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structure of this complex is probably similar to that of
(py)eCuCl; since both have identical J values and sim-
ilar far-infrared spectra. The spectrum of the 2,6-
dimethylpyrazine complex has bands at 308 and 228
cm™!, which are analogous to the bands observed?® for
(Py)eCuCly at 287 and 229 cm—! These bands have
been assigned® to Cu-Cl stretching frequencies and in
both cases are indicative of a large amount of bridging
character. On the basis of the above spectral and
magnetic data, the structure shown in Figure 8 is pro-
posed for this complex wherein each (2,6-DiMe(pz))e-
CuCl, unit is linked together solely by chloride bridges.

(2,6-DiMe(pz))CuBr,.—The magnetic properties of
the complex are consistent with an Ising model from
which g = 1.89 and J = —33 cm~! may be calculated.
A plot of experimental susceptibility vs. temperature is
given in Figure 5 along with the best-fit curve. The
fit which is obtained when the dimer equation is applied
yields a g = 1.61, a value too small to be realistic.
The halide-sensitive band in the far-infrared spectrum
appears at 262 cm™!, a position associated with a
weakly bridging Cu-Br bond. The calculated J of
—33 em™* is close to the J = —29 em™! for the com-
plex (py):CuBry,*® which is known' to possess a bro-
mide-bridged chain structure. The principal pathway
for exchange is also probably a bromide bridge in (2,6-
DiMe(pz))CuBr;; however, the stoichiometry of this
complex will not allow the same structure. A probable
configuration would be one in which the nitrogen donor
atom in the four position is weakly bonded to a neigh-
boring copper atom forming links between the halide
bridged chains (see Figure 9).

Conclusions
The results of this study support past proposals!—*
that these complexes are generally polymeric with con-
siderable interaction between chains. The magnetic
interactions in all of these complexes are antiferromag-
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netic in nature and the magnitude of the exchange en-
ergy, J, generally reflects the nature of the chain link-
ages. These chain linkages are highly dependent on
the type and number of substituents on the pyrazine
ring. Pyrazines such as 2,5-dimethylpyrazine, sym-
metrically substituted with respect to the nitrogen
donor atoms, tend to form copper(II) halide complexes
in which pyrazine forms the bridging unit in the primary
chain. Steric hindrance from the methyl groups re-
duces the amount of halide bridging in the secondary
chain. Similar behavior is observed with the stoi-
chiometrically similar copper(II) halide complexes of
2,3-dimethylquinoxaline. Both chloride!® and bro-
mide® complexes exhibit exchange coupling which ap-
pears to be too large to be transmitted through weakly
bridging terminal Cu-X bonds. The nature of the
polymeric linkages in complexes of 2-methylpyrazine is
not clear, but probably both halides and pyrazines
participate in the bridging with halide bridges trans-
mitting much of the spin-spin interaction. The com-
plexes of asymmetrically substituted 2,6-dimethyl-
pyrazine probably consist primarily of halide bridged
chains. The magnitudes of their J values are con-
sistent with those of similar complexes for which struc-
tural data are available. Final conclusions regarding
the relationship between type of chain linkage and ex-
change energy await precise structural data.
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We have measured the absorption and MCD spectra of a series of complexes IrClyLs where L = PR;, AsR;, SEt,, and pyridine

and have identified transitions arising from charge-transfer transitions from chlorine and L to the metal.

We find AsRj3 and

PR; — mietal to be at exceptionally low energy, SEt, — metal somewhat higher, and py — metal at still higher energy.
These transition energies give a good approximation to the energies of the bonding orbitals of L with respect to the metal
and these energies are used to draw correlations between the energy of the ligand o orbital and the stability of the metal—

ligand bond.

Introduction
There is considerable interest in determining the
sequence of the filled bonding orbitals in metal com-
plexes since this gives insight into the nature of the
bonding processes and the distribution of the electrons

in bonds. This information may be obtained in two
ways, first from photoelectron spectroscopy and second
from a study of electronic transitions. TUsing this
latter method researchers in inorganic chemistry have
mainly concentrated on the intra-d-shell transitions
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since the theory of these is well developed. However,
the electromn-transfer bands intrinsically contain more
chemical information since in principle we can obtain
the energies of the filled bonding molecular orbitals
relative to the metal orbitals provided we can identify
the transitions. .

This latter problem can be a major obstacle in inter-
preting charge-transfer spectra in even the most sym-
metrical molecules since a large number of states gen-
erally arise if there are two or more open shells on ex-
citation and the identification of these states can pro-
vide a major restriction on the method. However,
there is a particularly simple situation in which only
one state arises from each electron transfer and as a
result sotne of the absorption bands can be unambig-
uously identified. This is the low-spin d® case found
in Fe(CN)q®~ and IrCls? — for example and in these cases
we are able to find the energies and symmetries of the
filled bonding orbitals by a study of the absorption and
MCD spectra.l? In the t;° case, the lowest energy
charge-transfer transitions consist of successive electron
jumps from the filled molecular orbitals into the va-
cancy in the ty, shell. The simplicity of this case arises
by virtue of the fact that there is only one open shell
since electron transfer closes the metal shell as it opens
the bonding orbital. Since there is only one hole at
any time, only one state is formed and it has the sym-
metry of the open shell. Furthermore the differences
‘between the electronic repulsion energies of terms from
different excited configurations are minimized and
hence, to a good approximation, we can infer the en-
ergies of the bonding MO’s from the energies of the
electronic transitions.

This has been done for the cases of IrClg#~ %% and
IrBrg?—.¢ Absorption and MCD studies have estab-
lished that the orders of the bonding orbitals are wty, >
7tey > ot and the energies of the electron transfers
from these orbitals to t;; have been obtained. This
identification has made it possible to assign the photo-
electron bands of WF¢ with more certainty and the
energies of all the filled orbitals are available from this
techinique.

A logical extension to the study of the hexahalides is
to substitute one or more of the halogens with another
ligand L and see how this modifies the spectrum. This
should represent a small perturbation on the basic
hexahalide spectrum, and provided we can make re-
liable identifications, we can obtain the energy of the
new filled MO which is introduced by the ligand L.
This gives us an idea of the energies of the bonds of lig-
and L compared to the halogen. If a series of ligands
is studied, some trends might be expected to emerge
which can be related to chemical properties and to the
stability of the M-L bond. In a study of this kind it
is clearly important that the choice of compounds
should satisfy two requirements: (i) that the sym-
metry of the molecule should be such that ¢—= mixing
of the ligand orbitals is minimized and (ii) that the

(1) P. N. Schatz, A. J. McCaffery, W. Suetaka, G. N. Henning, A. B.
Ritchie, and P. J. Stephens, J. Chem. Phys., 48, 722 (1966), )

(2) G. N. Henning, A. J. McCaffery, P. N. Schatz, and P, J. Stephens,
ibid., 48, 5656 (1968).

(3) A.J. McCaffery, P. N. Schatz, and T. E. Lester, tbid,, 50, 379 (1969).

(4) 8. B. Piepho, T. E. Lester, A. J. McCaffery, J. R. Dickinson, and P. N.
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Figure 1.—Molecular orbital diagram for IrCly(PR;), or IrCly-
(AsRs): .

orbitals of ligand(s) should not mix strongly with those
of the halogen. In this way we should see electron
transfer from the ¢ orbitals of the M-L ¢ bond sep-
arated from those of the ¢ and = orbitals of the M-

“halogen bond.

In this work we have examined the series of com-
pounds frans-IrCliL, where L = PRj;, AsRj; SEty, and
pyridine. These have the low-spin d°® configuration
and trans geometry, giving Dy, symmetry, ensures that,
to first order, the L ¢ orbitals are not appreciably mixed
with Cl ¢ and = orbitals. “We have measured the ab-
sorption and MCD spectra of these complexes in solu-
tion at room temperature and also in films at low tem-
peratures. The results are discussed in.terms of the
energetics of bonding of the ligands to the metal.

Experimental Section

The samples used in this work were very kindly donated by
Drs. G. J. Leigh and D. M. P. Mingos of the Unit of Nitrogen
Fixation. Absorption spectra were measured on a Cary 14,
and MCD spectra were run on a JASCO ORD/UVS fitted with
an Oxford Instruments superconducting magnet and also ona CD
spectrometer built partly at the NPL and modified in these
laboratories. With this latter instrument, which has con-
siderably higher sensitivity than the JASCO, we have used the
superconducting magnet and a 3000-G permanent magnet to
obtain spectra. Spectra were run at room temperature in di-
chloromethane solution. For the low-temperature measure-
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TABLE I
CALCULATED FARADAY PARAMETERS?®
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@ C, D, and B are expressed in terms of the reduced matrix elements |(®Egllml[2A:0)(2, |(2Eql|m| 2Bsy)'2, 1{2By| m |2E,)'2, and |(2E,-

[lm||2E, )% where m is the electric dipole moment operator.
spin—orbit coupling in the ground state.

TABLE II

We have calculated B terms arising from the two E,'’ states resulting from
AE is the separation of these two states.

*A4 = 0483 C = 0.727, k = 0.97.

ExPERIMENTAL C, D, AND C/D VALUES

———1rCls(PMe2Ph)>

Transition C D Cc/D
E;'' — %Ay o1
E,' — 2Ag 71 -0.28 1.6 —0.17
Band at 28 kK +0.16 1.3 +40.12
Band at 35 kK +0.94 15.5 +40.06
————=IrCls(AsPrs) pm———
Transition C D C/D
Eg” — Ay oL
E;"" — 2Ay 71 —0.63 2.1 —0.30
Band at 28 kK +1.56 1.88 +0.83

Band at 35 kK

ments, the samples were prepared in rigid polymer matrices which
were cut to the appropriate size and polished for optical exam-
ination. The preparation of these samples varies with the
nature of the polymer. The simplest technique is to dissolve
the polymer and sample in dichloromethane and to cast a film
on a glass block. Excellent samples are obtained by dissolving
the complex in the monomer which is then polymerized either by
a thermal method or by a suitable, noninteracting initiator.
The polymer matrices were found to be excellent hosts down to
helilum temperatures with the immense advantage of showing
zero linear birefringence and hence no base line errors. We did
find, however, that certain samples did not show 1/7 behavior
and we suspect this may be due to poor thermal conductivity of
the polymer, though it may be caused by low-symmetry dis-
tortions. Spectra at 30°K were obtained by heating the sample
in contact with the helium bore. The samples examined showed
approximate 1/7T behavior, and this is illustrated for the first
band of Figure 5. In the analysis we have assiimed C terms to
dominate the spectra. This is justified by the temperature
dependence work and also by the calculated B term magnitudes
(Table I) which are very small when the experimental® AE
value is inserted.

Theory

The symmetry of the molecules in this study is ap-
proximately Dy,. In some of the phosphine complexes,
esr results® suggest that there are three principal g val-
ues and therefore there are lower symmetry perturba-
tions. These distortions do not appear to affect the
optical spectra, however, and we will assume Dy, to be
the effective symmetry.

We have constructed a qualitative MO diagram for
these systems based on the ordering of energy levels in
the general octahedral case subjected to a tetragonal
distortion. It has been assumed that the phosphine,
arsine, and sulfide ligands bond to the metal via the o
orbitals only. This point will be pursued further in

(6) A. Hudson and M. J. Kennedy, J. Chem. Soc. A, 1116 (1969).

————IrCL(PEt:Ph)r—— ———IrCL(PPr3):———
C D C/D C D Cc/D
—0.42 2.2 -—0.19 —0.21 1.3 —0.16
+0.23 1.9 +40.12 +0.26 0.87 +40.30
+1.34 25.1 +0.05
~—IrCls(PMe;Ph); (20°K)— ~—~—IrCl(Et:S)2 (10°K)——
c D c/D c D C/D
—0.01 0.55 -—-0.02
—0.23 1.8 —-0.13 —-0.95 4.9 —0.19
—0.08 2.0 —0.04

discussing the results. Clearly the = orbitals will
affect the spectra of the pyridine complex. We also
discuss later the role of the phosphorus, arsenic, and
sulfur d orbitals in the bonding process. The molec-
ular orbitals are shown in Figure 1, and we here utilize
the ordering of the chlorine = orbitals determined ex-
perimentally for IrCle2—.2 Figure 2 shows the ground
state and allowed charge-transfer states together with
the functions. The ground and excited states are
classified under the Dy, point group. This is particu-
larly suitable for the chlorine 7 excited states since the
C1 atoms can be formally considered to be in a square-
planar system.

The ground state is located predominantly on the
central metal atom which experiences an octahedral
environment perturbed by spin-orbit coupling and the
lower symmetry tetragonal distortion. The spin—orbit
coupling is the larger of these latter two perturbations
in the ground state since £; for Irf~ is ~2000 cm .
To obtain a good ground-state function the octahedral
basis must be diagonalized with respect to both these
perturbations as outlined by Hudson and Kennedy®
and discussed by Griffith.” For calculating the ground-
state energy levels it is convenient to use O,* functions
and in general form the lowest Kramers doublet can be
written as

|E" @) = 1A |To, —/2) — A|Tay —/2) +1C|Ta. /)
|E"'B) = iA|Ta /o) + A|Toy /2y — 1ClTo —1/2)

The matrix of spin-orbit coupling and tetragonal dis-
tortion then becomes

(7) J.S. Griffith, “The Theory of the Transition Metal Ions,” Cambridge
University Press, London, 1964.
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i Toe —Yo) —|Toy =) 4| T2 Vo)
— Ty —Y2 | V/2 — ¢ —§/2 — /2
—(Toy =2 | —&/2 V/2 — e —&/2
_i<T2z 1/ "Ed/2 —54/2 —V — ¢
(2)

where V = 1/{T||V||Ty) and &, is the spin—orbit cou-
pling constant for the metal.

Solving the secular determinant of this matrix in
terms of 4 and C gives us V and ¢ as a function of &

_(C+ AC = 240,
34C

\Y
(3)
- —(A2 4 C? + AC),
34C
values of 4 and C can be obtained from esr data® in the
case of IrCly(AsPrs),.

The ground-state g values calculated using the func-
tions (1) are

g = 2B8[24%(k + 1) — (?]
g, = 28[2ACk + C?]
g = 28[24Ck + (2

€

= “bylEx -'a) +YalEy )

= ~balEx Y2 -YrlEy 2
= -bslEx-") - bylEv-W)

= 'h‘lEx Vo) +balEy L)
JE"=-iB2 ¥
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“BauniCl Eu
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Figure 2.—Allowed charge-transfer states arising from transi-
tions from filled ligand orbitals to the vacant metal (t;;) orbital.
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Figure 3—MCD and absorption spectra of IrCly(PPr;); in
dichloromethane at room temperature. [f]m, is the molar el-

- lipticity defined as in natural optical activity in deg dl dm™!

mol~! G™1, ¢isthe molar extinction coefficient.
where k is the orbital reduction factor. The matrix
(2) can then be diagonalized using these values of 4
and C to calculate V, and the three values of ¢ obtained
together with the form of the other two Kramers dou-
blets are not of importance in this work.

The allowed charge-transfer excited states shown in
Figure 2 can be considered to be predominantly lo-
calized on the ligand atoms. Thus the excited state
spin—orbit splittings will depend on the nature of the
ligand MO and on the nature of the ligands. The one-
dimensional states show no spin-orbit splitting so we
are concerned only with the ?Ey(mc1) and *E.(cc1)
states. We can show this to be very small in the fol-
lowing way?®
2 r ’ 17 1; < 1‘
(E E,/'|Hw|*E E,/") = —( E, —= —

V2\"* T2
1 1 —3 1 1 1
—— E _"'Hso——Ez —_ = —_— —:E —_— = =
\/2< Y 2‘ NG 2> 2 2>
' 1, ..o 1
- %<E4¢ _ é! — ﬁLzéoiEy —_ §> +

‘ 1 e 1
§<Ey ~ S| iLSIE, —§>

(8) J. S. Griffith ““The Irreducible Tensor Method for Molecular Sym-
metry Groups,”’ Prentice-Hall, Englewood Cliffs, N. J., 1862. Note that
our Ez and Ey functions are Griffith’s E; and E,, respectively.
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Figute 4—MCD and absorption spectra of IrCli(PMe,Ph); in
dichloromethane at room temperature. [6]n and e are as defined
in Figure 3.

(e~ =SB, =] ) = =it B[ Te-tle B X

e () -

(2

2+/3
@ ESetlerE) = =Gl fey =

—%M@HM%

(e E||Ts-|e*2E)

Now the 7e1 MQO’s are®

le;™) = *\% (y2 — )

lez/w> (%1 — s)

- L
- >

The only nonzero matrix element
1
(eollile,) = é(yz — wallefxr — ya)

This must be very small since when the ligand coordi-
nates are lined up with the metal, we get a matrix ele-
ment which does not involve terms on the same atom

(9) C.J. Ballhausen and H. B. Gray, ‘‘Molecular Orbital Theory,” W. A.
Benjamin, New York, N. Y., 1965.
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Figure 5—MCD and absorption spectra of IrCly(PMe;Ph), in
polystyrene film at 290, 30, and 20°K., "An inset is shown of the
20,000-25,000-cm ~* region on expanded scale.

and thus only overlap terms introduce spin—orbit cou-
pling. A similar argument can be shown to apply to
the 2E, oc1 state. Thus we expect the spin-orbit split-
ting of E' and E’/ from ?F to be quite small particularly
since o1 is only around 300 cm 1.

C and B terms were calculated using the nonisotropic
formulas given by Stephens'® in which for example

1 - - s,
C = d—ImZMMAa’[yfA oz>- ((Aoz’m[]ﬁ/\(]xlman >)
and dipole strengths via
1 — |
D= EZMKAGW/JO{?

The functions used are shown in Figure 2 and the cal-
culated parameters are shown in Table I.

Results
The absorption and MCD spectra of IrCLL, (L =
PR;, AsR;, SEt,, pyridine) show very striking similar-
ities in the region 18,000-22,000 cm~* which suggests
strongly that these bands are associated with the four
chloride ligands in the xy plane. They are in the region
of the chlorine r—ty, transitions in IrCls?~ and these are

(10) P.J.Stephens,J. Chem. Phys., 62, 3489 (1970).
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Figure 6.—MCD and absorption spectra of IrCly(PEt,Ph); in
dichloromethane at room temperature.

assigned therefore as the as;, bay, ey — metal (tog)
charge-transfer transitions from the Cl 7 orbitals. In
Table I are the calculated /D values. Analogy to
IrCls* — would put ag, — t, (E;’’ = E,’) lowest in energy
and we find this gives good agreement with calculated
C/D, thus we assign this lowest energy band in the
“chlorine” region (18,000 cm~1) as E,;”" — E,’.

" The remainder of this regioni (19,000-25,000 cm—)
contains the E,’ 4+ E,’”’ (frome,) and E,’”’ (from b,,)
= chlorine transitions. These cdn be discerned in the
dbsorption spectra and more clearly in the MCD,
They have opposite signed C/D values and these will
tend to cancel. The two components can be seen
clearly in the low-temperature spectrum of IrCls-
(PMe;Ph), and in the room-temperature MCD of
IrCL(AsPr;), and IrClL(PPr;).. (Note that esr evi-
dence® indicates that these latter two complexes have
full Dy, symmetry.) These two components appear to
move around somewhat from compound to compound
and the degree of cancelation changes. The experi-
mental values of C/D for these two bands will clearly
not be too meaningful. The negative ([8].) band is
the bgy — to; (B’ — E,’’) transition and the positive, the
e —> tog (E,/' > E,” 4 E,’’) transition. These two ab-
sorption bands have quite different intensities and it
appears that the positive band (e, —> tzg) is the weaker
of the two. We have attempted to calculate the transi-
tion moments for these two absorptions in order to con-

. firm our assignments.
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Figure 7.—MCD and absdrption spectra of IrCli(AsPrs) in
dichloromethane at room temperature.

This procedure is rather un-
satisfactory since we must assume a relationship be-
tween the transition moment atid an overlap integral
between atomic orbitals on the ligand and metal. If
we do this using Ballhausen and Gray® functions for
the ligand orbitals and their coefficients for TiF¢®—, we
find that the trdansition bsy, — to, is larger than ey —
tye since they are multiplied by a different overlap
factor which is smaller in the latter case. The approx-
imations involved in this procedure make the results
nomne too meaningful, though there is some justification
for the relative magnitudes of the 2B,’’ and 2E chlorine
7 trafisitions.

These bands therefore comprise the chlorine = — to,
transitions and therefore give us the energies of these =
MO’s relative to the metal orbitals and indicate the
“balance’’ between the chlorine-bonding orbitals and
the metal leading to a stable bond. These three bands
do not change particularly over a wide range of axial
substituents and therefore we must look for new bands
in the spectra which might arise from the axial liginds.
The spectra (Figures 3-9) show the presence of a mod-
erately intense band which occurs at 9010 ecm~!in L =
AsR;, 9400 em~! in L = PR;, 15,100 em~! in L =
SEt., and 22,000 or 25,000 cm~* in L = pyridine. We
assign this transition as charge transfer from the L ¢ or
7 bond to the metal shell .(the rather unusual case of
pyridine is discussed separately in the next section).
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Figure 8.—MCD and absorption spectra of IrClLy(Et,S), in
poly(methyl methacrylate) at 10°K.

Calculations suggest that this should have negative
C/D, i.e., positive [#]lm. The bands in the phosphine
and arsine complexes are at too low an energy to be
measurable on our MCD apparatus and we have been
unable to measure the Faraday effect of these bands.
In the sulfide and pyridine cases, the new bands are
within reach and the sulfide has a positive [f]. The
significance of these results is discussed in the next sec-
tion. The identification of the band giving negative
[8]m at 28,000 cm™! is not so straightforward. It is
virtually unchanged throughout the range of complexes
studied here. It is in the region of the ti (o) — ta
transition in IrCle?~ though it is of opposite sign. The
analogous transition in the Dy, complex has a calculated
C/D negative which suggests that this is not the assign-
ment we are looking for. We feel that this is most
likely to be a parity-forbidden charge-transfer transi-
tion, probably from an even chlorine ¢ orbital judging
by the intensity and breadth of theband. Any attempt
to calculate the C values for this requires an assump-
tion as to the nature of the intensity-giving perturba-
tion. The very intense, broad transition at approxi-
mately 36,000 cm—1! is assumed to be due to transitions
to the ¢, level (as in IrClg?~) and these probably mask
the Cl ¢ — ty, transition.

The identification of these transitions also gives some
information on the role of the phosphorus, arsenic, and
sulfur d orbitals in bonding.” An oxidation state IV
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Figure 9.—MCD and absorption spectra of IrClipy). in
dichloromethane at room temperature. Both absorption and
MCD scales are in arbitrary units because of the extremely low
solubility of this compound.

complex would not be expected to be strongly = bonded
through these orbitals but it is clear that they must be
at least 38,000 cm~! above the metal since no charge
transfer to the L d orbitals is observed. The effect of
appreciable d-orbital mixing into the ground state may
be calculated through contributions to the g factor and
we find that the experimental g factor® does not indicate
ligand d orbitals mixing into the ground state. We
conclude that phosphorus, arsenic, and sulfur = bonding
is unimportant in these complexes in agreement with
the conclusions of Mason, et al.,'! from a study of bond
lengths in these and related complexes.

Discussion

In the stabilization of a complex of Ir(IV) the ten-
dency of the metal to acquire an electron to form Ir(11I)
accommodates the tendency of the ligands to be ox-
idized by donating electrons to the metal. That is,
the oxidizing power of the metal balances the reducing
power of the ligand. This equilibrium manifests itself
in the energetics of formation of the chemical bond
which may be ¢ and 7 donating and = accepting by the
ligand depending on its nature. The importance of
the interplay of oxidizing and reducing power in a com-
plex of well-defined oxidation state has been recognized

(11) L. Aslanov, R. Mason, A. G. Wheeler, and P. O. Whimp, Chem.
Commun., 30 (1970).
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by Jorgensen,? who has devised the optical electro-
negativity scale to quantify this property. Optical
electronegativity essentially measures the ease with
which an electron is transferred to the metal from the
ligand —<.e., the energy of the ligand orbitals with re-
spect to those of the metal. Clearly this balance is
important chemically since the existence of a particular
oxidation state implies that this process does not occur
spontaneously.

The most direct measure of this important bonding
property is, as Jorgensen has stated, the energy of the
charge-transfer excitation from ligand to metal orbitals.
If the ligand orbitals are low lying in energy, reduction
of the metal will take place with difficulty but if they
are close to the metal orbitals, a particular oxidation
state may be rendered unstable withrespect to theligand,

In the compounds examined here, the halogen ligands
are moderately reducing; for example, the chemical
environment of six chloride ligands will stabilize the IV
oxidation state in iridium. This is reflected in the en-
ergy of the L — M charge-transfer transitions which are
well up in the visible region at 20,000 cm~—! and higher.
In terms of optical electronegativities xop¢ defined as

g = (30 kK) [Xopt(x) - Xopt(m>]

where ¢ is the transition frequency of the first L — M
charge transfer, this gives an optical electronegativity
of 2.3 for Ir(IV), utilizing Jorgensen’s value of 3.0 for
Cl-. In the cases under. discussion here where the
metal and its oxidation state remain the same through-
out the series of complexes there is no difference between
discussions framed in terms of optical electronegativ-
ities and transition energies. Since the latter are the
experimental observables, we shall use these. In the

series of complexes IrCliL, we have examined, the en-

ergy of the L — M charge-transfer transition closely
follows the chemical reducing nature of the ligand.
Phosphines are more reducing than sulfides which are
more reducing than amines. (The use of pyridine as a
representative amine is of course not wholly justified
though it seems unlikely that an aliphatic amine would
have charge-transfer bands at significantly lower en-
ergies than pyridine.) The discovery that phosphines
and arsines have an exceptionally low-energy charge-
transfer band suggests that there is considerable chem-
ical significance in this high-energy, exposed phosphorus
or arsenic ¢ bond. For instance it is known that co-
ordinated phosphine may be oxidized to phosphine
oxide much more easily than the free ligand,!® coordi-
nated sulfides are oxidized with more difficulty, and
amines are not oxidized at all. The high-energy ¢
orbital may well be the key factor in this enhanced re-
activity. The photochemical lability will also be de-
pendent on the energy of the L — M o¢-bond transitions
and it has been observed that the phosphine and arsine
complexes are decomposed on exposure to daylight
whereas the sulfide and pyridine complexes are fairly
stable. This process presumably is a direct photore-
duction of the metal with consequent weakening of the
M-P or M-As bond. Note that this is distinct from
the reductions brought about by a second molecule or
ion as discussed recently by Taube and coworkers

(12) C. K. Jorgensen, ‘‘Orbitals in Atoms and Molecules,” Academic
Press, London, 1962,

(13) R. Ugo, Coord. Chem. Rev., 8, 319 (1968).
(14) R. G. Gaunder and H. Taube, Inorg. Chem., 9, 2627 (1870).
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though we should predict that the energy as well as the
symmetry of the matching orbitals plays an important
role in the “‘resonance’ reduction process.

So far we have been rather vague about the differ-
ences in bonding between the sulfur and pyridine and
the phosphorus and arsenic ligands. Both sulfur and
pyridine act as ¢ donors but both have filled orbitals of
= symmetry lying below the metal orbital. The transi-
tions we have identified in these cases may be from
these filled = orbitals to ts,. If this is the case the ¢ —
tye transitions are to higher energy, emphasizing more
strongly the accessibility of the phosphorus and arsenic o
orbitals. In the case of pyridine, transitions from the
metal to the ligand system and internal ligand transi-
tions are possible in accessible spectral regions and we
see structure on the spectrum of IrCli(py). which ap-
pears to be due to one of these processes.

One further question which is raised by the discovery
of the exceptionally high-energy P and As ¢ bond is, to
what extent is this related to the “‘softness’” of the lig-
and? Clearly the complexes with high-energy bonds
have electronic transitions which are low in energy and
have a sizable transition moment. Thus the molecule
has high polarizability. Note that this is in fact a con-
sequence of the bond formation since the free ligand
has no transitions below 40,000 em~—% The “softness’”
may therefore be much more to do with the energetics
of the filled os-bond orbitals than with overlap of the =
orbitals of the ligand in line with suggestions by Ven-
anzi and coworkers® from a study of Pt-P nmr cou-
pling constants. There is spectral evidence!¢ that the
phosphorus ¢ bond lies even closer to the metal orbitals
in the analogous Pt(IV) complexes (approximately
5000 ¢cm~!) and this suggests enhanced reactivity with
the ¢ bond at a more accessible energy. We may ob-
tain very rough estimates of this bond energy in Pt(II)
and Pt(0) using Jorgensen’s tabulations of x.p+ and
these are 7000 and 12,000 em™!, respectively. Al-
though these estimates are very crude, they give an
idea of the accessibility of the ¢ orbitals in energy terms.

We should also note that in the complexes examined
here there is no mixing of the phosphorus (and arsenic,
sulfur, pyridine) o orbitals with the halogen ¢ or 7 sys-
tem to first order, 7.e., due to the symmetry of the crys-
tal field. In complexes of lower symmetry this may
not be the case and mixing will occur. This will have
the effect of changing the energy of all the filled ligand
orbitals and may exert a ‘‘softening” effect on all the
ligands of the complex.

A final point is made concerning Jorgensen'’s evalua-
tion of xopt. We are primarily interested in bonding
electronegativities, 7.e., the energetics of the M—-L bond
rather than those of the free ligand, and hence a more
interesting scale may be that relating to tramnsitions
from o¢-bonding orbitals rather than from nonbonding
orbitals as in the original Jorgensen definition. As the
spectra become more comprehensible, this refinement
may become of some importance.

Conclusion

We find that in the series of complexes IrClLL, (I =
PR;, AsR; SR, pyridine) the energy of the L-M

(15) A.Pidcock, R. E. Richards, and L. M. Venanzi, J. Chem. Soc. 4, 1707
(1966).
(16). G.J. Leigh and D. M. P. Mingos, J. Ckem. Soc. A, 587 (1870).
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charge-transfer transition moves from the infrared
region (9000 cm~!) for PR; and AsR; toward the uv
region for EtsS and pyridine. The halogen transitions
remain unchanged throughout this process. The en-
ergy of the L — M transiton parallels the reducing
power of the ligand and we suggest that this may re-
flect the energy of the L o-bond orbitals relative to the
metal. Furthermore, we feel that the formation of
high-energy orbitals with consequent low-lying excited
states in the case of the phosphines and arsines may be

R. SCHAEFFER aAND L. G. SNEDDON

responsible for the “‘softness” of these ligands particu-
larly since little evidence for = bonding from these can
be found experimentally.
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Intramolecular hydrogen exchange in tetraborane(10) has been studied by utilizing isotopic labeling in conjunction with

high-field nmr.

Both qualitative and quantitative evidence, obtained by studying the scrambling reactions of u-BsHoD and
u-BsDyH, has established that intramolecular hydrogen exchange proceeds at two different rates.

The faster exchange

involves the bridge and four terminal positions while the slower exchange involves the bridge and the remaining two terminal

positions.
are attached to the 2,4 boron atoms.

Further evidence established that the two unique terminal protons which were exchanging at the slower rate
Rate data are presented for both exchanges and possible mechanisms of exchange are

discussed. The gas-phase intermolecular exchange reaction of ByH;, and B»Ds was reinvestigated, since it had previously

been suggested that the 1,3 terminal positions exchange faster than the other positions in tetraborane(10).

was found to support this suggestion.

Introduction

Slow intramolecular hydrogen exchange was first
noted in tetraborane(10) by observing the ir spectrum
vs. time of tetraborane(10) which had been partially
deuterated in the terminal positions.?® A scrambling
of the deuterium from the terminal to bridge positions
was observed. Similar studies with the isotopically
labeled compounds, y,1-dideuteriotetraborane(10)* and
u-deuteriotetraborane(10)® confirmed that slow intra-
molecular exchange involving the interconversion of
bridge and terminal positions was taking place. In
each study only qualitative information about ex-
change rates could be obtained and nonpreferential
scrambling was assumed.

Further evidence for an intramolecular type of ex-
change in tetraborane(10) was found in the zero source
contact mass spectral analysis® of the specifically
labeled compound, u-B.H,D. The spectrum of the
scrambled material was found to be unchanged from
that of the labeled material which is inconsistent with
an intermolecular type of scrambling mechanism.

The introduction of new nmr spectrometers operating
at higher field strengths than previously attainable now
permits proton and deuterium nmr spectra to be a
useful tool for the boron chemist. We have therefore
applied these techniques to investigate intramolecular
exchange in tetraborane(10).

{1) Studies of Boranes XXXIII; for paper XXXII of this series see
L. G. Sneddon and R. Schaeffer, Inorg. Chem., 11, 3102 (1972).

(2) J.E. Todd and W. S. Koski, J. Amer. Chem. Soc., 81, 2319 (1959).

(3) W.S. Koski, Advan. Chem. Ser., 82, 78 (1961).

(4) A.D.Norman and R. Schaeffer, J. Amer. Chem. Soc., 88, 1143 (1966).

(8) A.D. Norman and R. Schaeffer, Inorg. Chem., 4, 1225 (1965).

(6) A. D, Norman, R. Schaeffer, A. B. Baylis, G. A, Pressley, Jr., and
F. E. Stafford, J. Amer. Chem. Soc., 88, 2151 (1966).

No evidence

Experimental Section

Preparation of Samples.—The standard high-vacuum tech-
niques used in this investigation are described elsewhere.?

Lithium aluminum deuteride (isotopic purity >99.59%) was
obtained from Metal Hydrides, Inc. Deuterium oxide was ob-
tained from the Atomic Energy Commission and was used with-
out further purification.

Isotopically enriched diborane, B:Dg, was prepared by the
reduction of BF;- O(CqHs ), with LiAlDy. Normal diborane, "BoHsg,
and tetraborane(10), »B;H,, were obtained from laboratory
supply. Pentaboranes(11) were prepared in a hot~cold circulat-
ing system described elsewhere.? ]

Isotopically labeled tetraboranes(10), u-B:HsD and u-B:D¢H,
were prepared by cleavage of B;Hy and ByDy with DO and
H,0, respectively.® Tetraborane(10) labeled with an “B in
the 4 position was prepared as reported.*

Spectroscopic Techniques.—Nuclear magnetic resonance spec-
tra were obtained with a Varian Associates HR-220 spectrometer
equipped with standard Varian variable temperature probe
accessories. Multiple scans were obtained using the Varian
Associates 1024 time averaging computer. Proton, deuterium,
and boron spectra were obtained at 220 MHz, 33.1 MHz, and
70.6 MHz, respectively. In each case special care was taken to
avoid saturation effects.

Procedure.—Scrambling reactions were carried out in the
liquid phase in standard medium wall precision nmr tubes.

For each data point the nmr tube was placed into a slush bath
and timing started 15 sec after immersion. After an appropriate
time interval the nmr tube was removed and quenched at —196°
to stop the reaction. To prevent further scrambling while the
spectrum was taken, the nmr probe was cooled below —10°.
Normally 16 sweeps were accumulated at each point with the aid
of a time averaging computer. The time averaged spectrum
was then printed and subsequently integrated by weighing:
The nmr tube was then removed from the probe and the above
procedure repeated. At various intervals a wider sweep width

(7) R. T. Sanderson, “Vacuum Manipulations of Volatile Compounds,”’
Wiley, New York, N.Y,, 1948.
(8) J. Dobson, R. Maruca, and R. Schaeffer, Inorg. Chem., 9, 2161 (1970).



