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Activation of the relatively inert CO 2 molecule
to form higher organic molecules has been a
focus of research for many years. Therefore, the
coordination of CO2 to transition metal frag-
ments is of considerable interest. The coordina-
tion of CO2 to transition metals may involveh1-
O, h1-C, or h2-C,O bonding. The h1-C, or h2-
C,O 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 CO2
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, (PR3)2
Pd(CO2), were investigated. The phosphine
ligands included PH3, PMe3, PCy3, PMe2Ph,
PMePh2, PPh3, P(OCH3)3, P(CH=CH2)3, PF3,
PCl3, and PBr3. The electron-rich (PR3)2Pd
fragments can act as Lewis bases towards
the CO2 molecule. We have examined the
phosphine ligand influence on the electron
density of the palladium center. In all cases the
h2-C,O bonding mode was lowest in energy. The
interaction between metal fragment and CO2
frontier orbitals will be presented in order to
provide an understanding of Pd—CO2 bonding.
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INTRODUCTION

Transition metal CO2 complexes have drawn much
attention because coordination to transition metal
complexes is expected to activate the inert CO2
molecule to undergo subsequent fixation into
organic substances. The interaction of CO2 with
transition metal complexes has been extensively
studied in the past two decades.1 This 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 CO2 to
transition metal centers came from Vol’pinet al. in
19692 and Jolly et al. in 1971.3 At that time,
however, the information of the binding mode of
the CO2 ligand was very scarce. The CO2 molecule
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 main types of
interaction with a mononuclear center:Z2-C,O
coordination (I ), Z1-C coordination (II ), or Z1-O
end-on coordination (III ). CO2 can also act as a
bridging ligand in bimetallic complexes; however,
this mode will not be discussed in this paper.

Carbon dioxide can act as ap-Lewis acid,
particularly if the coordination to the metal occurs
via theZ2 side-on mode or via the central carbon in
the Z1-C mode. In this case an electron-rich metal
fragment donates electrons to thep* lowest
unoccupied molecular orbital (LUMO) of the CO2
ligand, resulting in a bent O—C—O geometry.
These two bonding modes were confirmed in the
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structurallycharacterizedcomplexesNi(PCy3)2(Z
2-

CO2),
4 andRh(diars)2(Cl)(Z1-CO2).

5 TheZ1-O end-
on bonding mode will not likely involve the p*
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
claimthecharacterizationof stableadductswith Z1-
O coordination;onesuchexampleinvolved a gas-
phaseandmatrix isolationstudyof theW(CO)5(O-
CO) complex.6

Computationaland molecularorbital studiesof
complexescontaininga CO2 ligand can lead to a
betterunderstandingof CO2 coordinationto transi-
tion metalsandseveralcomputationalstudieshave

beenreported.Recently,ahightheoreticallevelhas
beenusedto modelthecoordinationwith (PH3)2Ni,
showingstrongpreferencefor the Z2-C,O mode.7

Herein we report the study of the analogous
(PR3)2Pd fragment and its interaction with CO2
(PR3 = PH3, PMe3, PCy3, PMe2Ph,PMePh2, PPh3,
P(OCH3)3, P(CH=CH2)3, PF3, PCl3, andPBr3).

COMPUTATIONAL METHODS

The minimal valencebasissetof atomicfunctions
wasusedfor all atomswith PM3andtheDN* basis
wasusedin theDFT/SVWN calculations.Relative
energieswere obtainedfrom geometryoptimiza-
tions for PM3 calculationsandsinglepoint energy
calculationswereusedfor DFT methodsusingthe
PM3 geometries. Starting geometries included
tetrahedralphosphoruscentersand trigonal planar
or squareplanarpalladiumcenters.The programs
PC SPARTAN Plus or Pro (Wavefunction,Inc.)
were employedto perform all theoreticalcalcula-
tions.An energydecompositionanalysiswasused
to calculate a bonding energy (BE) in the
(PH3)2Pd(CO2) complexes, Eqns [1]–[3]. The
interactionenergy(INT) is relatedto thestabiliza-
tion energyresultingfrom the coordinationof the
distortedCO2 and(PH3)2Pd fragments.The defor-
mation energy (DEF) is the energy required to
distort the CO2 molecule to the bent geometry
observedin thecoordinationcomplexes.

INT � E��PH3�2Pd�CO2�� ÿ E��PH3�2Pd�ÿ
E�CO2�distort �1�

DEF� E�CO2�distortÿ E�CO2�linear �2�
BE� INT � DEF �3�

DISCUSSION

The heatsof formation obtained from the PM3
calculations were used to compare the relative
stability of thethreedifferentbondingmodes,Z1-O
end-on,Z1-C, or Z2-C,O side-on,of CO2 to several
(PR3)2Pd fragments.As anticipatedfor the elec-
tron-rich metal center,the bondingZ2-C,O mode,
Fig. 1, was the lowest energy structure for all
phosphinesstudiedin this report.Table1 lists the
relative energiesfor the three different bonding

Figure 1 PM3-optimizedstructurerevealingthecoordination
mode for the CO2 ligand in the [PCH=CH2)3]2Pd (CO2)
complex.
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modes,assigningthelowestenergyin eachseriesas
0.0kcal molÿ1. The Z1-C bonding mode was
calculatedas the leaststablecomplexwithin each
series.It shouldbementionedthatwe did not force
a charge transfer complex in modeling these
complexes.Theseresults agreewith the lack of

experimentally isolated Z1-O end-on or Z1-C
complexes.

An energy decompositionanalysis was per-
formed to determineBEs in the (PH3)2Pd com-
plexes.TheenergyEdistort of a distorted,bentCO2
ligand was included in the evaluation.The BE
results,Table2, showtheZ2-C,Omodeasthemost
negativeenergyatÿ73.0kcal molÿ1 with theZ1-O
modeat ÿ33.1kcal molÿ1 and the Z1-C modeat
�13.9kcal molÿ1. Although the distortion energy
is highest for the bent CO2 in the Z2-C,O
coordination, the stabilization energy more than

Table 1 Comparisonof relativeenergies(kcal molÿ1)
for the different bonding modes in (PR3)2Pd(CO2)
complexesfrom PM3 calculations

(PR3)2Pd(CO2) Z2-(C,O) Z1-C Z1-O

(PH3)2Pd(CO2) 0 117 40
(PMe3)2Pd(CO2) 0 91 31
(PMe2Ph)2Pd(CO2) 0 88 69
(PMePh2)2Pd(CO2) 0 87 69
(PPh3)2Pd(CO2) 0 88 64
[P(CHCH2)3]2Pd(CO2) 0 85 68
[P(OMe3)3]2Pd(CO2) 0 102 74
(PF3)2Pd(CO2) 0 159 118
(PCl3)2Pd(C2) 0 66 23
(PBr3)2Pd(CO2) 0 58 9

Figure 2 Frontiermolecularorbitalsfor the [PCH=CH2)3]2Pd fragmentcomparingthe PM3 andDFT calculations.

Table 2 Energydecompositionanalysis,seetext, for
the interactionof (PH3)2Pd and CO2 in threedifferent
bondingmodes

(PH3)2Pd(CO2) Z2-(C,O) Z1-C Z1-O

BE ÿ73 �14 ÿ33
DEF �57 �37 �1
INT ÿ130 ÿ23 ÿ34
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compensates.These energies do not rule out
equilibria that may exist betweenbondingmodes.
The conversionfrom Z2-C,O to the Z1-O modein
(PCy3)2Pd(CO2) hasbeenillustratedby thecoales-
cenceof the 31P NMR signals that exist below
200K to onesignalabove240K.8

To understandthepreferencefor theZ2-C,Oside-
on bonding,partial chargesandfrontier molecular
orbitals were evaluated.Initial coordinationmay
involve the donationof electrondensityfrom CO2
to a palladium-centeredLUMO. The palladium
fragmentLUMO, Fig.2, from thePM3calculations
is not of the propersymmetryfor a datives-bond
via donationfrom theCO2 ligand.Thehigher-level
DFT calculations did produce an appropriate
palladium fragment LUMO of a1 symmetry.
However, the Mulliken partial charge on the
palladium center in the (PR3)2Pd fragments is
negative.This should result in a greaterelectro-
static repulsionwith the partial negativeoxygen
atomshindering the formation of Z1-O coordina-
tion.

The electron-rich palladium fragments were
expectedto show metal-to-ligandp-bondingwith
the CO2 LUMO, favoring the Z2-C,O side-on
coordination.Examinationof the highestoccupied
molecularorbital (HOMO) orbital, Fig. 2, on the
C2v palladiumfragmentrevealsa b2 orbital that is
appropriatefor p-back-bondingwith the C—O p*
molecularorbital to form asquareplanargeometry.
The calculatedC—O bond orders and the bent
geometryagreewith this p-bonding.For example,
thecalculatedbondordersare1.22and1.70andthe
O—C—O angle is 123.5° in the (PH3)2Pd(CO2)
complex.Lastly,weevaluatedDFT eigenvaluesof
the frontier orbitals and have compared the
(PH3)2Pd energieswith the nickel analog. Both
palladiumandnickelHOMOsarecloserto theCO2
LUMO, <3 eV, than the metal-centeredLUMOs
are to the p-MO of carbondioxide,> 9 eV. We
havefound that the orbital energydifferencesare
lower for nickel complexes.This agreeswith the

relative ease of preparation of the Ni—CO2
coordinationcomplexes.

CONCLUSION

The moststablebondingmodefor (PR3)2Pd(CO2)
complexeswascalculatedto betheZ2-C,Oside-on
mode.This is supportedby frontierMOsfrom PM3
and DFT calculationswhere the metal-centered
HOMO interactswith the p* LUMO of CO2. The
preferenceof Z2-side-onmodeover the Z1-C and
Z1-O modesis independentof the basicityandthe
bulkinessof the phosphineligands; however,the
relativeenergydifferencesdo change.TheZ2-CO2
modeis expectedin neutralLnM—CO2 coordina-
tion complexeswhereM is anelectron-richmetal.
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