ReY complexes with diazo compounds is seen in
Figures 5 and 6. Production of phosphorane complexes from
carbene complexes and phosphines is seen in Figure 6, with
CID evidence for the assigned structures in Figures 7 and 8.
Additional work summarized in Scheme 1 show that the
reactions with trimethylphosphine parallel those of triphe-
nylphosphine.

The disagreement with Lebel’s conclusion requires an
explanation. While one would have expected that carbene
complexes could be likely precursors to the phosphoranes,
Lebel’s argument that [Ru=CH,(CI)(NO)(PPh;),] and
[Rh,(OAc),] proved to be poor aldehyde olefination catalysts
raises doubts as to the competency of putative carbene
intermediates. Moreover, if a coordinated phosphine group
were to react efficiently with a carbene ligand on the same
metal center, then the “first-generation” Grubbs metathesis
catalysts!'”l should have shown signs of isomerization. More-
over, the early ruthenium metathesis catalysts were prepared
in situ by reaction of an [RuCl,(PPh;);] complex with diazo
compounds,'¥! and no evidence for phosphorane formation
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Scheme 4. Computed energetics of the carbene to phosphorane reaction.

was reported. Addressing this issue, DFT calculations reveal
an interesting dichotomy (Scheme 4).

While the computational prediction of organometallic
thermochemistry is still fraught with uncertainties, and the
chosen level of theory—B3LYP/LACVP**—is reasonable
but not spectacular, the computed difference between model
rhenium and ruthenium complexes is large enough to give
some confidence that there is a genuine reason to expect the
two complexes to behave differently. According to the model
calculation, phosphorane formation in the case of the rhenium
complex is thermodynamically favorable. On the other hand,
formation of a phosphorane ligand for the model ruthenium
complex is strongly endothermic; even the expected dimer-
ization of the coordinatively unsaturated product makes the
overall transformation only approximately thermoneutral at
best. Without the large exothermicity of the rhenium system,
one may expect that phosphorane formation by ruthenium
complexes may be strongly dependent on the particular
phosphine, substitution on the carbene moiety, and even the
concentration of the complex. Such factors may largely
explain Lebel’s observations. An explanation of the phenom-
enon, as well as full details of the calculation, will be subject of
a subsequent publication, but it can be stated already that the
high-valent oxorhenium complexes should generally produce
phosphoranes. One should comment that an accessible
transition state connecting a carbene with a coordinated ylide
has been clearly shown in Milstein’s recent synthesis of
ruthenium carbenes by the reaction of [RuCly(PPh;);] with
sulfur ylides.'”] Similarly, ylides and carbenes on several other
metal centers presumably interconvert,?’ although in those
cases, one cannot say with absolute certainty that the
phosphorane derived from a carbene as opposed to a
halomethyl complex. Lastly, preliminary results?"! show that
the addition of Cy;P=CHPh to [RuCl,(PPh;);] or [{RuCl,-
(cod)},] in the presence of norbornene prepares in situ a
highly active ring-opening metathesis (ROMP) catalyst. We
can conclude that the interconversion of carbene and ylid
complexes is plausible with the favored direction determined
primarily by thermochemistry.

Conclusion

We find in the aldehyde olefination reaction, catalyzed by
high-valent oxorhenium complexes, evidence for the inter-

1858 — © 2003 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

the clean and facile reactions, it

should be possible to explore

the chemistry of rhenium car-
benes in a systematic manner. Moreover, given the versatility
of the rhenium complexes as catalysts, a variety of tandem
reactions are conceivable. This work is underway.

Experimental Section

Based on structural work from a number of groups,'¥ we expected that
Re,0; would be solubilized in a variety of organic solvents when a good
bidentate ligand is introduced. The expectation was borne out when Re,0O,
was treated with 2,2'-bipyridine (bipy) in a number of solvents. In toluene, a
small solubility was achieved; in polar solvents such as CH,Cl, or THF, the
solution was completely homogeneous at the concentrations involved in
the present study (<1mm with respect to Re). While coordination of
solvent molecules does not necessarily lead to cleavage of the Re,O,
moiety in the solid-state, a small but finite extent of heterolysis in polar
solution occurred. For sufficiently strongly donating ligands, heterolysis can
become the dominant process.l'""] As will be seen below, electrospray mass
spectrometry of Re,0; and bipyridine in CH,Cl, showed [ReOs(bipy)]*,
m/z =391, as the only metal-containing species in the positive ion mass
spectrum.

For a typical solution-phase reaction, Re,0; (14.5 mg, 1 equiv), bipyridine
(5 mg, 1 equiv), triphenylphosphine (288 mg, 37 equiv), ethyl diazoacetate
(EDA: 170 mg, 50 equiv), and benzaldehyde (106 mg, 33 equiv) were
placed together in solvent (25 mL). The reaction mixture was then stirred
at the specified temperature for a time varying between 8 and 96 hours.
Workup by column chromatography (silica gel, hexane:ethyl acetate 95:5)
and product identification by 'H NMR spectroscopy and GC/MS resulted
in the tabulated yields. The reaction solution with all components, or a
subset thereof, was diluted to between 105 and 10~°m in Re with CH,Cl,
and analyzed by electrospray mass spectrometry.

Mass spectrometric experiments were performed in a modified Finnigan
MAT TSQ-700 spectrometer as described in earlier papers.'>'?l The tube
lens potential—an indication of the severity of desolvation conditions at
the exit of the transfer capillary—was typically kept at 70—120 V, which
was found to be sufficient to desolvate the electrosprayed ions. The
resulting ions were then passed through the a 38 cm long, jacketed, rf 24-
pole ion guide® into which a partial pressure of up to 100 mTorr of a
reagent gas had been introduced by a needle valve. Collisions with the
reagent gas served to both thermalize the ions to the 70°C manifold
temperature and induce gas-phase reactions, the products of which were
then mass-selected in the first quadrupole. The subsequent experiments on
the mass-selected ions were performed in daughter-ion mode. The ions
were introduced into the octopole collision cell with a nominal initial
kinetic energy of 5 eV (laboratory frame), where they reacted with a second
reagent (0.3-5 mTorr). Product ions were then mass-analyzed in the
second quadrupole with a resolution m/Am ~ 2000.

The details of the ion—molecule reactions in this study require discussion.
The 24-pole and octopole function more like ion drift cells, as opposed to
normal collision cells.'”) Monte —Carlo modeling, combined with exper-
imental determinations of ion transit times through the octopole indicated
that, under the conditions employed in this experiment, the ions underwent
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up to ~5000 collisions in the octopole; in the 24-pole, the number of
collisions was considerably higher. Moreover, the initial kinetic energy of
the ions was lost in the first several collisions. Although there was no
applied longitudinal electric field, the continuous ion current into either ion
guide created, by way of space-charge effects, a slight potential that drives
the ions through. Otherwise, the procedure closely resembled that in
previous publications. One concludes that the ions react under quasi-
thermal conditions at the 70 °C manifold temperature.

Solution-phase NMR experiments were performed in a Varian Mercu-
ry 300 spectrometer operating at 121 MHz (for *'P) on solutions prepared
from [Dg]THF (0.7 mL), benzaldehyde (10 mg), triphenylphosphine
(30 mg), ethyl diazoacetate (10 mg), and [ReOs(bipy)]"[ReO,]~ (4 mg)
(1.0:1.2:0.9:0.07 mole ratio for the reagents). Under these conditions, four
major species were observed in the 3P NMR spectrum: the phosphine,
phosphine oxide, and the cis and trans isomers of the phosphorane.
Chemical shifts for the species were reported by Woo.! Very small signals
(< 5% total integration) were seen for other species. Control experiment
for olefin trans/cis ratio directly using commercially available ylide
(carbethoxymethylene triphenylphosphorane, Ph;P=CHCO,Et) with benz-
aldehyde was also done in an NMR tube. In-situ NMR measurement
indicated that the reaction was finished in 24 hours at room temperature,
and trans/cis ratio of product was about 20/1. Another experiment with the
[Re,O;(bipy)] (3 % )/PPh; (3% )/P(OMe); (1.1 mmol)/PhCHO (1.0 mmol)/
EDA (1.5 mmol) system yielded 10 % of the olefin with a trans/cis ratio of
2/1.

Density functional theory (DFT) calculations were done by using the Titan
program package!® running on a 1.2 GHz Athlon computer. All structures
were fully optimized by using the B3LYP method with the LACVP** basis
set. The LACVP** basis sets treat the 4s, 4p, and 4d, as well as the 3s and
3p, orbitals on ruthenium explicitly with a double-{ basis; the inner
electrons were treated with an effective core potential. It used 6-31G** for
non-transition metal elements.
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The First Self-Assembled Trimetallic Lanthanide Helicates Driven by

Positive Cooperativity
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Abstract: The segmental tris-tridentate
ligand L7 reacts with stoichiometric
quantities of Ln™ (Ln=La-Lu) in
acetonitrile to give the complexes
[Lny(L7)3]°" and [Lns(L7);]°*. Forma-
tion constants point to negligible size-
discriminating effects along the lantha-
nide series, but Scatchard plots suggest
that the self-assembly of the trimetallic
triple-stranded helicates [Ln;(L7);]°* is
driven to completion by positive coop-
erativity, despite strong intermetallic
electrostatic repulsions. Crystallization
provides  quantitatively  [Lns(L7);]-
(CFsS0O3)y (Ln=La, Eu, Gd, Tb, Lu)
and the X-ray crystal structure of
[Eus(L7)3](CF3S03)y- (CH;CN), - (Hzo)_z
(EusCy16HygN43O3sFo; Sy, triclinic, Pl,
Z =2) shows the three ligand strands
wrapped around a pseudo-threefold axis

Introduction

Although interelectronic repulsions in open-shell configura-
tions induce rich and varied optical and magnetic properties

defined by the three metal ions rigidly
held at about 9 A. Each metal ion is
coordinated by nine donor atoms in a
pseudo-trigonal prismatic arrangement,
but the existence of terminal carbox-
amide units in the ligand strands differ-
entiates the electronic properties of the
terminal and the central metallic sites.
Photophysical data confirm that the
three coordination sites possess compa-
rable pseudo-trigonal symmetries in the
solid state and in solution. High-resolu-
tion luminescence analyses evidence a
low-lying LMCT state affecting the

Keywords: cooperative effects -
crystal-field parameters - helical
structures . lanthanides .
self-assembly

central EuNj site, so that multi-metal-
centered luminescence is essentially do-
minated by the emission from the two
terminal EuN¢O; sites in [Euy(L7)5]°*.
New multicenter equations have been
developed for investigating the solution
structure of [Ln,(L7);]** by paramag-
netic NMR spectroscopy and linear
correlations for Ln=Ce-Tb imply iso-
structurality for these larger lanthanides.
NMR spectra point to the triple helical
structure being maintained in solution,
but an inversion of the magnitude of the
second-rank crystal-field parameters,
obtained by LIS analysis, for the LnN4O;
and LnN, sites with respect to the
parameters extracted for Eu™ from
luminescence data, suggests that the
geometry of the central LnN, site is
somewhat relaxed in solution.

for d-block metal ions, the strong mixing between metal- and
ligand-centered orbitals in their complexes drastically limits

the programming of electronic properties in molecular or
supramolecular devices.!!l For the lanthanide ions (Ln'!), the
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O Supporting information for this article is available on the WWW under
http://www.chemeurj.org or from the author. Table S1 lists the ESI-MS

peaks observed during titrations and Table S2 lists elemental analyses
for complexes 5—9. Tables S3 and S4 list selected least-square plane
data for 10, and Tables S5—S7 give the structural data for the europium
coordination spheres. Geometrical G/ factors for the aromatic protons
of 10 are given in Table S8, the integrated luminescence intensities of
the Eu(’F;) energy levels of [Euy(L7);](CF;S0;)y« (H,0), (6) are listed
in Table S9, the energy of the D, +’F, transitions in Table S10, the
Eu(°’D,) lifetimes in Table S11, while Table S12 lists the Tb(°D,)
lifetimes measured for [Tb;(L7);](CF;SOs)e¢ (H,0),, (8). Figure S1
shows ESI-MS spectra obtained during the titration of L7 with Eu'l;
Figure S2 shows the calculated ligand speciation during the titration L7
with La". Figure S3 displays a view of the unit cell in 10. Figures S4-S6
show emission spectra of [Lns(L7);]**, Ln=La (5), Eu (6), Gd (7), Tb

(8), and Lu (9).
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4f orbitals are screened from external perturbations by outer
filled 5s? and 5p° shells,? and the electronic properties of their
complexes can be rationally tuned by weak crystal-field
effects resulting from the precise control of the coordination
sphere;Pl a crucial point for the implementation of specific
functions.!  Sophisticated monometallic lanthanide com-
plexes have been thus designed for operating as 1) efficient
catalysts for asymmetric organic transformations,” 2) contrast
agents that possess two vacant coordination sites for magnetic
resonance imaging (MRI),1% 3) luminescent probes for sensing
base-pairing in oligonucleotides,”! and 4) magnetically ad-
dressable metallomesogens.®! An increased density of mag-
netic or optical probes in polymetallic f—f complexes offers
new perspectives for programming molecular devices in that
several lanthanide ions can be selectively introduced into the
final architectures.”'2l For instance, the intermetallic energy
transfers evidenced in the heterobimetallic helicates
[LnLn'(Li);]** (i=1, 2)!3¥ and [LnLn'(Li-2H),] (i=3,
4)[15. 18] have no counterpart in monometallic analogues, but
the intrinsic equivalence of the metallic sites prevents the
isolation of pure heterobimetallic complexes exhibiting direc-
tional magneticl'”l and opticall'® properties. The connection of
two different tridentate binding units in the segmental ligand
LS5 partially solves this problem, and nonstatistical mixtures of
homobimetallic ([Ln,(L5);]°*, [Ln’,(L5);]°") and heterobime-
tallic triple-stranded helicates ([LnLn’(L5);]®*) are observed
upon reaction with two different Ln™ ions. However, the
formation of some head-to-head-to-tail (HHT) geometrical
isomers as well as the major head-to-head-to-head (HHH)
species limits the programming of specific functionalities in
the final complexes.'”) An alternative approach considers the
C,,-symmetrical tris-tridentate segmental ligands 16,?" L7,
and L8, because the final trimetallic D;-symmetrical helicates
[Lns(Li);]°* display no isomers, and the nonequivalence of the
terminal NNO and the central NNN tridentate binding units
provides different nine-coordinate metallic sites. In this paper,
we demonstrate that 1) the strongly coordinating amide
groups grafted at both ends of the tritopic receptor L7
overcomes electrostatic repulsions associated with the com-
plexation of three lanthanide(i) in the triple-stranded
helicates and 2) the thermodynamic assembly of [Ln,(L7);]°*
is driven to completion by positive cooperativity. Particular
attention is focused on the consequences of the different
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crystal-field parameters generated by the nonequivalent
metallic sites for controlling the magnetic and photophysical
properties in the final complexes. A partial description of the
crystal structure of [Eus(L7);]°* has been reported in a
preliminary communication.?!

Results and Discussion

Synthesis of ligands L7 and L8: The C,,-symmetrical hetero-
topic ligand 2,6-bis{1-ethyl-5-{1-ethyl-2-[6-(N,N-diethylcarbam-
oyl)pyridin-2-yl]benzimidazol-5-methylene}benzimidazole-2-
yl}pyridine (L7) consists of two terminal carboxamide — pyri-
dine —benzimidazole (ONN) segments connected through
methylene spacers to a central tridentate bis(benzimidazole)-
pyridine unit. Ligand L7+ H,O is obtained in three steps from
the synthons 1 and 2 according to a strategy based on the
preparation of four benzimidazole rings from the tetra[/N-(2-
nitroarene)carboxamide] precursor 4 (Scheme 1).?2 Harsh
basic conditions are required to hydrolyse the terminal
carboxamide units to give the poorly soluble dicarboxylic
ligand L8 isolated as its salt K[L8-H]-:5.6H,0. The lack of
nuclear Overhauser effects (NOEs, 'H NMR) between the
ethyl group of the benzimidazole and the proton of the
adjacent pyridine rings (H2 or H9) for L7 and LS8 in solution
points to transoid arrangements of the benzimidazole — pyri-
dine units, as found for L2 and L3.'- %] Ligand L7 is soluble
enough in acetonitrile to allow complexation studies, but the
ambivalent lipophilic/hydrophilic nature of L8 prevents sig-
nificant solubility in common solvents except hot DMSO, and
no complexation study could be performed with this ligand.

Thermodynamic self-assembly processes of L7 with Ln™:
ESI-MS titrations of L7 (2x10™*m in acetonitrile) with
Ln(CF;S05);-xH,0 (Ln=La, Eu, Gd, Tb, Lu; x=1-4), for
an Ln:L7 ratio in the range 0.1-1.2, show the successive
formation of two cationic complexes [Ln,(L7);]°" and
[Lns(L7)5]°* together with their adduct ions [Ln,(L7);-
(CF;80;),]™* (n=1-3) and [Lny(L7)5(CF;805),]¢ "
(n=1-7) (Table S1, Figure Sla and S1b in the Supporting
Information). In the presence of excess metal (Ln:L7 >2.0),
the peaks corresponding to [Lns(L7);]°* are replaced with
new signals assigned to [Lny(L7),(CH;CN),(H,O),-

COOH

yN,

N” > ]
|
R =

R= —<\©L6

R=CONE, :L7
R=COOH :L8
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Scheme 1. Reagents: i) SOCL/DMF; ii) NEt;; iii) 2,6-bis(chlorocarboxy)pyridine, NEt;; iv) Fe,

HCI, EtOH/H,0; v) KOH, EtOH/H,O0.

(CFsS03),]® ™ (n=3, 5, 7), which involve the formation of
the “unsaturated” species [Lns(L7),]°* (Table S1 and Fig-
ure Slc in the Supporting Information).

Batch spectrophotometric titrations of L7 (2 x 10~*m) with
Ln(CF;S0;);-xH,O (Ln=La, Nd, Eu, Tb, Ho, Tm, Lu; x =
1-4) in acetonitrile display complicated variations of the
absorption spectra with end points for Ln:L.7=1.0 and 1.5 and
a smooth inflexion around Ln:L7 =0.5-0.7 (Figure 1). Factor
analysis??! points to the existence of four absorbing species
(L7, [Lny(L7)5]°%, [Lns(L7)5])°*, and [Lns(L7),]°*) in agreement
with the ESI-MS results, and the spectrophotometric data can
be fitted with nonlinear least-squares techniques?! to the
equilibria given in Equations (1) —(3), which characterize the
assembly process (the formation constants log(S5") are
collected in Table 1).

2L 4307 @ [Ln(L7)J"  log(B) @)
3L 4307 @ [Lo (L7 log(A) @
3Ln** 4+2L7 2 [Lny(L7),]*  log(8%) ®

The variables A5 and S5 do not vary significantly from
their average values (log(f%)=25.7 and log(B%)=34.6)
within experimental error along the lanthanide series. The
stability constants for the formation of the bimetallic com-
plexes [Ln,(L7);]%* is close to log(55)) =25.3-24.0, obtained
for [Lny(L2);]** in the same conditions and for which the
lanthanides are nine-coordinate by three wrapped NNO
binding units.'¥ Complexation of three NNN binding units
to Ln™ in [Lny(L1);]* produces less stable complexes
(log(BE8) =17.5-20.0);1% this suggests that the two Ln'! ions
occupy the terminal nine-coordinate N¢O; sites in
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[Lny(L7);]°*, while the central N site
remains unoccupied. The variable B4
K reflects the stability of the trimetallic
triple-stranded helicates [Ln;(L7);]°* in

which the three nine-coordinate sites

(one central Ny and two terminal N¢Os

sites) are occupied by metals. In contrast

to the triple-helical  complexes

J [Ln(L9);]**, which display a marked

Z
e}
&
—
[ 5]

preference for mid-range Ln"™,>! the
analogous central LnN, metallic site in
[Lns(L7);5]°* does not exhibit significant
size-discriminating effects; this is in
agreement with the removal of intra-
molecular interstrand repulsions occur-

Absorption

230 260 290 320 350 380 410
Wavelength / nm

b) L5
324 nm

£ 10 \_,,.,_,__B—m,f

g \_,v._—f—ﬂ———'

ﬁ 05 i 370 nm
385 nm

0.0 P s L L
0.0 1.0 2.0 3.0 4.0 5.0
La/L7
)

Absorption

0.0 1.0 2.0 3.0 4.0
LwL7
Figure 1. a) Variation of the absorption spectra observed during the
spectrophotometric batch titration of L7 (2 x 10~*m) with La(CF;SO;);-
2H,0 in acetonitrile at 298 K (Ln:L7 in the range 0.1-4.3). b) Corre-
sponding variation of the absorption at five different wavelengths for Ln =
La. ¢) Variation of the absorption at five different wavelengths for Ln = Lu.
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Table 1. Formation constants log(8}") for the complexes [Ln,(L7)]*" in
acetonitrile at 298 K.

La™ log(B23) log(33) log(f3,) log(K,)t#!
La! 25.0+1.1 343412 25.8+1.1 88+1.5
Nd™ 26.0+1.0 35.0+1.1 26.4+1.0 92+1.1
Eu'! 259+14 348+1.6 26.0+1.4 8.4+1.5
Tb 25.84+0.2 35.0+1.2 27.24+0.1 11.6 £0.9
Ho'! 26.0+1.0 35.0+1.2 26.5+1.0 95+1.1
Tm'™ 260+1.6 345+1.8 26.9+0.9 11.7+14
Lu't 255+1.1 33.94+0.3 274405 14.4+0.4

[a] Log(K%") =3log(B%) — 2log(p5h) calculated by using the centroid
values of the formation constants.

ring between the closely packed benzimidazole rings (vide
infra, Figure 6). Finally, the slight increase of log(5%) in going
from Ln=La to Lu suggests a reduced stability of the triple-
helix in the presence of excess metal for small Ln'! ions, as
exemplified by the trend of the estimated centroids of the
equilibrium  constants  log(K}") =3log(f%) — 2log(B%s)
[Eq. (4) and Table 1].
2[Lny(L7)5"" +3Ln** @ 3[Lny(L7),]"* log(K5) “)
The distribution curves computed by using the formation
constants reported in Table 1 show that the trimetallic
complexes [Lns(L7);]°* are almost quantitatively formed for
Ln:L7 close to 1.0, but the decomposition into [Ln,(L7);]°* in
the presence of excess ligand, or into [Lns(L7),]°* in the
presence of excess metal is favored for small Ln™ (Figure 2).
Finally, parallel spectrophotometric titrations of L7 with

a)
100
[Lay(L7);}**
0 [\L7 [Lay(L7),1%*
260 |
B
® 40 |
20 |
[Lay(L7),)6
ol N T
0.0 1.0 2.0 3.0 40 5.0
La/L7
b)
100
N LayL7%% [LuyL7),1%
80 %
g 60 r
o
® 40
20 f [Luy(L7),]*
o L
0.0 1.0 2.0 3.0 40 5.0
Lw/L7

Figure 2. Calculated ligand speciation curves in acetonitrile for a total
ligand concentration of 2 x 10~*m and Ln:L7 in the range 0.1-5.0: a) Ln=
La™ b) Ln=Lu™
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Ln(ClOy);-xH,O in acetonitrile give log(S;), which are
identical within experimental errors to those reported in
Table 1. This rules out some specific coordinating behavior of
CF;SO;™ that could be responsible for the formation of the
“unsaturated” complexes [Lns(L7),]°* in the presence of
excess metal.

The two formation constants f3,; and 355 allow an estimate of
the cooperativity of the assembly process leading to the
trimetallic triple-stranded helicates [Lns(L7);]°+.2*28 Accord-
ing to the speciation reported on Figure 2, the formation of
[Lns(L7),]°* can be neglected for Ln:L7 ratios in the range
0.1-1.0, and the occupancy factor r corresponding to the
average number of sites occupied by the metal in the triple-
helix is thus given by Equation (5):¢

m 2
s L0y 3Ll — Lnf) 2L

= = = = =~ (5)
[(L7)s] L7 ot L7 otall 1+ 3> BuslLnm[L7]

Plots of r/|Ln| as a function of r (Scatchard plots)P]
correspond to reliable tests for cooperativity, because a
straight line is expected when the successive binding of the
metal ions is statistical (i.e., no cooperativity occurs), while
concave downward or convex upward curves characterize
positive or negative cooperativity, respectively.?®l The Scatch-
ard plots obtained for [Lns(L7);]°* (Ln=La, Eu, Lu) are
similar and concave; this implies that the self-assembly
processes are driven to completion by positive cooperativity
as previously reported for trimetallic Ag'®” and Cu'®! double-
stranded helicates (Figure 3). Since f3,5 is not accessible, the

1.2E+09 |

8OE+08 [/
r/La| r

4.0E+08 |

0.0E+00 P L . .
0 0.5 1 15 2 2.5 3

Figure 3. Scatchard plot for the formation of the triple-stranded helicate
[Las(L7)5]°* in acetonitrile.

cooperativity process refers to the fixation of the third
lanthanide ion with respect to the average binding of the
metal ions in [Ln,(L7);]°", and we conclude that electrostatic
repulsion associated with the complexation of the third Ln"is
more than compensated by the preorganization of the
receptor brought about by the first two metal ions. Related
Scatchard plots for the bimetallic helicates [Ln,(L1);]** (Ln=
La, Eu, Lu) display convex curves and negative cooperativ-
ity;? this highlights the crucial role played by 1) the ligand
design (i.e., the replacement of terminal benzimidazole
groups in L1 or L6(% with carboxamide groups in L7) and
2) the overall nuclearity of the assembly processes.

'H NMR titrations of L7 (5 x 103m) with Ln(CF;SO3);+
xH,0 (Ln=La, Eu, Lu; x=1-4) in CD;CN qualitatively
confirm the successive formation of the three complexes
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[Lny(L7);5]°F, [Lns(L7)5]°*, and [Lns(L7),]°*. According to the
speciation at this concentration, we expect [Lns(L7);]°* to be
the major species for Ln:L7 in the range 0.8-1.3, and it is
quantitatively formed for Ln:L7=1.0 (Figure S2 in the
Supporting Information). The 'H NMR spectra of
[Lnsy(L7);)°* (Ln=La, Eu, Lu) display 25 signals character-
istic of the quantitative formation of a racemic mixture of the
triple-stranded helicates PPP-[Lns(L7);]** and MMM-
[Lns(L7)5]°* (Figure 4a, detailed assignments and discussion

1
17 132

peely
f

a) 4 4
5
1 3
6{ S8 20
18
\
x A 10 [
11 56
2
1% 1
4 1314 /
1 QMM
T T T T T T
8 7 6 5 3 2 1 ppm

=
.
c
(

H,0
CDHCN ™

)

Jumﬂwwgﬂh

T | T T T T T
8 7 6 5 4 3 2

Figure 4. 'H NMR spectra obtained during the titration of L7 with
La(CF;80;);:2H,0 in CD;CN (298K): a)La:L7=1.0, b) La:L7=04
(* indicates peaks specific to [La,(L7);]°") and c¢) La:L7 =3.0.

|
1 ppm

are given in the section dedicated to the solution structure of
[Lns(L7);)°).2Y In the presence of excess ligand (Ln:L7
<1.0), we observe the formation of a new species ascribed to
[Lny(L7)5]°*, which does not interconvert rapidly with
[Lns(L7)5)°* on the NMR timescale, and whose 'H NMR
signals strongly overlap with those of [Ln;(L7);]°* (Figure 4b).
Although a detailed assignment of the point group of
symmetry and of the solution structure is precluded by the
limited set of individual signals detected for this complex
([Lny(L7)3]%* corresponds to a maximum of 50 % of the ligand
speciation in a mixture of L7, [Ln,(L7);]®" and [Lns(L7)5]°*,
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Figure S2 in the Supporting Information), the observation of
anomalously shielded aromatic signals around 0=5.9-
6.4 ppm for the diamagnetic complexes [Ln,(L7);]°" (Ln=
La, Lu, Figure 4b) is characteristic for the helication of the
strands, which puts HS and H6 in the shielding region of the
wrapped benzimidazole rings.?"?2l We tentatively conclude
that the triple-helical arrangement is maintained in solution
for [Ln,(L7);]%", which may exist as a mixture of structural
isomers in which either one terminal or the central metallic
site remains unoccupied. In the presence of excess metal
(Ln:L7 >1.0), the signals of H5 and H6 that occur at 6 =5.88
and 5.76 ppm, respectively, in the triple-helix [Las(L7);]°*
(Table 4 below) are shifted toward the “regular” aromatic
range (6 =7.0-8.5 ppm), because the wrapping of the strands
is relaxed in [Las(L7),]’* (Figure 4c). The broadening of the
peaks together with the systematic observation of enantio-
topic signals for the methylene probes H12-H12', H13-H13’,
H14-H14', H15-H15, and H16-H16' point to fast dynamic
equilibria compatible with an average C,, symmetry of the
ligand strands, as found for the free ligand. Significant
paramagnetic shifts in [Eus(L7),]** confirm that the ligands
remain coordinated to the metal ions, and these results are
compatible with [Lns(L7),]°* adopting a flexible double-
helical structure in which PPP= MMM helical interconver-
sion is fast on the NMR timescale. ESI-MS data strongly
suggest that solvent molecules and/or triflate counterions
complete the coordination sphere. F NMR spectra of
[Lus(L7)5]°* and [Lus(L7),])°* in CD;CN at 298 K show one
singlet corresponding to ionic triflate anions (dp=
—79.68 ppm with respect to CFCl;), but low-temperature
spectra for [Lus(L7),]°* display signals for both ionic and
coordinated triflates, which are involved in partial complex-
ation in the first coordination sphere. In conclusion, NMR
data support ESI-MS and spectrophotometric data obtained
at lower concentrations and points to the formation of three
complexes in solutions: one bimetallic triple-helical complex
[Ln,(L7);]%* existing as a mixture of isomers, one rigid and
well-defined trimetallic triple-stranded helicate [Lns(L7)5]°*,
and one dynamically flexible trimetallic double-stranded
helicate [Lus(L7),]°*. Since the ultimate goal of our approach
is concerned with the design of saturated lanthanide com-
plexes with predetermined properties, only the trimetallic
triple-stranded helicates [Lns(L7);]°* have been further
characterized.

Isolation of the complexes: Stoichiometric mixing of L7 with
Ln(CF;S05);-xH,0 (Ln=La, Eu, Gd, Tb, Lu; x=1-4) in
acetonitrile followed by slow diffusion of diethyl ether
provide microcrystalline powders of [Ln;(L7);](CF;SO3),¢
xH,0 (Ln=La, x=4: 5; Ln=Eu, x=4: 6; Ln=Gd, x=2:
7, Ln=Tb, x=12: 8; Ln=Lu, x=6: 9) in 77-89% yield.
Elemental analyses support the proposed formulations (Ta-
ble S2 in the Supporting Information) together with the IR
spectra, which display the bands characteristics of the ligand
strands. Complexation to Ln"' in 5-9 induces a splitting and a
red shift (20 cm™!) of the v stretching frequency, while new
strong absorptions at 1250 (v, + v,(CF3)), 1160 (v,(SO3)),
1050 (v,(SO3)), and 640 cm! (v,(SO;)) are typical for ionic
triflate counterions.’”) Re-dissolution of 5-9 in acetonitrile
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gives '"H NMR and ESI-MS spectra identical to those
obtained from direct titrations after thermodynamic equili-
bration. X-ray quality prisms of [Eus(L7);](CF;SO5)e-
(CH;CN)o(H,0), (10) were obtained by slow diffusion of
diethyl ether into a concentrated acetonitrile solution of 6.

Crystal and molecular structure of [Eu;(L7);](CF;SO;),-
(CH;CN)y - (H,0), (10): The crystal structure of 10 consists
of discrete triple-helical [Eus(L7);]°* ions, uncoordinated
triflate anions, and solvent molecules. The anions and solvent
molecules are partially disordered (see CCDC data and
Experimental Section). Figure 5 shows the atom-numbering
scheme, Figure 6 displays a view of the cation perpendicular
to the pseudo-threefold axis, and selected geometrical param-
eters are collected in Table 2.

Figure 5. Perspective view of one strand in the cation [Eus(L7);]°* with the
atomic numbering scheme.

The molecular structure of [Eus(L7);]°* confirms the
formation of a triple-stranded helicate, with its pseudo-
threefold axis passing through the three europium atoms.
The helical twist of the ligands results from successive torsions
about the interannular C—C bonds within each tridentate
segments (12-41°, Table S3 in the Supporting Information)

Chem. Eur. J. 2003, 9, No. 8
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Figure 6. View of the cation [Eu;(L7);]* perpendicular to the pseudo-C;
axis with a different representation for each strand.

Table 2. Selected bond lengths [A] and angles [] for [Eus-
(L7):](CF3805)y(CH;CN)y(H,0), (10).

ligand a ligand b ligand ¢
Eul—N1 2.607(6) 2.555(7) 2.608(7)
Eul—N2 2.534(7) 2.593(7) 2.599(6)
Eul—N8 2.599(7) 2.583(5) 2.585(7)
Eu2—-01 2.381(6) 2.376(6) 2.408(6)
Eu2—N4 2.597(6) 2.549(7) 2.643(7)
Eu2—-N6 2.594(7) 2.651(7) 2.653(6)
Eu3—-02 2.375(8) 2.400(7) 2.405(5)
Eu3—-N10 2.565(7) 2.665(7) 2.594(7)
Eu3—N12 2.597(7) 2.571(6) 2.565(8)
Eul-..-Eu2 9.3165(7)
Eul.--Eu3 9.0762(7)
Eu2-.-Eu3 18.3650(9)
N1-Eul-N2 63.7(2) 63.2(2) 63.5(2)
N1-Eul-N8 62.2(2) 62.4(2) 61.8(2)
N2-Eul-N8 125.9(2) 125.5(2) 125.2(2)
O1-Eu2-N6 64.5(2) 63.1(2) 63.2(2)
N4-Eu2-N6 62.8(2) 62.6(2) 61.7(2)
O1-Eu2-N4 127.1(2) 125.7(2) 124.9(2)
N10-Eu3-N12 62.6(2) 63.9(2) 63.1(2)
02-Eu3-N12 63.1(2) 62.7(2) 62.6(2)
02-Eu3-N10 125.7(2) 125.1(2) 125.6(2)
Eu2-..-Eul.--Eu3 173.71(1)

combined with approximate orthogonal arrangements (60—
87°, average 76°) of the benzimidazole rings connected to the
same methylene spacer (Figure 6). The total length of a helical
strand in [Euy(L7);]** amounts to 21.6 A [as measured by the
distance between the facial planes (F1 and F9) defined by the
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terminal oxygen atoms F1: O2a, O2b, O2c and F9: Ola, O1b,
Olc, Scheme 2] for 1.58 turns, thus leading to an average pitch
of 13.6 A. A detailed analysis of each helical portion defined
by the nine almost parallel facial planes F1-F9 (Scheme 2,

F9 (01a01bO1c)
F8 (N6aN6bN6c)

F7 (N4aNdbNdc)

F6 (N2aN2bN2c)

F5 (N1aN1bN1c)

F4 (N8aN8bN8c)

F3 (N10aN10bN10c)

F2 (N12aN12bN12c)

F1 (02a02b0O2c)

SNRERIAY

Scheme 2. Facial planes F1-F9 delimiting the helical portions in [Eus-
L7

interplanar angles 1-18°, Table S4 in the Supporting Infor-
mation) requires the calculation of specific helical pitches
P;=d(Fi — Fj)/(w;/360) for each Fi—Fj portion, in which
d(Fi — Fj) is the separation between the facial planes and w;; is
the average twist angle defined by the angular rotation
between the projections of Ni and Nj (or Oj) belonging to the
same ligand strand (Tables S5—S7 in the Supporting Infor-
mation).®!l The resulting P; values collected in Table 3
correspond to the length of cylinders containing a single turn
of the helices defined by the geometrical d(Fi—Fj) and o,
parameters. Significant variations of the wrapping mode of
the ligands occur along the helical axis. Firstly, the helicity
within the terminal EuNyO; sites is irregular with tight
rotation characterizing the carboxamide—pyridine units
(P1,=9.03 and Pg=9.38 A) followed by smaller angular
rotation (i.e., larger pitches) for the pyridine —benzimidazole

Table 3. Helical pitches Py, linear distances d(Fi —Fj) and average twist
angles w; along the pseudo-C; axis in the crystal structure of [Eu;-

(L7)3](CF3503)9 * (CH3CN)9 ¢ (Hzo)z (10)-

d(Fi — Fj) [A] o, [] Py [A]
F1-F2PI 1.42 56.6 9.03
F2-F3 1.86 50.1 13.37
F3-F4 5.81 123.1 17.00
F4-F5 1.57 54.1 10.45
F5-F6 1.69 53.6 11.35
F6-F7 6.11 122.4 17.97
F7-F8 1.70 51.7 11.84
F8-F9 1.47 56.4 9.38

[a] w;; are given as Cs-average values (see Tables S5-S7 for the definition
of w; in the Supporting Information). [b] F1: O2a, O2b, O2c; F2: N12a,
N12b, N12¢; F3: N10a, N10b, N10c; F4: N8a, N8b, N8c; F5: Nla, N1b, Nlc;
F6: N2a, N2b, N2c; F7: N4a, N4b, N4c; F8: N6a, N6b, N6c; F9: Ola, Olb,
Olc (see Scheme 2).
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portions (Py;=13.37 and P;;=11.84 A). A parallel behavior
has been previously reported for heterobimetallic triple-
stranded LnCr'™ helicates in which Ln'! is coordinated by
similar terminal tridentate NNO binding units.'l Despite the
use of rigid diphenylmethane spacers between the nine-
coordinate metallic sites, the helical twist is severely relaxed in
the intermetallic portions of the triple helix (F3/F4 and F6/
F7), while a tighter rotation is associated with the complex-
ation of the central bis(benzimidazole)pyridine segments to
Eul (F4/F5 and F5/F6).

No significant interstrand stacking interaction is detected in
[Eus(L7)5]°" and the stability of the final helicate relies on the
formation of 27 dative bonds (21 Eu—N and 6 Eu—O bonds)
that overcome the electrostatic repulsion associated with
three Eu' held at approximately 9.0 A (Table 2). In contrast
to the molecular structure of the monometallic model
compound [Eu(L9);]**, in which strong interstrand m—m
stacking interactions between the imidazole rings prevent
complexation of small Ln'",[?-3 stereochemical constraints
induced by the terminal metallic sites in [Eus(L7);]°* affect
the wrapping of the strands around Eul. Interstrand inter-
actions are removed in [Euz(L7);]°* and this may explain the
lack of size-discriminating effects affecting [;; along the
lanthanide series (Table 1). The three metals are nine-
coordinate surrounded by three wrapped tridentate segments
leading to slightly distorted tricapped trigonal prisms in which
the three nitrogen atoms of the pyridine rings occupy the
capping positions. Detailed geometrical analyses based on the
¢, 6, and w;; angles (Tables S5-S7 in the Supporting Informa-
tion)*! show only minor deformations from perfect trigonal
prisms, except for small twists of the trigonal faces (w;=9-
15°) that closely match those reported for the model
compounds [Eu(L9);]** (w;=10°)"2 and [Eu(L10);]** (w;=
15-17°).%1 The only significant differences between the

geometry of the terminal and the central metallic sites are the
slight shifts of Eu2 and Eu3 out of the facial planes F8
(0.148(1) A) and F2 (0.191(1) A) toward the oxygen tripods,
while Eul lies in the facial plane F5 (deviation 0.0023(1) A).
The Eu—N(benzimidazole), Eu—N(pyridine), and Eu—O-
(amide) bond lengths are standard (Table 2),['> 4 although
considerable bending of the pyridine and benzimidazole rings
preclude ideal alignments of the nitrogen lone pairs with the
coordinated Eu! ion (Figure 6). We conclude that the
replacement of heterocyclic nitrogen atoms in NNN segments
with oxygen atoms in NNO segments has minor effects on the
geometrical arrangement of the nine-coordinate pseudo-
tricapped trigonal prismatic metallic sites, but the stronger
(and shorter) Eu—O bonds reinforce the nonequivalence of
the coordination sites along the helix.
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In the crystals, the triple helical cations are closely packed
parallel with the bc plane with their pseudo-threefold axis
almost aligned (4.6°) with the [012] direction (Figure S3 in the
Supporting Information).

Multicenter paramagnetic NMR spectra and solution struc-
ture of [Ln;(L7);]°* (Ln=La-Tb, Y, Lu): The 'H NMR
spectra of [Ln;(L7);]** for the diamagnetic metals Ln=1La, Y,
Lu display 25 well-resolved signals assigned to eleven aro-
matic protons (H1-HI11), ten methylene protons (H12-
H16), and four methyl groups (Mel7-Me20) characteristic
of a half ligand strand and pointing to average D;, D3, or Cy,
symmetry for the complexes in solution (Figure 4a). The
systematic diastereotopicity of all methylene protons (H12-
H16) (observed as pseudo-sextets because J? = 2.J°, Figure 4a)
excludes a D3, symmetrical arrangement of the three strands
(i.e., a nonhelical arrangement or a fast helical interconver-
sion), but it is compatible with a non-interconverting racemic
mixture of 1) helicates PPP-[Lns(L7);]°t and MMM-
[Lns(L7)5]°* or 2) side-by-side complexes PM P-[Ln;(L7);]°*
and MPM-[Lny(L7);]°* belonging to the D; point group.B!
The large upfield complexation shifts of the protons bound to
the 4-position of the benzimidazole rings (H5,H6) in
[Las(L7);]°* (A6 =1.83-1.93 ppm), [Y3(L7);]’* (Ad=2.21-
2.37 ppm), and [Lus(L7)5]°* (A0 =2.32-2.50 ppm, Table 4)
are diagnostic for a regular helication that puts these protons
in the shielding region of the connected benzimidazole ring!*
in agreement with the crystal structure of [Eus(L7);]°* (Fig-
ure 6), but in complete contradiction with amphiverse PMP
(or MPM) conformers. The observation of weak but signifi-
cant interstrand NOE effects involving protons of the
terminal and central binding units (for instance H4-HI18)
points to three strands tightly wrapped about the helical
axis;? this rules out complexes that possess a central
lanthanide with no helicity such as the racemic mixture of
PP-[Ln;(L7);]** and MM-[Lny(L7);]°* (D5 symmetry) or the
side-by-side complex PM-[Ln;(L7);]°* (Cs, symmetry). These
NMR data unambiguously establish that the triple-helical

intermolecular constraints provides a racemic mixture of inert
triple-stranded helicates PPP-[Lny(L7);]°* and MMM-
[Lns(L7);]°* with average D; symmetry on the NMR time-
scale.

Further geometrical and electronic information can be
gained from the separation of contact (through-bond, §) and
pseudo-contact (through-space, 6%°) contributions to the
isotropic paramagnetic shifts (65") produced by fast-relaxing
Ln'""B% For any nucleus i in a complex of a lanthanide j, the
paramagnetic shifts are obtained from the experimental
chemical shifts 05" by using Equation (6) if the residual
signal of the solvent is taken as an internal reference.> 3 The
diamagnetic contribution J§* in the paramagnetic complexes
[Lns(L7);]°* is obtained from the NMR spectra of the
isostructural diamagnetic complexes [La;(L7);]** (Ln=Ce-
Nd), [Y3(L7);)’* (Ln=Sm-Ho) and [Lus(L7);]°* (Ln=Er-
Yb).
ope —

85+ 07 = 0! — g (6)

The contact contribution results from spin delocalization
according to the Fermi mechanism [Eq. (7)] in which F; is the
contact term (proportional to the hyperfine Fermi constant
A)) and (S,); is the spin expectation value of the S, operator
tabulated by Golding and Halton for the free lanthanide ions
at 300 K.F7

05 = ——(S.);
’ hyH, !

Fi(S); ™
For axial complexes possessing at least a threefold axis, the
development of the paramagnetic anisotropy of lanthanide
complexes in a power series of 7" limited to n =2 proposed
by Bleaney?! leads to Equation (8) for the pseudo-contact
contribution, in which B} is the second-rank crystal-field
parameter of the complex, C;is the Bleaney’s factor tabulated
for each lanthanide j at 300 K and scaled to Cp,, = — 10003
and G;=(3cos*(6;,) —1)/r} is the structural factor of the
nucleus i containing its internal axial coordinates 6; and r;.

structure observed in the solid state is maintained in solution » B+ p)g 3cos?6; — 1

. . . = > B%( ) = C;BiG; 8)
along the complete lanthanide series and that relaxation of ! 120(kT) r}
Table 4. Experimental and computed 'H NMR shifts (in ppm with respect to SiMe,) for [Ln;(L7);]** in CD;CN at 298 K.l

H1 H2 H3 H4 HS5 Ho6 H7 H8 H9 H10 H11 Mel7 Mel8 Mel9 Me20

L7 8.00 830 733 722 7.71 7.69  7.22 7.34 8.37 791 7.51 1.31 1.42 1.25 1.04
[La;(L7)5)°* 8.09 764 719 692 5.88 576 7.24 7.53 8.20 8.18 7.60 142 139 0.90 0.65
[Y5(L7)5]°+ 7.92 755 722 687 5.50 532 719 7.51 8.27 8.17 7.65 1.46 1.44 1.01 0.59
[Lus(L7),]°*+ 7.88 753 724  6.89 5.39 519 7.16 7.50 8.28 8.17 7.66 1.45 1.44 1.04 0.58
[Ces(L7)5]°+ 8.71 819 714 6.27 —-2.17 —-240 6.79 747  10.27 9.78 8.87 2.46 1.78 1.05 —2.44
[Ces(L7);+ 1 875 827 713 6.28 —-213 —242  6.78 746  10.18 9.72 8.82 2.43 1.75 1.07 —243
[Pr3(L7)5]°+ 9.63 973 721 577 —8.75 —-9.60 6.39 778 1176 10.62 9.68 3.09  2.00 1.27 —4.74
[Prsy(L7);]°* ) 9.47 926 722 574 —8.68 -933 640 774 12.02  10.96 9.94 320 201 1.22 —4.86
[Nd;(L7),]°+ 9.43 9.80 7.51  6.29 —1.31 -273  6.79 8.16  10.51 9.57 9.12 2.10 1.12 1.12 —2.00
[Nd5(L7);]°+ 1 9.23 9.67 754 633 —-1.20 —-215 682 8.48  10.60 9.49 9.03 2.15 1.59 1.07 —1.83
[Eus(L7)5])%* 6.21 417 635 7.62 13.10 14.04 776 4.50 4.76 6.35 5.24 0.71 0.84 0.53 3.61
[Euy(L7)5)+ 1 5.66 295 623 771 15.14 16.96  7.79 493 418 6.45 5.27 0.67 1.32 0.75 3.67
[Euy(L7)5)* 1 6.14 405 648 17.60 13.90 1520 771 5.54 4.90 6.62 5.66 0.71 1.26 0.77 3.39
[Tbs(L7),]°*+ 886 —314 142 012 —80.00 —75.00 227 —-556 2020 2520 1680 1391 5.80 3.50 —36.50
[Tbsy(L7);°+ 1 8.60 -2.81 183 0.03 —83.33 —7744 235 —514 2255 2574 1714 1454  6.88 2.68 —36.30

[a] Sm™ is not considered because of its weak paramagnetism. [b] Chemical shifts calculated with Equation (11) and (S,);=10.68 (see text). [c] Chemical

shifts calculated with Equation (11) and (S.);=7.5 (see text).
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Substituting Equation (7) and (8) into Equation (6) gives
Equation (9), which is well suited for extracting contact (F;)
and pseudo-contact (B3G;) terms for any nucleus by a
multilinear least-squares fit of 65" versus (S,); and C; along
a series of isostructural monometallic lanthanide com-
plexes,® for which the hyperfine constants and the crystal-
field parameter do not vary.['’]

o5 = F(S.);+ C;BiG; )

The existence of three paramagnetic centers in the homo-
trimetallic helicates [Ln;(L7);]°* requires some modifications
of the classical Equation (9) derived for monometallic com-
plexes; Equation (10) holds for an axial multicenter homo-
polymetallic lanthanide complex containing » paramagnetic
centers.

orm = (Z F;-") (S.);+ (Z B%“‘G,-"’) G (10)

m=1 m=1

Since 1) no magnetic coupling occurs at room temperature
between the Ln' jons lying at distances larger than 4 A and
2) the tridentate binding units are separated by methylene
bridges in L7 that are poor electronic relays, we assume that
the contact contributions d5; result from through-bond Fermi
interactions with a single metallic center as previously
demonstrated for [Ln,(L3-2H);].['¥] On the other hand, the
pseudo-contact contribution 6} in the D;-symmetrical heli-
cates [Ln;(L7);]°t results from the sum of the effect induced
by each metal ion according to Scheme 3. Different crystal-
field parameters for the central LnN, (BF*) and the two

C; axis

Scheme 3. Axial coordinates considered in the trimetallic axial complexes
[Lng(L7)s]°"

terminal LnNO; (B3"™™) metallic sites are required and
Equation (10) reduces to Equation (11) for [Lns(L7);]°* with
S; defined as [BF"™" G} + B3 (G? + G3})].

o =F(S,);+ CS,; (1n
The associated linear forms [Egs. (12) and (13)] can be used

for testing isostructurality, since plots of 85"/(S.); versus C/
(S2); [Eq. (12)] and O5™/C; versus (S.)/C; [Eq.(13)] are
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expected to give linear correlations as long as the structural
factors G7" (m=1-3), the contact term F, and the crystal-

field parameters do not change along the lanthanide ser-
g [17,39]
ies.

6}7.311'31 C]
—=Fi+ S (12)
() (S)j
gpara 37 .
O s r SN (13)
C G

7 7

For paramagnetic [Ln;(L7);]°* helicates, a reliable assign-
ment of the 25 '"H NMR signals depends on the detection of
'H-'H scalar (from COSY spectra) and dipolar couplings
(from NOESY or ROESY spectra).’ Since lanthanide-
induced paramagnetic nuclear relaxation increases with the
effective magnetic moments of the complexes,®! useful
COSY and NOESY spectra for fast-relaxing lanthanides can
be recorded only for weakly paramagnetic complexes (Ln=
Ce, Pr, Nd, Sm, and Eu, Table 4). For the diastereotopic
methylene protons (H12-H16), the multiplets cannot be
assigned unambiguously to one specific proton of the pair
along the lanthanide series, and these signals are not
considered in the structural analysis.**! Plots of 67**/(S,),
versus C/(S.); [Eq. (12)] and 6/C; versus (S.)/C; [Eq. (13)]
are linear for all aromatic protons (H1-H11) and for the
methyl groups (Mel7-Me20) along the series Ln=Ce-Eu,
in agreement with the existence of an isostructural series
(Figure 7). A first set of F; and S; factors obtained with
Equation (11) have been used for the prediction of the
'H NMR spectra of [Lns(L7);]°" with the strongly para-
magnetic lanthanides (Ln =Tb-Yb).*l Comparison between
predictions and experimental data is only satisfying for
[Tbs(L7);]°*, thus allowing a complete assignment for this
complex (Table 4) and its consideration for the calculations of

a) 1.0
Tb
0.5 |,
s 00 . Bu
HiOj “
<S> 05 Nd . Pr
ey t. -
210 +
15 b AN
]
Ci
2.0 L 1 L 1 c .
3.0 10 1.0 30 50 70
Cl
(8.1,
b) -0.1
Tb
.02 - ’Pr
i, ¢+
-0.3 .
C, Ce ...
04 e Eu
e
05 L . .
-0.5 0.5 1.5 2.5
(8.),
C

Figure 7. Plots of a) 65""*/(S,); versus C/(S.); [Eq. (12)] and 65**/C; versus
(8,)/C; [Eq. (13)] for H10 in [Lny(L7);]*" (R =Ce-Tb, CD;CN, 298 K).
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Table 5. Computed values for contact (F;) and pseudo-contact S; = [BF"™ G} + B}*™" (G? + G})] terms and agreement factors (AF;) for aromatic and methyl protons
in complexes [Lns(L7);]°* (Ln = Ce-Tb, CD;CN, 298 K).[?!

H9 H10 H11 Mel7 Mel8 Me19 Me20

—0.18(3) —042(6) —0.10(1) 0.043(4) 0.45(7) 0.6(1) 0.031(3) —0.26(3) —0.28(5) —0.07(4) —0.16(3) —0.01(2)

0.01(4) —0.02(1) 0.11(2)

0.05(1) —027(1) —023(1) —0.17(1) —0.158(4) —0.06(1) —0.025(4) 0.470(5)

H1 H2 H3 H4 H5 H6  H7 HS
F,

S, —008(1) —0.03(2) 0.025(2) 0.095(1) 1.20(2) 1.20(3) 0.068(1)
AFP 023 0.12 007 002 004 005 002

0.05

0.18 0.04 0.04 0.05 0.29 0.33 0.01

[a] F; and S; are obtained by linear least-squares fits of 05**/(S.); versus C/(S.); [Eq. (12)]. [b] Calculated according to AF,=[} (o5 — O‘?;‘“d)Z/Z(éf»}‘“)z]”z.“‘”
J 7/

the final set of F; and S; factors collected in Table 5. For Ln=
Dy-Yb, the experimental '"H NMR spectra do not fit those
predicted with Equation (11), but we cannot ascribe this
deviation to an abrupt structural change, since variations of
the crystal-field parameters near the middle of the lanthanide
series, sometimes referred to as the gadolinium break
effect,*!] are likely to occur in [Ln(L7);]°*, as previously
observed for related homo- and heteropolymetallic triple-
stranded helicates.'?#l More sophisticated mathematical
analyses using novel crystal-field independent techniques** 421
extended to trimetallic complexes with different crystal-field
parameters will be discussed elsewhere,[*¥] but they eventually
confirm isostructurality along the complete lanthanide series
for [Ln;(L7);]°*(Ln = Ce-Yb), together with an abrupt varia-
tion of the crystal-field parameters between Tb and Dy.

For the Ln=Ce-Tb series, the Wilcott agreement fac-
torsi* are acceptable for all aromatic protons (0.02 < AF, <
0.23, Table 5), and they can be compared to similar mathe-
matical treatments applied to the monometallic model com-
plexes [Ln(L9);]** (0.04<AF;<0.25)®! and [Ln(L10),**
(0.01 < AF;< 0.33).1%] The large AF; values observed for
Mel8 and Mel9 result from minor paramagnetic shifts
associated with negligible spin delocalization (F;) and dipolar
effects (S)).

The F; values are negligible for protons separated from the
paramagnetic center by more than five bonds, thus justifying
that the contact contribution can be limited to a single
magnetic center in [Lns(L7);]°*. Interestingly, the absolute
values | F;| for the central pyridine protons H1 and H2 are
larger than those found for the related protons of the terminal
pyridine groups H9—-H11; this strongly suggests larger spin
delocalization onto the bis(benzimidazole)pyridine units.
These results closely parallel the |F;| values obtained for
[Ln(L9);]** (| Fi |=0.26, | Fyp|=0.42),1 a model for the
central LnN, metallic site, and which are larger than those
found in [Ln(L10);]** (| Fiy |=0.11, | Fiyp | =0.13),7% a model
for the terminal LnN¢O; metallic sites The unsymmetrical
delocalization | Fyo |>| Fyy; | is characteristic for NNO triden-
tate binding units, as previously established for heterobime-
tallic LnCo™ helicates in which Lo lies in a similar LnN4O;
site.B] The structural factor S; is difficult to interpret because
it combines two crystal-field and three geometrical parame-
ters. The maximum values found for H5 and H6 confirm the
tight helical wrapping of the strands that forces them to point
inside the triple helix, close to the metal ions (i.e., (r?)> are
large). The larger values of S; observed for H9—H11 relative
to those obtained for the central pyridine (H1, H2) are
responsible for the strong paramagnetic shift experienced by
the terminal pyridine ring; however, its eventual assignment

Chem. Eur. J. 2003, 9, No. 8
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to specific geometrical parameters requires the evaluation of
the crystal-field parameters. Taking the crystal structure of
[Eus(L7)5]°* as a structural model for the solution structure,
the geometrical factors G (m=1-3) can be calculated
(Table S8 in the Supporting Information) and a multilinear
least-squares fit of S; versus G} and G? + G} for the eleven
aromatic protons H1-HI11 gives BZ™™ =—-48(3) and
B3™" = —70(3).5] The observation of negative signs for the
two crystal-field parameters implies that the axial coordinates
0, of the donor atoms occupying the vertices of the trigonal
prisms in the central LnN, and in the terminal LnN¢O;
pseudo-tricapped trigonal prismatic sites are comparable
and larger than 45° 3%l in agreement with average 6,=50.8°
(Eul), 6,=50.3° (Eu2), and 6;=49.5° (Eu3) obtained for
[Eus(L7)5]° in the solid state (Tables S5-S7 in the Support-
ing Information). The quality of the linear correlation is
satisfying and leads to an agreement factor AFg=0.06
between calculated and experimental S; factors; this strongly
suggests that only minor structural changes occur between the
solid-state and the solution structures in these rigid polyme-
tallic helicates, as previously established for bimetallic d —f13¢]
and f—fl'"] helicates. We can now rationalize the origin of the
larger values observed for Sygy; relative to Sy y,; these
result from a combination of 1) the larger crystal-field effects
associated with the terminal sites (| B3*™™" |>| B3*"™ | ) and 2)
the larger compensation effect resulting from opposite para-
magnetic contributions in the central metallic site [i.e., G} and
G?+ G} display opposite signs for all pyridine protons
(Table S8 in the Supporting Information), but the absolute
value of the ratios | B3 G!/BF*™" (G? + G3})|=1.7-1.8 are
smaller for H1 and H2 than | B} (G?+ G?)/B}"" G} |=
5.8-6.9 for H9-HI11]. Finally, the only significant discrep-
ancies evidenced between experimental and calculated para-
magnetic shifts occur for H1, H2, H5, and H6 in [Eus(L7);]**
(Table 4), because these protons possess large F; constants
(Table 5). The non-magnetic ’F, ground state of Eu'"! prevents
areliable definition of the Landé factor (g), and we have used
the standard spin expectation values (S.,)g, = 10.6863% 3 asso-
ciated with g(’F,) = 51" for our calculations of F; and S; given
in Table 5. However, a systematic survey of paramagnetic data
led Pinkerton et al. to propose that the non-magnetic Eu™
ground-state is better modeled with g("F;) =4.4 and (S.)g, =
7.5.1%1 Re-calculations with Equation (11) and the latter values
do not improve the quality of the separation of contact and
pseudo-contact shifts for [Lns(L7);]°*, and the resulting values
of F; and S; only marginally differ from those reported in
Table 5. However, slightly better predictions can be made for
H1, H2, H5, and H6 in [Eus(L7);]°* (Table 4). We conclude
from the analysis of NMR data that the triple-stranded helical
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structure is maintained in solution for Ln=La—-Lu and that
isostructurality characterizes the first part of the lanthanide
series (Ln=Ce-Tb). The crystal-field parameters obtained
in solution are compatible with minor variations between the
solid and the solution structures, but abrupt variations of these
parameters near the middle of the lanthanide series prevent
the analysis of strongly paramagnetic complexes (Ln=Dy-
Yb) with the one-nucleus technique [Eq. (11)].

Multicenter luminescence and photophysical properties of
complexes 5-9

Ligand-centered luminescence: The absorption spectrum of
L7 in acetonitrile displays a broad band centered at
30680 cm™! (¢ =78000M~!cm~') and assigned to the envelope
of the @ — m* transitions. This band is slightly red-shifted by
approximately 300 cm~' upon complexation to Ln™ in 5-9
(Figure 1a), and a broad shoulder appears on the low-energy
side (25600 cm™'), a phenomenon also seen in the reflectance
spectra of solid-state samples for which the shoulder becomes
the most intense peak of the spectra (Table 6). Excitation
through the ligand-centered m — mt* transitions in L7 (solid
state, 77 K, A.,.=30674 cm~!) produces strong and poorly
resolved fluorescence at 24970 cm~! (0-0 phonon), originat-
ing from the 'mm* level, together with a weak structured
phosphorescence at 19920 cm~! (0—0 phonon, vibronic pro-
gression ~1200 cm™!), associated with 3mm* emission (bi-
exponential decay: 7=234(5) and 16(1) ms at 77 K). Very
similar emission characteristics are obtained for the diamag-
netic complexes with La (5) and Lu (9), except for a 1500 -
2200 cm™! red-shift of the mm* levels associated with the
complexation of the ligand strands (Table 6). For the para-
magnetic Gd complex 7, the metal-centered excited levels are
lying at too high energy to be accessible for intramolecular
energy transfers from the 'mm* or 3mz* levels®! but the
Coulomb interactions between the electrons of the ligands
and the metal ions mix the ligand-centered triplet and singlet
wavefunctions.”! Consequently, the oscillator strength of the
spin-forbidden emission of the 3mwm* level increases, the
associated characteristic lifetime 7(*wzt*) drops by two orders
of magnitude (Table 6), and 'mtw* — 3na* intersystem cross-
ing becomes more efficient.”"! The emission spectrum of 7 at
77 K thus displays a weak 'stst* fluorescence at 23030 cm™!
dominated by a strong 3mw* emission at 20260 cm™! (0-0
phonon, vibronic progression 1200 cm™~! , Figure S4 in the
Supporting Information). It should be noticed that the heavy
atom effect (i.e., spin-orbit mixing) similarly affects the

intersystem crossing and phosphorescence processes in the
three trimetallic helicates with La (5), Gd (7), and Lu (9), but
the electronic interaction matrix responsible for the large
increase of the 3mst* emission in 7 exists only for paramagnetic
ions.

Multi-metal-centered luminescence: The ligand-centered lu-
minescence in [Eus(L7);](CF;S0;),: (H,0), (6) is quenched
by efficient L7 — Eu'™ energy-transfer processes, and excita-
tion through the m — zt* transitions produces only the Eu-
centered red luminescence, characterized by sharp bands
associated with D, — ’F; (j=0-6) transitions (Figure 8,
relative corrected and integrated intensities are collected in

5D0—>7Fj 2
A, j=1
: i
w
w

d)
¢)
r T T T T T M T T T T M 1
14.0 145 150 155 16.0 165  17.0 175

v /10°em”

Figure 8. Emission spectra of [Eus(L7);](CF;SO;)y(H,0), recorded under
various conditions: a) solid state, 10 K, excitation via the ligand-centered
I levels (7, =24016 cm™!), b) solid state, 10 K, selective excitation of
site I (7,=17211 cm™!), c) solid state, 10 K, selective excitation of site II
(7x=17238 cm™!), d) solid state, 295 K, excitation via the ligand-centered
Iz levels (7., =27778 cm™'), and e) solution (acetonitrile 1073 m), 295 K,
excitation via the ligand-centered 'm* levels (7., =27397 cm™).

Table S9 in the Supporting Information). Emission spectra in
the solid state show a very weak, broad, and slightly
asymmetric D, — "F; transition (10K, 17219 cm~!, fwhh =
243 cm™Y; 295 K, 17225 cm™!, fwhh =274 cm™!) compatible
with the luminescence emitted by a single metal ion center,
termed site LY At 10 K, the crystal field splitting of site I can
be interpreted in terms of a pseudo-D; symmetry around the

Table 6. Ligand-centered absorption at 295 K and emission properties at 77 K for the ligand L7 and its complexes [Ln3(L7);](CF;S0;)e-xH,O (Ln=La,
x=4(5); Ln=Eu, x=4 (6); Ln=Gd, x=2 (7); Ln=Tb, x=12 (8); Ln=Lu, x=6 (9)) in the solid state.

E(n — nt*) [em~'@ E(m — ov*) [em ™)

E(‘mtze*) [em~']e

ECan®) [cm1]e 7(Prerc*) [ms]

L7 30680 28490 24970
a; e S|
La,(L7),)° 30320 25870 (sh 25125 22780
Us N S
Eu,(L7),)° 30390 25770 (sh 24940 d]
[Gds(L7)5]° 30120 25640 (sh) 24940 23030
[Tbs(L7),]°+ 30080 25640 (sh) 25000 d]
U 3 S|
Luy(L7)4)°+ 29900 25380 (sh 24875 23420

19920sh 18770 234(5) 16(1)
20040 18760 17450  154(3) 23(2)
[d]
20260 18940 17690 1.07(1) 0.22(2)
[d]
20030 18800 17570 98(1) 14.5(1)

[a] 1073 M in acetonitrile, sh = soulder. [b] Reflectance spectra in the solid state. [c] Data obtained from the emission spectra. [d] 'szt* and s luminescence

quenched by transfer to Lo ion.
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Eu'" ion (Table 7). The faint >D, — F, transition (1% of the
intensity of the magnetic dipole D, — ’F, transition) is
consistent with the fact that it is symmetry forbidden in the D;
point group.’! The three observed transitions to the ’F, level

Table 7. Energy [cm™!] of the identified crystal-field sub-levels of the
Eu(’F)) manifold (j=1-4) in [Eus(L7);](CF;S0;)s (H,0), (6) as deter-
mined from excitation and emission spectra in the solid state at 10 and
295 K (’F, is taken as the origin).

10K 295 K
Tego [cm 1] 24016 17238 27778 17239
Site I Site IT Site I Site IT
F, 0 0 0 0
F, 327 295 310 304
381 410 394 408
423 448 427 446
F, 997 981 1003 986
1065 1019 1100 1024
1085 1046 1120
1103
1122
7F; 1824 1837 1838 1848
F, 2691 2715 2700 2715
2710 2736 2723 2735
2773 2782 2822 2830
2843 2811 2898 2912
2863 2854 2996 3010
2978 2997 3093 3106
D, 17219 17238 17225 17239

can be labeled A; — A, (A, at 327 cm~! with respect to 7F)
and A, — split E sublevel (barycenter: 402 cm™!). The split-
ting of the E sublevel is connected to the distortion from the
idealized D; symmetry and amounts to AE_p=42cm™". A
theoretical approach from the point-charge electrostatic
model (PCEM) allows approximate correlations between
the magnitude and signs of the second-rank crystal-field
parameters B3 and B3 and the energy of the A and E levels in
distorted trigonal tricapped prismatic sites.* *! Firstly, B} of
site | is negative because A, lies at lower energy than the
twofold degenerate sublevel E.’} Moreover, the absolute
magnitude of B} is proportional to the difference in energy
between the ’F,(A,) and "F,(E) sublevels (AE,_g), which
increases in the order [Eu(L10);** (53 cm™1)B3 <site I
in [Eusy(L7):]°* (75 em™!) < [LaEu(L5);]°" (104 cm 1)1 <
[Eu(L9);]** (114 em )P < anhydrous [Euy(L1),]%*
(127 cm~).["¥ Secondly, the magnitude of B3 is proportional
to the difference in energy between the split components of
the ’F,(E) sublevel.[> “l Examination of the reported splittings
AEg_g for [Eu(L9);** (17 cm™"),?2l anhydrous [Eu,(L1);]**
(18 cm™),I81 [LaEu(L5);]°" (46 cm™1),1 and [Eu(L10);]**
(57 ecm ") points to a relatively large distortion around the
Eu! ions for sitel (AEg g=42cm™) in the trimetallic
helicate. The D, — ’F, transition displays two main bands
assigned to the allowed electric dipole transitions A; — E in
D; symmetry, the latter being further split into two compo-
nents separated by 20 cm~'. The analysis of the D, — F,
transition shows six components, also consistent with a
distorted trigonal symmetry.?>>1 All these data are compat-
ible with site I being composed of a set of very similar slightly
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distorted pseudo-trigonal Eu'! sites associated with a micro-

crystalline sample containing some minor structural defects.

However, the crystal structure of [Eus(L7)5]°* involves two
different pseudo-tricapped trigonal prismatic sites: a central
EuN, and two terminal EuN¢O; sites; these are expected to
produce specific metal-centered emission in a 1:2 ratio. The
observation of single site upon ligand irradiation in [Eus-
(L7)5]°* results from the quantum yield associated with the
central EuNj site; this is expected to be orders of magnitude
smaller than that of EuN4Oj;, because low-lying LMCT states
quench the *mm* energy transfer.’?l The 50-fold increase in the
quantum yield observed when going from [Eu,(L1)5]** (which
contains two EuNj sites)™ to [Eu,(L2);]°" (which contains
two EuN,Oj sites)!'"¥] strongly supports this hypothesis, and we
have resorted to high-resolution laser-excitation spectra of the
D, « 'F, transition for evidencing the existence of a second
site. Figure 9 shows the excitation profiles obtained for 6 at

IcIbla I

V,,=16883 cm-!
(D,—7F))

v, =16949 cm™!
(SDO——)7F N

v,=16211 cm’!
(Dy—"Ey)

v, =14407 cm’!
(D,>7F,)

v, =14440 cm’!
(5D0—~)7F4)

M
T + —

[ T T T T
17190 17200 17210 17220 17230 17240 17250 17260

V/em!
Figure 9. Excitation profile of the D, <« ’F, transition for [Eus-
(L7)5](CF5S05),+ (H,0), (6) at 10 K upon monitoring various Eu(*D, —
’F)) transitions.

10 K upon monitoring different Eu(°*D, — 7F)) (j=1, 2, 4)
transitions (Table S10 in the Supporting Information). The
three closely spaced sites Ia, Ib, and Ic (17210-17220 cm™},
Figure S5 in the Supporting Information) correspond to a
single site affected by small defects in the microcrystalline
sample, while site 11 (17238 cm™!) unambiguously corresponds
to a different environment. Selective excitation of sites Ia, Ib,
and Ic produces similar intense emission spectra (Figure 8b)
reminiscent of that obtained upon irradiation of the ligand-
centered 'm* state (Figure 8a) and assigned to the terminal
EuN,O; sites (site I). Selective excitation of site II provides a
weak emission spectrum with a splitting pattern of the F,
manifolds typical of distorted D; symmetry (Figure 8c).
Detailed analysis of the D, — F, transition at 10 K leads to
the two magnetic dipole allowed components A; — A, (A, at
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295 cm~! with respect to ’F;) and A; — E level (barycenter:
429 cm™), the latter being split by AEx_g =38 cm~! (Table 7).
The value of B} is still negative for site IL>%! but the
separation between the A, and E (barycenter) sublevels
(AE,_g=134 cm™) is significantly larger than that observed
for site I (75 cm™'); this implies a larger B} parameter for
site II. Although the nephelauxetic effects produced by the
EuN, and EuN,O; environments are very similar?>3%3] and
cannot be used for unambiguously assigning site I and site II
(we calculate energies of 17236 and 17233 cm™! for the "F;, —
D, transitions of EuN, and EuNyO;, respectively, at
295 K),?3 the faint emission intensity of site II matches
the one previously reported for [Eu(L9),]**;% hence, we can
safely ascribe it to the central EuNj site. The negative signs of
B2 and B3*™™ agree with axial coordinates 6, for the donor
atoms that occupy the vertices of the trigonal prisms larger
than 45° (Tables S5-S7 in the Supporting Information),® 4!
but the order | BF™™" |>| B3 | found by luminescence for
[Euy(L7):°* in the solid state contrasts with |B3™™ |<|
B3*™"| observed by paramagnetic NMR for [Lns(L7);]**
(Ln=Ce-Tb) in acetonitrile. Although broadened in solu-
tion, the Eu(°D, — 7F)) transitions originating from site I can
be observed for [Eus(L7);]°* in acetonitrile at 295 K upon
excitation of the ligand-centered 'mz* levels (Figure 8e). The
similarity between the solid-state (Figure 8d) and solution
(Figure 8e) spectra points to similar crystal-field parameters
for the terminal rigid EuN4O; sites. Although the emission
originating from the central EuN, is too weak to be detected
in solution, the invariance of B3*™™ between solid-state and
solution samples suggests that the inversion of the relative
magnitude of the second-rank crystal-field parameter ob-
served by NMR spectroscopy (| BF™™ | <| B3 | ) may result
from some geometrical relaxation of the flexible central site
that reduces | B¥" | . Indeed, it has to be stressed here that 1)
a slight increase of the Eu—N distances, which corresponds to
a minor elongation of the trigonal prismatic environment,
may dramatically affect B3, as do minor distortions from the
idealized geometry;¥! 2) the approximate estimation of B}
and B3 from the splitting pattern of the Eu(’F,) level is
restricted to minor distortions from trigonal symmetry;? !
and 3) possible rhombic anisotropy for trigonal complexes in
solution is neglected in the approach proposed by Bleaney
[Eq. (8)].P%] The absolute quantum yield of [Eus(L7),]°" in
acetonitrile at 295 K is small (@ =1.1 x 10~*) and it reflects
exclusively the emission of the two terminal metallic sites; this
can be compared with @ =3.5 x 1073 reported for [Eu,(L2);]°*
under the same conditions.'*l The 30-fold decrease of the
quantum yield in the trimetallic helicate can be tentatively
assigned to intramolecular quenching effect provided by the
LMCT states located on the neighboring EuN, unit.[>

The Eu(°D,) luminescence decays of the terminal EuN4O,
(site I) and central EuN, (site IT) metallic sites are single
exponentials, and their lifetimes are independent of the
excitation and analyzing wavelengths (Table S11 in the
Supporting Information). In the 10-100 K range, the life-
times of both sites are rather large and similar (z(site I) =
2.3(1) ms and z(site IT) =2.2(1) ms); this points to fairly rigid
coordination spheres and no solvent molecule interacting with
the metal ions, in agreement with 1) the crystal structure of 10
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and 2) related lifetimes obtained for nine-coordinate Eu™

sites in the bimetallic helicates [Eu,(L1);]°" (1.78(8) ms at
4 K)¥and [Eu,(L2),]°* (2.28(2) ms at 10 K).['Yl Above 200 K,
the lifetimes of both sites in [Eus(L7);]°* sharply decrease to
reach 1.7(1) ms at 295K, because of thermally activated
vibrational-quenching processes. Interestingly, the lifetime of
the central EuNj sites is less affected at 295 K than that
reported for the bimetallic model complex [Eu,(L1);]%" (=
0.29(1) ms at 295 K);[¥ this suggests that the slide of the
strands around the central EuNj site shifts the LMCT state
toward slightly higher energies. In solution, the Eu(°’D,)
lifetime only reflects the emission of the terminal EuNgO;
sites (v~2.4 ms, Table S11 in the Supporting Information)
and compares well with lifetimes measured in the solid state,
eventually confirming the lack of interaction between the
solvent and the Eu'! sites.

Finally, efficient sensitization of Tb'! in 8 only occurs at low
temperature in the solid state, because thermally activated
Samvt +— Tb(°D,) energy back-transfer processes quench the
luminescence at room temperature.['*%] The emission spec-
trum is dominated by the °D, — ’Fj transition (Figure S6 in
the Supporting Information), while the Tb(°D,) lifetime drops
from 2.23-2.30 ms at 10 K to 40— 96 ps at 295 K (Table S12 in
the Supporting Information). Residual emission originating
from the ligand-centered st state (20000 cm™!) is detected
at 295 K in agreement with the existence of a 3m* «— Tb(°D,)
energy back transfer that depopulates Tb(°D,).

Conclusion

Although the concept of positive cooperativity has been
demonstrated in the early 1990’s for trimetallic d-block
helicates,?” 2% 3 its planned application for the stabiliza-
tion of highly charged polymetallic helicates remains
scarce.l'® 3 %] In this context, the formation of the triple-
stranded trimetallic helicates [Ln;(L7);]°* represents the first
well-characterized self-assembly process in which the fixation
of three 4f-block ions is driven by positive cooperativity. The
considerable electrostatic repulsion associated with the fix-
ation of the third Ln jon is overcome by the preorganization
of the receptor, a phenomenon that has deep roots in
biological processes for which the overall free energy gains
result from multisite interactions (protein zipper, recombina-
tion of DNA). The crystal structure and the photophysical
properties of [Eus(L7);]°* evidence the formation of a
“regular” triple helix in the solid state, roughly corresponding
to the packing of three monometallic triple-helical lanthanide
complexes along the threefold axis. The nonequivalence of
the terminal (EuN¢O;) and central (EuN,) metallic sites is
clearly evidenced by high-resolution luminescence data and
could be useful in the programming of directional intra-
molecular energy transfers required in the rational design of
multicenter luminescent probes.' 57l Moreover, the signifi-
cant difference between the crystal-field parameters of the
two lanthanide sites in [Lns(L7);]°* induces large, variable,
and tunable paramagnetic anisotropies along the strand, a
crucial point for 1) the preparation of magnetically-address-
able liquid crystals,®l 2) the orientation of biological materials
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in paramagnetic matrices for structural investigation by
multidimensional NMR spectroscopy,®! and 3) the elucida-
tion of the abrupt change affecting the crystal-field parame-
ters near the middle of the lanthanide series (i.e., the
“gadolinium break” effect).* ] Finally, our paramagnetic
NMR study of [Lns(L7);]** (Ln=Ce-Tb) combined with
luminescence data indicate that the triple-helical structure is
essentially maintained in solution and that the terminal
EuNO; sites do not evidence significant distortions. How-
ever, the decrease of the crystal field parameter of the central
coordination unit LnN, (| B¥™™ |) in solution with respect to
its solid-state value implies that some geometrical relaxation
of the central EuNj site takes place, and this has considerable
effects on the magnetic anisotropy.

Experimental Section

Solvents and starting materials: These were purchased from Fluka AG
(Buchs, Switzerland) and used without further purification unless otherwise
stated. Thionyl chloride was distilled from elemental sulfur, acetonitrile,
dichloromethane, and triethylamine were distilled from CaH,. Silicagel
(Acros, 0.035-0.07 mm) was used for preparative column chromatography.
3,3'-Dinitro-4,4'-bis(N-ethylamino)diphenylmethane (1) and 6-(N,N-di-
ethylcarbamoyl)pyridine-2-carboxylic acid (2)!*%] were prepared according
to literature procedures. The triflate salts Ln(CF;S0;);-xH,0 (Ln=La-
Lu) were prepared from the corresponding oxides (Rhodia, 99.99 %). The
Ln content of solid salts was determined by complexometric titrations with
Titriplex III (Merck) in the presence of urotropine and xylene orange.*!
Preparation of 6-(V,N-diethylcarbamoyl)-N-methyl-N-{4"-[4"-(ethylami-
no)-3"-nitrobenzyl]-2"-nitrophenyl}pyridine-2-carboxamide (3): A mixture
of compound 2 (814mg, 3.66 mmol), thionyl chloride (2.50 mL,
33.3 mmol), and DMF (0.2 mL) was refluxed for 90 min in dry dichloro-
methane (40 mL). The mixture was evaporated and dried under vacuum.
The solid residue was dissolved in dichloromethane (40 mL) and added
dropwise to a solution of 1 (1.147 g, 3.33 mmol) and triethylamine (1.4 mL,
9.3 mmol) in dichloromethane (40 mL). The solution was refluxed for 12 h
under an inert atmosphere and evaporated. The residue was partitioned
between dichloromethane (150 mL) and half-saturated aqueous NH,CI
solution (150 mL). The aqueous phase was extracted with dichloromethane
(2 x 150 mL), and the combined organic phases were dried (Na,SO,) and
evaporated. The crude product was purified by column chromatography
(silicagel, CH,Cl/hexane 80:20 — CH,CL,/MeOH 99:1) to give 950 mg
(1.83 mmol, yield 55 %) of 3 as an orange solid. '"H NMR (CDCl;): 6 =0.87
(t,2*=7Hz,3H), 1.10-1.24 (m, 6 H), 1.33 (t, ° =7 Hz, 3H), 2.85-3.60 (m,
7H), 3.87 (s, 1H), 4.30 (m, 1H), 6.8-8.0 ppm (m, 9H); EI-MS: m/z: 548
[M].

Preparation of 2,6-pyridinedicarboxylic acid bis{/NV-ethyl-N-{5-{4-[ N-6-
(N,N-diethylcarbamoyl)pyridin-2-carbonyl-N-ethyl]amino}-3-nitroben-
zyl}nitrophenyl}amide (4): Pyridine-2,6-dicarbonylchloride (186 mg,
0.91 mmol) was added in three portions (93 mg, 47 mg, 45 mg) into a
solution of 3 (500 mg, 0.91 mmol) in dichloromethane (165 mL). The
mixture was refluxed for 12h under an inert atmosphere after each
addition. The resulting dark solution was evaporated and dried under
vacuum. The residue was partitioned between dichloromethane (100 mL)
and half-saturated aqueous NH,Cl solution (100 mL). The aqueous phase
was extracted with dichloromethane (3 x 100 mL), and the combined
organic phases were dried (Na,SO,) and evaporated. The crude product
was purified by column chromatography (silicagel, CH,ClL,/MeOH
98.5:1.5 — CH,Cl,/MeOH 97:3) to give 465 mg (0.38 mmol, yield 84 %)
of 4 as pale yellow solid. M.p. 126-127°C; '"H NMR (CDCL;): 6 =0.8-1.3
(m, 24H), 2.90-4.4 (m, 20H), 7.0-8.0 ppm (m, 21 H); ESI-MS (CH,CIl, +
0.1% CF;CO,H): m/z: 1228.3 [M+H]*.

Preparation of 2,6-bis{1-ethyl-5-{1-ethyl-2-[6-(N,N-diethylcarbamoyl)pyri-
din-2-yl]benzimidazol-5-methylene}benzimidazole-2-yl}pyridine (L7): Ac-
tivated iron powder (1.22 g, 21.9 mmol) and concentrated hydrochloric acid
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(37%, 2.28 mL, 274 mmol) were added to a solution of 4 (449 mg,
0.365 mmol) in ethanol/water (112 mL/28 mL). The mixture was refluxed
for 15 h under an inert atmosphere, the excess of iron was filtered off,
ethanol was distilled under vacuum, and water (60 mL) was added. A
solution of Na,H,EDTA (6.79 g, 18.3 mmol) in water (100 mL) was poured
into the resulting mixture, and then dichloromethane (200 mL) was added.
The resulting stirred mixture was neutralized (pH = 7.0) with concentrated
aqueous NH,OH solution. Concentrated H,O, solution (30 %, 1.0 mL) was
added under vigorous stirring, and the pH was adjusted to 8.5 with aqueous
NH,OH solution. The organic layer was separated and the aqueous phase
extracted with dichloromethane (3 x 200 mL). The combined organic
phases were dried (Na,SO,) and evaporated, and the crude product was
purified by column chromatography (silicagel, CH,Cl,/MeOH 97.5:2.5 —
96:4), and then crystallized from a dichloromethane/hexane mixture to
give 347 mg (3.29 mmol, yield 90%) of L7-H,0O as a white solid. M.p.
>200°C. 'H NMR (CDCly): 6=1.04 (t, =7 Hz, 6H), 1.25 (t, =7 Hz,
6H), 1.31 (t, /=7 Hz, 6H), 1.42 (t, /*=7 Hz, 6 H), 3.31 (q, /=7 Hz, 4H),
3.57 (q, *=7Hz, 4H), 427 (s, 4H), 4.71 (q, J’=7 Hz, 4H), 4.72 (q, =
7 Hz, 4H), 722 (d, =8 Hz, 4H), 733 (d, J*’=8 Hz, 2H), 734 (dd, =
8 Hz, J*=1Hz, 2H), 7.51 (d, J* =8 Hz, 2H), 7.69 (brs, 2H), 7.71 (brs, 2H),
791 (t, A=8Hz, 2H), 8.00 (t, =8 Hz, 1H), 8.30 (d, =8 Hz, 2H),
8.37 ppm (d, 2’=8 Hz, 2H); elemental analysis calcd (%) for L7-H,0
(CesHgN130;): C71.77, H 6.41, N 17.27; found C 71.72, H 6.42, N 17.14; ESI-
MS (CH,CL, + 0.1% CF;CO,H): m/z: 1036.6 [M+H]".

Preparation of 2,6-bis{1-ethyl-5-{1-ethyl-2-[6-carboxypyridin-2-yl]benzimi-
dazol-5-methylene}benzimidazole-2-yl}pyridine (L8): Ligand L7.H,O
(50 mg, 0.048 mmol) and potassium hydroxide (86 %, 1.58 g, 24.2 mmol)
were refluxed in ethanol/water (10 mL/2.5 mL) for 15 h. The ethanol was
distilled under vacuum, water (25 mL) was added, and the aqueous phase
extracted with dichloromethane (3 x25mL). The aqueous phase was
neutralized (pH = 3.0) with concentrated hydrochloric acid (37 %) and the
resulting precipitate was filtered, washed with water (5 mL), and dried to
give 32 mg (0.03 mmol, yield 62 %) of K(L8-H) - 5.6 H,O as a white powder.
M.p. >200°C; 'H NMR ([D¢]DMSO): 6 =1.27 (t, J*=7 Hz, 6H), 1.40 (t,
J=7Hz,6H),4.22 (s,4H), 4.78 (q, /2 =7 Hz, 4H), 4.88 (¢, J* =7 Hz, 4H),
728 (d, =8 Hz, 4H), 7.60 (d, /=8 Hz, 2H), 7.63 (d, J* =8 Hz, 2H), 7.66
(brs, 2H), 7.68 (brs, 2H), 8.10-8.20 (m, /=8 Hz, 3H; AB,), 8.20 (t, P’ =
8 Hz, 2H), 8.31 (d, /=8 Hz, 2H), 8.49 ppm (d, /=8 Hz, 2H); elemental
analysis caled (%) for K(L8-H)-5.6 H,O (CssHyN;;O,+5.6H,0): C 62.05,
H 5.41, N 14.47; found C 62.06, H 5.09, N 14.27; ESI-MS (DMSO + 0.1%
CF,CO,H): m/z: 926.5 [L8+H]*, 463.8 [L8+2H]**; ESI-MS (DMSO,
positive mode): m/z: 926.3 [L8+H]*, 964.1 [L8+K]*; (DMSO, negative
mode): m/z: 924.5 [L8 —H] .

Preparation of the complexes [Ln;(L7);](CF3S05)y:xH,0 [Ln=La, x=4
(5); Ln=Eu, x=4 (6); Ln=Gd, x=2 (7); Ln=Tb, x=12 (8); Ln=Lu,
x=6 (9)] and [Euy(L7);](CF;S03), - (CH;CN), - (H,0), (10): A solution of
Ln(CF;S0s);-xH,0 (Ln=La, Eu, Gd, Tb, Lu; x=1-4; 0.048 mmol) in
acetonitrile (3mL) was added to a solution of L7-H,O (50 mg,
0.048 mmol) in acetonitrile/dichloromethane (1.5 mL/1.5 mL). After stir-
ring for 1 h at room temperature, the solution was evaporated, the solid
residue dissolved in MeCN (1 mL), and Et,O was diffused into the solution
for 1 day. The resulting white microcrystalline powders were collected by
filtration and dried to give 77-89 % of [Ln;(L7);](CF;SO3)y-xH,0O (Ln=
La, x=4 (5); Ln=Eu, x=4 (6); Ln=Gd, x=2 (7); Ln=Tb, x=12 (8);
Ln=Lu, x=6 (9)). The same procedure was followed for [Eus-
(L7)3](CF3S0;)4(CH;CN)o(H,0), (10) except that the crystals were trans-
ferred directly from the mother liquor onto the diffractometer. The
complexes gave satisfactory elemental analyses (Table S2, Supporting
information), and IR, NMR, and ESI-MS spectra.

Preparation of the complexes [Ln;(L7);](CF;S03), (Ln = Ce, Pr, Nd, Sm,
Dy, Ho, Er, Tm, Yb): [Lns(L7);](CF;SO;), were prepared in situ for
'H NMR studies. A solution of Ln(CF;SOs);-xH,0 (9.48 x 10~ mol) in
acetonitrile (1 mL) was added to a solution of L7-H,O (10 mg, 9.48 x
10°mol) in 1:2 CH,CL:MeCN (1.5mL). After stirring 3h at room
temperature, the solution was evaporated and dried under vacuum, and the
solid residue dissolved in CD;CN (700 pL).

Crystal structure determination of [Eu;(L7);](CF;S0;),(CH;CN),(H,0),
(10):  EuCyeHypeNygOssFySe; M =53122; u=095mm™, pge=
1.470 gem™3, triclinic, P, Z=2, a=14.9286(7), b=21.7201(11), c=
39.2254(17) A,  «=96.885(5), [=99.428(5), y=104.033(6)°, V=
12002(1) A3; pale yellow prism 0.12 x 0.32 x 0.35 mm mounted on a quartz
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fiber with protection oil. Cell dimensions and intensities were measured at
200 K on a Stoe IPDS diffractometer with graphite-monochromated Moy,
radiation (A=0.7107 A); 131723 measured reflections, 20,,,, = 51.9°, 42677
unique reflections of wich 22616 were observed [|F,|>40(F,)]; Ry, for
89046 equivalent reflections 0.071. Data were corrected for Lorentz and
polarization effects and for absorption (min/max transmission = 0.7552/
0.8963). The structure was solved by direct methods (SIR97);! all other
calculation were performed with XTAL system!® and ORTEP!®*! pro-
grams. Full-matrix least-squares refinement based on F using weight of 1/
(0*(F,) +0.0001(F2)) gave final values R=0.055, ®R=0.055, and S=
1.814(9) for 3024 variables and 24081 contributing reflections. The final
difference electron density map showed a maximum of +1.29 and a
minimum of —1.62 ¢ A-3. The hydrogen atoms were placed in calculated
positions and contributed to F, calculations. The methyl group C53a was
disordered and refined with two distinct atomic sites and population
parameters of 0.7/0.3. The anions were refined with isotropic displacement
parameters and restraints on bond distances and bond angles.

CCDC-180632 (10) contains the supplementary crystallographic data for
this paper. These data can be obtained free of charge via www.ccdc.cam.
ac.uk/conts/retrieving.html (or from the Cambridge Crystallographic Data
Centre, 12 Union Road, Cambridge CB21EZ (UK); fax: (+44)1223-336-
033; or deposit@ccdc.cam.uk).

Spectroscopic and analytical measurements: Reflectance spectra were
recorded as finely ground powders dispersed in MgO (5% ) with MgO as
reference on a Perkin—Elmer Lambda 900 spectrometer equipped with a
PELA-1020 integrating sphere from Labsphere. Electronic spectra in the
UV-visible region were recorded at 25°C from solutions in MeCN with a
Perkin— Elmer Lambda 900 spectrometer by using quartz cells of 0.1 and
1 mm path length. Spectrophotometric titrations were performed in batch
at 25°C with a Perkin—Elmer Lambda 900 spectrometer by using quartz
cells of 1 mm path length. Acetonitrile solutions containing a total ligand
concentration of 2 x 10~*M and variable concentrations of Ln(CF;SO;);-
xH,O (Ln"™:L7 =0.1-5.0, 40-50 samples) were left to equilibrate 48 h at
298 K. The absorption spectrum of each sample was transferred to the
computer. Mathematical treatment of the spectrophotometric titrations
was performed with factor analysisi®®! and with the SPECFIT program.?*
IR spectra were obtained from KBr pellets with a Perkin—Elmer 883
spectrometer. 'H NMR spectra were recorded at 25°C on a Broadband
Varian Gemini 300 spectrometer. Chemical shifts are given in ppm with
TMS as the reference. EI-MS (70 eV) were recorded with VG-7000E and
Finnigan-4000 instruments. Pneumatically-assisted electrospray (ESI-MS)
mass spectra were recorded from 10-*M acetonitrile solutions on API 11
and API 3000 tandem mass spectrometers (AB/MDS Sciex) by infusion at
4-10 pLmin~". The spectra were recorded under low up-front declustering
or collision induced dissociation (CID) conditions, typically AV=0-30V
between the orifice and the first quadrupole of the spectrometer. The
experimental procedures for high-resolution, laser-excited luminescence
measurements have been published previously.*! Solid-state samples were
finely powdered and low temperatures (295-10K) were achieved by
means of a Cryodyne Model 22 closed-cycle refrigerator from CTI
Cryogenics. Luminescence spectra were corrected for the instrumental
function, but not excitation spectra. Lifetimes are averages of at least 3—
5 independent determinations and were measured using excitation pro-
vided by a Quantum Brillant Nd:YAG laser equipped with frequency
doubler, tripler, and quadrupler as well as with an OPOTEK MagicPrism™
OPO crystal. Ligand excitation and emission spectra, as well as quantum
yields were recorded on a Perkin—Elmer LS-50B spectrometer equipped
for low-temperature measurements. The quantum yields @ were calculated
by using the Equation (14), in which x refers to the sample and r to the
reference; A is the absorbance, ¥ the excitation wavenumber used, / the
intensity of the excitation light at this energy, n the refractive index and D
the integrated emitted intensity. [Eu(terpy);](ClO,); (@ =1.3 %, acetoni-
trile, 1073 M) and [Tb(terpy);](ClOy); (@ =4.7 %, acetonitrile, 10~* m) were
used as references for the determination of quantum yields of respectively
Eu- and Tb-containing samples.*> >l Elemental analyses were performed
by Dr. H. Eder from the microchemical Laboratory of the University of
Geneva.

(14)

o, A,
D, A,
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Abstract: We describe the synthesis and
characterization of the mesogen-bearing
bolaform amphiphile 4,4'-dihydroxybi-
phenylbis(11-pyridinium-N-yl-undeca-

noic ester) dibromide (BP-10) and its

celle concentration (cmc). In situ and ex
situ AFM studies indicate that the
cylindrical micelles are stable both at
the mica/solution interface and in the
dry state. The enhanced stability of the

micellar structures enables a detailed
investigation of their self-assembly be-
havior and supramolecular structures at
the interface. The adsorption model
proposed here is supported by the

solid/liquid interfacial self-assembly. Cy-
lindrical micelles are directly observed
by atomic force microscopy (AFM) at
the interface between mica and the

. - ) chemistry
aqueous solution above the critical mi-

Introduction

Supramolecular self-assembly confined to interfaces has
attracted increasing interest from chemists, physicists, and
biologists.I 2l Conventional surfactants such as hexadecyltri-
methylammonium bromide (CTAB) can form adsorbed
spherical, cylindrical, or hemicylindrical micelles as well as
bilayer structures at the solid/liquid interface.’ Such self-
assembled structures are labile, however, and can be easily
influenced by the external environment, which prevents the
thorough identification of the supramolecular structures of
the interfacial micelles.”) Both basic research and applications
in materials science require the design and synthesis of
building blocks suitable for constructing stable supramolec-
ular assemblies.

A stable supramolecular assembly requires a strong asso-
ciation among its assembling units through different forms of
intermolecular forces. The amphiphilic lipid assemblies can be
made more rigid by using noncovalent approaches that lead to
hydrogen bonding or an increase of the van der Waals
interaction through m— stacking. The assembly can also be
strengthened by covalent modifications such as surface cross-
linking, coating, and internal polymerization.”! We have
focused on the confined supramolecular nanostructures of
mesogen-bearing amphiphiles at the solid/liquid interface.[®
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variation of the interfacial self-assem-
blies on changing the solution concen-

tration and substrate temperature.
supramolecular

By introducing mesogenic groups into amphiphiles, we
obtained stable nanostructures with different morphologies
at the mica/solution interface.

Here we present the synthesis and characterization of a
bolaform amphiphile (BP-10) that contains a cationic pyridi-
nium head group at each end of the alkyl chain and a biphenyl
mesogenic unit. The structures of the assemblies at the
interface were investigated by means of in situ and ex situ
atomic force microscopy (AFM). We anticipate that the
increased stability of the adsorbed micelles by the introduc-
tion of the mesogenic unit will enable detailed studies of their
supramolecular structures and interfacial behavior. Knowl-
edge of the interfacial self-assembly of amphiphiles is
important not only for better understanding of self-assembly
but also for potential applications in materials science, such as
the template synthesis of functional nanomaterials, and
surface patterning on the nanometer scale.

Results and Discussion

Design, synthesis, and self-organization in solution: Bolaform
amphiphiles are molecules that contain two hydrophilic
moieties connected by a hydrophobic chain.l”) The synthetic
route to the mesogen-bearing bolaform amphiphile BP-10 is
shown in Scheme 1. Both the mesogenic biphenyl group and
the long flexible hydrocarbon-chain spacer may enhance the
intermolecular interaction among the amphiphiles and allow a
more stable supramolecular organization.

The dependence of the conductivity of the solution on
concentration of BP-10 is shown in Figure 1. The plot shows
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Scheme 1. Synthesis of BP-10.
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Figure 1. Dependence of the solution conductivity of BP-10 on concen-
tration; the cmc is 1.2 x 103 M.

that the critical micelle concentration (cmc) occurs at 1.2 x
10-3m; above this concentration, the amphiphiles self-organ-
ize into micelles.

The mesogen-bearing bolaform amphiphile BP-10 should
tend to form various organized supramolecular structures, for
example lamellar structures and cylindrical micelles, in the
solution above the cmc. These possibilities are partially
attributed to the molecular structure of BP-10, which
comprises a single alkyl chain containing a rigid biphenyl
unit and two ionic pyridinium head groups.!'%

AFM in situ and ex situ characterization of interfacial
micelles: The adsorbed micelles of BP-10 were directly
observed by in situ AFM at the interface between mica and
a 4.0 x1073M (~3 x cmc) solution of BP-10. As shown in
Figure 2A, BP-10 forms cylindrical micelles extending over
micrometers. These micellar structures are rather monodis-
perse, with an average width of 40 nm as measured from the
section analysis. There is no change even after prolonging the
incubating time up to 24 h. Interestingly, large loops with
different sizes formed, as indicated with arrows in Figure 2A.
We believe the looplike assemblies are formed by the self-
closure of the cylindrical micelles. Hydrophilic and hydro-
phobic parts of BP-10 are completely segregated in this kind
of supramolecular organization (Figure 2B), suggesting that
the looplike self-closed cylindrical micelles are thermody-

Chem. Eur. J. 2003, 9, No. 8
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V= alkyl chain

= mesogenic unit

Figure 2. A) In situ AFM images (5 um x 5 um) of BP-10 adsorbed at the
mica/solution interface. The solution concentration is 4.0 x 1073m (~3 x
cmce). The arrows indicate looplike self-closed cylindrical micelles. B)
Schematic of the loop-like self-closed cylindrical micelles.

namically more stable assemblies than the cylindrical micelles
with open ends.

After the mica was incubated for 30 min in the solution with
the same concentration, it was removed from the solution,
immediately dip-rinsed in pure water, and then dried over-
night at room temperature. Ex situ AFM reveals that the
adsorbed micellar structures persist even in the dry state
(Figure 3). It should be noted that the density of the adsorbed
cylindrical micelles in the dry state is greater than that
observed by in situ AFM, which can be attributed to the
capillary forces among micelles during the solvent evapora-
tion in the drying process. The measured width of the micellar
structures with ex situ AFM is approximately 40 nm, which is
almost the same as the width measured by in situ AFM. There
should be some effect of the tip —sample convolution that may
influence the measured width of the micellar structures. In our
experiment, for the in situ AFM measurements we used a
sharpened Si;N, cantilever with a tip radius of about 20 nm for
the tapping mode in fluid. For the ex situ AFM measurments,
we used an Si cantilever with a tip radius of about 50 nm for
the tapping mode in air. Comparing the AFM images
obtained with these two modes, we find that tip curvature
has little influence in our case.
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Figure 3. Ex situ AFM images (5 um x 5 pm) of BP-10 adsorbed at the
mica/solution interface. The solution concentration is 4.0 x 1073m (~3 x
cmc). The micellar structures remained after the dip-washing and drying
process, suggesting that such supramolecular self-assemblies are robust.

Usually, the micelles formed by conventional surfactants
are labile at the solid/liquid interface. For example, cylindrical
micelles of CTAB at the mica/solution interface can evolve
into a flat bilayer sheet within 24 h. The adsorbed second layer
is removed in the drying process.l In contrast, the adsorbed
cylindrical micelles of BP-10 are stable both at the mica/
solution interface and in the dry state, however, suggesting
that these supramolecular assemblies are robust. Their
enhanced stability can be partially attributed to the strong
association within the cylindrical micelles and the strength-
ened intermolecular interaction due to the introduction of the
mesogenic unit into the amphiphile.

Concentration effect: To substantiate the adsorption of the
micellar structures, we studied the adsorption of BP-10 at
different bulk solution concentrations by ex situ AFM. For a
solution concentration of 2.0 x 10~*M, far below the cmc, we
observed only flat sheet structures and random domains with
different diameters (Figure 4A). The section analysis gives a
height of approximately 3 nm for the flat sheet structures,

suggesting monolayer deposition if the tilted orientation of
BP-10 adsorbed on mica is taken into consideration. For a
solution concentration of 1.0 x 10~3Mm, slightly lower than the
cmc, the interfacial cylindrical micelles have already begun to
appear (Figure 4B). This effect can be rationalized by the
possibility that the concentration of BP-10 near the mica
surface is higher than in the bulk because of the electrostatic
surface potential.l®! For the concentrations of 1.0 x 10-*m and
2.0 x 1073M, some defects embedded in the adsorbed assem-
blies are always observed in addition to the cylindrical
micelles (Figure 4B and C, respectively). The depth of the
defects against the monolayer islands is approximately 3 nm,
which also corresponds to the deposition of a monolayer of
BP-10. For the concentration of 4.0 x 103Mm, cylindrical
micelles covering at least 5 um x 5 um without defects can
be observed (Figure 3). In general, the coverage of the mica
surface and the density of the cylindrical micelles both
increase as the concentration increases from 1.0 x 1073M to
4.0 x 1073m.

Based on the AFM images, we conclude that there is a
coadsorption of cylindrical micelles and monomers at the
interface between mica and the solution above the cmc. The
ratio of cylindrical micelles to monomers increases as the
concentration of the solution increases; that is, the higher the
concentration, the more cylindrical micelles are formed in the
solution and thus adsorbed at the interface. The adsorption
model proposed here is consistent with the adsorption process
and mechanism of CTA*X~ proposed by Chen et al.[¥

In situ temperature-dpendent AFM studies: To further study
the stability of the micellar structures of BP-10 at the
interface, we investigated the change of the interfacial
assemblies on increasing the temperature of the substrate.
The interfacial structural transformation was monitored by in
situ temperature-dependent AFM. Figure SA shows the dry-
state structure at room temperature of BP-10 which was
adsorbed from a solution of 4.0 x 10M onto the mica
substrate. There are some defects embedded in the adsorbed
monolayer and cylindrical micelles. The width of the cylin-
drical micelle is approximately 40 nm (outlined by the
rectangle in Figure SA). No obvious changes are observed
until the substrate is heated to 50°C. With the gradual

Figure 4. Ex situ AFM images of the adsorbed self-assemblies at different solution concentrations: A) 2.0 x 10~*m; B) 1.0 x 1073m; C) 2.0 x 1073Mm (the
image size is 5 um x 5 pm in each case and each image is recorded in the height mode). The density of the cylindrical micelles increases as the concentration
increases from 1.0 x 1073M to 2.0 x 10~°m. The dark regions in B) and C) are adsorption defects, the depth of which is (34 0.1) nm, corresponding to a

monolayer deposition of BP-10.
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Figure 5. Ex situ AFM images showing the structural transformation of the adsorbed micellar structures on
changing the substrate temperature: A) 25°C; B) 55°C; C) 59° C; D) 70° C (the image size is 3 um x 3 um in each
case and each image is recorded in the height mode). The rectangular blocks indicate a single cylindrical micelle
that becomes wider and wider on increasing the substrate temperature. The arrows indicate the defects embedded
in the monolayer islands. These defects are enlarged during the heating process but do not change further after
they extend over the fringes of cylindrical micelles. The circles show the defects embedded among the micellar

structures. These defects change little during the heating process.

increase of the substrate temperature from 50°C, the cylin-
drical micelles become wider and wider. After the substrate is
heated to 70° C and held at this temperature for 1 h, the single
cylindrical micelle becomes as wide as 70—80nm (see
rectangle in Figure 5D). We believe these changes are the
result of the lateral diffusion of the cylindrical micelles on
mica, which is caused by the enhanced mobility on heating the
substrate. In addition, the height difference between the white
and gray regions is around 0.5 nm, which also supports the
model of cylindrical micelles.

We note that the defects embedded in the monolayer
islands (shown with arrows in Figure 5) are enlarged on
heating the substrate. The defects do not change further after
they extend over the fringes of the cylindrical micelles. But the
defects embedded among the cylindrical micelles (shown as
circles in Figure 5) change little during the heating process,
indicating that in spite of lateral diffusion the cylindrical
micelles do not collapse to the substrate to form a monolayer
structure. We conclude from these results that the monolayer
islands around the defects are not as stable as the cylindrical
micelles. From Figure 5, it is also clearly observed that

Chem. Eur. J. 2003, 9, No. 8
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neighboring micellar structures
combine to give a wider one on
increasing the temperature.

Conclusion

We have synthesized a meso-
gen-bearing bolaform amphi-
phile that contains two cationic
pyridinium head groups and a
biphenyl mesogenic unit. By
introducing the mesogenic unit
into the bolaform amphiphile,
we have succeeded in obtaining
stable supramolecular assem-
blies at the mica/solution inter-
face. In situ and ex situ AFM
studies provide direct evidence
for the interfacial self-assembly
of cylindrical micelles and mon-
omers. The formation of the
cylindrical micelles depends on
the solution concentration. For
the concentrations above the
cmc, the density of the cylindri-
cal micelles increases as the
concentration increases. In situ
temperature-dependent AFM
provides detailed information
about the diffusion and integra-
tion process of the cylindrical
micelles on the mica surface.
Due to the stability of the
cylindrical micelles, AFM has
been effectively used to inves-
tigate the morphology, the su-
pramoledular structure, and the
interfacial behavior of such assemblies. The stable cylindrical
micelles are also promising for use in template synthesis and
assembly of further functional supramolecular structures and
nanomaterials.

Experimental Section

Materials: 4,4'-Dihydroxybiphenyl (97 % purity) and 11-bromoundecanoic
acid (99 % purity) were purchased from Aldrich. DMF, THF, and triethyl-
amine were all distilled and dried before use.

Preparation of 11-bromoundecanoic acid chloride: A mixture of 11-
bromoundecanoic acid (2.86 g, 10.8 mmol) and thionyl chloride (10 mL,
137 mmol) in THF (50 mL), and several drops of DMF as catalyst were
refluxed for 4 h. When the mixture was cooled, the solvent and excess
thionyl chloride were evaporated in vacuum.

Synthesis of 4,4'-dihydroxybiphenylbis(11-bromoundecanoic ester): The
freshly prepared 11-bromoundecanoic acid chloride (10.8 mmol) was
added dropwise to a stirred solution of 4.4'-dihydroxybiphenyl (1 g,
5.4 mmol) and triethylamine (1.6 mL) in THF (10 mL). The mixture was
refluxed for 2h and then stirred at room temperature overnight. The
precipitated triethylamine —hydrochloride was filtered. The filtrate was
extracted with diethyl ether. The organic layer was washed with 0.1m HCI,
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saturated aqueous NaHCO;, and water. After the solution had been dried
with MgSO,, the solvent was removed in vacuum. The crude product was
purified by column chromatography (silica gel, dichloromethane) and
recrystallized from 1:1 (v/v) dichloromethane/cyclohexane to obtain color-
less needlelike crystals of 4,4'-dihydroxybiphenylbis(11-bromoundecanoic
ester). Yield: 45 %; '"HNMR (400 MHz, CDCl;): 6 =7.56-7.54 (d, 4H; Ph-
H),715-713 (d,4H, Ph-H), 3.43-3.39 (t, 4H, Br-CH,), 2.60-2.56 (t,4H, -
OCOCH,), 1.89-1.84 (m, 4H; Br-CH,CH,), 1.81-1.73 (m, 4H; -OCO-
CH,CH,), 1.56-1.32 ppm (m, 24H; -CH,CH,(CH,);CH,CH,-).

Synthesis of 4,4'-dihydroxybiphenylbis(11-pyridinium-/V-yl-undecanoic
ester) dibromide (BP-10): Pyridine (6 mL, 75 mmol) was added to the
stirred solution of 4,4'-dihydroxybiphenylbis(11-bromoundecanoic ester)
(0.5 g, 0.73 mmol) in CHCl; (10 mL). The mixture was stirred and refluxed
for 24 h (under a highly purified nitrogen atmosphere). After the mixture
had been allowed to cool to room temperature, it was added dropwise to
benzene (100 mL). A white solid precipitated. The crude product was
redissolved in acetonitrile and precipitated twice in diethyl ether. Yield:
85%; m.p. 167°C; 'THNMR (400 MHz, DMSO): 6 =9.10 (t, 4H; Py-H),
8.62-8.58 (d, 2H; Py-H), 8.18-8.14 (t, 4H; Py-H), 7.70-7.68 (d, 4H; Ph-
H),721-7.19 (d, 4H; Ph-H), 4.62-4.58 (t, 4H; Py-CH,), 2.61 -2.57 (t, 4H;
-OCOCH,), 191 (m, 4H; Py-CH,CH,), 1.66-1.63 (m, 4H; -OCO-
CH,CH,), 1.28 ppm (m, 24H; -CH,CH,(CH,);CH,CH,-).

Sample preparation and AFM characterization: Muscotive mica (PLANO
W. Plannet GmbH, Germany) was freshly cleaved before immersion in the
aqueous solution of the amphiphile at an appropriate concentration. AFM
images were recorded in situ and ex situ at the solid/liquid interface by
using commercial instruments Nanoscope IIla AFM Multimode (Digital
Instrument, CA) at room temperature. Sharpened Si;N, cantilevers of
~20 nm tip radius were used for the tapping mode in fluid; Si cantilevers of
~50 nm tip radius were used for the tapping mode in air. All cantilevers
were purchased from Park Scientific, CA. Before the in situ AFM images
were recorded, an aqueous solution of the amphiphile with an appropriate
concentration was injected into the liquid cell and allowed to equilibrate
for at least 1 h. The solution was held within the liquid cell by an O-ring. In
situ AFM images were obtained with a tapping mode in fluid. Before the ex
situ AFM images were recorded, the mica was first incubated in the
aqueous solution of BP-10 for 30 min, then taken out from the solution,
immediately dip-rinsed in Milli-Q water, and dried overnight at room
temperature in a desiccator with P,Os. Ex situ AFM images were obtained
with tapping mode in air. In the in situ temperature-dependent AFM
experiment, the mica substrate with the adsorbed sample was glued onto a
stainless steel disk and then heated in air using the temperature heater of
the AFM (MultiMode). The images were captured with tapping mode in air
at a desired temperature equilibrated for at least 5 min.
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