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Supramolecular trans-Coordinating Phosphine Ligands
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We report a new urea-functionalized phosphorus ligand and palladium complexes thereof that self-
associate by hydrogen bond formation. The solution studies of a urea-based phosphingnfigai@d-
(CO)CH.NH(CO)NH]CsH4PPR}, 1, and the palladium compled),PdMeCl,2, show that intermolecular
and intramolecular hydrogen-bonding, respectively, is present between the urea hydrogens and the carbonyl
of a second urea moiety. Introduction of Nf&li to 2 results in the disruption of the self-association and
the production of{[trans(1,Cl)PdMeCI[ [NBug] "}, 3, with an anion-templated, bidentate phosphine
ligand system. Although the ligands are hydrogen-bonding to the chloride anion, they remaians a
configuration about the metal center. If another equivalert isf added ta?, a zwitterionic palladium
methyl complex ligated by three phosphine ligands is produced and the chloride anion is abstracted from
the metal center into the resulting tris-urea hydrogen-bonding pocket, generdg@RdMe], 4. If at
—80°C ¥CO is introduced t@ instead ofl, the chloride anion is once again abstracted into the bis-urea
pocket and the zwitterionic CO-adducans[(1,Cl)PdCO)(Me)], 5, results. However, upon warming
to ambient temperature, CO migratory insertion occurs to generate the acetyl species and the chloride
anion migrates back to the palladium centegeneratinga neutral complex. The analogous CO-adduct
of 3 could not be produced since the urea pocket is already blocked with a chloride anion, stressing the
subtle control the urea pocket exerts over the reactivity of the palladium center.

Introduction drogenation of a trisubstituted cyclic enamide, which yielded
unprecedented selectivitiésBreit has reported the production

of homo- and heterodimeric bidentatés-coordinated phosphine
ligands via hydrogen-bonding interactions, and these ligands
Iperformed very well in the rhodium-catalyzed hydroformylation
of alkenesg® The number of hydrogen-bonded bidentate phos-
phine ligands is still small, and so far ontys-coordinated (up

to 12C for trigonal bipyramidal) metal complexes have been
reported. Even when traditional synthetic routes are employed,
there are still relatively few examples wns-spanning biden-
tate phosphines that do not utilize an additional heteroatom (i.e.,

Ligand modification is the most important tool to control the
reactivity and selectivity of homogeneous transition metal
catalysts. Bidentate chelating ligands comprise an important
class of compounds employed to support these transition meta
catalysts: Traditionally bidentate ligands have been produced
by conventional synthetic routes, but recent results from our
group and other* have shown that a new class of bidentate
ligands can be formed by a self-assembly process of two
monodentate species. We have used the zinc(ll)porphyrin

pyridyl interaction as an assembly motif to generate bidentate are in fact tridentate) Thesetransspanning ligands allow for

phosphorus-based ligands and have shown that only 14 building;, - exploration of different coordination geometries about the

blocks were required to generate a library of 48 bidentate N -
. - metal center to provide insight into known catalytic pathways
phosphorus ligands that was successfully used in hydrofor- . . ;
and the development of new catalysts with unique properties.

mylation and asymmetric allylic alkylatichMore recently this Herein we report the synthesis of a versatile urea-based ligand

approach was extended to asymmetric rhodium-catalyzed hy'system that provides the first examples of a hydrogen-bonded

* To whom correspondence should be addressed. F8lt 20 525 6437. transcoordinating b.ide.mate phosphine ligand system (SChelme
Fax: +31 20 525 5604. E-mail: reek@science.uva.nl. 1).5 The bis-urea binding pocket also accommodates chloride
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Supramolecular trans-Coordinating Phosphine Ligands

Scheme 1. Formation of arans-Coordinating Phosphine
Ligand System via Self-Association, 2 (left), or
Anion-Templation, 3 (right)
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Scheme 2. Synthesis of Urea-Based Phosphine Ligand 1
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F PPh,

into m-(diphenylphosphorus)aniline with potassium diphenyl
phosphidé (KPPh) and subsequent reaction af(diphen-
ylphosphorus)aniline with ethyl isocyanatoacetate to generate
the urea functionality (Scheme 2). Two equivalentsl afere
added to CODPdMeCl to produce the metal comigdMeCl,
2, which was fully characterized By, 13C, and®'P{1H} NMR
and IR spectroscopy, ESI-MS, and elemental analysis. The
singlet observed in thé'P{1H} NMR spectrum at 32.7 ppm
indicates that the phosphine ligands are coordinatedtiares
configuration about the metal center. In additioﬁJ(a_H) value
of 6.0 Hz was observed for the P€H3 resonance, character-
istic of palladium complexes withirans-coordinated phos-
phines?

Infrared spectroscopic measurement® wf CDCl; show that,
in contrast tol, the urea functional groups are involved in
hydrogen-bonding even at relatively low concentrationd4
mM). The hydrogen-bonding is predominantly due to intramo-
lecular interactions, since the ratio between theHNstretches
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Figure 1. Calculated structure of models 2f(left) and 3 (right)
clearly showing an intramolecular hydrogen bond andttaes
configuration about Pd and the interactions between CI and the
NH’s of the urea’s.
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Figure 2. Binding of a chloride anion in the pocket of compl2x
monitored by!H NMR spectroscopy: (A) solution o2; (B) a
solution of 2 with 1.0 equiv ofnBuyNClI; and (C) a solution o
with 10.0 equiv ofnBus;NCI.

Urea groups are frequently employed to construct receptors
for anion recognitiod? so we anticipated that the bis-urea motif

for free and hydrogen-bonded urea groups, at 3410 and 3340" complex 2 might also bind anions. Addition of various

cm1, respectivel\’,1%are not concentration dependent between
the range of 4 and 42 mM (note that in struct@renly 50% of

the NH groups are involved in hydrogen-bonding). Evidently,

the preorganization of the urea groups by coordination to the
palladium metal center promotes intramolecular hydrogen-
bonding instead of the intermolecular hydrogen-bonding ob-
served with more concentrated solutionslof>20 mM).

Computational studies (DFT, B3LYP) on a model of complex

2 clearly illustrate the intramolecular hydrogen-bonding interac- .

tion between the urea NH'’s and theslectrons of the carbonyl
group of the urea moiety of the second ligand (Figure 1), an
the NH-O distances are 1.95 and 2.17*AThe palladium
complex with the intramolecular hydrogen bonds is energetically
more favorable than the non-hydrogen-bonded system by 9 kcal
mol.12

d

(7) Hingst, M.; Tepper, M.; Stelzer, Gur. J. Inorg. Chem1998 73.

(8) Dekker: G. P. C. M.; Elsevier, C. J.; Vrieze, K.; van Leeuwen, P.
W. N. M. Organometallics1992 11, 1598, and references therein.

(9) Mido, Y. Spectrochim. Actd973 29A 431.

(10) (a) Boas, U.; Sontjens, S. H. M.; Jensen, K. J.; Christensen, J. B.;
Meijer, E. W.ChemBioChen2002 3, 433. (b) de Loos, M.; Ligten-barg,

A. G. J,; van Esch, J.; Kooijman, H.; Spek, A. L.; Hage, R.; Kellogg, R.
M.; Feringa, B. L.Eur. J. Org. Chem200Q 3675.

(11) (a) Massat, A.; Guillaume, Ph.; Doucet, J. P.; Dubois, J. Elol.
Struct 1991, 244, 69. (b) Laurence, C.; Berthelot, M.; Helbert, M.
Spectrochim. Actd985 41A 883.

(12) The structures of the complexes were generated using TITAN and
were optimized using DFT optimization (B3LYP, 6-31G**).

equivalents of tetrar-butylammonium chloriderBusNCI) to

a solution of2 in CDCl; indeed resulted in significant downfield
shifts of the NH resonances of the urea moiety (Figure 2). In
the presence of 10 equiv oBusNClI, the NH adjacent to the
aryl group shifted to lower field by~1.7 ppm to 9.84 ppm,
whereas the NH next to the GHyroup shifted~1.2 ppm
downfield. These changes in chemical shifts clearly point to
the chloride binding in the bis-urea pocket at the expense of
the hydrogen bonds between the urea functionafifiggnerat-

ing a palladium complex supported by an anion-templated
bidentate chelating ligand, J{Cl)PdMeCI} [nBusN]*, 3 (Scheme

1). The binding constant of the chloride in the pocket2pf
determined from NMR titrations, iK = (10 £ 2) x 1? M1,

,which is much higher than the binding constant associated with

the complexation of a single urea ligatdo chloride (Bus-
NCI), K = 55 £ 5 M~1.14 Interestingly, the ligands i3 are
also in atrans configuration about the metal center, as evident
by the singlet that is present in tA#{1H} NMR spectrum (at

(13) For select examples: (a) Bondy, C. R.; Gale, P. A.; Loeb, $. J.
Am. Chem. So2004 126, 5030. (b) Werner, F.; Schneider, H.Helv.
Chim. Acta200Q 83, 465. (c) Hishizawa, S.; Bumann, P.; lwao, M,;
Umezawa, Y.Tetrahedron Lett1995 36, 6483. (d) Beer, P. D.; Gale, P.
A. Angew. Chem., Int. E001, 40, 486, and references therein. () Scheele,
J.; Timmerman, P.; Reinhoudt, D. Chem. Commun1998 2613. (f)
Tovilla, J. A.; Vilar, R.; White, A. J. PChem. Commur2005 4839.

(14) We have analyzed the titration curves with a fitting program
developed by Hunter et al.: Bisson, A. P.; Hunter, C. A,; Carlos, J.; Young,
K. Chem. Eur. J1998 4, 845.
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Scheme 3. Migration of Chloride Anion to/from the Palladium Center to Generate Zwitterionic and lonic Complexes and Their
Corresponding 3P and 'H NMR Spectra
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—80 °C) and the triplet {Jp-n) = 5.5 Hz) observed for the  Indeed, when an “additional” equivalent @fwas introduced
Pd—CHj; resonance in théH NMR spectrun® Computational to a solution of2, zwitterionic complex4, [(13Cl)PdMe], was
studies (DFT, B3LYP) on a model of compl&show that the formed with three phosphine ligands bound to the metal cEnter
chloride anion fits nicely in the pocket, but that it does not lie and the chloride anion in the tris-urea pocket (Scheme 3).
perfectly in the plane created by the NH’s of the urea groups Accordingly, the3!P{1H} NMR spectrum contains a doublet
(Figure 1)*? This is the first example of &ans-coordinating, and a triplet that integrate in a ratio of 2:1, with a coupling
anion-templated, hydrogen-bonded phosphine ligand systém.  constant{Je_ps = 37 Hz) that is typical of phosphorus atoms
The formation of3 was also monitored by IR spectroscopy. coordinated in &is fashion (Scheme 3, middI&}:*® Interest-
The two stretching frequencies corresponding to the NH2 of  ingly, the chloride anion is hydrogen-bonding to all three of
disappear upon introduction of 1 equiviiBu,NCl, and anew  the urea groups, as there are two signals observed iAthe
band at a lower wavenumber (3297 chis observed for the ~ NMR spectrum for the NH’s adjacent to the aryl ring at 9.79
N—H bound to Cl. It is well-known that a larger shift in and 9.47 ppm, which also integrate with respect to one another
wavenumbers upon complexatiohy(N—H), corresponds to  ina 2:1 ratio. These experiments clearly show that the exchange
a stronger hydrogen-bonding interactiénWith Av(N—H) of these ligands is slow on the NMR time scale. The resonance
values of 113 and 70, respectively, the hydrogen bond betweenfor the methyl group of this zwitterionic species has shifted
the ureas and the chloride anion ®is clearly stronger than ~ downfield to 0.38 ppm from 0.01 ppm for the neutral complex
the self-association of the urea moietie®jrikely due to the 2, and it consists of an overlapping set of doublets of triplets
anionic nature of the chloride. In addition to the increase in instead of the simple triplet observed @f° When 2 equiv of
strength, the number of hydrogen bonds involved is larger (4 nBusNCI are added to a solution &f the third phosphine ligand
vs 2) in the anion-templated system, enabling the chloride anion dissociates from the metal to regenerat&cheme 3, bottom).
to compete with the intramolecular hydrogen-bonded complex.
Although the bis-urea pocket binds chloride anions, it  (17)(a) Gretz, E. F.; Sen, Al. Am. Chem. Sod 986 108 6038. (b)
apparently is unable to remove the chloride from the palladium IS‘SE?ZB'&EQ Kikukawa, K.; Wada, F.; MatsudaJTOrganomet. Chem
center to form a zwitterionic species. We anticipated, however, ~~(1g) (a) zudin, V. N.; Chinakov, V. D.; Nekipelov, V. M.; Likholobov,
that such an intramolecular chloride shift from the metal to the V. A.; Yermakov Y. I.J. Organomet. Chen1985 289, 425. (b) Crumbliss,

binding site could be promoted by the presence of donors. A L.; Topping, R. J. InPhosphorus-31 NMR Spectroscopy in Stereochem-
ical Analysis Verkade, J. G., Quin, L. D., Eds.; VCH Publishers: Germany,

1987; pp 535-547.

(15) ) An example of an anion-templateé hydrogen-bonded system (19) A small quantity of2 and 1 is also observed in thé'P NMR
was recently reported: Lu, X.-X.; Tang, H.-S.; Ko, C.-C.; Wong, J. K.-Y.; spectrum due to the equilibrium between these three species.
Zhu N.; Yam, V. W.-W.Chem. Commur2005 1572. (20) A small amount (510%) of an unidentifiable species is sometimes

(16) Kazarian, S. G.; Hamley, P. A.; Poliakoff, M. Am. Chem. Soc observed in the'H NMR spectrum, and it is believed to be due to
1993 115 9069. decomposition oft that ultimately occurs in solution over several days.
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Scheme 4. Thermodynamically Controlled Equilibrium between 4, 2, (1)(PP)PdMeCl, and (PPh),PdMeCl and
Variable-Temperature 3P{1H} Spectra
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As expected, the addition of another equivalert tf a solution all four of the palladium complexes are observed in solution
of 3 (2in the presence of 2 equiv of Cto drive the equilibrium again and in the same ratio as before. (Free phosphjrasd/
to 3) does not result in the formation of the zwitterionic complex or PPh are also present in solution, but the amount of free
4, and only the anion-templated speci@sand the free ligand, = phosphine decreases significantly upon cooling-8D °C and
1, are observed in solution. This indicates that the complex returns after the solution is rewarmed to room temperature.)
formation is under thermodynamic control. A separate experi- This temperature dependence indicates a low barrier for the
ment using (PsP),PdMeCl and 1 equiv of PRRin CD.Cly) exchange process between the different species. The formation
demonstrates that the urea pocket is necessary to generate thef the most stable palladium complex-a80 °C, 4, is enthalpy
zwitterionic palladium species with three phosphine ligands, driven. If the reverse experiment is performed, such thaHjzh
since only two singlets were observed (even at low temperatures)PdMeCl is mixed with 2 equiv ofl, comparable resonances
in the 31P{*H} NMR spectrum for (P§P),PdMeCl and free are observed in th&P and'H NMR spectra, except that due to
PPh. the rapid exchange betweén(1)(PPhk)PdMeCl, and (PPi)-

We were interested in probing the importance of the third PdMeCl on the NMR time scale, only a broad resonance (instead
urea—chloride interaction in comple# and if this interaction of 3 singlets) is present at 32.5 ppm.
was required to facilitate the phosphinehloride substitution Since in complex2 the chloride can be readily substituted
reaction of compleR. Therefore an additional experimentwas by a ligand to generate a zwitterionic complex, the reactivity
conducted in which PR(2/3 equiv) was added to a solution  of 2 was examined in the presence’®€0. At —78 °C, 13CO
of complex 2 instead of ligandl. If the third urea is not was bubbled through an NMR tube solution2oih CD.Cl, (or
important, we expected to see a similar substitution of the the NMR tube was pressurized with 5 bar of CO), and at this
chloride by PPk However, if the third ureachloride interaction  temperature, resonances corresponding to the four-coordinate
is crucial for the substitution process, a mixture of comlex  CO-adduct5,2223were observed at 30.8 ppm and at 179.6 ppm
and free PPhshould be observed, or a rearrangement of the in the3'P{H} and3C{H} NMR spectra, respectively (Scheme
ligands takes place resulting in a mixture of complexes. The 5). In the 'H NMR spectrum, the resonance for the-N
typical doublet and triplet in thé® NMR spectrum and the  adjacent to the aryl ring shifted downfield by 2.05 ppm to 10.20
two singlets for the NH'’s hydrogen-bonded to the chloride anion ppm, indicating a similar substitution of the chloride anion as
near 10 ppm (in a 2:1 ratio) were observed, with the corre- observed in the presence of additional ligand. Upon warming

sponding methyl resonance at 0.39 ppm in e NMR to room temperature, migratory insertion occurred to produce
spectrum, indicating the formation dfat ambient temperature.  the acetyl species1,Pd(C(O)CH)CI, 6, and singlets at 21.0
Signals at 33.0, 32.3, and 31.8 ppm due 2o (1)(PPh)- ppm in the3P{1H} spectrum and 233.5 ppm in tH&C{1H}

PdMeCI?! and (PPB).PdMeCl, respectively, are also apparent NMR spectra showed that the ligands are still bound to the metal
at 20°C, and the four metal complexes are present in a 1.0: in a trans configuration. After the formation of the acetyl
0.4:0.3:0.3 ratio (Scheme 4). This clearly indicates that the third species, the chemical shift of the NH's indicated that the chloride
urea significantly stabilizes the binding of the chloride. Interest- is no longer present in the pocket, but has migrated back to the
ingly, if the sample is cooled te-30 °C, the equilibrium shifts

in favor of 4, and the remaining 1/3 of Pd metal is ligated by (22) Shultz, C. S.; Ledford, J.; DeSimone, J. M.; Brookhart,JMAm.

the “residual” PPhin solution to generate (PEaPdMeCl. At Chem. Soc200Q 122, 6351.

this temperature, these two complexes are present in a 2:1 ratio, (23) The major species present in solution (betwe&® and—40 °C)

but if th lution i d back t bient t t Is the four-coordinate CO-adduct, which was followed by variable-
ut Ir the solution Is warmed back up to ambient temperature, temperature NMR spectroscopy, and it formed the acetyl complex. Below

—70 °C, an unidentifiable minor species is observed in solution, and this
(21) (1)(PhP)yPdMeCl was identified by comparison with a separate complex is a potential intermediate that ultimately results in the formation
NMR tube experiment. of the acetyl product.
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Scheme 5. Reactivity of 2 with3CO
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palladium centemegeneratinga neutral species. In comparison,
when 13CO was introduced to a GBI, solution of (PRP)-
PdMeCl at—78 °C, a four-coordinaté3CO-adduct was not
observed in thé3C{*H} NMR spectra, showing that the bis-

©

produce salts as side-products might change the ligation around
the metal center. Currently, investigations are underway to study
this and to extend this approach, such as the use of a large
variety of anions, including chiral templating anions, to induce

urea pocket is necessary to generate a cationic palladium centeunique reactivities and selectivities at the metal center.

with a free site available fot3CO coordination. When the
analogous experiment is performed w&li.e., the pocket o2

Experimental Section

is blocked by an external chloride anion), the four-coordinate

13CO-adduct was also not observed in tR€{H} NMR
spectrum between-80 and 20°C. On the other hand, at room

General Conditions. All manipulations were performed under
argon using standard Schlenk techniques. Toluene was distilled from

temperature and presumably via an unobserved five-coordinatesodium, and CkCl,, pentane, CDG| and CRCI, were distilled

CO-adduct* an acetyl species,J{Cl)Pd((CO)CH)CI " [nBusN] T,

7, was produced, as evident by the new resonances iftfhe
{H} and thel3C{H} NMR spectra at 21.8 and 230.2 ppm,
respectivel\?® On the basis of théH NMR spectrum, thérans
coordinating, chloride-templated, phosphine ligand system als

remains intact after the formation of the acetyl complex. The

inability to observe the four-coordinate CO-adduct3é&m-

phasizes the subtle control of the bis-urea pocket on the

reactivity of the metal centéfe

Conclusion

from CaH. The metal complex CODPdMeCl was synthesized

according to a literature procedu®e.The palladium complex

(PheP),PdMeCF” was synthesized in an analogous manner to

compound2. The 3CO was purchased from Praxair. All other
oreagents were purchased from Aldrich or Acros and used as
received. The NMR spectra were recorded on a Varian Inova 500
and a Bruker DRX 300 NMR spectrometer in CRGinless
otherwise specified. The IR spectra were measured on a BIO-RAD
FTS-7 in a NaCl solution cell in CD@I Electrospray-ionization
mass spectra (in MeOH) were recorded on a Shimadzu LCMS-
2010A via direct injection. Elemental analysis was performed by
H. Kolbe Mikroanalytisches Laboratorium.

In summary, a new urea-based phosphine ligand has been Synthesis ofm-(Diphenylphosphorus)aniline.A THF solution
synthesized and the urea functional groups of the palladium ©f potassium diphenylphosphide (4.04 g, 1.8010°2 mol) and

complex2 self-associate to produce the first example tbas
coordinating hydrogen-bonded ligand system. The addition o
chloride anions ta2 converts it into the chloride-templated,
trans-coordinating bidentate phosphine metal spe@e3he
presence of additional ligarfd(or PPh) leads to the formation
of a zwitterionic complex, f(;zCl)PdMe], with three phosphine

ligands bound to the metal center and the chloride anion in a

tris-urea pocket. The formation of this complex is reversible,
as the chloride moves back to the palladium upon addition o

m-fluoroaniline (2.01 g, 1.81x 1072 mol) were combined in a
f Schenk flask and refluxed for 3 days. The THF was removed in
vacuo, and the yellow solid was washed with degassgdl (4 x
20 mL). Them-(diphenylphosphorus)aniline was purified by column
chromatography (eluent: 100% CHEIYield: 3.692 g, 74.0%.
'H NMR: 6 7.90-7.15 (m, 10H, GHs), 7.20 (m, 1H, GH.), 6.67
(m, 3H, GH,), and 3.62 (br s, 2H, N). 13C{1H}: 6 146.2 (br s,
NC-aryl), 138.1 (M, Eipsg), 137.2 (M, Kipso), 133.8 (d,0-PCHs,
Zprc =195 HZ), 129.4 (deC6H4N, 3Jp7c =73 HZ), 128.5 (d,
f M-PCeHs, 3Jp_c = 12.2 Hz), 128.3 (s,p-CsHsP), 124.2 (d,

nBusNCI. These experiments clearly show that the complex o-pcsH,N, 2Jp_c = 19.5 Hz), 120.0 (dp-PCeHaN, 2Jp_c = 19.5

responds to external stimuli as a consequence of the supram

lecular interactions. The palladium metal center also shows

special reactivity toward CO as a result of the presence of th

OHz), 115.6 (sp-PCsH4N). 31P{IH}: 6 —4.49 ppm.
Synthesis of 1.A Schenk flask was charged with-(diphen-
€ ylphosphorus)aniline (1.414 g, 5.18 10°3 mol), which was

bis-urea pocket. Substitution of the chloride by CO is observed, dissolved in CHCl, (10 mL). Ethyl isocyanatoacetate (0.656 g,

resulting in the formation of zwitterionic complexes with the

5.08 x 103 mol) was added via syringe to the reaction mixture,

chloride being transferred from the metal center to the bis-ureaand it was stirred at room temperature for 4 h. The solvent was
binding site. Interestingly, after CO migratory insertion occurs removed in vacuo, and toluene (15 mL) was added to the white
to form the palladium-acetyl species, the chloride migrates back sticky solid. Initially the white solid dissolved in the toluene, but
to the palladium center. In view of future developments of self- after approximately 20 min of stirring a white, thick opaque powder
assembled bidentate ligands based on hydrogen bonds thérecipitated out of the toluene solution. The solvent was removed
current results are important, since it suggests that reactions thaby filtration, and the precipitate was washed with toluerg (nL)
twice more. The white solid was dried under reduced pressure.
(24) van Leeuwen, P. W. N. M.; Zuideveld, M. A.; Swennenhuis, B. H.  Yield: 1.765 g, 85.2%!H NMR: 6 7.51 (d, 1H, GHy4, 334-n =
G.; Freixa, Z.; Kamer, P. C. J.; Goubitz, K.; Fraanje, J.; Lutz, M.; Spek, A. 8.7 Hz), 7.44-7.20 (m, 11H, GH, and GHs), 7.02 (t, 2H, GHa,

J. Am. Chem. So2003 125, 5523 3 =

(25) Since the CO and methyl groups should be arracigaslith respect Ji-n = 7.5Hz), 6.49 (s, 1H, N), 5.22 (m, 1H, MCH;), 4.21 (q,
to one another for facile migratory insertion to occur and these palladium
complexes were never observed in this coordination mode, the carbonylation
must occur immediately upon rearrangement to disespecies, which is
followed by a successive rearrangement to the thermodyriaamsacety!
product.

(26) Ruke, R. E.; Ernsting, J. M.; Spek, A. L.; Elsevier, C. J.; van
Leeuwen, P. W. M. N.; Vrieze, KiInorg. Chem.1993 32, 5769.

(27) Bacchi, A.; Carcelli, M.; Pelizzi, C.; Pelizzi, G.; Pelagatti, P;
Ugolotti, S.Eur. J. Inorg. Chem2002 2179.
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2H, C"izCH:g, 3JHfH =72 HZ), 4.00 (d, 2H, NHez, 3‘JHfH =51
Hz), 1.27 (t, 3H, CHCH3, 3Jy_py = 7.2 Hz). 3C{*H}: ¢ 171.2
(C=0), 155.6 C=0), 138.8 (d, NC-aryl, 3Jp_c = 8.5 Hz), 137.9
(M, PCipsq), 136.7 (M, Figso), 133.8 (d, PCH, 2Jp_c = 19.5 Hz),
129.3 (d,m-PCgHsN , 3Jp_c = 7.3 Hz), 128.8 (sp-PC¢Hs), 128.5
(d, mPCgHs, 3Jp-c = 7.3 Hz), 125.2 (m, BgHN), 124.9 (s,
PCsH4N), 120.8 (s, p-PCeH4N), 61.5 (s, @H,CHz), 41.9 (s,
HNCH,), and 14.0 (s, CkCH3). 3P{'H}: 6 —4.19 ppm. IR
(Vmax): 3434 (NHred), 3317 (NHassod, 1744 (C=Okgste), 1696 (CG=
Oamide 1), 1532 (C-Namide 1), and 1204 (G-O) cnt1. Anal. Calcd
for CasHasN,OsP: C, 67.98; H, 5.70; N, 6.89. Found: C, 68.08;
H, 5.79; N, 6.80.

Synthesis oftrans-(1),PdMeCl (2). 1,5-Palladium methylchlo-
rocyclooctadiene (CODPdMeCI) (0.095 g, 3.5810 4 mol) was
combined with 2 equiv ol (0.291 g, 7.16x 10~4 mol), and CH-

Cl, (10 mL) was syringed into the Schlenk, yielding a clear, pale
yellow solution. The reaction mixture was stirred overnight, and
the solution becomes a deep yellow color. The solution was

Organometallics, Vol. 25, No. 4, 2696

N-Hyp), 6.70 (m, 1H, Ar-H), 6.39 (m, 2H, Ar-H), 6.01 (t, 1H, Ar-
H), 4.19 (q, 6H, G1,CH3, 34—y = 7.2 Hz), 4.08 (d, 2H, E,NH,
8Jy-n = 5.7 Hz), 4.02 (d, 4H, B;NH, 3344 = 5.7 Hz), 1.28 (t,
9H, CH,CHs, 3JHfH =7.2Hz ), and 0.38 (bl’ c t, 3H, Pd0‘|3)
13C{1H}: 6 171.0 C=0), 156.3 C=0), 140.84, 140.77, 140.0,
139.8, 135.1, 134.8, 134.7, 132.12, 132.08, 132.0, 131.8, 130.9,
130.4,130.1, 129.9, 129.5, 128.5, 128.2, 128.1, 124.8, 124.6, 124.4,
121.3 and 121.0 (A€), 61.0 (OCH,CHz), 60.9 (GQCH,CH), 42.0
(HNCH,), 41.7 (HNCHy), 14.2 (CHCHj3), 14.1 (CHCHj3), and 6.6
(PC{:Hg) 31P{ 1H}: 037.8 (d, 2P, Eis to Me) zprpcis: 37 HZ) and
22.3 (t, 1P, Rrans to Me) 2\]P—F’cis: 37 HZ)-

Competition Studies between 4 anchBu4NCI and between
3 and 1.Stock solutions of (0.013 g, 0.041 M)2 (0.024 g, 0.021
M), and nBus;NCI (0.009 g, 0.041 M) were prepared in gTl,.
Complex4 was generated in situ by combini2g0.4 mL, 8.3x
107% mol) and1 (0.20 mL, 8.3x 107% mol); afterward nBus;NCI
was added in 3 portions (1.5, 1.5, and 1.0 mL) and monitored by
IH and 3P NMR spectroscopy to determine the number of

concentrated to approximately 3 mL, and pentane (5 mL) was addedequivalents of chloride anion necessary to gene3ats well asl

to the reaction mixture, generating a yellow sticky precipitate. The
solvent was removed by filtration, and the purification of the solid
was repeated twice more. Last, @, (5 mL) and pentane (5 mL)
were syringed onto the solid, and it was stirred at room temperature
for 30 min. The volatiles were removed in vacuo. Yield: 0.315 g,
90.7%."H NMR: 6 8.29 (br m, 2H, CH aryl), 8.15 (s, 2H, NH),
7.66 (m, 8H, GHs), 7.40 (br s, 14H, €Hs), 7.16 (br t, 2H, CH
aryl, 34—y = 8.5 Hz), 6.98 (br s, 2H, Ct aryl), 6.26 (br s, 2H,
CH,NH), 4.11 (q, 4H, ®1,CHs, 3Jy—y = 7.0 Hz), 3.72 (d, 4H, €,-

NH, 3JHfH =50 HZ), 1.23 (t, 6H, CKHCHs, 3J|-|4-| =7.0 HZ) and
0.01 (t, PdC®l3 3Jp_y = 6.0 Hz).13C{1H}: ¢ 171.3 C=0), 156.2
(C=0), 139.1 (t, NCipso, Jp-c = 7.7 Hz), 134.9 (tC aryl, Jpc =

6.2 Hz), 131.2 (t, Bipso, Jp-c = 22.9 Hz), 131.0 (t, Bipso, Jp-c =
21.4 Hz), 128.9 (br mC aryl), 128.7 (sC aryl), 128.1 (mC aryl),
127.0 CeH4), 122.5 CeH4), 61.0 (AQCH,CH), 41.6 (HNCH), 14.1
(CH,CHg3), and 6.4 (P@H3). 31P{1H}: 6 32.7 ppm. IR {may): 3411
(NHsree), 3329 (NHhssod, 1738 (C=Okgstep, 1695 (C=Opmide 1), 1553
(C—Namige 1), and 1209 (€-O) cnT™. Anal. Calcd for GH4gN4O6P»-
CIPd: C, 58.25; H, 5.09; N, 5.78. Found: C, 58.35; H, 5.15; N,
5.66.

Generation of {[trans-(1,Cl)PdMeCI] [NBu4]* } (3). The

anion-templated complex was produced in situ in an NMR tube.
The reagentg (0.010 g, 1.03x 107°%) andnBusNCI (0.003 g, 1.1
x 1075 mol) were combined and dissolved in CR@.5 mL). On
the basis of NMR spectroscopy, the reaction proceeds to completion.
H NMR: ¢ 9.49 (s, 2H, NH), 8.12 (br m, 4H, CH aryl), 7.63
(m, 8H, GHs), 7.36 (m, 12, @Hs), 7.29 (br s, 2H, CkNH), 7.20
(br t, 2H, CH aryl, 34—y = 7.5 Hz), 6.83 (br s, 2H, Gt aryl),
4.15 (q, 4H, ®,CHs, 3J4_n = 7.5 Hz), 3.99 (d, 4H, 6,NH, 33,y
= 5.5 Hz), 3.10 (m, 8H, NBu), 1.49 (m, 8H, NBu), 1:29.22 (m,
14H, NBu and CHCH3), 0.86 (t, 12H, NBu3J,_y = 7.0 Hz), and
0.03 (t, 3H, PdEl3 3Jp_y = 6.0 Hz).13C{H}: 6 171.0 C=0),
156.5 C=0), 140.6 (t, NCipso, *Jp-c = 7.7 Hz), 134.9 (tp-PCgHs,
2Jp_c = 6.0 Hz), 131.8 (t, Bipsor 1Jp-c = 21.4 Hz), 130.8 (t, BeHs,
Joc = 22.1 Hz), 129.7 (sp-PCeHs), 128.5 (m, BgH4N), 127.8
(t, MPCgHs, 3Jp_c = 4.5 Hz), 127.0 (M, BeHaN), 126.0 (RCgH4N),
60.6 (OCH,CHj), 58.8 (snBu), 41.7 (HNCH,), 23.9 (snBu), 19.6
(s,nBu), 14.2 (CHCH3) 13.6 (s,nBu), and 6.6 (P@H3). 31P{1H}:
0 32.0 ppM. IR {may): 3398 (NHassod, 1749 (C=0este), 1692 (C=
Oamide |), 1556 (C_NAmide ||), and 1201 (GO) cnrl

Formation of [(13Cl)PdMe], 4, in Situ. Both the palladium
complex2 (0.010 g, 1.03x 10-°mol) and1 (0.004 g, 9.84x 10
—6 mol) were weighed into separate vials, dissolved into,CIp
(0.3 mL each), and combined in an NMR tube. On the basis of
NMR spectroscopy, the reaction proceeded to completidiNMR
(CDCLy): 6 9.79 (s, 2H, NH,,), 9.47 (s, 2H, NHy), 8.01 (d, 2H,
Ar-H, 33—y = 8.1 Hz) 7.83 (d, 1H, Ar-H3Jy_y = 7.2 Hz), 7.74
(brt, 2H, Ar-H,3Jy_y = 7.5 Hz), 7.62-6.85 (m, 36H, Ar-H, NH1,

bound to a chloride anion. Summing the volumes of the three
portions, 2.0 equiv ohBuyNCI were required.

Complex3 was generated in situ by combini2g0.4 mL, 8.3
x 1078 mol) andnBusNCI (0.20 mL, 8.3x 10-% mol) and verified
by 1H and3P NMR spectroscopy. The ligarid(0.20 mL, 8.3x
10¢ mol) was added to the solution, and it was determined by
NMR spectroscopy that only 1 equiv 0BuyNCI to form 3 was
not sufficient to prevent the formation of a mixtureb&nd complex
3 with free ligandl.

In a separate experiment, compi@xvas generated in situ, but
a larger excess afBusNCI (0.005 g, 1.8x 107> mol) was utilized
with 2 (0.008 g, 8.3x 10-% mol). Upon addition ofL. (0.003 g, 7.4
x 1079), only 3 and freel were observed in thtH and3'P NMR
spectra (vide supra).

Formation of trans-[(1,Cl)Pd(**CO)(Me)] (5) by Bubbling
13CO. The palladium compleg (0.0135 g, 1.39%< 10°°> mol) was
dissolved in CRCI; (0.7 mL), and the NMR tube was cooled to
—78°C. At this temperature, thECO-adducts were generated by
bubbling3CO through the yellow solution for 7 miA3C NMR (T
= —80 °C): 6 (CD.Cly) 179.7 and 177.7 ppm 0O of CO-
adducts)3P NMR (T = —80°C): 6 (CD,Cl,) 33.6 and 30.8 ppm
(CO-adducts). At=30 °C, only one CO-adduct that corresponds
to 5 is visible in the spectrdC NMR (T = —30°C): ¢ (CD,Cl,)
179.7 ppm (G=0). 3P NMR (T = —30°C): d (CD.Cl,) 33.6 (CO-
adduct). The CO migratory insertion was followed by NMR
spectroscopy, and on the basis of the NMR data, the reaction
proceeds to completion (100%). The NMR data are the same as
for 4 (vide supra).

Formation of trans-(1),Pd(C(O)Me)CI by High Pressure via
a CO-Adduct. The palladium comple® (14.741 mg, 1.53« 10
mol) was weighed out into a Schlenk flask and dissolved in-CD
Cl; (2.0 mL). The yellow solution was transferred to the high-
pressure NMR tube and cooled t678 °C for 1 h. CO gas (5.0
bar) was pressurized into the tube, and the progress of the reaction
was monitored by variable, low-temperature NMR spectroscopy.
The formation of the four-coordinate CO-addu&) (with the
chloride anion displaced into the urea hydrogen-bonding pocket
was apparent from theH NMR spectrum.!H NMR (T = —80
°C): 0 (CD.Cl;) 10.20 (br s, 2H M-Ar), 8.32 (br s, 2H, ArH),
7.95-6.80 (br m, 26H, ArH and CHNH), 6.60 (br s, 2H, ArH),
4.40-2.95 (br m, 8H, G,CH; and (H,NH), 1.15 (br s, 6H,
CH,CHj3), and 0.42 (br s, 3H, Pd). 3'P{*H} NMR (T = —80
°C): 0 (CD,Cly) 30.8 ppm (s). If the NMR tube is left in the NMR
spectrometer for 185 min at30 °C, the reaction progresses to the
production of the acetyl compound. NMR data forare listed
below.

Formation of trans-(1),Pd(C(O)Me)CI (6) in Situ. The pal-
ladium specie (0.0084 g, 8.66x 10°° mol) was dissolved in
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CDCI; (0.7 mL), and the acetyl species was generated by bubbling ature to generate the acetyl compléxThe reaction proceeds to
CO gas through the yellow solution for 10 min at room temperature completion on the basis of NMR spectroscofty.NMR: ¢ 9.80
in an NMR tube. On the basis of NMR data, the reaction proceeds (s, 2H, NH), 8.45 (br m, 2H, GH,4), 8.20(br m, 2H, GH,), 8.02

to completion (100%)H NMR: 6 8.58 (br m, 2H, PCEN of
CeHa), 7.97 (s, 2H, NH), 7.90-7.20 (br m, 12H, GHs and GH.,),
7.10 (br s, 2H, GHy), 7.00, (br s, 2H, gH,), 6.13 (br s, 2H,
CH,NH), 4.11, (q, 4H, ®1,CHs, 3341 = 7.0 Hz), 3.64 (br s, 4H,
CH,NH), 1.40 (br s, Pd€3), and 1.22 (t, 6H, ChCHs, 33y =
7.0 Hz).13C{*H}: ¢ 184. 2 (PdC=0)CHy), 171.7 C=0), 155.8
(C=0), 139.4 (M, NCjpsq), 134.6 (br mC¢Hs), 131.4 (br mC aryl),
130.5 (sC aryl), 129.2 (PCN of CgH,), 128.4 (br mCeHs), 127.1
(s, CeHa), 122.9 (s,CeHa), 61.1 (QCH,CHs), 41.6 (HNCH,), 39.4
(Pd(COXH3), and 14.1 (CHCH3). 3P{1H}: 6 20.2 ppm. IR
(Vma): 3414 (NHreo), 3341 (NHssod, 1746 (C=Oeste), 1692 (C=
OMe), 1553 (C-Namide 1), and 1205 (G-O) cnrL.

Synthesis of (PRP),PdMeCl.2” Both CODPdMeCI (0.097 g,
3.66 x 1074 mol) and triphenylphosphine (0.191 g, 7.2810*
mol) were combined in a Schlenk flask, and £y (10 mL) was

(br s, 2H, CHNH), 7.65-7.06 (m, 20H, GHs) 7.19 (t, 2H, GH.,
3Jy4_n = 7.5 Hz), 6.77 (M, 2H, €H,), 4.18 (q, 4H, G1,CHs, 3Jp_n
= 7.5 Hz), 4.03 (br s, 4H, B,NH), 2.92 (m, 8H, NBu), 1.48 (br
s, 3H, Pd@l3), 1.38 (m, 8H, NBU), 1.28 (t, 6H, C/jﬂ:H& 3JHfH =
7.5 H2), 1.14 (m, 8H, NBu), and 0.79 (t, 12H, NB&Jy_y = 7.5
Hz). 13C{*H}: ¢ 184.2 (PCOCH,), 171.2 C=0), 156.5 C=0),
140.7 (S, E6H4N), 135.7 (m,CeHs), 133.4 (m,C6H5), 132.0 (m,
CeHs), 130.2 (m, GHs), 128. 8 (m, EgH4N), 128.1 (sCeHs), 127.9
(M, PCsH4N), 125.9 (s, BgH4N), 120.9 (s, EsH4N), 60.7 (QCH,-
CHy), 58.6 fiBu), 41.8 (HNCH,), 39.2 (PdC@Hj3), 23.8 (Bu),
19.5 (iBU), 14.2 (CHCH3), and 13.6 (NBu)3P{*H}: 6 20.9 ppm.
IR: 3298 (NHassod, 1748 (C=Oeste), 1688 (Pd(EG=O)Me), 1556
(C—N,e »)» @nd 1200 (G-O) cnrL.

Attempted Formation of the 13CO-Adduct of 3. The in situ
formation of {[trans(1,Cl)Pd3CQO)(Me)CI[ [NBus]*} was at-

added to the contents. The reaction mixture never fully dissolved tempted by the same procedure as tfans-(1),Pd@3CO)(Me)Cl

in the solvent, but after about 10 min, considerably more white

except thaR (0.0084 g, 8.66< 10-6 mol) was combined with 15

precipitate was present in the flask. The reaction was stirred at roomequiv of nBus;NCI (0.030 g, 1.08x 10~4 mol) and dissolved in
temperature for 24 h. Pentane (5 mL) was syringed into the reaction CD,Cl, (0.7 mL) before bubbling3CO through the solution at78

mixture, and the solvent was removed by cannula filtration. The
white solid was washed twice more with pentane<(2 mL), and

°C for 7 min. No!3CO-adduct was observed aB80 °C (only free
13CO at 184.2 ppm; however, upon warming the NMR tube, CO

the residual solvent was removed under reduced pressure. Yield:migratory insertion occurred and the reaction proceeded to comple-

0.241 g, 96.6%*H NMR: ¢ 7.73 (m,12H, GHs), 7.42 (m, 18H,
C6H5), and—0.01 (t, 3H, Pd(E|3, 3\]P7H =6.0 HZ).31P NMR: ¢
30.7 ppm.

Attempted Formation of the 13CO-Adduct of (PhzP),PdMeCI
and Production of (PhsP),Pd(*3C(O)Me)Cl in Situ. The palladium
complex (0.010 g, 1.4% 1075 mol) was weighed into a Schenk
flask and dissolved in CECl, (1.4 mL). The solution was
transferred to an NMR tube and cooled-ai8 °C for 20 min. For
7 min, the 13CO was bubbled through the solution at this

tion (100%)). The NMR data are the same asSquide supra).
Competition Studies between 2 and PiP and between
(PhsP),PdMeCl and 1. The palladium compleg (10.006 mg, 1.03
x 107 mol) and 2/3 equiv of PRN(1.877 mg, 7.15< 107% mol)
were weighed together and dissolved in B (0.8 mL).'H and
31P{1H} NMR spectra were recorded at 20,020, —30, and—40
°C.3P{1H}: (T=20°C) 6 36.6 and 21.14, 1.0 equiv), 33.0%,
0.4 equiv), 32.3 ()(PPr)PdMeCl, 0.3 equiv), 31.8 ((RR)-
PdMeCl, 0.3 equiv), and-4.4 (br s ofl and/or PPk 0.4 equiv)

temperature. The sample was placed in the NMR spectrometer atppm; (T = —30 °C) 6 36.6 and 21.14, 1 equiv), 31.8 ((P¥P)-

—78°C, and the progress of the reaction was monitored—A8
°C, only free!3CO (i.e., no CO-adduct) was observed in the-
{*H} NMR spectrum, and only one sharp singlet was present in
the 31P{1H} NMR spectrumH NMR (T = —80°C): & (CD,Cly)
7.62 (m, 12H, GHs), 7.43 (m, 18H, @Hs), and—0.17 (br t, 3H,
PdCH3). 13C NMR (T = —80 °C): 6 (CD.Cly) 184.1 ppm (free
13C0O). 3P NMR (T = —80 °C): 6 (CD.Cl,) 32.7 ppm. Upon
warming the sample to 28C, the palladium acetyl complex was
formed on the basis of NMR spectroscofil. NMR (T = 20 °C):
0 (CDClp) 7.75 (m, 12H, @Hs), 7.44 (m, 18H, @Hs), and 1.38
(br s, 3H, Pd(CO)E3). 13C NMR (T = 20°C): d (CD.Cl,) 235.4
ppm (Pd{BCO)Me).3P NMR (T = 20°C): 6 (CD.Cl,) 20.3 ppm.
Formation of {[trans-(1,Cl)Pd(C(O)Me)CI] [NBu4]* } (7).
The complex2 (0.019 g, 1.96x 10> mol) was weighed into a
vial and dissolved in CDGI(0.6 mL). ThenBuy,NCI (0.2 mL) from
a 0.100 M stock solution in CDglwas syringed into an NMR

tube containing the palladium species. Carbon monoxide (CO) was

bubbled through the reaction mixture for 15 min at room temper-

PdMeCl, 0.5 equiv), ane+-4.4 (br s ofl and/or PPk 0.05 equiv)
ppm.

The palladium species (EP),PdMeCl (0.007 g, 1.6« 10> mol)
and 2 equiv ofl (0.008 g, 2.0x 10> mol) were weighed together
and dissolved in CECl, (0.8 mL).H and3P{*H} NMR spectra
were recorded only at ambient temperatdte{'H}: (T = 20°C)

0 36.6 and 21.14, 1.0 equiv), 32.5%, (1)(PPh)PdMeCI and
(PhsPy,PdMeCl 0.9 equiv), and-4.4 (br s ofl and/or PPk 1.0
equiv) ppm.
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