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as the (OC),M(H)(n%-c-C;H;)™ structures by their failure
to undergo further ion/molecule reactions with H,S,
(CH3)3SiH, and SOz.

The reactions of (OC);Mn™ and (OC),Fe" with acetylene
occurred exclusively by ligand substitution terminating in
the generation of the ions M(C,H,),”, where M = Mn, x
=3,and M = Fe, x = 2. These terminal product ions and
the intermediate (OC)Mn(C,H,),” did not react with D,
suggesting that they are saturated acetylene complexes
rather than metallacycles observed in the cyclo-

oligomerization of acetylene by transition-metal catalysts.

The results observed in the reactions of the fragment
negative ions (OC);Mn™ and (OC).Fe*~ with 1,3-butadiene
are rationalized by the same mechanism developed for the
reaction of the neutral complex Cr(CO), with 1,3-penta-
diene.
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The complexes [(n°-CsH;)Ru(R3P)o(NCCH;)]*PF,", where R;P is vinyldiphenylphosphine (DPVP) and
divinylphenylphosphine (DVPP), reversibly dissociate CH;CN to form 7°-phosphaallyl complexes. These
complexes have been characterized by elemental analyses, infrared spectroscopy, thermal analysis, cyclic
voltammetry, and 'H, 'H{*'P}, 13C{'H}, 3'P{*H}, 'H/3C HETCOR, 2D-HOJ, NOESY, and COSY nuclear
magnetic resonance spectroscopy. Solution equilibrium thermodynamics show that the n'—»® conversion
is endothermic and is entropy driven. [(#5-C;H;)Ru(n'-Ph,PCH=CH,)(»*-Ph,PCH=CH,)]PF; (3) has
been characterized by X-ray crystallography. It crystallizes in the monoclinic space group P2,/c with a
=9.754 (3) A, b = 22.528 (6) A, ¢ = 19.840 (5) A, 8 = 100.46 (2)°, and Z = 4. The structure was refined
by least-squares methods with Ry = 0.035 for 3925 independent observed (I = 3¢(J)) reflections. The Ru-P
bond distance for the #3-Ph,PCH=CH, ligand (2.276 (1) A) is significantly shorter than that for the
7*-Ph,PCH=CH, ligand (2.315 (1) A). The Ru~C distance to the a-carbon of the 7’-bound phosphine (2.176
(3) A) is significantly shorter than that to the 8-carbon (2.244 (4) A), and these distances are respectively
shorter and longer than the average Ru—C distance to the #°-Cs;H; ring (2.215 (4) A). The C,—C; distance
(1.399 (5) A) is considerably longer and the PC_C; bond angle (119.0 (3)°) considerably smaller for the
n°-phosphine than for the n'-phosphine (1.306 (5) R, 127.5 (3)°). Compound 3 reacts with good donor ligands
L (L = N;7, CH,CN, H,NCH,CH==CH,, (CH,),CHCN, PhCN, PhNC, and CO) to displace the coordinated
vinyl moiety, forming [(n®-CsH;)Ru(Ph,PCH=CH,),N;] or [(#’-C;H;)Ru(Ph,PCH=CH,),L1PF¢. [(n°-
C;H;)Ru(Ph,PCH==CH,),CO}PF; (11) has been characterized by X-ray crystallography. It crystallizes
in the triclinic P1 space group with @ = 19.065 (4) A, b = 10.825 (2) A, ¢ = 9.433 (2) A, « = 100.08 (2)°,
B =103.37 (2)°, v = 84.27 (2)°, and Z = 2. The structure was refined by least-squares methods with Ry
= 0.054 for 5045 independent observed (I = 3¢(I)) reflections. The two Ru-P bond distances are equal
(2.320 (1), 2.324 (1) A) and longer than those in compound 3. The PC,C; bond angles are equal (125.4
(4), 125.5 (5)°), as are the C,—C; distances (1.313 (7), 1.316 (8) A). Reaction of compound 3 with RLi (R
= CH;, CH;, PhC=C, CH;C==C) induces a novel migration of vinyl from phosphorus to ruthenium, probably
by way of AS-phosphoranide intermediates.

Introduction

The allyl ligand is prominent? in organometallic chem-
istry. Equilibria between 5*- and n°-allyls have received
considerable attention® and are likely to be responsible for
the wide range of reactivities exhibited by metal-allyl
complexes. Phosphaallyl complexes have only recently
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been reported*® and were previously expected to be
unstable. The syn-anti isomerization® of phosphaallyl
complexes is believed to proceed via n'—»® interconversion
of the phosphaallyl in accord with the common mechanism
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for syn-anti isomerization of allyls. Allyl complexes,
particularly cationic complexes, are highly electrophilic and
undergo nucleophilic addition with a variety of nucleo-
philes.!'"1®  Additions occur at either the central'® or
terminal carbons.'®

Herein we report the first examples of reversible in-
terconversion of a two-electron-donor vinylphosphine and
a four-electron-donor neutral phosphaallyl equivalent, the
reactivity of the phosphaallyl moiety toward nucleophiles,
and the structure of the phosphaallyl complex in solution
and in the solid state.

Experimental Section

A. Reagenis and Physical Measurements. All chemicals
were reagent grade and were used as received or synthesized as
described below. Phenyldivinylphosphine (DVPP) and di-
phenylvinylphosphine (DPVP) were obtained from Organo-
metallics, Inc. All reactions involving phosphines were conducted
under a nitrogen atmosphere. Melting points were determined
on a Mel-Temp apparatus and are uncorrected. Elemental
analyses were performed by Galbraith Laboratories, Inc.,
Knoxville, TN. Infrared spectra were recorded on a Perkin-Elmer
1800 FT-infrared spectrometer as KBr pellets. Cyclic voltam-
mograms were recorded as previously described.?’ The 3!P{*H}
NMR spectra were recorded at 40.26 MHz on a JEQOL FX-100
spectrometer or at 121.56 MHz on a General Electric GN-300
spectrometer in the FT mode. The 'H, 'Hf'P}, and *C{*H} NMR
spectra were recorded at 300, 300,-and 75 MHz, respectively, on
a General Electric GN-300 spectrometer. Heteronuclear chemical
shift correlated (HETCOR), homonuclear chemical shift correlated
(COSY), 2D-HOJ, and 2D-NOE NMR spectra were obtained as
previously described.?! Proton and carbon chemical shifts are
relative to internal Me,Si, and phosphorus chemical shifts are
relative to internal PFy~ (6 = —144.95 ppm) or external H;PO, (6
= () with a positive value being downfield of the respective
reference. Thermal gravimetric analyses (TGA) were obtained
on a Du Pont 9900 thermal analysis apparatus under flowing
nitrogen at a scan rate of 5 °C/min. [(n®-CgHg)RuCly},,? [(n°-
C:H;)Ru(n?-C¢Hg)]CL%E [(n°-CsHs)Ru(CHZCN)3JPFg,* [(55-
CsH;)Ru(CH,CN),(CO)]PFg,2  [(n®-CsH;z)Ru(CH3CN),fP-
(OCH,),}]PF,,% and PhNC? were prepared by literature proce-
dures.

B. Syntheses. (Acetonitrile)cyclopentadienylbis(vinyl-
diphenylphosphine)ruthenium(II) Hexafluorophosphate (1).
To a solution of 0.500 g (1.15 mmol) of [(#*-CsHs)Ru(CH;CN)3]PF,
in 20 mL of acetonitrile was added 0.60 mL (2.51 mmol) of vi-
nyldiphenylphosphine under nitrogen. The resulting solution was
stirred magnetically overnight at ambient temperature, and then
the solvent was removed on a rotary evaporator at 40 °C to
produce an orange oil. The oil was triturated with diethyl ether,
and the resulting yellow crystals were isolated by filtration, washed
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with diethyl ether, and recrystallized from CH,Cl,/(C,H;):0 to
give 0.876 g (99.9%) of yellow crystals, mp 170-171 °C. Anal.
Calcd for C3Hg FsNP;Ru: C, 54.15; H, 4.38; N, 1.80. Found: C,
53.90, 53.80; H, 4.40, 4.30; N, 1.90, 1.90. IR (KBr): vcy 2300 em™,
SIP{'H} NMR (CDClg; § (multiplicity, J value, assignment)): 39.72
(s, 2 P, PhyPVy), —144.95 (septet, J(PF) = 716 Hz, 1 P, PFy").
'H NMR (CDClg; 6 (multiplicity, J value, assignment)): 2.36 (t,
*J(PH) = 1.50 Hz, 3 H, CH;CN), 4.62 (s, 5 H, C;H,), 5.07 (ddd,
8J(PH) = 17.78, 3J(ac) = 17.73, 2J(bc) = 1.80 Hz, 2 H, H,), 5.72
(ddd, %2J/(PH) = 24.04, 3J(ac) = 17.73, 3J(ab) = 12.32 Hz, 2 H, H,),
5.79 (ddd, 3J(PH) = 86.97, 3J(ab) = 12.32, 2J(bc) = 1.80 Hz, 2
H, H), 6.9-7.6 (m, 20 H, Ph). ¥C{!H} NMR (CDCl,; é (mul-
tiplicity, J value, assignment)): 4.33 (s, CH;CN), 82.59 (t, 2J(PC)
= 1.66 Hz, C;H;), 127.88 (s, CH;CN), 128.36 (T, |*J(PC) + %J(PC)|
=9.75 Hz, C), 128.61 (T, |*J(PC) + °J(PC)| = 9.98 Hz, C,,), 128.99
s, Cy), 130.07 (s, C,), 130.81 (s, C,), 132.05 (five lines, 1J(PC) =
40.23, 3J(PC) = -1.54, %J(PP) = 36.82 Hz, C,), 133.22 (T, J2J(PC)
+ 4J(PC)| = 10.13 Hz, C,), 132.92 (five lines, J(PC) = 44.76,
3J(PC) = 4.5, 2J(PP) = 36.82 Hz, C)), 133.92 (T, AJ(PC) + 4J(PC)|
= 11.19 Hz, C,), 135.52 (five lines, 'J(PC) = 44.76, 3J(PC) = 4.5,
2J(PP) = 36.82 Hz, C)).
(Acetonitrile)cyclopentadienylbis(divinylphenyl-
phosphine)ruthenium(II) Hexafluorophosphate (2). As for
complex 1, from 0.500 g (1.15 mmol) of [(n*-CsH;)Ru(CH,CN);]PF,
and 0.60 mL (2.51 mmol) of divinylphenylphosphine were obtained
0.777 g (99.9%) of yellow crystals, mp 144-145 °C. Anal. Calcd
for Cy;HzoFeNPsRu: C, 47.96; H, 4.44; N, 2.07. Found: C, 48.10,
47.90; H, 4.30, 4.30; N, 1.80, 1.90. IR (KBr): vcy = 2280 cm™.
SIP{'H} NMR (CDCly; & (multiplicity, o value, assignment)): 32.43
(s, 2 P, PhPVy,), -144.95 (septet, :J(PF) = 716 Hz, 1 P, PFy).
'H NMR (CDCl; é (multiplicity, J value, assignment)): 2.31 (t,
°J(PH) = 1.50 Hz, 3 H, CH,CN), 4.65 (s, 5 H, C;H;), 5.23 (ddd,
%J(PH) = 18.93, ®J(ac) = 18.03, 2J(bc) = 1.20 Hz, 2 H, H,), 5.63
(ddd, *J(PH) = 18.93, 3J(a’¢’) = 18.16, 2J(b’c’) = 1.32 Hz, 2 H,
H,), 5.87 (ddd, 3J(PH) = 36.66, 3J(ab) = 12.02, 2J(bc) = 1.20 Hz,
2 H, Hy), 6.05 (m, 2J(PH) = 24.82, 3J(a’c’) = 18.16, *J(a’b’) = 11.90
Hz, 2 H, H,), 6.06 (m, 3J(PH) = 28.96, *J(a’c’) = 18.16, 2J(b'c")
= 1.32 Hz, 2 H, Hy), 6.23 (ddd, %J(PH) = 24.04, 3J(ac) = 18.03,
3J(ab) = 12.02 Hz, 2 H, H,), 7.3-7.5 (m, 10 H, Ph). C{'H} NMR
(CDCly; 6 (multiplicity, o value, assignment)): 4.22 (s, CH;CN),
81.68 (t, 2J(PC) = 1.89 Hz, C;H;), 127.53 (s, CH,CN), 128.58 (T,
[J(PC) + °J(PC)| = 9.82 Hz, C,,), 129.03 (s, C,), 130.51 (s, Cy),
130.74 (s, Cg), 132.35 (five lines, 'J(PC) = 39.66, 2J(PP) = 39.14,
3J(PC) = 3.87 Hz, C,), 182.53 (T, |2J(PC) + 4J(PC)| = 10.81 Hz,
C.), 182.67 (five lines, 2J(PP) = 39.14, 1J(PC) = 29.30, 3J(PC) =
3.68 Hz, C)), 133.12 (five lines, J(PC) = 41.52, 2J(PP) = 39.14,
2J(PC) = 1.78 Hz, C,).
Cyclopentadienyl(n-vinyldiphenylphosphine)(n3-vinyl-
diphenylphosphine)ruthenium(II) Hexafluorophosphate (3).
Fluffy yellow microcrystals of complex 1 (1.00 g, 1.28 mmol) were
heated in a vacuum oven (0.5 mmHg) at 70-75 °C for 7 days and
then recrystallized from CHCl;/petroleum ether (70-110 °C). The
product was isolated by filtration, washed with petroleum ether,
and dried in vacuo to obtain 0.94 g (99.8%) of yellow crystals,
mp 210 °C dec. Anal. Calcd for CyHy FePsRu: C, 53.90; H, 4.22;
N, 0. Found: C, 53.60, 53.60; H, 4.10, 4.00; N, 0, 0. 3P{'H} NMR
(CDCly; 8 (multiplicity, J value, assignment)): 24.16 (d, 2J(PP)
= 43.94 Hz, 1 P, »°-Ph,PVy) 42.33 (d, 2J(PP) = 43.94 Hz, 1 P,
7-PhyPVy), -144.95 (septet, 'J(PF) = 716 Hz, 1 P, PFy"). 'H
NMR (CDCl,; 6 (multiplicity, J value, assignment)): 2.41 (m,
3J(PH) = 21.94, 3J(PH) = 10.52, *J(a'c’) = 6.1, 2J(b’c’) = 2.96 Hz,
1 H, H,), 4.06 (m, 3%J(PH) = 22.24, 3J(PH) = 4.51, 3J(a’b’) = 8.65,
2J(b'¢’) = 2.96 Hz, 1 H, Hy), 4.08 (m, 2J(PH) = 15.03, *3J(PH) =
10.52, *J{(a'b’) = 8.65, %J(a’c’) = 6.1 Hz, 1 H, H,), 4.54 (ddd, 2J(PH)
= 25.24, 3J(ac) = 18.33, %J(ab) = 12.32 Hz, 1 H, H,), 4.92 (s, 5
H, C;H;), 5.12 (ddd, *J(PH) = 18.33, ®J(ac) = 18.33, 2J(bc) = 0.9
Hz, 1 H, H), 5.61 (ddd, *J(PH) = 37.57, 3J(ab) = 12.32, 2J(bc)
= 0.9 Hz, 1 H, Hy), 6.9-7.81 (m, 20 H, Ph). ¥C{*H} NMR (CDCl,;
5 (multiplicity, J value, assignment)): 34.09 (dd, 'J(PC) = 32.19,
ZJ(PC) = 1.70 Hz, C,,), 43.57 (d, 2J(PC) = 5.29 Hz, Cy), 85.23 (t,
2J(PC) = 1.35 Hz, C;H;), 125.05 (dd, J(PC) = 52.86, J(PC) =
5.63 Hz, C;), 128.59 (d, 3J(PC) = 10.28 Hz, C_), 128.80 (d, 3J(PC)
= 10.50 Hz, C_), 129.44 (d, 3J(PC) = 12.39 Hz, C,), 129.59 (d,
3J(PC) = 12.47 Hz, C,,), 129.65 (d, 1J(PC) = 44.44 Hz, C,), 130.62
(d, *J(PC) = 2.34 Hz, C,), 130.74 (d, 2J(PC) = 3.70 Hz, Cf)’ 131.58
(d, *J(PC) = 2.26 Hz, ép), 131.66 (dd, J(PC) = 52.90, *3J(PC) =
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3.78 Hz, C)), 131.83 (d, “J(PC) = 3.10 Hz, C,), 132.39 (d, ‘J(PC)
=3.02 Hz, C)), 132.66 (d, 2J(PC) = 10.43 Hz, Eo), 132.77 (d, 2J(PC)
= 11.64 Hz, C,), 132.97 (d, 2J(PC) = 12.70 Hz, C,), 134.44 (dd,
LJ(PC) = 48.52, *3J(PC) = 2.72 Hz, C)), 135.04 (d, 2J(PC) = 11.56
Hz, C,).

Cyclopentadienyl(n'-divinylphenylphosphine)(93-di-
vinylphenylphosphine)ruthenium(IT) Hexafluorophosphate
(4). As for complex 3, vacuum drying a sample of complex 2 for
3 days at 70-75 °C (0.5 mmHg) gave a 50% mixture of complex
2 and the title compound. 3'P{!H} NMR (CDCl,; § (multiplicity,
J value, assignment)): 17.68 (d, 2J(PP) = 43.94 Hz, 1 P, n°-
PhPVy,), 35.54 (d, 2J(PP) = 43.94 Hz, 1 P, PhPVy,), -144.95
(septet, J(PF) = 716 Hz, 1 P, PFy).

(n*-C;H;)Ru(DVPP),C1 (5). To a solution of complex 2 (0.50
g) in 10 mL of dichloromethane was added 3 mL of an aqueous
solution of [(CH_),NICl1 (0.24 g). Then ethanol (95%) was added
until a single phase formed. After the mixture was stirred for
3 h at room temperature, the solvents were removed on a rotary
evaporator. Two products, [(7>-C;Hs)Ru(DVPP),(CH;CN)]Cl and
(n%-CsH;)Ru(DVPP),Cl, were obtained at this stage. They were
extracted into CHCl;, the CHCl; was removed on a rotary
evaporator, and the residue was refluxed in 1,2-dichloroethane
for an additional 6 h to give the title product. It was isolated as
a yellow powder by removing the solvent on a rotary evaporator;
yield 85%. 3'P{H} NMR (CDCly); 8): 30.94 (s). 'H NMR (CDClg;
§ (multiplicity, J value, assignment)): 4.29 (s, 5 H, C;Hj), 5.25
(ddd, 3J(PH) = 18.03, 3J(ac) = 18.03, %J(bc) = 1.50 Hz, 2 H, H,),
5.57 (ddd, 3J(PH) = 18.03, 3J(a’c’) = 18.03, 2J(b’c’) = 1.80 Hz,
2 H, H,), 5.70 (ddd, °*J(PH) = 21.94, *J(ab) = 12.02, 2J(bc) = 1.50
Hz, H,), 5.87 (ddd, 3J(PH) = 26.75, 2J(a’b’) = 12.02, 2J(b'c’) =
1.80 Hz, Hy,), 6.1-6.5 (overlapped 16-line m, 2 H, H,, H,)) 7.2-7.6
(m, 10 H, Ph).

[(n°-CsH;)Ru(n’-DPVP)(CO)]PF; (6). This compound was
obtained as a minor product in the preparation of complex 14
(see preparation for complex 14). *P{!H} NMR (CD;NOy; &
(multiplicity, J value, assignment)): 75.42 (s, 1 P, DPVP) -144.95
(septet, !J(PF) = 706.71 Hz, 1 P, PFy). 'H NMR (CD;NO,; &
(multiplicity, J value, assignment)): 2.90 (ddd, 3J(PH) = 24.92,
3J(ac) = 11.72, 2J(be) = 3.0, 1 H, H,), 3.74 (ddd, °J(PH) = 21.34,
3J(ab) = 10.22, 2J(bc) = 3.0 Hz, 1 H, Hy), 4.94 (s, 5 H, C;H;), 6.15
(ddd, 2J(PH) = 2.4, ®J(ac) = 11.72, %J(ab) = 10.22 Hz, 1 H, H,),
7.4-7.9 (m, 10 H, Ph). ¥C{'H} NMR (CD;NO,; § (multiplicity,
J value, assignment)): 38.24 (d, 10.8 Hz, CH,), 44.5 (unresolved,
CH), 87.61 (s, C;H;), 129.0~137.0 (unresolved, Ph).

[(n*-CsH;5)Ru(DPVP),{(CH,;),CHCN)JPF, (7). To a yellow
solution of 0.20 g of complex 3 in 4 mL of CH,Cl, in a 10-mL NMR
tube was added 0.3 mL of isobutyronitrile under N,. After 10
min all of the starting compound was converted to the title
complex, which was evidenced by a singlet *'P{'H} resonance for
the reaction mixture. Diethyl ether was then added to the solution.
A yellow crystalline solid formed, which was isolated by filtration,
washed with dry ether several times, and dried in air. An ana-
lytical example was obtained as a yellow crystalline solid in 95%
isolated yield by recrystallization from CH,Cl,/ether; mp 204-205
°C. Anal. Calcd for C3;HssFsNP;Ru: C, 55.25; H, 4.72. Found:
C, 54.87; H, 4.86. IR (KBr): vcy = 2265 cm™. 31P{!H} NMR
(CDClg; 6 (multiplicity, J value, assignment)): 40.0 (s, 2 P, DPVP),
~144.95 (septet, 'J(PF) = 713 Hz, 1 P, PF¢). 'H NMR (CDCl;;
& (multiplicity, J value, assignment)): 1.17 (d, *J(HH) = 6.91 Hz,
6 H, (CH3),CHCN), 3.22 (m, *J(PH) = 1.05, 3J(HH) = 6.91 Hz,
1 H, (CHy),CHCN), 4.64 (s, 5 H, C;H;), 5.08 (ddd, *J(PH) = 18.19,
3J(ac) = 7.96, ZJ(bc) = 1.50 Hz, 2 H, H,), 5.67 (ddd, 2J(PH) =
15.17, 3J(ab) = 12.17, %J(ac) = 7.96 Hz, 2 H, H,), 5.82 (ddd, *J(PH)
= 35.01, 3J(ab) = 12.17, %J(bc) = 1.50 Hz, 2 H, Hy), 6.9-7.6 (m,
20 H, Ph). 3C{'H} NMR (CDCl,; é (multiplicity, J value, as-
signment)): 19.65 (s, (CH;);CHCN), 21.87 (s, CHCN), 82.90 (t,
2J(PC) = 1.62 Hz, CsH;), 127.0 (s, CHCN), 128.37 (T, PJ(PC) +
%J(PC)| = 9.75 Hz, C_,), 128.65 (T, |’J(PC) + 5J(PC)| = 10.05 Hz,
C.), 128.96 (s, Cy), 130.14 (s, C,), 130.91 (s, C,), 131.90 (m, C,),
132.23 (T, ]2J(P(§) + *J(PC)| = 10.35 Hz, C,), 132.93 (five lines,
2J(PP) = 27.49, 2J(PC) = 46.75, 3J(PC) = 6.24 Hz, C;), 134.06 (T,
?J(PC) + 4J(PC)| = 11.19 Hz, C,), 135.90 (five lines, 2J(PP) =
27.49, 2J(PC) = 64.91, 3J(PC) = -17.52 Hz, C;).

[(n*-CsHs)Ru(DPVP),(PhCN)]JPF; (8). To a solution of
complex 3 (0.25 g) in 10 mL of CH,Cl, was added 0.2 mL of
benzonitrile. The solution was stirred for 5 min at room tem-
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perature. The solvent was then removed on a rotary evaporator
to give a yellow oil. Then ether was added to the yellow oil to
induce crystallization. The crystalline solid which formed was
washed with diethyl ether several times and recrystallized from
CH,Cl,/ether. The yellow crystalline solid which formed was
collected by filtration and dried in vacuo, affording 0.25 g (87.7%)
of the title product, mp 196 °C dec. Anal. Caled for
CoHgFeNP;Ru: C, 57.30; H, 4.29. Found: C, 57.06; H, 4.42. IR
(KBr): ven = 2250 cm™. 3'P{'H} NMR (CDCly; § (multiplicity,
J value, assignment)): 39.43 (s, 2 P, DPVP), -144.95 (septet,
LJ(PF) = 7138 Hz, 1 P, PFy). H NMR (CDCl,; & (multiplicity,
J value, assignment)): 4.73 (s, 5 H, C;Hj), 5.10 (ddd, 3J(PH) =
18.33, *J(ac) = 16.98, %J(bc) = 1.80 Hz, 2 H, H,), 5.74 (ddd, 2/(PH)
= 25.54, 3J(ac) = 16.98, 3J(ab) = 12.32 Hz, 2 H, H,), 5.86 (ddd,
3J(PH) = 34.71, %J(ab) = 12.32, %J(bc) = 1.80 Hz, 2 H, Hy), 6.9-7.7
(m, 25 H, Ph). *C{'H} NMR (CDCl,; 5 (multiplicity, J value,
assignment)): 83.32 (s, CsH;), 111.34 (s, C;), 119.0 (s, CN), 128.49
(T, PJ(PC) + 3J(PC)| = 9.22 Hz, Cy,), 128.75 (T, PJ(PC) + 5J(PC)|
=9.74 Hz, C,,), 12941 (s, C,), 129.48 (s, Cyy), 130.27 (s, C), 131.07
(s, C,), 131.91 (m, C,), 132.25 (T, |*J(PC) + *J(PC)| = 10.43 Hz,
C,), 132.52 (s, Cy), 133.60 (s, C.), 134.09 (T, |2J(PC) + 4J(PC)|
= 11.11 He, C,), 135.50 (m, C;). The primed carbons are the PhCN
carbons.

[(#°-CsH;)Ru(DPVP),(PhNC)]PF; (9). This product was
prepared in the same manner as for complex 8. Recrystallization
from CH,Cl,/ether in the freezer gave a shiny yellow crystalline
solid in 90% yield; mp 200-202 °C. Anal. Calcd for
CoH3ssFgNP:Ru: C, 57.30; H, 4.29. Found: C, 57.05; H, 4.40. IR
(KBr): vyc = 2130 em™. 3'P{H} NMR (CDCly; 5 (multiplicity,
J value, assignment)): 40.55 (s, 2 P, DPVP), —144.95 (septet,
1J(PF) = 712.7 Hz, 1 P, PFy). 'H NMR (CDClg; 8 (multiplicity,
J value, assignment)): 4.99 (s, 5 H, C;H;), 5.61 (ddd, 3J(PH) =
18.46, 3J(ac) = 17.99, 2J(bc) = 1.99 Hz, 2 H, H,), 5.75 (ddd, %J(PH)
= 26.56, %J(ac) = 17.99, 3J(ab) = 12.22 Hz, 2 H, H,), 5.85 (ddd,
3J(PH) = 37.22, 3J(ab) = 12.22, 3J(bc) = 1.99 Hz, 2 H, Hy), 6.8-7.6
(m, 25 H, Ph). ¥C{{H} NMR (CDCl,; 5 (multiplicity,  value,
assignment)): 87.55 (s, C;H;), 125.65 (s, C; and C,), 128.53 (T,
PJ(PC) + *J(PC)| = 10.96 Hz, C,,), 128.88 (T, [FJ(PC) + 5J(PC)|
=10.20 Hz, C,), 129.41 (s, C,y and Cy), 129.70 (s, C,), 130.51 (s,
Cp), 13146 (s, C)), 131.97 (m, C,), 132.29 (five lines, 2J(PP) = 29.92,
J(PC) = 33.97, 3J(PC) = 4.12 Hz, C)), 135.21 (six lines, 2J(PP)
= 29.92, J(PC) = 59.81, *J(PC) = 7.32 Hz, C)), 161.17 (t, 2J(PC)
= 21.01 Hz, -NC). The primed carbons are the PhNC carbons.

[(*-C;H;)Ru(DPVP),(H,NCH,CH=CH,) ]PF; (10). To a
solution of complex 3 (100 mg, 0.136 mmol) in 4 mL of CH,Cl,
in a 10-mL NMR tube was added 1 mol equiv of allylamine (0.01
mL). The reaction was monitored by phosphorus NMR spec-
troscopy. After 15 h at ambient temperature, 99% of the starting
complex 3 was converted to the title compound, which has a singlet
phosphorus resonance. Removal of the solvent on a rotary
evaporator and recrystallization from CH,Cl,/ether at low tem-
perature afforded a yellow crystalline solid in nearly quantitative
yield; mp 220 °C dec. Anal. Caled for CysHyFgNP;Ru: C, 54.55;
H, 4.83. Found: C, 54.17; H, 5.04.

Hd‘
Ha Hp Hd‘\(l: Ha
PhoP7a B H, HZN/u’%Hb,

He.

$IP{H} NMR (CDClg; § (multiplicity,  value, assignment)): 42.03
(s, 2 P, DPVP), -144.95 (septet, }J(PF) = 712.89 Hz, 1 P, PFy").
'H NMR (CDCly; 6 (multiplicity, J value, assignment)): 1.51 (s,
2 H, NH,), 3.39 (q, 3J(d’¢) = *J(d'a’) = 4J(d'b’) = 6.31 Hz, 2 H,
Hy), 4.71 (s, 5 H, C;Hj;), 4.91 (ddt, 3J(a’'c’) = 17.13, 3J(a’d’) = 6.31,
2J(a'b’) = 1.05 Hz, 1 H, H,), 4.98 (ddd, 3J(PH) = 17.43, %J(ac)
= 15.32, ZJ(be) = 1.80 Hz, 2 H, H,), 5.07 (ddt, *J(b’c’) = 10.22,
tJ(b’'d’) = 6.31, %J(a’’) = 1.05 Hz, 1 H, Hy), 5.65-6.05 (m, 2 H,
H, and H,), 5.94 (ddt, 3J(b’c’) = 10.22, 3J(a’c’) = 17.183, 3J(¢’d)
= 6.31 Hz, 1 H, H,), 7.0-7.6 (m, 20 H, Ph). ®C{'H} NMR (CDClj;
& (multiplicity, J value, assignment)): 56.49 (s, C,), 80.86 (s, CsHs),
117.90 (s, C,), 128.81 (T, PJ(PC) + °J(PC)| = 3.8 Hz, C,,), 128.83
(t, PJ(PC) + 5J(PC)} = 3.8 Hz, C,), 129.74 (s, Cy), 130.40 (s, Co),
130.74 (8, Cy), 131.99 (five lines, 2J(PP) = 23.33, 1J(PC) = 54.97,
%J(PC) = 8.45 Hz, C,), 132.61 (T, |?J(PC) + *J(PC)| = 10.64 Hz,
C,), 133.26 (m, C)), 133.41 (T, |2J(PC) + ‘J(PC)| = 10.79 Hz, C,),



404 Organometallics, Vol. 11, No. 1, 1992

135.01 (m, C;), 136.66 (s, C4). The primed carbons are the ally-
lamine carbons.

Hd\ /Hd

7
HoN “\C=C:
Hc/p v "Hy

NMR data for H,NCH,CH=CH,: 'H NMR (CDCly; é (mul-
tiplicity, J value, assignment)): 1.00 (s, 2 H, NH,), 3.75 (dt, 3J(cd)
= 5.41, *J(ad) = 4J(bd) = 1.5 Hz, 2 H, Hy), 4.91 (ddd, 3J(bc) =
10.52, 4J(bd) = *J(ab) = 1.5 Hz, 1 H, H,), 5.02 (dq, 3J(ac) = 17.13,
2J(ab) = 2J(ad) = 1.5 Hz, 1 H, H,), 5.84 (ddt, 3J(ac) = 17.13, J(bc)
= 10.52, 3J(cd) = 5.41 Hz, 1 H, H)). BC{!H} NMR (CDCl,): 5
44.47 (s, C,), 113.17 (s, C,), 139.58 (s, Cp).
[(#°-CsHs)Ru(DPVP),(CO)]PF (11). After CO (1 atm) was
bubbled through a refluxing solution of complex 3 (0.50 g) in
1,2-dichloroethane (20 mL) for about 4 h, the solution lightened
in color. Removal of the solvent on a rotary evaporator afforded
a pale yellow crystalline solid. It was recrystallized from ace-
tone/chloroform to give an off-white crystalline solid in 95%
isolated yield. This product was also prepared by the following
two methods. {a) After CO (1 atm) was bubbled through a re-
fluxing solution of complex 1 (0.5 g) in 1,2-dichloroethane for about
8 h, the solvent was removed and the product was recrystallized
from acetone/chloroform several times to remove the pale yellow
color. The isolated yield was 90%. (b) To a solution of [(5°-
CsH;)Ru(CO)(CH4CN),]PF¢ (0.50 g, 1.2 mmol) in CH;NO, (20
mL) was added 2 mol equiv of DPVP (0.60 mL) under N,. The
solution was refluxzed for 4 h, and then the solvent was removed
on a rotary evaporator. The product was purified by recrystal-
lization from acetone/chloroform. The isolated yield was 85%;
mp 182-183 °C. IR (KBr): »co = 1982 cm™. Anal. Caled for
CqHy FePsRu-0.5CH;NO,: C, 52.18; H, 4.12. Found: C, 52.09;
H, 4.07. %P{'H} NMR (CD;NO,; & (multiplicity, J value, as-
signment)): 36.22 (s, 2 P, DPVP), -144.95 (septet, J(PF) = 713
Hz, 1 P, PFy). 'H NMR (CD;NO,; § (multiplicity, J value,
assignment)): 5.17 (m, 3J(BX) = 19.10, *%J(PH) = 18.03, 3J(AX)
= -0.48 Hz, 2 H, Hy), 5.48 (s, 5 H, C;H,), 5.92 (m, *J(PH) = 28.25,
3J(BX) = 19.10, 3J(AB) = 12.02 Hz, 2 H, Hp), 5.96 (m, 2J(PA)
= 35.16, 3J(AB) = 12.02, 3J(AX) = —0.48 Hz, 2 H, H,), 7.0-7.7
(m, 20 H, Ph). ¥C{!H} NMR (CD;NO,; § (multiplicity, J value,
assignment)): 91.41 (t, %/(PC) = 1.32 Hz, CsH;), 130.12 (T, [’J(PC)
+ 5J(PC)| = 10.66 Hz, C), 130.39 (T, [*J(PC) + 5J(PC)| = 10.88
Hz, Cp), 131.77 (s, Cp), 132.38 (s, Cp), 133.16 (s, Cp), 133.57 (T,
2J(PC) + 4J(PC)| = 10.43 Hz, C,), 135.42 (T, |*J(PC) + “J(PC)|
= 11.49 Hz, C,), 132.53 (unresolved, m, C,), 134.87 (unresolved
m, C;), 202.68 (t, 2J(PC) = 17.34 Hz, CO).
(7°-C;H;)Ru(DPVP),(N3) (12). To a solution of complex 3
(0.20 g) in CH,Cl, (20 mL) was added an aqueous solution of
sodium azide (NaNjg; 0.1 g in 3 mL of water). Then ethanol was
added to form a single phase. After the mixture was stirred at
room temperature for 4 h, 10 mL of water was added to produce
two phases. The organic layer was collected, washed with water
several times, and dried over magnesium sulfate. The solvent
was removed, and the product was recrystallized from CHCl,/
petroleum ether. 3'P{{H} NMR (CDCly): & 40.74.
[(n°-C;H;)Ru(DPVP)(DPMP)(CH=CH,)] (13). To a solu-
tion of complex 3 (100 mg) in dry THF (50 mL) at =78 °C was
added 1.2 mL of CH;Li (1.4 M) under N,. The solution was stirred
for 1 h and then warmed to room temperature. At this time 5
mL of water was added to hydrolyze the excess CHzLi. After
removal of solvents on a rotary evaporator, ether (3 X 10 mL)
was added to extract the product. The combined ether solutions
were filtered over magnesium sulfate and evaporated to dryness
to afford the yellow solid in 69% yield. Anal. Calcd for
CyHyP,Ru0.5Et,0: C, 67.28; H, 6.11. Found: C, 66.98; H, 6.19.

Hy: Hg |
ﬁ, % Ru H
H¢ Pa p/ ﬂ“ B,
Ha Hb

H,

Ph,
CH,PPh,

S1P{'H} NMR (C¢Dg; § (multiplicity, J value, assignment)): 55.89
(d, 40.51 Hz, 1 P, DPMP), 42.34 (d, 40.51 Hz, 1 P, DPVP). H
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NMR (CgDg; 6 (multiplicity, J value, assignment)): 1.40 (d, %J(PH)
= 8.41 Hz, 3 H, CHj;), 4.54 (s, 5 H, C;H;), 4.99 (ddd, 3J(PH) =
16.52, 3J(a’c’) = 18.18, 2J(b'c’) = 1.80 Hz, 1 H, H,), 5.41 (ddd,
3J(PH) = 20.74, %J(a’b’) = 12.32, 2J(b’¢’) = 1.80 Hz, 1 H, Hy),
5.99 (ddd, 2J(PH) = 26.15, 3J(a’c’) = 18.18, 3J(a’t’) = 12.32 Hz,
1 H, H,), 6.06 (ddd, *J(PH) = 18.33, °J(ac) = 18.23, 2J(bc) = 1.50
Hz, 1 H, H), 6.73 (dddd, “J(PH) = 19.33, “*J(PH) = 8.87, 3J(ab)
= 11.12, 2J(be) = 1.50 Hz, 1 H, Hy), 6.90~7.60 (m, 20 H, Ph), 7.87
(dddd, *%J(PH) = 19.53, 3J(PH) = 17.60, 3J(ac) = 18.23, 3J(ab)
=11.12 Hz, 1 H, H,). BC{H} NMR (C¢Dg; § (multiplicity, J value,
assignment)): 15.34 (d, }J(PC) = 29.17 Hz, CH;), 85.87 (t, 2J(PC)
= 1.66 Hz, CsHy), 122.83 (t, *J(PC) = 3.60 Hz, Cp), 125.27 (d,
2J(PC) = 1.51 Hz, Cy), 128.97 (s, C,), 129.05 (s, C), 131.26 (d,
3J(PC) = 9.52 Hz, C,), 183.47 (d, 3J(PC) = 9.75 Hz, C,,), 133.57
(d, 2J(PC) = 11.11 Hz, C,), 134.62 (d, 2J(PC) = 11.11 Hz, C ),
136.60 (d, 1J(PC) = 36.58 Hz, C,), 138.73 (d, 'J(PC) = 42.17 Hz,
C)), 139.95 (dd, *J(PC) = 39.30, 3J(PC) = 2.49 Hz, C)), 140.95 (d,
LJ(PC) = 38.62 Hz, C), 145.31 (dd, 1J(PC) = 37.71, *J(PC) = 1.89
Hz, C)), 157.63, (t, 2J(PC) = 17.87 Hz, C,).

Reaction of Complex 3 with Propynyllithium. This re-
action was carried out in the same manner as the reaction above.
The reaction gave a mixture of two products, A and B, in a 1:3
ratio (*'P{H} NMR (ether): A, 5 50.85 (AB), 48.78 (AB), 2J(AB)
= 41.79 Hz; B, & 50.50 (AB), 36.33 (AB), 2J(AB) = 45.26 Hz).
Fractional crystallization in ether converted these two complexes
to another product C'P{'H} NMR (CgDg): 4 53.14 (AB), 51.06 (AB),
2J(AB) = 40.21 Hz).

Reaction of Complex 3 with (Phenylethynyl)lithium. This
reaction was carried out in the same manner as for the reaction
of 3 with CHgLi. PhC==CLi was generated in situ from PhC=CH
and n-CHgLi. Three products (A, B, C in a 3:2:0.5 ratio) were
observed in the 3'P{!H} NMR spectrum of the crude reaction
mixture in THF: A, 6 51.99 (d), 48.63 (d), 2J(PP) = 43.19 Hz;
B, 6 46.72 (d), 27.01 (d), 2J(PP) = 41.79 Hz; C, § 50.26 (d), 36.22
(d), 2J(PP) = 48.42 Hz. These substances were not isolated or
further characterized.

Reaction of Complex 3 with n-Butyllithium. This reaction
was also carried out in the same manner as the reaction above.
However, the phosphorus NMR spectrum of the reaction mixture
in THF showed a single product with a singlet 3'P{*H} resonance
(6 47.89 ppm). This product could not be isolated without de-
composition.

[(#*-CsHs)Ru(CO)(DPVP)(CH,CN)]PF; (14). Under a purge
of N,, 0.38 mL of DPVP was added to a solution containing 1.0
g of [(n°-CsHs)Ru(CO)(CH3CN),]PF; in 25 mL of CHyNO,, The
flask was stoppered with a septum under Nj, and the solution
was stirred at ambient temperature overnight. Evaporation of
solvent and crystallization of the residue from CH,Cl,/ether
afforded two crops of nice yellow crystalline solids in 90% com-
bined yield. The first crop of crystals (0.021 g) is a minor product,
which has the formula {(75-CsHz)Ru(CO)(n*-DPVP)]PF,. The
major product (1.267 g) is the title compound. *P{'H} NMR
(CDCly; 6 (multiplicity, J value, assignment)): 41.45 (s, 1 P,
DPVP), -144.95 (septet, 1J = (PF) = 714.74 Hz, 1 P, PF,"). 'H
NMR (CDCl;; 6 (multiplicity, J value, assignment)): 2.10 (d,
5J(PH) = 1.20 Hz, 3 H, NCCHy), 5.16 (s, 5 H, C;Hy), 5.45 (ddd,
8J(PH) = 21.34, ®J(ac) = 18.03, 2J(bc) = 0.60 Hz, 1 H, H,), 6.19
(ddd, 3J(PH) = 41.47, *J(ab) = 12.00, 2J(bc) = 0.60 Hz, 1 H, H,),
6.80 (ddd, *%J(PH) = 22.84, 3J(ac) = 18.03, 3J(ab) = 12.00 Hz, 1
H, H,), 7.2-7.8 (m, 10 H, Ph). 3C{'H} NMR (CDClg; é (mul-
tiplicity, J value, assignment)): 3.59 (d, “/(PC) = 5.82 Hz, CHy),
128.95 (s, NC), 129.15 (d, 3%J(PC) = 11.19 Hz, 2 C,), 130.84 (d,
1J(PC) = 57.29 Hz, C,), 131.16 (s, C,), 131.92 (s, Cp), 132.25 (d,
2J(PC) = 7.26 Hz, 2 C,), 132.77 (d, 1J(ﬁC) = 49.05 Hz, 2 C), 132.95
(s, Cg), 199.86 (d, 2J(PC) = 18.74 Hz, CO).

[(»*-CsHs)Ru{P(OCH,),}(CH;CN),]JPF; (15). This compound
was prepared according to the literature method;* mp 107-108
°C. 3P{'H} NMR (CDClg; 6 (multiplicity,  value, assignment)):
1538.05 (s, 1 P, P(OCHj);), —144.95 (septet, 'J(PF) = 713.0 Hz,
PF¢). 'H NMR (acetone-dg; § (multiplicity, J/ value, assignment)):
2.53 (d, °%J(PH) = 1.4 Hz, 6 H, NCCH,), 3.65 (d, *J(PH) = 11.9
Hz, 9 H, P(OCHj,),), 4.82 (d, 2J(PH) = 0.9 Hz, 5 H, C;H;).

[(#°-CsH;)Ru{P(OCH;);}(DPVP)(CH;CN)]PF; (16). Toa
yellow solution of the complex prepared above (0.12 g) in 20 mL
of CH,Cl, was added 1.2 mL of DPVP by syringe under N,. The
flask was stoppered with a septum, and the solution was stirred
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Table I. X-ray Experimental Parameters for Complexes 3

and 11
3 11
formula C33H31F6P3RU'2CGH5CI CMH31F60P3RU'CHC13
fw 960.72 882.99
a, A 9.754 (3) 19.065 (4)
b, A 22,528 (6) 10.825 (2)
¢, A 19.840 (5) 9.433 (2)
a, deg 100.08 (2)
B, deg 100.46 (2) 103.37 (2)
v, deg 84.27 (2)
space group P2,/c P
Z 4 2
d(caled), g cm™ 1.488 1.576
u, cm™t 57.814 8.140
abs factor range 0.83-1.22 0.96-1.02
temp, °C -100 20
final R(F)* 0.035 0.054
final R (F) 0.059 0.075

¢ Minimizing Sw(jF,| - |F.))? with o2(F?) = 62oume + (0D

magnetically for 12 h. The solvent was then removed on a rotary
evaporator, and the residue was washed with ether several times.
Recrystallization from CH,Cl,/ether gave the title product in 90%
yield. 3'P{*H} NMR (CDCl;; é (multiplicity, J value, assignment)):
149.69 (d, 2J(PP) = 68.36 Hz, 1 P, P(OCHjy),), 43.84 (d, 2J(PP)
= 68.36 Hz, 1 P, DPVP), —144.95 (septet, 'J(PF) = 713.0 Hz, 1
P, PFy). 'H NMR (CDCl;; é (multiplicity, J value, assignment)):
2.31 (s, 3 H, NCCHy), 3.47 (d, *J(PH) = 11.42 Hz, 9 H, P(OCH,),),
4.79 (s, 5 H, C;H;), 5.11 (t, 3J(PH) = %J(ac) = 17.78 Hz, 1 H, H),
6.02 (dd, *J(PH) = 36.06, °J(ab) = 12.32 Hz, 1 H, H,), 6.67 (ddd,
2J(PH) = 24.64, %J(ac) = 17.73, *J(ab) = 12.32 Hz, 1 H, H,), 7.4-7.8
(m, 10 H, Ph).

[(n*-C;H;)Ru{P(OCH,;);)(DVPP)(NCCH;)JPF, (17). This
compound was prepared in the same manner as that of the
analogous compound above. #P{'H} NMR (CDCl;; 6 (multiplicity,
J value, assignment)): 150.71 (d, 2J(PP) = 66.48 Hz, 1 P, P-
(OCH,),), 36.06 (d, 2J(PP) = 66.48 Hz, 1 P, DVPP), —-144.95
(septet, J(PF) = 713.0 Hz, 1 P, PFy).

C. X-ray Data Collection and Processing. Crystals of
complex 3 suitable for X-ray crystallography were grown from
chlorobenzene/ether at low temperature. A systematic search
in reciprocal space using a Philips PW1100/16 automatic dif-
fractometer showed that crystals of complex 3 belong to the
monoclinic system.

Suitable single crystals of complex 11 were obtained by slow
evaporation of an acetone/CHCl; solution at room temperature.
A systematic search in reciprocal space using a crystal cut out
from a cluster of crystals and an Enraf-Nonius CAD4-F automatic
diffractometer showed that crystals of 11 belong to the triclinic
system.

Quantitative data for complex 3 were obtained at ~100 °C,
achieved using a locally built gas-flow device. For complex 11,
data were obtained at room temperature. All experimental pa-
rameters used for complexes 8 and 11 are given in Table I. The
resulting data sets for these two complexes were transferred to
a VAX computer, and for all subsequent calculations the En-
raf-Nonius SDP/vVAX package?® was used with the exception of a
local data reduction program.

The structures were solved using the heavy-atom method. After
refinement of the heavy atoms, difference-Fourier maps revealed
maxima of residual electronic density close to the positions ex-
pected for the hydrogen atoms; they were introduced in structure
factor calculatons by their computed coordinates (C-H = 0.95
A) with isotropic temperature factors such as B(H) = 1.3B,4,(C)
A? but were not refined. At this stage empirical absorption
corrections were applied using the method of Walker and Stuart,?
especially for complex 3, since face indexation was not possible
under the cold gas stream. Absorption corrections for 11 were

(26) Frenz, B. A. The Enraf-Nonius CAD4-ADP. In Computing in
Crystallography; Schenk, H., Olthof-Hazekamp, R., Van Koningsveld,
H., Bassi, G. C., Eds.; Delft University Press: Delft, The Netherlands,
1978; pp 64-71.

(27) Walker, N.; Stuart, D. Acta Crystallogr., Sect. A 1983, A39, 158.
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calculated from the ¢ scans of four reflections. Full least-squares
refinements were done; 62(F2) = o2, + (pI)2. Final difference
maps revealed no significant maxima. The scattering factor
coefficients and anomalous dispersion coefficients come respec-
tively from parts a and b of ref 28.

Results and Discussion

A. Syntheses and Characterization. The compound
{(7>-CsH;)Ru(CH;CN)3]*PF¢ 2 reacts cleanly with vi-
nyldiphenylphosphine and divinylphenylphosphine to
produce the [(n*-C;Hs)Ru(R;P)o(CH;CN)1*PF complexes
in high yield. Both compounds are stable yellow crystalline
solids that exhibit single vcy frequencies in the expected
region of their infrared spectra and single 3'P resonances
for the coordinated phosphines in their 3P NMR spectra.
Over a period of days in CDCIl, solution, compound 1
slowly dissociates CH;CN, producing an equilibrium
mixture of 1 and the phosphaallyl complex 3 (reaction 1).
This equilibrium is evidenced by the singlet 3P resonance
for 1 diminishing in intensity as a doublet of doublets for
3 slowly appears.

+

| Kaq=2.1 %107 (303 K)

+

Ru_ 1 | PFe™ + CHiCN (1)

The equilibrium constant was evaluated as a function
of temperature by 3'P{*H} NMR spectroscopy in order to
understand the driving force for the formation of the
phosphaallyl complex. It was found that AH®,, = 41.8 £
2 kJ/mol and AS°,, = 146 + 4 eu, establishing that the
formation of the phosphaallyl complex is entropy-driven.
Since this is the first example of an equilibrium between
an n'-vinylphosphine and an n®-phosphaallyl, we sought
to isolate and fully characterize the #*-phosphaallyl com-
plex. As described in the Experimental Section, heating
the 7' complex in vacuo for several days at 70-75 °C (0.5
mmHg) quantitatively liberates acetonitrile and produces
the 7°-phosphaallyl complex 3. That equilibrium 1 is re-
versible was established by adding 1 mol equiv of CH,CN
to a CDCl,; solution of complex 3. Upon addition of ace-
tonitrile the doublet of doublets in the 3P{!H} NMR
spectrum of complex 3 was immediately replaced by a
singlet at the chemical shift found for pure complex 1 in
CDCl;. Thermal gravimetric analysis of 1 at a heating rate
of 5 °C/min under flowing nitrogen showed that loss of
CH,CN in the solid state is slow and gradual. Quantitative
loss occurs at 220 °C under these conditions, 50 °C above
the compound’s melting point.

Complexes of the type (n*-CsH;)M(CO){(n3-CsHy)?%2 (M

(28) (a) Cromer, D. T.; Walker, J. T. International Tables for X-ray
Crystallography; Kynoch Press: Birmingham, U.K,, 1974; Vol. IV, Table
2.2b. (b) Ibid., Table 2.31.

(29) Hsu, L. Y.; Nordman, C. E.; Gibson, D. H,; Hsu, W. L. Organo-
metallics 1989, 8, 241.

(30) Faller, J. W.; Johnson, B. V.; Dryja, T. P. J. Organomet. Chem.
1974, 65, 395. Faller, J. W.; Incorvia, M. J. Inorg. Chem. 1968, 7, 840.
King, R. B.; Ishag, M. Inorg. Chim. Acta 1970, 4, 258.
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Figure 2. 'H NMR spectra (300 MHz) in the phosphaallyl proton region for compound 3 (from bottom to top): normal spectrum;
TH{#1P} decoupling of the vinylphosphine phosphorus (Py); IH{*'P} decoupling of the phosphaallyl phosphorus (P,); *H{*'P} broad-band
phosphorus decouplin§ (analysis of the ABX spin system so obtained gave the proton chemical shifts and proton-proton coupling

constants); 'H{*'P BB,
in solution.

= Fe, Ru) undergo conformational equilibria between two
isomeric species which differ in the orientation of the allyl
moiety, as illustrated by A and B. When R = CHj,, the

A (endo)

exo isomer B is destabilized relative to the endo isomer
A by virtue of interligand steric effects. The conforma-
tional interconversions of some similar allyl isomers have
been studied by dynamic NMR techniques.®:32 It thus is
of interest to determine the structure of compound 3 in
solution in order to assess whether the phosphaallyl moiety
behaves in an analogous fashion. This was accomplished
by a complete assignment of the 'H NMR spectrum of
compound 3, which was made as follows. A COSY spec-
trum (Figure 1, supplementary material) showed that in
addition to the C;H; singlet resonance there are three
separate tightly coupled sets of protons: the phenyl pro-
tons, the vinyl protons, and the three upfield phosphaallyl
protons. The last group appear as three second-order

(31) Faller, J. W. Adv. Organomet. Chem. 1977, 16, 211.
(32) Fish, R. W.; Giering, W. P.; Marten, D.; Rosenblum, M. J. Orga-
nomet. Chem. 1976, 105, 101.

H selective}. The singlet observed at § 2.41 under these conditions demonstrates that only one isomer is present

multiplets at § 2.41 (one proton), 4.06 (one proton), and
4.08 (one proton). An APT 13C NMR spectrum established
that the carbon resonance at 6 34.09 was due to the CH
group and that at § 43.57 was due to the CH, group of the
phosphaallyl moiety. A 'H/**C HETCOR spectrum
showed that the carbon resonance at 6 34.09 correlates with
the proton resonance at 6 4.06 and the carbon resonance
at 8 43.57 is correlated with the proton resonances at & 2.41
and 4.08. Hence, one of the two CH, protons resonates
at 2.41 ppm. The 'H NMR spectra with selective and
broad-band 3P decoupling (Figure 2) established that H,,
is the proton whose chemical shift occurs at 6 2.41. This
is a typical chemical shift for H, in metal allyl complex-
€8.%%2 The chemical shift of H,, in the exo isomer generally
occurs upfield of that in the endo isomer.2 However, since
only one isomer was formed, it is not possible to compare
the spectra of the exo and endo isomers. For a free
phosphaalkene such as CI—P=CH,, %J(PH) is large for
the anti hydrogen.?® A similar observation holds true for
related phosphorus-containing = complexes even when the
phosphorus lone pair is s-bonded to another metal center.®
Inspection of %/(PH) data for iron phosphaallyl complexes®
indicates that 2J(PH) is large (27-30 Hz) for exo phosph-
aallyl complexes and small (0-2 Hz) for the endo isomers.
For complex 3 2J(PH) = 15.03 Hz. The 2J(PH) value for
another similar phosphaallyl complex, [(#°-C;H;)Ru-
(CO)(n*-DPVP)]PF; (6), is 2.4 Hz (vide infra). Thus, we

(33) Pellerin, B.; Denis, J. M.; Perrocheau, J.; Carrie, R. Tetrahedron
Lett. 1986, 27, 5723.
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conclude that 3 is an exo isomer and 6 is an endo isomer.

<

Heo Moo )
>=< Ru Hg: Hb‘ PFG—
H¢ p/ \ cl: |
Ph, /’,.-—.C\
Ph,P, He

+

3 (exo)

In the exo isomer 3, protons H,, and H;, are proximate
to the C;H; ring protons, whereas proton H,. is distal from
the C;H; ring protons. As demonstrated by a 2D-NOE
experiment (Figure 3, supplementary material), one or
both of the protons H, and H;, show a significant NOE
with the C;H; ring protons. The J(HH) and J(PH) cou-
plings were further confirmed by a 2D-HOJ experiment
(Figure 4, supplementary material).

Both the ruthenium atom and the phosphaallyl C,
carbon of 3 are stereogenic atoms.>* Hence, four diaste-
reomers are possible for compound 3. The two vinyl-
phosphines in 1 should have equal probability of becoming
the phosphaallyl moiety. Interligand steric interactions
between the phosphine substituents and the C;H; ring lead
to enantioface selection in the coordination of the prochiral
vinyl groups. As a result, a racemic mixture of only two
of the four possible diastereomers is formed, both of which
possess the exo conformation. The molecule is not dy-
namic in solution (60 °C to room temperature in CDCl;
and room temperature to 80 °C in CD;NQ,).

In order to confirm the molecular structure assigned by
NMR spectroscopic techniques, the X-ray crystal structure
of 3 (Figure 5) was obtained. Atom coordinates are given
in Table II and selected bond distances and angles in Table
III. As can be seen from Figure 5, the phosphaallyl moiety
has an exo orientation. The complex has a pseudoocta-
hedral geometry and is an 18-electron complex containing
an n'-Ph,PCH=CH, (two-electron donor) and an #°-
Ph,PCH=CH, group (four-electron donor). The Ru—-C15
bond distance (2.176 (3) A) is shorter than both the Ru~
C16 (2.244 (4) A) and Ru-P2 (2.276 (1) A) bond distances,
similar to what is observed for (allyl)(n5-C;H;)Ru(CO)
complexes? and Mo® and Co® phosphaallyl complexes.
The Ru-P2 distance is shorter than the Ru-P1 (2.315 (1)
&) bond distance, and the C15~-C16 bond distance (1.399
(5) A) is longer than the C1-C2 (1.306 (5) A) bond distance.
The C15-C16 distance is comparable to similar distances
in Pd3 (1.356 (13) A), Mo® (1.397 (5) A), and Co® (1.421
(7) A) phosphaallyl complexes. The P2-C15-C16 bond
angle (119.1 (3)°) is almost the same as the P1-C1-C2
(119.6 (4)°) angle in an Fe®® phosphaallyl complex and
considerably smaller than the P1-C1-C2 (127.5 (3)°) bond
angle or the comparable P-C—C bond angles (124.5 (8) and
125.8 (7)°) in the Pd?® phosphaallyl complex. The C17,
P2, C15, C16, H14, H15, and H16 atoms are approximately
coplanar (the deviations from their mean plane are re-
spectively 0.073 (4), -0.07 (1), —0.030 (4), 0.012 (4), -0.036
(4), 0.034 (4), and 0.018 (4) A) as in most allyl and
phosphaallyl complexes. The dihedral angle between this
plane and the C;H; plane is 17.1 (3)°, which compares to
16.5° in exo-(n°-CsH;)Ru(2-methylallyl)(CO) and 68.5° in
the endo isomer.”? Complex 3 is the first example of a
monometallic complex containing a neutral four-elec-

(34) Mislow, K.; Siegel, J. J. Am. Chem. Soc. 1984, 106, 3319.

(85) Wilson, W. L.; Nelson, J. H.; Alcock, N. W. Organometallics 1990,
9, 1699.

(36) Mercier, F.; Fischer, J.; Mathey, F. Angew. Chem., Int. Ed. Engl.
1986, 25, 357.
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Table II. Atom Coordinates for 3°
atom x ¥ 2 B, A®

Ru 0.11813 (3)  0.19367 (1)  0.09265 (1)  2.349 (7)
P1 0.3234 (1) 0.15523 (4)  0.06781 (5) 2.28 (2)
C1 0.4848 (4) 0.1663 (2) 0.1279 (2) 2.68 (9)
C2 0.5706 (4) 0.1257 (2) 0.1574 (2) 7 (1)
C3 0.3159 (4) 0.0754 (2) 0.0566 (2) 2.65 (8)
C4 0.3015 (5) 0.0387 (2) 0.1122 (2) 4.0 (1)
C5 0.2914 (5) -0.0223 (2) 0.1030 (3) 5.1 (1)
Cé 0.2932 (5) -0.0467 (2) 0.0409 (3) 5.4 (1)
C7 0.3062 (5) -0.0125 (2) —0.0141 (3) 5.0 (1)

C8 0.3176 (4) 0.0484 (2) —0.0064 (2) 3.6 (1)
C9 0.3702 (4) 0.1824 (2) -0.0116 (2) 2.55 (8)
C10  0.2704 (4 0.2051 (2) —0.0639 (2) 3.12 (9)
C11 0.3056 (5) 0.2259 (2) —0.1239 (2) 39 (D
Cl12  0.4423 (5) 0.2244 (2) -0.1322 (2) 4.1 (1)
C13  0.5438 (5) 0.2025 (2)  -0.0809 (2) 4.0 (1)
Cl4  0.5068 (4) 0.1809 (2)  —0.0212 (2) 3.26 (9)
P2 0.1982 (1) 0.28874 (4)  0.09777 (5) 2.46 (2)
Cl5  0.1579 (4) 0.2595 (2) 0.1741 (2) 3.06 (9)
Cl6  0.2248 (5) 0.2076 (2) 0.2016 (2) 3.20 (9)
Cl17  0.0844 (4) 0.3500 (2) 0.0684 (2) 2.79 (8)
C18 -0.0028 (5) 0.3467 (2) 0.0046 (2) 4.0 (1)
C19 -0.0923 (5) 0.3928 (2) -0.0179 (3) 4.5 (1)
C20 -0.0956 (4) 0.4428 (2) 0.0218 (2) 4.0 (1)
C21 -0.0105 (5) 0.4460 (2) 0.0846 (2) 4.3 (1)
C22  0.0807 (5) 0.4001 (2) 0.1083 (2) 3.7()
C23  0.3757 (4) 0.3151 (2) 0.1061 (2) 2.94 (9)
C24  0.4341 (4) 0.3225 (2) 0.0469 (2) 3.39 (9)
C25  0.5703 (4) 0.3407 (2) 0.0528 (3) 4.3 (1)
C26  0.6489 (5) 0.3522 (2) 0.1149 (3) 5.0 (1)
C27  0.5929 (5) 0.3458 (2) 0.1730 (3) 5.7 (1)
C28  0.4536 (5) 0.3276 (2) 0.1694 (2) 3.8 (1)
C29 -0.0075 (4) 0.1111 (2) 0.0836 (2) 3.6 (1)
C30 -0.0030 (4) 0.1322 (2) 0.0173 (2) 3.31 (9)
C31 -0.0693 (4) 0.1880 (2) 0.0097 (2) 3.8 (1)
C32 -0.1120 (4) 0.2018 (2) 0.0718 (3) 3.9(1)
C33 -0.0735 (4) 0.1545 (2) 0.1174 (2) 38 (1)
P3 0.1649 (1) 0.73366 (5)  0.19409 (5)  3.36 (2)
F1 0.1966 (3) 0.8001 (1) 0.1742 (2) 5.75 (7)
F2 0.3235 (3) 0.7267 (1) 0.2282 (1) 5.25 (7)
F3 0.2029 (3) 0.7119 (1) 0.1233 (1) 5.65 (7)
F4 0.1383 (3) 0.6664 (1) 0.2137 (2) 6.04 (7)
F5 0.1314 (3) 0.7555 (2) 0.2646 (2) 7.63 (8)
Fé 0.0098 (3) 0.7396 (2) 0.1572 (2) 9.5 (1)
Cl1 0.3537 (2) 0.44948 (9) 031077 (8)  8.56 (5)
C34  0.1788 (6) 0.4617 (3) 0.2899 (2) 5.9 (1)
C35  0.1316 (6) 0.5167 (2) 0.2674 (3) 5.9 (1)
C36 -0.0181 (8) 0.5275 (3) 0.2490 (3) 8.0 (2)
C37 —0.1071 (T 0.4859 (4) 0.2514 (3)  10.0 (2)
C38 -0.0472 (1) 0.4249 (3) 0.2768 (3) 8.1(2)
C33  0.0874 (6) 0.4143 (3) 0.2953 (3) 6.8 (1)
Cl2 0.2200 (2) 0.40935 (8) 0.9114 (1) 10.13 (5)
C40  0.3745 (5) 0.4323 (2) 0.8906 (3) 5.9 (1)
C41 0.4526 (7) 0.3948 (3) 0.8560 (3) 7.2 (2)
C42  0.5741 (6) 0.4162 (3) 0.8423 (3) 6.4 (1)
C43  0.6236 (6) 0.4722 (3) 0.8612 (3) 6.5 (1)
C44  0.5568 (9) 0.5082 (3) 0.8942 (3) 9.6 (2)
C45  0.4180 (6) 0.4860 (3) 0.9090 (3) 6.2 (1)

¢ Anisotropically refined atoms are given in the form of the iso-
tropic equivalent displacement parameter defined as 4/;3[a?4(1,1) +
b%8(2,2) + ¢®8(3,3) + ab(cos v)8(1,2) + ac(cos 8)8(1,3) + be(cos a)-
8(2,3)].

tron-donor phosphaallyl ligand. All previously reported
phosphaallyl complexes contain anionic five-electron do-
nors coordinated to two or three metal centers®10% or
neutral four-electron donors coordinated to two metals.?

Because the DVPP ligand is structurally similar to
DPVP, we thought that complex 4 could be obtained from
complex 2. However, heating 2 in vacuo for long time
periods only caused partial conversion to 4. Attempted
separation of 4 from 2 was not successful by either column
chromatography on silica gel or fractional crystallization
from a variety of solvent mixtures. An alternative route
to 4 could be conversion of 2 to a chloride complex (re-
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action 2) followed by reaction with AgBF, (reaction 3).

[(#*-CsH;)Ru(DVPP),(CH,CN)]PF, + Me,NC1 —
[(7]5'C5H5)RU(DVPP)2CH + Me4NPF6 (2)

[(n*-CsHs)Ru(DVPP),Cl] + AgBF, —
[(7°-CsHs)Ru(DVPP)(*-DVPP)]BF, + AgCl (3)

At room temperature, reaction 2 gave a mixture of
[(#%-CsH5)Ru(DVPP),(CH,CN)]Cl and [(#°-C;H;)Ru-
(DVPP),Cl]. The former complex was completely con-
verted to the latter at 80 °C in refluxing 1,2-dichloroethane.
Reaction 3 produced an inseparable mixture of the desired
phosphaallyl complex and two other as yet unidentified
products.

Thermal gravimetric analysis of 2 at a heating rate of
5 °C/min under flowing nitrogen showed that, as for 1, loss
of acetonitrile is gradual and is complete by 259 °C under
these conditions. This is about 40 °C higher than the
formation temperature of 3 under the same conditions.
Further, there is no evidence for an equilibrium such as
(1) between 2 and 4 in solution. The relative ease of
formation of 3 compared to that of 4 may well be due to
the size of the substituents on phosphorus, akin to the
Thorpe-Ingold effect.?”

The [(7°-C;H;)Ru(CO)(n*-DPVP)]PF; (6) complex was
obtained as a minor product from the reaction of [(7°-
CsH;)Ru(CH;CN),(CO)]PF; with 1 mol equiv of DPVP.
Its 3'P{'H} NMR spectrum in CD;NO, exhibits a singlet
at 6 75.42, more than 50 ppm downfield of the »*-DPVP
resonance for 3. The 'H NMR spectrum (Figure 6, sup-
plementary material) supports the n*-bonding mode, as two
of the resonances for the vinyl protons occur far upfield
(6 2.90 and 3.74). However, in contrast to what was ob-
served for 3, the third vinyl proton resonance for 6 is found
in the normal vinyl region (4 6.15). Selective phosphorus
decoupling (Figure 6) together with APT and H/C
HETCOR spectra allowed assignment of the chemical
shifts. Proton H, has the smallest coupling to phosphorus
(?3J(PH) = 2.4 Hz). Comparison of the chiemical shifts and
J(PH) coupling constants of 3 and 6 suggested that 6 is
an endo isomer. The relative downfield chemical shift for
H, is consistent with the data reported for most endo
CpRu! and CpRulV allyl complexes® and some endo
phosphaallyl complexes.® Complex 6 is not dynamic in
solution (room temperature to 80 °C in CD;NO,).

B. Reactivity of Phosphaallyl Complex 3. In view
of the unusual nature of the »°-phosphaallyl complex, a
preliminary study of the reactivity of 3 was undertaken.
It is well-known that allyl complexes are susceptible to
nucleophilic attack.?!1"19%°  In principle, the chiral
phosphaallyl complex 3 could react with nucleophiles at
any of four sites:3*4 the metal center, phosphorus,®° or

(37) Beesley, R. M.; Ingold, C. K.; Thorpe, J. F. J. Chem. Soc. 1915,
107, 1080. Ingold, C. K. J. Chem. Soc. 1921, 119, 305.

(38) Lemkuhl, H.; Mauermann, H.; Benn, R. Liebigs Ann. Chem. 1980,
754, Nagashima, H.; Mukai, K.; Shiota, Y.; Ara, K.-1; Fukahori, T.;
Suzuki, H.; Akita, M.; Mora-oka, Y.; Itoh, K. Organometallics 1990, 9,
799.

(39) Elsenbroich, Ch.; Salzer, A. Organometallics; VCH: New York,
1989. Wakefield, J. B.; Stryker, J. M. Organometallics 1990, 9, 2428.
Crocker, M.; Green, M.; Morton, C. E.; Nagle, K. R.; Orpen, A. G. J.
Chem. Soc., Dalton Trans. 1985, 2145. Lush, S. F.; Wang, S. H.; Lee, G.
H.; Peng, S. M,; Wang, S. L.; Liu, R. S. Organometallics 1990, 9, 1862.
Casey, C. P.; Yi, C. S. Organometallics 1990, 9, 2413. Curtis, J. L.;
Hartwell, G. E. J. Organomet. Chem. 1974, 80, 119. Davies, S. G.; Green,
M. L. H.; Mingos, D. M. P. Tetrahedron 1978, 34, 3047. Davies, S. G.;
Green, M. L. H.; Mingos, D. M. P. Nouv. J. Chim. 1977, 1, 445,

(40) Akermark, B.; Hansson, S.; Vitagliano, A. J. Am. Chem. Soc.
1990, 112, 4587.

(41) Peterson, D. J. J. Org. Chem. 1966, 31, 950.
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Table III. Selected Bond Distances (A) and Angles (deg)
for Complex 3

Ru-P1 2.315 (1) P1-C1 1.810 (3)
Ru-P2 2.276 (1) P1-C3 1.811 (4)
Ru—C15 2.176 (3) P1-C9 1.824 (4)
Ru—C16 2.244 (4) C1-C2 1.306 (5)
Ru-C29 2.217 (4) P2-C15 1.761 (4)
Ru-C30 2.215 (4) P2-C17 1.800 (4)
Ru-C31 2.230 (4) P2-C23 1.810 (4)
Ru-C32 2.215 (4) C15-C16 1.399 (5)
Ru~-C33 2.201 (4)
P1-Ru-P2 93.34 (3) C16-Ru-C32 116.4 (2)
P1-Ru-C15 111.6 (1) C16-Ru-C33 96.0 (1)
P1-Ru-C16 89.4 (1) C29-Ru-C30 37.0 (1)
P1-Ru-C29 99.0 (1) C29-Ru-C31 61.6 (1)
P1-Ru-C30 89.9 (1) C29-Ru-C32 61.8 (1)
P1-Ru-C31 116.5 (1) C29-Ru~C33 37.1(1)
P1-Ru—C32 151.3 (1) C30-Ru-C31 36.9 (1)
P1-Ru-C33 134.4 (1) C30-Ru~C32 61.8 (1)
P2-Ru-C15 46.5 (1) C30~-Ru-C33 62.0 (1)
P2-Ru-C16 74.3 (1) C31-Ru-C32 36.8 (2)
P2-Ru-C29 166.8 (1) C31-Ru-C33 61.7 (2)
P2-Ru~C30 139.0 (1) C32-Ru-C33 37.1 (2)
P2-Ru-C31 108.4 (1) C1-Ru-C3 103.2 (2)
P2-Ru-C32 105.0 (1) C1-P1-C9 101.4 (2)
P2-Ru-C33 1317 (1) C3-P1-C9 103.8 (2)
C15-Ru-C16 36.9 (1) P1-C1-C2 127.5 (3)
C15-Ru-C29  130.8 (1) C15-P2-C17 110.1 (2)
C15-Ru-C30  158.2 (1) C15-P2-C23 113.8 (2)
C15-Ru-C31 126.8 (2) C17-P2-C23 107.5 (2)
C15-Ru-C32 96.9 (1) P2-C15-C16 119.1 (3)
C15-Ru-C3 98.7 (1) C30-C29-C33  107.8 (4)
C16-Ru-C29  110.4 (1) C29-C30~-C31  108.0 (3)
C16-Ru-C30  146.6 (1) C30-C31-C32 1079 (3)
C16—-Ru-C31 153.3 (2) C31-C32-C33  108.0 (4)
P1-C3-C4 119.6 (3) C29-C33-C32  108.2 (4)

¢ Numbers in parentheses are estimated standard deviations in
the least significant digits.

Scheme I
[(ns-CsHs) Ru(DPVP),(CH3CN)}PFg

*CH%H:;CN wmc\-c'ﬁc"‘

CO
((n°-CsHs)Ru(n'-DPVP)(n*-DPVP)]PFgs === [(n°-CsHs) Ru(DPVP);FPF ]
w V

[(n°-CsHs)Ru(DPVP)(CO)IPF¢
the a-*! or 8-carbons® of the phosphaallyl ligand. The
metal center is potentially the most electrophilic site, as
it bears a positive charge.

Complex 3 reacts with nucleophiles that are good two-
electron-donor ligands (CH;CN, (CHy),CHCN, PhCN,
PhNC, CO, and N;") under mild conditions, at the metal
center, displacing the coordinated vinyl moiety (reaction
4).

[(ﬂs-C5H5)Ru(DPVP)(ns-DPVP)]PFG +L—
[(#°-CsH-)Ru(DPVP),L]PF; or
[(#°-CsHs)Ru(DPVP);N,] (4)

This is evidenced by rapid disappearance of the two
doublet resonances and appearance of a singlet resonance
in the *'P{'H} NMR spectra of the reaction mixtures. In
each case these reactions are quantitative. The *1P{'H},
'H, and 3C{'H} NMR spectra of the products are unex-
ceptional and are consistent with their formulations.

However, the vinyl proton resonances of [(1°-C;H;)Ru-
(DPVP),(CO)]PF, displayed a second-order ABXZ (A, B,
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Figure 5. (top) Ortep drawing of the cation of {(s°-C;H;)Ru-
(n-DPVP)(#*-DPVP)]PF, showing the atom-labeling scheme
(50% probability ellipsoids). Hydrogen atoms are omitted.
(bottom) Abbreviated Ortep drawing showing attached hydrogens
on the phosphoaallyl moiety. Phenyl and 8-vinyl carbon atoms
are omitted for clarity.

X =H, Z = %P) pattern. Complete assignment of the 'H
NMR spectrum of this complex required phosphorus de-
coupling. This complex was also prepared by two other
routes (reactions 5 and 6).

CH,NO,
[(n°-CsHz)Ru(CH;CN),(CO)]PF; + 2DPVP +-cnaI;N

[(°-CsH)Ru(DPVP),(CO)IPF; (5)

CICH,CH,Cl1
[(75-CsH;)Ru(DPVP),(CH,CN)]PF, + CO — CH’CN’
- <)

[(n*-CsHs)Ru(DPVP);(CO)]PF; (6)

Phosphorus-31 NMR spectroscopic monitoring of reac-
tion 6 showed that instead of a mixture of starting material
and CO substitution product being formed, a mixture of
four compounds, starting material (6('P) 39.72), phosph-
aallyl complex 3 (6(3'P) 42.33 (d), 24.16 (d), 2J(PP) = 43.94
Hz), CO substitution product 11 (8(*'P) 36.22), and
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Figure 7. Ortep drawing of the cation of [(n°-CsHg)Ru-
(DPVP),CO]PF; showing the atom-labeling scheme (50% prob-
ability ellipsoids). Hydrogen atoms are omitted.

[(n*-C;H;)Ru(DPVP),FPF;] (6(3'P) 30.39 (s), —142.24 (m,
IJ(PF) = 631 Hz)), were initially formed according to
Scheme 1.

Thus, substitution of CH;CN by CO probably occurs by
a dissociative process. [(7>-CsH;)Ru(DPVP),(CO)]PF; is
the sole product after long reaction times. Mathey and
co-workers® studied the reactions of their anionic
phosphaallyl iron-tungsten complex with CO at 5 atm and
with phosphines. They concluded that in their system CO
and PR; attacked tungsten, not iron, concomitant with
conversion of a bridging CO to a terminal CO on iron. By
comparison of the reactivities of the neutral and anionic
phosphaallyl ligands, it seems that the neutral phosphaallyl
ligand is more substitutionally labile.

For the [(#5-C;Hs)Ru(DPVP),L]PF, complexes, as the
steric bulk of L increases and its donor ability decreases,
L would be expected to dissociate to a greater extent and
the equilibrium constants for equilibria analogous to (1)
should increase. We find the following at 303 K: L =
CH.,CN, K, = 2.1 X 103 L = (CHy),CHCN, K, = 2.5 X
10°% L = PhCN, K,, = 1.8 X 1073 This is not consistent
with the relative donor numbers of these nitriles (14.1, 15.4,
and 11.9, respectively).*> None of the other complexes
dissociate L to a measurable extent.

The crystal structure of [(*-CsH;)Ru(DPVP),(CO)]PF,
(11; Figure 7) consists of isolated cations and anions with
no short contacts. Atom coordinates are listed in Table
IV, and Table V lists selected bond distances and angles.
The cation has distorted-octahedral geometry, has no
symmetry, and contains a linear carbonyl ligand (Ru-C29
= 1.867 (5) A; Ru—C29-0 = 177.9°; C29-0 = 1.124 (6) A),
and two phosphines that are equidistant from ruthenium
(Ru-P1 = 2.320 (1) A; Ru-P2 = 2.324 (1) A). Ru-P dis-
tances are longer than those in 3. The P-C,~C; angles are
equal (125.5 (4), 125.5 (5)°), as are the C,~C; distances
(1.313 (7), 1.316 (8) A).

Coordinated vinylphosphines are susceptible to Michael
additions,**¢ and since the vinyl group of [(n>-C;H;)Ru-

(42) Gutmann, V. Chimia 1977, 31, 1. Gutmann, V. The Donor-Ac-
ceptor Approach to Molecular Interactions; Plenum: New York, 1978.

(43) Fontain, X. L. R.; Markham, D. P.; Shaw, B. L. J. Chem. Soc.,
Dalton Trans. 1989, 1527.

(44) Keiter, R. L.; Kaiser, S. L.; Hansen, N. P.; Brodack, J. W.; Cary,
L. W. Inorg. Chem. 1981, 20, 283. Keiter, R. L.; Sun, Y. Y.; Brodack, J.
W.; Cary, L. W. J. Am. Chem. Soc. 1979, 101, 2638.
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Table IV. Atom Coordinates for 11¢
atom x Y z B, A?

Ru 0.25509 (2) 0.74993 (4) 0.18898 (5)  2.657 (8)
P1 0.13912 (8) 0.8192 (1) 0.0813 (2) 2.75 (3)

C1 0.1206 (3)  0.9809 (5) 0.1641 (7) 34 (1)
Cc2 0.0767 (4)  1.0166 (6) 0.2545 (8) 4.5 (2)
C3 0.0669 (3)  0.7345 (5) 0.1117 (7) 3.2 (1)
C4 0.0800 (3)  0.6389 (5) 0.1951 (7) 3.5 (1)
C5 0.0232 (4)  0.5830 (6) 0.2203 (8) 4.5 (2)
Cé -0.0469 (4)  0.6207 (6) 0.1650 (9) 5.1 (2)
C7 -0.0601 (4) 0.7120 (7) 0.074 (1) 6.0 (2)
C8 -0.0041 (4)  0.7708 (6) 0.0503 (8) 4.7 (2)
C9 0.1134 (3) 0.8207 (5) —0.1165 (6) 3.1(1)
C10 0.0926 (4) 0.7105 (7)  —0.2112 (8) 5.0 (2)
Ci1 0.0727 ()  0.7102 (8)  -0.3613 (8) 5.8 (2)
C12 0.0719 (4) 0.8144 (8)  -0.4190 (8) 5.5 (2)
C13 0.0942 (4)  0.9227 (7)  —0.3302 (7) 4.7 (2)
C14 0.1153 (3) 09273 (6) —0.1779 (T) 3.6 (1)

P2 0.30997 (8) 0.7907 (1) 0.0075 (2) 2.83 (3)

C15 0.2890 (4) 0.6833 (6) -0.1643 (7) 4.0 (1)
C16 0.3366 (5) 0.6193 (7)  —0.2342 (9) 6.0 (2)
C17 0.2941 (3) 0.9452 (5)  —0.0469 (6) 29 (1)
C18 0.2806 (3)  1.0501 (5) 0.0561 (6) 3.3(1)
C19 0.2655 (3)  1.1683 (6) 0.0158 (7) 3.8(1)
C20 0.2626 (4) 1.1822 (6) —0.1288 (8) 4.6 (2)
C21 0.2758 (4)  1.0805 (6) -0.2324 (7) 4.5 (2)
C22 0.2919 (3) 09628 (6) —0.1898 (7) 39 (1)
C23 0.4082 (3)  0.7723 (6) 0.0679 (7) 3.6 (1)
C24 0.4390 (4)  0.6559 (7) 0.1043 (8) 4.9 (2)
C25 0.5120 (4)  0.6407 (8) 0.1563 (9) 6.2 (2)
C26 0.5561 (4)  0.739 (1) 0.180 (1) 7.0 (2)
C27 0.5260 (4)  0.8532 (9) 0.147 (1) 6.6 (2)
C28 0.4521 (4)  0.8695 (7) 0.0889 (9) 5.4 (2)
] 0.2307 (3)  0.4889 (4) 0.0279 (6) 6.2 (1)
C29 0.2397 (3)  0.5878 (5) 0.0859 (7) 3.6 (1)
C30 0.2346 (4)  0.8094 (8) 0.4128 (7) 5.4 (2)
C31 0.2758 (5)  0.6960 (7) 0.4123 (8) 6.0 (2)
C32 0.3422 (4)  0.7173 (8) 0.3859 (8) 6.0 (2)
C33 0.3410 (4)  0.8439 (8) 0.3705 (8) 5.4 (2)
C34 0.2741 (4)  0.9007 (6) 0.3884 (7) 4.8 (2)
P3 0.2048 (2)  0.3310 (2) 0.4441 (3) 6.15 (6)
F1 0.2685 (4)  0.3402 (7) 0.5775 (8)  12.6 (2)
F2 0.1665 (4)  0.2553 (8) 0.5204 (8) 13.7 (2)
F3 0.2396 (5)  0.2033 (6) 0.3832 (9) 13.2(3)
F4 0.1427 (5)  0.3120 (8) 0.308 (1) 18.2 (3)
F5 0.2491 (5)  0.3960 (6) 0.3614 (9)  15.7 (3)
Fe 0.1766 (5)  0.4628 (7) 0.491 (1) 14.8 (3)
C35 0.4178 (8)  0.277 (1) 0.352 (2) 12.2 (5)
cn1 0.4510 (4)  0.1439 (5) 0.4224 (8) 20.2 (3)
C12 0.4439 (4)  0.2839 (9) 0.1924 (7) 27.6 (3)
CI3 0.4500 (4)  0.4040 (5) 0.4695 (7) 189 (2)

3 Anisotropically refined atoms are given in the form of the iso-
tropic equivalent displacement parameter defined as 4/5[a?8(1,1) +
b28(2,2) + ¢26(3,3) + ab(cos v)B(1,2) + aclcos )B(1,3) + be(cos a)-
6(2,3)].

(n*-DPVP)(»*-DPVP)]PF® is coordinated to a relatively
electron-rich ruthenium(III) center, we reacted this com-
plex with allylamine. Instead of a Michael addition, a
stoichiometric amount of allylamine simply coordinated
to ruthenium, displacing the coordinated vinyl group.
However, when a solution of 3 in CH,Cl, was reacted with
a large excess of allylamine, a mixture of two products was
formed in a 1:4 ratio. The major product is the ligand
substitution product (8(3!P) 42.37), and the minor product
(3(*'P) 66.60 (d), 32.57 (d), 2J(PP) = 3.91 Hz) is probably
the Michael addition product. The latter was not isolated
or further characterized.

Both n-butyl- and tert-butyllithium react with free
DPVP to form the a-lithiated products Ph,PC(Li)-

(45) Affandi, S.; Nelson, J. H.; Fischer, J. Inorg. Chem. 1989, 28, 4536.

(46) Stoutland, P. O.; Bergman, R. G. J. Am. Chem. Soc. 1985, 107,
4581. Torres, M. R.; Vegas, A.; Santos, A.; Ros, J. J. Organomet. Chem.
1987, 326, 413.

Ji et al.

Table V. Selected Bond Distances (A) and Bond Angles
(deg) for Complex 11°

Ru-P1 2.320 (2) C1-C2 1.314 (9)
Ru-P2 2.324 (2) P2-C15 1.809 (7)
Ru-C29 1.867 (6) P2-C17 1.812 (6)
Ru-C30 2.209 (7) C15-C18 132 (1)
Ru-C31 2.221 (7) 0-C29 1.124 (8)
Ru-C32 2.241 (7) C30-C31 1.39 (1)
Ru-C33 2.263 (7) C30-C34 1.38 (1)
Ru-C34 2.250 (7) C31-C32 1.39 (1)
P1-C1 1.823 (6) C32-C33 1.40 (1)
P1-C3 1.829 (6) C33-C34 1.39 (1)
P1-C9 1.819 (6) P2-C23 1.828 (6)
P1-Ru-P2 96.28 (5) C30~Ru-C34 36.1 (3)
P1-Ru-C29 90.9 (2) C31-Ru-C32 36.4 (3)
P1-Ru-C30 91.6 (2) C31-Ru-C33 60.7 (3)
P1-Ru-C31 119.0 (3) C31-Ru-C34 60.8 (3)
P1-Ru-C32 152.0 (2) C32-Ru—C33 36.3 (3)
P1-Ru-C33 131.8 (3) C32-Ru-C34 60.5 (3)
P1-Ru-C34 98.0 (2) C33-Ru-C34 36.0 (3)
P2-Ru-C29 89.3 (2) C1-P1-C3 103.8 (3)
P2-Ru-C30 147.4 (2) C1-P1-C9 104.6 (3)
P2-Ru—-C31 144.2 (3) C3-P1-C9 102.0 (3)
P2-Ru~C32 107.9 (3) P1-C1-C2 125.3 (5)
P2-Ru-C33 92.0 (2) C15-pP2-C17 104.4 (3)
P2-Ru-C34 111.3 (2) C15-P2-C23 104.7 (3)
C29-Ru-C30  122.3 (3) C17-P2-C23 103.9 (3)
C29-Ru-C31 95.7 (3) P2-C15-C16 125.5 (8)
C29-Ru~-C32  103.0 (3) C31-C30-C34  109.5 (7)
C29-Ru-C33.  136.7 (3) C30-C31-C32  107.1(7)
C29-Ru-C34  156.3 (3) C31-C32-C33  108.0 (7)
C30-Ru-C31 36.5 (3) C32-C33-C34  108.0 (7)
C30-Ru—C32 60.4 (3) C30-C34-C33 1074 (7)
C30-Ru—C33 60.1 (3) 0-C29-Ru 177.9 (6)

%Numbers in parentheses are estimated standard deviations in
the least significant digits.

HCH,R.#* Complex 3 reacts with CH,Li in dry THF at
-78 °C to produce 13. The 3'P{*H} NMR spectrum of 13
is devoid of a resonance for PF,™ at § ~144.95 and displays
two doublets (5 55.89, 42.34, 2J(PP) = 40.51 Hz). The 'H
NMR spectrum of 13 shows the presence of two different
vinyl groups (Figure 8) in a 1:1 ratio. One set of vinyl
resonances occurs in the region expected for a coordinated
Ph,PCH=CH, ligand, while the other is found in the re-
gion typical®® of an MCH=CH, group. In addition, the
MCH=CH, protons exhibit spin—spin coupling to two 3'P
nuclei instead of only one, typical of a vinyl group bound
to an (R;P);M moiety.**® In its *)C{'H} NMR spectrum,
the C, resonance of this vinyl group appeared as a triplet
(6 157.63, 2J(PC) = 17.87 Hz) and a doublet methyl carbon
resonance was observed at 6 15.34 (WJ(PC) = 29.17 Hz). A
doublet methyl resonance (6 1.40, 2J(PH) = 8.41 Hz) was
also observed in the 'H NMR spectrum. These 'H and 13C
chemical shifts and PH and PC coupling constants are
typical of Ph,PCH; coordinated to a metal.*®%°

Thus, [(n*-C;H;)Ru(DPVP)(Ph,PCH,}(CH=CH,)] (13)
is probably formed by initial attack of CHs;~ on the
phosphorus atom of #%3-DPVP, forming a M5-
phosphoranide® intermediate, followed by migration of

(47) Montoya, J.; Santos, A.; Echavarren, A. M.; Ross, J. J. Organo-
met. Chem. 1990, 390, C57 and references therein.

(48) Zhang, Z. D.; Stang, P. J.; Arif, A. M. Organometallics 1990, 9,
1703.

(49) Blackmore, T.; Bruce, M. L; Stone, F. G. A. J. Chem. Soc. A 1971,
2376

(50) Krassowski, D. W.; Nelson, J. H,; Brower, K. R.; Hauenstein, D.;
Jacobson, R. A, Inorg. Chem. 1988, 27, 4294,

(51) Riess, J. G. In Phosphorus-31 NMR Spectroscopy in Stereo-
chemical Analysis, Organic Compounds and Metal Complexes; Verkade,
J. G., Quin, L. D., Eds.; VCH: Deerfield Beach, FL, 1987; p 895. No-
kazawa, H.; Kadoi, Y.; Itoh, T.; Mizuta, T.; Miyoshi, K. Organometallics
1991, 10, 766.
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Figure 8. Expansion of the 300-MHz 1Hl‘“P] NMR spectra of 13 in CgDj at 25 °C (from bottom to top) normal spectrum; irradiation
of phosphorus at 55.89 ppm; irradiation of phosphorus at 42.34 ppm; 'Hf'P BB}.

the vinyl group from phosphorus to ruthenium. Since
attack of the hard nucleophile CH;™ occurred exclusively
on the phosphaallyl phosphorus, we thought that other
hard nucleophiles would react in a similar fashion. While
H,CC=C- gave a similar compound, [(»*-CsHs)Ru-
(DPVP)(Ph,PC=CCHg)(CH=CH,)], as the major product
(5(®'P) 50.50, 36.33 (AB), 2J(PP) = 45.26 Hz), PhC=C"
gave a mixture of two similar products in roughly equal
amounts (A, 5(3'P) 51.99 (d), 48.63 (d), 2J(PP) = 43.19 Hz;
B, 6(3'P) 46.72 (d), 27.01 (d), 2J(PP) = 41.79 Hz) and a
minor unidentified product (C, 5(3'P) 50.26 (d), 36.22 (d),
%J(PP) = 48.42 Hz). However, reaction of 3 with n-BuLi
resulted in attack at the ruthenium center to produce
[(n*-CsH5)Ru(DPVP),Bu] (6(*'P) 47.89). The failure of
n-Buli to attack at phosphorus may imply that n-butyl
migrates from phosphorus to ruthenium more readily than
does vinyl or that it attacked the metal center directly. It
should be pointed out that except for the product of re-
action of CH,Li with 3, the reaction products from CHj-
C=CLi, PhC=CLi, and n-BuLi are not very stable. They
decompose to unidentified materials on standing in solu-
tion.

The redox properties of compounds 1-3 were investi-
gated by cyclic voltammetry. It was found that compounds
1 and 2 underwent quasireversible one-electron oxidations
at 0.76 and 0.70 V, respectively, and no observable re-
ductions and compound 3 underwent a quasireversible

one-electron reduction of —2.01 V and no observable oxi-
dation (all potentials are relative to Fc¢/Fc*).52 Thus,
formation of the phosphaallyl destabilizes Ru(III) and
stabilizes Ru(I), as might be expected 205

The compounds [(n*-C;H;)Ru(DPVP)(CO)(CH;CN)]-
PF; and [(n°-C;H;)Ru(R,P){P(OCH;)5}(CH,CN)]PF¢ (RsP
= DPVP and DVPP) are all stable in solution and showed
no evidence of dissociation of CH;CN either in solution
or upon heating in a vacuum oven.
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