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The cycloaddition of alkynes to metal carbene complexes is
an established reaction in organometallic chemistryet
analogous reactions with metdteteratom multiple bonds are
much less common. The resulting metallacyclobutenes often
undergo further reaction and consequently have been propose
as intermediate%:®> Nonetheless, the synthesis and structural
characterization of stable afa-oxa-/ and sulfametallacy-
clobuteneg,prepared through [2- 2] cycloadditions of alkynes
with the appropriate metaligand multiply bonded species, have
been dominated by the research of Bergman et al. Although
the preparation and structural studies of several terminal
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ppm in the3P NMR. This signal was initially attributed to

1
phosphametallacycle Gpr(P(R*)CPR=CPh)2, the product of

a [2 + 2] cycloaddition between ZPR* and Ph&CPh. A
more expeditious route t& parallels the previously reportéd
synthesis ofl. Spontaneous loss of methane from,Zp
(PR*H)Me to generate the reactive terminal phosphinidene
intermediate3, followed by a cycloaddition reaction with
diphenylacetylene, provided an 87% yieldaf Similarly, the

use of 1-phenylpropyne as a trapping agent gave a 68% vyield

1
of CpZr(P(R*)CMe=CPh)4.

IH and13C NMR dat& indicate that complexe® and4 are
best described as phosphametallacyclobutenes. For both com-
pounds only a single resonance is observed for the cyclopen-
adienyl ligands, indicating that these groups are equivalent on
he NMR time scale and the metallacycles are either plénar
or rapidly undergoing inversion at phosphorus. However, these
alternatives could not be distinguished, as cooling solutions of
2 or 4 to —80 °C merely resulted in the observation of line
broadening.

The reversible formation of metallacycles and 4 was

phosphinidenes and arsinidenes have been reported in thdllustrated by the addition of trimethylphosphine, which rapidly
literature® the chemistry of these highly reactive species is just resulted in the quantitative conversionitalong with the release
beginning to emerge. Herein we describe the first examples of of alkyne (eq 1). Similarly, addition of 1 equiv of 1-phenyl-
phosphametallacyclobutenes, prepared by the P cycload- propyne ta2 resulted in alkyne exchange to give an equilibrium
dition of an alkyne with a terminal zirconium phosphinidene. Mixture of2 and4 (Keq= 1.1 at 25°C). Comparable to related
The subsequent chemistry of these metallacycles differs from 0xa-/aza-%*"?and sulfametallacyclobuten&s;these reactions
their imido counterparts since insertion of aldehyde or ketone, are thought to occur through [2 2] retrocycloadditions to

as well as ring opening of epoxide into the-Z? bond, affords
new phosphaoxametallacycles which underge-[2] retrocy-
cloadditions under steric duress.

We have previously described the synthesis of the terminal
zirconium phosphinidene Gpr(PR*)(PMe) (R* = CgH»-2,4,6-
t-Bug) 1.8eh Reaction ofl with 1 equiv of diphenylacetylene
proceeded slowly. As the released trimethylphosphine was
successively removed from solution under vacuum, the forma-
tion of 2 was indicated by the observation of a singlet at 55
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generate transient phosphinidene intermedgtevhich then
reacts with either PMgor alkyne.
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Acetone reacts with metallacyckover a 10 min period to
produce a 51% vyield of the insertion product,ZfOCMe,P-

1
(R*)CPh=CPh)5. In contrast to reactions of related a2and
oxametallacyclobutené&swhere insertions occur exclusively at
the Zr—C bond, 'H, 13C, and 3P NMR spectra of5 were
consistent with acetone insertion into the-# bond. An X-ray
crystallographic study of 5 confirmed the formulation of the
phosphaoxametallacyclohexene, in which the geometry at
phosphorus is pyramidal and the supermesityl substituent adopts
an equatorial position relative to the ring. The inequivalence
of the cyclopentadienyl rings and methyl groups indicated by
the solid state structure is consistent with tHENMR spectrum

at —80 °C. However, the fluxional nature of this compound

(9) Full details of thé'H and13C{*H} NMR spectra of compounds-6
are reported as supporting informatioftP{1H} NMR (25 °C, GsDe): 6
2, 55.3;3, 70.1;4, 36.1;5, 13.9;6, —2.4; 7a,b, 46.3 and 37.0.

(10) Planarity at phosphorus in a phosphametallacyclobutene formulation
seems unlikely, as orthogonality of the lone pair of electrons on phosphorus
and the LUMO of the metallocene fragment precludes the stabilization of
M—P multiple bonding.

(11) Hanna, T. A.; Baranger, A. M.; Walsh, P. J.; Bergman, RJG.
Am Chem Soc 1995 117, 3292.

(12) Mo Ka radiationl = 0.71069 A and a Rigaku AFC5-R diffracto-
meter were used to collect the data (4526 < 50°) for each compound.

5: Triclinic space grougPl (No. 2),a = 13.26(1) A,b = 15.414(6) Ac

= 11.085(8) A;o = 101.75(5), f = 112.10(5}, y = 94.96(5). 6:
Monoclinic space grougc (No. 9),a = 31.835(6) Ab = 16.316(4) Ac

= 16.685(4) A; = 95.86(2). 7: Monoclinic space groufP2;/c (No.
14),a = 9.944(4) A,c = 41.12(2) A;8 = 106.37(33. The solution was
obtained and refined employing the TEXSAN software from MSC.
Refinements (date> 30(l), variablesR, R,): 5, 2495, 208, 0.0799, 0.0668;
6, 1540, 248, 0.0777, 0.063%; 2707, 229, 0.0953, 0.0761. Full details
are deposited as supporting information.
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Scheme 1 steric congestion in the six-membered ring. Close contacts
) Ph between both methyl groups and supermesiyt-butyl frag-
P/'\‘ o . ,OﬂP_R‘ ments (five H--H distances ranging from 2.098 to 2.234 A)
szz,\/ H ECPZZrsz.] P2 are observed in the solid state structurésofReplacement of
Me s Ph g Ph one of the offending methyl groups with a hydrogen atom (as
 cmcrn in metallacycle6) stabilizes the complex, and (# 2] retrocy-
- e PhCHOT cloadditions are not observed.
b oL Me _R Related [4+ 2] retrocycloadditions have been reported for
szzr/\/}Ph R S Epzz'} /<P } azaoxametallacyclohexertéand oxatitanacyclohexen&s.In
>=< these cases, preferential insertion of the ketone into the metal

Z“ s o l 8 vinyl bond results in retrocycloadditions that furnish ¢s=O),
Ph

along with either,S-unsaturated imines or conjugated dienes.
WPh Because the exclusive insertion of ketone into the Zond
\ of 5 precludes this reaction path, the retrocycloaddition yields
p=r" acetone and the alkylidene intermediate. Attempts to trap this
Ph intermediate with excess PMeor pyridine or by [4+ 2]
cycloaddition with 1-phenylpropyne were unsuccessful. None-
theless, the related work of Doxsee etl%bn vinylimido
complexes of titanocene and the recent trapping of a related
imido—phosphaalkene complex e3(NC(Phy=PR*)(PMe)&"
give credence to the elusive alkylidenghosphaalkene inter-
mediate.
While the above kinetic data provide mechanistic insight into
the reactivity of5, the lack of a rapid equilibrium betweén
7 and zirconocene alkylidene intermedid@éndicates that this
process is not responsible for the fluxionality®f Consistent

was indicated by the single broad resonances observed in theW'th this, the NMR data do not suggest fragmentation of the

1 T six-membered metallacycle; however, the valueAG.* indi-
:;)(())IY)T] temperaturéH and™*C NMR spectradG* = 13.4 keall cates a lowered barrier to inversion at phosphorus. We propose

Reactivity studies of reveal a process involving a 4 2] that conjugation of the phosphorus lone pair with the metal-

retrocycloaddition (Scheme 1). For example, addition of 1 equiv lavinylic fragment accounts for the observed fluxionality (eq

; ’ . 2). Steric congestion in the six-membered rindp@&ncourages
of benzaldehyde t5 resulted in the liberation of free acetone this behavior. Further increases of the steric demands result in

[ 1 . - . .
and the formation of metallacycle &5(OCHPhP(R¥*)CPH-CPh) greater instability. For example, reactionfvith 2-butanone
6. This species could also be synthesized directly through the resulted in the formation of both diastereomers of the fluxional

reaction of benzaldehyde wi) which afforded in 61% yield. ! * !
The observation of on&P NMR resonance fd indicates that and unstable metallacycle e4r(OCMeEtP(R*)CPR-CPh)9

the insertion reaction is diastereoselective. An X-ray crystal- (eq 2).
lographic stud¥? of 6 confirmed the selective formation of the
RR/SS pair of enantiomers, in which the supermesityl group R 0 {fﬂ% ,'f.% @
on phosphorus and the ketonic phenyl group both adopt co Zr/P on Ve R Co z/o PeR'._.Cp 2/0 \p_Re
equatorial positions and thus ateans with respect to the 2 \) N=( T $_<
metallacyclic ring. Similar reactions of eith@ror 5 with 1 Ph Ph Ph Ph Ph
equiv of styrene oxide resulted in the formation of phospha- 2 Sab Aot

[ |
oxametallacycloheptene e (OCH,CHPhP(R*)CPK-CPh)7
in 68% yield. X-ray crystallograptyagain confirmed that the In summary, the first examples of phosphametallacy-
RR/SS enantiomeric pair was selectively formed. In contrast clobutenes exhibit intriguing chemistry, readily reacting with
to 5, neither6 nor 7 are fluxional species, as the solutidid ketones, aldehydes, and epoxides by insertion into thePZr
and*3C NMR data are temperature invariant and in accord with bond. The high P/C diastereoselectivity observed for these
the solid state structure. insertions augurs well for future development of enantioselective

Kinetic studies of the reactions 6fwith either benzaldehyde  syntheses. In addition, our results demonstrate that steric factors
or styrene oxide show that the rates of formation of metalla- can destabilize the resulting phosphaoxametallacyclohexenes and
cycles6 and 7 are first order in the concentration &f but induce [4 + 2] retrocycloadditions. Studies of the nature,
independent of changes in the concentration of either benzal-reactivity, and synthetic utility of these products are ongoing.
dehyde or styrene oxidé. This indicates a rate-limiting loss
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