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spectral assignments taken from those for CuCly™?
(Table VI) are identical with the crystal field assign-
ments?® for the CuBr,~?ion.

Summary.—It is concluded that the semi-empirical
LCAO-MO scheme can be used to give a semiquanti-
tative measure of the ground-state distortions and
spectral splittings of transition metal complexes, espec-
ially one-electron and one-hole systems. It should be
‘kept in mind that an observed distortion in a crystal
does not necessarily result from the so-called Jahn-
Teller effect, but may result from packing considera-
tions, such as those giving rise to the trigonal distor-
tion of the V(OH;)¢*? ion in vanadium alum, which
does not appear? to arise from Jahn—Teller considera-
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tions, even though the ion is in a spatially degenerate
8Ty state if octahedral ¥
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(37) NoTe ADDED IN PRCOF-—For new studies of the NiCl:~2 solution
spectrum, see N. K. Hamer, Mol. Phys,, 6, 257 (1963), For recent remarks
on the VCly electronic and vibrational spectra, see E. L. Grubb, F. A.
Blankenship, and R. L. Belford, J. Phys. Chem., 67, 1562 (1963), and E. L.
Grubb and R. L. Belford, J. Chem. Phys., 89, 244 (1963). A private com-
munication from R, B. Johannesen informs us that electron paramagnetic
resonance studies suggest that the VCls molecule may be distorted in a solid
solution of VCk in TiCls, but the amount of the distortion is not clear.
Finally, for optical spectra of Cu*2in Cs:ZnCly, see D. M. Gruen and R, Me-
Beth, Pure Appl. Chem., 6, 23 {1963),
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The kinetics of the oxidation of iron(II) and a number of its substituted tris-(1,10-phenanthroline) complexes by cerium(IV )

have been investigated in sulfuric acid using a rapid-mixing and flow technique.
latter reactions were found to be related to their standard free energy changes.
tris-(1,10-phenanthroline)-iron(II) by cerium(IV) increased with increasing sulfuric acid concentration.

The free energies of activation for the
The rate constant for the oxidation of
The second-order

rate constant for the Fe(phen);? ™Ce(IV) reaction in 0.50 F H,SO, is 1.42 X 105 F-1 sec.~! at 25.0° with an activation

energy of 6.5 kcal. mole™2.

The corresponding quantities for the Fe(II)-Ce(IV) reaction are 1.3 X 108 F~1 sec.~! and 9.5

kcal. mole~?, respectively. The results are discussed in terms of the Marcus theory of electron-transfer reactions.

There are several examples of linear free energy
relationships in electron-transfer reactions.3—® For
instance, the free energies of activation for the oxida-
tion of ferrous ions by a variety of substituted tris-
(1,10-phenanthroline) complexes of iron(III) are lin-
early related to their standard free energy changes.’
Such linear free energy relationships are predicted by
the Marcus theory of electron-transfer reactions.®’

In order to obtain additional information concerning
the relationship between the rates and the free energy
changes of oxidation-reduction reactions we have
studied the kinetics of the oxidation of iron(II) and a
number of its substituted tris-(1,10-phenanthroline)
complexes by cerium(IV) in 0.50 F Hy;SO,; These
studies include reactions with larger standard free
energy changes than the Fe?t—Fe(phen);®t studies.

(1) Research performed under the auspices of the U. S. Atomic Energy
Commission.

(2) Based in part on the Ph.D. Thesis submitted by G. Dulz to Columbia
University, New York, N. Y., 1962.

(3) D. H. Irvine, J. Chem. Soc., 2977 (1959).

(4) N. Sutin and B. M. Gordon, J. Am. Chem. Soc., 83, 70 (1961).

(5) M. H. Ford-Smith and N. Sutin, sbid., 83, 1830 (1961).

(6) R. A. Marcus, Discussions Faraday Soc., 29, 21 (1960),

(7) R. A. Marcus, Can, J. Chem., 87, 155 (1959).

The results are examined in the light of the Marcus
equations?

ki = (kb K1of)1/2 ¢))

or
AGR* = 0.50AG* + 0.50AG* + 0.50AG° — 115 RT IOgJE )
2

where
log f = (log K12)*/4 log (kiks/Z%) (3)

In the above expressions ki, is the rate constant for
the oxidation-reduction reaction, for example, the Fe?+—
Fe(phen);®+ reaction, and Kj;isthe equilibrium constant
for the samereaction. Therate constants k, and &, refer
to the corresponding electron exchange reactions; in
this instance the Fe?+—Fe3t and Fe(phen) 2+
Fe(phen);®+ exchange reactions. AG* and AG® are the
appropriate free energies of activation and standard free
energy changes, respectively, and Z is the collision fre-
quency of two uncharged molecules in solution. Itisas-
sumed to have a value of 10*1. mole—'sec.~!. Theabove
equations are applicable to outer-sphere electron-trans-

(8) R. A. Marcus, J. Phys. Chem., 67, 853 (1963).
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fer reactions, but not to inner-sphere reactions or to
reactions proceeding vig an atom transfer mechanism.

Experimental

Chemicals.—Either the iron(II) complex or the ligands were
obtained from the G. Frederick Smith Chemical Company. In
the latter case the iron(II) complex was prepared by adding an
equivalent amount of the appropriate ligand to a solution ot
ferrous sulfate. 3,4,7,8-Tetramethyl-1,10-phenanthroline was
purified by recrystallization from benzene (charcoal) and its
iron(II) complex purified by precipitation of its sulfate salt.
Ceric sulfate (G. Frederick Smith Chemical Co.), ferrous sulfate
(Baker Analyzed Reagent), and sulfuric acid (Baker and Adam-
son) were used without further purification. The solutions for
the kinetic measurements were prepared with triple-distilled
water and standardized spectrophotometrically.

Apparatus.—The apparatus which has been previously de-
scribed* was improved so that reactions with half-times down to
about 5 msec. could be studied by means of the stopped-flow

technique. The apparatus is shown schematically in Fig. 1.
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Fig. 1.—Schematic diagram of the flow apparatus.

The pistons of the two reactant syringes were housed in a pushing
block which was driven vig a magnetic slip-clutch by a variable
speed, 0.25-horsepower motor (Model NSH-55, Bodine Electric
Co.). The reactant syringes were connected to the mixing
chamber via four three-way stopcocks which could be used to
evacuate the system and admit the reactant solutions into the
syringes.

The mixing chambers were based on the designs of Gibson® and
Chance.’® Two types of mixing chambers were used. The first
type was constructed irom a cylinder of Lucite, 25 mm. in
diameter and 19 mm. long, and contained eight jets of 0.7-mm.
bore which were located in two parallel planes. The jets were
tangentially arranged around a 2-mm. hole drilled into one face
of the Lucite; the jets in one plane were arranged clockwise

(9) Q. H. Gibson, Discussions Faraday Soc., 17, 137 (1954).
(10) B. Chance and V. Legallais, ¢bid., 17, 123 (1954),
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around the hole while the jets in the second plane were arranged
counter-clockwise around the hole. An 1l-cm. long 2-mm.
diameter quartz capillary observation tube was aligned with the
hole and cemented into place. The second type was essentially
a two-stage mixing chamber. After being mixed in the eight-jet
mixing chamber, the flowing solution divided into four jets of
0.7-mm. bore which entered a second mixing chamber of 2-mm.
bore. This mixing chamber was aligned with the quartz tube
as described above. The two-stage mixing chamber proved
more efficient than the one-stage mixing chamber. Solutions of
different viscosities, such as water and 1 F sulfuric acid, were
found to be incompletely mixed at the exit of the one-stage mix-
ing chamber, while no evidence of incomplete mixing of the
above solutions was found at the exit of the two-stage mixing
chamber.

The light beam from the Beckman DU monochromator tra-
versed the observation tube at a distance of about 10 mm. from
the entrance of the mixing chamber. The light beam was colli-
mated by two 1 X 2 mm. slits, which were built into a thermo-
stated metal block which housed the quartz observation tube.
The outlet of the observation tube was connected to the stopping
syringe via a three-way stopcock. The transmitted light beam
was detected and amplified by an EMI-6256B photomultiplier.
The output of this photomultiplier was connected to the differen-
tial preamplifier (type D) of the Tektronix oscilloscope via a
variable filter for high frequency noise and a zero-suppression
circuit. The oscillosope was triggered externally by a trigger
circuit, which was connected to three microswitches M;, Mo,
and M;. M, and M, were operated by the stopping syringe
while M3 could be operated manually. M; triggered the oscillo-
scope shortly after the flow commenced, and M, just before the
flow stopped. The screen of the oscilloscope was photographed
with a Polaroid camera loaded with Type 146L transparent film.

The power supply for the tungsten lamp consisted of a 6-volt
battery, which was maintained on trickle charge by a stabilized
power supply. This procedure reduced the fluctuation in the
light intensity during a run to less than 0.019,. The Beckman
power supply for the deuterium lamp introduced a considerable
amount of 60-cycle noise. This noise was reduced by replacing
the a.c. filament supply by a stabilized d.c. power source.

Procedure.—The reactant solutions were thermostated for
about 1 hir. prior to the runs. Because of the dissociation of the
phenanthroline complexes in acid, the complexes were either
added to the acid immediately before the runs, or the acid was
added to only the cerium(IV) solutions.!! This latter procedure
was followed when the two-stage mixing chamber was being
used. The kinetic results obtained by means of the two proce-
dures were identical within the experimental error of the measure-
ments; the rate constants depended only on the acidity of the
final mixed solution and were independent of the acidities of the
initial reactant solutions.

The reactions were studied by the use of the stopped-flow
method. The reactant solutions were drawn into the syringes
through the three-way stopcocks and then forced into the
mixing chamber through the flow tube and into the stopping
syringe. The flow of the reaction mixture was brought to an
abrupt halt when the piston of the stopping syringe reached the
stopping block. The oscilloscope was triggered just prior to this
point by the microswitch M,, and the transmittance of the
stationary reaction mixture was recorded as a function of time.
In the faster reactions a significant part of the reaction had
already taken place before the mixed solution reached the
observation point. Under these circumstances the light intensity
at zero reaction time was calculated from the transmittances of
the reactant solutions.

Results and Discussion

The reactions were found to be first order with
respect to each of the reactants. Plots of log [b(a —

(11) The iron(II) complexes are inappreciahly dissociated in neutral
solutions containing three moles of ligand per mole of metal.
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x)/a(b — z)] vs. ¢, where a and b are the initial concen-
trations of the reactants and x is the concentration of
product at time f, gave straight lines for all the reac-
tions studied. Values of the rate constants for the
Fe(phen);2+t—Ce(IV) reaction determined from the
slopes of the appropriate plots are presented in Table I.
1t will be seen that the rate constants are independent of
the initial concentrations of the reactants over a wide
concentration range. Values of the rate constants for
the Fe(phen);?t—Ce(IV) reaction as a function of the
sulfuric acid concentration are presented in Table II.
No attempt was made to keep the ionic strengths of the
solutions constant. It will be seen that the rates
tend to increase with the sulfuric acid concentrations
of the solutions.

TABLE I
DETERMINATION OF THE CRDER OF THE Fe(phen)* *~Ce(IV)
REeacTtiOoN IN 0.50 F H.SO; AT 25.0°

105(Ce(IV)), " 105(Fe(phen)s2 ™), 10 3%,
F F F~1sec,™1
4.10 1.55 1.44
7.90 2.54 1.42
7.90 20.3 1.39
15.8 5.08 1.43
39.5 12.7 1.43
41.0 3.10 1.41
63.2 20.3 1.41
94.8 30.5 1.43
TaBLE II

DEPENDENCE OF THE RATE oF THE Fe(phen)? *-Ce(IV)
REACTION ON THE SULFURIC AcID CONCENTRATION AT 25.0°
[Fe(phen);2*] = 5.08 X 1078 F; [Ce(IV)] = 1.58 X 107+ F

(H3804), _ k,
F F-tsec.”t X 1078
0.05 1.37
.10 1.42
.25 1.41
.50 1.42
.75 1.51
1.00 1.61

The values of the second-order rate constants for
the oxidation of the various iron(II) complexes in
0.50 F HyS04 at 25.0° are summarized in Table III
together with the formal oxidation potentials of the
complexes in 0.50 F HoSO4. Individual determinations
of the rate constants differed from the mean by less
than 109%.

The activation energies for the Fe(phen);*t—Ce(LV)
and Fe(II)-Ce(IV) reactions in 0.50 F H,;SO,, cal-
culated from plots of log % vs. 1/7, were found to be
6.5 and 9.5 kcal. mole~, respectively. The entropies
of activation for the above reactions, calculated from
the equation AG* = AH* — TAS*, are —15.2and —1
cal. deg.~! mole~!, respectively, These energies and
entropies of activation may be compared with the
values of 0.8 kcal. mole—! and —37.2 cal. deg.7! mole—},
respectively, determined for the Fe?*—Fe(phen)s®+
reaction in 0.50 F HCIO..*

In Fig. 2 values of [AGp* — 0.5AG.*] for the
oxidation of the various iron(II) phenanthroline com-
plexes by cerium(IV) are plotted as a function of the
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TasLe III
SECOND-ORDER RATE CONSTANTS FOR THE OXIDATION OF
IroN(II) CompPLEXES BY CERIUM(IV) IN 0.50 F H;SO, AT 25.0°

Eo of
complex, k,
v.@ o F-1sec.™!
Iron(II) 0.688 1.3 X 10¢
Tris-(3,4,7,8-tetramethyl-1,10-
phenanthroline)-iron(II) .83¢ 1.6 X 108
Tris-(5,6-dimethyl-1,10-
phenanthroline)-iron(II) .99¢ 4.3 X 108
Tris-(5-methyl-1,10-phenanthroline)- )
iron(II) 1.04¢ 2.2 X 108
Tris-(1,10-phenanthroline)-iron(I1) 1.08¢° 1.42 X 108
Tris-(5-phenyl-1,10-phenanthroline)-
iron(II) 1.104 1.2 X 108
Tris-(5-chloro-1,10-phenanthroline)-
iron(II) 1.144 2.5 X 10*
Tris-(5-nitro-1,10-phenanthroline)-
iron(II) ‘ 1.26° 3.9 X 108

@ The formal oxidation potentials of the complexes are in 0.50
F H,804. 8 G. . Smith, Anal. Chem., 23, 925 (1951). °W. W.
Brandt and G. F. Smith, bid., 21, 1313 (1949). ¢ W. W. Brandt
and D. K. Gullstrom, J. 4m. Chem.. Soc., 74, 3532 (1952).
¢ G. F. Smith and W, M. Banick, Talania, 2, 348 (1959).
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Fig. 2.—Relation between (AG* — 0.5AG,*) and the standard
free energy change of the oxidation-reduction reactions at 25.0°:
open circles, Fe(pHen);?*-Ce(IV) reactions in 0.50 F H;SO,;
closed circles, Fe?*~Fe(phen);3* reactions in 0.50 F HCl1O,; 1,
tris-(3,4,7,8-tetramethyl-1,10-phenanthroline); 2, tris-(5,6-di-
methyl-1,10-phenanthroline); 3, tris-(5-methyl-1,10-phenianthro-
line); 4, tris-(1,10-phenanthroline); 5, tris-(5-phenyl-1,10-phe-
nanthroline); 6, tris-(5-chloro-1,10-phenanthroline); 7, tris-(5-
nitro-1,10-phenanthroline).

standard free energy changes of .the various.reactions
(open circles; AG:*, the free energy of activation for
the cerium (IIT)~cerium(IV) exchange reaction in-0.50 F
H,SO,, is equal to 16.2 kecal.’mole~?).1? The appro-
priate data for the oxidation of Fe* by the various
iron(IIT) phenanthroline complexes’in 0.50 F HCIO,
at 25.0° are also plotted in this figure® (closed cir¢les;
in this case AG1* = 16.3 kcal. mole—?, the free energy of
activation for the Fe?t-Fe?* exchange reaction).!®

(12) P. B. Sigler and B. J. Masters, J. Am. Chem. Soc., 19, 6353 (1957).
(13) J. Silverman and R. W. Dodson, J. Phys. Chem., 68, 846 (1952).
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TABLE IV
CoMPARISON OF OBSERVED AND CALCULATED RATE CONSTANTS AT 25.0°

k1,% k2,® k12 obsd.,b ks caled.,®

Reaction F-1sec.™t F~1sec."! F~lsec.™t F=1gec,—1
Fe(II)-Ce(IV) 4,04 4,40 1.3 X 10¢ 6 X 1087
Cr(I1)-Fe(I1I) €2 X 10757 4,04 ~8 X 10%* <6 X 10°
V(II)-Fe(I1II) 1.0 X 1072° 4,04 >108 7 9 X 105
Eu(II)-Fe(III) <1 X 10-+* 4.04 >108 7 €2 X 108
Cr(I1)-Co(III) £2 X 1078° ~5 >3 X 1027 <1 X 10w
V(I1)-Co(III) 1.0 X 1072° ~5! >3 X 1027 ~2 X 1010
Cr2+-ys+ £2 X 10737 1.0 X 10—2° £2 X 102
Fe2+-Co3+ 4.04 ~5 427 ~6 X 106

@ Except for the Ce(II11)-Ce(IV) reaction, the rate constants refer to the M2+t-M?3"* exchange reactions. The rate constant for the
Ce(II1)-Ce(IV) reaction was determined in 0.4 F H,SO, at 25.0°. ? The rate constant for the Fe(II)~Ce(IV) reaction was determined
in 0.50 F H,SO,, while the rate constants for the Cr(II)-Fe(III), V(II)~Fe(I1I), Eu(IT)-Fe(III), Cr(II)~Co(III), and V(II)-Co(III)
reactions were determined in 1 FHCIO,, ¢ The following E® values, taken from E, H, Swift, ‘A System of Chemical Analysis,” Prentice-
Hall, Inc., New York, N. Y., 1949, and from W. M. Latimer, “Oxidation Potentials,” 2nd Ed., Prentice-Hall, Inc., New York, N. Y.,
1952, were used to calculate the equilibrium constants for the electron transfer reactions: Eu(II1)-Eu(III), —0.43 v.; Cr(II)-Cr(III),
—0.41 v.; V(II)~V(III), —0.21 v.; Fe(II)-Fe(IlI), 0.73 v.; Ce(II1)-Ce(IV), 1.44 v.; Co(II)-Co(III), 1.82 v. 9 Reference 13.
° Reference 12. 7 The rate constant for the Fe2*-Fe3* exchange, and the oxidation potential of the Fe?* ion in perchloric acid, were
used in the calculation of k2. The above quantities should, to a good approximation, be the same in sulfuric and perchloric acids. 7 A.
Anderson and N, A, Bonner, J. Am. Chem. Soc., 76, 3826 (1954). * G. Dulz and N. Sutin, to be published. ° K. V. Krishnamurty and
A, C. Wahl, J. Am. Chem. Soc., 80, 5921 (1958). 7 L. E. Bennett and J. C. Sheppard, J. Phys. Chem., 66, 1275 (1962). * D. J. Meler

and C, S. Garner, 7bid., 56, 853 (1952).

The rate constants for the reduction of the phenyl- and
tetramethylphenanthroline complexes of iron(IIT) in
0.50 F HCIO, were calculated from the rate constants
in 0.50 F H:SO4 on the assumption that the rates are a
factor of 7.9 slower in 0.50 F HClO4.5

Comparisons with the Marcus Theory.—It is ap-
parent from eq. 3 that f — 1 as K;3 — 1. Under these
conditions eq. 1 and 2 reduce to

ki = (kikoK12)'/e (4)
and
AGu* = 050AG}* + 050A62* + 0.50AGlzo (5)

In Fig. 2 a line of slope 0.50, as required by eq. 5, has
been drawn through the data for those reactions for
which AGy,° is close to zero. It is apparent from Fig. 2
that deviations from eq. 5 begin to occur when AGy,°
becomes more negative than about 5 kcal. mole—™
The intercept of Fig. 2 gives 13.0 kcal. mole~! as the
average value of the free energy of activation for the
various Fe(phen),**-Fe(phen);*+ exchanges in 0.50 F
acid; this corresponds to a value of k;, the average rate
constant for the exchanges, of 2 X 10% F—! sec.7! at
25.0°.  The remainder of the curve in Fig. 2 was cal-
culated from eq. 2 by substitution:of the above esti-
mate of k; in the expression for f. It will be seen that
the experimental data satisfy the requirements of the
Marcus theory reasonably well.*

(14) Equation 5 may be rationalized by considering, for example, the
Fe2+—Fe(phen)s** reaction and assuming, in the first instance, that the
standard free energy change of the reaction is zero [N. Sutin, Ann. Rewv.
Nucl. Sci., 12, 319 (1862)]. Under these conditions 0.50AG1¥*, which is half
the free energy of activation for the Fe?*-Fe?* exchange, is approximately
equal to the free energy required for the reorganization, etc., of the Fe?*
ion (and is assumed to be the same in the Fe?+*~Fe?* and Fe?+-Fe(phen)s?+
reactions). Similarly 0.50AGz2*, which is half the free energy of activation
for the Fe(phen);2*-Fe(phen)s?* exchange, is approximately equal to the
free energy required for the reorganization, etc., of the Fe(phen):? * ion (and
is assumed to be the same in the Fe(phen);?*-Fe(phen)s** and Fe®*~Fe-
(phen)s3* reaction). However, AGr:° for the Fe?*~Fe(phen)s?* reaction is
not zero but has a negative value. This will tend to lower the free energy of
activation for the Fe?*-Fe(phen)si+ reaction by 0.50AG12® provided the

slopes of the potential energy curves representing the reactants and products
are pot too different at their point of intersection.

' NI. A. Bonner and J. P. Hunt, J. Am. Chem. Soc., 82, 3826 (1960).

For a somewhat more accurate comparison with the
Marcus theory, it is necessary to correct the free ener-
gies of activation for the amount of work required to
bring the reactants together. However, it is likely that
the electrostatic contributions to this work are small
at the ionic strengths used in these studies. It is of
interest that the estimate of the rate constant for the
Fe(phen);>*—Fe(phen);®+ exchange lies below the
lower limit established for this exchange by isotopic
labeling and n.m.r. studies.’»!®  Marcus has suggested
that this disagreement could perhaps arise from the
noncancellation of the nonelectrostatic contributions
to the work required to bring the various pairs of
reactants together.® This may arise in the above
comparisons since the cross reactions involve the re-
actions of an ion containing hydrogen bonding ligands
[Fe(H:0)s** or Ce(IV)] with one containing organic
ligands [Fe(phen);?* or Fe(phen),3+].

The latter complication does not arise in the Fe(II)—
Ce(IV) reaction. The various electron exchange rates
for this system are all known and both reactants are
hydrogen bonding. Values of the observed and cal-
culated rate constants for this reaction are presented
in Table IV, which also contains data for some other
oxidation-reduction reactions. The calculation of the
rate constant for the Fe(II)-Ce(IV) reaction requires
additional comment. Since iron(II) is but weakly
complexed in sulfuric acid it is likely that Fe?* is the
predominant iron(II) species present in the solutions
under the conditions used in the kinetic measurements.
The iron(III) species produced in the outer-sphere
oxidation of an uncomplexed Fe?* ion will be an un-
complexed Fe®* ion. Therefore, although iron(I1I) is
strongly complexed in sulfuric acid, the rate constant
for the Fe?*-Fe’t exchange and the oxidation potential
of the Fe?* jon in perchloric acid were used in the cal-
culation of the rate comstant for the Fe(II)-Ce(IV)

(15) E. Eichler and A. C. Wahl, J. Am. Chem. Soc., 80, 4145 (1958).
(16) M. W. Dietrich and A, C. Wahl, J. Chem. Phys., 38, 1591 (1963).
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reaction. It will be seen that the rate constant for the
Fe(I1)-Ce(IV) reaction calculated in this manner is in
good agreement with the observed value and that the
rate constants for the Cr(II)-Fe(III), V(II)-Fe(III),
Eu(II)-Fe(III), Cr(II)-Co(III), and V(II)-Co(III)
reactions are consistent with the observed values. On
the other hand, there is a large difference between the
observed and calculated rate constants for the Fe?*—
Co®* reaction. The reason for this discrepancy is not
known. It may lie in the complexity of Co(III)

AcIDODIETHYLENETRIAMINEGOLD (IIT) CompLExES 921

solutions or it may be that different spin restrictions
obtain in the Fe?*—Co®t and Co?+t-Co?t reactions. It
is also possible that the Fe?*—Co® reaction or the
Co?+—Co3t reaction, or both, involve an atom transfer
mechanism; the Marcus equations are not applicable
to such reactions.

Acknowledgment.—We wish to thank Drs. R. W.
Dodson and R. A. Marcus for ‘their interest in this
work and for helpful discussions.
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The preparation of acidodiethylenetriaminegold(III) salts with the general formula [Au(dien)X}X, (dien = NH.C;H,NH-
C:H;NH; and X = CI-, Br™) is reported. The complexes are acids in aqueous solution, ionizing a proton from one of the

amine nitrogen atoms.

The resulting conjugate bases, [Au(dien-H)X]X (dien-H = dien less one proton and X = CI-,
Br-, I7), have been isolated. Equilibrium constants for (N-H) ionization and for the hydrolysis are given.

Electronic

spectra of the [Au(dien)X]?* and {Au(dien-H)X] + complexes are assigned using a molecular orbital level classification.

Introduction

Square-planar acidoammine complexes of the type
[M(amine), X ]"=2+ (X = Cl—, Br—, etc.) where M
= Pt?t and Pd** are quite common and have played
an important role in the experimental and theoretical
development of coordination chemistry. However,
there have been relatively few reports of compounds
of this type for Au®+.5~12

This paper reports the general synthesis of complexes
of Au®t with the tridentate ligand diethylenetriamine,
which is abbreviated dien. An investigation of the
aqueous solution chemistry of these compounds is dis-
cussed. The electronic structures of the [M(dien)X J*+
(M = Pd?t, Pt*F, or Au**t) complexes are discussed in
terms of molecular orbitals. Electronic spectra are
assigned using a molecular orbital energy level scheme.

Experimental

Materials.—The gold-containing starting material for the syn-
thetic work was tetrachloroauric acid, which was freshly made for
each preparation. In a typical experiment, 0.5 g. of fine gold
powder (Engelhard Industries, Inc.) was added to a mixture of 5
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(4) Imperial College, London, England.

(5) C. Stoehr, J. Prakt. Chem., 47, 460 (1893).
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(11) C. M. Harris and T. N. Lockyner, J. Chem. Soc., 3083 (1959).
(12) C. M. Harris, ibid., 682 (1959),

ml. of concentrated HCl and 3 ml. of concentrated HNQ;. The
gold dissolved in a minute or so to give an orange solution. This
solution was evaporated to 1-2 ml., 5 ml. of concentrated HCl
was added, and the evaporation repeated. Again, 5 ml. of HCI
was added and the evaporation repeated. Upon cooling, the
solution crystallized to a solid mass of tetrachloroauric acid.

Diethylenetriamine (Union Carbide, technical grade) was dis-
tilled once, b.p. 204-208°. Other chemicals used were reagent
grade.

Analyses.—The gold content was determined from the weight
of the residue obtained by the ignition of a few hundredths of a
gram of the compound in a microcrucible. Using this procedure,
determination of gold in two of the compounds, [Au(dien-H)X]X
(X = CI—, Br~), gave poor results because these particular com-
pounds tended to spatter when heated. This spattering was pre-
vented by decomposing the compounds with a few drops of 309,
hydrogen peroxide prior to ignition. The gold content was also
determined by Miss H. Beck of the Chemistry Department,
Northwestern University, who carried out the carbon and hydro-
gen elemental analyses.  Several analyses were done by Micro-
tech, Skokie, Ill.

Preparation of Complexes.—Each of the complexes reported
was synthesized several times. Although some gold compounds
are light-sensitive, most of these preparations were carried out
under ordinary laboratory fluorescent lighting conditions. *After
preparation, the compounds were stored in the dark.

No attempt was made to ascertain the structures of these com-
pounds. We make the reasonable assumption that they are
square-planar complexes, as are the great majority of Au® com-
pounds. This assumption will be implied in the notation that is
used throughout this paper. For example, the compound which
analyzes as AuCH3N3Cl; will be referred to as [Au(dien)Cl]Cl;.

Synthesis of [Au(dien)Cl]Cl; and the Conjugate Base, [Au-
(dien-H)Cl1}Cl.—Tetrachloroauric acid was prepared from 6 g.
of gold powder (30.5 mmoles). This was dissolved in 5 ml. of
anhydrous ether and put in an ice bath. Thirteen ml. of dien
(126 mmoles) was added to 20 ml. of anhydrous ether and also



