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ABSTRACT
T

Various studles designed to elucidate the electronic structure of
the arsenlc donor ligand, o-phenylenebisdimethylarsine (diersine), heve
been carried out., The electronic spectrum of diarsine has been measured
at 300 and 77°K. Electronic spectra of the molecular complexes of various
substltuted organcarsines and phosphines with tetracyanocethylene have been
measured and used to estimate the relative lonizatior potentiels of these
molecules.

Uv photolysis of arsines in frozen solution (96°K) has ylelded
thermally lablle, paramagnetic products. These include the molecular
cations of the photolyzed compounds. The species (diars)+ exhibits hyper-
fine splitting due to two equlvalent 75As(I=5/2) nuclel. Resonances due
to secondary products are reported and assignments discussed.

Evidence is presented for the involvement of d—ofbitals in the

bonding of arsines. In (diars)+ there is mixing of arsenic "lone-pair"

orbltals with benzene ring m—-orbitals.

II.
Detailed electronlc spectral measurements at 300 and T7°K have
been carried out on five-coordinate complexes of low-spin nickel(II),

including complexes of both trigonal bipyramidal (TBP) and square pyra-
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midal (SPY) geometry. TBP complexes are of the form N1LX' (X=helide or

cyanlde;,

L = Qf(CH2)3A8(CHg)2]la or P » Q =P, As,
Q'CHa

Q'=8,8¢e).

The electronic spectra of these compounds exhiblt a novel feature at low
temperature. The flrst ligand field band, which is asymmetric in the
room temperature solutlon spectrum, is considerably more symmetrical at
T7°K. This effect is interpreted in terms of changes in the structure
of the complex.

The SPY complexes are of the form Ni{diars)sX" (X=Cl,Br,I,CNS,CN,
thiourea,NOz,As). On the basls of the spectral results, the d-level
ordering 1s concluded to be xy < xz,yz < z°& << ¥© ~ y2. Central to this
interpretation is identification of the symmetry-allowed lAl - g (xz,yz
- xZ - yg) transition. This assignment was faciliteted by the low temp-
erature measurements.

An assignment of the charge-transfer spectra of the five-coordi-
nate complexes 1s reported, and electronic spectral criteria for dis-

tinguishing the two limiting geometries are discussed.
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I.

ELECTRONIC STRUCTURE OF SUBSTITUTED ARSINES



CHAPTER 1

INTRODUCTION--THE NATURE OF PHOSPHINES AND ARSINES

AND THEIR TRANSITION-METAL COMPLEXES

Stable complexes of transition metal ions with ligands contain-
ing the heavy donor atoms arsenic and phosphorus have been known for
meny years (1). More recently, extensive synthetic work has been
carried out in these systems, and complexes of elther phosphines or
ersines are known with nearly all the transition metals (2).

The behavior of arsenic and phosphorus donor ligands towards
metal ions is rather different from that of the corresponding nitrogen
donor ligands. 1In particular, while the tertiary amine ligands exhibit
so-called "hard" base or "Class a" behavior, arsines and phosphines
consistently behave as "soft" bases, or "Class b" electron donors (3,4).
Arsenilc and phosphorus donor ligands tend to stabilize four- and five-
coordinate complexes, particularly in the q= systems studied here, while
complexes of nitrogen donor ligands are generally six-coordinate, in the
absence of severe steric factors (5). Also, arsine and phosphine com-
plexes tend to be low-spin, and amine complexes high spin (2).

As 1s generally true, the stabllity of phosphine and arsine
complexes increases dramatically when monodentate ligands are replaced
with polydentate ligands. However, while polydentate primary and sec-—
ondary amine ligands readily ilonize to form stable conjJugated chelate
systems with metal ions (e.g., di-imines and Schiff's base derivatives),

the corresponding phosphine and arsine complexes have not been made,
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presumebly as a result of the aversion of second- and third-row ele-
ments to multiple bonding, particularly with first-row elemente (6).
It is also true that polydentate primary end secondery phosphines and
arsines are exceedingly rare, presumably because of the necessity to
have alkyl or aryl groups present for stabllity.

Phosphines exhibit a strong trans-labllizing effect in the
square planar complexes of platinum(II); emines are not trans-labilizing
(7). The extinction coefficients observed in the ligand field portion
of electronic absorptlion spectra are much higher in arsine and phos-
phine complexes than in emine complexes, by a factor of anywhere from
ten to one thousand (8,9). Concerning the ligand field strengths of
ligands involving N, P, and As donor atoms, not much date are availlable.
Chatt et al. (10) report the spectrochemical series ordering P > N > As
for trans-PtL(piperidine) Xz complexes. They point out that the order-
ing is very likely sensitlve to the nature of the metal ion, the rela-
tive ligand field strength of N increasing with Increasing oxidation
state of the metal.

Much of the above description of properties is applicable to a
comparison of complexes of oxygen donor ligands with those of sulfur-
and selenium~donors. It ig of course true that many stable and inter-
esting sulfur-donor chelates have been prepared using bidentate, anionic
sulfur ligends (11). Also, it appears that the spectrochemical series
ordering for these donor atoms proceeds regularly down the column,

0 >8> 8e>Te (10,11).
Pearson (4) has summarized the various factors contributing to

hard vs. soft aclid or base behavior. It appears that these factors are
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important in the differences 1n behavior between the first-row donor
(N,0) complexes and the heavy donor (P,As,S,Se) complexes; These fac-
tors are (1) ionic vs. covelent bonding, (2) n-bonding, and (3) electron
correlastion effects. The first row (N,0) and non-first row (P,S,As,Se)
elements being consldered here exhibit marked differences in these cate-
gories. First, because of the high charge density and large electro-
negativity exhibited by the first-row elements (12), the bonds which
they form with metal lons are considerably more ionlc in character than
are those formed by the second and third-row elements mentioned above.
It 1s generally consldered necessary for two atoms to be of similar
electronegativities in order to form good covalent bonds (13). It is
noted in passing that the concept of covalency is not well defined, and
is used here in the conventional sense to describe the extent of elec-
tron delocalization (1k4).

Both oxygen and niltrogen can function as m—donors, but not as
n-acceptors. The second- and third-row elements possess low-lying, un-
filled d-orbitals, which can function as m-acceptor orbiltals. Finally,
the greater polarizability (4) of the second- and third-row elements
(implied by the lower electronegativity) leads to a lessened importance
of interelectronic repulsions, and hence decreased spin-pairing energy.

The known preference of d® metal complexes Involving the heavy
donor ligands for four- and five-coordinate structures is probably a
function of all of these factors. The situation for out-of-plane =mx—
bonding is improved for the square planar and square pyramidal geome-
tries (15). Also, the lessened interelectronic repulsions experienced

with the second- and third-row donors will make less destabilizing the
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electron-palring which is necessary Iin the low-spin d® four- and five-
coordinate cases. Simple covalency 1in these compounds 1s probably also
a factor in stablilizing the reduced coordination numbers. It 1s well-
documented (16) that in the etrongly covalent metal-carbonyl complexes,
the stable structures are those which allow completion of the "inert
gas" electronic structure of eighteen valence electrons in five- and
glx—coordinate complexes. In the four-coordinate case, the stable elec-
tronic structure appears to conslst of sixteen valence electrons. A ra-
tionalization of this result has been proposed by Orgel (16). It ap-
pears, then, that the a® complexes with heavy donor ligands form four-
and five-coordinate complexes in order to achleve the stable electronic
valence sghell configuration. The tendency toward high-spln complexes
with the first-row domor atoms and low~spin complexes with non-first-
row atoms 1s a result of the electron correlation effects described
above.

The intensity of the observed "d-d" bands in the electronic
absorption spectrum of complexes lnvolving heavy donor atoms has been
explalned in terms of the polarlzability of the donor atoms or the mix-
ing of ligand character in the molecular orbitals (MO's) derived from
the metal 4 levels (17). Such mlxing is another way of expressing the
extent of covelent bonding. The intensity of "d-d" bands increases with
the amount of ligand charecter of the two levels 1nvolved 1in the elec-
tronic transition. The largest comtribution to the intensity of "a-d"
bands comes from a one—center term involving ligend orbltals only,
rather than from the so-called "charge~transfer," two-center term in-

volving ligand end metal orbitals (18). The strong involvement of
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heavy-donor orbitals 1s due in part to the Increase I1n energy of the
ligand o-donor orbitals in proceeding down 1n the periodic table.

The apparently asnomalous spectrochemical series ordering,
P > N > As, has been explained (10) in terms of the m-acceptor ability
of the phosphine ligend. The stabilization of the dn level in the phos-
phine complex 1s apparently greater than the corresponding stabilization
of do¥ in passing from N to P, leading to the spectrochemical series
ordering, P > N.

The trans-lablillzing effect observed in complexes of the phos-
phines is understood to be due to the effects of covalent bonding (7).
Studies of the kinetlc trans-effect have led to conslderable speculation
about o- and m-bonding contributions to this effect, and about the ex-
tent of w-bonding in'phosphine and arsine complexes in general. One
additional type of evidence often cited for n-bonding in metal-phosphine
and arslne complexes is the reduction of the metal-phosphorus or arsenic
bond distances in complexes below the sum of the covalent radii (19~21).

More recently, the w-acceptor interpretation of phosphines and
arsines has been challenged by Venanzi on the basis of his nuclear
magnetic resonance (nmr) studies (22) on variocus complexes of tertiary
phosphines with platinum(ITI) (PtXz(PRas)z,PtX4(PRa)z;R=0CHg,n-C4Hg).
From values of the Pt—-P coupling constants, he calculates the s-charac-
ter in metal-ligand bonds of the cis~ and trans-lsomers of both the
four- and six—coordinate complexes, and concludes that the observed
bonding characteristics of these complexes can be adequately explained
without involving n-bonding. The problems of using nmr datea to inter-

pret the kinetic trans-effect have been discussed by Langford and Gray
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(7), and it appears that othervexplanations of Venanzi's data may be
possible. There i1s general agreement, however, that the ligand PFg 1s
a good mw—acceptor. Complexes 1lnvolving FFs show properties strikingly
similar to the corresponding carbonyl complexes (23). The presence of
the strongly electronegative fluorine atoms must contribute strongly to
the electron acceptor abillity of this molecule.

The true plcture of the bonding in these complexes will, of
course, only be known when a complete description of theilr electronic
structure can be given. A vitally important step in determining the
electronic structure of a metal complex in which covalent bonding is of
importance 1s the determination of the electronic structure of the
ligand. If the full electronic structure of phosphine or arsine mole-
cules were known, the o- and n-characteristics would follow at once.
The traditional way in which electronic structures of ligands have been
determined has been by carrying out molecular orbital calculations of
various degrees of sophistication and interpreting the results in con-
Junction with electronic band spectra and, more recently, photoelectron
ionization studies (24). The molecular orbital scheme thus derived for
the ligand has then been used, in conjunction with magnetic and elec-
tronic spectral experimental results, in a semi-empirical molecular
orbital (MO) calculation for the metal complex. At least one MO calcu-
lation has been carrled out on a substituted phosphine molecule (25).

More recently, an alternative procedure has been developed, as
a result of the growlng realization that for complicated molecular sys-—
tems the semi-empirical calculations are of rather limited usefulness.

This method 1s more experimentally based and has been applied in the
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case of the square—plenar halides and cyanides of the nickel triad (26),
the pentacyanothiocyanato complexes of cobalt(III) and iron(III) (27),
and a five-coordinate nilckel-phoephine complex (28). Rather than at-
tempt any calculetlion on the complicated phosphline and arsine systems
belng examined here, we shall limlt this study to a consideration of
the electronic structure based on experimental results and straightfor-
ward, qualitative energy arguments.

On the basls of the known atomic orbltal emergiles for phosphorus,
arsenic, and carbon, and a purely qualitative MO picture, it 1s probable
that for a tertiary aliphatie phosphine or arsine, the electronic struc-

ture may be crudely described in this way

o¥ orbiltals

P(3d) (non-bonding)

—

} P(n) (unshared pair)

o-bonding crbitals
(fully occupied)

Because of the large energy separation between the highest occupled

and lowest unoccupled orbitals in aliphatic phosphines and arsines,
electronic spectra are of no help in estimating orbital separations.

In the case of aryl derivatives of phosphines and arsines, electronic
spectra are useful. A comparison of the spectrum of benzene with those
of triphenylphosphine and triphenylarsine points up some important dif-

ferences which are dependent upon the nature of the heteroatom (Table I).



Table T

Electronic Spectra of Aromstic Arsines and Phosphinesa

Bl (Ceis)sP®  (CaHs)aPO® (Cells ) 3As°
49,140 I, 545

(7&00) (21,400)
k1,150 39,215

(84) (sh 1050)
40,160 38,315 38,460 4o, 325
(156) (11,000) (1520) (12,300)
39,295 37,665

(20k) (1960)
38,315 36,695

(1hd) (1620)

% em.”?t (e,ﬂ.mole—'lcm."l).

bFrom Ref. 29.

“From Ref. 30.
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The electronic spectra of aryl-substltuted compounds of the
Group V elements have been studied In the past by a number of workers
(30,31). Spectral data for the triaryl derivatives of the Group V ele-
ments are collected in Table I. The crude MO scheme which might be
constructed for the aryl phosphine differs from the alkyl phosphine
plcture already presented only in that there is now in addition a set
of m-bonding MO's from the aromatic rings and a set of m-antibonding
MO's. A point which has been open to considerable discussion is whether
or not the non-bonding electron pair on the hetercatom is at all "con-
Jugated" with the aromatic ring m—orbitals. Cullen and Hochstrasser
appear to have provided an answer to that questlon In some cases by a
very elegant spectral study (32) which will be discussed later.

The most striking difference between the spectrum of triphenyl-
rhosphine and that of triphenylphosphine oxlde 1s that the latter 1s so
similar to that of benzene, while the former 1s quite different. The
broad band in the spectrum of triphenyl-Group V derivatives has been
logically attributed to the presence of the unshared pair of electrons
localized on the heteroatom (30). The electronic spectra of the penta-—
valent phosphorus and arsenic compounds are expected to be determined
completely by the aromatic substituents, as all the P or As electrons
are in this case accommodated in very stable, o-bonding orbitals. Early
work on the trivalent derivatives was interpreted in terms of a model
involving strong mlxing between the lone pair electrons of the hetero-
atom and the aromatic system (30). This interpretation was based on
the fact that no n = s* transitions of the type seen in the spectrum of

benzene were observed in the trilaryl-Group V derilvatives.



11

However, by substituting aryl groups by trifluoromethyl groups,
Cullen and Hochstrasser obtalned spectra in which two separate absorp-
tione were cbserved (52). The system at lower energy was ldentifled
wilth the n = n% transition of the arometic ring, and the broad band at
higher energy was asslgned as an n = ¥ "charge-transfer" type sbsorp-
tion. The assignment of the second band was based on two types of ob-
served behavior. First, as the methyl groups in CaﬂsAs(Cﬂa)g are sub-
stituted by trifluoromethyl groups, the band is blue-shifted (moves to
higher energy). This i1s readily understood in terms of stabilization
of the arsenic lone palr by the electron-withdrawing trifluoro groups.
Secondly, the positlon of the band 1s solvent-dependent. The more polar
the solvent, the more strongly is the band blue-shifted. This 1s stand-
ard behavior for a transition in which the ground state i1s considersbly
more polar than the excited state (33). Practically no difference in
the n = ¥ absorption was observed with different substituents and
solvents. The conclusion reached in this study was that the n-system
and the unshared pair in these arsines are essentially non-interacting.
The same conclusion was Inferred for the phosphines and stibines on the
basis of spectra which had been previously reported. The only fully
conJugated compound in this series was reported to be the aromatic
amine, whose spectrum is rather different from the corresponding phos-
phine, arsine, and stibine (32). On this basis, then, one should not
expect great differences in n—-bonding between complexes of aliphatic
and aromatic phosphines or arsines. It 1is worth noting that electronic
spectral studles have revealed nothing conceming the role of arsenic

or phosphorus d-orbitals in the electronilc structure of these compounds.



12

As was mentioned earlier, the mw — ¥ transltion occurs as the
lowest energy absorption 1n the electronic spectra of these compounds.
In view of a comparilison of measured lonizetion potentiels for
(Calls ) 3Q(Q=As,P), toluene, and other relevant comparison compounds
(see Table II), it appears that the ordering of the conventional, one-

electron energy levels (e ) probably does not follow that of the spec-

SCF
tral bands. This could be accounted for by large differences in inter-
electronic repulsions in the two excited states. Data bearing on this
point will be presented later. It 1s worth noting that Pearson and co-
workers have reported discrepancles between the observed ordering of
electronic spectral bands and lonization potentlals for a serles of
tris(B-diketonate) metal(III) complexes (37). Briefly, their ioniza-
tion potentlal measurements show that the first lonization of the metal

complexes originates from a ligand orbital, while the lowest energy

electronic absorption band is clearly a d-d band.
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Table IT

Ionization Potentials

Compound IP Method Reference

toluene 8.82 ev Photolonization 3l
o-xylene 8.56 e o
(CeHs) aP 7-26 ! 35
(CeHy ) ahs T34 " "
(CHg) sAs 8.3 Electron impact® 36

®Values of ionization potentlals determlined by electron ilmpact
tend to be higher than those determined by photoionization.

For example, IP = 9.23 eV for toluene, as determined by the
electron impact method (34).
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CHAPTER 2

EIECTRONIC SPECTRAL STUDIES OF SUBSTITUTED ARSINES

Introduction

In connection with studies on five-coordinate complexes of low
spin nickel(II) with various polydentate ligands contailning heavy donor
atoms, we have carried out a study of certaln electronlc structural
properties of the ligand o-phenylenebisdimethylarsine (diarsine). For
the purpose of comparison, we have carrled out parallel studiles on two
related and better-known compounds, triphenylarsine and triphenylphos-
phine. This work has proceeded along two lines. In Chapter 3, electron
spln resonance studies of radicals produced from these compounds and
other substituted arsines by uv-irradiation at low temperature are de-
scribed. This chapter deals with electronic spectral studies of wvarious
types. The electronic spectrum of diarsine has been measured in solu-
tion at room temperature and T7°K, for comparison with previously re-
ported (30) spectral results on triphenylarsine and triphenylphosphine.
Also, charge—-transfer complexes involving these donor molecules and the
well-known s-acceptor, tetracyanoethylene, have been prepared and the
spectra measured, in order to estimate relative values for the ioniza-

tion potentials of the donor molecules.

Experimental

Compounds

O-phenylenebisdimethylarsine (diarsine) was prepared and puri-
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fied by the method of Feltham (38s) (b.p. 102°-106°C.; 1 mm.), or ob-
tained from City Chemical Company or Aldrich Chemlcal Company and used
without further purification. The purlty of the sample was checked by
nur and uv spectroscopy. The sample obtained from City Chemical Company
was found to be decomposed after standing for several months. If re-
frigerated and protected from oxygen, diarsine will not significantly
decompose for many months. Triphenylarsine and triphenylphosphine were
both reagent grade chemicals, obtained from Aldrich and Matheson, Cole-
man, and Bell. Tetracyancethylene was an Eastman Organic Chemicals
white label reagent. All these samples were used without further puri-

fication.

Charge—Transfer Complexes

The charge-transfer complexes of triphenylarsine or triphenyl-
phosphine with tetracyanocethylene (TCNE) appear to be quite stable in
solution, and were prepared by simply dissolving the two components to-
gether in chloroform. Varylng the proportion of TCNE to donor does not
seem to affect the band positions, or the ratlo of absorbance of the
two bands exhibited by the charge-transfer complex. The charge~transfer
complex of TCNE wlth diarsine 1s considerably less stable than the other
two studied, but can be prepared and studied in the same way. The sta-
bility of the (diarsine-TCNE) charge-trensfer complex is strongly sol-
vent dependent. In chloroform, the blue color of the freshly prepared
complex persists for over five minutes. In ethanol, the solution be-
comes yellow lmmediately, due to the formation of the stable radical
anion (TCNE) . Carrying out the charge—transfer complex forming reac—

tion in the absence of oxygen and light did not lead to noticeably
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increased stability. At liquld nitrogen temperature, the equllibrium

(1) is shifted far to the right,
Ka
diars + TCNE = (diars-TCNE) (1)
and the complex appears to be stable for many hours.

Spectral Measurements

The ultraviolet absorption spectral measurements were made on a
Cary 14RI spectrophotometer, using 1.00 cm. square cells of fused Supra-
sil. Measurement of spectra at T7°K. were carried out with a quartz
Dewar which allowed complete lmmersion of the sample during the spectral
measurement. Bubbling of the liquild nitrogen under operating conditions
was prevented by cooling to 75°K. under reduced pressure.

Freshly prepared EPA (5 parts ethyl ether:5 parts lsopentane:
2 parts ethanol) was used as solvent for the low temperature measure-
ments. The ethanol was anhydrous U.S.P.-N.F. grade (U.S. Industrial
Chemical Co.), the ethyl ether anhydrous reagent grade (Mallinckrodt),
and the 2-methylbutane spectroguality (Matheson, Coleman and Bell).
Chloroform used in the spectral studies of the charge-transfer complexes

was spectroquality (MCB).

Results

Spectral Measurements

The electronic spectrum of diarslne shows a modest improvement
in resolution in the low temperature spectrum, but no drastic changes
occur. The results of the spectral study are set out in Table III. The

weak shoulders which appear on the low energy side of the maln absorption
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Table III

Electronic Absorption Spectrum of Diarsine®

T = 300°K T = T7°K

35,000-40,000 (400-4000)°  (Ws) 35,160
(Ws) 36,385

(Ws) 37,398

(Ws) 38,490

41,036

(1280)
(2620)
(3630)
(kk460)
(9150)

% em. ™ (e,4.mole “em.”*). EPA solvent (5:5:2 mix—
ture of ethyl ether, isopentane, and ethanol).

bFeatureless, riging absorption.
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1n each spectrum are assigned as the n - s* transltlon localized on the
benzene ring. The maln sbsorption appears as a band maximum for tri-
phenylsrsine and triphenylphosphine, and as a shoulder in the spectrum
of diarsine. It is assigned as P or As{c) - E:I:(ﬂ*) transition. These
assignments for (CgHs)aQ(Q=As,P) have been given previously by Cullen
and Hochstrasser (32). The spectrum of diarsine 1s similar to that of

(Cells)3Q, and is assigned in the same way.

Charge-Transfer Complexes

The spectra of the charge-transfer complexes of (CgHs)aQ with
TCNE are plctured in Figure 1. Comparing these spectra wlth the data
in Table III for the spectrum of the donor molecules alcone and Table IV
for the spectrum of TCNE and (TCNE) alone reveals that the electronic
spectrum of each of these charge-transfer complexes contains two bands.
The complete results of the study of the visible spectra of the charge-
transfer complexes are glven in Table V.

The problem of the instability of the (dlarsine-TCNE) complex
has already been described. By working rapidly and carrying out the
measurement of the spectrum in sections, a reasonably reproduclble spec-
trum wes obtalned. It was also attempted to prepare the charge-transfer
complex of diarsine with tetrachloro-p-benzoguinone (chloranil). A
charge—-transfer complex is formed in this case. Imn fact, 1t appears
that more than one species may be formed, depending on the concentration
ratio of diarsine to chloranil. At high concentrations of chloranil, a
blue complex appears, and at lower concentrations, a red form is present.
These could be maintained at low temperature, but were not further

studied, due to rather severe problems involved in finding a suitable
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Figure 1.

20 25

Electronic Spectra of Charge-Transfer Complexes
CHCla-1-[(CeHs) sAs-TCNE]; 2-[(CgHs)sP-TCNE].

in
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Table IV

Electronic Absorption Spectra of TCNE- and (TCNE)™

=§§ec1es Vnax €

(TexE)” P 21,370 cm. - 4400
21,880 5670
22,470 6520
22,990 7100
23,530 7100
2k,0ko 6890
2k,570 6200
25,125 5460
25,640 L660
26,180 3810
26,740 3070
27,320 2klo

TCNE > 35,000 cm. *

E'TCI\IE = fetracyanoethylene.

bAcetonitrile solution; from Ref. 38b.
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Table V

Electronic Absorption Spectra of Molecular Com.p.'l.exesEL

Donor Acceptor %max = A
(CeHs) aN TCNE 866 mm 11,545 em.”* .86
k15 24,095 .86
(CeHs) 2P " 502 19,915 43
3Tk 26,750 Sh .33
(CeHs ) 2As " 530 18,885 A7
394 25,345 .6
[(CeHs)2A8CHZ1, . 532 18,795 .55
Loz 24,875 1.7
diarsine X 580 17,225 .80
428 23,390 Sh .32

*Measured in CHClg solution, 300°K.
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solvent for measuring the spectrum at T7°K. It seems llkely that a
sulteble solvent mixture could be found upon further investigation.

It would be worthwhlle to determine the nature of the complexes formed
here. At room tempersture, the inltial color is gone in seconds. As
with the diarsine~-TCNE system, Ilnvolved chemical reactions seem to ac-
company the breakup of the charge-transfer complex, as is evidenced by
the strilking color changes, solids formed, etc. The diarsine-chloranil
system in chloroform changes color and deposits colorless crystals
within a few minutes. After a matter of hours a black sclid separates

from the deep purple solution which is formed. No speculation will be

offered concerning the nature of these reactions, but it appears that
the system could be the subject of rather extensive mechanistic studies.
Detailed work has been carrled out on the reactions of a similar system,
chloranil and dimethylaniline (39).

Diarsine does not form a charge-transfer complex with Efbenzo—
quinone. It was also attempted to prepare a complex of TCNE with tri-
methylphosphine. However, charge-transfer appears to occur at once,

giving (TCNE) and other, unknown products.

Discussion
Benesi and Hildebrand filrst presented physical evidence for
the relatively weak intermolecular interactions which lead to the forma-—
tion of the so-called molecular complexes, or charge-transfer complexes
(hO). They reported an absorption band in the spectrum of a solution
of lodine 1n benzene which was characteristic of neilther component.
Since that time, a large number of complexes between electron donor (D)

and electron acceptor (A) molecules have been reported. A method for
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determining the formation constant KC and € for the complex has been
reported (40), and a quantum mechanical

kg

D+A == (D-A) (2)

description of the ground state and charge-transfer exqited state gilven
(41). Two monographs and arreview article have appeared which give a
general review of the field (39,42-43). While a number of techniques
have been applied to the study of the molecular complexes, the principal
method for obtaining information about the electronlec structure remains
electronic absorption spectroscopy.

In 1953, McComnnell and coworkers pointed out the relation be-
tween the energy of the charge-transfer transition in the spectrum of
the complex and the ionization potential of the donor molecule (Lk).
They found that 1f the lonizatlion potentials lie within a relatively

small range (i 1-2 eV), this relation mey be expressed as

hvyy = Ip + b . (3)

The relationship has been seen toc be obeyed by complexes involving tri-
nitrofluorenone, tetracyanocethylene, and iodine as acceptor, for a
series of substituted benzene donor molecules (43).

The work reported here on the molecular complexes of these ar-
sines and phosphine with TCNE could be extended to include a complete
concentration-dependence study of the type carrled out by Augdahl and
coworkers on the charge transfer complex of iodine with triphenylarsine
(45). This type of study would yield the values of Ky (egn. 2) and e
for the complexes (46). An important experimental result which can be

obtained without such a study, however, is the relative lonization
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potentials of the donor molecules, as determined by the position of the
charge-transfer band. Exemination of the data in Table V clearly indi-
cates that the band position energy ordering is (CgHs)sP > (CgHs)sAs >
diarsine, with differences of least 1000 em. ™ in each case. Because
the same acceptor is used for all the charge-transfer complexes, the
band position energy ordering should vary in the same way as the ioniza-
tion potential of the donor, so that in terms of lonization potential,
the ordering should then be (CgHs)aP > (CgHs)shAe > diarsine. This or-
dering 1s certainly in accord with a simple prediction based on the
relative energles of arsenic and phosphorus lone palrs and the induc~
tive effects of aryl and alkyl groups on electron donor properties.
Voigt and Reid have correlated the position of the charge-transfer ab-
sorptlon with the lonizatlion potential of the donor for a number of
molecular complexes involving TCNE as acceptor (47). This study used
a number of substltuted benzene molecules as donors. For this set of
compounds, they report values of m = 0.83 and b = 4. 42 for the parame-
ters of eqn. 3. They polnt out that similar compounds to those studied
must be used 1f these values are going to be applied in eqn. 3 to esti-
mate I. On the other hand, Hastings end coworkers (48) have reported
a correlation between the energy of the charge-transfer transition and
ionization potential of the donor which 1s reasonably linear for a wide
variety of donors. These workers have prepared and studied molecular
complexes of iodine with alkyl halides, alcchols, saturated hydrocarbons,
ethers, olefins, aromatic hydrocarbons, and thicethers. It is perhaps
worth calculating values of ID for the compounds under study here, using

the values of m and b determined by Voigt and Reid. Thils is not strictly
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correct because the charge transfer transition In thils case origlnates
on n orbitals. Using these values in equatlon 3, and the energy of

the lowest energy charge-transfer band from the spectra 1n Table III, we

obtailn
Compound v ID
(Cells)aP 19,916 cm.”* 8.30 eV
(Cels ) ahs 18,883 8.15
diarsine 17,226 7.90

These values are within 1 eV of the values collected in Table II, which
is reasonable, considering the assumptlons made. The ordering of these
lonization potentials 1s reliable.

This ordering of lonizatlon potentlals results in the reverse
ordering of the donor orbitals in the electronic structural scheme for
the molecules, diarsine > (CgHs)sAs > (CgHs)aP. A comparison of these
charge-transfer band positions with that of the (TCNE-toluene) complex
(;;ax = 24,600 cm. ") indicates that the lowest energy band in the spec—
trum of the TCNE-arsine or phosphline complex must be due to charge trans-
fer from the unshared pair on the hetercatom, rather than from "benzene"
n—-orbitals. On the basis of the relative energy positions of the hetero-
atom donor level 1n the phosphine and arsines, one might naively expect
the position of the n — x¥ transition 1ln the spectrum of the phosphine
or arsine alone to appear as the lowest energy band in the spectrum,
and to vary in the order diarsine > (CgHs)sAs > (CgHs)sP. This transi-
tion has been assigned to the Intense band in these spectra, which is

not the lowest energy band, and the observed energy ordering is
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(Celig)aP < (CgHs)ahs ~ diarsine. A conventional explanation of the ob-
gerved trend is based on interelectronic repulslon effects. These are
g0 large that they are seen to be the dominant factor In determining
band position orderings within the spectrum of each compound, reversing
the ordering predicted on the basis of the one-electron energy levels
(ESCF)' A qualitative electron repulsion argument indicates that the
effect operates In the direction required to ratlonalize the anomaslous
ordering of the n = 5* energies in (CgHs)aAs > (CgHs)=aP-

It was noted that the electronic spectra of these charge-trans-
fer complexes exhiblt two bands which do not appear in the spectrum of
elther of the components. A similar effect has been reported for
charge-transfer complexes involving substituted benzene donor molecules
(47). This effect wae first interpreted by Orgel (50) as due to a

splitting in the charge-transfer excited state which should appear be-

cause of the lifting of the degeneracy of the "ground state" or GS;J

%y

species by the presence of the substituent(s). For the complexes

under consideration here, 1t is probably more nearly correct to consider
the two charge-transfer transitions as arising from charge transfer
processes originating from two types of donor orbitals. The lower en-
ergy band originates 1n the arsenlc or phosphorus lone pair orbital and
the higher energy band in the highest filled aromatic sn-bonding orbital.
The position of the charge transfer absorption in the TCNE-benzene com-—
plex is 25,800 cm._l and in the toluene complex is 24,600 cm._l, in
quite reasonable agreement with the band positions recorded for the

second band in the TCNE-arsines and phosphine complexes (see Table V).

+
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CHAPTER 3

EIECTRON SPIN RESONANCE STUDIES OF uv—IRRADIATED

SAMPIES OF SUBSTITUTED ARSINES

Introduction

Electron spin resonsnce (esr), electronic spectral, and polarog-
raphic measurements on the transition metal-dithiolene complexes have
led to the conclusion that the ease of electron-transfer processes in
these systems 1s a result of the nature of the ligand system (11,51—53).
In particular, it has been suggested that certain paramagnetic metal-
dithiolene complexes (formelly d7) are actually better described as com-
posed of "oxidized radical ligands" complexed with diamagnetic (d%) metal
ions (54). Some controversy over this characterization has given rise to
a conslderable amount of imaginatlve work (11,55). The conclusion of the
matter appears to be that these highly delocalized systems can only be
properly described in terms of molecular orbitals and to speak of the
oxldation or reduction process as being localized exclusively on the
metal ion or the ligands is an oversimplification (55).

It has been known for almost twenty years now that the diarsine
ligand forms a very stable, six-coordinate, nickel complex which, 1if de-
scribed in the traditional fashion is a d7, nickel(III) complex (56). The
apparent similarity between the dithiolene ligands and diarsine has led
to speculation that this complex is perhaps best described not as ar

nickel(III), but as d® nickel(II) coordineted to an oxidized radical
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ligand system. The lonizetlon potentiel of the donor atom 1s lower in
diarsine than 1n the dithlolenes, and thus it was thought that there
might be & greater contribution of ligand orbitals to certain MO's de-
rived from the metal d-orbitals 1n the diarsine complexes than in the
dithiolenes. Detailed studles on the molecular and electronic structure
of the dichlorobis-(diarsine)-nickel monocation have been carried out in
these laboratories, including an X-ray structural determination (57) and
single-crystal esr study (58). Because of the possibility of describing
this complex as one 1n which the unpaired electron resides malnly in
ligand orbitals, it was decilded to attempt to generate and study the
isolated "oxidized radical ligand," the radical cation (dia.rs)+. A com—
parison of the esr spectrum of this specles with that of the paramasgnetic
nickel complex was expected to ald in describing the electronlc structure
of the complex. It is also possible that information about (diars)+
might help to better understand the electronlc structure of diarsine.
It 1s apparent that any such extrapolations must be made with great care.
The production of radical lons from neutral molecules has been
carrled out using a number of technlques. The most widely applicable
have been chemical redox processes (59), electrochemical methods (60),
photolysls with ultraviolet or visible light (61) and x- or y-irradiation
(62). In view of the probable instability of (diars)?, it wase decided
to use a method whilch allows in situ production of the radical at low
temperature in a rigid matrix, namely uv photolysis. In order to explain
the nature of the experiment and to anticlpate certain results, the well-
studied case of the radical cation of N,N,N',N'—tetramethyl—gfphenylene—

diamine (TMPD), Wirster's blue ion (WB) is described below.
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N(CHg)z |

N(CHa)z |

(WB)

This specles (WB) has been known for many years. It exhibits
great stabllity, persisting in aqueous solution for long periods of time.
It was first prepared by chemical oxildation using bromine (59), and has
since been generated using a large number of standard physical teéhniques.
Lewls and Lipkin include WB as a callbration compound in their classic
peper on "photooxidation” of substituted aryl amines (61). The electronic
absorption spectrum of WB is well-established, and at 90°K in EPA consists
of a structured band centered near 600 mm. Its esr spectrum has also been
the subject of considerable study and the interpretation has been settled,
after some initial confusion. Computer simulation analysis of the spec-
trum has ylelded for the hyperfine splitting constants, AN 2 6.99 Gy
2% - 6.76 G., A2 1.97 G. (63). This indicates that while the un-
palred spin is delocalized throughout the molecule, most of the time 1t
is on the "N(CHa)g group, as would be expected from electronegativity
consliderations. The ease of producing the TMPD cation correlates well
wilith known results on charge-transfer complexes Involving this molecule
as donor. TMPD 1s generally regarded as the most powerful orgenic donor
molecule known. The low lonization potential of the molecule is reflected

in the extremely low values recorded for the charge—transfer maxima when
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combined with acceptors (TMPD-chloranil, Aa

1163 nm) (49). In view of the structural similarity of diarsine to

_p = 953 nm; TMPD-TCNQ, AC—T =
TMPD, and the relatively low energy position of the charge-transfer band
in (diarsine-TCNE), kC—T = 581 nm, simllarities 1n behavior between the
two compounds are expected. In particular it was hoped that the rela-
tively low lonization potentilal of dlarsine would allow the application
of uv-photolysis to the problem of generatlng (diars)+.

The phenomenon of photolonizatlon may at filrst glance seem to
be in contradiction with the known lonlzation potentlals of molecules.
This problem has been discussed by Hamill and coworkers, who point out
that while the lonization potential of N,N’—dimethyl~2fphenylenediamine
(DMPD) is reasonably estimated to be 7.5 eV, it is quite possible to
generate the cation of this molecule by uv-lrradiation with photons of
energy as low as 4 eV (64). While contributions from polarization energy
of the ions and the electron affinity of the acceptor are Important,
bond breaking in the acceptor tends to cancel these and a sizable dis-
crepancy (1-2 eV) is still present. Apparently an important feature of
the "photooxidation" i1s that the resulting positive and negative species
are locked in a rather tight ilon-pair by the rigid matrix. The stablli-
zation derived from this lon-pairing is regarded as sufficient to make

up the apparent energy deficit predicted on the basls of this crude

model.

The mechanism of the photooxldatlon has been the subject of ex-
periment and speculation, and is discussed by Meyer and Albrecht (65).
They have studied the case of TMPD in a frozen solution using 3-methyl-

pentane as solvent. Because the near-uv absorption spectrum of a solu-
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tion of the donor (D) in & solvent (A) may be attributed to the donor
alone, 1t 1s apparent that the primary process in the photolonization is
excitation of the donor, DAn Ay, D*An. Thelr studles of the yariation
of quantum yield with wavelength 1lndlcate the colncldence of the onset
of photooxidation with the onset of absorption for both TMPD and p-
phenylenediamine. They have also found when polarized light is used to
carry out the photooxldation of TMPD, the polarization corresponding to
that exhibited by the lowest energy absorption band in TMPD is the most
effective (65). Following excitation of the donor molecule, the energy
barrier between thls state and the charge transfer state is tunneled or
surmounted, D*An -+ (D+,An—) to give the lon-pair which is stable in the
rigid low-temperature matrix. It ls apparent from studies involving
electron acceptors as addltlives to solutions of donor molecules that this
initial charge transfer process can be followed by further steps. One
such process has been described by Hamill as "dissociative electron at-
tachment" (64). This is exhibited in solutions of an aromastic amine donor
molecule (DMPD) and an electron acceptor molecule (CCly or CgHsCHCL).
The (D+,Af) ion pair, where A is now the added acceptor rather than the
solvent, in this case rapidly falls apart to give more stable products.
For example, CBH5CH201e goes to CgHsCHz + ClC) immediately.

Further evlidence that photoionlzation ylelds relatively fixed
lon clusters 1s given by the observed solvent dependence of the effici-
ency of photolonizatlon as compared with that of lonizaetlon caused by
high-energy radiation (x—,y—rays). Photolonizatlon is best promoted by
polar solvents, and y-ionization occurs most readily in nonpolar solvents

(62). The study of various defect or "color" centers produced in the
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high-energy lrradiation of materlals of all types is a well-developed
field (62,66). In this process, there 1s extensive delocalization of
electrons or "holes" ejected from molecules on the incidence of high-
energy radilation. The electrons are excited high into the continuum, and
so can migrate freely throughout the material. The locallzed lon-palrs
which must be present 1n photolonization are not formed in this case.
Such a process should be favored by a nonpolar medium, in which there 1is
not a strong field of charges whilch would tend to trap the migrating
electrons or holes rapidly. In the case of photeolonizetion where local-
ized ion palrs are formed, these would obvliously be more stabllized
(higher polarization energy) in & polar medlum.

The main problem in studies of radical specles produced by radla-
tion damage, of elther the high energy or ultraviolet type, 1s ldentifi-
cation of the species produced. This 1s usually possible by a combina-
tion of esr and electronic absorption spectroscopy, but very often am-
bigulties concerning the agslignment of the spectra remain. Electronlec
structural results based on such studles must be considered less relilable
than those using well-characterized compounds, because identification
errors can easlly be made. The way in whlch the ldentificatlon process
is ordinarily carrled out 1s to examine the spectroscoplec results cob-
talned and try to match these with those expected for the molecular frag-
ments and lons which could conceivably be produced from the starting ma-
terial. It would be well to examlne some studles of this type which have
been carried out.

Experimental results have been obtalned for a large number of

radicals containing carbon, hydrogen, oxygen, and nitrogen (66,67) and
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also for 1lnorganic radicals produced by x-irradiation of crystalline ma-—
terials (68). There has also been some work done on compounds contalning
the heavy donor atoms sulfur and selenium. The sulfur and selenium radi-
cals exhiblt esr spectra which are rather different from those seen for
simpler organic radicals. The spectra of the orgenic radicals are
typically sharp, highly split patterns, with very small anistropy. The
gignals arising from the aliphatic sulfur-containing radicels are quite
broad, do not show hyperfilne splitting, and exhibit a rhombilc g-tensor
(gxx % gyy % gzz) in the powder or glass spectrum. An example of this
type of behavior is the paramagnetic specles produced by y-irradiation

of crystalline L-cystine hydrochloride. The product in this cese is

thought to be (HOOC—E;;CHESJ s produced by cleavage of the disulfide

bridge bond. The observed spectrum exhibits a rhombic g-tensor
g1 = 2.003, go = 2.025, ga = 2.053 (69). These g-values are very close
to those obtained from x-irradlated single crystals of 3,3'-dithiopropion-
ie acid. This esr spectrum exhlbits g; = 2.003, go = 2.025, g3 = 2.055,
and is asslgned to the fragment (HOOCCHECHQS‘), also produced by cleavage
of the disulfide bond (70). This is the most likely radical which could
glve rise to a rhombic g-tensor. The known studies involving selenium
radicals report an axially symmetric g-tensor. Ultraviolet irradiation
of di-n-dodecylselenide yields a broad signal, gii = 2.12, gy = 2.08, at-
tributed to (CHsz(CHz)11Se) (Tl). No explanation for the difference in g-
tensor symmetry between sulfur and selenium radicals has been given.
There have been three esr studles of paramagnetic transition
metal-arsine complexes in which hyperfine splitting due to ""As was re-

ported. The case of (Ni(diars)sC12¥) nas already been mentioned (57).
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The other examples are [CrClNO(diars)E]-+, for which <Aﬁs )} = 3T.5 G.
(72), snd VClal(C4Hg)eAs-CH=CHz] , with ('AAS ) =29 ¢G. (73). X-irradi-
atlon of a single crystal of NasAsOg glves rise to a paramagnetlc speciles
identified as ~A5032_(Csv)- The esr spectrum reported exhibits very
large arsenlc hyperfine splitting { AAB ) = 619 G. The other relevant
parameters are g, = 2.00k4, g = 2.005, A = 725 G., B = 567 G. (7h4).
y-irradilation of arsine and perdeuterc-arsine at 4.2°K has permitted the

identification of the esr spectrum of the arsenic atom (RS ). A four-
3

2
line spectrum is observed, with ( A ) = 11.2 g. (75). Theoietically, the
S state atom is not expected to exhiblt nuclear hyperfine splitting.

The relatively small isotroplc value observed i1s the result of the con-
figuration interaction with states of nonzero orbital angular momentum.
7~1rradlation of the corresponding phosphines ylelds the fragments PHp
and PDs>, as well as phosphorus and hydrogen atoms. The observed hyper-
fine splitting observed for PHs, ( Ay ) = B0 By (AH ) = 18 g., leads

to the conclusion that the MO which contains the unpaired electron has

< 2.2°% phosphorus s-orbital character, and the bonding orbitals have

27% s-character. A calculation of the bond angle based on the s-electron
spin-polarization for the proton hyperfine splitting yields a value of

6 = 112° (75). This is considerably higher than the value of 6 = 92°27T"
measured for PHs (76). The suthors conclude that this discrepancy is
probably due to small d-orbital contributlons In the bonding of PH, and

PHg, which are not taken into account in the calculation of bond angle

from s-orbital character, and which could have an important effect on

the bond angle.
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Experimental

Reagents

Dimethyliodoarsine was prepared by the method of Burrows and
Turner (77), and used without further purification. Bis(diphenylarsino)
ethane was obtalned from Strem Chemicals. All other reagents are the

same as thbee which have been previously described.

Semple Preparation

Solutions have been mixed under nitrogen atmosphere and in air.
The experimental results indicate no need for making up these samples
under nitrogen, All solutions were thoroughly outgassed on an oil dif-
fusion~pumped vacuum system, using the conventional freeze-pump-thaw
procedure and sealing off the sample while pumping, during the third
freeze cycle. The diffusion pump (Edwards Speedivac) normelly asttains a
pressure of ~ 10" © mm. at the intake manifold (messured with a Penning
cold cathode discharge gauge). Pressures in the sealed tubes (at T7°K)
are estimated to be = 10 ° mm. Each sample was sealed in a round, quartz
esr tube (3 mm. I.D.), obtained from Varian Associates, Inc., to which
was attached an.$.Joint, by means of a quartz to pyrex graded seal.
These tubes were prepared by the Glass Instrument ILaboratory of the Divi-
sion of Chemistry and Chemlcel Engineering at Caltech. These quartz
tubes, and the quartz Dewar described below, have been checked and show

no esr signal, with or without uv-irradistion.

Irradlation of Samples

All samples were irradisted with a high pressure mercury-xenon

source (Hanovia, 2.5 KW., compact arc) filtered through a 0.1 M. aqueous
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cobalt(II) chloride solution to remove visible and infrared radiation.
The light used in the irradiations conslsts of a broad band in the re-
glon 210-450 nm, with maximum Intensity in the range 300-400 nm. The
filtered light beam was collimated by a serles of quartz lenses and
focused on the sample, which was located in the center of the front com-
partment of the esr cavity. A hole in the front of the cavity covered
with a quartz faceplate allowed access of the light beam. Using this
apparatus, irradiation may be carrled out during the course of the esr

experiment, or alternatively the beam may be blocked while the spectrum

1s recorded.

Esr Measurements

Esr measurements at X-band (~10 Ge)were carried out on a Varilan
V-L4502 spectrometer system employing 100 Kc field modulation and a 9-
inch Varian electromagnet wlth Fileldial. This system was equipped with a
V-453%2 Dual Sample Cavity. Microwave frequencies were measured directly
using a wave meter sttached to one arm of the "Magic Tee" detection sys-
tem. The magnetic fleld was callbrated by the measurement of a standard
sample of diphenyldipicrylhydrazyl (K and K Chemical Co.) in benzene
placed in the rear compartment of the dual cavity assembly. Thls meas-
urement was carried out simultaneously wilth every spectrum measured, by
using low frequency (20-400 cps) modulation and detection. This instru-—
ment, and the uv-irradiation apparatus described above, are 1n the labor-
atories of Prof. George S. Hammond of Caltech. Temperature control was
achileved using the Varian V-454L0 variable temperature controller. Cool-
ing of the sample was effected by blowing a stream of pure nitrogen gas,

which was first passed through a liquid nitrogen heat exchanger, through



1

a small guartz Dewar, which sits in the esr cavity and holds the semple
tube. Calibration of the temperature controller was carried out using
e. standard copper-constentan thermocouple and a Leeds and Northrup milli-
volt potentiometer. The lowest temperature accessible under operating

conditions was found to be 96°K.

Results

O-phenylenebisdimethylarsine (diarsine)

The esr spectrum of a 0.1 M. frozen solution of diarsine in
ethanol (T = 96°K) after uv-photolysils for 2:00 minutes (210 nm < A <
450 nm) is shown in Figure 2. Expanding the scale and examining the
signal centered at g = 2.075 reveals seven overlapping hyperfine lines,
(p) = 11.5 G., superimposed on the signal. This is pilctured in Figure
3. This experiment has also been done using methylecyclohexane, MP (3:2
isopentane/methylcyclohexane), and 6:5 ethanol/methanol as solvent,
and with diarsine neat. The solvent dependence of the observed spectrum
has provided a useful way to distinguish between signals arising from
different species. The highly split pattern of narrow lines centered at
g = 2,00 is found to be strongly dependent on solvent, while the appear-
ance of the rest of the spectrum is nmot. It 1s concluded that the radi-
cals which give the highly split pattern must be produced from the sol-
vent. The isotroplc appearance of these slgnals, the narrow linewldth,
and the proton hyperfine splitting observed is quite consistent with this
interpretation. The band shapes are typical for radicals containing only
carbon, hydrogen, and oxygen. The remaining signals are rather broad

and exhibit g-values gquite different from 2.00. This is as expected for
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Figure 2. Esr spectrum of uv-irradiated
diarsine in ethanol (96°K).
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redicals containing arsenic, with 1ts quadrupole moment and anlsotropic
charge distribution.

The presence of more than one kind of rasdical 1s conslstent with
expectation. Recalling the mechanism proposed for the photooxidation
procees, (A,D) — (A_,D+), we note that it 1s required that two radical
gpecles be formed by thls process. The initially formed (A)" may rapldly
proceed to (B+) + (C)  in the process known as "dissociative electron
attachment.” This process apparently occurs here, for the proton hyper-
fine gplitting pattern observed ~ g = 2.00 1s never consistent with that
expected for (Solvent) . The gquestion of whether the solvent really acts
as donor or acceptor willl be discussed in some detall later. A particu-
larly reveallng experiment is the uv-lrradiation of diarsine neat at
96°K. Dilarsine is a liquld and forms a relatively clear glass at liquid
nitrogen tempersture. The portion of the esr spectrum near g = 2.00, in
which solvent radicals generally appear, exhibits the four-line spectrum
chargcteristiciof methyl radical. Smaller and Matheson report 8y = 27 G.
for CHs in solid methane (20°K) and ag = 25 G. for uv-irradiated (CHs)2Hg
(77°k) (78). We measure &y = 25.1 G. in this case (96°K). There is only
one possible source of methyl radical in this one-component system. One
might have expected this experiment to gilve (diars)+ and (diars)” alone.
That it does not leads to the following conclusion: either (diars)+ or
(diars) 1s unsteble under these conditions and falls apart at once to
give methyl radical plus a diamagnetic lon. The possibility of produc-
tion of methyl radical by bond scission is ruled out because methyl rad-
ical is not observed when dlarsine 1s lrradiated in ethanol or in the

methanol-ethanol mixture. The stabllity of divalent arsine anions of
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the form (RoAs)” i1s well known (79). These species are isolable as
alkali metal salts and are very importent reactlon intermediastes in
preparative arsine chemlstry, Including the preparation of dlarsine
1tself (38). This fact leads us to predict that the stable dlamsgnetic
ion produced is an anlon. A possible mechanism for the process 1s the

followings

2 dlars —¥s (diars)+ + (diars)”

18(CHa)z Aé(CHB)

| —> CHy +
Ws(CHs)z \s(CHa)2

If the radical anion 1s unstable, as depicted in this mechanism, the
stable radical yielding the seven-line signal must be (diars)+. The
similarity of the esr of the arsine radical reglon 1n all the solvents
used indicates that (&iars)+ must be present in all the cases. If this
is so, dlarsine acts as the donor molecule and the solvent as the ac-
ceptor 1n these casesg also.

In ethanol, the solvent radical exhibits a regular five-line
pattern (%H = 24,5 G.), with each line showing incipient further split-
ting to a doublet. A guintet has been observed in the esr spectrum of
y—lrradilated ethanol (aH = 22.3% G.), and assigned to the radical
CHsCHOH (78). We assign the quintet observed here in the same way. In
some cases, the ethanol solution seems to exhlbilt a triplet instead of
& quintet. Closer exemination reveals the outer lines of the guintet,

with By = 23.5 G. Further evidence for these assignments is provided by
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our observation that each of the quintet lines shows incipient further
splitting to a doublet (a.HT = b-6 G.), which is presumably due to the
hydroxyl proton.

In methylecyclohexane, the solvent radilcal regicn is extremely
complicated, and 1t appears thét more than one radical 1s produced. In
the mixed solvent MP (3 parts isopentane/2 parts methylcyclohexane),
however; it 1s clear that one specles, methyl radical, dominates. That
this 1s the case 1llustrates an interesting point concerning the photo-
induced electron transfer process, namely that all possible electron
transfer processes need not occur, only the most favorable. It is ap-
parently more favorable to transfer the electron to lsopentane and to
produce methyl radical plus the anion from isopentane than to transfer
the electron to methylcyclohexane and proceed from there. Otherwise,
one would expect to observe radicals from both compounds, In proportion
to the composition of the solvent mixture. Production of methyl radlcal
is in all likelihood accompanled by production of the secondary carban-
ion (CH5CHCH2CH3) .

Except for the region near g = 2.00, the esr spectrum of diarsine
irradiated at 96°K is solvent-independent. The spectrum in ethanol is
displayed in Fig. 2, and the posltions, line shapes, and relative peak
helghts are listéd in Table VI. The spectrum 1s rather complicated, and
it seems unlikely that all the signals present arise from one specles.
An unusual feature of the spectrum is the shape of a number of the lines,
which are not full derivative curves, but appear as only minims or
maxima. This lineshape is characteristic of the overlapped spectrum

produced by identical radicals in different orientation, which resonate



L3

Table VI

Esr Data on uv-Irradiated Arsines

(CeHs ) 3As [ (CeHs)2AsCH2T Diarsine (CHg)2AsI

(A) Signals Assigned to Molecular Radical Cation (g-values)

2.079 2.078 2.075 2.076
2.07h 2.072 2.041
2.063 2.063

(B) Other Signels Observed

2.222 2.22% 2.228 2.218
2.104 weak 2,10k weak 2.127 weak (2.152)
2.038 2.039 2.041

1.933 1.937 1.934 1.942

1.816 1.818 1.81k 1.812
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at different values of the magnetic field (H). Such an effect occcurs
when the g»tensor 1s anistropic, and is commonly observed for paramag-
netic transition metal complexes (80). An slternative explanation is
that these lines correspond to the outermost components of the hyperfine
splitting of & signal split by the "PAs (I=3/2) nuclear spin. If the
linewidths and splittings are of the correct size, a llneshape such as
this might be obtained. This explanation is perhaps more attractive
since 1t does not requilre the assignment of dilistinct g-values as far
removed from the free-electron value as 2.22 and 1.83 to arsenic radi-
cals. It is unfortunate that the species which give rise to this esr
spectrum are unstable in liquid solution, because observation of the
isotropic solution spectrum would distinguish between these alternatilves.
The seven-line splitting of the most Intense signal indicates
the presence of two arsenic atoms (I=3/2+%/2; 2I+I=T7) in the radical
corresponding to this signal. Evlidence has been presented in favor of
assigning this specles as (diars)+. There 1s additionasl supporting evi-
dence which Indicates that (diars)+ should be formed. The main polnt of
this evidence 1s that arsines are strong electron donors, and that the
initial charge-transfer process should be the transfer of an electron
from the arsine to some acceptor. ZFirst, the lonization potentials of
(CHa)aAs and (CeH5)3As are 8.3 and 7.3 eV respectively (31), whille those
for l-propancl, n-octane, 2,3-dimethylbutane, cyclohexane, and ethyl
ether all lie between 10 and 11 eV (62). Also, arsines function as
donors in charge-transfer complexes such as those described In Chapter 2.
Finally, photoionization experiments described below show that the elec-

tron-transfer takes place much more readily for diarsine and triphenyl-
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arsine than for triphenylphosphine. Thils 1s 1n agreement with expecta-
tion 1if the arsine and phosphine functlon as electron donors, because
the ionization potentiasls of dlarsine and triphenylarsine are lower than
that of triphenylphosphine. This lonization potential ordering is based
on the study of molecular complexes reported 1n Chapter 2. One might
suppoee that the arsine could function as an electron acceptor as well
as a donor. However, mixing of triphenylarsine with the powerful donor
TMPD produces no charge-transfer complex, indlcating that the arsine is
not a good acceptor. Thus 1n all likelihood the strong signal with the
seven hyperfine lines is due to (diars)+ and not (diars) .

Because of the complexity of the observed esr spectrum, attempts
were mede to separate signals suspected of arising from different
specles. The solvent dependence of the region ~ g = 2.00 showed that
the radicals in this region came from the solvent. Attempts to separate
any of the other signals in the spectrum from one another did not meet
with success. Under all the varying conditlons tested, the relative
intensitles of the important signals (as measured by peak height) were
not changed. The length of irradiation time was varied from 10 seconds
to 1 hour, the light beam was filtered through different solutions to
vary the wavelength of the incident radiation, the sample was warmed to
partially destroy the radical species, and the spectrum always changed
uniformly. It was not possible to destroy one slgnal and maintain others.
The various signals all behaved as if they corresponded to the same
species. Because the spectrum 1s independent of irradiation time, 1t
seems unlikely that there is present both a radical decomposition product

+
of (aiars)”, and (diars)’ itself. If this were the case, one would
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expect the proportion of the decomposition product to 1ncrease with ir-
radiation time. Another process which may occur 1s bond sclsslion. The
arsenic-carbon bond is not very strong (D=51-61 kcal./mole) (31), and
sclgslon of the more steble carbon-nlitrogen bond in some aromatic
amines has been proposed to account for some observed photolytic re-
sults (8l). Cleavage of one of the phenyl-arsenic bonds in diarsine
would glve rise to two radicals, each containing one arsenlc atom,

elther of which might react further with the solvent,

[:::]: (CHg)24s -
As(CHa)z

(1) (11)

A way of testing to see whether this process occurs might be to try to
produce (II) alone by photolyzing [(CHz)zAs}: in frozen solution and ob-
serving the esr spectrum. For the As-As bond, D = 38 kcal./mole (31).
Results obtained with other substituted arsines are Ilmportant in the as-

signment of the esr spectrum of uv-irradiated diarsine, and are discussed

below.

Triphenylarsine

The esr spectrum of a uv-irradilated sample of triphenylarsine in
ethanol 1s shown in Figure 4. The gross features of the spectrum are
remarkably similar to those observed for diarsine. The positions of all
the corresponding maxima and minima, and of the main arsenic radilcal sig—
nal are all nearly identical in the two cases. The appearance of the

main signal (g ™ 2.07), however, is different. There is no seven-line
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Figure 4. Esr spectrum of uv-irradiated
(CeHs)sAs in ethanol (96°K).
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hyperfine splitting; in faect there appears to be no hyperfine splitting
at all. This signal is shown on a more expanded scale in Figure 5. The
shape of the signal looks like a typlcal three g-value pattern, with
perhaps some unresolved arsenic hyperfine lending further asymmetry to
the shape (82). It is very interesting that the rest of the spectrum
looks so similar to that of diarsine. The fact that the region around

g = 2.07 1s rather different in the two cases, both in the hyperfine

and in the symmetry of g seems to indicate that this signael is in each
case due to the respective molecular catlons. The similarity of the
rest of the spectrum leads one to believe that there is a common product
in the two cases. It is difficult to surmise what this "common product'
might be. However, it is not unlikely that the two arsenic radicals
(CHa)zAs: and (CgHs)shs: should have similar esr spectra. These might
be expected to show slzable arsenic hyperfine splitting, by analogy with
PHz ((Ap) =80 G.) (75).

It would obviously be of conslderable help to have the esr spec-
tra of these samples measured at a different magnetic field strength, in
order to separate contributions from the electron-nuclear hyperfine in-
teraction and the anistropy in the g-tensors. Thils experiment has been
attempted, using the Varian K—baﬁd spectrometer. BSatisfactory results
have not been obtained however, due to technical difficulties. Part of
the problem may be that 1t is necessary to carry out the irradiation ex-
ternally and then rapidly transfer the sample into the sample cavity
wilthout thawing. A slgnal 1s obtained, but the level 1s too close to
the noise level of the instrument to be of use.

The usual technique used to promote photooxidation is to carry
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Figure 5. Esr spectrum of [(C5H5)3As]+ (expanded scale).
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out the irradistion in a solution containing an electron acceptor (64),
or in a medium which 1s 1tself a strong acceptor, such as concentrated
gulfuric acid (83). Typical acceptor molecules often added to solutions
for thils purpose are carbon tetrachloride, benzyl chloride, benzogulnone,
ete. All experiments using electron acceptors in solutions of these
arsines have falled to give any of the normal arsine radical signals.
Diarsine in sulfuric acld, or 1n solutions contalnlng carbon tetrachlor-
ide, and trlphenylarsine 1n ethanol with carbon tetrachloride or g;benzo—
quinone all give rise excluslvely to signals in the vieinity of g = 2.00.
The appearance of the signal observed with CCly i1s quite simllar to that
obtained on warming the ordinary lrradiasted sample of diarsine enough
to permit diseppearance of the arsine radical signals.

A similar experiment was attempted beginning with the (diarsine-
TCNE) charge-transfer complex in frozen solution. The electronic excita-
tion which gives rise to the intense band in the spectrum of the molec-
ular complex is described as a "charge—transfer" excitation, (A-D) .
(Af,D+)*. For this reason, 1t was decided to irradiate the (diarsine-
TCNE) complex with light of the same frequency as the charge-transfer
transition 1n an attempt to produce the (diars+,TCNE—) ion pair. Irra-
diation at this wavelength (~ 500-700 nm) was found to give rise to no
radical of any kind. Uv-irradiation generated the spectrum of (TCNE)M

only. The same resulte were obtained using the (diarsine-chloranil)

molecular complex.
From the experiments with charge-transfer complexes, 1t 1s clear
that charge-transfer from dilarsine to the electron acceptor does occur.

This is also true when CCly 1s used as the acceptor. In thaet case, no
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slgnel appears on lrrasdiation unless the arsine is added. The fact that
no gignaels from ersine radicels are seen in these spectra must Iindicate
that (diars)+ and the other radicale produced react further with the
electron acceptor, or radicals produced from it, to yleld dlamasgnetic
products. Another possible explanation is that the electron acceptor
radical exhibits such an intense resonance that all other signals are
simply buried. Because no signals from arsine radicals are ohserved,
1t might be concluded that dlarsine does not act as an electron donor.
The classical test for photooxldation 1s to add an acceptor to the sample
and see whether the yleld of radical catlon increases. However, 1t
seems quite likely that the cation radicals of the arsines are consider-
ably more reactive than the amlne radical cations on which the original
work using electron acceptors was carrled out. We conclude that the

radical cation does form, that photooxidation of the arsine does occur.

Bis(diphenylarsino)ethane

The positions and shapes of ell signals in the esr spectrum of
thls compound irradiated at 96°K in a 1l:l ethanol/toluene glass (Figure
6) are virtually indistinguishable from those of triphenylarsine (Figure
5). The only difference between the two cases 1s the ratio of peak
helghts of the two signals presumed to arise from different speciles.

The signal at g = 2.07, corresponding to the molecular catlion, and that
at g = 2.22, corresponding to one component of the spectrum of RoAs.

Complete results on thils compound ere listed in Tables VI and VII.

Dimethyliodoarsine

The esr spectrum of an ethanol solution of thils compound uv-
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Table VII

Peak Height Ratios

Peak ht. (g=2.075)/

Compound Peak ht. (g=2.22)
(Cels) sAs 15.6
[(CeHs)2AsCHa T2 10.5

@S(Cﬁa)e
5.05
s(CHz)2

(CHsz)pAsI | 2,85
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irradiated at 96°K i1s pictured in Figure T. The general features of
the spectrum are the same as In all the other cases. The lines are
considerably broadened here, and the peak helght ratio represents an
extreme. The peak height ratio data are set forth in Table VII, and
provide evidence for the assignment presented above which ldentifles
the signals at very high and low flelds (including g = 2.22) with the
fragment (RoAs). The ratio peak ht. g = 2.07/peak ht. g = 2.22 should
increase with increasing stabllity of the molecular radical cation, and
wlth increasing bond energy of the weakest bond to As. The stabllity
of the radical catlon is expected to lncrease with increasing phenyl-
substitution. The As-I bond energy is low (D=49 kcal./mole) (31), and
one expects extensive production of (CHs)gzAs in the case of (CHa)gAsI.
These expectations are borne out by the data in Table VII, in qulte
drametic fashlon. The proportion of molecular cation 1s greatest for
triphenylarsine and least for dimethyliodoarsine, decreasing down the
series by'factors of two. Whille the peak helght of the first derivative
of the absorption signal 1s not strictly a measure of concentration, it

suffices for thils rather crude comparison.

Triphenylphosphine

Uv-irradiation of a solution of triphenylphosphine in ethanol at
96°K results in the slow appearance of the typical ethanol radical esr
signal of five sharp lines. No other signal can be detected. The ap-
pearance of the five-line spectrum indicates that electron transfer
must be occurring. Irradiation of ethanol alone gives a weak, asymmet-
ric, one-line esr signal after very long irradiation times. It is clear

that electron transfer involving the solvent 1s necessary to produce the
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Figure 7. Esr spectrum of uv-irradiated
(CHz)2AsI in ethanol (96°K).
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five~line spectrum. One expects to see a doublet from [(CBH5)3P1+, but
none 1g observed. Most llkely the signal is centered near g = 2.00 and

18 therefore buried under the signal from the solvent radical.

[Ni(dlars)2C1l]? and [Ni(diars)zCls]™

It was mentioned earller that the original intent of this study
was to compare the esr spectrum of (diars)+ wilith that obtalned for the
paramagnetic Ni(diars)2c12+} When it was found that diarsine can ap-
parently be photooxidized readlly, efforts were made to photooxidize the
five—coordinste d® complex, Ni(diars)2Cl+. This compound is very readily
oxidized chemically (56). Uv-irradiation of a solution of Ni(atars)sclt
in ethanol at 98°K does not bring ebout oxldetion. These sclutions are
usually contaminated with a small amount of paramegnetic Ni(diars)2012+
impurity, and the uv-lrradiation brings about both a decrease in the esr
signal due to this specles, and appearance of the five-line ethanol radi-
cal spectrum. Thawing and mixing the solutlon, followed by remeasuring
the spectrum at low temperature, shows a substantial decrease in the
concentration of Ni(diars)gclg+. The ethanol radical spectrum is also
gone, of course. There 1s stlll another known oxldation state of the
[Ni(diars)Xé]dhcomplex, Ni(diars)zXz2®t, produced by oxidizing the
Ni(diars)sXe® complex. This complex, formally nickel(IV), has an in-
tense blue color (84). In order to determine whether reduction or oxi-
datilion of Ni(diars)2012+ occurg on uv-lrradiation, a solution of
Ni(diars)2012+ was irradiated at 96°K in the esr cavity. The orange
color of the irradiasted spot indicates that photoreduction to Ni(diars)201+

1s ocecurring. The charge-transfer process which occurs in this case must
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then be
+ + - +
Ni(diars)sClp + CpHsOH ~ Ni(dilers)oCl + Cl + (CgHsOH)

(coHs0H)Y + cHaCHOH + HY

It 1s interesting that the same stable radical 1s produced from ethanol
independent of whether the initial charge-transfer product is (CEHSOH)*
or (CoHs0H) . The mode of decomposition of these ions is expected to
be determined by the stability of the products, and the secondary
radlcal proposed 1s probably considerably more stable than the other

possibilities.

Discussion

It would perhaps be of value to summarize briefly the proposed
agslgnment of the esr spectra. In the spectrum of uv-lrradiated diar-
sine, we assign the strong signal at g = 2.075, with the seven hyper-
fine lines, and the shoulder on the high-fileld side of this signal, to
the speciles (diars)+. This specles seems to exhibit an axially symmetric
g-tensor. The highly split pattern around g = 2.00 1s assigned to one or
more of the solvent radicals previously described. The other signals
listed in Teble VI are asslgned to an arsenic-containing fragment, prob-
ably (CHa)EAS. The spectra of the other uv-irradlated arsines are as-
slgned 1n the same way. The only differences are, first, that
[ (CeHs)2AsCHzYS and [(CeHs)sAs]? appear to exhibit rhombic, rather then
axially symmetric g-tensors, and second, that the other signals arising
from arsenic radicals are assigned to (CBHE)QAS, which 1s expected to

have an esr spectrum very similar to that of (CHa)zAs. The assignment
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of the esr spectrum of uv-irradiasted dimethylliodoarsine is substantially
the same as that of dlarsine, with the exception that hyperfine split-
ting was not observed on the silgnal arising from the molecular cation.

The magnitude of the "°As (I=3/2) hyperfine splitting observed
for (diars)+ is certainly quite small (a = 11.5 G.). Uslng the velue of
the lsotroplc arsenic hyperfine splitting arlsing from one unpaired hs—
electron, which has been calculated by Lin and McDowell (7h4), this
11.5 @. splitting implies that the unpaired electron in.@iars)+ possesses
€ 0.3%% arsenic lbs-character. Hyperfine splitting 1s not observed in the
other cases, and the linewldths of the signals due to [(CeH5)3A8]+ and
{(Ceﬂs)gAECHgig require that (.AAS )< 5G. Using the value of the "°As
anisotroplc hyperfine splitting arising from one unpaired 4p-electron
given by Lin and McDowell (74), we calculate that the unpaired spin in
(diars)+ has S 5% arsenic 4p—character. Since most of the unpaired spin
density is neilther in Us or U4p orbitals of arsenlc, there remain two
reagonasble possibilities, arsenic 4d orbitals and aromatic ring m—orbi-
tals.

If we naively assume that the electronic structure of (diars)+
can be obtained from that of diarsine by simply removing an electron
from the highest occupied energy level of the latter, then agsuming the
energy level scheme described previously, the unpalred spin in the radi-
cal catlon 1s expected to be localized in an MO consisting primarily of
arsenlic lone pailr orbitals. The C-As—C bond angles in (CHgz)oAs and
(CeHs)sAs are 96° (31), and the H-As—H angle in AsHaz is 92° (85). This
has been interpreted as indicating that the bonding orbitals in arsines

involve arsenic orbitals which are essentlally L4p-orbitals, and that the
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lone pailr ie primarily of arsenic 4s character (85). It 1s quite clear
that thls can not be the case for (diare)+. Thls problem wag noted by
Gordy, et al. in thelr esr study of PHp (75). They noted the discrepancy
between the observed 3P hyperfine splitting for that species and the
predictlon based on the above bond angle——sp hybridlzation model. They
pointed out that d-orbiltal participation in the bonding would invalidate
the relationships generally assumed (85) between bond angles and sp hy-
bridizaetlion, and asserted that phosphorus 3d-orbitals should be involved
in the bonding in PHs. There is also microwave spectroscopic evidence
for d-orbital participastion in the bonding of HoS (86) and AsHa (87).

Thus it appears qulte reasonable that the orbital bearing the
unpalred spin in (diars)+ should possess some arsenic d-orbital charac-
ter. Further evidence for d-orbltal participation will be presented
later. From the standpoint of energy, it seems unreasonable thet the
unpeired electron should be essentially an arsenic 4d electron, with
small contributions from arsenic 4s and 4p orbitals. It is more likely
that the aromatic ring n—orbitals are also significantly involved in the
MO bearing the unpaired spin in (diars)+. This interpretation is consis-
tent with the observed hyperfine splitting in (diars)+, and with the
1imit placed on ( AAs ) for the other radical catilons studled. Similarly

in the casge of [(CH3)2ABI]+, some delocalizatlon of the unpaired spin

into orbitals of the very polarizable I atom 1s expected.

The electronic spectral studies have indicated that there is
little mixing between the hetercatom and aromatic orbitals, while the
esr results reported here imply that there is mixing. Part of the prob-

lem stems from the fact that we are comparing electronic spectral results
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on the neutral molecule with esr results on the cation. Since it is
known that small changes in geometry can lead to important electronic
structural changes in the molecules, such comparisons are of limited
usefulness. It 1s also gulte possible that the esr experiment 1s more
sensitive than the electronic spectral measurement for detecting mixing
of the arsenic and aromatic ring n—-orbitals.

In order for the g-tensor to exhibit the observed anisotropy,
arsenic d- or at least p-orbltal contributlon to the MO bearing the un-
paired spin is required. Typical aliphatic and aromatic radicals con-
taining only carbon, hydrogen, oxygen, and nitrogen all show g-values
very close to 2.00 with almost no anisotropy (66). Spin-doublet transi-
tion metal ions, on the other hand, exhiblt large anlsotroples, e.g.,
for copper bis-acetylacetonate, g, = 2.266, gy = 2.053 (88). Radicals
containing sulfur and selenium have been found to exhiblt enisotropiles

between these two extremes; for | HOOC—CH—CHoS-

NHo
gz = 2.053 (69). It appears that the arsenic-conteining radical cations

, g1 = 2.003, go = 2.025,

discussed here are simllar to the latter case in the g anisotropy. Fur-
ther experiments are necessary to completely establish the nature of the
other arsenic signals present in the esr spectrum. Certain lines are
observed which would correspond to g-values very far removed from the
free—electron value if attributed to transitions involving no change

in the nuclear spin state (g=2.22,g=l.83). It seems more likely that
these lines correspond to hyperfine components which arise from splitting
due to a single PAs(I=3/2) nucleus. While the lineshapes tend to indi-
cate that these signals correspond to radicals in different orientations

wlth anlsotropic g, the positions are split too widely from the free
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electron value for this to be the complete explanation. We conclude
that the observed extreme lines are components of Tas hyperfine split-
ting. This leads to (AAB ) ™ 150-220 G. for ReAs, depending on the
exact assignment.

The originsl purpose of thls proJect was to obtain values for
g's and (AAS ) for (diars)+ in order to compare these with the corres-
ponding parameters derived from the esr spectra of Ni(diars)2012+ (see
Table VIII). It 1s at once surprising that the value of ('AAS ) 1in the
metal complex 1s greater than that observed in the dlarsine radical
cation (57). Apparently considerable rehybridization takes place in the
arsenic orbiltals upon complexing. It 1s also worth noting that the pat-
tern of the g-values is different between the ligand radical cation and
the paramagnetic complex. The g-tensor of the complex 1s rhombic, and
that of the radical catlon appears to be axially symmetric. It 1s cer-
tainly not true that the presence of the metal ion acts as a small per—
turbation on the electronic structure of the radical ligand. Whether
the observed effect is primarily steric and geometric, as far as the
unpaired spin is concerned, is difficult to know. This is probably not
the case, however. It seems more likely that metal orbitals are strongly
involved 1n the MO bearing the unpaired spin. This problem is being
studied in some detail in a single-crystal esr study of Ni(diars)2C12+
underway in these laboratories (58). The failure of uv-irradiation of
Ni(diars)201+ to produce any parasmagnetlc specles 1s additional evidence
agalnst asslgning the paramagnetic Ni(diars)2C12+ as a metal-stabilized
radical ligand. We know that uv-irradiation of dlarsine readily produces

the radical cation, and would expect a similar effect for the dlamagnetic
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Table VIII

Electron Spin Resonance Parsmeters of (diars)+ and Ni(diars)sCla®

Ni(diars)sCls’ ® diarst
gL = 2.05 g = 2.041
gs = 2.09 g = 2.075
ga = 2.14
(4, 0= 23 g. A, = 11.5 .

SFrom Ref. 5.
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nickel complex 1if this alluded-to description were correct. The presence
of chloride in the sixth position may be very important to the stabiliza-
tion of the paramegnetic specles. Carrylng out the irradiation experi-
ment 1n concentrated chloride solutlon did not yleld a different result,
however.

We report the first preparatlon and characterization by esr of
certain organcarsenic radicals. The esr results have been interpreted
in terms of current notions concerning bonding and electronlc structures
in these compounds. The results indlcate that iIn the aromatic arsine
radical cations there is non-negliglible mixing hetween the n—orbitals of
the aromatic system and the heteroatom "lone pair" orbitals. Also, there
appears to be evidence for Asd-orbital involvement in the bonding. A
comparison of the esr results on (diars)+ with those on Ni(diars)2012+
indicate that it i1s more appropriate to descriﬁe this metal complex In

terms of delocalized MO's than as the 4% metal ion with an oxidized

radical ligand system.
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CHAPTER 1
INTRODUCTION: FIVE-COORDINATION

The tradltional role which five-coordlnste specles have played
in chemistry 1s that of the reactlon intermedlate or actilivated complex,
e highly reactive specles which rapldly proceeds to products. The filve-
coordinate intermediate (a specles occupylng a potential minimum) has
been proposed for octahedral and square planar substitution reactions
(89). A five-coordinate transition state (with which no potential
minimum is associated) is believed to be involved in nucleophilic dis-
placement reactions at tetrahedral carbon (90). Stable, five-coordinate
compounds have been known for some time, but until recently, these were
primarily limited to compounds of the Group V elements (91). In the
past ten years, however, synthetic efforts in the area of five-coordi-
nation of transition metal complexes hﬁve been remarkably successful. A
large number of five-coordinate transition metal complexes have been pre-
pared and characterized, Ilnvolving e rather wide variety of ligands and
transition metal ions (91,92).

There are two alternative geometries in five-coordination, the
trigonal bilpyramid (TBP) and the square pyramld (SPY). Both of these,
and a number of Intermediate geometries are displayed by five-coordinate
specles. The question of what factors determine which of these geome-
tries is assumed by a particular five-coordinate species has been of

concern for some time (91). The actual situation is apparently that in
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many cases the potentlal energy barrler between the two geometries 1s
quite low, and so quelltative arguments about bonding preferences are
in general too crude to be of help. The question of TBP versus SFY 1s
very often based on quite subtle effects. Factors affecting five-coor-
dinate geometry in transiltion metal complexes are perhaps more acces-
sible than with the well-known Group V pentacoordinate molecules. In
the former case there are a larger number of spectroscoplc and magnetiec
techniques which can aid in elucildating the bonding in the different
five-coordinate geometries. 1In any case, 1t 1s quite clear that there
1s great need for structural information sbout these complexes which can
only be provilided by X-ray diffraction techniques. Ibers and coworkers
have recognized this need, and have already carried out a number of
structure determinations of five-coordinate transition metal complexes
(93).

In view of the relatively low barrier to interconversion between
the two five-coordinate geometries, it is not surprising that the Group
V halides and orgenic derivatives exhiblt a considerable structural
instability. Studies of *°F nuclear magnetic resonance (nmr) show all
fluorines equivalent in PFs at amblent temperature (~ 310°K). Measure—
ments over a range of temperature confirm that rapld equilibration of
the non-equivalent positions of the TBP is occurring (94). This process
has been loglecally described as passing through an SFY transition state.
This same type of scrambling has been observed for other Group V deriva-
tives, and for iron pentacarbonyl (95). The matter of structural insta-
bility is of importance to the work reported here, and for this reason,

it is perhaps well to look more closely at the factors which lead to
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instability. This has been the subJect of a certain amount of theoreti-
cal study recently. Raton has shown how the Woodward-Hoffiman ruleg can
be modifled to apply to transition metal complexes (96) and Pearson (97)
has extended earlier work of Bader (98), which is based on the second-
order Jshn-Teller effect, to analyze the same problem. Eaton's applica-
tilon of the Woodward-Hoffman rule to the problem of axial-equatorial
exchange in the TBP shows that for the g% case, the exchange is expected
to proceed readily through an SPY transition state. Pearson does not
treat this case, but it is not difficult to show that the result pre-
dicted by the second-order Jahn-Teller effect is the same.

Taking into account the effect of a small dlstortion, the energy

of a molecule may be expressed as (98)

| l lk) |
@O—Ek) Q2

E =E° +(o] |<))c,1+2 (ol |0) R + }Z{

The second term on the right-hand side of this equation corresponds to
the first—order Jahn-Teller effect, and venishes for a non-degenerate
ground state. The third term is always nonzero and positive, corres—
ponding to a simple Hooke's law-type potential which applies to any mole-
cule undergoing a small distortion. The final term 1s always negative,
and corresponds to the relaxation of the electronic distribution which
occurs upon a small displacement of the nuclei. It is clear that if
these last two terms are of comparasble magnitude, a distortion of the
molecule will occur with a very small activatlon energy. This situation
can occur only when the matrix element (O] [k ) does not vanish; that
1s, the dlrect product of the representations for the two molecular or-

bitals (MO's) in guestion must contein the representation of the dis-
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placement, Q. Bader has indicated that very often MO's other than the
highest filled and the lowest unoccupied levels are too far apart in
energy to glve important contributlons to the last term in (l). It
AE R L eV, the contribution is lilkely to be toc small (98). Pearson
hes stated the rule which can be derived from these considerations
rather simply: "the symmetries of the ground electronic state and the
lowest lying electronlc state(s) determine which kind of nuclear dis-
placement occurs most readlly, l.e., the mode of decomposition or re-
arrangement of the molecule" (97). In the case of the transition metal
TBP complex, the vibratlon which carrled the molecule to the SFY geometry
belongs to the E representation. The ground electronic state for the 48
case is LA; and the lowest excited state is 'R, with a separation of
~ 1,8-2.5 eV (8,17). Thus the TBP 1s expected to be unstable with re-
spect to distortion towards the SPY geometry. The vibration which carries
the SPY molecule to the TBP geometry i1s of By symmetry {under C4v)‘ The
ground electronic state for the 4% case 1s *A; and the first excited
state 1s 1By, with a separation of ~ 2.0 eV (99). This is also expected
to be unstable. The instability of the five-coordinate geometries for
the d® metal complex is thus readily understood using this Interpreta-
tion.

We are interested here primarily in five-coordinate, low-spin
d® metal complexes. Such complexes usually contain ligands with heavy
donor atoms (S,Se,As,P) or strong n—acceptor ligands (CO,CN ,CHZNC). A
few cases of five-coordinetion in this class involve monodentate ligands
only. For these complexes, a common geometry 1s the distorted TEP (93,

100). It is not yet clear what properties of the ligand determine the
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extent of distortion from the regular TBP. Jensen (101) has carried out
eynthetic studies on Ni(TMP)aXe (X=Cl,Br,I,CN;TMP=trimethylphosphine)
and Gray end coworkers heve presented interpretations of the electronlc
ebsorption spectra of Ni[(CeHs)P(0CgHs)2la(CN)z (25) and Ni(TMP)aBrs
(102).

A number of chelating ligands have been found particularly well-
sulted to the promotion of five-coordination in thelr metal complexes.
Monodentate ligands 1n combination with bidentate chelating ligands often
vield the SPY geometry, with the monodentate ligand providing an axial
field and two bildentate ligands forming the square (or tetragonal) plane
about the central metal atom (99,103). A number of the early cases of
this geometry were prepared by Nyholm (99,104) using the ligend o-phenyl-
enebisdimethylarsine (diarsine), with which he carried out a large number
of other highly significent synthetic studies (2). These complexes in~
volve gold (105) and the elements of the nickel triad (99) as central
metal atom, end are of the form [M(diars)zX]”(M=Ni(II),Pa(II),Pt(II),
Au(III);X=Cl,Br,I,NCS). The characterization and spectral measurements
carried out on these complexes by Nyholm and coworkers will be further
discussed later.

A number of five-coordinate, presumably square pyramidal com-
plexes analogous to Ni(diars)axf have been prepared and characterized by
Meek, et al. (106). These workers have used a number of ligands which
are similar to dlarsine, namely diphenyl(gfmethylthiophenyl)phosphine
(SP), diphenyl(o-methylselenophenyl)phosphine (SeP), diphenyl(o-diphenyl-
arsinophenyl)phosphine (AP), and cis-1,2-bis(diphenylphosphine)ethylene
(vEP).
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H P(CgHs)2
SCHa SQCHS S(CBHB)E \c/
X X |
P(CeHs) P(CeH &
ells)= (CeHs)2 (CaBa )i o Bl )
SP SeP AP VEP

As well as the five-coordinate complexes of nickel(II), they have also
prepared a mumber of five-coordinate complexes of cobalt(II) (107) and
palladium(II) (9). The five-coordinate nickel complexes are agein of

the form NiIgX#, with X = Cl, Br, I, NCS, and conductance measurements
were used to show that they are indeed five-coordinate. The electronic
spectra of the complexes in dichloromethane solution have been reported,
and show a striking similarity to those obtained for Ni(diars)gxf. On
this basls we conclude that the structures of the two classes of complexes
are the same. Because the sgpectra are different from those obtailned

for the known TBP complexes (108), the structure was tentatively assigned
ag SPY. More recently, a spectral comparlison with a known SPY complex
has confirmed this (106). We feel that the Ni(diars)(trias)(ClO4)z elec-
tronic spectrum is rather similar to those obtained for Ni(diars)gx+ at
low temperature. Since the structure of Ni(diars)(trias)®¥ (trias=bis(o-
dimethylarsinophenyl)methylarsine) has been shown to be square pyramidal
(109), we have assigned the same structure to Ni(diars)2X+, in accord
with the original assignment of Nyholm (104). The spectra at room temper-
ature are not so closely simllar, and it would be useful to have a struc—
ture determination of one of the (NiLgX)ClO4 compounds as a reference
point for the spectral work. Meek has presented an interpretation and

asslgnment of the electronic spectra of a number of these complexes

(106) which will be discussed later.
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The terdentate ligands have been seen to glve rise to SPY struc-
tures wilth two monodentate ligands or one bldentate ligend occupying the
remaining two positions (21,110,111). One such terdentate ligand is

triars, which forms the five-coordinate Ni(diars)(triars)®¥ (109).

X S(CE3)2)2

(triars)

Venanzl asnd coworkers (8), and subsequently Meek (17), Ciampo-
1lini (112) and others (113), have developed a type of tetradentate
"tripod" ligand which effectively forces a trigonal bipyramidal geometry
upon the metal atom, with a monodentate ligand (X) occupying the fifth
(apical) position. This type of ligand has served as the basls for a

prodigious amount of synthetic work. ZEisenberg has recently summarized

most of the known tripod ligands (11L):

Q = P) Q' = P(06H5)2 EQ-P)
Z \ Q Q = As, Q' = As(CeHs)2 QAS)
| Q =P, Q' = S(CHs) (Tsp)
S . Q = As, Q' = S(CHg) éTSA)
Q =P, Q' = Se(CHa) TSeP)
Q = As, Q' = AS(CHB)EJ o= 3 ETAAg
(Q'(CHE) Q Q =P, Q' = As(CHa)2, n = 3 (TAP
3 Q =N, Q = N(CHa)2, n =2 (Meg tren)

Both Venanzi and Meek have prepared and characterized many low-spin, G
+
TBP complexes of the type MILX (where M =Ni,Pd,Pt;lL=the tetradentate

"tripod" ligand;X=halide,CN,CNS,etc.). In addition, both have measured
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the electronic absorptlon spectra of these complexes, and presented

interpretations of the ligend fleld bands (8,115). These will be dis-

cussed 1in some detall later.
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CHAPTER 2

EIECTRONIC STRUCTURE IN FIVE-COORDINATION:

TRIGONAL BIPYRAMIDAL COMPLEXES OF LOW-SPIN NICKEL(II)

Introduction

Since the preparation of the first complexes of the tetradentate
"tripod" ligands (116-118), much work hes been carried out on the prepa-
ration and characterization of this cless of complex (8,17). Structure
determinations on certain of the MLX+ complexes have shown them to be
trigonal bipyramidel, with the X group occupying an apical position
trans to the odd donor atom of the tetradentate L group (114,119,120).
The strong similarity of the ligand-field portion of the electronic
spectra of all the low—spin d® (M=Ni(II),Pa(II),Pt(II)) MLX  complexes
has led to the concluslon that all their structures are trigonal bi-
pyramidal.

While considerable synthetic progress has been achleved using
the "tripod" ligands, the measurement of electronic spectra has served
primarily for the purpose of characterization. Such measurements have
been limited to room temperature, and have been made mainly in the
visible region. We have measured the spectra of these compounds in
rigid glasses at T7°K, and have extended the measurements out to 41,000
em.” . On the basis of these data, we present an electronic structural

scheme for the complexes.
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Experimental

All the metal complexes under investigation here are analyzed
samples, kindly furnished by Professor Devon W. Meek of the Ohilo State
University. Solutlons for spectral measurements were prepared using a
2:1 mixture of‘2mmethyltetrahydrofuran and ethanol or isopropyl alcohol.
The isopropyl alcohol was spectroquality reagent (MCB), and the ethanol
anhydrous U.S.P.-N.F. grade (U.S. Industrial Chemicals Co.). The 2~
methyltetrahydrofuran was chromatoquality reagent (MCB) which was dis-
tilled from lithium aluminum hydride to remove peroxides and residual

water. Spectral measurements were carried out as described previously.

Results

The visible absorption spectrum of [Ni(TAA)Br]ClO4, representa—
tive of this class of complexes, 1s shown in Filg. 1. The spectrum of
[Ni(TAA)CN]ClO4 is displayed in Fig. 2. At low temperature, the broad
asymmetric band exhibits a dramatic increase in extinction coefficient
and becomes symmetric. Also, a much less intense band appears at some-
what higher energy. These results in part confirm the Gaussilan anelysis
earlier performed on some of these spectra by Benner and Meek (17).
Fig. 3 shows the ultraviolet (uv) absorption spectrum of [Ni(TAA)C1]C1lO4.
The considerably lmproved resolution at TT7°K is characteristic of this
region of the spectrum of these compounds. The complete results of the

spectral study are set forth in Table I. Ligand abbreviations used in

this section are as follows:
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Figure 3. Electronic Spectrum of [Ni(TAA)C1]ClO4 in
2-methyltetrahydrofuran/ethanol (uv region).



Table I

gl

Electronic Spectra of Trigonal-Bipyramildal Complexes at 77°Ka’b
: [Ni(TAP)X]C1O4 [Ni(TAA)X]C1O4
= 04 Br I CN €l Br CN
he - Loy 16,880 16,190 15,620 22,860 15,600 15,100 21,230
3e = lay 22,470 22,220 21,740 29,410 20,790 19,800 27,625
2e - bay 31,600 29,940 27,210 30,000 28,600
le - hay 35,090 33,900 33,170 33,700 32,470
381 - 4a; 837, ThO 536,560 836,800
2ay = bay 39,220 38,170 37,520 38,300 37,240
ke = CN(s*) 40,820 39,185
[v1(TSP)X]C1og [N1(TSeP)X]C104
X= Br I NCS Gl Br I NCS
he = La; 14,725 1k,015 16,130 14,650 14,490 14,255 15,720
3e = lay 21,480 20,575 20,620 21,740 21,160 20,200 21,740
2e = bay 529,630 26,540 529,285 31,850 529,200 S27, 470 29,750
le » ha; 532,735 529,675 533,335 29,370
Ligand
(imternal) 834, 485 53,955 83k, 720 832,000 ?zﬁo 32,150
283 — hay 38,460 838,315 38,535 37,740 37,380 36,765 37,400
ﬁi:ﬁml) sho, 160 40, 370 839,920 40,400 0,400 40,570 41,200

fm

-

j&

-These results have been obtained in collaboration with Dr. J. E. Hix, Jr.
Selected extinction coefficients

-¥ em.™. Solvent 2:1 mixture of 2-methyltetrahydrofuran—ethanol.

reported in Table VI.
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TAA = As-[CHoCHsCHpAs(CHa)zls

TAP = P-[CHoCHCHzA8(CHa)zls ;
= n
TEP = P——Q H
SCHg
o] -3
TSeP = P-—Q ;
SeCHg
= ~.8
QAS = Ast— =

As(CgHs)2
- )

The electronic structural scheme which has been used in assign-
ing the spectral bands is simllar to that given for Ni(TMT)aBrg by
Chastain, et al. (102). The ground state of (NiLX)C1lO4 is «--
(3e)*(ke)* = *a;.

A molecular orbital diagrem for the TAA and TAP complexes is
given in Figure 4. The ligand fileld levels are 3e, L4e, and La;.

The asslgnment of the ligand field spectrum presented here i1s in
agreement with the principal features of the assignment given earlier
by Venanzl, Meek, Ciampolini, and others for this type of complex (8,
115,121). The lowest energy band (vi), which is broad and asymmetric at
room temperature, and which narrows and becomes more symmetric at TT7°K,
is assigned as the transition 4e = 4a; (*A; = aE). The band at higher
energy (vz), which is considerably less intense, and which is well re-
solved at T7°K, is assigned as 3¢ — L4ay; (TA; - b'E). This intensity

pattern has been observed for a large number of TBP complexes of both
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Figure 4. Relative molecular orbital energies for a trigonal bi-

pyramidal (CBV)NiLX+ (1=TAA or TAP;X=halide) complex.
Only the principal correlation lines are shown.
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DSh and cav symmetry. Under Dy, vi 1s symmetry-allowed and vz 1s sym-
metry-forbldden. Apparently lowering the symmetry from Dy, to Csv does
not have a marked effect on the intensity of vz, although the band does
become formally symmetry-allowed.

There is a dramatic increase in the extinction coefficient of
y1 on cooling to T7°K, as expected for a symmetry—allowed‘transition.
Because y; 1s far from Gaussian at room temperature, 1t is difficult to
make an sccurate measurement of the osclllator strength (f) of the band.
Rough calculat;ons indicate that the oscillator strength 1s independent
of tempefature; as it must be for a symmetry-allowed band (122). Be-
cause vo appears as a wesk shoulder on the high energy side of vi at
room temperature, it 1s not possible to tell how the oscilllator strength
of yo depends on temperature.

While vy; does become more narrow and symmetrical at T7°K, the
extent to which this cccurs 1ls dependent on X, the fifth ligand. Quali-
tatively, it appears that v; becomes most symmetrical when X = CN and
becomes progressively less so for Cl, Br, and I. It would be desirable
to measure these spectra at lower temperatures to determine whether vi
becomes equally symmetric in every case, glven sufficlently low tempera-
tures. The change in appearance of vi; at low temperature 1s Interpreted
in terms of a model in which the geometry of the ground state is tempera-
ture-dependent in solution. This interpretation will be presented later
in some detail.

The charge-transfer spectrum of the complexes of nickel(II) with
TAA and TAP consists of three main bands. These fall in the regions

27,000-32,000 cm. ~; 32,500-35,000 cm. *; and 37,000-39,500 cm. ' for the
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complexes studied. Followlng Chastaln, et al. (102), we have asgumed
the energy ordefing X(=n) > As, P(a) > X(o) 1in asclgning the spectral
bands. The first charge-transfer band is assigned as X(x) — M(dc*),
the second as As eq. (o) - M(do*), and the third as P(o) or As ap. (o) =
M(dﬂ*). In some cases a shoulder sppears between the second and third
bands. This is assigned as a second component of the As eq. (o) -
Md(o*) transition (see Table I and Fig. 4).

Support for the asslignment of the first charge-transfer band
as X(x) - M(do¥) is provided by the substantial variation in the band
pogition on changing X. The position varles in the predicted order for
an X(x) - M(do*) charge-transfer band, I < Br < C1 (26). Assignment of
the other two charge-transfer bands has been carried out in conjunction
wlth results from the TSP and TSeP complexes. The charge-~transfer spec-
tra of the TSP and TSeP complexes agaln exhibit three main bands. They
fall in the reglons 26,500-32,000 cmﬂ—lg 29,000-33,500 cm._l; and
36,500-38,500 cmd_l. There 1s apparently some interference in the ultra-
violet region by internal ligand ebsorption, as indicated in Table T.
The lowest energy charge-transfer band in Ni(TSP)X' and Ni(TSeP)X' is
very close 1n energy to that in Ni(TAP)X#, and again the energy of the
band varies in the order Cl > Br > I. This band is therefore assigned as
X(x) - M(do¥). With the exception of the two cyanide complexes, every
compound studled exhlbits an intense charge-transfer band in the region
36,500-39,500 cm.—l. Thils band remains of approximately constant shape
throughout the series of compounds, and varies in position about as much
as the first ligand field band (vi). This intense charge-transfer transi-

tion is assigned as P(o) - M(do*) for the TAP, TSP, and TSeP complexes,



83

and as As ap. (o) = M(do*) for the TAA complexes. The intermediate
charge-transfer band (29,000-35,000 cm.” ™) varies considerebly in shape
and posgltion in the series of complexes, and 1s asslgned as the allowed
component of As(c) - M(dg¥) in the TAP complexes, As eq. (o) — M(dao*)
in the TAA complexes; and S,8e(x) — M(do*) in the TSP and TSeP complexes.

It is not possible to measure beyond 41,000 cm.-l wilth this
solvent, and so the X(o) - M(do¥) band is not observed. This band
would be expected in the region 36,000-48,000 em.”™ for the various
complexes included, because 1t appears to be true that A [X(x) - X(o)] =
10,000-16,000 cm.ml (as determined spectrally) for a number of complexes

(26). It 1s also expected that the 8,Se(o) — M(do*) transition should

occur at energles greater than 41,000 em. " .

Discussion

The spectral results reported here are in substantial agreement
wlth the original studies of these compounds made by Meek and coworkers
(17). We have extended this earlier work by carrying out the electronic
spectral measurements at T7°K in glassy, frozen solutions. The spectro-
chemical series ordering which was earlier reported by Veranzi and Meek
for TBP complexes containing the "tripod" ligends 1s maintained in the
low temperature spectra reported here. Both ligand-field bands exhibit
the energy ordering, CN > NCS > Cl > Br > I. Also, upon changing the
tripod ligand, the ordering is P > As > S > Se (115).

A qualitstive molecular orbital (MO) scheme for these complexes
is given in Fig. 4. The 4a;(2z®) level is the highest of the ligand field

levels, and is unoccupled. This orbital is destabilized by axial o-bond-
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ing. Thus 1In the absence of changes In the geometry of the (I\T:T.L)E+
unit, the o-donor abillity of the X group 1ls expected to determine the
extent of destabllization experlenced by this MO. This destabilization
should in turn be reflected in the position of the lowest energy ligand
field band (vl), because the level from which thls transition originates
is be(xB-y%,xy). As a first spproximation, the energy of the ke level
should be independent of X. The measured values of vy (see Table 1)
seem to bear this out. In the case of the SPY complexes of the type
[Ni(diars)sX]®, it will be seen that a very definite effect on those
ligand field levels involved only in interactions with the arsenic donor
atom framework 1s observed when X 1s changed. Thils effect is discussed
in some detail in Chapter 3. Brilefly, the crucial factor in this di-
vergence of behavlor is thought to be the cccupled or unoccupied nature
of the dz® orbital in the complex.

The lowest energy ligand fileld level for the TBP complexes is
3e(xz,yz), vhich includes contributions from X(x) orbitals. It is de-
stabilized by m—donor ligands and stabllized by n-acceptors. This effect
can be detected in the second lligand field band. Assuming that the
energy of the he(x2~y2,xy) level does not depend upon the nature of X,
the relative positions of the 4ay(z®) levels in two [NiIX&] complexes is
given by the difference 1n position of y; for the two species. Since
this assumption 1s not strictly correct, we choose an 1llustrative ex-—
ample wilth a large difference 1n vi, the two complexes [Ni(TAA)CN+} and
[Ni(TAA)Cl+]. The differences in v, and vz between the different halide

derivetives are so small that a comparison of two halide complexes 1s

not meaningful.
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Using the date 1n Table I, and neglecting interelectronic re—
pulsion effects, we estimate the 4&1(22) level 1n I\Ti('.’L‘A;C&)C‘,I\T+ to be above
the corresponding level is N:L(TAA)CJ.+ by 5630 cm.”t. The value of va
ylelds, again neglecting the effect of interelectronic repulsiocn, the
approximate separation between the 4ay(z®) level and the 3e(xz,yz) level.
We can use the values of vo for the complexes under conslderstion in con-
Junction with the separation between the two hgy levels calculsted above
to determine the relative posltions of the 3e levels 1n the two complexes.
The difference in vs between Ni(TAA)CN® and NL(Taa)clt is 6835 am.”™

The 4ay level in the cyanide is sbove that in the chloride by 5630 cm. =,
therefore the 3%e level 1n the cyasnide must be significantly below that
in the chloride. We would calculate a difference of 1205 cm. * between
the two %e levels; the actual value 1s not of great significance. The
point ls that the 3e level of the cyanlde is found experimentally to be
below that of the chloride. Since chloride 1s a m—donor ligand and
cyanide 1s a good m-acceptor, a qualitative MO interpretation would pre~
dict this experimental result correctly. This simple calculatlon can be
repeated to compare the cyanide derivatives with eny of the other corres-
ponding halides (see Table I), and the same result 1s obtained. In com~
paring the halides with one another, the separations involved are too
small, and the results do not fit any self-consistent pattern.

It was antlclpated that a study of the electronic spectra of
these compounds at low temperature would provide a means for checklng the
Gausslan analysis of the rocom temperature spectra performed by Benner

and Meek (17). 1In fact, the higher energy ligand field band (vz) was

well resolved at low tempersture, and its posltion at 77°K 1s in reason-
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able agreement with the band calculated in the Gaussien analysis. The
behavior of the lower energy ligand field band (vy) upon cooling has been
described. This band is asymmetrlic at room temperature, and Gausslan
analysis glves a good flt assumling two bands (17). The two component
bands are not resolved at T7°K. Instead, vy is considersbly more sym-
metrical at low temperature.

The asymmetric shape of vy in the very similar M(QAS)X' (M=PQ,Pt;
X=C1,Br,I,SCN) was attributed by Venanzi (8) to a static distortion of
the trigonel plane of arsenic atoms about the central metal. He cited
a5 evidence the results of a structure determinstion on Pt(QAS)I' (119),
which was found to be a slightly distorted TBP. This distortion destroys
the three-~fold rotation axis of the molecule, and thus lifts the degen-
eracy of all electronlc stateé which were degenerate under Csv' The
new molecular symmetry is Cs' The effect of the distortion on the low-
est energy electronic states of the molecule 1s pictured below. The
discussion which follows 1s directly applicable to molecules possessing

Dan symnetry, by simply substituting the symmetry designations Dsh and

Coy for Cav and Cs.

b'E g T -}
a'k .:__” }
o 3
1 "
v V2 vy vy | vz
L T S, NN
Cq4y (regular TEP) c, (distorted TBP)

Figure 5
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There 1s no way of knowing & priori whether the splitting of energy
levels brought about by a molecular distortion will be observaeble as a
splitting in a spectral band. The fact that vy exhiblts the splitting
and vs does not simply indicaetes that the dependence of energy level
splitting on molecular distortion is much pronounced for aE than for
biE,

Ibers and coworkers have recently reported the determination of
the crystal and molecular structures of the flve-coordinate species
Ni[ (CeHs)P(CHa)2]a(CN)2 and Ni[(CeHs)P(OC2Hs)21a(CN)z (93,123). Their
results show that Ni[(CgHs)P(0CzHs)2ls(CN)z exhibits considerably more
distortion from Dy symmetry than does Ni[(CeHs )P(CH3)2]15(CN)2. Recent
electronic spectral studies in our laboratories have shown that the
splitting of v3 1n the room temperature solution spectrum correlates

with the extent of distortion iIn these complexes (124).

(v; = vi) Molecular Symmetry
Ni[(CeHs)P(CHa)21a(CN)2 2400 cm.™™

Dan
(slightly distorted)

N1[ (CeHs)P(OC2Hs)=]1a(CN)2 3400 Covy

The spectrum of Ni[(CeHs)P(OC2Hs)21a(CN)z at T7°K in a rigid glass, at
room temperature in solution, and at Intermediate temperatures is pic-
tured in Figure 6. This compound shows the most dramatic temperature
dependence of the splitting of vy yet observed (124).

It has also been found that the electronic spectrum of Fe(CO)s
in solution shows very little change 1n passing from room tempersture
to T7°K. vi is quite symmetrical at both temperatures (125). This ob-

servation is 1In accord with the regular TBP structure of this species as



Ni[ C;H,P(OC,H,),](CN), in EPA
T°K
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determined by X-ray diffraction techniques (126). Structure determina-
tione on TBP complexes of the "tripod" ligande have all revealed them to
be slightly distorted (114,119,120). Likewlse, vy is asymmetric in the
room temperature solution spectrum for all the metal-"tripod" complexes
studied here.

If the distorted structure 1s malntained at low temperature,
however, the two components of the asymmetric band are expected to be
resolved. Since this does not occur, and the band in fact becomes more
symmetrical, there must be a difference in structure between the complex
in solution at TT7°K and in the solid at room temperature. In particular,
the complex must be in the regular TBP form (Csv) at low temperature in
solution, for only 1n this way will v; be unsplit.

This explanation suggests that it may be reasonable to analyze
this problem in terms of an equilibrium between the two forms. This
model 1s analogous to the "spin-equilibrium" reported in ferric dithilo-
carbamate (127), and the four—coordinate/five—coordinate equilibrium ob-

served for Ni(Etgdien)Xs (5) (Ets dien=1,1,7,T7-tetraethyldiethylenetri~

amine ;X=Cl,Br,I).
K
(Regular TEP) Cqy === C (Distorted TEP)

We deslgnate the two forms by thelr polnt groups. On the basis of this
model, it 1s requlred that at intermediste temperatures an equilibrium
mixture of the two forms be maintained. Referring to Figure 5, it 1is
noted that an equilibrium mixture of the Cav and CB forms 1s expected to
show three spectral bands 1n the region of v;.

We have observed spectra 1n which v; had begun to become symmetri-

cal upon cooling, but had not become completely symmebrical. Under these
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conditions, the model predicts an equilibrium mixture of the C, and Coay
forms. Two examples of this observed behavior are the Ni(TAA)Br+, for
which vy 18 not completely symmetrical at TT°K but is considerably more
so than at 300°K, and Ni[(Cels)P(0CzHs)2]1s(CN)2, which hes been studled
at temperatures between T7° and 300°K (124). However, in no case has 1t

been posslble to observe more than two spectral bands. It is true that

1

the energy separations between Vir ¥y

s and v; are relatively small for
these complexes, and that three coverlapping bands might appear to be
only two. It is thus not possible to rule out completely an equllibrium
o e T i e T b

The absence of any experlmental evlidence for an equilibrium in-~
volving two dlstinct components has led us to conslder the possibility
that specles of Intermediste geometry are present at intermediate temp-
eratures. It is likely that the energy difference between the two
"limiting" structures, Cg and Cgps 18 rather small, and that in condensed
phases, solvent-solute Interactions, for example, will be large enocugh
to alter significantly the shape and the equllibrium position of the
ground state potential function. Thus it appears that a variety of
stable structures with differing degrees of distortion could exist, and
that the actual geometry of the specles present would be a function of
temperature. Thils model involving the exlstence of structures with
Intermedlate geometry at intermediate temperatures would lead to the
observed spectroscoplc behavior. Under thls model, the specles present
at any given temperature would be the Intermediate structure most stable
at that temperature, rather than some mixture of only the Cgy and "limit-

ing" Cg forms. Thus the appearance of vy should reflect Lhe umount of
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distortion in this intermediate structure, rather than being simply the
superposition of bands due to the C, and "limiting" Cg forms.

On the basis of this explanation, 1t 1s Interesting to speculate
on the nature of the structure which would be stable in the absence of
intermolecular interactions. Because the regular Cay form 1s favored
at low temperature, it appears that In the gas phase, for example,
these molecules should be regular. In condensed phases, intermolecular
interactions tend to distort these "configurationally unstable" struc-
tures. In the low—-temperature glass, the flve—coordinate complex adopts
the regular structure (Cav) because of the reductlon in the solvent-
solute Interaction. This Interaction 1s reduced because of the large
increase in the solvent-solvent interaction which occurs in glass forme-
tion.

The phenomenon whilch has been described here 1s not commonly ob-
gserved in electronic absorption spectroscopy. In fact, we do not know
of any previous report of this type of tempersture dependence of spectral
bands. In vliew of thls, one must consider why this system, in particular,
should exhlbit the observed effect. One obvious necesslty is the pres-
ence of a low-lying, degenerate excited electronic state and a non-
degenerate ground state. A very lmportant additional feature appears to
be the possibility of having elther the regular structure, or distorted
structures in which the degeneracy of the low-lylng exclted state 1s
removed. Finally, the dependence of the splitting of the degenerate
state on the amount of distortion must be dramatic enough to be cbserv-—

able.

The apparent requirement for an accessible dlstorted structure(s)



92
may explain why thile effect has not been seen in the octahedral, tetra-
hedral, or square planar cases. Both Eaton and Pearson have shown that
the tetrahedral structure 1s not expected to exhiblt structural in-
stabllity towards the square planar for any of the possible electronic
configurations with orbitally non-degenerate ground states (96,97). The
octghedral structure 1s not expected to show instability with respect
to the trigonal prism, because the nuclear motion relating the two struc-
tures 1ls not a normal mode for the octehedron. One might hope to observe
the effect described here in eight-coordination, where the dodecahedron
and square antiprism are geometrles of similar energy. Another possible
system 1s the distorted octahedral trils-complex of the dithiolene-type

ligands with some of the early first-row transition metals (128).
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CHAPTER 3

EIECTRONIC STRUCTURE IN FIVE-COORDINATION: SQUARE PYRAMIDAL

COMPIEXES OF NICKEL(II) WITH o-PHENYIENEBISDIMETHYLARSINE

Introduction

It has been known for some time that the big-dlarsine complexes
of M(TI) (M=Ni,Pd,Pt) readily form adducts of higher coordination number
with various simple ligands (X) (99,10k4).

The pioneering work of Nyholm on the transition metal complexes
of diarsine included conductivity and spectrophotométric evidence which
Indicated that these adducts are flve-coordinste in solution. Since
that time, additional evidence has been provided by Peloso and coworkers,
who were able to determine formetion constants and thermodynamic parame-
ters for a wide range of the [M(diars)sX]*(M=N1(II),Pa(II),Pt(II))
species (129). Speculation concerning the structure of these five-co-
ordinate complexes has centered about a square pyramidal model (104).
Also, crystal and molecular structure of the once very puzzling compound
(130) now known to be Ni(diars)(triars)(Cl0O4)z has been determined (109).
The complex ion 1s composed of a nearly regular square pyramid of As
atoms about the central nickel atom. It appears that the five-coordinate
complexes of nickel(II) with diarsine may be a good system in which to
study the electronilec structure of the low-spin square pyramidal complex.
Although a significant number of low-spin i square py:amidal structures
have been determined by X-ray methods (91,100,111), and some electronic

spectra have been measured, there has been little discussion of the
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detalled electronic structure for thils case.

We have measured the electronic absorption spectra of a series
of the filve-coordinate complexes of the type [Ni(diars)gx]z, and the four-
coordinate species [Ni(dlers)z]®t in solution at 300°K and in frozen
solutions which form a clear, rigild glass at 77°K. The increased reso-
lution achleved at low temperature has proved very Ilmportant in facili-
tating assignment of the ligand-fleld spectrum. The temperature-de-
pendence of the spectra also furnishes evidence concerning the symmetry-
"allowed or —~forbidden cheracter of the bands. The spectral results are

discussed 1n terms of a qualitative molecular orbital scheme to these

complexes.

Experimental

Preparation of Compounds

Reagents. All metel salts were reagent grade and were used
without further purification. The llgand o-phenylenebisdimethylarsine

(d1arsine) was prepared and purified as previously described.

Ni(diars)sXe (X=Cl,Br,I) was prepared according to the method

of Nyholm (56) and recrystallized for ethanol. Ni(diars)s(ClO4)z was
prepared by the method of Harris, et al. (99) and recrystallized from a
mixture of mcetonitrile and ethanol. Ni(diars)(triars)(ClO.)s was pre—
pared using the nickel(II) catalyzed conversion of diars to triars de-
seribed by Nyholm, et al. (109,130).. All samples were analyzed for C,
H, and As (Galbraith Microanalytical Laboratory, Knoxville, Tenn.) and

characterized by the visible absorption spectra.
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[Vi(diars)sX]1C104 (X=Cl,Br,I,NCS,NOz). These compounds were pre—

pared by a modification of Nyholm's method (99). This modification was
suggested by the method used by Meek and coworkers (17) to prepare com-
plexes of the type [N1LX]C1lO4 where L = a tetradentate "tripod" ligand
and X = C1, Br, I, CN, NCS. The method consists of mixing equimolar
amounts of N1(Cl0,.)z*6Hz0 and NiXo in ethanol and adding a stolchiometric
amount of diarsine in ethanol to produce the solid [Ni(diars)sX]ClO4.

The product was recrystallized from dichloromethane or methanol. All
samples were analyzed for C, H, and As, and the results found to be 1in

excellent agreement with theory.

[Ni(diers)oCN]C1l04. This compound was first prepared in an un-

usual reaction involving Ni(diars)z(Cl04)z and tetracyancethylene (TCNE)
in ethanol. Ni(diars)z(Cl04)z (.035 gm.) was mixed with ethanol (35
ml.), in which it 1s very slightly soluble, and TCNE (.0%5 gm.) was
added. Upon heatling on the steam bath, a red solution was formed. The
golution was filtered, and upon reducing the volume of solution or addi-
tion of ethyl ether, a red solid precipitated. This materlal was lmpure,
but recrystallization from methanol afforded dark red crystals of the
compound., Thils compound can probably also be prepared directly from
Ni(CN)z+4Ho0, Ni(C1l04)z°6H20, and diarsine, by the method described
previougly. The solid exhibits a single, sharp C-N stretching frequency
at 2101 cm.”t. In acetonitrile it eppears at 2109 cm. .

Anal. Calcd. for [Ni(diars)sCN]ClO4: C, 33.35; H, 4.26; As, 39.62.

Found: C, 33.31; H, 4.35; As, 39.3h.

Ni(diars)z(thiourea)(Cl04)z. Ni(dlars)(Cl04)z was mixed with

.ethanol containing a large excess of thiourea. A red soclid was formed
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after warming a few minutes on the steam bath. The solld was filltered
off and washed repeatedly with cold ethanol, in which 1t was sparingly
goluble. This complex 1s extenslvely dlssociated 1n ethanol solutlon
to Ni(diars)22+ + thiourea. Addition of an excess of thlourea to the
ethanol solution 1s necessary to suppress dissoclation.
Anal. Calcd. for [Ni(diars)z(thiourea)](ClO4)z: C, 27.84; H,

L.ol; As, 33.08. ‘

Found: C, 27.74; H, 3.93; As, 33.33.

Physlcal Measurements

All ultraviolet and vislble spectral measurements were made on
the Cary Model 14RI spectrophotometer. Measurement of spectra at T7°K
were carriled out as previously described. Measurements in the visible
region were made uslng pyrex square cells prepared from square tubing
obtained from Wilmad Glass Co. For the ultraviolet region, quartz
cells of a simllar type were used. In this case, however, the cells
were made by molding round quartz tubing on a square, solid molybdenum
Torm. The advantage of these cells over fused or cemeted quartz square
cells 1s that they show much less tendency to induce crack formation in
unstable rigid glasses at T7°K. A number of the measurements were car-
ried out using commerclal Suprasil square cells, and these results
agree well with those teken using the tubing cells (62). Repeated meas-
urements have been carried out using these cells, and reproducibility is
geood. Baseline measurements using solvent alone at 300°K and T7°K were
used to correct measured spectra. Solutlons for spectral measurements
were prepared using the 2:1 mixture of 2-methyltetrahydrofuran and meth-

anol, proplonitrile, or ethanol described earlier. A 2:1 mlxture of
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of ethanol and ethyl ether was found toc form a transparent, uncracked

glasge on a certain percentage of trles, and this was used for a number

of measurements. Propionitrile (Eestman white label) was purified ac-
cording to a published method (132).

Molar extinction coefficients at 77°K have been corrected for
volume contraction using correction factors given earlier. The contrac-
tion of the 2:1 ethanol-ethyl ether mixture at T7°K is 20%, as determined
by cooling a measured volume of solvent in a graduated tube.

Infrared spectra of Nujol mulls were measured on a Perkin-Elmer
Model 225 grating spectrophotometer between potassium bromide plates.
Solution spectra in spectroquality acetonitrile or dichloromethane

(Matheson, Coleman and Bell) were obtained using 1.00 mm. cells with

calcium fluoride windows.

Results

The electronic spectrum of Ni(diars)sBrs in the visible region
is representative of this class of compounds and is plctured in Figure 7.
At room temperature, the vlisible region of the spectrum exhibits one
broad, slightly asymmetric absorption centered at 21,050 cm.ul. At
TT°K, there 1s an increase In € and a narrowing of the central band, and
one lower Intensity absorption is resolved on either side of the main
band. The charge-transfer region of the spectrum of Ni(diars)sIs is
shown in Figure 8. There is a considerable improvement in resolution of
this region of the spectrum at T7°K. Complete results of the spectral

study, along with band assignments, are reported in Table II.

Ni(diars)s(ClO4)s. Conductivity, infrared, and visible spectral
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Table II

Electronic Spectra of [Ni(diars)gx]z S

[Ni(dlars)sCN]C10, Ni(dilars)(triars)(ClO4)s
300°K TT°K 300°K TR
zZ - x* - y© 18,595 19,170 18,555 18,620
| (420) (hoo) (765) (1150)
XZ,yZ * X2 - ¥ 25,945 26,415 23,040 23,365
(1235) (1730) (1h90) (2380)
xy -~ ¥ — 72 - - — 26,850
(sh 385)
As(g) = ¥ - ¥® — 32,205 — 30,650
(*Ay —~ *B1) (sh 1880) (Sh 1150)
s s 3h,525 —
(7680)
As(c) » & - ¥y e s 37,810 37,960
(A, = *E) (11,400) (14,700)
z= —~ a*(CN") 35, 300 36,195
(11,500) (18,400)
36,765 37,040
(11,700)  (17,700)
[Ni(dlars)oCONSIC104 [Hi(diars)z(tu) 1(C104)a °
2 =+ xF - yF 16,235 17,635 pre 16,425
(Sh 1k0) (Sh 325) (.ok)e
XZ,yZ =+ X= - Y= 20,950 21,600 19,740 20,940
(865) (1&10) (1220) (.38)°¢
xy = x2 - y2 - 26,665 - -
(8h 210)
X(x) = 2 - ¥® 30, 355 30,580 s 29,330
(2320) (5é10) (1.48)¢
Asgc)'* x* < y2 —_ —_ thiourea asbsorption
(*Ay = *Ap)
As(g) = & - y® 37,445 37,970
(ThAy = 1E) (16,100) (21,800)
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Teble II-~Continued

[Ni(diars)2N02]0104a
300°K TT°K
22 =+ x* - y® 16,200 16,5490
(sh 135) (1%0)
XZ,yz ~+ X= ~ y° 21,865 22,950
(625) (10k0)
xy + x2 - ¥° e -

NOg— absorption

%% em.™* (e,4.mole “em.™r). Solvent 211 mixture of 2-methyltetrahydro-
furan and methanol or ethanol.

bExcess thiourea added.
cRelative extinction coefficient.

dNi(diars)g(ClO4)2 + NaNOz in solution. Solid compound not isolated.
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measurements (99) indicate that this compound exists in solution as the
four-coordinate Ni(diars)22+. The visible spectrum differs from that of
the five-coordinate species in two importent respects. Filrst, the main
ligeand fleld band in the spectrum of this compound 1s also the lowest
energy band. In the flve-coordinate species, a less Iintense band is
resclved at lower energy than the main band. Also, the most intense
band in the ligand field spectrum of Ni(diars)-®t appears at higher en-
ergy and 1ls of lower intensity than the main band in the five-coordinate
complexes. The extinction coefficlent of thils band shows a marked sol-
vent dependence (see Table III). At room temperature, the visible spec-
trum of Ni(diars)2(0104)g in a 4:111 solvent mixture of 2-methyltetra-
hydrofuran, propionitrlle, and ethanol, exhlbits one broad band centered
at 22,600 cm._l. For a square planar complex involving ligands which are
not n-donors, one expects relatively small spacings between the ligand
field bands. This point 1s illustrated by the visible absorption spec—
tra of Ni(CN)4.2~, PA(CN)42~, and PA(NH3)42t (26). Also on the basis of
8 comparison with the separation between the ligand field bands in the
spectrum of the filve-coordinate species, we tentatively assign the one,
broad band in the room temperature spectrum of Ni(diars)z2t to the three
ligand field transitioms, lAlg *'lAzg, lBlg, and *Eg (xy;z2;xz,yz -
2 = 32,

At TT°K, a week shoulder is resolved on the high-energy side of
thies band. It 1s not possible to give a complete and definitive assign-
ment of these two bands on the basis of our results. A partial assign-
ment 1is possible, however. Spectral results on the five-coordinate

specles indicate thet, while the true symmetry of the molecule i1s Cav’
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Table III

Electronic Spectrum of Ni(diars)s(Cl04)z in Various Solvents

50% CoHsOH 98% CoHs0H 98% CHzCls
CoHsCN 50% CHaCN 2% CHaCN 2% CHzCN DMF
22,600 22,675 22,725 22,600 a
(11k0) (8k0) (715) (330)
- e 30:850 E0,0lI-O S
(sn 2300) (4500)
34,600 34,405 33,615 33,005 (35,100)
(sh 15,800) (sh 15,000) (sh 10,400) (sn 11,200)
= - — 25,255 =
(sh 18,000)
38,550 38,460 a 38, 740 37,505
(25,600) (25,200) (25,600)

aNot measured.
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the electronlc spectra of those complexes can be satlsfactorily inter-
preted by assuming the polnt mlerosymmetry C,. . For Ni(diars)22+, then,
we agsgume the point mlcrosymmetry D4h' None of the three spin-allowed
ligand fleld transitions 1s symmetry-allowed under Déh' The 1A1g - lEg
(xz,yz - ¥ - ya)‘transitian is parity-forbldden, and 1s the only one of
the ligand fileld bands whilech would become symmetry-allowed 1f unequal
golvent dnteractions sbove and below the Ni(diars)22+ plane removed the
center of symmetry possessed by the lsolated four-coordinate species.
In view of the known tendency of this unlt tc increase its coordination
number to five, it 1ls expected that in coordinating solvents there
should be a partial relaxation of the g +» g selection rule because of
slightly unegual interactlions on either side of the Ni(diars)22+ plane.
Perhaps the best evlidence for such Interactions 1s the solvent depend-
ence of the extinetion coefficlent (e) of the main ligand field band at
room temperature. The value of € for this band is significantly greater
in the strong donor solvent, acetonitrile, than it i1s in ethanol (see
Teble III). By analogy with the five-coordinate case, in which the
most inﬁense ligand field band is assigned as the symmetry-allowed
oy = B (xz,yz = ¥© - ¥°) transition, we assign the solvent dependent
ligand fleld band in the spectrum of Ni(diars)z2' as *A
# - y3).

The shoulder which 1s resolved on the hilgh energy side of this

s ™ g (xzyym -

band at TT7T°K falls at essentially the same position and has about the
same € as the band which has been assigned as Ay — Ax (xy = ¥ - y=)
in the five-ccordinate complexes. It is tempting to assign this band as

lAlg *'lAEg (xy =» % - y2) for this reason, since removal of X 15 not
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expected to have much effect on the relative energles of these two orbi-
tals. Such an assignment would place xy < xzZ, yz in energy. No more
gpectral bands are resolved 1n the ligand field spectrum, and it remains
to place the dz® level. On the basie of the observed spedtrum, it ap—
pears that the 1A1g - *B. g (z2 » ¥ - y®) band could be buried beneath
the intense ligand fleld band, lAlg *'lEg, or beneath the charge-trans-
fer bands, with ¥ = 29,000 cm.” ™. On the basis of the variation in po-
sition of the *A; — *B; band in the various five-coordinate species
(2750 em. ™) and the difference in position between the *A; — E band in
the five-coordinate case and that in the four-coordinate case (3200 cm. %),
it seems unlikely that the lAl * 1Bl band in the flve-coordlnate speciles
should shift by 2 10,000 cm. * upon removal of the fifth ligand. Neglect-
ing the effects of interelectronic repulsion, we then tentatively pro-
pose the d-level ordering xy < xz, yz ~ #E e w2 y2 for the four-coor-
dinate Ni(diars)s2't.

The uv absorption spectrum of diarsine alone shows a relatively
featureless, rising absorption that begins at ~ 35,000 cm. *. The ab-
sorption spectra of the complexes can be measured out to ~ 40,000 cm.™™,
applying a relatively small baseline correction for the absorbance due

to diarsine. As may be noted in Table III, the uv spectrum of Ni(diars)sZ"
exhibits a shoulder at ~ 30,000 cm. T in some solvents end not in others.
A shoulder 1s present near 30,000 em. in the room temperature spectrum
in ethanol, methanol, and dlchloromethane, and absent in acetonitrile,
propionitrile, and dimethylformsmide. A resolved band appesars at approx-
Imately this position in the room temperature spectra of the five-coordi-

nate species for which X is a n-donor (I,Cl,Br,CNS,tu), but 1s absent in
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Ni(diars)(triars)®t which has the o-donor As in the fifth position.
This band has been assigned X(=x) - M(do*) in those five-coordinate
species. For this reason, it msy be speculated that in the spectrum of
Ni(diars)z®%, the presence of this band should be due to the charge-
transfer transition Solvent(x) — M(do¥). Comparing the n-donor ability
of the solvents studied with the presence or absence of this shoulder
indicates that this assignment may be Justified. It 1s also quite pos-
slble that the band 1s present in the spectra in acetonitrile and DMF,
but simply not resolved due to broadening. For these specles, uv spec-
tral bands are broader in DMF and acetonitrile. Unfortunately, it has
only been possible to measure the low temperature spectrum in the solvent
mixture already mentioned. The room temperature spectrum in this solvent
does exhibit the shoulder. Obviously it is desirable to measure the low
temperature spectrum in a solvent which does not exhibilt the shoulder at
room temperature, on the chance that it might be resolved at 77°K. The
proper solvent system for this measurement has not been found to date.
Another possible assignment for the band 1s as a forbidden component
of the As(c) —~ M(do*) charge-transfer transition. The assigament of
this band wlll be discussed further in connection with the five-coordi-

nate spectra.

The higher energy region of the uv spectrum is quite similar to
that observed in the five-coordinate species studied here, both the
gquare pyramlds and the trigonal bipyramids previously discussed. There
1s one intense absorption maximum at ~ 38,000 cm._l, and one (in one
case, two) shoulder(s) on the low energy side of the band. There are

three possible As(g) - M(do*) charge-transfer transitions, LA

1
18 - Eu’
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lAlg’ and 1B1g' Of these, only the former is fully allowed, and so the
absorption maximum at 58,000 cm._l 1s assigned as thils transition. The
oscillator strength (f) of this band is independent of temperature, in-
dicating the dipole-allowed nature of the band. The shoulders on the
low—energy side of this band are assigned to the other, orbitally-for-
bidden components of the As(¢) = M(do¥) transition. Because diarsine it-
self begins to absorb ~ 35,000 cm.—l, it is conceivable that one or more
of the shoulders may be simply due to internal ligand bands, possibly
slightly perturbed by the presence of the metal ion. This cannot be
ruled out, but is regarded as unllkely, because the absorption due to
the complex is generslly at lower energy (33,000-35,000 em.” ) than is
the diarsine absorption, and the shoulders which appear are considerably

better resolved and of higher intensity than in the dlarsine spectrum.

Ni(diars)(triars)(Cl04)z. X-ray structural work by P. J. Pauling
has shown this compound tc be five-coordinate, with a regﬁlar square
pyramidal structure (109). The nickel atom is raised slightly above the
plane of the four arsenic atoms. The vislble absorption spectrum of the
solid in Nujol mull 1s found to be the same as the solutlon spectrum,
both at room temperature and T7°K. At room temperature, the visible
spectrum exhibits two bands, at 18,555 cm. * and 23,040 cm._l, with ex-
tinction coefficients of 765 and 1Lk90, respectively. The bands narrow
at low gemperature and the extlnction coefficients increase, to 1150 and
2380, but the positions are relatively unchanged. On the high-energy
side of these a less intense (€=380) shoulder is resolved at low tempera-
ture. Comparing the visible region of the spectrum of the compound with

that of Ni(diars)s®', the main difference is the band (vy) which appears
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at 18,555 em.”™ 4in this case, and 1s absent In the four-coordinate spe-
cles. Also, the maln ligend field absorption (~ 23,000 cm.*l) is con-
siderably more intense for the five-coordinate Ni(dilars)(triars)®¥. oOn
the basls of a simple ligand fleld plcture, we assign the new band at
18,555 em. * as the *A; = By (2 - ¥® - y®) electronic transition. The
most intense band (vs) 1s again assigned as YA; - E (xz,yz = & - ¥7),
which is symmetry-allowed under C,,. In accord with this assignment is
the observation that the oscillator strength (f) of v= 1s independent
of temperature while that of v; decreases upon lowering the temperature.
The weaker shoulder at ~ 27,000 em.” 18 assigned as Thy = As (xy -~
x2 - y3). This transition should involve a smaller dipole change than
the others, and 1s expected to be less intense. The rather high inten-
sity exhibited by all the ligand field bands reflects the fact that the
so-called "ligand-field levels" must have a significant amount of arsenic
character. Ligand field bands with high extinction coefficients are
known to be characteristic of complexes involving ligands with heavy
donor atoms (P,As,S,Se) (8,17). This is generally attributed to the
inclusion of conslderable ligand character in the MO's derived from
the metal d-orbitals in these complexes. The highest value of € which
has been reported for a ligand field band involving a first-row transi-
tion metal ilon is 9800, for the first ligand field band in the trigonal
bipyramidal complex, [Ni(QAS)NCS]C104 (133).

The charge-trensfer spectrum of Ni(diars)(triars)®t exhibits an
intense band at 37,000 cm. *, which is assigned to the allowed 1A; - 1E
component of the As(g) - d(o%) transition. There is alsc a quite weak

shoulder revealed in the low temperature spectrum at ~ 30,700 cm._l.
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Since the As atom does not possess n-donor orbitals, the only reasonsble
esslgnment is to some orbitally-forbidden As(co) - d(c¥) transition.

There 1s a decrease in intensity of this band at low temperature, in-
dicating the vibronically-allowed nature of the band (122). The observed

extinction coefficient (€ ~ 1000) is appropriate for a symmetry-forbidden

charge-transfer band.

[Ni(alers)sX 1;(%=Cl,Br,I). In order to verify the five-coordi-

nate composition of these compounds in solution, we have‘measured the
absorption spectra of both Ni(diars)sXe and [Ni(diars)sX]C1lO4. The re-
sults are given in Table IV, and 1t 1s quite apparent that the spectra
of Ni(dlars)sXe and [Ni(diars)sX]ClO4 are the same for any particular X,
and are readily distinguished from that of Ni(diars)22+- Since we can
tell that no four-coordinate species 1s present, all the complex must be
in the five-coordinate form, because [Ni(diars)sX]Cl04 could give a six-
coordinate Ni(diars)EXéo specles only in the presence of a corresponding
amount of Ni(diars)22+, by reason of the stoichiometry. Dissocilation
of [Ni(diars)gx]z to Ni(diars)z"% + X*™2 in the concentration range em-
ployed for the spectral measurements appears to occur only with X =
thiocurea, and this dissoclation is easlly detected by observing a very
asymmetric main ligand fleld band in the visible region of the spectrum
at 7T7°K. One component of thils composite peak falls at approximately the
position of the main absorption in Ni(diars)=2" (¥ = 23,000 em.”™), the
other at lower energy.

The pattern of three bands in the visible reglon which was ob-
served in the spectrum of Ni(diars)(triars)®’ at T7°K appears in this

case also. The essignment of the visible spectrum of Ni(dilars)sX' is the
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Teble IV

Comparison of Electronic Spectra of Ni(diars)zXe and [Ni(diars)sX]Cl0,

Ni(diars)zClp [Ni(diars)sCl]C1l04
300°K TT°K 300°K T7°K
22 -+ B — y® —_— 18,030 — —
(8h 65)

XZ,yZ = X= - ¥y 21,285 22,080 21,270 22,065

(1060) (1530) (905) (1270)

wy > 8 R 25,895 26,285 — 26,345

(sn" 170) (190) (290)

X(=) » & - ¥° 30,345 30,425 30,245 30,455

(sh 3740) (4670) (sh 2360) (3420)

As(0) » x= - y* 33,410 34,275 33,265 34,275
(*Ay ~ *4;) (sh 93k0) (sh 11,220) (sh 9050) (Sh 9340)

Asgc) 36,245 36,695 36,285 36,940
* *E) (sh 21,500) (37,800) (Sh 19,000) (30,400)

Lo, 000 ko, T15 39,960 40, 700
(Sh 21,000) (20 000) (Sh 17,700) (15 300)

Ni(dlars)sBra [Ni(diars)sBr]Clos

2B -y 16,395 17,660 16, 325 17,560

(sh"110) (80) (sh’ 15k4) (165)

XZ,yz = xX° ~ y° 21,055 21,820 21,055 21,860

(1030) (1820) (1025) (1960)

xy - = - y° - 26,275 - 27,025
(sh 110) (Sh 260)

X(x) - £ - ¥® 30,625 30,675 30,660 30, 315
(sh 5300) (sh 5180) (sh 5950) (Sh 5600)

As g) » x* - —_— 3%,280 — 33,110
(*ay - lAl) (Sh 6950) (Sh 6470)

Asg‘ 38,240 38,095 37,901 37,996
(*aq - ’~E) (2k,000)  (33,800)  (26,000) (33,800)
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Table IV--Contlnued

Ni(dlars)oIs [Ni(diars)>I]C104
300°K TT K 300°K TT°K
72 - x2 - y° 16,130 17,330 16,230 17, 305
(8h 170) (165) (Sh 330) (190)
XZ,y2 =+ ¥= - ¥° 20,265 21,455 20,275 21,465
(1145) (1950) (1075) (1850)
Xy » X2 - y° - 26,665 — 27,025
(Sh 225) (sh 230)
Xm) +»=* - 5 30,035 30,245 30,155 30,2k5
(Sh 5250) (7500) (sh 4900) (6450)
As& —- 3l 365 — 3h4,070
(*Ay ~ 1A1) (sh 7000) (sn 5800)
Asg 37,075 37,620 37,200 37,265
(*ay ~ lE) (22,750)  (30,500)  (20,800) (27,300)
Ni(diars)=(C1l04)o
XZ,yZ =+ X° — y° 22,600 23,200
(% = = (o) (350)
Xy = x= - y= — 26,250
(sh 195)
Solvent(m) = x* - y2 30,870 31,665
or Ag(a) - §2 - ¥ (Sh 2880)  (Sh 1580)
( Alg = Azg)
As(o) = x® - y° 33,650
(> 180 (sh” 1.82)
As(o) » x& - 7 31,565 38,735
. (28,500)  (27,200)
{55,590}
36,495
(17,800)

a ~L
v em. — (€,£.mole

propionitrile.

~1 g
Qm- )'

or ethanol; ethyl ether—ethanol.

Solvent for Ni(diars)o(ClO4)z is 41111 2-methyltetrahydrofuran-ethsnol-

Solvent 2-methyltetrahydrofuran-methenol
Some e€'s determined in methanol.
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same &g thet proposed for Ni(dilars)(triars)®*. One difference in the
gpectra is that for Ni(diars)zxf, the central band (vg) clearly domi-
nates the spectrum, and considerably weeker bands appear on elther side

of the main peak. Thils pattern 1s expected in C since one ligand-

4V’
field band is symmetry-allowed and the cother two are symmetry-forbidden.
The reason for the relatively high intensity of vy for Ni(diars)
(triars)®’ is most likely that the a;(2z®) orbital has a significant
amount of ligand character in that case. Mixing of ligand orbitals with
metal d-orbitals is expected to be considerably stronger for arsenic
than for halide. In accord wlth this interpretation i1s the observed de-
pendence of € for v; on X in the halide series. € decreases in the or-
der I > Br > Cl, which 1s also the order of decreasing tendency to form
covalent bonds with metal ions. This 1s evidence 1in favor of the as-
signment of vy as YAy - *By (2% - x® - y®), because the dz® orbital in-
teracts most strongly with orbitals on As, Cl, Br, and I.

The usefulness of the low temperature ligand field spectrum is
best seen for these hallde complexes, where the room temperature spectrum
shows one broad band with a shoulder on one side or the other of this
main band. All three bands can be detected in each of the spectra at
TT°K (see Table IV). The oscillator strength of vz is not changed on
decreasing the temperature, which 1s strong evidence of the symmetry-
allowed character of the band (122). Because the weaker bands appear &s
shoulders, it 1s not possible to measure the half-wldths or to obtain
accurate values of €. It does appear, however, that the lowest energy

band decreases in intensity at low temperature.

The band assigned as *A; - By (xy = ¥ - y2) is relatively
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week, and esppears in the same position for these complexes‘as was re-—
ported for Ni(diers)s®t end Ni(diers)(triars)®¥. The position of the
other two ligand fleld bands does change, the energy ordering being
ClL > Br > I for both bands. A rationalizatlon for this ordering will be
offered later. There 1s alsc a striking shift of these two bands to
higher energy at low temperature, 1n some cases by more than 1000 cm._l.
This could reflect a small change in the position of the fifth ligand at
low temperature, or the freezing out of the X-exchange process which is
known to occur at room temperature (see Appendix I). For that matter, it
is known that the whole metal-arsenic framework i1s rather flexible.
There may be a detectable change in the equilibrium positions of the
metal and ligand atoms with temperature.

The charge-transfer spectrum of Ni(diars)gX+ (X;Cl,Br,I) ex—
hiblits the strong absorption at ~ 37,000 em.”™ which is characterigtic of
the complexes under study, and is assigned as before. A shoulder on the
low-energy side of this maein band appears at low temperature, and is as-
signed as the A; - A; (allowed) component of the As(cg) — d(o*) transi-
tion. The exact position of this band is difficult to locate because it
appears as & shoulder in every case. It does appear that as with the
mein As(g) - d(o¥) band, the position is not constant, but shows small
variations with X in an unpredictable fashion.

In each of the halides, a pronounced shoulder appears in the
room temperature spectrum at ~ 30,000 cm.—l. This band 1s resolved at
TT7°K, but the position of the band is relatively unchenged in the series
Cl, Br, I. In all six compounds measured, the bands fall within a range

of 500 cm.”*. The striking constancy in the position of this band led
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Meek to assign 1t as a phosphine~to-metal charge-~transfer band in his
five~coordinate SPY complexes (106,108,134). 1In Ni(VPP)Xf, he observed
a spread of 670 cm.ul for thils band in the chloride, bromide, lodide, and
thiocyanate, with an average position of 29,120 em, ™™ (106). This is
the band which appears in the spectrum of Ni(diars)22+ in certain sol-
vents and is not observed (at room temperature) in others. The room
temperature spectrum of Ni(diars)(triars)2+ 1s featureless here at room
temperature, but at 77°K, a rather weak shoulder appears. The extine-
tion coefficient of this shoulder is ~ 1000, while for X = Cl, Br, I
e for the maximum is 3750-5500. The observed extinction coefficient for
this band is quite sensitive to the nature of X, increasing in the order
ClL < Br < I. This was also observed by Meek, who reports‘for the band
at ~ 29,120 em.” in the Ni(VPP)2X+ complexes extinction coefficients
of 12,220, 13,230, and 25,930 for the chloride, Lromide, and iodide, in
dichloromethane solution. VThis is evlidence in favor of the assignment
of this band as X(=x) - M(do*).

In the trigonal-bipyramidal compounds studled, we observed a
band in this region (26,500-32,000 cm,—l) which showed a variation in
position in the order Cl > Br > I. This band was assigned as X(x) =
M(do*). In the TBP complexes of the type Ni(TAP)X+, the position of the

X(x) - M(do*) transition covers a range of 4390 em.”t

(X=C1,Br,I). The

analogous band in the spectrum of Ni(TMP)aBrs was also assigned in this

way. While 1t 1s disturbing that this band in the SPY's does not

vary in the predicted fashion for a halide(n) — metal(de*) charge-trans-

fer band, all other evidence points toward this assignment. There is no

other band in the observed spectrum which can be logically assigned to
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thie transition, and the evidence from the trigonal-bipyramidal cases is
that this transition should occur well below 40,000 em. "t We assign
the band at 30,000 em.”™ to the allowed charge-transfer transition
1a, = E (X(x) - 22 - ¥7).

It is rather unlikely that the energy of the MO derived from
the metal dx° - y© orbital should vary much in the halides. An alterna-
tive explanation for the invariance In position of thils charge-transfer
band is the somewhat unconventional suggestion that the energies of the
MO's derived mainly from the halide w-donor levels do not vary drasti-
cally from chloride to bromide to lodide. This 1s perhaps conceivable
1f the iodide level is more strongly stabilized by interaction with the
metal d-orbital than is the chloride. Stephenson has determined the
crystal and molecular structure of the six—coordinate bils-~diarsine
platinum(II) complexes with chloride and iodide, and reports a much
longer Pt-X bond distance for the chloride than for the iodide. (Pt-
C1,4.16 R;Pt-1,5.5o R) (19,20). He interprets these distances as indi-
cating an essentlally electrostatic bond in the chloride and a covalent
bond in the iodide. While it is true that the six—-coordinate, solid
platinum complex 1s not the five-coordlnate nickel complex in solution,
1t seems likely that this trend wlll be the same in the two cases. A
longer Ni-X distance for the chloride than for the ilodide would consider-
ably reduce the metal-chloride(s) interaction, in comparison to the
iodide(n) interaction. If the Ni-X distance in the five-coordinste com-
plex in solution varies in the order Cl > Br > I, then the degree to
which the X(x) level is depressed should vary in the order I > Br > Cl.

But in the free atoms, the relative positions of the X(x) levels are
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I > Br > Cl. So by this mechanism, the position of the X(x) levels in
the complex may be brought closer together. It 1s also possible that
electronic repulsion effects may operate as well to cause the absorption
bands to occur at closely simllar energles. A qualitative argument
based on the effect of electron repulsion indicates that this effect
should operate to lower the energy of the band 1n the chloride most, the
bromide next, and the lodide least.

It should be noted that in the SPY complexes, the fifth ligand
must be placed in the reglon of a filled az? orbital, which will tend to
repel the anionic or neutral ligand X. Unless X is particularly prone
to covalent bonding, the result of this repulsion willl be to increase
the M-X distence as has been cobserved, and in turn significantly decrease
the amount of M-X covalent bonding. In the case of the TEP, the fifth
ligand 1s placed in the reglon of an empty M(dz®) orbital. Thus the
M-X distance will be normsl (114) and the extent of covalent bonding
willl again be reascnable, in the absence of the fillled, repelling orbi-

tal. This may explain the difference in behavior observed for the band

assigned as X(x) = M(do¥) in the two casges.

[Ni(diars)QX]Z(X=CN,N02,CNS,tu). The visible spectra of these

compounds are similar to those described above. It is easy to identify
the symmetry-allowed tp; — ME (xz,yz =+ x% - y®) ligend field band (vg)

by the dependence of the extinction coefficilent on temperature. e for
this band shows a conslderably greater increase than for any other band
in the visible spectrum. The value of £ for vz 1ls seen to be temperature-
independent. The band which appears as a weak shoulder (vz) ~

26,000 c:m.—:L in the other compounds is not seen in the NO- or the thilocurea
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(tu) derivatives because of absorption due to NOz and thiourea. This
band is not seen in the cyanide eilther, because in this case, the (xz,yz
-+ x® - y3) transition appears at ~ 26,000 cm.” ™.

Certain experimental difficulties were encountered with the
thiourea complex. 1In order to suppress dissoclation of the complex in
the ethanol/E—methyltetrahydrofuran solvent mixture, a large excess of
thiourea had to be added, which rendered the glass unstable and subJject
to cracking at low temperature. With an insufficlent amount of thiourea
to suppress dissoclation, a stable glass was formed, and the vealue of
$£ax was obtained by extracting it from the asymmetrle peak which con-
tained this band and also that due to Ni(diars)z2*. It was confirmed
that the composite band was composed of one band due to Ni(diars)s=%
and one due to Ni(diars)stu®' by adding a small asmount of thioures and
observing the change in the intensities of the two components of the
band at 77°K. It is not certaln whether the thilocyanate complex con-
tains N- or S-bonded thiocyanate at TT°K in this solvent (see Appendix
II). The main ligend fileld band (vz) appears to be symmetric at TT°K,
and so does not provide evidence in favor of the coexistence of the two
isomers under these conditions. The position of vs should not differ
greatly for the two forms, however.

In the uv region, we observe the band at ~ 30,000 cm. © which
has been assigned as X(x) - M(do*), in the thiourea and the thiocyanate,
at room temperature and T7°K. Both of these ligands are known to be
good n—donors. This region is completely obscured by ligand absorption

in the NOo derivative. In the cyanide, no absorption band is observed

in this region at room temperature. At TT7°K, a shoulder appears at
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~ 32,000 cm. *. This may be due to & M = CN(x*) charge-transfer transi-
tion, or perhaps to & component of the As(g) — M(dc*) bend. The al-
lowed 1A1-¢ g (As(o) - M(de*)) transition is observed for each of these

compounds slso at ~ 37,000 cm. *,

Discussion

Related studies. In addltlon to the Ingenious synthetlc and

characterization studles described earlier, Meek and coworkers have as-
slgned a number of the NiLgX% (square pyramidal complexes) electronic
spectra which they have measured (106). This essignment deals with the
mein ligand field band which appears in the range 18,000-21,000 cm._l,
and the lowest energy charge-transfer band, which appears in the range
28,000-30,000 em. ">, They assign the ligand field band as the electronic
transition lAl i LB; (22 - w* ya). In no case do they observe more de-
tall 1n this region of the spectrum than the one, broad ligand field ab-
sorption,

Since the position of the band varies in the order Cl > Br > I,
they conclude that the band follows the expected spectrochemical series
ordering, and 1s evidence in favor of the assignment. As has been de-
scribed in some detail, our electronic spectral measurements at TT°K re-
veal three ligand fleld bands in the region where a room temperature
measurement reveals only one absorption maximum end a weak shoulder.
Based on the relative intensitles of the bands, and the temperature de-
pendence of the intensity of the main ligend field band (veo) we have as—
slgned this band (v ~ 21,000 cm.nl) as the transition *A; = *E (xz,yz -
x® — y¥3). It is true that the observed variation in position of the

ligand field band does obey the traditional octahedral spectrochemical
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series ordering. However, the levels being considered here, a;(z®) and
by (= - ya), do not correspond to the two levels involved in the octa-
hedral or tetrahedral ligand field transitions. In the octahedral case,
the unfilled orbital on which the electronic transition terminates is
o-antibonding with respect to the ligand in question. The filled level
from which the transition originates interacts with ligend n-type orbi-
tals. In the SPY geometry of the type considered here, the bi(x® - yZ)
orbital 1s essentially non-bonding with respect to X, the fifth ligand,
and the al(z2) orbital is o-antibonding with respect to X. The result
of this situation is that the *A;(z®) ~ By (x® - y®) transition should
exhibit behavior which 1s the opposite of that observed 1in the octahedral
case. This is 80 because 1n this case the stronger the o-donor X, the
greater will be the destabilization of the ai(z®) level, and the lower
the energy will be at which the transition should occur. Assigning the
bend as *A; = E (xz,yz = ¥ - ¥°) corrects this problem so that the
observed ordering of the bhand position is as expected. Since the n—donor
ebility ordering is I > Br > Cl, the energy of the e(xz,yz) level should
vary in the order I > Br > Cl, and the resulting band ordering should
then be Cl > Br > I, as observed.

The other assignment in contention 1s the first charge-transfer
band. In this case the assignment 1s not clear-cut, as has been pointed
out. The reasons set forth to Jjustify our assignment of this band as
X(x) = M(do*) in the five-coordinate complexes where X is a n—donor have
‘already been discussed in detall. There are additional results, reported

by Meek, which bear on this point.

In the electronic spectra of the four-coordinate Ni(VPP)Xo
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complexes, the lowest energy charge-~transfer band depends on X in the ex-
pected fashion for an X(n) - M(do¥*) charge-transfer band. This band ap-
pears at 34,100 cm. © in the lodide, 36,140 em.”  1n the bromide,
36,230 cm. © in the thiocysnate, and is not observed below 40,000 em.”*
in the chloride (106). If the correct assigmment of the lowest energy
charge—transfer band (at 29,000 ecm. ™) in the Ni(VPP)2X+ spectrum is
P(o) - Md(o*), this same transition would be expected to give rise to
the lowest energy charge-transfer band in Ni(VPP)Xs also. That this is
not the case is evidence In favor of our assignment of the lowest energy
charge-transfer band in NilsX' .

It is not possible to prove the assignment of the lowest-energy
charge—~transfer band in NiLng conclusively without additional experi-
mental evidence. In Proposltion I is suggested an experiment using
magnetlic cilrcular dichrolsm which could very likely resolve this elec-
tronic structural problem. Work is belng carried out in our laboratories
using ligquid crystalline phases to orilent molecules In order to study
the polarization of spectral bands (135,136). It is clear that determin-
ing the band polarilzations would resolve the remaining assignment diffi-
culties and serve as a good check for the assignments believed to be cor-
rect. Unfortunately, there are not now available sultebly polar, non-—
aqueous liquid crystalline media which will dissolve these compounds.

When such medlia are developed, this problem should be studied using this

technique.

Ligand field energies. The assignment of the ligand field bands

which has been proposed leads to the d-level ordering xy < xz, yz < s

2 — y% for the five-coordinate complexes. This ordering seems reason-
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able in terms of a simple ligand fleld model. By changing only the
fifth position and meintaeining the Ni(diars)22+ fremework, the main dif-
ferences in the ligand fleld spectrum are expected to come as a result
of the changing position of the e(xz,yz) level, which matches the X mn-
orbitals, and the aji(z®) level, which matches the X g-orbital. This is
not to say that the Ni(diars)22+ framework wlll be unaffected by the
fifth ligand; in fact we have found that there is a rather important
dependence of the position of the bi(x® - y®) level on the nature of X.
Regardless of the change in the energy of by(x® - yz) from one complex
to another, 1t is possible to extract a quantity from the ligand fileld
spectrum which should show the same dependence on X as the traditional
ligand field splitting parameter Ab' This is done by simply taking the
difference in energy of the two lowest energy bands, v; and vs. This
procedure gives the separation between the aj;(z®) and e(xz,yz) levels in
the complex, neglecting interelectronic repulsion. The values of this
parameter are listed in Table V, and lead to the spectrochemical series
CN > NOog > As > tu > Br ® I ® C1 ® CNS. There 1s very little difference
between Br, I, Cl, CNS (277 em.”™), and since this is close to the limits
of experimental error, 1t is unlikely that the ordering from those X has
much meaning. It 1s encouraging that otherwise this constructed spectro-
chemical series 18 In agreement with experience with ligand fleld spectra
in the octahedral case (137). The position of CNS in this constructed
series may indicate that under these conditions 1t 1s S-bonded.

It was recognized during the course of this work that the system
chosen for study might be capable of providing useful information of a

type heretofore unavailable, concerning bonding properties of ligands.
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Table V

Spectrochemical Serles Parameter A' from Electronic Spectra
of Square Pyramidal Complexes

Compound A" (=v2 - vi)
Ni(d1ars)sCNT 7246 em.*
Ni(diars)sNoo™ 6461
Ni(diars)(triars)®t 4745
Ni(diars)s(tu)®t 4510
Ni(Adiars)sBrh k229
Ni(diars)sI’ h1ke
Ni(aiars)zc1t 4053

Ni(diars)sCNSt 3961
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The basic problem which arises in studyling the bonding properties of
ligands by measuring ligand fileld splittings is that 1n the well-studied
cases, o-bonding effects and n-bonding effects are not directly separ-

able. In the octahedral case, the t, orbitals interact with ligand =n-

8
orbltals and the eg set interacts with ligand o—orbitals, so that Ab is
a measure of the difference between o-donor ebility and n—donor ability.
The situation in tetrahedral symmetry 1s Just as inconclusive. In square
planar geometry the situation is somewhat different, but still rather
difficult, because ligand field bands are not generally well separated.
It is apparent that what is needed is a system which contains a baslc
"puilding block,” capable of readily adding different ligands (X) to be
tested, and a geometry in which certain metal d-orbitals interact only
with the "building block" ligands and others interact only with X. At-
tempts to construct a system of this type have been carried out using
the low spin cobalt(ITI) complexes of the type [Co  T(NHs)sX] (138).
Attempts to separate 0- and n-effects using this system were unsuccess-
ful, partly because there was not a complete separation of the effects
of X and NHz ligands on the metal d-orbitals.

In the TBP complexes dilscussed in Chapter 2 we have a partial

solution to the problem. In that case, the d-level scheme is as pictured

below

——erame——dia3 ( 2%) X(o)

Z:##::it::::he(xy,XE - y2)
e (xz,y2) (x(x))

F
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The 4e orbitals (xy,x® - y*) are non-bonding with respect to X. Thus
the position of the first ligand field band should reflect the o-donor
ability of X. As has been polnted out, this correlation appears to fit
well., The second ligaend-fleld band, however, is a mixed o-m transitilon.
The square pyramlidal system of the type studied here appears to
be a good cholce for attempting to distingulsh between o- and n-effects
spectroscoplcally. The d-level ordering In this case 15 pictured be-
low, and gives rise to three possible transitions, one which should re-
flect m—donor or acceptor ability (Va), and one which should be 1inde-

pendent of X and serve as a calibration point (vs).

ey D12 - 1)

Lo R
Vz
Ya
i e1(z®)  x(o)
ﬂ ii e(xz,yz) x(x)
H ba(xy)

In order for this method to work, 1t 1s essential that either by (x® -
ya) on bg(xy) remain of constant energy from one complex to another.

To a first approximation, these levels should be independent of X. As-
suming that the energy of bi(x¥® - y°) is independent of X, we expect vy
to exhibit the energy ordering CN < NOz < As < hallde. The cbserved
ordering is NOs < As < halide < CN, which is very different. The energy
ordering exhibited by vo 18 CN > As > NOp > C1 > Br > CNS > I > tu,
which 1s In better agreement with expectation than 1s the ordering ex-

hibited by v, but 1s still not entirely correct. If the assignment of
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the ligand fileld spectrum is correct, the only conclusion which may be
drawn 1s that the energy of the bl(x? - y2) level must depend upon the
nature of X in some unspecifled way. The effect of X must be somehow
transmitted through the Ni(diars)22+ framework. That thls effect is
observed 1s perhaps not surprising. Introducing X Into the region of
the occupled a;(z®) orbital could very likely alter the electronic dis-
tribution about the central metal atom, thus changing the Ni(diars)22+
geometry slightly.

Even though the energy of the by(x® - y®) level 1s dependent
upon X, 1t might still be possible to obtain o- end m-donor orderings
1f the emergy of ba(xy) 1s independent of X. The *A; - LAy (xy - x® -
v*) transition can be observed for four of the eight X, but is a weak
shoulder in two of these cases, and the exact position is difficult to
pinpoint. Using the ;A1~+ iAo transition as a reference point, which
ig equlvalent to assuming a constant value for the energy of the bp
level for these complexes, apparently leads to an unlikely result; that
is, I > Br > Cl > As for o-donor ability. The halide ordering is prob-
ably correct, but As 1is certainly out of place. This result may arise
from a change 1n position of bg, or simply from the difficulty of lo-
cating with any accuracy the *A; - 1As transition in the Ni(diars)
(triars)®t spectrum. In any case, it is unfortunate that this transi-

tion 1s not resolved in the cases of X = CN, NOp, tu, because these are

the cases for which vy is badly out of order.
There are two further possibilities which might be consildered,
concerning the unexpected behavior of v; in these spectra. The first

1s that perhaps electron-repulsion effects are very large for vy and
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hence the values of vy do not correspond at all closely to energy sepa-
retions. This explanation ls regarded as unlikely. One reason for thils
18 slmply that chloride and cyanide, for which the values of v; are
definitely not as predlcted, appear at approximately the same position
in the nephelauxetic series (14). This series indicates the extent of
metal d-electron delocalization by the ligand, and thus the magnitude

of the effect which interelectronic repulsion should have on spectral
bands. The other posslibllity i1s that the ligand fleld spectrum may be
improperly assigned. As was indicated previously, the assignment of vao
is regarded as rather certain. Another assignment of the other ligand-
field bands has been considered. This scheme leads to a better, though
st1ll not ideal ordering of the band assigned as lAl - lBl (z2 - xekp
ya). However, it does have other rather unappealing features. 1In this
scheme, vy 1s asslgned as the spin-forbidden transitlion %Al - % (xz,yz
-+ x2 - y®) for X = C1, Br, I. For X = As, CN, NOz, vi 1s assigned as
before, *A; - *B;. In the halides, vs is assigned as *A; — *B; (z2 -
¥* - y*®). This results in the energy ordering halide > As > CN > NOo
for LA; = By, and the inverse ordering for the position of the ay(z?)
level., This ordering is still not exactly as predicted, since NOz ap-
pears to be out of order. It also involves inverting the d-level or-
dering in the halides to xy < zZ < xz, yz << = y2, which seems un—
likely. Finally, this scheme requires the assignment of a band with € =
200, 80, 70 for X = I, Br, Cl as a spin-forbidden ligend field transi-
tion. These intensities appear conslderably too high for spin-forbidden

bands in a complex of nickel(II) (26). For these reasons, we conclude
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that the present assignment 1s probably the one most consistent with

experlence.

Comparilson with trigonal-bipyramidal spectra. We have a good

system here for comparison between the electronic spectral characteris-
tiecs of the two limiting geometries in filve-coordination, the trigonal
bipyramid (TBP) and the square pyramid (SPY). It was anticipated that
it might be possible to come up wilith some rough empirical guldelines for
classifying five-coordinate complexes as SPY or TBP on the basis of the
electronic spectrum measured at room temperature and T7°K. Progress has
been made along these lines, using the data presented here and also
other work recently completed in our laboratories (124). We consider
only the case of the low-spin a8 complexes, primarily involving
nickel(TI) as the central metal. There are a reasonsble number of com-
plexes of this type for which structural determinations have been car-
ried out, and it would be worthwhilile to carry out detalled spectral meas-
urements and gpply the guidelines discussed below to some of these com-
pounds which have not been the subject of careful spectral study.

In six compounds used for comparison here the coordinated ligand
atoms are identiecal, the only dlfference besides the geometry of the two
complexes being the nature of the aliphatic and aromatic grouﬁs attached
to the arsenic donor atoms. These six compounds are Ni(diars)sX ERet,
Br,CN) and Ni(TAA)X® (X=Cl,Br,CN).

The one characteristic of the visible spectrum which is diagnos-
tlc of the TBP is the intense, asymmetric room temperature band which

becomes more symmetrical at T7°K. This has been discussed Iin some detail
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in Chepter 2. The SPY structures do not exhibit this behavior (compare
Figs. 1, 2, and 7). Rather, bands appearing as shoulders in the room
temperature spectrum of the SPY complexes are resolved at T7°K. This

18 perheps best seen in the spectrum of Ni(diers)(triars)®¥, in which
two bands that appear close together and are of comparable intensity are
resolved at T7°K.

The number and intensity pattern of the ligend fleld bands, as
well ag thelr temperature dependence, are useful in dilagnosing the geom-
etry. The TBP complexes mentioned above exhibit two bands, the one at
lower energy considerably more intense. The less intense band 1s some-~
times difficult to observe because it 1s often as little as one-fiftieth
as lntense as the main band. The main band is often asymmetric at 300°K,
and there is some evidence, dilscussed previously, for the generalization
that the degree of asymmetry depends upon the static distortlion of the
TBP complex. For some complexes, though none of the group under discus-
sion here, the asymmetric band gives way to two, distinct bands at 300°K.
This 1s the case for Ni(TMP)aXe (TMP=trimethylphosphine,X=Br,I) (124).
The lower energy component 1s of lower intensity In the cases observed
thus far. This is consistent with the ldea that the spectral pattern
in such complexes 1s changing over to the SPY.

The SPY complexes (Ni(dia.rs)gx+ exhibit three ligend fileld bands,
the central one the most intense. In every case examined in this study,
the SPY structure does show the less intense, lowest energy band at
TT7°K, and often does at rocom temperature also. The highest energy one
(Va) of the three ligand fileld bands 1es occasionally not observed. The

charge-transfer spectra of the TBP and SFY complexes compared here are
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rather éimilar, and not particularly useful for distinguishing one struc-
ture from another. The positions of the ligand-field bands can be useful
in distinguishing the two structures. It should be noted that the low-
ppin limitation which we heve imposed will only be met using relatively
strong-fleld ligands. For example, Ciampolini (112), Dori (139), and
others (11%,140) have prepared a number of high-spin, five-coordinate
nickel(II) complexes using nitrogen and oxygen donor ligands. The com-
mon type of low-spin d®, five-coordinate complex involves some cyanide,
phosphine, or arsine ligands.

The known mixed halide-phosphine (or arsine) TBP's of nickel(II)
are all blue, green, or purple. The corresponding SPY's are red, brown,
or purple, and 1f the number and kind of ligands are the same in the
two geometries, as 1n those discussed here, the lowest energy ligand
fleld band occurs at lower energy in the case of the TBP. When we go to
the mixed cyanlde-arsine, however, the result 1s that the lowest energy
absorption maximum is found In the SPY spectrum. The lowest energy bhand
in the SPY is of relatively low inteneity (for Ni(diars)sCN', € = 2,
in acetonitrile at 300°K). If we compare the most intense ligand field
bands in the two compounds, we find that for cyanldes and halides, the
Intense absorption at lower energy is found in the TBP. It is worth
examining briefly the basis of these band position results.

On the basls of the simple ligand-field picture, we would expect
replacing chloride by cyanide in the TBP system studied here to raise
the a;(z®) level and ralse the energy of the first ligand field band,
which 1is assigned as *A; —» 'E (xy,x2 — y2 = 22). Making the same re-

placement in the SPY case should also raise the a;._(za) level, which
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ghould lmﬁer the energy of the filrst ligand field band, asslgned as

1p, =+ 2By (22 » x® - y3). (Actually, this band exhibits a small shift
in the opposite direction, as mentioned before.) The net result, de-
termined experimentally, is to reverse the positlons of the lowest en-
ergy ligand field bands in the SPY and TBP. Replacing chloride by cya-
nide acts to increase the energy of the intense ligend field band for
both the SPY (xz,yz = ¥ - y2) and the TBP (xy,x® - y° = z2). Cyanide
1s a good m—acceptor and thus lowers the energy of the e(Xz,yz) level
in the SPY, and a good o-donor and raises the energy of the aj(z®) level
in tﬁe TBP, The intense band shows a greater shift in the TBP, but no
reversal occurs. The result is that for the Intense ligand field band
in both the cyanides and the halides, SFY > TBP. A comparison of band
positions and extinction coefficilents for Ni(TAA)X+ and Ni(diars)2X+ is
given in Table VI.

There are a number of compounds of geometry Intermediate between
the two limiting forms. This 1s undoubtedly due to the relatively low
barrier to Interconverslon between these two geometrles. It would be
of interest to examine the ligand-field spectra of some of these com-
pounds to determine whether the intermediate structure is maintained in
solution, at room tempersture and T7°K, and to determine the spectral
characteristics which these structures exhibit. An application of the

ideas discussed here is described in Appendix III.



Comparison of Ligand-Field Bands in TBP and SPY Comple:»cesa

Ni(diars)sCl’ Ni(Tan)cr” Ni(diars),Br Ni(TAA)Br" Ni(diars)sCN® w1 (TAA)CNT
18,030 15,600 17,610 15,100 19,170 21,230
(sh 65) (3900) (80) (3720) 400 (5450)
22,080 20,790 21,840 19,800 26,415 27,625 W
(1530) (sn 120) (1820) (sh 170) (17120) (360)
26,285 26,650
(190) (sh 110)

’ - B
%411 measurements st T7°K in 2-methyltetrshydrofuran—ethanol or methanol. v cm. (e, £.mo0le Lom. l).



1%2

APPENDICES



133

; APFENDIX T

NUCLEAR MAGNETIC RESONANCE STUDIES OF DYNAMIC
PROCESSES IN DIARSINE COMPLEXES

Nuclear magnetlic resonance measurements as a function of temper-
ature have beeh carried out on a number of cobalt(III), nickel(II), and
palladium(II) complexes of diarsine. Iine-broadening of the resonance
which corresponds to the methyl groups in the coordinated ligand occurs
at low temperature, but splitting of the resonance has not been observed.
This behavior 1s taken as evidence of structural instability in all of
the complexes studied, and exchange of X in the five-coordinate
M(diars)sXt (M=Pd,Ni,X=Cl,Br,CN) complexes.

The nuclear magnetic resonance (nmr) spectrum of diarsine shows
one sharp signal at ® = 1.14 ppm arising from the four equivalent methyl
groups. Diamagnetic complexes of diarsine exhibit this resonance also,
with the position shifted to higher fields (for Ni(diars)=Cls, in
CH=0H,& = 1.84 ppm). We have studied the nmr spectra of a number of
four-, five-, and six-coordinate diarsine complexes of nickel(II), pal-
1ladium(II), and cobalt (III) as a function of temperature. Studies on
the five-coordinate complexes reveal the existence of a process involv-
ing rapid exchange of the axial ligand(X). There is also evidence for
some structural instability in all of these diarsine complexes. At low
temperature, significant broadening of the resonance arising from the

methyl protons is observed, but separate lines corresponding to distinct

specles are never resolved.
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Experimental. The complexes were all prepared according to

standard techniques (56,104,1%1,142). Microanalyses were carried out on
all ¢ompounds, and good agreement with calculated values was obtalned.
Spectroquality solvents (MCB) were used wherever possible. Spectrogual-
ity nitromethane (MCB) was found to show weak impurity peaks in the nmr,
presumably due to higher nitroalkanes. Standard methods of purification
did not eliminate this problem (132). An elaborate fractional distilla-
tion appeared to be necessary to completely purify this solvent, and
was not carried out. All nmr measurements were made on the Varian A-60A
spectrometer, or the Varian A-56/60A, which was equipped with a standard
variaeble temperature accessory, Varian model V-604LO. The Varian A-56/
60A instrument is in the laboratories of Prof. John D. Roberts at Cal-
tech. Samples were pipetted into precision—ground, 5-cm. Varian rmr
tubes. In some of the measurements the signal was augmented by using a
computer of average transients (CAT), Varian Associates Model C-102k, to

scan the region of interest repeatedly.

Results and Discussion. The compounds studied fall into three
classes: the four-coordinate nickel complex, the five-cocordinate nickel
and palladium complexes, and the six-coordinate cobalt complexes. The
nmr spectra of these complexes, and of the ligand diarsine itself, have
been measured from room temperature down to —-60°C or below. The posi-—
tions of solvent peaks have been used as an internal standard. The poéi—
tion of the resonance is not so important as the behavior of the line-
shape as a function of temperature, however.

The four—coordinate nickel(II) and palladium(II) complexes are

thought to be square planar and consistent with this, one sharp unsplit
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methyl resonance 1s observed (& = 2.01 ppm) for Ni(diars)2(0104)g in
dimethylformamide (DMF). The five-coordinate complexes of nickel and
pallddium are believed to be sguare pyramidal (Part IT, Chapter III),
and so 1t 1s expected that two non-equivalent types of methyl groups
should be observed, a and b, those on the slde of the NiAsy square plane

a a %
b CHz x CHs CHa

2 CHS / \ /
\AS s
\NL/A
N

a/\ 1 a.f%;b

CHz CHz CHy CHg
opposite X, and those on the same side of the sguare plane as X. The
room temperature nmr of the five-coordinate species of the form
[M(diars)2X]+ (M=P4,N1;X=Cl,Br,I,CN) show one sharp singlet arising from
the methyl groups. Integration of this peak and that corresponding to
the arcmatic protons shows the areas to be in the ratio of approximately
3:t1l as found for diarsine, and as expected in this case if all the methyl
protons are contained in this resonance. The only reasonable explana-
tion for this result is that rapid exchange of the fifth ligand (X) is
occurring 1in these complexes. For one sharp signal to appear in the nmr
spectrum, the rate of the exchange process would have to be ® 10%-10°
sec.” T (143). 1In view of the observed rate of exchange of axial water
molecules in square—planar copper(II), which is 2 X 108 sec._l (14L), =
rate of 10%-105 gec. t in this case seems not unlikely.

In order to obtain more definitive evidence for this exchange

process, 1t was decided to measure the nmr spectrum of the five-
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coordinate complexes at low tempefature. The exchange process should be
slower at low temperature,‘hopefully slow enough (Bate & 16 sec.“l)
that 'distincet resonances from the non-equivalent methyl groups would
appear. This technique has been used with success in many exchanging
systems (145,146). Methanol (f.p. -98°C) was found to be an appropriate
solvent for this study. Measurements of the methyl resonance from the
complex, and the 13¢ satellites of the methyl resonance from methanol
were carried out from_—hOOC to -90°C., These measurements were made on’
the compounds listed in Table I, and while substantial broadening of the
methyl resonance of the complex relative to that of methanol was ob-
served, in no case was it possible to resolve a splitting of the signal,
arising from non-equivalent methyl groups. Broadening of the solvent
resonance at low temperature does occur, presumably as a result of thé
increased viscosity, but the broadening of tThe solute peak 1s consider-
ably greater.

In order to make certain that the broadenling observed was not
simply due to some conformational effect exhibited by the diarsine
molecule alone, the nmr spectrum of diarsine in methanol wag measured
from 40° to -90°C. The broadening of the methyl resonance of diarsine
was seen to cccur to the same extent as the broadening of the solvent
resonance. This indicates that the broadening observed in the low
temperature nmr of the metal complexes iIn fact does not arise from
some conformational effect exhibited by the diarsine molecule alone.

The behavior of a number of complexes which were not expected
to exhibit any kind of X-exchange process was ohserved, and all of these

showed line broadenlng at low temperature, of the same type as exhibited
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by the five—coordinate complexes. The four-coordinate Ni(diers)z(Cl04)z
in DMF is suspected‘of actﬁally behaving as a five-coordinate complex,
with solvent loosely bound in a fifth position, in view of the ease with
which the.[Ni(diars)2]2+ unit adds a fifth ligand. For this reason, we
did not use this rather obvious reference compound for the purpose of
calibration. The six-coordinate cobalt(III) complexes, Co(diars)3(0104)3
and [Co(diars)=Clz]C1l, however, are not expected to undergo ény kind of
X-exchange process. The low temperature nmr spectra of both of these
complexes show broadening of the methyl resonances to a greater extent
than the solvent line broadening. The same effect is observed in the
low temperature nmr of the five-coordinate Ni(diars)(triars)2+. A
likely explanation of these results is that the molecular framework is
structurally non-rigid in these diarsine complexes, and that there are
more than one possible static conformation which give rise to non-
equivalent methyl groups. An examination of a CPK space-filling model
of the Co(diars)2012+ molecule, for example, shows that, assuming ap-
proximately tetrahedral bond angles about arsenic, there are two non-
equivalent methyl groups in the molecule, due to the apparent "chair-
_like" conformation of the molecule. This result is borne out by avail-
able crystal structural data (19,20,57). The bis-complex of 1,8-naphtha-
lenebisdimethylarsine with nickel(II) exhibits two isomers, thought to
be of the "chair" and "boat" forms (147), in accord with this interpre-
tation. Apparently there is a low energy barrier separating the two
forms, and at room temperature they egquilibrate rapidly. At low temper—
ature the process slows down, and line broadening occurs. The extent

of the line broadening at low temperature is not greatly different in
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the five- and six-coordinate complexes, This indicates that the confor-
mational equilibration process occurs either more slowly than or at ap-
proximately the same rate as the X—exchange process.

The proposed rationalization appears to be the most reasonsble
for the data presented. However, it is unfortunate that the low tem-—
perature measurement does not show resonances from two non-equlvalent
methyl groups.. The uneqguivocal proof of the proposed mechanism really
depends upon identification of non-equivalent resonances. For the six-
coordinate complexes, two separate liﬁes should appear due to the freez-
ing out of the conformational exchange. In the spectra of the five-
coordinate complexes, however, four lines are expected at sufficiently
low temperature, because the combination of the conformational distor—
tion with the presence of halide should lead to four different types of
methyl groups in the complex. If the explanation is correct, carrying
out the measurement at sufficlently low femperature in the proper solvent
should bring about splitting of the signal. The lowest temperature at-
tained in this study was -100°C, using CzDsOD as solvent. Unfortunately,
the deuterated solvent seems to freeze al a iigher temperature than
ethanol, and from the standpoint of viscosity broadening is a less suit-
able solvent than methancl, which only permits measurement down to -90°C.
The results indicate that -100°C is not a low enough temperature to allow
detection of the non-equivalent methyl groups.

An alternative explanation of the data which should be con-—
sidered is that of rapid diarsine-exchange. This could occur along
with X—exchange or alone, and would satisfactorily account for the ob-

served results.
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Another possible approachrto the X-exchange problem would bhe o
study the trimethyl phosphite adduct of Pt(diars)>.®¥. We have found
that. Ni(diars)s[P(OCEs)s]1%" forms readily, and the corresponding platinum
complex should not be difficult to obtain in solution. This system

could be studied by 3*P and proton nmr, and the Pt-P and Pt-H coupling

should provide additional information about the X-exchange process.
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Table T

Compounds Examined in nmr Study

Room temperature Ni(diars)sCls

and low temperature: Pd(diars)2C12
[Pa(diars)zC1]C104
Ni(diars)(triars)[B(CaHs)als
Diarsine
Co(diars)s(C104) 5
Co(diars)sCls

Room temperature only: Ni(diars)s(Cl04)s
[Ni(diars)oCN]C10L
Ni(diars)sBrs
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APPENDIX IT
LINKAGE ISOMERIZATION IN Ni(diars)sCNS'

While solid [Ni(diars)sCNS1Y (¥=B(CsHs)s,Cl0.) exhibits one
slightly split band at the carbon-nitrogen stretching frequency, solu-
tions of these compounds exhibit two bands. This result is taken as
evidence of ligand isomerization in this system. Additional experimen-
tal evidence is offered in support of the assignment of these two bands
to the N- and S-bonded thiocyanate complexes.

There has been conslderable interest in recent years in com-
plexes of transition metél ions with the ambidentate ligand, thiocyanate
(148,149). A large number of gomplexes have been prepared containing
either the N-bonded or the S-bonded form. In a few cases, both isomers
of a given complex are known (149,150), and there are also examples of
complexes thought to contain both the N-bonded and S-bonded ligands in
a single molecule (151). Infrared spectroscopy has proved to be a very
useful tool in characterizing thioccyanate complexeé. Turco and Pecille
have worked out empirical rules for distinguishing N- from S-bonded thio-—-
cyanate in complexes, on the basis of the position of Vo_a (152), the
C-8 stretching frequency, and the integrated intensity of Voon (155),
the C-N stretching frequency. There have been a number of attempts to
come up with generalizations concerning the metal ion and the other
ligands presenﬁ in the complex which would explain the preference for
N- or S-bonded thiocyanate in particular complexes (lsﬂ). While some

progress has been made in this area, there seems to be no clear-cut rule

which is uwniversally correct.
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We have carried out an Infrared spectral study of Ni(diars)20NS+
in the solid and in solution. Our results indicate that while both the
perchlorate and tetraphenylborate salts of this complex cation exist in

only one of the isomeric forms (probably N-bonded), both linkage isomers

are presgent in solution.

Experimental. The preparation of {Ni(diars)chS}ClO4 has been

described in Part II, Chapter IT. [Ni(diars)sCNS][B(Cgls)s] was readily
prepared by mixing a solution of sodium tetraphenylborate in methanol
with a methanol solution of [Ni(diars)sCNS]C104. The precipitate formed
was washed many times with methénol, in which it is wvery slightly solu-
ble, and recrystallized frém a dichloromethane-methancl solvent mixture
to give dark red crystals.

Anal. Calecd. for CusHsoAss NSBNi: C, 53.61; H, 5.12; As, 29.75.

Found: C, 54.55; H, 5.27; As, 29.60,
Spectroquality grade dichloromethane, acetonitrile, and methanol (MCB),
and reasgent grade dimethylsulfoxide (Baker and Adamson) were used as
golvents in the infrared and uv-visible spectral studies. Infrared
measurements were made‘on a Perkin-Elmer Model 225 grating spectropho-
tometer, using potassium bromide plates for the mull spectra, and
matched 1.00 mm, cells with calcium fluoride windows for solution meas-
urements. The Beer's law determination for the visible spectrum was
carried out using Suprasil square cells with solid silica inserts which
give pathlengths of 0.01, 0.03, 0.10, 0.30, and 1.00 cm. Uv-visible

spectra were measgured as described previously.

Results and discussion. The infrared spectrum of solid




143

[Ni(diars)sCNS]Y (Y=0104,B(CsHs)a) as a Nujol mull exhibits one slightly
split band in the thiccyanate region, with the components appearing at

ik

2061  and 2069 cm. . In solution, however, the infrared spectrum of

Ni(diars)gCNS+ in this region,exhibits two distinet bands, at 2060 and
2090 em. ~. The detailed results in =& ﬁumber of solvents are given in
Table I. Since the five-coordinate compléx containsg only one -CHS
grbup} only one value of Yoy is expected. The small splitting of this
band (A V=8 Cm."l) observed in the spectrum of the solid is most likely
due to crystal packing effects. In solution, the two bands observed must
arise from two distinet types of thiocyanate. The possible explanation
for the existence of two bands seem to be as follows:! (1) both N-bonded
snd S-bonded isomers of Ni(diars)CNS' are present in solution (2) both
free and bound thiocyanate are present, due to dissociation of the com-
plex (%) bridging thiocyanate is present in addition to either the free
ion or one of the bonded isomers.

We examine the least interesting possibility (2) first, that of
dissociation of the complex, which would give rise to two infrared bands

in solution.

K _
Ni(diars)sCNS' == Ni(diars)z2" + SCN

Free thiocyanate exhibits a band at ~ 2060 em. (153), which is approx—
imately the same frequency as observed for the split band in the solid
[Ni(diars)oCNS]Y, and for one of the bands in solution. The visible
absorption spectrum of Ni(diars);_az+ is well known (99) and if dissoccia-—
tion of Ni(diars)chS+ occurs, this spectrum should appear. The visible

absorption spectra of [Ni(diars)sCNS]Y in the solid and in organic sol-
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vents (C > 10 * M.) are very different from that of the four—coordinate
Ni(diars)s(Cl04)s, and are infact similar to the chloride and bromide,
which are five-—coordinate. These data have been presented in Part ITI,
Chapter 3. Also, the molar conductivity of [Ni(diars)zCNS]NCS in nitro-
methane (O:lO_S’M.) is essentlally the same as that for the corresponding
chloride, bromide, and icdide, and is quite different from that exhibited
by Ni(diars)2(C104)2 (99).

The infrared spectra have been measured in organic solvents,
with C > 1072 M. in every case, and so there seems to be considerable
evidence against explanation (2). In order to check for dissociation,
a Beer's law determination was carriled out simultaneously in the in-
frared and visible spectrum. Over a range of concentrations from 1.5 X
1073 M. to 2.2 x 107° M. [Ni(diars)=CNS]C104 is acetonitrile, Beer's
law for the main visible absorption band.(hmaxéhThlnm) is obeyed to
+ 1.4%, which is within experimental error. The behavior of the infrared
bands is not so good as this, one band showing deviations of + 6%, the
other deviations of + 8% for the three solutions measured. These figures
are close 1o the limits of the experimental error. Unfortunately, one
solution was toc dilute and one toc concentrated for accurate measure-
ment of the percent transmittance. The important point to be noted con-
cerning this experiment is that the ratios of the absorbance at one peak
maximum to the absorbance at the other maximum for five different con-
centrations show & standard deviation of only + 1% (see Table I). If a
dissociation process obeying the law of mass action were in force, there
should be a change in this ratio by a factor of four over the fifteen-

fold concentration range employed here. The constancy of this ratio



145

clearly indicates that dissociation is not occurring in the concentration
range of this study. |

' Turning to the other suggested explanations, the possible exis-
tence of any reasonable thiocyanate-bridged complex is apparently ruledl
out by the conductivily measurement reported by Nyholm and coworkers
(99). The conductivity of the nitromethane solution of [Ni(diars)sCNS]
NCS is very close to those of the chloride, bromide, and iodide, which
are monomeric, 1l:1l electrolytes. Also, the positions of the two $C—N
bands in the infrared are rather low for bridging thiocyanate groups,
though these positions in themselves are mot sufficient evidence to
rule out bridging thiocyanate (153). We conclude that the two bands
in the infrared solution spectrum of Ni(diars)gCNS+ correspond to the
two linkage isomers, the N-bonded form (presumsebly ¥ = 2060 cm. ) and
the S-bonded form (¥ = 2090 cm. ™).

It has been found in a number of cases that the S-bonded isomer

exhibits ;C N at slightly higher energy than the N-bonded isomer (153).

The reglon of the spectrum (~ T00-850 cm.ul) which contains ~C~S is ob-

scured by diarsine absorption. This is unfortunate, since ?b_S

to distinguish the N-bonded from S-bonded thiocyanate. The observed

is used

difference in half-widths of the bands (acetonitrile solution) is consis-
tent with the majority of the known cases (152), the band arising from
the supposed S—boﬁded form being less broad,(és;% =9 ch_l) than the
band from the N-bonded form (£:;% = 25 em.”T). Because of the similar—
ity in position of the solid band with the 2060 em. " band in solution,
it is proposed that the compcund is N-bonded in the solid. It would be

worthwhile to carry out a crystal structure determination on this com—
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pound to test this conclusion.

The ratio of the absorbances at the peak maxima in solution is a
measure of the relative amounts of the two isomers presen£ in solution.
Assuming that the band at ~ 2060 em. ™ is due to the N-bonded complex
and that at ~ 2090 cm.” © is due to the S-bonded complex, Asoso/Azoso
should increase with the proportion of the N-bonded form. The infrared
spectrum of ﬁi(diars)chS+ has been measured in three different solvents,
and the absorbance ratios are given below:

Dielectric Constant

Solvent VAEOSO/AEOQO of Solventa
Dichloromethane 2.5 9.08
Acetonitrile 1.82 7.5
Dimethylsulfoxide ~ 1.4

®From Ref. 155.

Dichloromethane apparently favors the N-bonded isomer more than the other
solvents; the proportion of the S-bonded form is greatest in dimethyl-
sulfoxide. This result is in accord with the solvent-dependent isomeri~
zation of Co(CNE;CNSS‘ reported by Gutterman and Gray (150). They found
that in aqueous solution the S~boﬁded form of that complex predominates
and in dichloromethane, the N-bonded form is favored. Their rationaliza-
tion of the effect was that the "hard" nitrogen end of the thioeyanate
ligand should be better stabilized by the strongly polar solvent, water,
causing the S-bonded isomer to be favored. In the less polar dichloro-
methane, the polarizsble sulfur end'is better stabilized, and the N-
bonded form is favored. The results tabulated above clearly indicate

the same trend: increasing solvent polarity decreases Agoso/Agogo, indi-
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cating increasing relative stabilization of the S5-bonded iscmer.

Because the extinctlon coefficients of the infrared bands due to
the pure N- and S-bonded forms are not known, fhe absorbance ratios can-
not be used to determine the relative amounts of the two ilsomers. This
determination could be made if a solvent were found 1in which only one
of the isomers is present. It might be pbssible to obtain a solution
containing only one isomer by measuring these solutions at low tempera-
ture, since the egquilibrium should show some temperature-dependence. It
was noted earlier that the Integrated intensities of ;6~N for S~ and N-
bonded thiocyanate complexes are guite different, and serve to character-
ize these Isomers (155). By assuming reasonable values for tThe dinte-
grated intensities of ?é_N for the N-bonded complex, the S-bonded com-—
plex, and for free thiocyanate, it 1s possible to assign the two bands
in different ways and to calculate possible percentage compositions.
Using the data tabulated by Pecile (153) as "reasonsble" values for
the product (emax)(A ;%), vhich approximates the integrated intensity,

we have, for a wide variety of complexes and solvents:

(A vy)(e, )

3’ “max
free NCS~ 1L,600 + 5000
M-NCS 29,500 + 7000
M-SCN 5,500 + 6000

-+
For Ni(diars)zCNS in acetonitrile solution, we have measured the inte—

grated intensities of Vogso and Veggo as follows:
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((a ;-%)(emax) )

VYzos0 17,900 + 1500
Vo090 3,500 + Loo

For these values of the Integrated intensities, 1t is clear that the
most reasonable assignment for the two bands in the spectrum of
Ni(diars)ECNS+‘is Vaoso : Vo due to Ni(diars)gNCS+

S R T Ni(diars)sSCN' .
If we eliminate from consideration The possible presence of free NCS—,
the intensity data points clearly to this asslgnment. There are, of
course, a variety of €'s and percentage compositions which give agreement
with the observed values of (Emax)(A ?z'é_) for vsoso and vseag. A reason-
able example is a 55%/45% mixture of the N-bonded and S-bonded isomers.
In this case, we would have (A.;%)(emax) = 32,500 for the N-bonded form
and 7800 for the S-bonded form, both of which fall within the limits of
the data collected by Pecile.

We report here the first instance of thiocyanate S-bonded to
nickel, and one of the few cases of linkage isomerization for a first
row transition metal ion. Using the reasoning employed by Ahrland (15k)
in discussing the preferred mode of coordination for the thiocyanate
ligand, it is noted that highly polarizable, "soft," or "Class b" donor
ligands such as arsines must be present in order to induce thiocyanate
to S-bond to the "hard" metal ion, nickel(II). For example, a crystal
structure determination has been carried out on the four-coordinate
nickel complex, [Ni(Etadien)NCS]I (155), which was found to be N-bonded.

The ligand Etydien has "hard" nitrogen donor atoms. The presence of the
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two isomers in solution indicates that the case of Ni(diars)QCNS+ is just
at the change-over point for favoring N- or S-bonding of thiocyanate.
Tt would be of interest to examine other complexes of nickel(II) with
phosphines, arsines, and thiocyanate to obtain N- and S-bonded isomers,
and perhaps to elucidate some of the steric and electronic factors gov-
erning the phenomenon of linkage isomerization. It is worth noting that

one of the complexes thought to contain both N- and S- bonded thiccyanate

in the same molecule is a mixed arsine-phosphine complex of palladium(II)

.( 151).
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Table IT

_{.
Infrared Data on Ni(diars)sCNS

Solvent . v A Azoso/Peoso
Nujol mull 2069 cm. *
2061
Dimethylsulfoxide 2087 .80 5 B
- 2056 T3k ’
Dichloromethane 2088 s 1 i
2061 266 2.3
.078
215 2.76
Acetonitrile 2090 Sl . ST
2060 Lot
.059 1.86
J111
.2%5%
L2k Al
le
141, 1.81
137 1.85

.250
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APPENDIX ITT

FQUILIBRIA INVOLVING VARIOUS FOUR- AND FIVE-
COORDINATE COMPIEXES OF NICKEL(II)

The five-coordinate complexes of nickel(II) halides with bis(o-
methylthiophenyl)-phenylphosphine (DSP) have been found to exhibit a
number of changes in structure as a function of temperature. The elec—
tronic spectra of solutions of the bromide and iodide have been measured
in a number of different solvents and at different temperatures. The
spectral results are discussed in relation to the possible four-, five-,
and six—coordinate species which could be present.

The preparation and characterization of a number of transition

metal complexes with the terdentate, heavy-doncr ligand bis(g;methyl—

thiophenyl)-phenylphosphine (DSP) has been carried out by Meek and

SCH3
L PCeHs

(DsP) i

coworkers (108). Electronic spectral measurements on the five-coordi—
nate complexes of nickel(II) with this ligend, Ni(DSP)Xs (X=C1,Br,I)

left some uncertainty concerning the coordination geometry of these
complexes. More recently, a crystal structure determination of Ni(DSP)Io
(21) has shown that this compound exhibits a nearly regular square pyre—
midal geometry. It was thought that measurement of the electronic spec-—
tra of some of the Ni(DSP)Xs complexes in solution at low temperature
might help clear up the ambiguity originally present in the electronic

spectra. This system should also provide a good test case for the
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proposed empirical rules for determining the coordination geometry of

five-coordinate complexes discussed earlier (Part II, Chapter 3).

1

Experimental. All spectral measureménts have been carried out

uging analyzed samples of Ni(DSP)Xs (X=Br,I), kindly supplied by Prof.
D. W. Meek of the Ohio State University. Solvents for spectral meas-
urements were spectroquality (MCB), and the tetra-n-butylammonium
bromide and iodide were Eastman white label reagents. The following
solvent mixtures were used for spectral measurements at low tempera—
ture: 2:1 2-methyl-THF/ethanol (EM); 3:1 2-methyl-THF/propionitrile
(PM); 311 2-methyl-THF/dichloromethane (DM). Spectral measurements
at T7°K were carried out as previously described (Part II, Chapter 2).
Measurements at intermediate temperatures between 300 and T7°K were
carried out using the same gquartz Dewar and cell holder assembly.
Constant temperatures were achleved by blowing a continuous stream of
nitrogen gas, cooled by passing through a copper coil submerged in a
liguid nitrogen bath, into the quartz Dewar. The temperature at the
cell was monitored using a copper-constantan thermocouple and a Leeds &

Northrup millivolt potentiometer.

Results and discussion. The electronic spectrum of Ni(DSP)X-

(X=Br,I) has been measured in a variety of solvents at 300°, T7°K, and
Iintermediate temperatures. Dissociation of X 1s seen to occur at room
temperature in acetonitrile solution, but not in dichloromethane. The

equilibrium in acetonitrile may be pictured in this way
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Ni(DSP)Xe === Ni(DSP)X' + X~
143

, Ni(Dsp)( solvent)i+ + X

If a solution of Ni(DSP)Xe in CHaCN is diluted 10;1 and placed in a
10 cm, absorption cell, the absorbance at'hmax decreases sharply. Upon
addition of [(n-CuHg)sN]X, the absorbance is restored to its original
value. This effect is easily observed visually. No new absorption
bands appear in the spectrum of either compound when dilutions are
mede or stoichiometric amounts (1:1) of AglO5 added. It has not been
determined whether the eguilibrium involves dissociation of one or two
halide ions. However, conductivity work by Meek indicates that in DMF,
Ni(DSP)Brs at = 1072 is almost entirely dissociated into Ni(DSP)(Sol-
vent)i+ + 2 Br (108). Also, the absence of an absorption band attribu-
table to Ni(DSP)X' in the spectrum of the dissociated compound disposes
one to think more in terms of complete dissociation of halide. Solu-
tions of Ni(DSP)Brp are stable on standing, while solutions of Ni(DSP)Is
in polar solvents turn yellow irreversibly in a matter of hours, due to
formation of Ig (A = 361 nm,291 nm).

On cooling, the spectra of the two compounds behave rather dif-

ferently.

Ni(DSP)Io. In dichloromethane solution, the absorbance of the
intense band at 595 nm increases on cooling, and a definite shoulder is
developed on the high-energy side (A = 534 mm,Shoulder; T ~ 185°K). In
EM or PM, the absorbance of the intense band (Rmax = 607 mm) decreases

drastically on cooling, and a new band appears at higher energy (Rmax =
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532 mm; T=T7°K). Also, a new shoulder appears at 468 mm. On warming,
the oriéinal spectrum reabpears. Added iodi@e (0.1 M.) has no effect
on the observed;temperaﬁure dependence of the spectrum.

It is elear that in dichloromethane no structural changes oc-
cur on cooling. The absorbance of the main band increases, and a
shoulder is partially resolved, both obsérvations consistent with the
decrease in bandwilidths which occurs on lowering the temperature of any
absorbing solution. The observed spectrum is consistent with expecta-
tion for a square pyramidal complex, and is different from that ex-—
pected for a trigonal bipyramid. In the latter case, one does not ex-
pect to see resoiution,of a shoulder on the main band, but rather an
increase in the symmetry of the band at low temperature. It has been
noted (Part II, Chapter 3) that the position of the intense band in the
spectrum of a TBP complex falls at substantially lower energy than that
for the SPY complex, assuming ligands of about the same ligand field in
the two cases. The band maximum for Ni(TSP)I+ appears at 15,060 em.”*
(157) (300°K, in dichloromethane) as compared with 16,810 em.”™ in this
cagse. This is consistent with expectation for square pyramidal Ni(DSP)Is.

The sharp decrease in the intenslty of the bands corresponding
to the square pyramidal complex, which occurs at low temperature in EM,
indicates that the amount of this species present has decressed. The
new species which replaces it must give rise to the absorption band at
468 nm. The position of this band is correct for a four—coordinate,
square planar complex. For example, the four-coordinate Ni(SP)=(C104)5
exhibits a band at 21,600 em.”™ in dichloromethane at 300°K (108), as

compared with the band position of 21,368 cm. ™  in EM at TT°K observed
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in this case. Because added iodide does not affect the spectrum, it is
apparent that the four-ccordinate species does not originate by dissoci-
ation of I . Perhaps one of the "teeth" of the tridentate ligand be-

comes detached, to give a four-coordinate complex of the form

//,,—’*P AL
N,
AN

Ni(DSP)Brs. In dichloromethane solution, the absorbance of
the intense band at 541 nm steadily decreases on cooling, and a defi-
nite sﬂoulder begins to emerge on the low energy side of the band
(A = 650 nm, T ~ 185°K). Both of these effects are opposite to the
results obtained with Ni(DSP)Iz. The compound is not very soluble in
EM, but by adding a small amount of dichloromethane, the solubility
may be increased. In this solvent, the band at 5Lk nm' (300°K) disap-
pears at low temperature, and an additional shoulder appears around
380 nm. This solution is yellow at T7°K. In PM or DM, the band at
54L nm (300°K) disappears at low temperature, and a weak new band ap-
pears at 650 nm (77°K). These solutions are pale green at T7°K. In
CHsCN at 300°K, there is a weak shoulder at 615 nm which varies with
(Br") in about the same way as does the intense band at 540 nm. Added
bromidé does not appear to affect the observed temperature dependence
of the spectrum. Complete spectral results for this compound and

Ni(DSP)I- are collected in Table I.
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The decrease in absorbance on cooling, observed for the in-
tense band in the spectruﬁ.of this compound in dichloromethsane, is not
thejexpected result, as was indicated above, The decrease of the band,
and the appearance of the shoulder at 650 nm, indicates that a new
species is béing formed, at the expense Qf the original one. The orig—
inal complex is assumed to have square pyramidal gecmetry, by analogy
with Ni(DSP)Iz. Additional evidence for this explanation of the inﬂ
tensgity decrease of the main band,wiﬁh‘decreasing temperature is given
by the fact that at TT°K in PM or DM, the main band has disappeared,
and the new band at 646 mm is present. The position of this new ab-
sorption (¥ = 15,480 em.”™  in DM, T = 100°K) is in the correct region
for assignment as the prominent band in the spectrum of Ni(DSP)Brg
with a TBP structure (for Ni(TSP)Br+, 7= 15,150 cm.”™ in dichloro-
methane, T = 300°K) (157). The low intensity of the 646 nm band indi-
cates that only a fraction of the TPY complex goes to the supposed TRP
form, since extinction coefficients are generally of the same order of
magnitude for the intense band in the two geometries. Additional
evidence for this is provided by the low temperature spectrum in EM, in
which the maximum at 544 nm has disappeared but no new absorption at
~ 650 nm appears. There are new absorptions at 380 rm and 40O nm which
might logically be assigned to a four-cocordinate species, as postulated
for the iodide. The presence of these bands in the low temperature
spectrum in PM and DM indicates that some of this form, as well as the
TBP, is probably present in these solutions at low temperature. There
is also the possibility that the bands observed in the low temperature

spectrum are due to some six-coordinate species involving DSP and
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solvent, with bromide dissociated. Such complexes were detected with
Ni(Et4dien)2+ and added pyridine or Etydien at low temperature (5).
Howéver, the fact that the observed bands in this case appear at low
temperatﬁre usiﬁg the poorly coordinating solvent dichloromethane, and
not with ethanol, which is expected to coordinate betler, casts doubt
on this interpretation. A number of other five-coordinate species
might be present in solution and give rise to the observed low-tempersa-—
ture spectrum. These could involve coordinated solvent, or ligands
only partially coordinated. It is impossible at this point to rule out
such unknown possibilities, and for thils reason the interpretation
given for these spectra must be regarded as tentativé.

We present evidence here for the existence of temperature-—
dependent equilibria thought to inveolve both four—- and five-coordinate
species derived from Ni(DSP)Xe (X=Br,I). It aﬁpears that both SPY and
TBP gtructures may be involved in these equilibria for X = Br. It is
not profitable at this time to speculate on the factors which might
lead Ni(DSP)Brs to exhibit this isomerism and Ni(DSP)I- not to do so.
It would be worthwhile to examine the analogous chloride complex which
has been prepared and characterized.(lOB), in view of the apparent
tendency toward the TPBP at low temperature with more electronegative X.
Another possible technique for studying this system would be & tempera-
ture—dependent infrared spectral study. This could best be carried out
using complexes with X = NCS, Nj, NCSe, CN, or NOs. None of these have
been reported, but it scems very likely that the first three, at least,

could be readily prepared and characterized.
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Table T

Electronic Spectra of Ni(DSP)Xg

X Solvent i | Anm) € or A
T CH=Cls 300°K " 595 1250 .62
: 185 589 <13
s 534 e}
EM 300° 607 1185
T7° €0k 365
538 =
s 468 778
CH=CN 300°
Br CHoCls 300° 541 800 76
185° g5= .51
s 650 .12
EM 300° shly 087
s 400
T7° s 400 A3
s 382
M 2%00° 5l 16
s 400 .68
100° 646 .06
s Loo 15
s 380 65
PM 300° 5Lo
s 396
T7° 658
s Loo
CHaCN 300° g 612 .08
539 .20
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PROPOSITIONS

I
Magnetic circular dichroism (MCD) experiments are proposed to
provide additicnal evidence concerning the assignment of certain bands

in the electronic absorption spectra of Ni(diars)sX~ and Ni(diars)s2.

Ly
It is proposed to extend the experiments described in this dis-
sertation involving the production of arsenic radical species by uv-
phoﬁolysis to include organic derivatives of other Group V elements and
the heavier elements of Group VI. It is further proposed to extend the
spectroscopic techniques used in studying these radical species to in-—
clude uv-visible absorption, infrared and Raman spectroscopy, as well as

electron spin resonance (esr).

JIE;
Electron spin resonance (esr) experiments are proposed toc help
elucidate the role of the molybdenum and iron atoms in the active site(s)

of the nitrogen-fixing enzyme system from Azotobacter vinelandii.

1V
Kinetic studies are proposed to elucidate the mechanism of the
oxidation and reduction reactions of the bis-diarsine complexes of

nickel.
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V-

Synthetic experiments under conditions approximating those
thought to exist on pre-blotic Earth have succeeded in producing simple,
biologically important monomers. Fragmentary reports of the use of |
heterogeneous solid/solution systems indicate that for certain types of
reactions this approach is better than simple homogeneous systems. A
study of the application of insoluble phosphate minerals in a hetero-
geneous system to the formation of phosphate esters under pre-biotic

Earth conditions is proposed.
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PROPOBITION I

In recent years, the technique of magnetic circular dichroism
(MCD) has been found to be one more useful tool for the chemist inter—
ested in the electronic structures of transition metal complexes (1,2).
In particular, MCD messurements provide direct evidence concerning the
degeneracy of excited states. Measurements may be carried out in solu-
tion, with concentrations ebout an order of magnitude larger than ap-
propriate for measurement of the uv-vislible absorption spectrum. Al-
though the experimental setup 1s not complicated, there are apparently
few in operation at present, The apparatus conslsts of a spectropolar-
imeter of the type used to measure optical rotatory dispersion (ORD)
and circular dichroism (CD) of optically active species, and a magnet.
In much of the original work employing this technique, the magnetie
field (up to 45 kilogauss) wes furnished by a small superconducting
solenold which fits compactly around the sample and inside the sample
compartment of the spectropolarimeter (2). More recently, a permenent
magnet capable of flelds up to 11 kilogeauss has been used to supply the
magnetic field (3).

The theoretical expressions for the Faraday effect (MORD and MCD)
contain three terms, A, B, and C (1). A terms arise from the Zeemsn
gplitting of the ground or excited states, and thus can only be present
when a degenerate state 1s involved in the electronic trensition. B
terms are caused by the mixing of states by the magnetic field, and C

terms arlse from Zeemsn splitting of the ground state. C terms will be
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present only if the ground state is degenerate; A terms will appear if
either the ground state or the excited state involved in the transition
is degenerate.
The presence of an A term is indicated by a full derivative
curve in the dispersion mode, in contrast to lineshapes arising from B

and C terms. Idealized lineshapes in the dispersion mode are pictured

below.
v, 1s the frequency
+ 6 +6 v, J which corresponds
IJ to the band maxi-
N o *\\\L//’ v mum in the elec-
_ 3 - tronic absorption
spectrum.

A term ' B or C term

C terms may be experimentally distinguished from B terms in that C terms
are temperature dependent, while both A and B terms are independent of
temperature (2).

The principal use of the MCD experiment, then, is in determining
whether degenerate states are involved in observed electronic transitions.
The degeneracy of the ground state of molecular species is ordinarily
known from other experiments. However, in the absence of a band polari-
zation study, the identity of excited states involved in electronic
transitions is often the subject of considerable speculation. Thus the
detection df A terms in the MCD experiment has proved useful in distin-
guishing between degenerate and non-degenerate excited states. One ap-
plication of this technique was reported by Martin, who identified the

lAlg *-lEg (xz,yz = ¥* - y®) transition in PtCls®~ by detecting an A term
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in the MCD corresponding to this band (4). B terms are expected to ap-—
pear for all sbsorption bands, and so are not of interest in character—
izing absorption bands. However, the presence of B terms must be
reckéned with, for a strong B term can prevent detection of an A term
associated with the same transition. For this reason, fallure Lo observe
an A term is not conclusive evidence that the excited state involved is
nonudegenerate._ This situation is observed in the MCD of the tetragonal
gix—-coordinate complexes of cobalt(III) reported by McCaffery, et al.
(5). No A terms are observed in these spectra, despite the rather well-
established assignment of the lowest energy band in the spectrim as
L4, - 1R,

Because of some uncertainty remaining in the assgignment of the
charge-transfer spectrum of [Ni(diars)gx]z, it was thought that addi-
tional experimental evidence concerning the electronic structure would
be of value. The one feature of this spectrum which remains puzzling 1s
the band which appears near 30,000 ch_l, the position relatively inde-
prendent of the nature of X in the series C1, Br, I, NCS, tu. For a
number of reasons detailed in Part II, Chapter 3, this band has been as-
signed as the electronic tranmsition TA; - *E [X(x) - M(do*)]. An alter-
native assignment presented by Meek for the analogous band in the NiL2X+
spectra (L=SP,SeP,AP,VPP) is P(c) = M(do%*) (6). The detailed assignment
of this band could then be *A; - *A;, 1By, or . In any case, for the
five-coordinate NiL2X+, the charge-transfer spectrum can exhibit two
transitions to degenerate states, X(x) or P(o) ~ M(do*). In the case of
)2+

Ni(diars)(triars s X = As does not have filled n—-donor orbitals, and

thus can only exhibit one transition to a degenerate state, namely
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As(c) = Md(o*). The absorption band which has been assigned to this
transition appears in every one of the Ni(diafs)zxi, Ni(diars)22+ com—
plexes studied here, in the range 37-38,000 em. *. If the assignment is
correct, the dispersion of the MCD sﬁould exhibit an A_term corresponding
to this band. Also, if X is a w-donor ligand; an A ferm éhduld appeaf at
~ 30,000 cm.—l; for the Ni(diars)(triars)2+ and for Ni(diars)22+ in
acetonitrile, no A term should be observed in that region.

In addition to possibly resolving this difficulty, it is antici-
pated that the MCD experiment should provide evidence concerning the as-
signment of the relatively intense ligand field band which appears at
~ 20,000 cm. ™ in the five—coordinate species. This band has been as-
signed as YAy - *E (xz,yz = x¥* -~ y°), and so should exhibit an A term in
the MCD spectrum. The assignment of the corresponding band in the spec—
trum of the four-coordinate Ni(diars)22+ is perhaps less firm, and so
ddentification of the position of the transition to the degenerate
ligand field excited state would be even more impdrtant in that case.

It is possible that one might not obtain positive results from
this experiment. However, recent reports have been rather encouraging.
Recent work on the MCD of M(CN).®~ (M=Ni,Pd,Pt) has been reported in-
dependently by Mason~(5) and Schatz (7). The dispersion of the MCD shows
very strong A terms for these square-planar complexes. It hasg also been
reported that better separation of bands is obtained in the MCD than in

conventional uv-visible absorption spectra (3).
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PROPOSITION IT

The production by uv-irradiation of a number of arsenic-contain-
ing radicals and measurement of thelr esr spectra have been reported in
Part I, Chapter 3 of this dissertation. The radicals produced are
thought to be of two kinds, arsine radical cations and uncharged radicals
containing divalent arsenic. Production of the radical species is
achieved by uv-photolysis of a frozen solution (T s 96°K) of the parent
substituted arsine. Normally, irradiations have been carried out in the
esr spectrometer cavity so that the esr spectrum can be measured during
or soon after irradiation.

Esr results have been reported for a number of organic sulfur—
containing radicals (1,2) and two organic selenium-containing radicals
(3). While a few radical cations containing sulfur have been reported,
most of the sulfur-containing radicals and both selenium radicals are of
the form R-Q- (Q=S,Se). The characteristics of these spectra have been
discussed in Part II, Chapter 3. Gordy and coworkers have reported the
production of PHs, PDs, and phosphorus and arsenic atoms by y-irradia-
tion of phosphine and arsine at 4°K, and have measured the esr spectra
of these species at low temperature (4). They have also reported esr
results on y-irradiated Group IV hydrides (4). In the latter experi-
ments, they detected the presence of CHg, S1Hg, GeHs, and Snls. These
species exhibit axially symmetric g-tensors with very small deviations
from the free-electron value. Hyperfine splitting due to the Group IV

element was cbserved only in the case of SiHa (295i,*=%; Nat. abundance=
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4.7%), with a value of <1ASi>) = 266 G. There has also been a certain
amount of esr work done in#olving organic anion radicals involving phos-
phorus. These radicals have been produced by mixing solutions of sub-
gtituted phosphines or phosphine oxides with potassium metal. The radi-
cals detected are thought to be of the form (R=PK ) (5,6).

In view of the success of our experiments in producing arsenic
radicals, it is expected that results of a similar nature might be ob-
tained using aromatic or aliphatic stibines and bismuthines. It is also
considered likely that low-temperature uv-photolysis of organic sulfur
and selenium-containing compounds-should yield interesting results. Be-
fore proceeding with more concrete proposals, it would be well to point
out one problem which does restrict the usefulness of this technique
somewhat. The problem is that photooxidation involves transfer of an
electron from the parent molecule of interest to a molecule of solvent
which in turn breaks down to yileld a radical with a characteristic,
highly split esr signal. Thils signal is centered at g = 2.00, and is
often the most intense resonence in the spectrum. At the signal levels
necessary to observe the arsine radical resonances in detail, it ob-
scures a width of ~ 100 G., centered at the free electron value (for
values of g between 2.035 and 1.975). In the case of the arsenic—con-
taining radicals studied here, there appearéd to be little interfer-
ence. The radical cation of triphenylphosphine, however, could not be
observed, presumably because its signal was buried by the considerably
stronger solvent radical signal.

For this reason, then, it is clear that the photolysis-esr ex-

‘periment will be best applied to systems likely to produce radicals
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exhibiting resonances somewhat remdved from g = 2.00. This situation
will obtain, of course, in the case where the radlcal simply resonates
at g not close to 2.00. It will also be true where the radical exhibits
large hyperfine splitting, so that signals occur at quite high and low
fields, while g may actually be guite close to 2,00, It is to be noted
that the anisotropy of the g tensor and the deviation from the free-elec-
tron value increase going downward in the periodic table.

With this restfiction in mind, then, it is proposed to carry out
low temperature uv-photolyses of triphenylstibine and triphenylbismuthine
in rigid organic glasses. Not many stable organic stibines and bismu-
thines are known, but these two have been the spbject of an electronic
gspectral study (T). Our work on substituted arsines showed remarkably
little variation of esr results with changing substituents on the hetero-

atom. th compounds are expected to yield radicals which exhibit hyper—

fine splitting (8):

121gp I = 5/2 natural sbundance = 57.25%
I=oghy 7/2 Lo 75
209py 9/2 100.0

Because both are below arsenic in the periodic table, the g-values ob-
gerved should deviate markedly from the free-electron value. It will be
of interest to note the ratio of radical cation to divalent neutral
species produced in the photolysis. One might expect the stability of
the radical cation to decrease going downward in the periodiec table. It
is hoped that these experiments might help to clarify the meaning of the

results already ohtained with the arsines.
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"It is further proposed to ﬁhotolyze diphenylselenide at low tem-
perature in an attempt to produce the corresponding radical cation.
The (R-Se-) species generated in previous studies have been produced by
photolysis of diselenide compounds (5). Perhaps by using selencethers
with aryl substituents, radical cations of these molecules can be sta-
bilized and detected, as well as species of the type R-Se. Familiarity
with the esr prgperties of the R-5Se speciles should make interpretation
of the results more straightforward. ' Se (I=%) is 7.58% abundant in the
naturally occurring element, and hyperfine satellites are sometimes ob-
served. The g-values observed to date for selenium radicals (gH=2.12,
g .L=2'08 for CisHosSe)(3) indicate that the products from photolysis of
(CeHs)28e should be well clear of the solvent radical region.

Besides routine esr studies on these new systems, it is clear
that more detailed work on the low temperature photolyzed arsines would
be of value. It was mentioned in Part I, Chapter % that the esr measure-
ments at K-band were attempted but failed due to technical préblems. In
order to clarify esr interpretations, measurements in systems of this
sort should be carried out at the two different microwave frequencies.
Measurement of the electronic absorption spectra of these samples should
be performed, and also low temperature infrared and Raman studies. These
measurements might be of considerable help in identifying and more fully
characterizing the species present. The types of studies possible are
limited by the necessity to work at low temperature and in rigid media,
One final experiment which might be attempted in connection with these
is to measure the esr spectrum of a high energy-irradiated (X or y-rays;

electron bombardment) single crystal of triphenylarsine. Considerably
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more detailed information is attainable from a single-crystal study than
from those carried out on réndomly oriented systems (9).

¢« Tmportant applications of this technique for studying unstable
paramagnetic species may be found in the field of coordination chemistry.
It has recently been used successfully in these laboratories to produce
ruthenocenium cation (lO), an unstable hydride-phosphine complex of co-
balt(II) (11), and thallium-containing radicals (12). Our results with
nickel-diarsine complexes indicate that the expected photochemical proc-—
ess need not always occur, however. It does appear that the technique
could be applied to a number of problems involving the stabilization and
characterization of metal complexes which are unstablé under amblient

conditions.
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PROPOSITION IIT

The process of nitrogen-fixation by biclogical systems must be
ranked as one of the most surprising chemical processes known, and at the
same time, one of the most essential to life. It has been estimated (1)
that every year-100 milllon tons of nitrogen are fixed by living systems
on this planet. That biological nitrogen fixation takes place under
normal atmospheric conditions is remarkable, considering the extreme con-
ditions required for the current Iindustrial processes for nitrogen fixa-
tion (450°C,250-1000 atm. Ns) (2). A satisfactory solution to the nitro-
gen—fixation problem could drastically increase the world protein supply
and thus buy time in the impending struggle with overpopulation.

Biological nitrogen-fixation was first described in 1838 by
Boussingault (2), and since that time has been detected in leguminous
and non-leguminous plants and free-living bacteria, both aerobic and
anaerobic. In 1956, Carnzhan (EHM) first prepared cell-free extracts
capable of fixing molecular nitrogen. Since that time, considerable
progress has been achieved in describling the nitrogen-fixing system bio-
chemically (2,4,5). In the past few years, a number of inorganic chem-
ists have begun to study the nitrogen-fixation problem from a different
vantage point. In 1965, Allen and Senoff (6) reported the first of a
rapidly growing class of transition metal complexes with coordinated
molecular No. In 1964, Vol'pin and Shur (7) first described systems of
catalysts based on metal complexes which fix Ny at room temperature.

While progress in the area of incrganic model systems 1s dmpressive
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(8,9), the systems under study have not yet become economically important,
and are still quite different in composition from the biological sys-
tems (10).

The isolation and purification of No-fixing, cell-free extracts

from Azotobacter vinelandii has recently been reported (11). These frac-
tions have been found to contain both iron and molybdenum. Requirements
for the reactiop are an ATP generator, Mg++, and a reducing agent, for
example dithionite (Na28204). In some living systems, the reducing
agent appears to be pyruvate, and electrons are transported to the ni-
trogen-fixing enzyme by ferredoxin (12). The No—fixation reaction ap-
pears to be a two-step process, as evidenced by the fact that if the
substrate, molecular Nz, 1s not provided, but all other requirements

are furnished to the enzyme system, evolution of Hp occurs. The first
step 1s thought to involve activatlon of the electron donor which func-
tions in the subsequent reduction of Nz to NHz (13). This second step
is known as the "nitrogenase" activity. If substrate is not present,
the activated electron donor reduces protons to Hp. Hardy and Knight
(13) have observed that ATP breakdown accompanies Hp formation, and have
reported that the "reductant-dependent ATPase" and "ATP-dependent Hs
evolution" activities apparently cannot be separated. The role of ATP
in the reaction has not been studied in detail, but one function is pre-
sumably to increase the reduction potential of the electrons supplied by
the reducing agent. Further evidence for the two-step nature of the
process is that the nitrogenase activity is inhibited by low concentra-
tions of CO, while the Ho-evolution activity is not. Chelating agents,

such as O,Q'-dipyridyl and o-phenanthroline, inhibit both activities,
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indicating that metal ions do occupy important positions in the active
gsite(s) of the enzyme system.

The isolation of the nitrogenase activity in cell-free systems
hag allowed much biochemical work to proceed. The level of purification
attained is not, however, what one would generally hope to have for de-

- talled physical measurements on the enzyme. While the purification is
about 25-fold, some inhomogeneity of the two main protein fractions

(both of which appear to be necessary for any type of activity) is ob-
served by ultracentrifugation (ll). However, one esr study has been car-

ried out on No-fixing particles from Azotobacter vinelandii, and signals

were cbserved at g = 1.94% and 1.97 whose intensity was quite sensitive
to the presence of Np (14). These signals are known to be characteristic
of non-heme iron and molybdenum (V). It 1s not expected that impurities
in the enzyme preparations should Interfere with these signals, simply
because most Impurities will be diamagnetic, and the only paramagnetic
impurities which would resonate in this region are non-heme iron and
molybdenun(V) impurities, which would exhibit resonances essentially
identical to those cbserved here. Becausge the highly impure Azotobacter
particles gave esr spectra which showed strong Np~dependence of the in-
tensity, it seems likely that this purified extract should be suitable
for more detéiled esr measurements than those performed on the Azotobacter
particles (14).

The specific roles which the molybdenum and ncn-heme iron play
in the nitrogen-fixing system are not known. The presence of both of
these has been reported in a number of enzymes involved in electron

transport. Two of these enzymes, xanthine oxidase (15) and aldehyde
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oxidase (16), are known to contain both molybdenum and non-heme iron,
and have been the subject of quite detailed esr studies. While some of
the molybdenum and non-heme iron sites are involved in electron trans-
port in the No—fixdng system, it appears that there is the added function
that one or both of these metal lons binds No. It has been found that
" molecular hydrogen, carbon monoxide, and nitrié oxide all exhibit compe-
titive inhibition of Np-fixation (2). This type of competitive kinetic
behavior is taken to mean that these inhibitors compete with substrate
for the active site (17). CO is alsc known to bind to hemocyanin (18),
hemoglobin (19), and other metal proteins. In each case it was shown
that the "dead—end" inhibition was caused by formation of a stable metal
complex blocking the active site. The fact that the nitrogenase extract
is effective in reducing a wlde variety of simple substrates (NEO,CEHE,
Nz ,HCN,CHSNC) all of which are good ligands with similar electronic
properties is additional evidence for metal-bound Nz. It should be noted
that no direct physical evidence has been presented yet for this interme-
diate, but it does appear that Nz is bound by either non-heme iron or
molybdenum, and that the inhibitors bind at the same active site.

In order to better characterize the metal ion-apoprotein inter-
action in this enzyme system, and tc locate the site of No-binding in
the active enzyme, certain esr experiments are proposed. First, since
the purified components (I and II) prepared by Bulen and Lecombte from
the No-fixing system of Azotobacter (ll) have not been studled by esr,
it is proposed to carry oul esr measurements on these components under
varying conditions. It was reported that I contained only non-heme iron

and that II contained both non-heme iron and molybdenum. Careful esr
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measurements on proteins similar to II have been carried out (16), and
the results of that work should prove very helpful in adjusting condi-
tions, (temperature, reductant concentration, substrate concentration,

esr modulation power) for the optimum.sepafation of the iron and molybde-
nun slgnals in this spectrum. Detailed esr studies on another non-heme
iron protein from Azotobacter (20) should likewise be of help in studying
I. If such studies appear promising, it is possible to observe SSMo hy-
perfine splittigg by enriching the sample with SMo (15). The magnitude
of the Mo hyperfiné has been used, with the g-value, in assigning coordi-
nating ligands to the Mo ion (21). 1In the proteins studied to date, Mo
is thought to be bound by sulfur ligands. Enrichment is carried out by
simply growing the bacteria in a medium with 93&0 molybdate. A more
bizarre procedure was necessary to obtain “"Mo-enriched xanthine oxidase
from milk (22).

It is further proposed to measure the esr spectrum of these ex-—
tracts with "Nz in place of ordinary *#Np and to see whether the molyb-
denum signal or eilther of the pon-heme iron silgnals change. This sub-
stitution should also be carrled out using the various inhibitors known
to bind the active site, Hz, Ds, 1300, and NO, and the esr observed. It
should be noted that any of the other substrates could also be used for
this purpose. It is expected that the esr signal corresponding to the
metal jion which binds Ny and inhibitor will change when different adducts
are formedjrif the nuclear spin of the atom bound to the metal changes or
there is a dramatic change in the electronic structure of the ligand.
This effect has been observed in the molybdenum(V) esr signal of methanol-

inactivated aldehyde oxidase (16). It is expected that in this case, a
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change in the shape of the esr signal should be observed with different
adducts, rather than actuél resolution of hyperfine lines. Line broad-
ening was observed for some non-heme iron esr signals on substituting
with 57Fe (23) and e (20). Careful measurements on these systems
under identical conditions will be necessary, ﬁut since it will only
be necessary to detect a measurable change in thé spectrum, it should
be possible. .If further purification of the proteins is necessary, it
should be possible to assay for esr signal to purify so as to maximize
that, rather than enzymic activity. While such a procedure may be open
to criticism, much detailed esr work is currently done on biclogical
samples which have lost activity in the course of purification proce-
dures (20). It is presumed that the structure of the region of inter-
est of the proteln fragment exhiblting the esr signal is not much dif-
ferent from that in the active protein. Certainly any change in the
signal with increasing purification is easily monitored.

A current postulated mechanism for nitrogenase reactions is re—
produced asg Figure 1. This mechanism seems to fit the data now avail-
able. What is needed is more detail about the nature of tﬂe enzymes and
the reactions involved. -Attempts to clarify the course of the nitrogen
reduction reactions have recently been carried out, using a model system
(24). The experiments proposed here can serve to determine the nature of
the No binding site. In view of the known deactivating effect of meth-
anol acting on the molybdenum active site in aldehyde oxidase (16),
and the fact that CO in low concentrations does not inhibit the action
of non-heme iron electron transport proteins, it may be that No is bound

by Mo. It is actually difficult to make meaningful sveculations without
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more experimental evidence concerning the structure of the protein. It
is hoped that the study proposed above will help provide such informa-

tion.
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Figure 1. A current postulated mechanism for nitrogen-fixation (from Ref. 2).
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PROPOSITION IV

Since the original preparation (1) of the very unusual complex
of diarsine with nickel in the formal oxidation of +3, Ni(diars)sXs(X=
C1,Br,CNS), it has been the subject of a number of electronic and molecu-
lar structural studies (2—5). Nyholm has reported the preparation and
characterization of bis-diarsine complexes of nickel in the formal oxi-
dation states of +2, +3, and +4 (1,6), and has described the conditions
necessary to interconvert these species. While rather severe conditions
(15N. HNOg) are necessary to produce the formally nickel(IV) complex,
[Ni(diars)sC151(C104)n, the two less highly oxidized species are fairly
easily interconverted. For example, oxidation of Ni(diars)sCls is ac—
complished by simply refluxing in ethanol containing HC1 (1 M.) with air
bubbling through the solution for two days (1). Reduction of the product
of this reaction, Ni(diars)ECla, is easily accomplished by treating the
solution with sulfur dioxide. -

A crystal structure determination (3) has shown Ni(diars)sCls to
be six-coordinate in the so0lid, with frans-chlorides. Conductivity
measurements (¢ & 107> M.) and a potentiometric titration with silver ion
indicate that the six-coordinate form is maintained in solution (1).
Also, the visible absorption spectrum appears to be the same in the solid
and solution (4). There is now a large body of evidence that the diva-—
lent complexes of the form M(diars)sXe (M=Ni,Pd,Pt;X=Cl,Br,I,CNS,NOs,tu,
CN) are five-coordinate in organic solvents (7—9). While the oxidation

of Ni(diars)ECI% has been shown to occur readily in the presence of
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excesg chloride, in the absence oflchloride, the oxidation will not pro-—
ceed. The four-cocrdinate Ni(diars)2(0104)2 (7) has not been oxidized
to form any stable specles, and no five-coordinate, oxidized complex has
been isolated. Tt is apparent that the axial field provided by .
the anionic ligands is in some way hecessary to stabllize the oxidized
bis-diarsine nickel unit.

The reduced species, Ni(diars)2X+, is five-coordinate, then,
while the oxidized species, Ni(diars)2X2+, is six-coordinate. Since
neither Ni(diars)sX2® or Ni(diars)-X2" have ever been detected, it is
not obvious what the reaction mechanism for the redox process should be.
A number of kinetic experiments are proposed to determine the mechanism
of the oxidation and reduction reactions.

Nyholm (l) has reported a potentiometric titration of
Ni(diars)sCly with cerium(IV) sulfate as oxidant. It would be possible
to use cerium(IV), hydrogen peroxide, or a number of other oxidizing
agents to study the oxidation of Ni(diars)gcl+. Nyholm reports -
4+0.77 v. for the process. For the reduction of Ni(diars)2X2+, sulfur
dioxide has been used, and sodium sulfite in dilute acidic media would
guite likely be a sultable substitute. In agueous solution, the re-
duced species Ni(diars)gx+ slowly loses diarsine by hydrolyses. Nyholm
(1) has circumvented this problem by carrying out the potentiometric
titration at 0°C. Albternatively, methanol, which dées not attack
Ni(diars)gX#, could be used as solvent. Using methanol as solvent, a
weak oxidant, such as Hz0p or Oz and acid, should be used. The use of
non-~absorbing oxidizing and reducing agents makes it possible to follow

the reaction spectrophotometrically. Thils reaction has been observed
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unintentionally in the course of making electronic spectral measurements
on the filve-coordinate speciles (9). Traces of peroxides in 2-methyl-
tetrahydrofuran, one component of solvent mixtures used in that work,
cause slow oxldation of Ni(dlars)sX' to Ni(dlars)sXe'. Because the
spectra of Ni(diars)gx+ and Ni(diars)QXé+ show equal extinction coeffici-
ents for two or three values of A, the presence or absence of isosbestlc
points In the electronic spectra of solutlions undergoing these reactions
is a test for the absence or presence of absorblng intermediates. This
technique has been used by Peloso et al. (10) to demonstrate the existence
of the intermediate speciles Co(diars)g(CNS)Cl+ in the substitution reac~
tion of CO(diars)2012+ with NCS . This technique could also be used in
thils case to test for absorbing intermedlates.

Before going to the redox reactilons, it may be of help to examine
the posgesible ligand substitution processes. Those which will be relevant

to the redox reactlons are

Ni(diars)sX't + ¥~ === Ni(dlars)sY + X~ (1)

and

Ni(diars)sXe  + Y === Ni(dlers)sXY' + X (2)

The rate of (1) was crudely estimated using nmr methods (9), with the re-
sult Rate k ® 10% sec, © (300°K). Tt 1s not known whether the reaction is
assoclatlve or dissoclative. It 1s proposed to carry out temperature-
Jump kinetic measurements (ll) ag a function of reactant concentration

to determine the assoclative or dissociative nature of (1). An associa-
tlve process would indicate the presence of a six-coordinate intermediate

or activated complex, with a maximum half-life of ~ 107* sec. The visible
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absorptlon spectra of the different five-coordinate complexes of this
series are known and can bé used to follow the reacticon in the T-jump
experiment .

Reaction (2) is analogous to the ligand substitution process
for the corresponding cobalt(III) complex. The dissociative rate con-
stant for 3¢l substitution into Co(diars)2012+ was found to be kj =
5 x 10°° gec.”™ (10). It is quite unlikely that the nickel complex
will undergo substitution so slowly, but the mechanism is expected to

be dissociative,

Ni(diars)s0ls? —B19¥. Ni(aiars)sc1®* ..fii%;. Ni(diars)sc1¥c1t (3)

% g1

If sufficiently slow, the reaction can be studied by radiocactive ex-
change. Otherwise, study of this reaction will be &ifficult, due to
the similarity in absorption spectra of the different Ni(diars)2X2+.
If the spectra could be softed cut, a T-jump study would be of value.
For the reduction reaction, possible mechanisms are listed be-

low, along with the corresponding rate expressions.

k K
Ni(diars)g}('g+ ;i%:t Ni(diars)sX2t —igiga Ni(diars)sX' + Ox (L)

S &

Applying the steady-state approximation to Ni(diars)zx>t,

ky kz(8) (Red) < s =
Rate = k_l(X“) T i (5e3) where S = Ni(diars)sXs

Comparing the substitution rate determined above with the rate of oxi-
dation should permit one to say which of the two steps is rate-determin-

ing. For a slow first step, the rate expression reduces to
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Rate = k,(8) .
For a rapid first step, 1t becomes

kiks (g8) (Redl.

Rate = (X_)

-1
il + k . P + =
Ni(diars)sXs + Red —=> Ni(diars)sX + X + Ox (5)

Rate = k(S)(Red)

%
" k -
Ni(diers)sXe' + Red —:+ Ni(diars)sXe® ;iii Ni(diars)zX + X (6)

+

Ox

Rate = k(8)(Red)

Determination of the rate law for the reduction will distinguish mechan-
ism (4) from (5) and (6), but will not distinguish (5) from (6). This
ambiguity can not be removed by standard kinetic methods. However, in
view of the known substitution-lability of the Ni(diars)2X+ complexes
(9), it seems unlikely that Ni(diars)sXs" will be a long-lived species.
If the mechanism of the five-coordinate X-exchange reaction described
above 1s associative, then the half-life of the six-coordinate species
must be S lOF4 sec.

Turning to the oxidation reaction, the following possible me-

chanisms should be considered:

+X
X X
Ni(diars)eX + Ox' —» Ni(diars)sX®t == Ni(diers)sXs® (7)
X
4+ Red’ ~2
.—X—

In octahedral substitution reactions, the second step in (7) is rapid.

This was observed in the case of Co(diars)2012+ (10). 1In that case,
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we have _
'Rate = k,(8)(ox")
=g = 1 k + Y
Ni(diars)sX + X + Ox' —= Ni(diars)zXe + Red (8)
Rate = k(8)(0x')(X")
F - k1 o +0x' + "
Ni(dlars)sX + X ;izt Ni(diars)sXs ¥ Ni{diars)sXs + Red'(9)
-1 2
k -~
Rate = ~22 (g)(0x' }(X")
k-—l

It should be noted that (8) and (9) display the classic mechanistic
ambiguity of rate law determinations. Ordinary kinetic measurements
can not distinguish between sets of reactants in eqguilibrium with one
another. Tf Rate S 10% sec. ™ M.™% in (9), this ambiguity could be re-
moved by carrying out a pre-steady state kinetic measurement by the
stopped-flow technique (12). As has been noted earlier, it is likely
that this reaction is above this rate limit.

There is one piece of evidence not yet mentioned which may bear
on the question of intermediate species. This is that Ni(diars)gcl+ in
a rigid glass at 95°K is not photooxidized, while Ni(diars)2612+ is
photoreduced (9). This is taken to be evidence against the intermedi-
ate Ni(diars)2012+. Because the bonding in Ni(diars)ZXé+ is not well
understood, it is not profitable to speculate on factors affecting the
stability of Ni(diars)sX®'. Both a simple crystal field description
and the "stable octet™ rule predict that Ni(diars)gX% should be more
steble than Ni{dlars)sXs". However, Ni(diars)sIs has been shown to be
six-coordinate with covalent bond distances in the solid (13).

It is perhaps worth noting that while the structure of the
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paramagneticrthiocyanate complex [Ni(diars)g(CNS)g+] has not been
studied, the existence of two isomers of Ni(diars)ECNS+ (19) could com-
plicate the kinetic picture considerably, due to the possible necessgity

to isomerize the thiocyanate ligand at some point.
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PROPOSITION V

Current theories about therorigin,of life on Earth from simple
molecules are based on the description first given by the Russian scien-
tist Oparin (1). This description is based on the current understanding
of the nature of pre-blotlc conditions on Earth: the components of the
atmosphere and geosphere, and the energy sources available.

Oparin's description, as medified by Urey (2,5) is presented
here. About 4.5 billion years ago, the earth was condensed from d low—
temperature cosmic cloud (4), and since that time, temperatures have
repained rather close to present temperatures (5). The atmosphere was
reducing in character, with CHa, No, NHa, H20, and Ho as the primary
components. Much of the earth was covered by water. Under these con-
ditions, the action of electrical discharge (lightning) aﬁd ultraviolet
radiation from the sun produced some larger molecules, most of which
were in turn decomposed by radiation from the sun. Some of these
larger molecules were not decomposed, however, and passed into the
oceans, where further reactions occurred, leading to more and more com—
plex molecules. After some millions of years the oceans resembled a
thin, organic "soup," and eventually, by chance, the first viable self-
replicating macromolecule was formed. The oldest known algal fossil
has been dated as 2.7 billion years old (5), 50 the complete process,
as described, must have occurred in less than 2 billion years. Towards
the end of this time, the atmosphere changed from reducing to oxidizing,

as &8 result of the escape of Hp from the atmosphere. This oxidizing
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gtmosphere is of course known to exist presently.

Acting on a suggestion of Urey (2), in 1953 Miller (6) demon-
stra@ed the production of simple Q-amino acids under primitive earth
conditions. His experiment was simply to pass an electric discharge
through a gaseous mixture of CHy, NHg, Hz, and Hz0 vapor for a period
of one week. Major products were formic acld, glycine, alanine, lactic
acid, and glycolic acid. Since the initial work of Miller, many other
workers have aéhieved succesg in the synthegis of biologically important
monomers under su@posed pre—blotic earth conditions, usling a variety of
energy sources. Nearly all of the important Q-amino acids (7), a large
number of assorted aldehydes, ketones, polyhydroxy compounds, and even
some purine and pyrimidine bases (8-10) have béen,prepared under rela-—
tively mild conditions. Some initial progress in forming polynucleo-—
tides and polypeptides from the monomers has been achieved (11,12).

One important problem.involﬁed in the chemical synthesis of
life as it must have occurred is that the solubility of phosphate in
sea water 1is very lOW‘(O.lES ppm) compared to the concentrations known
to exist in living cells (herbaceous leaves, 250-750 ppm; human blood
plasma, 30-60 ppm) (13). Phosphate 1s of course an essential component
in DNA and RNA, and phosphorylaticon reactions are a primary means of
energy transport in cells (ATP — ADP + Py, etc.). S&nthetic reactions
involving phosvhate are expected to beé difficult with such low concen-
trations of free phosphate. BSuccess in carrying out phosphorylation
reactions of nucleosides has been achieved by Orgel {14) using reasonable
conditions with the exception of quite high phosphate concentration

(1 M.).
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An interesting approach to the phosphate concentration problem
was provided by Miller (15), who was able to synthesize pyrophosphate
in 27% yield by shaking a suspension of the common phosphate mineral,
hydroxyapatite Caio (PO4)g(OH)2, with potassium cyanate (10_3 M.) for
%5 days at 20°C. Calvin (16), following up earlier work of Akabori
(17), used powdered kaolinite Al,(S14010)(0H)g to promote the dicyanid-
iamide (DCDA)-directed condensation of phosphate to pyrophosphate and
ADP to ATP. He noted that the key to the catalytic effect of kaolinite
is probably its known ability to substitute OH ions with H2P04; ions
(18). |

It is proposed to study phosphorylation reactions in some de-
tail, using conditions approximating those on pre-biotic Earth. It
appears that the heterogeneous systems used by Akabori, Miller, and
Calvin may provide a way of circumventing the phosphate concentration
problem. However, theilr work is in the nature of preliminary reports,
and a number of fairly important questions remain unanswered. One prob-
lem with studies such as these is that so many variables are involved
that it is difficult to make meaningful comparisons between the differ-
ent studies. This work has characterized the important variables in-
volved, however. These are substrate, condensing agent, temperature,
source of phosphate, and divalent metal ion.

One factor in the phosphorylation reaction which deserves fur—
ther study is the role of the divalent metal ion. Miller (15) specu-
lates that calcium ion in hydroxyapatite probably complexes phosphate
in the course of the condensation of phosphate to pyrophosphate. Orgel

(14), however, indicates that adding various divalent metal ions does
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not promote nucleotide formation when HCN is used as condensing agent.
Tt is well known (19) that Mg®" (Mn®",ca®t, or Co®t can substitute) is
an opligatory cofactor for the kinases, enzymes which direct the phos-
phorylation of simple sugars and nucleosides. Complexes of ATP with
various metal ions, including Ca++ and Mg++ are knowvn (20). In view
of this, it does appear likely that divalent metal ions could have
played an important role in pre-bictic phosphorylations. The effect
of dissolved divalent metal ions on phosphorylation should be tested
for comparison with the results obtained on heterogeneous systems in-
volving the.sama divalent ions. Also, the same system should be used
to compare the relative effects of apatite, which contalns a divalent
cation, with kaolinite, which does not, in proﬁoting prhosphorylation.
Various condensing agents, cyanate, cyanamide, DCDA, cyanogen, thio-
formate, cyanoformamide should be tested in conjunction with the hetero-
geneous systems to see which yield the best results. Certainly thé
gimplest reaction to study would be the condensation of phosphate to
pyrophosphate described by Miller (15). It would then be worthwhile
to examine the phosphorylation of a simple sugar, using the conditilons
developed in the pyrophosphate study. This reactlion has apparently
not been carried out under primitive earth conditions, and is somewhat
simpler than the nucleoside — nucleotide conversion.

One final problem associlated with phosphorylation reactions
under pre-biotic earth conditions has been pointed out by Orgel (21).
He found that heating inorganic phosphate in the presence of uridine
did lead to production of some uridine phosphates (65°C, 6 months).

However, subjecting uridine phosphates to the same conditions led to
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extengive dephosphorylation. Unfortunately, phosphate concentrations
used were not reported in this study. It is possible that using a
relatively insgoluble phosphate mineral, such as hydroxyapatite for the
reaction may eliminste this dephosphorylation problem, since it avoilds
high phosphate concentrations. At any rate, the effect of the reaction
conditions on the products over extended periods of time should be
tested in the heterogeneous phosphorylation systems proposed here for

study.
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