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The electron localization function (ELF), calculated at the DFT/B3LYP level of theory, has been used to
analyze various phosphaferrocenes and azaferrocenes. The analysis of the bonding situation and electronic
structure in the complexes reveals the importance of the shape of the heteroelement lone pair. Thus, the
electron-withdrawing capability of the heteroatom-substituted ring is not only a consequence of electronegativity
but also a result of the extension of the lone pair. Our data allow a model of the electrophilic reactivity of
these complexes to be proposed.

Introduction is consistent with IR and Raman spectroscopic studies showing

that the monophospholyl ligand is a better electrophile and
oorerz-electron donor than cyclopentadieRyElectrochemi-

cal investigations, which indicate that PFes are harder to oxidize

than ferrocené?3also confirm this view. From these studies,

it has been concluded that the P atom in the ring exerts a greater

0electron-withdrawing effect on the metal than on the C atéms.

A similar conclusion has been recently reached from a combined
photoelectron spectroscopy and density functional theory analy-
sis of polyphospholyl sandwich compounds, which showed that
the replacement of RC fragments by P atomsyigated
cyclopentadienyl rings increases their acceptor propetties.

A better understanding of the electron distribution in these
systems makes a more detailed study worthwhile. Recently, we
have shown that ELF analy&ts$3gives interesting insights into
the #° and#® bonding modes in ferrocene and dibenzenechro-
mium, respectively* In this context, we have decided to
investigate phosphaferrocenes and azaferrocenes using the same
methodology.

Since first synthesized by one of us in 197%7phosphafer-
rocenes, labeled PFe hereafter, have been the subject o
increasing interest, especially in the fields of catalysis and
coordination chemistry.18 PFes might be considered to belong
to the wider phosphametallocene fariflyand are the heavier
analogues of azaferrocenes, which have also been studie
intensively?® The PFes result frony® coordination of a
phospholyl ring to an organometallic fragment. From an orbital
point of view, then® coordination of either §Hs~ or C4H4P~
to transition metals has been shown to be comparaiiles
main interaction involving electron donation from the ring to
the metal. In the phospholyl case, the coordination mode
competes with»n! coordination through the lone pair at
phosphorusz;® coordination can also be achieved with poly-
phospholyl rings (CH)-nPy- (2 < n < 5),'° which have similar
aromaticity to that of cyclopentadienyk8s~ 22 and where the
same kind of interaction is still presefit?* This situation
contrasts with the case of five-membered rings containing
several nitrogen atoms, whey@coordination is very rare when
dealing with rings incorporating two nitrogen atcthand, as
far as we know, is still unknown with more than two nitrogen We performed DFT/B3LYP calculations on all of the
atoms. Furthermore, it should be noted that the dearth"of =~ metallocenes given in Chart 1. All calculations were carried
coordinated nitrogen-containing five-membered heterocycles out with the Gaussian 98suite of programs using the 6-31G*
does not seem to come from weak interaction energy: a recentbasis séf:3” containing 6 Cartesian d and 10 Cartesian f
calculation comparing FeGmvith Fe(;°-Ns), shows N~ to have functions. Geometry optimizations were performed by utilizing
a bonding energy to iron comparable to that of cyclopentadi- Becke’s hybrid three-parameter exchange functional and the
enyl26 nonlocal correlation functional of Lee, Yang, and Parr

The reactivity of phosphametallocenes exhibits subtle dif- (B3LYP)38-3%for all compounds. All of the heterometallocenes
ferences that depend on the nature of the complex. On one handthat were studied were optimized in both the eclipsed and
in their [Mn(CO))] complexes, the reactivity of the phospholyl  staggered conformation€{symmetry). A vibrational analysis
ring toward electrophiles is much lower than that of the Cp was performed at each stationary point. In each case, one almost-
ring,2” as expected from intuitive arguments based on a lower zero frequency corresponding to the free rotation of the rings
value of the electronegativity for phosphorus (2.1) than for was found. ELF calculations were then effected using the wfn
carbon (2.5). On the other hand, Fried€lrafts acetylation of output from B3LYP runs with the TopMod series of prograts.
phosphaferrocene occurs solely on the phospholylZingich Inspections of charge and hybridization were performed using
. — . . the natural bond orbital (NBO) partitioning scheffe.
Fa;:cirg%sgg”((g)”lg 4 4""‘2“7“?5- 25_‘”“"‘": gilles.frison@polytechnique.org. ~ The difference between the eclipsed and staggered structures

T UniversifePierre et Marie Curie. is negligible for all of the compounds examined in this study.

*Ecole Polytechnique. So, for the sake of conciseness, only data obtained for staggered
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CHART 1: Molecules Studied in This Investigation

= =

saddle point disappear and generate a single basin, which is
what happens when N or P atoms replace CH.

The shapes of V(Fe, N) and V(Fe, P) are not the same for

Fe Fe each heteroelement (Figure 1).2nV(Fe, N) is compact and

. directional. This result is in accordance with the high p character

@ Sve of the N atom in the localized orbital corresponding to the lone
pair because 34 hybridization is found in the NBO analysis.

X=CH, N, P, Xs = (CH)5.nPp, (CH)s.nNj, In 3, V(Fe, P) is diffuse and spherical as a result of the high s

character (hybridization 839 implicit in the closeness of the
CPC angle (88.3 to 9¢°, where there is no sp hybridization.
This difference in shape clearly indicates that the iron will
BQ/erIap less with the nitrogen atom than with the phosphorus.
Experimentally, both the pyrrol§d and phospholyf ligands
have been shown to undergo ring-slippage frgito !
coordination modes through their lone pairs. However, unlike
phospholyl, where the equilibrium is largely displaced in favor
Table 1 shows selected results for compouhe47. We first of an#® coordination mode, the pyrrolyl shows predominantly
describe data obtained for a single substitution of a CH group %7 coordination. Our results could then explain this greater
by N or P (compounds$—3). Subsequently, we give the results _prefer_ence for t_he?1 coordination mode in N hetgrocycles than
obtained upon N and P complexation by Bitompoundst in their P-containing counterparts. & the spherical nature of
ands), and finally give results pertaining to the polysubstitution the basin still affords the possibility of bonding the lone pair of
of CH by N or P atoms (compounds-17). phosphorus to other transition metals or to Lewis acids lying
Prior to the detailed analysis of the calculated results, we below or above the ““9 plar?é?
briefly review the vocabulary of ELF, which is now widely used. ~_ The electron populations in V(Fe, N) (3.08 e) and V(Fe, P)
An ELF calculation partitions molecular space in terms of (3.33 €) are higher than that in the CH bond lin whose
attractors and basins. We thus define monosynaptic basinscalculated value is 2.16 e, and are also larger than the sum of
labeled V(X), for which the electronic domain of the attractor the populations of V(C, H) and V(Fe, C) (2.55 e Ip Two
bears a single boundary with an atomic core of atom X, labeled different types of effects could explain why V(Fe, N) and V(Fe,
C(X). These basins are associated with classical lone pairs.P) show such high electronic populations. For nitrogen, high
Disynaptic basins, labeled V(X, Y), correspond to bonds electronegativity concentrates the electrons close to N. For
between X and Y, and trisynaptic basins, labeled V(X, Y, z,) Phosphorus, the greater radii of the 3s and 3p atomic orbitals
are typical of three-centered bonds between atoms X, Y, and Provide more space for the electrons, so even though phosphorus
Z. is less electronegative than carbon, it can withdraglectrons

Monosubstitution of CH by N or P. In reference compound into the space formally associated with its polarizable lone pair.
1, the C atoms are linked to the metal by two kinds of bonds This effect reflects the soft character of the P atom that becomes

which are described by the (disynaptic type, entries V(Fe, & “r acceptor” and constitutes a general characterigtic in
1), V(Fe, 2), V(Fe, 3)) andj2 modes (trisynaptic type, entries unsaturated phosphorus compounds where the V(P) basin often
V(Fe, 1, 2), V(Fe, 2, 3), V(Fe, 3/8. The Fe core bears a total possesses many more than two electrons (2.7 e,@HPH
electron population of 24.14, showing that slightly fewer than @nd 3.5 € in H&P, which could be compared to the value of
two electrons are provided to the rings. This result is in good 2-2 € i HC—PH,).*
agreement with the classical formalism that invokes a central  The large electron populations of the V(Fe, N) and V(Fe, P)
Fe' atom. The ELF partition of the molecular space into basins basins induce population decreases in the adjoining basins V(Fe,
is roughly the same fo2 and 3 (Figure 1), but both of these N, C) and V(Fe, P, C) (2.10 and 2.30 edmnd3, respectively,
compounds differ strikingly froml. Whereas the trisynaptic  instead of 2.54 e in V(Fe, C, C) if). However, although
basins V(Fe, 1, 2), V(Fe, 2, 3), and V(Fe, 3, Bave electronic significant electronic relocalization is observed upon CH
populations ranging from 2.10 to 2.65 e, which are similar to Substitution by N or P, no major change is found in the total
those in1, the populations of the disynaptic V(Fe, 1) basins Population of either the Cp or the substituted ring, as shown by
sharply increase to 3.08 e (V(Fe, N)) and 3.33 e (V(Fe, P)) theA[Z(Cp)] andA[Z(Xp)] values in Table 1. Both the pyrrolyl
(Table 1). and phospholyl rings “gain” fewer than 0.06 electrons. The large

Thesey! bonds implicate the heteroelement lone pair whose population in(_:rease around the heteroelement shows that the
contact with the Fe core gives rise to V(Fe, N) and V(Fe, P) Cs fragment in the heterocycle becomes less populated by
basins. A surprising result is found with these two basins: unlike €lectrons, and this lower population could explain why the
the V(Fe, C) basins ir, the attractor is not located between reactivity of the phospholyl ring toward electrophiles is lower
the Fe and the ring atom but remains in the ring plane, as would than that of C[7” This change is amplified by polysubstitution,
be expected for a true monosynaptic lone pair. as will be discussed latter.

Whereas this result seems to indicate a discontinuity between BH3 Complexes 4 and 5The above results defining thg
the C—Fe bonds and their N or P—Fe counterparts in  coordination of the pyrrolyl and phospholyl complexeiand
heteroferrocenes, it is deceptive and does not reflect the chemicaP: respectively, were extended to a study of their complexes
situation. For carbon atoms that have a hydrogen atom, the ELFWith the Lewis acid BH to give 4 and5, respectively.

N—BH3;, P—»BHj (2<n<b)

structures are presented here. Cartesian coordinates and absolu
energies of all of the optimized structures are given in the

Supporting Information.

Results and Discussion

function shows two attractors corresponding to the V(C, H) and

First, the vibrational analysis shows differences in the

V(Fe, C) basins. For the V(Fe, C) basins, the difference betweencurvature of the potential energy surface in the neighborhood

the ELF value at its maximum (ELE 0.732 forl) and at its
border with the V(C, H) basin (ELE 0.664 for1) is small.
Therefore, minor variations of electronic density can make this

of the optimized structures (Table 2). Both the out-of-plane and
in-plane BH bending modes are noticeably smaller $(70
and 138 cm?) than for4 (113 and 275 cmt). These values
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TABLE 1: Bond Lengths, Natural Charges, and ELF Analysis of Compounds 17 at the B3LYP/6-31G* Level

=

=

=

Fe Fe Fe
o} = - i A U -
N P N P
Fe ¥ ¥
d2 ,@\’ BH; BH;
2‘1(2’ 12 2 3 4 5
Bond Lengths, A

1-2 1.427 1.382 1.789 1.387 1.764

2-3 1.427 1.423 1.417 1.416 1.419

3-3 1.427 1.424 1.425 1.425 1.426

Fe-1 2.053 2.039 2.321 2.013 2.271

Fe-2 2.053 2.025 2.078 2.024 2.085

Fe-3 2.053 2.068 2.056 2.073 2.056

di 1.655 1.653 1.662 1.658 1.663

d2 1.655 1.659 1.651 1.654 1.646

Natural Charges

q(Fe) +1.02 +1.03 +0.99 +1.03 +0.98

q(Cp) —0.51 —0.47 —0.45 —0.38 —0.40

q(Xp)® —0.51 —0.56 —0.54 —0.65 —0.58

Population in Electrons

V(Fe, 1, 2§ 2.54 2.10 2.30 212 2.44

V(Fe, 2, 3¥ 2.54 2.65 2.54 2.70 2.52

V(Fe, 3,3) 2.54 2.50 2.59 2.52 2.62

V(Fe, 1) 0.39 3.08 3.33 2.97 0.83

V(Fe, 2y 0.39 0.45 0.39 0.45 0.43

V(Fe, 3¥ 0.39 0.38 0.29 0.33 0.30

C(Fe) 24.14 24.16 24.11 24.18 24.09

A[Z(Cp)J —-0.07 -0.10 —0.10 -0.17 —0.15

A[Z(Xp)]Pe —-0.07 —0.06 —0.01 —0.01 +0.06

SV(Fe, CJ 1.95 1.78 1.82 1.75 1.78

2V(Fe, C, CYy 12.65 12.69 12.73 12.70 12.69
di @ Fe Fe Fe Fe Fe Fe

Fe = S\ =\ — N=N —

o ie S D N & NS e
A i 6 7 8 9 10 11
Bond Lengths, A
1-2 1.416 1.375 1.381 1.368 1.364 1.361
2-3 1.380 1.380 1.372 1.375 1.369 1.361
3-3 1.386 1.419 1.409 1.385 1.379 1.361
Fe-1 2.087 1.997 1.969 2.075 2.032 2.006
Fe-2 2.037 2.051 2.015 2.013 2.036 2.006
Fe-3 2.000 2.037 2.057 2.015 1.983 2.006
di 1.651 1.650 1.650 1.648 1.649 1.647
d2 1.650 1.658 1.645 1.656 1.644 1.638
Natural Charges

q(Fe) +1.05 +1.04 +1.06 +1.06 +1.08 +1.09
q(Cp) —0.42 -0.43 -0.37 -0.37 -0.32 —0.26
a(Xp)° —0.63 —0.62 —0.69 —0.69 —0.76 —0.83
Population in Electrons

V(Fe, 1, 2¥ 2.62 2.16 1.67 2.15 2.27 1.78
V(Fe, 2, 3y 2.19 2.06 2.19 2.31 1.67 1.78
V(Fe, 3, 3) 1.59 2.77 2.75 1.58 1.75 1.78
V(Fe, 1) 0.34 0.56 3.45 3.05 0.47 3.34
V(Fe, 2y 0.42 3.08 3.20 0.50 3.20 3.34
V(Fe, 3} 3.24 0.44 0.39 3.23 341 3.34
C(Fe) 24.18 24.18 24.18 24.18 24.19 24.20
A[Z(Cp) —0.16 —0.15 —0.20 -0.19 —0.28 —0.33
A[Z(Xp)]°e —0.02 —0.03 +0.02 +0.01 +0.09 +0.13
SV(Fe, CJ 1.80 1.80 1.70 1.72 1.62 1.62
>V(Fe, C, Cy 12.68 12.71 12.74 12.72 12.74 12.69
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TABLE 1: (Continued)

- O 2 2 Y =
a1 @ Fe Fe Fe Fe Fe Fe

Fe 4}@3 p@p (@) @ p’PC_-f\P PC_jD\

ol 3—a N5 PSP P N5 PSP
2 2 12 13 14 15 16 17
Bond Lengths, A
1-2 1.415 1.774 2.156 1.769 1.766 2.137
2-3 1.782 1.783 1.778 1.771 2.148 2.137
3-3 2171 1.410 1.407 2.161 2.143 2.137
Fe-1 2.061 2.102 2.408 2.330 2.082 2.407
Fe-2 2.072 2.325 2.362 2.094 2.371 2.407
Fe-3 2.361 2.085 2.078 2.368 2.408 2.407
di 1.667 1.668 1.674 1.676 1.684 1.695
d2 1.639 1.642 1.627 1.622 1.605 1.578
Natural Charges
q(Fe) +0.96 +0.97 +0.93 +0.95 +0.91 +0.87
q(Cp) —0.39 —0.39 -0.33 -0.34 -0.29 —0.25
q(Xp)° -0.57 —0.58 —0.60 —0.61 —0.62 —0.62
Population in Electrons
V(Fe, 1, 2% 2.57 2.25 1.82 2.29 2.25 1.80
V(Fe, 2, 3§ 2.68 2.66 2.63 2.23 1.85 1.80
V(Fe, 3, 3) 1.85 2.54 2.56 1.92 1.82 1.80
V(Fe, 1) 0.20 0.52 3.46 3.17 0.47 3.39
V(Fe, 2¥ 3.24 3.32 0.48 3.26 3.39
V(Fe, 3¥ 3.37 3.28 3.40 3.39
C(Fe) 24.10 24.07 24.08 24.04 24.06 24.08
A[Z(Cp)J —0.15 —0.13 -0.19 —0.20 -0.24 -0.27
A[Z(Xp)]Pe +0.05 +0.06 +0.11 +0.16 +0.18 +0.19
>V(Fe, CJ 1.71 1.68 1.63 1.58 1.50 1.42
2V(Fe, C, Cy 12.76 12.78 12.77 12.82 12.83 12.88

aRef 34. Xp designates the 1238 ring. ¢ Basin that appears twice in each compouhidifference between the populations of the free and the
complexed Cp ring. A negative value indicates a loss of electrons due to complex&tivifference between the populations of the free and
complexed Xp ring. f Sum of the population of the V(Fe, C) basin of the Cp ringum of the population of the V(Fe, C, C) basin of the Cp ring.
h Population of V(Fe, N, B) V(P, B) is populated by 2.25 electrons.

V(Fe, C, C)

Figure 1. ELF Isosurfaces of and3.

reflect the difference in shape of the heteroelement lone pairskcal mol! for NH;—BH3; and PH—BH3, respectively, at the
that was noted previously. G2(MP2) levetS). These calculated differences between com-
The strength of the bonding between heteroferroc@reesd plexation energies for phosphaferrocene and azaferrocene agree
3 and the Lewis acid Bklhas been evaluated by calculating well with experimental results. It is well-known that the
the bond dissociation energy (Table 2). These values provide aphosphorus atom in phosphaferrocene shows littlen&net6
measure of thes-donating capacity of both compounds and or Lewis" base character, unlike the azaferrocene nitrogen atom
clearly show that the azaferrocene (33 kcal Mpbinds much that, for example, is N-protonated in quite weakly acidic
more strongly to the Lewis acid than the phosphaferrocene (17 media?®
kcal molt) does. These results also reveal a much greater The difference in the strength of the dor@cceptor bond
difference in binding ability upon passing from?sgo sp- described above is reflected in the topological description of
hybridized N than is found for the corresponding change from the bond. Complexation to BHmodifies the valence basins
sp*- to sp-hybridized P (complexation energies of 26 and 21 V(Fe, N) and V(Fe, P) ir2 and3, respectively. The disynaptic
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TABLE 2: Frequenciest of the Bending of BH; and Bond are localized differently in the azaferrocene and phosphafer-
Dissociation EnergiesD¢” of the X—B Bond® Calculated at rocene series. For the azaferrocefied 1, we observe a small
the B3LYP/6-31G* Level ; . ;
increase of the positive charge on the metal 02 in1, +1.09
4 5 in 11) and a rather large negative charge located on-Np g1
out-of-plane bending 70 113 in 1, —0.83 in 11), as expected in view of the higher
in-plane bending 138 275 electronegativity of nitrogen compared to that of carbon. For
De 33.0 17.4 the phosphaferrocenel2—17, the electrons lost by Cp are
acm1 bkcal molL ¢X = N, P. gained by both the metat1.02 in1, +0.87 in17) and the Pp

o ring (—0.51 in1, —0.62 in17). These variations from to 3
V(Fe, N) basin in2 is transformed, by the contact of Fe, N, and 12 to 17, which are also observed in the ELF results,
and B cores i, into a trisynaptic V(Fe, N, B) basin that retains  contradict electronegativity arguments.
almost .aII its electron population (2.97.e 4has.op.posed to Upon moving from1 to 3 and 12 to 17, Cp ring basins
3.08 e in2). However, the V(Fe, P) basin Bisplits into two become globally less populated whereas Pp rings have more
basins irb. The majority of the electron density (2.25 e) isfound  |actrons. When referred to the free Canion, the Cp ring is
in a disynaptic bonding basin V(P, B) that is localized between .o electron-poor inl7 (A[(Cp)] = —0.27 €) than inl
the phosphorus and poron atoms. The remai.nder (0.85 €) iS(A[Z(Cp)] = —0.07 e). The opposite trend is observed for the
located between the ring and the metal where it forms the new py,'1jng “which has more electrons in polysubstituted systems
disynaptic V(Fe, P) basin (Table 1). Because the P lone pair is ihan in the free Ppanion (-0.19 e in17). The back-bonding

involved in ac-donor bond to B, it becomes less spherical, with .50 the C : : .

: S pFe fragment outweighs donation from the Pying
the P showing sp'? hybridization in the P-B bond. The  j, cases where the Pp ring possesses two or more phosphorus
electrons prewou‘_s,ly_ fou_nd in the P lone pair cannot all be ;)¢ A[Z(Xp)] > 0 for 11-17). As already observed for the
accommodated within this more contracted area, and a SeCoNGyomic charges, the same trend as that for phosphaferrocenes is
basin is formed. The low B bond strength relative to that of observed for the basin populations of azaferroc@resd6—11

NfB r_night thus be regarded as a consequence of the nonpar-rjq Cp ring basins are depopulated compared to those of the
ticipation of all of the electron lone pairs in the-B bond. free Cp (A[(Cp)] = —0.07 e in1 and—0.33 e in11), and

The attractor of the disynaptic pa§in V(Fe, Ppirs located the Np rings are more populated than the free Nipgs in
between the P and Fe atoms. This is not the case for the V(Fe,.a5e5 where three or more nitrogens atoms are located in the

N, B) basin in4 where the attractor is found in the ring plane N _
between N and B. This situation indicates that,;f®coordina- fing (A[Z(Xp)] > 0 for 8-11).
tion, the Fe atom is more strongly bound to P than to N. Again,
this result is consistent with the greater ability of phospholyl,
when compared to pyrrolyl, to bind as gh ligand.

Polysubstitution. The ring-bearing phosphorus or nitrogen
atoms will be labeled Xp (X= N or P). The substitution of
several CH groups by P/N atoms in one ring leads to noticeable
trends in geometry and electronic distribution.

With respect to the model compountiand3, the compounds

An examination of the various basin populations sheds light
on the reasons behind this trend. Substitution of CH by N or P
leads to a modification of the electronic populations;inand
1?2 bonds. The;? bond basins are depopulated upon heteroatom
substitution (about 2.55 e in V(Fe, C, C) compared to about
1.70 ein V(Fe, N, N) and 1.85 e in V(Fe, P, P)), resultingidn
bonds that should be less electron-donating in substituted
systems. Conversely, V(Fe, P) (between 3.24 and 3.46 e) and
in th lvphospholvl serie&2—17 show an incr in th V(Fe, N) (between 3.05 anq 3.45 e) basins are much more
Cp—lgepgigtpanc();sep(lo.gsssi ie; 1.6953Aoin1% an((; Zajgcreasee populated than V(Fe, C) bgsm_s, where values range f_rom 0.0
in the Pp-Fe distance (1.655 A i, 1.578 A in17). Thisresult ~ © 0.52 e. Because the Xp ring is globally less donating in cases
is in agreement with experimental X-ray structures of the iron of polysubstlt_ut|on, we can conclude that even if V(Fe, N) and
sandwich complex [F&P-CsMe4Et)(17°-Ps)], which indicate an V(Fe, P) basins are much more populated than V(Fe_, <) they
Fe—Ps distance (1.526 A) that is smaller than the-FaMeEt do not compensate fpr the donation lost though the trisynaptic
distance (1.707 AJ® These data can obviously be explained basins. The .SUbSt'tUt'on O.f CH by N or P entails a decr.eas'e of
by the increased area of the Pp ring that result from the donor capacity on the Xp ring, which may re_flec_t the Ioc_:ahzatlon
differences among CC (1.41 A), CP (1.78 A), and PP (2.15 A) of the V(Fe, N) and V(Fe,_P) attractor basins in the ring plane
bond lengths. The Pp ring has to remain closer to the metal to rather than between the ring and the metal.
allow for reasonable €Fe and P-Fe bond lengths. It should These electronic effects could account for the increase of the
indeed be noticed that we find increases of the €Eeand Fe-P distance between Fe and the Cp ring upon moving from
bond lengths of the Pp ring ih2—17 with respect to those of  ferrocene to phosphaferrocenes. As the Fefptallic fragment
1 and3, even if the Fe-Pp distance becomes shorter. For the becomes more electron-withdrawing, the Cp ring receives less
nitrogen compounda and6—11, smaller variations of the bond ~ back-bonding. The V(Fe, C) basins between Fe and C of the
lengths are observet1 shows Cp-Fe and Np-Fe bond lengths ~ Cp ring are consistently depopulatédM(Fe, C)= 1.95 e in,
of 1.647 and 1.638 A, respectively, which are only 0.02 A 1.42 e in17), and this loss of electron density could not be
smaller than the FeCp bond length irl. (1.655 A). This finding ~ €Xplained exclusively by the increase of the adjacent V(Fe, C,
is in accordance with the very small differences among the meanC) basins EV(Fe, C, C)= 12.65 e in1, 12.88 e in17).

CC (1.41 A), CN (1.37 A), and NN (1.37 A) bond lengthslin However, a similar electron-withdrawing effect due to the Np
2, and6—11. No experimental structures exist for compounds fings in6—11 does not induce an increase in the-f&p bond
resembling6—11. However, Fef-Ns), has recently been length. This inconsistency probably reflects different-Ge
studied theoreticallgé and the same trends are observedifor electrostatic interactions that result from variations in the atomic
and Fef5-Ns), with respect tal. charge on iron (an increase of the positive charge fécim11

The structural changes also modify the natural charges. Forand a decrease of the positive charge frb2to 17).
both the nitrogen and phosphorus compounds, we find a The reactivity of phosphaferrocenes toward electrophiles may
decrease in the negative charge of the Cp rir@.61 in1, be explained qualitatively by the changes in donation and back-
—0.26 in11, —0.25 in17). The electrons given up by the Cp donation upon replacing CHybP . Asback-bonding into the
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Cp ring decreases, the ring becomes less reactive toward (10) Brassat, L.; Ganter, B.; Ganter, Chem—Eur. J. 1998 4, 2148~

electrophiles. Conversely, the Pp ring is more negatively

charged, but we have seen previously than in its [Mn@{O)
complexes its reactivity is lower than that of the Cp ring. The
electrophilic reactivity of the carbon atoms of a phospholyl ring

in a phosphametallocene complex does not seem to exceed thag4

2153.

(11) (a) Sava, X.; Meailles, N.; Maigrot, N.; Nief, F.; Ricard, L.;
Mathey, F.; Le Floch, POrganometallicsl999 18, 4205-4215. (b) Sava,
X.; Mézailles, N.; Ricard, L.; Mathey, F.; Le Floch, Prganometallics
1999 18, 807-810.

(12) (a) Ganter, C.; Kaulen, C.; Englert, Organometallics1999 18,
44-5446. (b) Pala, C.; Podewils, F.; Salzer, A.; Englert, U.; Ganter, C.

of a carbon atom of a cyclopentadienyl ring in the analogous Tetrahedror200Q 56, 17—20.

metallocene. This result follows from the observation that the

(13) Tanaka, K.; Qiao, S.; Tobisu, M.; Lo, M. M. C.; Fu, G. Z.Am.

charge density is localized principally on the phosphorus lone €hem. Soc200Q 122, 9870-9871.

pair, so it seems probable that the preferential electrophile attack,
at the Pp ring instead of at the Cp ring in phosphaferrocene is

(14) Shintani, R.; Lo, M. M. C.; Fu, G. Qrg. Lett.200Q 2, 3695~
97.
(15) Sava, X.; Ricard, L.; Mathey, F.; Le Floch, ®rganometallics

governed mainly by the decrease of the charge density of the200Q 19, 4899-4903.

Cp ring.

Conclusions

The results of this study provide a qualitative picture of the

(16) Frison, G.; Ricard, L.; Mathey, Rrganometallic2001, 20, 5513~
5514,

(17) (a) Herberich, G. E.; Ganter, Bhorg. Chem. Commur2001 4,
100-103. (b) Kaulen, C.; Pala, C.; Hu, C.; Ganter, @rganometallics
2001, 20, 1614-1619.

(18) Ogasawara, M.; Yoshida, K.; Hayashi, rganometallic2001,

electronic structure and the bonding in aza- and phosphafer-20, 3913-3917.

roceness® coordination is characterized by bot and 2

interactions for cyclopentadienyl as well as for heterocyclo-

pentadienyl ligands. Both heteroelements N and P habends

to the metal through their lone pair, which entails a difference

(19) Dillon, K. B.; Mathey, F.; Nixon, J. FPhosphorus: The Carbon
Copy. From Organophosphorus to Phospha-Organic Chemisttiley &
Sons: Chichester, U.K., 1998.

(20) Fu, G. C.Acc. Chem. Re00Q 33, 412-420.

(21) (a) Guimon, C.; Pfister-Guillouzo, G.; Mathey, Row. J. Chim.

in the interaction as a function of the shape of the lone pair. 1979 3, 725-729. (b) Guimon, C.; Gonbeau, D.; Pfister-Guillouzo, G.; de

The lone pairs are able to hold more electrons than are CC an
CH bonds. For the nitrogen lone pair, this effect is due to the

auzon, G.; Mathey, FChem. Phys. Letfl984 104, 560-567. (c) Kostic,
. M.; Fenske, R. FOrganometallics1983 2, 1008-1013.
(22) (a) Glukhovtsev, M. N.; Dransfeld, A.; Schleyer, P. v.JRPhys.

high electronegativity of the atom, whereas the greater spatial Chem.1996 100, 13447-13454. (b) Dransfeld, A.; NyGki, L.; Schleyer,

extension of the atomic orbital for phosphorus is responsible

for this effect, despite its lower electronegativity.
Both N- and P-substituted cyclopentadienyls havezan

P. v. R.Inorg. Chem.1998 37, 4413-4420.
(23) Kerins, M. C.; Fitzpatrick, N. J.; Nguyen, M. Polyhedron1989
8, 1135-1138.
(24) Bartsch, R.; Cloke, F. G. N.; Green, J. C.; Matos, R. M.; Nixon, J.

coordination mode that corresponds to a minimum. However, F.; Suffolk, R. J.; Suter, J. L.; Wilson, D. J. Chem. Soc., Dalton Trans.

the difference in the lone pair shape means that the N-substituted?°

01, 1013-1022.
(25) For the first example of apP-pyrazolato ligand, see Perera, J. R.;

cyclopentadienyl, unlike P-substituted systems, prefers to slip Heeg, M. J.; Schlegel, H. B.; Winter, C. H. Am. Chem. S0d.999 121,

to anyn! coordination mode where the lone pair of one nitrogen

is directed toward the metal center. Any synthesis of a complex

containing anzn®-Ns ligand, as recently proposétl,seems
difficult without protecting the nitrogen lone pairs.

CH substitution by N or P atoms leads to a decrease of the
donating ability of heterocyclopentadienyl rings with respect 485
to that of Cp rings. The resulting change in the electron density g -
of such substituted complexes provides some explanation of their

observed reactivity toward electrophiles.
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