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Palladacycle Chemistry on the Edge of Naphthalene and
Triphenylene: Alkyne Cycloadditions and Autocatalytic Coupling
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The four-membered palladacycle Pd(8#1,8-naphthalenediyl3j and the five-membered palladacycle
Pd(PE#$),(1,12-triphenylenediyl)4) were prepared from Pd(P4ECl, and the appropriate dilithio reagent.
Both palladacycles are thermally unstable, decomposing autocatalytically 4Clt@0palladium black,
Pd(PE%)s, and perylene (foB) or dinaphthoflefpgr]tetraphenylene (fod). In the presence of PhCCPh,
the decomposition is slowed and the cycloaddition products 1,2-diphenylacenapthyleBea(fior 4,5-
diphenylbenzdf]pyrene (for4) are formed, along with the decomposition products. Kinetic data again
indicate autocatalytic behavior. The decomposition and cycloaddition reactions are faster in the presence
of dioxygen but are arrested by the addition of &t mercury, consistent with colloidal palladium
(detected by TEM) catalysis. Further reactions of the previously reported platinum analoguseeof
also reported. The thermally stable platinacycle Pt{R@Et8-naphthalenediyl)1lj decomposes at 120
°C in the presence of colloidal platinum, yielding perylene, platinum black, and platinum(0) phosphine
complexes. Complek also decomposes in wet toluene, and the colloidal platinum catalyzed cycloaddition
reaction ofl with PhCCPh is promoted by water. Interestingly, colloidal platinum also appears to catalyze
the decomposition and alkyne cycloaddition reactions of pallada8yélmally, heating alkyne complex
Pt(PE%)2(°>-PhCCPh) with @ and PhCCPh gives R-PhCCPhy in good yield.

Introduction

Cycloaddition reactions with metallacyclic complexes are cycloaddition Reactions

critical steps in many stoichiometric and catalytic reactibrs.

These reactions are generally assumed to occur on mononuclear
metal centers in solution. Recently, we reported the synthesistzPt

and alkyne cycloaddition chemistry of platinacyctesnd 2
(Scheme 1}2 A full study of these reactions, including TEM

and kinetic investigations, provided strong evidence that these
cycloaddition reactions do not occur on a mononuclear center
but rather on the surface of a small amount of colloidal Pt

generated in the reactions. The exceptionality of these reactions
was first indicated by their accelerating rate, indicative of an

autocatalytic reactidd4 where a product of the reaction is a

catalyst or a catalyst precursor for the reaction. (Similar kinetic
behavior is also displayed in colloidal metal catalyzed organic
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reactions, where the colloid is formed during the reaction by
autocatalytic nucleation and growth proces$e$. Generation
of the colloidal platinum catalyst was traced to the reaction of
the product alkyne complex R#PhCCPh)(EP), with dioxy-
gen (Scheme 1).
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appear to undergo alkyne cycloaddition reactions via mono-
nuclear or perhaps dinuclear solution-phase complexes. With
the importance of palladium in many catalytic reactions and
the involvement of colloidal palladiu®t,we became interested

in the palladium analogues dfand?2 and if they behave like
the nickel complexes undergoing alkyne cycloaddition through
solution species or more like the platinum complexes with
colloidal metal catalysis. As presented below, we find that the
palladacycle chemistry resembles more closely thdtarid?2,

but with additional features resulting from the lower stability
of the palladium complexes. We also report additional chemistry
of platinacyclel and a remarkably effective synthesis of the
binary alkyne complex P¢-PhCCPhy324 by oxidative deli-
gation of Pt?-PhCCPh)(PE}; in the presence of excess alkyne
at 120°C.

Results

Palladacycles.The palladacycleS and 4, prepared analo-
gously to the previously reported platinum analogliesd2,12
are isolated in~80% yield from the reaction of PdC}h (L =
PEg) with the TMEDA (MeNCH,CH,NMe;) adducts of 1,8-
dilithionaphthalenediyl or 1,12-dilithiotriphenylenediyl (egs 1
and 2). (Biphenyl analogues #have been reported:2%) NMR

LoPd 0
O

ok

spectroscopic data for the yellow crystalline complexes match
closely with those for the analogous platinum complekasad
2 and are consistent with the expected structures.

In contrast tol and 2, which are thermally very robust and
withstand heating in toluene at more than T&for hours,3
and 4 are thermally sensitive and decompose at 2Q0in
toluene. The decomposition products are palladium black,
PdLs,%° and the coupled organic products perylene 3cand
dinaphthoflefpgr]tetraphenylene fod with the assumed sto-
ichiometries given in eqs 3 and 4.

The decompositions are sensitive to the presence of dioxygen
and display autocatalytic behavior. Plots of the disappearance
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of 4 under various conditions are shown in Figure 1. Plots of
the disappearance of palladacyck are provided in the
Supporting Information and are similar to those in Figure 1,
but with a somewhat shorter reaction time frame6(Q%),
consistent with the lower stability of the smaller four-membered
palladacycle3.

The accelerating rate displayed in these plots is indicative of
an autocatalytic reaction where a product of the reaction is a
catalyst or catalyst precursor for the reaction. Previous work
has shown that Pt alkyl complexes are subject to autocatalytic
decomposition by colloidal platinust. Examination of the
decomposition reaction solutions 8fand4 by TEM (see the
Supporting Information) reveals colloidal Pd particles ranging
from a few (under N to several hundred nanometers (added
0,) that we believe are responsible for the autocatalytic
decomposition o8 and4 (see below).

Alkyne Cycloadditions. As previously reported, the plati-
nacyclesl and 2 undergo autocatalytic cycloadditions with
alkynes at 126:150°C (Scheme 13}? Palladacyle$ and4 also
undergo cycloadditions with PhCCPh, but at temperatures where
decomposition also occurs. The reactions are more facile than
those of 1 and 2 and occur at 100°C, giving both the
decomposition products and the cycloaddition compounds 1,2-
diphenylacenapthylene and 4,5-diphenylbegjmfrene along
with Pd black and EPd (egs 5 and 6). Note that, in contrast to

Ph Ph
PhCCPh ‘ + perylene
—_— + Pd 5
100 °C L I_S,Z) ®)
toluene 3

1,2-diphenylacenapthylene

ph + dinaphtho[def,pqr]

PhCCPh
—_— -tetraphenylene (6)
100 °C Ph + Pd(s)

toluene O + LgPd

4,5-diphenylbenzole]pyrene

the alkyne cycloaddition reactions of platinacycleand2, an
alkyne complex is not formed.

The relative yields of the organic cycloaddition products to
the organic decomposition products depend on the alkyne
concentration. The cycloaddition product yield increases with
alkyne concentration with a corresponding decrease in the yield
of the coupling product. In the case®{12 mM) with an alkyne
concentration of 30 mM, the acenaphthylene yield is 35% and
that of perylene 61%. Increasing the alkyne concentration to
144 mM increases the acenaphthylene yield to 46% and the
yield of perylene decreases to 50%. Fb(12 mM) and an

(31) Whitesides, G. M.; Hackett, M.; Brainard, R. L.; Lavalleye, J. P. P.
M.; Sowinski, A. F.; Izumi, A. N.; Moore, S. S.; Brown, D. W.; Staudt, E.
M. Organometallics1985 4, 1819-1830.
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Figure 1. Plots of the disappearance of palladacytie toluene Time (min)
at 100°C in a vacuum-sealed tubMY, under dinitrogen£), and Figure 3. Plots of the disappearance 8fin the reaction with
under dinitrogen with added dioxygen (120, ®). PhCCPh in the preseno®) and absencdl) of 12 mM Pdl; under

a dinitrogen atmosphere.
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Figure 2. Plots of the disappearance 4fn the presence®) and PhCCPh under a dinitrogen atmosphere, showing the effect of added
absencem) of PhCCPh in a vacuum-sealed tube. Ha(l).
alkyne concentration of 30 mM the pyrene yield is 25% and
the tetraphenylene yield is 72%. At the higher alkyne concentra- 2¢
tion of 144 mM the pyrene yield increases to 54% and the ® .
tetraphenylene yield drops to 51%. g ° .

Kinetic plots (disappearance of the palladacy@esd4 as E .| .
a function of time) for the cycloaddition reactions show @ . 0, added
dioxygen-sensitive autocatalytic behavior similar to that shown ¢ ° \
for the decompositions. A plot fa¥in a vacuum-sealed tube is 3, e ,,
given in Figure 2. Other plots fot and 3 are available in the l .
Supporting Information. Also included in Figure 2 for com- PEts added °
parison is a plot of the disappearancedoin the absence of ]
alkyne in a vacuum-sealed tube (same data as in Figure 1). The ~ ° M 50 100 150 200 250
disappearance df is slowed by the presence of the alkyne. A Time (min)

similar retardation is observed under anatmosphere, butwith  Figure 5. Plot of the disappearance & in the reaction with
added Q the disappearance is essentially the same as in thePhCCPh under a dinitrogen atmosphere, showing the effect of added

absence of alkyne (see the Supporting Information). PE% (0.04%) and the subsequent addition of (0.6 uL, 0.04%).
Catalyst Identification. The kinetic plots for the decomposi-
tion and cycloaddition reactions f8rand4 indicate autocatalytic Further indications that, like the Pt reactions, the Pd reactions

behavior and the formation of a catalyst during the reactions. are catalyzed by colloidal metal is the effect of added Hg(l)
The presence of colloidal Pd in the decomposition reactions and PEj$. Figures 4 and 5 show the consequence of adding Hg-
and our previously reported evidence for colloidal Pt catalysis (I) or PEg (0.04 mol %) on alkyne cycloaddition reactions3f

of the cycloaddition reactions of platinacycleand2 strongly under a dinitrogen atmosphere. For the Hg(l) addition, a drop
suggest that colloidal Pd is the catalyst for the decomposition of Hg was added at the beginning of the reaction without
and cycloaddition reactions 8fand4. However, the formation  agitation. The reaction begins slightly more slowly than without
of PdLs in both the decomposition and cycloaddition reactions the drop and is halted completely with agitation of the mixture.
of 3 and4 raises the possibility that this species could be the For the PEj addition, the PEtwas added to an in-progress
catalyst. To test this possibility, a PnCCPh cycloaddition reaction reaction. The reaction is completely suppressed by the addition
of 3 (12 mM) was conducted with independently preparedsPdL but restarts when a small amount of dioxygen is injected. The
added at the beginning of the reaction at a 12 mM concentration. suppression of the reaction by these additives is consistent with
A plot comparing the reaction rates with and without added poisoning of the colloidal metal surfaé@3!:32

PdLs is given in Figure 3. There is only a slight change in the

reaction plot, indicating that PdLis not a catalyst for the (32) Widegren, J. A.: Finke, R. Gl. Mol. Catal. A2003 198 317—
cycloaddition reaction. 341.
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Catalytic Decomposition of the Platinacycle 1In contrast 10 4
to the case for the palladacycles, the platinacytlesd?2 are Ofe, . © 11 mM water
thermally stable and do not decompose to yield coupling 84 ¢, " " u dry toluene
products up to at least 15€.12 It was therefore puzzling to us ST74 . "y A 22 mM water
why the coupling product perylene was formed in significant £ 6 o .
yields in the alkyne cycloaddition reactions bf{Scheme 1). ..“6 514 * '“
With our observation of colloidal palladium catalysis of the g 4 °. .
decomposition of the palladacycles reported here, it occurred 8 3| . "ug
to us that decomposition of the platinacydemight also be 21 . % "'h_
susceptible to colloidal metal catalysis. The colloidal platinum 1 %o, " .
formed during the cycloaddition reaction dfwould then not 0 . ' . ' ' ‘ LI
only catalyze the cycloaddition reaction but also the decomposi- 0 200 400 600 800 1000 1200

tion reaction with formation of perylene. Colloidal catalysis of Time (min)
the decomposition ofl was confirmed (see the Supporting  riqyre 6. Plots of the disappearance dfin the reaction with
Information) by heating a solution df in the presence of  prccPehin the presence (11 mM; 22 mM, o) and absencem)

colloidal platinum (from the reaction of Rif-PhCCPh)(PE&)2 of water in a vacuum-sealed tube.
with O,19). Platinacyclel decomposed readily with the forma-
tion of perylene (eq 7). accelerating rate (see Supporting Information) to platinum black,
naphthalene, perylene, and other products (eq 9), indicating that
O colloidal O O the reaction of platinacycle with water is a source of colloidal
2L,Pt _ Pt . . 2Pt (7) platinum catalyst in the water-promoted cycloaddition reaction.
e ()~
! toluene perylene O toluene/
2 Lot T b L ey ©)
Formation of Pt(2-PhCCPh),. We noted previously an 1 120°C o

inhibition of the cycloaddition reactions df and 2 with high

alkyne concentration®.This was attributed to alkyne saturation Cross-Metal Catalysis. The ability of colloidal palladium

of the catalytic sites, but we came to suspect another possibility.to catalyze the reactions of platinacycleand of colloidal

In the cycloaddition reactions df and2, the G oxidation of platinum to catalyze the reactions of palladacy@ewas

the phosphine ligands of R#PhCCPh)(PR); is thought to examined. A toluene palladium colloid was prepared by
produce unsaturated fragments that agglomerate to give colloidaldecomposing palladacyckin toluene as described above. The
Pt (Scheme 1). Is it possible that the unsaturated fragments arecolloidal palladium sample was then used to prepare NMR
competitively trapped by alkyne to give known#PhCCPh) samples of platinacycléwith and without added PhCCPh. The
(5),2% thereby reducing the amount of colloidal Pt catalyst? To mixtures were heated at 12 but showed no significant effect
test this possibility, we heated a mixture of jP#PhCCPh)- of the colloidal palladium on the reaction rates.

(PE%)., excess @ and excess PhCCPh. The resulting yellow  Colloidal platinum samples were prepared by heating a
solution was examined by NMR spectroscopy and showed thetoluene solution of Pi2-PhCCPh)(PE), with added dioxy-
presence of BPO and5 as the only major products. Complex gen?? The colloidal platinum sample was then used to prepare
5 was isolated in 67% yield from the mixture. Remarkably, this NMR samples of palladacycl@ with and without added
procedure (eq 8) appears to be among the best preparativd®hCCPh. The mixtures were heated at 10@&nd showed rapid

methods for this comple¥. initial reaction rates (see Supporting Information), indicating
catalysis of the decomposition and cycloaddition reactions of
Ph Ph Ph palladacycle3 by colloidal platinum. In addition, the ratio of
Et3P\Pt_ 0, the PhCCPh cycloaddition product, 1,2-diphenylacenaphthylene,
P’ p_— =Pl + &0 @ to the coupling product, perylene, increases from 1:0.75 for the
Ph  toluene  pp Ph colloidal palladium catalyzed reaction to 1:0.3, approaching that

5 observed in the cycloaddition reaction of platinacycl@:0.01)

. ) . . . under similar conditions.
The catalytic efficacy ob in the cycloaddition reaction &

with PhCCPh was examined. Little to no effect on the reaction
is detected wheb is added at stoichiometric levels, ruling out
5 as a catalyst or catalyst precursor (see the Supporting We have now studied the decomposition and alkyne cycload-
Information). dition chemistry of the Ni#1° Pd, and P£ metallacycles of

Water-Promoted Reactions.The cycloaddition reaction of  structuresA andB. In keeping with the known properties of
platinacyclel and PhCCPh in a vacuum-sealed tube is acceler-

Discussion

ated with added water (Figure 6). The kinetic plot is qualitatively O

similar to that for the dioxygen-promoted reaction. The short EtaP._ 0 EtsP_

induction period followed by rate acceleration clearly suggests M M “

that the reaction involves in situ transformation of a small EtsP O EtsP O

quantity of eitherl or Pt@2-PhCCPh)(PE), to the active A B

colloidal Pt catalyst. Examination of the final reaction mixture M =Pt (1), Pd(3) M = Pt (2), Pd(4)

by TEM confirms the presence of colloidal platinum (see the

Supporting Information). The Pialkyne complex Pif2-PhC- these elements, the Pd and Pt complex chemistries are closely

CPh)(PEY); is very stable in water-saturated toluene and does related, while that for the Ni complexes is substantially different.
not decompose, but platinacydeslowly decomposes with an  The stability order to decomposition is Ni Pd < Pt, with the
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five-membered-ring complexeB markedly more stable than  but must be less stable than the Pt analogue and probably
the four-membered complexes. Along with the stability decomposes under the cycloaddition reaction conditions.
differences, there are dramatic differences in the decomposition A question that arises in any autocatalytic reaction is what
and alkyne reaction pathways. The Pd and Pt complexes (exceptnitiates the reaction. The uncatalyzed reaction may occur
2) decompose autocatalytically, apparently on the surface of slowly, giving the product that then catalyzes the reaction. This
colloidal metal particles generated during the decomposition, could be the case for the decomposition of the Pd complexes,
whereas the Ni complexes decompose by binuclear couplingwhere a slow uncatalyzed decomposition gives small amounts
pathwaysi820The end result is the same for all the metals with of colloidal Pd that then catalyze further decomposition. This
perylene or dinaphthdgfpgr]tetraphenylene, free metal, and would also be the initial colloidal Pd source in the cycloaddition
metal phosphine complexes being produced. reaction. This cannot be the case for the Pt reactions, since both
The difference between the Pd and Pt complexes is the greaterl and2 are stable in the absence of colloidal platinum. Reaction
stability of the Pt complexes, especially in the presence of of the metallacycles with traces of dioxygen and/or water is
dioxygen. The Pt complexes are thermally robust in the presenceanother possible source of the initial colloidal metal. We
of dioxygen to more than 15TC in the absence of colloidal Pt.  established previously that platinacyctesind2 are stable in
Even in the presence of colloidal Pt only four-membefled the presence of dioxygen. Here we find thas unstable in the
decomposes at a significant rate at 220 Complex2 appears presence of water, although the millimolar concentrations needed
stable, even in the presence of colloidal Pt. In contrast, the Pdto observe decomposition are much higher than trace amounts.
complexes both decompose readily at @ without added (An example of colloidal palladium formation and catalysis by
colloidal Pd and show faster rates in the presence of dioxygen.reaction of a Pd complex with water is given in ref 40.) A final
While the facile decomposition & and4 probably indicates a  possibility is that compounds that decompose to colloidal metal
lower stability of the palladacycles in both the presence and or colloidal metal itself may be present as impurities in samples
the absence of dioxygen, it could also indicate greater reactivity of the metallacycles. The metallacycles are prepared under
with the colloidal metal. reductive conditions (organolithium reagents), suggesting the
Similar mechanistic differences hold for the cycloaddition possibility of reduced species impurities.
reactions with PhCCPh. The Pt and Pd reactions again appear Finally, we come to the topic of how the colloidal particles
to involve catalytic reactions on colloidal metal surfaces, while might mediate the reactions. Pt and Pd surfaces catalyze a
the Ni complexes show mononuclear or dinuclear pathways. number of reactions. Of particular interest here is the trimer-
For Pd complexe8 and4 and four-membered-ring Pt complex ization of acetylene to benzene on the Pd(111) surface. This
1 colloidal metal catalyzed decomposition occurs in competition reaction has been well-studied, and mechanistic details have
with the cycloaddition reaction. This is indicated by the been elucidatet! A key intermediate is metallacycte, formed
formation of both the cycloaddition products and the decom- by coupling two surface-bound acetylene molecules. Subsequent
position products perylene and dinaphttefpqritetraphenylene.  cycloaddition of a third surface-bound acetylene yields benzene
Interestingly, the disappearance of the Pd and Pt metallacyclest-bonded to the Pd surface:
in the presence of alkyne is slower than the decomposition
reactions, indicating that decomposition is retarded by the </_\>
alkyne. This is likely due to coordination of the alkyne on the / © ;
colloidal surface (cf. PEtpoisoning), resulting in fewer active Pd surface
sites and in dilution of surface-bound metallacycles. Dilution ) )
is expected to inhibit the formation of coupled organic products, . Formation of analogous metallacycles on the colloid surface
which requires the combination of two metallacycle fragments. S Proposed for our colloidal metal catalyzed reactions and is
Another possible process for retarding colloidal metal catalyzed depicted for the triphenylene system in Scheme 2. Interaction
decomposition for Pt is alkyne trapping of the Pt(0) produced of the m.olecular metallacyclé(or 4) with thq collqld surfaqe
by the oxidative deligation of Pt(PBi(5>-PhCCPh) by dioxy- occurs first throught-bondlng of the aromatic moiety, similar
gen. We have shown that this is a possible reaction and gives®©® the blozlsdlng of aromatic hydrocarbons to Pd and Pt
good yields of Pt>-PhCCPh) when a large excess of alkyne surfaceg! % Subsequent transmetalation transfers_the_ metal-
is present. Trapping of Pt(0) by alkyne would limit the amount Iacycle from the metal atom to the metal surface, yielding the
of colloidal Pt being formed and thereby slow the reaction. This fiPhenylene analogu® of surface metallacycl€. Once on.
is not an issue in the Pd chemistry, as no alkyne complexes arell€ surface, the metallacycle can follow two pathways, giving
formed. either a cycloaddition product (path a) or a dimerization product
The Pd complexes are unique in the cycloaddition reactions (Path b). Which pathway dominates depends on the amount of
in not forming an alkyne complex. The end metal-containing acetylene on the metal surface and on the identity of the metal.
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Scheme 2

— N
LM—S | -ML,

colloid surface colloid surface path b O‘.‘O

When the metal is Pd, both pathways are operative and indicate that colloidal metal involvement must be thoroughly
competitive, with partitioning to the cycloaddition pathway considered in the mechanism of organic reactions mediated by
increasing with increasing acetylene concentration. With Pt, only Pd and Pt.
the cycloaddition product is observed, indicating that dimer-
ization pathway b is absent on Pt in the triphenylene system. Experimental Section
The colloid surface reactions of the naphthalene-based
metallacycled and3 must be similar, with both pathways again General Considerations.cis-PdCh(PE%)2,%! Pd(PE$)3,*° 1,8-
operating on Pd. In contrast to the triphenylene system, wheredilithionaphthalenediyTMEDA,*2  1,8-dilithionaphthalenediyl
only path a is observed on Pt, both pathways occur on Pt for TMEDA,>* Pt(1,8-naphthalenediy)(P§i (1),** Pt(1,12-triphe-
the naphthalene system. However, the product distribution in NYlenediy)(PE). (2),**and Ptg>PhCCPh)(PE),'? were prepared
the presence of PhCCPh and the sluggishness of the decomposfy reported procedures. PhCCPh was purchased from commercial
tion of platinacyclel on the colloid indicate that the cycload-  SOUrces and _recrystalllzed from toluene/hexan_es for the kinetic
dition pathway a dominates over the dimerization pathway b. §tud|es. Experiments were performed under a dinitrogen atr_nosphere
With this model we can address the cross-metal colloid ™ a Vacuum Atmospheres Corp. drybox or on a Schlenk line with

catalysis results. Colloidal Pd does not catalyze platinacycle 911ed and degassed solvents stored under dinitrogen over 4 A
decomposition or alkyne cycloaddition. We believe this is due molecular sieves or sodium metal. NMR spectra were reporded on
to the absence of transmetalation to the Pd surfaeeCRonds Bruker AMX-250, -300, and -500 spectrometers at ambient probe
. . temperatures, except as noted. Shifts are given in ppm with positive
are stronger than P¢C bonds, and this would disfavor transfer | . \es downfield of TMSIH and 3C), external HPO, (3P), or
of the metallacycle from the Pt center bfto the Pd surface.  oyiernal KPtCl(aq) (9Pt —1630 ppm)3C andH NMR spectra
On the other hand, transmetalation from the Pd cent@tof  ere recorded in proton-decoupled mode. Desert Analytics per-
the Pt colloid surface should be facile and we do observe formed the microanalyses (inert atmosphere).
colloidal Pt catalysis of palladacycBdecomposition and alkyne Syntheses. Pd(1,8-naphthalenediyl)(PBt (3). A diethyl ether
cycloaddition. solution (5 mL) ofcis-PdChL(PEt), (80.7 mg, 0.195 mmol) was
An interesting point emerges here. Once the metallacycle is added dropwise to a diethyl ether solution (5 mL) of 1,8-
transferred from Pd to the Pt surface, the reaction chemistry is dilithionaphthalenediyrMEDA (50.0 mg, 0.195 mmol). The
then that of Pt and not Pd. As pointed out above, the mixture was stirred for about 30 min and then filtered to give a
dimerization pathway b on Pt is much less active than that on yellow solution. The solution was concentrated and stored at
Pd and this should be reflected in a change in the product —20 °C to give yellow crystals of3, which were isolated by
distribution in the alkyne cycloaddition reaction of palladacycle filtration, washed with cold hexane, and dried in vacuo. Yield: 68.8
3. This is observed in the ratio of cycloaddition product mg (76%).*H NMR (250 MHz, GDe¢): 7.71 (d,J = 8.25 Hz, 1H),
acenaphthylene to dimerization product perylene. In the colloidal 7.56-7.42 (m, 2H), 1.63-1.51 (m, 6H), 0.96-0.83 (m, 9H).3'P
Pt catalyzed reaction the ratio (1:0.3) is more than 2 times NMR (101 MHz, GDe): 16.46 (s).*C NMR (75.5 MHz, GDg):
greater than that in the colloidal Pd catalyzed reaction (1:0.75). 8:75 (s, CH-3), 17.92 (m, CH-2), 120.4 (s), 120.7K = 6.04
This approaches but does not match the ratio for the all-Pt H2), 125.5 (tJec = 5.3 Hz), 126.7 (s), 128.9 (s), 129.1 (s). Anal.
reaction (1:0.01), because colloidal Pd is produced from the C&lcd (found) for GHssPoPd: C, 56.36 (56.27); H, 7.74 (7.60).

Pt-catalyzed reaction and contributes more and more to product _Pd(1,12-triphenylenediyl)(PE), (4). A solution ofcis-PdChb-
formation as the reaction progresses. (PEt), (44.0 mg, 0.106 mmol in 5 mL of THF) was added dropwise

Another interesting feature of the colloidal Pt catalyzed © & Solution of 1,12-dilithiotriphenylenedigfMEDA (50.0 mg,

reaction of palladacycl8 is that the surface reactions (path a 0.105 mmol, in 5 mL of THF). The mixture was stirred for ca. 40

o . min. The volatiles were then removed in vacuo, and the residue
and b) on I.Dt occur at 10, 2(.) (_Z_Iower thaf‘ for platlnac_:ycle was dissolved in 5 mL of diethyl ether. The filtered clear yellow
1 suggesting that the rate-limiting step in the colloidal Pt

catalyzed reactions of platinacycleis transmetallatlpn, ie., (46) Chauhan, B. P. S.: Rathore, J.J5.Am. Chem. So@005 127
transfer of the metallacycle to the surface. The following surface 5790-5791.
reactions (path a and path b) are evidently then facile even at (47) Temple, K.; Jele, F.; Sheridan, J. B.; Manners,J. Am. Chem.

100 °C. Soc.2001, 123 1355-1364.

In conclusion, we have shown that the Pt and Pd metallacyclesCh(:r? '\S/I('Jlgégg “{Ii;(;z;ﬂ'égll\églsmh’ Y. S;; Whitesides, G. M. Am.

1, 3, and4 decompose autocatalytically. The product catalyst  (49) Jansat, S.; Gomez, M.; Philippot, K.; Muller, G.; Guiu, E.; Claver,
in the autocatalytic decompositions appears to be colloidal metal,C-; Castillon, S.; Chaudret, B. Am. Chem. So2004 126, 1592-1593.

: e : (50) Chauhan, B. P. S.; Rathore, J. S.; Chauhan, M.; Krawic, Am.
which also catalyzes the alkyne cycloaddition reactions of the -~ S0c2003 125 2876-2877.

metallacycles. Though slowed by the presence of alkyne, (51) Alcock, N. W.; Kemp, T. J.; Wimmer, F. L1. Chem. Soc., Dalton
decomposition occurs in competition with alkyne cycloaddition. Trans.1981, 635-638.

Catalysis of decomposition and cycloaddition reactions by 11é5§)22‘§}‘§2852"‘“er' W.; Clark, T.; Schleyer, P. v.Ghem. Ber1983

colloidal metal may be peculiar to these polycyclic aromatic (53) Ashe, A. J., lll; Kampf, J. W.; Savla, P. M. Org. Chem199Q
metallacycles, but our results and those of other grédp4% 50 55, 5558-5559.




Palladacycle Chemistry

solution was then concentrated to 2 mL and storeet20 °C to
obtain the yellow crystalline product. Yield: 49.2 mg (82%).
NMR (250 MHz, GDg): 8.75 (m, 1H), 8.46 (d) = 8.7, 1H), 7.86
(m, 1H), 7.58 (m, 2H), 1.691.64 (m, 6H), 1.03-0.93 (m, 9H).
3P NMR (101 MHz, GDg): 6.74 (s).13C NMR (75.5 MHz,
CeDg): 8.9 (s, CH-3), 18.5 (m, CH-2), 118.6 (s), 123.7 (s), 123.9
(s), 125.6 (tJpc = 6.04 Hz), 126.1 (s), 127.3 (s), 127.9 (s), 132.1
(s), 134.8 (tJpc = 7.55 Hz). Anal. Calcd (found) for £gH40P,Pd:

C, 63.33 (63.09); H, 7.09 (7.02).

Pt(n?>-PhCCPh), (5). Pt@?*-PhCCPh)(PE), (50 mg, 0.082
mmol) in 2 mL of toluene was mixed wita 2 mLtoluene solution
of PhCCPh (36 mg, 0.20 mmol). The mixture was divided into

Organometallics, Vol. 26, No. 7, 200841

experiment with 2.5 equiv of PhCCPh (30.0 mM) (see the
Supporting Information).
Platinacycle Cycloaddition with Initial [Pt( #>-PhCCPh),] (6).
A 0.60 mL toluene sample that was 12.1 mM6n12.1 mM in2,
and 24.0 mM in PhCCPh was placed in a screw-cap NMR tube
under N, heated at 150C, and monitored as above. The resulting
data were plotted and compared to the same cycloaddition reaction
in the absence of addedlunder nitrogen environment.
Palladacycle Cycloaddition with Initial Pd(PEts)s. A 0.60 mL
toluene sample that was 12.0 mM in Pd(REt12.0 mM in3, and
24.1 mM in PhCCPh was placed in a screw-cap NMR tube under
N, heated at 100C, and monitored as above. The resulting data

two equal parts and placed in two screw-cap NMR tubes. Dioxygen were plotted and compared to the same cycloaddition reaction in
(1.5 mL) was syringed into each tube. The tubes were then heatedthe absence of added Pd(BE{(see the Supporting Information).

for 7 h in aconstant-temperature oil bath at 120. The reaction
was monitored by?*P NMR spectroscopy, where the singlet for

Palladacycle (3) Alkyne Cycloaddition with Initial Colloidal
Palladium. A toluene solution of3 (28.1 mg, 0.06 mmol, 12.0

Pt@>-PhCCPh)(PE), at 12.5 ppm disappeared and a new peak mM) in 5.0 mL of toluene was placed into a sealable 25 mL tube
for phosphine oxide grew in at 45.3 ppm. The two samples were under N. The tube was sealed and heated in a constant-temperature
combined and concentrated. Pentane (2 mL) was added, and theil bath at 100°C for 1 h, resulting in complete decomposition of

mixture was cooled te-78 °C to give yellow crystallines, which

3. The resulting yellow solution and palladium black mixture was

was isolated by decantation, washed with cold pentane, and driedfiltered through diatomaceous earth. The resulting clear yellow
in vacuo. Yield: 30.3 mg (67%). Spectroscopic data match those filtrate containing colloidal palladium was used to prepare a screw-

previously reported324

Reaction of 3 with PhCCPh. Previously reported procedures
for the reaction ofL with PhCCPh in toluerié were followed for
the reaction o8 with PhCCPh. With a molar ratio &to PhCCPh
of 1:2.5 (12.0 mM in3 and 30.0 mM in PhCCPh) the yield of

cap NMR sample that was 12.0 mM &and 24.1 mM in PhCCPh
under dinitrogen. The tube was heated at 10Gnd monitored as
above.

Colloidal Platinum Catalyzed Decomposition of Platinacycle
1. To a toluene solution of P§-PhCCPh)(PE), (12.5 mg, 0.0205

acenaphthylene was 35% and that of perylene was 61%. When thenmol in 1.00 mL of toluene) in a screw-cap NMR tube was injected
PhCCPh concentration was increased to give a 1:12 ratio (12.0 mM 1.5 mL of Q.. The tube was heated in an oil bath at T20for 12

in 3and 144 mM in PhCCPh), the yield of acenaphthylene increased h, completely decomposing the alkyne complex. The resulting
to 46%, whereas the perylene yield dropped to 50%. Yields were Yellow solution and platinum black mixture was filtered through

determined by'H NMR spectroscopy.

Reaction of 4 with PhCCPh. Previously reported procedures
for the reaction o2 with PhCCPh in tolueri@ were followed for
the reaction oft with PhCCPh. With a molar ratio gfto PhCCPh
of 1:2.5 (12 mM in4 and 30 mM in PhCCPh) the yield of 4,5-
diphenylbenzdaflpyrene was 25% and that of the tetraphenylene

diatomaceous earth to give a clear yellow filtrate containing
colloidal platinum!? A 0.30 mL portion of a 20.0 mM toluene
solution of 1 and a 0.30 mL portion of the colloidal platinum
solution were placed in a screw-cap NMR tube undegr The
mixture was then heated at 12C and monitored by'P NMR
spectroscopy.

was 72%. When the PhCCPh concentration was increased to give Platinacycle Decomposition and Cycloaddition in the Pres-

a 1:12 ratio (12 mM in4 and 144 mM in PhCCPh), the yield of

ence of HO. Water-saturated toluene was prepared by stirring a

4,5-diphenylbenze|pyrene increased to 54%, whereas the perylene Mixture of dry toluene (10 mL) and degassed HPLC grade water

yield dropped to 41%. Yields were determined By NMR
spectroscopy.

Kinetic Studies. Decomposition of Pd(1,8-naphthalenediyl)-
(PEt3)2 (3) and Pd(1,12-triphenylenediyl)(PEt), (4). Toluene
solutions (0.40 mL, 12.0 mM) o8 or 4 were placed into three
different NMR tubes: (a) a tube fitted with a vacuum stopcock,
(b) a screw-cap tube undepNand (c) a screw-cap tube with added
O, (120 uL by microsyringe). The tube fitted with the stopcock

was flame-sealed on a vacuum line after freezing the sample and

evacuating the headspace (no freegamp—thaw cycles applied).
The three NMR tubes of each compleX &nd 4) were heated
simultaneously in a constant-temperature oil bath at °ID0with
periodic monitoring by3!P NMR spectroscopy and integration
against an external 2O, standard.

Cycloaddition Reactions of 3 and 4.Procedures for the
cycloaddition reactions of the palladacycles (12.0 mM) with

(5 mL) overnight. The mixture was then allowed to stand for 12 h
to ensure complete separation of the water and toluene layers. The
water-saturated toluene was then used to prepare a mixtute of
(10.0 mM) and PhCCPh (20.0 mM). An aliquot was placed into a
NMR tube fitted with a vacuum stopcock. The tube was flame-
sealed on a vacuum line after freezing the sample and evacuating
the headspace. The NMR tube was heated in a constant-temperature
oil bath at 120°C with periodic monitoring (by integration with
respect to external 3#0y) by 3P NMR spectroscopy. At the end

of the reaction, a small amount of brown precipitate was observed
at the bottom of the NMR tube. The cycloaddition experiment was
conducted similarly wittL (9.15 mM) and PhCCPh (18.3 mM) in
water-saturated toluene. No precipitation was observed in the
cycloaddition reaction. The water concentration (22.2 mM) was
calculated by using the solubility data of water in toluene (0.046%
w/w).5* A second cycloaddition reaction with the same concentra-
tions of1 and PhCCPh was conducted with a sample prepared using

PhCCPh (30.0 mM) in toluene were similar to those previously a 50:50 mixture of dry toluene and water-saturated toluene, giving

reported for the platinacyclés,except for the lower temperature
(100°C) and the higher quantity of oxygen (120). Concentration

a water concentration of 11.1 mM.
Mercury Poisoning. The experiment was started undes &6

data were obtained by palladacycle peak integration against anj, the PE§ experiment, above, except with a drop of Hg(l) at the

external HPQ, standard. All cycloaddition reactions were conducted
either in the NMR probe (fast reactions) or in an oil bath (slow
reactions).

Cycloadditions with 12 Equiv of PhCCPh. The cycloaddition
kinetics were carried out witB (12.0 mM) and 12 equiv of PhCCPh
(144 mM) in toluene under Nat 100°C and compared to the,N

bottom of the NMR tube. The reaction proceeded, until the tube
was agitated. With agitation, the reaction was completely halted.
See Figure 4 and the Supporting Information.

(54) Andersen, S. I.; del Rio, J. M.; Khvostitchenko, D.; Shakir, S.; Lira-
Galeana, CLangmuir2001, 17, 307—313.
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PEt; Poisoning.The cycloaddition reaction & (15.2 mM) with PhCCPh)(PE), (12.5 mg, 0.0205 mmol in 1.00 mL of toluene) in
PhCCPh (2.5 equiv) was started at ’ZDunder N, as described a screw-cap NMR tube was injected 1.5 mL of. Qhe tube was
above, and monitored b¥#P NMR spectroscopy. After 110 min  heated in an oil bath at 12 for 12 h to completely decompose
(complete reaction takes170 min under these conditions) the the alkyne complex. The resulting yellow solution and platinum
NMR tube was cooled to room temperature and taken into the black mixture was filtered through diatomaceous earth, and the clear
glovebox and Pitwas added (2@L of a 1.1 mM solution, 0.40%  yellow filtrate containing colloidal palladiuf was subjected to
of initial 3) The mixture was again heated to 12ZD. The addition several freezepump—thaw Cyc|es to removed disso|ved2.m
of PE completely halted the reaction, and this was followed for mixture of 0.20 mL of 24.0 mM8 and 0.20 mL of the colloidal
55 min (i.e., total 165 min time at 120C). The NMR tube was  pjatinum solution was placed in an NMR tube fitted with a vacuum
again cooled to room temperature, and(®0.64L, 0.40% of initial stopcock. The tube was flame-sealed on a vacuum line after freezing
3) was injected. The tube was shaken carefully to ensure that the,o sample and evacuating the headspace (no frgrrap-thaw

O, had fully mixed with the reaction solution. Finally, the tWbe ¢y cjeq) The mixture was then heated in a constant-temperature
was heated to 128C and the reaction followed until completion.  \r probe at 100°C with periodic monitoring by*’P NMR

See Figure 5 and the Supporting Information.

Decomposition of Pt(1,8-naphthalenediyl)(PE), (1) in the spectro§copy. S,ee the Supporting Inforn?gtlon for data.
Presence of Colloidal Palladium.Into a solution of3 (11.3 mg, Colloidal Platinum Catalyzed Cycloaddition of Pd(1,8-naph-

0.024 mmol in 1.0 mL of dry toluene) in a screw-cap NMR tube thalenediy)(PEt), (3) with PhCCPh. A colloidal platinum

was injected 1.5 mL of © The tube was heated in an oil bath at Solution, prepared as above, was used to prepare an NMR sample
100 °C for 1 h to completely decompose the metallacycle. The thatwas 12.0 mM ir8 and 24.0 mM in PhCCPh. The NMR tube
resulting yellow solution and palladium black mixture was filtered Was flame-sealed on a vacuum line after freezing the sample and
through diatomaceous earth to give a clear filtrate containing evacuating the headspace (no freegamp-thaw cycles) and
colloidal palladium. The filtrate was then deoxygenated on a heated at 100C with periodic monitoring by?'P NMR spectros-
vacuum line by several freez@ump-thaw processes and used as  copy. See the Supporting Information for data.

a source of colloidal palladium. A 0.20 mL (18.3 mM) portion of TEM Analyses. TEM samples were prepared by evaporation

1 was mixed with a 0.20 mL solution of colloidal palladium solution  of 7 uL of the solutions applied to a copper grid with a carbon
and placed in an NMR tube fitted with a vacuum stopcock. The support film. The micrographs were obtained on a JEOL 1200 EX
tube was flame-sealed on a vacuum line after freezing the sampletransmission electron microscope. Micrograph images are supplied

and evacuating the headspace (no fregmemp-thaw cycles as Supporting Information.

applied). The mixture was then heated in a constant-temperature

NMR probe at 120°C with periodic monitoring by3!P NMR ) .

spectroscopy. No significant decomposition was observed. Acknowledgment. We thank the NSF for supporting this
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