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The novel bulky and basic tetradentate ligand P(CH,CH,PCy.); (PP;Cy) is synthesized by
the LiN(i-Pr).-catalyzed addition reaction of dicyclohexylphosphine (HPCy,) to P(CH=CH,);.
Treatment of RuCly(PPhg); with PP;Cy produces the five-coordinate square-pyramidal complex
[RuCl(PP;Cy)]Cl, which is converted into [RuCl(PP3;Cy)]BPh, when treated with NaBPh,.
Similarly, FeCl; reacts with PP;Cy to give [FeCl(PP;Cy)]Cl. The structure of the tetraphen-
ylborate salt [FeCl(PP;Cy)]BPh,is triional bipyramidal around Fe(II); crystals are monoclinic,
space group P2,/c, with a = 12.699(4) A, b = 29.046(16) A, ¢ = 17.026(7) A, 8 = 103.14(3)°, and
V = 6116(5) A3 for Z = 4; R = 0.065. Reaction of [RuCl(PP;Cy)]Cl with excess NaBH, in THF
yields mer-RuH (n2-BH,) (*-PP;Cy-BHj;), where the tetraphosphine is bound via three P atoms
to ruthenium and the BHj; is bound to a dangling terminal PCy; group of the tetraphosphine.
The monohydride complex RuHCI(PP;Cy) is obtained from the reaction of [RuCl(PP;Cy)1Cl
with excess NaOMe in refluxing THF. The n?-dihydrogen complex [RuH(52-H)(PPs;Cy)1BPh,
is synthesized by treating [RuCl(PP;Cy)]BPh with 1 equiv of NaBH, under an atmosphere
of dihydrogen. The analogous iron complex is also described. The nonclassical structures of
[MH(n%-Hy)(PP;Cy)]1BPh, (M = Fe, Ru) are established by *H, 3'P, and 7, NMR measurements
and the observation of a !J(HD) coupling constant of 28 Hz in the isotopomer [RuD(HD)(PP;-
Cy)1*. Despite the steric bulk of the ligand, the complexes adopt an octahedral geometry,
[MH(H;)(PP;Cy)]*, instead of a trigonal-bipyramidal ligand geometry with an Hj; ligand.

Introduction

Polydentate phosphines are important ligands for
control of the stereochemistry of coordination complexes
and soluble metal catalysts. One of the polyphosphines
that has attracted the most attention is the potentially
tetradentate polyphosphine P(CH,CH;PPh;); (or PP;
hereafter), partly because of the characteristic geometric
features it imposes on a metal complex? and partly because
of its activating effect on catalysts for reactions that do
not require too many open sites at the metal center.3-
Bianchini et al. have shown that PP; stabilizes -
dihydrogen compiexes, for example, [RuH(n?-Ho) (PPP3)]*2
[FeH(n?-H)(PP3)]*,*10 and [Co(n*-Hj)(PP3)1*.¢ They
have postulated that H atom exchange in the complexes
[M(n2-Ho)(H)(PP3)]* (M = Fe, Ru) proceeds via a trihy-
drogen intermediate or transition state (Scheme I; the Ph
groups on the terminal phosphorus atoms are not shown).

Trihydrogen ligands have been the subject of much
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Scheme 1

speculation but have never been positively identified.?91!
Heinekey and co-workers have shown that some complexes
of Ir,1213 Ry,4 and Nb!® which were first thought to be
trihydrogen complexes on the basis of large H-H coupling
constants are in fact trihydrides which exhibit the inter-
esting phenomenon of quantum-mechanical exchange
coupling. There is some evidence for an attraction in Fe-
(n*-H3)(H)2(PEtPh,); between a cis hydride and a hy-
drogen of a dihydrogen ligand at a distance of 1.86 A which
might be regarded as incipient formation of a trihydrogen
ligand.’® The complex [Fe(%-H3)(H)(P(CH,CH,CH,P-
Mejs)s)]+, which contains Dahlenberg’s tetraphos ligand,!”
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has NMR properties that make it appear to have a
trihydrogen ligand, but it does not.!8

We have been interested in dihydrogen complexes of
the iron triad of the type [MH(»2-Hy)L:1* (M = Fe, Ru,
Os; L = diphosphine or Ly = Ph,PCH;CH.P(Ph)CHj,-
CH,P(Ph)CH,CH;PPh;) and have demonstrated how
sensitive the properties of the H; ligand are to changes in
the substituents of the diphosphine.!®2® The chemistry
of metal hydride complexes containing potentially tet-
radentate polyphosphines of the type [MH3(P(CH,CHs,-
PR2)3)]* (M = Fe, Ry, Os) might be particularly interesting.
If the R group were bulky enough, a complex containing
the ligand P(CH,CH:PR3); would be forced to adopt a
trigonal-bipyramidal geometry owing to stericinteractions
between the R groups and possibly force the three hydrogen
atoms close together to form a stable trihydrogen complex.

We describe here a simple route to the bulky ligand
P(CH,CH,PCy3); (or PP3;Cy thereafter) and a few of its
iron and ruthenium complexes, including the molecular
dihydrogen complexes [MH(n2-H2)(PP3Cy)1* (M = Fe,
Ru).

Experimental Section

Unless otherwise noted, all manipulations were done under an
Ar or H; atmosphere by use of Schlenk techniques. Solids were
handled in a Vacuum Atmospheres drybox under No. Allsolvents
weredried over appropriate reagents and distilled under N, before
use. Reagent-grade chemicals were used as purchased from
Aldrich Chemical Co. unless otherwise stated. HPCy; and PCl;
were purchased from Strem Chemical Co. or Digital Specialty
Chemicals Ltd. RuCly(PPhj);2! and P(CH=CH,);?? were pre-
pared according to literature methods.

NMR spectra were obtained on a Varian XL 400, operating
at 400.00 MHz for 'H, 161.98 MHz for 3'P, and 128.4 MHz for
1B, or on a Varian XL 200 operating at 200.00 MHz for 'H and
80.98 MHz for 3!P. Chemical shifts refer to room-temperature
conditions unless specified otherwise. All 3'P and !'B NMR
spectrawere protondecoupled. 3'P chemicalshifts were measured
relative to ~1% P(OMe); in CgDs sealed in coaxial capillaries
and are reported relative to H;PO, by use of 6(P(OMe);) 140.4
ppm. 'H NMR chemical shifts were measured relative to partially
deuterated solvent peaks but are reported relative to tetra-
methylsilane. T values were measured by the inversion recovery
method. "B NMR spectra were referenced to external BF;-OEt,.

Microanalyses were performed by the Canadian Microana-
lytical Service Ltd., Vancouver, BC, Canada. Although the
samples were handled under an inert atmosphere, acceptable
elemental analyses were never obtained for the complexes [RuCl-
(PP;Cy)1C}, [FeCl(PP;Cy)]1BPh, and [Ru(H) H(PP;Cy)]BPh,.

P(CH=CH;);. Freshlydistilled PCl; (6.0 mL, 9.4 g, 69 mmol)
in 10 mL of THF is dropped slowly into a stirred 1.0 M solution
of CH;==CHMgBr in THF (210 mL, 210 mmol) cooled by dry ice.
A vigorous reaction occurs immediately, and a gray-white solid
forms. The reaction mixture is then warmed up to room
temperature. The liquid is distilled out at 1 atm (the initial
temperature of the oil bath should be controlled at ca. 70 °C and
the temperature of the oil bath gradually increased to ca. 160 °C
to ensure that all of the liquid is distilled) to give ca. 210 mL of
a THF solution of P(CH==CH,);. The concentration of
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P(CH=CH,); varies from 0.10 to 0.15 M from experiment to
experiment. 3P NMR (THF/CsDq): 6 -19.6.

P(CH,CH.PCy;)s. To 100 mL of a THF solution of
P(CH=CHy,); (ca. 11 mmol) is added 7.0 g of HPCy; (35 mmol)
and 5.0 mL of 1 M LiN(i-Pr); in THF (5.0 mmol) to give a light
orange solution. The resulting mixture is stirred at room
temperature for 3h. Because the concentrations of P(CH=CH,);
vary with different experiments, it is necessary to check the
reaction mixture at this stage by 3'P NMR spectroscopy to see
if one needs to add either HPCy, or P(CH==CH,); to the reaction
mixture so that the product P(CH,CH;PCy;); is the only
phosphine compound present in the reaction mixture when the
reaction is finished. Thesolvents are removed completely under
vacuum. To the residue is added 30 mL of MeOH and the
resulting mixture stirred for 1 h to give a white solid, which is
collected by filtration, washed with a small amount of MeOH,
and dried under vacuum: yield 6.0 g, 77%. *'P{!H} NMR
(THF/C¢Dg): 6-0.2 (d, PCys),-16.7 (q, central P), 3J(PP) = 21.4
Hz. 'H NMR (C¢D¢): 6 1.0-1.8 (m). Anal. Caled for C4oH-sPy:
C, 71.36; H, 11.12. Found: C, 71.43; H, 11.02.

[RuCl{(PP;Cy)]Cl. A mixture of 1.84 g of PP;Cy (2.6 mmol)
and 2.5 g of RuCl;(PPh;); (2.6 mmol) in 30 mL of CH,Cl, is
stirred for 30 min to give a deep red-orange solution. The solvent
is then removed completely. Addition of 30 mL of Et,O to the
residue gives a yellow-orange solid, which is collected by filtration,
washed with Et;0, and dried under vacuum: yield 2.0 g, 88%.
3IP{IH} NMR (THF/C:Dg): 6143.1(q, central P), 66.8 (br, PCy>),
J(PP) = 15.3 Hz. 'H NMR (C¢Dg): 4 1.3-2.8 (m). Anal. Caled
for CoH:5Cl,P,Ru: C, 57.39; H, 8.95. Found: C, 56.68; H, 9.05.

[FeCl1(PP;Cy)]Cl. A 0.15-g quantity of FeCl, is added to a
stirred solution of 0.31 g of PP;Cy in 20 mL of CH;Cl,. The
mixture, which turns purple immediately, is stirred for 15 min
and concentrated (in vacuo) to about 2 mL. After addition of
10 mL of Et;0 and 10 mL of hexanes, the dark purple powder
is filtered off and washed with diethyl ether and hexanes: yield
ca. 50%.

[RuCl(PP;Cy)]BPh,. Amixtureofl.2gof PP;Cy (1.7mmol)
and 1.4 g of RuCl;(PPhy); (1.5 mmol) in 20 mL of CH,Cl; is
stirred at room temperature for 10 min. A 0.90-g amount of
NaBPh, (2.6 mmol) in 40 mL of MeOH is added and the volume
reduced to ca. 20 mL to give an orange solid. Thesolid is collected
by filtration, washed with MeOH and Et,;0, and dried under
vacuum: yield 1.2g,69%. 3'P{'H} NMR (CH,Cl,/C¢Dg): & 141.9
(q, central P), 66.3 (br, PCy;), J(PP) = 15.9 Hz. 'H NMR
(acetone-dg): & 1.3-2.8 (m, CH,, CH), 6.8-7.3 (m, Ph).

[FeCl1(PP;Cy)]BPh,. A 0.15-g quantity of FeCl, is added to
a stirred solution of 0.31 g of PP;Cy in 20 mL of CH;Cl,. The
mixture, which turns purple immediately, is stirred for 5 min,
and a solution of 0.2 g of NaBPh, in 5 mL of MeOH is added.
The resulting solution is stirred for 15 min and concentrated (in
vacuo) to about 5 mL. After addition of 10 mL of MeOH, the
dark purple powder is filtered off and washed several times with
methanol and then with diethyl ether: yield ca. 60%. FAB MS:
caled for Cy.H1s%FeCIP, 798, observed 798. The complex was
paramagnetic and gave no *'P NMR spectrum.

RuH(n?>-BH,)(n’-PP;Cy-BH;3). A mixture of 0.40 g of
RuCl,(PP;Cy) (0.46 mmol) and 0.10 g of NaBH, (2.9 mmol) in
30 mL of THF is stirred at 20 °C overnight to give a colorless
solution. The solvent is removed completely, and the residue is
extracted with benzene. The volume of the extract is reduced.
Addition of MeOH produces a pale yellow solid, which is collected
by filtration, washed with MeOH, and dried under vacuum. The
compound should be recrystallized by vapor diffusion of MeOH
into a CH;Cl; solution: yield 0.30 g, 78%. 3'P{!H} NMR (C¢Ds):
5 123.8 (dt, J(PP) = 32, 14 Hz, central P), 78.1 (d, J(PP) = 14
HZ, PCyz), 27.7 (bl‘, PCY2'BH3). IH NMR (CsDe)Z 6—18.2 (dt,
J(PH) = 36.6, 19.8 Hz, 1 H, Ru-H), -7.0 (br, 2 H, Ru(u-H).B),
0.8-2.8 (m, CH,, CH, BH3), 5.5 (br, 2 H, BH;). 'B{H} NMR
(CsHs/Cst): 612.7 (bl’), -42.9 (bl'). Anal. Calcd for C42H56B2P4'
Ru: C, 60.19; H, 10.34. Found: C, 59.80; H, 10.03.

RuHCHPP,Cy). Refluxing a mixture of 0.50 g of RuCl,(PP;-
Cy) (0.57 mmol) and 0.10 g of NaOMe (1.9 mmol) in 30 mL of
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Table . 'H NMR T; Measurements of Metal-Bonded
Hydrogens of [MH(H,)(PP;Cy)]BPhy (M = Fe, Ru) in the
Hydride Region (CD,Cl; for Ru, Acetone-d, for Fe,

400 MHz)
temp, °C
38 20 —44 —66 -88
T, of Ru(H;), ms 46 26 24 26
T\ of RuH, ms 46 37 130 135
T, of Fe(H;), ms 56 33 29 38
T, of FeH, ms 56 35 40 227

THF for 5h gives a colorless solution. Thesolventisthenremoved
completely and the residue extracted with benzene. Removal of
the benzene from the extract gives a white residue. The solid is
then collected by filtration, washed with MeOH, and dried under
vacuum: yield 0.41 g, 85%. The compound is recrystallized by
a slow diffusion of MeOH into a CH;Cl; solution. 3'P{H} NMR
(THF/C¢Dg): 6 148.8 (q, J(PP) = 11.9 Hz, central P), 54.3 (t,
J(PP) = 14.2 Hz, 2 PCy, trans to each other), 40.4 (br, PCy, trans
to H). 'H NMR (CDCly): 4 -10.7 (m, J(PH) = 96, 30, 22 Hz,
Ru-H), 0.9-2.8 (m, CH,, CH). Anal. Caled for C,;H,CIPRu:
C, 59.73; H, 9.43. Found: C, 58.80; H, 9.33.

[RuH(%2-H;)(PP;Cy)]BPh,. Add 0.010 g of NaBH, (0.029
mmol) to a solution of [RuCl(PP3;Cy)]BPh, (0.30 g, 0.26 mmol)
in 15 mL of EtOH/15 mL of THF under an H, atmosphere. The
reaction mixture turns from orange to light yellow. After the
reaction mixture is stirred for ca. 30 min, the solvents are removed
by evacuation. Ca. 20 mL of EtOH is added to the residue, and
the mixture is stirred at room temperature for 30 min to give an
off-white solid. The solid is collected by filtration, washed with
EtOH, and dried under vacuum: yield 0.19g,65%. Thissensitive
complex did not give an acceptable elemental analysis, possibly
because of decomposition; however, the spectra of freshly
prepared material indicate excellent purity. 3'P{{H} NMR (THF/
CeDe, 20 °C): & 144.4 (q, central P), 73.0 (br, J(PP) = 13.7 Hz,
PCy;). For spectra at other temperatures, see the Results and
Discussion. 'H NMR (acetone-dg, 20 °C): 4 -7.6 (br, Ru-H),
1.2-2.6 (m, CH,, CH), 6.6-7.2 (m, Ph). For 'H NMR T data, see
Table 1.

[FeH(n*-H,)(PP;Cy)]BPh, (under N2). Aslurryof0.03gof
LiAlH, in 5 mL of THF is added to a stirred solution of 0.1 g of
[FeCl(PP;Cy)IClin 20 mL of THF. After thesolutionis refluxed
for1.5h, 5 mL of ethanolisadded. The mixture is filtered through
THF-saturated Celite, the volume reduced (in vacuo) to 10 mL,
and a solution of 0.1 g of NaBPh, in 156 mL of MeOH added to
the stirred solution. The pale yellow precipitate is filtered off
and washed with methanol followed by diethyl ether. 'H NMR
(acetone-dg, 293 K): 6 -11.4 (br). 3P NMR (acetone, 293 K):
8 174.8 (quartet, J(PP) = 28.4 Hz), 98.8 (d, J(PP) = 29.1 Hz).
FASMS: caled for CioHs,*FeP, 765, observed 764 (M* -~ H). For
'H NMR T data, see Table I. Consistently poor yields of the
complex prevented attempts at recrystallization and elemental
analysis.

X-ray Crystallographic Analysis of [FeCl(PP,;Cy)]BPh,.
The crystals were prepared by diffusion of Et,O into a concen-
trated CH,Cl, solution of the complex at -5 °C under nitrogen.
The very dark purple crystals were roughly cubic with 0.20-mm
edges. The intensity data were collected on an Enraf-Nonius
CAD-4 diffractometer at room temperature, using graphite-
monochromated Mo Ka radiation (A = 0.710 73 A). The w260
scan technique was applied with variable scan speeds. Intensities
of three standard reflections measured every 2 h showed no
variation. The data were corrected for absorption using the
program DIFABS? (minimum and maximum corrections 0.865
and 1.050).

The location of the Fe atom was determined from a Patterson
map, and the positions of the remaining non-hydrogen atoms
were solved by subsequent Fourier and difference Fourier
calculations. Refinement was by full-matrix least squares to

(23) Walker, N. DIFABS: Empirical Absorption Correction Program;
Queen Mary College: London, England, 1983.
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Table II. Crystallographic Data

formula CssHosBCIFeP,
fw 1117.5

color, habit purple, cubic
cryst size, mm 0.15X0.10 X 0.25 mm
cryst system monoclinic
space group P2i/c

a,A 12.699(4)

b A 29.046(16)

oA 17.026(7)

B, deg 103.14(3)

v, A} 6116(5)

z 4

Pealcs &/Cm3 1.214

F(000) 2408

(Mo Ka), cm-! 43

0.7+ 0.35tan @
-12to +11, 0-27,0-16

w scan width, deg
data collected (hk/ ranges)

20may, deg 40
total no. of rflns 5940
no. of unique rflns 5701
Runerge 0.029
no. of rflns with I > 2.50(Zhe) 2689
no. of variables 354
R 0.065
R, 0.065
weighting K 0.004
GOF 1.44
max A/ (final) 0.019
resid density, /A3 0.390

minimize Lw(F, - F.)?, where w-! = ¢2(F) + KF?, with anisotropic
thermal parameters for Fe, P, and Cl atoms and isotropic thermal
parameters for remaining atoms. Hydrogen atoms were posi-
tioned on geometric grounds (C-H = 0.95 A, U(H) = U(C) + 0.01
A?2). Crystal data, data collection, and least-squares parameters
are listed in Table II. All calculations were performed using
SHELX?76,% SHELXS86,% and NRCVAX? on a 486-33 personal
computer and an Apollo computer. Atomic coordinates are
presented in Table III, and relevant bond angles and distances
are given in Table IV. An ORTEP? diagram of the compound
is presented in Figure 2.

Results and Discussion

Preparation of Ligand. There are several possible
routes to ligands of the type P(CH;CH;PR;)3. One of the
most promising could be the coupling reaction of P(CH,-
CH:X)3 (X = halide) with an organophosphide LiPR,.
Similar coupling reactions involving Grignard or alkali-
metal organophosphide reagents with appropriate organic
halides have been used extensively in syntheses of poly-
dentate phosphine ligands.?8-33 Unfortunately, there are
no simple routes to the functionalized phosphine P(CH;-
CH;X)3 (X = halide or other leaving group). Our attempts
to synthesize these compounds directly from readily
available PClg, P%-, or PHj; failed (for example, the reactions

(24) Sheldrick, G. M. SHELX76: Program for Crystal Structure
Determination and Refinement; University of Cambridge: Cambridge,
England, 1976.

(25) Sheldrick, G. M. SHELXS86: Program for crystal structure
determination, University of Géttingen, Géttingen, Federal Republic of
Germany, 1986.

(26) Larson, A. C,; Lee, F. L.; Le Page, Y.; Webster, M.; Charland, J.
P.; Gabe, E. J. The NRCVAX Crystal Structure System; Chemistry
Division, NRC: Ottawa, Canada K1A ORS, 1990.

(27) Johnson, C. K. ORTEPII; Report ORNL-5138; Oak Ridge National
Laboratory: Oak Ridge, TN, 1976.

(28) Uriarte, R.; Mazanec, T. J.; Tau, K. D.; Meek, D. W. Inorg. Chem.
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170
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Table III. Positional and Thermal Parameters for [FeCl(PP;Cy)]BPh,

atom x y z Biso, A2 atom x y z Biso, A2
Fe 0.98591(15) 0.17924(7) 0.22772(12) 2.36(10) C52 1.3445(23) 0.1321(9) 0.3334(15) 14.1(9)
Cl 0.9565(3) 0.21713(12) 0.33491(20) 3.17(18) C53 1.4541(16) 0.1557(7) 0.3588(12) 8.1(5)
P1 1.0184(3) 0.14118(13) 0.12304(22) 3.01(20) C54 1.4550(19) 0.1946(8) 0.4064(14) 10.4(7)
P2 0.8092(3) 0.14867(13) 0.17849(22) 2.71(19) CsS 1.3673(23) 0.2173(9) 0.4130(15) 13.1(8)
P3 1.0458(3) 0.24286(13) 0.16230(24) 3.01(20) C56 1.2531(13) 0.1943(6) 0.3940(10) 5.9(4)
P4 1.1160(3) 0.12739(14) 0.30060(23) 2.86(19) C61 1.0824(10) 0.0940(5) 0.3847(8) 3.2(3)
C1 0.9095(11) 0.1034(5) 0.0755(8) 3.8(3) C62 1.1562(14) 0.0515(6) 0.4080(11) 7.4(5)
C2 0.8026(10) 0.1263(4) 0.0760(7) 3.0(3) C63 1.0781(12) 0.1219(5) 0.4589(9) 5.3(4)
C3 1.0430(10) 0.1777(5) 0.0421(8) 3.5(3) Cé64 1.0430(12) 0.0913(5) 0.5229(9) 5.0(4)
C4 1.1045(11) 0.2213(5) 0.0787(8) 3.5(3) C65 1.1243(13) 0.0533(6) 0.5489(10) 6.4(5)
Cs 1.1367(10) 0.1027(5) 0.1483(8) 3.4(3) C66 1.1263(14) 0.0238(7)  0.4754(12) 8.0(5)
Cé 1.1376(11) 0.0819(4) 0.2313(8) 3.5(3) B 0.2952(13) —0.0565(6) 0.1916(10) 3.0(4)
Cll 0.6896(10) 0.1870(5) 0.1614(8) 3.2(3) c1 0.3379(10)  -0.0142(5)  0.1430(8) 3.6(3)
Cl2  0.5827(11) 0.1640(5) 0.1172(8) 3.8(3) Ccn2 0.3794(11) 0.0279(5)  0.1789(8) 4.2(4)
C13 0.4927(11) 0.2002(5) 0.0895(9) 4.8(4) C73 0.4026(13) 0.0636(6) 0.1362(10) 5.5(4)
Cl4 0.4791(12) 0.2318(5) 0.1565(9) 4.8(4) C74 0.3931(13) 0.0630(6) 0.0566(10) 5.4(4)
C15 0.5847(11) 0.2531(5) 0.2004(8) 4.3(3) C75 0.3563(14) 0.0221(7) 0.0147(10) 7.2(5)
Cl6  0.6711(10) 0.2167(5) 0.2307(8) 3.2(3) C76 0.3301(13)  -0.0157(6)  0.0595(10) 5.7(4)
c2l 0.7852(11) 0.0967(5) 0.2387(8) 3.3(3) C81 0.3073(10)  -0.1072(5)  0.1485(8) 2.9(3)
C22 0.7082(13) 0.0604(6) 0.1909(10) 6.1(4) C82 0.3999(12) —0.1187(5) 0.1227(9) 4.4(4)
C23 0.6986(12) 0.0187(5) 0.2476(9) 5.0(4) C83 0.4220(12) -0.1623(5) 0.0970(9) 4.7(4)
C24  0.6700(12) 0.0339(6) 0.3248(9) 5.5(4) C84 0.3454(12)  -0.1954(5)  0.0967(8) 4.5(4)
C25  0.7473(13) 0.0679(6) 0.3695(10) 5.6(4) C85 0.2507(11)  -0.1869(5)  0.1201(8) 4.2(3)
C26  0.7583(11) 0.1102(5) 0.3172(8) 3.7(3) C86 0.2324(11)  -0.1427(5)  0.1449(8) 3.9(3)
C3l 1.1570(11) 0.2794(5) 0.2209(8) 4.0(3) C91 0.1650(10)  -0.0477(5)  0.1841(8) 3.2(3)
C32 1.2159(11) 0.3088(5) 0.1673(8) 4.5(4) C92 0.0963(11) —0.0315(5) 0.1148(8) 3.6(3)
C33 1.3103(13) 0.3362(6) 0.2184(10) 6.1(4) C93 -0.0150(12) -0.0277(5) 0.1050(9) 4.7(4)
C34 1.2755(14) 0.3638(6) 0.2809(11) 7.1(5) C94 —0.0622(13)  -0.0397(6)  0.1662(10) 5.6(4)
C35 1.2233(14) 0.3374(6) 0.3359(10) 6.7(5) C95 0.0008(14) -0.0548(5) 0.2374(10) 5.8(4)
C36 1.1249(12) 0.3096(5) 0.2827(9) 5.2(4) C96 0.1121(13) —0.0588(5) 0.2456(9) 5.1(4)
C41 0.9433(10) 0.2860(5) 0.1140(8) 3.13) C101 0.3607(11) —0.0600(5) 0.2839(9) 3.8(3)
C42 0.8006(11) 0.3097(5) ~-0.0089(8) 3.8(3) C102 0.4422(12) -0.0914(5) 0.3139(9) 4.7(4)
C43 0.8791(12) 0.2716(5) 0.0305(9) 4.7(4) C103 0.4963(13) —0.0938(6) 0.3945(11) 6.1(4)
C44 0.7249(11) 0.3237(5) 0.0440(9) 4.7(4) C104 0.4752(13) —0.0634(6) 0.4481(10) 5.9(4)
C45  0.7867(12) 0.3371(5) 0.1261(9) 4.8(4) C105 0.3948(13)  —0.0311(6)  0.4249(10) 6.2(4)
C46 0.8652(11) 0.2986(5) 0.1657(8) 4.0(3) C106 0.3435(12) -0.0285(5) 0.3421(10) 5.3(4)
Cs1 1.2518(13) 0.1531(6) 0.3379(10) 5.7(4)

of “NagP/K3P”34-% with excess CICH,CH:Cl or BrCH,-
CH_.Cl or the reaction of PH; with CH;=~CHOACc).*” An
alternative route to P(CH;CH;PR,); by the reaction of
PCl; with reagents such as Ro;PCH.CH:MgX is unlikely
since the latter Grignard compounds are unstable.3 Thus,
there appears to be no simple route to the ligand P(CH,-
CH;PR,); via the coupling reactions between halides and
nucleophiles.

Free-radical and base-catalyzed addition of P-H, As-
H, and S-H groups across C=C bonds is a useful method
for synthesizing polydentate phosphine ligands.?8-3 For
example, P(CH,;CH,PPh,); is conveniently prepared by
bubbling PH; into a boiling THF solution of Ph,-
PCH==CH; containing some KOBut catalyst3? or by
addition of PhyPH to the double bonds in P(CH=CHj;);
in benzene in the presence of LiPh as a catalyst.3!

Wehave found that the new tetradentate ligand P(CH-
CH,PCy;)3 (PP3Cy) can be easily prepared by the reac-
tion of P(CH=CH,); with HPCy; in THF catalyzed by
LiN-i-Pr; (LDA) (eq 1). The reaction is complete in less

LDA

P(CH=CH,); + 3HPCy, —

than 3 h at room temperature. The compound can be
readily isolated as a white solid from MeOH. Noreaction

(34) Askham, F. R.; Stanley, G. G.; Marques, E. C. J. Am. Chem. Soc.
1985, 107, 7423.

(35) Hassler, K. J. Organomet. Chem. 1984, 266, C1.

(36) Becker, G.; Hélderich, W. Chem. Ber. 1975, 108, 2484.

(37) Hechenbleikner, I.; Enlow, W. P. Ger. Offen. 2,601,520, 1976.

occurs in the absence of LDA. Other bases such as KO-
t-Buor KOH do not initiate the reaction, possibly because
they are not strong enough toreact with HPCy; to generate
the PCy; intermediate. LDA is used because it is a
sterically hindered base and a poor nucleophile, thus
avoiding side reactions dueto nucleophilic reaction of the
base. LDA has been previously employed to generate
R,PLi in situ to synthesize polyphosphines.® Radical
initiators such as AIBN (2,2’-azobis(isobutyronitrile))
also fail to initiate the reaction. The conditions used in
synthesizing the new ligand P(CH,CH;PCy;); are milder
than those in the synthesis of P(CH;CH;PPhy);.31-33

The 'H NMR spectrum of the ligand displays a broad
envelope of resonances in the region 1.0-1.8 ppm. The
31P NMR spectrum of the phosphine ligand P(CH:CH,-
PCy;); provides confirmation of the proposed structure.
The signal for the central phosphorus atom is observed at
-0.2 ppm as a quartet and the terminal PCy, group at
-16.7 ppm as a doublet with a %J(PP) coupling constant
of 21.4 Hz.

A preliminary study shows that the method could be
extended to synthesize the known tetraphosphine P-
(CH;CH,PPh,)3%1-33 and the new ligand P(CH,CH,PEt,)s.
The characterization of P(CH,CH;PEt,); is not complete
and will not be discussed here.

Preparation of [RuCl(PP3;Cy)]Cl and [RuCl(PP;-
Cy)]BPh,. The dichloride compound [RuCl(PP;Cy)]Cl
isreadily synthesized by the reaction of RuCly(PPhg)s with

(38) Green, L. M.; Meek, D. W. Polyhedron 1990, 9, 35.
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Table IV. Selected Bond Distances (A1) and Bond Angles
(deg) in [FeCl(PP;Cy)]BPh,

Bond Lengths (A)
Fe~Cl 2.235(4) P(3)-C(4) 1.855(13)
Fe-P(1) 2.216(4) P(3)-C(31) 1.860(13)
Fe-P(2) 2.383(4) P(3)-C(41) 1.861(12)
Fe-P(3) 2.372(4) P(4)-C(6) 1.838(13)
Fe-P(4) 2.364(4) P(4)-C(51) 1.845(14)
P(1)-C(1) 1.806(13) P(4)-C(61) 1.855(13)
P(1)-C(3) 1.822(12) C(1)-C(2) 1.506(17)
P(1)-C(5) 1.841(12) C(3)-C(4) 1.543(17)
P(2)-C(2) 1.846(12) C(5)-C(6) 1.536(17)
P(2)-C(11) 1.851(12)
P(2)-C(21) 1.890(13)
Bond Angles (deg)
Cl-Fe-P(1) 178.92(15) C(2)-P(2)-C(11) 101.6(5)
Cl-Fe-P(2) 98.62(14) C(2)-P(2)-C(21) 104.9(6)
Cl-Fe-P(3) 97.55(14) C(11)-P(2)-C(21) 109.9(5)
Ci-Fe-P(4) 96.45(14) Fe-P(3)-C(4) 108.7(4)
P(1)-Fe-P(2) 82.15(14) Fe-P(3)-C(31) 118.5(4)
P(1)-Fe-P(3) 82.68(14) Fe-P(3)-C(41) 117.8(4)
P(1)-Fe-P(4) 82.52(14) C(4)-P(3)-C(31) 102.4(6)
P(2)-Fe-P(3) 120.17(14) C(4)-P(3)-C(41) 104.7(5)
P(2)-Fe-P(4) 115.86(14) C(31)-P(3)-C(41) 102.9(6)
P(3)-Fe-P(4) 118.87(14) Fe~P(4)-C(6) 108.1(4)
Fe-P(1)-C(1) 113.7(4) Fe-P(4)-C(51) 115.0(5)
Fe-P(1)-C(3) 114.7(4) Fe-P(4)-C(61) 118.9(4)
Fe-P(1)-C(5) 114.0(4) C(6)-P(4)-C(51) 104.2(7)
C(1)-P(1)-C(3) 105.1(6) C(6)-P(4)-C(61) 102.1(6)
C(1)-P(1)-C(5) 103.6(6) C(51)-P(4)-C(61) 106.8(7)
C(3)-P(1)-C(5) 104.6(6) P(1)-C(1)-C(2) 108.7(9)
Fe-P(2)-C(2) 107.1(4) P(2)-C(2)-C(1) 108.7(8)
Fe-P(2)-C(11)  120.4(4) P(1)-C(3)-C(4) 109.0(8)
Fe-P(2)-C(21) 111.4(4) P(3)-C(4)-C(3) 110.0(8)
P(1)-C(5)-C(6) 106.9(8)
P(4)-C(6)-C(5) 109.6(8)

1 equiv of PP3Cyin dichloromethane (eq 2). The reaction
is complete in less than 30 min at room temperature.

PPh, PCy,

| PPy ppcy /‘|}PCYz

Ru—Cl p Ru—<Cl | or (2)
-PPh, /

PPh, | \—PCy,

Cl

It is noted that preparations of other tetradentate
phosphine complexes such as RuClo(PP;) (PP; = P(CH,-
CH,PPhy)s),2 RuCly(P(CH,CH,CH.PMes)s),%° and RuCl,-
(meso-P4) (P4 = thPCHzCHzP(Ph)CH2CH2P(Ph)CH2-
CH:PPh;)4 by substitution reactions from appropriate
starting materials (e.g. RuCly;(PPhj);, RuCl;(DMSO),,
RuCly(py)s) require prolonged refluxing conditions. The
more bulky steric characteristics of the new ligand
P(CH;CH,PCy;); may be the origin for the higher rate of
the substitution reaction.4!

[RuCl(PP;Cy)1Clis a yellow-orange compound and can
be recrystallized from a CH,;Cly/Et;O solvent mixture. It
is soluble in polar solvents such as acetone, dichlo-
romethane, and THF and slightly soluble in alcohols but
insoluble in benzene. These observations support the
formulation of the compound as a 1:1 electrolyte, [Ru-
Cl(PP3;Cy)]C], in solution.

Further evidence for the formulation of the dichloride
as [RuCl(PP;Cy)1Cl is the easy formation of [RuCl(PP3-
Cy)IBPh, and the similarity of the spectroscopic param-
eters of the two compounds. The compound [RuCl(PP:;-

(39) Antberg, M.; Dahlenburg, L. Inorg. Chim. Acta 1986, 111, 73.
(40) Rivera, A. V.; de Gil, E. R.; Fontal, B. Inorg. Chim. Acta 1985, 98,

153.
(41) Tolman, L. A. Chem. Rev. 1977, 77, 313.
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Figure 1. Variable-temperature 31P{!H} NMR spectra for
[RuCl(PP;Cy)]BPh, in dichloromethane (80.98 MHz). The
chemical shift scale is referenced to P(OMe); (singlet at 140.4
ppm).

C(35)
c(as) €@ al
Q |
c(12) )
Y
C(23)

() )

Figure 2. Molecular structure of the cation of [FeCl(PP;-
Cy)1BPh,. The hydrogen atoms are omitted for clarity.

Cy)1BPhy is formed from a mixture of [RuCl(PP;Cy)1Cl
and NaBPh, in CH,Cl,/MeOH and isisolated from MeOH.
The 'H NMR spectrum of [RuCl(PP;Cy)1BPh, in acetone-
dg exhibits, in addition to the resonance of BPhy~ in the
aromatic region (6.8-7.3 ppm), the signals of the ligand in
the aliphatic region (1.3-2.8 ppm); the signal shape is
identical with that of [RuCl(PP3;Cy)ICl. The 3'P NMR
spectra of the two compounds are also very similar at both
room temperature and low temperature. For example,
the 31P resonance for the bridgehead phosphorus of the
PP;Cy ligand was observed at 143.1 ppm (q, J(PP) = 15.5
Hz) for [RuCl(PP3;Cy]Cl and at 141.9 ppm {(q, J(PP) =
15.9 Hz) for [RuCl(PP3;Cy)]BPhy; the signals for the
terminal PCy; groups were observed at 66.8 ppm (br) for
[RuCl(PP3Cy)]1Cl and 66.3 ppm (br) for [RuCl(PP3Cy)]-
BPh, in dichloromethane at room temperature.

It is interesting to note that other reported RuCls-
(tetraphos) complexes, such as RuCl,(P(CH;CH;PPhy)3),®
RuCl(P(CH;CH,CH;PMe;)3),3° and RuCly(P(o-CeH,-
PPhy);),*2 all exhibit AMX; splitting patterns in their 3!P
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NMR spectra and are all neutral octahedral complexes.
Thus, the three bulky PCy. groups in P(CH;CH:PCy.)3
forced one of the Cl-ligands out of the coordination sphere
to form the five-coordinate complex. The complex
RuCly(meso-P4) adopts a trans-octahedral structure®’ but
behaves as a 1:1 electrolyte in dimethylacetamide.4?
Three possible structures for the cation [RuCl(PPsCy)}*
are shown by I-II1, based on the variable-temperature 3'P
NMR spectra (Figure 1) in dichloromethane. At room

" + + /\ +
/;‘ TCPCyz I/P>Y2 (\ | PCy

Ru—Cl PCys-\—Ru—Cl Csz—Ru
~PCy,

PCy; PCy, Cl

I Il I11

temperature an AMj splitting pattern is observed, which
indicates that all of the terminal PCy; groups are equiv-
alent. As the temperature is lowered, the signal for the
terminal PCy> groups at 66.2 ppm broadens and then
separates into two peaks, when the temperature is below
—60°C,at 111.9and 43.2 ppm with a 1:2 ratio of intensities.
The low-temperature 3P NMR pattern AMX. suggests
that the cation [RuCl(PP;Cy)]* adopts the square-
pyramidal geometry I or II. In the 1P NMR spectrum at
-80 °C, the signal at 141.8 ppm is assigned to the
bridgehead phosphorus atom of the tripod ligand PP;Cy.
The exceptional downfield chemical shift for the bridge-
head phosphorus atom is caused by the five-membered-
ring effect.** The signals at 111.9 and 43.2 ppm are
assigned, respectively, to the apical PCy; group and the
basal PCy; groups in structure I. Structure I, where one
of the PCy; groups is in the apical position, is preferred
over structure II, where the central phosphorus atom is in
the apical position, because of the significantly downfield
chemical shift for the unique PCy: group. The chemical
shift difference between the unique PCy; group and the
other two equivalent mutually trans PCy; groups is 68.7
ppm. For comparison, the chemical shift difference
between the PPh; group trans to a chloride (65.70 ppm)
and the two mutually trans PPhs groups (40.40 ppm) is
only 25.3 ppm in the octahedral tetraphosphine PP;
complex RuClz(PP3). It hasbeen observed that the apical
phosphorus atom is significantly deshielded compared with
the basal ones in several ruthenium square-pyramidal
complexes.*>-4 For example, the resonance for the apical
PPh; appears at 75.0 ppm and the basal PPh; at 23.3 ppm
in RuCly(PPhj3)3.46 Fast chemical exchange of the apical
and the basal PCy; groups in structure I may explain the
room-temperature 3!P NMR spectrum. The undistorted-
trigonal-bipyramidal structure ITI can be excluded because
it does not explain the low-temperature 1P NMR spectra;
in this geometry the complex would be like the iron
complex [FeCl(PP;Cy)]*, which is paramagnetic and gives
no spectrum.

Organometallics, Vol. 12, No. 3, 1993 911

Werecently learned of an X-ray structure determination
of [RuCl(PP3)I1BPh, which shows that this cation has a
structure intermediate between those of I and II1.42 The
corresponding PP;Cy complex probably also has this
distorted-trigonal-bipyramidal structure in the solid state.
This structure could be maintained in solution or there
may be some slight modification, including weak coordi-
nation of CH;Cls, although we have no evidence for this.

Preparation and Crystal Structure of [FeCl(PP;-
Cy)]BPhy. Anhydrousiron(II) chloride and PPsCy react
indichloromethane to give the purple complex [FeCl(PP3-
CyICl. Anion exchange with NaBPh, gave the purple
complex [FeCl(PP;Cy)1BPh, (eq 3), which was charac-
terized by FAB mass spectroscopy and single-crystal X-ray
diffraction.

NaBPh, cl BPh,’
_ MeOH Cyzn . |
PCy2 (3)

CH,Cl, -NaCl CY2P 4 I \)

The X-ray structure of the complex shows that the
coordination geometry around the iron atom is trigonal
bipyramidal (TBP), with only small (<5°) deviations from
the ideal 120° angles in the equatorial plane (Figure 2).
However, the iron atom is displaced toward the chloride
by 0.312(3) A from the plane defined by the three equatorial
phosphine atoms. Similar displacement of the metal atom
toward the monodentate ligand has been observed in TBP
complexes of tripod ligands such as [Fe(SH)(PP3)]BPh,
(0.334 A out of plane),5 [Ni(SH)(PP3)]BPhy (0.196 A),%
[Co(H2)(PP3)]PFs (0.112 A), Rh(XH)(PP3) (X =8, Se,
Te; 0.22-0.24 A),5! and all of the complexes of the formula
[MBr(Megtren)]Br (M = Mn, Fe, Co, Ni, Cu, Zn; Megtren
= N(CH;CH:NMey)s; 0.20-0.36 A out of plane).52-%4 The
displacement of the metal out of the plane results at least
partially from the inability of the ethylene bridges to span
the full 90° axial-equatorial angle. However, the dis-
placement is not observed in the cobalt(I) complex
CoH(PP;3).55

Associated with this metal atom displacement is a
shortening of the Fe-P(1) bond by 0.157 A compared to
the other Fe-P bonds in [FeCl(PPsCy)]BPhy. Similar
axial bond shortening is found in the PP; complexes
mentioned above (e.g. 0.114-0.133 A, for the Fe, Rh and
Ni complexes) but not in the Megtren complexes. In
octahedral and square-pyramidal PPs complexes as well,
the bridgehead phosphorus is bound more tightly.%%

The related complexes [RuCl(dcpe):]* (dcpe = 1,2-
bis(dicyclohexylphosphino)ethane) and [FeBr(meso-P)]*
adopt a distorted-TBP geometry, with the halide in an
equatorial position trans to an equatorial P-M-P angle of
less than 120° (93.1 and 105.0°, respectively).5%8 This
arrangement isnot possible in the present complex because
the ethylene bridges cannot span angles of greater than
~83°,

FeCl, + PP;Cy

(42) Venanzi, L. M. Chimia 1976, 30, 227.

(43) Khan, M. M. T.; Mohiuddin, R. J. Coord. Chem. 1977, 6, 171.

(44) Garrou, P. E. Chem. Rev. 1981, 81, 229,

(45) Jia, G.; Lee, 1.; Meek, D. W.; Gallucci, J. C. Inorg. Chim. Acta
1990, 177, 81.

(46) Armit, P. W.,; Boyd, A. S. F.; Stephenson, T. A. J. Chem. Soc.,
Dalton Trans. 1975, 1663.

(47) Jung, L. W.; Garrou, P. E.; Hoffman, P. R.; Caulton, K. G. Inorg.
Chem. 1984, 23, 726.

(48) Ashworth, T. V.; Chalmers, A. A.; Singleton, E. Inorg. Chem. 1985,
24, 2126.

(49) Information provided by a reviewer.

(560) Di Vaira, M.; Midollini, S.; Sacconi, L. Inorg. Chem. 1977, 16,
1518,

(51) Di Vaira, M.; Peruzzini, M.; Stoppioni, P. Inorg. Chem. 1991, 30,
001.

(52) Di Vaira, M.; Orioli, P. L. Acta Crystallogr. 1968, B24, 595.

(53) Di Vaira, M.; Orioli, P. L. Inorg. Chem. 1967, 6, 955.

(54) Di Vaira, M.; Orioli, P. L. Acta Crystallogr. 1968, B24, 1269.

(55) Ghilardi, C. A.; Midollini, 8.; Sacconi, L. Inorg. Chem. 1975, 14,
1790,
(56) Orlandini, A.; Sacconi, L. Inorg. Chem. 1976, 15, 78.
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Scheme II
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The Fe—Cl bond length is within the range observed for
Fe-Cl bonds in iron(II) complexes (2.18-2.31 A).52-61 The
Fe-P bonds in the present complex are longer than
reported Fe-P bonds in other Fe(II) tris(n-butylphos-
phine) complexes (2.28-2.35 A).596268 The BPh4- anion
is tetrahedral with deviations of 3° or less from the ideal
109.5° C-B-C angles.

Preparation of Ruthenium Hydride Complexes.
The chloride complexes [RuCl(PP:Cy)1X (X = Cl, BPhy)
are excellent starting materials for a range of hydride
complexes stabilized by the tetradentate ligand P(CH-
CHyPCy;): (PP3Cy). The preparation reactions are sum-
marized in Scheme II.

Preparation and Characterization of RuH(»2-
BH,)(9*-PP;Cy-BH;). Treatment of [RuCl(PP3Cy)ICl
with excess NaBH, in THF produces RuH(n%-BH,)(n%-
PP;Cy-BH3). Inthe 'H NMR spectrum in CgDg at room
temperature, Ru-H is observed at —18.2 ppm as a doublet
of triplets (2J(PH) = 36.6,19.8 Hz). The hydride resonance
pattern suggests that only three phosphorus atoms of the
tetraphosphine ligand are coordinated to ruthenium, and
the hydride is cis to the coordinated phosphorus atoms.
The broad signals at —7.0 and 5.5 ppm are assigned to the
bridging hydrides and terminal BH;, respectively. The
IH NMR parameters for the Ru-H and BH, groups are
very similar to those of RuH(»2-BH,)(triphos) (triphos =
PhP(CH;CH,CH;PCy:);,%¢ PhP(CH;CH,CH;PPh,),%).
The signals for the phosphine-bound BH; protons cannot
be located, but they might be buried in the resonances of
theligand (0.8-2.8 ppm). The chemical shifts ranged from
0.24 to 1.50 ppm for several phosphine~borane com-
plexes.86-69 The presence of both »2-BH, and PCy.-BH3

(57) Mezzetti, A.; Del Zotto, A.; Rigo, P. J. Chem. Soc., Dalton Trans.
1989, 1045.

(58) Bacci, B.; Ghilardi, C. A. Inorg. Chem. 1974, 13, 2398.

(59) Snyder, B. S.; Holm, R. H. Inorg. Chem. 1988, 27, 2339.

(60) Goedken, V. L.; Molin-Case, J.; Christoph, G. G. Inorg. Chem.
1973, 12, 2894.

(61) Jens, V. K.-J.; Weiss, E. Acta Crystallogr. 1984, C41, 895.

(62) Belani, R. M.; James, B. R.; Dolphin, D.; Rettig, S. J. Can. J.
Chem. 1988, 66, 2072.

(63) Chen, C.; Cai, J.; Liu, Q.; Wi, D.; Lei, X.; Zhao, K.; Kang, B.; Lu,
d. Inorg. Chem. 1990, 29, 4878.

(64) Jia, G.; Meek, D. W.; Gallucci, J. C. Inorg. Chem. 1991, 30, 403.

(65) Letts, J. B.; Mazanec, T. J.; Meek, D. W. J. Am. Chem. Soc. 1982,
104, 3898.

(66) Schmidbaur, H.; Weiss, E. Angew. Chem., Int. Ed. Engl. 1979, 18,
781.
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groups is further supported by the 1!B{!H} NMR spectrum,
which displays two broad resonances at 12.7 and -42.9
ppm with BF3-:OEt; as an external standard. The reso-
nance at —42.9 ppm is assigned to the BH; group bound
to the PCy; group. The chemical shift is in the range of
literature values (ranging from -34.4 to —46.8 ppm with
reference to BH3.OEt; for several PR3-BH; com-
pounds).®-78 The broad resonance at 12.7 ppm is assigned
to the n2-BH, group. The !B NMR signal for the 72-BH,
group appeared at 34.8 ppm for Cp*Ru(PMe3)(BH,),™
-3.4 ppm for Cp.Zr(BH )Me,”> and -15.8 ppm for
Cp2Zr(BH,),.75 In the 3P NMR spectrum of the new
complex, the signal for the central phosphorus atom of
the tetraphosphine appears at 123.8 ppm (dt, J(PP) = 32,
14 Hz), while the two PCy; groups mutually trans to each
other appear at 78.1 ppm (d, J(PP) = 14 Hz). The
resonance for the PCy»BHj3 group is at 27.7 ppm (br),
which is ca. 39.4 ppm downfield from that of the free ligand
PP,Cy (-16.7 ppm). Pronounced deshielding of phos-
phorus upon adduct formation of BHz:PR3 compared with
free PR; has been observed previously.”!

Formation of the complex RuH (n?>-BH,) (3-PP3;Cy-BH3)
from the reaction of excess NaBH, with the complex
[RuCl(PP;Cy)]* seems related, at least partly, to the steric
bulkiness of the PCy; groups of the ligand. Thus, one of
the PCy; groups of the ligand PP;Cy dissociates from the
metal center during the reaction owing to the steric
interactions between the PCy, groups. Treatment of
RuCl;(PP3) with excess NaBH, yields RuH(»!-BH,)(PP3).8
There are a few reports concerning the dissociation of
chelating phosphines. Reaction of [CpFe(CO)(dppe)]*
with LiAlH, produced CpFeH(CO)(n!-dppe) via the in-
termediate CpFe(CHO)(n2-dppe).” Rapid exchanges of
coordinated and uncoordinated PPh; groups have also
been observed in Rh(NO)(PP3)?” and Pt(Me)s(ttp) (ttp =
PhP(CH;CH;CH:PPh,),).”® Ruthenium complexesof the
type RuH(n?-BH,)(P3) appear to be quite stable,and many
examples are known,64.6579-81

Synthesis of RuHCI(PP;Cy). Treatment of [RuCl-
(PP3;Cy)]1Cl with excess NaOMe in refluxing THF for 5 h
produces RuHCI(PP;Cy) as the only product. In the 'H
NMR spectrum in CD,Cly, the hydride resonance is
observed at -10.7 ppm (dtd, J(PH) = 96, 30, 22 Hz). The
31P NMR spectrum in THF shows three resonances with
relative intensities of 1:1:2. The highest frequency res-
onance at 148.8 ppm is assigned to the central phosphorus

(67) Schmidbaur, H.; Weiss, E.; Zimmer-Gasser, B. Angew. Chem.,
Int. Ed. Engl. 1979, 18, 782.

(68) Lines, E. L.; Centofanti, L. F. Inorg. Chem. 1974, 13, 2796.

(69) Mathur, M. A.; Myers, W. H,; Sisler, H. H.; Ryschkewitsch, G. E.
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(70) Martin, D. R.; Merkel, C. M.; Puiz, J. P.; Mondal, J. U. Inorg.
Chim. Acta 19885, 100, 293.
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Chem. Commun. 1988, 799.
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Figure 3. Variable-temperature 'H NMR spectra of
[RuH(H,)(PP;Cy)]BPh, in the hydride region (CD,Cl,, 400
MHz). There is a machine noise peak around —4.8 ppm.

atom of the ligand PP;Cy (see Scheme II). The resonance
for the two mutually trans PCy; groups appears at 54.3
ppm and that for the other PCy; group at 40.4 ppm. The
hydride ligand is trans to the terminal PCy, group, as
shown by a broad-band proton-coupled spectrum, in which
the resonance at 40.4 ppm is split into a broad doublet.
The spectroscopic parameters of the compound RuHCI-
(PP;Cy) are very similar to those of RuHCI(PP3).2 The
structural properties are probably similar to those of the
crystallographically characterized octahedral complex
(Rh(NP;Cy)H(CH]BPh,.%2

Synthesis and Characterization of the Dihydro-
gen Complex [RuH(n?-H;)(PP;Cy)]BPh,. Thehydrido
dihydrogen complex [RuH (n?-H2) (PP3Cy)1BPh,is readily
synthesized by the reaction of [RuCl(PP;Cy)]* with
NaBH, under a hydrogen atmosphere in THF/EtOH. The
procedure is similar to that employed in synthesizing
molecular dihydrogen complexes such as [FeH(n-
H3)(PP3)]* ® and [MH(*-Hz)(L2)2]* (M = Fe, Ru, Os, Lo
=depe; M = Ru, Os, L, = dppe).#® The compound is quite
air sensitive both in the solid state and in solution. The
dihydrogen ligand can be easily replaced by Cl- to form
RuHCI(PP;Cy). It also undergoes facile Ho/D; exchange
at room temperature insolution. Thestability with respect
to loss of hydrogen under vacuum is considerably higher;
no H; is lost if the solid complex is kept under vacuum for
afew hours at room temperature. Other similar ruthenium
molecular dihydrogen complexes such as [RuH(n?-
Ho)(L2)2l* (Ly = dppe,2 dtfpe (=1,2-bis(bis(trifluoro-
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Scheme II1. 'H and 3'P Site Exchange
X X X X
B H—H'l A H Y
CyP, * WPCy2 Csz, I o e
L /M j t/
Cy,P*\ \H CyP*\, \PCy2

\\/P \;P\/

Table V. Free Energies of 'H and 3'P Site Exchange in
[MH(H;)L}* Complexes (L = PP;Cy, PP;)

M =Fe M=Ru
T,K  AG? kcal/mol T.K  AG! kcal/mol
L = PP;Cy

PA — PB 233 10.6 253
HX — HY 213 10.8 229 .

263 11.1 273 11.5

L= PP;;

pPA — pB 273 12.3 269 12.5
HX — HY 290 12.6 303 13.1

tolyl)phosphino)ethane)?¢) and [RuH(n%-H,)(L)(]* (L =
P(OMe);, P(OEt)3)% are known to lose H; readily.

At 35 °C, the TH NMR spectrum of [RuH(n?-Hy)-
(PP;Cy)]1BPh, in the hydride region shows a broad
resonance at ca. —7.45 ppm in CD;Cl; (Figure 3). The
broad hydride resonance separates into two signals when
the temperature is lowered below -20 °C (at 400 MHz);
one signal is a broad peak at ca. —5.1 ppm, and the other
is a doublet of pseudoquartets at ~12.35 ppm with an
intensity ratio of ca. 2:1. The line shapes of the variable-
temperature 'H NMR spectra are typical for hydrido »2-
dihydrogen complexes with rapidly exchanging hydrogens
at the metal center. The more intense signal is assigned
to the dihydrogen signal. The multiplet resonance at
-12.35 ppm is assigned to the terminal hydride. The
doublet multiplicity results from the coupling of the
hydride to a trans phosphorus atom (J(PH) = 64 Hz). The
pseudoquartet pattern (J(PH) ~ 24 Hz) is observed
because the other three phosphorus atoms of the ligand
all have similar coupling constants with the hydride. The
hydride is trans to one of the terminal PCy, groups, as
determined by a proton-coupled 3P NMR spectrum at
—60 °C in THF, where the resonance at 64.9 ppm appears
as a broad doublet. Thus, the dihydrogen ligand must be
located trans to the central phosphorus atom.

In fact, the variable-temperature !H NMR spectra in
the hydride region are like those reported for the similar
dihydrogen complex [RuH(52-Hy) (PP3)]1*, except that the
n2-H; and the hydride resonances coalesce at a lower
temperature for [RuH(72-Hy) (PP;Cy)]1* (273 K, 400 MHz)
than for [RuH(n%-H3)(PP3)1* (303 K, 300 MHz).2 The
method of Shannan-Atidi and Bar-Eli% can be used to
estimate the rates of H atom exchange for a system with
site populations 2:1 and no-exchange peak separations of
2900 and 1818 Hz for the PP3;Cy and PP; complexes,
respectively. The rates for H atoms traveling from site X
tosite Y asin Scheme III are 2900 and 1820s-!, respectively.
The AG?* values for these rates are 11.5 and 13.1 kcal/mol,
respectively (Table V).

(82) Di Vaira, M.; Peruzzini, M.; Zanobini, F.; Stoppioni, P. Inorg.
Chim. Acta 1983, 69, 37.

(83) Cappellani, E. P.; Maltby, P. A.; Morris, R. H.; Schweitzer, C. T.
Inorg. Chem. 1989, 28, 4437.
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(85) Amendola, P.; Antoniutti, S.; Albertin, G.; Bordignon, E. Inorg.
Chem. 1990, 29, 318.

(86) Shannan-Atidi, H.; Bar-Eli, K. H. J. Phys. Chem. 1990, 74, 961.
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The presence of a n2-H; ligand in the complex is
confirmed by the T, values, which were measured by the
inversion recovery method. At 38 °C and 400 MHz in
CDCl,, the T, value for the broad hydride resonance is
46 ms. At -44 °C, the T values for the dihydrogen
resonance at—5.1 ppm and the hydride resonance at-12.35
ppm were measured to be 26 and 37 ms, respectively. The
similarity in the T values of the dihydrogen and the
hydride signal is caused by the hydride site exchange of
the hydride and dihydrogen ligand. Therefore, 229 K is
approximately the temperature of relaxation coalescence.
Therate constant of exchange (HX — HY) can be estimated
as 1/T1(HY),%" and thus an activation free energy of 11.6
kecal/mol is calculated (Table V). As the temperature is
further decreased, the value for the hydride resonance
increases and is 135 ms at —88 °C. The minimum T'; value
for the dihydrogen signal was observed to be 24 ms at —66
°C. An H-H distance of 0.91 A is calculated from this
value, assuming that the dihydrogen ligand is rapidly
spinning.2® This value will be larger (up to 0.93 A),
depending on how many cyclohexyl protons contribute to
the relaxation.’® It should be noted that an alternative
H-H distance of about 1.15 A can be calculated from the
minimum T’ value on the assumption of no rapid internal
motion of the H; ligand.?® However, the large J(HD)
coupling for the HD isotopomer (see below) suggests that
the 0.91-0.93 A range of distances is more appropriate.

A shorter minimum T value (8 ms in THF, 6 ms in
acetone at 300 MHz) is observed for the dihydrogen
resonance in the similar complex [RuH(»n%-H)(PPj)]*.3
Thus, the H-H distance in the more basic complex [RuH-
(n2-Hp)(PP3Cy)]* (approximately 0.92 A) is longer than
that in [RuH(»2-H2)(PP3)]* (approximately 0.80 A), as
one might expect.

Further evidence for the presence of a dihydrogen ligand
is the observation of an H-D coupling in the isotopomer
[RuH,D3 .(PP3Cy)IBPh,. Partially deuterated (ca.50%
deuterium) [RuH,D3_.(PP;Cy)1BPhy, is prepared by stor-
ing a 'H NMR sample of [RuH(n2-H;)(PPs;Cy)1BPh, in
CD;Cl; under an atmosphere of HD gas for ca. 10 min. At
-60 °C, the spectrum displays a broad pseudoquartet at
-5.1 ppm, which is assigned to the resonance of the n>-HD
molecule. The pseudoquartet arises from the 1:1:1 triplet
due to H-D coupling, which is further split into doublets
due to coupling of the H-D proton to the trans central
phosphorus atom of PPsCy. An accurate simulation of
the spectrum was obtained by using 1J(HD) and 2J(PH)
coupling constants of 28 and 32 Hz, respectively. Strong
coupling of HD to the trans phosphorus has been observed
in other »%-H; complexes.6#* The !J(HD) coupling
constant of 28 Hz confirms that the H-D bond is intact.
The compound also exhibits a primary isotopicshift (3(HD)
- 6(Hy)) of =50 ppb. A '1J(HD) coupling constant of 29.7
Hz and a secondary isotopic shift (6(HD) - 6(H3)) of 20
ppb were observed for [RuH(#2-H5)(PP3)]+.8

A THEF solution of the dihydrogen complex [RuH(5?-
Ho)(PP3Cy)1* displays interesting variable-temperature
3P NMR spectra, as shown in Figure 4. At room
temperature the spectrum consists of an AM; splitting

(87) Jessop, P. G.; Morris, R. H, Coord. Chem. Rev. 1992, 121, 155.
(88) Desrosiers, P. J.; Cai, L. H; Lin, Z. R.; Richards, R.; Halpern, J.
J. Am. Chem. Soc. 1991, 113, 4173.
(89) Bautista, M. T.; Earl, K. A.;; Maltby, P. A.,; Morris, R. H;
Schweitzer, C. T.; Sella, A. J. Am. Chem. Soc. 1988, 110, 7031.
0 Q(Qg)sBsianchini, C.; Mealli, C.; Peruzzini, F. J. Am. Chem. Soc. 1987,
109, 5548.
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Figure 4. Variable-temperature 3'P{'H} NMR spectra of
[RuH(H;)(PP;Cy)1BPh,in THF (80.98 MHz). The chemical
shift scale is referenced to P(OMe); (singlet at 140.4 ppm).

pattern, which indicates that all the terminal PCy, groups
are made equivalent by rapid site-exchange processes. The
signal for the bridgehead phosphorus atom appears at 144.4
ppm (q, J(PP) = 13.7 Hz) and that for the terminal PCy,
groupsat73.0 ppm (br). When the temperature islowered,
the resonance at 144.4 ppm does not undergo appreciable
change except that the line becomes more broad because
of the decrease in T;. However, dramatic changes occur
for the signal at 73.0 ppm. Asthe temperature is lowered,
the signal is separated into two broad peaks at 213 K, one
at 76.6 ppm and the other one at 64.9 ppm, with an intensity
ratio of 2:1. The coalescence temperature is 253 K for this
process of exchanging nuclei with a frequency separation
of 948 Hz, and the AG* value calculated is 11.2 kcal/mol
for the site-exchange process pA — PB (Scheme III). The
similarity to the activation energies from the 'H NMR
spectra suggests that H atom and terminal P group
exchange processes are concurrent . We have estimated
a AG* value of 12,5 kcal/mol from the 3P NMR data
reported for the complex [Ru(n?*H;)(H)(PP3)l*. The
coalescence temperature for this complex is 269 K with a
peak separation of 330 Hz. Again, the AG* values from
the H atom and P group exchange process are similar for
this PP3 complex. Bianchini et al.8 report a AG* value at
this temperature of 12 £ 1 kcal mol-! for the P group
exchange. Therefore, the bulkier PCy, groups of the
electron-donating PP3Cy favor the H and P site exchange
processes compared to the PPh; groups of the PP; ligand,
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assuming that the AG* values are not very temperature
dependent. This is consistent with the trihydrogen
transition state of Scheme I. The bulkier PCy, would
force the Cj, structure, as discussed earlier. However, an
equally valid intermediate could be the seven-coordinate
trihydride [M(H)3(L)1* (L. = PP;, PP;Cy). The more basic
PCy; groups would facilitate the oxidative addition of the
dihydrogen ligand.

While the signal at 64.9 ppm becomes sharper when the
temperature is lowered to 173 K, the signal at 76.6 ppm
is separated into two resonances with an AB splitting
pattern at 80.0 and 73.2 ppm and coupling constants of
ca. 190 Hz. The magnitude of the J(PP) coupling constant
indicates that the two phosphorus atoms are trans to each
other.?! The AG* value is 8 kcal/mol for this site exchange
with a coalescence temperature of approximately 190 K.
It is assumed that restricted rotation of the cyclohexyl
groups renders the trans PCy; groups (P# in Scheme III)
inequivalent. The less bulky PPh;groupsof the PP;ligand
in [Ru(n?-H2)(H)(PP3)]* do not become inequivalent at
low temperature. Similar inequivalence of two mutually
trans PCy; groups at low temperature has previously been
observed in the six-coordinate complexes [MX(L)(dcpe)]+
(M = Ru, Os; dcpe = Cy,PCH,CH,PCy,).57%

Attempts To Synthesize RuH(PP3;Cy). We have
attempted to synthesize and characterize the dihydride
complex RuHy(PP;Cy). It appears that the dihydride
complex is unstable and decomposes to give some poly-
meric materials. Thus, treatment of [RuCl(PP3;Cy)]1Clin
THF with excess LiAlH, or LIBHEt; produces a colorless
solution. A 3P NMR spectrum of the solution indicates
that the predominant product displays a doublet at ~59.5
ppm for the terminal PCy; groups and a quartet at 12.1
ppm for the central phosphorus atom. The same com-
pound could also be obtained by the reaction of [RuCl-
(PP:Cy)ICl in benzene, ether, or hexane with excess
LiBHEt;. The compound is soluble in solvents such as
benzene, Et;0, and hexane and reacts with MeOH to form
[RuH(#2-H3)(PP:Cy)]*. Thus, the compound is likely to
be Ru(H)o(PP;Cy). However, the compound is unstable,
especially under vacuum. An insoluble white solid is
obtained when the solvent of the reaction mixture is
removed completely under vacuum after the synthesis.
Thus, we were unable to fully characterize the compound.

Preparation and Characterization of [FeH(n*-H,)-
(PP3;Cy)]BPh,. Reaction of the purple complex [Fe-
ClL(PP:Cy)ICl with LiAlH, in hot THF under dinitrogen,
followed by addition of ethanol and then NaBPh, in
methanol, gives the dihydrogen complex [FeH(n%-Hj)-
(PP;Cy)1BPh, as a pale yellow powder in poor yield (eq
4). Thereactionintermediates and product must be stable
with respect to substitution by dinitrogen. The complex
[Fe(n?-H)H(PP3)]* is known to react extremely slowly
with dinitrogen.!® The parent ion of the FAB mass
spectrum of the product corresponds to FeHy(PP3Cy)*.
We have found that the loss of metal-bonded H atoms in
FAB mass spectral determinations is quite common.
However, the NMR properties of the complexes are very
similar to those of the Ru congener. The minimum T'; of
approximately 29 ms for the dihydrogen resonance occurs
at—66 °C compared to 24 ms at —66 °C for the Ru complex

(91) Pregosin, P. 8.; Kunz, R. W. NMR Basic Principles and Progress;
Diehl, P., Fluck, E., Kosfeld, R. E., Eds.; Springer-Verlag: Berlin, 1979;

pl
(92) Mezzetti, A.; Zotto, A. D.; Rigo, P. J. Chem. Soc., Dalton Trans.
1990, 251.
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at 400 MHz (Table I). The calculated H~H distance for
the complex is 0.96 A, with the assumption of rapid
spinning and some contribution to the relaxation from
other ligands; the less likely alternative distance for a
nonspinning H, ligand would be 1.21 A.

The 'H and 3P NMR spectra of the iron complex change
with temperature in a fashion very similar to that for the
ruthenium complex. The 400-MHz'H NMR spectrum at
193 K consists of a broad peak at —9.35 ppm (n2-H,) and
a pseudoquartet at -15.96 ppm (hydride). The latter
pattern is slightly different from the doublet of quartets
observed for the Ru analogue because iron has, as a rule,
|J(PH)trans| < J(PH).is| whereas Ru has the reverse with
K/ (PH)qis| < (PH)transl; this trend has been noted before!8.9
and is true in isostructural complexes of the type cis-MH,-
(dmpe).*® (dmpe = 1,2-bis(dimethylphosphino)ethane),
cis-MHy(dppe)2,2° cis-MH(R)(dmpe).,*** and [M(H,)-
H(PP3)]* (M = Fe, Ru).8® At -60 °C the T} values of the
H;and H ligands are nearly equal (relaxation coalescence).
An exchange rate constant (HX — HY) of 30 s-! and a AG*
value of 10.8 kcal/mol is calculated on the basis of this
information (Table V). The line shape coalescence tem-
perature is approximately —10 °C, and a AG* value of 11.1
kcal/molis estimated for the exchange at this temperature.
At 20 °C the near fast exchange spectrum is a broad singlet
at-11.4 ppm, which is close to the weighted average (-11.5
ppm) of the no-exchange chemical shifts.

At —66 °C the 3P NMR spectrum of the iron complex
is very similar to that of the Ru complex and consistent
with a structure where the PP;Cy ligand occupies four
sites on an octahedral complex. The central P atom has
a chemical shift of 171.9 ppm (acetone-dg solvent) and
gives a quartet pattern. Two trans PCy; groups (atoms
P2 in Scheme III) produce a broad singlet (intensity
approximately 2) at 97.4 ppm, and the unique PCy,
terminal group (PB) gives a broad peak at 90.9 ppm. Line
shape coalescence of the signals corresponding to PA and
PB is observed at 233 K. A AG* value of 10.6 kcal/mol is
calculated. This agrees well with the AG* values from the
IH spectra and suggests that the 2HX = HY and 2PA =
PB processes are linked to each other as indicated in
Scheme III. We have calculated corresponding energies
AG* for the complex [Fe(n?-Ho)(H)(PP3)]* from the
literature data®!° and include them also in Table V for
comparison. Recently Bianchini et al. have reported a
detailed line shape analysis of the 3!P{!H} spectra of [Fe(n*-
H;)(H)(PP3)]* and obtained activation parameters:

(93) Tolman, C. A.; Ittel, S. D.; English, A. D,; Jesson, J. P. J. Am.
Chem. Soc. 1978, 100, 4080.

(94) Ittel, S. D.; Tolman, C. A.; English, A. D.; Jesson, J. P. J. Am.
Chem. Soc. 1978, 100, 7577.
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AG*(263K) =12+ 1, AH* = 9.7 £ 0.5 kcal mol-!, AS* =
-9 % 2 cal K-1.19 These parameters are consistent with
the AG* values reported in Table V, and they can be used
to calculate AG*(233 K) = 11.8 kcal mol-! for the PPy
complex for comparison with AG*(233 K) = 10.6 kcal mol-!
for the PP;Cy complex. Clearly the PP;Cy ligand pro-
motes faster exchange of terminal PR, groups than the
PP; ligand.

At 20 °C the 3P NMR spectrum of the iron complex is
at the fast exchange limit. The terminal PCy;groups give
one resonance at 98.8 ppm. This is not the weighted
average of the no-exchange chemical shifts measured at
—66 °C because these shifts are quite temperature de-
pendent.

Below 66 °C the resonance due to PA broadens and
then decoalesces into two broad singlets of equal intensity
at 104.4 and 89.4 ppm. The coalescence temperature for
this process is 190 K, and AG* is 8.0 kcal/mol. The trans
PA nuclei become inequivalent because of restricted
rotation of the PCy; groups. This behavior is not observed
for the corresponding PP; complex.

Comparison of Energy Barriers to Exchange. The
data in Table V indicate that the movement of ligand
groups as suggested by Scheme III is slightly easier for
iron than for ruthenium. Thisisa common trend for Hy/H
exchange for both cis and trans complexes of the type
[(M(n2-Hz)(H)L4]*.8" Exchange is also easier for the more
electron donating and bulky PP;Cy ligand (L) when
compared to the PP3ligand. Again, this trend is observed
for other [M(n?-Hz)(H)L41* complexes. The trihydride
intermediate [M(H)3(PP3sCy)]1* would be as consistent with
the observations as the trihydrogen intermediate of
Schemel. Trihydride complexes [M(H)3(Ls)s]* have been
proposed as intermediates for Ho—H exchange in the past.2

Conclusion, We have developed a simple method for
the synthesis of the very bulky and electron-rich tet-
radentate phosphine P(CH,CH,PCy;)s. The 31P NMR
data strongly suggest that the tetraphosphine reacts with
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RuCl;(PPh;); to form the square-pyramidal five-coordi-
nate complex [RuCl(PP;)1*, possibly distorted toward a
trigonal-bipyramidal geometry because of the steric in-
teraction of the bulky PCy. groups. The corresponding
iron complex has an undistorted-trigonal-bipyramidal
geometry. Reaction of [RuCl(PP;Cy)]* with NaBH,
results in the formation of mer-RuH(n?-BH,)(n3-PP;Cy-

‘BHjy); i.e., one of the PCy; groups dissociates from the

metal center during the reaction. Treatment of [RuCl-
(PP3Cy)]* with NaOMe in THF produced RuHCI(PP;Cy).
The molecular dihydrogen complexes [MH(n?-H,)(PPs-
Cy)1* are also prepared from [MCI(PP3;Cy)]*. Spectro-
scopic data suggest that there is no exchange or interaction
between the H; ligand and the terminal hydride at low
temperature, while T averaging (relaxation coalescence)
is observed at ~44 °C for the ruthenium complex and —60
°C for the iron complex at 400 MHz due to slow
intramolecular exchange between the H and H; ligands.
It remains to be seen whether or not a stable n3-H; complex
can be synthesized.
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