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Abstract: A [P—O]Pd catalyst based on o-alkoxy derivatives of diphenylphosphinobenzene sulfonic acid
(I) has recently been shown by Drent et al. (Chem. Commun. 2002, 9, 964) to perform nonalternating
CO/C;H,4 copolymerization with subsequent incorporation of ethylene units into the polyketone chain. The
origin of the nonalternation is investigated in a theoretical study of I, where calculated activation barriers
and reaction heats of all involved elementary steps are used to generate a complete kinetic model. The
kinetic model is able to account for the observed productivity and degree of nonalternation as a function
of temperature. Consistent with the energy changes obtained for the real catalyst model, the selectivity
toward a nonalternating distribution of both comonomers appears to be mainly a result of a strong
destabilization of the Pd—acyl complex.

Introduction

The carbon monoxide and ethylene copolymerization, cata- N
lyzed by palladium complexes with chelating phosphine ligands, »Q il oR
belongs to one of the most studied reactions in the area of — 2
ethylene copolymerization with polar monomérs! The fact \ \
that the resulting polymer offers a unique set of properties for /Pd ;e
a wide range of applications, while being made from cheap and N /s\(o
easily available monomers, makes the process of potential il oo

Pd

interest for industry:1%12From an academic point of view, the 7 R =Me, Et, 'Pr
reaction is remarkable in that a nonuniform distribution of CO  ["yie-pupHOS catayst ||1,10—phenantroline (Phen)| [ Drent catalyst |
and GH4 (CO:GH4 < 1) within the growing polymer chain — —
. . L . (cationic) (cationic) (neutral)
can only be accomplished through radical-initiated polymeri- ) )
a 1b c

zation! Excluding one example, which inspired these studies,
all catalytic CO/GH4 copolymerization processes are known
to _prowde polyketones with strictly alternating CO/ethylene (mqdels 1 and 2) together with the catalyst developed by Drent!étar.
units even though many of the catalysts are successfully usedthe nonalternating copolymerization of the comonomers.

to oligomerize ethylené&12

Figure 1. A schematic representation of the cationic systems used as
catalysts for the carbon monoxide/ethylene alternating copolymerization
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Starting from the early papers by Setthere have been many
experimental and theoretical studies devoted to rationalize the
strictly alternating nature of COM8, coupling based on cationic
Pd(ll) catalysts with symmetric chelating#®® and N-N ligands
(see a and b of Figure 1).

Among them, one should mention the kinetic model proposed
by Brookhart et at*5and the theoretical studies of Margl and
Morokumatl®-18 which have provided valuable information on
mechanistic aspects of this process. According to these

(13) Drent, E.; van Dik, R.; Ginkel, R.; van Oort, B.; Pugh, R.Ghem.
Commun 2002 9, 964—965.
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(16) Margl, P.; Ziegler, TJ. Am. Chem. S0d.996 118 7337-7344.

(17) Margl, P.; Ziegler, TOrganometallics1996 15, 5519-5523.
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studies'* 18 the double insertion of CO is not observed for
thermodynamic reasons. As for the double ethylene insertion,
the process is thermodynamically possible, but it does not occur
because of the difference in the binding affinity of CO and
ethylene to the metal center of the catalyst (kinetic control). In
addition, the catalytic metal center is not very tolerant to
functionalities present in the growing polymer. Thus, coordina-
tion of oxygen from the growing polymer chain takes place, At
resulting in a higher activation barrier for the ethylene incor-
poration into the metalalkyl bond6.18 This phenomenon
occurs even in the presence of late transition metals, which are
known to be much less oxophilic than early transition metéls.

Drent et al. have reported recently the very first example of 2a b

. i AP
nc()jnaltematllng m.ert]al Catalyzr?dl CQrG COUpflm.gl using ah Figure 2. Theoretical model of the catalyst for nonalternating carbon
P. (1) complex with a P-O chelate (see c of Figure 1). The monoxide/ethylene copolymerization developed by Drent é€alith (a)
discovery by Drent et al. prompted us to conduct a full hydrogens replacing the bulky ligands at the P atom and (b)-bigthoxy-
theoretical investigation into the new catalytic system in order Substituted aryls at the P donor atom. Appropriate atoms are differentiated

- : _by the color and size of the spheres: palladium (large, dark gray);
to understand the experimental results. The random incorpora phosphorus (medium size, light gray): sulfur (medium size, yellow); oxygen

tion of CO may potentially have industrial utility because it (medium size, red); carbon (medium size, blue), and hydrogen (small size,
could lead to novel functionalized polymeric materials with a white).

decreased percentage of CO in the polymer chalinis material

might be more stable than polyketone with strictly alternating by Baerends et aft To gllow for a future comparison with the results
COlethylene incorporation, especially when exposed to high of Margl on the cationic Pd catalyst 1, the methodology adopted here

temperatures for extended periG#&From a fundamental point is the same as the one employed in refs 15 and 16. In line with Marg|,
of view. it is of interest to underst;’:lnd the extent to which one all stationary points were optimized without any geometry constraints

. ) using the procedure developed by Versluis and Zie§li&Use was
can manipulate the polyketone microstructure. made of the local density approximation augmented with the gradient
This account provides a kinetic model for the CO/ethylene corrections due to Becke (exchariend Perdew (correlatioff)2°for
copolymerization as well as a general analysis of the electronic both energies and structures. A tridé&STO basis set with polarization
and steric factors allowing for the nonalternating CeMg function was employed for Pd, while all other atoms were described
copolymerization to occur in the complex recently designed by by double plus polarization STO bases. The first-order scalar

Drent (see Figure 1c). relativistic corrections were added to the total energy of the system.
Finally, zero-point energy correction (ZPE) was not included to reduce

Catalytic Model and Computational Method computer time. The error is expected to be acceptable based on related
theoretical studie®. The approximate reaction paths were evaluated
The neutral catalyst 1c reported by Drent €€ds. based om-alkoxy by a linear transit method with the chosen reaction coordinate being

derivatives of diphenylphosphinobenzene sulfonic acid. A generic model the distance between thecarbon of the growing polymer chain and
of the catalyst consisting of phosphinobenzene sulfonic acid with two a carbon atom of the coordinated monomer.

hydrogen atoms at P replacing tbealkoxy diphenyl substituents is
shown in Figure 2 as 2a.

Characteristic features of 1c and 2a are the presence in the palladium Typically, the alternating CO/4Ei4 copolymerization is a two-step
coordination sphere of heterochelating ligands containing phosphorusprocess involving CO insertion into the alkyPd bond (C— D of
(soft donor) and oxygen (hard donor) centéedopting an envelope  Scheme 1) and £, insertion into the acytPd bond (E—~ A of Scheme
conformation. The combination of P and O atoms in the palladium 1). Kinetic investigations into the mechanism by BrookHéfanalyzed
coordination sphere gives rise to two possible coordination modes cis the origin for the perfect alternating copolymerization by considering
or trans to the O donor for the monomers, with different Mdistances. the competition between the rates of the CO agdincorporations

In addition to the simple catalyst model 2a, in which hydrogen atoms Nt the Pd-alkyl bond, where the latter insertion would lead to the
have replaced aryls, we have studied the catalyst 2b with full-size .nonalt.ernatmg copolymer.lzatlon..lt was assumed in this model that both
ligands. A view of 2b is given in Figure 2. It is important to note that NSertion processes are |rrever3|bl_e. To account for the p055|b|_llt_y of
the bulky groups in 2b of Figure 2 reside only at one arm of the chelate € nonalterating copolymerization, we shall extend the original
ligand. To simplify the notation, we will hereafter also refer to the analyses of Brookhart by considering, as well, the reversible decar-

H-substituted (2a) and full-size ligand (2b) models as HSM and FSLm, Ponylation (D— C of Scheme 1) of the acyl product formed from
respectively. insertion of CO into the metalalkyl bond. We shall still assume that

The geometries and the electronic structure of the reactants, products,the insertion of ethylene into the metailkyl bond is irreversible.
and transition states along the considered reaction paths were determinegu) (a) Baerends, E. J.; Ellis, D. E.; Ros, Ghem. Phys1973 2, 41. (b)

with the Amsterdam Density Functional suite of programs developed Baerends, E. J.; Ros, Ehem. Phys1973 2, 52. (c) te Velde, G.; Baerends,
E. J.J. Comput. Phys1992 99, 84-98. (d) Fonseca, C. G.; Visser, O.;
Snijders, J. G.; te Velde, G.; Baerends, E. JMethods and Techniques

Kinetic Model

(18) Svensson, M.; Matsubara, T.; Morokuma, ®rganometallics1996 15, in Computational Chemistry, METECC-9&lementi, E., Corongiu, G.,
5568-5576. Eds.; STEF: Cagliari, Italy, 1995; p 305.

(19) Sen, A.Pure Appl. Chem2001, 73, 251-254. (25) Versluis, L.; Ziegler, TJ. Chem. Phys1988 88, 322—-328.

(20) Budzelaar, P. H. MOrganometallics2004 23, 855-860. (26) Fan, L.; Ziegler, TJ. Am. Chem. S0d 992 114, 10890-10897.

(21) Severini, F.; Gallo, R.; Brambilla, L.; Castiglioni, C.; Ipsale, Flym. (27) Becke, A. DPhys. Re. A 1988 38, 3098-3100.
Degrad. Stab200Q 69, 133-142. (28) Perdew, J. PPhys. Re. B 1986 34, 7406-7406.

(22) DeVito, S.; Bronco, SPolym. Degrad. Stakhl999 63, 399-406. (29) Perdew, J. PPhys. Re. B 1986 33, 8822-8824.
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8766 J. AM. CHEM. SOC. = VOL. 127, NO. 24, 2005



Factors of the Nonalternating CO/C,H, Copolymerization ARTICLES
Scheme 1. Chain Propagation Mechanism for the CO/C3H4 !
Copolymerization Reaction Tna_ kc?H“ [CoH,] K_l — )

r
ra

keo [COI K, B
that was developed based on the assumption that the degree of
alternation can be explained in terms of the competition between CO
and ethylene insertion into the Pdlkyl bond without considering
decarbonylation, where, = kco[C]. For simplicity, the Brookhart
part will be abbreviated aBg (see eq 2).

The second part of eq 1
-1

L ko
Koy [CaHd + o

comes from the decarbonylation step. It indicates that nonalternation
in eq 1 can be enhanced provided tRa; is large enough. This can
happen if the rate of decarbonylatiokcf) from D is larger than the
effective propagation ratéKskc,,[CoH4], for ethylene insertion into
the Pd-acyl bond of D. HereK, is the equilibrium constant for the
formation of the ethylene complex E from D and free ethene, whereas
ke, is the rate of insertion of ethylene into thePatyl bond of E.
Thus, the way would be paved for obtaining nonalternating polyketones
if one could lower the activation barrier for the decarbonylation of D
relative to ethylene insertion into D.

Finally the percentage of nonalternation is given by

Fcor -

®

f a
x 100%

n
1+1, )

Xna

We note that large values-(Q.1) of f,, lead to a nonalternating CO/
ethylene copolymerization process, whereas small vatg@sl] of fna

Thus, the overall mechanism closely resembles the one proposedintroduce alternation within the formed copolymer chain.

by Brookhart and co-worke¥s'5(see Scheme 1). It assumes equilibrium
between associative exchange egHzand CO monomers (step 1 from
B to C) and two alternative propagation steps:

C;H4 migratory insertion into the metaklkyl bond (step 2 from B
to A).

CO migratory insertion into the metahlkyl bond (step 3 from C
to D).

However, due to the fact that the proposed mechanism considers

the CO insertion to be reversible, there are additional steps:

Step 4 representing decarbonylation of CO (from D to C).

Step 5 representing equilibrium between the free ethylene and
ethylene coordinated to the metalcyl complex (from D to E).

Step 6 representing equilibrium between free CO molecule and CO
coordinated to the metahcyl (D) complex as F.

Step 7 representing insertion of ethylene into the medall bond
(from E to A).

It should be noticed, as well, that eq 1 may be rewritten to take the

following form:
ké:zH‘t [CZHAJE. + kézHakCL_l Kl _
ke, keo KK,JCO]|

keo [CO] K,
I:B + I:cor (5)
thus expressing the ratio of the overall rates for the nonalternating and
alternating pathd,, as a sum, instead of the product, of the Brookhart
term Fg and the correctiorkc,. However, in the present paper, we
will utilize eq 1.

rna_

=

na—
a

Results and Discussion

Thermodynamic and Kinetic Parameters for the Generic
Models. We shall first turn to a discussion of COfdy

So, in this mechanism, species related to A are proposed to be eithercOPOlymerization according to Scheme 1 as catalyzed by the

a Pd-acyl system (whem = 0) or a Pd-alkyl complex (whem =

1). The double insertion of carbon monoxide is ignored for thermo-
dynamic reasons. According to Marf§lthe insertion of a C&CO
unit yields only —88 kJ/mol, whereas insertion of oneHz—CO or
C;H,—C;H,4 segment yields-219 or—200 kJ/mol, respectively. Also,
double CO insertion has a high barrier (109 kJ/mol).

To describe the chemical transformation, one can apply the steady-
state approximation to the concentrations of B, C, D, E, and F in the
above mechanism of Scheme 1 and obtain an approximate equatio
for the ratio (ns) of the overall rates for the nonalternating, = k'CzH4
[B], and alternatingra = kco[C] — kgé[D], paths as

Ma _

r

k'cszt [CZH4] ﬁl
keo [CO] K,

B koo
K4kCZH4[C2H4] + k007l

1)

na—
a

It contains the original expression by Brookhart:

generic model 2a in Figure 2, where the aryl groups on
phosphorus are replaced by hydrogens. An integral part of the
catalytic cycle in Scheme 1 is the uptake of a CO or ethylene
monomer followed by insertion into the Pdlkyl or Pd-acyl
bond. Due to the asymmetry of the-B chelating ligand, uptake
and insertion can take place with the monomer in a position
trans or cis to the chelating oxygen (Figure 3). In Table 1 are
listed all of the monomer complexation energies and insertion

"barriers of importance for COME4 copolymerization. Please

note that we shall talk about a Pdlkyl or Pd-acyl bond
depending on whether the last insertion involved ethylene or
CO, respectively. In both cases, the actual chain attached to
palladium is, of course, a polyketone.

Starting first with the ethylene uptake by the ‘Ralkyl
complex (A— B of Scheme 1) and subsequent insertion into
the Pd-alkyl bond (B— TS-3 of Scheme 1), it is apparent

J. AM. CHEM. SOC. = VOL. 127, NO. 24, 2005 8767
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% =

OR
L

OR
GPC L

trans-0O monomer complex ¢is-O monomer complex

GPC- growing polymer chain

L- coordinated ligand

OR- alkoxy group
Figure 3. Schematic representation of the possible coordination modes
for monomers to the studied palladium complex.

Table 1. Complexation Energies and Insertion Barriers for CO
and C;H4 Copolymerization Catalyzed by the Generic System

Insertion barriers
(kJ/mol)

Complexation energies
(kJ/mol)

cis O trans O cis O trans O
monomer monomer monomer monomer
complex complex? complex? complex? complex?
CoHy/Pd—alkylP —29 7.1 182.9 59.4
CoH4/Pd—acyF —39.2 —13.3 89.8 49.9
CO/Pd-alkyld —47.5 —48 83.9 48.3
CO/Pd-acyP —50.4 —33.8

aSee Figure 3P For structure of Petalkyl/C,Ha, see Figure 4cS For
structure of Pe-acyl/GH,, see Figure 4kd For structure of Pealkyl/CO,
see Figure 4€ For structure of Peacyl/CO, see Figure 4r.

from Table 1 that the adduct with ethylene coordinated cis to
oxygen is preferred over the trans conformer. The optimized

ated withmyans In Scheme 2, the effective barrier amounts to
81.2 kJ/mol, and this is also the value given fAHEA in
Scheme 3, where we record the energetics for GB{C
copolymerization with 2a as the catalyst.

The insertion transition state for thgjs complex is shown
in Figure 40 as TS-3. We note the highly activated-atkyl
bond trans to phosphorus. It follows from Scheme 2 that the
most stable Pdalkyl insertion product, again, has the alkyl
group trans to oxygen.

Considering next CO coordination to the-Palkyl complex
(A — C of Scheme 1), we note that the conformmgg,s with
CO trans to oxygen is marginally more stable thandkésomer
7.is (Table 1 and Scheme 4). Apparently, CO is a slightly more
trans-directing ligand than the alkyl group. As for ethylene, and
for the same reason, CO inserts{€TS-1— D of Scheme 1)
more readily into the Pdalkyl bond of therryanscomplex (Table
1 and Scheme 4). It follows from our considerations that the
effective barrier of CO insertion (Scheme 4) into the-fadkyl
bond is 48.3 kJ/mol, as recorded in Scheme 3. Also, we find
CO to bind more strongly to Pealkyl than ethylene by 19 kJ/
mol.

The optimized structure for theansconformations is shown
in Figure 4e, and the related transition state, TS-1, is in Figure
4g. The structure of the Peacyl complex resulting from the
insertion is shown in Figure 4i. It is clearly stabilized by a
chelating Pe-O bond involving a CO group on the polyketone
chain. The CO insertion process (€ D of Scheme 1) is
exothermic byAHcp = —37.9 kJ/mol (Scheme 4). Further, with
a CO insertion activation energy (AfHED = 48.3 kJ/mol, the
barrier for the reverse decarbonylation process—(DC of
Scheme 1) will beAHDC = 86.2 kJ/mol (Scheme 3). It is thus

cis structure is shown in Figure 4c. This preference is dictated clear that decarbonylation will be very slow in the CO/ethylene

by the need for the Pdalkyl bond to be trans to oxygen rather
than to the strongly trans directing phosphorus atbfi just

as in the bare Pdalkyl complex (Figure 4a). Figure 5 displays
the structure of the two conformers for the-Palkyl ethylene
complex. It is interesting to note that ethylene in the trans
conformation has moved somewhat out of the-Fa—P
coordination plane toward an axial position, whereas the

copolymerization catalyzed with the generic complex 2a. The
reason for the high&HjE,C is the strong chelating PeD bond
shown in Figure 4i that has to be broken before the decar-
bonylation can take place.

After the formation of the acyl complex D, either CO or
ethylene can coordinate (B> F or D — E of Scheme 1,
respectively). The CO monomer prefers coordination cis to

equatorial site is occupied to some degree by a carbonyl oxygenoxygen (Figure 4r). The complexation energyidpr = —50.5

from the polyketone chain. However, we shall still refer to this
species as the O-trans conformer or Simplyns

It follows from Table 1 and Scheme 2 that the insertion of
ethylene into the Pdalkyl bond is more facile for the less stable
TranscoOnformer compared to that fag;s. This is understandable
since the Peralkyl bond trans to phosphorus will be activated
by the strong trans-directing ability of the P atom. Assuming
pre-equilibrium betweentyans and s with an equilibrium
constant ofKet = [myand/[7cis], One finds the effective rate
constant of insertionk. ., of Scheme 1, to béc , = Kk,
wherek;, is the rate constant of insertion for thganscomplex.
It is readily showR3-3633-36 that the effective barrier associated
with kg, of Scheme 1 can be obtained as the energy
difference betweens and the insertion transition state associ-

(31) Michalak, A.; Ziegler, TOrganometallics2003 22, 2069-2079.

(32) Pearson, R. Gnorg. Chem 1973 12, 712-713.

(33) Pollak, P. I.; Curtin, D. YJ. Am. Chem. Sod95Q 72, 961—-965.

(34) Curtin, D. Y.; Crew, M. CJ. Am. Chem. Sod 955 77, 354-357.

(35) Seeman, J. IChem Re. 1983 83, 83—134.

(36) Adam, W.; Bach, R. D.; Dmitrenko, O.; Saha-Mo, Ch. R.J. Org. Chem
200Q 65, 6715-6728.
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kJ/mol (Scheme 3 and Table 1). The most stable adduct between
ethylene and the Peacyl complex has the monomer cis to
oxygen (Figure 4k) as in the corresponding complex (Figure
4c) with Pd-alkyl. The complexation energkHpg is —39.2
kJ/mol (Table 1 and Scheme 3).

We shall assume that the barrier of CO insertion into the
Pd—acyl bond is too high for this process to proceed based on
previous work by Margl et a® In this case, further propagation
can only take place by ethylene insertion into the-Bdyl bond
(E — TS-2— A). As for the Pd-alkyl bond, the barrier of
insertion is much lower from th&ans conformer. Thus, the
effective rate constankc,q, of Scheme 1 can be written as
ken, = Kiky, whereky is the rate constant of insertion from
the myans complex andKj, is the equilibrium constani;,
[mwand/[7tcis]. The effective barrier is obtained as the energy
difference between the.s conformer and the transition state
for the insertion frommyans asAHTEA = 79.1 kd/mol (Scheme
3). The structure TS-2 is shown in Figure 4m with the activated
Pd—acyl bond trans to phosphorus.



Factors of the Nonalternating CO/C;H, Copolymerization ARTICLES

(a) Pd-alkyl (A), HSM

(e) Pd-alkyl/CO (C), HSM

(g) TS-1, HSM

J. AM. CHEM. SOC. = VOL. 127, NO. 24, 2005 8769
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(i) Pd-acyl (D), HSM (i) Pd-acyl (D), FSLM

(0) TS-3, HSM

8770 J. AM. CHEM. SOC. = VOL. 127, NO. 24, 2005
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(r) Pd-acyl/CO (F), HSM (s) Pd-acyl/CO (F), FSLM

Figure 4. Optimized geometries of all stationary points corresponding to the considered catalytic cycle depicted in Scheme 1 obtained with both adopted
theoretical models of the Drent’s catalyst. For differentiation of atoms, see Figure 2.

trans ethylene n-complex

cis ethylene n-complex

Figure 5. Side view of the optimized geometries ofHl: r-complexes with Petalkyl modeled using the generic system. The selected structural parameters,
bond lengths, and bond angles are given in angstroms and degrees, respectively. Corresponding atoms are differentiated by the color anchsimsof the sp
For differentiation of atoms, see Figure 2.

As it is well-known that migratory insertion reactions, being > k’C2H4 andKy/K,; < 1 (Table 2). The second factor determin-
intramolecular, typically havaS* ~ 0,141t is thus possible to iNg Xna is Feor. It is defined in eq 3 and takes into account
a first approximation to neglect entropic effects and calculate decarbonylation, B—~ C in Scheme 1. To convert monomer
the rate constants from the activation energies or, in the case ofpressures into concentrations, solubility of the starting monomers
Ki/K,, from the related heat of reaction. However, figs in methanol is taken into account by applying Henry’'s law
representing ethylene dissociation from the adduct E (Schemeconstants obtained experimentally by Vavasori & lfollows
1), one needs to add an entropic correctioiTASp, to the from the two tables th&f., > 1, which indicates that the rate
dissociation enthalpyAHep, to evaluateKs. On the basis of  of decarbonylationkz3) of D is much larger than the rate of
previous studie?31-3"we have adopted a value AG:p = —27 ethylene insertion into the Pcacyl bond of D Kakc,n,[C2Ha4)).
eu for all three catalysts (1a, 2a, and 2b) studied here. We find, For HSM, we find thatX,, < 1 at 25°C andX,, > 1 at
for 2a, thatAHgp = 39.2 kJ/mol (Scheme 3). higher temperature (Table 2). This would imply that the Drent’s

Degree of Nonalternation Predicted for HSM. Table 2 model system (HSM) is a strictly alternating CQH; co-
displays the calculated values f6g, Fcor, andXna with respect polymerization catalyst at low temperatures. On the other hand,
to the generic HSM system of Figure 2a. the system exhibits a considerable degree of nonalternation for

Here, the degree of nonalternation is given according to eq 4 the temperature range of 18020 °C, whereFg and F., are
asXna = Fg x Feod(1 + Fg x Feor) X 100%. The factoiFg much larger than at 28C. The temperature increasefg has
defined in eq 2 was the original measure of nonalternation given expected contributions from boku/K, and k'CZHA/kco, whereas

by Brookhart!# It is small for the generic system becauge the increase irF¢,r comes from the decrease k& due to the
(37) Johnson, L. K.; Mecking, S.; Brookhart, Nl. Am. Chem. Sod996 118 (38) Vavasori, A.; Toniolo, L.; Cavinato, Gl. Mol. Catal. A2004 215, 63—
267-268. 72.
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Scheme 2. Stationary Points on the Ethylene + Pd—Alkyl
Potential Energy Surface for the Two Geometrical Isomers:
Ethylene Coordinated Either cis or trans to Oxygen of the
Bidentate Ligand?
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aThe chosen reaction coordinate is the distance betweea-tizebon
of polymer chain and the carbon of the coordinated ethylene. The energy
path for ther-trans ethylene isomer is shown in red, whereas the cis path
is given in blue.

entropic factor,—TASzp. Surprisingly, HSM exhibits at high
temperatures degrees of nonalternatigg, that exceed those
observed experimentally for the real (FSLM) catalyst (see Table
2).

However, an inspection of the actual rateg,andr,, rather
than their ratio would indicate that HSM has activities much
smaller than those recorded experimentally for the real Drent’s
system (FSLM) (see Table 2). The overall rate of nonalternation
(rng) is seen to increase with due toKi/Kz, while the ratio of
alternation is decreasing with as a result oK, (Table 2).
Overall, the activity increases slightly with temperature for
HSM. We shall in the next section explore how increasing steric
bulk around the metal center might influence activity and
nonalternation by looking at the real Drent system (FSLM).

Degree of Nonalternation in Real SystemThe real Drent
system (A-FSLM of Figure 4b) has twwalkoxy aryl groups
attached to the chelating phosphorus atom rather than two
hydrogen atoms. The added bulky sidegroups make the site ci

Scheme 3. Chain Propagation Mechanism for the CO/CzH4
Copolymerization Reaction with the Generic System
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Scheme 4. Stationary Points on the Carbon Monoxide +
Pd—Alkyl Potential Energy Surface for the Two Geometrical
Isomers: CO Coordinated Either cis or trans to Oxygen of the
Bidentate Ligand?@
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2The chosen reaction coordinate is the distance betweea-tiegbon
of polymer chain and the carbon of the coordinated CO. The energy path
or the CO trans isomer is shown in red, whereas the one for the CO cis is

to phosphorus congested, especially after the coordination of aj, pjye.

monomer. Thus, while the PeC bond is cis to phosphorus in
the generic ethylene complex (B-HSM of Figure 4c), it is
positioned trans in the real system (B-FSLM of Figure 4d).
Further, ethylene in the cis position is forced out of theFe—-0O
coordination plane in order to reduce the steric congestion

8772 J. AM. CHEM. SOC. = VOL. 127, NO. 24, 2005

(Figure 4d). For the corresponding CO complex, the trans
coordination of the Pdalkyl bond was already preferred

electronically in the generic complex (Figure 4e), and this
conformation is also adopted in the real system (Figure 4f).



Factors of the Nonalternating CO/C,H, Copolymerization ARTICLES
Table 2. Analysis? of Nonalternation in CO/C,H4 Copolymerization Catalyzed by the Generic Drent's System¢
T KIS kgl K R Fuf Actvity? Koo
(°C) x10* x10° x10° %107 %1076 Ia Al caled exp caled exp”
25 4.69 0.172 4.8 0.064 0.084 2410711 45x 108 9x 104 0.054
100 21.9 2.481 0.048 4.3 3.6 291078 1.9x 108 9x 1074 86 60.7 4.7
110 25.7 3.272 0.035 6.6 5.3 471078 1.3x 108 1x10°3 123 77.9 7.3
120 29.9 4.256 0.025 10.05 7.7 31078 9.4x 107° 2x 1078 108 88.5 11.0

aReaction conditions according to Drent et’&120 bar CO, 30 bar &4, 0.04 mmol (9 mg) Pd, solvent MeOH (100 mL). Solubilities of ethene and CO
in methanol from Henry's law constants of the comonomers in methanol 4 98ported by Vavasori et &. ® For definition of different components, see
egs 1-3. ¢ See 2a of Figure Z See eq 2¢ See eq 3! rnaandr, are the rate of nonalternating and alternating pathways, respectively, intg/(Trhey are
defined in Table 29 Activity calculated asrga + ra) x 3600 x 2.2 h x (concentration of Pd), and thus expressed as (g copolymerfmmol Pdx h)~1.

h Experimental value from ref 13See eq 4.

Scheme 5. Chain Propagation Mechanism for the CO/C3H4
Copolymerization Reaction with the Full-Size Ligand Model
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will enhance nonalternatioX,, through the K'czH/kco) part of
the Brookhart ternfrg, provided all other factors are unchanged.
The complete Brookhart terffs of eq 2 reflects the combined
influence from the relative stability and reactivity of B and C
on nonalternationf,,. It follows from Table 3 that the term is
reduced by introducing sterically demanding ligands through
the dominating influence of thK;/K; ratio. Thus considering
the Brookhart ternfg alone, a full-size ligand system would
lead to a reduction in nonalternatiofi, (Tables 2 and 3).

We shall now turn to the second terfy, in the expression
for the nonalternation fractiorfps This term is given in eq 3
and expresses the competition between the acyl complex D
undergoing decarbonylation (B- C) or insertion of ethylene
into the Pd-acyl bond. We note (Figure 4j) that steric
congestion in D-FSLM prevents a PO chelating interaction
involving a carbonyl group on the polyketone chain. This is in
contrast to the generic system D-HSM of Figure 4i. The result
is that the real acyl complex is coordinatively unsaturated and
readily can undergo decarbonylation without first having to
break a Pe&O chelating bond. In fact, for D-FSLM, the
decarbonylation is exothermic withHpc = —21.3 kJ/mol and
a modest barrier oAH;,. = 31.2 kJ/mol (Scheme 5). This is
different from D-HSM, where the process is endothermic by
AHpc = 35.1 kJ/mol and the barrier is as large Aablgc =
86.2 kJ/mol. Thus, in contrast to HSM, the real system (FSLM)
has the potential to exhibit a high degree of decarbonylation.
Whether this will lead to nonalternation now depends on the
ability of the acyl complex D to coordinate ethylene and form

Interestingly enough, even the small CO monomer experiencesiyeq complex EK,) as well as the ratekg,,) by which ethylene

some steric pressure leading to af—CO angle larger than
90°.

subsequently can insert into the-Pacyl bond.
Sterically demanding ligands attached to phosphorus have a

Compared to the generic system, the stability of the CO g pstantial influence on the equilibrium const#atbetween

complex C-FSLM is enhanced relative to the ethylene addu'ct the uncoordinated Peacyl (D) and Pe-acyl bond to ethylene
(B-FSLM) by 29.4 kJ/mol (Schemes 3 and 5) due to the steric (g Thys, the coordinatively unsaturated acyl complex (D-

congestion which forces the larger ethylene monomer to lie out FSLM) will increase the affinity for ethylene coordination (D

of the P-Pd—-0 coordination plane and the alkyl chain in the
trans position.

Thus, the introduction of bulky ligands will decreas@K,
(by a factor of 10% see Table 3) as well as the degree of
nonalternatiorX,, (provided all other factors remain the same)
through the Brookhart parEg, of eq 1 (Table 3).

In terms of relative reactivity k’cZH/kCO) of B and C,

— E) to AHpg = —73.0 kd/mol (Scheme 3), comparedAblpe

= —39.2 kJ/mol in the generic system. The result is an increase
in K4 by 5 orders of magnitude (Table 3). Also, once the
ethylene complex E-FSLM is formed (Figure 4l), little energy
is required for the cis/trans isomerization due to the steric bulk.
Thus, the barrier of insertion is decreased frmIHEA =79.1
kJ/mol in the generic system (Figure 4m)A¢1TEA = 61.3 kJ/

ethylene insertion has been enhanced compared to CO propagamol in the real system (Figure 4n). The net result is an increase

tion by reducing the barrier differenc&Hs, — AHL, from
32.9 kJ/mol in HMS to 20.9 kJ/mol in FSLM (Schemes 3 and

in ke,n, as well as the overall rat&ske,q,. In total, the ratio
keo/ (koo + Kaken[CaHa]) is increased by 1 order of magni-

5). This reduction comes about as no cis/trans isomerization oftude compared to that of experiment, and that leads to a similar
the alkyl chain is required in the real system in order to reach increase inF¢,; and the nonalternation within the growing
the transition state for ethylene insertion. Thus, steric hindrance polyketone.
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Table 3. Analysis? of Nonalternation in CO/C,H, Copolymerization Catalyzed by the Real Drent’s Catalyst¢

T KilKy? kész/kcod [ Foo® Activityd Xia
(°C) x107 x103 Kqe %109 x1077 Tnal rf calcd exp” calcd exp”
25 0.09 0.218 6.4 0.01 0.05 5:910°8 1.65x 1073 32.65 7.5x 1074
100 3.66 1.187 0.02 3.43 1.49 791077 1.5x 10°° 0.32 86 4.9 4.7
110 5.39 1.415 0.01 6.02 2.12 11106 9.0x 10°© 0.20 123 11.3 7.3
120 7.78 1.672 0.006 10.0 3.0 161076 5.4x 106 0.14 108 23.3 11.0

aReaction conditions according to Drent et’&120 bar CO, 30 bar &4, 0.04 mmol (9 mg) Pd, solvent MeOH (100 mL). Solubilities of ethene and CO
in methanol from Henry's law constants of the comonomers in methanol 4 98ported by Vavasori et &. ® For definition of different components, see
egs 1-3. ¢ See 2a of Figure Z See eq 2¢ See eq 3! rnaandr, are the rate of nonalternating and alternating pathways, respectively, intg/(Trhey are
defined in Table 29 Activity calculated asrga + ra) x 3600 x 2.2 h x (concentration of Pd), and thus expressed as (g copolymerfmmol Pdx h)~1.
h Experimental value from ref 13See eq 4.

It follows from our detailed analysis that the introduction of constants and equilibrium constants) were derived from first
steric hindrance has a significant influence on many of the stepsprinciple DFT calculations predicted correctly the experimentally
in the COlethylene copolymerization cycle of Scheme 1. observed percentage of nonalternation in the polyketone chain
However, many of the changes introduced by the sterics haveover a temperature range from 100 to 1720
an adverse influence 0%, Thus,Fg is seen to be reduced by It follows from the proposed kinetic model that the non-
2 orders of magnitude, whereks, is increased by 1 order of  alternation is a result of facile decarbonylation from the-Pd
magnitude (Table 3). In totakna is reduced by a factor 10  acyl complex D that is formed from insertion of CO into the
compared to the generic system. However, it is gratifying that Pd—alkyl bond. The decarbonylation is facilitated by the
the predicted percentage of nonalternadggfor the real system inability of the polyketone chain in D to form an extra @
agrees very well with experiment over the recorded temperaturechelating bond, which must be broken before de-insertion of
range (Table 3). In addition, our kinetic model accounts well CO from the formed Pdacyl complex. The lack of such
for the experimentally observed increase in nonalternation with interactions is the result of a neutral charge state of the system
temperature. This increase has large contributions from bothand the steric crowding introduced by thenethoxy-substituted
K1/K, and K4. Moreover, contrary to the generic model, the diphenylphosphinobenzene sulfonate coligand. However, the
overall productivity agrees satisfactorily with experimental lack of Pd-O chelating interaction is also instrumental in
estimate53940 (Table 3). The increase in activity of both facilitating the insertion of ethylene into the Pdcyl bond of
nonalternation g and alternation rg) for the real system D, which will counter the influence of decarbonylation on the
(FSLM) compared to those of the generic model (HSM) (Tables nonalternation to some degree (Table 3). Thus, the lack of a
2 and 3) is due to the steric bulk that prevents the chelating Pd—0O chelating bond as a result of steric crowding will lead to
Pd-0 interaction in the coordinatively unsaturated—2dyl high nonalternatingrgs;) and alternatingrg) activities, while
complex D. Thus, the coordinative unsaturation facilitates maintaining arn4ra ratio that will lead to subsequent ethylene
ethylene coordination to D and, consequently, a higher role of insertions.

alternation £3) through an increase iK4. On the other hand, To summarize, both HSM and FSLM exhibit a preference
unsaturation also enhances the role of decarbonylation, whichfor alternation at low temperature (2&) and a tendency for
will lead to a higher value forpa nonalternation at high temperatures (0 °C). However,

) it requires steric bulk for these systems to be sufficiently active.
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