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The pure quadrupole resonance in Cs(1,2-ByC;H ; )aCol!T has been observed and interpreted.

It is shown that one electron

of the 1,2-B4C,H,;2~ moiety is delocalized on the open face while one electron is delocalized in the boron polyhedral frame.

The 1,2 carbons and the 4,7,8 borons are practically identical in their bonding to Co.

It has been determined that a cyclo-

pentadienyl moiety donates 0.4 &= 0.1 electron to the metal ¢, orbitals and back-accepts 0.5 == 0.1 electron from the metal e

orbitals in ferrocene.

Introduction

A large number of carborane transition metal com-
plexes have been synthesized and characterized in re-
cent months.!'2 One such class of metalocarborane
complexes consists of a transition metal completing the
icosahedral framework of the ByC,Hy;?~ anion.! These
complexes have been formulated as w-bonded complexes
structurally analogous to the metalocenes. The
chemistry® of ByCyHu?~, Cb?~, seems basically to
parallel the chemistry of the w-cyclopentadienyl anion,
Cp~. For this reason a study was undertaken to in-
vestigate the explicit similarities and differences be-
tween a w-cyclopentadienyl-metal and w-carborane—
metal bond and to ascertain whether or not there is
any preferred bonding to the carbon or boron atoms in
the 1,2-ByC,H¢*~ moiety.

In order to accomplish these ends the pure nuclear
quadrupole resonance (nqr) spectrum of Cs(1,2-
ByC,Hi):Co™ was found and compared with the ngr
spectrum? of (7-Cp).Co™(CI0,).

Experimental Section

The salts Cs(1,2-ByCoH11):Co and Cs(1,7-ByCeHj1):Co were
provided by Professor M. F. Hawthorne of the University of
California, Riverside, Calif. A 2.3-g sample of the 1,2 isomer
was sealed in a glass vial 15 mm in diameter and 35 mm long.
The sample was placed in the radiofrequency coil of a high-power
push—-pull superregenerative spectrometer.® All frequencies in
Table I were measured by spectrum-analyzing techniques.?
The errors, about 30 KHz, were estimated as half the quench
frequency. The signal-to-noise ratios given in Table I apply toa
sweep rate of 5 MHz/hr and a lock-in time constant of 1 sec.

No signal could be detected in a 1.0-g sample of the 1,7 isomer
in the range 10.0-35.0 MHz.

The visible and uv spectra of the 1,2 isomer were obtained on a
Cary 14 spectrometer.
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Discussion

The absence of any detectable nqr signal in the 1,7
isomer is not surprising in view of the disorder that
exists? in the solid state. In effect, the statistical
disordering of the carborane polyhedra around the Co
ion broadens the resonance to such an extent that it is
not detectable by conventional techniques. It seems
unlikely that the resonance frequency, if detected,
would be appreciably different from that of the 1,2
isomer.

The fact that such a strong nqr signal is, however,
observed in the 1,2 isomer is reasonable evidence to
support the view that it, unlike the 1,7 isomer, is not
disordered in the crystalline state.

A comparison of the uv and visible spectra of bis-
(cyclopentadienyl)cobalt(III) perchlorate? and the
cesium bis(o-carborane)cobaltate(III) (¢f. Table II)
reveals no energy differences greater than 109,. The
spectrum suggests that the two compounds are elec-
tronically similar to one another.

Interpretation

In nqr® one measures the interaction of an electric
field gradient, ¢, with a nuclear quadrupole moment, Q.
A nucleus must possess a nuclear spin, I, greater than
1/, in order that it have a quadrupole moment. In the
case of Co®, I = 7/,. A finite field gradient around a
nucleus requires that the total electronic potential
around a nucleus be neither spherically symmetric nor
cubic. In effect, one measures the departure from
spherical or cubic symmetry. The applicability of
ngr to the study of ligand field effects is self-evident.
Such studies provide one with a probe capable of sensing
both subtle and dramatic changes in the electronic
environment around a given transition metal ion.
Such changes can be related to bonding in a general way
via cither a wvalence bond"® or molecular orbital"
interpretation.

In the present study the electric field gradient and
the asymmetry parameter, u, were determined from
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TABLE I
NQR FREQUENCIES IN Cs(1,2-ByCyHii )2Cob?
Co® transitions Freq, MHz Signal/noise
+1/, — £3/, 11.62 20/1
£3/, — £/, 23.06 35/1
5/, — 7/, 34.62 43/1
TaBLE II
Transi- {CsHs)o- CsCo-
tion CoCl104® (1,2-BsCeHn): (CsHs)aFeb
¥ 38,400 35,500 41,700
Vg 32,700 30,000 30,800
v3 24,700 22,300 22,700

¢ Taken from ref 8. ¥ Taken from G. Wilkinson, M. Rosen-
blum, M. C. Whiting, and R. B. Woodward, J. Am. Chem. Soc.,
74, 2125 (1952). -© Charge-transfer band.

the data in Table I. TUsing Cohen’s solutions!? of the
secular equation for a nucleus with a spin of 7/; and the
value for the Co?? nuclear quadrupole moment,'? g,,
and 7y defined in terms of its irreducible tensor com-
ponents (eq 1) can be calculated. The liquid-nitrogen

N = (Gez — G )/ (1

and room-temperature values are summarized in
Table IIT for CpyCoClO; and Cs(1,2-B.CyHiy):Co,
respectively.

TaBLE IIT
F1eLp GRADIENTS AND ASYMMETRY PARAMETERS
(CsHs)2ColCl0s4 CsCo(1,2-BeCally)2
sz, €51/cm? 5.85 X 10% 5.51 X 101
Yl 0.0 0.03 = 0.01

¢ Caleulated from data i ref 5.

The direction of the diagonal field gradient tensor in
Cp:Cot and (1,2-BsCyHi1)sCo ™ is primarily determined
by the molecular symmetry of the respective ions.
In cobalticinium perchlorate the z direction, ¢, is
along the fivefold rotation axis. Although the crystal
structure of cobalticinium perchlorate has not been
reported, it is safe to assume that the point charge sum
over the anions and cations in both compounds, i.e.,
the crystal field contribution, is insufficient to contribute
appreciably to either the magnitude or direction of
Gee. The very small coupling constants attributable
only to the crystal field effects which have been found
in Co(NH;)Cl;'* and Colen);Cly- 3H,O are less than
29, of the coupling constants reported here.

The direction of ¢, in the carborane complex is sub-
ject to less certainty. It must, however, lie along a
plane intersecting the boron at the apex of the poly-
hedron, the Co, and the center of the C-C bond joining
the 1 and 2 positions. This is shown in Figure 1. In
all likelihood it is along or only a few degrees off the
S, axis since the asymmetry parameter, 4, is but 0.03.

The molecular electronic interpretation of the electric
field gradient is straightforward. In either a valence
bond or molecular orbital approach g¢., arises from an
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Figure 1,—The relation of the field gradient tensor to the struc-
ture of (1,2—B9C2H11>2C0—v

imbalance of valence electrons. In first-row metalo-
cenes and metalocarboranes there is the possibility of
having 3d, 4s, and 4p electrons participating in the
metal-to-ligand bond. Since s electrons do not con-
tribute to the field gradient, we need only directly
consider 3d and 4p electrons, The indirect effects of
4s populations can safely be ignored since it has been
shown that the mixing of the 4s with the 3d.. is less
than 19, in vanadocene.’d It seems generally true
that the 4s contribution to bonding in first-row metal
complexes is small at best.

Utilizing the relation of the field gradient to angular
momentum, 1.e.

Tnim = Guaoll — Bm*/I(0 + 1))] (2)

when 7, [, and m are the principal quantum number,
angular momentum quantum number, and magnetic
quantum nuimber, respectively, one can write an ex-
pression for ¢, in terms of the various types of d and p
electrons

Gz = Qa3 + (3de/2) — 3d8] +
Guaoltp: — Upr/2)] (3)

where de = dg,, dyz; d6 = dpeys, dyy, in the coordi-
nates of Figure 1.

Utilizing equations relating the field gradient to the
fine-structure splitting!” and using Slater’s method'®
for determining the Co effective nuclear charge seen by
a 3d and 4p electron in the configuration (Ar)3d®4p’,
it can be shown that the field gradient arising from one
3d electron is at least 3 times larger than that from a
4p electron. Actual measurements!® indicate a dif-

(16) H., M. McConnell, W, W, Porterfield, and R. E, Robertson, J.
Chem. Phys., 30, 442 (1959).
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(1962),
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ference of 6.8 times between a Cu 3d and a 4p electron.
In all probability the difference in Co would be around
5 = 1. This can be estimated from differences in the
Co and Cu magnetic hyperfine interaction.!’® Recent
calculations® have estimated the 4p population in
octahedral Co(III) complexes at 0.1 electron per 4p
orbital. Because of the transformation properties of
the 4p and ligand orbitals in Dz this estimate would
result in only about 0.1 electron in both the 4p, and
4p, orbitals. Thus, the total contribution to ¢,, from
4p population would only be 0.02 of that from a 3d,.
electron. The molecular field gradient for either com-
plex can thus be written

Gez = Ga,2013de + (3de/2) — dé — 0.02] (4)

The value for the field gradient contribution of one
Co 3d,: electron can be calculated using the quadrupole
coupling constant, B(*Fs,,), and the magnetic hyperfine
interaction obtained from the ‘F.,, state measured by
Co atomic beam spectroscopy.t®

In the Fermi hole formalism the *F,,, state is three 3d
positrons in m, states 2, 1, and 0. Using eq 2 and the
measured nuclear quadrupole moment for Co% it can

be shown that ¢,,(3d,) = —9.53 X 10" esu/cm3 It

should be emphasized that this is only a working num-
ber. It neglects the Sternheimer correction® (1 —
R) and a small contribution from spin—orbital cou-
pling.?? For comparative purposes and for estimating
relative electron distribution changes in Co complexes,
it is more than adequate. It is immediately obvious
from a comparison of ¢,, for Cp,Co~ and Ch,Co™* and
the similarity of their respective visible and uv spectra
that the populations of the various 3d orbitals in each
compound are virtually identical. This means that
the metal-to-ligand bond is identical in both complexes.
Since Cp formally has a single negative charge and Cb
has a dinegative charge, the data imply that in car-
borane complexes one charge is delocalized on the open
face of the bonds to the Co and the other is delocalized
in the boron polyhedron in the 5, 6, 9, 10, 11, and 12
positions. The second fact that is apparent from the
small asymmetry parameter is that the 1,2 carbon
positions and the 4,7,8 boron positions are practically
identical in both théir charge and their ability to donate
electrons to the Co. In other words, as far as the elec-
tronic environment of Co is concerned, the borons
appear as carbons to within 3—49.

The transition metal to carbon bond lengths in the
icosahedral face of C;H;Fe(1,2-ByC,Hy;)28 and Cs-
(1,2-BsCoH1)Re(CO)s%* are, respectively, only 0.05
and 0.03 A shorter than the transition metal to boron
distance. In view of the standard deviations and large
thermal motion associated with the bond distances, it
is questionable whether any significance can be placed

(20) H. Basch, A. Viste, and H. B. Gray, J. Chem. Phys., 44, 10 (1966).

(21) R. M. Sternheimer, Phys. Rev., 84, 244 (1951); 86, 316 (1952); 95,
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(24) A. Zalkin, T. E. Hopkins, and 1D. H. Templeton, Inorg. Chem., b,
1189 (1966).
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on these values. In any case, real or unreal, the ap-
parent differences are certainly not large enough to
indicate any appreciable difference in bonding to the
carbons and borons in these molecules,

Using eq 3 one can estimate the effective electron
distributions in a series of related metalocenes and
carboraneocenes.

Consider first the Co(III) complexes. To a first
approximation the compounds can be considered as
Co(III) complexes with 3d,._,? 3d,,2(3déY), 3d..°
3d,.°(3d¢?), and 3d,.? electrons. This approximation
assumes no metal-to-ligand covalency and is made only
to predict the sign of the molecular ¢,,.

The resulting field gradient, ¢,, = +19.06 X 10®%
estt/cm3, is positive. This value is 3.45 and 4.46 times
too large (in units of ¢,, measured) assuming ¢,, mea-
sured is positive and negative, respectively. In either
case it is clearly necessary to invoke a substantial
amount of covalency to account for the observed value.
We will assume that the measured values in both Co
complexes are positive insofar as the isoelectronic ferro-
cene ¢, has been shown to be positive.? In addition,
the extent of covalent interaction necessary to account
for a positive value is less than that for a negative value.

If we assume that the lattice sum contribution, ~29,
and the errors in the contribution from 4p electron
populations in the complexes are additive, which may
or may not be true, maximum errors in eq 5 can be

3dz + (3de/2) — 3ds = —0.558]Chy,Co—] (5a)
3d,: + (3de/2) — 3ds = —0.595[CpsCo+] (5b)

estimated as 5-79;. These equations include covalency
via donation of ligand electrons into the 3de and back-
acceptance of metal 3dé into the ligand =*.

Consider now ferrocene and ferrocinium. The field
gradient for a 3d electron in iron can be calculated from
the ratios of the various [r—*] values.?® g¢;,, are listed
in Table IV for some first-row transition metals for
future reference.

Equations similar to (5) can be written for ferrocene
and ferrocenium using gagfo, QFe™), and the quadru-
pole coupling constants obtained from Mossbauer
spectroscopy.?*® The mixed cyclopentadienylcar-
borane complex of Fe(III),*® (C;H;)Fe(CyBsHy), has
to within experimental error the same quadrupole
coupling constant as ferrocenium bromide. Although
the quadrupole splitting in the Massbauer spectra of
the biscarborane of Fe(III), [(CH,;).N][Fe(CyBsHy):],
is unresolved,?® the estimated value is practically the
same as for ferrocenium bromide,

The population of the 3d,. orbital can safely be as-
sumed to equal two electrons. Explicit evaluation of
the overlap integral® between the Fe(II) 3d,. orbital
and the a;; orbital of cyclopentadienyl yields a value of
only 0.01; thus, the a;g* MO (¢f. Figure 2) is for all prac-

(25) R. L. Collins, J. Chem. Phys., 42, 1072 (1965).

(26) J. Fidone, Nuowvo Cimento, 11, 736 (1959).
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(29) R. H. Herber, private communication.
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TABLE IV
¢3,2,0 FOR ONE 3d ELECTRON (EsU/cM3)
Ti¥ —3.02 X 10%
AU —4.07 X 10%®
Cr?s —5.30 X 108
Mn# —6.65 X 10®
*Feﬁhn _808 >< 1015
Co?? —9.53 X 10®
it —11.0 X 10
Cuts —13.2 X 108
2..
sz szMn Mn+2
e e
2u 2u
€29 2
&5,
3
g
e$g(3de)
4s
_o.o.o.o.elz (3d8)
—o0—0?_(3d ) 3d
000 €|, W8
-)(-)(-)(-)(-ew
.x.x.;(*_e}g(3d€)
—=0y —¥—0;,
_*x__dlg
\—-x-x—-u',g
Figure 2.—Qualitative MO diagram of 3d® metalocenes.

tical purposes a pure 3d.. wave function. This would
naturally be true for Fe(III) and Co(III) orbitals.
Therefore, solutions for the observed quadrupole cou-
pling constants can be obtained in terms of only the
3de and 3dé populations and Q(Fe¥™) in the case of Fe
complexes.

A straightforward interpretation of the quadrupole
splitting in the Fe complexes is hampered by the un-
reliability of the Fe”™ nuclear quadrupole moment.
Values ranging from 0.1 to 0.46 barn have been recently
postulated. There is one redeeming feature common
to both Cps;Fe and Cp,Co* that provides one a very
interesting handle on the problem. It is apparent from
Table II that the uv and visible spectra of Cp;Fe and
Cp:Cot are sufficiently similar to presuppose that the
3d orbital coefficients are within 59, of each other. A
59, change in a MO coefficient can result in eV changes
in the energies of the MO. Furthermore, it is reason-
able to assume from a covalency point of view that the
Cp—Co(III) and Cp—Fe(II) bonds are within 109 of
each other. Finally it will be shown that while assum-
ing equivalent Cp—Co(I1I) and Cp—Fe(II) bonds one
can calculate a Fef’™ () and the 3d orbital coefficients in
Cp:Fe which are in accord with theoretical results.
These numbers will, of course, be subjected to about 20
and 109, error, respectively.

Using the available Mossbauer data, eq § and 7 in
terms of the number of 3de and 3d§ electrons and Q
(Fe¥™) can be arrived at for Cp.Fe and Cp,Fe*, re-
spectively. v and ~! are the quadrupole splittings of

Inorganic Chemistry

(3de/2) — 3ddcp.re = — [27/egs2 0 [Q(Fe¥™)]~1 —

1.98 (8)
(3de/2) — 3dicprer = + [2v/egso*][Q(Fes™™) |-t —
1.98 (7)

the Mossbauer spectra of Cp.Fe? #® and Cp,Fe*.®
Tt is necessary to assume that the sign of ¢, thus !,
in CpeFe™ is negative. A positive sign will lead to a
negative population of the 3de orbitals. Relating eq
5b to eq 6 and using ¢s,s,0 for an iron d electron, one can
estimate the Fe’’™ nuclear electric quadrupole moment
as 0.175 = 0.02 barn. Much attention has been given
to the determination of Q for iron. Most recently the
value of 0.2 barn was calculated by Nozik and Kaplan.®
Earlier values have ranged from a low value of 0.1 barn
for iron derived from Fe(II) Mossbauer data to 0.46
barn calculated from Fe(III) Mossbauer data. An
upper limit above 0.28 barn is presently accepted while
the lower limit of 0.1 barn is in accord with data avail-
able. Since the cobalt nuclear moment is known to
high accuracy, the error in the 0.175-barn value is due
only to differences in 3d populations between cobalticin-
ium and ferrocene. A more extensive discussion of this
value will be presented elsewhere,

Subtracting eq 6 from eq 7 one obtains an equation
related to the number of 3dé electrons in the ey,! MO.
Through Mulliken population analyses®* and an MO
interpretation'! of ¢, this can be related in a general
way to the 3d§ coefficient, C(ey!), in the e,! MO, 7.e.

(Cleag)? + Clezg) [1 — (Clesg)]7"Siy = 0.75 (8)

Using 0.3 for the overlap integral,®® S;;, between the
metal 3ds and Cp— orbitals, one obtains

Cle!) = 0.78 )

Similarly the 3de coefficient, C(e,"), in the e,' MO can
be solved

(Clae)? + Cle) [l — (Clew))?]"Sy; = 0.21 (10)

Clel) = 0.34 (11)

Table V shows a comparison of the coefficients obtained

in this manner with those calculated theoretically.®-34

In both cases there is good agreement in the ¢, MO.

However, the values for the e, MO show some discrep-
ancy.

TaBLE V
MO CogrrIcieNTS IN (CsH;):Fe
Metal eg? Metal ezt
Ballhausen 0.450 0.898
Shustorovich and Dyatkina 0.37 0.85
Calculated from ngr results 0.34 0.78

Since the symmetry of the MO’s bears a definite rela-
tionship to the type of bonding involved, a value for the

(31) A. J. Nozik and M. Kaplan, Phys. Rev., 169, 273 (1967).

(32) R. S. Mulliken, J. Chem. Phys., 28, 1841 (1055); 28, 1833 (1955).

(33) J. P. Dahl and C. F. Ballhausen, Kgl. Danske Videnskab. Selskab,
Mat. Fys. Medd., 38, (5) (1961).

(34) E. M. Shustorovich and M. E. Dyatkina, Dokl. Aked. Nauk SSSR,
128, 1234 (1959).
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number of electrons participating in each type can be
arrived at from the data. The ey MO represents the
donation of ligand electrons to the metal. In these
complexes a value of 0.4 = 0.1 electron is donated by
each Cp in the w(e,;) MO to the metal 3de. The e
MO represents the back-acceptance of electrons from
the Fe 3dé into the ligand #n*(ey). A value of 0.5 +
0.1 electron back-accepted by each Cp is obtained from
the data. If we assume that all of the errors in the
interpretation are cumulative, an error of £0.1 electron
can be placed on these numbers.

It cannot be said unequivocally at this point that
CbyCo~ and Cp.Co* are for practical purposes identi-

F1ve-CoorpINaTION WITH “‘HyBrip” Licanps 1521
cal with the isoelectronic Cb,Fe?~ and Cp,Fe. How-
ever, it would appear from all available data that they
are indeed very similar. Certainly Cb%~ and Cp~ are
practically indistinguishable in their bonding to Co(III)
and Fe(II), respectively.
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Five-Coordinate Nickel(II) Complexes with Ligands Containing
Oxygen, Sulfur, Nitrogen, Phosphorus, and Arsenic Donor Atoms

By L. SACCONI, G. P. SPERONI, anp R. MORASSI

Recetved February 19, 1968

Tridentate Schiff bases formed from ortho-substituted benzaldehydes and 3-aminopropyldiphenylphosphine or 3-amino-
propyldiphenylarsine (donor sets NNP, ONP, SNP, NNAs, ONAs, SNAs) form with nickel(IT) bromide and iodide high-

and low-spin complexes with the general formula NiLX,.
lar weight, conductometric, and magnetic susceptibility measurements,

tronic properties of the donor atoms.

Introduction

Several five-coordinate complexes formed by nickel-
(II) salts, most often halides, with tridentate ligands,
of the general formula NiLX,, have been already de-
scribed. The first complexes which were isolated were
of the low-spin type where the ligands contained the
sets of donor atoms AsAsAs, SPS, and PSP.2—¢ Since
1965 high-spin complexes obtained from tridentate
ligands with NNN,% SNN,” ONN, NON, and
NSN! donor sets have been also characterized. The
stereochemistry of the complexes so far studied by X-
ray analysis has been found to be intermediate between
the square pyramid and the trigonal bipyramid. Lig-
ands forming low-spin complexes always contain

(1) Part I: L. Sacconi and I. Bertini, submitted for publication. Part
II: L. Sacconi, I. Bertini, and F. Mani, Inorg. Chem., T, 1417 (1968).

(2) G. A. Barclay and R. S. Nyholm, Chem. Ind. (London), 378 (1953);
G. A. Barclay, R. S. Nyholm, and R. V. Parish, J. Chem. Soc., 4433 (1961),

(8) M. O. Workman, G. Dyer, and D. W. Meek, Inorg. Chem., 6, 1543
(1967).

(4) G. Degischer and G. Schwarzenbach, Helv. Chim. Acta, 49, 1927 (1966).

(5) (a) M. Ciampolini and G. P. Speroni, Inorg. Chem., 8, 45 (1066);
(b) S. M. Nelson and J. Rodgers, ¢bid., 8, 1390 (1967); F. Lions, I. G. Dance,
and J. Lewis, J Chem. Soc., 585 (1967); J. S. Judge and W. A. Baker, Jr.,
Inorg. Chim. Acta, 1, 2839 (1967); L. Sacconi, R. Morassi, and S. Midollini,
J. Chem. Soc., in press.

(6) L, Sacconi, I. Bertini, and R. Morassi, Inorg. Chem., 6, 1548 (1967).

(7) L. Sacconi and G, P. Speroni, ¢bid., 7, 295 (1968).

(8) L. Sacconi and I. Bertini, ¢béd., 7, 1178 (1968).

(#) M. Ciampolini and N, Nardi, ¢bid., 6, 445 (1967).

(10) M, Ciampolini and J. Gelsomini, {b:d., 6, 1821 (1967).

Their stereochemistry is assigned by spectrophotometrie, molecu-
Results are discussed mainly in terms of the elec-

donor atoms of low electronegativity (P and/or As)
and capable of back-bonding; ligands forming high-
spin complexes invariably contain highly electronega-
tive donor atoms such as O or N.

In order to study the donor atom influence on the
stereochemistry and spin multiplicity of five-coordinate
nickel(II) complexes, we have undertaken a thorough
investigation systematically varying the donor atoms
of tridentate ligands. In previous papers we have re-
ported the results obtained with ligands formed by
Schiff bases derived from ortho-substituted benzalde-
hydes and N,N-disubstituted ethylene- and trimethy-
lenediamine (donor sets NNN, SNN, and ONN).6~3
We wish now to report the results obtained with similar
ligands, formed by the reaction of the same aldehydes
and 3-aminopropyldiphenylphosphine or 3-amino-
propyldiphenylarsine, of the general formula

~CH,(
CH, CH,
CH=N L CeHs),
O
CH,

[,LY=NH,O,S;Z=P, As

The trifunctional ligands formed contain donor
atoms that are both high- and low-spin inducing. The



