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Crystalline form | (monoclinic) and form Il (triclinic) of ferrocene dicarboxylic acid [FeCsH.-
COOHY)] have been employed in sotidjas reactions at room temperature with the gaseous basgs NH
NH,(CHs), and NH(CH),. The two crystal forms behave in exactly the same way in the sgid
reaction, generating the same products, identified as the anhydrous crystalline sa]sH&P-CsH.-

COO)] (1), [NH3CHg]o[Fe@5-CsH4COO)] (2), and [NH(CHz),][Fe@;5-CsHsCOO)] (3). Interestingly
though, all these crystals revert via vapor release exclusively to the metastable crystalline form I. Starting
materials and products have been investigated by single-crystal and powder diffraction 'd@¢'eiy

CPMAS and'H MAS methods.

Introduction

In previous papers we have shown that solvent-free reactions
such as those occurring between solid reactants or between

solid and a vapot, provide viable routes, alternative to

conventional reactions in solution, for the preparation of
molecular salts and cocrystals. Reactions between molecular

[Fe(@;°-CsH4COOH)Y] has already proven to be a very useful
reactant in the preparation of hybrid organ@rganometallic

'and organometallicorganometallic crystal architectures by both
%olution and solid-state methotl%.For instance, it has been

shown that crystalline [Fgf-CsH,COOHY))] reacts with vapors
of 1,4-diazabicyclo[2.2.2]octane to quantitatively generate the
corresponding organieorganometallic adduct [N(CHH,)s-

solids and between a molecular solid and a vapor have beenNH][Fe(r;5-C5H4COOH)@S-C5H4COO)].8The acid [Fefb-CsHa-

the subject of investigations for more than a century in the field

of organic-solid-state chemistrand are still attracting consider-
able interest in the field of “green chemistr§’hecause these

reactions do not require recovery, storage, and disposal of
solvents! Solvent-free processes have now begun to be ap
preciated in the field of coordination and organometallic

chemistry?

In this paper we discuss the results of an investigation of
reactivity toward volatile bases of different crystal forms of the

sandwich organometallic dicarboxylic acid [F&CsH4,COOHY)].
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COOHY)] also reacts in mechanochemical reactions with a
number of solid basés.

[Fe(@®-CsH4COOHY,] is known in three crystalline forms, a
monoclinic form (form 1), a triclinic form (form I1), and a second

" triclinic form (form 1lI). The hydrogen-bonded diméfFe(;°-

CsH4COOHY)Y)]} 2 is the fundamental supramolecular unit present
in all forms, the major difference in the packing arrangement
arising from the relative orientation of the hydrogen-bonded
dicarboxylic dimers in the solid state. The structure of form 11|
has been serendipitously determined and recently repdrted.
Form | and form Il can instead be obtained in a fairly
straightforward manner (see below), which makes the dicar-
boxylic acid a good candidate for separate reactions with gases.
The aim of this work is threefold: (i) to investigate the
behavior of different crystal forms of the same substance toward
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the same volatile reactant, (ii) to investigate the behavior of
the same solid reactant toward different volatile bases, and (iii) Form I
to investigate whether the sotidjas reactions are reversible
or, if this is not the case, which crystal form is adopted on
desorbing the bases.

The first part of the project falls in the realm of crystal exp
polymorphism. It has been argued and demonstrated that-solid
vapor reactions can also be exploited for the preparation of '
polymorphic or solvate modifications of the same substafce. calc
Crystal polymorphism is a major scientific and industrial issue, & 10 15 20 25 30 35 40
because the same molecule in different crystal phases may 20 /deg
possess different physical propertiés.

We therefore wondered if different crystal forms of [F&(
CsH4COOH)] would react in the same way in sofidjas
reactions. While many groups are involved in studying how
different crystalline forms of the same substance can be
obtained, to the best of our knowledge the possibility of different
chemical behavior of polymorphic modifications has been
explored before only in the case of indomethacine amorphous
and crystal forms reacted with ammonia by Stowell, Griesser, M..U exp
Byrn, et al’?2and by us in the reaction of barbituric acid with
volatile based?b

To complement the information obtained by powder and : T v T T T v )
single-crystal X-ray diffraction, we have made use of solid- 5 10 15 de/de35 30 35 40
state spectroscopic methods, which we have already applied to

: . I ) Figure 1. Comparison between the experimental powder diffrac-
the |nv1_est|gat|0n .Of a number of |ntr|gu!ng hydrogen-bonded tograms obtained for the two pure forms and those calculated on
crystalline mgterlals. Nuclear magnetic resonance _(NMR) the basis of the known single-crystal structures of fFefsHs-
spectroscopy is a potentially powerful tool for the investigation COH),J.

of the protonation states of molecules Wd, 13C, and 5N

chemical shifts. This approach has been developed mainly for (eyen though mixtures of forms I and Il have been observed).
providing detallseii5|n3|ghts into hydrogen-bonding interactions The two forms are related by a monotropic thermodynamic
in the. proteing: . o . relationship; that is, they do not interconvert at any given
~ Solid-state NMR can also find useful applications in the temperature before melting. However, since form Il can be
interpretation of the role of intermolecular bonding in the process gptained from form I by thelurry method, form | is kinetically

of molecular recognition that leads to crystallization of organic fayored, albeit less thermodynamically stable than form I1. Pure
molecules. Also in the case of weak interactions, diffraction form 11 can be obtained by recrystallization from a room-

techniques can be supported by NMR because of the markediemperature solution of form I in glacial acetic acid. Seeding

sensitivity of NMR parameters of the nuclei (in particular has also been used to help precipitation of form Il from the
hydrogen, carbon, and nitrogen) directly involved in chemical zcetic acid solution.

bonding.

Form II

calc

Figure 1 shows a comparison between the experimental
powder diffractograms obtained for the two pure forms and those
Results and Discussion calculated on the basis of the known single-crystal structures.
Uptake and Release of Ammonia from Forms | and Il of
[Fe(7°-CsH4COOH),]. Both form | and form Il of [Fef®>-CsHa-
COOHY)] react with vapors of aqueous ammonia (see Experi-
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UK, 2003; Vol. 7. Braga, D.; Grepioni, F. I8tatic and Dynamic Structures two crystal forms lead to the same material.

of Organometallic Molecules and CrystalBrown, J. M., Hofmann, P., . . . .

Eds.;Topics in Organometallic Chemistryol. 4; Springer-Verlag: Berlin, Removal of NH in a thermogravimetric experiment or by
Germany, 1999; p 48. heating the powder product at 8@ under vacuum shows the
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The commercial crystalline powder of [FE(CsH,COOH))]
is mainly form |, as ascertained by X-ray powder diffraction
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Figure 2. Comparison between the experimental powder diffrac-
tograms of compountl, obtained from the solielgas reaction with
ammonia of form | (top) and form Il (bottom), respectively.

15

Form ] Sl

monoclinic
NH, hydrated
A NH; (vap)

hydrated
NH, (vap)

triclinic
Figure 3. Reaction of crystalline forms | and Il with vapors of

NHj; yielding the same salt, which upon heating and removal of
NH3 generates only the monoclinic form 1.

relevance that forms | and Il of [Fg{-CsHsCOOH)] are not
known to interconvert via a soligsolid phase transition; hence

they constitute a monotropic system: the ammonia absorption
release process, therefore, can be seen as a solid-state way

convert form Il into form |. The process is schematically
represented in Figure 3.

Reactions of Form | with NH,CH3 and with NH(CH 3).

Organometallics, Vol. 25, No. 19, 2006629
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Figure 4. Powder X-ray diffractogram of compouritl

moles of reactant per formula unit. As in the casd ofve did
not succeed in growing single crystals2$uitable for single-
crystal diffraction experiments.

In the case of the solielgas reaction with dimethylamine the

formation of the producs could be confirmed by single-crystal

X-ray diffraction. Figure 5 shows the packing arrangement of

the dianion [Fef>-CsH4COO)Y]2~ and of the cations [Nk

(CHz),] ™. Anions and cations form a one-dimensional hydrogen-
bonded network with N—H---O~ interactions between the
oxygen atoms of the carboxylate groups and the two hydrogen
atoms on the dimethylammonium cation-fpND 2.680(5) and
2.722(5) A]. A comparison between the measured X-ray
diffraction pattern and the one calculated on the basis of the
single-crystal structure is shown in Figure 6.

As in the previous cases, desorption of the base leads to
guantitative conversion back to form I. On the basis of the
similarity between the powder diffractograms and the TGAs of
compoundd, 2, and3, and in view of the same behavior toward
absorption and release one can expect the three compounds to
possess very similar crystal structures.

It is worth recalling here that the reaction carried out in
solution with NH(CH), by Glidewell et al'é yielded the mono-
deprotonated anhydrous salt of formula [NE&H3)2] "[Fe(@;®-
CsH4COOH)@>-CsH4COO)T. The structure of this compound
was shown to be composed of chains of monoanions hydrogen
bonded via COOH/COOgroups, with the dimethylammonium
cations between the chains.

NMR Spectroscopy.The13C spectra (Figure 7, A and B) of
monoclinic and triclinic Fef>-CsH,COOH), recorded at high
spinning speeds show different features in the carboxylic region.
Indeed the spectrum of form | presents a single resonance at
176.2 ppm for the COOH group, while the spectrum of form Il
shows two close peaks at 177.4 and 175.9 ppm. Furthermore
only a small but significant difference in the position of the Cp

/carbons located at 74.3 ppm (triclinic form) and at 74.0 ppm
tg'nonoclinic form) is observed. These clear differences are in

agreement with the different packing arrangements of the two
crystal forms observed by X-rédyythe presence of a single
molecule in the asymmetric unit for form | and of two
independent molecules for form Il. In form | the geometries of

products with NH, the following reactions with NECHs; and
with NH(CHjz), were carried out by using form | exclusively.
The reaction of [Fef>-CsH4,COOH)] with NH,CH;z proceeds
quantitatively with formation of a single product, which has
been analyzed by powder X-ray diffraction and solid-state NMR
spectroscopy (see below). The powder pattern of pro@uct
shown in Figure 4 is very similar to the one observed in the
case of NH absorption. Similar consideration applies to the

(C—O distances: 1.254, 1.274 A and 1.264, 1.276 A), suggest-
ing that the proton lies close to the middle point of the hydrogen

bond (HB), as already observed in similar compoutdon

the contrary, in form Il the constraint by symmetry leads to a

small but significant difference in the two moleculesHC

(16) Zakaria, C. M.; Ferguson, G.; Lough, A. J.; Glidewell, A&:ta
Crystallogr., Sect. R002 58, 786.
(17) Braga, D.; Maini, L.; Giaffreda, S. L.; Grepioni, F.; Chierotti, M.

TGA of the desorption process, which indicates the loss of two R.; Gobetto, RChem.--Eur. J2004 10, 3261.
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Figure 5. Packing arrangement of the dianion [FeCsH,COQ)]?~ and of the cations [NK{CHz),] ™ showing the N—H---O~ interactions
between the oxygen atoms of the carboxylate groups and the two hydrogen atoms on the dimethylammonium cation.

J exp
J calc

20 25 30 35 40

26 /deg A

Figure 6. Comparison between the measured X-ray diffraction T ————T— T T T T T T T
pattern and the one calculated on the basis of the crystal structure 7 18 17 16 15 14 13121110 9 8 7 ¢ § 4 3 2 1 0 -1 -2 3 pom
of compound3. Figure 8. H MAS spectra of monoclinic Faf-CsH,COOH),
(form 1) (A) and triclinic Feg®CsH4,COOH), (form I1) (B) recorded
at 600 MHz, at the spinning speed of 35 kHz.

5 10 15

Table 1. 13C Isotropic Chemical Shifts and Chemical Shift
Tensors @11, 022, d33) for Monoclinic and Triclinic

[Fe(n>-CsH4COOH),]
compound Jiso 011 022 033
[Fe@;5-CsH4COOHY)] triclinic 177.4 2347 190.5 107.0

1759 2279 1986 101.1
743 1320 713 195
B [Fe(;5-CsHsCOOH)Y] monoclinic  176.2 2284  192.0 108.4
740 1262 768 191

seem to be correlated with the carboxylic or carboxylate
A character of the group.

The 'H MAS spectra of the two polymorphs do not show
T T T T T T T T T T T T T T significant differences (Figure 8): they are characterized by two

190 170 150 130 110 90 70 5 30 ppm signals at about 12.7 ppm and at-34.1 ppm assigned to the
Figure 7. 13C CPMAS spectra of monoclinic [Fg{-CsH,COOH)] hydrogen-bonded protons and to the Cp protons, respectively.
(form 1) (A) and triclinic [Feg5-CsH4,COOH)] (form 1) (B) This is not surprising if one considers that the hydrogen-bonded
recorded at 67.9 MHz, at the spinning speed of 5.5 kHz. proton chemical shift is influenced by the-X bond polariza-

tion. In other words, it relates more to the strength of the
distance in molecule 1: 1.230, 1.308 A and 1.230, 1.302 A; interaction than to the position of hydrog&iThat means that
C—0 distance in molecule 2: 1.239, 1.294 A and 1.234, 1.395 despite the different position of the proton along the hydrogen
A). In the triclinic form this difference is reflected in a difference  bond in form | and form Il, the strength of the interactions is
in the acidity of the carboxylic groups; in fact, in molecule 2, similar, as confirmed also by the-€@D distances (form I: 2.635,
the hydrogen_bonded protons are no |Onger in the middle of 2.593 A, form Il: molecule 1 2672, 2.626 A and molecule 2
the interaction, but they are closer to a specific carboxylate 2-621, 2.643 A). The spectra differ only in a shoulder observed
group. Therefore it is now possible to distinguish a COOH group at about 13.4 ppm in the spectrum of form Il It is interesting,
with a more pronounced carboxylic character (that resonates atnstéad, to compare the relaxation data obtained by measuring
175.9 ppm in molecule 1) and one with a more pronounced the IH T;. In fact form | exhibits short longitudinal relaxation
carboxylate character (that resonates at 177.4 ppm in moleculel!Mes O_f 326 an_d 467 ms for the peaks at 3.7 and 12.7 ppm,
2). Accurate analysis of the carboxylic sideband pattern for a respectl\_/ely, while form Il shows & value more than 2 °fd‘?fs
series of spectra recorded at different spinning rates affords theOf mag”'t“d? greater than that Of. form I. Indeed for the signal
chemical shift tensor values reported in Table 1. Of course the at 4'4 ppm3|t IS al;out 14|3 S V\;h'rl]e for the lresonar?ce at 32'7
difference between the two groups is small; however they are ppm itis 137's. Thef, values of the two polymorphs can be
in agreement with previously reported data, wheredthevalue (18) Braga, .. Maini. L. de Sanctis, G.. Grepioni, F.. Chierotti, M
increases on passing from carboxylate to carboxylic acid form, g “Gopetto. RChem.--Eur. J2003 9, 5538, o Y
022 shows an opposite variation, while changesiig do not (19) Sternberg, U.; Brunner, B. Magn. Reson. A994 108, 142.
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190 170 150 130 110 90 70 50 30 ppm 60 50 40 30 20 10 0 -10 -20 -30 -40 -50 ppm
Figure 9. 13C CPMAS spectrum of (a), 2 (b), and3 (c) recorded Figure 10. **N CPMAS spectrum of (a),2 (b), and3 (c) recorded
at 67.9 MHz, at the spinning speed of 5.5 kHz. at 27.25 MHz, at the spinning speed of 4.0 kHz.

1 15) —
explained by the presence of a different mobility or by the Table 2. 7°C and "N NMR Data for Compounds 1-3

different efficiency of the dipolar relaxation mechanism. compound 13C diso N diso
The 13C spectra of the products obtained by selighs [NH4]2[Fe(5-CsHaCOOY] (1) 175.5 -0.5
reaction of crystalline forms | and 1l with Ng&I NH,CHs, and ?i;
NH(CHjz), have been recorded in order to establish whether ’
different structures can be revealed by solid-state NMR tech- [NH5CHiJa[Fe(y* CsHiCOOM (2 ﬂg? 23
nigues. This hypothesis is based on the fact that accurate 82.6
information can be obtained by solid-state NMR in samples that 71.8
are lacking order as a result of the setigas reaction. ;g-i
In Figure 9a-c the3C CPMAS NMR spectra are reported. [NH(CHs)J[Fe(75-CsHaCOOY] (3) 1780 50
The observation of different isotropic chemical shifts for the 79.3
carboxylic groups and, overall, for the Cp moieties with respect 73.8
to the free ferrocene molecule confirms that the reaction took 352

place in all cases. Although spectra 10a, b, and c are different,
the shifts observed are small and it is reasonable to propose . Lo
that hydrogen bonding and crystal packing are similar. Probably to the literature’! this indicates a more pronounced carboxylate
the main differences stem only from the energy and the strengthcharacter for the COOH group Gfwith respect to the others.
of the interactions that constitute the supramolecular network. 1h€ signals of the Cp moiety are observed at 79.3 and 73.8
The 13C spectrum ofl is characterized by a peak &t.75.5 ppm, while the methyl group gives rise to a single resonance at
for the COOH, while the Cp signal is split into two resonances 35-2 ppm.
centered at 81.7 and 71.2 ppm for the quaternary carbon C1 The!>N CPMAS for the three compounds 2, and3 (Figure
and for the other four carbon atoms, respectively (Figure 9a). 10a—c) are characterized by a single resonance in the range
In the carboxylic region of the spectrum of compoudd 0.0 to —3.0 ppm. From the literatute this chemical shift is
(Figure 9b) two signals are presentat76.5 and 175.7. Inthe  typical of a NH;* group, in agreement with the presence of a
low-frequency region three peaks are observed at 82.6, 71.8,protonated amine, as observed by X-ray crystallography in
and at 70.4 ppm for the Cp carbon atoms, while a fourth compound3. >N chemical shifts are reported in Table 2. The
resonance at 25.4 ppm is attributed to the amine methyl group.chemical shift changes detected for the products are probably
The two carboxylic peaks can be explained with the presence gye to the variation in strength or in length of the hydrogen
of different phases or, alternatively, with crystallographically pong interaction determined by the different acceptor capability
different COOH groups. of the base having H, Cfior (CHs) - substituents. The broad

The spectrum of compourl(Figure 9¢) shows the greatest ; ;
. - : peak observed in th®N spectrum of3 (Figure 10c) suggests
shift for the carboxylic peak fromd 176.2 tod 178.0. According the presence of disorder in the hydrogen bond network.

(20) (a) Naito, A.; Ganapathy, S.; Akasaka, K.; McDowell, C1.Chem.
Phys.1981 74, 3198. (b) Haberkom, R.; Stark, R.; van Willigen, H.; Griffin, (21) (a) Levy, G. C.; Lichter, R. LNitrogen-15 Nuclear Magnetic
R. J. Am. Chem. Socl981 103 2534. (c) James, N.; Ganapathy, S.; Resonance Spectroscopjohn Wiley & Sons: New York, 1979. (b)
Oldfield, E.J. Magn. Resorl983 54, 111. (d) Griffin, R.; Pines, A.; Pausak, Litchmann, W. M.; Alei, M., Jr.; Florin, A. EJ. Am. Chem. Sod97Q 92,
S.; Waugh, JJ. Phys. Chem1975 65, 1267. 4828. (c) Duthaler, R. O.; Roberts, J. . Magn. Reson1979 34, 129.
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Experimental Section

General Comments.The commercial crystalline powder of [Fe-
(7°-CsH4COOHY)] from Fluka (form I) was used without any further
purification. The triclinic form was obtained by slow evaporation
of a solution of [Feg>CsH,COOHY)) in acetic acid.

Reaction of [Fe>-CsH4COOH),] Form | and Il with NH 3.
Exposure of a finely ground crystalline powder of [FeCsH4-
COOHY)] (200 mg) to the vapors of NfHwas attained by allowing
the vapors of a 30% aqueous solution (10 mL) contained in a round-
bottom flask to pass into a filter funnel, in which a glass sample
holder containing the crystalline complex was placed. In this way
the powder and the solution were not in contact; the reaction took
place in a closed system. The reaction is complete after 10 min.

No difference was noted in the rate of the gas uptake processgng MHz for

between form | and form II.

Elemental analysis for compoutidas obtained from the reaction
of form | with NHs), C;,H;6N,O4Fe: calcd C 46.78, H 5.23, N
9.09; found C 46.87, H 5.24, N 9.06.

Reaction of [Fef®>-CsH4sCOOH),] Form | with NH ,CH3 and
NH(CH 3),. Exposure of a finely ground crystalline powder of [Fe-
(7°-CsH4COOHY)Y] (200 mg) to the vapors of a 30% aqueous
solution NHCHs; or NH(CHg), was attained by allowing the vapors
of the corresponding solutions (10 mL) contained in a round-bottom
flask to pass into a filter funnel, in which a glass sample holder
containing the crystalline complexes was placed. In this way the
powder and the solution were not in contact; the reaction took place
in a closed system. The reaction is complete after 10 min.

Elemental analysis for compourt] Cy4H,0N,O4Fe: calcd C
50.02, H 6.00, N 8.33; found C 49.87, H 6.01, N 8.27. Elemental
analysis for compoun8, C;eH24N,0O4Fe: calcd C 52.76, H 6.64,

N 7.69; found C 52.65, H 6.63, N 7.67.

Crystal Structure Determination of 3. Crystal data were
collected on a Bruker ApexIl CCD diffractometer. Maadiation,

A = 0.71073 A, monochromator graphitesgb24FeNOy, M,
364.22, orange crystals; monoclin@2/c, a = 21.474(4) A,b =
7.771(1) A,c = 10.485(1) A8 = 99.453(4), V = 1725.9(4) A&,

Z =4, D¢y = 1.402 g cm?, R1 (WR2) 0.0520 (0.1258) for 1526
observed independent reflections;2nge= 6.0-50.0. SHELX972

was used for structure solution and refinement baseB?ohlon-
hydrogen atoms were refined anisotropically. Hydrogen atoms
bound to carbon atoms and to the nitrogen atom of the cation were
added in calculated positions and refined. SCHAKAR9®@as used

for the graphical representation of the results. The program
PLATONZ?2¢was used to calculate hydrogen-bonding interactions.
Powder data were collected on a Philips X'Pert automated diffrac-
tometer with Cu Ka radiation, graphite monochromator. The
program PowderCell 224 was used for calculation of X-ray
powder patterns.

NMR Spectroscopy. All 13C and >N NMR spectra were
obtained by using a JEOL GSE 270 (6.34 T) spectrometer operating
at 67.9 MHz for'3C and at 27.25 MHz fot*N, equipped with a
Doty XC5 probe. Thé3C spectra were recorded at a spinning rate
in the range from 5 to 6 kHz under conditions %f—13C cross-
polarization, high-power proton decoupling, and magic angle
spinning. The 90 pulse was 4.%s, and the contact pulse was 3.5

ms. The spectra were collected after 1500 scans using a recyclef

delay of 10 s. The line broadening was set to be 10 Hz. *fRe
CPMAS spectra were recorded at a spinning rate of about 4 kHz.
A contact time of 5 ms, a repetition time of 10 s, and a spectral
width of 35 kHz were used for accumulation of 3600 transients.
The fid's were processed with a line broadening of 25 Hz.
Cylindrical 5 mm o.d. zirconium rotors with a sample volume of
120 uL were employed. For all samples the magic angle was
carefully adjusted from the®Br MAS spectrum of KBr by
minimizing the line width of the spinning sideband satellite
transitions. The'3C chemical shifts were referred to external
hexamethylbenzene, setting the methyl carbon to 17.4 ppm down-
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field from tetramethylsilane (TMS), while tHéN chemical shifts
were referenced via the resonance of solid NSO, (—355.8 ppm
with respect to CBNO,).

The principal components of the chemical shift tensors were
extracted by computer simulation (HBA-graphiéaff the spinning
sideband patterns obtained at low speed using the algorithm
developed by Herzfeld and Berg&The errors in the evaluation
of the chemical shift tensor were estimated to be less than 4 ppm
by repeating the calculation at different spinning speeds. The
chemical shift tensors were reported following the standard conven-
tion whered1 > 022 > 033, diso = ((511 + 020 + 533)/3 andAd =
033 — (011 + 022)/2.

IH MAS spectra were recorded on a Bruker AVANCEG600WB
with a double resonance 2.5 mm probe spectrometer operating at
1H. Powdered samples were spun at about 30
kHz. Spectra were acquired using an Eyring pulse sequence in order
to prevent the baseline from rolling due to the acoustic ringing of
the probehead and in order to delete the proton signal background.
A 7/2 pulse of 2.4us in duration and a pulse delay bs over a
spectral width of 100 kHz were used. A total of 16 transients were
collected for each spectrum. Proton chemical shifts were referenced
via the resonance of PDMSO (polydimethylsiloxane) at 0.14 ppm
relative to TMS.

T1 Measurements.Spin—lattice relaxation times in MAS mode
were measured by the inversion recovery pulse sequence.

Conclusions

In this paper we have reported on the investigation of a series
of solid—gas reactions between polycrystalline samples of the
organometallic acid [F&f-CsH4,COOHY)], as its monoclinic and
triclinic polymorphic forms, and the gaseous basessN¥H,-
(CHgs), and NH(CH)..

High-resolution'3C-CPMAS spectra and proton relaxation
data reveal substantial differences between monoclinic and
triclinic forms of [Fe;5-CsH4,COOH)).

In all cases it has been possible to ascertain rapid reaction
between the acid and the bases with formation of the corre-
sponding polycrystalline salts [Nf[Fe(@;>-CsHsCOO)] (1),
[NH3CHg]2[Fe(7°-CsHaCOOY)] (2), and [NH(CHa)zo[Fe (-
CsH4COO)] (3). The structures of these salts are very similar
on the basis of a comparison of powder diffractograms and NMR
spectra, which also helped in assigning the chemical formulas
to compoundsl and 2, for which no single crystals could be
obtained. In the case @fthe structure has been ascertained by
a single-crystal X-ray diffraction experiment showing that the
structure is the same as that of the bulk product. TGA and
variable-temperature X-ray powder diffraction experiments have
been used to investigate the reversibility of the processes and
the nature of the products. It has been shown that, while in all
cases the uptake of gas is a reversilecess the loss of gas
invariably leads to form | of [Fe-CsH4,COOHY)); therefore
the acid-basereactionis reversible only when it involves form
| as the organometallic starting material, while the reaction of
orm Il with vapors of ammonia is not reversible. It is worth
pointing out that the absorption/desorption processes imply
profound and dramatic structural rearrangements. For example,

(22) (a) Sheldrick, G. M.SHELX-97 Program for Crystal Structure
Determination; University of Gitingen: Gdtingen, Germany, 1997. (b)
Keller, E. SCHAKAL99 Graphical Representation of Molecular Models;
University of Freiburg: Freiburg, Germany, 1999. (c) Spek, APLATON
Acta Crystallogr., Sect. A99Q 46, C31. (d)PowderCellprogram by Kraus,
W.; Nolze, G. (BAM Berlin) subgroups derived by Ulrich Mer (Gh
Kassel).

(23) Eichele, K.; Wasylishen, R. EilBAver. 1.5, Program for Herzfeld-
Berger Analysis; Dalhousie University: Halifax, Canada, 2005.

(24) Herzfeld, J.; Berger, A. EChem. Phys198Q 73, 6021.



A Solid-Gas Route to Polymorph Coersion Organometallics, Vol. 25, No. 19, 2006633

the ferrocenyl moiety has to change from an eclipseid controlled preparation and characterization of crystal polymorphs

conformation of the substituted cyclopentadienyl rings to a is a major issue of modern crystal engineering and solid-state

staggeredransoidconformation on passing from the crystalline chemistry, the observation that the transformation of the most

acid to the salt and vice versa. The conformational change isstable form Il into the less stable form | of otherwise non-

also accompanied by the proton transfer processes detected bynterconverting polymorphs can be obtained in a solvent-free

solid-state NMR: from the neutral acid to the incoming neutral reaction via the intermediacy of salt formation is of some

molecules of the bases and from these to the carboxylate groupsinterest.

with re-formation of the carboxylic acid cyclic structure, when
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