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Abstract

2-(Ferrocenylmethyl)amino-2-methylpropan-1-ol was synthesized and converted to the respective ammonium bromide
([1H]Br = 2) and dihydrogenphosphate ((1H]H,PO4 = 3). The solid-state structures of 1, 2 and the solvated salt 3 - 1/6Et,O (3a) have
been determined by X-ray diffraction. The solid-state assemblies of 1 and 2 are dominated by infinite ladder-like arrays interconnected
by hydrogen bonds whereas the solid-state structure of 3a is built up from linear hydrogen-bonded dihydrogenphosphate chains,
which are interlinked via hydrogen bonds to the cations [1H]" into a complicated three-dimensional network. Compound 1 and its
interactions with BuyNBr and BusNH;POy in solution were further studied by electrochemical methods and NMR titrations.

© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Crystal engineering with organometallic and coordi-
nation compounds is currently gaining attention as an
approach towards preparation of new materials whose
properties arise from a defined, periodic and specific
assembly of molecules and ions in the solid state. Or-
ganometallic materials are particularly interesting due to
a possibility of changing the molecular structure and
charge of suitable building blocks, as well as oxidation
and spin states of their central atom(s) [1]. The design of
organometallic crystals is still far from rational and
usually relies on an assembly of polar molecules via
hydrogen bonds [2], which are strong enough to ensure
stability of the formed supramolecular structures, and
better predictable and reproducible due to their direc-
tional nature than, e.g., weaker C-H---X and C-H-- =&t
interactions frequently encountered in the structures of
organometallic compounds.

It has been shown that ferrocenylalcohols form var-
ious hydrogen-bonded arrays in the solid state made up
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of either only the hydroxy groups or involving another
polar group present in the molecule [3]. They also
readily incorporate other molecules capable of hydrogen
bonding, typically amines, into their structures, afford-
ing well-defined solid adducts with diverse supramolec-
ular structures [4]. Considering that an introduction of
further polar groups increases the number of possible
intermolecular interactions, we studied a readily avail-
able ferrocene P-aminoalcohol, 2-(ferrocenylmethyl)-
amino-2-methylpropan-1-ol (1), which appears as a
suitable building block for solid-state self-assembly and
possibly also for hydrogen bonding-aided intermolecu-
lar association/ion recognition. In this paper, we de-
scribe the solid-state structures of 1, ammonium salts
[1H]Br and [1H]H,PO4 and, additionally, report on in-
teractions of 1 with BuyNBr and BusNH,PO, in solu-
tion, which were studied by NMR titrations and
electrochemical methods.

2. Results and discussion

2-(Ferrocenylmethyl)amino-2-methylpropan-1-ol,
FcCH,;NHCMe,CH,OH (1, Fc=ferrocenyl) was
obtained similarly to 2-[(ferrocenylmethyl)amino]ethan-
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1-ol [5] by condensation of ferrocenecarboxaldehyde
with 2-amino-2-methylpropan-1-ol and a subsequent
reduction of the intermediate Schiff base (72% isolated
yield). The amination reaction competes with the direct
reduction of the aldehyde to ferrocenylmethanol, which
was isolated as a minor byproduct (10%) [6]. Compound
1 was characterized by NMR, MS and IR spectra, by
elemental analysis and further converted to the respec-
tive ammonium bromide (2) and dihydrogenphosphate
(3) by neutralization with one-molar equivalent of the
respective acid.

As it is almost impossible to elucidate solid-state
structure of molecular systems having a number of po-
tential hydrogen bond donor and acceptor groups from
only spectral data, we have studied the solid-state
structures of 1, and the salts 2 and 3. Single crystals of 1
were obtained easily by recrystallization from methanol
while microcrystalline bromide 2 separated directly from
the mixture during NMR titration (see below). On the
other hand, phosphate 3, which is insoluble in common
organic solvents (chloroform, methylene chloride, di-
ethyl ether, hydrocarbons) but well soluble in polar
solvents such as methanol, dimethylsulfoxide and water,
does not crystallize willingly. X-ray quality crystals were
grown by gas-phase diffusion of diethyl ether into a
methanol solution of 3 over several weeks. The sepa-
rated yellow, very fine needles were, however, charac-
terized as the solvate 3 - 1/6Et,O (3a). Repeated attempts
at obtaining defined adducts 1 - xBusNH, PO, failed; the
co-crystallization by diffusion of diethyl ether vapors
into mixed 1-BuyNH,PO, solutions in acetonitrile (1:1
and 1:2 molar ratios) recovered only colorless needles of
pure BuyNH,PO,.

2.1. Solid-state structure of 1

A view of the molecular structure of 1 is shown in
Fig. 1 and the selected geometric parameters are given in
Table 1. The arrangement of the ferrocene unit is reg-
ular, showing only a negligible tilt of its cyclopentadie-
nyl rings (the unsubstituted cyclopentadienyl ring
exhibits a disorder, see Section 4). The geometry of the
aminoalcohol side chain corresponds well to analogous
ferrocene amines FcCH,NHPh [7], and FcCH,NHCH;-
(p-C¢HyMe) [5]. Similarly to the former compound, the
arrangement of the substituents at the C11-N bond in 1
is very close to anti-periplanar.

The number of classical (OH, NH) hydrogen bond
donors in the molecule of 1 perfectly matches the
number of the acceptors (hydroxy and amino groups).
In the crystal, all these groups participate in hydrogen
bonding such that the hydroxy and amino groups act as
both the hydrogen bond donors and acceptors to form a
linear infinite array running along the crystallographic a
axis (Fig. 2). Each molecule in the structure of 1 is linked
to three neighbors by two pairs of OH---N and NH- - -O

Fig. 1. The molecular structure of aminoalcohol 1 showing the atom
labelling scheme. The cyclopentadienyl ring atoms are numbered
consecutively and, hence, only pivot and adjacent carbon atoms are
labelled. For clarity, only one position of the disordered cyclopenta-
dienyl ring is shown (0.60 occupancy, see Section 4). Thermal motion
ellipsoids are drawn at the 30% probability level.

Table 1

The selected structural parameters for 1 and 2 (in A and )2
Compound 1 2
Fe-Cgl 1.653(1) 1.643(1)
Fe-Cg2 1.6630(7) 1.648(1)

[1.6442(7)]°

C(1)-C(11) 1.497(4) 1.487(4)
C(11)-N 1.475(3) 1.507(4)
N-C(12) 1.485(3) 1.521(4)
C(12)-C(13) 1.537(3) 1.520(3)
C(13)-0 1.415(3) 1.416(4)
ZCpl,Cp2 0.9(1) [1.1(HP 2.1(2)
C(1)-C(11)-N 110.6(2) 111.7(2)
C(11)-N-C(12) 115.1(2) 117.5(2)
N-C(12)-C(13) 113.9(2) 109.3(2)
C(12)-C(13)-O0 111.3(2) 111.3(2)
C(1)-C(11)-N-C(12) -172.1(2) 156.8(2)

#The ring planes are defined as follows: Cpl, C(1-5); Cp2, C(6-10).
Two components for Cp2 in 1 due to a disordered: C(6A—10A) (60%)
and C(6B-10B) (40%). Cg denotes the respective ring centroid.

® Parameters for cyclopentadienyl rings C(6A—10A) [C(6B-10B)].

hydrogen bonds: the stronger (shorter) hydrogen bonds
O-H(92)- - -N' [O-H(92) 0.899(2), O- - -N' 2.925(3) A, O~
H(92)- - -N' 178.6(2)°; (i) (x — 1,y,2)] are responsible for
linear propagation of the molecular chains whilst the
weaker (longer) N-H(91)- - -0 bonds [N-H(91) 0.88(3),
N---O 3.147(3) A, N-H@O1)---O% 157(2)°; (ii)
(1 —x,—y,2 —z)] cross-link the chains formed from
molecules lying across the crystallographic inversion
centers to constitute a folded ladder assembly with
alternating centrosymmetric cycles of four and eight
non-hydrogen atoms. In some regards, the structure of 1
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Fig. 2. A schematic drawing of the ladder-like assembly in the structure
of 1.

resembles the solid-state packing of 2-aminoethanol,
where the individual molecules associate into infinite
chains via relatively stronger NH---O bonds (2.758(3)
A) and, further, by longer NH---O and OH---N
(3.183(3) and 3.282(3) A) bonds into a complicated
three-dimensional network [8].

2.2. Solid-state structure of 2

Upon comparing the structural data of 2 with 1
(Table 1), it is apparent that N-protonation of 1 influ-
ences the overall geometry only slightly: in accordance
with a lower electron density at the nitrogen atom, the
C-N bonds are slightly elongated (relatively by about
2%). Additionally, the conformation of the B-hydroxy-
amine side chain is changed (cf. torsional angles at the
FcCH,-N bond), reflecting most likely a different nature
of the solid-state interactions.

The three hydrogen atoms at nitrogen (NH;) and
oxygen (OH) atoms in 2 are involved in hydrogen
bonding to three different bromide ions to form centro-
symmetric double chains of alternating [IH]" and Br~
ions. The chain components are mutually shifted by the
half of the period along the propagation vector parallel
to the crystallographic a axis (Fig. 3): N-H(91)- - -Br't
[N---Brit 3.321(2) A; (iii) (1 +x,y,2)], N-H(92)- - -Br'"

Fig. 3. A view of the hydrogen-bonded chains in the structure of 2.

[N---Br'" 3.3622) A; (iv) (I1-x1-y,—2)], and
O-H(93)---Br [O---Br 3.250(2) A]. The solid-state
packing can thus be described as a linear assembly of
centrosymmetric four ({NH,Br};) and ten-membered
({NHCCOHBr}), hydrogen-bonded cycles with an ap-
parent relation to the solid-state structure of the parent
aminoalcohol. The X-H- - -Br hydrogen bonding is fur-
ther aided with weak intermolecular C(2)-H(2)--O"
[3.312(4) A; (v) (1 =x,1 —y,—2)] and C(11)-H(11B)---
Br [3.769(2) A] interactions.

2.3. Solid-state structure of 3a

The monoclinic unit cell of 3a contains three crys-
tallographically independent [1H][H,POy] ion pairs and
extensively disordered molecules of solvating diethyl
ether, which were refined to sum up to two molecules per
the unit cell. Similarly to 2, the protonation results in a
lengthening of the C—N bonds and changes in the con-
formation of the side chain (cations 1 and 3, Table 2).

Far more interesting in the structure of 3a, however, is
the crystal packing, which differs noticeably from those
of 1 and 2. In the unit cell, there are four infinite hy-
drogen-bonded dihydrogenphosphate chains running
parallel to the crystallographic a axis (Fig. 4(a), Table 3).
In these chains, each dihydrogenphosphate moiety acts
as a double hydrogen bond donor using its two P-OH
hydrogen atoms and a double hydrogen bond acceptor
to two P= O oxygen atoms. The cations [1H]" are ori-
ented so that their polar ("NH, and OH) groups point
towards the linear phosphate framework while the non-
polar ferrocene parts are inclined to each other so that
they form hexagonal hydrophobic channels, which ac-

Table 2
The pertinent bond distances, bond, torsion and dihedral angles for
three crystallographic independent molecule in the structure of 3a (A
and °)*

Molecule (n) 1 2 3
Fe-Cgl 1.645(1)  1.652(1) 1.648(1)
Fe-Cg2 1.648(1)  1.658(1) 1.655(1)
C(n01)-C(nll) 1.494(3)  1.494(3) 1.489(3)
C(n11)-N(n) 1.509(3)  1.488(3) 1.512(3)
N(n)-C(n12) 1.521(3)  1.521(3) 1.518(3)
C(n12)-C(13) 1.525(3)  1.525(3) 1.522(3)
C(n13)-O(n) 1.416(3) 1.415(3) 1.421(3)
/Cpl,Cp2 2.7(1) 2.9(2) 2.9(1)
C(n1)-C(n11)-N(n) 109.4(2) 112.9(2) 109.8(2)
C(n11)-N(n)-C(n12) 117.6(2) 116.4(2) 117.6(2)
N-C(n12)-C(n13) 108.1(2)  107.5(2) 107.7(2)
C(n12)-C(n13)-O(n) 109.6(2)  107.3(2) 109.1(2)
C(n1)-C(n11)-N(n)-C(n12)  -159.4(2) 170.3(2) 154.2(2)

Plane definitions: Cp1, C(n01-r05); Cp2, C(n06-110). Cgl and Cg2
are the respective ring centroids.
#The labelling of the cationic part is analogous to that for neutral 1
with the molecule number added as the first digit (cf. Fig. 1).
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Fig. 4. A view of the unit cell of 2a along the crystallograhic ¢ axis
showing (a) only the hydrogen bonded phosphate chains (H bonds are
shown as dashed lines) and (b) a projection of the unit cell of 2a onto
the bc plane showing the phosphate chains (P) surrounded by a tri-
gonal assembly of the cations, and the solvate occupied channels (S; H
bonds not indicated for clarity).

commodate the disordered solvate molecules (channel
diameter ca. 5.2 A; Fig. 4(b)).

Of the three crystallographically independent [1H]*
cations, two associate into asymmetric hydrogen-
bridged dimers via pairs of NH- - -O bonds similar to the
repeating dimeric unit in the structure of free aminoal-
cohol 1. However, the N---O distances are significantly
different (3.063(3) and 2.850(3) A), and both shorter
than those in 1-most likely due to being charge-assisted.
Besides, all cations feature an additional intramolecular
hydrogen NH- - -O bonding though with quite unvafor-
able N-H- - -O angles (102°-107°). The dimeric as well as
the “isolated” cation moieties form hydrogen bonds to
deprotonated oxygen atoms in the phosphate chains
(Table 3), each cation acting as a double hydrogen bond
donor from both the OH and NH groups. Thus, the
cations cross-link the infinite linear assembly of the
phosphate ions into a complicated three-dimensional
network. The solid-state assembly of 3 is undoubtedly
dictated by hydrogen bonding but it is apparently sup-
ported by non-polar interactions (see Fig. 4(b)), which
can be exemplified by C-H- .- n-ring contacts between
the C114-Hl1le bond and the unsubstituted cyclopen-

Table 3

Hydrogen bond parameters for 3a (A and °)*

D-H---A D-H D---A D-H---
Phosphate chains

O13-H81---022! 0.92 2.589(2) 178
014-HS82---032 0.94 2.589(2) 175
023-H83---031# 0.94 2.515(2) 177
024-H84---012 1.00 2.602(2) 167
033-H85---011 0.95 2.579(2) 163
034-H86- - -021" 0.93 2.540(2) 174
Phosphate—cation interactions

O1-H93.--011 0.96 2.664(2) 171
02-H96- - -034" 0.91 2.720(2) 175
03-H99---021" 0.92 2.646(2) 169
N1-H91- - -032i 0.94 2.721(2) 164
N2-H95.--022" 0.91 2.708(2) 176
N3-H98---012" 0.97 2.725(2) 173
Cation—cation interactions

N1-H92.--03"H 0.92 3.063(3) 151
N3-H97---01" 0.91 2.850(3) 151
NI1-H92---Ol (intra) 0.92 2.734(2) 107
N2-H94---O2 (intra) 0.96 2.670(3) 106
N3-H97---03 (intra) 0.91 2.761(2) 102

Parameters involving fixed hydrogen atoms are given without es-
timated standard deviation (see Section 4). Symmetry codes:
i) Q—x,y+1/2,1/2—2); () (1 —x,y—1/2,1/2—2); (ii)) 2 —x,
Y1212 (iv) (I—xy+1/2,1/2-2: () (= Ly (vi)
(1—x,1—y,—2); (vii) (1 +x,,2).

4D, donor; A, acceptor.

tadienyl ring of the “third” cation, C(306-310): Cg---C
3.655(3) A, C-H- - -Cg 155°.

2.4. NMR and electrochemical study

The acid-base behavior and possible ion association
of 1 was studied by 'H and 3'P NMR spectroscopy in
acetonitrile-d; solutions at 298 K. The 'H NMR spec-
trum of pure 1 exhibits only one, combined broad
signal due to NH and OH protons. Upon sequential
addition of tetrabutylammonium dihydrogenphosphate,
the intensity of this combined signal increases propor-
tionally to the amount of added dihydrogenphosphate
and the signal shifts progressively to a lower field in the
entire range followed (Ady ca. 2 ppm for 0-10 equiv.
H,PO,~, non-linear). The other resonances are influ-
enced much less: the signals of the methylene groups
(NCH,, OCH,) and one signal of the substituted cy-
clopentadienyl ring (a-CH) show significantly less pro-
nounced shifts, attaining constant positions with about
1 equiv. BuyNH;PO, added, while the remaining sig-
nals (Me and CsHs) are virtually unaffected. The single
resonance observed in 3'P{'H} NMR spectra behaves
similarly to the acidic protons albeit with a much
smaller absolute change (Adp ca. 0.17 ppm for 0.25-10
equiv.) and reaches a constant position with ca. 8 equiv.
H2P047.
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An addition of up to 5 equiv. BuyNBr into a solution
of 1 in acetonitrile-d; causes no detectable shift of the 'H
resonances, the only observed change being a slight
sharpening of the broad signal due to NH/OH protons.
Analogous titrations with HBr and H3;POy4 could not be
done because the addition of the acids resulted in the
separation of the respective ammonium salts. Never-
theless, a shift of the '"H NMR resonances similar to the
dihydrogenphosphate-1 system but steeper could be
observed clearly upon addition of HBr (in the range of
0-0.5 equiv. HBr). Thus, the changes in the NMR
spectra can be accounted predominantly for acid—base
equilibria involving the 1/[IH]* and H,PO{" " species,
where n = 0-3.

The 1-H,PO,~ system was further followed by vol-
tammetry on a rotating platinum disk electrode (RDE)
and by cyclic voltammetry (CV) on a stationary platinum
disk electrode (Table 4, Figs. 5 and 6). Voltammogram of
1 on RDE exhibits one diffusion controlled wave
(Fig. 5(a)) while cyclovoltammogram of 1 displays a
couple of peaks clearly attributable to a reversible one-
electron ferrocene/ferricenium redox process (Fig. 6(a)).
Compared to ferrocene/ferricenium reference, the couple
is shifted by 20 mV to more negative potentials, indicating
a slight electrondonating nature of the pendant group.

An addition of BuyNH,PO, into a solution of 1
changes the electrochemical response (Figs. 5(b) and
6(b)—(d)). With an increasing dihydrogenphosphate
concentration, the ferrocene oxidation wave (or the
couple of the CV peaks) shows a progressive cathodic
shift (ca. 20 mV with 1 equiv., and ca. 40 mV with 5
equiv. H,PO,™). The cathodic shift of the ferrocene

Table 4

Electrochemical data®
System Ep (V) Ep (V) E (V)
1 +0.01 -0.05 0.02°
1+1/2 BuyNH,PO, +0.01 —-0.05
1+1 BuyNH,PO, -0.01 -0.08
1+ 5 BU4NH2PO4 —003 -

#In acetonitrile on platinum disk electrode. The potentials are given
relative to ferrocene/ferricenium couple. Parameters of the sorption
peaks are not given.

°E /2 values for 1 obtained from voltammetry and CV are identical.

(@) (b)

1) 1)

-0.4 -0.2 0.0

02 ENV] 04 02 00 02 EV]
Fig. 5. Voltammograms of 1 on platinum RDE before (a) and after (b)
addition of one molar equivalent of BusNH,PO, (see Section 4 for
details).

(a) (b)
{pa
ipe
04 02 00 02 EV] 04 02 00 02 EV]
(c) (d)
04 | 02 00 02 EV] 04 02 00 02 EV]

Fig. 6. Cyclic voltammograms of compound 1 without (a) and after
addition of 0.5 (b), 1 (c) and 5 (d) equiv. BuyNH,PO,. The potentials
are given relative to ferrocene/ferricenium couple. For experimental
details see Section 4.

oxidation wave can be explained by an electron density
lowering at iron atom upon protonation of the side
chain, with a possible synergism of an adduct formation.
A rather low magnitude of the shift corresponds with
the presence of a non-conjugated (methylene) spacer
between the reaction center and the redox unit.

Upon addition of dihydrogenphosphate, the voltam-
mograms on RDE loose their characteristic sigmoidal
shape (Fig. 5(a)) and the current starts to decline before
reaching the original limiting value (Fig. 5(b)). Repeat-
ing of the voltammetric scan without cleaning the elec-
trode results in a yet lower maximum current. Such a
behavior indicates a formation of a film on the electrode
surface [9], which partly prevents the electrode pro-
cesses. The cyclic voltammograms are also changed: the
newly emerged anodic pre-peak and the second cathodic
peak at more negative potentials (Fig. 6(b)—(d)) are most
likely due to oxidation and reduction of the adsorbed
species, respectively. The simultaneous increase of the
anodic/cathodic peak separation with increasing con-
centration of H,PO,~ corresponds to the fact that the
kinetics of the electron transfer through the growing film
on the electrode surface is slower and the system be-
comes quasi-reversible. The mentioned effects are even
more pronounced when the potential of the electrode is
set for several seconds at +0.35 V to remove the pas-
sivating material and diminish upon repeated cycling.

3. Conclusions

Aminoalcohol 1 can be considered a new entry among
organometallic building blocks for the preparation of
self-assembled crystalline materials. It combines the ri-
gid, redox-active ferrocene unit with conformationally
adaptable B-hydroxyamine side chain and can be easily
converted to ammonium salts, solid-state packing of
which, as exemplified for 2 and 3, seems to be controlled
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in a large extent by the counter ion properties (polariz-
ability and hydrogen bonding ability). Besides such a
structural variability, the use of [1H]' salts is advanta-
geous over neutral molecules due to a charge-support to
hydrogen bonding (see, for instance, charge-assisted
H-bonding in ammonium ferrocene carboxylates [10a]
and ferrocenylpyridium salts [10b]).

4. Experimental
4.1. General comments

Chloroform was dried by standing over potassium
carbonate and methanol was freshly distilled from a
sodium methoxide solution. Other reagents were used as
received from commercial suppliers. The syntheses were
performed with exclusion of a direct sun light.

NMR spectra were recorded on a Varian UNITY
Inova 400 spectrometer ('H, 399.95; 13C, 100.58 MHz)
at 298 K. Chemical shifts (6/ppm) are given relative to
internal tetramethylsilane ('H, '*C) and external 85%
aqueous H3PO4 standards. In NMR titrations, aliquots
of 0.2 M BuNH,PO4 in CD3;CN were sequentially
added into a 0.02 M solution of 1 in the same solvent
(0.6 ml) using a calibrated microsyringe. 'H and
3IP{IH} NMR spectra were measured immediately after
careful mixing. 'H spectrum recorded for a solution of 1
(0.6 ml 0.02 M) diluted with acetonitrile-d; to the same
final volume (1.2 ml) showed no difference compared to
the spectrum of the undiluted sample, indicating that the
chemical shift of the NH/OH protons is independent of
the concentration in the studied range. The titrations
with BuyNBr, HBr and H;PO,4 were performed similarly
(0.2 M solution of the acids were prepared by dilution of
concentrated aqueous solutions with CD3;CN).

IR spectra were recorded on an FT IR Nicolet
Magna 650 instrument in the range of 400-4000 cm~'.
Electron impact mass spectra (EI MS) were measured
on a Finnigan MAT INCOS 50 mass spectrometer in-
terfaced to a Varian 3400 gas chromatograph equipped
with an SPB-5 capillary column (He carrier gas, injector
temperature 250 °C). The spectra were acquired at
electron energy 70 eV. Melting points are uncorrected.

Electrochemical measurements were performed on a
multipurpose polarograph PA3 interfaced to an XY Re-
corder 4103 (Laboratorni pfistroje, Prague) at room
temperature under argon blanket using a standard three-
electrode system: platinum disk working electrode (di-
ameter 2 mm), a platinum wire auxiliary electrode and
saturated calomel reference electrode separated from the
analyzed solution by a bridge filled with a BuyNPF so-
lution in acetonitrile to ensure an exclusion of water and,
typically, 5x 10~* M solutions of 1 in acetonitrile
(International Enzymes, >99%) containing 0.05 M
BuyNPFg (Fluka, purriss.) as the base electrolyte and an

appropriate amount of BuyNH;PO, added as a 0.05 M
solution by a microsyringe. Voltammograms were re-
corded on a rotating disk electrode (RDE; 1000 min~!)
with the scan rate of 50 mV s~! and the cyclic voltam-
mograms on the stationary electrode at the scan rate of
100mV s~!. The potentials are given in volts relative to the
redox potential of the ferrocene/ferricenium standard.

4.2. Synthesis of 2-(ferrocenylmethyl)amino-2-methyl-
propan-1-ol (1)

Ferrocenecarboxaldehyde (428.9 mg, 2.00 mmol) and
2-amino-2-methylpropan-1-ol (188.1 mg, 2.10 mmol)
were dissolved in dry chloroform (20 ml) and the solu-
tion was refluxed for 3 h under an argon atmosphere.
Then, the solvent was removed under reduced pressure
and the dark, rusty brown residue (éy 8.18, CH=N of
the imine intermediate) was dissolved in dry methanol
(20 ml). The solution was cooled in an ice bath and
sodium tetrahydridoborate (378 mg, 10 mmol) was
slowly introduced. After stirring for 1 h at 0 °C and for
another 3 h at room temperature, the reaction was ter-
minated by addition of aqueous sodium hydroxide so-
lution (20 ml 10%) and the yellow mixture was extracted
with dichloromethane. The combined extracts were
washed with saturated aqueous sodium chloride solu-
tion, dried over magnesium sulfate and evaporated un-
der vacuum. The yellow residue was purified by
chromatography on a short silica gel column using ethyl
acetate to remove ferrocenylmethanol (yellow solid; 43
mg, 10%) and then ethyl acetate-methanol mixtures with
methanol content gradually increasing up to 50% to
elute aminoalcohol 1. Evaporation of the second frac-
tion, redissolving in little ethyl acetate, filtration and
solvent removal under vacuum afforded pure 1 as a rusty
orange solid (414.0 mg, 72%).

M.p. 114-116 °C. NMR (CDCl,): og 1.12 (s, 6 H,
CMe,), 3.31, 3.38 (2xs, 2 H, FcCH, and CH,0); 4.10
(apparent t, 2 H, CsHy), 4.13 (s, 5 H, CsHs), 4.19 (ap-
parent t, 2 H, CsHy); o¢c 24.20 (CMe,), 40.95 (FcCH,),
53.66 (CMe,), 67.68, 67.93 (CsH4, CH); 68.35 (CH,0),
68.39 (CsHs), 87.79 (CsHa, Cipso). IR (Nujol): v/em™!
voH, YNH 3273 vs, ca. 3158 br composite; 1106 s, 1081 s,
1066 vs, 1025 s, 996 m, 853 s, 811 vs, 507 m, 456 s, 490
m. EI MS: m/z (relative abundance) 288 (3), 287 (20,
M), 200 (13), 199 (100, “[FcCH,]"”), 197 (6), 186 (3,
FcH™), 128 (4), 122 (4), 121 (36, [CsHsFe]™), 78 (6), 58
(5), 56 (17, Fet), 42 (5), 39 (3). Anal. Calc. for
Ci5H 1 FeNO: C, 62.73; H, 7.37; N, 4.88. Found: C,
62.72; H, 7.44; N 4.84%.

4.3.  Preparation of (ferrocenylmethyl)(3-hydroxy-2-
methylprop-2-yl) ammonium bromide (3)

In an intended NMR titration, a solution of amino-
alcohol 1 (0.02 M) in acetonitrile-d; (0.60 ml) was
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treated sequentially with 0.2 M HBr in the same solvent
(prepared by diluting 47% aqueous acid). After addition
of a half molar equivalent (30 pl), separation of yellow
microcrystalline salt 3 started. Finally, up to 1 molar
equivalent of the acid was added (total 60 pl) and, after
standing for several hours, the crystalline solid was fil-
tered off, dried in air, and used directly for X-ray
structure determination. The yield was not determined.
Positive-ion ESI (Bruker Esquire 3000, dissolved in
MeOH): m/z 199 (base peak, “[FcCH,]"”), 288 ([1H]"),
655 and 657 (weak, [(1H),Br]*, 7Br and ®!'Br isotopo-
mers).

4.4. Synthesis of (ferrocenylmethyl)(3-hydroxy-2-meth-
viprop-2-yl)ammonium dihydrogenphosphate (2)

Aminoalcohol 1 (143.6 mg, 0.50 mmol) was dissolved
in methanol (5 ml), and the solution treated with 85%
aqueous phosphoric acid (35 pl, ca. 0.55 mmol). After
standing at room temperature overnight, the product
was precipitated by addition of diethyl ether (ca. 30 ml).
The precipitate was filtered off, washed with diethyl
ether and dried in air at 80 °C for 30 min. Yield: 190.1
mg (99%), yellow solid.

NMR (CD;OD): oy 1.32 (s, 6 H, CMey), 3.59, 3.97
(2xs, 2 H, CH>); 4.23 (s, 5 H, CsHs), 4.28, 4.40 (2xs, 2
H, CsHy); 6c 21.36 (CMe,), 42.70 (CMey), 60.06, 65.91
(2x CH»); 70.00 (CsHs), 70.46, 71.39 (CsHy4, CH); 78.65
(CsHa, Cipso); Op 2.6 (s, phosphate). IR (Nujol): viem™!
VoH, VNH 3363 br m, 3212 w, ~3140 br m, 3103 w, 3081
w, 3078 w, 2380 s br; 1618 m, 1591 w, 1286 w, 1249 m,
1231 m, v3(POy4) 1105-1044 s composite; vi(PO4) 971-
942 s composite; 898 w, 843 m, 805 m, ~538 m, 513 s,
487 m, 454 m. Anal. Calc. for CisH4sFeNOsP: C, 46.77;
H, 6.28; N, 3.64. Found: C, 46.95; H, 6.63; N 3.63%.

4.5. X-ray crystallography

X-ray quality crystals of 1 (orange bar, 0.20 x 0.20 x
0.43 mm?), 3a (yellow orange needle, 0.08 x 0.10 x 0.50
mm?) were obtained by recrystallization from methanol
and by diffusion of diethyl ether into a methanol solu-
tion of 3, respectively. Microcrystalline 2 was obtained
from the NMR experiment (yellow prism, 0.05 x 0.06 x
0.10 mm?).

Full-set diffraction data (+h+k+ /) for all com-
pounds were collected on an Nonius KappaCCD dif-
fractometer equipped with Cryostream Cooler (Oxford
Crysoystems) at 150 K using graphite monochromatized
Mo Ka radiation (4 =0.71073 A) and analyzed with
HKL program package [11].

Crystallographic data for 1. CisHy FeNO (M =
287.18 g mol '), monoclinic, space group P2, /c (no. 14),
a=5.6705(1), b=19.3315(4), ¢ =12.1647(2) A; =
94.974(1)°, 7V =1328.46(4) A%, Z =4, pope = 1.436 gcm 3,
F(000) = 608; 20max = 55°, 5828 total, 3030 unique

(Rint = 2.7%), 2684 observed [ > 20([)] diffractions; 156
parameters. Cell parameters were determined by least-
squares analysis from 40802 partial diffractions with
1.0 < 0<27.5°. Absorption was neglected [u(Mo Ka) =
1.122 mm™1].

Crystallographic data for 2. CisHy;BrFeNO (M =
368.10 g mol™!), triclinic, space group Pl (no. 2),
a="7.6548(2), b =10.3098(5), ¢ =10.5700(4) A; o=
109.071(2), p=91.969(2), y=101.505(2)°, V=
768.08(5) A3, Z =2, peue = 1.592 gecm ™3, F(000) = 376;
20max = 55°, 12988 total, 3495 unique, 2730 observed
[{ > 20(1)] diffractions; 172 parameters. Cell parameters
were determined by least-squares analysis from 3334
partial diffractions with 1.0<60<27.5°. Numerically
corrected for absorption [u(Mo Ko)=3.575 mm™!],
transmission coefficient range: 0.839-0.865.

Crystallographic data for 3a: CisHy FeNOsP-1/
6(C4H00) (M =397.53 g mol~!), monoclinic, space
group P2;/c (no. 14), a =12.4617(2), b = 16.3022(1),
c=27.4132(3) A; B =102.8566(6)°, V = 5429.5(1) A3,
Z=12, pec=1459 g cm>3, F(000)=2508;
20max = 52°, 20 845 total, 10681 unique, 8860 observed
[ > 20(1)] diffractions; 652 parameters. Cell parameters
were determined by least-squares analysis from 61 640
partial diffractions with 1.0 <0< 26.0°. Absorption was
neglected [u(Mo Ko) =0.947 mm~'].

The structures were solved by direct methods (STR92
[12]) and refined by weighted full-matrix least squares
procedure on F? (sHELXL97 [13]). The final geometric
calculations were carried out with PLATON program
[14]. Particular details of the structure solution follow:

1: difference electron density maps revealed a disorder
in the unsubstituted cyclopentadienyl ring. The ring was
modelled as if being contributed from two mutually
rotated, regular pentagons (C—-C 1.40 A) with fractional
occupancies of 0.60 (A) and 0.40 (B) and anisotropic
thermal motion parameters restrained to identical values
in each CnA-CnB pair (n = 6-10). All non-hydrogen
atoms were refined with anisotropic thermal motion
parameters. Hydrogen atoms at the amine and hydroxy
groups were identified on difference density maps and
freely isotropically refined. All other hydrogen atoms
were included in calculated positions [C-H bond lengths
0.97 (methylene), 0.96 (methyl), and 0.93 (aromatic) A]
and assigned Ujso(H) =1.2 Ugq(C) (methylene, and aro-
matic) or 1.5 Ugq(C) (methyl). Final R indices; observed
(all) diffractions: R 4.38% (5.20%), wR 9.03% (9.34)%.
Extremes on the final difference electron density map:
+0.79, —0.56 ¢ A3,

2: All non-hydrogen atoms were refined with aniso-
tropic thermal motion parameters. Hydrogen atoms at
the nitrogen and oxygen atoms were fixed in the posi-
tions revealed by difference electron density maps and
assigned Ujso(H) =1.5 Ugg(X), X=N or O. Aromatic,
methyl and methylene hydrogen atoms were treated as
above. Final R indices; observed (all) diffractions: R
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3.33% (5.24%), wR 6.45% (7.11)%. Extremes on the final
difference electron density map: +0.94, —0.54 e A3,
3a: All non-hydrogen atoms were refined anisotropi-
cally. Hydrogen atoms at the ammonium, hydroxy, and
phosphate groups were included in the positions re-
vealed by difference density maps and assigned a fixed
isotropic thermal motion parameter. Aromatic, methyl
and methylene hydrogen atoms were treated as for 1.
Final R indices; observed (all) diffractions: R 3.50%
(4.74%), wR 8.58% (9.05)%. Extremes on the final dif-
ference electron density map: +0.67, —=0.51 ¢ A~3.

5. Supplementary data

Crystallographic data excluding structure factors
have been deposited with the Cambridge Crystallo-
graphic Data Centre [Deposition Nos. CCDC-200996
(1), —200997 (2a), and —213707 (3)]. Copies of the data
may be obtained upon request to CCDC, 12 Union
Road, Cambridge CB2 1EZ, UK; http://www.ccdc.ca-
m.ac.uk, e-mail: deposit@ccdc.cam.ac.uk.
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