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Summary

INDO SCF MO calculations have been carried out for a variety of diamag-
netic sandwich, mixed sandwich, and related tricarbonyl complexes of the 3d
series, and for the free ligand systems of the cyclopentadienyl anion (Cp~), the
neutral benzene molecule (Bz), and the cycloheptatrienyl cation (Ch™). The
7 bond orders for the C—C linkages of the ligand rings all show significant, but
broadly comparable, reductions on complexation, and the '"H NMR shift for a
given ring proton, relative to that for the appropriate free ligand, A7, shows a
good linear correlation with the corresponding change in the charge density at
that proton, AP, ,(H). The plct of A7 against AP,,(H) shows a positive (up-
field) intercept of about 2.5 ppm on the A7 axis, and it is concluded that the
results provide evidence for an appreciable diminution in the aromatic character
of the ligand rings on complex formation.

Introduction

Recently [1] we have attempted, by INDO SCF molecular orbital calcula-
tions, to make some quantative estimates of the strengths of the metal—ligand
interactions in transition metal sandwich and mixed sandwich complexes; thus,
for these species, we have evaluated the bond orders per ring relating to the
bonding of the various metal orbitals (3d, 4s, and 4p) to those of the ligand
rings (carbon 2s and 2p. , (¢) and 2p, (m)). For such systems effective pseudo-
axial symmetry obtains, and in general the most significant interactions were
found to be those involving the metal e, (d.,, d,.) and e; (d<z_,2, d.,) orbitals
with the appropriate symmetry combinations of the 7w (2p,) orbitals of the

* For part XXII see ref, 29,
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ligand rings. These results, together with our earlier calculations [2—6] on a
variety of sandwich systems, showed clearly that the importance of the e, inter-
action increased progressively with increasing size of the ligand ring, whilst the
e, bonding became less important. Consequently, since the dominant bonding
mechanism in such species proved to involve the conjugated m-systems of the
ligand rings, it appeared desirable to investigate the influence of the metal—
ligand interactions on the extent of m-bonding, or aromaticity, within the
ligand rings, as compared with that existing for the corresponding free ligands.

It is well known that the positions of the '"H NMR peaks for the protons of
conjugated cyclic systems depend significantly upon the magnitudes of the ring
currents within such rings, and thence upon the aromaticity thereof [7]. These
resonances are in fact shifted to lower frequencies (downfield) by ring current
effects, but are also dependent upon the charge density at the proton in ques-
tion, increasing electron density leading to an upfield shift. Moreover, the
magnitude of the ring current for a given cyclic system is dependent to the first
order on the ring C—C 7 bond orders.

We have therefore carried out calculations for systems containing 7-CsHs
(Cp), m-C¢H¢ (B2), and 7-C,H, (Ch) rings, and for the corresponding free lig-
ands, Cp~, Bz, and Ch". In all cases we have evaluated the electron density,

P,, (H), at the proton and the = bond orders, P;;(C—C), for the ring linkages,
and compared these quantities for the listed complexes with the values
obtained for the free ligands. Thus it should be possible to determine whether
or not any correlation exists between the experimentally reported 1TH NMR
frequencies and the calculated quantities, and also to ascertain whether and to
what extent the aromaticities of the ligand rings are affected by complex for-
mation.

Method

The INDO SCF molecular orbital method previously described [8] was used
throughout. The basis set employed included the metal 3d, 4s, and 4p orbitals,
together with the hydrogen 1s orbitals and the carbon (and, where appropriate,
oxygen) 2s, 2p,, 2p,, and 2p, orbitals; thus both o- and 7m-bonding effects of
the ligands were included.

Results and discussion

Our calculations were carried out for the seventeen complexes listed in
Table 1, for all of which 'H NMR data are available in the literature as shown.
Of the eleven sandwich and mixed sandwich species two, CpTiCh and TiBz,,
represent formally d* systems, but the remainder correspond to d° configura-
tions, as do all the six tricarbonyl systems studied. For these latter complexes
the effective symmetry is lower than pseudo-axial, so that the APy, and AP;;
values listed are average quantities, but the calculated charges and bond orders
for the ring atoms show conly very small internal differences.

In this work we have deliberately restricted our attention to systems contain-
ing unsubstituted, homonuclear, ligand rings. Thus, any inductive or resonance
effects due to substituents may be discounted, and contributions to the 'H



85

‘wdd $°0 03 g'0 1€ P2TLIISH 59[FUTELIBIUN BUNNSAX {STUIATOS JUDIIFFIP [UIDADS OF JV[0X BIUP [RIUDUIFA UKL q P1AvITeAS J0u vjep Yavo-1 = q0

08°0 2¥9°0 396°0 LU0
£L' L99°0 920°'T zg
09y 8¥9°0 901'T -0
[82] spaupuuys
Hi: (-0 "My 20uaIAjOY
L 29'%+ 001'0— 9g0°0+ LE(0D)10u0] L
9z 89'p+ 801'0— $90°0+ £(00)AUD 91
ST 8L°0+ 060'0— 8%0'0— LTE(0D)unzg] qr
v '€ 002+ 960'0— 110°0— £(00)D2d b1
dd ¥8'0— ¥01'0— 921'0— LE(0D)ed0] £1
£1 ag°0+ 001'0— 680°0— €(0D)upNdD 43
€4 o 79°0+ o 880°0— o 9010~ q0opdd 1T
(\[4 61'T+ q31'0— 900°0+ Tzgny o1
6T 66'g+ 9v1'0— 990°0+ ~[tzgA) 6
61 16'2+ Y210~ L00'0+ T2g1D 8
LT aL'e+ 87" 0+ 911'0— L90°0— 690'0+ 260°0— yo1Ldo L
81 01'Z+ 99°0+ 060'0— ¥80°0— LT0'0+ 91T'0— L[uoumdo] 9
LT L9'g+ aL T+ PIT0— ¥L0°0— 1L0°0+ 880°0— 40040 9
91 8L0+ 9%'0+ 880°0— 980°0— 980°'0— 811°0— L[z894dD] 4
a1 9g°g+ 09°T+ 821°0— ¥80'0— 200°0+ 080°0— ZguUpNd) £
PT 860~ ¥60°0— 0110~ L[%oo)] 2
eT ov'T+ 980°0— 880'0— tdpay 1
gy a5 Uyto @ uytp 4
q PPz v 1y (0—0Yav (0-0Ylay HMay  (w)Mgy punoduo) ‘oN

SHIAUO ANOF ANV STILISNIA ADUVHD AILVINITVI ANV SLJAIHS TVIINTHI Hy

T a18vVL



86

NMR shift due to the magnetic anisotropy of neighbouring atoms are likely to
be both small and more of less constant over the series. For proton NMR shifts
any terms due to local paramagnetic effects will be very small so that for the
systems chosen the effective contributions will be limited to those dependent on
the charge density at the proton in question, together with any effects due to
aromatic ring currents [7].

An initial inspection of the results of our calculations showed that there was
a gocd correlation between the calculated changes in proton electron density
on comple zation, AP, (H), and the observed changes in the positions of the 'H
NMR peakg, A7. However, there was no apparent relationship between AP, (H)
and either the 7 electron density on the ring carbon atoms or the total density
thereon. Moreover, for all the species studied the C—C 7 bond order for the
rings showed an appreciable reduction, compared with the corresponding value
for the free ligand. These quantities, AP;{C—C), did not vary widely
from one system to another, and there was no apparent correlation with Ar.

it is, however, clear from Fig. 1 that the plot of AP, ,(H) against A7 affords
a reasonably linear correlation, but the best straight line does not pass through
the origin and instead yields an upfield intercept of some 2.5 ppm on the A7
axis. It therefore follows that on complex formation the position of the 'H
NMR peak is effectively shifted to higher field, which in furn implies a reduc-
tion in the ring current contributions. Thus it may be concluded that complex-
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Fig. 1. Variation of relative chemical shift, A7, with relative proton charge density, AP##(H). (®) Cp, (m)
Bz, (o) Ch.
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ation is accompanied by a significant diminution in the aromaticity of the
ligand ring, which is of course also in agreement with the calculated decreases in
P;(C—C).

It should, however, be noted that the reductions in the P(C—C) values for
the Cp, and the Bz and Ch, ligands on complexation arise via essentially differ-
ent mechanisms. Thus the dominant interaction in the bonding of the Cp ligand
to the metal is that involving the bonding e; m-orbitals of the ring with the
metal d.. and d,; levels [1], leading to an accession of electrons from ligand to
metal, and a decrease in the ring m bond order. On the other hand for the Bz
and Ch ligands the decrease in P;;(C—C) arises because the main metal—ligand
interaction is that between the anti-bonding e, wm-orbitals of the ring and the
metal d.2_,2 and d., levels [1], leading to a transfer of electrons from the
metal into this ligand ©* level.

For the bis-benzene complexes the conclusion of reduced aromaticity in the
ligand rings is in agreement with the results of 13C NMR chemical shift measure-
ments by Graves and Lagowski [9] for a wide range of substituted bis-benzene
chromium complexes. Here no significant shift changes at the C(4) (para) posi-
tion were observed with varying substituents, although the transmission of such
effects had been well established [10] for the corresponding mono-substituted
benzenes, and it was therefore concluded that resonance delocalisation in the
ring system was effectively quenched on complex formation. It is, however,
perhaps significant that the benzene ligands of the sandwich compiexes listed in
Table 1 generally show the largest decreases in P;;{C—C) on complexation,
whereas BzCr(CO); and [BzMn(CO).]" show appreciably smaller decreases in
P;;(C—C), and it has been shown, also via '*C NMR shifts [11], that for (arene)-
Cr(CO) systems substituent effects are fully transmitted to the parae position.
Furthermore, for the Cp ligands of Table 1 the calculated decreases in P;;(C—C)
are smaller again than for either the benzene sandwich and mixed sandwich spe-
cies, or for the benzene metal tricarbonyls, and this accords with the more mar-
ked aromatic character of the ligand rings in the metallocenes than in the bis-ben-
zene series [12]. However, the strong correlation between AP, ,(H) and A7, and
the relative insensivity of the latter to small variations in AP;;(C—C), suggest
that as fas as the !H NMR shifts are concerned the charge density at the proton
is the dominant consideration.
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