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The design and synthesie of new amphiphilic ferrocene derivatives and their capability for forming
Langmuir and Langmuir-Blodgett films are reported. The film formation at the air—water interface was
followed hy surface pressure—molecular area isotherm, surface potential-molecular area isotherm, and
Brewster angle microscopy. The stability and structure of the transferred films were investigated by
UV —vis spectroscopy and small angle X-ray experiments. Transfer ratios near unity were obtained. Two
hydropbabic alkyl chains combined with either one or two hydrophilic funetions gave stable and ordered
films. Omne hydrophobic alkyl chain associated to one hydrophilic headgroup required the presence of an
intercalant for obtaining organized molecular films. This behsvior ciearly illustrated the key role played
by the three-dimensional structure of the ferrocene unit which tends to decrease the intermolecular
interactions because of its bulkiness; this is in agreement with resuits reported for ferrocene-containing
thermotropic iquid erystals (Deschenaux, R.; Goodby, J. W. In Ferrocenes: Homogeneous Catalysis, Organic
Synthesis, Materials Science; Togni, A., Hayashi, T. Eds.; VCH Verlagsgesellschaft: Weinheim, 1995; pp

471-495).

Introduction

The organization of amphiphilic ferrocene derivatives
at the air—water interface and into Langmuir—Bledgett
{LB) filme generated enthusinatic studies, such as pho-
toinduced electron transfer, interfacial electrochemistry.?
aurface potential measurements,® palarized apectroscopic
characterizations* and photopolymerization.’ From a
technological viewpoint, these investigations are of fun-
damental importance as the incorporation ef the redox-
active ferrocene unit into erganized molecular films is
expected to lead to a source of new anisotropic materials
with the view to developing miniaturized electronic
devices.§

The successful design and building of ordered two- and
three-dimensional films with desired properties require
that, for a specific molecular unit, the structural param-
eters (size, shape, conformation, configuration, hydra-
philic—hydrophabic balance) which govern its organization
be known. In the case of ferrocene, no detailed investiga-
tion was carried out to bring to the fore the structure—
supramolecular organization relationship, eapecially con-
cerning the role played hy the three-dimensional structure
of the metallocene core. Thislack ofinformation hindered,
at least in part, a complete exploitation of the properties
of ferrocene for generating organized molecular films with
tailor-made properties.

We describe, herein, new symmetrically and unsym-
metrically substituted amphiphilic ferrocene derivatives
and their capability for forming meonadlayers at the air—

* To whom correspondence should be addressed: Fax, (++41)
32 718 25 11; e-mail, robert.deschenaux@ich.unine.ch.

T Univereité de Neuchétel.
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water mterface and LB films. We alzo emphasizetherole
played by the three-dimensional atructure of the ferrocene
core on the formation and stability of the monolayers.
The search for new substitution patterns which may epen
the doors toward novel and less conventional structures
motivated the present work.

Results and Discussion

Design. The investigated ferrocene derivatives are
shown in Chart 1. Diester 1 was zelected in view of
publiehed data which showed that stable films could be
prepared from 1,1-disubstituted ferrocene derivatives’
(diamides, [Fe{(*-CsH)CONHC,Hon+; }2); diesters, (Fe{(r’-
CsH)O0CC, Hoy11)2]). Compound 1 represents the struc-
ture from which all other ferrocene derivatives were
designed. Ferrocene derivative 2 was prepared to explore
the influence of the number of hydrophilic functions in
disubstituted systems (1, two hydrophilic groups; 2, one
hydrophilic group). Ferrocene 8 was designed to empha-
size the influence of the number of hydrophebic alkyl
chains with respect to the number of hydrophilic groups
(1, two hydrophilic groups and two hydrophobic chains;

(7) (&) Ngkahara, H.; Eatoh, T.; Sgto, M.; Fukuda, X. Thin Solid
Films 1988, 160, 153. (b) Nakahara, H.; Fukuda, K; Sato, M. Thin
Solid Frims 1985, 133, 1.
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Scheme 1°
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° (a) C1sHynOH, Et3N, 4-pyrrolidinopyridine, CHyClz, room
temperature, 16 h.

2, one hydrophilic group and two hydrophobic chains; 3,
one hydraphilic group and one hydrophobic chain). Fer-
rocenophane derivative 4 was gynthesized to emphasize
a possihle influence of the ferrocene conformation: com-
pounds 1—3 can adopt different conformations while for
4 rotation is prevented because of the trimethylene bridge
between the iwo cyclopentadienyl rings. The 1,1',3,3-
substitution pattern (see numbering in Chart 2 inserted
in the Experimental Section) was selected becausein this
case the twoeater functions stand apart from the trimeth-
ylene bridge and can both interact with the water surface.

Syntheses. Diester 1 was prepared by reacting fer-
rocene-1,1'-diacid chloride 58 with octadecanol in CH,Cl;
at room temperature (Scheme 1).

The synthesis of 2 is outlined in Scheme 2. Treatment
of acid chloride derivative 6° with benzyl alcohol gave
protected ester 7. The latter was acylated with stearoyl
chloride (—8) under Friedel —Crafts reaction conditigns.
Alky] derivative 9 was ohtained by reduction of the acyl
function. Removal of the benzyl protective group under
atandard hydrogenation conditions led to acid intermedi-
ate 10 which was transformed into the corresponding acid
chloride 11 with oxzalyl chloride. Esterification of11 with

" octadecanol furnished the targeted ferrocene derivative
2.

The preparation of 3 is shown in Scheme 3. Acid chlo-
ride 6% was esterified with methanol te give 12. Acylation
of the latter with stearoyl chloride under Friedel—Crafis
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conditions led to 13, which was subsequently transformed
into alkyl derivative 14. Reduction of the ester function
gave the dssired amphiphile 3.

[3]Ferrocenophane 4 was prepared ae described in
Scheme 4. Treatment of & mixture of mono- (not shown
here}and diacid chlorides 15° with lithium octadecanoate,
obtained by reacting octadecanol with butyllithium, gave
a mixture of mono- and diesters. Targeted compound 4
was isolated and purified by column chromatography. Ite
structure was confirmed by mass spectrometry, *H NMR,
1BC NMR, 13C APT (attached proton test), and short and
long range HETCOR (heteronuclear correlation) spec-
troscopy.

Film Formation at the Air—Water Interface, The
formation of the Langmuir films at the air—wsater interface
wasinvestigated by means of surface pressure—molecular
areaisotherm, surface pctential-molecular areaisotherm,
and Brewster angle microscopy (BAM). BAM images are
reported for 1 and 2; the other ferrocene derivatives gave
similar results.

Diester 1 showed typical hehavior of amphiphiles at
the air—water interface. The surface pressure versus
molecular area isotherm confirmed the formation of a
stable monolayer (Figure 1). A phase transition was
obzerved between 30 and 40 mN/m. The extrapolated
molecular area of A, = (.42 nm?*molecule corresponded
to the value expected for a two-chain amphiphile? and
confirmed the chtention of a dense monolayer. Further
information concerning the behavior of 1 during the film
formation was obtained from BAM (Figure 2). As a
consequence of hydrophobic intermolecular interactions,
2 phase already formed at very low surface preasure
{Figure 2a). On further compressing, two phases were
detected from the presence of white and black zones
(Figure 2b). When the surface pressure was further raised,
the black areas decreased in number and dimensions
(Figure 2c) and disappeared at 25 mN/m (Figure 2d), which
resulted in the presence of a unique phase. The anisotropy

Scheme 2¢
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° () Benzylalcohol, EtsN, CH;Cly, room temperature, 4 h. (b) C17HyCOCI, Zn, AlCl;, CHyCly, 0 °C, 2 h. {(c) Zn, HgCl,, H,0,
concentrated HCL, toluene, reflux, 24 h. (d) Hz, Pd/C, CH:Clz, room temperature, 4 h. (e} Oxalyl chloride, pyridine, CH>Clz, reflux,
5h. () C1sHsOH, EteN, 4-pyrrolidinopyridine, CHzCly, reflux, overnight.
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% (a} CHgOH, Et3N, 4-pyrrolidinopyridine, CH3Cly, reflux, 3
h. (b) C17Hs5COC), Zn, AlCl,, CH2Cly, 0°C, 3 h. () Zn, HgCls,

H:0, concentrated HCl, toluene, reflux, 3 h. (d) LiAlH,, THF,
0 °C, 30 min.

Scheme 4°
COCH
Fe &b 4
COCI
15

% {a) C13H3;0Li, THF, room temperature (1 ), then reflux (2
h). (b) Column chromstography (silica gel, pentane/diethyl
ether 9:1). The yield of the reaction cannot be given because
the ratio of mono- and diacid chloridea in the gtarting material
is unknown.

of the latter phase was confirmed by changing the angle
ofthe polarizor (compare part d with parts e andfof Figure
2 which represent the layer at the same aurface pressure
but with different polarizor angle). At45mN/m,ie.,after
the phase transition, a more compact phase wag obtained
(Figure 2g). This phase transition was supported by the
fact that a variation of the polarizor angle had noinfluence
on tbe BAM image. From a surface pressure of ca. 62
mN/m collapae of the film was observed (Figure 2h).

(8) Knobloch, F. W.; Rauscher, W. H. J. Polym. Sci. 1061, 54, 651.

(9) (a) Werner, A.; Friedrichsen, W. J. Chem. Soc., Chem. Commun.
1994, 365. (b) Hillman, M.; Matyevich, L.; Fujita, E.; Jegwani, U_;
McGowan, J. Organometallics 1982, 1, 1226.
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Figure 1. Surface pressure and normalized aurface potential
versus molecular ares isotherms of 1 on aguecus NaCl {103 M)
subphase at 25 °C (the formation of the short plateau at ce. 0.1
V nm? molecule~! was nat reproducible and was attributed to
the passage of a less ordered liquid expanded zone under the
electrode).

The variation of the surface pressure versus molecular
area isotherm indicated that compression of 2 gave a sta-
ble film (Figure 3). No phase transition was observed.
The extrapalated molecular area (0.43 nm?/molecule) was
in agreement with the behavior of a two-chain amphiphile.
BAM revealed (i) the formation of domains at low surface
presaure (Figure 4a), (ii) the formation of a homogeneous
film during increase of the surface pressure (Figure 4b),
and (iii) collapse of the film at ca. 60 mN/m (Figure 4c).

The data obtained for 1 and 2 indicated that combination
of two hydrophobic chaina with either one or two hydro-
philic functions led to substitution patterns capable of
forming stable and ordered Langmuir films at the air—-
water interface.

No stable monolayer was obtained with $, compression
of which led to a elow increase of the gurface pressure
until ca. 25 mN/m (Figure 5) which corresponded to the
collapse pressure as visualized by BAM (not shown here).
In comparicon with the data of 1 and 2, the behavior
observed from 8 (and from other ferrocene derivatives
analogous to 3 differentiating from the polar headgroup)®
indicated that one alkyl chain is less favorable than two
for obtaining stable Langmuir films. This reault can be
explained in terms of structural considerations. The
ferrocene core is a bulky three-dimensional moiety.!! If
it is substituted by one long chain, the gpace around the
ferrocene is filled only partially. Consequently, weak
intermolecular interactions take place between the fer-
rocenes, leading to unstable films.

From the resulta obtained for 1 and 2, we anticipated
that addition of 1 equiv of octadecane to the solution of
ferrocene 3 used for spreading mey restore favorable
immteractions between the molecular units: octadecane
would play the role of an intercalant and replace the second
alkyl chainasin 1 or 2. This was in fact what we obtained
from a 3/octadecane (1:1 molar ratio) mixture as shown
inFigure6. Asharpincrease ofthesurface pressureversus
molecular area isotherm was obgerved which indicated

(10) Deschenaux, R.; Megert, $.; Zumbrunn, C. Unpublished results.
{11) Elschenbroich C.; Sealzer, A. In Organometallics; VCH
Verlagsgesellschaft: Weinheim, 1992.
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Figure 2. Brewcter angle microecopy during compression of 1 (gee Figure 1) on pure water at 25 °C at a surface pressure of {a)
0 mN/m (A > 1.5 nm%mal), (b) 0 mN/m (A = 0.8 am¥mol), (c) 4 mN/m, (d) 25 mN/m (polarizor positien 0°), (¢} 25 mN/m (polarizor
position 100°), (f} 25 mN/m (polarizor position —80°), (g) 46 mN/m, and (h) > 60 mN/m {magnification: herizontally, 0.95 cn =

100 gm; vertically, 0.7 cm = 100 um).
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Figure 3. Surface pressure and normalized surface potential
versus molecular area isotherms of 2 on aguecus NaCl (10-3
M) subphase at 20 °C (gimilar behavior was observed at 25 °C).

that a stable and ordered film formed. The extrapolated
molecular area A, = 0.42 nm*molecule waa in apreement
with a two-chain gubstituted ferrocene. BAM (notshown
here) confirmed the formation of a homogeneous film
hetween 0.30 and 0.45 nm?.

Interestingly, the hehavior observed for 8 and 3/octa-
decane is in agreement with studies conducted with
ferrocene-containing thermotropic liquid erystals which
demonstrated that, as a consequence of stronger inter-
molecular interactions,*? disubstituted ferrocene deriva-
tives present a higher mecomorphism than monosubsti-
tuted ones.

‘The compreasion isotherm of ferrocenophane 4 is shown
in Figure 7. Because ofthe additional substituent hridging
the two cyclopentadienyl rings, a larger extrapolated
molecular ares was obtained for4 (A, =0.51 nm*molecule)
than for I, 2, and 8/octadecane,

The variation of the normalized gurface potential as a
function of molecular area was recorded for 1, 2, and
8/octadecane (Figures 1, 3, and 6). The same conclusions
can he drawn from the surface pressure and normalized
surface potential isotherms, In the case of 1, the normal-
ized aurface potential isotherm showa three regions: (1)
between 0.70 and 0.55 nm? corresponding t6 the formation
of a stable and ordered monolayer; (2) between 0.55 and
0.45 nm? (platean region) which may reflect a reorganiza-
tion of the molecules within the Langmuir film; (3) from
ca. 0.45 nm? corregponding to the collapge of the monolayer.
For 2 and 3f/octadecane only two regions are observed: an
increase followed by a decrease of the normalized surface
potential indicating formation and collapse of the mono-
layer, reapectively.

Complementary experiments were performed to check
the stability of the monolayers. Firstly, the atability was
examined hy recording the barrier motion at a constant
surface pressure. For1(25 mN/m, i.e., transfer pressure),
2 (20 mN/m, i.e., transfer pressure), and 3/cctadecane (30
mN/m, ie., transfer presgure), a variation of 0.1 mm/
min was detected. In the case of 4 (from 15 to 55 mN/m),
a variation of +0.2 mm/min was always obtained. Sec-
ondly, the ferrocene derivatives were compreased at
different rates (5, 10, 15, 20, 25, and 30 mm/min). Similar
compression isotherms were obtained for 1, 2, and
3/octadecane. In the case of 4, a variation of the
compression speed led to differences in the compression
isotherm. These obaervations confirmed that satable
monolayers were ohtained from 1, 2, and 3/octadecane

{12) Deschenaux, R.; Goodby, J. W. In Ferrocenes: Homogeneous
Catalysis, Organic Synthesis, Materials Science; Togni, A., Hayashi T.,
Eds.; VCH Verlagsgesellschaft: Weinheim, 1995; pp 471—495.
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Figure 4. Brewster angle microscopy during compression of 2 (see Figure 3) on pure water at 20 °C at a surface pressure of (a)
0 mN/m, (b) 10 mN/m, and (c) > 60 mN/m (magnification: horizentally, 0.95 ecm = 100 um; vertically, 0.7 cm = 100 zam).
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Figure 5. Surface pressure versus molecular area isotherm of
8 on aqueous NaCl (10~ M) subphase at 25 °C.
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Figure 6. Surface pressure and normalized surface potential
versus molecular area isotherms of 3/octadecane (1:1 molar ratio)
on agueous NaCl (1072 M) subphase &t 25 °C.

and revealed a lower film quality for 4. This is in
agreement with the fact that lower transfer ratios were
obtained in the case of 4 than for 1, 2, and 8/octadecane
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Figure 7. Surface pressure versus molecular area isotherm of
4 on pure water at 20 °C (similar behavior was cbserved at 25
°C).

{see helow). The hehavior of 4 was not investigated
further. Thirdly, hysteresis experiments were carried out
with $/octadecane. Compression—expansion cycles showed
almost no hysteresis if the monolayer was not compressed
shove 40 mN/m. Finally, the fact that for 1, 2 and
%/octadecane transfer ratios near unity as well as a
periodicity in the small-angle X-ray scattering {(SAXS)
patterns were obtained (see below) are the most convincing
arguments which prove that stahle and ordered mone-
layers at the air—water interface were obtained.

The above data suggest that in each case the hydrophilic
groups interact with the water surface, and the alkyl
chains point away from it. Such interactions are respon-
sihle for the formation of stable and ordered monolayera.
Comparing the data obtained for 4 with the ones of 1 and
2 suggeat that the latter two species orient in a similar
way as for 4, i.e, with the two subatituents in the cis-
conformation. In the case of 8, the two substituents are
most likely in the trans-conformation to favor interactions
between the alcoholic function and the water surface.
Finally, the variation of the normalized surface potential
of 1, 2, and 3/octadecane indicates different behavior of
1 with respect to 2 and $/octadecane during fthe film
formation. This should be related to (1) the nature and
number of the substituents located on the ferrocene and
(2) stronger hydrophilic interactions with the subphase
in the case of 1 which bears two polar head groups.

Langmuir-Blodgett Films. Y-Type transferred films
{downward and upward deposition mode) of 1, 2, and
8/octadecane (1:1) were successfully prepared onto hy-
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Figure 8. The UV—vis spectra of 1 in (a) CHCl; solution (1.02
x 10™* mol/L), and (b) onto hydrophobized quartz plates (the
number of transferred layers is indicated an the figure).

drophohized quartz or glass substrates using the con-
ventional dipping method (see Experimental Section). In
each case, a transfer ratio close to unity was obtained. Up
to 100 monolayers could be transferred for 1;in the case
of 2 and 3/octadecane (1:1), 60 and 30 monolayers could
be deposited, respectively; thease values do not represent
an upper limit. To ensure high quality of the transferred
films, the monolayer (at the air—water interface) was
renewed every 20 transfers. The LB films were charac-
terized by UV—vis spectroscopy and small-angle X-ray
scattering (SAXS). Transfer of monolayers from ferro-
cenophane derivative 4 was more difficult Jower transfer
ratios were obtained for 4 than for 1, 2, and 8/octadecane).
This result may reflect a deetabilization of the monolayer
organization during the transfer process becgause of the
trimethylene unit. Langmuir—Blodgett film formation
from 4 was therefore not investigated.

UV—vis Spectroscopy. Films were deposited onte quartz
plates pretreated with octadecyltrichlorosilane. The UV
spectra of 1, 2 and 8/octadecane (1:1)in chloroform solution

Deschenaux et al.
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Figure9. The UV—vis spectra of 2in (8) CHCI; solution (1.20
x 107 mol/L), and (b) onto hydrophchized quartz plates {the
numnber is of transferred layers is indicated on the figure).

and for the transferred films are reported in Figures 8,
9, and 10, regpectively.

In solution, typical absarption hands of the ferrocenyl
core were ohserved at 450 and 250 nm.* In the case of
transferred films, a blue shift of the absorption peaks wae
observed as compared with solution spectra. Such be-
havior was already reported for other ferrocene deriva-
tives™ and was attributed to the formation of H-ag-
gregatea.!® A linear increase of the absorption was
detected with the number of layers indicating that 1, 2,
and S/octadecane {1:1) were transferred quantitatively
and effectively. The chemical stability of the transferred
films was evaluated by measuring the variation of the
absorption maximum as a function of time. A decrease
of about 1% and a blue ghift of 2 nm for the maximum
sbsorption peak were obeerved 4 days after deposition,
No further modifications were noticed geveral months

(13) Evans, C. E.; Song, Q.; Bohn, P. W. J. Phys. Chem. 1998, 97,
12302.
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Figrare 10. The UV—vis spectra of 3/octadecane (1:1 molar
ratio) (a) in CHClg solution (1.30 x 10~* mol/L) and (b} onto
hydrophabized quartz plates (the number of transferred layers
is indicated on the figure).

later, which indicated good chemical stability of the
deposited films. .

Small-Angle X -ray Scatiering. SAXS experiments were
conducted for films which were deposited ontoglass plates
pretreated with octadecyltrichlorosilane.

The diffractograms for 12 layers of 1, 2, and 8/octadec-
ane (1:1) recorded 4 days and 2 months after deposition
are presented in Figures 11, 12 and 13, respectively. Sharp
diffraction signals were ohserved; second-order [for 3/oc-
tadecane (1:1)] and second- and third-order (for 1 and 2)
diffraction peaks were detected. These data proved the
formation of highly ordered and stable LB films,

Figure 14 shows the evolution of the diffraction pattern
for six layere of 2, 1 day, 4 days, and 2 months after
deposition. Only one diffraction peak was observed at 260
=1.93°(5.3 nm) 1 day after deposition (Figure 14a}). Four
days after deposition, a new peak appeared at 26 = 2.63°
(3.9 nm) (Figure 14h), while the first one decreased in
intensity. No further modifications were observed as
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Figure 11. Small-angle X-ray acattering of a 12-layer Lang-
muir—Blodgett film of 1 onto a bydrophobized glass plate
obtained {a) 4 days and (b) 2 months after deposition.
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Figure 12. Small-angle X-ray scettering of a 12-layer Lang-
muir—Blodgett film of 2 onto a hydrophobized glass plate
obtained (a) 4 days and (b) 2 months after deposition.

indicated hy the diffraction pattern recorded 2 months
after deposition (Figure 14c). As expected in the latter
case, the diffraction pattern ressembled the one reported
inFigure 12. These data are important becausetheyshow
that the LB film tends to an equilibrium which is reached
only a few days after deposition. The variation of the
SAXS diffractograms is in agreement with the modification
of the UV—vis spectra (see above). The differences
hetween the apectra of 2 displayed in Figures 12 and 14
are a consequence of a higher organization degree for the
12-layer system than for the 6-layer one and a more rapid
stahilization process with a higher numher of layers.
Similar results were obtained for 1 and 8/octadecane (1:
1).

The SAXS experiments are of particularinterest as they
give information regarding the arrangement of the mo-
lecular unita within the organized molecular films. From
the diffractograms presented in Figures 11—13, a peri-
odicity of 3.9, 3.8, and 3.3 nm was found for 1, 2, and
3/octadecane (1:1), respectively. These values were at-
tributed to a double layer spacing, i.e., to the distance
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Figure 18. Small-angle X-ray scattering of a 12-layer Lang-
muir—Blodgett film of $/octadecane (1:1 molar ratio) onto a
hydrophobized glasa plate ahtained (a) 4 days and (b) 2 months
after deposition.
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Figure 14. Small-angle X-ray scattering of a 6-layer Lang-
muir—Bl tt film of 2 onto a hydrophobized glass plate
obtained (&) 1 day, (b) 4 days, and (c) 2 months after deposition.

between two ferrocene nuclei separated by alkyl chains.
The molecular length in the fully extended chain confor-
mation determined by CPK molecular modela was found
to be ca. 3.0 nm for 1 (cis conformation), 2 (cis conforma-
tion), and 8 (¢rens conformation). Therefore, the above
SAXS values indicate that the molecules are tilted within
the layers, with a tilt angle of ca. 50° for 1, 51° for 2, and
56° for 3/octadecane (1:1). A situation where the ferrocene
derivatives would be perpendicular to the layers forming
a bilayer can be excluded; a SAXS periodicity of 6.0 nm
would bevebeen cbtained. Aninterdigitated arrangement
is alsolesslikely: firstly, BAMinvestigations have shown
that the chains are tilted on the water surface (comparison
of parts e and f of Figure 2 showed thst a variation of the
polarizor angle led to an opposite contrast {i.e., Figure 2e
can be considered aa the negative image of Figure 2f));4
secondly, the layers are too compact to allow interdigi-
tation.

(14) Hinig, D.; Overbeck, G. A.; Mabius, . Ady. Mater 1992, 4,419,
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Figure 15. Possible supramolecunlar organizations of the
ferrocene-containing molecular units within the Langmuir—
Blodgett films (aee text).

Two possible supramoleculsr arrangements can be
postulated for the organization of the investigated mo-
lecular unite within the LB films (Figure 15). Inthe first
case, the ferrocene derivatives are tilted with respect to
the normal of the layers and form a chevron structure
(Figure 15a); in the second one, the molecules are tilted
and peint toward the same direction (Figure 15b). The
presence of both organizations ie also feasible ag already
observed for other systems.25

The data describedin the present report are of particular
importance as they show that ordered and stable Langynuir
and LB filma can be obtained from various ferrocene
derivatives. The succeesful derivatization of the ferrocene
unit by two different subatitutents opens the way for the
design of novel amphiphilic ferrocene-containing molec-
ular building blocks. The possibility of employing an
intercalant (octadecane in the present case) is an inter-
esting result for elaborating aystems which may combine
the characteristics of a ferrocene derivative with thaose of
an intercalant. Interestingly, the substitntion pattern
may aleo be used for tuning the redox properties®® of the
ferrocene moiety with the view to constructing electro-
sctive anisotropic molecular films, or to control the
supramolecular organization as reported for vesicle for-
mation*’ and, more recently, for liquid-crystalline phase
induction.}®

Conclusion

To understand how polar beadgroups and alkyl chains
can be combined for obtaining Langmuir and LB films
from ferrocene-containing molecular units, we have
designed, synthesized, and characterized newamphiphilic
ferrocene derivatives. This work has ebown that a
aubstitution pattern composed of two hydrophobic chains
with either one or two hydrephilic functions led to stable
and ordered molecular films, while one hydrophobic chain
associated with one hydrophilic headgroup required the
presence of an intercalant to fill the apace around the

(15) Delamarche, R.; Michel, B.; Gerber, C.; Anselmetti, D.;
Giintherodt, H.-J.; Wolf, H.; Ringedorf, H. Langmuir 1994, 10, 2869.
(16) Zanello, P. In Ferrocenes: Homogeneous Catalysis, Organic
Synthesis, Materials Science; Togni, A, Hayashi, T., Eds; VCH
Verlagsgesellschaft: Weinheim, 1995; pp 317—430.

(17) (a) Wang, K; Mungz, S.; Zhang, L.; Cestro, R.; Kaifer, A. E,;
Gokel, G. W. J. Am. Chem. Soc. 1996, 118,6707. (b)Medina, J.C.; Gay,
1.; Chen, Z; Echegoyen, L.; Gokel, G. W. J. Am. Chem. Soc. 1881, 113,
365.
(18) Deschenaux, R.; Schweissguth, M.; Levelut, A-M. Chem. Com-
mun. 1996, 1275,



Ferrocene-Containing LB Films

bulky ferrocene unit. This behavior is in agreement with
results reported for ferrocene-containing thermotropic
Yiguid erystalsl? and further emphasizes the key role
played by the three-dimensional structure of the ferrocene
unit for obtaining organized molecular assemblies. Small-
angle X-ray diffraction investigations demonstrated that
the LB films tend to an equihibrium situation whick is
reached a few days after transfer of the monolayers.

Experimental Section

Materials and General Methods. Dichloromethane (CaCls
and then P20z, under nitrogen) and THF (sodium, under nitrogen)
were digtilled and dried prior to use. Oxalyl chloride (purum),
pyridine {puriss p.a.), benzyl aleohal (puriss p.a.}, triethylamine
(puriss p.a.), 4-pyrrolidinopyridine (purum), octadecancl (purum),
aluminum chloride (puriss), and zinc (pulv.,, purum) were
purchased from Fluka and used as received. Mercury chloride
(pro analysia) was purchased from Merck and used as received.
Stearoyl chloride (pract.) was purchased from Fiuka and distilled
prior to use. Ferrocene-1,1’-dicarboxylic acid chloride (5),2
ferrocene carboxylic acid chloride (6),® and [3)ferrccenophane-
3,3'-dicarboxylic acid chloride (15)? were prepared by following
literature procedures. Reactions involving the formation or
transformation of acid chloride function(s) were protected from
light (aluminum feil) and carried out under nitrogen. Column
chromatography: silica gel 60(0.060—0.200 mm, SDS)or alumina
(neutral, type 607C, 100125 mm, Fluka). Thin layer
chromatography: silica gel plates 60Fz5; (Merck) or alumina
(Merck). Melting points: Biichi 510 instrument (uncorrected).
UV spectra: Uvikon 930 apectrophotometer. IR spectra: Perkin-
Elmer 1720 FTIR spectrometer. NMR spectra: Bruker AMX
400 and Varian Gemini 200 spectrometers; solvent as aninternal
reference. Mass spectra {electronic impact): Nermag R 30.10
spectrometer. Elemental analyses were performed hy Mikro-
elementaranalytisches Laboratorium, ETH-Zurich, and Ciba
(Marly). Abbreviations: 4-pyrrolidinopyridine = 4-ppy; triethyl-
amine = EtzN; OTS = octadecyltrichlorosilane.

Langmuir—Blodgett Technique. Instrumentation: KSV
Instrument Ine¢., Finland. Experimerta were carried out on a
Langmuir trough LB 5000 (Teflon coating, 60 x 15 cm) equipped
with twe hydrophobic harriers, a Wilhelmy balance as a surface-
pressure sensor and a 5000 SP surface-potential meter (vibrating
capacitormethod). The whele ayatem, fully computer controlled,
was placed on an active vibration-isolating table and was
protecied from dust by a home-made plastic cover.

Film formations were carried out by the ordinary method.
Typical conditions were as follows: eubphase, water (18 MQ
em~l; Elgastat UHQ-II, Kleiner, Switzerland); temperature,
subphase thermostated within +0.2 °C, atmozphere at 20—22
°C; concentration and volume of chloroform solution of the
amphiphile: 0.8—1.3 mg/ml, 70—150uL; compression speed, 20
mm/min (i.e., 60 cm?/min}. Vertical transfers were performed at
the following surface pressures: 1, 25 mN/m; 2, 20 mN/m;
S/octadecane (1:1), 30 mN/m at a rate of 5 mm/min. To ensure
high quality of the transferred films, the monolayer {at the air—
water interface) was renewed every 20 transfers. Upper and
lower delay: 30 &. Cleaning of the quartz and glass plates: the
platee were (i) treated with a 5% RBS golution (Fluka} with an
ultrasonic bath at 80 °C for 30 min, (ii) rinsed with UHQ water,
MeOH, and UHQ water, (iii) treated in UHQ water with an
ultrasonic bath at 80 °C for 30 min, {iv) rinsed with UHQ water,
MeOH, and UHQ water, and (v) dried at 140 °C. Hydropbobi-
zation of the quartz and glass plates: the cleaned plates were
(i) immersed in a golution containing QTS (0.5 mL), decaline (25
mi), CHCly (256 mL}, and CCL (50 mL) and treated with an
ultrasonic bath at 60 °C for 15 min, (ii} rinsed successively with
CH;Cl,, MeOH, and UHQ water, and (iii) dried at 140 °C.

Brewater-Angle Microscopy. Instrumentation: BAM-1
Brewster-angle microscope (Nanofilm Technelogie, Germany).

Small-Angile X-ray Scattering. Instrument: STOE Stadi
P powder diffractometer. Focused Co Ko, radiation with 1 =
0.178 897 nm was obtained by a curved Ge(111) manochromator.
Data were collected in the 0.5—10° 26 range in reflection mode.
The instrument was calibrated with a multilayer system of
cadmium arachidate.
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1,1’-Dicarbooctadecyloxyferrocene {1). To a solation of
ferrocene-1,1"-diacid chloride (5) (1.30 g, 4.18 mmol) in CH2Cl,
(30 mL)were added a aclution of octadecanol (3.39 g, 12.5 mmol}
in CHzCls (50 ml.), 4-ppy (catalytic amount), and Et;N (0.85 g,
8.4 mmol). The mixture was etirred at room tempersture for 16
h, washed with water, dried (MgSO,), and evaporated todryness.
Purificatian of the residue by column chromatography (alumina,
hexane/AcOEt 20:1) and erystallization from EtOH gave pure 1
(0.50 g, 16%). Mp 63—65°C. UV~via (CHCls)nm (e}: 251(10 540),
308 (1360), 449 (280). 'H NMR (400 MHz, CDCls) 5: 4.82 (m,
4 I, HCp), 439 (m, 4 H, HCp), 4.21 (t, 4 H, CH20}, 1.73 (m, 4
H, CH,CH,0), 1.25 (br 5, 60 K, aliphatic CHy), 0.88(i, 6H, CHy).
13C NMR (100 MHz, CDCl;)6: 170.59, 73.19, 72.89, 71.51,64.68,
31.98, 29.76, 29.41, 28.91, 28.11, 22.74, 14.18. IR (KBr): 2917,
2850, 1720, 1293, 1159. Anal. Caled for CHgoO.Fe (779.02):
C, 74.00; H, 10.61. Found: C, 74.03; H, 10.63.

Carbobenzyloxyferrocene (7). To a solution of ferrocene-
carhoxylic acid chloride 6 (5.4 g, 22 mmol) in CHyClz (70 mL)
were added EtsN (2.2 g, 22 mmoi) and benzyl alcohol (2.7 g, 25
mmol). The solution was stirred at room temperature for 4 h,
diluted with CH2Clz (100 m1), washed with water, dried (MgS04¢
and evaporated todryness. Purification of the residue by column
chromateography (silica gel, hexane/AcOEt 5:1) gave pure 7 (4.8
g, 68%). Mp 84—86 °C. 'H NMR (200 MHz, CDCly) 5: 7.45 (m,
5 H, benzyl), 5.27 (¢, 2 H, CH>), 4.86 (br 8, 2 H, HCp), 441 (br
s, 2H,HCp), 4.13 (br 5, 5 H, HCp). *C NMR (100 MHz, CDClg)
6:172.16, 137.30, 129.24, 129.00, 128.87, 72.11, 71.79, 70.94,
70.44, 66.52. IR (KBr): 3980, 3087, 3029, 2973, 1702, 1458,
1376, 1275.

1-Carbobenzyloxy-1'-octadecanoylferrocene (8). Pow-
dered zinc{8.1 2, 0.12 mol)and AlCly (3.6 g, 27 mmol ) wers added
to a etirred aoluticn of 7 (4.0 g, 12.5 mmel) in CH,Cls (150 mL)
cooled to 0 °C. Stearoyl chloride (8.3 g, 27 mmol) in CH:Clz (50
mL) was added dropwise over a period of 10 min. The reaction
mixture waa stirred at 0 °C for 2 h, filtered, diluted with CHzClg,
and hydrolyzed with water. The organic layer was washed with
a diluted aqueous NaHCOQs; solution, dried (MgSOy), and evapo-
rated to dryness. Purification of the residue by column chro-
matography (silica gel, hexane/AcOEt 10:1) and crystallization
from EtOH gave pure 8 (4.7 g, 64%). Mp 70-71 °C. 'H NMR
(400 MHz, CDClg) d: 7.40 (m, 5 H, benzyl), 5.23 (s, 2 H, CH;-
benzyl), 4.82 (t, 2 H, HCp), 4.68 (1, 2 H, HCp), 4£.39 (1,2 H, HCp),
4.36 (t, 2 H, HCp), 2,61 (t, 2 H, CH:CH.CQ), 1.64 (m, 2 H,
CH,CHCO), 1.26 (br &, 28 H, aliphatic CHz), 0.88 (t, 3 H, CHs).
13C NMR (100 MHz, CDClg) 6: 204.03, 170.86, 136.93, 129.29,
129.26, 129.05, 74.07, 73.50, 73.37, 72.22, T71.29, 66.92, 40.52,
32.60, 30.38, 30.34, 30.25, 30.16, 30.04, 25.02,23.37, 14.79. Anal.
Caled for CysHyyOsFe (586.64): C, 73.71; H, 8.59. Found: C,
73.79; H, 8.61.

1-Carbobenzyloxy-1'-octadecylferrocene (9). A mixture
of powdered zinc (2.0 g, 31 mmel), HgClp (0.15 g, 0.55 mmol).
water (2.5 ml), and concentrated HC] (0.1 ml) was stirred at
room temperature for 5 mie. The upper layer was eliminated
bymeans of a pipet and replaced by water (5 mL) and concentrated
HCi (1.5 mL). Asolution of 8 (0.3 g, 0.5 mmol) in teluene (6 mL)
was added and the mixture stirred under refiux for 24h. At this
stage, concentrated HCl (1 m1.) was added and the mixture stirred
under reflux for a further 6 h. The organic layer was recovered,
diluted with toluene, washed with water to neutral pH, dried
(MgS0,) and evaporated to dryness. Crystallization of the
residue from EtOH gave pure 9(0.28 g, 98%). Mp45—50°C. H
NMR (200 MHz, CDCly) 4: 7.4 (m, 5 H, benzyi), 527 (s, 2 H,
CHybenzyl), 4.75 (t, 2H, HCp), 4.33 (t, 2H, HCp), 3.92(s, 4 H,
HCp), 2.2 (t, 2H, CHCp), 1.65 (m, 2 H, CH,CH:Cp), 1.26 (br s,
30 H, aliphatic CHy), 0.89 {{, 3 H, CH;). ¥C NMR (100 MHz,
CDCls) 8: 17213, 137.24, 129.21, 129.06, 128.83, 77.80, 72.83,
72.17,71.60,70.58,69.72, 66.50, 31.78, 30.38, 30.34, 30.31, 30.27,
30.18, 30.11, 30.04, 29.92, 29.75, 20.32, 23.37, 14.79. IR (KBr):
2913, 2849, 1715, 1635, 1472, 12717, 1133, 1025, 716, 492.

1-Carboxy-1'-octadecylferrocene (10). A mixture of 9
(0.28 g, 0.49 mmol), Pd(10%)YC (catalytic amount) and CHClz
(200 mL} was hydrogenated at room temperature under 4.5 bar
of hydrogen for 4 h. The solation was filtered and evaporated
to dryness. Crystallization of the residue from EtCH gave pure
10(0.17 g, 72%). Mp 7779 °C (dec). YH NMR (200 MHz, CDCl3}
6: 4.77(t,2H,HCp), 441 (t, 2 H, HCp), 4.13 (¢, 4 H, HCp), 2.28
(t, 2 H, CH:Cp), 1.50 (m, 2 H, CH2CH:Cp), 1.26 (br s, 30 H,
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aliphatic CHg), 0.89 (t, 3H, CHa). *C NMR (100 MHz, CDCl3)
4: 178.99, 91.95, 73.20, 71.79, 70.69, 69.94,32.61, 31. ’75 30.39,
30.35, 30.32, 3022,3005 2902 23.37, 14. 80. Anal Calced for
GmH‘stFe (482.63): C, 72.19; H, 9.61. Found: C, 72.25; H,
9.66.

1-Carbooctadecyloxy-1"-octadecylferrocene (2). A solu-
tion of 10 (0.14 g, 0.29 mmol), oxalyl chloride (0.38 g, 3.0 mmol),
angd pyridine (a few drops) in CH2Cl; (5 mL) was heated under
reflux for 5 h, cooled to room temperature, and evaporated to
dryness. The sclid residue was extracted several times with hot
petroleum ether (bp = 60—90 °C). Combination of the organic
extracts and evaporation to dryness gave l-chlorocarboxy-1'-
octadecylferrocene (11) (0.145 g, 100%) which was used in the
next step without firther purification.

To 11 {0.14 g, 0.28 rmel) in CH,Cl; (5 mL) were added a
solution of octadecandl (0.12 g, 0.44 mwmol) in CH:Cl; (5 mL),
EtsN (58 mg, 0.67 mmol), and 4-ppy (catalytic amount}). The
mixture was stirred under reflux overnight, cooled to room
temperature, washed with watey, dried (MgSO,), and evaporated
to dryness. Purification ofthe residue by column chromatography
(silica gel, hexane/AcOEt 10:1) and crystallization from EtOH
gave pure 2 (0.14 g, 68%). Mp 68—69 °C. UV—vis (CHCl3) nm
(€): 242(8680), 309 (1580),445(300). *H NMR (400 MHz, CDCls}
&: 4.73(s,2H,ACp), 4.33 (s, 2H, HCp), 4.18(t, 2 H, CH,0), £.09
(s,4 H,HCp), 2.24 (t, 2 H, CHCp), 1.71 (m, 2 H, CHCH;0), 1.43
(m, 2 H, CH.CH,Cp), 1.26 (br 5, 60 H, aliphatic CHy), 0.88 (t, 6
H, CH;). “C NMR (100 MHz CDCl3) 4: 172.35, 91.90, 72.70,
72.52,71.42,70.52, 69.63,64.96, 32.61, 31.81, 30.39, 30.35, 30.26,
30.21, 30.05, 29.63, 29.34, 26.82, 23.37, 14.79. IR (KBr): 2917,
2860,1698, 1661, 1471, 1457, 1276, 1147, 1038. Anal, Calcd for
CisHgeOoFe (735.00): C, 76.80; H, 11.24. Found: C, 76.74; H,
11.38.

Carbomethoxyferrocene (12). A solution of 6 (0.5 g, 2
mmol), Et;N (0.4 g, 4 mmol), 4-ppy (catalytic amount), and MeOH
(1.0 mL, 25 mmol) in CHxClz (15 mL) was heated under reflux
for 3 h, cooled to room temperature, and filtered over silica gel
(10 g, CHx(ly). Evaperstion of the solvent gave pure 12(0.49 g,
100%). Mp 68-T70 °C. *H NMR (400 MHz, CDCly) 5: 4.80 (s, 2
H, HCp), 4.39 (s, 2 H, HCp), 4.20 (s, 5 H, unsubst. Cp), 3.80 (s,
3H, CHy). *C NMR (100 MHz, CDCly) &: 172.87,71.94, 71.77,
70.79, 7041, 62.23. IR (KBr). 2923, 1713, 1702, 1466, 1375,
1281, 1190, 1140, 824.

1-Carbomethoxy-1-octadecanoylferrocene (13). Pow-
dered zinc (1.3 g, 20 mmol) and AlICl; (0.33 g, 2.5 mmol) were
added to a stirred solution of 12 (0.5 g, 2 mmol) in CH2Cl2 (20
mL})eocled to 0°C. Stearoyl ehloride (0.75g, 2.5 mmo]}in CH2Clg
{5 mL) was added over a period of 10 min. The reaction mixture
was stirred at 0 °C for 3 h and bydrolyzed with water (20 mL).
The organic layer was recovered, filtered, washed with a saturated
aqueous NaHCO; solution, dried (MgS0Q,), and evaporated to
dryness. Crystallization of the residue from EtOH gave pure 13
(0.90 g, 88%). Mp 79—81°C. *H NMR (400 MHz, CDCls) 5: 4.80
{t, 2 H, HCp), 4.78 (1, 2 H, HCp), 4.49 (t, 2 H, HCp), 440 (t, 2
H, HCp), 3.82 (s, 3 H, CH;0), 2.67 (t, 2 H, CH:CO), 1.68 (m, 2
H, CHxCH2CO), 1.25 (br 5, 28 H, aliphatic CH3), 0.88 (t, 3 H,
CH,CH,). *CNMR (100 MHz, CDCl3)&: 204.42,171.60, 81.12,
74.02,73.51,73.32, 72.18,71.38, 52.42, 40.59, 32.61, 30.39, 30.35,
3025, 30.21, 30.05, 25.02, 23.38, 14.81. IR (KBr): 2916, 2849,
1715, 1660, 1472, 1376, 1285, 1149, 491. Anal. Caled for
CsoHLigOsFe (610.54): C, 70.68; H, 9.08. Found: C, 70.70; H,
9.18.

1-Carbomethoxy-1"-octadecylferrocens (14). A mixture
of granular zinc (2.0 g, 31 mmol), HgCl, (0.16 g, 0.55 mmol),
water (2.5 mL), and concentrated HCl (0.5 mL) was stirred at
room temperature for 5min. The aqueous phase was eliminated
with a pipet and replaced hy water (5 mL) and concentrated HC1
(2 mL). A selntion of 13 (0.30 g, 0.69 mmotl) in toluene (10 mL)
was added. The suspension was heated under refluxfor 3 h. The
organic phase was recovered, diluted with toluene, washed with
water to neutral pH, dried (MgS0Q,), and evaporated to dryness.
Crystellization of the residue from EtOH gave pure 14 (0.22 g,
75%). Mp 55-66 °C. H NMR (200 MHz, CDCly} é: 4.72(t, 2
H, HCp), 4.34 (t, 2 H, HCp), 4.08 (s, 4 H, HCp), 3.80 (g, 3 H,
CH;0), 2.25 (t, 2 H, CH:Cp}, 1.50 (m, 2 H, CH>CH:Cp), 1.26 (br
8, 30 H, aliphatic CH3), 0.89 (t, 3 H, CH;CH,). 13C NMR (100
MHz, CDCls) 6: 172.72,91.84, 72.47,72.21, 71.29, 70.42, 69.55,
52.11,32.62,31.79, 30.40, 30.32, 30.26, 30.21, 30.06, 20,22, 23.39,
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14.82. TR(KBr): 2919, 2849,1705,1469,1278,1141. Anal. Caled
for CapHgO2Fe (496.55): C, 72.57; H, 9.74. Found: C,72.56; H,
9.67.

1-Hydroxymethyl-1-octadecylferrocene (3). A spatula
tip of LiAltL, was added to 2 solution of 14 (0.20 g, 0.40 mmol)
in THF (20 mL) cocled to 0 °C. The mixture was gtirred for 30
min, hydrolyzed with water, and diluted with diethyl ether. The
crganic layer weg washed with water to neutral pH, dried
(MgS0Q,), and evaporated to dryness. Crystallization of the
residue from heptane gave pure 3(0.15 g, 80%). Mp 57—-69 °C.
UV—vis (CHCls)nm (¢): 248 (6670). H NMR (200 MHz, CDCls)
d: 4.33 (br d, 2 H, CH:0H; s when D;O was added}, 4.16 (t, 2
H, HCp), 4.12 (t, 2 H, HCp), 4.07 (3, 4 H, HCp), 2.30 (t, 2 H,
CH:Cp), 1.50 (m, 2 H, CH:CHyCp), 1.26 (br 5, 30 H, aliphatic
CHy), 0.89 (t, 3 H, CHs). 3C NMR (100 MHz, CDCly) é: 70.08,
69.47,68.33,61.41,32.61,31.92,30.39, 30.31,30.27, 30.21, 30.13,
30.05, 23.38, 14.81. IR (KBr}): 3314, 2918, 2861, 1473, 1466,
1042, 1024, 993. Anal. Caled for CegtlysOFe (468.54): C,74.34;
H, 10.33. Found: C, 74.58; H, 10.49.

1,1-Trimethyiene-3,3' -carbooctadecyloxyferrocene (4).
n-Buli (16.6 mL, 1.6 M in hexzane) was added to a solution of
octadecancl (6.9 g, 26 mmol)in THF (160 ml.). The mixture was
stirred at room temperature for 1 h and 30 min and then cooled
to —50 °C. A sclution of 15 (1.0 g, mixture of mono- and diacid
chlorides) in THF (30 mL) was edded and the mixture stirred
while the tempersture raised slowly to room temperature. The
mixture was stirred at room temperature for 1 b, under reflux
far 2 h, cooled to room temperature, and diluted with water and
CH:Cl;. The organiclayer wes washed with water, dried (CaCla),
and evaporated to dryness. The residue was chromatographed
through a silica gel column with pentane/diethyl ether 9:1 as the
eluent. The mixture contained six compounds: two monocester
derivatives (Ry(silica gel, pentane/diethyl ether 9:1) = 0.47 and
0.40, MS: 523 (M* + 1), 522 (M*)) and four diester derivatives
among which the desired 4 (0.28 g) (Ry(silica gel, pentane/diethyl
ether 9:1) = 0.14} was isolated; the vield of the reaction cannet
be given as the proportion of the etarting mono- and diacid
chloridesis not known. Mp 67—69°C. 1H NMR (4060 MHz, CDCls)
5: 4.80 (m, 4 K, Heouay), 413 (m, 2 H, Hep), 4.12 (t, 4 H,
CH:0), 2.1-1.8 (m, 6 H, Hy 1), 1.67 (m, 4 H, CH:CHz0), 1.25
(br s, 60 H, aliphatic CHz), 0.88 (¢, 6 H, CHs). 'H NMR (400
MHz, acetane-dg) 6: 4.91 (t, J, = 1.3 Hz, 2 H, Hp2y), 4.85 (dd,
Jo = 2.5 Hz, Jm = 1.3 Hz, 2 H, Huuv), 442(dd, J.= 25 Hz, Ju
= 1.3 He, 2 H, Hyy), 4.21 (t, J = 6.8 Hz, 4 H, CH0), 2.3—-2.0
{m, 6 H, Hg7s), 1.83—-1.77 (m, 4 H, CH,CH;0), 1.41 (br 5, 60 H,
aliphatic CHs), 1.0(t, J=6.7Hz, 6 H, CHz). 13C NMR (100 MHz,
CDCly) &: 169.53 (COY); 89.17 {Ca.3); 74.93 (Ca,1); 72.85 (Gis 57
71.73 (Ciazy); 70.99 (Cy.1y); 64.46 (CH0); 34.94 (Cigngp); 31.98,
29.77, 29.65, 29.42, 28.81, 26.07, 24.16, 22.75 (aliphatic CHa);
14.18 (CHs). IR (KBr): 2916, 2850, 1723, 1295, 1216, 1187. MS:
818 (M+*). Anal. Caled for Cs;HgsOFe (810.08): C, 74.79; H,
10.58. Found: C, 74.95; H, 10.74.
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Supporting Information Available: NMR data (short
range and long range HETCOR spectra) of compound 4 (7 pages).
Ordering information is given on any current masthead page.
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