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In contrast to the extensive work on chromium(IIl) com-
plexes formed with hard Lewis bases such as am(m)ines and
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Mixed-ligand chromium(IIl) complexes containing di- or tridentate phosphines, trans-[CrX,(dmpe),]* (X = CI,
Br, I, CN, NCS or N3; dmpe = Me,P(CH,),PMe,), trans-[CrX’,(dmpp),]* (X’ = Cl, Br or I; dmpp = Me,P(CH,);PMe,),
[CrX”3(tdmme)] (X" = CI, Br, CN or NCS; tdmme = MeC(CH,PMe,);) and [CrCl,(tdmme)(PMe;)]*, have been pre-
pared and their structures and spectroscopic properties have been investigated. The single-crystal X-ray analyses of
trans-[Crlp(dmpp),]I (6) and [Cr(CN);(tdmme)]-2H,0 (16-2H,0) have also been reported. The Cr-P bond length in 6
(2.5147(6) A) is longer than those in trans-[CrCly(dmpe),]BPh, (av 2.445 A) and in 16:2H,0 (av 2.455 A). In the UV-
vis absorption spectra of trans-[Cr(Cl or Br),(dmpe or dmpp),]*, an intense (¢> 1000 dm* mol ' cm™") absorption enve-
lope is observed at 20000-30000 cm ™!, in addition to the “B; — a*E d—d transition band at ~17000 cm ™! (¢ = 44-65 dm®
mol~! cm™!). The envelope consists of three d—d transition components: *B; — *A,, “B, and b*E, similar to the corre-
sponding H,N(CH,),NH, (= en) complexes. The magnetic circular dichroism (MCD) spectra of these didentate phos-
phine complexes show a spin-forbidden d—d transition (‘B; — E, ?B,) component at ~19000 cm™'. The ligand-field and
Racah parameters, A(d), A(e), A(ty) and B, of the complexes are estimated. It is found that the ligand-field and repulsion
parameters of the dmpp complexes are almost the same as those of the corresponding en complexes. For the dmpe com-
plexes, while A(d) is just slightly smaller than those of the dmpp and en complexes, the tetragonal symmetry parameters,
A(e) and A(t,), are much reduced. The ligand-field perturbation energies of phosphines are estimated as Agpp, = 21830 >
Admme = 20920 > Agmpe = 20620 cm™ !, the order of which is strange, since the Cr—P bond lengths in the complexes in-
crease in the order of dmpp > tdmme > dmpe. Furthermore, the interelectronic repulsion parameter B of [Cr(Cl or
Br);(tdmme)] estimated from the *A, — *T transition energy (Bss) is remarkably much smaller than the parameter esti-
mated from the spin-forbidden “A, — *T, transition energy (Bss).

{(Et,PCH,CH,),PCH,P(CH,CH,PEt,),}],'°
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[CrCls(tdmme)]
(tdmme = MeC(CH,PMe,)3),!! [Cr(Bu"),Cl(tdmme)],'* and

oxygen-donor ligands,' relatively few investigations have been
carried out for chromium(Ill) complexes containing phos-
phines or arsines, which are known as soft Lewis bases. Be-
fore 1980, only trans-[Cr(Cl or Br),(diphos or diars),]ClO,
(diphos = 0-C¢H4(PMe,),;” diars = 0-CsHi(AsMe),’) had re-
ceived more than cursory studies on syntheses and spectrosco-
py of chromium(III)-phosphine or arsine complexes. In 1983—
1984, Levason et al. described* such complexes having di-,
tri-, or tetradentate phosphines or arsines: Ph,P(CH,),PPh,,
cis-Ph,PCH=CHPPh,, Me,P(CH,),PMe, (dmpe), PhP(CH,-
CH,PPh,),, P(CH,CH,PPh,); and MeC(CH,PPh,);. After
1985, several research groups reported synthesis and structural
characterization of chromium(IIl) complexes with trialkyl-
phosphines and di- or tridentate phosphines bearing dimethyl-
or diethylphosphino groups: for example, frans-[Cr(Cl or
D,(dmpe),]** [{CrCly(dmpe))(u-dmpe)],” [CrCL(PMes),]™*
[Cr2C16(PMe3 or PEt3)4],9 [Cr2C16(M62PCH2PM62)2],9 [CrZClﬁ-

[Cr(Me);{Bu'Si(CH,PMe,);}1."> However, to our best knowl-
edge, there are no systematic studies on chromium(III)—phos-
phine complexes to date. In particular, the spectroscopic prop-
erties and the ligand-field parameters of phosphines in the
chromium(IIT) complexes are rarely reported, as compared to
the extensive and detailed studies concerning those of the
am(m)ine complexes.'*!> We have, for a long time, carried
out systematic studies on syntheses, structural and spectro-
scopic characterization of cobalt(IIT) complexes with di- or tri-
dentate phosphines bearing dimethylphosphino groups. !¢
As an extension of our synthetic efforts on phosphine com-
plexes, it would be, therefore, challenging to study the analo-
gous series of chromium(III) complexes.

In this paper, we will describe the preparation, structural
characterization and spectroscopic properties of trans-
[CrX,(dmpe or dmpp),] *-type (dmpp = Me,P(CH,);PMe,; X
= halide or pseudohalide ion) complexes, together with those
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of [CrX;(tdmme)] and [CrCly(tdmme)(PMes)]* (Scheme 1).
Among the complexes dealt with in this study, the syntheses
and structural characterization of trans-[CrCly(dmpe),]*,°
trans-[CrI,(dmpe),] ", and [CrCli(tdmme)]'! have already
been reported, but their absorption spectra have not been men-

tioned so far.
Experimental

General Remarks. The phosphines dmpe,” dmpp** and
tdmme? were prepared according to literature methods, and were
handled under a dinitrogen atmosphere using Schlenk techniques
until they formed air-stable chromium(III) complexes. All of the
solvents used in the preparation of the phosphines and their com-
plexes were deaerated with dinitrogen for 20 min immediately be-
fore use. The starting complexes of [CrBry(H,O),(en)]Br (en =
H,N(CH,),NH,),”® [CrCly(tdmme)] (12)'"! and [Cr(CO)s-
(tdmme)]*” were prepared by the literature methods. Infrared
spectra were measured on a Jasco IR A-3 or Shimadzu IR-435
spectrophotometer by the Nujol-mull method, UV-vis absorption
spectra on a Hitachi 323 or a Perkin-Elmer Lambda 19 spectro-
photometer, and MCD spectra on a Jasco J720 spectropolarimeter
in a magnetic field of 1.5 T at room temperature.

trans-[CrCly(dmpe),]JPFg (1). A mixture of CrCl;-6H,0
(610 mg, 2.29 mmol) and N,N-dimethylformamide (5 cm®) was
heated at 150 °C for 10 h, and then cooled to room temperature.
To the resulting solution was added dmpe (681 mg, 4.58 mmol)
dropwise with stirring; the mixture was stirred for 8 h at room
temperature. Diethyl ether (200 cm®) was added, affording a yel-
low-green oily product. After removal of the ethereal layer, excess
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NaPF¢ was added to the oily product, giving a green solid. It was
dissolved in methanol, and the filtered solution was concentrated
gradually in a desiccator to deposit green crystals. Yield: 752 mg
(58%). Found: C, 25.78; H, 5.58%. Calcd for C;,H3,Cl,CrF¢Ps:
C, 25.36; H, 5.68%.

trans-[CrCly(dmpp),]PF¢ (2). A mixture of anhydrous CrCls
(233 mg, 1.47 mmol) and dmpp (484 mg, 2.95 mmol) was heated
at 140 °C for 30 min. After the reaction mixture was cooled to
room temperature, 2-methoxyethanol (0.5 cm®) was added, and
the mixture was stirred overnight. The resulting oily product was
dissolved in methanol (20 cm?®), and then filtered to remove unre-
acted CrCl;. The filtrate was evaporated to a small volume under
reduced pressure, and excess NaPFs was added to give a green
precipitate. The precipitate was recrystallized from aqueous
(75%) acetonitrile. Yield: 91 mg (10%). Found: C, 28.55; H,
6.23%. Calcd for C,4H36C,CrFePs: C, 28.20; H, 6.09%.

trans-[CrBr,(dmpe),]Cl10; (3) and trans-[CrBr,(dmpp),]-
PFg (4). These complexes were prepared by methods similar to
those of 1 and 2, respectively, using [CrBr,(H,O)(en)]Br as a
starting Cr(III) material. For 3, the following modifications were
made to achieve the higher yield and better crystallinity: a higher
reaction temperature (50 °C) with shorter reaction time (30 min)
applied after the addition of dmpe, and crystallization with an
aqueous LiClO, solution. The crude product obtained was recrys-
tallized from aqueous (75%) methanol to give green crystals of the
ClO4~ salt (40%). Found: C, 23.51; H, 5.13%. Calcd for
C,H3,Br,CICrO4P,: C, 23.57; H, 5.27%. For 4, recrystallization
from a mixture of ethanol and acetonitrile (1:1) gave green crys-
tals of the PFs ™ salt (34%). Found: C, 25.29; H, 5.21%. Calcd for
C]4H36Br2CrF6P5: C, 2454, H, 5.30%.

trans-[CrI(dmpe),]I (5) and trans-[CrI;(dmpp),]I (6). Ina
100 cm® Schlenk tube, a 1-propanol solution (12 cm®) of
Crl5-6H,0 (602 mg, 1.11 mmol) was gently heated to boil in the
open air until the mixture became an oil by evaporation of the sol-
vent. The Schlenk tube containing the resulting oil was purged
with dinitrogen, and dmpe or dmpp (2.22 mmol) was added to
give a greenish oil. The mixture was stirred for 10 min. The so-
lidified product was washed with a small amount of diethyl ether,
and recrystallized from methanol. 5: yellow-green crystals (80%).
Found: C, 20.10; H, 4.45%. Calcd for C;,H3,CrIsP,: C, 19.66; H,
4.40%. 6: yellow-green crystals (85%). Found: C, 21.89; H,
4.70%. Calcd for C4H34CrIsPy4: C, 22.10; H, 4.77%.

trans-[Cr(NCS),(dmpe),]Br-2H,0 (7-:2H,0). To a metha-
nol solution (40 cm®) of 1 (150 mg, 0.26 mmol) were added
NH4NCS (100 mg, 1.32 mmol) and zinc (300 mg). The mixture
was stirred for 30 min, and then filtered. The orange filtrate was
diluted with water (3 dm®) and applied on a column (¢ 1.5 X 100
cm) of SP-Sephadex C-25 (Na* form). The adsorbed products
were eluted with a 0.03 mol dm™> aqueous NaBr solution, yield-
ing a major orange and a minor yellow-green band. The orange
eluate was concentrated to a volume of one-third under reduced
pressure, and stored in a desiccator to give orange crystals. Yield:
17 mg (11%). Found: C, 28.22; H, 6.22; N, 4.62%. Calcd for
C]4H36BrCrN20252: C, 2878, H, 620, N, 4.79%.

trans-[Cr(N;),(dmpe),]BF, (8). The reaction of 1 (157 mg,
0.28 mmol) and NaN; (90 mg, 1.39 mmol) in aqueous methanol
(50%, 30 cm?®) in the presence of zinc (300 mg) for 6 h gave a red
solution. The filtered solution was diluted with water (500 cm®)
and applied on a column (¢ 1.5 X 100 cm) of SP-Sephadex C-25
(Na* form). The adsorbed products were eluted with 0.05 mol
dm™* aqueous NaBF, solution, yielding a major red and a minor
yellow-green band. The red eluate was concentrated to a volume
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of one-third under reduced pressure, and stored in a desiccator to
give red crystals. Yield: 14 mg (10%). Found: C, 27.77; H, 6.21;
N, 16.00%. Calcd for C,H;,BCrFsNg: C, 27.55; H, 6.17; N,
16.07%.

trans-[CrCI(CN)(dmpe),]PF¢ (9). A methanol solution (20
cm?®) containing 1 (380 mg, 0.67 mmol) and NaCN (72 mg, 1.47
mmol) was stirred for 30 min in the presence of zinc (300 mg),
and then filtered. The filtrate was concentrated gradually in a des-
iccator to deposit orange crystals of 9. The crude product was re-
crystallized from water. Yield: 158 mg (42%). Found: C, 27.77;
H, 5.83; N, 2.91%. Calcd for C;3H3,CICrFgNPs: C, 27.95; H,
5.77; N, 2.51%.

trans-[CrBr(CN)(dmpe),]ClO, (10). A suspension of 3 (177
mg, 0.29 mmol) and NaCN (14 mg, 0.29 mmol) in aqueous ace-
tone (50%, 50 cm?) was stirred at 35 °C for 40 h, and then filtered.
The filtrate was concentrated to ca. 5 cm® under reduced pressure,
and applied on a column of Toyopearl HW-40 fine resin (¢ 1 X 5
cm). The adsorbed products were eluted with water, giving a mi-
nor orange band, a major yellow-orange band, and a minor green
band in this order. After elution of the orange band, aqueous
methanol (50%) was used as an eluent. The yellow-orange eluate
was concentrated to one-third of its volumn under reduced pres-
sure, and further to dryness in a desiccator. The resulting crude
product was recrystallized from aqueous (50%) methanol to give
orange crystals of 10. Yield: 54 mg (34%). Found: C, 27.89; H,
5.89; N, 2.41%. Calcd for C;3H;,BrCICrNO,P,: C, 28.00; H,
5.78; N, 2.51%.

trans-[Cr(CN),(dmpe),]PF¢ (11). To an orange solution of 9
(150 mg, 0.27 mmol) in aqueous methanol (50%, 40 cm®) were
added KCN (200 mg, 3.07 mmol) and zinc (1.00 g) with stirring.
The color of the mixture turned immediately into yellow. The
mixture was filtered, and the filtrate was concentrated to 10 cm®
under reduced pressure and stored in a desiccator to give yellow
crystals of 11. The product was recrystallized from water. Yield:
36 mg (25%). Found: C, 30.61; H, 5.82; N, 5.41%. Calcd for
C14H32Cr F6N2P5: C, 3061, H, 587, N, 5.10%.

[CrBriy(tdmme)] (13). A dichloromethane solution (10 cm®)
of [Cr(CO);(tdmme)] (190 mg, 0.49 mmol) was cooled in a dry
ice-methanol bath. To the solution was added a dichloromethane
solution (5 cm®) of bromine (0.12 g, 0.75 mmol) dropwise with
stirring. The mixture was stirred for 1 h at —78 °C, and the result-
ing orange precipitate was filtered off and dried in a vacuum des-
iccator for 1 h. During drying, the color of the product turned into
bluish purple. The crude product was recrystallized from dichlo-
romethane to give a dark blue powder, which was collected by fil-
tration, washed with diethyl ether, and dried in vacuo. Yield: 0.21
g (79%). Found: C, 24.39; H, 4.97%. Calcd for C;1H,;Br;CrPs:
C, 24.29; H, 5.00%.

[CrCL(CN)(tdmme)]-H,O (14‘H,O) and [CrCI(CN),-
(tdmme)]-H,O (15-H,0). To a suspension of 12 (0.51 mmol) in
methanol (30 cm®) was added one or two equivalent amounts of
NaCN. The mixture was refluxed for 20 h, and the resulting red
solution was evaporated to dryness under reduced pressure. The
residue was extracted with dichloromethane, and the extract was
evaporated under reduced pressure to give a red-purple or red-or-
ange powder. The crude product was recrystallized from metha-
nol/diethyl ether. 14-H,O: red columnar crystals (51.4%). Found:
C, 34.32; H, 7.09; N, 3.40%. Calcd for C;,H»C;,CrNOP;: C,
34.38; H, 6.97; N, 3.34%. 15-H,0: orange needles (50.3%).
Found: C, 38.04; H, 7.42; N, 7.39%. Calcd for C;3H,9CICrN,OP;:
C,38.11; H, 7.13; N, 6.84%.

[Cr(CN);(tdmme)]-2H,0 (16:2H,0). Complex 16:2H,O
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was prepared by a method similar to the above with three equiva-
lent amounts of NaCN. Zinc (100 mg) was also added to the reac-
tion mixture to give a better yield of the desired complex. Recrys-
tallization from methanol/diethyl ether gave orange columnar
crystals. Yield: 17%. Found: C, 39.93; H, 7.40; N, 9.75%. Calcd
for C]4H31CFN302P3I C, 4020, H, 747, N, 10.04%.

[Cr(NCS);(tdmme)] (17). A methanol solution (30 cm?®)
containing 12 (53 mg, 0.13 mmol) and LiNCS (107 mg, 1.29
mmol) was refluxed for 24 h and then allowed to cool to room
temperature. The reddish pink leaflet crystals which deposited
were collected by filtration and dried in vacuo. Yield: 35 mg
(58%). Found: C, 35.03; H, 5.76; N, 8.39%. Calcd for
C14H27CrN3P3S3: C, 3514, H, 569, N, 8.78%.

[CrCly(tdmme)(PMe;)IBPh,-2H,0 (18). To a suspension of
12 (205 mg, 0.499 mmol) in methanol was added a toluene solu-
tion of trimethylphosphine (1 M, 0.50 cm?, 0.50 mmol). The mix-
ture was refluxed for 1 h, giving a reddish purple solution. After
cooling to room temperature, the solution was filtered off, and the
filtrate was concentrated to 10 cm® under reduced pressure. An
excess amount of NaBPh, in methanol was added to the concen-
trate, inducing precipitation of a red-purple product. The crude
product was collected by filtration and recrystallized from a mix-
ture of acetonitrile and diethyl ether to deposit red-purple colum-
nar crystals. Yield: 366 mg (95%). Found: C, 56.82; H, 7.11%.
Calcd for C38H6()BC12CIP4I C, 5659, H, 7.50%.

(NBu,)[Cr(NCS)4(dmpp)]l. A mixture of anhydrous K;[Cr-
(NCS)6] (480 mg, 0.92 mmol) and dmpp (187 mg, 1.14 mmol) in
ethanol (10 cm®) was refluxed for 10 min, and then filtered. To the
filtrate was added [NBu,]ClO, (317 mg, 0.93 mmol), yielding a
red precipitate. The crude product collected by filtration was re-
crystallized from acetone. Yield: 300 mg (47%). Found: C,
46.41; H, 7.84; N, 10.19%. Calcd for C»;Hs,CrNsP,S,: C, 46.94;
H, 7.84; N, 10.19%.

X-ray Crystallographic Study. The X-ray diffraction data
collection and structural calculation were performed by our stan-
dard technique as described previously,”” using a Rigaku automat-
ed four-circle diffractometer AFC-7R equipped with graphite
monochromated Mo-K ¢ radiation (A = 0.71073 A) and a TeXsan
software package (the structures were solved by SHELXS-86
program®), respectively. For complex 6, a Laue symmetry check
and systematic absences indicated that the space group was either
Cm, C2 or C2/m. The centrosymmetric C2/m was chosen, and the
structure was successfully solved and refined under this assump-
tion. Complex 16-2H,0 was found to be isomorphic to the corre-
sponding cobalt(IlI) complex, [Co(CN);(tdmme)]-2H,0,>* and,
therefore, the non-centrosymmetric space group, Pna2;, was cho-
sen. The structure model based on this space group could not be
transferred to that of the corresponding centrosymmetric Pnam.

Crystal data are: 6, C;4H3cCrl;P4, 0.4 X 0.2 X 0.1 mm, mono-
clinic, C2/m, a = 13.1053(7), b = 10.373(1), ¢ = 10.3997(7) A, B
= 115.442(4)°, U = 1276.6(2) A*>, Z =2, D, = 1.980 Mg m ">, i
= 4.324 mm™!, A (transmission factor) = 0.839-1.000, R(F) =
0.022 for 1717 independent reflections with / > 3o(/). 16-2H,0,
C4H3,CrN;3;O,P;5, 0.4 X 0.2 X 0.15 mm, orthorhombic, Pna2,, a
= 17.799(2), b = 9.484(1), ¢ = 13.153(1) A, U = 2220.3(4) A%, Z
=4,D, =125l Mg m™>, = 0.741 mm~', A = 0.729-0.917,
R(F) = 0.054 for 1588 independent reflections with /> 30(/).

Tables of crystallographic data (excluding structure factors),
atomic coordinates, thermal parameters, and full list of bond
lengths and angles are deposited as Document No. 74036 at the
Office of the Editor of Bull. Chem. Soc. Jpn. Crystallographic
data have been deposited at the CCDC, 12 Union Road, Cam-
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bridge CB2 1EZ, UK and copies can be obtained on request, free
of charge, by quoting the publication citation and deposition num-
bers CCDC 138493 and 138494.

Results and Discussion

Syntheses and Structural Assignment of Complexes.

trans-[CrX,(dmpe or dmpp),]” (X = CL, Br,orI).  Al-
though complexes of trans-[Cr(Cl or I),(dmpe),]* were al-
ready synthesized by Salt et al., they employed rather compli-
cated preparative procedures; for example, the dichloro
complex was obtained by oxidation of trans-[Cr'Cl,(dmpe),]
or reduction of [Cr'VH,Cl,(dmpe),].® Thus in this study we at-
tempted to prepare the complex by the following simple meth-
od starting from CrCl;-6H,O. A reaction of [CrCl3(DMF)s]
(DMF = N,N-dimethylformamide), which was in situ prepared
from CrCls+6H,0 by heating its DMF solution,*® with dmpe in
DMEF, followed by addition of NaPFg, gave green crystals of
trans-[CrCly(dmpe),]PF¢ (1) in 58% yield. Even though an ex-
cess amount of dmpe was employed in the reaction, formation
of the tris(dmpe) complex, [Cr(dmpe)s]**, could not be detect-
ed; complex 1 was the only isolable product from the reaction
mixture.  The analogous dmpp complex, trans-[CrCl,-
(dmpp),]PFs (2), could not be prepared by a method similar to
that for the above dmpe complex 1, but it was obtained by a di-
rect reaction between anhydrous CrCl; and dmpp at 140 °C,
followed by treatment with 2-methoxyethanol and crystalliza-
tion with NaPF, though the yield was low (10%). For prepa-
ration of the corresponding dibromo complexes, trans-
[CrBry(dmpe),]C104 (3) and trans-[CrBry(dmpp),]PFs (4), it
was necessary to use [CrBr,(en)(OH,),]Br instead of (hydrated
or anhydrous) chromium(IIl) bromide as a starting chromi-
um(IIl) source. The diiodo complexes, trans-[Crl(dmpe),]I
(5) and trans-[Crl(dmpp),]I (6), were obtained in high yields
(80-85%) from Crl3+6H,0 in propanol.

The trans geometries of the complexes, 1-6, are suggested
by UV-vis spectroscopy, in addition to the X-ray structural
analysis of 6 (vide infra). The absorption spectra of complexes
1-6 (Fig. 1) are similar in pattern to one another, and also sim-
ilar to those of trans-[Cr(Cl or Br),(diphos or diars),]*,>* al-
though the diiodo complexes 5 and 6 show additional absorp-
tion bands around 24000-30000 cm!. Further, the spectral
patterns of complexes 1-6 are rather similar to those of trans-
[CoX,(dmpe or dmpp),]™, whose geometrical structures have
been determined by NMR spectroscopy, but very different
from those of the cis-isomers.!®

Pseudohalogeno-Bis(dmpe) Complexes. Complexes of
trans-[Cr(NCS),(dmpe),]* and trans-[Cr(N3),(dmpe),]" were
prepared by reactions of 1 with NH,NCS and with NaNj3, and
isolated as orange crystals of the Br™ salt (7) and red ones of
the BF,™ salt (8), respectively. The infrared spectrum of com-
plex 7 showed a sharp strong ¥(C-N) band at 2055 cm ™! and a
broad weak band due to the V(C-S) around 800 cm™!, indicat-
ing two mutually trans N-bonded thiocyanate ligands.*!*?

In contrast to the above results, a similar reaction of 1 with
NaCN in methanol yielded only orange-red crystals of trans-
[CrCI(CN)(dmpe),]PFs (9), even though an excess amount of
NaCN was applied. The dicyano complex, trans-[Cr(CN),-
(dmpe),]PFs (11), was obtained as yellow crystals by a reac-
tion of complex 9 and KCN in aqueous methanol. In the case
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Fig. 1.  Absorption spectra of (a) trans-[CrX,(dmpe),]”

and (b) trans-[CrX,(dmpp),]" (X = CI (----) in acetoni-
trile, Br (-—--) in acetonitrile and I (—) in methanol) at
room temperature.

of a reaction of 3 with an equimolar amount of NaCN in aque-
ous acetone, the reaction mixture contained three complexes.
They were separated by column chromatography into 3
(green), trans-[CrBr(CN)(dmpe),]C10,4 (10; orange) and trans-
[Cr(CN),(dmpe),]ClOy (yellow). The infrared spectra of com-
plexes 9—11 were similar to those of complexes 1 and 3 except
for v(C-N) bands, indicating the trans configuration of the
complexes.’'”** The weak v(C-N) stretching band was ob-
served around 2110-2115 c¢cm™', as observed for the corre-
sponding en complexes.*> No corresponding cis-isomers were
found for [CrX,(dmpe or dmpp),] -type complexes.

Tripodal Tridentate Phosphine (tdmme) Complexes.
The complex [CrCl;(tdmme)] (12) was prepared in a relatively
high yield from anhydrous CrCl; and tdmme in tetrahydrofu-
ran,'' but the corresponding tribromo complex, [CrBr;-
(tdmme)] (13), could not be obtained by a similar method us-
ing chromium(IIl) bromide or [CrBr(en)(H,0),]Br. Then we
attempted to prepare the complex 13 by oxidation of tricarbon-
ylchromium(O) with bromine. A reaction of [Cr(CO);-
(tdmme)]?” and Br; in dichloromethane at —78 °C afforded an
orange precipitate, which was unstable at room temperature
even in the solid state and converted to bluish purple powder
under reduced pressure. Recrystallization of the resulting
powder from dichloromethane yielded dark blue microcrystals
of complex 13.

As with the bis(dmpe) complexes, a successive substitution
reaction of complex 12 with NaCN in methanol gave red co-
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Fig. 2. Perspective drawing (50% probability level) of the
cationic part of trans-[Crl,(dmpe),]I. Hydrogen atoms are
omitted for clarity.
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Fig. 3. Perspective drawing (50% probability level) of
[Cr(CN);(tdmme)]. Hydrogen atoms are omitted for clari-

ty.
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lumnar crystals of [CrClL(CN)(tdmme)]-H,O (14-H,0), or-
ange needles of [CrCI(CN),(tdmme)]-H,O (15-H,0) and yel-
low needles of [Cr(CN);(tdmme)]-2H,O (16-2H,0). Also, a
tris(thiocyanato-&xN) complex of [Cr(NCS);(tdmme)] (17) was
prepared from complex 12 and LiNCS.

The substitution by PMe; for one of the Cl™ ligands in
[CrCl;(tdmme)] was attempted to prepare [CrCly(tdmme)-
(PMe;)]*, since the complex has a set of donor atoms of cis-
[CrCl,P,], which is considered as a counterpart of complexes 1
and 2 (trans-[CrCl,P4]) in a pair of geometrical isomers, as far
as their chromophores are concerned. Addition of a toluene
solution of PMe; to a suspension of 12 in methanol afforded a
red-purple solution, from which the desired complex could be
isolated as the BPh, ™ salt (18).

Crystal Structures. trans-[CrI,(dmpp),]I (6). The X-
ray analysis revealed that complex 6 crystallized in a mono-
clinic space group C2/m with Z = 2. The Cr and I(2), the
counter anion, atoms are located at the positions having the site
symmetry of 2/m, while the I(1) and C(4) are on the crystallo-
graphic plane of symmetry. A perspective view of trans-
[CrI,(dmpp),]* is shown in Fig. 2. The six-membered chelate
ring of dmpp takes a typical chair conformation. The bite an-
gle of dmpp is 87.79(3)°, which is larger and closer to the right
angle than that of dmpe forming a five-membered chelate ring
in trans-[CrCly(dmpe),]BPh, (83.02)°).° The Cr-P bond
length in the dmpp complex 6, 2.5147(6) A, is longer by 0.07
A than those in the above-mentioned dmpe complex (2.442(5)
and 2.447(5) A). Such longer metal(IIN)-P bonds of dmpp
than those of dmpe are also found in the analogous co-
balt(II1)* and rhodium(IIT)** complexes, but the difference is
pronounced in the present chromium(IIl) complexes. The
Crl(1) bond length is 2.6619(3) A.

[Cr(CN);(tdmme)] (16). The molecular structure of com-
plex 16 is depicted in Fig. 3, and selected structural parameters
are collected in Table 1. The Cr—P bond lengths (av 2.455 A)
are similar to those in [CrCl;(tdmme)] (12: av 2.458 A).” This
fact contrasts with the case of the analogous cobalt(III) com-
plexes; the Co—P bonds in [Co(CN);(tdmme)] (av 2.228 A) are
slightly longer than those in [CoCl;(tdmme)] (av 2.203 A), in-
dicating the frans influence of CN™ is stronger than that of
Cl™.2% The average Cr—C bond lengths in 16 (2.05 A) are a lit-
tle shorter than those in Cs,K[Cr(CN)s] (2.072 A at ambient

Table 1. Selected Bond Lengths (A), Bond Angles (°), Torsion Angles (°) and Hydrogen-Bond

Distances (A) for Complex 16-2H,0

Cr-P(1) 2451(3) Cr-P(2) 24553) Cr-PQ3) 2.459(3)
Cr-C(21) 207(1)  Cr-C(22) 2.03(1)  Cr-C(23) 2.05(1)
C(21)-N(1) 1.13(1)  C(22)-N(2) 1.14(1)  C(23)-N(3) 1.12(1)
P(1)-Cr—P(2) 84.059) P(1)-Cr-P(3) 84.26(9) P(Q)-Cr-P(3)  84.79(10)
P(1)-Cr—C(21) 171.6(3)  P(2)-Cr-C(22) 1742(3) P(3)-Cr-C(23) 176.3(3)
Cr-C(21)-N(1) 177(1) Cr-C(22)-N(2) 179(1) Cr-C(23)-N(3)  177(1)
Cr-P(1)-C(3)-C(2)  22.0(9) Cr-P(2)-C(4)-C(2) 23.009)
Cr-P(3)-C(5)-C(2)  22.2(8)

O(1)--N(1) 2.93(1) 0(2)-N(2) 2.84(1)

0(2)--N(3) 2.88(1) O(1)-

~0(2) 2.65(2)
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Chromium(Ill) Complexes with Phosphines

Table 2. Absorption (AB)”® and Magnetic Circular Dichroism (MCD)» Spectral Data of
Complexes
Complex Method d—d bands CT bands
1 AB 17.40(50), 24.36(1380), 31.9(ca. 7500), 34.95(20400),
26.05%(ca. 560) 44.0°"(10000)
MCD 19.08(—0.002), 24.42(+0.95), 31.83(+2.63), 36.2(—0.53)
26.1(—0.31)
2 AB 17.05(66), 22.05}‘(03.190), 33.7 (21900), 43.85h(ca. 12000)
24.8(1550)
MCD 19.0(—0.0045), 24.75(+0.61), 31.5(+1.80), 34.9(—0.64)
26.55(—0.25)
3 AB 16.74(44), 23.7(1000), 30.2(7580), 34.6(9780),
27.5%(ca. 500) 45.45(26900)
MCD 18.73(—0.0063), 23.67(+0.81), 30.3(+3.60), 32.4(—3.68),
25.4(—0.78) 36.3(+4.90)
4 AB 16.30(65), 21.6™(ca. 190),  30.6™(14000), 33.2(15500)
24.2(1350)
MCD 23.92(+0.85), 26.4(—0.83) 29.8(+1.67), 32.7(—2.92),
35.2(+3.4)
5 AB 15.76(51), 17.7(26), 26.7(8130), 28.25(5620),
21.3°0(485), 24.5(2690) 33.9(10700), 39.8(30900)
6 AB 15.40(60), 17.60(24), 26.1(7940), 27.69(7769),
21.3°0(570) 33.9%"(ca. 11000)  40.0(26900)
7 AB 20.0%(ca. 120), 23.0(890) 26.50(24000), 34.0(14000)
8 AB 18.3(176), 22.5(790) 27.4(6300), 32.0(17800)
9 AB 21.65(437), 25.36(1260) 30.29(3470), 38.04(21400)
MCD 26.2(+0.63), 27.3(-0.21) 30.3(+2.60), 36.2(+0.74),
37.5(—0.70)
10 AB 21.3(174), 24.7(1170) 29.3(4570) 37.2(19500)
11 AB 25.05°"(1960) 28.49(3720), 39.21(22400)
MCD 25.0(+0.31) 28.6(+2.46), 37.1(+1.09),
40.8(—1.82)
12 AB 17.05(676), 21.3(204) 31.75(5620), 36.0(12300)
MCD 17.0(—0.045), 18.0, 30.35(—0.57), 32.0(+5.1)
21.4(+0.017)
13 AB 16.6(794), 20.65(389) 30.55(7410), 34.3(ca. 7940)
MCD 16.6(—0.47), 17.6, 28.9(+3.6), 31.0(*0),
20.7(+0.14) 31.85(+0.36), 33.6(—1.9),
35.65(+0.72)
14 AB 19.9(200) 30.1(4100)
15 AB 20.8(134) 27.5%(ca. 800), 29.2(3440)
16 AB 24.6%(ca. 320) 29.1(3980), 34.9(1410)
17 AB 20.05(490) 27.1(11000), 29.8(7940),
35.2(5000)
18 AB 18.0(398), 24.1(148) 28.7%"(ca. 890), 31.2(3300),
36.4(11220), 37.5(12300)

a) *M denotes shoulder feature. b) 107> ofcm ™! (¢/dm>® mol ™! ecm™).

¢) 1073 o/em™" (Agy/dm’ mol ™' em™! T™).

temperature; 2.066 A at 120 K),” but the experimental errors
are too large to discuss such a small difference of 0.02 A.
Therefore, it is concluded that neither CN™ nor tdmme exert
apparent trans influence in the chromium(III) complex.

The spectroscopic Properties of the Complexes. The UV-
vis absorption and MCD spectral data of the complexes pre-
pared in this study are collected in Table 2.

Ligand-Field Parameters of [CrX;(tdmme)] (X = Cl, Br,
CN and NCS). In the visible absorption spectra of the
trichloro (12) and tribromo (13) complexes (Fig. 4), two char-
acteristic bands are observed at 17050 and 21300 cm™! for 12

and at 16600 and 20650 cm™' for 13. These absorption bands
can be assigned to the first (*A, — “T) and the second (*A, —
) spin-allowed d—d transitions in holohedrized O, symme-
try. The tris(thiocyanato-xN) complex 17 gives the ‘A, — *T,
band at 20050 cm ™!, and the tricyano complex 16 shows such
a transition as a shoulder around 24600 cm™!. The *A, — *T,
transition band of complexes 16 and 17 are obscured by the
low-lying charge-transfer bands.

The observed *T, and T, transition energies of complexes
12 and 13 give ligand-field and Racah’s interelectronic repul-
sion parameters'****7 as follows: A(d) = 17050 and B = 354
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Fig. 4.  Absortion spectra of [CrX;(tdmme)] in CH,Cl, at

room temperature (X = Cl (—), Br (----), CN (-----) and
NCS (---)).

cm™! for complex 12; A(d) = 16600 and B = 338 cm™! for
complex 13.® When the rule of average environment for a
mixed ligand complex is applied, the values®’ of Ac; = 13180
and Ag, = 12340 cm ™! lead to the parameter of Agpme = 20920
(for 12) and 20860 (for 13) cm™'. Compared to the parameters
of Agen = 20240 and B = 454 cm™! for [CrBrs(tacn)] (tacn =
1,4,7-triazacyclononane),” it can be stated that the ligand-field
perturbation on chromium(III) by tdmme is almost the same as
that by tacn, while the nephelauxetic effect of tdmme is re-
markably larger.

The MCD spectra of complexes 12 and 13 show a weak
negative and a weak positive component, corresponding to the
*T, and *T| transitions, respectively, in addition to a sharp dis-
persion-type component observed at 18000 for 12 and 17600
cm~! for 13. These sharp components are presumably as-
signed to the spin-forbidden d—d (*A, — 2T,) transition. Other
spin-forbidden d—d transitions (*A, — 2T, ?E), which are ex-
pected to be lower in energy than the T, transition, are not ob-
served. From such a spin-forbidden transition energy, the pa-
rameter B can be estimated,®® if C = 4B is assumed, as 514 and
503 cm ™! for complexes 12 and 13, respectively. These values
of B are far larger than those estimated by the *T| transition en-
ergies. To explain the inconsistency of these B values, one
should note that the interelectronic repulsion between the t,
and e, subshells is reduced in a large extent from that within
the ty, subshell.’ In the other word, the Bss value is much
smaller than the corresponding Bss one, which would be indic-
ative of a strong 6-covalency of the Cr''-P bond in the tdmme
complexes.

Ligand-Field Parameters of frans-[Cr(Cl or Br),(dmpe
or dmpp),]*. Complexes 1-6 with holohedrized D, sym-
metry are expected to give four spin-allowed d—d (‘B; — a’E,
*B,, *A; and b*E) transition bands, similar to the analogous en
complexes, trans-[CrX,(en),] " .#*4! The absorption spectra of
complexes 1-4 show a medium intensity (¢ = 49-66 dm’
mol™! cm™!) band in the region of 15400-17300 cm™ ', which
can be assigned as the “B; — a‘E transition band. Around
20000-30000 cm ™! an absorption envelope is observed. The
corresponding absorption envelope of trans-[CrX,(en),]" is as-
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Fig. 5. (a) The absorption spectrum with the components

from the Gaussian curve analysis and (b) the MCD spec-
trum of trans-[CrCly(dmpp),]PFs (2, CH;CN, r.t.) in the
visible region.

signed as the overlapped components due to the “B; — *B,,
“A, and b*E transitions.***' However, the band intensities of
the dmpe and dmpp complexes, 1-4, are remarkably larger (&
= 1000-1500 dm® mol ! cm™!) than those of the en complex-
es (€ <40 dm® mol™! cm™!). For the analogous diphos® and
diars® complexes, the corresponding absorption envelope with
similarly large intensity has been observed in a similar region,
and assigned as the overlapped “B,, b*E and *A, transition
bands without any comment about their high intensities or the
different order of the *A, and b*E transition bands. To examine
these strong bands in more detail, the Gaussian curve analysis
of the absorption spectra and the measurement of MCD spectra
have been performed.

For the dichlorobis(dmpp) complex 2, the spectral shape of
the absorption envelope in the region of 20000-30000 cm ™!
indicates clearly that there are three components. The Gauss-
ian curve analysis of the absorption envelope resolved the
spectrum into three bands centered at 22640 (¢ = 201), 24720
(e = 806) and 25750 cm™! (¢ = 987 dm® mol™! cm™)), as
shown in Fig. 5. The MCD spectrum of 2 in this region shows
a positive and a negative peak. The positive peak is located at
24750 cm™!, which coincides well with the energy of the sec-
ond component in the above Gaussian analysis. On the other
hand, the negative peak is located at 26550 cm™ ', which is
higher in energy (by 800 cm™') than the position of the high-
est-energy Gaussian component. However, if we assume that
this transition component gives a negative MCD A term, then
the position at Agy = 0 (25790 cm ™) coincides with that of
the highest-energy Gaussian component. The MCD peak cor-
responding to the lowest-energy Gaussian component, as well
as that to the “B; — a’E transition band, are much weaker than
the above two. These features of the MCD spectrum allow us
to assign the three Gaussian components in the overlapped ab-
sorption envelope as the ‘B, — “B,, A, and b*E transition
bands.

On the basis of the above-mentioned assignments for the
transition bands and their energies for complex 2, the ligand-
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field*® and B (Bss) parameters of complex 2 are calculated as
follows:*® A(d) = 18940, A(e) = 4390, A(t,) = 2260, and Bis
=539 cm™~!. The rule of average environment and the value of
Acy = 13180 cm™! lead to the parameter of Agmpp = 21830
cm™ L. Tt is notable that the ligand-field perturbation energy of
dmpp, Admpp, s slightly larger than that of tdmme, Agmme, al-
though the Cr—P bonds in the dmpp complex 6 is longer than
those in the tdmme complex 16.

The MCD spectrum of complex 2 shows a sharp negative
component at 19000 cm ™' (Fig. 5), which would be assigned
as the spin-forbidden d-d (B, — “E, *B,) transition. Such a
transition energy gives the parameter Bss, similarly to com-
plexes 12 and 13, and the value is estimated as 543 cm™'. Dif-
ferring from complexes 12 and 13, the values of B35 and Bss are
almost equal to each other for complex 2.

The dibromobis(dmpp) complex, 4, is treated in a similar
manner. The energy of E.s(a*E) = 16300 cm™! and three
Gaussian components, Eqp(‘By) = 22250, Eqps(*A) = 23930
and E.,(b"E) = 25750 cm™!, lead to the set of parameters:
A(d) = 18370, A(e) = 5350, A(tp) = 2190, and B;s = 564
cm™ . The resulting A(d) value and Ag, = 12340 cm ™! give
Agmpp = 21350 cm™" for complex 4. It is interesting to com-
pare, here, the spectroscopic properties of the dmpp complexes
with those of the corresponding en complexes.*? All three
ligand-field parameters of A(d), A(e) and A(t,), as well as the
interelectronic replusion parameter Bss, of the dmpp complex-
es are very similar to those of the en complexes. However, the
band intensities, especially those of the *A, and b*E transi-
tions, of the dmpp complexes are much larger. As described in
the following subsection, the phosphine complexes show in-
tense charge-transfer transition bands which are close in ener-
gy to the d—d bands. The intensity-stealing mechanism (or par-
tial mixing of the d—d excited state with the CT one) would
make the band intensities larger.

The dmpe complexes of 1 and 3, in contrast to the dmpp
complexes above, do not show a clear shoulder feature at the
lower energy side of the absorption envelope around 20000—
30000 cm™!. The Gaussian curve analysis to resolve the ab-
sorption envelope gives only two components centered at
24480 and 25540 cm ™! for 1 and 23480 and 24420 cm ™' for 3.
These Gaussian components are probably assigned as the “B;
— “A, and b’E transition bands, because their MCD spectra
are similar to complex 2. Although the ‘B, — “B, transition
energy can not be obtained experimentally, the spin-forbidden
d-d (B, — “E, “B,) band is observed in their MCD spectra at
19080 and 18730 cm ™' for complexes 1 and 3, respectively.
These transition energies lead to the Bss values of 545 and 535
cm™! for 1 and 3, respectively. Provided that the Bss value is
the same as the Bss one, as in complex 2, then the ligand-field
parameters for the dmpe complexes 1 and 3 can be estimated.
The results are: A(d) = 18140, A(e) = 1610 and A(t;) = 960
cm ™! for complex 1; A(d) = 17270, A(e) = 1260 and A(t,) =
635 cm ™! for complex 3. The ligand-field perturbation energy
of dmpe, Admpe, is then calculated as 20620 and 19740 cm™ ! for
complexes 1 and 3, respectively, which are a little smaller than
Agmpp and A, Further, it is remarkable that the A(e) and A(t,)
values of dmpe complexes are much reduced from those of the
corresponding dmpp and en complexes.

Chromium(Ill) Complexes with Phosphines

The d-d Transition Bands of [CrCl(tdmme)(PMe;)]*.
The complex, 18, shows two d—d bands at 18000 (¢ = 398) and
24000 cm™! (¢ = 148 dm® mol™! cm™!), both of which are
higher in energy than those of complex 12. However, the ex-
plicit band splitting due to lowering the molecular symmetry
from O, is not observed, as also for cis-[CrCly(en),] T.*° At the
most rough approximation (the averaged transition energies
and O, symmetry are assumed), the ligand-field and repulsion
parameters are estimated as A(d) = 18000 and Bs;s = 500
cm™ ', and the ligand-field strength of PMes, Apye;, in com-
plex 18 is calculated as 18900 cm™'. The Bss value of complex
18 is larger than that of complex 12, and nearly equal to the
value of complex 2. We can not explain explicitly the reason
for the difference in such Bs;s values at present, but it may be
stated that the extremely small Bss value is so far limited for
complexes of [Cr(Cl or Br);(tdmme)] (12 and 13).

Spectra of the Pseudohalogeno Complexes. In the pre-
vious subsection, we have found that dmpp gives a similar
ligand-field perturbation to en, while dmpe has a little smaller
value, in trans-[CrX,(L-L),]"-type complexes. In contrast,
the spectral patterns of dicyano complexes, 11 and trans-
[Cr(CN)y(en),]",** are very different from each other. This
fact results from a low-lying charge-transfer band existing at
almost the same energy as the d—d bands, which is clearly
shown in the MCD spectra. Figure 6 compares the UV-vis and
MCD spectra of a series of complexes, trans-[Cr(Cl or
CN),(dmpe),]PFs (1, 9 and 11). As one can expect from the
large difference in the ligand-field strengths between C1~ and
CN~,'415% the d—d transition bands are blue-shifted as the
number of CN™ increases. The MCD component due to the
“B, — *A, transition is observed at 24400, 25300 and 25900
cm™! for 1, 9 and 11, respectively, with decreasing the MCD
intensity in this order. In contrast, the lowest-energy charge-
transfer band is red-shifted in the reversed order: 1 (31800) > 9
(30300) > 11 (28600 cm '), which is observed as a sharp and
strong positive component in their MCD spectra and as a band
or a shoulder in their absorption spectra (Fig. 6). Thus, in the
dicyano complex 11 the intense CT band obscures the weaker
d—d transition bands, showing the spectral pattern of 11 differ-
ent from that of trans-[Cr(CN),(en),]".

In addition to the above-mentioned lowest-energy CT band,
the second CT transition is observed as a very intense band in
the absorption spectra and gives a dispersion-type (negative A
term) component in the MCD spectra. The second CT band is
blue-shifted on increasing the number of CN™ ligands: 1
(34950) < 9 (38040) < 11 (39210 cm™ ), in contrast to the first
CT band. The bromo-cyano series of complexes, 3, 10 and 11,
gives the same tendency for the first (3: 30300 > 10: 29300 >
11: 28600 cm™!) and the second (3: 34600 < 10: 37200 < 11:
39210 cm™ ') CT bands. When the CT energies of the chloro-
cyano and bromo-cyano series of complexes are compared, it
is obvious that the first CT energy decreases in the axial ligand
order of CI” > Br~ > CN™, while the second one increases in
the order of Br~ < Cl~ < CN ™. Despite the different configura-
tion of the donor atom sets, the tdmme complexes of 12-16
give a similar tendency for their two low-lying CT bands ener-
gies (see Table 2). These CT bands are presumably assigned
as the P(0)-to-Cr(do) and X(o or m)-to-Cr(do) charge-transfer
transitions, as suggested for the corresponding cobalt(III) com-
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Fig. 6.  (a) Absortion and (b) MCD spectra of trans-[Cr-

CL(CN),-,(dmpe),]PFs (n = 2 (—), 1 (=--) or 0 (----))
in acetonitrile at room temperature.

plexes.!® However, we can not assign them definitely at
present, since the P(0)-to-Cr(dz) and X (o or m)-to-Cr(dm) CT
transitions are also possible for the present chromium(III)
complexes.

The diazido complex 8 shows two absorption bands assign-
able to the d—d transitions at 18300 and 22500 cm™'. In con-
trast, the d—d transitions of the bis(thiocyanato-xN) complex 7
are observed as shoulders around 20000 and 23000 cm™!, to-
gether with a very intense sharp band at 26500 cm™'. A simi-
larly intense sharp band in this region has also been observed
for other chromium(III) complexes containing both thiocyan-
ate and phosphine ligands such as [Cr(NCS);(tdmme)] (17),
(NBuy)[Cr(NCS),(dmpp)] (o = 27000 cm™!, £ = 6460 dm?
mol™! em™!) and [Cr(NCS),(monodentate phosphine),]”.**
However, neither the analogous thiocyanato—amine complexes
such as trans-[Cr(NCS)a(en),]” ** and [Cr(NCS)s(tacn)],” nor
the halogeno—phosphine complexes as 1 and 12 show the cor-
responding absorption band. Thus, this characteristic band
seems to arise in the phosphine-thiocyanate chromium(III)
complexes, but the origin is still unknown.

Concluding Remarks

Three series of chromium(IIl)-phosphine complexes, trans-
[CrXy(dmpe),]*, trans-[CrXo(dmpp),]™ and [CrXs(tdmme)],
in addition to [CrCl,(dmpe),(PMe;)]*, have been prepared and
their structures and spectroscopic properties have been investi-
gated. The X-ray analyses of complexes 6 and 16-2H,0, to-
gether with that of trans—[CrClz(dmpe)z]BPh4,6 have indicated,
though the (pseudo)halogeno ligands are different from one
complex to another, that the Cr—P bond lengths become longer
in the order of dmpe < tdmme < dmpp. In contrast, the ligand-
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field strengths (in the Cl complexes) becomes larger in this or-
der: Agmpe (20620) < Agmme (20920) < Agmpp (21830 cm™).
The ligand-field strengths of these phosphines are nearly equal
to those of en and tacn; the previously proposed Agmpe value>'*
seems to be too small. The more detailed spectroscopic analy-
sis using the AOM treatment is now in progress.
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