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Depending on the reaction conditions, different products are obtained from the reaction eiM@b@H;C(CH,-

PPh)s (triphos), including the low-spin complexes [(triphos)@dt!),Co(triphos)f™ (12) and [(triphos)CoGJ

(3), their solid-state structures being determined by X-ray methods. In solution, additionally, a four-coordinate
high-spin complex [f-triphos)CoC}] (2) is present, its concentration relative to that3flepending on the
solvent and the temperature. The reactivity of these species toward Lewis acids is investigated leading to the
novel heterodinuclear complexes [(triphos)@&1),MCl,] (M = Fe (), Co (6)). Reactions with Lewis bases L

yield complexes of the rare type [(triphos)CoCI(LYL = CO (7), PMe; (8"), NH3 (9"), CHsCN (10%)). One-

electron reduction o8 leads to the previously prepared pseudotetrahedral [(triphS)jGmmplex11, and one-
electron oxidation to the novel trigonal-bipyramidal low-spin complex [(tripho¥)Clg]* (121).

Introduction

The reaction of triphos [1,1,1-tris((diphenylphosphino)meth-
yl)ethane, CHC(CH,PPh)3] with CoCl, yields—depending on
the reaction conditionsdifferent products of the composition
[(triphos)CoC}] with markedly different optical and magnetic
properties. As these solutions of triphos and Go&ile of
substantial synthetic utility, leading e.g. to the dinuclear
dinitrogen complex [(triphos)Ca¢N,)Co(triphos)}? or via
[(triphos)CACI]? to the [(triphos)CHallyl)] complex 1P it was
of importance to establish the nature of the species existing in
these solutions. Addition of NaBRko the mixture yields the
well-defined red complex [(triphos)C@{Cl),Co(triphos)]-
(BPhy), (1(BPhy),) previously reported by Sacconi et &lwho
correctly assigned its dinuclear structure. The dinuclear ar-
rangement is now confirmed by an X-ray structure determination
(vide infra). Davis et af. obtained from mixtures of triphos
and CoC} in acetone by refluxing under air a blue material
which was formulated as [(triphos)Caof;l but this material

showed physical properties suggestive of the presence of

phosphine oxidé. In order to shed some light onto this problem
we have conducted experiments in different solvents and at
different temperatures with rigorous exclusion of oxygen
showing that in solution two monomeric isomerg, (3)
undergoing a five-coordinat@)tetrahedral Z) interconversion
exist. The red, five-coordinate isom8&rcan be isolated as a
red, cystalline material, the five-coordination being confirmed
by X-ray diffraction methods. As the tetrahedral isonger
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cannot be isolated as a solid, the solid-state structure of the
analogous complex (dppp)CaQld) has been determined in
order to compare bond lengths and angles with that of isomer
3. The isomerization in solution is accompanied by a change
of the spin-state of the ({don from a doublet stateS(= %/5,)

to a quartet stateS(= 3,). The thermodynamic parameters of
this equilibrium are investigated and compared to previously
reported Cb spin-crossover compoun8g324 The conversion

of the monomeric specieg,(3) into the dinuclear complef®*

and vice versa is easily accomplished by adding chloride
accepting and chloride-donating reagents, respectively.

The use of the monomeric complexes as starting materials is
further demonstrated by their reaction with various Lewis acids
and bases as well as their activity in redox reactions. Reaction
with Lewis acids yields, depending on the acid strength and
the solvent, the dinuclear compld%" or the novel heterodi-
nuclear complexes and6 [(triphos)Cof:-Cl),MCl;] with one
low-spin Cd' and one high-spin M center (M= Fe, Co)
connected by two chloride bridges. The solid-state structures
of both dinuclear complexes are determined by X-ray structural
analyses. Chloride substitution by Lewis bases L affords
complexes of the relatively rare type [(triphos)@H(L)] + (7+—

10%) (L = CO, PMe, NHs, and CHCN, respectively) where
two different separate coligands besides the triphos ligand are
bound to the Chcenter. The carbonyl derivative was previously
prepared by Sacconi et al. starting from the dimer complex
1(BPhy)2.19 The mechanism of the chloride substitution can
either be an associative (A) or a dissociative (D) process
depending on the reaction conditions and the nature of the
reagent. Reduction of the monomeric compleRew 3 with
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NaBH,,%2 BH3 THF or NE&® yields the previously decribed
pseudotetrahedral complex [(triphos)CH (11).2 Its structure
is confirmed by an X-ray structural analysis. It is proposed

that the reduction process is initiated by a substitution of one

chloride ion by a hydride, involving an unstable [(triphos)Co-
(Ch(H)] intermediate. According to cyclovoltammetric experi-
ments, oxidation of the [(triphos)Cofimonomer B) is also

possible, prompting us to search for a suitable starting material

for the preparation of the novel [(triphos)®&l;]" complex
12*. Its synthesis and characterization including X-ray struc-
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mV, E, = 1125 mV (irr), E, (reverse scany 220 mV. Anal. Calcd
for Ci30H118PsC0,Cl:B2*4CH,Cl,: C, 66.61; H, 5.26; P, 7.69. Found:
C, 66.99; H, 5.37; P, 7.76. Calcd fonfH11PsC0,ClB,1ELO: C,
74.83; H, 6.00; P, 8.34; Cl, 3.30. Found: C, 73.41; H, 6.19; P, 8.34;
Cl, 3.46.
Bis(u-chloro)bis[1,1,1-tris((diphenylphosphino)methyl)ethane]-
dicobalt(ll) Bis(hexafluorophosphate) [1(PF).]. The preparation was
similar to the one described above except for substituting Nai&®h
NaPF. Recrystallization from THF/EO afforded crystals of the THF
solvate in 55% yield. Mp: 168180°C (dec). IR (Csl):¥ = 3062
(m), 1652 (br), 1603 (m), 1589 (w), 1484 (m), 1438 (s), 1403 (w),

tural analysis is achieved by the substitution of the catecholato 1335 (w), 1311 (w), 1279 (w), 1191 (w), 1145 (br), 1121 (s), 1092 (s),

ligand in [(triphos)C# (cat)]* complexe¥” by chloride ions
in the form of boron trichloride making use of the high affinity
of boron to oxygen donor atonis.This reaction is also of
particular interest since five-coordinate 'Ccomplexes espe-
cially with simple monodentate coligands are relatively fare.

Experimental Section

Materials. 1,1,1-Tris((diphenylphosphino)methyl)ethane,:CHCH,-
PPh)3,1° CoCh,** (Catecholato)[1,1,1-tris((diphenylphosphino)methyl)-
ethane]cobalt(lll) tetrafluoroborate,and (4,5-(Methylenedioxy)-
catecholato)[1,1,1-tris((diphenylphosphino)methyl)ethane]cobalt(l11)
tetrafluoroboraté were prepared by literature procedures. All other
reagents were commercially available. Boron trichloride was stored
under inert gas at70 °C, and a portion (2 mL) was condensed first
into a calibrated Schlenk tube cooled-td 00 °C and then redistilled
into the reaction Schlenk tube. Anhydrous Cp@hks dissolved in
THF to form the adduct Co@THF)« by sonicating the initial

1027 (w), 998 (m), 959 (w), 852 (br, PF), 741 (s), 696 (s), 615 (W),
557 (s), 513 (s), 481 cm (w). MS (FAB) [m/z (%)]: 717 (100)
[triphosCoClT, 699 (52) [triphosCet O]*, 683 (78) [triphosCoa], 672
(88) [triphos+ 30]", 656 (50) [triphost+ 20]*, 640 (12) [triphost+
O]*, 595 (16) [triphos— Ph+ 30]*, 579 (29) [triphos— Ph+ 20]",
563 (32) [triphos— Ph+ O], 547 (28) [triphos— Ph]". CV (CH,-
Cly): Ep, = —205 mV (irr), E, (reverse scary +25 mV, E, = 1020
mV (irr), E, (reverse scan)= 280 mV. Anal. Calcd for
CgoH7PsCoCloF123.5THF: C, 58.22; H, 5.39; P, 12.51. Found: C,
58.63; H, 5.15; P, 13.01.
[1,1,1-Tris((diphenylphosphino)methyl)ethane]cobalt(ll) Dichlo-
ride (3). A solution of the triphos ligand (624 mg, 1 mmol) in THF
(20 mL) was added to a solution of anhydrous GA@B80 mg, 1 mmol)
in THF (20 mL) resulting in a color change to deep dark blue
(compound?). Evaporation of the solvent gave a red microcrystalline
product. Recrystallization from THF/ED or benzene/ED gave large
red needles suitable for X-ray crystallographic analysis. Yield:- 60
70%. In one crystallization experiment (THF/&) additionally to red

suspension until a clear, bright blue solution resulted (approximately 3 plue crystals ofl(CoCETHF), were obtained. Mp: 162C (dec).

20 min).
Bis(u-chloro)bis[1,1,1-tris((diphenylphosphino)methyl)ethane]-
dicobalt(ll) Bis(tetraphenylborate [1(BPhy);]. This compound was
prepared either by the procedure of Sacconi étimlalcohol (ethanol
or 1-butanol)/CHCI; or in pure THF. To remove the NaCl a solution
of the crude complex in C¥l, was filtered through 5 cm of
Kieselguhr. Recrystallization from THF/R afforded crystals of the
Et,O solvate suitable for X-ray crystallographic analysis. Recrystal-
lization from CHCI/EtO yielded the CHCI, solvate? Both were
obtained in 66-80% yields. Mp: 162168 °C (dec; both solvates).
IR (Csl, CHCI, solvate): # = 3056 (m), 3034 (m), 2985 (m), 3013
(m), 1640 (br), 1606 (m), 1578 (m), 1482 (s), 1435 (s), 1392 (w), 1332
(w), 1311 (w), 1266 (m), 1181 (w), 1132 (br), 1117 (w), 1096 (s),
1168 (m), 1029 (m), 998 (m), 963 (w), 914 (w), 837 (s), 742 (s), 732
(s), 705 (s), 696 (s), 611 (s), 544 (W), 511 (s), 4817¢trgm). MS
(FAB) [m/z(%)]: 717 (70) [triphosCoCHf}, 699 (51) [triphosCet O]*,
683 (55) [triphosCoal, 672 (100) [triphost 30]*, 656 (42) [triphost
20], 640 (8) [triphost+ O]*, 595 (8) [triphos— Ph+ 30]*, 579 (20)
[triphos— Ph+ 207", 563 (20) [triphos— Ph+ O]*, 547 (18) [triphos
— PhJt. CV (CHCL): E, = —240 mV (irr), E, (reverse scary +0

(6) (a) Connelly, N. G.; Geiger, W. EChem. Re. 1996 96, 887. (b)
Pevear, K. A.; Banaszak, M. M.; Carpenter, G. B.; Rieger, A. L,;
Rieger, P. H.; Sweigard, D. AOrganometallics1995 14, 512. (c)
Briggs, T. N.; Jones, C. J.; McCleverty, J. A.; Neaves, B. D.; Murr,
N. E.; Colguhoun, H. MJ. Chem. Soc., Dalton Tran$985 1249.
(d) Nelsen, S. F.; Hintz, P. J. Am. Chem. Sod.972 94, 7114.

(7) Vogel, S.; Huttner, G.; Zsolnai, LZ. Naturforsch.1993 48b, 641.

(8) (a) Gerrard, W.; Lappert, M. F.; Mountfield, B. A. Chem. Sod 959
1529. (b) Blau, J. A.; Gerrard, W.; Lappert, M. F.; Mountfield, A.;
Pyszora, HJ. Chem. Socl96Q 380. (c) Wieber, M.; Kazel, W.Z.
Anorg. Allg. Chem1974 403 107. (d) Bonner, T. G.; Saville, N. M.
J. Chem. Socl196Q 2851. (e) Teitel, S.; O’'Brien, J.; Brossi, A.
Org. Chem.1972 37, 3368. (e) McOmie, J. F. W.; Watts, M. L;
West, D. E.Tetrahedron1968 24, 2289.

(9) (a) Jensen, K. A.; Nygaard, B.; Pederson, CATta Chem. Scand.
1963 17, 1126. (b) Levason, W.; Ogden, J. S.; Spicer, M.brg.
Chem.1989 28, 2128. (c) Jaynes, B. S.; Ren, T.; Liu, S.; Lippard, S.
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IR (Csl): » = 3057 (m), 2972 (m), 2926 (m), 1652 (br), 1606 (m),
1483 (s), 1455 (w), 1436 (s), 1401 (w), 1336 (w), 1314 (w), 1219 (sh),
1183 (sh), 1160 (br), 1118 (m), 1095 (s), 1050 (m), 1026 (m), 1001
(m), 959 (w), 921 (w), 879 (w), 834 (m), 741 (s), 697 (s), 668 (M),
616 (w), 567 (m), 549 (m), 513 (s), 487 cin(m). MS (FAB) [m/z
(%)]: 717 (100) [triphosCoCI], 699 (26) [triphosCot O]*, 683 (78)
[triphosCo]", 672 (15) [triphos+ 30]", 656 (19) [triphos+ 20]*,

640 (10) [triphos+ O]*, 595 (7) [triphos— Ph + 30]*, 579 (15)
[triphos— Ph+ 20]", 563 (15) [triphos— Ph+ O], 547 (56) [triphos

— Ph}". CV (CH,CL,): E, = —830 mV (irr), E, (reverse scany +35
mV, Ei, = 335 mV (rev oxidation). Anal. Calcd for £gHzoPsCoCh:

C, 65.27; H, 5.21; P, 12.32; CI, 9.40. Found: C, 65.22; H, 6.46; P,
11.97; Cl, 9.26.

[1,3-Bis(diphenylphosphino)propane]cobalt(ll) Dichloride (4). A
solution of the ligand 1,3-bis(diphenylphosphino)propane (412 mg, 1
mmol) in THF (20 mL) was added to a solution of anhydrous GoCl
(130 mg, 1 mmol) in THF (20 mL) resulting in a color change to deep
dark blue. Evaporation of the solvent gave a bright blue microcrys-
talline product. Recrystallization from GBI,/Et,O gave large blue
crystals suitable for X-ray crystallographic analysis. Yield: 78%.
Mp: 230°C. IR (Csl): ¥ = 3075 (m), 3054 (m), 2946 (w), 1603 (m),
1485 (s), 1437 (s), 1185 (m), 1160 (m), 1105 (s), 998 (m), 967 (s),
815 (m), 784 (m), 746 (s), 699 (s), 639 (m), 615 (w), 508 (s), 478 (M),
467 cnt! (m). MS (El) [m/z (%)]: 541 (12) [M]', 506 (4) [M —
CI]*, 429 (4) [M— CI — Ph}*, 412 (80) [M— CoCk]*, 335 (100) [M
— CoChL — Ph}". Anal. Calcd for G/H26P,CoCh: C, 59.80; H, 4.83;

P, 11.42; CI, 13.08. Found: C, 59.75; H, 5.05; P, 11.47; Cl, 12.79.

Bis(u-chloro)bis[1,1,1-tris((diphenylphosphino)methyl)ethane]-
dicobalt(ll) Hexachlorodizincate [1(Zn2Cle)]. To a THF solution (20
mL) of 2 (1 mmol) was added a solution of Zn&Et,O in CH,Cl, (2.2
M, 0.5 mL) causing a color change from blue to red. The solution
was concentrated in vacuo unti{Zn,Clg) started to precipitate. The
precipitate was washed with THF and,@t recrystallized from Chkt
Cl,/Et,O, and dried in vacuo. Yield: 55%. Vapor diffusion of,&t
into a CHCI; solution of the complex afforded red-brown crystals
suitable for X-ray crystallographic analysis. Mp: 16675°C (dec).

IR (Csl): » = 3055 (m), 2979 (m), 1603 (m), 1484 (s), 1435 (s), 1188
(m), 1156 (w), 1096 (s), 1065 (m), 998 (m), 914 (w), 882 (w), 832
(m), 744 (s), 698 (s), 513 (s), 481 (m), 474<Tnfm). MS (FAB) [m/z
(%)]: 717 (100) [triphosCoClH], 699 (7) [triphosCot+ O]*, 682 (18)
[triphosCol", 672 (5) [triphost+ 30]*, 657 (17) [triphost 20]*, 640
(6) [triphos+ O]*, 578 (6) [triphos— Ph+ 207", 563 (13) [triphos—
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Ph + O]*, 547 (22) [triphos — Ph}*. Anal. Calcd for
Cg2H78PsC0,ClsZn,2CH,Cly: C, 51.70; H, 4.24; P, 9.52. Found: C,
51.82; H, 4.42; P, 9.60.
{[1,1,1-Tris((diphenylphosphino)methyl)ethane]cobalt(11} bis(x-
chloro)iron(ll) Dichloride (5). To a THF solution (20 mL) o (1
mmol) was added a solution of FeQL27 mg, 1 mmol) in THF (15
mL) causing a color change from blue to red-brown. The solution
was concentrated in vacuo urflibtarted to precipitate. The precipitate
was washed with THF and £, recrystallized from CkCI/Et,0, and
dried in vacuo. Yield: 43%. Vapor diffusion of £ into a CHCl,
solution of the complex afforded red-brown crystals suitable for X-ray
crystallographic analysis. Mp: 208 (dec). IR (Csl): » = 3056
(m), 2964 (m), 1603 (m), 1485 (s), 1436 (s), 1188 (w), 1160 (w), 1096
(s), 1069 (m), 1027 (m), 998 (m), 878 (w), 829 (m), 815 (w), 745 (s),
697 (s), 515 (s), 485 (m), 474 cth(m). MS (FAB) [m/z(%)]: 717
(100) [triphosCoClf, 699 (8) [triphosCot O]*, 682 (18) [triphosCa],
672 (6) [triphos+ 3Q0]", 657 (22) [triphost+ 207", 640 (40) [triphos
+ O]*, 578 (8) [triphos— Ph+ 2Q0]", 563 (54) [triphos— Ph+ O],
547 (18) [triphos— Ph]*. Anal. Calcd for GiH3sPsCoCLFe1.5CH-
Cl;: C, 50.61; H, 4.20. Found: C, 50.94; H, 4.30.
{[1,1,1-Tris((diphenylphosphino)methyl)ethane]cobalt(11} bis (-
chloro)cobalt(ll) Dichloride (6). To a THF solution (20 mL) of (1
mmol) was added a solution of CaGlL30 mg, 1 mmol) in THF (15
mL) causing a color change from blue to violet and the immediate
precipitation of6. The violet precipitate was washed with THF and
Et,O, recrystallized from CECI/Et,O, and dried in vacuo. Yield:
86%. Vapor diffusion of BO into a highly dilute CHCI; solution of
the complex afforded few violet crystals suitable for X-ray crystal-
lographic analysis. Mp: 148C (dec). IR (Csl):¥ = 3058 (m), 2980
(m), 1607 (m), 1484 (m), 1437 (s), 1180 (w), 1160 (w), 1093 (s), 1072
(sh), 998 (m), 878 (w), 829 (m), 741 (s), 696 (s), 515 (s), 485 (m), 459
cm! (w). MS (FAB) [m/z(%)]: 717 (100) [triphosCoCT], 699 (16)
[triphosCo+ O]*, 682 (32) [triphosCo], 672 (11) [triphos+ 30]",
657 (16) [triphos+ 20]*, 640 (5) [triphos+ O]*, 578 (5) [triphos—
Ph+ 20]*, 563 (16) [triphos— Ph+ O], 547 (48) [triphos— Ph}'.
Anal. Calcd for G;H3P;C0,Cls-0.5CHCI,: C, 53.78; H, 4.35; P,
10.03. Found: C, 53.80; H, 5.02; P, 9.28.
[1,1,1-Tris((diphenylphosphino)methyl)ethane](trimethyl-
phosphine)cobalt(ll) Chloride Tetraphenylborate [8(BPhy)]. To a
THF solution (20 mL) of2 (1 mmol) was added a solution of Pl/ie
THF (1 M, 1 mL) causing a slow color change from blue to green.
The reaction was accelerated by the addition of solid NaBB#2
mg, 1 mmol). After removal of solvent the green solid residue was
taken up in CHCI, and filtered through 5 cm of Kieselguhr. Recrys-
tallization from CHCI/Et,O afforded8(BPhy) in 86% yield. Vapor
diffusion of EtO into a CHCI; solution of the complex afforded large
dichroic (red/green) crystals suitable for X-ray crystallographic analysis.
Mp: 165°C. IR (Csl): # = 3056 (m), 2999 (m), 2981 (m), 2918 (M),
2868 (m), 1603 (m), 1578 (m), 1480 (s), 1436 (s), 1279 (m), 1160
(sh), 1142 (sh), 1118 (sh), 1093 (s), 1029 (m), 998 (m), 948 (s, B;CH
843 (m), 741 (s), 730 (s), 703 (s), 692 (s), 611 (m), 514 (s), 478 (M),
446 cnt! (m). MS (FAB) [m/z (%)]: 794 (4) [M]*, 717 (100)
[triphosCoCl}, 682 (10) [triphosCo], 640 (3) [triphos+ O]*, 547
(14) [triphos— Ph]t. CV (CH.Cly): E, = —835 mV (irr), E, (reverse
scan) = 35 mV, E, = 920 mV (irr). Anal. Calcd for
CssHesPsCoCIB-1CH,Cl: C, 69.10; H, 5.88; P, 10.33; CI, 8.87.
Found: C, 69.13; H, 6.13; P, 10.23; ClI, 8.66.
[1,1,1-Tris((diphenylphosphino)methyl)ethane](ammine)cobalt-
() Chloride Tetraphenylborate [9(BPh4)]. To a THF solution (20
mL) of 2 (1 mmol) was added 5 mL of a THF solution saturated with
gaseous ammonia (direct bubbling of ammonia into the THF solution
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1029 (m), 998 (m), 839 (m), 740 (sh), 733 (s), 702 (s), 693 (sh), 611
(m), 515 (s), 481 (m). IR (CKCly): » = 3356, 3346, 3336, 3263,
3215 cnt (m, N—H). MS (FAB) [m/z (%)]: 717 (100) [triph-
0sCoClJ, 699 (11) [triphosCot O]*, 683 (34) [triphosCo], 672 (5)
[triphos + 30]*, 656 (20) [triphost+ 20]", 640 (4) [triphos+ O]*,

579 (9) [triphos— Ph+ 20]*, 563 (5) [triphos— Ph+ O]*, 547 (13)
[triphos— Ph]". CV (CH.Cly): E,= —720 mV (irr), E, (reverse scan)

= 35 mV, E, = 880 mV (irr), E, (reverse scany 260 mV. Anal.
Calcd for GsHes2NPsCoCIB: C, 73.98; H, 5.92; N, 1.33; P, 8.80; ClI,
3.36. Found: C, 72.73; H, 6.27; N, 1.07; P, 8.76; Cl, 3.69.

[1,1,1-Tris((diphenylphosphino)methyl)ethane](acetonitrile)cobalt-

(I1) Chloride Tetraphenylborate [10(BPhy4)]. To a THF solution (20
mL) of 2 (1 mmol) was added 5 mL of acetonitrile. No color change
was observed. The reaction was initiated by the addition of solid
NaBPh (342 mg, 1 mmol) resulting in a color change from blue to
orange-brown. After removal of solvent the brown solid residue was
taken up in CHCI,, filtered through 5 cm of Kieselguhr, and dried.
Yield: 70% (of the CHCI, solvate). Vapor diffusion of EO into a
CHsCN solution of the complex afforded orange crystals of the;CH
CN solvate suitable for X-ray crystallographic analysis. Recrystalli-
zation from CHCI/Et;O yielded only crystals of the Gigl, solvate

of 1(BPhy),. Mp: 160-167°C (dec). IR (Csl):% = 3056 (m), 2984
(m), 2290 (w, CN), 1603 (w), 1578 (m), 1484 (s), 1436 (s), 1185 (m),
1137 (m), 1121 (m), 1093 (s), 1068 (m), 1029 (m), 998 (m), 843 (m),
745 (sh), 735 (s), 705 (s), 697 (sh), 611 (m), 513 (s), 481 (m), 450
cmt (w). MS (FAB) [m/z(%)]: 717 (100) [triphosCoClH], 699 (32)
[triphosCo+ O]*, 683 (58) [triphosCd], 672 (88) [triphos+ 30]*,

656 (48) [triphost 20]*, 640 (6) [triphost+ O]*, 624 (10) [triphosT,

595 (8) [triphos— Ph+ 30]", 579 (18) [triphos— Ph + 20]*, 563
(14) [triphos— Ph+ O]J*, 547 (20) [triphos— Ph}". CV (CH.Cl,):

E, = —180 mV (irr), E, (reverse scany 20 mV, E, = 880 mV (irr),

Ep, (reverse scany 320 mV. Anal. Calcd for GHgs:NP:CoCIB:-
1CHCI,: C, 70.15; H, 5.54; N, 1.20; P, 7.98. Found: C, 70.63; H,
5.54; N, 0.82; P, 8.08 (the low N value measured might be due to loss
of CHiCN).

[1,1,1-Tris((diphenylphosphino)methyl)ethane]cobalt(l) Chloride

(11). To a THF solution (20 mL) o2 (1 mmol) was added a solution
of BHz* THF in THF (1 M, 3 mL) resulting in a color change from
blue to green. After 10 mL of EtOH was added and the solution was
stirred for 15 min yellowl 1 started to precipitate. The microcrystalline,
highly air-sensitive powder was separated by filtration, washed with
EtOH and E4O, and dried in vacuo. Yield: 33%. Orange crystals
suitable for X-ray crystallographic analysis were obtained by vapor
diffusion of EtO into a THF solution of the complex. Mp: 1670
°C (dec). IR (Csl):# = 3052 (m), 2953 (m), 1603 (m), 1585 (m),
1480 (m), 1452 (w), 1436 (s), 1185 (m), 1153 (w), 1117 (sh), 1094
(s), 1072 (w), 1023 (m), 998 (m), 833 (m), 746 (sh), 736 (s), 706 (sh),
696 (s), 615 (w), 514 (s), 478 (m), 463 tn(w). MS (FAB) [m/z
(%)]: 749 (5) [triphosCoCH- 201", 733 (20) [triphosCoCH- O],
717 (5) [triphosCoCl}, 699 (18) [triphosCot O], 683 (28) [triph-
osCofl", 672 (80) [triphost+ 30]*, 656 (100) [triphost 20]*, 640 (8)
[triphos+ Q]t, 595 (8) [triphos— Ph+ 307", 579 (30) [triphos— Ph
+ 2Q]*, 563 (27) [triphos— Ph+ O]*, 547 (4) [triphos— Ph]". CV
(CHxCL,): Ep = 67 mV (irr), E, (reverse scanyF —175 mV, Eyp =
760 mV (grev),Ei> = 980 mV (grev). Anal. Calcd for GHsgPs-
CoCl: C, 68.48; H, 5.47. Found: C, 67.78; H, 5.56.

[1,1,1-Tris((diphenylphosphino)methyl)ethane]cobalt(l1l) Dichlo-
ride Tetrachloroborate [12(BCl,)]. A solution of (4,5-methylene-
dioxy-catecholato)[1,1,1-tris((diphenylphosphino)methyl)ethane]cobalt-
(I tetrafluoroborate (922 mg, 1 mmol) or (catecholato)[1,1,1-
tris((diphenylphosphino)methyl)ethane]cobalt(l1l) tetrafluoroborate (878

of 3 leads to decomposition). No color change was observed. The mg, 1 mmol) in CHCI, (20 mL) was added dropwise to a freshly

reaction was initiated by the addition of solid NaBR842 mg, 1 mmol)
resulting in a color change from blue to orange-brown. After removal
of solvent the brown solid residue was taken up in,Chland filtered
through 5 cm of Kieselguhr. Yield: 85%. Vapor diffusion of,6t
THF mixtures saturated with NHnto a CHCI, solution of the complex
afforded small orange needles suitable for X-ray crystallographic
analysis. Recrystallization from GBI/Et,O or THF/EtO yielded only
crystals of the corresponding solvatesl@®Ph),. Mp: 155°C (dec).

IR (Csl): » = 3359 (w), 3347 (w), 3321 (w), 3248 (m), 3197 (w)
(N—H), 3056 (m), 2999 (m), 2981 (m), 2918 (m), 1606 (m), 1582 (m),

1480 (s), 1435 (s), 1262 (s), 1160 (sh), 1146 (m), 1118 (m), 1093 (s),

prepared solution of 2 mL of B€in CH,Cl, (10 mL) at—60 °C. The
color immediately changed from blue to brown-green. After the mixture
was stirred for 15 min at-60 °C it was allowed to warm to room
temperature. Excess B{bas removed in vacuo, and the solution was
concentrated to 15 mL. Overlayering the solution withCEyielded
dark green cubic shaped crystalsI®BCl,). Yield: 15-20%. Mp:
200°C (dec). IR (Csl): ¥ = 3064 (m), 1607 (w)~1500 (br), 1484
(m), 1436 (s), 1194 (m), 1165 (m), 1089 (m), 1048 (w), 1000 (m), 882
(m), 857 (m), 740 (s), 689 (s), 540 (m), 510 (s), 484 (m), 458'cm
(w). MS (FAB) [m/z (%)]: 717 (100) [triphosCoCl], 683 (22)
[triphosCo]", 672 (19) [triphos+ 30]", 656 (45) [triphos+ 20]*,
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Table 1. Crystallographic Data fot(BPhy),, 3, 1(Zn.Cls), 1(CoCkTHF),, 4, and5

1(BPhy)2-Et,O 3-0.2E:0 1(Zn,Clg):CH,Cl, 1(CoCkTHF),+1.5THF 4 5:0.8CHCl;
formula (WithOUt solvates) ﬁdﬁllgpac(}zclsz C41H39P3COC|2 ngH73P6C()zclgzn2 CgoH94P5CO40|302 C27H25P2COC|2 C41H39P3C0FeCh
M; (without solvates) 2076.6 754.5 1781.6 1912.9 542.3 881.3
cryst size/mm 0.3k 0.30x 0.30 0.10x 0.10x 0.40 0.30x 0.20x 0.20 0.40x 0.40x 0.30 0.50x 0.40x 0.30 0.30x 0.30x 0.30
cryst system monoclinic hexagonal triclinic triclinic monoclinic monoclinic
z 4 6 1 1 4 4
space group (No.) C2/c (15) P6, (169) P1(2) P1(2) P2,/c (14) P2:/n (14)
alA 23.808(3) 20.015(4) 12.782(1) 13.059(1) 15.075(2) 12.808(1)
b/A 16.544(4) 20.015(4) 12.819(1) 13.796(1) 11.129(3) 19.632(2)
c/A 30.260(4) 16.516(5) 13.943(1) 14.526(1) 15.249(2) 17.038(2)
o/deg 90.00(0) 90.00(0) 79.76(1) 105.18(1) 90.00(0) 90.00(0)
pldeg 76.94(1) 90.00(0) 71.41(1) 98.34(1) 89.39(1) 92.13(1)
yldeg 90.00(0) 120.00(0) 81.90(1) 105.93(1) 90.00(0) 90.00(0)
VIA3 11 611(4) 5730(2) 2122.2(3) 2361.4(3) 2558.2(8) 4281.2(7)
o(calcd)/g cn3 1.225 1.334 1.527 1.407 1.408 1.470
TIK 200 200 200 200 200 200
20 range/deg 3.850.0 3.4-49.0 4.2-50.0 4.754.0 4.5-50.4 4.1-48.0
scan speed/deg mih @ =10.0 ®=8.0 =120 =110 o =14.0 @ =12.0
no. rfins measd 10488 9217 7826 10621 4685 7039
no. unique rifns 10224 3906 7463 10161 4502 6710
no. reflns obsd 6894 2646 5661 8128 3682 4332
obsd criterion I > 2a(l) 1> 20(l) 1> 20(1) I > 20(l) 1 > 20(l) 1> 20(l)
no. of params 678 371 507 749 291 524
Ru/%2 6.5 7.6 4.1 4.7 5.2 6.6
R./% (refinement orF2)P  20.2 18.9 9.1 13.9 13.8 16.7

aRy = Y||Fol — |Fell/3|Fol. ° Ry = [IW(Fo2 — FA¥IW(F2)?3 %5 wherew = weighting factor.

640 (30) [triphost+ O], 624 (21) [triphos], 579 (11) [triphos— Ph
+ 20]*, 563 (28) [triphos— Ph+ O]*, 547 (88) [triphos— Ph]". CV
(CHCl,): Eyp =340 mV (rev. Red.)E, = —1150 mV (irr),E, (reverse
scan)= 0 mV. H-NMR (CD.Cl,): 2.13 (bs, 3 H, €l3), 2.66 (bs, 6
H, CHy), 7.1-7.5 (m, 30 H, Gla). 3'P-NMR (CD,CLy): 26.6 (s).**C-
NMR (CD.Cl): 32.3 (m,CHs), 36.6 (m,CHy), 40.3 (s, G), 129.4,
132.5, 133.8, 138.3 (€a). 'B-NMR (CD,Cly): 7.0 (s,BCls). Anal.
Calcd for G;HzoP;CoCEB-0.5CHCl,: C, 52.49; H, 4.25. Found: C,
52.28; H, 4.51.

[1,1,1-Tris((diphenylphosphino)methyl)ethane]cobalt(lll) Dichlo-
ride Tetrafluoroborate [12(BF,)]. A solution of (CpFe)(BF) (248
mg, 0.9 mmol) in CHCI, (20 mL) was added at once to a solution of
3 (12 mmol) in CHCl> (20 mL). The color changed from red to green.
Additional (CpFe)(BF) dissolved in CHCI, was added until the UV/
vis spectrum showed the absence of unrea8ted’he solvent was
evaporated and the solid green residue extracted wih E20 mL)
until the EtO was colorless (68x). The green powder was dissolved
in a small amount of CkCl,, precipitated by addition of ED (3x),
and finally dried in vacuo. Yield: 92%. Mp: 215%C (dec). IR
(Csl): # = 3062 (m), 1606 (w), 1584 (w), 1573 (w), 1483 (m), 1434
(s), 1193 (m), 1162 (m), 1088 (s), 1059 (br), 999 (m), 834 (m), 740
(s), 692 (s), 510 (s), 475 cth(m). MS (FAB) [m/z(%)]: 753 (19)
[M]*, 734 (15) [triphosCoCH- O] 717 (100) [triphosCoCl], 683 (8)
[triphosCo]", 672 (8) [triphos+ 30]", 656 (19) [triphost+ 20]", 640
(12) [triphos+ O]*, 579 (6) [triphos— Ph+ 20]", 563 (12) [triphos
— Ph+ O], 547 (33) [triphos— Ph}". CV (CH,CL,): Ei,= 340 mV
(rev reduction). *H-NMR (CD;Cl,): 2.10 (bs, 3 H, €l3), 2.65 (bs, 6
H, CHp), 7.1-7.5 (m, 30 H, Ga). *P-NMR (CD,Cly): 27.0 (s).°C-
NMR (CD,Cl;): 32.1 (m,CHg), 35.6 (m,CH>), 40.0 (s, G), 130-138
(Ca). '™B-NMR (CD,Cly): —0.1 (s, BFs). Anal. Calcd for
C41H3oPsCoCLBF4-0.5CH,Cl,: C, 56.40; H, 4.56; P, 10.51. Found:
C, 56.83; H, 5.00; P, 10.26.

Physical Measurements.All manipulations were carried out under

melting points are not corrected. Cyclic voltammetry: Metrohm
“Universal Mess- und Titriergé&s”, Metrohm GC electrode RDE 628,
platinum electrode, SCE electrode, Princeton Applied Research poten-
tiostat Model 273, 1 M in 0.1 M nBus;NPR/CH.Cl,. Magnetic
measurements: (a) Faraday balance, Bruker electromagnet B-E 15 C8,
Bruker field controler B-H 15, Sartorius vacuum-microbalance M 25
D-S, Oxford temperature control unit ITC-4, Oxford He-evaporator
cryostat CF 1200, calibration with je(CN)]; (b) Evans method,
calibration with diphenylpicrylhydrazyl (DPPH3}. Molecular weight
determinations: Knauer vapor-pressure osmometer No. 7311100000,
calibration with benzil. Conductance measurements: Schott conductiv-
ity bridge CG 855 in ca. 1¢ M solutions.

Crystallographic Structure Determinations. The measurements
were carried out on a Siemens P4 (Nicolet Syntex) R3m/v four-circle
diffractometer with graphite-monochromated M@ radiation. All
calculations were performed using the SHELXT PLUS software
package. Structures were solved by direct methods with the SHELXS-
86 program and refined with the SHELX93 progr&mAn absorption
correction (¢ scan,Ay = 10°) was applied to all data. Atomic
coordinates and anisotropic thermal parameters of the non-hydrogen
atoms were refined by full-matrix least-squares calculation. Tables 1
and 2 compile the data for the structure determinations. Tables
containing a full listing of atom positions, anisotropic displacement
parameters, and hydrogen atom locations are available as Supporting
Information.

Results And Discussion

Cobalt(ll) chloride reacts with triphos and NaBf alcohol/
methylene chloride or alcohol/THF (Scheme 1, left pathway)
under inert gas to give red-brown crystals with the empirical
formula [(triphos)CoCl](BPE)-x (solvent)? This compound was
assigned a dinuclear structure with two bridging chloride ions

an inert atmosphere by means of standard Schlenk techniques. Allon the basis of reflectance spectra and magnetic behavVice.

solvents were dried by standard methods and distilled under inert gas.

NMR: Bruker AC 200 at 200.13 MHZ*{), 50.323 MHz {3C{H}),
81.015 MHz §P{H}), 64.210 MHz t*B{H}); chemical shifts ) in

ppm with respect to CELl, (*H, 6 = 5.32;13C, 6 = 53.5) as internal
standard, to BPQ, (3'P, 6 = 0), and to BR-OE%L (!B, d = 0) as external
standards. IR: Bruker FTIR IFS-66, as Csl disks. UV/vis/NIR:
Perkin-Elmer Lambda 19, Oxford temperature control unit ITC-4,
Oxford cryostat DN-1704. MS (FAB): Finnigan MAT 8230, 4-nitro-
benzyl alcohol matrix. EPR: Bruker ESP 300 E, X-band, standard
cavity ER 4102, temperature control unit Eurotherm B-VT 2000,
external standard diphenylpicrylhydrazyl (DPPH). Elemental analy-
ses: microanalytical laboratory of the Organisch-Chemisches Institut,
University of Heidelberg. Melting points: Gallenkamp MFB-595 010,

assignment of a doubly bridged structure is now confirmed by
an X-ray structure determination of the-8tsolvate ofl(BPhy),
(Figure 1). The presence of these dinuclear species also in
solution is corroborated by the high conductivity of those
solutions and the similarity of the solution- and solid-state
electronic spectra (Tables 3 and 4).

(12) (a) Evans, D. FJ. Chem. Soc1959 2003. (b) Crawford, T. H.;
Swanson, JJ. Chem. Educl971, 48, 382.

(13) (a) Sheldrick, G. M. SHELXS 86, Program for Crystal Structure
Solution, University of Gtiingen, 1986. (b) Sheldrick, G. M. SHELXL
93, Program for Crystal Structure Refinement, University oftiGgen,
1993.



Complexes of Cobalt(ll) Chloride with triphos

Table 2. Crystallographic Data fo6, 8(BPh), 9(BPh), 10(BPhy), 11, and
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12(BCl,)

6-CH.Cl; 8(BPhy)-CH.Cl, 9(BPhy)-CH,Cl,  10(BPhy)-2 CHsCN 11 12BCly)-1/4CH.Cl,
formula (WithOUt solvates) @H39P3COZC|4 ngHegpacoclB C55H52P3COC|NB C57H52P3(:OC|NB Q1H39P3COC| Q1H39P3COCbB
M (without solvates) 884.4 1114.4 1055.3 1079.4 719.1 907.1
cryst size/mm 0.4k 0.30x 0.30 0.40x 0.40x 0.40 0.20x 0.10x 0.10 0.50x 0.40x 0.30 0.20x 0.30x 0.30 0.40x 0.40x 0.40
cryst system monoclinic monoclinic triclinic triclinic orthorhombic orthorhombic
z 4 4 2 2 4 16
space group (No.) P2,/n (14) P2,/c (14) P1(2) P1(2) Pna2; (33) Iba2 (45)
alA 12.768(2) 10.158(5) 9.661(1) 12.308(3) 20.723(6) 23.452(4)
b/A 19.657(2) 18.16(1) 15.635(2) 16.249(5) 10.274(4) 23.483(4)
c/A 16.983(2) 33.22(2) 19.562(2) 17.302(4) 16.871(4) 33.697(7)
o/deg 90.00(0) 90.00(0) 85.94(1) 65.57(2) 90.00(0) 90.00(0)
pldeg 92.11(1) 82.87(4) 83.11(1) 72.27(2) 90.00(0) 90.00(0)
yldeg 90.00(0) 90.00(0) 73.61(1) 81.95(2) 90.00(0) 90.00(0)
VIA3 4259.5(9) 6081(6) 2812.2(5) 3000(1) 3592(2) 18 558(6)
p(calcd)/g cnm3 1.508 1.308 1.347 1.285 1.330 1.340
TIK 200 200 200 200 200 200
26 range/deg 4148.0 4.3-51.0 4.2-50.0 4.6-52.0 3.9-47.0 4.1-51.8
scan speed/deg mih @ =13.0 @ =14.0 @ =9.0 w»=11.0 8.0< @ < 60.0 @ =10.0
no. rfins measd 7017 11729 10 559 12 055 2756 30 309
no. unique rlfns 6687 11143 9917 11 490 2756 14611
no. reflns obsd 4888 7970 6129 9317 2290 14 157
obsd criterion I > 20(l) 1> 20(l) 1> 20(l) I > 2a(l) I > 20(l) 1> 20(l)
no. of params 492 717 694 893 347 989
Ru/9%2 5.1 55 6.0 4.1 4.8 6.5
Ru/% (refinement orF?)P  13.8 14.5 12.8 10.8 13.7 20.0
AR = J||Fo| = |Fell/T|Fol. ° Ry = [IW(Fo? — FAHyW(F2)3 %% wherew = weighting factor.
Scheme 1. Reaction of triphos with CoGl
PPh,
X + CoCl,
Ph,P PPh,
+ NaBPh, THF
CH,CI,/ ROH
T2+
PhaP. Cl PPh, blue solution
PPN/ N\
/Co\ /Coi PPh, (BPh,),
Ph,P Cl PPh,
red 1-(BPh,), red solid

Figure 1. ZORTEP view of the cation of(BPhy),.4>

In the absence of NaBRlthe reaction of CoGlwith triphos
in THF initially yields a darkblue solution which on evaporation
of the solvent gives aed microcrystalline material of the
empirical formula [(triphos)CoG] (Scheme 1, right pathway).
Redissolving the red compound in THF again forms a blue
solution; using methylene chloride instead of THF gives a red
solution which on adding THF turns blue. The procedure of
dissolving and evaporating can be performed several times,
always restoring the blue or red color, respectively. As both
solutions (the blue THF and the red gH, solution) are
nonconducting the possibility of ionic species in either of these
can be ruled out. The electronic (ligand-field transition around

1000 nm) and the EPR spectra of the red species are very similar

to those of the dinuclea®* cation; therefore a similar ligand
field (3 x P, 2 x CI) must be present in the red species. This
geometric arrangement was confirmed by an X-ray structure

determination (Figure 2). The red compouBds indeed a
mononuclear five-coordinate cobalt complextwa 3 P/2 ClI
donor set. The magnetic behavior, EPR, and UV/vis data are
consistent with the formulation of a low-spin C@omplex
(Tables 3 and 43¢

As all attempts to isolate the blue specias a solid were
unsuccessful, the properties@fvere studied in solution. The
solution magnetic moment at 295 K studied by the method of
Evand? is 4.0 ug per cobalt, corresponding to three unpaired
electrons per cobalt ion. A spectrophotometric titration of
triphos with CoC} in THF gives a sharp end point corresponding
to a 1:1 triphos/CoGlratio identical to that of3. Dilution
studies in THF (1.5612.5 mM) show no deviation from Beer’s
law thereby excluding the formation of dimers or oligomers.
Also the molecular mass determined osmometrically in THF
corresponds to a mononuclear species (found 4780 g moi,

(14) (a) Sacconi, L.; Mani, FTransition Met. Chem(N.Y.) 1982 8, 179.
(b) Sernau, V.; Huttner, G.; Fritz, M.; Janssen, B.icBoer, M.;
Emmerich, C.; Walter, O.; Zsolnai, L.; @auer, D.; Seitz, TZ.
Naturforsch.1995 50h, 1638. (c) Heinze, K.; Mann, S.; Huttner, G.;
Zsolnai, L.Chem. Ber1996 129, 1115. (d) Koner, V.; Asam, A.;
Huttner, G.; Zsolnai, L.; Behner, M.Z. Naturforsch1994 49h, 1183.
(e) Asam, A.; Janssen, B.; Huttner, G.; Zsolnai, L.; Walter,Z0.
Naturforsch.1993 48h, 1707. (f) Vogel, S.; Huttner, G.; Zsolnai, L.;
Emmerich, CZ. Naturforsch.1993 48b, 353.
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Table 3. Conductivity, Magnetic, and EPR Data
compd Am (S cn? mol™?) tert (us), 295 K EPR, 295 K EPR, 100 K
1(BPhy), 47 2.3d 2.13(23), 2.11 (34) 2.11 (63,52
2.4e.d43
1(PRy)2 512 2.3d 2.13(23), 2.11 (34) 2.11 (63,52
2 <1b 4.0
3 <1a 2.3 2.13(23), 2.11 (34) 2.11 (63, 52
2.1
4 <1b 4.2
1(Zn;Clg) 52 2.54d 2.13 (23), 2.11 (34) 2.11 (63, 52
5 12 5.4 weak, broad feature weak, broad featube
6 insoluble 5.0d insoluble insoluble
8(BPhy) 28 2.00 2.13(23), 2.10 (29) 2.07 (29, 20)
9(BPhy) 35 2.12 2.12 (23), 2.10 (29) 2.09 (30, 23)
10(BPhy) 34 2.00 2.13(23), 2.10 (29) 2.08 (30, 35)
11 <]a 3.
12(BFy) 2%

a CH,Cl,. P THF. ¢ Solid.  Moment per dinuclear unit g-values; resolved\c, (G) in parenthese$Averageg-values.

Table 4. Absorption Maxima and Extinction Coefficients

compd Amax(NM) (€ (L mol~t cm™1))
1(BPh), 506 (2115), 1018 (815)
500, 649, (sh), 1006
1(PR)2 505 (1875), 1011 (785)
2 591 (590), 640 (370), 738 (470), 1156 (125, br),
1387 (110, b
590 (520), 639 (320), 740 (425), 1092 (130, br),
1409 (100, bn
3 482 (430), 584 (395), 642 (200, sh), 729 (215),
948 (260}
475 (848), 553 (675), 945 (685)
4 591 (775), 636 (510), 728 (590), 1197 (125, br),
1395 (140, b
584 (510), 635 (360), 735 (360), 866 (25), 1195 (80),
1390 (100Y
1(Zn,Cl) 494 (920), 582 (780, sh), 642 (330, sh), 685 (300, sh),
728 (400), 979 (6206)
5 493 (1190), 578 (790, sh), 641 (450), 725 (390),
984 (570}
6 500 (1180), 566 (780, sh), 682 (750), 729 (780),
1000 (6903
7(BPh) 649 (969), 1183 (206}¢
8(BPh) 433 (1050), 734 (652), 1306 (80, br)
433 (890), 736 (620), 1305 (70, Br)
9(BPhy) 449 (720), 500 (430, sh), 787 (500), 1185 (1152 br)
10(BPhy) 450 (470), 564 (190, sh), 808 (350), 1175 (90)
11 530 (120, sh), 826 (150), 1131 (430), 1224 (450)
12(BCly) 436 (3100, sh), 637 (740), 664 (650, sh), 695 (470 sh)
625!
12(BF,) 451 (2280, sh), 625 (767 Br)

a CH,Cl,. P THF. ¢ Benzened Solid. ¢ 178 K. © 1,2-Dichloroethane.

Figure 2. ZORTEP view 0f3.4

calcd for [(triphos)CoGlJ, 754 g moi1). Adding chloride ions

in the form of (PhP)CI (100-fold excess) does not change the
UV/vis spectrum so the dissociation of chloride was also ruled
out. Inthe 506-700 nm region the electronic spectrum exhibits
the characteristic multicomponent band associated withAhe

— 4T, transition in tetrahedral or pseudotetrahedral" Co
complexed?® This prompted us to compare the electronic
spectrum of the blue solution with the spectrum of the known
pseudotetrahedral (dppp)CeGtomplex4 [dppp = 1,3-bis-
((diphenylphosphino))propane, (PIRIEH,):(PPh)] (Table 4)16

Figure 3. ZORTEP view of4.45

T T T T
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Figure 4. Changes in the optical spectrum of a THF solution2of
upon cooling.

The four-coordination id is unambigously confirmed by an
X-ray structural analysis (Figure 3). Its electronic spectrum is
almost superimposable with that of the blue spe@i¢Sable
4). Similar spectra were observed with multidentate phosphine
ligands and CoG| these were also interpreted in terms of a 2
P/2 Cl donor set around &37 This observation together with
the above mentioned facts leaves only one interpretation: The
blue specieg is a four-coordinate, mononuclear, nonionic, high-
spin [(triphos)CH8CI,] complex with one dangling phosphorus
donor arm (Scheme 2). The triphos ligand acting as a bidentate
ligand has been observed previously in%f(riphos)Ni']'8 and
[(y%-triphos)Ré complexest® Phosphane arm-off reactions
have been observed to occur in octahedral [(tripho$]Rh

(15) (a) Cotton, F. A.; Goodgame, M. Am. Chem. Sod.961, 83, 1777.
(b) Cotton, F. A.; Goodgame, D. M. L.; Goodgame, M.; SaccoJ A.
Am. Chem. Socl961, 83 4157. (c) Cotton, F. A.; Faut, O. D.;
Goodgame, D. M. L.; Holm, R. HI. Am. Chem. Sod961, 83, 1780.
(d) Cotton, F. A.; Goodgame, D. M. L.; Goodgame, MAm. Chem.
Soc.1961 83, 4690. (e) Cotton, F. A.; Holm, R. HI. Chem. Phys.
1959 31, 788. (f) Goodgame, D. M. L.; Goodgame, Morg. Chem.
1965 4, 139. (g) Holm, R. H.; Cotton, F. Al. Chem. Physl96Q 32,
1168. (h) Bressan, M.; Corain, B.; Rigo, P.; Turco,lAorg. Chem.
197Q 9, 1733.

(16) Horrocks, W. D., Jr.; Van Hecke, G. R.; Hall, D. Dworg. Chem.
1967, 6, 694.

(17) (a) Ellermann, J.; Gruber, W. E. Anorg. Allg. Chem197Q 364,
55. (b) Bianchini, C.; Meli, A.; Orlandini, A.; Sacconi, LJ.
Organomet. Cheml981, 209, 219.
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Scheme 2. Solution Equilibrium of the Isomer2 and3 wing [T T T T T
thp\ /Cl 45 _ ]
Co blue 40 |
N I
Ph,P Ph,P Cl 35 | i
2 L S
| A
25 .
Ph,P Cl . ]
php 20
Co red
php” T ]
2 3 Cl r

180 200 220 240 260 280 300

complexe¥® and have been proposed in catalytic cycles and
stoichiometric reactions involving triphos complexes of R,
and RA'21

Spin-Crossover Equilibrium. Cooling a solution of2 in

THF results in a reversible color change from blue over violet spectroscopic experiment.

to red suggesting that the isomeric compgis formed. The

T/K
Figure 5. Magnetic moment of in THF (@, cooling; O, heating).

excellent agreement with the results obtained from the UV/vis
The entropy change usually is
interpreted as originating from the change of spin-multiplicity

color change can be monitored by UV/vis spectroscopy (Figure and the change of vibrational freedom. The spin-only term
4). The absorption bands of the blue compkat 591, 640, AS;pin (neglecting orbital contributions) for @a@ompounds$
and 738 nm gradually decrease while simultaneously the bands= 3/, — S = %/,) is evaluated as-5.8 J mol! K=122 The
of the red specie8 at 553 and 945 nm gain intensity. The approximately 15 times larger entropy variation in the present
observation of three isosbestic points at 582, 770, and 1256 nmspin-crossover system is certainly largely due to the dramatic
shows that the color change is associated with a simple loss of rotational and vibrational degrees of freedom of the

equilibrium between two species without accumulation of a
long-living intermediate (Scheme 2).
Additionally the spectra recorded at the extremes of the

coordinated phosphorus arm of the triphos ligan8.irEntropy
variations in C8 spin-crossover systems without detaching
ligand arms lie in the range of6 to —30 J moil K1

temperature range studied do not show large changes so thénthalpic changes in the order efl to —7 kJ mol! were found

reaction appears to be almost complete within 160 K. From

simple simulations of the electronic spectra at various temper-

in spin-crossover compounds without ligand dissociatforn14
to —17 kJ mof* were measured in systems with nitrogen donor

atures the corresponding equilibrium concentrations of the two atom dissociatiod* The AH value of —20 kJ mof? in the

complexes2 and 3 are estimated. The analysis of this

present system therefore additionally supports the dissociative

temperature dependence yields the following thermodynamic process involving one phosphorus arm of the triphos ligand.

parameters for the reactidh— 3 depicted in Scheme 2AH
= —194+ 4 kJ mol!, AS= -84 4 8 Jmolt K~1. The quite
large errors are due to the inaccuracy of the simulation
procedure.

As the two isomers do not only differ in their optical

The equilibrium (Scheme 2) is not only influenced by
temperature but also by the choice of solvent. A methylene
chloride solutiof® at room temperature appears red suggesting
the sole existence @&. In fact the UV/vis spectrum shows a
mixture of both isomers (Table 4) and the magnetic moment in

properties but also in their spin-state, the isomerization can alsoCH,Cl, (Table 3) is somewhat higher than expected for Bire
be followed by measuring the solution magnetic moment at A similar UV/vis spectrum is observed in ethanol and CEICI
different temperatures (Figure 5). The magnetic moment of 4.0 Benzene, toluene, acetone, and dioxane yield blue solutions at

ue at 318 K gradually drops to 245 at 178 K (Figure 5). This
variation of the magnetic moment is reversible (Figure 5: filled
and hollow circles, respectively). The analysis of the temper-
ature dependence is based on the expression

_o(d) _ et —#(2)°
@ ud?~ pert

with u(2) = 4.1 ug andu(3) = 1.9 ug yielding AH = —21 +
3 kJ molt and AS = —85 £+ 6 J mol! K=1, which is in

(18) (a) Blake, A. J.; Gould, R. O.; Halcrow, M. A.; ScCldler, M.J. Chem.
Soc. Dalton Trans1993 2909. (b) Bianchini, C.; Meli, A.; Scapacci,
G. Organometallics1985 4, 264. (c) Reinhard, G.; Soltek, R.; Huttner,
G.; Barth, A.; Walter, O.; Zsolnai, LChem. Ber1996 129, 97.

(19) Lin, S. C.; Cheng, C. P.; Lee, T.-Y.; Lee, T.-J.; Peng, S.Adta
Crystallogr. 1986 C42 1733.

(20) Brandt, K.; Sheldrick, W. SChem. Ber1996 129, 1199.

(21) (a) Hauger, B. E.; Huffman, J. C.; Caulton, K. Grganometallics
1996 15, 1856. (b) Siegl, W. O.; Lapporte, S. J.; Collman, Jirerg.
Chem.1971, 10, 2158. (c) Ott, J.; Venanzi, L. M.; Ghilardi, C. A;;
Midollini, S.; Orlandini, A.J. Organomet. Chenl985 291, 89. (d)
Thaler, E. G.; Folting, K.; Caulton, K. GI. Am. Chem. Sod.99Q
112 2664. (e) Johnston, G. G.; Baird, M. @. Chem. Soc. Chem.
Commun.1989 1008. (f) Thaler, E. G.; Caulton, K. Grganome-
tallics 1990 9, 1871. (g) Rauscher, D. J.; Thaler, E. G.; Huffman, J.
C.; Caulton, K. G.Organometallics1991, 10, 2209.

room temperature, the red specsdseing present only in small
amounts. At present it is not clear why these solvents stabilize
either the red3) or the blue specie<).

Dimer/Monomer Conversion. The monomeric specie®
can easily be converted into the dinuclear comple9, by
adding chloride-abstracting reagents such as NaBRaPF,
or NaBF, (Scheme 3), involving a color change from blue to
red. The compound&(BPhy), (vide supra) andl(PFs), can
easily be isolated (see Experimental Section). Adding chloride
ions to solutions of eithet(BPhy), or 1(PF;), in THF in the

(22) Kahn, OMolecular MagnetismVCH Verlagsgesellschaft: Weinheim,
Germany, 1993.

(23) (a) Thuey, P.; Zarembowitch, Jinorg. Chem.1986 25, 2001. (b)
Zarembowitch, JNew J. Chem1992 16, 255. (c) Everett, G. W.;
Holm, R. H.J. Am. Chem. Sod.966 88, 2442. (d) Everett, G. W.;
Holm, R. H.Inorg. Chem1968 7, 776. (e) Wolny, J. A.; Rudolf, M.
F.; Ciunik, Z.; Gatner, K.; Wolowiec, Sl. Chem. Soc. Dalton Trans.
1993 1661.

(24) (a) Bianchini, A.; Calabresi, C.; Ghilardi, C. A.; Orioli, P. L.; Sacconi,
L. J. Chem. Soc., Dalton Tran973 1383. (b) Morassi, R.; Mani,
F.; Sacconi, L.Inorg. Chem.1973 12, 1246. (c) Gatteschi, D.;
Ghilardi, C. A.; Orlandini, A.; Sacconi, Linorg. Chem.1978 17,
3023. (d) Kelly, W. S. J.; Ford, G. H.; Nelson, S. M.Chem. Soc. A
1971, 388. (e) Dahlhoff, W. V.; Nelson, S. M. Chem. Soc. A971,
2184.

(25) Possible traces of HCI present in &b were removed by filtration
over basic alumina.
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Scheme 3. Conversions between the Mononuclear and
Dinuclear Specieg and 12*

Cl
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{
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form of their tetraphenylphosphonium or tetrabutylammonium
salts again restores the blue color®f So in addition to the
easy dissociation of one phosphorus donor atom one chloride
ion can be removed leading to the formation of highly
unsaturated 15 VE species [(triphos)CoGhhich dimerize in
order to gain stable 17 VE configurations (in the absence of
other potential ligands; vide infra).

Reaction with Lewis Acids. The products obtained by
reactions of2 with MCl, (M = Zn, Fe, Co) have all the same
empirical formula of [(triphos)CoMG], but their solid-state
structures depend on the Lewis acid strength of the metal
chloride employed and the isolation procedure, especially the
solvent used. The stronger Lewis acid Zp@bstracts one
chloride ion (presumably assisted by the coordination of the
dangling phosphane group of the triphos ligand prese} to

Scheme 4. Reaction of2 with Lewis Acids

Heinze et al.

give the reactive 15 VE species [(triphos)CoCiind a solvated
[ZnCI3(THF),]~ fragment (Scheme 4, left pathway). Both
fragments dimerize to give [(tripha€)o,Cl;]?" and (ZnClg)>.
The reaction is accompanied by a color change from kHhjie (
to red (the dinuclear comple¥?t). Crystals of the ChCl,
solvate of1(Zn,Clg) can be obtained by recrystallization from
CH.CI/Et,O (Tables 1 and 5). However, solutions of pure
1(zZn,Clg) in CH,CI, do not exhibit the expected conductivity
of a 2:2 electrolyte, the conductivity being much lower (Table
3). Additionally the UV/vis spectrum shows besides the
expected absorptions of the dinuclear catiéh(Table 4) bands
attributable to the blue, nonionic high-spin compougd
Therefore in solution several species must be present:
dication1?*, the uncharged red compl@(with bands overlap-
ping those ofl?"), its isomer2, and presumably a loosely bound
associate 08 and ZnCH(THF), (Scheme 4, left pathway).

In one attempt to recrystalliz8 from a THF solution, in
addition to a large amount &f(red needles) a few blue crystals
of 1(CoCkTHF), as a THF solvate were obtained (Scheme 4,
left pathway). Here-as in the case of Zngt-a chloride transfer
from the starting comple® to an additional CoGlfragment
has occurred to give the dimer [(tripheGp,Cl,]?* (12*) and
(CoCkLTHF)~ (Tables 1 and 5).

These observations prompted us to investigate the reaction
of 2 with other Lewis acids such as Fe@hd CoCj} in different
solvents (Scheme 4, right pathway). Cobalt dichloride precipi-
tates a violet solid of the empirical formula [(triphos}yCiy]

(6) from THF solutions o; iron dichloride yields a red solution
(5). Both compounds can be recrystallized from CH/Et,0.

The solid-state structures of both adducts are determined by
X-ray diffraction methods. As both crystals are isomorphous,
only the structure of the cobalt addu@) {s depicted in Figure

6. In both cases all three phosphorus atoms as well as two
chlorides are coordinated to the cobalt center. The additional

the

Ph,P /C'
\Co + MCI
RN ’
Ph,P Php”
‘THF
Ph,P. Cl —— MCl,-(THF),
_{thp\
Ph, P/ \

|

Ph,P

Ph P§ [ -
—ci|  [cl—MCl,(THF)]
‘{thp/

Ph,P PPh— | 2" Ph,P

{thPkc/ \Co } ‘{Ph p\ / \ /
PPh,
PhP/ \/ ™ ppr PhP/ \/ \
M =2Zn: 1:(Zn,Cly) M=Fe: 5

M = Co: 1-(CoCI;THF),

M=Co:6
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Figure 6. ZORTEP view of6.4

MCI, fragment b, M = Fe; 6, M = Co) is coordinated to the
two chlorides forming a dinuclear complex. The dinuclear

complexes can also be thought of as being composed of a

[(triphos)CoF" fragment and a chelating Mgt ion.32 Obvi-
ously the coordination of the Mglfragment at the [(triph-
0s)CoC}] fragment in the solid state (with CiEl, solvate
molecules) is favored over the chloride abstraction (to form
MCI42~ and [(triphos)Co,Cl;]2+, 12). In solution, however,
similar to the ZnCJ case also ionic species and'Quigh-spin
species must be present (as implied by conductivity and UV/
vis data, Tables 3 and 4). The solid-state structurésasfd6
might therefore be considered as “snapshots” or “frozen
transition state® of the chloride abstraction reaction which is
favored with ZnCJ, CoCh in THF, NaBPh, NaPF, and NaBEk
(vide supra).

Solid State Structures. Five-coordinate complexes with the
triphos ligand cannot adopt one of the possible ideal structures
of five-coordination, the square pyramid (S1,) or the trigonal
bipyramid (TBP, Dsy), owing to the ligand-imposed 90
P—M—P angles. But in most cases it is possible to assign a
distorted SP or TBP structufé. Additionally it is often
observed that in solution two species which only differ in their
stereochemistry exist or that in solution rapid equilibria between
these species occifie:14cd28 The two limiting stereochemistries
of a five-coordinate complex have been discovered in the solid
state for the [(dppelLoCl]SnCk complex (dppe= 1,2-bis-
((diphenylphosphino))ethandd. In the case of the centrosym-
metric dicationsl?" isolated as the (BR), the (ZnClg)?~, or
the (CoC4THF)~ salt a distorted SP structure with P2 in the
apical position is observed t{BPhy), (Figure 1) while distorted
TBP structures with P3 and CI1 in the apical positions are found
in 1(Zn,Clg) and 1(CoCkTHF), (Table 5). Neither the coun-
terions? nor the solvate molecules have short contacts with the
dications in the crystal lattice. It is concluded that both

structures represent local minima on the energy hypersurface

of the TBP/SP isomerization pathway supporting the previously
given interpretation of solution EPR spectra of [(triphosS)Ch
complexes which clearly show the presence of two
speciedde14cd.28 The dications also show small differences in
the planar Ce-ClI—Co—Cl ring system: The CtCo—Cl angle
increases on going fror(BPhy), to 1(Zn,Cle) or to 1(CoCk-
THF), while the Co-Cl—Co angle decreases resulting in smaller
Cor--Co distances irl(Zn,Clg) and 1(CoCkTHF), (Table 5).
The mononuclear low-spin compléx(Figure 2) exhibits a
distorted TBP geometry with P3 and CI1 occupying axial
coordination sites (Table 5). The €€l distances are signifi-
cantly shorter than those of the bridging chlorides found in the

(26) McAuliffe, C. A.; Godfrey, S. M.; Mackie, A. G.; Pritchard, R. G.
Angew. Chem1992 104, 932; Angew. Chem., Int. Ed. Engl992
31, 919.

(27) (a) Wood, J. SProg. Inorg. Chem1972 16, 227. (b) Furlani, C.
Coord. Chem. Re 1968 3, 141. (c) Orioli, P. L.Coord. Chem. Re
1971 6, 285. (d) Beyreuther, S.; Hunger, J.; Huttner, G.; Mann, S.;
Zsolnai, L.Chem. Ber1996 129 745.

(28) Korner, V.; Huttner, G.; Zsolnai, L.; Bthner, M.; Jacobi, A.; Guauer,
D. Chem. Ber1996 129, 1587.

(29) (a) Stalick, J. K.; Corfield, P. W. R.; Meek, D. W. Am. Chem. Soc.
1972 94, 6194. (b) Stalick, J. K.; Meek, D. W.. Chem. Soc. Chem.
Communl1972 630.

Inorganic Chemistry, Vol. 36, No. 24, 1995465

Table 5. Selected Bond Lengths (A) and Angles (deg) for
1(BPhy), 3, 4, 1(Zn,Cle), and1(CoCkTHF),

1(BPh), 3 4 AZnCle) L(CoCLTHF),
Col-P1 2.221(1) 2.256(4) 2.329(1) 2.282(1) 2.238(1)
Col-P2 2.312(1) 2.234(4) 2.352(1) 2.249(1) 2.292(1)
Col-P3 2.247(1) 2.196(4) 2.215(1) 2.223(1)
Col-Cl1 2.302(1) 2.252(3) 2.234(1) 2.296(1) 2.290(1)
Col-Cl2 2.296(1) 2.268(4) 2.216(1) 2.288(1) 2.294(1)
Col:+-Co2 3.52 3.46 3.47
P1-Col-P2 89.62(5) 96.3(1) 95.79(4) 95.64(4) 96.58(4)
P1-Col-P3  88.43(5) 89.1(1) 86.92(4) 86.47(4)
P2-Col-P3  93.86(5) 88.6(1) 89.57(4) 88.95(4)
P1-Col-Cl1 90.83(5) 94.5(1) 101.75(4) 93.97(4) 93.90(4)
P1-Col-Cl2 167.94(6) 134.6(2) 118.95(5) 149.22(4) 153.19(4)
P2-Col-Cl1 117.94(6) 91.2(2) 102.36(5) 97.90(4) 97.41(4)
P2-Col-Cl2 101.62(6) 129.0(2) 115.69(5) 115.14(4) 110.19(4)
P3-Col-Cl1 148.19(6) 176.4(2) 172.35(4) 173.53(4)
P3-Col-Cl2 95.09(5) 88.5(1) 93.34(4)  95.14(4)

Cl1-Col-Cl2 80.00(5) 88.8(1) 118.65(5) 82.01(4) 81.63(4)
Co1-Cl1—Co2 99.99(5) 97.99(4) 98.37(4)

dinuclear complexesl?t. Also the CHCo—Cl angle is
expanded ir8; both observations can be attributed to the strain
occurring in the Ce-Cl—Co—ClI ring system of the dinuclear
complexes.

Comparing the five-coordinate low-spin compl@xFigure
2) with the pseudotetrahedral high-spin compfefFigure 3)
shows that the CoeCl bond lengths arshorterin the high-
spin compound (Table 5) which is unexpected from electronic
considerations alone but can be rationalized in terms of the lower
coordination number of. The Co-P distances on the other
hand are 0.020.05 A larger in4 than in3 as expected. The
lower coordination number of also allows the C+Co—Cl
angle to expand from 89n 3to 119 in 4 (Table 5).

The heterodinuclear complexeS and 6 (Figure 6)
exhibit—analogous to th&%* dications—a Co—Cl—M—ClI four-
membered ring system which is planar in the dicatidfs
(angles between the two €Co—Cl planes: 180) but folded
in 5 and 6 (angles between the €Co—Cl and C--M—CI
plane: 162) resulting in a butterfly geometry. Also the angles
within the ring systems are different, the-@Co—Cl angle in5
and6 being larger and the GeCl—M angle (2", M = Co; 5,

M = Fe; 6, M = Co) being smaller. The distances between
the metal of the [(triphos)Co] fragment and the bridging chloride
remain almost constant in all dinuclear complexes (Tables 5
and 6). As the crystals & and6 are isomorphous (Tables 1
and 2), they do not differ in their overall geometry especially

(30) The (ZnClg)%2~ dianion of 1(Zn,Cle) consists of two edge-sharing
tetrahedra, essentially identical to previously reported hexachlorodiz-
incates. Relevant bond lengths (A) and angles (deg):—Z3i2 2.217-

(1), Zn1-CI3 2.208(1), Zn+Cl4 2.343(1), Zn+-Cl4A 2.335(1), ClI2-
Zn1-CI3 113.99(5), Cl2Zn1-Cl4 113.70(5), Cl2Zn1-CIl4A
110.64(5), ClI3-Zn1—-Cl4 113.82(5), CI3-Zn1-Cl4A 111.66(6),
Cl4—Zn1-CI4A 90.83(4). (a) Wilhelm, J. H.; Mier, U. Z. Natur-
forsch. 1989 44b 1037. (b) Bremer, J.; Wegner, R.; Krebs, B.
Anorg. Allg. Chem1995 621, 1123. (c) Bottomley, F.; Karslioglu,
S. Organometallics1992 11, 326. (d) Doxsee, K. M.; Hagadorn, J.
R.; Weakley, T. J. Rlnorg. Chem1994 33, 2600. (e) Cotton, F. A ;
Duraj, S. A.; Roth, W. Jlnorg. Chem1985 24, 913. (f) Bouma, R.

J.; Teuben, J. H.; Beukema, W. R.; Bansemer, R. L.; Huffman, J. C;
Caulton, K. G.Inorg. Chem1984 23, 2715. (g) Sekutowsky, D. G.;
Stucky, G. D.Inorg. Chem1975 14, 2192. The (CoGITHF)~ anion

of 1(CoCkTHF), is pseudotetrahedral, essentially identical to previ-
ously reported trichloro(tetrahydrofuran)cobaltates(ll). Relevant bond
lengths (A) and angles (deg): CegZI2 2.244(1), Co2CI3 2.242-
(1), Co2-Cl4 2.234(1), Co201 2.038(3), Cl2Co2—-CI3 114.82-
(7), Cl2—Co2-Cl4 110.53(5), Cl2Co02-01 103.5(1), CI3-Co2—
Cl4 118.40(7), CI3-C02-01 102.4(1), Cl4Co02-01 105.1(1). (a)
Fenske, D.; Ohmer, J.; Merzweiler, K. Naturforsch1987, 42b, 803.

(b) Fenske, D.; Hachgenei, J.; OhmerAdgew. Chenl985 97, 684;
Angew. Chem., Int. Ed. Engl985 24, 706. (c) Daing, M.; Gals,

H.; Uhlig, E.; Brodersen, K.; Dahlenburg, L.; Wolski, &Z. Anorg.
Allg. Chem.1992 614, 65. (d) Solari, E.; Corazza, F.; Floriani, C.;
Chiesi-Villa, A.; Guastini, CJ. Chem. Soc., Dalton Trank99Q 1345.
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Table 6. Selected Bond Lengths (A) and Angles (deg) Soand 6

5a 60

Col-P1 2.255(2) 2.257(1)
Col-P2 2.274(2) 2.270(1)
Col-P3 2.198(2) 2.201(1)
Col-Cl1 2.283(2) 2.297(1)
Col-CI2 2.297(2) 2.310(1)
Col+M 3.47 3.36
M—CI1 2.392(2) 2.322(1)
M—CI2 2.384(2) 2.320(1)
M—CI3 2.230(2) 2.219(1)
M—Cl4 2.221(2) 2.212(2)
P1-Col-P2 92.22(8) 92.18(5)
P1-Col-P3 88.29(8) 88.48(5)
P2-Col-P3 90.70(8) 90.75(5)
P1-Col-Cl1 93.52(8) 93.32(5)
P1-Col-CI2 148.11(8) 146.98(6)
P2-Col-Cl1 99.08(8) 98.10(5)
P2-Col-CI2 119.52(8) 120.67(5)
P3-Col-ClI1 169.96(9) 170.89(6)
P3-Col-CI2 88.41(7) 87.93(5)
Cl1—-Col1-CI2 84.85(8) 85.70(5)
Col-Cl1—M 95.83(8) 93.46(5)
Col-Cl2—M 95.67(8) 93.18(5)
cll-M—ClI2 80.64(7) 84.90(5)
Cl1-M—CI3 111.41(9) 111.28(6)
Cl1-M—Cl4 114.84(9) 117.06(6)
Cl2-M—CI3 106.58(9) 108.64(6)
Cl2-M—Cl4 119.2(1) 117.72(7)
Cl3-M—-Cl4 118.2(1) 113.99(6)

aM = Fel.?M = Co2.

within the [(triphos)Co] fragment. The MCI distancesg, M
= Fe;6, M = Co), however, are significantly different, the+e
Cl distances irb being larger than the GeCl distances ir6 in Figure 9. ZORTEP view of the cation ofO(BPh).**

spite of the similar ionic radit of Fé' and Cd. This is expected

from simple ligand field arguments: Removing a bonding  Both unsymmetrical dinuclear complex@and6 with a low-

electron (e-orbital set) from a tetrahedrdlamplex (C4) to spin Cd and a tetrahedral high-spin'Menter have a constant

form a tetrahedral complex (F&) should weaken the MCI magnetic moment of 5.8 and 34, respectively. The moments

bonds32ab for noninteracting spin-systems are expected to be 5.8ug32¢
Solid-State Magnetism. The magnetic behavior & 1(Zn,- (Sa = Y2 S =2) and 4.9-5.1 ug™®4e9(Sy = Yz S = %),

Clg), 5, and6 in the solid state was measured in the temperature respectively. The linearity of thg™* vs T plots as well as the
range from 5 to 300 K.3 exhibits normal CurieWeiss values of the magnetic moment indicate a vanishing interaction

behavior @ = 3.2 K) with a temperature-independent magnetic between the two spin-carriers Hiand6.
moment of 2.1up indicating a low-spin @configuration with Reaction with Lewis Bases.Both hard and soft Lewis bases
the ususal orbital contribution raising the moment above the L (L = CO, PMg, NHs, and CHCN) react with2 in THF in
spin-only value of 1.73;z. As expected, compoung shows the presence of NaBRIo give the chloride substitution product
no high-spin/low-spin transition in the solid state as the transition [(triphos)CoCI(L)]" (Scheme 5). The carbonyl derivative
involves large structural changes (vide supra). 7(BPhy) was previously prepared by addition of COU@Phy),.19

The symmetrical dinuclear compleiZn,Clg) has a room- Therefore7(BPhy) is only characterized by its IR- and UV/vis
temperature magnetic moment of 2&per dinuclear unitwhich ~ spectra which match the reported oAgsThe constitution of
is lower than expected (2.1 ug) for two noninteractingS the complexes$(BPhy)—10(BPhy) is determined by elemental
= 1/, spin systems and it decreases with temperature. Theanalyses, UV/vis, EPR, and IR spectra, conductivity, and
magnetic susceptibility initially increases with temperature, and magnetic susceptibility measurements. The data are fully
after reaching a broad maximum around 190 K, it decreasesconsistent with the formulation of five-coordinate, low-spin
toward 50 K. This temperature dependence can be related to &complexes which behave as 1:1 electrolytes (Tables 3 and 4).

single exchange term in the Hamiltonian of the fokin= X-ray structure determinations confirm these assignments
—2JS$Ss, with Sy = S = Y22 A least-squares fitting over  (Figures 7-9).
the observed susceptibilities with a fixgeralue of 2.11 yields In spite of the fact that both hard and soft Lewis bases yield

J = —109 cnt! (the fit does not improve significantly with a  the substitution product, the reaction mechanisms appear to be
varyingg-factor;g = 2.23;J = —116 cn11). This quite strong different: The softz-acceptor ligands carbon monoxide and
antiferromagnetic exchange interaction has also been observedrimethylphosphine already react within the absence of the

for 1(BPhy), (g = 2.38,J = —117 cn7?!, measured between 90 chloride abstracting reagent NaBPfas shown by UV/vis

and 300 K)3 showing that indeed an intramolecular rather than spectroscopy) while theo-donor ligands ammonia and

an intermolecular interaction is operative. acetonitrile-even if added in large excesdo not react with
2. On addition of NaBPh however, the reaction proceeds
(3D (Ij-lollézman,A.BF.;IWib’\?rg, I\E(Feitbfggsoflnorganic Chemistryalter within seconds (see Experimental Section). It is therefore
e ruyter: eriin, New York, . i 4
(32) (a) Lauher, J. W.; Ibers, J. Anorg. Chem1975 14, 348. (b) Toan, a_ssumed that CO and Pblkmrectly .add to th(.a te”"?‘hedrabﬁ.
T..Dahl, L. F.J. Am. Chem. Sod 971, 93, 2654. (c) Clark, R. J. H.; triphos)CoCj] complex2 to give a five-coordinate intermediate

Nyholm, R. S.; Taylor, F. BJ. Chem. Soc. A967, 1802. which—probably activated by the trans-effect of CO, PiMar
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Scheme 5. Reaction of2 with Lewis Bases
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thp\ /
Ph,P thp/
+L ‘ -CI”
Ph,P | Ph,P *
\ Ph,P\
Co—ClI
/
Ph,P Ph2P PhP
-cI j +L
Ph,P. LI+
L=co: 7 ph§p§C0/ L=NH;: 9
L=PMe,: 8 thP/ \CI L = CH,CN:10

Table 7. Selected Bond Lengths (A) and Angles (deg) 8BPhy),
9(BPhy), and10(BPhy)

8(BPhy)? 9(BPhy)P 10(BPhy)°
Col-P1 2.251(1) 2.242(1) 2.250(1)
Col-P2 2.277(2) 2.280(1) 2.261(1)
Col-P3 2.296(1) 2.208(1) 2.205(1)
Col-Cl1 2.264(1) 2.254(1) 2.251(1)
Col-X 2.268(1) 2.008(4) 1.914(2)
P1-Col-P2 95.67(4) 94.65(5) 93.48(3)
P1-Col-P3 89.31(5) 89.88(5) 88.54(3)
P2-Col-P3 88.17(5) 87.50(5) 91.65(3)
P1-Co—X 97.59(5) 90.6(1) 91.48(6)
P2-Co—X 95.83(5) 98.9(1) 92.00(7)
P3-Co—X 171.62(4) 173.5(1) 176.34(6)
Cl1-Co—P1 137.55(5) 150.83(6) 142.63(3)
Cl1-Co—P2 126.63(5) 114.51(5) 123.85(3)
Cl1-Co—P3 88.77(5) 91.20(5) 88.83(3)
Cl1-Co—X 82.94(5) 85.3(1) 88.94(6)

aX = P4.°X = N1.

the phosphine group of the triphos liganldses one chloride
ion (Scheme 5, left pathway, A mechanism). A reversible
addition of CO to tetrahedral Co(BJRX, complexes to form
five-coordinate complexes of the type Co@PRCO)X; has
previously been observé®! The N-donor ligands (NE CHs-

CN) obviously are not able to expel the chloride ion; hence,
activation by a Lewis acid is necessary: The NaB&lstracts
one chloride ion to form the unsaturated species [(triphos)CoCl]
(vide supra) which adds the ligand L (Scheme 5, right pathway,
D mechanism). Also interesting to note is that the complexes
9(BPhy) and10(BPhy) slowly lose their ligand L both in solution
and in the solid state to give the dinuclear compl¢®Ph,),
(see Experimental Section) and that they are highly sensitive
toward dioxygen whileB(BPhy) is stable toward dissociation
and inert against dioxygen even for months.

In the solid state the cations 8{BPhy) (Figure 7),9(BPhy)
(Figure 8), andLO(BPhy) (Figure 9) adopt a distorted TBP with
P3/P4 8) and P3/N1 9", 10") occupying axial coordination
sites, respectively (Table 7). The €€l bond lengths are
almost identical and also similar to those found3n The
coordinated acetonitrile id0t exhibits geometric parameters
similar to those found in the bis(acetonitrile) complex [(triphos)-
Co(NCCH);]2".14¢ The Co-N distance in9™ compares with
those found in other [(triphos)Co(NR)]** complexed#28

Remarkably the N-Cl distance of 2.89 A is smaller than the
sum of the van der Waals radii of 3.303A.A short Ck--H—
NH33 contact is found (Cl&-H81 = 2.69 A, all other ¥--H—

NH; distances being larger than 3 A) which also falls signifi-
cantly below the sum of the van der Waals radii of hydrogen
and chlorine (3.00 Aj® Therefore a weak intramolecular
hydrogen bond between CI1 and H81 might be present. In
unconstrained systems with intermolecular hydrogen bonds,
Cl---H distances of 2:42.6 A and an almost linear arrangement
of the N-H---Cl moiety (found: 97) are found* The
interaction is also observed in the IR spectrun®(@Phy): It
shows more N-H stretching bands (see Experimental Section)
than expected for a locélls, symmetry around the nitrogen {A

+ E), and two N-H absorptions are strongly shifted to lower
wavenumbers (3248, 3197 ci) indicative of a secondary
interaction®® The same pattern of the NH absorptions is
observed in solution thereby excluding packing effects and
lattice forces causing the splitting of the bands.

The different colors observed faXBPhy)—8(BPhy) (green)
and 9(BPhy)—10(BPhy) (orange-brown) are due to the batho-
chromic shift (around 1000 cmd) of the (&)4(€)3 — (¢")4 (€)%
(&)t and (&)%€)3 — (€')3(e)3(a’)! absorption bands (in
idealizedDas, symmetry$7a—¢ on replacing the strong ligands
CO or PMg with nitrogen-donor ligands. The observed trend
corresponds well to the order of the spectrochemical Séries
with CO > PMe; > NH3 ~ CH;CN.

Redox Chemistry. The cyclic voltammogram a8 in CH,-

Cl is shown in Figure 10.3 is reversibly oxidized at 335 mV

(33) The positions of the hydrogens of the Ni§and (H80, H81, H82)
have been obtained by map and have been refined together with
their thermal parameters. Relevant bond lengths (A) and angles
(deg): N1-H80 0.93(5), N+H81 0.79(5), N+-H82 0.91(6), Cl1:--
H80 3.77, Clt--H81 2.69, CI1--H82 3.05, H86-N1—H81 111(5),
HB80—N1-H82 109(4), H8+N1-H82 98(5), H86-N1-Col 117-
(3), H81-N1—-Col 112(4), H82N1—-Col 109(3). No shorinter-
molecularcontacts have been found.

(34) (a) Kollman, P. A.; Allen, L. CChem. Re. 1972 72, 283. (b) Scnalon,
L. G.; Tsao, Y.-Y.; Toman, K.; Cummings, S. C.; Meek, D. \Worg.
Chem. 1982 21, 2707. (c) Buckingham, D. A.; Edwards, J. D;
McLaughlin, G. M.Inorg. Chem.1982 21, 2770.

(35) (a) Hesse, M.; Meier, H.; Zeeh, Bpectroscopic Methods in Organic
Chemistry Georg Thieme Verlag: Stuttgart, New York, 1991. (b)
Joesten, M. DJ. Chem. Educl982 59, 362. (c) For the cation [CoCI-
(H2N(CHy)sP(Ph)(CH)sP(Ph)(CH)sNH)1, the N—H stretching vi-
brations (hydrogen-bonded) were observed at 3240 and 3190%n
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\Y
i Figure 12. ZORTEP view of the cation 012(BCl,).%®
I
-+ — ——t t t Scheme 6. Reduction of2
-1000 -800 -600 -400 -200 0 200 400 Cl
E/mV thp\ /
Figure 10. Cyclic voltammogram of3 in CH,Cl. /CO\ + BH,-THF
Ph,P Ph,P 2 Cl
- "BH,CI" 1 THF
Ph,P H
PhPXN ./
Co
prp”” N
Figure 11. ZORTEP view of1145 2 Cl
(Figure 10, I and I1). Anirreversible reduction wave is observed ‘ -H;
at —830 mV (Figure 10, lll). The reduction product is at least Ph.P
partially re-oxidized in the reverse scant&®5 mV (Figure 10, pth§
IV). In the view of the known [(triphos)C&I] complex 112 Co—Cl
with cobalt having the oxidation statel the interpretation of Ph,P "

the reduction process is straighforward. At point Il in the cyclic
voltammogram [(triphos)Cogll (3) undergoes a one-electron )
reduction of the metal center with a fast dissociation of one Product detectable by UV/vis spectroscopy thé @mnplex11.
chloride ion. The current of the re-oxidation at point Iv 1he reaction pathway is currently investigated.

amounts to only approximately 70% of that of the reduction at ~ The four-coordinate structure &fl is confirmed by an X-ray
point lll—presumably due to diffusion processes of the reduction Structural determination (Figure 11). The geometry around the
products11 and chloride. Varying the scan speed up to 1000 Metal is pseudotetrahedral with smat-€o0—P angles around
mV/s does not alter this ratio significantly. The oxidation 90° due to the steric implications of the trlphps Ilgand gnd larger
process at point I/l exhibits all features of a fully reversible P—Co—Cl angles around 12((Table 8) which is typical for
electron transferigp/ipa = 1; ipa/v'/2 = constant withy = 50— [(triphos)MX] complexes (M= Co, Ni, Cu; X=Cl, Br, |, NO,
1000 mV/s;AE = 110 mV which is smaller than that of Fc/ HCOO, BH, SQ,, CSZ)-za’lflf’SQ Analytical and spectral data of
Fct (150 mV) under these conditions) allowing for an easy 11 match those rgpprted in the literature (Tables 3 andl 4).
interpretation: [(triphos)CtCl;] 3 is oxidized to the C# Attempts to oxidize the 17 VE comple3 to the 16 VE
derivative 12 without major structural changes. To demon- SPecies12” with (NO)(BF,), Ce salts, tetrachlorg-benzo-
strate that these interpretations are correct and that indeedduinone, chlorine, HCI/@) or FeC fail as mixtures of products
[(triphos)Cd] and [(triphos)C#] chlorides are formed, we — ©F only decomposition products are obtained. The preparation

investigated preparative syntheses of these species for furtheﬁ’f 12* _iS fir!ally achieved by substitution of the (?atecholato
characterization. ligand in [(triphos)C#' (cat)]" complexes (cat 1,2-dioxoben-

zene’ 4,5-(methylenedioxo)-1,2-dioxobenzéhavith chloride
ions provided by boron trichloride (Scheme 7) or by oxidation
of 3 with (CpyFe)(BR). Certainly, the high affinity of boron
toward oxygen donor atoms forming catechol chloroboroffafes
(Scheme 7) is the driving force of the ligand-exchange reaction
in analogy to the cleavage of aryl methyl ethers by boron
halides?d¢ CompoundL2" as a -Cd" complex is diamagnetic
and air-stable. The’’P-NMR spectrum exhibits a single

d ductive dihvd liminat Thi " resonance for the three phosphorus atoms of the triphos ligand
undergoes reductive dinydrogen elimination. IS suggestion 5 o6 6 ppm consistent with a rapid intramolecular exchange of

is supporteralbeit not provedby the observation that sig- the phosphorus atoms as commonly found in five-coordinate
nificant amounts of the known hydride complex [(triphos)Co- triphos complexedd-17.2021¢.421940 The 1H- and C-NMR
(u-H)sCo(triphos)T 38 (identified by its UV/vis spectrum) are

formed if the reaction is carried out at low temperatures with (39) (a) Sernau, V. Huttner, G.: Scherer, J.: WalterOBem. Ber1996
large excess of reducing agent in a closed Schlenk tube. The 129, 243. (b) Dapporto, P.; Fallani, G.; Midollini, S.; Saconi, L.

reaction of [(triphos)Co@] with triethylamine yields as the only Chem. Soc., Chem. Commu§72 1161. (c) Dapporto, P.; Midollini,
S.; Orlandini, A.; Saconi, L.Inorg. Chem.1976 15, 2768. (d)
Bianchini, C.; Masi, D.; Mealli, C.; Meli, Alnorg. Chem.1984 23,

The Cd complex can be prepared by reduction2ofor 3)

with NaBH,,22 BH3-THF 37 or triethylamine® The reduction
with borane proved to be the most easy and clean reaction
(Scheme 6). As borane is a strong Lewis acid and in view of
the observed reactivity of [(triphos)Coftoward Lewis acids

to yield the unsaturated species [(triphos)CdGijich reacts
with almost any nucleophile present in solution, it is proposed
that a [(triphos)Co(CIl)(H)] intermediate is formed which

(36) Huheey, J. Elnorganic ChemistryWalter de Gruyter: Berlin, New 2838. (e) Bianchini, C.; Mealli, C.; Meli, A.; Orlandini, A.; Saconi,
York, 1988. L. Inorg. Chem.198Q 19, 2968.

(37) The NaBH present in commercial BHTHF solutions as stabilizer is (40) (a) Janser, P.; Venanzi, L. M. Organomet. Chenmi985 296, 229.
not the reducing agent as bubbling inert gas through a-BHF (b) Bianchini, C.; Meli, A.; Laschi, F.; Vacca, A.; Zanello, P.Am.
solution into the reaction Schlenk tube also leads to the reaction. Chem. S0c1988 110, 3913. (c) Johnston, G. G.; Baird, M. C.

(38) Dapporto, P.; Midollini, S.; Sacconi, lnorg. Chem1975 14, 1643. Organometallics1989 8, 1894.



Complexes of Cobalt(ll) Chloride with triphos
Scheme 7. Synthesis 0fLl2(BCl,)
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PhpPN.
/Co\
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o
+BCl, (exc.) ci-g’ j@
L(exc) |- ci—
N\
0 R
Ph,P cl 1+
{thpkm/
PhP cl (BCly)
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Table 8. Selected Bond Lengths (A) and Angles (deg) fdrand
12(BCly)

11 12BCl,)
Col-P1 2.244(2) 2.185(2)
Col-P2 2.244(2) 2.169(2)
Col-P3 2.239(3) 2.281(2)
Col-Cl1 2.224(3) 2.233(2)
Col-CI2 2.209(2)
P1-Col-P2 91.22(9) 91.41(6)
P1-Col-P3 89.55(9) 90.93(6)
P2-Col-P3 93.03(9) 89.23(6)
P1-Col-Cl1 122.9(1) 87.51(7)
P1-Col-CI2 122.6(1) 139.61(7)
P2-Col1-Cl1 127.5(1) 95.04(7)
P2-Col-CI2 128.97(7)
P3-Col1-Cl1 175.49(7)
P3-Col1-Cl2 90.29(7)
Cl1—Col-ClI2 88.17(8)

spectra show all signals of the triphos ligand at expected
positions (see Experimental Section). The cyclic voltammogram
is practically identical to that o8 (Figure 10, Experimental
Section) except for the fact that the process at 340 mV in the
case of 12" corresponds to a reduction (as confirmed by
polarography). The UV/vis spectrum shows bands at 436 and
around 640 nm attributable to charge-transfer and ligand-field
transitions, respectively.

The five-coordinate geometry around the''Coenter-as
deduced from the CV experiments (vide supti) confirmed
by X-ray structural analysis results (shown in Figure 12). The

Inorganic Chemistry, Vol. 36, No. 24, 1995469

found in Co(PR)2X3 (R = Me, Et; X = halide) complexe-b:26
and a C# chloride complex with a tetraaza-macrocyclic ligénhd
which have the expected,@F(d,,)?(de-2)*(dx,)* electron con-
figuation#? However, a diamagnetic ground state below 50 K
is detected for the Cb complex with the tetraaza-macrocylic
ligand® Steric constraints imposed by the triphos ligand also
cannot account for the geometry foundi@" as distortions
toward the SP structure in [(triphos)MI2t complexes are in
principle possiblé:”142841 At present we have no rational
explanation for this behavior. Interestingly, the geometry (the
P—Co—P and P-Co—Cl angles) found inL2" is very similar

to the one observed i8, the average angular deviation being
only 3.5 (calculated as the root mean square, RR€Tables

5 and 8). The CeP and Ce-Cl distances in2* (except for
the Co-P3 distance) are significantly shorter than thosg, ia
fact which is certainly due to the loss of one electrorl2f

(df) compared ta (d7).

Conclusions

In summary, we have shown a conclusive interpretation of
the peculiar solution behavior of mixtures of triphos and GoCl
originating from (i) phosphane arm-off reactions yielding the
reactive high-spin complex:;j¢-triphos)CoCj] and (ii) chloride
ion dissociations leading via an unsaturated intermediate [(triph-
0s)CoCl" to the dinuclear species [(triphos)@eCl).Co-
(triphos)F™ and the mixed-ligand complexes [(triphos)CoCl-
(L)]T. The [(triphos)CHBCI* fragment as well as its reduced
and oxidized analogues, [(triphos)Cd and [(triphos)C#'-
Cl,]*, respectively, might serve as stabilizing templates for
otherwise unstable molecutea feature well-known in the
chemistry of the parent template [(triphos)J& 4“—and as
starting materials for [(triphos)toand [(triphos)C#'] com-
plexes, respectively. This is the subject of current investigations.
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metal is surrounded by three phosphorus atoms of the triphos!/C9705352

ligand and two chloride ions in a distorted TBP geometry with
P3 and CI1 occupying axial coordination sites (Figure 12, Table

8). The distances between the metal and the axial ligands are

larger than the corresponding distances of the equatorial one
(Co—Pax 2.28 A, Co-Peq2.17/2.19 A; Co-Clax 2.23 A, Co-
Cleg2.21 A, Table 8). Other [(triphos)®d complexes found

in the literature which have bidentate coligands coordinated to
the cobalt ion throughout adopt a distorted SP geometry with a
short Co-Pax bond length (2.172.21 A) and larger CoPeq
lengths (2.242.25 A)de74lor a highly distorted structure
intermediate between TBP and 8PThe complex catioi2"
appears to be the first example of a singlét\L s complex
with a distorted TBP structure in the solid state. As therkital

set in idealDg, symmetry is degenerate and only half-filled in
the & case a typical first order JahiTeller situation arises
which favours the SPQy,) geometry or the decrease of an
L—M—L angle within the trigonal plane below 8¢ Therefore

in D3, symmetry a triplet situation is usually encountered as

(41) Korner, V.; Vogel, S.; Huttner, G.; Zsolnai, L.; Walter, Ohem. Ber.
1996 129, 1107.

(42) (a) Rossi, A. R.; Hoffmann, Rnorg. Chem1975 14, 365. (b) Jean,
Y.; Eisenstein, OPolyhedron 1988 7, 405. (c) Rachidi, I. E.-l.;
Eisenstein, O.; Jean, Wew J. Chem199Q 14, 671. (d) Riehl, J.-F.;
Jean, Y.; Eisenstein, O. Fssier, M.Organometallicsl 992 11, 729.

S(43) The root mean square is defined as: RM$(1/n YL [0i(3) — ai-

(13")]3 V2, wherea; = P—Co—P, P-Co—Cl, and C-Co—Cl angles

andn = 10.
(44) (a) Vogel, S.; Barth, A.; Huttner, G.; Klein, T.; Zsolnai, L.; Kremer,
R. Angew. Cheml991 103 325;Angew. Chem., Int. Ed. Endl991,
30, 303. (b) Bianchini, C.; Meli, AJ. Chem. Soc., Chem. Commun.
1983 156. (c) Bianchini, C.; Meli, A.; Orlandini, AAngew. Chem.
Suppl.1982 471. (d) Di Vaira, M.; Ghilardi, C. A.; Midollini, S.;
Sacconi, LJ. Am. Chem. Sod978 100, 2550. (e) Bianchini, C.; Di
Vaira, M.; Meli, A.; Sacconi, L.Inorg. Chem.1981 20, 1169. (f)
Capozzi, G.; Chiti, L.; Di Vaira, M.; Peruzzini, M.; Stoppioni, P.
Chem. Soc., Chem. Commua886 1799. (g) Di Vaira, M.; Midollini,
S.; Sacconi, LJ. Am. Chem. S0d979 101, 1757. (h) Di Vaira, M.;
Peruzzini, M.; Stoppioni, Rl. Chem. Soc., Dalton Tran$984 359.
(i) Barth, A.; Huttner, G.; Fritz, M.; Zsolnai, LAngew. Chem199Q
102 956;Angew. Chem., Int. Ed. Endl99Q 29, 929.
The phenyl groups of the triphos ligand and all hydrogens have been
omitted for the sake of clarity. The thermal ellipsoids are drawn at
the 70% probability level. A numbering scheme identical for all
complexes is used for the sake of easier comparison, unlike the
numbering schemes of the deposited structures. Zsolnai, L.; Huttner,
G. XPMA, ZORTEP, University of Heidelberg, 1997.

(45)





