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Rates of proton abstraction from the diphenylmethanes [(PhCH,Ph)FeCp]*, 8, and [ (PhCH,-
Ph)(FeCp).]2*, 9, by OH- and CH30- and of reprotonation of the conjugate carbon bases (C-8,
C-9) by the solvent have been measured at 25 °C in various aqueous and methanolic dimethyl
sulfoxide solutions. From these data, the pK, values of 8 and 9 in these mixtures have been
determined. Comparison of the results obtained with those for 4-nitro- and (4,4’-dinitrodiphenyl)-
methanes (5 and 6) shows that the thermodynamic acidifying influence of a FeCp* moiety is
similar to that of a p-NO; group. The kinetic effects of the two substituents are different,
however, the FeCp* compounds having greater rates of proton abstraction but the nitro
compounds giving carbanions with a lower susceptibility to reprotonation by the solvent. This
indicates that the FeCp* group exerts a greater -1 effect but a lower -M effect than the NO,
group. A determination of the intrinsic reactivities of the various compounds confirms this
conclusion, but it also shows clearly that the resonance effect of a FeCp* moiety is very substantial.
1H and 3C NMR data for the ionization of 8 and 9 provide additional evidence for this proposal,

which is also supported by molecular orbital calculations at the extended Hiickel level.

Introduction

w-Complexation with organotransition metal units is
very commonly used to increase the electrophilic character
of arenes which are not capable of reacting with basic
reagents under normal conditions.2% Activation by groups
like Cr(CO)3, Mn(CO)3*, (#5-CsH;s)Fe*, or (n°-CsHs)Ru*
thus allows one to readily achieve nucleophilic aromatic
displacements on unactivated aryl halides and related
derivatives.z-11 These groups have also proved to be very
efficient in enhancing the acidity of benzylic hydrogen
atoms, favoring the generation of carbanionic-type inter-
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mediates which can then react in situ as nucleophiles with
various substrates to give a wide range of synthetic
applications.2-512-22

Sofar, very few comprehensive studies have been carried
out to quantify the activating effect of most transition
metal-ligand residues used to increase the reactivity of
otherwise inert arenes and heteroarenes.25 Rate studies
of a few SNAr reactions have been reported which showed
that the activation increases through the series: Cr(CO)3
<Mo(CO)3 « #5-CsHsFet < Mn(CO);3*, with the effect of
the Cr(CO); group being comparable to that of a p-nitro
group.*’ Recently, twokineticand thermodynamicstudies
of the acidifying effect of the Cr(CO)s group upon the
benzylic hydrogens of di- and triphenylmethanes 1-4 have
been made.?24 These studies proved to be very inform-
ative concerning the mode of action of this v-bonded
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residue, especially because the intrinsic rate constants for
the ionization of 1-4 could be estimated and compared to
those for the ionization of the p-nitro substituted analogues
5-7. It thus appeared that the activating influence of the
Cr(CO); group is the result of a combination of a strong
inductive effect and a substantial resonance effect.
Despite its widespread use in the activation of arenes
for synthetic purposes, the capability of the FeCp* group
to promote proton transfers has not been quantitatively
studied. Inconnectionwithour interestin the elucidation
of the factors affecting carbon acid strengths and to provide
direct comparisons with available data for compounds
1-7,25-28 we have measured the rates of proton abstraction
from the two (78-diphenylmethane)(n®-cyclopentadienyl)-
iron cations, 8 and 9, by OH- or CH30- ions in some H,0-

e oG

@®FeCp ®FeCp @ FeCp
8 9
© ©
; CH : CH
®FeCp @ FeCp @ FeCp
C-8 C-9

Me,S0 and methanol-Me,SO mixtures.?? Where possible,
measurements of the rates of reprotonation of the con-
jugate carbon bases by the solvent have also been made,
allowing us to obtain both the kinetic and thermodynamic
acidities of the substrates. Our results provide strong
evidence that the FeCp™* residue exerts a very strong
inductive -1 effect as well as a notable resonance effect.
H and 3C NMR data pertaining to the ionization of 8
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and 9 support this conclusion, which is also confirmed by
molecular orbital calculations at the extended Hiickel level.

Results

Kinetic Studies. Rates of ionization of 8 and 9 by
hydroxide or methoxide ions were measured in various
aqueous or methanolic dimethyl sulfoxide solutions by
monitoring spectrophotometrically the appearance of the
absorption of the conjugated yellow or blue carbon bases
C-8 and C-9 at or near Amax = 375 nm, ¢ = 10 200 L mol-!
cm-! for C-8 in 10:90 (v/v) MeOH-Me3sSO and Ay = 585
nm, ¢ = 6500 L. mol-! cm! for C-9 in 15:85 (v/v) MeOH-
Me2S0O. Experiments were carried out in a stopped flow
apparatus, the rates being determined under pseudo-first-
order conditions with a large excess of the base reagents
(5% 10*t00.1 M) over the diphenylmethane concentration
(=3 X 10* M). Under these experimental conditions, the
observed rate constant, kg4, for the approach to equi-
librium according to eq 1 is simply given by eq 2.

RO

8(or9) +RO" = C-8(orC-9+ROH (1)
kROH

konsa = By C[RO™] + EBOH )

In accordance with eq 2, plots of the measured Egpeq
values versus the OH- or CH3;0- concentration were
linear and, from the slopes, the values of the rate constants
k?o for deprotonation of 8 and 9 were readily determined
in all solvent mixtures studied. Only when the intercepts
had measurable values could the constants k?po H for
reprotonation of the carbon bases C-8 and C-9 also be
obtained. These rate constants are summarized in Table
1, together with the derived equilibrium constants, K, =
kffo/ kFPOH, for the formation of C-8 and C-9. Also given
are the pK, values for the ionization of 8 and 9 that we
have calculated from the known autoprotolysis constants
(pK,) of the solvent mixtures by means of eq 3.3

PK, =pK,-log K, 3)

Table 1 includes some data for the ionization of the
dideuterated cation 8 in 10:90 (v/v) and 5:95 (v/v) MeOH-
DMSO mixtures. Assuming a secondary isotope effect of
~1.15,31 the results afford values of 13.32 and 8.64 for the
primary isotope effects in 10:90 (v/v) and 5:95 (v/v) MeOH-
DMSO mizxtures, respectively. Such high values are
common in the ionization of carbon acids,3? confirming
that our kinetic measurements refer to the proton ab-
straction processes.

In agreement with previous observations,'® the carbon
bases C-8 and C-9 are not stable species under aerobic
conditions in solution. However, suitable experimental
conditions could be found at low temperatures in THF
and acetonitrile to carry out a structural study of the
ionization of 8 and 9 by 'H and 13C NMR (see Experimental
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Table 1. Rate and Equilibrium Data for Proton Abstraction from the (n°-Diphenylmethane)(n®-cyclopentadienyl)iron Cations 8
and 9 in Aqueous and Methanolic Me,SO Solution*

cation 8 cation 9
solvent composition (v/v) k:}o, L mol-! 5! kfpm", s K, L mol! pK, k:o, L mol-! s+t kfpon, s K, L mol! pK,
30% H,0-70% Me,SO 550 74 7.43 17.15
20% H,0-80% Me,;SO 2990 14 214 17.84
15% H,0-85% Me,SO 17000 8 2125
10% H20-90% Me,SO 81 1.3 62.3 20.56 1.2 X 105 >5x 104 <17.66
5% Hy0-95% Me,SO 760 0.5 1520
40% MeOH-60% Me;SO 653 110 593 17.49
30% MeOH-70% Me,SO 3300 53 62.5 17.14
20% MeOH-80% Me,SO 17800 14 1272 16.73
15% MeOH-85% Me,SO 84200 S 16840 16.29
10% MeOH-90% Me;SO 141 (9.2)% 12.9 11 20.25 22X 103 >2 % 10° <16
5% MeOH-95% Me,SO 924 (93)? 2.3 402 20.12
2% MeOH-98% Me,SO 7700 0.11 7000

a¢ =25 °C; no constant ionic strength. ? k:}o for proton abstraction from 8-d,.

Table 2. 'H NMR Data for the Diphenylmethanes 8 and 9
and the Related Cyclohexadienyl Derivatives C-8 and C-9

complexed uncomplexed
compd ring protons ring protons Co H,
8 6.36 (s) 7.22 (m, SH) 5.10 (s, SH) 4.09 (s, 2H)
6.29 (m)

C-8¢ 591 (t,1H, para) 7.10 (m, 4H) 4.32 (s, SH) 4.71 (s, 1H)
495 (t, 1H, meta) 6.78 (t, 1H)
4.78 (t, 1H, meta)
4.37 (d, 1H, ortho)
3.81 (d, 1H, ortho)

9% 6.24 (s, 10H)

C-9% 582 (t, 2H, para)
5.67 (t, 4H, meta)
5.43 (d, 4H, ortho)

¢ THF-dy solution, t = 20 °C. # CD3CN solution, ¢ = 0 °C.

Table 3. 13C NMR Data for the Diphenylmethanes 8 and 9
and the Related Cyclohexadienyl Derivatives C-8 and C-9

5.05 (s, 10H) 4.14 (s, 2H)
4.61 (s, 10H) 4.18 (s, 1H)

complexed uncomplexed
compd ring carbons ring carbons Cp Cq
8 108.79 (ipso) 141.73 (ipso) 79.79 42,73

90.99 (meta) 131.47
90.55 (ortho) 131.42
89.55 (para) 129.57
C-84 130.22 (ipso) 142.25 (ipso) 73.37 97.01
81.79 (meta) 128.39
81.33 (meta) 126.37
55.11 (ortho) 122.59
54.69 (ortho)
74.79 (para)
96 103.80 (ipso) 77.92 39.51
88.87 (ortho)
88.75 (meta)
88.16 (para)
C.-9% 85.72 (meta) 75.78 82.55
71.23 (ortho)
78.83 (para)

4 THF-djs solution, ¢ = 20 °C. ® CD;CN solution, t = 0 °C.

Section). The most pertinent data are summarized in
Tables 2 and 3, respectively.

Discussion

Structure of the Carbon Bases C-8 and C-9. Ascan
be seen in Tables 2 and 3, the resonances of the exocyclic
atoms of the cation 8 suffer large downfield shifts upon
ionization. The As(H,) and AS(C,) values are 0.62 and
54.28 ppm, respectively; i.e. they are considerably larger
than those reported for ionization of diphenylmethane
(AS(H,) = 0.25; A6(C,) = 39 ppm).33 Although such A

(33) Bradamante, S.; Pagani, G. A. J. Chem. Soc., Perkin Trans. 2
1986, 1035.

values are mainly the result of two opposing effects, namely
a high-field shift caused by increased electron density at
C, and a low-field shift caused by the sp® — sp? rehy-
bridization of this carbon,3 the importance of the down-
field variations suggests that the rehybridization factor is
predominant. Thisimplies a concomitant and important
delocalization of the negative charge through the com-
plexed ring and, therefore, an important contribution of
the limiting cyclohexadienyl representation R-8 to the

S ¥
O-g 0
@FeCp FeCp

C-8 R-3

= -G
® o A
®FeCp ®FeCp H FeCp

10 c-10 R-10

structure of C-8. The finding of a J¢ 1, coupling constant
of 153 Hz is entirely consistent with the olefin nature of
C,inC-8.34 Similar extensive delocalization of a negative
charge through activated phenyl rings was observed in
studies of the ionization of various nitro-substituted and
Cr(CO)s-complexed diphenylmethanes!835 as well as in
the ionization of the (n®-cyclopentadienyl)(78-fluorenyl)-
iron cation 10.1% In the latter case, Treichel and Johnson
have reported Aé(H,) and AS(C,) values of 1.7 and 49 ppm,
respectively, upon formation of C-10 from 10,19

That the canonical form R-8 is important is further
supported by the following observations: (1) with the
exception of that for the ipso carbon, the resonances of
the carbons of the coordinated ring move noticeably to
high field upon ionization of 8 and the A8(C) values are
approximately 36, 15, and 9 ppm for the ortho, para, and
meta carbons, respectively; (2) there is a concomitant
upfield shift of the resonances of the protons of this ring
(A6(H) = 0.4-2.4) as well as of the proton and carbon
resonances of the cyclopentadienyl ring (A6(H) = 0.78;
AS(C) = 6.42); (3) there is a nonequivalence of the ortho,
as well as of the meta, protons and carbons of the

(34) Stothers, J. P. Carbon-13 NMR Spectroscopy; Academic Press:
New York, 1972; p 210.

(35) Simonnin, M. P.; Xie, H. Q.; Terrier, F.; Leliévre, J.; Farrell, P.
G. J. Chem. Soc., Perkin Trans. 2 1989, 1553.
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complexed ring of C-8. This last finding is clearly
consistent with high double bond character of the C;ps—
C. bond, as shown in structure R-8. In this regard, it is
interesting to note that Astruc et al. have reported an
X-ray structure of the benzylic species CpFe(n5-C¢Me;-
CHy) and found a C;ps—C, bond length of 1.376 A,
consistent with the olefin character of this linkage (struc-
ture C-11).2! On the other hand, the absorption patterns

cHy

L 0 /0
L ESTE S

12 C-12 R-12

mentioned above are similar to those for the formation of
various w-cyclohexadienyl complexes which have been
described previously. In particular, Helling and Hen-
drickson have studied the ionization of the triphenyl-
methane cation 12 and concluded that there is an especially
high contribution of the limiting cyclohexadienyl form
R-12 to the structure of the conjugate species C-12.20
The ionization of the dication 9 results in somewhat
different NMR absorption patterns, causing only a small
downfield shift of the H, resonance (Aé(H,) = 0.04).
Concomitantly, the move to low field of the C, resonance
is less than that observed upon ionization of 8, but it
remains typical for a marked sp3 - sp? rehybridization of
this carbon (A3(C,) = 43.04). It is also noteworthy that
the shieldings of the proton and carbon resonances of the
arene and cyclopentadiene rings are reduced compared to
the situation in the monocoordinated system. These
results, together with the fact that both the 'H and 13C
NMR spectra recorded at 0 °C indicate the equivalence
of these rings in C-9 suggest that the two limiting

H ?eCp ] ®F5CP # FeCp
A "N S0
FeCp ®Fecp ®FeCp

R-9 c-9 R-9'

cyclohexadienyl representations R-9 and R-9’ contribute
similarly to the delocalization of the negative charge but
that the zwitterionic structure is by no means negligible.
Statistically speaking, one can understand that the sym-
metrical repartition of the negative charge over the whole
skeleton is consistent with an increased average electron
density at the C, carbon, accounting for the observation
of a rather small downfield shift of the H, resonance.
Extended Hiickel Molecular Orbital Studies. These
NMR and kinetic data have been supplemented by
molecular orbital calculations at the extended Hickel
level. Initially, the neutral benzyl complex, (CsHs)Fe-
(C¢Hs==CH,), was studied to ascertain the electronically
most favorable geometry. Taking as our starting point
the structural parameters reported by Astruc for the
pentamethyl derivative (CsHs)Fe(C¢Mes=CHby), 13,21 the
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planar vinylidene fragment was allowed to swivel out of
the plane of the remaining five ring carbons.

7

13 R-10

The minimum energy conformation is found when the
CpFe unit is displaced by 0.15 A toward the para carbon,
and the dihedral angle, 6, made by the C=CHj moiety
with the ring plane is 10°, a value in close accord with the
X-ray crystallographic results obtained by Johnson and
Treichel for the CpFe* and Mn(CO)s* complexes of the
fluorenide ligand.’® One might suspect that the degree of
bending in fluorenyl complexes might be constrained by
the presence of the tricyclic system; in fact, the noncom-
plexed five- and six-membered rings essentially maintain
their coplanarity as the molecule folds about the C(1)-C(4")
vector. In contrast, the angle 6 reported by Astruc for
(CsHy)Fe(CeMes==CHy) is 32°.21 We surmise, however,
that there must be a considerable steric component since
substitution of the phenyl ring hydrogens by methyls leads
to an EHMO energy-minimized structure in which 4 is
26°,

The electronic origin of this deformation is apparent
and may be contrasted with the ferrocenylmethyl or Cr-
(CO)3-stabilized benzyl cations in which the vacant p,
orbital on the a-carbon interacts with a filled d orbital on
the metal.¥® In these cases, the a-CH; group optimizes
the orbital overlap by leaning toward the organometallic
fragment by as much as 20°.37 Similarly, in (fulvene)-
Cr(CO)3systems, 14, the exocyclic double bonded fragment
bends markedly toward the metal.38

""""

14

However, in the (benzyl)FeCp systems discussed here,
the p, orbital at C, is occupied and so the interaction with
the filled orbital on the metal is destabilizing; hence, the
methylene fragment folds exo to the organometallic group.
Interestingly, we note that the X-ray crystal structure of
(CeHsNEt)Cr(CO)3, which is isoelectronic with the anion
[(CsH5CH3)Cr(CO)3l-, the cation [(CeHsCHg)Fe(CO)sl*,
or the neutral species (C¢HsCH)FeCp, reveals not only
that the diethylamino group is planar at nitrogen but also

(36) (a) Hoffmann, R.; Hofmann, P. J. Am. Chem. Soc. 1976, 98, 598.
(b)gAlbright, T. A.; Hoffmann, R.; Hofmann, P. Chem. Ber. 1978, 111,
1591.

(37) (a) Downton, P. A.; Sayer, B. G.; McGlinchey, M. J. Organo-
metallics 1992, 11, 3281. (b) Acampore, M.; Ceccon, A.; Dal Farra, M.;
Giacometti, G.; Rigatti, G. J. Chem. Soc., Perkin Trans. 2 1977, 483. (c)
Lupon, S.; Kapon, M.; Cais, M.; Herbstein, F. H. Angew. Chem., Int. Ed.
Engl. 1972, 11,1025. (d) Behrens, U.J. Organomet. Chem. 1979, 182, 89,

(38) Andrianov, V. G.; Struchkov, Yu. T. J. Struct. Chem. 1977, 18,
251.
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Figure 1. HOMO of [(PhCH,Ph)(FeCp):}2*, 9, showing the
out-of-phase character of the orbitals at the iron centers with

that at C,,.

H Fe®

) % H
© —_— )
Fe® *
Fe® Fe®
C, C,

Figure 2. C; and C, isomers of [(PhCH;Ph)(FeCp);]12*, 9.

that the C=NR; is folded exo by 8.3°.3° It is important
to realize that delocalization of the negative charge at the
a-position cannot occur by direct overlap with a metal
orbital; rather there must be an interaction with a vacant
orbital of the w-manifold of the carbocyclic ring.

Replacement of one benzylic hydrogen by a phenyl ring
provides a model for structure R-8, and the EHMO
approach finds an energy-minimized angle, 8, of 8°.
Finally, incorporation of a second CpFe* moiety yields
the cation C-9. Inthislatter case, the electronically favored
structure is one in which the CpFe units are both folded
away from the central carbon by 8°. The HOMO for C-9,
shown in Figure 1, demonstrates clearly the out-of-phase
character of p, on the central carbon with the slightly
reoriented d,2_,2 orbitals on the iron atoms. Nevertheless,
it is particularly noteworthy that only ~2 kecal mol is
required for C-9 to attain the conformation in which the
anionic diphenylmethyl ligand is planar. Moreover,
rotation of a complexed ring so as to interconvert the Cs
and C, isomers of C-9 (see Figure 2) has a calculated
activation energy of ~10 kcal mol-1.

These values are directly relevant to the observed NMR
spectra which exhibit only a single ortho or meta resonance
in either the 'H or 13C domain. Clearly, onthe NMR time
scale, the molecule has an effective Cs, symmetry, sug-
gesting that there is no strong multiple bond character in
the C,~Cipso linkages. Overall, the molecular orbital
picture of the cation [CpFe(C¢Hs)1.CH?*, C-9, is one in
which the charge is somewhat delocalized over both phenyl
rings and is also transmitted via the iron atoms onto the
cyclopentadienyl rings. To the extent that we choose to
believe the charge distribution given by the EHMO
calculations, the values found are +0.41 on each iron and
—0.52 on the a-carbon atom.

(39) Saillard, J.-Y.; Grandjean, D.; LeMaugz, P.; Jaouen, G. J. Nouv.
J. Chim. 1981, 5, 153.
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This contrasts markedly with the neutral molecule C-8
in which the diphenylmethyl anion is coordinated to a
single CpFe* moiety. In this case, the Fe bears a positive
charge of 0.39 while the a-carbon is negative to the tune
of =0.48. Clearly, charge delocalization from the central
carbon onto the single CpFe moiety is more pronounced
than is the case for the analogous bis(CpFe) complex. The
Cy—Cipso linkage in C-8 has considerable double bond
character, and the barrier to rotation of the (CpFe)C¢Hj
unit about this bond issubstantial. This view is buttressed
by the NMR data which exhibit two ortho and two meta
carbon resonances for the complexed ring, even at ambient
temperature. In the absence of peak coalescence even
between the meta carbons (at 81.79 and 81.33 ppm), the
Gutowsky-Holm approximation?® tells us that the rotation
barrier about the C,~Cipso bond is at least 15 kcal mol!
at 300 K, and probably much more! The EHMO-
calculated charge on the cyclopentadienyl ring in C-8 is
+0.07; this compares with the value of +0.08 found for
each Cp ring in [CpFe(C¢H;)]2,CH™, C-9. As mentioned
already, the 13C NMR shifts for the cyclopentadienyl rings
inthe mono(CpFe) complex, 8 (6 79.79), and in its conjugate
base, C-8 (6 73.37), differ by more than 6 ppm; in contrast,
in the bis(cation), 9 (6 77.92), and the corresponding
monocationic system, C-9 (6 75.78), the shifts change much
less upon deprotonation. These data may be correlated
with the diminished charge delocalization onto each ring
of the bis(Fe) system. Moreover, these observations are
in accord with a study of a series of chromium sandwich
compounds (CeF,Hg »)Cr(CsHg) whereby the 13C NMR
shift of the CsHg ring exhibited a linear progression to
higher frequency (lower field) as one increased the number
of electron-withdrawing fluoro substituents in the other
ring.41

Kinetic and Thermodynamic Acidities of 8 and 9.
Increasing the MesSO content of aqueous and methanolic
solutions causes a large increase in the equilibrium
constants K, for the ionization of the carbon acids
[(PhCH,Ph)FeCpl*, 8, and [(PhCH.Ph)(FeCp)212*, 9, as
ineq 1. Thisreflects bothanincreaseintherates of proton
abstraction (k?o) and a decrease in the rates of reproto-
nation of the conjugate basic species C-8 and C-9 by the
solvent (kiOH). The increase in the k&o values is similar
to the one commonly found in the ionization of many
carbon acids,252642 in accord with the idea that it results
primarily from the progressive destabilization of OH-and
CH30- ions by the dipolar aprotic solvent. The solvent
effect on the reprotonation rates of C-8 and C-9 also
appears to be comparable to that observed in the repro-
tonation of a number of negatively charged resonance
stabilized carbon bases, including diphenylmethane car-
banions. This result is noteworthy in view of the neutral
and monocationic nature of the carbon bases C-8 and C-9,
respectively; however, it cannot be commented on further
since solvent activity coefficients for the transfer of the
various species from aqueous or methanolic solutions to
DMSO rich solvents are not known.

The pK, value for ionization of diphenylmethane has
been only measured in Me;SO,% but it has been noted

(40) Gutowsky, H. S.; Holm, C. H. J. Chem. Phys. 1956, 25, 1228.

(41) (a) Hao, N.; McGlinchey, M. J. J. Organomet. Chem. 1978, 161,
381. (b) McGlinchey, M. J.; Hao, N.; Sayer, B. G.; Tan, T.-S.J. Organomet.
Chem. 1980, 194, 325.

(42) Fogel, P.; Farrell, P. G.; Lelidvre, J.; Chatrousse, A. P.; Terrier,
F. J. Chem. Soc., Perkin Trans. 2 1985, 711.

(43) Bordwell, F. G. Pure Appl. Chem. 1977, 49, 963.
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Table 4. Comparison of the Effects of the 4-NO,, Cr(CO);, and FeCp* Substituents upon Diphenylmethane Reactivity?
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CH.
X X
entry solvent (v/v) compd X X’ kp, L mol! 57! kl_‘lf’", s-1 Kp, L mol! ref
1 5:95 H,0-Me,SO 5 4-NO, 343 0.02 1715 b
2 8 FeCp* 760 0.50 1520 b
3 5:95 MeOH~Me,SO 5 4-NO, 39.1 0.06 652 b
4 8 FeCp* 924 2.30 402 b
5 2:98 MeOH-Me;SO 8 FeCp* 7700 0.11 7 X 104 b
6 1 Cr(CO); 810 1.2 675 [4
7 30:70 HO-Me,SO 6 4-NO, 4-NO, 73 3.6 X 1073 2028 d
8 9 FeCp* FeCp* 550 74 7.43 b
9 30:70 MeOH-Me;SO 6 4.NO; 4-NO, 331 0.13 255 d
10 9 FeCp* FeCp* 3300 53 62.5 b
11 5:95 MeOH-Me,SO 6 4-NO, 4-NO, 3800 d
12 9 FeCp* FeCp* =106 <1 >108 b
13 2 Cr(CO)3 Cr(CO); 104.8 9.85 10.5 c

et = 25 °C, > This work. ¢ Reference 23. 4 References 25 and 26.
that the equilibrium acidity of nonactivated carbon acids
with delocalized conjugate bases suffer relatively small
variations on transfer from a dipolar aprotic to a protic
solvent.4¢ This makes it possible to use the pK, value of
32, measured in Me,SO by Bordwell,*3 as a reference to
estimate the activating effect of the FeCp* group from
the pK, values measured for the ionization of 8 in 5%
aqueous or methanolic solutions. Table 1 shows that the
complexation of one phenyl ring by the cyclopenta-
dienyliron moiety increases the thermodynamic acidity
of diphenylmethane by about 12 pK units. Interestingly,
this large acidifying effect is the same as that exerted by
a p-nitro group but 100 times greater than that of a Cr-
(CO)3 group.2 Complexation of the second phenyl ring
further increases the acidity (ApK, =~ 3—4) but to a lesser
extent than does a second p-nitro group (ApK, =~ 5).

An important result is that the similarity of the effects
of the first FeCp* and p-NO; groups on the thermodynamic
acidity of diphenylmethane is not the reflection of a similar
influence of the two substituents on the rate parameters
for the ionization of the CH; group. Table 4 (entries 1
and 2, or 3 and 4) actually shows that the rate of
deprotonation of 8 by OH-and CH30-ions is 23-fold higher
than that of the similarly acidic 4-nitro analogue 5,
indicating that the FeCp* group exerts a greater kinetic
acidifying effect than the NO; group. This rate enhanc-
ing effect of FeCp* on klp‘o is also seen in the rate constant
kEOH: the reprotonation of the neutral species C-8 is 25-
fofd and 38-fold more rapid than that of the (4-nitro-
phenyl)phenylmethyl carbanion C-5 in aqueous and
methanolicsolutions, respectively. This suggests that the
FeCp™ group exerts a greater -1 effect but that the p-nitro
group has a greater capability to absorb the negative charge
resulting from the breaking of the C-H bond. Comparison
of theincreases in the thermodynamic and kinetic acidities
brought about by the introduction of a second FeCp* or
p-NO; substituent further supports this idea. Entries 7
and 8, as well as 9 and 10, in Table 4 show that the rates
of proton abstraction from the bis(CpFe) cation, 9, are
75-100-fold higher than those for the bis(nitro) compound,
6. Incontrast, the (4,4’-dinitrodiphenyl)methyl carbanion,
C-6, is 20 000 times less sensitive to reprotonation by the
solvent than is the carbon base C-9 in 30:70 (v/v) HsO~
Mest.

(44) Streitweiser, A.,Jr.; Juaristi, E.; Nebenzahl, L. L. Stud. Org. Chem.
1980, 5, 323.

Intrinsic Reactivities of 8 and 9. In the last decade,
the notion of intrinsic reactivity in the Marcus sense4’ has
proved to be very useful to assess and compare the
reactivity of carbon acids, as well as to delineate the
importance of resonance effects in ensuring the delocal-
ization of the negative charge of the conjugate carbon
bases.24-2846-53 Thig latter factor determines the extent
of the structural and solvational reorganization associated
with the ionization process and therefore governs the
intrinsic reactivity of the carbon acid.#647 The greater is
the importance of the resonance stabilization, the lower
is the intrinsic reactivity. In this respect, it is of special
interest that the strong capability of a NO; group to absorb
a negative charge through its ~-M effect is responsible for
the finding of especially low intrinsic reactivities for nitro-
activated carbon acids.*” The log values of the intrinsic
rate constant &, (see definition below) are in most cases
<2, including compounds with remote NO; groups which
are suitably located for resonance delocalization of the
negative charge in the carbanion. As a matter of fact,
diphenylmethanes substituted by NO; groups in the ortho
and para positions of the phenyl rings are representative
examples of the latter category, in accord with the large
potential for delocalization of the negative charge in
carbanions such as C-6.26-28,53

H H
P Q, ¢ ¢
QL. O — LT
/Q NO, © 0N NO, 0, NGB

C-6 R-6 R-6'

ON

(45) (a) Marcus, R. A. J. Phys. Chem. 1968, 72, 891. (b) Cohen, A. O.;
Marcus, R. A. Ibid. 1968, 72, 4249,

(46) (a) Bernasconi, C. F. Pure Appl. Chem. 1982, 54, 2335. (b)
Bernasconi, C. F. Acc. Chem. Res. 1987, 20, 301. (c¢) Bernasconi, C. F.
Tetrahedron 1985, 41, 3219.

(47) Bernasconi, C. F. Adv. Phys. Org. Chem. 1992, 27, 119.

(48) Kurz, J. L. J. Am. Chem. Soc. 1989, 111, 8631.

(49) Bunting, J. W.; Stefanidis, D. J. Am. Chem. Soc. 1988, 110, 4008,
5834.

(50) Aiken, F.; Cox, B. G.; Sorensen, P. E.J. Chem. Soc., Perkin Trans.
21993, 783.

(51) Bowden, K.; Hirani, S. J. J. Chem. Soc., Perkin Trans. 1990, 885.

(52) (a) Bernasconi, C. F.; Bunnell, R. D. Isr. J. Chem. 1985, 26, 420.
(b) Bernasconi, C. F.; Paschalis, P. J. Am. Chem. Soc. 1986, 108, 2969.
(c) Bernasconi, C. F.; Kliner, D. A. V.; Mullin, A. S;; Ni, J. X. J. Org.
Chem. 1988, 53, 3342. (d) Bernasconi, C. F.; Stronach, M. W. J. Am.
Chem.Soc.1990,112,8448. (e) Bernasconi,C.F.;Wiersema, D.; Stronach,
M. W. J. Org. Chem. 1993, 58, 217.

(53) Murray, C. J.; Jencks, W. P. J. Am. Chem. Soc. 1990, 112, 1880.
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For a reaction of a carbon acid (CH) with forward and
reverse rate constants k2, kBY, according to eq 4, the

e e . P .
intrinsic rate constant (in the Marcus sense) is generally

kB
CH+B = C +BH" 4)

kBH

defined as ko = kf = k2 for AG® = 0 (K, = 1) and
determined by linear interpolation or extrapolation of
Bronsted plots obtained from a study of the deprotonation
of the acid by various bases B.#647 Thus, the relationship
of eq 5 holds between k, and any point on the Bronsted

log k, = log kE - Bplog K, = log k?: + apylog K, (5)

plot. In aqueous or methanolic solutions, structurally
similar amines or weakly basic oxyanions are the commonly
employed base catalysts to measure &, values. In contrast,
the use of strongly basic oxyanions like OH- or CH30- is
not recommended because strong solvation considerably
reduces their reactivity.4’” This situation is diagnosed by
the observation that, in general, the points for these bases
lie below the Bronsted lines drawn for other catalysts,
with the deviations often being of the order of 2 log &
Units,26-28,46,47,52

In the present study, only the ionization of 8 and 9 by
OH-and CH30- could be studied so that the requirements
for an accurate determination of the intrinsic reactivities
of these compounds are not met. It turns out, however,
that the data of Table 4 can be appropriately manipulated
out to provide interesting information on the k, values of
8 and 9. First, we note that the equilibrium constants for
ionization of 8 and its p-nitro analogue 5 are essentially
the same in 5:95 (v/v) HoO-MesSO and MeOH-MeoSO
mixtures. Since there is considerable evidence that the
Bg values for deprotonation of structurally related carbon
acids of similar pK,’s are similar,*47 the difference in the
log k,, values for the two compounds (A log kp = 1.30) must
give a fairly accurate measure of the difference in their
intrinsic reactivities. It thus appears that the FeCp*
derivative is about 20 times intrinsically more reactive
than the nitro compound. Indeed, such a difference is not
large, and it necessarily implies that the FeCp* substituent
exerts an appreciable -M effect in addition to its I effect.

Taking into account that most g values measured for
the ionization of benzyl-type substrates in aqueous or
methanolic Me;SO solutions lie in the range 0.4-
0.6,26-28,54-56 one can proceed further by using a 8g value
of 0.5 as a reference to correct for the thermodynamic
driving force of the ionization reactions of 5 and 8; thus
one can estimate the log k, values by means of eq 5. One
thus obtains the following: log k% = -0.07, log kg = 1.29
in 5:95 (v/v). Ho0-MesSO; log kg = (.19, log kg = 1.66 in
5:95 (v/v) MeOH-Me,SO. Inorder to allow a comparison
of these k&, values to those obtained with amines or weakly
basic oxyanions they should be increased by ~2 log units
to compensate for the reduced reactivity of OH-and CH30-
mentioned above. Even after this correction the log k&,

(54) Terrier, F.; Xiao, L.; Farrell, P. G.; Moskowitz, D. J. Chem. Soc.,
Perkin Trans. 2 1992, 1259.

(55) Bernasconi, C. F.; Terrier, F. J. Am. Chem. Soc. 1987, 109, 7115.

(56) (a) Terrier, F.; Chatrousse, A. P.; Kizilian, E.; Ignatev, N. V,;
Yagupolskii, L. M. Bull. Soc. Chim. Fr. 1989,627. (b) Terrier, F.; Leliévre,
J.; Chatrousse, A. P.; Schaal, R.; Farrell, P. G. Can. J. Chem. 1987, 65,
1980.
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Scheme 1. Successive Deprotonations and
Methylations of [(C¢Meg¢)FeCp]l* To Give
[(CsEte)FeCpl*

Hng, Lot CH3

CH;CH,,, | 1CHCH;
et
CH,CHZ—Q CH,CH, -—
CH,CH, CH,CH,
Fe®

values remain in the range (log k, < 4) typical for reactions
that involve substantial structural-electronic—solvational
reorganization. Thereistherefore nodoubtthatthe FeCp*
group exerts a substantial resonance effect.

A similar treatment of the data for the ionization of 6
and 9 by OH- and CH30- affords the following estimates
of the intrinsic rate constants: log k¢ = -0.79, log & = 2.30
in 30:70 (v/v) HyO-Me;SO; log k¢ = 0.32, log &2 = 2.61 in
30:70 (v/v) MeOH-Me;SO. Again, such values can only
be understood if the conjugated carbon bases are subject
to some resonance stabilization. However, the higher &,
value for 9 compared to 6 confirms that the resonance
effect of a FeCp™* group is lower than that of a NO; group.
Regarding the dinitro compound, it is worth noting that
the estimated log k, value is <1.3 (i.e. =0.79 + 2) in 30:70
(v/v) Ho0-Me3SO. Such a value appears to be fairly
consistent with our previous findings of log &, values of
0 and 0.5 for ionization of (2,4,4'-trinitro- and (2,2',4,4’-
tetranitrodiphenyl)methanes by phenoxide ions, respec-
tively, in 50:50 (v/v) Hy0-Me;S0.2526 This consistency
gives support to our previously mentioned comparison of
the reactivities of 5 and 8, or 6 and 9.

Conclusions

The observation that the presence of a CpFe* sub-
stituent enhances the thermodynamic and kinetic acidities
of benzyl protons, while yielding carbanions which are
more susceptible to electrophilic attack than nitro-
substituted carbanions, can be turned to synthetic ad-
vantage. Typically, asshown in Scheme 1, the preparation
of [(CcEtg)FeCpl* from [(C¢Meg)FeCpl* involves suc-
cessive deprotonation of the series of [(C¢Me,Etg.)FeCpl*
intermediates and rapid methylation of the intervening
[(CsMe,Eit; yCHy)FeCp] neutral species.5”

Experimental Section
Materials. Samples of the cations 8 and 9 as hexafluoro-

phosphate salts were kindly provided by Professor Sutherland.?
Owing to their low stability under aerobic conditions and in basic

(57) Hamon, J.-R.; Saillard, J.-Y.; LeBeuze, A.; McGlinchey, M. J;
Astruc, D. J. Am. Chem. Soc. 1982, 104, 7549.
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media, the conjugated bases were prepared in situ for the NMR
experiments, as follows.

C-8: 8(0.129 g, 0.3 mmol) and potassium tert-butoxide (0.034
g, 0.3 mmol) were introduced in a Schlenk tube. The tube was
purged with argon and cooled to 30 °C before 1 mL of THF-dg
was added. The red solution of the base C-8 thus obtained was
filtered under argon in a NMR tube, and the tube was then sealed.
Under these experimental conditions, the stability of C-8 was
sufficient to allow the recording of well-resolved 'H and proton-
decoupled !3C spectra over the temperature range -50 to + 30
°C. Incontrast, proton-coupled 1*C spectra which require longer
acquisition times could be recorded only at ~30 °C (Tables 2 and
3).

C-9: This purple base was generated from 0.140 g (0.2 mmol)
of 9 and (0.028 g, 0.25 mmol) of tBuQOK in the same way as its
analogue C-8, except that acetonitrile-d; was used as the solvent.
1H and proton-decoupled 3C spectra were recorded up to 0 °C
but, owing to the greater tendency of C-9 than C-8 toward
decomposition in basic media, proton-coupled 3C spectra could
not be obtained (Tables 2 and 3).

(n’-Cyclopentadienyl)(nf-a,a-dideuteriodiphenylmethane)-
iron Hexafluorophosphate (8-d;). Potassium tert-butoxide
(0.284 g, 2.5 mmol) was added to a solution of 0.215 g (0.5 mmol)
of 8 in 15 mL of THF under an argon atmosphere. After stirring
for 30 min, D;O (1 mL) was introduced into the solution. The
stirring was maintained for 2 h until the solution began to turn
yellow, at which point the solution was filtered and the solvent
removed under vacuum. The resulting solid was washed with
water and dissolved in acetone. After drying over magnesium
sulfate, the solvent was evaporated to yield a yellow residue which
was copiously washed with diethyl ether to yield [(CpFe)-
PhCD,Ph]*[PF¢]-, (8-d2) (0.20 g; 93%). 'H NMR (250 MHz,
acetone-dg): 4 7.40 (s, Ph), 6.45 (s, Ph—Fe), 5.23 (s, Cp); n.b. there
was no signal at 4.27 (CH,). Mass spectrum (EI, 30 eV): m/z =
436 ([M1%), 398 ([M - 2F1%).

NMR and UV-Visgible Measurements. NMR spectra were
recorded on a Bruker AM 250 spectrometer equipped with an
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ASPECT 3000 computer. All chemical shifts are expressed in
parts per million downfield from internal Me,Si. UV-visible
spectra were recorded in the various H,0-Me;SO and MeOH-
Me;SO mixtures studied by using concentrations of the parent
diphenylmethanes and related carbon bases in the range (3-5)
X 105 mol L-1. A conventional Kontron-Uvikon spectropho-
tometer was used for the cations 8 and 9 while a Durrum stopped-
flow spectrophotometer was employed for the unstable species
C-8 and C-9.

Kinetic Measurements. Stopped-flow determinations were
performed on a Durrum stopped-flow spectrophotometer, the
cell compartment of which was maintained at 25 £ 0.3 °C. All
kinetic runs were carried out in triplicate under pseudo-first-
order conditions with a substrate (8 or 9) concentration of
approximately 3 X 10 mol L-! and tetramethylammonium
hydroxide or potassium methoxide concentrations in the range
5 X 10 to 0.1 mol L. In any given experiment, the rates were
found to be reproducible to £2-3%.

Molecular orbital calculations were performed via the
extended Hiickel method using weighted H;;’s;® calculations were
carried out by use of the program CACAQ.5®
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