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C(4)-C(9) and C(7)-C(8) bond lengths were 1.442 and
1.428 A, respectively, which were in the range observed for
a variety of transition-metal n%-olefin complexes.!®* By
contrast, a C(15)-C(8) distance of 1.332 A was consistent
with that of an isolated carbon—carbon double bond. Some
precedent for such bond localization has appeared.l®6
While C=C and C—C bond lengths of uncoordinated
1,3-butadiene are 1.334 and 1.476 A, respectively, those in
the n*-diene moiety (C(4)—C(9)-C(8)-C(7)) are 1.435 (av-
erage) and 1.460 A, respectively. The results indicate bond
delocalization over the 7*-diene moiety in coordinated
benzene as observed in several 1,3-diene complexes.!” The
benzene ring in 2 is nonplanar. The torsional angle be-
tween the C(4)-C(9)-C(8)-C(7) plane and the C(4)-C-
(5)-C(6)-C(7) plane is ca. 12°, and the noncoordinated
double bond is bent away from the ruthenium centers.

The formation of 2 would reasonably be elucidated by
a sequence of reactions depicted below. Reductive elim-
ination of H, from 1 and coordination of PPh; would form
an intermediary dihydridoe monophosphine complex,
(n5-CsMeg)Ru(u-H)y(PPhg)Ru(7®-CsMe;). Activation of the
P-C bond of the coordinated PPhg by one of the ruthe-
nium centers would be expected to yield the u-phosphido
SpeCieS (175'C5M65)RU(#'H)2(#-PPh2)RU(CGH5)(715'C5Me5),
which would then undergo reductive elimination of
benzene and subsequent coordination of the benzene in
a u-n%:p?-mode to give 2.

For the cluster-mediated P-C bond cleavage of tertiary
phosphine, similar mechanism has been proposed.'®

As mentioned above, 'H NMR study of 2 at the elevated
temperature showed that the u-benzene ligand was not
fluxional at least below 80 °C. Slow ligand exchange be-
tween u-benzene and uncoordinated benzene was, however,
observed upon heating the benzene solution of 2. When
a solution of 2 in CgDg was warmed at 60 °C for 1.5 h, the
deuterated complex 2-d; was formed exclusively (eq 2).

Ph Ph Ph Ph
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60 °C, 1.6 h

Complex 2-d, was isolated in 82% yleld and was char-
acterized by means of H and ®C NMR and infrared
spectroscopy. Resonances for the u-CgDg and deuteride
ligands appeared at & 5.20 (m, 2 D), 2.77 (m, 2 D), 2.70 (m,
2 D), and -16.5 (d, Jpp = 5.0 Hz, 1 D), respectively, in the
2H{!H} NMR spectrum. The *C{H} NMR spectrum
showed three triplets for the u-CgDg ligand at 6 123.7 (t,
JCD = 23.1 HZ), 47.3 (t, JCD = 23.8 HZ), and 45.9 (t, JCD
= 22.6 Hz). Coordination of the C¢gDg molecule was further
confirmed on the basis of vop bands at 2295, 2281, and 2228
cm™ observed in the infrared spectrum. Treatment of the
deuterated complex 2-d; in CgHg at 60 °C for 1.5 h again
afforded 2 quantitatively.

Replacement of the coordinated benzene by toluene
leading to 3 was also observed by means of 'H NMR

(15) (a) Ittel, S. D.; Ibers, J. A. Adv. Organomet. Chem. 1976, 14, 33.
(b) Mingos, D. M. P. In Comprehensive Organometallic Chemistry;
Wilkinson, G., Stone, F., G. A, Abel, E. W, Eds.; Pergamon: London,
1982; Vol. 3, p 47.

(16) (a) Allegra, G.; Casagrande, G. T.; Immirzi, A.; Porri, L.; Vitulli,
G. J. Am. Chem. Soc. 1970, 92, 289. (b) Davis, R. E.; Pettit, R. J. Am.
Chem. Soc. 1970, 92, 716.

(17) (a) Mills, O. S.; Robinson, G. Acta Crystallogr. 1963, 16, 758. (b)
Sasse, v. H. E.; Ziegler, M. L. Z. Anorg. Allg. Chem. 1972, 392, 167. (c)
Pierpont, C. G. Inorg. Chem. 1978, 17, 1976. (d) Briggs, J. R.; Crocker,
C.; McDonald, W. S.; Shaw, B. L. J. Chem. Soc., Dalton Trans. 1982, 457.
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spectroscopy upon heating complex 2 in toluene at 60 °C
{(eq 3).1® Monitoring the conversion of 2 or 3 to 2-d; at

Ph Ph Ph Ph
/P\ CGHSCHf!
_Rgm_'-‘nu— —R"\I'T'I:'Ru_
ﬂi’/ 60 °C, 1.5 h
=

60 °C in 10-min intervals by means of H NMR spec-
troscopy showed that the rate of Ruy(CgHg)/Ruy(CgDg)
exchange was comparable to that of Ruy(C¢H;CH,) /Ru,-
(CgDg) exchange and that the rate of n*-arene exchange was
much faster than that of Ru,H/Ru,D exchange.

These results strongly imply that the conversion of 2 to
2-d; proceeds via initial Ruy(C¢Hg) /Ruy(CgDg) exchange
followed by the cleavage of C-H bond of coordinated
benzene.

Further mechanistic studies pertaining to the H/D ex-
change will be reported in due course.
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(19) 3: 'H NMR (C¢Dg) 8 -16.7 (d, Jpy = 40.3 Hz, 1 H, Ru-H-Ru),
1.87 (s, 3 H, CeH,CH.,), 1.59 (s, 15 H, CsMes), 1.67 (s, 15 H, CsMeg), 2.58
(d, Jyg = 7.4 Hz, 1 H, C4H;CHj,), 2.65 (dd, Jyy = 7.4 and 5.5 Hz, 1 H,
CgHsCH,), 2.76 (dd, Juy = 7.4 and 5.5 Hz, 1 H, CgHyCHj), 2.82 (dd, Jyy
= 7.4 and 5.5 Hz, 1 H, CgH;CHy), 5.31 (d, Juy = 5.5 Hz, 1 H, C4H;CH,),
6.72-7.76 (m, 10 H, PPhy); 5C NMR (CeDy) 5 103 (q, Jou = 126.5 Hz,
CsMes), 10.6 (q, Jog = 126.2 Hz, C?Mes) 45.8 (d, Joy = 162.4 Hz, 5*
toluene), 46.2 (d, Joy = 154.6 Hz, n*-toluene), 48.4 (d, Joy = 153.6 Hz,

n*-toluene), 50.2 (d, Jcy = 156.5 Hz, n*-toluene), 93.3 (s, CsMe;), 93.5 (s,
C5Me5). Resonances for aromatic carbons on PPh, and toluene ligands
could not be assigned.
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Summary:  Arylketophosphonates and alkylketo-
phosphonates undergo decarbonylation in toluene-reflux
conditions, in the presence of a catalytic amount of a
palladium complex, to afford arylphosphonates and al-
kylphosphonates, respectively. Evidence is presented for
a metathesis reaction of a-ketophosphonates (RC(O)P-
(O)OR), + R'C(O)P(O)OR'), = RC(O)P(OXOR'"), + R'C-
(O)P(OXOR),), catalyzed by a palladium complex, which
takes place prior to the observed decarbonylation reac-
tion.
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The phosphorus—carbon bond is known to be relatively
strong and therefore less readily cleaved as compared with
phosphorus-halogen, phosphorus—nitrogen, and phos-
phorus—hydrogen bonds.* Recent reports of phospho-
rus—carbon bond activation by transition-metal complexes
have generated a great deal of interest in the field of
transition-metal and phosphorus chemistry.® However,
most reports to date are concerned with phosphorus-aryl
carbon bond scission in triarylphosphines. Only a limited
number of examples with stoichiometric P-C (except the
aryl carbon) bond cleavage have been found.® Herein we
report an unprecedented, palladium-catalyzed P-C bond
cleavage which results in decarbonylation and metathesis
of a-ketophosphonates.

In a typical procedure, (Ph)C(O)P(O)(OELt), (136 uL, 164
mg, 0.679 mmol) was added to a solution of cis-[PdMe,-
(PMePhy),] (1) (73 mg, 0.136 mmol) in 3 mL of toluene.
The reaction mixture was heated at reflux for 0.2 h to give
(Ph)P(O)(OEt), (100% yield based on (Ph)C(O)P(0)-
(OEt),). The disappearance of the reactant and the for-
mation of the product were confirmed by gas chromatog-
raphy and 3P NMR measurements.

The catalytic activity of related palladium complexes
has been examined, and on the basis of the following re-
sults, we suggest that the catalytically active species is a
14-electron Pd(0) complex, “PdL,”: (i) complex 1,
trans-[PdMe,(PMePh,),], and Pd(styrene)(PMePhy,), all
exhibit similar catalytic activity,” whereas trans-
[PdMe,(PMe,Ph),] and PdMe,(dppe) showed slightly
lower activity;? (ii) Pd(PPh;),, being in equilibrium with
Pd(PPhg); and Pd(PPhy),, required 48 h to complete the
decarbonylation;® (iii) Pd(PCys), also exhibited catalytic
activity, although it required 75 h to achieve a 60% yield;
(iv) PACly(PPhg),, PACly(NCPh),, and Pd(acac), which do
not form 14-electron Pd(0) species upon heating showed
no catalytic activity.?

In order to obtain additional support for a 14-electron
Pd(0) catalyst, the reaction of 1 with 5 equiv of (Ph)C-
(O)P(O)(OEt), was carried out in the presence of 5 equiv
of PMePh,. Under these conditions 72 h were required
to finish the decarbonylation, whereas in the absence of
excess phosphine the reaction was completed in 0.2 h. This
result is consistent with our assumption that “PdL,” is the
active species. The decarbonylation is presumably initi-
ated by an oxidative addition of a C-P bond between the
acyl and phosphonate groups in a-ketophosphonates to the
“PdL,” species.!!

Equation 1 shows the decarbonylation results for various

(4) Goldwhite, H. Introduction to Phosphorus Chemistry; Cambridge
University Press: New York, 1981; Chapter 2.

(5) Garrou, P. E. Chem. Rev. 1985, 85, 171 and references cited therein.

(6) (a) Koten, G. V.; Noltes, J. G. J. Chem. Soc., Chem. Commun.
1972, 452. (b) Miyashita, A.; Yamamoto, A. Bull. Chem. Soc. Jpn. 1977,
50, 1102. (c) Braterman, P. S,; Cross, R. J.; Young, G. B. J. Chem. Soc.,
Dalton Trans. 1976, 1310. (d) Kikukawa, K.; Takagi, M.; Matsuda, T.
Bull. Chem. Soc. Jpn. 1979, 52, 1493. (e) Gillie, A.; Stille, J. K. J. Am.
Chem. Soc. 1980, 102, 4933. (f) Ortiz, J. V.; Havlas, Z.; Hoffmann, R.
Helv. Chim. Acta 1984, 67, 1. (g) Ambrosius, H. P. M. M,; Van Hemert,
A. W.; Bosman, W. P.; Noordik, J. H.; Ariaans, G. J. A. Inorg. Chem. 1984,
23, 2678. (h) Alcock, N. W.; Bergamini, P.; Kemp, T. J.; Pringle, P. G.
J. Chem. Soc., Chem. Commun. 1987, 235.

(7) (Ph)C(O)P(O)(OEt), was converted into (Ph)P(O)(OEt), in 100%
yielded by refluxing the toluene solution containing 20 mol % of the
palladium complex based on (Ph)C(Q)P(O)(OEt), for 0.2 h.

(8) Yields of 69% and 60% by refluxing trans-[PdMe,(PMe,Ph),] and
PdMe,(dppe) for 2 and 5 h respectively, where dppe stands for 1,2-bis-
(diphenylphosphino)ethane.

(9) 52% yield.

(10) 100% of (Ph)C(O)P(0O)(OEt), was recovered in each case.

(11) Recently we could isolate the complexes PdL,{C(O)R}{P(O)(OR),}
in the reaction of PdR,;L, with RC(O)P(0)(OR),, and the complexes
showed the catalytic ability of decarbonylation toward a-keto-
phosphonates. The results will be reported elsewhere.
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a-ketophosphonates when 1 is employed as a catalyst.
Both arylketophosphonates and alkylketophosphonates
undergo decarbonylation, though in an extremely low yield
for ethylketophosphonates. These reactions were carried
out under the same conditions stated above (in refluxing
toluene in the presence of 20 mol % of 1) except the re-
action time. It took ca. 0.2 h for arylketophosphonates but
ca. 72 h for alkylketophosphonates to drive the reaction
to completion.

cat. cis-[PdMe,(PMePhy); ]

R!—C—P(OR? R'—P(OR? 1
S ”( J2 o |I( )2 (1)
c O

R'=Ph RZ=Et yield = 100%
= p-tolyl =Et = 100%
= p-MeO-phenyl = Et =72%
= p-Cl-phenyl =FEt = 65%
= Ph =Me =76%
= Me =k =55%
= Me = Me = 43%
= Et = Et =9%
= Et = Me =5%

Although decarbonylations are known for aldehydes,
acyl halides,'? acyl cyanides,'® and thiol esters,’* which
involve C(0)-H, C(O)-halogen, C(0)-CN, and C(O)-S
bond cleavage, respectively, decarbonylation via C(O)-P
bond fission has not been reported so far. The results
reported here represent the first such examples.

We have also found evidence for an a-ketophosphonates
metathesis reaction prior to the observed decarbonylation
(eq 2).

R—C—P(OR), + R'—Ic[—ﬂ(o;q’)2 Pt
o

R—G—P(OR"); + R—G—P(OR), (2

A crossover experiment was performed involving equi-
molar amounts of (Ph)C(O)P(0)(OMe), and (to])C(O)P-
(O)(OEL), (tol = p-tolyl) and a catalytic amount of 1. The
product distribution consisted of equimolar amounts of
(Ph)P(0)(OMe),, (Ph)P(O)(OEt),, (tol)P(0)(OELt),, and
(to)P(0)(OMe), (eq 3).1° In a separate experiment, it was

cis-[PdMay(PMePh,); |
———————

Ph—C~—~P(OMe), + tol—C—P(OEt),
1] Innu reflux for 0.2 h

]
o0
Ph—rI(OMe)z + Ph—lPI(OEt)z + tol—rl(OEt)z + lol——ﬂ(OMe)z @)

44% 4% 56% 40%

confirmed that (Ph)P(O)(OEt), and (tol) P(0)(OMe), are
not derived from (Ph)P(0)(OMe), and (tol)P(O)(OEt), in
the presence of 1. It is therefore reasonable to assume that
(Ph)P(O)(OEt), and (tol)P(0)(OMe), are derived from the
decarbonylation of (Ph)C(O)P(0)(OEt), and (tol)C(O)P-

(12) (a) Jolly, P. W.; Wilke, G. The Organic Chemistry of Nickel;
Academic Press: New York, 1975; Vol. 2, p 365. (b) Tsuji, J. Organic
Synthesis Via Metal Carbonyls; John Wiley: New York, 1977; Vol. 2, p
633. (c) Davies, S. G. Organotransition Metal Chemistry. Application
to Organic Synthesis; Pergamon Press: Oxford, 1982; p 394. (d)
Doughty, D. H.; Pignolet, L. H. Homogeneous Catalysis with Metal
Phosphorus Complexes; Pignolet, L. H., Ed.; Plenum Press: New York,
1983; p 343. (e) Milstein, D. Acc. Chem. Res. 1984, 17, 221.

(13) Murahashi, S.-I.; Naota, T.; Nakajima, N. J. Org. Chem. 1986, 51,
898.

(14) Osakada, K.; Yamamoto, T.; Yamamoto, A. Tetrahedron Lett.
1987, 28, 6321.

(15) The % expresses the % yield of the phosphonates. If the two
kinds of a-ketophosphonates are completely converted into the four kinds
of phosphonates with equal distribution, the % expression should be
50%:50%:50%:50%.
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(0)(OMe),, respectively, both of which may be generated
by metathesis between (Ph)C(O)P(0)(OMe), and (tol)C-
(O)P(O)(OE),.

Additional results were obtained from the reaction of
(Ph)C(0O)P(0)(OMe), and (Me)C(O)P(O)(OEt), with a
catalytic amount of 1 (refluxing in toluene for 5 h) (eq 4).

is-[PdMe,(PMePh,
Ph—C-—P(OMe), + Me—C—P(OEt), 06 PoMozPUoPh2. ]
11l I reflux for 5 h
Ph—ﬁ—ﬁ(OMe)z + Me—ﬁ—-lPl(OEt)z + Ph—ﬁ—ﬁ(OEl)Z +

8% 54% 0%
Me—ﬁ-—-lP](OMe)z + Ph—ﬂ(OMe)z + Me—lPl(OEt)z +

15% 60% 4%
Ph—rl(OEt)z + Me—rl(OMe)g (4)

19% 8%

In addition to the starting a-ketophosphonates and their
direct decarbonylation products, three kinds of phosphorus
compounds, (Ph)P(0)(OEt),, (Me)C(0)P(0)(OMe),, and
(Me)P(0)(OMe),, were detected. Although the other ex-
pected product of the metathesis, (Ph)C(O)P(O)(OEt),,
was not detected, the decarbonylation product, (Ph)P-
(O)(OEt), was observed.

In a similar fashion the reaction of (Et)C(O)P(0)(OMe),
and (Me)C(O)P(O)(OEt), in the presence of 1 (refluxing
in toluene for 24 h) leads to the formation of two additional
a-ketophosphonates and four phosphonates in low yield.®

Investigations into the mechanism of transition-metal-
promoted decarbonylation and metathesis of a-keto-
phosphonates are currently under way.
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(16) The yields of the methathesis products and the decarbonylation
products were 1-8%.
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Summary: A benzene-soluble, catalytically active mate-
rial of composition {(PhCC),Ni},,_;5 is isolated by gel-per-
meation chromatography from the Reppe cyclo-
tetramerization of phenylacetylene with Ni(acac),/CaC, or
NiBr,/CaC,. Possible steps in the catalytic process are
modeled in stoichiometric reactions.
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The Reppe reaction, producing cyclooctatetraene (COT)
from acetylene with a variety of nickel catalysts, is now
more than 40 years old.! Despite that, it is a reaction for
which mechanistic details are still being investigated.>™

The purpose of this communication is to report the
isolation and independent preparation of a hydrocarbon-
soluble, oligomeric catalyst from the Reppe reaction of
phenylacetylene and to describe some stoichiometric
modeling of its reactions.

A study on the catalytic cyclooligomerization of phe-
nylacetylene to 1,2,4-triphenylbenzene and 1,3,5,8-cyclo-
octatetraene (1)° by Ni(acac),/CaC, or Ni(Br),/CaC, re-
vealed formation of a benzene-soluble material that had
an elemental composition corresponding to {(PhC,),Ni},,.
This material, which could be isolated by gel-permeation
chromatography, had a molecular weight of 3250 + 290,
corresponding to a value near 13 for n in the above for-
mula. Various preparations of the material had magnetic
properties ranging from diamagnetism to weak para-
magentism, with the maximum magnetic moment, as de-
termined by the Evans’ method,® being 8.77 up.

The material was shown to be an active catalyst, leading
to triphenylbenzene and Ph,-COT formation from phe-
nylacetylene, without any apparent induction period.” Its
isolation from the chromatography presumably precludes
catalysis by adventitious colloidal nickel. An apparently
identical material (as judged by IR and elemental com-
position) could be prepared in 60% yield by reaction of
2 equiv of PhCCLi with (1,2-dimethoxyethane)NiCl, in
THF at -70 °C.2

Hydrolysis of the catalyst with concentrated aqueous
HCIl afforded a tarry oligomeric hydrocarbon but did not
yield any phenylacetylene, suggesting that the catalyst was
not an oligomer of nickel(II) bis(phenylacetylide). This
conclusion was reinforced by the observation that treat-
ment with bis(diphenylphosphino)ethane {(diphos) resulted
in the formation of (diphos),Ni® (corresponding to about
30% of the theoretical amount of Ni). Preparation of the
catalyst with C¢D;CCLi and reaction with 5 equiv of
CgHsCCH resulted in formation of triphenylbenzene and
Ph-COT containing <1% deuterium again suggesting that
the orginal phenylacetylide unit was no longer present in
that form in the catalyst.

When the catalyst was used to oligomerize (0-allyl-
phenyl)acetylene, the resulting tetramer (formed catalyt-
ically as a mixture of stereoisomers and accompanied by
several minor products of as yet unknown structure) was

(1) Reppe, W.; Schlichting, O.; Klager, K.; Toepel, T. Justus Liebigs
Ann. Chem. 1948, 560, 1,

(2) Schrauzer, G. N. Chem. Ber. 1961, 94, 1403.

(3) Vollhardt, K. P. C.; Colborn, R. E. J. Am. Chem. Soc. 1986, 108,
5470.

(4) Wilke, G. Angew. Chem., Int. Ed. Engl. 1988, 27, 185 and refer-
ences therein.

(5) A substituted COT has to be numbered in a way that specifies the
particular bond-shift isomer. In the present case, evidence from the
stoichiometric reactions suggests that it is undesirable to have a double
bond between neighboring pheny! groups in a Ph,-COT, which is why the
particular isomer shown in Scheme I has been selected. The possibility
that it is really 1,2,4,6-tetraphenylcyclooctatetraene cannot be rigorously
excluded, however.

(6) Evans, D. J. Chem. Soc. 1959, 2003.

(7) In a typical result, 5 mg of the catalyst converted a solution of 120
mg of phenylacetylene in 1 mL of benzene to 8.9 mg of triphenylbenzene
and 98.9 mg of Ph,-COT after 15 h at 70 °C.

(8) It is possible that this material is the same as that prepared by
Nast et al. (Nast, R.; Vester, K.; Griesshammer, H. Chem. Ber. 1957, 90,
2678), although the magnetic susceptibility determined by these workers
would suggest a higher magnetic moment than that determined in the
present work. No study of catalytic activity with acetylenes was reported
by the Nast group. It may also be that the Reppe catalyst prepared from
reaction of nickel atoms with phenyl acetylene is related to the present
material (Simons, L. H.; Lagowski, J. J. Fundam. Res. Homogeneous
Catal. 1978, 2, 73).
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