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Drent et al. Chem. Commur2002 9, 964] have recently shown that a neutraH®)Pd(ll) catalyst
based om-alkoxy derivatives of diphenylphosphinobenzene sulfonic aki#l ¢an perform nonalternating
COIGH, copolymerization in which the resulting polyketone can have one or more subsequent ethylene
units. We have analyzed this catalyst by comparing it to a cationic palladium catalysE)fe(I1)']
(10, (P—P) = dppp = PhP—(CH);—PPh, that affords polyketones with strictly alternating CO and
C.H,4 units. We have also investigated a derivati¥b)(of 1ain which theo-methoxy substituents were
replaced by a-isopropyl group in order to investigate whether increasing the steric bulk enhances the
degree of nonalternation.

Introduction ’/\l
R
The coordination copolymerization of ethylene with polar @\@ ©\ p /p/@
d

monomers is currently a subject of considerable industrial and P o%b

commercial interest:!! To date the most successful polar \Pd/

coordination copolymerization process involves CO and ethyl- R

ene? The product is polyketone with strictly alternating CO and

ethylene units. The catalysts developed for this process by Sen, :z'_';zggj’ 1e

Drent!! and Brookhartare all cationic and Pd(ll) based. They

have in addition for the most part two equivalent chelating (neutral) (cationic)

nitrogen and_ phosphorus atoms attached to the Pd(ll) anter'Figure 1. Schematic view of the nonalternating Drent system with
Drent has in a recent development shown that there exists 8-methoxy (@) and o-isopropyl (Lb) groups and the strictly

neutral Pd(ll)-based complex with unsymmetrical chelating ajterating palladium catalystg.

ligands that can copolymerize ethylene and CO in a nonalter-

nating fashion where two or more ethylenes are inserted gxamined the influence of the steric bulk from the two

subsequently into the polyketone chain. Figure la depicts &, methoxy-substituted phenyl groups on the ability of the Pd-

neutral Pd(ll)-based Drent catalystontaining an anionic  (qnhs) system in Figure 1a to produce nonalternating polyke-

o-methoxy-substituted diphenylphosphino-based sulfonate (dp-(onesis|t was shown that the steric bulk prevents the formation

pbs) co-ligand with an asymmetric {R) che_latlng I|gan(_j. of chelate bonds between carbonyl oxygens of the polyketone
The new Drent catalyst has been the subject of considerablecpain and the metal center. The reduction in metal coordination

experimentdf and theoretica? interest, as the new polyketones .1 o< it possible for decarbonylation of an acyl group to take

produced might eXh'b't wnproved thgrmal Stab'“ty while reta".“' place. If the subsequent insertion now is by ethylene rather than
ing the excellent engineering properties of the strictly alternating CO, a nonalternating chain has been formed

olyketones. We have in a previous computatibhatud . . S .
poly P P y We shall in the presented investigation extend our analysis
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Pd(Il) + dppbs ligand Pd(ll) + dppp ligand

T University of Calgary. given in Figure la with traditional symmetrical and cationic
zjag'e”o.r“a” University. catalysts producing strictly alternating polyketones. The cationic
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the symmetrical PP versus asymmetricaH®O chelation. We leading to the formation of Pdalkyl (B — TS-3— A) or Pd—
shall finally comment on the role of tremethoxy substituents.  acyl (C— TS-1— D) complexes. As depicted in Scheme 1,
the ethylene insertion is assumed to be irreversible on the basis

Computational Details of earlier theoretical and experimental stucie¥® The CO

q ) . insertion into the Pealkyl bond (C— TS-1 — D) was

. tStruc(th_mtes ?n ther)erg|et_s ct>f dreact?nts, ttrﬁnsmon statebst, _anddoriginally thought to be irreversible; however, our recent

intermediates for the Investigated reaction paiiways Were obtaiN€dy,  , atica) studiéd have shown that decarbonylation also might

from density functional calculations using the Amsterdam Density . ) :

. - be important. Accordingly, the decarbonylation process<D
Functional (ADF) program packag&To allow for a comparison TS-1-- C) is taken into account in Scheme 1. To complete the
with our published results oba, the methodology adopted here is . - - : P

alternating cycle, the palladium center in the-Rayl complex

the same as the one employed in ref 13. Thus, all stationary points; . -
were optimized without any geometry constraints using the INteracts with either CO or ethylene to form the-Fatyl/CO

procedure developed by Versluis and Ziedfét? Use was made (D — F) or the Pé-acyl/GHa (D — E) complexes, which are

of the local density approximation augmented with the gradient in @ dynamic equilibrium with each other. Contrary to the-Pd
corrections due to Becke (exchange) and Perdew (correl@tidh) ~ acyl/CO complex that forms a resting state, the-Bdyl/GHa

for both energies and structures. A triple STO basis set with Moiety is a precursor complex for the migratory insertion of
polarization function was employed for Pd, while all other atoms the ethylene molecule into the Pdcyl bond (E— TS-2—
were described by a doubleplus polarization STO basis. The A), yielding a strictly alternating polyketone. It must be
frozen core approximation was employed for the 1s electrons of emphasized that the possibility for CO insertion into the-Pd
the C and O atoms, up to and including the 2p of the P and S acyl bond that would lead to consecutive CO units within the
atoms and the 3d electrons of Pd. Finally, first-order scalar formed copolymer chain is neglected on the basis of earlier
relativistic corrections were added to the total energy of the theoretical studied® 30

systent4~2 For the cationic systeric use was made of a QM/ The presented mechanism has been analyzed with the use of
MM method” in which the phenyl groups on phosphorus were our previously reported kinetic expression for the ratio of global

replaced by hydrogen atoms in the QM region but represented by yates for nonalternating,, and alternating pathwayg; 13
a Sybyf® force field in the MM region. This approach will be

validated by extensive comparison to experimiént! The ap-
proximate reaction paths were evaluated by a linear transit method
with the chosen reaction coordinate being the distance between the
a-carbon of the growing polymer chainca C of thecoordinated

monomer. hi . . f . hich h
In QM/MM studies, the atoms in the MM region were ap- This equation consists of two main components, whic ave

proximated by the Sybyl force field. been discussed in detail elsewh&tdriefly, the first one is
the original expression by Brookhart

Ma k'CzH4 [CH,] El K4kc2H4[C2H4]

ra | ko [COI K, K4kCZH4[CgH4]+kco_l

na

@)

Results and Discussion ,

. . . . I’na kczH4 [C2H4] Kl
Kinetic Scheme.The mechanism of COA#El, copolymeri- I = co K =Fg

zation is presented in Scheme 1, and it involves two main a  keo [COJ Ky

competing cycles: the nonalternating (A B — TS-3) and . .

the strictly alternating (A~ C — TS — 1— D — E — TS-2) developed by assuming that the degree of alternation can be
one. explained in terms of the competition between CO and ethylene

Both cycles are initiated by the formation of CO and ethylene inser.tion into the Petalkyl bond without considering decarbo-
complexes with the Pdalkyl species in a pre-equilibrium step ~ nylation, wherer;, = kcd[C].
(A — B and A — C, respectively). Next, the generated  1he second part of eq 1,
complexes undergo migratory insertion into the-fatkyl bond,

)

Kk [CoH]
(14) Doherty, S.; Robins, E. G.; Nieuwenhuyzen, M.; Champkin, P. A.; Fcor = 1 (3)
Clegg, W.Organometallics2002 21, 4147-4158. K4kc2H4[C2H4] + kco
(15) Shultz, C. S.; Ledford, J.; DeSimone, J. M.; Brookhart,JMAm.
Chem. Soc200Q 122, 6351-6356. . . . el _
(16) Fatutto, D.; Toniolo, L.; Chaudhari, R. \Catal. Today1999 48, is a function of the following rate and equilibrium coefficients:
49-56. « the rate of decarbonylatiokdo™1);

Ch(eln71) Ie%gizoclJ%iLA;nggkgfiz' 084'5M'; Fatutto, D.; Chaudhari, ¥ad. Eng. « the equilibrium constant for the formation of the ethylene
(18) (a) Baerends, E. J.; Ellis, D. E.; Ros,Ghem. Phys1973 2, 41. complex E from D and free ethenk4);

(b) Baerends, E. J.; Ros, BEhem. Phys1973 2, 52. (c) te Velde, G; « the rate of insertion of ethylene into the Palcyl bond of

Baerends, E. JJ. Comput. Phys1992 99, 84-98. (d) Fonseca, C. G,; E (KepHy)-

Visser, O.; Snijders, J. G.; te Velde, G.; Baerends, E. Méthods and 24

Technigques in Computational ChemisttMETECC-95; Clementi, E., It _indicates th"?‘t nonalternation in. eq 1 can be.enhanced
Corongiu, G., Eds.; STEF; Cagliari, Italy, 1995; p 305. provided thatF¢ is large enough. This can happen if the rate
(19) Versluis, L.; IZiegIer, TJ. Chhem- Phys1988 88, 322-328. of decarbonylationkzo™%) from D is larger than the effective
8% Eggk'e;"AZ_'eDgpehrg,sT. ‘]F'QQ'R' ﬁ;s%méssggggﬁzﬁég. 10890-10897. propagation ratéske,1,[CoHa] for ethylene insertion into the
(22) Perdew, J. PPhys. Re. B 1986 34, 7406-7406. Pd—acyl bond of D. Finally, the percent nonalternation is given

(23) Perdew, J. PPhys. Re. B 1986 33, 8822-8824.
(24) Ziegler, T.; Tschinke, V.; Baerends, E. J.; Snijders, J. G.; Ravenek,

W. J. Phys. Chem1989 93, 3050-3056. f
(25) Snijders, J. G.; Baerends, E.Mol. Phys 1978 36, 1789. X = na 100% 4
(26) Snijders, J. G.; Baerends, E. J.; Ros\vBI. Phys 1979 38, 1909. naT 1 4 f X 0 “4)
(27) Woo, T. K.; Cavallo, L.; Ziegler, TTheor. Chem. Acc998 100, na

307—-313.
(28) Clark, M.; Cramer, R. D., lIl; van Opdenbosch,NComput. Chem (29) Margl, P.; Ziegler, TJ. Am. Chem. Sod 996 118 7337-7344.

1989 10, 982. (30) Margl, P.; Ziegler, TOrganometallics1996 15, 5519-5523.
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Scheme 1. Chain Propagation Mechanism for the CO/g@H, Copolymerization Reaction
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Experimental and Calculated Heats of Reaction and we refer to our published mechanistic studies of the reaction
Barriers of Activation. The reaction and activation energies with o-methoxy-substituted Drent catali&and the experimental
for the CO/GH, copolymerization process starting from thePd  findings of Brookhart et al® presented in Table 1.
alkyl complexes are summarized in Table 1. We compare here Before going into a detailed discussion of the results, we
calculated activation energies for CQKG insertion into the should point out that the cationic Pd(dppystem was divided
Pd—alkyl bond and GH,4 insertion into the Petacyl bond with into a QM and a MM part, while the Pd(dppbs) models were
respect to the cationic (dppp)Pctatalyst and two neutral  both treated with the full QM method. The choice of the QM/
(dppbs)Pd Drent-type catalysts. Included as well are experi- MM method in the former case is justified by the lack of
mental data due to Brookhart et'dlon (dppp)Pd. We shall electron-withdrawing or electron-donating substituents on the
in the following compare the (dppp)Pd1c) and (dppbs)Pd phenyl groups attached to the phosphorus centers in Pd(dppp)
with R = o-methoxy (a); see Figure 1. The (dppbs)Pd system therefore, their principal role is expected to be steric in origin.
(1b) with R = o-isopropyl will be discussed later. On the other hand, the substituents in ¢n#ho position on the

As the paper is intended to compare a realistic model of the phenyls in the Pd(dppbs) model catalysts can also influence the
Drent system with the considered cationief®Pd(ll)" model, electronic properties of the ligardd.
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Table 1. Activation Parameters for Monomer Insertion with Respect to the Real Cationic dppp Complex, 1c, and the Neutral
Drent Catalysts, 1a and 1b

AH* [kJ/mol] AH* [kJ/mol] AS [J/K-mol] AG* (63°C)
catalyst complex (calc) (exp) (exp) [kd/mol] (exp}
(dppp)Pd (P—P)Pd(alkyl)(CH=CH,)* 70.5 66.5 —-6.7 68.2
(P—P)Pd(acyl)(CH=CHy)* 62.1 515
(P—P)Pd(alkyl)(CO¥ 48.2 56.1
decarbonylation 86.1
(dppbs)Pdt-o-methoxy (P-O)Pd(alkyl)(CH=CH,) 73.4
(P—O)Pd(acyl)(CH=CHy) 61.3
(P—O)Pd(alkyl)(CO) 52.5
decarbonylation 312
(dppbs)Pdto-isopropyl (P-O)Pd(alkyl)(CH=CHy,) 65.9
(P—O)Pd(acyl)(CH=CH,) 62.4
(P—O)Pd(alkyl)(CO) 58.8
decarbonylation 26.1

aTaken from ref 15° Taken from ref 13.

Insertions of CO into an alkylpalladium bond and ethylene  (dppp)" system is stabilized significantly by the formation of a
into an acyt-palladium bond are the key steps in the alternating six-membered chelate (see Figure 20) with the distance between
cycle, while the concurent nonalternating path involves insertion the carbonyl oxygen from the polymer chain and the palladium
of ethylene into a palladiumalkyl species as the main center being 2.17 A. The final acyl product is some 38 kJ/mol
elementary step. The catalytic cycles are initiated by the below the precursor Pealkyl/CO complex. On the other hand
monomer coordination to the alkypalladium complexinapre-  the polyketone coordinated to the Pd(dppbs) fragment does not
equilibrium step; see Scheme 1. Looking at the energetics of form a chelate structure (see Figure 2m) as a result of the neutral
the CO and @H, complex formations it is notable that the charge of the system and the steric hindrance concentrated on
generation of the alkyl-Pd4El, complex with (P-P)Pd is the one face of the asymmetric {FD) ligand. In the same way,
only endothermic process (5.1 kJ/mol). The CO complex the acyl complex (Figure 2m) from the CO insertion lacks a
formation is exothermic in both cases33.2 and—77.4 kJ/ chelate interaction for the neutral {®) system with a PO
mol for (P-P)Pd and (PO)Pd, respectively). As for the distance of 4.55 A, whereas such an interaction is clearly present
ethylene complex with the (PO)Pd system it is exothermic  in the cationic acyl complex with-PO = 2.17 A (Figure 20).
by 31.4 kd/mol. Thus, both ethylene and CO are more strongly The coordinatively unsaturated nature of the neutrat &yl
coordinated to the (PO)Pd system. This is likely due to the complex (Figure 2m) makes it possible for the species to
lower electron density at the palladium center in the cationic decarbonylate, an option not available for the cationic coun-
(P—P)Pd complex, which will cause a lower binding energy to terpart (Figure 20) that is coordinatively saturated. We shall
the monomers as a result of reduced back-donation from metalexpand on this point in the next section.

to the ligand. By looking at the ethylene complexes with the  Factors of Importance for Rate of Alternating Copoly-
(P—P)Pd and (PO)Pd complexes as presented in Figures 2f merization. By making use of the obtained reaction energies
and 2d it is notable that in the former the monomer approach and activation barriers for the Pd(dppmystem and analyzing
occurs from the axial pOSition relative to the basal plane defined the appropriate terms in the proposed kinetic expression (eq
by the phosphorus atoms and the palladium. The orientation of 1) one can understand the factors responsible for the perfectly
the ethylene molecule relative to the basal plane is in turn gjternating copolymerization of CO andi. These data are
important for the following migratory insertion step. The compiled in Table 3. For monomer complexation energies, an
ethylene molecule in the axial position in Pd(dpppleeds to  entropy value of-27 eu was included. Entropy contributions
be reoriented before insertion into the-Radkyl bond, as itneeds  tg the activation energies were ignored, as they are known to
to displace the oxygen atom from the polymer chain interacting pe negligible in the case of intramolecular reactiéns.
with palladium prior to insertion. In the Pd(dppbs) system, the  \s oy hected, the factors that contribute to the Brookhart term
ethylene orientation is already appropriate for the following (see eq 2 for oiefinition)FB clearly exclude the possibility of
insertion, as it s situated nearly perpendicular to the basal planeethylene misinsertion in’th’e entire temperature range. The local
and the interacting species (ethylene and polymer chain) are inconcentration of Pdalkyl/CO complexes is much higher than
close proximity to react. Likewise, the coordinated CO molecule their ethylene analogues, as reflected in small values dkthe
is situated in the right fashion for the mig.ratory insertion into K, ratio. Likewise, the ra:[e of ethylene insertion into the-Pd
the Pd-alkyl bond (see Figures 2g ar_1d 21). . alkyl bond is much slower than for the CO insertion into the
Once the monomer cpmplexe_s Wltl’_l the aIkyI_ species are oo speciek ,, /kco < 1). As a consequence, the term is
formed, the monomer migratory Insertion steps into t.he P(.j very small (ca. 368), pointing to a strictly alternating distribu-
glkyl bond take place (see Figures 2j and 2| for the.CO INSertion 4 of hoth comonomers within the growing copolymer chain
Into the Pd-alkyl t?ond or 2x _alnd 2z for _the £, insertion with no detectable error. However, the correction term (see eq
Into qu—alkyl SPecies, respectively). Look!ng at the _cqmpl_Jted 2 for definition), Fcor, is quite high and increases with temper-
activation barriers for the CO and ethylene insertions it is evident ature (10 and 16 for 25°C and 106-120°C, respectively), as
that the CO insertion is favored over the ethylene insertion in a result of the unfavorable thermodynamié:s QHG:compIéx—
both cases, i.e., the cationic Pd(dppphd the neutral Pd(dppbs) ation to the Peracyl fragment K.).
catalysts. As expected, barrier heights for both processes are Thus, although the rate of decarbonylatiégg?, is slow

somewhat lower for the cationic system (by 4.3 and 2.9 kJ/mol ) . )
for CO and ethylene, respectively). After passing TS-1, the Pd- glue to the_hlgh barrier of 86 kJ/moI,_the effectlv’e rate of ethylene
insertion into the Pdacyl bond given byK4kC2HA[C2H4] is

(31) Trost, B. M.; Schroeder, G. M. Am. Chem. S08999 1216759 increasingly smaller, resulting in B, term that grows with
6760. temperature, Table 3. The factor responsible for this term is
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a) Pd-alkyl(A), 1 b) Pd-alkyl (A), 1b e) Pd-alkyl/C.H, (B}, 1b

d) Pd-alkyl/C.H, (B), 1a

g) Pd-alkyl/CO (C), 1a

1TS1,1a

m) Pd-acyl (D), 1a n) Pd-acyl (D), 1b

p) Pd-alkyl/C.H, (E), 1a r) Pd-alkyl'C.H, (E). 1b
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X TS3, 1a y)TS3, 1b
1)T5-2,1a U TS2, 1b ;

Figure 2. Optimized geometries of all the stationary points on the potential energy surface for theHz©dPolymerization process with

la (Pd(dppbs}-methoxy),1b (Pd(dppbs}isopropyl), andlc (Pd(dppp)) complexes. Appropriate atoms are differentiated by the color

and size of the spheres: palladium (large, dark gray); phosphorus (medium size, light gray); sulfur (medium size, yellow); oxygen (medium
size, red); carbon (medium size, blue), and hydrogen (small, white). For clarity, all atoms within the bulky groups at phosphorus centers
are white.

Table 2. Monomer Binding Energies for the Real Pd(dppp) Complex, 1b, and the Neutral Drent Catalyst, 1la

AH? [kd/mol] AG?° [kd/mol] AH?° [kd/mol]
catalyst complex (calc) (exppP (exp)
(dppp)Pd (P—P)Pd(alkyl)/(CH=CH,)* 5.1 220 -19.0°
(P—P)Pd(acyl)/(CH=CH,)* —25.2 16.8 —24.9
(P—P)Pd(alkyl)/(CO¥ -33.2 16.2 —-25.0'
(P—P)Pd(acyl)/(CO) —35.6 —4.9 —45.9
(dppbs)Pdto-methoxy (P-O)Pd(alkyl)/(CH=CHy,) —31.#
(P—O)Pd(acyl)/(CH=CHb,) —73.0
(P—O)Pd(alkyl)/(CO) —77.4
(P—O)Pd(acyl)/(CO —99.F
(dppbs)Pdto-isopropyl (P-O)Pd(alkyl)/(CH=CHy,) -18.2
(P—O)Pd(acyl)/(CH=CHy) 775
(P—O)Pd(alkyl)/(CO) —74.8
(P—O)Pd(acyl)/(CO —~134.6
aTaken from ref 15 Taken from ref 17¢ Taken from ref 139 Estimated by assumingS® = —27 cal/(motK) 1.
Table 3. Analysi® of Nonalternation in CO/C2H, absent. In addition with rising temperaturiés will diminish
Copolymerization Catalyzed by the Real Cationic Pd(dpppy due to the dissociation entroppS’. The rate by whichK,
System? 1c diminishes with temperature will depend on the value adopted
T Ky/ Kep!  Kx Fadx Feofx X for AS’. We note on the other hand tf_ia,gm i_s nearly_the same
[°C] Kfx 10 keefx 104 1B 10 106 calcd exptl for la and 1c, as they have similar insertion barriers of 62.1
25 0.195 1.239 4.07 0.019 0.026 50104 105 kJ/mol (lC) and 61.3 kJ/moIIa), respectlvely.
1‘138 g-g? ;-ﬁg 8-22 i-ggg ;-ﬁg gg Utilizing the calculated kinetic and thermodynamic data for
120 816 109 035 7016 3170 18.2 1c, Tables 1 and 2, in conjunction with the kinetic expressions

A ) L ) ) of eqs 4 makes it now possible to get the degree of
Reaction conditions according to Drent et'a0 bar of CO; 30 bar of 1 lternationk,s as a function of temperature for the cationic

CzH4; 0.04 mmol (9 mg) of Pd; solvent MeOH (100 mL). Solubilities of . 4
ethene and CO in methanol from Henry's law constants of the comonomers SyStemlc. We predict for 25°C an X, value of 5x 1074, in

in methanol at 90°C reported by Vavasori et &f. b For definition of excellent agreement with the experimental value of®%10
diffef?m components see egs 3. © Seelc of Figure 1.9 See eq 2¢ See However, with increasing temperature the degree of nonalter-
eq 3." See eq 49 Experimental value from ref 15. nation is predicted to rise to 18% at 12C@. Although no

experimental values are available, the estimate might be
the complexation constai from coordination of ethylene to  exaggerated due to difficulties with estimating. However,
the cationic complexc. It is small, as ethylene must displace qualitativelyX,, should rise withT. We shall return to the point
the chelate bond between the ketone oxygen and Pd (Figureshortly.
2m), and further diminishes with steric bulk and the positive Factors of Importance for Rate of Nonalternating Copo-
charge on théb model, which reduces back-donation. Itis thus lymerization. Utilizing the activation and reaction data for the
not surprising that the Peethylene bond is some 48 kJ/mol  o-methoxy-substituted Drent systefrg, we are provided with
stronger in the neutral compléb (Figure 2p), where the back-  factors of importance for the rate of nonalternation, listed in
donation is more dominant and an internaH®@l chelate bond Table 4. These data were already published elsewhfenela
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Table 4. Analysi® of Nonalternation in CO/C,H4
Copolymerization Catalyzed by the Real Pd(dppbs)
(with o-methoxy groups), 1a

Haras et al.

Table 5. Analysi® of Nonalternation within CO/C ;H,4
Copolymer Obtained with Use of the Real Drent’'s Catalyst
(with o-isopropyl groups), 1b

f f
T Ka/ ke Fpd x  Feof X Xha T Ki/ ke Fed x  Feof X Xha
[°C] Kfx 107 ke x 108 Ke  10° 1077 cald  expt® [°C] Kfx 10 kéol! Ke 100 107 calcd exptl
25 0.09 0218 6.4 0.01 005 7510 25 0012 0.054 59.2 0.003 0.066 341103
100  3.66 1187 002 343 149 49 47 100 119 0097 0111 914 1865 146
110 5.39 1415 001 602 212 11.3 7.3 110  1.92 0103 0058 1564 2637 29.2 18.3
120 7.78 1.672 0.006 100 3.0 233 11.0 120 3.02 0109 0031 2604 3.664 48.8

aReaction conditions according to Drent et’s20 bar of CO; 30 bar of
CyHg4; 0.04 mmol (9 mg) of Pd; solvent MeOH (100 mL). Solubilities of

aReaction conditions according to Drent et’a20 bar of CO; 30 bar of
CzoHg4; 0.04 mmol (9 mg) of Pd; solvent MeOH (100 mL). Solubilities of

ethene and CO in methanol from Henry’s law constants of the comonomers ethene and CO in methanol from Henry's law constants of the comonomers

in methanol at 9C°C reported by Vavasori et &. P For definition of
different components see eqs-3. ¢ Seela of Figure 1.9 See eq 2¢ See
eq 3.fSee eq 49 Experimental value from ref 1.

but are repeated here for comparison with the catalyst (dppp)-

Pd", discussed in the previous section.

Similar to the Pd(dppp)catalyst, theo-methoxy-substituted
Drent system 1a) appears to be a strictly alternating one at
low temperature, but its chances for ethylene misinsertion rise
to ca. 20% with temperature. Surprisingly, the amount of double
ethylene units is only slightly improved compared 1.
Analyzing the individual factors of eq For is an order of
magnitude smaller than fdkc due to a strong preference for
the formation of the Pealkyl/CO complexes. Again, the term
is effectively balanced by (see eq 3), which depends on
the competitions between decarbonylation of the—&cyl
complex and the ethylene migratory insertion into the-Bityl
bond. Contrary to Pd(dppp) this behavior is caused by the
strong destabilization of the Pdicyl complex shown in Figure
2m. Now, the Peracyl moiety lies 21.3 kJ/mol above the
precursor Petalkyl/CO complex, and its characteristic feature
is lack of any chelating interaction; the copolymer chain is

in methanol at 9C°C reported by Vavasori et &. P For definition of
different components see eqgs-a. ¢ See 1b of Figure 19 See eq 2¢ See
eq 3.f See eq 49 Since there are no experimental datatby experimental
values from ref 1 for the-isopropyloxy-substituted Drent system are quoted.
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Figure 3. Degree of nonalternation within the CQHL, copolymer
chain vs entropy at 100C for thela and 1c systems.

barrier for the process is markedly reduced¥brcompared to
la(by 7.5 kJ/mol) andLc (by 4.6 kJ/mol), thus increasing the
chances for ethylene misinsertionib. Moreover, the barrier
height for the competing CO insertion is increased (by 6.3 and

oriented in the same way as the polymer chain attached to thel0.6 kJ/mol forla and 1c, respectively) and the barrier of

precursor Petalkyl/CO complex with the distance between its
carbonyl oxygen and palladium 4.55 A. The destabilized Pd

decarbonylation is enhanced compared.éo(by 5.1 kJ/mol).
On the other hand neithé&g,n, nor K4 differ much betweeria

acyl complex is shown to easily decarbonylate, as the barrier and 1b.

for the process is very low, ca. 31 kd/mol, compareddoca.
86 kJ/mol (see Table 1).

It would appear that the high rate of decarbonylatikeo)f
for 1a compared tdlc qualitatively is the explanation for the
high degree of nonalternation observed for the Drent catalyst.
However, quantitatively.or is only 1 order of magnitude larger
for 1a (Table 3) than forlc (Table 4). The reason for this is
that the lack of chelating PeO bond in the neutral acyl complex
(Figure 2m) not only accelerates the rate of decarbonylation
but also increases the degree of ethylene complexafigragd
thus the rateK4kc,n,[C2H4]) of ethylene insertion into the Pd
acyl bond. The increase My, andF¢o, one would expect due
to ko4, is thus reduced by a corresponding increaskinlt
should be noted that the olefin complexation to the-Bdyl
complex is stronger (48 kJ/mol) tta compared td.c not only
due to the lack of a competing P@ bond but also due to a
larger metal-to-ethylene back-donation in the neutral complex.

The Isopropyl System.In this section we shall briefly assess
the influence of increasing steric bulk of tlwesubstituent in
the Drent system from R= OMe (1a) to R = Pr (1b). Such a

As before, we use the calculated activation and reaction
energies to obtain the rate and equilibrium constants that
ultimately determine the degree of nonalternation. The data over
the entire range of temperature from 25 to 120 are
summarized in Table 5.

The increase in botke,u,/kco andkeo ™ for 1b compared to
laleads to a higher degree of nonalternationffbithroughout
the temperature range. It would further appear that oxygen as
an internal part of the substituent R is not a requirement for
nonalternation. This observation is in line with recent experi-
mental results due to Rieger et 8.who demonstrated that
replacing R= OMe by R= Me results in a comparable degree
of nonalternation.

Analysis of Entropy Effects. We shall here briefly discuss
how sensitive our calculated degree of nonalternatiy) (is
to the adopted value for the entropA¥) of ethylene
association for the neutral Drent systeéra and the cationic
copolymerization catalystc. The Brookhart ternig is not so
sensitive to changes in entropy, as it depends on ratios of rate
and equilibrium constants, where entropy contributions to a large

comparison should also reveal whether oxygen is an essentialdegree are factored out. On the other hdng is strongly

part of theo-substitutedia.3!
Table 1 provides a set of theoretically determined activation
parameters forlb. In comparingla and 1b, a systematic

dependent omM\S’ through the equilibrium constarid,;. We
display in Figure 3 the percent nonalternation at 10Gor 1a
(dotted line) andLc (solid line) at different values oAS’. It is

improvement is observed in many of the parameters that point clear from Figure 3 thaX,, strongly depends on the adopted

to 1b as the better catalyst for nonalternation. The migratory
insertion of ethylene into the palladiunalkyl bond is the rate-
controlling step for nonalternation. However, the activation

value of AS® and as expected increases Witk&°|. Thus small
differences inAS’* betweenla and 1c can strongly influence
the relative degree of nonalternation.
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Concluding Remarks to determine, as it depends on the entropy of ethylene com-

We have compared two different catalytic systems with plexatpn (o the Pdgcyl complex, & parameter that is hard to
o . determine computationally.
respect to copolymerization of ethylene. They include the (P . ) . . .
P)Pd" complex, (P-P) = dppp= PhP—(CH,)s—PPh, proven Attention was also given to the substituent R in dhgosition

to yield a purely alternating distribution of CO anchHG on the aryl groups in the Drent system by making the change
monomers within the formed polyketone chain, and the (P from R = OMe (18 to R = 'Pr (1b). It was shown that the
0)Pd complex, (RO) = dppbs= Ph,P—Ph—S0;, leading to increased steric bulk idb will enhance the degree of nonal-
a copolymer involving some consecutive ethylene units. Such térnation by influencing the rate of decarbonylatiged*) as
a comparison has provided us with some insight into factors of Well as the ratidke,n,/kco from the monomer insertion into the
importance for the design of efficient catalyst for the nonalter- Pd—alkyl bond. With increasing steric hindrance the ethylene
nating CO/GH, copolymerization. In addition to the comparison migratory insertion is facilitated as steric bulk aids the isomer-
of cationic and neutral complexes, we have made comparativeization process that is required prior to monomer insertion. In
calculations on the neutral Pd(dppbs) compldx where the the case of CO, this steric effect is not important for the
more bulky'Pr group has replaced OMg4d) as the substituent  isopropyl-substituted system due to the modest size of the CO
R. molecule. On the other hand, when methoxy substituents are
We have shown that the neutral Drent systearin contrast placed on the aryl groups in the Drent system, repulsion occurs
to the cationic alternating CO/ethylene copolymerization catalyst between the negatively charged oxygens on CO and methoxy.
1ccan undergo decarbonylation, which will help nonalternation. This repulsion aids the required isomerization, thus lowering
The decarbonylation is possible because thedyl complex  the insertion barrier. The comparison betwéderand1b would

of 1lain contrast tolc does not form a PdO chelate bond  also indicate that one can increase nonalternation without oxygen
between the metal and a carbonyl group on the polyketone chain.jn the R-substituent.

The lack of the chelate bond makes decarbonylation easier, as
there is no requirement for an internal breakup of the-©d . . .
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bond. The absence of a P® bond is due to the complex being . . . .

neutral and especially the asymmetric steric bulk around Smeniefs ﬁnd Elr(19|ne|er(|jng (Ij?e\s/\?arch Clgulr.]lf'l (t)f ?ﬁnasb}t (NPSEfRC)
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hydrogens introduces a weak P@ chelate bond? The lack rent for usetut discussions. An important part ot Ine caicula-

of a Pd-O chelate bond will also enhance the constantor tions has been perfqrmed on the MACI cluster (N.'“'“”.‘ed'a
. - Advanced Computational Infrastructure) at the University of
complexation of ethylene to the Pacyl complex. This

enhancement that reduces nonalternation is strongly temperaturegalgalry and by WestGrid computers.

dependent. However, the temperature dependence is difficultOM050846H



