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The following new complexes have been prepared:
tranS[O(Mezsojg(NH3}4] (6704}3; ClS[O(dmﬂg‘
(NH3)4](ClO4 )5, cis[Cr{Me,SO )(dmf){NH} )] -
(004}3'21120,' [CrM62S0(NH3}5](C704}3'H20 and
[CrMe,SO(NH3)s115. Furthermore, the following
new cations have been characterized only in solution:
cis[CrH,0(Me,SO)(NH3)41%*, trans[CrH,0(Me,SO)-
(NH3)41*" and cis[CrH,0(dmf)(NH;)4]®". The elec-
tronic spectra are recorded for all of these complexes
and standard analyses lead to the sequences Cl <
dmf < Me,SO < H,0 in the spectrochemical series,
and H,0 <dmf < Me,SO < (1 in the nepheleuxetic
series for Cr(Ill). The aquation kinetics of [CrMe,-
SO(NH,)s]** and solvolysis kinetics of [CrH,O-
(NH3)s1** in anhydrous Me,SO have been studied.
With the [CrMe,SO(NH,)s)** complex a single pro-
cess corresponding to aquation of Me,SO is observed.
Kinetics studies give koq = 3.2 X 107% s at 49.5°C
[ = 0.10 M (HCIO,)], with activation parameters
AH* = 20.30 Kcal mol™ and AS* = —11.92 cal
mol ' K™, With the [CrH,0(NH,)s]®* complex a
single process corresponding to solvolysis of H,0
is observed in anhydrous Me,SO. Kinetic studies give
k=610X 10* s at 50°C, with activation para-
meters AH* = 22.74 Kcal mol™* and AS* = —2.98
calmol ' K.

Introduction

In the last few years there has been considerable
interest in the preparation and kinetic studies of
Cr(III) ammines in both aqueous solution and polar,
aprotic solvents, although less extensively studied in
the latter case. Continuing our interest on Cr(III)

*Author to whom correspondence should be addressed.

ammines we undertook to prepare and study com-
plexes of the above type in the non aqueous solvents
dmf and Me,SO.

During the course of this work Jackson and Fee
[1] published a kinetic study on several ammine
complexes of Cr(III) with included these ligands.
Some of the complexes studied by these authors have
also been prepared by us. Where different procedures
were used, they have been included in the Experi-
mental Section.

Experimental

Preparative Methods

New complexes

trans[Cr{Me S0 ),(NH3 )41 (ClO4 ). trans[Cr-
(H;0)2(NH3),4](Cl04)s (2 g) [4] was dissolved in 3
ml of anhydrous Me,SO and the solution warmed at
60° for 1 h 15 min with constant stirring. After
cooling in ice the desired product was precipitated
with 60% HCIO4 (CAUTION: using more concen-
trated acid or carrying out the precipitation from hot
solution may result in violent explosions). The crystal-
line solid was filtered, washed with alcohol and dried
with ether. It may be recrystallized from water by
adding concentrated HCIO,.

The gray-blue solid changes slowly to red. The
conversion is much faster in aqueous solution (i.e.
one observes a marked change in the visible spec-
trum after ca. 24 hours). Anal. Found: Cr, 8.9; NH;,
11.8. Cale: Cr,9.1;NH;,11.8.

cis[Cr{dmf),(NH3)a1(ClO4 ). cis[Cr(H;0),-
(NH3),] (C104); (1 g) [4] was dissolved in anhydrous
dmf (2 ml) and the solution heated to 60—65 °C
for 30 minutes after which time it was poured onto
three volumes of icecold ethanol. It can be recrys-
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tallized by dissolving it rapidly in the minimum
amount of water—NaClO,4 at 50 °C and cooling. Anal.
Found: Cr, 9.2; N, 14.8; H, 4.6. Calc: Cr,9.21; N,
14.88;H, 4.64.

cis[Cr{Me, SO )(dfm)(NH3)4](ClO4)3* 2H,0. One
gram of cis[CrCl(Me,;SOXNH;)4] (Cl04), [1] was
dissolved in 2 ml of dmf and the equivalent amount
of Hg,(NO3), was added. The mixture was warmed
to 40 °C for 10 min, the Hg,Cl, formed separated
by centrifugation and 70% HClO, added dropwise
until incipient precipitation. The product was filtered
and recrystallized as above. Anal. Found: Cr, 8.6;
N, 11.4. Calc: Cr, 8.58; N, 11.56. The complex loses
water of crystallization on heating in a vacuum at
100 °C for 6-7 hours.

Complexes previously reported

[CrMe,SO{NH;)s1(Cl04)3*H,0  [2]. [CrH,O-
(NH3)5](Cl05)s (10 g) [3] was dissolved in
anhydrous Me,SO (60 ml) and the mixture was
warmed at 55-60 °C with constant stirring for 90
min. After cooling in ice the desired product was
precipitated with 60% HCIO,. The red crystalline
solid was filtered, washed with alcohol and dried with
ether. It may be recrystallized from water, by adding
concentrated HClO4. Anal. Found: Cr, 9.7; NH,3,
15.8. Calc: Cr, 9.78; NH,, 16.00.

The anhydrous salt may be obtained by heating
the monohydrate at 100 °C in a vacuum for 5 hours.
Anal. Found: Cr, 10.1; NH,, 16.4. Calc: Cr, 10.12;
NH;, 16.58.

[Cr{Me,SO)(NH; )51 15-H,0. This was prepared
from a solution of [Cr(Me,SOXNH;)5](Cl0,);H,0
(3 g) in water (25 ml) by adding concentrated HI
(3.5 ml). The red crystalline precipitate was washed
with a small amount of ice-cold water and dried with
ether. Anal. Found: Cr,8.4;NH,, 13.8;1, 61.3. Calc:
Cr,8.47;NH,;, 13.87;1,62.0.

cis[Cr{Me,SO )2 NH3)41{ClO4)5 [1]. One gram of
Cis[Cr(Hzo)z(NH3)4](C104)3 [4] was dissolved in 5
ml of anhydrous Me,SO and the solution heated at
55-60 °C for 1 h 30 min after which time it was
cooled in ice and the desired product precipitated
with 60% HCIO4. The red solid was filtered and
washed as above. Anal. Found: Cr, 9.1; NH,, 11.8.
Calc: Cr,9.1;NH;, 11.8.

trans[CrCl{Me,SO J(NH, )4 1{ClO, ), [1]. One gram
of trans[CrCl(H,0)(NH;),4] (C1O4), [4] was dissolved
in 2 ml of anhydrous Me,SO, heated at 55 °C for 1
hour and the solution poured onto four volumes of
ice cold ethanol. The resulting precipitate was
collected and washed as above. The blue crystals
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slowly change to red on standing. Anal. Found:
Cr, 11.8;NH;, 15.6. Calc: Cr, 12.0; NH;3, 15.7.

Complexes characterized only in solution

cis[CrH,0(Me,SO)(NH3)41** A ten fold molar
excess of Hg?* was added to a ca. 1072 M solution
of cis[CrCl(Me,SO)NH;)4]%* in 10 M HCIO,
and the resulting mixture was allowed to stand at
room temperature for one hour. A twofold excess
of HCl (with regard to that required to complex
all Hg?") was added and the solution passed through
a Dowex 50 W-X2 (100200 mesh) cation exchanger
thereby separating cationic species from [HeCl,1%.
The column was eluted with increasingly concen-
trated HC1O,. Dipositive species (probably unreacted
cis [CrCl(Me,SOYNH;3)4]2") were eluted with 2.5 M
HClO,. The desired species, as shown by its electronic
spectrum, was eluted with 3.5 M HClO,. Cr/NH,
molar ratio found: 1/4.05.

trans[CrH,0(Me,SO (NH;)s]** and cis[CrH,0-

(dmf)(NH;),]3*. These were made as above but
starting from trans[CrCl(Me,SOXNH;),] (C104), and
cis[CrCl(dmf}(NH3)4] (C10,4), respectively.

Characterization

Chromium was determined spectrophotometrically
as CrO3 ™ after oxidation of the complexes with H,0,
in alkaline solution [5]. Ammonia was determined
by distillation using the boric acid procedure [6];
iodine was determined volumetrically [6]. All experi-
ments were carried out with freshly distilled and
dried solvents and freshly prepared products. Visible
spectra were obtained with Beckman DB-GT record-
ing and DU-2 manual spectrophotometers. Infrared
spectra were recorded on a Beckman IR 20A spectro-
photometer purged with dry air. Samples were
prepared as KBr disks.

Kinetic Measurements

Kinetic runs were followed spectrophotometrically
on a Beckman DB-GT recording or a Beckman DU-2
manual spectrophotometer, fitted with a thermo-
statted (£0.1°) cell compartment. Ln(A.. — A,) was
plotted against time and the best straight line was
found using a least squares fit. Initial sample con-
centrations were determined spectrophotometrically.
A.. were determined assuming the reaction to be
complete. Most experiments were carried out at 530
nm. Rate constants were found to be independent
of the wavelength. A reproducibility better than
3% was found in all cases. Most values are averages
of at least two determinations.
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TABLE 1. Electronic Spectra of cis-[Ct(NH3)4] Complexes (wavelength in nm). (HCIO4] = 0.1 M.

Max. Min. Max. 10Dgq B x/B=v 3rd Max.
(calc)
[CtMe,SO(NH3)513" 497 416 367 20120 646 0.74 230-5
e=40.1 e= 99 e=32.8
[Cr(Me,S0); (NH3)4 13" 512 433 380 19531 625 0.71 240-5
e=50.6 e= 9.6 e=32.1
[Cr(dmf), (NH3)4]>" 502/3 425 372/3 19900 637 0.73 230-5
e=T718 e=174 €523
[Cr(Me, SOXdmA(NH3)4]3" 510 430 378 19608 627 0.73 2350
€=60.9 e=15.9 €41.6
[CTH,0(Me2SO)(NH3)413" 507 430 374 19724 647 0.74 235-0
e=40.0 e=12 e=33
[CrH,Odmf)(NH3)4]3" 500/1 426 368/9 19980 666 0.75 230-5
€e=45.7 e=16.5 e=35.0
[CICl(Me,SO)NH3),4 13" 523 445 390 19048 600 0.69 245-0
e =43.1 e= 9.3 e=32.1
[CICl(dmH(NH3)413" 522 440 385 19157 639 0.73 240-5
e =41.7 e=13 €e=374
TABLE I1. Electronic Spectra of trans-[Cr(NH3)4] Complexes (wavelength in nm), [HC1O4]} = 0.1 M.
Max. Min. Max. Min. Max.
[Cr(Me,S0), (NH3),13* 557 499 465 433 384
. e=24.7 e=13.2 e=16.7 e=144 e=34.7
[CrCI(Me; SO)(NH;3), 12 576 513 470 442 390
. €=23.2 €=10.5 e=15.3 e=13.7 €=34.8
[CrH,0(Me,SO)(NH3)4 1 552 503 472 434 384
€ =215 =175 €=18.9 €=14.0 €=33
Results and Discussion Cl <dmf <Me,S0 <H,0

It is apparent from Table 1 that the electronic
spectra of the penta- and cistetraammine complexes

and in the analogous nephelauxetic series as follows

can be interpreted assuming an ideal symmetry Oy,. H,0 < dmf < Me,S0 < Cl
As is usual in this type of complexes no significant

distortion due to asymmetry of the ligand field is

observed. For the trans complexes (Table II) some Infrared Spectra

splitting of the first maximum due to low symmetry
components of the ligand field is observed as found
in most complexes of this type [8]. Values of B
(Racah’s interelectronic parameter) and values of the
third transition energy allowed by the spin selection
rule but completely masked by intense charge
transfer bands have been calculated for the cis com-
plexes by interpolation in the Tanabe—Sugano
diagram for a d® ion [7]. The value of parameter x
(energy difference between the central ion terms
“F and *P in the limit of zero crystal field) and para-
meter x/B (8 being the same value in the free ion)
have been caiculated from the corresponding weak
field equation for a d* ion [8]. From the above
results, the ligands Me,SO and dmf may be placed in
the spectrochemical series for Cr(III) ammines as
follows

The infrared spectra of the new compounds
prepared show in addition to the bands of NHj,
H,0 and ClO, those of the ligands dmf and Me,;SO
(Table III). These ligands are coordinated through the
oxygen atom as confirmed by the shift to lower
frequencies [9-11] of the bands attributable to S=0
and C=0 stretching frequencies, in the region 960—
990 cm™ and 1610-1670 cm™! respectively. Jack-
son and Fee [1] suggested such a coordination mode
on the basis of close similarities of the electronic
spectra to their aqua counterparts.

Solvolysis Reaction of [CrH,0(NH)s]*" in Anhyd-
rous Me,SO and Aquation Reaction of [CrMe,SO-
(NH3)s]>*

The solvolysis reaction of [CrH,O(NH;)s]®" in
anhydrous Me,SO and the aquation of [CrMe,SO-
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TABLE III. Selected IR band Frequencies (cm"'l ).

Complex p(§=0) v(C=0) Ref.
[CtMe,SO(NH3)513* 960 - a
cis[Cr(Me,S0),(NH3)a 13 960 - a, [1]
cis[Cr(dmf), (NH3)4 13" - 1675 a
cis[C1(dmf)(Me,SO)(NH3)a 13 955 1660 a
cis[CrCl(Me, SO)NH3)41%" 940 - a, [1]
cis[CICI(dmB(NH3)4]?" - 1666  [1]
trans[Cr(Me;SO)2(NH3)a 13" 955 - a
trans[CrCl(Me,SO)NH3)41%" 950 - a, [1]
Me, SO 1055 - [15]
dmf -~ 1714 [16]

This work, KBr disk.

TABLE IV. Observed and Predicted Isosbestic Points for the
Reactions.

[CtH,O(NH3)5]3" + Me2SO —
[CtMe, SO(NH3)s 13" + H,0

Observed Predicted

472 (e =41.2) 472 (e =41.3)

417 (e = 13.1) 418 (¢ =13.0)

358 (¢ = 37.0) 358 (¢ = 37.0)

[CrMe,SO(NH3)5]3* + H,0 HC104 0-1 M,
[CrH,O(NH3)s5] " + Me, SO

Observed Predicted

475 (e = 36.1) 473 (e = 36.0)

418 (¢ =10.3) 418 (e = 11.5)

360 (e = 31.8) 358 (e = 32.0)

(NH;3)5]®" lead, in the conditions studied, to only
one product in each case: [CrMe,SO(NH,;)s]>*
and [CrH,O(NH,)s]3* respectively, as found from
ion exchange separations and isosbestic point studies
[12,13].

In a typical isosbestic point experiment [CrH,0-
(NH3)5] (C104)5 (0.459 g) was dissolved in anhydrous
Me,SO (100 ml) or a concentration of ca. 2.5 X 1072
M was used starting from [CrMe,SO(NH;)5](Cl0,4);
in HCIO4 0.1 M. The visible spectra of the solutions
were determined in the temperature range of 30—
55 °C at 20 minutes intervals over a period of 140
minutes. The agreement between the calculated and
observed values (Table IV) and their non-variation
with temperature imply, under the conditions
studied, the absence of other reactions (e.g. loss of
NHa)-

The final spectra obtained (at high temperature)
are in both cases in very good agreement with those
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TABLE V. Rate Data for the Reaction [CtH,O(NH3)s 3" +
Me,SO.

T°C Co? kx 10%s7!
30 0.1058 0.50
30 0.0069 0.49
30 0.0038 0.49
35 0.0101 1.12
40 0.0153 2.31
40 0.0534 2.31
40 0.0244 2.30
50 0.0142 6.10
50 0.0046 6.04

#C, = initial concentration. A = 530 nm.

TABLE V1. Rate Data for the Reaction [CtMe2SO(NH3)s13"
+ H20

TC (o kx10%s7?
33.4 0.0436 0.45
33.4 0.0218 0.51
35.5 0.0362 0.69
37.6 0.0372 0.83
40.8 0.0382 1.2
414 0.0387 1.3
44.8 0.0387 1.9
495 0.0364 3.2
495 0.0225 3.2
495 0.0497 3.3
49.5 0.0261 3.1P
53.5 0.0369 4.1
57.2 0.0389 5.9
8C, = initial concentration of [CrMe,SO(NH3)s]>".

[HCIO4] = 0.1 M;1=0.1;A = 530 nm.
ment [H50] = 0.05 M; 1= 0.1 (LiClO,).

In this experi-

of authentic samples of [CrMe,SO(NH,)s]®" and
[CrH,O(NH;)s]3" i.e., the reactions go to essential
completion.

Values of the rate constants for the solvolysis and
aquation reaction at different temperatures are given
in Tables V and VI. No variation of the rate constants
with either initial concentration of complex, acidity,
ionic strength (I = 0.1 M in HCIO4 was routinely
used), or wavelength (530 nm was routinely used)
was found in each case. Activation parameters for
both reactions were calculated from Arrehnius’
equation: AHk,, = 22.74 Kcal mol™! and ASZ,, =
~2.98 cal mol™! K!; and AHZ; =20.30 Kcal mol™
and ASZ, = —11.92 calmol ! K71

The values found for both rate constants and
activation parameters are in good agreement with
those found in similar systems [1,14,17].

It is interesting that [CrMe,SO(NH;)s]3* behaves
differently from other complexes of the type [CrX-
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(NH3)5](3'“)+ (X™ = CH,CO0~, CH,CICOO™, CH-
C1,CO0™, HC,04, SO2 ", NO;) when X is bonded via
oxygen. This behaviour is in agreement with that
found by A. G. Sykes [17] with the complex
[Crdmf(NH;)5]3*. Both undergo aquation without
ammonia loss. On the other hand, the complex
[CtH,O(NH;3)s]®* also undergoes solvolysis in
anhydrous Me,SO without ammonia loss.
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