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The MnCl(p-dik), complexes, where f-dik stands for an anion of acetylacetone, benzoylacetone, and di-
benzoylmethane, were confirmed to have the five-coordinate structure in dichloromethane and their adduct for-
mation constants with various donor solvents were measured. Equilibria and kinetics of substitution reactions
of MnCl(f-dik), with other f-diketones were determined by the spectrophotometric method and the mechanism

for these reaction is proposed.

The bis(acetylacetonato)halogenomanganese(I11)
complexes, MnX(acac), (X=Cl, Br, and I), were
prepared by the reactions of tris(acetylacetonato)-
manganese(11I) with an equimolar amount of hydrogen
halide in organic solvents.!) They were characterized
by measurements of magnetic susceptibility, electronic
and infrared spectra, molecular weight, and electric
conductivity and were concluded to exist as five-
coordinate molecules in noncoordinating solvents but
behave as a uni-uni valent electrolyte in methanol.
An analogous iron(III) complex, FeCl(acac),, was con-
firmed by X-ray analysis to have a square pyramid
structure with the chloride anion at the apical posi-
tion.? Although the pseudohalogenomanganese(1II)
complexes, MnX(acac), (X=N; and NCS), were re-
ported to have a polynuclear chain structure in crystals
in which each manganese(III) ion assumes a tet-
ragonally elongated octahedron with the trans-co-
ordinated pseudohalides as the end-to-end bridging
ligand,®% they may be five coordinate in solutions
of poorly coordinating solvents.®)

Stults, et al.®) showed that the MnX(acac), com-
plexes are useful in preparing the biologically im-
portant Mn(IIT)-porphyrin® in high purity and yield,
although the mechanism of the ligand substitution
reaction has not been clarified. Kinetic studies on
the ligand substitution reactions of five-coordinate com-
plexes have been rather few and to our knowledge,
no reports on the reactions of five-coordinate man-
ganese(I1I) complexes have appeared as yet. This
paper is concerned with the substitution reactions of
chlorobis(dibenzoylmethanato and benzoylacetonato)-
mangangese(III) with acetylacetone, and kinetic and
equilibrium data as well as mechanistic discussion are
presented.

Experimental
Materials. Acetylacetone (acacH) of the extra-pure
grade was distilled twice before use. Benzoylacetone

(bzacH) and dibenzoylmethane (dbmH) were recrystallized
twice from methanol and dried over silica gel in an evac-
uated desiccator. Dichloromethane was washed with a
109 aqueous solution of sodium carbonate followed by
pure water, dried by means of Linde molecular sieves (Type
3A), and was then distilled through a fractionating column
filled with Widmer spirals. Dichloromethane was used
immediately after distillation as the solvent for kinetic

studies. Diethyl ether was treated with metallic sodium
and distilled. Pyridine of the highest grade for spectroscopy
was used without further treatment. Methanol was dried
by Linde molecular sieves (Type 3A) and distilled. Other
organic solvents such as N,N-dimethylformamide (DMF),
dimethylsulfoxide (DMSQO), benzonitrile (PhCN), and
acetonitrile (MeCN) were similarly dried and distilled under
reduced pressure of nitrogen. Deuterium oxide of 99.75%
purity (Merck) was used for the deuteration studies.
Synthesis  of Complexes. Bis( acetylacetonato ) chloromanga-
nese(III): The complex was prepared by Isobe’s method?
and recrystallized twice from a mixture of dichloromethane
and diethyl ether (1:1 by volume) in a dry box under dry
nitrogen atmosphere. Found: C, 41.16; H, 4.849,. Calcd
for MnCl(acac),=C,;,H;,0,CIMn: C, 41.16; H, 4.89%,.

Chlorobis( dibenzoylmethanato ) manganese(111), MnCl(dbm),
and  Bis(benzoylacetonato ) chloromanganese(III),  MnCl(bzac),:
Isobe’s method was modified a little. Dibenzoylmethane

(5.2 g, 23.2 mmol) was added to a solution of MnCl(acac),
(0.5g, 1.7 mmol) in dichloromethane (20 cm3), and the
mixture was allowed to stand for about 2h to deposit the
product (0.31g) in a 339, yield. Recrystallization was
performed in an atmosphere of dry nitrogen from an equi-
volume mixture of dichloromethane and diethyl ether con-
taining six times as many moles of dibenzoylmethane as
compared with the complex. Found: C, 66.18; H, 4.15%,.
Caled for MnCl(dbm),=C4H,,0,CIMn: C, 67.11; H,
4.13%,. Bis(benzoylacetonato)chloromanganese(III) was also
prepared and recrystallized in a similar manner as above.
The yield of a crude product was 0.20 g (28.0%). Found:
C, 57.89; H, 4.419%. Calcd for MnCl(bzac),=C,;,H;30,-
ClMn: C, 58.20; H, 4.409%.

Acetylacetonato( dibenzoylmethanato)-  and  Acetylacetonato( ben-
zoylacetonato )-chloromanganese(I11I): In an atmosphere of dry
nitrogen MnCl(acac), (1.0g, 3.7 mmol) was dissolved in
dichloromethanc (20 cm?3), and to this solution was added
slowly a dichloromethane solution (100 cm?) of dibenzoyl-
methane (1.7 g, 7.5 mmol) followed by diethyl ether (100
After the reaction for 1 h, a precipitate was filtered
and washed with diethyl ether. The yicld was 0.60 g (429%,).
Found: C, 59.54; H, 3.96%,. Calcd for MnCl(acac)(dbm)=
CyH;sO,ClMn: C, 5820; H, 4.40%. Acetylacetonato-
(benzoylacetonato)chloromanganese(IIl) was also prepared
in a similar manner as above to obtain a crude product in
a 389, yield. Found: C, 52.38; H, 4.429%. Calcd for
MnCl(acac) (bzac) =Cy;H,(O,ClIMn: C, 51.38; H, 4.609%.

Both of the mixed f-diketonato complexes were not re-
crystallized, since they are not stable in solution, but undergo
disproportionation reactions. Thus the results of elemental
analysis are not satisfactory.

Preparation of Acetylacetone-methylene-d,.

cm?).

A mixture of
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acetylacetone (10 cm?®, 0.0975 mol) and D,O (30 cm?, 1.66
mol) was heated under reflux for 4—5h, and allowed to
stand overnight at room temperature. The mixture was
extracted three times with 20 cm® portions of dichloro-
methane. The combined extract was subjected to distil-
lation under reduced pressure to leave the deuterated a-
cetylacetone. The 'H NMR assay of the neat liquid indi-
cates that the deuterium content of the methylene group
is 90.29%,. When potassium acetylacetonate was added
to make the reaction medium basic, the methyl groups of
acetylacetone were also deuterated. This product was not
used in the following studies.

Measurements. Water contents of organic solvents
were determined by means of an MCI digital water micro-
analyzer CA-Ol. Absorption spectra were measured with
a Hitachi EPS-3T recording spectrophotometer, and in-
frared spectra in Nujol with a JASCO DS 701G spectro-
photometer. A JEOL JNM MH-100 spectrometer was
used to obtain 'H NMR spectra in CD,Cl, with tetramethyl-
silane as internal reference.

The ligand substitution reactions were followed spectro-
photometrically by means of a Union Stopped-Flow Rapid
Scan Spectrophotometer RA-1300. The solution reservoir
was covered with a polyethylene bag equipped with gloves
and filled with dry nitrogen in order to prevent the stock
solution from contacting with air.

Results

Addition Reactions of Donor Molecules to the Chloro-
bis( B-diketonato )manganese(III) Complexes, MnCl(p-dik),,
. Solution. Based on the molecular-weight and

other data, MnCl(acac), has been considered to exist
as five-coordinate molecules in noncoordinating sol-

vents.) Now the following spectroscopic studies as-
sure that the sixth coordination site of manganese(I11I)
is really left vacant.

The complex is not so stable in dichloromethane
solution, but some kind of decomposition proceeds
as evidenced by the change of its spectrum with time.
However the spectrum shows no change in the co-
existence of an excess (e.g. ten times molar) amount
of free acacH. Under such circumstances, coordina-
tion of an acacH molecule to manganese(IIl) might
happen. To a solution of MnCl(acac), in dichloro-
methane (4.00x 10-* mol dm~—3) containing water at
a constant concentration (5.2 1073 mol dm~3) was
added acacH to attain various concentrations in the
range of (3.28—21.84) x 103 mol dm~3, but no change
in spectrum was observed. Alternatively, the con-
centration of acacH was kept constant at 9.61 x 103
mol dm~3 and that of water was varied in the range
of (4.87—49.8) x 10-3mol dm=3. The spectrum show-
ed no change, cither. These results may be ration-
alized if the sixth coordination site of MnCl(acac),
is occupied preferentially by a molecule of either
acacH or water at the given concentrations, or al-
ternatively if the complex retains the five-coordinate
structure even in the presence of more than fifty times
molar excess of acacH and water. In order to find
out which of the three possibilities is the case, the
following experiments have been performed.

When an increasing amount of DMF was added
to a dichloromethane solution of MnCl(acac), con-
taining excess amounts of acacH and water, the ab-
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Fig. 1. Absorption spectra of MnCl(acac), in dichlo-
romethane at 25.0 °C  containing 4.83x 10~* mol
dm—3 complex, 9.80x 10— moldm= acacH, and
1.51 X 10~2 mol dm—® H,O in the absence (curve 1)
and presence of DMF at various concentrations:
8.87x 1073 (2), 1.77x 102 (3). 2.66x 102 (4), 5.32 X
10-2 (5), 7.10x 10-2 (6), 8.87x 102 (7), and 1.33X

10-* (8) mol dm-3.

sorption spectrum varied successively as is seen in
Fig. 1, exhibiting a distinct isosbestic point. Thus the
coordination of DMF to manganese as is expressed
by Eq. 1 is conceivable.

MnCl(acac),X + D —= MnCl(acac),D + X, K,4' (1)

The equilibrium quotient K,," is defined by K /=
[MD][X]/[MX][D], where M and D represent the
MnCl(acac), moiety and a molecule of donor solvent
such as DMF, respectively, and X is either acacH,
H,O, or nil. The observed absorbance per unit path
length, A4, of the solution is related to the concentra-
tion of D by Eq. 2.
1 1 [X]

emxon—4 (emx —&mp) on (enx —&mp) enkaa’[D]
Here each ¢ stands for the molar extinction coefficient
of the species shown by a subscript, and ¢y for the
total concentration of the complex. The concentra-
tions of uncoordinated X and D can be approximated
by their total concentrations, ¢, SINCE ¢,pucu> C,00 Cp
¢y- The absorbance at 480 nm was used to calcu-
late the left-hand term of Eq. 2, which was plotted
against 1/[D] to result in a good straight line. The
slope and intercept of the straight line gave e&y,=
416 dm® mol—! cm™ at 480 nm and [X]/K,,'=0.0994
mol dm~3,

If a water molecule is coordinated to manganese(III)
as X, K,,/(H,O) will be 0.152 since ¢y o=1.51x10-2
mol dm—3. On the other hand, K, (acacH) is calcu-
lated to be 0.0986 from ¢, ;=9.80x 103 mol dm-3.
By virtue of these values for the equilibrium quotient
of Reaction 1, the absorbance A4 at various concen-
trations of X can be calculated from Eq. 3.

(2)

(emx —&mp) o
14 K,'[D]/[X]
The curves in Fig. 2 display the expected change

A= + EMDCM (3)
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of A at 480 nm with concentrations of H,O and acacH
as X at a fixed [DMF]. As shown by circles in Fig.
2, the spectra in the 340—700 nm region showed no
change under these circumstances, indicating that the
coordinated DMF is not replaced at all by H,O and
acacH.

Thus the spectral change depicted in Fig. 1 can

0.40
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0.45 (b)

Absorbance at 480 nm

0.401
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Fig. 2. Dependency of the absorbance at 480 nm of
MnCl(acac), (4.84%x 10-% mol dm—3) in CH,Cl, con-
taining DMF (5.84 % 102 mol dm~3) on the concen-
tration of (a) water in the presence of acacH (9.62 x
10-3mol dm~2) and of (b) acacH in the presence
of water ((1.65—2.22) x 102 mol dm—3). Curves
represent the calculated values based on the equilibria
(1), and circles the observed values.
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not be rationalized by substitution of the H,O or acacH
ligand by DMF, but should be considered to cor-
respond to ligation of DMF at the sixth vacant co-
ordination site according to Eq. 4. Other p-di-
ketonato complexes, MnCl(bzac), and MnCl(dbm),
showed similar behaviors in dichloromethane, in-
dicating that they also reserve the five-coordinate
structure in solution.

MnCl(§-dik), + D == MnCI(f-dik),D 4)
Kyq = [MnCl(8-dik),D]/[MnCl(-dik),] [D] (5)

Other donor solvents such as pyridine (py), DMSO,
methanol (MeOH), MeCN, and PhCN also react
with MnCl(g-dik),. The formation constants K,; of
these adducts (Eq. 5) were determined in a similar
manner as above and are collected in Table 1 together
with the molar extinction coefficient of each adduct.
The plots of log K,, against the donor number? of
each solvent gave straight lines (Fig. 3).

When increasing amounts of donor solvents were
added to solution of MnCl(acac), in dichloromethane,
isosbestic points were observed at 434 (py), 431
(DMSO), 432 (DMF), 438 (MeOH), 450 (MeCN),
and 447 (PhCN) nm. The reactions of MnCl(bzac),
with MeOH (432 and 452 nm) and MeCN (426 and
468 nm) also showed two isosbestic points, respectively,
while the other donor solvents showed no isosbestic
points in the 410—700 nm region. In the case of
MnCl(dbm),, no solvents except MeCN (483 nm) ex-
hibited isosbestic points. These adduct formation reac-
tions are very rapid and could not be followed by
the stopped-flow method.

As is exemplified by Fig. 1, a large excess of donor
solvents were employed in these experiments, and it
was supposed that g-diketone itself might add to MnCl-
(p-dik), if a large excess amount was used. Figure
4 shows it is the case in fact. When an increasing
amount of acacH was added to a solution of MnCl-
(acac), in dichloromethane, spectral change was ob-
served accompanying an isosbestic point at 443 nm.
The resulting spectrum is different from that of Mn-
(acac); and seems to be ascribed to the adduct formed
by Reaction 6, although it is not certain whether the
acetylacetone molecule is added as a keto or an enol

TaBLE 1. FORMATION CONSTANTS (K,4) IN dm®mol-! AND MOLAR EXTINCTION COEFFICIENTS
(¢a4) OF ADDUCTS IN DICHLOROMETHANE AT 25.0°C
MnCl(f-dik), + D == MnClI(f-dik), D.
MnCl(acac),D MnCl(bzac),D MnCl(dbm),D
D DN®

K,.q £aa  (A/nm) K4 g4  (A/nm) K4 €q  (4/nm)
Py 33.1 10241 460+13 (480) 310+2 374+1  (500) 37441 45941 (530)
DMSO 29.8 28.0+0.6 410+12 (480) 31.4+0.2 366+1 (500) 30.4%0.1 322+2 (530)
DMF 26.6 10.0+0.1 416+5 (480) 11.4=+0.1 426+5 (500) 11.4%0.1 39042 (530)
MeOH 19.0 1.344+0.01 57.440.2(480) 1.1240.01 144+15 (500) 1.294-0.31 166 (530)
MeCN 14.1 0.24444-0.015 569442 (480) 0.2004-0.016 220424 (520) 0.2344-0.005 31648 (540)
PhCN 11.9 0.258+0.020 594451 (480) 0.276+0.066 3844115 (500) 0.19240.060 278482 (530)
acacH 15.6" 0.516+0.008 541410 (480) 0.46,% 0.44,%
bzacH 16-42) 0.645% 0.6144-0.033 262+18 (540) 0.58,9
dbmH 17.4® 0.86, 0.84, 0.822+-0.010 164+3 (550)

a) Donor number as defined by Gutmann.”

b) Determined in this study.

c) Calculated. See the text.
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log K4

Fig. 3. Formation constants of adducts MnCl(f-dik),D
related to the donor number of addendum D, g-dik
being acac (line 1), bzac (2), and dbm (3).
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Fig. 4. Absorption spectra of MnCl(acac), in dichloro-

methane at 25.0 °C containing 4.62 X 10-¢ mol dm—3

complex in the presence of acacH at various con-

centrations: 9.35x 103 (curve 1), 9.35x10-2 (2),

2.23x10-* (3), 4.05x 10-* (4), 5.91x 10~ (5), 7.97 x
10-* (6), and 1.17 (7) mol dm=3.

tautomer.
MnCl(acac), + acacH ——= MnCl(acac),(acacH) (6)
The MnCl(bzac),—(bzacH) and MnCl(dbm),~

(dbmH) systems were also studied in a similar manner.
The formation constants of the three kinds of adduct
MnCl(f-dik),(f-dikH) were thus determined and listed
in Table 1 together with their extinction coefficients
at the given wavelengths. The donor number of each
p-diketone was estimated by interpolation of the log
K,; vs. DN plots in Fig. 3, and was in turn utilized
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to calculate the prospective formation constants of
the adducts according to Eq. 7, which are included
in Table 1.

MnCl(g-dik), + f-dik’H == MnCl(8-dik),(8-dik’H)

7)

Equilibria for the B-Diketone Substitution Reactions of
MnCl(acac),. Figure 5 shows the absorption
spectra of the MnCl(f-dik), complexes in dichloro-
methane. When an increasing amount of bzacH or
dbmH is added to a MnCl(acac), solution containing
uncoordinated acetylacetone to stabilize the complex
solution, the spectrum changes successively to approach
that of MnCl(bzac), or MnCl(dbm),, respectively.
The points plotted in Fig. 6 show the observed ab-
sorbances at 450 nm as a function of the dbmH con-
centration added to the solution of MnCl(acac), in
dichloromethane. These results conform with the fol-
lowing equilibria.

3000]

(3)
2000~
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)]
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Molar extinction coefficient

1 1 ]
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Fig. 5. Absorption spectra of MnCl(acac), (curve 1),
MnCl(bzac), (2), and MnCl(dbm), (3) in dichloro-

methane.
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Fig. 6. The absorbance at 450 nm of MnCl(acac),
solution in dichloromethane at 25 °C as a function
of log ([dbmH]/[acacH]), ¢y being 2.00x10-* (O)
and 2.13x 10~* (0) mol dm=3, and ¢yeaery 4.30x 10-3.
The curve represents the calculated values based on
K,=0.847, K,=0.401, and ¢ for MnCl(acac)(dbm)=
1980 cm~* mol ~* dm?® at 450 nm.
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MnCl(acac), + f-dikH —= MnCl(acac) (f-dik) + acacH, K, 8)
MnCl(acac) (B-dik) + f-dikH ——= MnCl(f-dik), + acacH, K, 9)

The observed absorbance of the reaction mixture is expressed by Eg. 10,

A4 = eyy,[Ma,] + epap[Mab] + eyp,,[Mb,] = Ecy,

(10)

where Ma,, Mab, and Mb, represent MnCl(acac),, MnCl(acac)(f-dik), and MnCl(f-dik),, respectively. The

mean molar absorptivity ¢ can be calculated by

&Ma, + eman Ky ([B-dikH]/[acacH]) + exy KK, ([f-dikH]/[acacH])?

(11)

€caled =

where K; and K, are the equilibrium constants for
the stepwise substitution Reactions 8 and 9.

K, = [Mab][acacH] K. — [Mb,][acacH]

T [Ma,][f-dikH]® ~* " [Mab][g-dikH] ° (12)

Since acacH and #-dikH were used in more than twenty
times molar excess than ¢y, [acacH] and [g-dikH]
may be approximated by the total concentrations
Cacacn @Nd Cpqpm, respectively. A generalized least
squares method was applied in order to minimize
the error square sum 33(£,pq—€eareq)? for the set of
constants K;, K,, and ¢,,,. The constants thus ob-
tained for both the MnCl(acac),~bzacH and MnCl-
(acac),—dbmH systems are listed in Table 2. The
solid curve in Fig. 6 representing absorbance calcu-
lated for the MnCl(acac),~dbmH system conforms
satisfactorily with the experimental data, supporting
presumed participation of the mixed-ligand complex.
In fact MnCl(acac)(bzac) and MnCl(acac)(dbm) were
prepared and isolated as described in the Experi-
mental section.

TaBLE 2. THE EQUILIBRIUM CONSTANTS IN DICHLORO-

METHANE AT 25.0°C FOR THE SUBSTITUTION REACTIONS

oF MnCl(acac), WITH BENZOYLACETONE AND DIBENZOYL-
METHANE ACCORDING TO E@s. 8 anp 9

p-Diketone K, K, (At A/nm)®
bzacH 1.094+0.01 0.43+0.02 1184410 (434)
dbmH  0.85+0.01 0.404+0.02 1980420 (450)

a) For the mixed ligand complex MnCl(acac) (8-dik).

Kinetics of the S-Diketone Substitution Reactions of MnCl-
(B-dik) .. As is shown in Table 2, the equilibria
for the p-diketone substitution reactions of MnCl-
(acac), are rather favorable to the acetylacetonato
complex. Thus reactions (13) were studied under the
pseudo first order conditions employing excess amounts
of acacH.

MnCl(g-dik), + 2 acacH —

MnCl(acac), + 24-dikH (13)

The spectral change during reactions was recorded
over the 405—495 nm region by means of a rapid
scan instrument. As was anticipated from the spectra
in Fig. 5, no isosbestic point was observed, but the
absorbance of the reaction mixture decreased mono-
tonously with time in either case. The progress of
reaction was followed spectrophotometrically at an
appropriate wavelength by the stopped-flow method.

Figure 7(a) exemplifies a plot of In(4—A) against
time for the reaction of MnCl(dbm), with acacH

1+ K, ([B-dikH]/[acacH]) + K K, ([B-dikH]/[acacH])? ’

In(A— Aco)

-05

40—

Time/s
Fig. 7. (a) Pseudo first order plot for the reaction of
MnCl(dbm), with acetylacetone in dichloromethane
at 25.0 °C, ¢y, Cabmu, Cacaca and c¢m,o being 2.47 X
104, 2.47x10-3, 9.74x10-2, and 7.42x10-3mol
dm™3, respectively. (b) Linear plot for the earlier
part of the above reaction.

in dichloromethane at 25.0 °C which was followed at
450 nm. The observed points in the later stage of
reaction fall on a straight line, but those in the earlier
stage deviate appreciably from it. This behavior may
be rationalized on the assumption that the overall
reaction is composed of two consecutive steps (14)
and (15), since the existence of the metastable mixed
ligand complex was revealed by the foregoing equi-
librium studies.
MnCl(g-dik), + acacH ——
MnCl(acac) (B-dik) + p-dikH, &,  (14)
MnCl(acac) (f-dik) + acacH ——
MnCl(acac), + f-dikH, #, (15)
Under the pseudo first order conditions, the ab-
sorbance of a reaction mixture at time ¢ is related to
k, and &, by
A — Ao = ayexp (—kyt) + a,exp (—kyt), (16)
since 4 is expressed by Eq. 10 and Aw=2¢y, ¢y, 4;, and
a, in Eq. 16 being given by
_ (b, —&man) k1 + (Ema, —Ean, ) Ko
= (5"

*—k, (17)

a,

. — (eman —ema,) ks

2 = E—k, ™
The later linear part of the In (4—Ax) vs. ¢ plot
in Fig. 7(a) gives the slower one of the two rate con-
stants, k,=0.0573 s~1, and the ordinate intercept, In

(18)
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ag=In(Ag—Aw)=In (9.85x10-2). Then the values
A—A4g were calculated for the absorbance data in the
earlier part of reaction and In(4—Ag) was plotted
against time to result in a straight line in Fig. 7(b).
The slope and intercept of this straight line gave the
faster rate constant £;=0.293 s7' and In ap=In(4,—
A4g)=In (3.83 x10-1). The solid curve in Fig. 7(a)
reproduces the calculated values of In(4—Aw) based
on kg, kg, ag, and ay.

Equation 19 was derived from Egs. 17 and 18 and
utilized to assign kg and kg correctly to £, and £, in
Eq. 16.

ﬁ_: EMab —EMa, /i_ 8Mb2_6M5b> (19)
ky EMa, —EMb2 \ ay  EMab T EMa,

If it is assumed that ks=£k, and ky=k,, the left-hand
side of Eq. 19 becomes 5.1, whereas the right-hand
side is —1.7. On the other hand, the reverse assign-
ment that ks=4k, and k,=k, results in fair coincidence
between the two values: the left-hand side=0.20 and
the right-hand side=0.29. Therefore the latter as-
signment is reasonable and the pseudo first order rate
constants thus obtained will be referred to £;(obsd)
and k,(obsd) in the following discussion.

The pseudo first order rate constants obtained in
dichloromethane at 25.0 °C containing various con-
centrations of acetylacetone and water are listed in
Table 3. When c¢,,,.x is maintained constant, £;-
(obsd) and k,(obsd) do not show appreciable change
beyond the experimental error even if ¢y o is varried

in the 5.87—16.83 X 10~% mol dm—2 region for MnClI-
(bzac)y and in the 1.22—8.16 X 103 mol dm—3 region
for MnCl(dbm),. On the other hand both £;(obsd)
and k,(obsd) increase with ¢,,.; and the slopes of
each two straight lines in Figs. 8(a) and (b) give the
second order rate constants £, and £, for the reactions
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Fig. 8. Dependences on ¢yeqaerr Of £;(0bsd) and k,(obsd)
for the reactions of MnCl(bzac), (a) and MnCl(dbm),
(b) with acacH in dichloromethane at 25.0 °C.
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of MnCl(bzac), and MnCl(dbm), with acacH, re-
spectively. By combining these values with the equi-
librium constants listed in Table 2, the second order
rate constants for the forward reactions of (8) and (9)
were obtained. Table 4 summarizes these rate data.

The plots of k;(obsd) and k,(obsd) for the reaction
of MnCl(dbm), with acetylacetone-d, (Table 3) against
Cacacu Tesulted in straight lines passing through the
origin, of which slopes gave £;(D)=11.4£0.05s"1
and £,(D)=0.281£0.031 s~1. Thus the apparent rate
ratios are k,(H)/k;(D)=2.96 and k,(H)/ky(D)=2.16.
Taking into account the fact that the isotopic purity
of the acetylacetone-d, used is 90.29%,, the kinetic
isotope effect is calculated as &,(H)/k;(D)=3.76 and
ko(H) [ky(D)=2.47. The calculation is based on the
assumption that the isotope exchange between acetyl-
acetone-d, and water is so slow under the given con-
ditions that the deuterium content of the acetylacetone-
d, is unaltered during the rate measurements.

TABLE 3. PSEUDO FIRST ORDER RATE CONSTANTS IN

DICHLOROMETHANE AT 25.0°C OF THE SUBSTITUTION

REACTIONs OF MnCl(f-dik), WITH ACETYLACETONE
AccorpING TO Eg@s. 14 anp 15

102 ¢ueqen 103 ¢y,0 102 £, (obsd) 102 £, (obsd)
mol dm—3 mol dm—3 s-1 s—1
MnCl(bzac),»
7.726 8.88 45.4+6.7 4.96+0.31
9.657 9.52 54.2+4.8 5.874+0.21
11.58 9.69 68.54+5.3 6.90+0.22
14.48 9.46 77.9+9.0 8.16+0.98
19.31 8.90 98.0+7.0 10.440.5
24.14 8.60 120+23 13.1+0.8
9.730 6.18 55.4+8.8 6.19+0.13
9.730 5.87 65+12 5.73+0.22
9.730 9.17 54+13 5.984-0.35
9.730 12.74 50.2+4+9.3 6.38+0.50
9.730 16.83 52.6+1.7 5.314+0.27
MnCl1(dbm),?

7.795 7.90 30.0+2.6 4.9140.36
9.744 7.42 32.1+3.8 6.1940.50
11.69 8.88 39.6+3.4 7.2940.30
14.62 8.14 51.7+9.1 8.60+0.23
19.48 7.92 60.6+6.1 11.994-0.36
24.36 7.94 75.3+7.1 13.6440.53
9.952 1.22 45.7+0.4 6.00+0.71
9.952 1.48 38.5+8.8 5.854+0.14
9-952 1.42 45.9+1.6 6.2640.73
9.952 1.47 37.6+3.4 6.1 +1.3
9.952 4.14 39.24+2.3 6.28+0.19
9.952 8.16 36.61-0.8 6.80+(.28
9.820% 5.70 11.6+2.9 3.0140.72
14.739 5.43 16.2+1.0 3.99+4+0.27
19.649 5.07 22.2+2.8 5.04+0.43

a) ¢y=2.47x10"4*mol dm~® and ¢yex=3.067x10-3
mol dm~3 for the former six experiments, and ¢y=2.46
% 10~4 mol dm=3 and ¢pzaep=3-110x 10-3 mol dm~-3 for
the latter five experiments. b) ¢x=2.46 X 10~* mol dm—3
and c¢gpmr=2-474% 103 mol dm=3. c¢) Acetylacetone-
d, was used and cgppmu=2.472X 10~3 mol dm~3.



156 Yoshiaki Ito and Shinichi KawAcucHt

TABLE 4. SECOND ORDER RATE CONSTANTS (dm3 mol-!
s7!) IN DICHLOROMETHANE AT 25.0°C FOR THE
SUBSTITUTION REACTIONS OF MnCl(S-dik),

WITH OTHER f-DIKETONE

MnGI(B-dik), —=—— MnCI(g-dik) (B-dik’)

p-dik’'H B-dikH
—_ MnCl(g-dik’),
B-dik’H p-dikH
B-dik’'H
MnCl(-dik),
acacH bzacH dbmH
MnCl(acac), 0.634» 0.516%
MnCl(bzac), 5.4740.40
MnCl(dbm), 3.3840.28
MnCl(acac) (bzac) 0.582+0.041 2.34»
MnCl(acac) (dbm) 0.608+0.029 1.36®

a) Calculated value (see text).

Discussion

Addition Equilibria of Donor Molecules to MnCl(B-dik),.
As is seen in Figs. 1 and 4, the reaction of MnCl(8-
dik), with a donor slovent in large excess is accompanied
by an appreciable change in the absorption spectrum,
which suggests some alteration in the coordination
sphere. It seems reasonable to suppose that a donor
molecule added to MnCl(S-dik), attains six coordina-
tion (Eq. 4). In fact adducts such as MnCl(acac),-
(pyridine N-oxide),» MnBr(acac),(4-Me-py),)) Mn-
Br(acac),(dioxane) -H,0, and MnNCS(acac),(py)®
have been prepared and characterized, supporting the
existence of addition equilibria represented by Eq. 4
in solution.

The formation constant of adducts, K,,, increases
with the donor number of addendum (Table 1), and
the log K,; vs. DN plots afford straight lines (Fig.
3) which are reproduced by the following equations
based on the least squares treatment, r giving the
correlation coeffecient in each case.

MnCl(acac),: log K,q = 0.125DN — 2.24

(r=0.994)  (20-1)
MnCl(bzac),: log K,q = 0.142DN — 2.54

(r=0.981)  (20-2)
MnCl(dbm),: log K,q = 0.146DN — 2.63

(r=0.984)  (20-3)

Such a linear relationship between the adduct forma-
tion constant and the donor number of addendum
has seldom been noted for five-coordinate complexes.
Gutmann found that adduct formation constants of
antimony (V) chloride with various donor solvents in-
crease with the donor number.”? The linear relation
is expressed by log Kpg,6;,=0.580 DN —5.44 (r=0.984).
Carlin and Walker studied the adduct formation of
VO(acac), with a variety of N- and O-donors in nitro-
benzene by the calorimetric and spectroscopic methods,
and determined the equilibrium constants as well as
thermodynamic functions.” Of their data, those for
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pyridine, piperidine, methanol, and hexamethylpho-
sphoric triamide of which DN values are available
satisfy the linear relation: log K,,=0.101 DN—1.94
(r=0.979). It is very interesting that both of the
slope and intercept show a close resemblance to those
in the present system (Eqgs. 20) in spite of the dif-
ference in the nature of complex and the solvent used.
Both of these slopes are much gentle compared with
that for DSbCI,, revealing that VO(acac), and MnCl-
(p-dik), are less sensitive than SbCl; as the indicator
of relative base strength.

Equations 20 were utilized to obtain the DN wvalues
of f-diketones based on the observed K, for MnCl($-
dik),(f-dikH). The DN values were used in turn
to calculate K, for the MnCl(f-dik),(8-dik'H) adducts
which can not be determined experimentally since
the ligand substitution occurs. As is seen in Table 1,
DN of f$-diketone increases in the sequence of acacH <
bzacH<dbmH and K,, for a given MnCl(8-dik),
also shows the same sequence. The infrared study
on Cu(f-dik),'® and *H NMR study on f-diketones'V
show the ability of the aromatic substitutents to supply
electron density to the chelate or enolic ring by re-
sonance, and the pK, values determined in aqueous
dioxane (509, by volume) at 25 °C increase in the
sequence of acacH(10.28) < bzacH(10.43) < dbmH
(11.26).3% The observed trend of K,, also reflects
the electron relasing effect of the phenyl substitutent
in bzacH and dbmH. On the other hand, the K,
values for the three MnCl(f-dik), complexes with a
particular g-dikH show a slight decrease in the sequence
of  MnCl(acac)y,>MnCl(bzac),>MnCl(dbm),. Bet-
ter f-diketonate ligands seem to suppress the acidity
of MnCl(B-dik),.

Water exists as a discrete molecule in benzene,3)
toluene,'® and cyclohexane® solutions, but partially
forms a dimer in chlorinated solvents such as chloro-
form,3s) 1 2-dichloroethane, and 1,1,2,2-tetrachloro-
ethane.'® Although the behavior of water in di-
chloromethane has not yet been reported, the dimeriza-
tion constants determined in chloroform (0.47) and
1,2-dichloroethane (0.54) at 25 °C'3*) may be used
to estimate the degree of dimerization of water in
dichloromethane. In the present investigation, the
concentration of water has been kept around 10-2
mol dm~2 and was 5 X 102 mol dm—3 at most. Under
these conditions, the estimated fraction of dimer is
less than 29, and most part of water molecules exist
as monomer in dichloromethane. The DN value (18.0)
of water was obtained by Gutmann in 1,2-dichloro-
ethane and refers to the monomeric species. Substi-
tuting this value into Egs. 20, we can estimate the
adduct formation constants of water with the MnCl(g-
dik), complexes to be 1.02, 1.04, and 0.995 for f-
dik=acac, bzac, and dbm, respectively. These fig-
ures rationalize the failure of water in affecting the
absorption spectrum of MnCl(acac), in dichloro-
methane.

Substitution Equilibria. Most of the equilibrium
constants K; and K, for the substitution reactions of
MnCl(acac), with benzoylacetone and dibenzoylmeth-
ane according to Eqgs. 8 and 9 are smaller than 1.
This fact might look to contradict the above-mentioned
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basicity sequence of the f-diketonate anions: acac—<
bzac~>dbm~. However it should be noted that
Equilibria 8 and 9 involve the f-diketone molecules
instead of the pg-diketonate anions. The equilibrium
constant K," for the reaction

MnCl(acac), + f-dik- —=
MnCl(acac) (f-dik) + acac (21)

will be certainly larger than 1 for g-dik—=bzac~ and
dbm-, but K, is related by K,’ by

log K, = log K" — (pK, of p-dikH—pK, of acacH). (22)

Since the pK, values of bzacH and dbmH are larger
than that of acacH, log K, becomes smaller than
log K’ by the pK, difference between the f-diketones.

Mechanism of the Substitution Reactions. Based on
the information obtained from the equilibrium and
kinetic studies described above, the scheme depicted
in Fig. 9 is proposed as a mechanism of substitution
reaction of MnCl(#-dik), with another g-diketone such
as acacH. The first step, coordination of an acacH
molecule to manganese at the sixth vacant site is
evidenced by the equilibrium measurements. Although
dbmH exists solely as enol molecules, bzacH and
acacH are composed of two tautomers, neat liquids
containing 98 and 799%, enol, respectively, at 38 °C.1%
The enol content is further increased in inert solvents,
and that of acacH was reported to be 879%, in chloro-
form and 969, in carbon tetrachloride at 33 °C.1%
In the present study, acacH and bzacH in dichloro-
methane at 23 °C were found to contain 83.4 and
97.99%, enol, respectively.

The enol tautomer of acetylacetone reacts with the
copper(Il) ion much faster than the keto form in
water and methanol.'” In the case of thenoyltri-
fluoroacetone only the enol tautomer was reported
to react with nickel(II), cobalt(II), copper(II), and
iron(II) in aqueous solution.!®) Although the tauto-
merization rate is estimated as low as 10-® s~ in aprotic
solvents by extrapolation from data in mixed aqueous
media,1®) it is difficult to distinguish the contribution
of both tautomers in the present case. However
mainly the enol tautomer seems to contribute to the
overall rate because of its predominant abundance
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Fig. 9. Proposed mechanism for the ligand substitu-
tion reaction of MnCl(f-dik), with another p-diketone
molecule,
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and higher deprotonation rate?®) as compared with
the keto tautomer. In recent years many kinds of
metal complexes containing f-dicarbonyl compounds
as a neutral ligand have been prepared.?) Most of
them contain the keto tautomer,?® but UQO,(acac),-
(acacH),?® MnBr,(acacH),,?» [ReCl(CO)4(bzacH)],,2>
and PtCl(acac)(acacH)?®® involve the enol tautomer.

As the second step of the reaction scheme, hydrogen-
bonding interaction between the coordinated acacH
and a neighboring p-diketonate ligand is presumed.
Both 'H NMR spectral® and cryoscopic measure-
ments?”) of acacH in cyclohexane were consistent with
intermolecular association. Hydrogen-bonding inter-
action between the coordinated p-diketonate ligand
and various proton donors has also been evidenced
by infrared®) and electronic?® absorption spectroscopy.
X-Ray analysis of VO(acac),(p-NO,C;H,OH) reveal-
ed that a p-nitrophenol molecule is linked with one
oxygen atom of an acac ligand »ia hydrogen bonding
with the OH---O distance of 2.68 A.3) Thus the in-
terligand hydrogen bonding presumed in the scheme
seems reasonable.

Succeeding intramolecular dissociative interchange,
that is, proton transfer from acacH to a leaving f-
dik ligand, chelate-ring opening of the f-dik ligand,
and chelation of the acac ligand in a synchronous
fashion is presumed as the rate-determining step.
The observed deuterium isotope effect may be caused
by the hydrogen-bonding preequilibrium (K;,) and
proton transfer zia this linkage (k). Thompson and
Allred?”) compared the keto-enol equilibria in acetyl-
acetone and acetylacetone-d, at various temperatures
and concluded that protium forms a stronger hydrogen
bond in this system than does deuterium, but the
difference is not substantial at ambient temperature.
Long and Watson®) measured the rates of bromina-
tion of y-methylacetylacetone and its y-deuterio an-
alogue in aqueous solution at 25 °C. The ky/k;, ratios
for the proton transfer from the keto molecule to water
and acetate anion were 3.5 and 5.5, respectively, and
those for the proton transfer from the enol molecule
were also calculated to be 3.4 and 5, respectively.
The observed values of kg/kp, 3.76 and 2.47 for £,
and k,, respectively, for the present system seem to
accord with the proposed reaction scheme.

Recently Nishizawa and Saito studied the ligand
exchange reaction between VO(acac), and acacH-“C
in 1,2-dichloroethane.3® They estimated the donor
number of acacH to be 20 by a spectroscopic method,
which is a little larger than the value (15.6) obtained
in the present study. They also proposed a mechanism
which involves the unidentate coordination of acacH
to VO(acac), (K,;=0.14 dm?® mol-1) as the first step
and its chelation associated with the proton transfer
to a leaving acac ligand as the rate-determining step,
since the observed kylk; value of 1.3 is not so large
as to rationalize the assumption of a proton-transfer
step as an independent rate-determining step.3?

Based on the proposed scheme in Fig. 9, the overall
rate of reaction is given by Eq. 23.

kKK ,[acacH]
1+ (14 K;,)K[acacH]

rate =

[MnCl(B-dik),]  (23)
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Here (1+K,,)K corresponds to K,; of which values
are given in Table 1, and 1> (14 K,,)K[acacH] under
most of the experimental conditions listed in Table

3. Then Eq. 23 is reduced to
kopsa = kKKK;p[acacH]. (24)

Thus the second order rate constants in Table 4 are
composite in reality. The value of K will be large
for an entering ligand whose DN is large, while K,
and £ will be larger for a more acidic entering ligand.
Table 4 indicates that the rate of reaction of MnCl-
(acac), with bzacH is larger than that with dbmH,
although K, for bzacH is smaller than that for dbmH
(Table 1). More acidic bzacH seems to have large
K,, and £k overcompensating for disadvantage in K
as compared with dbmH.

On the other hand, the rate of reaction of acacH
with MnCl(bzac), is a little faster than that with
MnCl(dbm), at 25.0 °C (Table 4). Since the K,,
values are estimated to be comparable for the two
systems (Table 1) and K, seems favorable to more
basic dbm ligand, lower rate for MnCl(dbm), may
stem from the £ factor, cleavage of the Mn-O(dbm)
bond being a little more difficult as compared with
the Mn—-O(bzac) bond.
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