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fluorine resonance spectrum at —5.42 and —5.27 ppm,
respectively. The nmr evidence, therefore, tends to
rule out structures I-IV!? but is entirely consistent
with what one would expect for either structure V or
structure VI. Tt should be mentioned here that it is
possible that either of these two structures may also
be the correct structure for compound I, but this could
not be confirmed because of the solvent problem men-
tioned earlier. The simultaneous formation of I
and II under the same experimental conditions in
approximately the same amounts and the close simi-
larity of infrared spectra lead us to suspect that these
compounds may, in fact, be the two expected geometri-
cal isomers,

It may be noted that a compound having structure
V is optically inactive while one with structure VI will
exist as optical isomers. A successful resolution of
either compound I or IT may indicate which structure
is correct.
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for obtaining some of the infrared spectra. The
fluorine nmr spectra were measured by Messrs. John
Strobel and John Pustinger. This research was
supported in part by the ARL In-House Independent
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(12) The absence of multiple peaks cannot, of course, be taken as positive
proof that only a single proton environment exists. The proton peak width
at half peak height is 1.3 eps, similar to other 3-diketonates known to contain
a single proton environment. From experience with numerous other g-dike-
tonate complexes having nonequivalent protons, it is considered extremely
unlikely that protons in dissimilar rings would have exactly the same mag-
netic environment. Furthermore, substitution and isomerization reactions
are known to occur extremely slowly with respect to proton relaxation rates,

so the existence of equilibria that would average the environments may be
discounted.
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The use of thin layer chromatography as an important
separative, diagnostic, and preparative technique is
well established, especially in the organic and bio-
chemical areas. Its application to inotganic com-
pounds, however, has been much less extensive and
has been limited primarily to the separation of the
common cations and anions.!—3

(1) J. M. Bobbitt, “Thin-Layer Chromatography,” Reinhold Publishing
Corp., New York, N. Y., 1863.

(2) E. Stahl, “Thin-Layer Chromatography,” Academic Press Inc.,
New York, N. Y., 1965,

(3) E. J. Goller, J. Chem, Educ., 42, 442 (1965), and references therein,
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Syntheses of coordination compounds frequently
produce more than one isomer,* and, consequently,
rapid, efficient, and reliable methods for separating
the resulting mixtures are desirable. A recent study
describing the separation of a number of electrolytic
geometric isomers of ammines and amines of cobalt-
(I11) by thin layer chromatography® prompts us to
report our results of a similar study of nonelectrolytic
isomers. The present paper, then, describes the
separation by thin layer chromatography of a number
of nonelectrolytic geometric isomers of platinum(II)
(square-planar configuration) which we had separated
previously by column chromatography.® In addition,
the separation of two pairs of binuclear platinum(ITI)
isomers  [sym-di-u-ethylthio-dichlorobis(tri-n-propyl-
phosphine)diplatinum (II) and sym-di-p-p-nitrophenyl-
thio-dichlorobis(tri-#- propylphosphine)diplatinum(II) |
for which column chromatography had proven inade-
quate (see footnote 36 of ref 6) is here reported.,

Experimental Section

Isomers.—Dichlorobis(diethyl sulfide)platinum(II),” dichloro-
bis(tri-n-butylphosphine)platinum(II),* dichlorodipyridineplati-
num(II),* sym-di-u~-phenylthio-dichlorobis(tri-z-propylphos-
phine)diplatinum(1I),’ sym-di-u-ethylthio-dichlorobis(tri-n-pro-
pylphosphine)diplatinum(II),® and sym-di-u-p-nitrophenylthio-
dichlorobis(tri-n-propylphosphine)diplatinum(II)® were prepared
according to the literature references given. Both the c¢is and
trans forms of each of these compounds were characterized by
elemental analyses, melting points, physical properties, and
chemical reactions.®

Chromatography.—Microscope slides (75 X 25 mm) were
thoroughly cleaned with detergent, rinsed with distilled water,
and coated with a slurry consisting of 1 part of Silica Gel G
(Kensington Scientific Corp., Oakland, Calif.) in 8 parts of a
1:1 by volume mixture of methanol and redistilled methylene
chloride.'* The plates were air dried for 10-20 min and activated
by drying for 1 hr at 110° just prior to use.

Saturated solutions of the c¢is isomer, the irans isomer, and a
1:1 by weight mixture of both isoiners, all in redistilled methylene
chloride, were applied side by side along the origin of the plate,
resulting in three distinct spots. After the plate had been air
dried for 2-3 min, it was placed in a small screw-cap jar contain-
ing the solvent and was developed by the ascending technique.!
When the solvent had attained a height of ca. 6 cm, the plate
was removed from the developing chamber and was air dried.
The positions of the isomers were detected as intense yellow-
brown spots by placing the developed and dried plate in a screw-
cap jar containing a few iodine crystals.! The mixed samples
were found to have separated into two spots. The isomers which
were thus separated from the mixtures were identified by com-
parison with the Ry values obtained for the pure isomers,

(4) R. G, Wilkins and M. J. G, Williams in “Modern Coordination Chem-
istry,’”” J. Lewis and R, G. Wilkins, Ed., Interscience Publishers, Inc., New
York, N. ¥,, 1960, p 197, -

(8) L. F. Druding and R. B. Hagel, Anal. Chem., 88, 478 (1966), and
references therein.

(6) G. B. Kauffman, R, P. Pinnell, and L. T, Takahashi, Inorg, Chem., 1,
544 (1962).

(7y G. B. Kauffman and D. O. Cowan, Inorg. Syn., 6, 211 (1960).

(8) G. B. Kauffman and L. A, Teter, tbid., 7, 243 (1963).

(9) G. B. Kaufiman, ibid., T, 249 (1963).

(10) J. Chatt and F. A. Hart, J. Chem. Soc., 2363 (1953); 2807 (1960),
Samples of these isomers were kindly furnished by Drs. J. Chatt, P. G.
Owston, and F. A, Hart of Imperial Chemical Industries, Ltd.

(11) The use of a mixture of organic solvents rather than water as the
slurry medium aids in maintaining a uniform suspension, yields an even
layer thickness (ca. 200 ) when poured directly onto the slides, and requires
less time for evaporation of the solvent prior to activation. Separation of
the various isomer pairs was shown to be independent of the slight variations
in layer thickness obtaitied by this method.
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Results

One of the few disadvantages of thin layer chroma-
tography is that R; values are not exactly reproducible,
especially among different laboratories. Although
our values were reproducible to =0.03, the important
consideration in the separation, as opposed to the iden-
tification, of isomers is not the specific R; values but
rather the difference between the cis and #rams migra-
tions. The reproducible AR; values are indicative of
the effectiveness of separation in the various systems
studied. Many developing solvents and mixtures
were evaluated, but only the most successful combina-
tions, 7.e., those resulting in maximum differences be-
tween R: values and minimum trailing,'! are shown
(TableI).

TaBLE 1
SOoME TypICAL QUALITATIVE SEPARATIONS OF cis—trans ISOMERS

Developing —~—Rf—— ARg
Compound solvent cts  trans
CeHs 0.00 0.45 0.45
[Pt{(CeH;5)28):Cl2] CH:Cl: 0.15 0.60 0.45

CeHe~(CH3)»CO 0.20 0.65 0.45
(19: 1)

CeHs 0.00 0.95 0.95
[Pt{(CsHg)sP)2Cl2] CH:Cl:2 0.40 0.95 0.53
CsHe~CH:Cl: 0.15 0.95 0.80
(1:1)
CH:Cl2 0.00 0.20 0.20
[Pt{py):Cls] CeHe-(CHsy)2CO 0.10 0.55 0.45
(5:1)
CH.Cl—(CH3:CO 0.45 0.80 0.35
(5:1)
- N R TR
cemmmennc S 08 0 0
(1:2)
CesHs 0.00 0.30 0.30
[({CsH7)sP)sPta(NO2CHeS)2Cla | CH:Cle 0.50 0.70 0.20
CeHs—(CH;s):CO 0.85 0.95 0.10
(2:1)

Separations were also achieved on a semiquanti-
tative preparative scale. For example, two large
Silica Gel G plates (200 X 100 mm) were prepared
with a Kirchner-type apparatus® adjusted to give a
layer thickness of 200 y. A mixture of 100 mg of cis-
and 100 mg of frams-dichlorobis(tri-z-butylphosphine)-
platinum(II)?2 in redistilled methylene chloride solution
was applied along the origins of the activated plates
by use of a microsyringe, and the plates were developed
with Eastman Spectrograde (S 777) benzene as the
solvent, The silica gel containing and surrounding
the band at R; value 0.0-0.1 on each plate was then
removed and eluted with Eastman Spectrograde
acetone (S 297). The silica gel containing and sur-
rounding the band at R; 0.85-1.0 on each plate was
similarly removed and eluted with redistilled methyl-
ene chloride. Evaporation of the first eluent yielded
91 mg (919, recovery) of the white, crystalline cis
isomer, mp 140-142° (lit. value® 143-144°), and
evaporation of the second eluent yielded 93 mg (93%
recovery) of the yellow, crystalline frams isomer, mp
61-63° (lit. value® 62-65°). Reanalysis of the sepa-

(12) The frans isomer was not chromatographically pure but contained
traces of ¢fs isomer,
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rated isomers by qualitative thin layer chromatography
confirmed the fact that a complete separation without
solvent-induced isomerization had been achieved.
By the use of additional plates, the separation can be
extended to mixtures on a larger scale.

Discussion

The use of thin layer chromatography for the sepa-
ration of isomeric complexes possesses a number of
distinct advantages.

(1) By careful choice of a developing solvent system,
a large difference in mobilities (R values) and con-
sequently a sharp and complete separation can be
attained. In the present study, two isomers pre-
viously found not amenable to column chromatography
were successfully separated.

(2) In conjunction with other evidence, thin layer
chromatographic behavior possesses potential diag-
nostic value in structure proof.’* For all of the com-
pounds investigated, the frans isomer was found to be
more mobile, 7.e., to possess a higher R; value, than the
¢is isomer, in agreement with findings reported for
electrolytic cobalt(IIT) complexes.® This greater mo-
bility of the trans isomer, which would be predicted from
its lower dipole moment, agrees with the results ob-
tained by us from column chromatography.®

(3) The time required for thin layer chroma-
tography is, of course, much less than that needed for
equivalent separations by column chromatography.

(4) With thin layer chromatography, iodine vapor
may be used as a sensitive detecting reagent, thus
eliminating the necessity for specific spot tests.® We
have found this reagent, denoted as ‘“‘universal’’ for
organic compounds by Bobbitt,! to be useful in de-
tecting a variety of coordination compounds of cobalt,
chromium, platinum, and iridium. Its sensitivity
makes it of particular value in assessing purity or de-
tecting solvent-induced isomerization; by its use, trace
quantities of one isomer can be detected in the presence
of large quantities of the other. As a case in point, a
sample of trans-[Pt((C4Hy);P).Cly] with the required
melting point was found to contain traces of the cis
isomer.

(5) Although column chromatography is still quite
advantageous for preparative separations, thin layer
chromatography is also adaptable for this purpose,
as we have shown. Furthermore, preliminary separa-
tions by thin layer chromatography are convenient
for rapidly determining the solvents and conditions
to be used for larger scale separations by column
chromatography.

Acknowledgments.—Acknowledgment is made to
the donors of the Petroleum Research Fund, adminis-
tered by the American Chemical Society, and to the

(13) The value of column chromatography in this connection has already
been established, Amnomalous elution behavior of the supposedly c¢is and
trans isomers of [Ir((C:Hs):S)sCls] led us to question the assignment of
structures to these compounds; the structure assigned by previous inves-
tigators to the frans isomer was subsequently shown to be incorrect: G. B.
Kauffman, J. H. Tsai, R. C. Fay, and C. K. Jgrgensen, Inorg. Chem., 2,
1233 (1963).
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Although several different workers have reported pre-
paring the hexa(dimethyl sulfoxide)chromium(III)
perchlorate, Cr(DMS0)s(C10,);, no one has reported
preparing any compound containing an ion of the series
Cr(H,0),(DMSO0)s_,2T, n = 1-5.1 We would like to re-
port the results of a more extensive investigation of the
reaction of Cr(H:0)¢?* with- DMSO. These results are
(1) the position of absorption maxima as a function of
the average number of DMSO ligands per chromium
and (2) the average number of DMSO ligands per
chromium as a function of DMSO concentration in
aqueous solution:

Experimental Section

Cr(H,0)s(Cl04)s was prepared by reducing reagent grade CrO;s
with HsOq in 1 M HClO4s. The product was recrystallized -once
from hot water. The ultraviolet spectrum compared favorably
with that reported by Plane.? Cr(DMSO0)s(ClO,); was prepared
by the method reported by Cotton and Francis.'* The DMSO
was used as received. Three separate preparations of the com-
pound gave products with Cr: DMS8O ratios ranging from 1:5.1
to 1:5.8. Recrystallizing the compound from DMSO at 100°
gave a product with a Cr: DMSO ratioof 1:5.95. Anal. Caled for
Cr(DMS0)(Cl0,)3: Cr, 6.35; DMSO, £7.2. Found: Cr, 6.33;
DMSO, 56.4. The molar absorptivities at 444 and 634 mu were
36.3 and 33.5 M™! cm™!, respectively. Drago reported 34.6
and 33.4, and Schlifer reported 31.6 and 30.2 M1 -em™! for the
molar absorptivities at 444 and 634 mu."¢ The compound was
analyzed for chromium by oxidizing the chromium to dichromate
with peroxydisulfate in the presence of a small amount of AgNO;.
A known excess of standard ferrous solution was added and the
excess was back-titrated with standard dichromate solution. The
compound was analyzed for DMSO as described elsewhere.?

The absorption spectrum as a function of the average number
of DMSO ligands attached to-the chromium was determined in
the following manner. A number of 125-ml erlenmeyer flasks,
each containing 25 ml of DMSO, were suspended in a constant-
temperature bath maintained at 40.0°. A known ameunt of .Cr-
(H20)5(ClO4)s, ca. 0.25 g, was added to each flask. At time inter-
vals of about 15 min near the start and about 30 min later, flasks
were removed and were quenched in a Dry Ice-acetone bath.
Later each flask was warmed to room temperature, and a quan-
tity of the solution from each flask was used to determine the

(1) (a) F. H. Cotton and R. Francis, J. Am, Chem. Soc., 82, 2986 (1960);
(b) D. W. Meek, R, S. Drago, and T\ 8. Piper, Inorg, Chem., 1, 285 (1062);
(c) H. L. Schlifer and H. P. Opitz, Z. Chem., 2, 216 (1962).

(2) R. A, Planeand J. A, Laswick, J. Am. Chem. Soc., 81, 3564 (1059).

(3) K. R. Ashley and R.E, Hamm, Inorg. Chem., B, 1645 (19686).
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absorption spectrum from 400 to 450 mu and from 575 to 650 mu
using a Beckman DB recording spectrophotometer. Ten milli-
liters of the solution from each flask was used to charge a cation-
exchange column containing Dowex 50-X 8 (100-200 mesh) resin
in the H* form. Ten bed volumes of cold water were washed
through the column to clean it of the solvent DMSO. Blank
experiments confirmed that this was sufficient water:to wash the
resin bed free of solvent DMSO. The Cr(III) species were eluted
with 8 N HySO;. The effluent was analyzed for DMSO. The
concentration of Cr(III) was determined from the-initial amount
of Cr(H;0)(Cl0O4); used.

An attempt to isolate various Cr(H:0),(DMSO);_,*t species
using cation-exchange resins was made. A jacketed column was
constructed from a 50-ml buret and 45-mm glass tubing. Dowex
50-X 8 (100~200 mesh) resin in the H* form was used to pack the
column, Water at 1° was circulated through the jacket. About
3 mmoles of Cr(H:0),(DMSO)s—,3* where » averaged 3 as deter-
mined from Figure 1, was run into the top of the column and
the column was washed with 500 ml of cold water. The column
was eluted with 8 N H,SO, at a flow rate of 1 ml/hr. No separa-
tion of the band was obtained. The absence of a second band
also indicates that no appreciable formation of polymeric mate-
rial had occurred.

In the experiments designed to determine the average number
of DMSO ligands per chromium as a function of DMSO con-
centration in aqueous solution, the following procedure was em-
ployed. Solutions containing various amounts of DMSO were
made by adding the calculated amount of DMSO to a volumetric
flask and diluting to volume with distilled water. About 0.25
g of Cr(H:0)(Cl0O4); was added to 25 ml of the desired solution
and was allowed to come to equilibrium at 40.0°. The spectrum
of the solution was determined using a Beckman DB spectro-
photometer. The location of the absorption maxima was used
along with Figure 1 in estimating the average number of DMSO
molecules coordinated.

Results and Discussion

The investigation of Cr(III) in methanol and metha-
nol-water mixtures has been reported by Jayne and
King.* They showed that methanol could replace
water molecules in the coordination sphere; however,
methanol does not compete for coordination positions
nearly as well as DMSO does. Several investigators®
have shown that in the series of compounds Cr(H;0),-
(NHj)s-,*t, » = 0-6, the absorption maximum shifts
to higher energy as # decreases. This would be ex-
pected when ligands of one crystal field strength are
replaced stepwise by ligands of a larger crystal field.

Figure 1 shows the relation between the wave-
length of the absorption maximum of the Cr(H,0),-
(DMSO0)s_,,%* species and the average ligand DMSO: Cr
ratio. If one makes the assumption that the stepwise
rate constants for the formation of Cr(DMSO)¢3+
are all of the same order of magnitude, one must con-
clude that all Cr(H;0),(DMSO0),_,>* species exist in
appreciable concentration at some time during the
solvolysis of Cr(H,0)s** in DMSO. This assumption
is reasonable in-view of- the equilibrium constants
calculated for the chromium(III)-methanol species.*
The scatter of the points in Figure 1 is due to the ex-
pected poor precision of the analytical method involving
ion-exchange separation.

From the results shown in Figure 1 it is obvious that

(4) J. C.Jayne and E. L. King, J. Am. Chem. Soc., 86, 3980 (1964).

(5) (a) R.I.Coimarand F. W. Schwartz, 7bid., 84, 3204 (1932); (b) R.

‘Tsuchida, J. Cheni. Soc. Jepaen, 18, 388, 436, 471 (1938); (c) E. Jgrgensen
and J, Bjerrum, Acte Chem. Scand., 12, 1047 (1958).



