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Abstract: The mechanism of the copolymerization of cyclohexene oxide and carbon dioxide to afford poly-
(cyclohexylene)carbonate catalyzed by (salen)CrN3 (Hzsalen = N,N,’-bis(3,5-di-tert-butylsalicylidene)-1,2-
ethylene-diimine) in the presence of a broad range of cocatalysts has been studied. We have previously
established the rate of copolymer formation to be very sensitive to both the electron-donating ability of the
salen ligand and the [cocatalyst], where N-heterocyclic amines, phosphines, and ionic salts were effective
cocatalysts. Significant increases in the rate of copolymerization have been achieved with turnover
frequencies of ~1200 h™1, thereby making these catalyst systems some of the most active and robust thus
far uncovered. Herein we offer a detailed explanation of the role of the cocatalyst in the copolymerization
of CO, and cyclohexene oxide catalyzed by chromium salen derivatives. A salient feature of the
N-heterocyclic amine- or phosphine-cocatalyzed processes is the presence of an initiation period prior to
reaching the maximum rate of copolymerization. Importantly, this is not observed for comparable processes
involving ionic salts as cocatalysts, e.g., PPN*X". In these latter cases the copolymerization reaction exhibits
ideal kinetic behavior and is proposed to proceed via a reaction pathway involving anionic six-coordinate
(salen)Cr(N3)X~ derivatives. By way of infrared and 3!P NMR spectroscopic studies, coupled with in situ
kinetic monitoring of the reactions, a mechanism of copolymerization is proposed where the neutral
cocatalysts react with CO, and/or epoxide to produce inner salts or zwitterions which behave in a manner
similar to that of ionic salts.

Introduction mixtures of diethyl zinc and various protic sources. It was not
until the mid-1990s that our group produced the first homoge-
neous zinc catalyst containing phenoxide ligands with bulky
groups at the 2 and 6 positioAg.hese catalysts proved to be

a significant improvement over the heterogeneous systems for
the copolymerization of C®and cyclohexene oxide, with
turnover frequencies of up to 10-hand up t0>99% CQ
incorporation. Soon thereafter, a homogeneous catalyst soluble
in supercritical carbon dioxide produced from the reaction of
zinc oxide with a perfluoronated long-chain monoester of a
dicarboxylic acid was described by Beckman and co-workers

which provi imilar ivity. Zin I reach
carbonate contents. For the next 20 years, zinc catalysts design ch provided similar activity. Zinc catalysts reached a

innacle when Coates discovered thadiiminate ligands
was centered around Inoue’s chemistry exploiting heterogeneou%) : ; - .
ormed highly active dimeric complexes for the production of

poly(cyclohexylene carbonate), with a maximum TOF of 2300

The use of transition metal catalysts for the coupling oL,CO
and epoxides producing either cyclic or polymeric carbonates
has become an area widely studied by inorganic and organic
chemists aliké.This chemistry has its roots in Inoue’s discovery
that zinc derivatives were viable catalysts for this copolymer-
ization reactior?. However, due to zinc's high Lewis acidity,
the balancing of the epoxide ring opening and carbon dioxide .
insertion processes proved to be a difficult task, with these
catalysts producing low turnover frequencies (TSF1 mol
of epoxide consumed/mol of catalyst and inconsistent

(1) Reviews of the copolymerization of G@nd epoxides can be found here:

(a) Darensbourg, D. J.; Holtcamp, M. \@oord. Chem. Re 1996 153 h~1 and~90% CQ incorporation? However apparent that this
é%%ré?)cﬁf%?r,‘:’mDig'g%hf% 53-7}2229(2’)23?&2‘?&%5@ jehner W- type of chemistry had reached a plateau, the long-term instability

Chem. Re. 1999 181, 27-59. (e) Aresta, M., Schloss, J. V., E@izymatic of these zinc catalysts, and the fact that poly(cyclohexylene
and Model Carboxylation and Reduction Reactions for Carbon Monoxide
Utilization; NATO ASI Series No. C314; Kluwer: Dordrecht, The

Netherlands, 1990. (f) Brauden, C. I., Schneider, G., Edsbon Dioxide (3) (a) Darensbourg, D. J.; Holtcamp, M. Wacromolecule4995 28, 7577.
Fixation and Reduction in Biological and Model Syste@sford University (b) Darensbourg, D. J.; Zimmer, M. S.; Rainey, P.; Larkins, Dlrlorg.
Press: Oxford, U.K., 1994. (g) Moore, D. R.; Coates, G ANgew. Chem. Chem.1998 37, 2852. (c) Darensbourg, D. J.; Holtcamp, M. W.; Struck,
Int. Ed. 2004 43, 6618-6639. (h) Darensbourg, D. J.; Mackiewicz, R. G. E.; Zimmer, M. S.; Niezgoda, S. A.; Rainey, P.; Roberston, J. B.; Draper,
M.; Phelps, A. L.; Billodeaux, D. RAcc. Chem. Re2004 37, 836-844. J. D.; Riebenspies, J. H. Am. Chem. So&999 121, 107. (d) Darensbourg,
(i) Chisholm, M. H.; Zhou, ZJ. Mater Chem2004 14, 3081-3092. (j) D. J.; Zimmer, M. S.; Rainey, P.; Larkins, D. lnorg. Chem.200Q 39,
Sugimoto, H.; Inoue, SJ. Polym. Sci., Part A: Polym. Cherf004 42, 1578. (e) Darensbourg, D. J.; Wildeson, J. R.; Yarbrough, J. C.; Riebenspies,
5561-5573. (k) Super, M. S.; Beckman, E.Txends Polym. Scil997, 5, J. H.J. Am. Chem. So200Q 122 12487.
236—-240. (4) (a) Super, M.; Berluche, E.; Costello, C.; BeckmanMacromolecules

(2) Inoue, S.; Koinuma, H.; Tsuruta, Polym. Sci., Part B: Polym. Lett969 1997, 30, 368. (b) Super, M.; Beckman, E.Macromol. Symp1998 127,
7, 287-292. 89.
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carbonate) lacked viable industrial properties, left much to be R R
desired in this area of researth.

N, N
. L . . T e T
Our use of chromium salen derivatives was inspired by Rs«iﬁ/?r\@&
several published studies involving organometallic complexes X
. . . Ry RS
in tetradentate ligand environments. In the early 1980s, Inoue

and co-workers showed that aluminum porphyrinates were sé%“gﬁlri'ers:t?;:arlei;‘igt#'e of chromium salen catalysts utilized for the
successful, albeit slow, catalysts for the formation of polycar- '

bonates. A decade later, Kruper and Dellar, by applying chromium salen/cocatalyst system. These mechanistic conclu-
chromium porphyrinates to this chemistry, showed that butylene gjons represent the' deuement of the chromium salen studies

oxide formed cyclic carbonate at a much higher rate than that 5nq will unite the evolving theories as to how these systems
of the corresponding aluminum cataly&tSubsequently, Mang operate.

and co-workers utilized a fluorinated chromium porphyrinate _ )
catalyst which was soluble in supercritical €@ produce  Results and Discussion

copolymer from cyclohexene oxide with95% CQ incorpora- Previously, publications from our laboratory have demon-
tion and a polydispersity index of1.28> Common to all of  strated the sensitivity of the copolymerization reaction depicted

these tetradentate ligand complexes is that catalytic activity is in eq 1 on the nature of the (salen)CrX catalyst (Figuré' 1.
significantly enhanced in the presence of a cocatalyst, either

quaternary ammonium salts or heterocyclic nitrogen Lewis 0
bases. ﬁ

The most significant influence on our studies is the work of * €Oz 40% —C>’ €y
Jacobsen and co-workers, wherein chiral chromium salens were /
shown to be effective catalysts for the asymmetric ring opening
of epoxides, with>90% enantomeric exce8hus, by com-

bining these elegant studies, our initial research with Jacobsen’s . . .
. . ..~ "these reports we have established that by altering virtually every
catalyst was very successful in that high rates of polymerization,

up to 32.2 tumoverst, high CQ incorporation,>99%, and aspect of the metal complex from the diimine backbone (R

low polydispersities, PDI of-1.2, were achievetf.Mechanistic ?ESIS)) 2{;3 (tQ;e %Ze::tftgf rg](;)litllensqé:?:;ig‘]) égnthbee?gf;;ie d
studies into the effect of altering the salen structure found that P ’ poly

- - greatly from nearly zero to over 1100°h Concurrently, we
electron-donating groups increased the rate of copolymer . : .
. 1 have shown that this catalytic system operates effectively at
production to 81.9 hk.

) atmospheric carbon dioxide pressi#é@espite the benefits of
We hay e also reported the ef_fect of changmg t_he COC"Jlt"ilyStthese structural changes on reaction rates, by far the most
and altering the Cépressure during copolymerizatiohThese 0043t aspect of this and other closely related catalyst systems
studies have resulted in significant increases in the rate of has been the effect of the cocatalyst, which has not been fully
copolymerization up te-1200 turnovers ht. Prior to this point

fth its h ined | d d. Herei understood. Within this report we will offer a detailed inter-
many o t ese resu t? ave remained poorly un _erstoo : erempretation of the role of the cocatalyst in the copolymerization
we will provide details of mechanistic studies into the copo-

| L ; loh ) | h of CO, and cyclohexene oxide catalyzed by chromium salen
ymerization of CQ and cyclohexene oxide catalyzed by the oy atives. Presumably, these mechanistic aspects of the CO

epoxide coupling reaction should apply to other closely related
(5) (a) Cheng, M.; Lobkovsky, E. B.; Coates, G. W.Am. Chem. S0d.998 .
120, 11018. (b) Cheng, M. Darling, N. A’; Lobkovsky, E. B.; Coates, G.  catalytic systems.

W. Chem. Commur200Q 2007. (c) Cheng, M.; Moore, D. R.; Reczek, J. i i i i
J.; Chamberlain, B. M.; Lobkovsky, E. B.; Coates, G. WAm. Chem. ReaCtIVIty Studies of the Copolymerlzatlon of CQ and

Soc.2001, 123 8738. (d) Allen, S. D.; Moore, D. R.; Lobkovsky, E. B.,  Cyclohexene Oxide Utilizing the Chromium Salen/Anionic

ggg;egs’MG; s (ﬁ,?kycgeg'- o200z Glz\imlg‘gf“éég)m Moore, (2%-05-? Cocatalyst SystemAlthough chronologically out of order, we
41, 2599. (f) Moore, D.; Cheng, M.; Lobkovsky, E.; Coates, 5Am. will first describe our findings employingnionic cocatalysts

(6) ﬁgﬁmgsgczv(\)l?lge]é%i]:Jlgé;rton R.; Plum, B.; Steeman, P.; Darensbourg, for re_aCtlon_]_" for these W_ere e_V_entua”y Sﬁown_ to _be the most
D. Polymer2001, 42, 3995-4004. effective. Initially, our studies utilized PPN~ derivatives, for

) (Ta.) ﬁigﬁ'eT';slgofﬁqS]cbﬁ?rﬁ ngggggdfgf 12281_31%463—413(%?./&%5% these salts are easily prepared anhydrously and the bis-
Ishikawa, M.; Inoue, SMacromolecules986 19, 8-13. C (triphenylphosphorylidine)ammonium(PPN) cation is rather

(8) (a) Kruper, W. J.; Dellar, D. VJ. Org. Chem1995 60, 725-727. (b) . - . .
Mang, S.. Cooper, A. I; Coiclough, M. E.; Chauhan, N.; Holmes, A. B. noninteracting even in weakly polar solvents such as epoxides.

Xaé:rpgqleﬁtuleﬁogq g& 303—?]05\3{. (E) _S’\t/largp, L. M.;| MF@;], S. A(.:; Holmes,  As illustrated in Table 1, when these salts are combined with
2001 25002503, | ouen T MELOMVEY, L EAEM. FOMMUR- - catalystl (Ry, R = H, Rs, Ry = tert-butyl, and X= N), the

(9) (a) Martinez, L. E; Leighton, J. L.; Carsten, D. H.; Jacobsen, B. ®m. rates of copolymer production are quite significant, and this
Chem. Soc1995 117, 5897-5898. (b) Hansen, K. B.; Leighton, J. L.; .
Jacobsen, E. NI. Am. Chem. Sod996 118 10924-10925. () Jacobsen.  SysStem represents one of the most active catalyst known to date

E. N.Acc. Chem. Re200Q 33, 421-43L. (d) Nielson, L. P. C.; Stevenson,  for this copolymerization process. Comparative studies done
C. P.; Blackmond, D. G.; Jacobsen, E. N.Am. Chem. SoQ004 126,

1360-1360. with several different anions show PPN;~ to be the most
(10) (a) Darensbourg, D. J.; Yarbrough, J. X.Am. Chem. SoQ002 124, i i

6335-6342. (b) Darensbourg, D. J.; Yarbrough, J. C.; Ortiz, C.; Fang, C. effective colcatalyst, producmg copolymer at a rate of 608

C. J. Am. Chem. So@003 125, 7586-7591. turnovers h' (Table 1).

(11) (a) Darensbourg, D. J.; Mackiewicz, R. M.; Rodgers, J. L.; Phelps, A. L. i H _
Inorg. Chem2003 43, 1831-1833. (b) Darensbourg, D. J.; Mackiewicz, Other less expensive salts such as phosphonlum and am

R. M.; Rodgers, J. L.; Fang, C. C.; Billodeaux, D. R.; Reibenspies, J. H. monium were also utilized as cocatalysts (Table 2). These salts
Inorg. Chem.2004 43, 6024-6034. ;

(12) Darensbourg, D. J.; Mackiewicz, R. M.; Billodeaux, D.@ganometallics prOduc_e S“ghtly smaller tur_nover numbers than those observed
2005 24, 144-148. for their PPN analogues with BN*CI~ producing copolymer

J. AM. CHEM. SOC. = VOL. 127, NO. 40, 2005 14027
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Table 1. Turnover Data for the Copolymerization of Cyclohexene 0.7

Oxide and CO, Utilizing Complex 1 and 1 equiv of Various PPN

Salt Cocatalysts? 064 @ N-methylimidazole -

- - o PCy, rrv" o0
PPN salt TON TOF 05 4 v PPN*CF T s
N3 2432 608 8 :
Cl 1977 494 S0.
Br 1683 420 2
| 1441 360 20.
OAc 1400 350 <
HCOs 1120 280 0.2
a Copolymerization reactions were conducted with 50 mg of catdlyst 0.1 4
at 80 °C and under 55 bar of COpressure for 4 h? Mol of epoxide
consumed/mol of catalyst.Mol of epoxide consumed/mol of catalyist 0.0 ¥

Note: The carbonate content of all copolymers obtained was 99% or greater.
4 M, = 14 000 with a PDI of 1.54¢ M, = 10 000 with a PDI of 1.26.

Table 2. Turnover Data for the Copolymerization of Cyclohexene
Oxide and CO, Utilizing Complex 1 and 1 equiv of Other Anionic
Cocatalysts?

200 300 400

Time (Minutes)

500

Figure 2. Comparison of in situ infrared profiles of copolymer production
from CQ; and cyclohexene oxide utilizing catalystnd the three classes
of cocatalysts.

cocatalyst TON® TOF¢
tetrabutylammonium salts 0.6
BusNCl 1655 414 ®  1:0.54 50 mg 2, 24 mg PPN'CI ]
phosphonium salts 051° 1:1.05 51 mg2, 47 mg PPN'CI Bl
PPhCI 1367 342 v 1:1.85 50mg2,83mg PPN"(/:L'(/
,/

a Copolymerization reactions were conducted with 50 mg of catdlyst 3 04 ,/ o
at 80 °C and under 55 bar of COpressure for 4 h? Mol of epoxide ] ’/ e
consumed/mol of catalyst.Mol of epoxide consumed/mol of catalyist 'g 03 e Lo
Note: The carbonate content of all copolymers obtained was 99% or greater. 2 Pl o7

7 a
<o v o .0
at 414 turnovers i as compared to 494 fifor PPN"CI~. The v o
main difference between these cocatalysts is their properties 0.1 // o
toward water. PPN salts are very hydrophobic and thus are easily o M”'X‘X
. L . . e . 0.0 B - - T T T
recrystglllzed and |solate_d in a highly purified form, while o 5 100 150 200 250 300
ammonium and phosphonium salts must be recrystallized several
. . . - L . Time (Minutes)
times and may still contain significant quantities of water. This o )
Figure 3. In situ infrared study done by varying the amount of cocatalyst

is important because water could have detrimental effects on
the anionic copolymerization including low catalytic activity,
low molecular weight copolymer, and high PDI. In addition,
alkylammonium cations are more interactive with hard anions

than are their PPN counterparts. o o 04611 26 mg2, 50 mg PPN'CI
As mentioned earlier, anionic cocatalysts derived from 04l © 0961 51mg2,47 mg PPN'CI

PPN"X~ salts are significantly more competent at catalyzing ' v 1.38:1 78 mg 2, 50 mg PPN'CI .o

reaction 1 than other cocatalyst precursors we and others have g

examined, e.g., heterocyclic nitrogen bases or bulky phosphines E 031

(vide infra). This is best seen from the reaction profiles obtained o

during in situ monitoring of the copolymer formation by way g 021

of its ¥(C=0) stretch at 1750 cm (Figure 2). Most importantly,

it can clearly be seen from Figure 2 that when utilizing anionic 0.1 4

cocatalystso initiation period is seen as compared with other

cocatalysts or cocatalyst precursors. That is, the reaction shows 008

ideal kinetic behavior and does not decrease in rate until the
reaction mixture becomes highly viscous and the [epoxide] is

sufficiently depleted, making copolymerization controlled by Figure 4. In situ infrared study varying the [catalyst] while maintaining a

the rate of mass transfer. This behavior alone explains why this constant [cocatalyst] during the copolymerization of TMSO and, CO
catalyzed by comple2 and PPNCI-.

class of cocatalysts produces significantly enhanced turnovers,
as the other catalyst systems are initially slowed by the initiation
period.

during the copolymerization of TMSO (2-(3,4-epoxycyclohexyl)trimethoxy-
silane) and C@catalyzed by comple and PPNCI-.

50 100 150 200

Time (Minutes)

250 300

provided by PPNCI-, is increased the maximum rate is

Interestingly, the copolymerization reaction proceeds at its distinctly observed at-2 equiv of anion withno change in the
maximum rate when the anion (both the cocatalyst and initiator rate of catalysis above this concentration. Also found in this
(X)) and metal are present in approximate 2:1 ratio. This is best study is that if the amount of cocatalyst is kept constant and
shown by in situ infrared experiments, where both the anion the amount of catalyst is increased, the rate of copolymer
and catalyst concentrations were altered. As depicted in Figureformation significantly decreases (Figure 4). That is, the ratio
3, and employing catalyt (R1, R, = H, Rs, Ry = tert-butyl, of metal to anion is more important than the actual amount of
and X= BF), when the concentration of the anion, in this case metal present in the reaction mixture. The conclusion that can

14028 J. AM. CHEM. SOC. = VOL. 127, NO. 40, 2005
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Scheme 1

Ve e +
Anionic ).( X
Cocatalyst,, Y ,

_?’_ ‘Addition —Cre=— — | =—Cr—

' o i
Nu Nu Nu O

X co )f
—¢r——2> _pr\_ — ¢_
8 0;8( Oﬁ/g Figure 5. Six-coordinate complex formed from the reaction of complex
Nu Nu© o with PPN"Ns.

A\
QNu Scheme 2

be drawn from these results is that 2 equiv of anions play an
important role in the mechanism of catalysis and thus controls
the rate of copolymerization.

These studies, taken together, suggest that in order to achieve
the maximum rate of catalysis, the metal center prefers an 0\‘/9 08
electron-rich environment. To explain this we believe that

[S]
WO WO jo/
following the addition of the anionic cocatalyst to the metal Q Q Q
Nu Nu

center, the chromium nucleophile bond is weakened with the L _ Nu

a}]moclimt of elefctrlon densny around thed n;etal gentherddlt():tatcling salen ligands are able to undergo significant distortion without
tSeh egrie $h'e 3ngat|l;)_|r_1 (rgpreﬁente” y ? ?}S e %n Innecessarily disrupting the ), metal plane. Concomitantly,
cheme 1). This destabilization then allows for the epoxide 0 yoqq gistortions could make it sterically hindering toward

!nteract or be af:tlvated by the_metal ce_nter. As the epPX'de polymer chain growth on one side of the salen ligand. This could
interacts, the adjacent metal anion bond is weakened while thelead to monomer enchainment inhibition on one side of the
other metal anion bond is strengthened, allowing for a rapid, chromium center, or at least result in different rates of
conc_erte_d epoxide ring openi_ng. FoIIowi_ng this step, th_e dianign enchainment on the two chromium sites. This latter process
SPECIes IS re_generateq agan wegkenlng the chromlu_m anioNeoyid lead to a bimodal molecular weight distribution, much
bond;,_allowmg for facile C@insertion and the generation of like that generally observed in these copolymerization reactions.
the initial carboqate complex. ) . The success of this catalytic system and the proposed mecha-
Relevant to this proposal we have isolated and characterizedpigtic pathway raise questions as to how the other neutral
the chromium salen anionic derivative obtained from the .,caia1yst systems operate. The following sections will address

- B a A e : .
addition of PPNNs™ to complex1.** As illustrated in Figure 5 056 issues and attempt to establish a common thread among
the bis azide derivative is quite symmetric with the salen ligand {,oqe catalytic processes.

adopting a stairlike structure to accommodate the two azide Reactivity Studies of the Copolymerization of CQ and
groups with folding angles(- andg-) of 127 and 128.* A cyqjohexene Oxide Utilizing Heterocyclic Nitrogen Lewis
detailed .report of the structure may be found in the Supporting goce CocatalystsWhile our previous studies involving het-
Informaﬂo_n. o ) . o erocyclic nitrogen Lewis base cocatalysts have focused on
The major compl_lcatu_)n with this propo_sed mechanism is why N-methylimidazole K-Melm), 4-(dimethylamino)pyridine
would the other anion (in Scheme 1 designatepidt undergo  (ppmAP) has proven to be much more effective. Catalyand
a similar process, i.e., ring-opening an epoxide followed by CO 1 equiv of DMAP produced copolymer at a turnover frequency
insertion? For this not to be the case the carbonate species woulgyt 570 -1 or ~5 times that observed with 1 equiv NEMelm
have to be significantly faster at the chain propagation step thannger jdentical conditions (Table 3). DMAP-cocatalyzed reac-
tl_1e other_anlon. This is highly unlikely given the high rat_e of tions also exhibit a very large decrease in the amount of
ring opening we have observed for an azide afi6iience, if  conolymer produced at high cocatalyst loadings (31 equiv),
we assume the other anion is also activated, the catalyst W°“|dproducing turnover frequencies of only 844-halmost 4 times
chain propagate from both sides of the salen ligand, ending Upgjower than at 5 equiv, accompanied by a dramatic increase in
as detailed in Scheme 2. Similar proposals have been put forthihe polyether and cyclic carbonate content. By comparison with
by Aida and Inoue for aluminum porphyrin catalysts with he N-Melm system, a trend starts to appear whereby both

ammonium and phosphonium séitsind more recently by  cqcatalysts operate in the same manner but at very different
Cohen and co-workers for cobalt salen derivatives along with (5taq

PPN"X™ cocatalysts? It should be noted, however, thatmany  oher pyridine derivatives were also examined for their

(13) This complex crystallized with two PPNations and a perchlorate anion, efﬂcacy as. Ser.vmg as cocatalysts alpng with comﬂ]éo_tr the
in addition to solvent molecules, and we were only able to refine it to an copolymerization of cyclohexene oxide and £@der similar

Rvalue of 13.15%. Nevertheless, the geometry about the chromium center ragction conditions (Table 4) InitiaIIy pyridines with bulky
is well-defined. ’ !

& co
—(i_;r— —_— ¢r
0s O

"
ol (X
O o]
o,/ (]
® X 7P 8

€]
X
H
Y S
|
(o]

(14) Cavallo, L.; Jacobsen, H. Org. Chem2003 68, 6202-6207. groups at the 2 and 6 position were employed but produced

(15) Aida, T.; Inoue, SAcc. Chem. Red.996 29, 39-48. f ; i

(16) Cohen, C. T.; Chu, T.; Coates, G. WAmM. Chem. So2005 127, 10869~ very_ little ring opened product. T_hese latter pyridines Were
10878. previously found to be very effective as cocatalysts for zinc-

J. AM. CHEM. SOC. = VOL. 127, NO. 40, 2005 14029
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Table 3. Copolymerization Activities of Complex 1 at Different 0.0016 -
4-Dimethylamino Pyridine Loadings? 0.0014 -
% carbonate € 000121
equiv of cocatalyst TOF? linkages® né ~ 0.001 1
0 trace N/A 2 £ 0.0008 1
0.5 128 98.2 % =0.0006 1
1 270 98.4 = 0.0004 -
3 270 98.4 0.0002 -
5 311 98.2 0 . : : ‘
10 249 96.1 0 10 20 30 40
31 84.4 68.9 Equivalents of Cocatalyst
a Copolymerization conditions: 50 mg of catalyls(0.04 mol %) 20 Figure 6. Graphical representation showing the effect of increasing
mL of cyclohexene oxide, 55 bar of GOBO °C, over a 4 hreaction time. [cocatalyst] while maintaining a constant [catalyst] upon the maximum rate

bMeasured in mol of CHO consumed/mol of-Br¢ Estimated based on  of catalysis for complex in the presence d-methylimidazole.
1H NMR. ¢ M,, = 31 500 with a PDI of 1.12¢ M, = 1600 with a PDI of
1.40. 400 -

w

o

o
L

Table 4. Copolymerization Activities of Catalyst 1 Utilizing
Different Heterocyclic Amine Cocatalysts?

N W

o o

o o
L

% carbonate

Initiation Time (Minutes)
S
o

cocatalyst TOF? linkages® 150 |
2,6-dimethoxy pyridine trace N/A 100 -
2,4,6-tritert-butyl pyridine trace N/A 50 |
Pyridine 55.6 91.3
4-tert-butylpyridine 63.8 91.7 0 . - ” - w0
4-methoxypyridine 50.4 92.4 .
EtN trace N/A Equivalents of Cocatalyst
PYP 323 99 Figure 7. Graphical representation showing the effect of increasing
DBU 130 99 [cocatalyst] while maintaining a constant [catalyst] upon the initiation time
for the copolymerization of C®and cyclohexene oxide catalyzed by
a Copolymerization conditions: 50 mg of catalyst(0.04 mol %) 3 complex1 andN-methylimidazole.
equiv of cocatalyst, 20 mL of cyclohexene oxide, 55 bar 0L,(&D °C, 4
h reaction timeP Measured in mol of CHO consumed/mol of -Gr Scheme 3
¢ Estimated based otH NMR. % I o
N
o . . N T mmCrem = ==Cre= +
catalyzed copolymerization proces3é©n the basis of this &,Z Hu Nu @
result, several other pyridines substituted only in the 4-position N
were used as cocatalysts. This approach was more effective but ! A l B E
still not nearly as successful as DMAP and only slightly better |
than unsubstituted pyridine. Other amine complexes similar to [—=Cr---Nu—~ 0-’<|3F—Nu
DMAP, which will be discussed latter in more detail, including | @
4-(pyrrolidin-1-yl)pyridine (4-PYP) and 1,8-diazabicyclo[5.4.0]- 2" Order Initiation
undec-7-ene (DBU), produced polycarbonate at 328 dnd CO,
130 hl, respectively. The former is very closely related to 'f i
DMAP and thus as expected exhibited very similar catalytic —Cre= ——== —Cr—
activity, while the latter has very different steric properties and OYO OYO
§howed a significant decrea_se in polymer produ_ctltbns _ Inactive Specieso\R co RO Active Species
important to note here that tertiary amines such as triethylamine c D
are completely ineffeate as cocatalysts for the copolymerization
process(entry 6 in Table 4). E | E
Prior to delineating our recent findings involving heterocyclic Y
nitrogen bases as cocatalysts for the copolymerization of A
. o . . QO 0O-COR
cyclohexene oxide and carbon dioxide, we wish to summarize <
our observations utilizing complek and N-Melm, some of

which have been previously published. In this instance upon o .
keeping the [catalyst] constant and varying the [cocatalyst] two 'S absent indicates that the cocatalyst-bound chromium complex

phenomena were observed. That is, the maximum rate of S much more active than the corresponding epoxide-bound
copolymerization and the initiation time increased steadily until COMPIex. o

at high cocatalyst loadings>@0 equiv) a leveling off effect These d_ata_led to our mechanistic proposal that the r:ﬁe _of
starts to become apparent for both kinetic features (Figures 6COPOlymerization was dependent on two separate equilibria
and 7). Taken together, these observations suggest that affScheme 3). The first equilibrium was thought to control the
equilibrium exists between epoxide and cocatalyst binding trans bimetallic initiation step, which requires the catalyst be present

to the propagating chain. The lack of activity when the cocatalyst I Poth cocatalyst-boundB) and epoxide-boundA) forms,
making the initiation very sensitive to [catalyst], [epoxide], and

(17) Darensbourg, D. J.; Lewis, S. J.; Rodgers, J. L.; Yarbrough, hagg. [Coc_a_‘ta_lySt]' The propagatlon step Is susceptlble toa Slml_lar
Chem.2003 42, 581-589. equilibrium; however, it prefers that the catalyst be present with
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0 100 200 300 400 500 600 Figure 9. Probable species generated by the above pretreatment experiments
Time (Minutes) that can now be discounted as the active species during copolymerization.
Figure 8. In situ infrared results of the pretreatment study, preformed by 06
heating several components (catalyst, cocatalyst, @l epoxide) of the ’
copolymerization of C@and cyclohexene oxide to 8C for several hours 0.5 Equivalents
before in situ monitoring of Cécyclohexene oxide coupling. I 10 Eguivalems -
5 P -~
. . 3 —=== 3.0 Equivalents -
the active cocatalyst-bound speciB3 (ather than the less active —-.—- 30 Equivalents 7 PRI
epoxide-bound analogueC). Thus, this step benefits from /’ ot
excess cocatalyst. In the case of highvielm loadings, the o 0.4 1 P
majority of the catalyst is present as spedeandD, resulting e 7 //
in a lengthening of the initiation time, but also increasing the & o3 | /‘,.-" ya
rate of propagation. § //_,--" -
Throughout our kinetic studies of this copolymerization < e g >
reaction the origin of the S-shaped reaction profile observed 0.2 1 /..-"
for many cocatalysts has been difficult to fully explain. ,/__-" i
Obviously, it was somehow related to the time necessary to 01 | ,{,." 2
generate the active catalytic species. As pointed out earlier, 3yl
. . . e e . . V4 i
anionic cocatalysts do not display this initiation period and thus y e
the active species must be rapidly generated in these instances. 0.0 . T T .
The heterocyclic nitrogen base cocatalysts, however, exhibit a 0 100 200 300 400 500
long initiation period; depending on the [cocatalyst] this could Time(Minutes)

be on the order of hours. In an attempt to identify the reactive Figure 10. In situ infrared monitoring of complex catalyzed formation
catalytic species several “pretreatment” studies were conducted of the poly(TMSO-carbonate) at different DMAP concentrations.
with the goal of these experiments being to generate the active o ) o ] )
catalytic species prior to performing the copolymerization enhanced miscibility with carbon dioxid&Although investiga-

reaction. This preformed catalyst would then display ideal tOns involving complexi with varying concentrations of the
kinetic behavior and achieve the maximum overall rate of cocatalyst DMAP afforded data with trends similar to that

copolymer formation for this particular system. The conditions OPtained forN-Melm, there were several key rate differences
for pretreatment of the catalyst are described in detail in the (Figure 10). First, the rate of copolymer production increased
Supporting Information and in abbreviated form here: | (no "ather dramatically upon increasing the DMAP loading from
pretreatment), 11730 equiv ofN-Melm/epoxide), Il (/2 equiv 0.5 Fo 1 equiv, followed by a slight ephancement until the
of epoxide/CQitoluene), IV (30 equiv of N-Melm/toluene/ maximum rate was qbserved at 3 equiv pf .cocatalyst. Recall
CO,). As shown in Figure 8, the rate of copolymerization for that it took ~10 equiv of N-Melm to maximize the rate of
these reactions varied to some degree, but all still showed aCoPolymer formation. Second, at low cocatalyst loadings (
significant initiation time, meaning that all attempts to generate €duiv) there is a short initiation time;10 min, and at 30 equiv
the active species failed. the activity decreases slightly with concomitant lengthening of

Our previous mechanism identified the active species as athe initiation time, up to approximately 3 h; however, the
chromium salen containing a coordinated cocatalyst and the observed initiation time is appreciably less than that observed

initial carbonate specid. However, experiment Il should have ~ for N-Melm (~6 h). _ o _
generated the alkoxide specR<CO, and experiment Il should _Cycllc carbongte f_ormatlon accelerates with increasing [DMAP]
have generated the carbonate comge¢Eigure 9). From this  (Figure 11), again similar th-Melm, but at drastically increased
we conclude that our initial assessment of the active species'ates. Additional kinetic studies for compléand DMAP show
was incorrect, and this calls into question the validity of our this copolymerization process to exhibit a [catalyst] dependence
preliminary mechanistic interpretation. much closer to first-order than witk-Melm, 1.11 versus 1.38,

To better assess these mechanistic inconsistencies we havEeSpectively. Hence, it has become abundantly clear that DMAP

examined the copolymerization reaction using several hetero-P€haves very similar td\-methylimidazole; however, all
cyclic nitrogen bases as cocatalysts. For these studies we hav@OCESSes occur at an increased rate, including the production

employed 2-(3,4-epoxycyclohexyl)trimethoxysilane(TMSO) &S ;¢\ parensbourg, D. J.: Rodgers, J. L.: Fang, Clrdrg. Chem 2003 42,
the epoxide monomer because of its, and its resulting copolymer, ~ 4498-4500.
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Figure 13. Molecular structure o1-DMAP. Ellipsoids are shown at 50%
probability level, with hydrogens omitted for clarity. Selected distances (A)
and angles (deg): Cr(3)0(1), 1.925(6); Cr(1)0O(2), 1.935(6); Cr(Ly
N(1), 2.021(7); Cr(1)}N(2), 2.016(7); Cr(1)}N(3), 2.042(7); Cr(1)}N(6),
2.090(7); N(3)-N(4), 1.205(11); N(4N(5), 1.148(11); Cr(1}N(3)—N(4),
124.4(6); N(3)-N(4)—N(5), 175.5(9).
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Figure 11. In situ infrared monitoring of complek catalyzed formation
of monomeric TMSO carbonate at different DMAP concentrations.
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/z/ N Figure 14. In situ infrared monitoring of TMSO/C@copolymerization
0.0 == T T T . : utilizing complex1 and 30 equiv of DMAP, showing the transformation
0 50 100 150 200 250 300 from “free DMAP”, observed at 1599 cm, to the “activated DMAP”,

observed at 1680 and 1650 tinPeaks at 1812 and 1750 chtorrespond
to cyclic carbonate and polycarbonate, respectively;t@)0, (B)t= 2 h,
and (C)t =4 h.

Time(Minutes)
Figure 12. In situ infrared monitoring of the copolymerization of TMSO
and CQ with catalystl and 4-(pyrrolidin-1-yl)pyridine as a cocatalyst.
complex was isolated from the reaction of complexand

of the unwanted product cyclic carbonate. Further inspection DMAP, and its molecular structure was determined by X-ray
showed a first-order dependence on [cocatalyst] for both crystallography. A thermal ellipsoid representatiorld®MAP
copolymer formation and cyclic carbonate formation, with a is depicted in Figure 13. As seen in this drawing, only a slight
decreasing dependence as the [catalyst] increased (as seen ideformation of the salen ligand is necessary in order to
Figure 7 forN-Melm). In addition, as previously mentioned accommodate the sterically unencumbering DMAP ligand.
when catalysf was employed with 4-(pyrrolidin-1-yl)pyridine Therefore, it is clear from these studies that heterocyclic
as the cocatalyst, turnover frequencies slightly smaller than thosenitrogen bases are somehow transformed during the copolym-
obtained with DMAP were observed. In situ infrared spectros- erization process. An analysis of the infrared spectra collected
copy confirms that the rate of polymer production was slightly during the in situ monitoring of copolymer formation revealed
less than DMAP at both 1 and 3 equiv, respectively (Figure a peak corresponding to ®C=N) stretching frequency in
12). However, at 35.5 equiv this cocatalyst was shown to have DMAP at 1599 cm! that can be observed at high DMAP
an initiation time of <2 h, significantly less than those of loading (=30 equiv). This infrared signal at 1599 ctallows
N-methylimidazole and DMAP, which have initiation times of a spectroscopic method for monitoring the cocatalyst during the
6 and 3 h, respectively. copolymerization reaction (Figure 14). This DMAP peak was

Our endeavors to define the most catalytically active species observed to gradually decrease to zero, while two new infrared
when employingN-Melm as cocatalyst ruled out speciBs signals concurrently appeared at 1650 and 1680'c®imilar
nevertheless, we have observed spectroscopically and kineticallyinfrared spectroscopic data were observed by Inoue for his
that the binding of heterocyclic nitrogen bases to (salen)CrX aluminum porphyrinat&-Melm system, where it was hypoth-
derivatives occurs readily. Indeed, such a six-coordinate metalesized that these infrared bands resulted from an aluminum
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process, the parent DMAP peak only slightly decreases in
Wavenumber (cm-) intensity, indicating that this reaction is stoichiometric rather
Figure 15. In situ infrared experiment showing the @OMAP interaction than catalytic. Further experiments at different catalyst/DMAP

pertorm Egr\'ﬁhcggpr?gsgijf:t:tly:m?ei??évmoggxﬁ‘z.'%oén lzg)ftt‘iufge concentrations showed that the intensity of the interaction is

min, and (C)t = 90 min. directly dependent on the catalyst/cocatalyst ratio.
The rate of this reaction was also shown to be dependent on
carbonate species and unidentified “activated”,@0mplex’ CO; pressure, with high C&pressures resulting in a very rapid

Nguyen and co-workers similarly suggested the possibility of reaction. In addition, the intensity of the 1650 and 1680 tm
a COractivated DMAP species and proposed it to hinder peaks observed during copolymerization were found to be
propylene oxide/C@copolymerizatiort? Ultimately, this trans-  dependent on [DMAP] andot [catalyst], hence, precluding the
formation was thought to be the reason for decreased propylenepossibility of representing a metal-bound carbonate species.
carbonate formation at high G(Qressures. So, the question Additional inspection of the copolymerization reaction indicated
remains as to whether the observed change is indeed DMAPthat the initiation time,~150 min, ends when a majority of the
interacting with CQ and is such an interaction beneficial to “free DMAP” peak has disappeared, i.e., the decrease in intensity
catalysis? of the “free DMAP” peak relates directly to the initiation time
To ascertain answers to these questions, several controlobserved for the formation of copolymer (Figure 16). It is of
experiments were conducted. When DMAP is reacted underimportance to note that beyond the initiation period, where
copolymerization conditions, except for the absence of the metal copolymer formation is maximized, the infrared signals at 2097
complex,no change in the DMAP infrared spectrum occurs. and 2018 cm? assigned to C@insertion into a metatamide
Similarly, when excluding C® no change in the infrared  bond disappear with only the infrared peaks at 1650 and 1680
spectrum is observed. However, when epoxide is excluded fromcm~! remaining (see Scheme 4 for infrared band assignments).
the reaction and C{pressure is added to a toluene solution of 1,8-Diazabicyclo[5.4.0Jundec-7-ene (DBU), an alternative
catalystl and 50 equiv of DMAP, the appearance of several heterocyclic nitrogen base, has been utilized for its intrinsic
new bands at 1650, 2097, and 2018 €nis observed (Figure  ability to absorb a molecule of GQthereby serving as a
15). Contrary to what is seen during the copolymerization quantitative method for Caddition2° Hence, because of the
obvious parallels between DBU and DMAP, we have examined
(19) (a) Paddock, R. L.; Hiyama, Y.; McKay, J. M.; Nguyen, ST€&trahedron DBU as a cocatalyst for the copolymerization of £@nd

Lett. 2004 45, 2023-2026. (b) Paddock, R. L.; Nguyen, S.@Ghem. Comm. X o N
2004 1622-1623. cyclohexene oxide. In situ infrared experiments clearly dem-
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05 | Table 5. Copolymerization of CO, and Cyclohexene Oxide
’ Utilizing Catalyst 1 and 3 equiv of DMAP with Added Water?
g 04 equiv of H,0 TON® TOF¢
(=
E 03 4 0 1071 268
o 5 873 218
5 0.2 50 132 33
014 a Copolymerization conditions: 50 mg of catalys{0.04 mol %), 20
: mL of cyclohexene oxide, 55 bar of G(BO0 °C, over a 4 treaction time.
b Measured in mol of CHO consumed/mol of CiMeasured in mol of CHO
0 ' i i i i i T ' consumed/mol of Ch.
0 50 100 150 200 250 300 350 400

Time (Minutes)

Figure 17. In situ infrared profile of the polycarbonate peak at 1750tm
for the copolymerization of C@and cyclohexene oxide utilizing catalyst
and 30 equiv of DBU as a cocatalyst.

onstrated that DBU absorbs G@t ambient conditions and
relatively low CQ pressure (6.9 bar). However, upon increasing
the temperature to 80C this zwitterionic interaction was
reversible, with no adduct formation being noted even at
elevated CQpressures. Consistent with the DMAP system, in
the presence of the (salen)CrX complex an interaction was
observed via infrared spectroscopy (2097, 2020, 1649Em
Copolymerization reactions carried out with the DBU cocatalyst
exhibited very little initiation time, even at high cocatalyst
loadings €30 equiv, Figure 17). A comparison of the initiation
times displayed by the different heterocyclic nitrogen base
cocatalysts showed a clear trend of decreasing initiation period
in proceeding fromN-Melm < DMAP < 4-PYP < DBU.
Hence, this order is not correlated with the nitrogé&'s but
rather with their ability to resonance stabilize negative charge
on the nitrogen atom and thereby interact with.CO

From these studies we can conclude that the heterocyclic

nitrogen base cocatalysts are activated in two steps, first
interacting with CQ in the presence of (salen)CrX to afford a
weak zwitterionic carbamic complexdp, at 2097 and 2018
cm™Y), followed by a reaction with cyclohexene oxide to provide
a stabilized zwitterion. The weakness of the £@itrogen base
interaction is reflected in the high frequencies of the,

characterize this CQinteraction we endeavored to isolate
crystals from the DBU/C@reaction. As was previously reported
by Franco and co-workef8,we isolated single crystals of the
bicarbonate salt of DBU which result from the presence of
adventitious watef® That is, water transforms the carbamic
zwitterion into its bicarbonate salt (eq 2).

On the other hand, Heldebrant and co-workers have recently
reported that they were unable to spectroscopically observe
adduct formation between DBU and @@t moderate C®
pressure (1620 bar) and ambient temperatife.

Relevant to this latter point, as was listed earlier in Table 2,
the [PPN][HCQ] salt serves as a cocatalyst for the copolym-
erization of cyclohexene oxide and @@ the presence of
catalystl. Hence, although every effort has been made to keep
our copolymerization reactions anhydrous, we were concerned
that trace quantities of water might be present thereby allowing
the heterocyclic nitrogen bases to proceed via an anionic
bicarbonate cocatalyst. Notwithstanding the lack of cocatalyst
activity noted for triethylamine (Table 2), which should as well
provide bicarbonate ions in the presence ofE0, we have
deliberately added known quantities of water to our DMAP
catalytic system. The results of this study are summarized in

+H,0
_HHQ

“H,0

infrared bands, i.e., in isolatable metal carbamates these-l-able 5, where water is shown to have a deleterious effect on

vibrational modes typically occur at 1660480 cn11.21 Scheme

4 depicts the catalytic cycle for the activation process where
ethylene oxide is employed for simplicity. These zwitterions
serve as cocatalysts in an analogous manner as the PPN
salts, except less effectively. This process involving heterocyclic
nitrogen base activation explains the production of copolymer
being a sigmoidal function of time.

In Scheme 4 we have represented the wealk &dluct of
DMAP as being stabilized by the (salen)CrX complex in a
bidentate fashion. This is consistent with the difference in the
veco,(@sym) andrco,(sym) vibrations, i.e., 2097 and 2018 ci
respectively, being less than 100 thd? It should be reiterated
here that the instability of the CQnteraction is reflected in
the small vibrational shift-{290 cnt?) of the averageco, value
from that of free CQ(2349 cn1?). In an attempt to definitively

(20) (a) Peaz, E. R.; Odnicki da Silva, M.; Costa, V. C.; Rodrigues-Filho, U.
P.; Franco, D. WTetrahedron Lett2002 43, 4091-4093. (b) Peez, E.
R.; Santos, R. H. A.; Gambardella, M. T. P.; de Macedo, L. G. M,;
Rodrigues-Filho, U. P.; Launay, J.-C.; Franco, D. WWOrg. Chem2004
69, 8005-8011.

(21) Caudle, M. T.; Benedict, J. B.; Mobley, C. K.; Straessler, N. A.; Groy, T.
L. Inorg. Chem.2002 41, 3183-3190.

(22) Nakamoto, Kinfrared and Raman Spectra of Inorganic and Coordination
Compounds4th ed.; John Wiley and Sons: New York, 1986; p 231.
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copolymer production. We conclude from these data that
bicarbonate generated by adventitious water is not likely the
cocatalyst in these instances. This is particularly true for
reactions carried out in large excesses of DMAP.

The catalytic cycle for activation of DMAP shown in Scheme
4 accounts for the observed increase in the initiation period with
increasing cocatalyst loading. That is, the inactive DMAP-bound
complex is present in significant concentrations as long as “free”
DMAP is available. Once all the DMAP has reacted only the
catalytically active cocatalyst is present, as is best shown by
the direct correlation between the disappearance oitbe=
N) in “free” DMAP and the time until the maximum rate of
catalysis is achieved (Figure 16). It is suggested herein that this
scheme applies to all heterocyclic nitrogen bases studied, with
different bases undergoing these reactions at various rates.

(23) Crystals for HDBUHCO;: C;oH1gN205 (214.26), monoclinicP2(1)/h,
a=7.129(8),b = 18.34(2),c = 8.149(9) A, = 91.93(2}, V = 1065(2)
A3 Z = 4, pcaica= 1.337 mg/m, Mo Ka radiation,A = 0.710 73 AT =
110(2) K, 4628 measured reflections, 1507 unigue; 0.099 mnt?, R1[l
> 20(1)] = 0.0420, wR2= 0.1045, GOF= 0.997, no. of parameters
141.

(24) Heldebrant, D. J.; Jessop, P. G.; Thomas, C. A.; Eckert, C. A.; Liotta, C.
L. J. Org. Chem2005 70, 5335-5338.



Copolymerization of CO, and Cyclohexene Oxide

ARTICLES

Scheme 5

Table 6. Effect of Phosphine Cocatalyst Concentration on the

Rate of Copolymerization of Cyclohexene Oxide and CO;
Catalyzed by Complex 12

phosphine (equiv) TON?® TOFe

o
Ta—{o] PPh (1) 288 72
PPk (3) 420 105
m PPR (5) 403 101
) PPh (7) 408 102
Minor Route PC){; (1) 354 89
PCy; (3) 1318 329
PCy; (5) 1306 326
PCy; (7) 1482 371

a Copolymerization conditions: 50 mg of catalys{0.04 mol %), 20
mL of cyclohexene oxide, 55 bar of GCBO °C, over a 4 hreaction time.
Note: all catalysts produced copolymers with at least 99% carbonate content.
b Measured in mol of CHO consumed/mol of €Measured in mol of CHO
consumed/mol of Ch.

0.5 ~
7
/-
/.
e
e
04 1 1eq PCy3 S
A 3eq PCy3 //
-——- 5eq PCy3 /i""
Q J
A more comprehensive mechanistic description of the co- §0'3 /_,/.f
polymerization of CQand cyclohexene oxide utilizing (salen)- -g //f
CrX/heterocyclic nitrogen base systems can now be put forth 2 02 S
as detailed in Scheme 5, specifically for DMAP. The initial < /.--"
epoxide ring opening occurs via a second-order process as e
described by Jacobsen and co-workeFhis step has previously 01 1 /45"
been shown to take place immediately upon dissolving (salen)- /.4"'
CrN3 in cyclohexene oxide at ambient temperature prior to -
cocatalyst addition and is not rate limitidgThe insertion of 0.0 = , , ‘ ,
CO;, into the chromium alkoxide species thereby produced also 0 50 100 150 200 250 300

is rapid at high CQ pressure$? Also, we have demonstrated Time(Minutes)

the chain propagation step to be first-order in metal catalyst Figure 18. Effect of [tricyclohexylphosphine] on the rate of copolymer-
concentratioriIn the presence of the cocatalyst an equilibrium Zation as monitored by in situ infrared spectroscopy.

is established between epoxide-bound and cocatalyst-boun
(salen)Cr(alkoxide) derivative. GOaddition to this latter
chromium complex then allows for the formation of another

%ulkier, more nucleophilic phosphine, P£ys considerably
more effective as a cocatalyst or cocatalyst precursor thag PPh

L L . o . Kinetic studies carried out employing the epoxide TMSO were

equilibrium, an activation that is stabilized by both the high consistent with the bulk cyclohexene oxide runs, with one such

[CO,] and the subsequent epoxide ring-opening step. This . - . . : . "
o ; X . -representative series of experiments involving varying quantities
species represents the most active species during copolymeri-

. A . L of PCy; being depicted in Figure 18. Similar to kinetic traces
zation but is not entirely stable as excess cocatalyst will displace of conolvmer production when utilizing DMAP as cocatalvst
the zwitterionic species and repeat the cycle until [DMAP] is poly P 9 yst

sufficiently depleted. At this point the parallels between the ionic this reaction exhibits a sigmoidal shape as a function (.)f tl_me.
L . However, contrary to the DMAP-catalyzed copolymerization
cocatalysts and the heterocyclic nitrogen Lewis base cocatalysts - S S . .
. } reactions, in this instance the initiation period decreases with

should be obvious, as these cocatalysts catalytically form

o . . . increasing phosphine concentration.
zwitterions, which represent the active catalyst species, very . .
- L A summary of the other phosphines surveyed for their
similar to the ionic system.

Reactivity Studi f the Conol izati fC d effectiveness as cocatalysts is presented in Table 7. To decipher
Cycﬁ)ilcezyé:e Og(i(;lisuc;ilizir?g ;)k?:s)é?iizzégzgtglyst%ﬁgi a trend in these data both the steric and electronic properties of
; . ) h i hosphi [ le,
nally, we examined the phosphines, Baind PCy, for their the various phosphines must be considéfeeor example, an

s ; talvsts for th | ati f examination of triphenylphosphine derivatives revealed the
efhicacy to serve as cocalalysts lor tne copolymerization o sterically demanding and nucleophilic tris(2,4,6-trimethoxyphen-

cyclohexene oxide and carbon dioxide in the presence of Catalysél)phosphine is somewhat more effective than RQYther
1. These results are tabulated in Table 6, and display an increas ubstituted triphenylphosphine derivatives, all very similar in

In the rate of copolymer production with increasing phosphine/ size, showed a slight decrease in reactivity as the location of

catalyst ratio up to about 7 equiv. Beyond this ratio there was the substituents changed, following a direct trend based on the

no dS|g?_|f|ca£t _effect (mctr](::‘asetr? ' ng'(;relg Ste)d 0 nT cslpoelsyrtr;]er predicted electron-donating ability. On the other hand substituted
production. As 1s apparent from the slistedn fable b, the trialkyl phosphines show a very different reactivity trend, i.e.,

)- comparing then-butyl, iso-propyl, andtert-butyl derivatives,

(25) The process is slower in the presence of a cocatalyst; hence, if (salen
CrN; and DMAP are simultaneously dissolved in epoxide this reaction is
not rapid at ambient temperatu®.

(26) Tolman, C. AChem. Re. 1977, 77, 313—-348.
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Table 7. Effect of Different Phosphines on the Rate of
Copolymerization of Cyclohexene Oxide and CO; Catalyzed by
Complex 12

cone angle
phosphine (deg) TON? TOFe¢
P(C(CHp)3)s® 182 1277 638
P(2,4,6-tri-CHOCsH?)3 185 1417 354
P(GH11)3 170 1318 329
P(p-CH30CsH4)3 145 1293 323
P(0-CH30CsH4)3 153 1170 292
P(p-CH3CsH4)3 145 1301 325
P(CsHs)3 145 420 105
Fe(CpPGHs)2 1084 271

aEach experiment was performed with 3 equiv of phosphine. Cone angles
were derived utilizing the Tolman meth8®8 All active catalyst systems
produced copolymer with>97% carbonate content. Copolymerization  Figure 19. X-ray crystal structure 08-:O=PCys. Thermal ellipsoids are
conditions: 50 mg of catalydt(0.04 mol %), 20 mL of cyclohexene oxide,  shown at the 50% probability level with hydrogens omitted for clarity.
55 bar of CQ, 80°C, over a 4 Ireaction time? Measured in mol of CHO Selected distances (A): Cr@gi(1), 2.3260(19); Cr(10(3), 2.007(4);

consumed/mol of Cr¢ Measured in mol of CHO consumed/mol of-@r Cr(1)-0(1), 1.912(4); Cr(130(2), 1.913(5); Cr(1}N(1), 2.002(5); Cr-
d Reaction carried out for 2 ®.M,, = 29 000 with a PDI of 1.16/ M, = (1)-N(2), 2.013(5);

21 000 with a PDI of 1.79¢ M, = 11 000 with a PDI of 1.54.

As discussed earliek-heterocyclic amines readily bind to
which all have similar electronic properties but vary in steric the metal center in (salen)CgNatalysts in weakly interacting
requirements, it was found that the smalfebutyl andiso- solvents as revealed by a shift in thg, infrared stretching
propyl phosphines were only marginally effective as cocatalysts. frequency from 2082 crmt in the five-coordinate complex to
However, the bulky triert-butyl)phosphine derivative was 2054 cnt! in the thus formed six-coordinate derivatitfé.
highly effective, producing copolymer at a rate of 638 mol of Furthermore, as would be anticipated based on the second-order
epoxide consumed/mol of catalyist clearly demonstrating that ~ pathway in [catalyst] for epoxide ring opening, the addition of
donating ability is not the only factor when determining what ligand to the vacant axial chromium site greatly retards the initial
makes an effective cocatalyst. Other small donating trialkyl- ring-opening process, which otherwise occurs rapidly at ambient
phosphines, such as trimethyl- and triethylphosphine, producedtemperature. Parallel studies with phosphines showed that upon
very little copolymer, which is believe to be due to their low adding 1 equiv of P4P to complexl in tolueneno shift in the
boiling points that prevent their being present in sizable Vn,Vvibration was initially observed, indicative ab phosphine
quantities in the catalyst-rich liquid phase of the reaction. The (salen)CrN interaction. However, after this solution stood for
least active of the phosphines, triolyl)phosphine, is both 20 min at 80°C, a shift in thevy, from 2082 to 2054 cm* was
weakly donating and has a very large cone angle, possibly partly observed, with a significant amount of the 2082°ém
prohibiting any type of reaction. Another attractive alternative Parent peak remaining. The shift to the six-coordinate complex
involves the use of substituted ferrocene derivatives. One suchwas intensified upon continued exposure of the solution to
derivative is that of Fe(CpPRJ, which when utilized as a  elevated temperatures or upon adding more triphenylphosphine.
cocatalyst produced slightly higher turnover numbers than that Similar studies employing the more nucleophilic, however
of PPh. These results lead us to draw two conclusions: first, Sterically more demanding, Pelgand exhibited an enhanced
that the phosphine needs to be highly nucleophilic in nature, interaction with (salen)Crij\complexes.
and second, an effective phosphine cocatalyst must also be very Overall, these results suggest that, while the phosphine
large in size; and only with a combination of the two is catalytic binding in noncoordinating solvents is thermodynamically
activity optimized. favored, it is kinetically slow, and some deformation of the salen

Because trace quantities of phosphine oxides are often Ioresenkigand is necessary to incorporate it into the coordination sphere

in phosphine samples, especially for trialkylphosphines, we of the met.allcen'ter, creating.a signifigant' activation energy
examined several phosphine oxides for their ability to serve as barrier. This implies that epoxide coordination to the catalyst,

cocatalysts for the copolymerization reaction. These were all especially when it is u_sed as the solvent, shoult_:i b? kinetica_lly
extremely ineffective at producing copolymer when combined favored over _phosphlrle binding. Proof of this is seen in
with catalystl. Nevertheless, phosphine oxides readily afforded copolymerization reactions where both catalyst and cocatalyst

six-coordinate complexes with (salen)CrX catalysts. One such are dissolved in cyclohexene oxide simultaneously. Infrared
complex containing G—0, 3:O—=PCys, was isolated in spectroscopy shows that the metal center produces the organic

crystalline form and its structure determined by X-ray crystal- 2Z1d€ SPecies instantaneously, a reaction that does not occur
lography. A thermal ellipsoid representation of this complex is Without the epoxide binding to the metal. _
depicted in Figure 19, along with selected bond distances. It 1 Nese observations imply that, analogous\tbeterocyclic
should be stated parenthetically that all attempts to grow single LEWIS bases, phosphine cocatalysts are not innocent as previ-
crystals of adducts of catalytically active phosphines Witrere ously thought and |ns_tead rea<_:t in a catalytic fashion to generate
unsuccessful. Similarly, in a recent report efforts to grow single € Predominant active species. Inde&t NMR spectra of
crystals of chromium(ill) octaehtylporphyrin, Cr(OEP)CI, with ~ caalytic active copolymerization processes cocatalyzed by
PPh failed, whereas crystals of its OPPAdduct were readily ~ Phosphines display a strong signakat0 ppm. Inoue and co-
Obtained from OPF{hand its molecular structure was deter- (27) Inamo, M.; Matsubara, N.; Nakajima, K.; lwayama, T. S.; Okimi, H.;
mined?’ Hoshino, M.Inorg. Chem.2005 44, 6445-6455.
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Figure 20. Copolymer formation profiles for TMSO/CQreaction in the 3
presence of (salen)CrX catalysts €XCl, BF,, BAr4f) andthree equi of
Cy3P.
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Scheme 6 Time (Hours)
3 i 3 3 Figure 21. In situ infrared trace of the(C=0) at 1750 cm* corresponding
—Cr=— —Cr=— —Cr=— —Cr=— to the polycarbonate product from the copolymerization of TMSO angl CO
T T I ] s . . vy . .
O PR ) SR co &P co, utilizing catalystl and varying equivs of tri{-butyl)phosphine. The inset
7 c§:0® illustrates the sharp drop off in production of copolymer at 3 equiv of
PR Q PR3 n-BusP.
3 3 S
= Ny or copolymer chain the cocatalyst was activated; however, phosphines lack this

workers observed a simil&P resonance in their copolymer-  binding ability and following the activation of 1 equiv of
ization reaction catalyzed by aluminum porphyrin derivatives phosphine maximum catalytic activity is achieved. Indeed ionic
in the presence of PRhwhich they attributed to formation of ~ cocatalysts have been shown to obtain their maximum rate with
a phosphonium salt.Further support for this behavior is 1 equiv of cocatalyst, and the very similar phosphonium inner
revealed in copolymerization studies involving catalyswvhere ~ salt should behave in a like manner. The phosphonium inner
the anionic axial azide group is replaced by the weakly or saltwould also interact with the metal much easier than its bulky
noninteracting Biror BAr,~ anions. Copolymerization reactions  phosphine precursors and be more donating than the epoxide,
performed with these catalysts in the presence of 3 equiv of making it highly competitive for binding to chromium. This
PCys exhibited only small decreases in catalytic activity Pathway of ring opening leads to the process being second-
compared to the analogous catalyst containing an axial chlorideorder overall, first-order in both [catalyst] and [cocatalyst]. The
ligand bound to chromium under identical reaction conditions. time necessary for the generation of these zwitterions, i.e., the
That is, in situ infrared monitoring of these copolymerization cocatalyst active species, would also account for the initiation
processes has shown that when equal [catalyst] are utilized,time that is observed during most of the phosphine reactions.
nearly identical copolymer formation profiles are observed The main disconnect in this unifying mechanistic proposal
(Figure 20). is why less sterically encumbering, nucleophilic phosphines are
At this point it should be reiterated that, for cocatalysts such not effective as cocatalysts for the copolymerization reaction.
as N-Melm or DMAP, the initiation time is extended as the Close examination of one such phosphindusP, by in situ
[cocatalyst] increases. Hence, the catalytic system does notinfrared monitoring of the process showed the incipient activity
proceed at maximum rate until all of the catalyst precursor is is indeed greater than that seen in other catalytically active
consumed, or in other words, not until all of the cocatalyst is phosphines. However, after a brief time of high activity, catalytic
activated. The difference in behavior between the phosphine- activity falls off sharply. The time period before activity decline
cocatalyzed system and that Nfheterocyclic amines lies in  is lengthened as the{BuzP] is increased. This is best illustrated
the fact that these latter bases readily bind to the (saler)CrN in Figure 21, where the time profiles for copolymer formation
center, thereby stabilizing a less reactive catalytic species. Theare displayed as a function of-BusP]. Currently, we are
sterically demanding nucleophilic phosphines do not compete attempting to better understand the catalytic role of small,
with epoxide for the apical chromium binding site; therefore, nucleophile phosphines in this copolymerization process, but it
the equilibria such as those depicted in Scheme 5 are un-is likely that these very reactive bases are being consumed by
important in this instance. Instead, phosphine activation occursreacting with the copolymer product or active chain end (vide
in a rather facile step, reacting with the activated epoxide infra).
molecule producing a phosphonium inner salt or zwitterion. As  Relevant to this latter point, an interesting aspect of these
is apparent in Scheme 6, this reaction step is more straightfor-catalyst systems in general is that, based on the amount of
ward than the process fd¥-heterocyclic base activation and epoxide consumed, the copolymer produced always has a
readily explains the saturation in [cocatalyst] kinetics observed. molecular weight significantly lower than the theoretical mo-
In the case of the amine cocatalysts, the small size and donatindecular weight. Nevertheless, the polydispersity index (PDI)
ability of the neutral cocatalyst allowed it to displace the measured for these copolymer is always quite low (£D30).
zwitterionic cocatalyst, hindering copolymerization until all of ~ This is very apparent when employing a high loading of DMAP.
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For example, in going from 1 to 31 equiv of DMAP as cocatalyst Scheme 7

the molecular weight is reduced from 31 500 to 1600 g/mol
and the carbonate content decreases from 99 to 70%. These
activated cocatalysts may find the carbonate carbon an attractive
reaction center leading to depolymerization reactions. Alterna-
tively, each of the excess zwitterions initiates a polymer chain
leading to shorter chains or lower molecular weighifEhe best
evidence for the depolymerization mechanism is found in the
work of Hedrick and co-workers, wherein it was shown that
phosphines and DMAP can act as organic catalysts for the ring-
opening polymerization of lactidé8 The molecular weights of

the polymer obtained were found to be very sensitive to the
[catalyst]. This sensitivity stems from the fact that polylactides,
very similar to polycarbonates in most respects, can be depo-
lymerized with DMAP. Interestingly, depolymerization was
shown to be controllable and occurred with minimal change in
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the polydispersity index of the resulting polymer. The above o | OTER . o
observations are consistent with our results employing phosphinet© be?ter dzeflne different initiation, propagation, and termination
cocatalysts, where, as the steric requirements of the cocatalysféactions’33

decrease while maintaining similar electronic properties, the conclusions

molecular weight of the corresponding polycarbonate decreases.

For example, triert-butyiphosphine and tricyclohexylphos- The skeletal cartoon in Scheme 7 summarizes the proposed

. . complex activation modes required for achieving maximum
phines produce copolymer with, values of 29 000 and 11 000 catalytic activity when utilizing neutral Lewis bases as cocata-

g/mol, respectively. However, the theoretical molecular weight lysts for the copolymerization of epoxide and £@ the

is still never obtained, .con(.:Iuding'that the depcl)lymerigation st.ep presence of (salen)CrX catalysts. These cocatalyst activation
or reaction of the zwntenpns with the alkoxide active chain processes, which involved the production of zwitterions, account
end cannot 'F’e totally discounted, b,Ut, rather slowed.. The for the sigmoidal profiles observed for the formation of
molecular weight should then be maximized with the anionic v carhonate as a function of time in these systems. Hence, a
cocatalysts where only 1 equiv of cocatalyst is added, limiting unifying mechanism emerges, wheieheterocyclic amines and
the possibilities of these processes occurring. However, in thesephosphines provide inner salts or zwitterions, which behave in
latter instances copolymer growth can be occurring at both sidesg anner similar to that of anions as cocatalysts for copolym-
of the (salen)Cr center, concomitantly leading to lower molecular grization reactions catalyzed by (salen)CrX derivatives. Presum-
weight values. An alternative pathway which could account for gp)y these mechanistic considerations apply to other metal
the low molecular weights is the formation of large cyclic ~complexes which serve as catalysts for this process and contain
carbonates containing more than one carbonate group, as hagtradentate ligand systems, e.g., metal porphyrins.

been observed during long-running polycondensation reactions.

We have observed that by going from a five-membered cyclic
ring to a six-membered cyclic carbonate that hE=0)
stretching frequency decreases (1825 twersus 1760 cm),3!
thereby appearing quite close to that of the linear polymer (175 X
cm™1). Hence, it is quite conceivable that a large cyclic carbonate Dr. Shane Tichy for MALDI-TOF-MS measurements.

would appear in the sameco, infrared region as a linear Supporting Information Available: Complete details for the
copolymer and thus would go unnoticed by way of infrared crystallographic studies, d-DMAP, 1-[PPN][N3], and3-O-
monitoring. Currently, MALDI-TOF-MS studies are underway PCys. This material is available free of charge via the Internet
at http://pubs.acs.org.
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