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Activation of the relatively inert CO , molecule
to form higher organic molecules has been a
focus of research for many years. Therefore, the
coordination of CO, to transition metal frag-
ments is of considerable interest. The coordina-
tion of CO,to transmon metals may | involve nl-
0, n*-C, or »>C,0 bonding. The »*-C, or n*
CO coordination with both early and late
transition metal complexes are known. The
ancillary ligands on the metal can play a
significant role in effecting coordination of CO,
to the metal center. Here we report a theoretical
study of coordination modes of carbon dioxide to
palladium complexes. The theoretical geometry
and energies of a series of phosphine-substituted
palladium carbon dioxide complexes, (PR),
Pd(CO,), were investigated. The phosphine
ligands included PH;, PMes, PCys;, PMesPh,
PMePh,, PPhs, P(OCHs)3, P(CH=CH,)3, PFs;,
PCls, and PBri. The electron-rich (PRs),Pd
fragments can act as Lewis bases towards
the CO, molecule. We have examined the
phosphine ligand influence on the electron
densny of the palladium center. In all cases the
17°-C,0 bonding mode was lowest in energy. The
interaction between metal fragment and CQ
frontier orbitals will be presented in order to
provide an understanding of Pd—CG; bonding.
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INTRODUCTION

Transition metal C@complexes have drawn much
attention because coordination to transition metal
complexes is expected to activate the inert,CO
molecule to undergo subsequent fixation into
organic substances. The interaction of £O@ith
transition metal complexes has been extensively
studied in the past two decadeShis gave rise to a
number of transition metal complexes and pro-
duced a variety of chemical transformations,
including insertion, dimerization, and dispropor-
tionation reactions.

The first reports on the coordination of ¢@
transition metal centers came from Vol'géal. in
196F and Jolly et al. in 19712 At that time,
however, the information of the binding mode of
the CQ ligand was very scarce. The G@olecule
is linear with a negative partial charge on the
oxygen atoms and a positive partial charge on the
carbon center. This polarization allows for different
interactions with potential coordination centers in
metal complexes. There are three maln types of
interaction with a mononuclear centen? CO
coordination (), #*-C coordination ), or #*-O
end-on coordinatlonllq ). CO, can also act as a
bridging ligand in bimetallic complexes; however,
this mode will not be discussed in this paper.
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Carbon dioxide can act as a-Lewis acid,
part|cularly if the coordination to the metal occurs
via then side-on mode or via the central carbon in
the n*-C mode. In this case an electron-rich metal
fragment donates electrons to the* lowest
‘Jnoccupied molecular orbital (LUMO) of the GO

igand, resulting in a bent O—C—O geometry.
These two bonding modes were confirmed in the
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structuraIchharacterrzeatompIexesNr(PCyg)z(n -
C0,),*andRh(diars)(Cl)(*-C0,).° The*-O end-
on bonding mode will not likely involve the n*
LUMO and should give a linear O—C—O
geometry; however,no X-ray data are currently
available for this bonding mode. A few reports
claimthecharacterizationf stableadductswith -
O coordination;one suchexampleinvolved a gas-
phaseand matrrx isolationstudyof the W(CO)(O-
CO) complex®

Computationaland molecularorbital studiesof
complexescontaininga CO, ligand canleadto a
betterunderstandingf CO, coordinationto transi-
tion metalsandseveralcomputationaktudieshave

Figure 1 PMS3-optimizedstructurerevealingthe coordination
mode for the CO, ligand in the [PCH=CH,);3],Pd (CO,)
complex.
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beenreportedRecently ahightheoreticalevel has
beenusedto modelthecoordrnatronNrth (PH3)2N|
showing strong preferencefor the 5?-C,0 mode!
Herein we report the study of the analogous
(PRs),Pd fragment and its interaction with CO,
(PRs = PHs, PMe&;, PCy;, PMePh, PMePh, PPh,
P(OCH)s, P(CH=CHy,)s, PF;, PCkL, andPBrs).

COMPUTATIONAL METHODS

The minimal valencebasissetof atomicfunctions
wasusedfor all atomswith PM3andthe DN* basis
wasusedin the DFT/SVWN calculationsRelative
energieswere obtainedfrom geometryoptimiza-
tionsfor PM3 calculationsandsingle point energy
calculationswere usedfor DFT methodsusingthe
PM3 geometries. Starting geometries included
tetrahedralphosphorusentersand trigonal planar
or squareplanarpalladiumcenters.The programs
PC SPARTAN Plus or Pro (Wavefunction,Inc.)

were employedto performall theoreticalcalcula-
tions. An energydecompositioranalysiswasused
to calculate a bonding energy (BE) in the

(PH).Pd(CQ) complexes, Eqns [1]-[3]. The

interactionenergy(INT) is relatedto the stabiliza-
tion energyresultingfrom the coordinationof the

distortedCO, and (PHs),Pd fragments.The defor-
mation energy (DEF) is the energy required to

distort the CO, molecule to the bent geometry
observedn the coordinationcomplexes.

INT = E[(PH;),Pd CO,)] — E[(PHs),Pd—
E[COZ]distort [1}
DEF = E[COZ]distort - E[COzhmear [2}
BE = INT + DEF 3]
DISCUSSION

The heatsof formation obtainedfrom the PM3
calculationswere used to comparethe relatlve
stabllrtyofthethreedrfferentbondrngmodesn -0
end-on,;*-C, or »?-C,0 side-on,of CO, to several
(PRs),Pd fragments As antlcrpatedfor the elec-
tron-rich metal center,the bonding #-C,0 mode,
Fig. 1, was the lowest energy structure for all
phosphinestudiedin this report. Table 1 lists the
relative energiesfor the three different bonding
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Table 1 Comparisorof relative energiegkcal mol™%)
for the different bonding modes in (PRs),Pd(CQ)
complexesrom PM3 calculations

Table 2 Energydecompositioranalysis,seetext, for
the interactionof (PHs),Pd and CO, in three different
bondingmodes

(PRe)2Pd(CQ) n’<(C0) nC 'O (PHg)PA(CQ)  #*(C0)  n*-C -0
(PH3),Pd(CQ) 0 117 40 BE —73 +14 _33
(PMey),Pd(CQ) 0 91 31 DEF +57 +37 +1
(PMe,Ph),Pd(CQ) 0 88 69 INT -130 -23 —34
(PMePh),Pd(CQ) 0 87 69

(PPh),Pd(CQ) 0 88 64

[P(CHCH,)3].Pd(CQ) 0 85 68

[P(OMey)3],Pd(CQ) 0 102 74

EE(F?SZP%&%) 8 122 1%2 experimentally isolated #*-O end-on or n'-C
(PBr3),Pd(CQ) 0 58 9 complexes.

modesa55|gn|ngheIowestenergym eachseriesas
0.0kcal mol™*. The #*-C bonding mode was
calculatedasthe leaststablecomplexwithin each
serieslt shouldbe mentionedhatwe did not force
a charge transfer complex in modeling these
complexes.Theseresults agreewith the lack of

PM3

LUMO

An energy decompositionanalysis was per-
formed to determineBEs in the (PHs),Pd com-
plexes.The energyEqistort of adistorted,bentCO,
ligand was included in the evaluation. The BE
results,Table2, showthe,?-C, Omodeasthemost
negativeenergyat —73. Okcal mol W|th then’-0O
mode at —33. lkcal mol~* and the #*-C modeat
+13.9kcal mol~*. Although the distortion energy
is highest for the bent CO, in the »*>C,0
coordination, the stabilization energy more than

DFT

Figure 2 Frontiermolecularorbitalsfor the [PCH=CH,)3],Pd fragmentcomparingthe PM3 and DFT calculations.
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compensates.These energies do not rule out
equilibria that may eX|st betweenbondlng modes.
The conversionfrom #2-C,0 to the »*-O modein

(PCyg)de(CC%g hasbeenillustratedby the coales-
cenceof the P NMR signals that exist below
200K to onesignalabove240K.®

Tounderstandhepreferencdor then?-C,Oside-
on bonding,partial chargesandfrontier molecular
orbitals were evaluated.Initial coordinationmay
involve the donationof electrondensityfrom CO,
to a palladium-centeredlUMO. The palladium
fragment_UMO, Fig. 2, fromthePM3calculations
is not of the propersymmetryfor a dative o-bond
via donationfrom the CO, ligand. The higher-level
DFT calculations did produce an appropriate
palladium fragment LUMO of & symmetry.
However, the Mulliken partial charge on the
palladium center in the (PRs),Pd fragmentsis
negative.This should result in a greaterelectro-
static repulsionwith the partial neclgativeoxygen
atomshindering the formation of #~-O coordina-
tion.

The electron-rich palladium fragments were
expectedto show metal-to- Ilgandn bondingwith
the CO, LUMO, favoring the 5*C,0O side-on
coordination Examinationof the highestoccupied
molecularorbital (HOMO) orbital, Fig. 2, on the
C,, palladiumfragmentrevealsa b, orbital thatis
appropriatefor n-back-bondingwith the C—O n*
molecularorbital to form asquareplanargeometry.
The calculated C—O bond orders and the bent
geometryagreewith this z-bonding.For example,
thecalculatedbondordersarel.22and1.70andthe
O—C—O angleis 123.5° in the (PHs),Pd(CQ)
complex.Lastly, we evaluatedDFT eigenvaluesof
the frontier orbitals and have compared the
(PHs)-Pd energieswith the nickel analog. Both
palladiumandnickelHOMOsarecloserto the CO,
LUMO, <3eV, than the metal-centered UMOs
are to the =-MO of carbondioxide,> 9eV. We
havefound that the orbital energydifferencesare
lower for nickel complexes.This agreeswith the

Copyright© 2001JohnWiley & Sons,Ltd.

relative ease of preparation of the Ni—CO,
coordinationcomplexes.

CONCLUSION

The moststablebondingmodefor (PR3)2Pd(CQ)
complexesvascalculatedo bethe ?-C,0O side-on
mode.Thisis supportedy frontier MOs from PM3
and DFT calculationswhere the metal-centered
HOMO mteractSWlth the n* LUMO of COz The
preferenceof n?-side-onmode over the 5*-C and
n*-O modesis independenbf the basicityandthe
bulkinessof the phosphineligands; however the
relative energydifferencesdo change The #%-CO,
modeis expectedn neutralL,M—CO, coordina-
tion complexesvhereM is an electron-richmetal.

Acknowledgements We acknowledgethe National Science
Foundation,ACS PetroleumResearchFund, SoutheastMis-

souri StateUniversity and the University of Southernindiana
for their financial support.

REFERENCES

1. Leitner W. Coord.Chem.Rev.1996;153 257.

2. Vol'pin ME, Kolomnikov IS, Lobeera TS. Izv. Akad.Nauk
SSSRSer.Khim. 1969; 20.

3. Jolly PW, JonaskK, Kruger C, Tsay Y-H. J. Organomet.
Chem.1971;33: 109.

4. ArestaM, Nobile CF, Albano VG, Forni E, Manasserd/. J.
Chem.Soc.Chem.Commun1975;636.

5. CalabreselC, Herskovitz T, Kinney JB. J. Am. Chem.Soc.
1983;105 5914.

6. PidunU, FrenkingG. Organometallics1995;14: 5325.

7. SakakiS, Koga N, MorokumaK. Inorg. Chem.1990; 29:
3110.

8. Aresta M, Gobetto R, QuatarantaE, Tommasil. Inorg.
Chem.1992;31: 4286.

Appl. OrganometalChem.2001; 15: 95-98



