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Abstract: A series of zinc S-diiminate (BDI) complexes and their solid-state structures, solution dynamics,
and copolymerization behavior with CO, and cyclohexene oxide (CHO) are reported. Stoichiometric reactions
of the copolymerization initiation steps show that zinc alkoxide and bis(trimethylsilyl)amido complexes insert
CO,, whereas zinc acetates react with CHO. [(BDI-2)ZnOMe], [(BDI-2) = 2-((2,6-diethylphenyl)amido)-4-
((2,6-diethylphenyl)imino)-2-pentene] and (BDI-1)ZnO'Pr [(BDI-1) = 2-((2,6-diisopropylphenyl)amido)-4-
((2,6-diisopropylphenyl)imino)-2-pentene] react with CO, to form [(BDI-2)Zn(u-OMe)(u,7?-0.COMe)Zn(BDI-
2)] and [(BDI-1)Zn(u,7>-0.CO'Pr)],, respectively. (BDI-2)ZnN(SiMes), inserts CO, and eliminates trimethylsilyl
isocyanate to give [(BDI-2)Zn(u-OSiMe3)],. [(BDI-7)Zn(u-OAc)], [(BDI-7) = 3-cyano-2-((2,6-diethylphenyl)-
amido)-4-((2,6-diethylphenyl)imino)-2-pentene] reacts with 1.0 equiv of CHO to yield [(BDI-7)Zn(«,n?-OAc)-
(u,n*-OCyOACc)Zn(BDI-7)]. Under typical polymerization conditions, rate studies on the copolymerization
exhibit no dependence in [CO,], a first-order dependence in [CHO], and orders in [Zn]i: ranging from 1.0
to 1.8 for [(BDI)ZnOAc] complexes. The copolymerizations of CHO (1.98 M in toluene) and 300 psi CO; at
50 °C using [(BDI-1)ZnOAc] and [(BDI-2)ZnOAc] show orders in [Zn]i: of 1.73 4+ 0.06 and 1.02 + 0.03,
respectively. We propose that two zinc complexes are involved in the transition state of the epoxide ring-
opening event.
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ZnE/H,0O mixture for copolymerization of C£and propylene
oxide® inspired the development of a number of additional
heterogeneous syster#s?® Discrete zinc phenoxides developed
by Darensbou®y? and ZnO/fluorinated carboxylic acid sys-
tems investigated by Beckm&r® copolymerize cyclohexene
oxide (CHO) and C@ exhibiting turnover frequencies (TOF)
of approximately 10 hl. Chromium-based systems, including
chromium porphyrins studied by Krugéand Holme¥2and
chromium salen complexes reported by Darensbhétigjye
TOFs of up to 200 ht. Finally, highly actives-diiminate (BDI)
zinc carboxylates and alkoxides designed in our group afford
TOFs as high as 2300 hfor CHO and CQ copolymerization
(Figure 1)51-56
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Figure 1. Highly active [(BDI)Znu-OMe)], complexes for the alternating
copolymerization of CHO and GO

Scheme 1. B-Diiminate Zinc Complexes as Catalysts for the
Alternating Copolymerization of Cyclohexene Oxide and CO;
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Scheme 2. Catalytic Cycle lllustrating the Alternating Insertion of
CHO and COg; in the Synthesis of Aliphatic Polycarbonates
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polymers. These include the production of polycarbonates from
the alternating copolymerization of carbon dioxide and epoxides
(including cyclohexene oxide and propylene oxide) under low
temperatures and mild pressures (Schemes 1 ar¥d %),
heterotactic and syndiotactic poly(lactic acid) froat-lactide
andmeselactide, respectivel§’->8and poly(3-hydroxybutyrate)
from B-butyrolactone?® Using these systems, narrow polydis-
persity indices (PDIs) and number average molecular weights
(My) dictated by monomer-to-initiator ratios are observed,
indicative of living polymerization§& Additionally, minor
changes in the ligand architecture result in dramatic enhance-
ments in polymerization raté4.5%

Homogeneous catalysts have distinct advantages over their
heterogeneous counterpdiSingle-site homogeneous catalysts
are typically of the form EMR, containing a readily modifiable
organic ligand set (}), a catalytically active metal center (M),
and a viable initiating group or polymer chain-end (R). These
homogeneous catalysts allow for modifications of (1) ligand
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Figure 2. [-Diiminate zinc acetate complexes.

electronics and sterics, (2) labile metal centers, and (3) viable
initiating groups. Mechanistic information can be retrieved from

synsyn and synanti geometry? There are close interactions
between Zn(2) and O(1) (2.497 A) as well as between Zn(1)
and O(4) (3.049 A). The molecular structures of [(BHEN-
(u,52-OAC)]> and [(BDI-6)Zn(u,?>-OAc)], are dimers isostruc-
tural to [(BDI-2)Zn(u,n>-OAc)]z and [(BDI-1)Zn(x,7*OAc)]2,
respectively?? [(BDI-5)Zn(u,7>-OAc)]. crystallizes in aranti
fashion (Figure 4). The bridging acetates in [(BR)En(u,n?-
OAC)]; are betweersyn-synand synanti geometry, similar to
[(BDI-2)Zn(u,7?-OAc)],, Additionally, the Zn-Zn separation

is 4.14 A, which is intermediate between the 4.24 and 3.94 A
Zn--Zn separations of [(BDE)Zn(u,n2-OAc)], and [(BDI-2)-

a system designed with a single-site catalyst, whereas theZN7-OAC)]>, respectively. [(BDI7)Zn(u7*-OAc)], also
presence of multiple active sites makes obtaining this informa- crystallizes as a dimer (Figure 5) with a Zfn separation of
tion difficult. Therefore, it has been our goal to develop single- 3-85 A, about 0.1 A shorter than the ZAn separation for
site BDI zinc complexes, which are specifically designed to [(BDI-2)Zn(u,n>-OAc)].. The bridging acetates are betwesgm
possess a permanent ligand on the active metal center, as welsynandanti-syngeometries, comparable to [(BR)Zn(u,n*

as an initiating group, which serves to mimic the putative OAC)]z. Crystal data and structure refinements are provided in

propagating species of the polymer chain.

Table 1.

Our recent findings suggested that the enhanced rates of the Monomer—Dimer Equilibria of Zinc Acetate and Alkox-

unsymmetrical isopropyl and ethyl/methyl-substituted catei§/sts

ide Complexes.[(BDI-1)ZnOAc] and related zinc complexes

(see Figure 1) could be informative regarding the mechanism are single-site catalysts and therefore provide an excellent

in the copolymerization of CHO and GQ@see Scheme 2). The
symmetrically substituted complexes [(BDJZnOAc] and
[(BDI-2)ZnOAc] (Figure 2) are effective catalysts for the
alternating copolymerization of CHO and @OHowever,

opportunity to model the dynamic behavior of related catalytic
intermediates in solution. TH&! NMR spectrum of [(BDI4)-
ZnOAC] in tolueneds ([Zn]wt = 1.0 x 1072 M) exhibits two
sets of resonances, the relative intensities of which vary with

complexes that do not possess adequate steric bulk in the orthqoncentration. The set that becomes more intense as concentra-

positions of theN-aryl ring exist as highly unreactive dimeric

tion decreases was assigned to the monomeric sp&clds

species (Figure 3). Conversely, bulky substituents yield pre- monomer predominates in solution at typical copolymerization
dominantly monomeric complexes in solution that also impede congitions (50°C, [Zn}e: = 1.0 x 1072 M). Coordinating

catalysis. Therefore, we synthesized and investigated a varietysolyents such as tetrahydrofuran (THF) do not significantly

of zinc complexes in the regime of activity between unreactive
tightly bound dimers and monomers. Herein we report solution

affect the equilibrium, suggesting that the acetate of the
monomer exists in thg? form. In contrast to [(BDI1)ZnOAc],

studies, stoichiome;ric enchainment eyents, copolynjeri_zationthelH NMR spectrum of [(BDI2)ZnOAc] exhibits exclusively
data, and rate studies for the alternating copolymerization of one set of resonances in toluedie(Zn]i: = 1.0 x 1072 M)

CO, and CHO. We propose a detailed mechanism, in which from 20 to 100°
the rate-determining step is a bimetallic epoxide enchainment

event.
Results and Discussion

Synthesis and Solid-State Structures of Zinc Catalysts.

Previous results showed that subtle ligand modifications produce

dramatic effects on catalytic activib:>® For instance, com-
plexes with inadequate steric bulk at the fawaryl ortho
positions, such as methyl substituents ([(BRY2nOAc]; Figure
2), fail to afford polymerization activity. However, complexes
containing differentN-aryl substituents (e.g., 2,6-diisopropyl-

phenyl/2,6-dimethylphenyl) and an electron-withdrawing cyano
substituent on the ligand generate the most active catalysts for

the alternating copolymerization of CHO and £@ee Figure
1).55 To probe the highly sensitive structuractivity relation-

C, consistent with only a dimer in solution.
Methine resonances due to dimeric and monomeric species are
observed from 4.6 to 4.8 ppm and 4.9 to 5.0 ppm, respectively.
[(BDI-3)ZnOACc], [(BDI-4)ZnOAc], [(BDI-5)ZnOAc], and [(BDI-
7)ZnOAc] each show one set of peaks in benzdgeéncluding

a single methine backbone resonance for [(BnOAc],
[(BDI-4)ZnOAc], and [(BDI5)ZnOAc] between 4.6 and 4.8
ppm, consistent with the dimeric complex. However, [(BDI-
4)ZnOACc], [(BDI-5)ZnOAc], and [(BDI-7)ZnOAc] are fluxional
dimers on the!H NMR time scale, characterized by broader
resonances at 20C which become more well defined at
60 °C. Similar to that of [(BDI1)ZnOAc], 1H NMR spectros-
copy of [(BDI-6)ZnOAc] reveals a monomer/dimer equilibrium
at room temperature ([Zg] = 2.1 x 1072 M in tolueneds),
which becomes predominantly monomer at°80f?

ships in these systems, we synthesized zinc acetate complexes The monomer/dimer equilibrium of [(BD1)ZnOAc), (2

of varying bulk in theN-aryl positions (see Figure 2).
Reaction of theS-diimine ligands with ZnEt affords the
monomeric (BDI)ZnEt complexed, which can be cleanly

[(BDI-1)ZnOAc] = [(BDI-1)ZnOAc),), was studied between
—80 and 100°C using!H NMR spectroscopy (400 MHz) in
tolueneds ([Zn]w: = 2.2 x 1072 M; 20 °C, Keg = 207 MY

converted to the zinc acetate analogues in up to 87% vyield by 50 °C, Keq = 35 M™%). From the plot of InKeq versus 1T,%2 a

protonating the zinc ethyl moiety with 1.0 equiv of acetic acid
at 0°C 5% As with [(BDI)ZnOAc] complexes ligated by—2,51.54
complexes ligated b@—7 are dimeric in the solid state. X-ray
analysis of [(BDI3)Zn(u-OAc)]> shows a dimer with four-
coordinate zinc centers containing bridgigigacetates between

AH andAS of —10.8+ 0.1 kcal/mol and-26.3+ 0.3 eu are
found from the slope and intercept. For this solution, the
complex is predominantly dimer betweer80 and—20 °C;

(62) See Supporting Information.
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N O O, N . O,
\ L 2 \ L7 /
( Zn Zn ) C Zn Zn ) —<\ Zn )
/N SN 2N \ o\
N Ou=0 N N N

Tightly bound dimer

Unreactive

Loosely bound dimer

Highly Reactive

Monomer incapable of dimerization

Unreactive

Figure 3. Tightly bound dimers and monomers show poor catalytic activity for the alternating copolymerization of CHO arldo@&&ly bound dimers

are highly reactive catalysts (R alkyl).

Figure 4. ORTEP drawing of [(BDIS)Zn(u,7>-OAc)]. (non-hydrogen
atoms) with thermal ellipsoids drawn at the 40% probability level. Selected
bond lengths (A) and bond angles (deg): Zr{l1) 1.971(2), Zn(1}>

N(2) 1.962(2), Zn(1)}O(1) 1.959(2), Zn(1)O(2A) 1.947(2), O(1}C(1)
1.262(2), O(2)-C(1) 1.233(4), O(1yZn(1)—0O(2A) 111.63(9), N(1yZn-
(1)-N(2) 98.7(1), N(13Zn(1)—0O(2A) 108.09(9), N(2)-Zn(1)-O(1) 107.45-

(8), C(1)-0O(1)—2Zn(1) 137.7(2), O(1}yC(1)—0(2) 127.1(2).

from approximately—20 to 80°C the complex is in both dimer
and monomer forms; and at 100 only the monomer is present.
Upon cooling from—40 to —80 °C, a broad shift at 0.8 ppm
that was assigned to the internal methyl groups of the isopropy!
substituents on the ligands coalesces at approximatéf/°C

and reemerges at80 °C. We believe this is due to site
exchange betweenGy, symmetric dimer species througtbay,
symmetric dimer intermediaf8.

Our previous studies on BDI zinc alkoxides show that (BDI-
1)ZnOPr is predominantly monomeric in benzetieat room
temperature but exhibits a monomer/dimer equilibrium at lower
temperature®’ Chisholm observed (BD1)ZnOBu and (BDI-
1)ZnOSiPh-THF to be monomeric in both the solid state and
in solution, and (BDI1)ZnOSiPh-THF shows a temperature-
dependent reversible dissociation of TE#*We have found
that [(BDI-2)Zn(u-O'Pr)}, and [(BDI-2)Zn(u-OMe)], are both
dimeric at room temperature ([Zg]= 5.6 x 10-2 M), but they

Figure 5. ORTEP drawing of [(BDI7)Zn(u,7?-OAc)], (non-hydrogen
atoms) with thermal ellipsoids drawn at the 40% probability level. Selected
bond lengths (A) and bond angles (deg): Zr{l(1) 1.979(2), Zn(1>

N(2) 1.970 (2), Zn(1)0O(1) 1.962 (1), Zn(1yO(2A) 1.974(2), O(1)}C(1)
1.252(3), O(2)-C(1) 1.264(3), O(LyZn(1)—0O(2A) 107.07(7), N(1)yZn-
(1)=N(2) 97.00(6), N(1}Zn(1)-O(1) 111.79(6), N(2rZn(1)—O(2A)
104.65(7), C(1yO(1)—-Zn(1) 111.9(1), O(L)C(1)—0O(2) 122.5(2).

complexes exist at least partially as monomeric species in
benzene solution, we explored combined solutions of these
compounds to access the relative stability of dimers of acetate
(eight-membered ring), methoxide (four-membered ring), and
mixed (six-membered ring) species. The relative energies of
such species provide useful insight into potential catalytic ground
states during C@epoxide polymerizations. Equimolar amounts
of [(BDI-2)Zn(u-OMe)], and [(BDI-2)Zn(u,n?-OAc)], were
dissolved in toluene at room temperature (& 1.2 x 1071

M). After 1 h of stirring, 'H NMR spectroscopy revealed a new
compound in quantitative yield (Scheme 3). Following crystal-
lization, X-ray diffraction revealed the molecular structure to
be a mixed dimer of the form [(BD®)Zn(u-OMe)(u,n?-OAc)-
Zn(BDI-2)] (Figure 6; Table 1), suggesting that the six-
membered ring mixed dimer exhibits greater stability than do
either of the homodimers. The acetate bridge exhibityra
syngeometry, with a ZnZn separation of 3.38 A.

Therefore, as thdl-aryl ring substituents on the zinc acetate

participate in a slow exchange reaction to produce a mixed dimercomplexes become more sterically congested, two general trends

over the course of day8.Because both methoxide and acetate

(63) Chisholm, M. H.; Gallucci, J.; Phomphrai, Korg. Chem2002 41, 2785~
2794

(64) Chisholm, M. H.; Huffman, J. C.; Phomphrai, & Chem. Soc., Dalton
Trans.2001, 222-224.
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are observed: (1) the ZiZn separations in the solid state
increase and (2) the aggregatory state in solution changes from
a tightly bound dimer to a fluxional, loosely bound dimer, and
finally to a monomer/dimer equilibrium (see Table 2; Figure

3).
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Table 1. Crystal Data and Structure Refinement Parameters
[(BDI-5)- [(BDI-7)Zn- [(BDI-2)Zn(u-OMe)- [(BDI-2)Zn(u-OMe)- [(BDI-1)zn- [(BDI-2)Zn- [(BDI-7)Zn(u,7?0Ac)-
(1,172-0AC)L, (.7%-OAC)], (,7%-0AC)Zn(BDI-2)]  (u,7%-0,COMe)Zn(BDI-2)]  (u,%-0,COPI), (u-OSiMes)L, (1,7"-OCyOAC)Zn|[(BDI-7)]
emp form. GoHaoN202Zn CagHasN302Zne Cs3H7oN4OzZny  CsaH7oN4OsZnye Ce6HosN4OsZNp:  CogHaoN20SiZrr  CrodH158N12010ZNs°
0.5GHs C7Hg CeHs 0.5CGHs CsHe0.5CGH12*
0.5GHsO
form. wt 514.00 557.03 943.89 1052.02 1250.32 562.16 2394.34
temp [K] 173(2) 173(2) 173(2) 173(2) 173(2) 173(2) 173(2)
LA 0.71073 0.71073 0.71073 0.71073 0.71073 0.71073 0.71073
cryst system triclinic triclinic monoclinic monoclinic monoclinic orthorhombic triclinic
space group P1 P1 P2:/n P2i/c c2 Aba2 P1
a(h) 11.7387(4) 10.0930(5) 13.375(1) 13.5383(2) 17.70(3) 19.8633(8) 16.912(4)
b (A) 11.8892(4) 12.9843(7) 16.907(1) 16.8540(3) 19.44(3) 17.2928(8) 17.554(4)
c(A) 12.2015(5) 13.4344(7) 22.331(2) 24.8141(1) 11.73(2) 17.5338(8) 24.490(6)
o (deg) 115.718(2) 62.580(1) 90 90 90 90 101.955(8)
p (deg) 105.019(2) 74.139(1) 95.531(2) 93.154(1) 121.66(3) 90 101.881(6)
y (deg) 102.599(3) 69.807(1) 90 90 90 90 90.558(6)
VAT 1370.70(9) 1452.85(13) 5026.2(6) 5653.4(1) 3435(8) 6022.7(5) 6950(3)
z 2 2 4 4
pcalc [Mg/m3] 1.245 1.273 1.247 1.236 1.209 1.240 1.144
« (Mo Ko 0.923 0.871 0.999 0.896 0.750 0.881 0.739
[mm™]
F(000) 548 582 2008 2240 1340 2376 2518
cryst size [mm] 0.40< 0.30 0.30x 0.15 0.40x 0.20 0.50x 0.30 0.30x 0.20 0.20x 0.15 0.30x 0.20
x 0.05 x 0.10 x 0.20 x 0.05 x 0.10 x 0.10 x 0.05
0 range (deg) 2.76 t0 28.28 2.17t033.14 1.51to 28.37 1.46 to 23.26 2.04t0 18.83 2.321t0 26.37 1.31to 23.26
index ranges —15<=h<=15 —14<=h<=14 —-16<=h<=16 -—14<=h<=15 —16<=h<=15 —-24<=h<=23 -18<=h<=18
—15<=k<=14 —19<=k<=18 —22<=k<=22 —14<=k<=18 —17<=k<=17 —-21<=k<=18 -—19<=k<=19
—16<=I<=15 —18<=I<=19 —24<=[<=29 —-27<=|<=27 —10<=1<=10 —-21<=I<=21 —26<=I<=27
data collected 10033 19971 31651 24119 7362 18561 34202
unique data 5409 9206 11542 8081 2696 6122 19135
Rint 0.0272 0.0302 0.0498 0.0792 0.0606 0.0465 0.0476
GOF 1.041 1.058 0.867 1.005 1.033 1.046 1.011
final Rindices Ry = 0.0458 Ry = 0.0447 R1 = 0.0400 Ry = 0.0527 R1 = 0.0607 Ry = 0.0409 Ry = 0.0698
[I' > 20()] wR2=0.1214 wR2=0.1102 wR2=0.0918 wR2=0.1121 wR2=0.1321 wR2=0.0903 wR2=0.2048
Rindices (all data) R; = 0.0585 Ry =0.0618 R1 = 0.0846 Ry =0.0918 R1 =0.0938 Ry =0.0651 R; = 0.1308
[I' > 20(1)] wR2=0.1279 wR2=0.1179 wR2=0.1115 wR2=0.1299 wR2=0.1606 wR2=0.1007 wR2=0.2427
Pmin — Pmax 1.282 and 0.919 and 0.446 and 0.564 and 1.357 and 0.428 and 0.951 and
[e:A3] —0.876 —0.659 —0.354 —0.533 —0.445 —0.305 —0.341
Table 2. Copolymerization of CO; and Cyclohexene Oxide Using S-Diiminate (BDI) Zinc Complexes?
Zn-+Zn solution reaction TOF % carbonate M, (x1073)
complex separation (A)° structure® time (h) TON (h~Y)e linkages' (GPC)? My/M,
(BDI-1)ZnN(SiMes), NAhR M 0.5 172 345 94 25.5 1.10
(BDI-2)ZnN(SiMey), NAh M 05 179 358 97 25.6 1.16
(BDI-1)ZnN(SiMe;), + NAhR M 0.5 329 658 94 40.8 1.17
(BDI-2)ZnN(SiMey)
[(BDI-1)ZnOAc); 4.2448(7) M/D 05 180 360 95 15.8 1.11
[(BDI-2)ZnOAc) 3.941(1) D 0.5 216 431 97 17.3 1.15
[(BDI-3)ZnOAc]; 3.8071(6) D 0.5 0 0 NA NAP NAP
[(BDI-4)ZnOAc); 4.0948(6) D 0.5 311 622 98 24.9 1.17
[(BDI-5)ZnOAc; 4.1392(7) D 0.5 364 729 99 23.3 1.15
[(BDI-6)ZnOAc); 4.1804(9) M/D 5 140 28 51 85.8/7.6 1.43/1.08
[(BDI-7)ZnOAc); 3.8486(4) D 0.33 306 917 90 17.9 1.15

a All reactions were performed in neat cyclohexene oxide (CHO) with [monomer]$Z4p00:1 (10 mM in Zn) at 50C. ? Zn--Zn separations from
X-ray crystallographic studies. See Supporting Information for crystal data and structure refineRent.monomeric species; B= dimeric species;
M/D = both monomer and dimer present. Solution dynamic studies performegDinia® room temperature (10 mM in Zr TON = turnover number;
moles of CHO consumed per mole of zifTOF = turnover frequency; moles of CHO consumed per mole of zinc per h@alculated by integration of
methine resonances tH NMR of polymer (CDC$, 300 MHz).9 Determined by gel-permeation chromatography (GPC), calibrated with polystyrene standards
in tetrahydrofuran® Not applicable! Equimolar ratios of (BDIt)ZnN(SiMes), and (BDI2)ZnN(SiMes).. | At room temperature, broad dimeric resonances
are observed, indicating a fluxional process on the NMR time st&lebimodal distribution is observed by GPC.

Examination of CHO and CO, Enchainment Steps Using dioxide per dimeric complex when pressurized with 100 psi
Model Compounds. The single-site structure of BDI zinc  CO,in toluene at 50C. X-ray analysis revealed the molecular
complexes allows detailed study of the copolymerization structure to be [(BDR)Zn(u-OMe)(u,7?-O,COMe)Zn(BDI-2)]
enchainment steps through stoichiometric reactions with CO (Figure 7; Table 1), a dimeric compound with a distorted
or CHO. The catalyst must react with one of the two monomers tetrahedral geometry around zinc and a planar six-membered
to effectively initiate the copolymerization (see Scheme 2). As ring at the core of the molecule. [(BI2Zn(u-OMe)(u,7?-Oy-
expected, zinc alkoxides react with €@Scheme 4). For COMe)Zn(BDI-=2)] is isostructural to [(BDI2)Zn(u-OMe)-
example, [(BDI2)Zn(u-OMe)l>* inserted 1 equiv of carbon  (u,7>-OAc)Zn(BDI-2)] and is further evidence supporting the
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Scheme 3. Solution Behavior of [(BDI-2)]Zn(u-OMe)], and
[(BDI-2)Zn(u-OAc)]2; Exclusive Product Is
[(BDI-2)Zn(u-OMe)(u-OAc)Zn(BDI-2)]

1/2 M OMe + 12 = M
% Q.9
G N
)\/K M
[(BDI-2)Zn(u-OMe)], [(BDI-2)Zn(u, 77-OAc)]»
I I
N._ _N N._ _N
Zn Zln
OMe OAc
\ / Figure 6. ORTEP drawing of [(BDI2)Zn(u-OMe)(u,;7>-OAc)Zn(BDI-2)]
\ (non-hydrogen atoms) with thermal ellipsoids drawn at the 40% probability
level. Selected bond lengths (A) and bond angles (deg): ZMN(}) 1.980-
YY (2), Zn(1)-N(2) 1.983(2), Zn(1>0O(1) 1.930(2), Zn(1}O(3) 1.999(2),
7N C(2)-0(2) 1.251(3), C(2rO(3) 1.251(3), Zn(2rO(1) 1.958(2), Zn(2y
NN 0(2) 1.956(2), N(1)¥Zn(1)—~N(2) 97.51(9), O(1)} Zn(1)-0(3) 102.18(8),
N N(1)—Zn(1)-0(1) 118.07(8), N(1)>Zn(1)—0O(3) 106.76(9), Zn(HO(1)—
Q Zn(2) 120.84(9), C(2yO(3)—2Zn(1) 132.6(2), O(2)C(2)—0O(3) 126.2(3),
MeQ  )— C(2)-0(2)-Zn(2) 133.8(2).

e
</
%@ initiators do not adequately imitate the structure of a growing

polymer chain. Despite this distinction, they are viable initiators
(see Scheme 4). Pressurizing a toluene solution of (BbI-
ZnN(SiMey), at 50°C with 100 psi CQ overnight resulted in
the formation of a white precipitate. Analysis of the mother
liguor by 'H NMR spectroscopy showed the presence of
trimethylsilyl isocyanate. After recrystallization, X-ray analysis
. . . revealed a molecular structure corresponding to [(B)}2R-
In_terestlngly, When a toluene sol_utlon o_f the bulklgr, mono- (4-OSiMey)], (Figure 9; Table 1). The structure shows a bridged
meric [(BDI-1)ZnOPr] was pressurized with 100 psi G@t siloxide dimer with a distorted tetrahedral geometry around each
50°C, clear blocks instantly crystallized from solution. X-ray i~ The Zn-O bonds are 1.98 and 2.03 A, the-ZN bonds
analysis revegled the molecular structure to ‘?e ,[(BIZIH(“”?Z' are 1.96 and 2.05 A, and the<Gi bond is 1.64 A. We propose
O,COPI, (Figure 8; Table 1J> Thus, CQ is inserted into 54 c inserts into the zinc amido bond and is followed by
each zinc isopropoxide bond; dimerization through bridging migration of a trimethylsilyl group and loss of trimethylsily!
carbonate groups forms a molecule containing distorted tetra‘isocyanaté?'“vm We are currently investigating why this

hedral zinc centers. The bridging carbonates adogyresyn catalytically active zinc siloxide complex does not further react
geometry, creating a planar eight-membered ring at the core of,ii, CO, and crystallize as a six- or eight-membered ring

the molecule. The ZnZn separation is 4.01 A which is carbonate dimer. Finally, (BDL)ZnOPr and (BDI1)ZnN-
considerably shorter than the 4.24 A-Z&n separation observed (SiMe), do not react with CHO, indicating that the BDI zinc

in [(BDI-1)Zn(un*OAc)lz. [(BDI-1)Zn(u,n*-0;COPN, is alkoxides and bis(trimethylsilyl)amido complexes react readily
nearly isostructural to [(BDE)Zn(u,7*-OAc)]2, and we believe  \ith only COp.

that these related species closely mimic the putative propagating  gecause zinc alkoxides initiate the copolymerization by
species of the copolymerization reaction. Additionally, we (eaction with CQ, zinc acetate compounds, mimics for the

propose that C@insertion occurs into a monometallic zinc 1 tative carbonate species, were expected to complete the
alkoxide species due to the rapid reaction of ,C®@ith

monomeric, three-coordinate (B)ZnOPr although we cannot  (66) (?I? thg basis tz))f thheir high rg_activity, we eﬁFecthpTop%ga;ing (113)r:j _
: alkoxides to be three-coordinate or weakly chelated, four-coordinate
exclude alternate mechanisffs. monomeric species. We are currently studying the nature of the zinc
The alkoxides are excellent models for the catalytic species alkoxide intermediates in the polymerization and believe that their
: ; i : X i coordination in solution is highly dependent on ligand sterics and
that enchain Cg however, the zinc bis(trimethylsilyl)amido electronics. Furthermore, kinetic studies on the reaction of\@ie (BDI-
1)ZnOPr and other BDI zinc alkoxide complexes are underway.
- (67) Chisholm has synthesized (BjZnO(CO)NPr, from (BDI-1)ZnN'Pr, and
(65) The non-carbon atoms and carbon atoms of [(BZA(u,72-O,COPY)], CO; (see ref 63) but found no activity for G@poxide copolymerization,
were refined anisotropically and isotropically, respectively. presumably because rearrangement to the zinc isopropoxide could not occur.

[(BDI-2)Zn(u-OMe)(u, *-OAc)Zn(BDI-2)]

thermodynamic stability of the six-membered dimeric species
compared to that of the four-membered zinc alkoxide and eight-
membered zinc acetate dimers.
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Figure 7. ORTEP drawing of [(BDI2)Zn(u-OMe)(u,17>-0,COMe)Zn(BDI-
2)] (non-hydrogen atoms) with thermal ellipsoids drawn at the 40%

probability level. Selected bond lengths (A) and bond angles (deg): Zn-

(1)-N(1) 1.976(3), Zn(1}N(2) 1.965(3), Zn(13-O(1) 1.947(3), Zn(Ly
0(2) 1.954(3), Zn(2¥0O(1) 1.922(3), Zn(2r0(3) 2.004(3), C(2rO(4)
1.350(5), C(2)-0(2) 1.250(6), N(1} Zn(1)-N(2) 98.1(1), O(1)}-Zn(1)—
0(2) 103.0(1), N(13Zn(1)-O(1) 117.1(1), N(2}Zn(1)-0(2) 112.5(1),
Zn(1)-0(1)-Zn(2) 122.4(2), C(2r0(2)-Zn(1) 132.0(3), O(2rC(2)—
0(3) 128.5(5), C(2r0(3)-Zn(2) 133.0(3).

Scheme 4. Insertion Reactions of CO,

v@% v@%

CO, (100 psi) C

Zn‘
[(BDI-2)Zn(u-OMe)],

A\
’ \IXLOP\QV
N

NO/ON

[(BDI-2)Zn(1-OMe)(11-0,COMe)Zn(BDI-2)]

CO2 (100
:Zn opr  C02(100ps)
N o\?o N
\ O'Pr /
/
[(BDI-1)Zn(u-O'Pr)] [(BDI-1)Zn(u-0,CO'Pr)],
SiMes N o',,,f? N

CO, (100 psi) C

2 ( \Zn NG
N “SiMe, ;

o

[(BDI-2)ZnN(SiMe3),]

M933|

[(BDI-2)Zn(u-OSiMe3)],

catalytic cycle by reacting with CHO. GQs an unreactive

Figure 8. ORTEP drawing of [(BDI1)Zn(u,%-0-,COPr)]; (non-hydrogen
atoms) with thermal ellipsoids drawn at the 40% probability level. Selected
bond lengths (A) and bond angles (deg): Zr{l(1) 1.97(2), Zn(1)

N(2) 1.96(2), Zn(1)-O(1) 2.027(8), Zn(1yO(2) 1.939(8), O(1)C(30)
1.23(1), O(2)-C(30A) 1.19(1), O(3)C(30) 1.39(1), O(1yZn(1)-0(2)
126.9(3), N(1)-Zn(1)—N(2) 99.8(3), N(1)-Zn(1)—0(2) 109.7(9), N(2)y
Zn(1)—0(1) 102.7(9), C(30y0O(1)—Zn(1) 131.9(8), O(1}C(30)-0O(2A)
137(1).

Figure 9. ORTEP drawing of [(BDI2)Zn(u-OSiMes)]» (non-hydrogen
atoms) with thermal ellipsoids drawn at the 40% probability level. Selected
bond lengths (A) and bond angles (deg): Zr{h(1) 1.964(8), Zn(1}

N(2) 2.052(8), Zn(1}O(1) 1.978(2), Zn(1yO(1A) 2.026(2), O(1)Si(1)
1.641(2), O(1)Zn(1)—0O(1A) 83.97(8), N(1}Zn(1)—N(2) 94.7(1), N(1)}-
Zn(1)-0(1) 124.6(3), N(2)-Zn(1)—0O(1A) 115.1(3), Zn(1yO(1)—Zn(1A)
96.03(8).

of zinc acetates with CHO was anticipated to be extremely fast.
By 'H NMR spectroscopy, [(BDIE)ZnOAc], only partially
reacted with excess CHO over the course of days &G
give the ring-opened product (Scheme 5). Upon crystallization,
only starting material was isolated. We postulated that\t8

compound whereas epoxides possess significant ring strain.of the reaction might be near zero and decided to study the
Therefore, we initially predicted the rate-determining step in microscopic reverse of this proces$l NMR spectroscopy

the copolymerization to be the insertion of €{@to the zinc

showed that the addition d@fans-2-acetoxycyclohexanol to a

alkoxide bond (Figure 10; Scheme 2). Consequently, the reactionsolution of (BDI-1)ZnN(SiMe;), gave a product with resonances
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Figure 10. Qualitative energy profiles for insertion of G@nd CHO.

consistent with those of (BDL)ZnOCyOAc, which over 2 days
formed [(BDI-1)ZnOAc], and CHO. By elimination of CHO,

Ideally, the most efficient catalysts would react with both
CO, and CHO with low activation barriers and negatix&°
values (see Figure 10). On the basis of our extensive copolym-
erization studies with a variety of BDI zinc compleX@sye
decided to investigate the insertion of CHO into more reactive
zinc acetate compounds. [(BD)ZnOAc],, a much more active
catalyst than [(BDI1)ZnOAc], (see Table 2 for polymerization
data), reacted with a slight excess of CHO to yield a new product
over the course of several days at room temperature (see Scheme
5). Upon crystallization, the solid-state structure revealed the
mono-CHO inserted product, [(BDA}Zn(u,n2-OAc)(u,n*-
OCyOACc)Zn(BDI-7)] (Figure 11; Table 1). The dimeric com-
pound exhibits a distorted tetrahedral geometry around both zinc
centers, and the ZrZn separation is 3.28 A. The unreacted
acetate bridge is intermediate betweanti-syn and syn-syn
geometries such that the OfA¢(1) acetate bond is twisted out
of the plane defined by Zn(1), O(3), and Zn(2) by 29.6n
the basis of the elongated separation of 3.17 A between O(4)
and Zn(2) and the lack of distortion to a trigonal-bipyramidal
geometry around zinc, no dative bond is observed between the
reacted acetate moiety and Zn(2). In addition, [(BO¥n (u,n-
OAC)(u,n*-OCyOACc)Zn(BDI-7)] did not react with additional

the microscopic reverse process occurred, indicating the reactiorequivalents of CHO over the course of 7 days, although it did

of CHO with [(BDI-1)ZnOAc], is an unexpected equilibrium

process under these conditions (see Figure 10).

Scheme 5. Insertion Reactions of Cyclohexene Oxide (CHO)

Initiation by the acetate
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Scheme 6. Effect of Catalyst Combinations on Rate

0 o O
50 °C, CO, (100 psi), 0.5 h, [CHOJ:[Zn] = 1000 $ i
n
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(BDI-1)ZnN(SiMeg),  (BDI-2)ZnN(SiMes),
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1.0:0 345

0:1.0 358
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copolymerization via formation of mixed (BOl} and (BDI-2)
zinc active species.
Table 2 also shows polymerization data for [(BDI)ZnOAc]

Figure 11. ORTEP drawing of [(BDI7)Zn(u,7%-OAc)(u,7*-OCyOAc)-
Zn(BDI-7)] (non-hydrogen atoms) with thermal ellipsoids drawn at the 40%
probability level. Selected bond lengths (A) and bond angles (deg): Zn-

(1)=N(1) 2.006(5), Zn(1}N(2) 1.993(4), Zn(13-O(1) 1.977(4), Zn(Ly
0(3) 1.951(3), Zn(2Y0(2) 2.007(4), Zn(2r0(3) 1.951(3), O(1FC(1)
1.254(7), O(1)-Zn(1)-0(3) 104.2(2), O(2) Zn(2)—0(3) 100.4(2), N(L)
Zn(1)-N(2) 96.1(2), N(1}-Zn(1)~0(3) 118.5(2), N(2}Zn(1)—0(1) 113.3-
(2), Zn(1)-0@B)-2zn(2) 113.1(2), C(1FO(1)~2Zn(1) 120.7(4), C(L-O(2)—

complexes using ligands—7. [(BDI-3)ZnOAc], exhibited no
polymerization activity, which we attribute to the tightly bound
dimeric state of the compleX.Polymerization activity emerges
as the steric bulk on th8l-aryl rings is increased. [(BD®-

Zn(2) 125.7(4). ZnOAc], copolymerized CHO and CQ100 psi) at 5¢°C to
give a TOF of 431 htin a 30-min polymerization. [(BDH)-
propose that the rate-determining step in the copolymerization ZnOAc],, which haspara tertbutyl substituents on the 2,6-
is actually the insertion of CHO into a zinc carbonate bond. diethylaniline moieties, elicited a further augmentation of
Theoretical molecular orbital studies on the alternating copo- activity to 622 hrl. The unsymmetrical [(BDB)ZnOAc], is the
lymerization mechanism of cyclohexene oxide and,@€ing most active catalyst of the six (Figure 12) as it produced
monomeric (BDI1)ZnOMe also predict that the rate-determin- polycarbonate with a TOF of 729°h As the substituents on
ing step is insertion of CHO into a zinc carbonate bé&hth the ortho positions continue to increase in size, the polymeri-
addition, [(BDI-1)ZnOAc] did not react with C@ Finally, it zation activity suffers. [(BDIt)ZnOAc], produced poly(cyclo-
must be noted that like their precursors, the mimics for the hexene carbonate) with a TOF of 360thFinally, the addition
presumed intermediates in the copolymerization, including of para tertbutyl substituents to the diisopropyl aniline moiety
[(BDI-2)Zn(u-OMe)(u,n?-OAc)Zn(BDI-2)], [(BDI- 2)Zn(u-OMe)- on [(BDI-6)ZnOAc), causes a dramatic decrease in polymeri-
(u,7>-0,COMe)Zn(BDI2)], [(BDI- 2)Zn(u-OSiMey)],, and [(BDI- zation activity to only 28 h' over 5 h% As shown in Figure
7)Zn(u,n%-OAc)(u,n*-OCyOAC)Zn(BDI7)] but with the excep- 12, the polymerization activity peaks with the [(BBJZnOAc];

tion of the insoluble [(BDI1)Zn(u,3?-0.COPY)],, are highly and declines as qualitative steric bulk is decreased or increased
active for the alternating copolymerization of CHO and.CO on the zinc catalyst. We propose [(BB)ZnOAcl. contains

Furthermore, they have similar TOFs and yield monodisperse €nough steric bulk to be a very reactive dimeric initiator. Both
polycarbonate with low PDlIs. [(BDI-1)ZnOAc] and [(BDI6)ZnOAc] show reduced activities

Rate Studies of the Alternating Copolymerization of CHO due to excessive _steric_bulk. Therefore, [(BRENOAC],
and COs. In Table 2, copolymerization data of monomeric POSSESSES an optimal ligand arrangement to catalyze the
(BDI)ZnN(SiMes), complexe%* with ligands 1 and 2 are copolymerization of CHO and Ceeffectively. S
reported. (BDI1)ZnN(SiMey), and (BDI-2)ZnN(SiMey), pro- A prop_osed mechanism ml_Jst accoun_t _for several |nt_r|gumg
duced polycarbonate with similar activities (TGF350 hr?) observations: (1) the doubling of activity observed in the

in a 30-min polymerization. The polycarbonate possessed greateF op olymen_zatlon.by (BDL’L)ZnI_\l(_S|Mga,)2 and (BDI-2)an_\I-
than 94% carbonate linkages, similar molecular weighlts % (SiMe3), mixtures; (2) large activity differences for a series of

25,000), and low PDIs (PD¥ 1.10-1.16). Interestingly, when structurally related compounds; (3) the profound effect of adding

equimolar amounts of (BD)ZNN(SiMey); and (BDI-2)ZnN- para tertbutyl groups to the catalysts; and (4) the exclusive

(SiMes), were simultaneously exposed to cyclohexene oxide |rr1]sert|on Off one CHO monomer unlt_dper(;wr? Z”;]C cente_rs n
and 100 psi CQin a one-pot reaction, such that the reaction the case of [(BDI?)ZnOAcl. We considered that the BDI zinc

- . ' centers do not act independently but rather in a cooperative,
conditions and total zinc concentration were unchanged, a b y P

bimetallic fashior?®> A bimetallic mechanism satisfies all of
. - _ 1
dolubllng of atct|V|tyd(TOI; 658 ) fsgﬂz/ed (Sghemte (li_).l;l'he these observations: (1) G@sertion into the monomeric (BDI-
polycarbonate produced possesse o carbonate linkages, T)ZnN(SiMeg)z and (BDI-2)ZnN(SiMe;), can form more acti-
My of 40,800 g/mol, and a unimodal PDI of 1.17. This result

suggests that two zinc centers are interacting during the (69) We are currently investigating the origin of the bimodal GPC traces of the
polymer produced using [(BD&)ZnOAc] (see Table 2). Preparatory GPC

of the polymer shows the high molecular weight peak to be predominantly
(68) Liu, Z. W.; Torrent, M.; Morokuma, KOrganometallic2002 21, 1056— polyether, whereas the low molecular weight fraction is primarily poly-
1071. carbonate.

J. AM. CHEM. SOC. = VOL. 125, NO. 39, 2003 11919



ARTICLES

Moore et al.

TOF (0.5 h) =622 h"

>y
\‘Z/
NN
P
TOF (0.5 h) = 431 h""
>y
v/
(SR =
PN
/ TOF (24 h) =

Activity

TOF (0.5 h) = 360 h"

BN

(oo}
‘/ //\

N

AN

TOF (5.0 hy =28 h™!

Ligand sterics
Figure 12. Activity versus qualitative ligand sterics for (BDI)ZnOAc catalysts. Copolymerization of neat CHO ([CHOE{Z()00, 100 psi CQ Tixn =

50 °C).

vated (BDI41)Zn/(BDI-2)Zn mixed catalytic species; (2) tightly

Solution dynamics, stoichiometric initiation steps, and co-

bound dimers do not allow coordination of and reaction with polymerization rates of BDI zinc complexes all strongly suggest
CHO or CQ, whereas sterically encumbered monomeric species that a bimetallic mechanism is indeed in operation in the
cannot easily access a bimetallic transition state; (3) molecularalternating copolymerization of CHO and g®owever, kinetic

modeling suggests thaiara tertbutyl substituents do impede

studies were performed to directly monitor the copolymeriza-

access to a bimetallic transition state, but do not affect a tion>® In situ IR’® determines the rate of polycarbonate

monometallic enchainment; and (4) CHO insertion requires a

dimeric zinc species with two bridging7?-O,CR or u,;?-O,-
COR groups (R= alkyl, growing polymer chain) capable of
attacking the epoxide, and [(BOWZn(u,7%-OAc)(u,*-OCyOAc)-
Zn(BDI-7)] lacks this requirement.

Bimetallic mechanisms have been widely observed in syn-
thetic catalytic processes as well as natural ones. For instance,
aminopeptidases, phosphatases, and phosphotriesterases are jyst
a few examples of natural enzymatic systems that benefit from
two zinc centers at the active site of the enzyfh8cientists
have tried to mimic the successful strategy of nature to harness
the benefits of cooperative bimetallic mechanigm&.Several
organic transformations are presumed to occur via bimetallic
metal centers, including asymmetric aldol condensafi®riag-
opening of epoxide&:’>and homopolymerization of epoxidés.

Bi- or multimetallic active species have also been proposed in
epoxide/CQ coupling reactiong?

(75

(76

(70) For reviews on cooperative bimetallic catalysis in enzymatic systems, see:
(a) Cricco, J. A,; Orellano, E. G.; Rasia, R. M.; Ceccarelli, E. A.; Vila, A.
J. Coord. Chem. Re 1999 192, 519-535. (b) Wilcox, D. EChem. Re.

1996 96, 2435-2458. (c) Lipscomb, W. N.; Strater, kChem. Re. 1996
96, 2375-2433. (d) Coleman, J. Eurr. Opin. Chem. Biol1998§ 2, 222—
234. (e) Strater, N.; Lipscomb, W. N.; Klabunde, T.; Krebs,Agew.
Chem., Int. Ed. Engll996 35, 2024-2055. (f) Steinhagen, H.; Helmchen,
G. Angew. Chem., Int. Ed. Engl996 35, 2339-2342.

(71) For an example of biomimetic, bimetallic catalyst design for lactone
polymerization, see: Williams, C. K.; Brooks, N. R.; Hillmyer, M. A;
Tolman, W. B.Chem. Commur2002 2132-2133.

(72) For a review on synthetic bimetallic catalysts as enzymatic mimics, see:
van den Beuken, E. K.; Feringa, B. Tetrahedron1998 54, 12985~
13011.
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(73) For references on asymmetric aldol condensation using bimetallic zinc

compounds, see the following and references within: (a) Kitamura, M.;
Okada, S.; Suga, S.; Noyori, B.Am. Chem. So4989 111, 4028-4036.

(b) Kitamura, M.; Suga, S.; Niwa, M.; Noyori, R. Am. Chem. So4995

117, 4832-4842. (c) Kitamura, M.; Suga, S.; Oka, H.; Noyori, R.Am.
Chem. Soc1998 120, 9800-9809. (d) Trost, B. M.; Ito, HJ. Am. Chem.
Soc.200Q 122 12003-12004. (e) Trost, B. M.; Silcoff, E. R.; Ito, H.
Org. Lett.2001, 3, 2497-2500. (f) Rasmussen, T.; Norrby, P. @.Am.
Chem. So2001, 123 2464-2465. (g) Pu, L.; Yu, H. BChem. Re. 2001,

101, 757-824.

) For asymmetric ring-opening of epoxides using Cr or Co salen complexes,

)

=

see the following and references within: (a) Jacobsen, EAd¢. Chem.
Res.200Q 33, 421-431. (b) Ready, J. M.; Jacobsen, E.Ahgew. Chem.,

Int. Ed.2002 41, 1374-1377. (c) Schaus, S. E.; Brandes, B. D.; Larrow,
J. F.; Tokunaga, M.; Hansen, K. B.; Gould, A. E.; Furrow, M. E.; Jacobsen,
E. N.J. Am. Chem. So2002 124, 1307-1315. (d) Ready, J. M.; Jacobsen,

E. N.J. Am. Chem. So001, 123 2687-2688. (e) Konsler, R. G.; Karl,

J.; Jacobsen, E. N. Am. Chem. S02998 120, 10780-10781. (f) Hansen,

K. B.; Leighton, J. L.; Jacobsen, E. ll.Am. Chem. So&996 118 10924~
10925.

For Zr-catalyzed enantioselective ring-opening of epoxides, see the
following: (a) Nugent, W. AJ. Am. Chem. Sod 998 120, 7139-7140.

(b) McCleland, B. W.; Nugent, W. A.; Finn, M. Gl. Org. Chem1998

63, 6656-6666.

For studies where a bimetallic epoxide enchainment mechanism is proposed,
see the following and references within: (a) Vandenberg, B. Bolym.

Sci 196Q 47, 486-489. (b) Price, C. C.; Spector, R. Am. Chem. Soc
1966 88, 4171-4173. (c) Osgan, M.; Teyssie, P. Polym. Sci. Part B:
Polym. Lett 1967, 5, 789-792. (d) Vandenberg, E. J. Polym. Sci., Part

A: Polym. Chem1986 24, 1423-1431. (e) Watanabe, Y.; Yasuda, T.;
Aida, T.; Inoue, SMacromoleculed992 25, 1396-1400. (f) Sugimoto,

H.; Kawamura, C.; Kuroki, M.; Aida, T.; Inoue, $acromoleculed4994
27,2013-2018. (g) Chisholm, M. H.; Navarro-Llobet, D.; Simonsick, W.
J.Macromolecule2001, 34, 8851-8857. (h) Braune, W.; Okuda, Angew.
Chem., Int. Ed2003 42, 64—68. To the best of our knowledge, no kinetic
studies have been performed on these systems. However, Inoue has reported
kinetic studies for the ring-opening polymerizationdefalerolactone that
illustrate a second-order dependence in aluminum porphyrin alcoholates.
See: Shimasaki, K.; Aida, T.; Inoue, Bacromoleculed987, 20, 3076~

3080.
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formation through the emerging carbonyl stretch (approximately [(BDI-1)ZnOAc] (13.9 mM in total Zn) at 30C .52 As expected,
1750 cnr1).17.1879.80Tg determine the rate law, we measured the polycarbonate carbonyl stretch intensities increased with
reaction orders in all three components of the polymeriz&titn higher CHO concentrations. The initial rates for each run were

(eq

On the basis of stoichiometric initiation reactions, we believed
CHO insertion would be rate-determining (first-order), whereas
CGO;, insertion would be a fast step and would thereby not be
included in the rate equation for the polymerization. The
copolymerization of CHO (1.98 M in toluene) and £®om

50 to 200 psi was performed using [(BB)ZnOAc] (9.88 mM

in total Zn) at 30°C and [(BDI-2)ZnOAc] (15.4 mM in total
Zn) at 50 °C. Zeroth-order kinetics in COmonomer were
observed by monitoring initial rates (up to 15% conversfn).
Initial rates for [(BDI5)ZnOAc] and [(BDI2)ZnOAc] were
approximately 0.025 and 0.008 ab#min (the carbonyl absor-

1): plotted versus [CHO], demonstrating a first-order dependence
on monomer concentratidd.Therefore, the rate-determining
d[P)/dt = kp[CHO]X[COZ]y[Zn]th (1) step is indeed the insertion of CHO into a growing carbonate
species. The polymerization proceeds as shown in eq 3:

d[P)/dt = k,, JCHOJ" (3)

where kops = ko[Zn]wo. TO ascertain the order in total zinc,
[Zn]iot, the copolymerization of 1.98 M CHO in toluene and
300 psi CQ was completed using [(BD1)ZnOAc] (3.8713.4
mM in total Zn) at 30°C and 50°C. By plotting Inkops Versus

In [ZNn]or, Orders in total zinc of 1.3% 0.04 and 1.73k 0.06
were discovered at 30 and 5C (Figure 13), respectively.
Therefore, the copolymerization of CHO and £2@3ing [(BDI-
1)ZnOAc] at 50°C exhibited the following overall rate law:

bance, ahs, is directly proportional to [polycarbonate]), _ 1 0 1.73
respectively?282 Surprisingly, polycarbonate was synthesized d[PY/at = k[CHOTTCO I [ZN] o “)

with pressures as low as 20 psi £0sing [(BDI-5)ZnOAc].

Furthermore, the copolymerization of 1.98 M CHO in toluene

This i§ an unprecedentgd result, as previously reported polym- 4 309 psi CQ was investigated using [(BDB)ZnOAc]
erization systems require much higher pressures of €@t (1.04-9.88 mM in total Zn) at 30 and 56C. By plotting In

20 psi, the rate of backbiting competes with Z@sertion into

Kobs Versus In [Zn}y, orders in total zinc of 1.37Z 0.02 and

the growing polymer chain, producing a small amountrahs 1.83 + 0.04 were discovered at 30 and 5G (Figure 13),

cyclohexenecarbonate (approximately 3% by NMR spec-
troscopy). Given the zero-order dependence in,Gla overall
rate law was simplified to eq 2:

respectively. Figure 14 illustrates a plot of initial rate versus
[Zn]ier at 50°C, which clearly shows a higher order dependence
in [(BDI-5)ZnOR], where R is alkyl, acyl, or polymer chain.
Orders in total zinc that approach 2 are most logically
d[P)/ct = k [CHOT[CO,]%[Zn] . (2 explained by a bimetallic transition state for epoxide ring
opening and a predominantly monomeric (BDI)ZGO®OR

wherek; is the propagation rate constant. To determine the order ground state. We attribute the increase in order for both [(BDI-
in epoxide monomerxj, various concentrations of CHO (082 1)ZnOAc] and [(BDI5)ZnOAc] at higher temperatures to a
3.29 M in toluene) were copolymerized with 300 psi 88ing greater proportion of [(BDI)Zn@COR] in the monomeric (M)

state (Figure 15). Dynamic solution studies (monomer/dimer

(77

(78)
(79)

(80)

(81)

(82)

(83)

See refs 12, 22, 24, 280, 55 and the following: (a) Kobayashi, M.;  equilibrium) of [(BDI-1)ZnOAc] show an increase in the
Inoue, S.; Tsuruta, TMacromoleculesl971, 4, 658-659. (b) Inoue, S.; . "
Kobayashi, M.; Koinuma, H.; Tsuruta, Makromol. Chem1972, 155 concentration of the monomeric form of the complex as the

61-73. (c) Kobayashi, M.; Inoue, S.; Tsuruta, J..Polym. Sci.: Polym. temperature rises. Hence, if a bimetallic mechanism is operating,
Chem. Ed1973 11, 2383-2385. (d) Kobayashi, M.; Tang, Y. L.; Tsuruta, . . .
T.; Inoue, S.Makromol. Chem 1973 169, 69-81. (e) Kuran, W.; a higher percentage of monomeric ground state windcbase

Pasynkiewicz, S.; Skupinska, J.; Rokicki, Makromol. Chem. Macromol. i i

Chem. Phys1976 177, 11-20. (f) Kuran, W.Appl. Organomet. Chem the order in [(BDI)ZnQCOR] Z.it hl_ghe.r temperaturgs. The .rate
1991, 5, 191-194. (g) Kuran, W.; Listos, TMacromol. Chem. Phy4994 law for CHO/CQ copolymerization is a summation of five
}5’55; ){\géﬁgéoéis-tems‘ Milersville, MD 21108, possible elementary steps, as shown in Figure 15. Although there
In all kinetic studies, the res;[t'ant polycarbonates cont&i8% carbonate are multiple possible bimetallic transition structures that ac-
linkages as determined byH NMR spectroscopy. In addition, the i i

polycarbonates possess molecular weights based on [CHO]:[Zn] and PDIs commodate th_e n_ear second order in total zinc, we currently
are approximately 1.1, as determined by gel permeation chromatography favor the one in Figure 15.

(calibrated with polystyrene standards in tetrahydrofuran). It should be noted ; indi ;

that higher levels of carbonate linkages are found in polycarbonate Even. though r.ate studies indicate the domm.ance OT a
synthesized in toluene solution versus neat CHO. A similar phenomenon bimetallic mechanism, we attempted to collect more information
has been observed in ref 17.

For some examples of in situ IR studies, see: (a) Rutherford, J. L.; tC_) prOb? the p.O_SSIblllty of a mixture of m_onomet_a_lllc and
Hoffmann, D ; ﬁlollum, D.BJ. Am-hChem- So0@002 124, 264-271. (b) bimetallic transition states. If a monometallic transition state
ESQH?'BFL%’offfpn’me,BBJ.jl/}nﬂ;l%hfﬂiSS%%%%% ﬁ% 2aaz 28 ((8 exclusively operates, the rate of a catalyst that exists as a dimer
Bernstein, M. P.; Collum, D. BJ. Am. Chem. Socl993 115 8008- in the ground state would theoretically exhibit an order in zinc
8018. (e) Allmendinger, M.; Eberhardt, R.; Luinstra, G.; Rieger) BAm. . . . . L.

Chem. S0c2002 124, 5646-5647. dimer (D) of 0.5. Conversely, if only a bimetallic transition state
The concentration of BDI zinc complexes, [(BDI)ZnOR] or [¢phithough occurs, the rate of the same dimeric catalyst would show an
expressed in units of molarity, refers to the concentration of the monomer . . . . K

unit (normality). However, note that in solution, [Za]= 2[D] + [M], order in zinc dimer (D) of 1.0. Finally, the zinc centers of a
where D= dimer and M= monomer. i i i - thi i ihi

Higher CQ pressures (approximately 200 psi £4hd above) cause slightly dlmerlc.cat.alyst may act mdependentl}/’ this WI”. eXh.Iblt the
decreased initial rates, which we attribute to a dilution of epoxide. Same kinetics. Because [(BR)ZnOAc] is solely dimeric by
Furthermore, control experiments show lower carbonyl absorbance levels 14 NMR spectroscopy, even at elevated temperatures of
as CQ pressure is increased (see Supporting Information). Therefore, we o . X " . . .

have adjusted the initial rate values to account for these decreased 100 °C, we investigated its kinetics for the alternating copo-
absorbance levels. ; ; ; ;

For leading references employing catalyst systems under high pressures otlymenzatlon _Of CQ and CHO. T_he COpc’lymenzat'on_ of
CO; or supercritical CQ see refs 821. 1.98 M CHO in toluene and 300 psi G@ras completed using
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Figure 13. Copolymerization of CHO (1.98 M in toluenel) CO, (300 psi) using [(BDI)ZnOAc] catalysts.
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Figure 14. Initial rates of the copolymerization of CHO (1.98 M in toluene)
+ CO; (300 psi) using [(BDI5)ZnOAc] at 50°C.

[(BDI-2)ZnOAc] (4.01-15.6 mM in total Zn) at 50°C. By
plotting In kypsversus In [Zngy, an order in total zinc of 1.0Z

0.03 was determined (see Figure 13). A plot of initial rate versus
[Zn]iot for the polymerization reactions using [(B2)ZnOAc]

and [(BDI-2)ZnOAc] at 50°C demonstrates an order in total
zinc that is 1 for [(BDI2)ZnOAc] and greater than 1 for [(BDI-
1)ZnOAc] (Figure 16).

Rate studies were also performed on [(BDENOACc] to
probe the effect of the electron-withdrawing cyano substituent.
The copolymerization of 1.98 M CHO in toluene and 300 psi
CO, was investigated using [(BDI3ZnOAc] (2.06-9.86 mM
in total Zn) at 50°C. By plotting In kops Versus In [Zngy, an
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order in total zinc of 1.3Gt 0.07 was determined (see Figure
13). We interpret this to mean that a more significant proportion
of monomeric ground state persists with [(BDEZnOAc] than

with [(BDI-2)ZnOAc]. We propose that electron withdrawal by
the cyano substituent increases the electrophilicity of [(BDI)-
ZnOR] and thereby facilitates the coordination of CHO. The
accumulated rate data demonstrate orders in total zinc from 1.02
to 1.83, which vary due to temperature and steric and electronic
influences of the catalyst. These factors also directly affect
solution behavior and copolymerization activities. As sterics and/
or temperature increase, the proportion of monomeric complex
in solution, and, accordingly, the order in total zinc, rise. As
groups on the ligand framework become too bulky, however,
activity suffers due to a monomeric species that struggles to
access a bimetallic transition state. Catalysts that can attain a
loose dimeric ground state have kinetic advantages over their
monomeric or strongly dimerized counterparts.

Scheme 7 shows the proposed mechanism for the alternating
copolymerization of CHO and CQusing BDI zinc complexes
based on our copolymerization activities and rate data, dynamic
solution studies, and insight into the enchainment steps. The
zinc alkoxide monomerA) or dimer @A) inserts CQ to yield
either carbonate complexeB,(B,) or an alkoxide/carbonate
dimer (AB), depending on relative sterics and propagating
groups.A,, A, andAB compounds do not react with CHO. The
dimeric eight-membered carbonate dimBg)(mimics [(BDI)-
ZnOAc], compounds, which with adequate bulk (e.g., [(BDI-
1)Zn(u-OAc))]), participate in a monomer/dimer equilibriuBy,
reacts with CHO in an equilibrium process (e.g., [(BDEn-
(u-OAC)]) or cleanly (e.g., [(BDI?)Zn(u-OAc)],) to AB, but
B andB, do not react with C@ Thetransring-opened product
collapses toAB (e.g., [(BDI-7)Zn(u,n?-OAc)(u,n*-OCyOAc)-
Zn(BDI-7)]). AB subsequently reacts with G& complete one
full catalytic cycle. This cycle is continually propagated to make
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Figure 16. Copolymerization of CHO (1.98 M in toluene) CO, (300 psi) using [BDI1)ZnOAc] and [BDI-2)ZnOAc] catalysts at 50C.

a polycarbonate chain possessing a molecular weight determinediccess a bimetallic transition state in the rate-determining step

by the ratio of [CHO] to [Zn]. With the aid of rate data, we

of the copolymerization (see Scheme 7). We tentatively propose

believeB and B, both participate as ground state species and that one zinc species coordinates and activates the epoxide and
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Scheme 7. Proposed Mechanism of Copolymerization (CHO = cyclohexene oxide; P = polymer chain)
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the second zinc species delivers the carbonate propagatingaim to investigate the possibility of a monometallic transition
species to the back side of th&s-epoxide ring in a concerted  state and to quantitate the equilibrium constants, thermodynam-
fashion. The ratio ofB, to B in the ground state changes ics, and the activation barriers involved in the insertion processes
depending on reaction temperature and steric and electronicof zinc alkoxides with C@ and zinc acetates with epoxides.
factors of the BDI framework, and consequently the orders in Taking the mechanism into account, we will develop new
zinc are altered. catalysts with improved activities and selectivities. We will also
try to understand the importance of the unsymmetrical ligand
geometries in facilitating catalytic activities. Finally, we will
We have synthesized a wide array of BDI zinc complexes investigate other monomers, such as propylene oxide, to
that demonstrate excellent activities for the alternating copo- determine whether a similar bimetallic mechanism is occurring.
lymerization of CHO and C® Dynamic solution studies reveal
that Sterica"y hindered zinc acetates, inc|uding [(Wﬂw_ AcknOWIedgment. We thank Professors David Collum and
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membered acetate dimers. Stoichiometric enchainment reactionénd industrial partners for partial support of this research. This
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Supporting Information Available: Experimental details,
including synthetic details, crystal structure data for all com-
plexes, rate studies, and equilibria plots. This material is
available free of charge via the Internet at http://pubs.acs.org.

11924 J. AM. CHEM. SOC. = VOL. 125, NO. 39, 2003



