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The synthesis and spectroscopic characterization (by massyisifle, IR, NMR ancP’Fe Mssbauer spectroscopy)

of three new compounds related to seven recently published ferrocenyl-substituted allylic and cumulenic compounds
are reported and have made it possible to effect a systematic evaluation of the parameters extractable from
temperature-dependeptray resonance studies. For the neutral species, the hyperfine parameters (IS and QS) of
theog-bonded ferrocenyl groups are insensitive to the structural details of the allylic or cumulenic carbon framework.
The temperature dependence of the recoil-free fraction is dominated by the Cprangtom interaction, and

is not diagnostic of the detailed molecular architecture. In the case of the carbocationic complexes, two distinct
iron sites are resolvable from the 8kbauer data. The detailed temperature-dependent behavior of the hyperfine
parameters and recoil-free fraction for 10 complexes with either equivalent termini, linked by similar, but different
types of bridges (neutrdl—5), or with inequivalent moieties linked by related or identical connectors (cationic
6—10), has been elucidated over the temperature range 90< 300 K. An X-ray crystallographic study of
(R,S-ferroceno[2,3a)inden-1-one proved the racemic nature of this progenitor of compd@ndmonoclinic,

P2i/c, a = 9.29.3(2) pmb = 1083.7(2) pme = 1345.7(3) pmp = 108.41(3)V = 1.2859(5) nrh, Z = 4, R(F,)

= 0.0574, R, (Fo?) = 0.1394.

Introduction

It was recognized soon after the correct characterization of
the structure and bonding in ferrocérand ferricinium com-
plexeg that metallocenes are among the most efficient carbe-
nium stabilizing groupd serving as donor moieties for satisfying
the electron deficiency of the--carbenium fragment. The
chemistry of such systems has been thoroughly investidated,
including conjugated allylium and allenylium representatives.
Formally, neutral perferrocenylated cumuléhase related to
these cationic species by introduction of an additional anionic
ferrocene substituent. Besides ferrocene-stabilized carbeniu
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ions, dinuclear metal-stabilized propargylic carbocations are
knowr? with the isolobal metal carbonyl cluster fragmentsCp
Mo,(CO)s, CpWo(CO), and Ce(CO) as donors, and in a few
cases “mixed” cationic systems with a metal carbonyl fragment
and with a ferrocenyl group have been repofted.

Taken together, these ferrocenylated olefins, cumulenes, and
allylic, cumulenic, and propargylic cations represent a closely
related set of compounds, allowing the comparison and/or
evaluation of their physical properties. Due to the presence of
the iron atom(s) in such ferrocenyl-substituted cationic or neutral

mhydrocarbons;’Fe Mssbauer spectroscopy offers an additional

insight into the nature of these complexes, and several previous
studies on related organometallics using this technique have been
reported®1® Much of the attention in these Msbauer inves-
tigations has centered on the determination of the hyperfine
interaction parameters, particularly the isomer shift (IS) and
guadrupole splitting (QS), since these are most readily extracted
from the spectroscopic data. In addition, however, the deter-
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mination of the temperature dependence of these parameters, After the crude alcohol was dissolved in 50 mL of dry, deoxygenated
and more importantly, the temperature dependence of the recoil-THF, 950 mg (2.77 mmol) of GCO) was added under an atmosphere
free fracuon pof the r¥]eta| atorﬁ |n these CpompoundS, can Serveof a..rgor.] and the miXtUre was Stirre.d at room temperatu.re for 2 h, during
to shed additional light on the behavior of the (distinguishable) Which time the evolution of CO indicated complexation. THF was
ferrocenyl groups. In this context, in the detailed $dbauer remov_ed in vacuo, the resndue_ was dissolved in ether, insoluble materials
. . were filtered off, and the solution was evaporated to dryness on a rotary
and cr_ystallograpmg study of ferrocenium hexafluorophosphate, evaporator. The residue was dissolved in 20 mL of glacial acetic acid,
Hendricksoret al > made use of the temperature dependence 54 ¢ 25 mL (2.83 mmol) of triflic acid was added to effect dehydration
of the recoil-free fraction to identify the several phase transitions ang cation formation. After stirring for 10 min, a solution of 0.415 g
(phase IV below 211 K, and phase Il in the temperature range of sodium tetraphenylborate in 3 mL of acetic acid was added, the
up to 347 K) in this solid and correlated these with the mixture was stirred for 15 min, and the precipitated product was filtered
crystallographic order parameters. It should be noted, however,off, washed with four portions of acetic acid, one portion of ether, and

that this cationic iron center gives rise to relaxation spectra

six portions ofn-hexane, and dried in vacuo, yielding 0.96 g (42%

consisting of a (broad) single resonance, rather than the doubletVith regard to the starting ketone) of £860){ cyclopentadieny}(-

spectra of the present study. Similarly, in an earlier study,
Hendricksoret al1%monitored the phase transitions in mixed-
valent biferrocenes, using similar temperature-depentl&et
Mossbauer effect techniques, by elucidating Thgependence

n%n?-1-(ferrocenylethynyl)-3-ferrocenyl-1-ylium)irgrtetraphenylbo-
rate @) as a dark green microcrystalline solid: mp-281 °C (dec).
Anal. Calcd for GsHaFes0sCo,B: C, 63.98; H, 3.88. Found: C,
63.79; H, 3.92. HRMS (FAB):m/z900.835 20 (M of cation; exact
mass calcd for GH,7/Fe;06Co, 900.851 95). MS (El, 70 eV)m/z

of the QS hyperfine parameter over the temperature range 4.2901 (81) (M* of cation), 873 (43) (M — CO), 817 (54) (M — 3CO),

< T < 300 K.
The application of such techniques, focusing in particular on

789 (100) (M — 4CO), 761 (88) (M — 5CO), 733 (83) (M — 6CO),
674 (24) (M" — (COXCo), 615 (32) (M — (COXC0,). UV—visible

the dynamical behavior of the metal centers, is the subject of (CHzClz; Amax (nm)/log €): 397/3.95, 636/3.61, 896/3.83. IR (KBr):
the present investigation. Moreover, the use of ferrocene (and3098 w, 3054 w, 2983 w, 2087 s, 2054 s, 2025 s, 1622 w, 1580 w,

ferrocenyl ligands) as probes for the dynamical behavior of other
molecular systems, such as¢C€! has been suggested by a
number of investigator¥ and the present study addresses the
validity of the use of ferrocene-related materials as “reporter”
moieties in such studies.

Experimental Section

Synthesis. Tetraferrocenylethank®!2 -ethylene2,® -allene3,® and
-butatrienes; 4 triferrocenylallenylium tetrafluoroboratg® and trifer-
rocenylpentatetraenylium tetrafluorobor#té* and cyclopentadienyl-
(1,3-diferrocenyl-1-ylium)iron tetrafluorobora® have been prepared
as published recentl§ and a full account of the synthesis and chemical
properties of4 and 6 is in preparatiod* General procedures and
specific analytical instrumentation have been published elsewdre.
syntheses 08—10 are summarized in Scheme 1 and given in detail
below.

Co,(CO)s{ cyclopentadienylu-n%5?-1-(ferrocenylethynyl)-3-fer-
rocenyl-1-ylium)iron} Tetraphenylborate (8). In analogy to the
synthesis of7,°> a Schlenk vessel was charged with 527 mg of
ethynylferrocen® (2.51 mmol, 1.32 mequiv with regard to cyclopen-
tadienyl(3-ferrocenyl-1-oxypentalenyl)irfhand 30 mL of THF at-60
°C. After addition of 2.27 mL of a 1.0 M solution of methyllithium in
n-hexane/ether (2.27 mmol), the mixture was allowed to warm to room
temperature. To the so-formed solution of (ferrocenylethynyl)lithium
was added 800 mg (1.89 mmol) of cyclopentadienyl(3-ferrocenyl-1-
oxypentalenyl)iroff in one portion and the mixture was stirred at room
temperature overnight. The resulting solution of the alcoholate was
hydrolyzed with the minimal amount of 8, the THF solution of the
alcohol was dried with N&O, and filtered rapidly, and the solvent
was removed in vacuo, yielding crude cyclopentadienyl(1-(ferrocenyl-
ethynyl)-1-hydroxy-3-ferrocenylpentalenyl)iron, which was used with-
out further purification because of its limited stability.

(11) Crane, D. J.; Hitchcock, P. B.; Kroto, H. W.; Taylor, R.; Walton, D.
R. M. J. Chem. Soc., Chem. Commad®92 1764.
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191, 31. Byszewski, P.; Diduszko, R.; Kowalska,®oc. Electrochem.
So0c.1994 94-24, 1392-1401 (Recent Advances in the Chemistry of
Fullerenes and Related Materials). Kucharski, Z., private communica-
tion to R.H.H. Gibb, T. CJ. Phys. C, Solid Stat&976 2627. See
also: Herber, R. HAcc. Chem. Red 982 15, 216, and references
therein.

(13) Paulus, H.; Schtg, K.; Weissensteiner, WMonatsh. Chem1982
113 767. Sato, M.; Asai, MJ. Organomet. Chenl992 430, 105.

(14) Bildstein, B.; et al., to be published.

(15) Wurst, K.; Elsner, O.; Schottenberger, Siynlett1995 8, 833, and
references cited therein.

(16) Abram, T. S.; Watts, W. E.. Chem. Soc., Perkin Trans1977, 1527.
Egger, H.; Schigl, K. Monatsh. Chem1964 95, 1750.

1524 m, 1472 w, 1437 w, 1408 w, 1107 w, 1030 w, 1001 w, 821 m,
733 m, 704 m, 611 w, 511 m, 493 m, 466 m ©m Attempted NMR
analysis gave inconclusive results, only broad signals due to paramag-
netic impurities were observed (compare $dbauer data).

Cp2Mo,(CO)4{ cyclopentadienylf-525?-1-(ferrocenylethynyl)-3-
ferrocenyl-1-ylium)iron} Tetrafluoroborate (9). Crude cyclopenta-
dienyl(1-(ferrocenylethynyl)-1-hydroxy-3-ferrocenylpentalenyl)iron was
prepared from 700 mg (1.7 mmol) of cyclopentadienyl(3-ferrocenyl-
1-oxypentalenyl)iroff by a procedure analogous to that described for
8 and was stirred with [CiMo,(CO)]*” at room temperature for 24 h;
the resulting alcohol complex was converted to the cation with
tetrafluoroboric acid and worked-up in a manner similar to that
described fom, yielding 783 mg (41.5% based on starting ketone) of
Cp:M0o2(CO){ cyclopentadienylf-%1%-1-(ferrocenylethynyl)-3-ferro-
cenyl-1-ylium)iror} tetrafluoroborateq) as a dark green microcrys-
talline solid: mp not observed, decomposition without melting. Anal.
Calcd for GgHs#Fe;04M02BF4: C, 51.29; H, 3.32. Found: C, 51.12;
H, 3.35. MS (El, 70 eV or FAB): molecular ion of cation with/z=
1049 was not observed. UWisible (CH.Cl; Amax (nm)/loge): 846/
3.8. IR (KBr): 3108 m, 1989 s, 1958 s, 1900 m, 1890 m, 1638 w,
1528 m, 1443 m, 1414 m, 1354 w, 1107 s, 1084 s, 1047 s, 1005 m,
924 w, 825 s, 480 m cmt. 'H NMR (CD.Cl): 6 4.16, 4.23, 4.39
(each signal 5H, s, unsubstituted Cp); 5.26 (10H, brs uhsubstituted
Cp); 4.60, 4.64, 4.71, 4.79, 5.37, 5.79, 6.30, 6.38, 6.55 (12H, each
signal broad pseudo s, substituted Cp). ¥ NMR spectrum could
be obtained due to decomposition in solution during accumulation of
the FID.

(R,9)-Ferroceno([2,3a]inden-1-ferrocenyl-1-ylium tetrafluorobo-
rate (10). A Schlenk vessel was charged with 406 mg (2.98 mmol) of
ferrocenyl lithiuni® and 30 mL of dry, deoxygenated ether. After
external cooling the suspension 60 °C, 773 mg (2.68 mmol) of
(R,9-ferroceno[2,3d)inden-1-oné® was added in one portion with
protection from air. The cooling bath was removed, and the mixture
was stirred at ambient temperature overnight. After aqueous workup
and extraction with ether, the crud® $)-ferroceno[2,3a]inden-1-
ferrocenyl-1-ol was converted to the corresponding tetrafluoroborate
in a manner similar to that described for 9, yielding 661 mg (45.3%)

(17) Curtis, M. D.; Fotinos, N. A.; Messerle, L.; Sattelberger, Alrférg.
Chem.1983 22, 1559.

(18) Guillaneux, D.; Kagan, H. Bl. Org. Chem1995 60, 2502. Rebiere,

F.; Samuel, O.; Kagan, H. Bletrahedron Lett.1990 31, 3121.
Sanders, R.; Mueller-Westerhoff, U. J. Organomet. Chen1996
512 219. Buchmeiser, M.; Schottenberger, HOrganomet. Chem.
1992 436, 223.

(19) Cais, M.; Modiano, A.; Raveh, Al. Am. Chem. Sod965 87, 5607.
Lehner, H.; Schigl, K. Monatsh. Chem197Q 101, 895. Schotten-
berger, H.; Buchmeiser, M.; Elsner, O.; Ernst, E.; Reussner, J.; Neissl,
W.; Angleitner, H. U.S. Pat. 5,521,265 (PCD Polymere Ges.m.b.H.)
May 28, 1996.
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Table 1. Crystallographic Data for
(R,9-Ferroceno[2,3]inden-1-one

chemical formula @Hq,FeO
formula weight 288.12
space group monoclinie2;/c
a 929.3(2) pm
b 1083.7(2) pm
c 1345.7(3) pm
B 108.41(3j

v 1.2859(5) nri
z 4

T 293K

A 71.073 pm
Pcalcd 1.488 g cm?
u 1.159 mn?
R1? 0.0574

wR2 0.1394

AR1= Y |IFol — IFll/Z|Fol. "WR2= [ [W(Fo* — FAF/ 3 [W(FATI

C(2)

cto)

cun

Figure 1. ORTEP drawing of R S-ferroceno[2,3a]inden-1-one.
Ellipsoids are drawn at the 50% probability level, and hydrogen atoms
are omitted for clarity.

of (R,9-ferroceno[2,3]inden-1-ferrocenyl-1-ylium tetrafluoroborate
(10) as dark green microcrystalline powder: mp not observed, up to
330°C no melting or decomposition. Anal. Calcd fosA21Fe:BF,:

C, 54.07; H, 3.53. Found: C, 54.19; H, 3.54. HRMS (FABjvz
457.046 44 (M of cation; exact mass calcd fopEl,:Fe; 457.034 19).

MS (El, 70 eV): m/z457 (100) (M of cation), 392 (28) (M — Cp),

336 (83) (M" — 3CpFe), 215 (36) (M — CpFe— CpFe). U\visible
(CH:Cly; Amax (nm)/log €): 268/4.22, 393/4.16, 800/3.94. IR (KBr):
3102 w, 1603 m, 1513 vs, 1445 m, 1414 m, 1391 w, 1341 w, 1107 m,
1068 s, 1036 s, 937 w, 829 m, 754 w, 712 s, 677 w, 567 w, 520 w,
507 m, 480 m, 451 w, 420 w cth  *H NMR (CD,Cly): ¢ 4.42 (5H,

s, unsubstituted Cp), 4.54 (5H, s, unsubstituted Cp); 5.16, 5.48, 5.91,

Herber et al.

sample holders, and clamping these, in turn, into a Ricor variable-
temperature cryostat. Temperature control in the range 85< 280

K was effected using a compensated thermocouple-controlled feedback
circuit and is stable tat0.5 °C over the time intervals required to
accumulate at least $@ounts/channel in the 256-channel spectrum.
Spectrometer calibration was effected using an 18.8 mg? cratural

iron foil absorber at room temperature, and all isomer shifts are reported
with respect to the centroid of this spectrum.

Results and Discussion

For the sake of clarity and convenience, the structures of
compoundd—10relevant to this study are summarized in Chart
1. The preparation and chemical propertied6f7 have been
described elsewher&13 or will be published in due coursé.
Compounds8—10 were synthesized as outlined in Scheme 1,
essentially in analogy to other metal carbonyl-stabilized carbe-
nium ions®>78 The chemical stability of the two catio@sand
9 is far less (slightly air-sensitive, decomposition in solution)
in comparison to all-ferrocenyl-substituted systérirgjicating
the superior donor capability of ferrocene vs metal carbonyl
clusters. Compounti0 was prepared fromR,S)-ferroceno|2,3-
alinden-1-oneé whose racemic nature was proven by an X-ray
single-crystal structure determination (Figure 1 and Table 1,
Supplementary Information). Catid®is of a stability similar
to that of the allylium ion7, the [2]cumulenic iorb, and the
[4]cumulenic ion6, which are all air-stable and represent the
most stable or only examples of such systems.

Neutral Compounds 1-4. The Méssbauer spectra of the
neutral tetraferrocenylethané, as well as the three neutral
ferrocenyl-substituted conjugated compouds4, consist of
well-resolved doublets having a mean line width of 0.281
0.008 mm st at 90 K. A representative spectrum is shown in
Figure 2. Not surprisingly, all four ferrocenyl groups are (within
the resolution of the Mssbauer technique) identical, and the
four metal centers are treated as a single entity in the subsequent
discussion, in consonance with the NMR (solution) dat2fo4,
which show the 20 protons on the nonbonded Cp groups to be
magnetically equivalent i@—4%20but in contrast to NMR data
for 1,23 where two signals were observed. We also note that
tetraferrocenylethand 321 and tetraferrocenylethyleng)f are
both chiral molecules due to severe steric congestion (although
only the racemic mixtures are available), whereas the cumulenes
(3) and @) are achiraf, because there is no such steric hindrance.
On the other hand, these two cumulenes differ in their molecular
shape: the [2]cumulene3) has its two pairs of (syn/anti)
ferrocenyl substituents in orthogonal planes to each other, and
in the [3]Jcumulene4), these two pairs of ferrocenyl substituents
are in the same plane.

The IS and QS parameters are summarized in Table 2 and

5.98, 6.04, 6.30 (each signal: 1H, pseudo s, substituted Cp); 6.86, 7.41are very similar to those reported for the parent ferrocene. It

(each signal: 2H, m, phenyl)}3C NMR (CD.Cl,): ¢ 78.6, 82.1

has been noted numerous times in the pertinent litefatRiteat

(unsubstituted Cp); 74.0, 74.2, 75.2, 77.2, 86.3, 86.5, 87.3, 87.7, 87.8,1ing substitution has only a minor effect on the hyperfine

88.3 (substituted Cp); 123.5, 123.8, 130.2, 131.0, 140.0, 146.6 (phenyl);

not observed, carbenium C.

X-ray Diffraction. X-ray Analysis of ( R,S)-Ferroceno[2,3a]inden-
1-one. A Siemens P4 diffractometer with graphite-monochromatized
Mo Ka radiation was used for data collection. General procedures

interaction parameters of the iron atom in ferrocene-related
materials, and this observation is, once again, confirmed by the
present results. The QS of thebonded ferrocenyl substituent
is smaller by~0.09 mm s? at 90 K than is observed for the

used for the structure solution and refinement have recently beenparent ferrocene, but this parameter is only very weakly

publishec® The relevant crystallographic data f&®,§-ferroceno|[2,3-
alinden-1-one, the synthetic precursorlia, are summarized in Table
1 and shown graphically in Figure 1. For complete crystallographic
data, see Supporting Information.

Mo'ssbauer Studies. The>Fe Mgssbauer parameters of the subject

temperature dependent. The temperature dependence of the IS
parameter was extracted from the 84bauer data, and a typical
data set (for4) is shown in Figure 3, in which the linear
correlation coefficient is 0.997 for the 10 data points. The
standard deviation is 0.0019, and is shown by the error bars in

compounds were determined by standard transmission geometry

spectrocopy, using a 50 mGiCo in rhodium source at room
temperature. Optically thirt < 0.5) absorbers were prepared by mixing
the samples with boron nitride (to effect random sample orientation
relative to the optical axis), packing the resulting powders into plastic

(20) Schtte, D.; Oeser, T.; Irngartinger, H.; Wiesler, Metrahedron Lett.
1995 36, 5163.

(21) Denifl, P.; Hradsky, A.; Bildstein, B.; Wurst, K. Organomet. Chem.
1996 523 79.
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Chart 1. Schematic Overview of Structures of the Compounds Investi§ated

&
P
= &

ii [ Mo]=MoCp(CO), i i "

a Counterions omitted for clarity.

the figure. The temperature dependence of the isomer shift ofdence of the recoil-free fraction, which is given by the
the ferrocenyl substituents is very close to that of the parent temperature dependence of the area under the resonance curve
molecule, leading to an “effective mad&tlose to that of the for an optically “thin” absorber, is smaller by25% than the
parent (105+ 3 Da). The difference between this parameter value observed for the ferrocene parent and reflects the influence
and the “bare iron” value of 57 Da is a reflection of the covalent of the ¢ bond to the hydrocarbon fragment on the vibrational
bonding of the metal atom to thg-cyclopentadienyl rings. modes of the ferrocenyl moiety. A comparison of the temper-

In contrast, the QS parameter is only weakly temperature atyre dependence of the recoil-free fractions and2 is shown
dependent in all of these compounds, since the shape of the, Figyre 4. The correlation coefficients are 0.995 and 0.998,
electric charge distribution around the metal atom is primarily 54 the standard deviations are 0.001 86 and 0.002 13, respec-
due to metat-Cp ring interactions, and this is not sensitive to tively, as shown by the error bars in the figure. Since the

nnlgt] _SUbSt'Eu_t'otn eftf_ectf or to the”?ﬁl Ieﬁ)_ansdlon pr(_)celsses.lt carbon-carbon bond distance is 151.6 pmilifref 21; see also
IS mostnstructive to compare the fattice dynamical resulls ¢ 13) compared to a value of 138.1 &f20 it might have

for 1 and 2 since detailed X-ray diffraction data have been
3.90.21 been expected that the temperature dependence wosiddiler
reported for both compoundg320.21 The temperature depen- . . - .
in the ethene than in the ethane complex, arising from a “stiffer

(22) Herber, R. H. IrChemical Mossbauer Spectroscopierber, R. H., C=C bond. However, just the OPpOSite is observed .64 x
Ed.; Plenum Press: New York, 1984; Chapter VII. 103vs—6.08 x 1073 K1, respectively). As noted above, both
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Scheme 1. Synthesis of Compound-10

(64769-78-4 | [ 42378-09-6 ] @ >

1. MOZCDZ(CO) 1. COZ O

& 2 o1/ 0 @ 2 41/ W0

&

1
Fe

[Col=Co(CO), @

0

[1271-15-4]

& & BTl
@Fe

compounds are chiral due to steric crowding of the ferrocenyl
substituents and the degree of repulsive interactions seems to 1.00 4
be stronger in the Sgbridged tetraferrocenyl compouridin
comparison to the ggbridged tetraferrocenyl compourdl as

is evidenced by the observation of two signals for the unsub-
stituted cyclopentadienyl rings in tHel NMR spectrum ofl,
whereas for2 only one resonance can be detected. Notwith-
standing these small differences in the dARIT parameter
between the several neutral compounds, it is clear that this
parameter is not sensitive to the number of carboarbon
double bonds interposed between the two terminal C atoms
ligated to the ferrocenyl groups, as is evident from the data for
3 and 4 (Table 2), which differ by one €C. The clear
implication of this observation is thathe motion of the 0.92 . , . : . :
“sandwiched” iron atom is almost completely determined by -4 -2 0 2 4
the metat-C, ring interaction and is not at all sensité to the VELOCITY /mm s~

vibrational motion of the olefinic framework of the solidhis Figure 2. 57Fe Mtssbauer spectrum dfat 90 K. The velocity scale
generalization turns out to be crucial in achieving an under- s with respect to the centroid of a room temperature spectrumrs-
standing of the behavior of the related cationigle infra. (0).
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0.94

RELATIVE TRANSMISSION
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Table 2. 5Fe Mossbauer Parameters for the Compounds Discussed in the Text

5 6 7 8 9
1 2 3 4 sitel site2 sitel site2 site3 site4 site 3 site4 sitel site2 10 Fe(Cp} Fe(Cpy'BF,
IS, mms?t 0.511 0.541 0.534 0.545 0.532 0.502 0.528 0.488 0.508 0.492 0.534 0.508 0.540 0.469 0.528 0.507 0.530 0.545
(90 K)
QS, mm st 2.341 2.328 2.355 2.322 2.156 0.527 2.202 0.687 2.089 1.453 2.264 1.425 2.190 1.389 2.039 1.583 2.428
(90 K)
d IS/dT, L 10t 3.759 4.108 3.469 3.874 3.907 5.471 3.321 3.129 2.393 2.621 3.319 3.72 4.028 3.364 3.283 7.03
mmsixl1
din [A(T){A(QO), 6.075 7.540 5.985 6.062 9.454 7.680 11.38 6.37 10.21 4.67 10.35 10.56 8.66
mms?tx 1
Met, Da 111 101 120 107 106 76 125 133 174 159 125 130 103 124
Owm, K 108 102 104 109 85 77

aThe uncertainties in the 1S and QS parametersizdé®05 mm st. The IS{T) and InA(T) data were obtained from linear regressions as noted
in the text, with correlation coefficients 6¥0.989 and 0.997, respectively. Error bars in the figures are indicated where appropriate.
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Figure 3. Temperature dependence of the IS parametesforhe Figure 5. 5Fe Massbauer spectrum & at 90 K. The spectral data

line IS a Ilnga_r Ieast-_squares regression fit to the data. From the SIOpewere fit to two quadrupole split resonances (inner and outer), as
of this line it is possible to calculatiles for the iron atom(s) in the discussed in the text

sample.
0.2 metal centers. As a result of the random orientation of the
0 o—_ sample in the spectrometer, no significant temperature-
o independent intensity asymmetry is observed.
-0.24 Cumulenic Carbocations 5 and 6. The effect of (formally,

; but not synthetically) removing a ferrocenyl anion from these
= ‘0-4‘_ neutral complexes can be elucidated by a comparison of the
g(l 0.6 Mdssbauer results f@rand6, since the latter is the trisferrocenyl
iy ] carbocation homologue of the former. Thé d8bauer spectrum
% 0.8+ of 5 (Figure 5) at 90 K consists of a more intense doublet (site
— ] 1) and a less intense doublet (site 2), having almost the same
£ 107 IS but very different QS parameters (see Table 2). That the

1.24 site 2 resonance does not arise from a ferricinium-like artifact
1 can be concluded from the fact that the diamagnetic NMR
-1.44 spectra for5 5 and6 14 show unshifted, sharp lines, indicating
7 that any paramagnetic impurities must be below the 1% level.
50 100 150 200 250 300 The temperature dependence of the IS parameter is nearly the
TEMPERATURE /K same for both sites, leading to similsle; values. The isomer

Figure 4. Comparison of the temperature dependence of the recoil- shift of the site 2 iron atom is-0.03 mm s smaller than that
free fraction for the iron atoms ifh and2. The lines are linear least- of the site 1 atom, implying a slightly larger s-electron density
squares fits to the dara. The difference in the two slopes2é%. at the metal center in the former compared to the latter. It is
tempting to associate site 2 with the iron atom near the location
Finally, it is worth noting that in none of these compounds of the cationic charge, since the QS interaction in these
can a vibrational anisotropy (Gol'danskiKaryagin effectj® compounds is strongly dependent on the population of the metal
be extracted from the temperature-dependent spectroscopic datgypitals (d-y2 and @) directed toward the Cp rings. However,
even though the ring planes are (nearly) coplanar, and a 5-foldthjs simple interpretation is clouded by the fact that the area
symmetry axis perpendicular to these planes passes through theatio (R = site 2/site 1) under the resonance curve is temperature
: — —— - dependent and is significantly less than the value 0.5 expected
(23) E_?'}gfiiznhsa'l‘r']'élz/“-’ v ﬁ?{ﬁ;‘(ﬁ'ﬁg\/ ?-EMI:-j;*;?ﬂgggl'g{/’SI-_ \lé-_'; Eﬁg%(g\},(i)_ at low temperatures if the relative site population is 1:2 as
predicted from the structure. The area under the resonance curve

V. Proc. Acad. Sci. USSR, Phys. Chem. Si96i3 147, 766. Karyagin, f )
S. V. Ibid. 1964 148 110. is dependent not only on the relative number of metal atoms




3592 Inorganic Chemistry, Vol. 36, No. 17, 1997

1.5
1.4
1.3
1.2
1.1
1.0
0.94
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1 +———

50

2
A JANRT
A A 7 5
FANWANIYN A

A A o A
®O0000O0,0 OO0 O

INTENSITY RATIO

T T T T
150 200 250 300

TEMPERATURE /K
Figure 6. Comparison of the temperature dependence of the intensity
(area) ratio of the two quadrupole split resonance® B and10. The
“anomalous” temperature dependence of this raticbfaas compared

to its temperature insensitivity idand 10, is clearly evident from the
data.

Scheme 2. Schematic Representation of the two
Contributing Structures (Propargylic and Cumulenic Forms
of Carbonsa, 8, andy) for 5

<
~ ol
z & T &

occupying each site but also on the recoil-free fraction param-

Herber et al.

to the G, atom of 5, and itsy-ray resonance absorption is
coincident with the site 1 absorbances in the spectrum. As the
temperature increases, motion of the ferrocenyl group relative
to the long axis of the molecule interferes with this electron
delocalization, and the Latom carries an increasing positive
charge. The ferrocenyl group ligated to this cationic center (site
2, G,) gives rise to a much smaller QS interaction, and the
relative R value increases, not only because of the increase in
the smaller QS signal but, concommitantly, by the decrease in
the larger QS signal. Thus, the apparent &MdT reflects not
only the normaf-factor T dependence but also the depopulation
of the low-temperature conformation of the ferrocenyl group.
This interpretation, that the smaller QS signal arises from a
ferrocenyl group ligatedota C atom carrying a cationic charge,
and hence which will have a distribution of orientations in space
relative to the pseud@,, axis of the rest of the molecule, also
accounts for the large line width of the smaller QS resonance,
since this reflects a distribution of QS values around a mean.
Thus, the two contributing structures férare those shown in
Scheme 2, in which the low temperature form has a major
contribution from the ethynyl structure, whereas the cumulenic
form contributes increasingly at higher temperatures. This is
in agreement with the observation that the room temperature
IR spectrum shows only a very strong cumulenic band and no
ethynyl vibration. This does not mean that at room temperature
only the cumulenic structure obtains, because the ethynyl
vibrations (expected in the range 2262100 cnT?') are known
to be very weak and may also be overlapped by the strong
cumulenic band. This unfavorable situation also prevented the
observation of a relative decrease of the cumulene absorption
and increase in the ethyne absorption by variable-temperature
(78—293 K) IR spectroscopy. It is interesting to note that
analogous effects of temperature and pressure on the dynamics
of similar molecular rotors has recently been demonstrated by
Silver et al.24

Finally, it is worth noting that the difference in the temper-
ature dependence of the IS parameter associated with the smaller

eter, which is, in turn, dependent on the mean square amplitudeQs signal is only 25% larger than d IS/@f the larger QS

of vibration of the metal atom. The larger this amplitude (the
“softer” the chemical bond) the greater will be the temperature
dependence. As noted above, thpriori expectation is that d

In A/dT will be essentially the same for all ferrocenyl groups,

signal, while the apparent (but not real) temperature depend-
encies of the area under the resonance curve fddm) differ

by more than a factor of 2.3 fd&. The former follows from

the fact thaMes is nearly the same for the two ferrocenyl group

regardless of the architecture of the rest of the molecule. honding environments, while the “depopulation” of the larger
Clearly, this is not what is observed in the case of the cationic QS signal resonance (as above) accounts for the anomalously
cumuleness and6. large temperature dependence of the area under the resonance
In examining the detailed spectroscopic resultsS@nd6, curve, relative to the smaller QS signal doublet.
the following observed facts need to be accounted for (a) the  Annelated Carbocations 7-10. The Méssbauer spectrum
IS and QS parameters observed and the differences in theseyt 7 provides a key to the understanding of the spectroscopic
parameters for the site 1 Fe atom and the site 2 Fe atom; (b)data for the other annelated, fused ring compounds examined
the observation that thR ratio (site 2/site 1) is less than the jj the present study. Itis immediately seen (see Figure 7), that
expected value of 0.5 at low temperatures (see Figure 6); (C)the 57Fe spectrum of this compound again consists of two
the temperature dependence of Reatio (see Figure 6); (d)  distinct doublets, having almost the same IS but distinctly
the large line width of the site 2 resonance lines; and (e) the gifferent QS parameters (see Table 2). A detailed single-crystal
differences observed in the apparent ddT parameters for  x_ray structural analysis of this compound has been repdrted
the ferrocenyl groups in these complexes and those noted earlieng clearly differentiates the two different kinds of ferrocenyl
for the neutral species. groups present in this molecule. All of the Cp rings are aligned
A possible rationalization of these observables may be the i the same direction and are parallel to the pentalene ring plane.
following: At low temperatures, the ferrocenyl group ligated Since two of the ferrocenyl ligands are ligated by a single
to Gy (see Scheme 2) causes electron flow into therbital of bond, while the third group is part of the fused ring portion of
Cp which then transfers charge, viaraback-bonding interaction  the molecule, it seems logical to associate the more intense
back to G. This electron flow increases the triple-bond  gouplet to the former two (site 3) and the latter to the less intense
character of the £&-C; bond, reduces the cationic charge on  goyplet (site 4). In contrast to the results cited abdye) in

Cq, and makes the ferrocenyC, o bond nearly indistinguish-  the case of the area ratio at 90 K is, in fact, very close to that
able from a normal ferrocenyl C atombond. The IS and QS

parameters of this ferrocenyl group are thus indistinguishable (24) siiver, J.; Roberts, R. M. G.; Davies, D. A.; McCammon, C.JA.
from the values associated with the ferroceny! grawionded Chem. Soc., Chem. Commur996 11.
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Figure 7. 5"Fe Mtssbauer spectrum fat 90 K. The data were fit to Figure 8. 5Fe Mtsshauer spectrum df0 at 90 K. The data were fit
two quadrupole split resonances. The area ratieds51 (site 4/site 3) to two quadrupole split resonances. The area ratieds2 at 90 K,
at 90 K and is temperature independent. and is temperature independent in the rargd < 273 K; see also
Figure 5.
expected from this assignment (0.51) and is nearly temperature 0.2
independent to 200 K. Above this temperature, the area ratio 1
. . . 0.04 10
increases as noted above, again due to the differences in the ) O Site 1
dependence of the recoil-free fractions. According to the single- 024 .
! ! ) : A Site?2
crystal structure analysSighe two site 3 groups are, in fact, .
slightly different, with unequal bending from the pentalene = -0.47
plane, but this difference cannot be resolved from thissdauer % 0 6;
data. As noted above, the IS of the site 4 iron atom is smaller e o
(at 90 K) by ~0.016 mm st than that assigned to the site 3 ¥ -0.8-
metal atom, indicative of a larger electron density at the Fe 10 |
center in the former than the latter. The QS parameter of the =~ '
site 3 atom is larger by-50% (2.089 vs 1.435 mnT$ at 90 424
K), and both are nearly temperature independent over the range 1
90 < T < 280 K. ltis interesting to note that the temperature 149

dependence of the recoil-free fraction of the site 3 metal atom
is larger by a factor of-2 than that for the site 4 metal atom,
again indicative of a “softer” ligation of the ferrocenyl group

which is onlyo-bonded to the fused ring portion of the molecule, free fraction of the two iron sites ih0. The two slopes are essentially
compared to the site 4 group. Finally, it is worth notinglé identical (within experimental error), reflecting the insensitivity of the

infra) that the line width of the inner doublet (site 4) is slightly ¢ harameter to the difference in ligation mode of the ferrocenyl moiety
larger than for the outer doublet (0.32 vs 36 mni)slespite to the rest of the molecule.

the prediction that might have been made on the basis of the

crystallographic results, but this line wid_th difference is much The spectroscopic hyperfine parameters at 90 K for the closely
smaller than in the case o anql 6, as dlscgssed above. In related compound, which differs from8 by the interposition
other Words, the mechanism of line brqad(_enmg due to ferrocenyl of a MoCOM(Cp),C> group instead of an ethyne &60)
group rotation around the & bond, which is presumed present bridge, are included in Table 2. Again, there is a smad.071
in 5 and6, appears to be absent T mm s1) difference in the IS parameter and a much larger
Turning next to the spectroscopic results 8rit is seen  (~0.80 mm s?) difference in the QS parameter at 90 K for the
(Table 2) that the Mssbauer parameters are very similar to those two sites. The intensity ratio of the two sites€.25 at 90 K,
for 7, although there is a significant difference in their close to the value expected from the molecular architecture.
temperature dependencies. The former observation implies thatjowever, as indicated by NMR measurements, this sample
the interposition of an ethyne @@€O)s group between the  incorporates one (or more) paramagnetic impurities. In the
annulated five-membered ring and the ferrocenyl moiety has Méssbauer spectrum at 90 K, one of these broad impurity lines
little effect on the electron density and the symmetry of the (at ~0.5 mm s1) overlaps strongly with the “inner” doublet,
charge distribution around the Fe center and that the two and hence it was not possible to extract meaninffdépendent
o-bonded FeCp groups (site 3) are thus spectroscopically data for this sample.
identical. The area ratios for the two iron resonances are close The Mgsshauer spectrum di0 is shown in Figure 8 which
to the expected value of 0.5 and are temperature independentgain evidences two distinct resonances, having nearly the same
in the range 9&< T < 160 K. The ratio of the QS parameters IS, but resolvably different QS parameters (see Table 2). The
for the two sites is~1.6. As was true foi7, the temperature  intensity ratio is close to 1:1, as expected, and is not strongly
dependence of the recoil-free fraction of the site 3 iron atom is temperature dependent (see Figure 6). Both the presence of
significantly larger (by a factor of2.2) than that of the site 4  only two distinct iron-containing groups, and the values of the
Fe atom, again indicating a “looser” bonding of the iron atom hyperfine parameters a0 permit drawing conclusions related
in the former than the latter. to the mean-square amplitude of vibration (and its temperature

v T T T T T T T T T T T T

80 100 120 140 160 180 200 220
TEMPERATURE /K

Figure 9. Comparison of the temperature dependence of the recoil-
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dependence) of the ferrocenyl groupsbonded to the five- (b) For polyferrocenyl cumulenic carbocations, two iron sites

membered annelated ring (site 1) and that fused to this ring are distinguishable. The IS of the site closest to the cationic

(site 2). This comparison is summarized in Figure 9, in which charge (G) is smaller by 0.035: 0.005 mm s, indicative of

the normalized InA] parameter for the two sites is shown as a a slightly larger electron density at the iron atom, and has a QS

function of temperature. The two slopes ar&0.35 x 1073 which is a factor of~3.7 times smaller than the QS of the iron

and—10.56 x 103 K ~1 for sites 1 and 2, respectively. Itis atoms at the distal sites {C

thus fair to conclude that the iron atom motion is quite  (¢) For fused ring (annelated) polyferrocenyl carbocations,

insensitive to the ligation mode of the cyclopentadienyl ring in two iron sites are distinguishable. The ferrocenyl moieties

these complexes over the temperature range of the present datgonged by a fused ring interaction have an isomer shift (at 90

(90 = T = 270 K). Again, this conclusion has direct bearing Ky which is 0.016 mm st smaller than the iron atom of the

on the use of ferrocene and ferrocenyl compounds as dynamical;_ponded ferrocenyl group(s), and has a QS which is smaller

probes of complex moleculés. , by a factor of~1.5. The two kinds of iron sites have essentially
_In comparison to7 and8, in which the QS ratio of the two e samé factors, but their Mesbauer signatures permit a ready

sites is 1.5 and 1.6, respectively, at 90 K, fd¥; this ratio is identification of the differences in the two sites.

only 1.3, reflecting the electron demand of the second ferro-

cenyl-containing moiety ligated to the fused five-membered ring  Acknowledgment. We thank Prof. Karl-Hans Ongania from
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