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The syntheses, characterization, e-caprolactone (CL) polymerization activity, and kinetics investigation of two zinc(Il)
bis(phenolato)amine complexes L,Zn; are reported (L = methylamino-N,N-bis(2-methylene-4,6-di-tert-butylphenolato)
and/or methylamino-N, N-bis(2-methylene-4-adamantyl-6-tert-butylphenolato)). X-ray crystallographic and *H NMR
studies, including NOESY and PGSE experiments, provided insight into the solid and solution state structures,
respectively, as well as evidence for the catalytically active species responsible for the ring-opening polymerization
of CL. Additionally, solution polymerizations and kinetic experiments involving (L')2Zn, in the presence of benzyl
alcohol (BnOH) were performed to elucidate the influence of catalyst structure, solvent, and the concentration
dependence of the catalytically active species, CL, and BnOH on the rate and control of poly-e-caprolactone (PCL)
formation. The structural, polymerization, and kinetic data support equilibria involving both mononuclear and dinuclear
forms of (LY),Zn, as well as a monomer-activated route to PCL.

Introduction mechanistic information pertaining to this pathwdaggclud-

) ing insight into effects of ligand and metal variation on
Polyesters derived from renewable resources have attrade?)olymerization activity

considerable attention over the last two decades as biocom- Alternatively, an activated monomer pathway (Scheme 1,

patible and biodegradable alternatives to petrochemically bottom) has also been proposed for the ROP of cyclic esters.
derived plastics. In particular, the aliphatic polyester poly- rps royte has been suggested for the ROP of lactones with
lactide (PLA) has found global applications for many i acid/alcohol combinations that result in low molecular
biomedical and pharmaceutical applications including medi- \eight polyesters with broad molecular weight distributidns.
cal implants, sutures, and drug delivery devie@.A and  \qre recently, nucleophilic organocatalysts in conjunction
other aliphatic polyesters are traditionally prepared via ring- i aicohol initiators have been shown to exhibit remarkable
opening poly.merlz_atlon (ROP) _Of cyc;hc esters through a activity for the polymerizations of cyclic esters under mild
coordination-insertion pathway involving a metal alkoxide
catalyst (Scheme 1, top)This route has provided both rapid  (3) (a) williams, C. K.; Breyfogle, L. E.: Choi, S. K.; Nam, W.: Young,

and stereoselective conversion to the desired polyesters with V. G., Jr.; Hillmyer, M. A; Tolman, W. BJ. Am. Chem. So2003
125 11356-11359. (b) O’Keefe, B. J.; Breyfogle, L. E.; Hillmyer,

exceptional molecular weight control and narrow polydis- M. A; Tolman, W. B.J. Am. Chem. So2002, 124, 4384-4393. (c)

persities. Furthermore, kinetic studies have provided detailed =~ Chamberlain, B. M.; Cheng, M.; Moore, D. R.; Ovitt, T. M.
Lobkovsky, E. B.; Coates, G. W. Am. Chem. So2001, 123 3229-

3238. (d) Stevels, W. M.; Ankone, M. J. K.; Dijkstra, P. J.; Feijen, J.
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Sci. 2006 31, 723-747. (b) Ikada, Y.; Tsuji, HMacromol. Rapid (4) (a) Breyfogle, L. E.; Williams, C. K.; Young, V. G., Jr.; Hillmyer,
Commun200Q 21, 117-132. (c) Uhrich, K. E.; Cannizzaro, S. M.; M. A.; Tolman, W. B.Dalton Trans.2006 928-936. (b) Hormnirun,
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Scheme 1. Pathways for the ROP of Cyclic Esters
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understanding of synthetic pathways, we sought to identify
new, well-defined catalysts that could potentially be used to
obtain mechanistic insights and give high polymerization
activities. In particular, we focused on developing new
variants that would follow the monomer-activated pathway,
because it offers several advantages, such as the ability to
cap polyester microstructures with biologically relevant end
groups (e.g., vitamins, steroidal alcohols, and sugaigfout
catalyst modification and the potential to exhibit stereo-
chemical control by chain-end or site control mechanisms.
Our primary goal is to study potential catalysttROH com-
binations in a comprehensive investigation aimed at identify-
ing the active catalyst and evaluating polymerization activity
and mechanism through kinetic studies. An ultimate, albeit
daunting, aim is to differentiate coordination-insertion
and monomer-activated pathways in a metal/alcohol system.
With these objectives in mind, we targeted the synthesis of
Zn(Il) complexes supported by sterically encumbered bis-
(phenolato)amine ligands, a choice influenced by previous
reports indicating that rapid, controlled, and, in some cases,
stereoselective monomer conversion could be achieved with
Zn(ll) catalysts in the presence of bulky, achiral, ancillary
ligands®ac® Specific advantages of the selected bis-
(phenolato)amine ligand frameworks include their availability
via reliable, straightforward synthetic preparations offering
routine electronic and steric tunability. In addition, the
dianionic, tridentate nature of these ligands disfavors ligand
dissociation in the presence of added alcohol initiator and
concomitant formation of metalalkoxide units that are

activated pathway have also been achieved through the usgq(ive in the coordination-insertion path (instead of a

of Sc(OTfy with protic initiators? In one reporf?the ROP
of lactide ande-caprolactone (CL) proceeded under mild
reaction conditions with low catalyst loadings to yield

polyesters of predictable molecular weights. The observed

catalytic activity of Sc(OTH was not suppressed in the

presence of benzyl alcohol (BnOH), and the resulting tio
polymer molecular weights decreased with increased moleZn
percent of BnOH. Further experiments demonstrated that

replacing BnOH with HO yielded polye-caprolactone (PCL)

of analogous molecular weight and provided a one step route

for the preparation of telechelicp-carboxye-hydroxy
functionalized PCL.

Given that the future commercial use of polyesters derived

monomer-activated route). The use of related ligands to
construct aluminumd-1%abcalciumle titanium°¢ and lan-
thanidé! complexes that are active ROP catalysts has
recently been reported.

In this contribution, we report the syntheses, characteriza-
n, and CL polymerization activity and kinetics of two new
(I1) complexes of hindered bis(phenolato)amines. Detailed
structural studies in the solid state (X-ray crystallography)
and in solution {H NOESY and pulsed gradiant spin-echo
NMR experiments) provided insight into the nature of the
complexes in resting and catalytically active states. Polym-
erization experiments, including kinetic studies, were per-

from biorenewable resources relies heavily on thorough (8) For relevant examples see: (a) Kricheldorf, H. R.; Damrau, D.-O.

(5) (a) Bourissou, D.; Martin-Vaca, B.; Dumitrescu, A.; Graullier, M.;
Lacombe, FMacromolecule2005 38, 9993-9998. (b) Sanda, F.;
Sanada, H.; Shibasaki, Y.; Endo, NMlacromolecule®002 35, 680—

683. (c) Shibasaki, Y.; Sanada, H.; Yokoi, M.; Sanda, F.; Endo, T.

Macromolecule200Q 33, 4316-4320.

(6) (a) Dove, A. P.; Pratt, R. C.; Lohmeijer, B. G. G.; Culkin, D. A,;
Hagberg, E. C.; Nyce, G. W.; Waymouth, R. M.; Hedrick, J. L.
Polymer2006 47, 4018-4025. (b) Coulembier, O.; Lohmeijer, B.
G. G.; Dove, A. P.; Pratt, R. C.; Mespouiille, L.; Culkin, D. A.; Benight,
S. J.; Dubois, P.; Waymouth, R. M.; Hedrick, J.Macromolecules
2006 39, 5617-5628. (c) Pratt, R. C.; Lohmeijer, B. G. G.; Long, D.
A.; Waymouth, R. M.; Hedrick, J. LJ. Am. Chem. SoQ006 128
4556-4557. (d) Lohmeijer, B. G. G.; Pratt, R. C.; Leibfarth, F.; Logan,
J. W.; Long, D. A,; Dove, A. P.; Nederberg, F.; Choi, J.; Wade, C.;
Waymouth, R. M.; Hedrick, J. LMacromolecule®006 39, 8574~
8583.

(7) (a) Nomura, N.; Taira, A.; Tomioka, T.; Okada, Macromolecules
200Q 33, 1497-1499. (b) Mdler, M.; Kange, R.; Hedrick, J. LJ.
Polym. Sci., Part A: Polym. Cher200Q 38, 2067-2074.
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Macromol. Chem. Phys1997 198 1753-1766. (b) Aigami, K.;
Inamoto, Y.; Takaishi, N.; Hattori, K.; Takatsuki, A.; Tamura, &.
Med. Chem1975 18, 713-721.

(9) (a) Chisholm, M. H.; Gallucci, J. C.; Phomphrai, Korg. Chem.
2005 44, 8004-8010. (b) Chisholm, M. H.; Gallucci, J.; Phomphrai,
K. Inorg. Chem2002 41, 2785-2794. (c) Chisholm, M. H.; Gallucci,
J. C.; Zhen, H.; Huffman, J. Gnorg. Chem22001, 40, 5051-5054.
(d) Cheng, M.; Attygalle, A. B.; Lobkovsky, E. B.; Coates, G. W.
Am. Chem. S0d.999 121, 11583-11584. (e) Huang, B.-H.; Lin, C.-
N.; Hsueh, M.-L.; Athar, T.; Lin, C.-CPolymer2006 47, 6622~
6629.

(10) (a) Chen, C.-T.; Huang, C.-A.; Huang, B.-Balton Trans.2003
3799-3803. (b) Tang, Z.; Gibson, V. CEur. Polym. J.2007, 43,
150-155. (c) Sarazin, Y.; Howard, R. H.; Hughes, D. L.; Humphrey,
S. M.; Bochman, MDalton Trans.2006 340-350.

(11) (a) Delbridge, E. E.; Dugah, D. T.; Nelson, C. R.; Skelton, B. W.;
White, A. H. Dalton Trans. 2007, 143-153. (b) Amgoune, A
Thomas, C. M,; llinca, S.; Roisnel, T.; Carpentier, JARgew. Chem.,
Int. Ed 2006 45, 2782-2784. (c) Cali, C.-X.; Amgoune, A.; Lehmann,
C. W.; Carpentier, J.-FChem. Commur2004 330-331.



Zinc(ll) Catalysts for Polymerization

formed in order to elucidate the influence of catalyst

solution of paraformaldehyde (1.57 g, 0.0524 mol) and potassium

structure, coordinating and noncoordinating solvents, and thehydroxide (13.1 mg, 0.233 mmol) in 10 mL of methanol. After the

concentrations of the catalyst, CL, and BnOH, on the rate
and level of control in the ROP of CL. The combined data
are consistent with equilibria involving mononuclear and
dinuclear forms of the catalyst and a monomer-activated
polymerization mechanism.

Experimental Section

All manipulations were performed under an inert atmosphere of
N, using standard Schlenk line techniques or in a MBraun glovebox.
4-Di-tert-butylphenol, methylamine (40% wi/w inJ8), paraform-
aldehyde (95%), and zinc bis[bis(trimethylsilyl)amide] (97%) were

contents were allowed to warm to ambient temperature, 2-adaman-
tyl-4-tert-butylphenol (14.9 g, 0.0524 mol) in 20 mL of methanol
was added in one portion and the reaction was heated at reflux for
24 h. The resulting white precipitate was collected by filtration,
dried in vacuo (25C, 0.20 Torr), and recrystallized from hexane
at 4°C (39%, 6.38 g)*H NMR (6, CD,Clp): 7.19 (d,J = 2.3 Hz,
2H, PhH), 6.95 (dJ = 2.2 Hz, 2H, PhH), 3.62 (s, 4H, G} 2.33
(s, 3H, CH), 2.14 (s, 12H, Chtadamantyl), 2.05 (bs, 6H, CH-
adamantyl), 1.77 (s, 12H, Grhdamantyl), 1.28 (s, 18FBu). 13C
NMR (9, CD,Cly): 153.2, 142.4, 137.0, 125.5, 124.0, 122.7, 60.0,
42.4,41.1, 37.7, 34.7, 31.9, 30.0. Anal. Calcd fagHzNO,: C,
82.75; H, 9.87; N, 2.25. Found: C, 82.98; H, 10.05; N, 1.94.
Zny(LY), (3). HoL! (2.81 g, 6.18 mmol) in toluene (14 mL) was

purchased from Aldrich and used as received. Deuterated solventsgqded to a stirring solution of Zn[N(TMg) (2.39 g, 6.18 mmol)

dichloromethane (CkCl,), e-Caprolactone (Aldrich), and BnOH
(Acros) were dried over Callvacuum transferred, and stored in

the glovebox. Toluene and tetrahydrofuran were dried over sodium,

in toluene (7 mL). The resulting yellow mixture was stirred at room
temperature for 14 h and subsequently dried under vacuum (25
°C, 0.20 Torr). The resulting yellow solid was washed withx 3

vacuum transferred, and stored in the glovebox, and all other 15 m| of hexanes yielding a white powder (75%, 2.46 g). X-ray
solvents were pUrChased CommerCiaHy and used without further qua“ty Crysta's were obtained from a Saturatedzcldsc)'ution at

purification. 2-Adamantyl-4ert-butylphenol was synthesized by

a previously published procedufe!H and*C NMR spectra were
recorded on either a Varian VI-300 or Varian VXR-500 spectrom-
eter. The'H pulsed gradient spin-echo (PGSE) NMR experiments
were performed on a Varian INOVA 600 MHz spectrometer
equipped with a triple axis gradient unit and a Bioselect triple axis
HCN probe with actively shielded gradients. Supression of convec-
tion artifacts was achieved using a previously published pulse
sequencé? Elemental analyses were performed by Robertson
Microlit Laboratories, Inc (Madison, NJ). The cosolveds-THF/
CD,Cl,) viscosity was determined at Z& from the average of
three measurements using a Schott @e@pillary viscometer.
Polymer molecular weightdv, andM,,) and polydispersities were

—38°C. IH NMR (6, CD,Cly): 7.30 (s, 2H, PhH), 7.09 (s, 2H,
PhH), 7.02 (s, 2H, PhH), 6.70 (s, 2H, PhH), 4.98 {d+ 13 Hz,
2H, CH,), 3.90 (d,J = 13 Hz, 2H, CH), 3.40 (d,J = 13 Hz, 2H,
CHy), 2.59 (s, 6H, NCH), 2.57 (d,J = 13 Hz, 2H, CH), 1.39 (s,
18H, ‘Bu), 1.29 (s, 18H!Bu), 1.20 (s, 18H!Bu), 1.18 (s, 18H,
Bu). 13C NMR (9, CD,Cl): 162.4, 157.5, 142.6, 138.9, 138.3,
136.7, 127.6, 126.5, 125.6, 124.7, 124.4, 120.7, 65.3, 61.1, 47.1,
35.7, 355, 34.6, 34.3, 32.1, 31.8, 31.4, 29.7. Anal. Calcd for
Cs2HaaN2O4Zny: C, 70.09; H, 8.94; N, 2.64. Found: C, 70.31; H,
8.88; N, 2.54.

Zny(L3); (4). HoL2 (2.00 g, 3.20 mmol) in toluene (14 mL) was
added to a stirring solution of Zn[N(TMg} (1.24 g, 3.20 mmol)
in toluene (7 mL). The yellow mixture was stirred at room

determined by size exclusion chromatography (SEC) with reSpeCttemperature for 24 h and subsequently dried under vacuum (25
to polystyrene standards. All polymer samples were eluted at 40 °C, 0.20 Torr). The sticky, yellow crude product was suspended in

°C with THF using a flow rate of 1.0 mL/min.
Methylamino-N,N-bis(2-methylene-4,6-ditert-butylphenol)
(HoLY (). This compound was prepared using a previously
published procedure fd¥,N-bis(hydroxybenzyl)amines.Methyl-
amine (40% wi/w solution in kO, 15.0 mL, 0.172 mol) was added
dropwise at °C to a stirring solution of paraformaldehyde (10.3
g, 0.334 mol) and potassium hydroxide (86.0 mg, 1.53 mmol) in
52 mL of methanol. After the contents were warmed to ambient
temperature, 2,4-dert-butylphenol (71.0 g, 0.344 mol) in 52 mL

10 mL of hexanes and cooled te40 °C for 3 h. The resulting
precipitate was collected via filtration yieldingas white powder
(78%, 1.72 g). X-ray quality crystals were obtained from a saturated
toluene solution at-38 °C. IH NMR (0, CD,Cl,): 7.31 (s, 2H,
PhH), 7.05 (s, 2H, PhH), 6.96 (s, 2H, PhH), 6.68 (s, 2H, PhH),
5.22 (d,J = 13 Hz, 2H, CH), 3.97 (d,J = 13 Hz, 2H, CH), 3.42
(d,J = 13 Hz, 2H, CH), 2.60 (d,J = 13 Hz, 2H, CH), 2.58 (s,

6H, NCHy), 2.11 (m, 24H, Chladamantyl), 1.93 (s, 6H, CH-
adamantyl), 1.82 (s, 6H, CH-adamantyl), 1.68 (m, 24H,,CH

of methanol was added in one portion and the reaction was heatedadamantyl), 1.28 (s, 18HBu), 1.21 (s, 18H'Bu). 13C NMR (9,

at reflux for 24 h. After the reaction mixture was allowed to cool,
the volatiles were removed in vacuo (26, 0.15 Torr) and the
crude product recrystallized from toluene°@) to afford a white
powder (42%, 33.8 g}H NMR (0, CD,Cly): 7.24 (d,J = 2.3 Hz,
2H, PhH), 6.95 (dJ = 2.2 Hz, 2H, PhH), 3.63 (s, 4H, G}) 2.30
(s, 3H, CH), 1.40 (s, 18HBu), 1.28 (s, 18H!BU). 3C NMR (0,
CD,Cly): 153.0,142.2,136.5, 125.6, 124.1, 122.4, 60.4, 42.3, 35.3,
34.6, 31.9, 30.0. Anal. Calcd fors@H4oNO2: C, 79.59; H, 10.58;
N, 2.99. Found: C, 79.59; H, 10.77; N, 2.89.
Methylamino-N,N-bis(2-methylene-4-adamantyl-6tert-
butylphenol), (H,L?) (2). Methylamine (40% w/w solution in #D,
2.30 mL, 0.0262 mol) was added dropwise at@to a stirring

(12) Aigami, K.; Inamoto, Y.; Takaishi, N.; Hattori, K. Med. Chem1975
18, 713-721.

(13) Jerschow, A.; Miler, N. J. Magn. Resonl997 125 372-375.

(14) Burke, W. J.; Smith, R. P.; Weatherbee, JCAm. Chem. S0d.952
74, 602—-605.

CD,Cly): 163.1, 158.3, 142.2, 139.1, 138.5, 137.1, 127.5, 126.6,
126.5, 124.6, 124.5, 120.7, 65.6, 60.9, 45.4, 42.7, 41.0, 39.3, 38.0,
37.9,37.3,34.5,34.3,32.2, 32.1, 31.8, 30.0, 29.5, 23.2, 14.4. Anal.
Calcd for GgH11eN-04Zny: C, 75.13; H, 8.67; N, 2.04. Found: C,
75.42; H, 8.82; N, 1.75.

X-ray Crystallography. Single crystals o8 and4 suitable for
X-ray diffraction were coated with Paratone N, attached to a glass
fiber, and mounted on a Bruker SMART platform CCD diffrac-
tometer for collection at 173(2) K. A preliminary set of unit cell
constants were collected from three sets of 20 frames. The initial
sets of frames were orientated such that orthogonal wedges of
reciprocal space were surveyed, resulting in initial orientation
matrices determined from 164)(or 93 (@) reflections. Data
collection was performed using Mookradiation with a frame time
of 15 and 45 s foB and4, respectively, and a detector distance of
4.987 cm. A randomly orientated region of reciprocal space was
analyzed to the extent of one sphere and to a resolution of 0.77 A

Inorganic Chemistry, Vol. 46, No. 16, 2007 6567
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(3) or 0.84 A @). Four major sections of frames were collected mixture were removed and dissolved in CR@hd monitored via
with 0.30° steps inw at four different¢ settings and a detector 'H NMR spectroscopy. After acheiving85% conversion as
position of —28° in 26. The intensity data were corrected for determined by'H NMR spectroscopy, the polymerizations were
absorption and decdy.Final cell constants were calculated from quenched with 2 drops of # and the polymers precipitated in
the xyz centroids of 33473) or 3410 @) strong reflections from n-hexane. Ther-hexane/HO was decanted, and the polymer was
the data collection following integration (SAINT).The structures dried in vacuo overnight. The dry polymer was then dissolved in
of 3 and 4 were solved using SHELXS-97 and refined using CH,Cl,, reprecipitated witlm-hexane, and dried to a constant weight
SHELXL-9717 The space group®2(1)h (3) and P1 (4) were prior to analyses by SEC.
determined based on systematic absences and intensity statistics. Representative Procedure for Initial Rate Determinations.
A direct methods solution was determined fdrand 48 which In the glovebox3 (99.0 mg, 0.0932 mmol), CL (171 mg, 166,
successfully located most of the non-hydrogen atoms from the 1.50 mmol), and benzyl alcohol (14.1 mg, 1355, 0.130 mmol)
E-map. Full-matrix least-squares/difference Fourier cycles were were successively added &4 1 mLvolumetric flask. The contents
performed to locate the remaining non-hydrogen atoms using of the volumetric flask were dissolved in GOI, and diluted to a
SHELXTL-97. All non-hydrogen atoms were refined with aniso-  final volume of 1 mL with CDQCl,. The solution was transferred
tropic displacement parameters, while all hydrogen atoms were to a J-Young NMR tube, capped, and removed from the glovebox.
placed in ideal positions and refined as riding atoms with relative 14 NMR spectra were collected on a 500 MHz NMR spectrometer
isotropic displacement parameters. Compoundontained two  at 25°C every 30 s over a period of 210 s resulting in eight data
lattice toluene solvent molecules, one of which could not be points. The remaining concentration of CL at each 30 s time interval
sufficiently modeled in the refinement cycles and was removed ([CL],) was determined from peaks corresponding to PCL growth
using the function SQUEEZE from the program PLATON. (3.93 ppm) and CL decay (4.20 ppm); the percentage of remaining
Typical Procedure for Keq Determinations. In the glovebox, CL after 210 s was 99.5% at [C4F 0.400 M and 97.0% at [Cl)]
3 (99.0 mg, 0.0932 mmol), substrate (CL, THF, or BnOH), and = 5.00 M. The eight data points were plotted ([€i$ time (s)),
trimethoxybenzene (TMB, internal standard) were sequentially and the initial rate of polymerizatiorRf) was determined from
added o a 1 mLvolumetric flask. The contents of the volumetric  the slope of a linear fit to the data. Initial rate experiments were
flask were dissolved in CETI, and diluted to a final volume of 1~ performed over a range of [C4]0.400-5.00 M) with [Zn], and
mL with CD,Cl,. The solution was transferred to a J-Young NMR  [BnOH], fixed at 0.186 and 0.130 M, respectively, and replicate
tube, capped, and removed from the gloveboXIANMR spectrum runs were performed for each [Gltp confirm reproducibility. The
was collected on a 500 MHz NMR spectrometer at’@5using a initial rates of polymerization were subsequently plotted versus
delay time of 20 s. The concentrations used to determineléach  [CL], as shown in Figure 6a. The reaction conditions used for all
value were calculated from the peak areas corresponding toinitial rate experiments are detailed in the caption of Figure 6. All
monomer (LZnS) (6.87 ppm), dimer 4Zn,) (6.73 ppm), and kinetics plots and linear curve fits were generated using Kaleida-
substrate (S) (Cl= 4.20 ppm; THF= 1.85 ppm; BnOH= 4.63 Graph version 3.6 or 4.0.
ppm) relative to TMB (6.10 ppm). Thi€.q value obtained for each
substrate was calculated from the average of three independentR . .
measurements at a fixed substrate concentration. Accurate calcula- esults and Discussion
tion of Keqg when BnOH was employed as the substrate was
complicated by substantial peak overlap in tReNMR spectrum. (a) Synthesis and Characterization of Complexeslhe
Therefore, the equilibrium constant determined from three inde- proligands methylamin®,N-bis(2-methylene-4,6-diert-
pendent measurements with constant [BnLq = 72 M™Y) is butylphenol) ¢, R = 'Bu) and methylamindN,N-bis(2-
an estimation of the actual experimental value. An additional set methylene-4-adamantyl4&t-butylphenol) 2, R = ada-
of experiments was performed to verify the reproducibilitykaf mantyl) were prepared by Mannich condensation of methyl-

for BnOH. AKcqvalue of 77 Mt was calculated from the average amine, paraformaldehyde, and the respective substituted
of three independent measurements at variable [BgQJBhOH]o phenol in refluxing methanol

= 0.04, 0.08, 0.13 M; [Zn] = 0.186 M). The final equilibrium o . . . .
constant Keg) for BnOH (see text) is the average value calculated Stoichiometric reaction of Zn[N(TM$), with 1 and2 in

from all six measurements. The numbers in parentheses (see textjoluene at ambient temperature affordeahd4, res_pectively
represent the estimated standard deviation for the experimentally(Scheme 2). Compoundsand4 were characterized bH
determinedKeq values. and®C NMR spectroscopy, elemental analysis, and X-ray

General Procedure fore-Caprolactone Polymerization In the crystallography. The solid-state structures of compouhds
glovebox, a vial containing a magnetic stir bar was charged with and 4, including relevant bond lengths and angles, are
e-caprolactone (1.22 g, 10.7 mmol). While the contents were being depicted in Figures 1 and S1 (Supporting Information),
stirred at 25°C, the initiator and catalyst solution in THF were respectively. Bot8 and4 adopt dinuclear structures, with
intervals of time during the reaction, two drops of the reaction ligand that uses one oxygen and one nitrogen atom to bind

in a terminal fashion and the other phenolate to bridge

(15) Blessing, R. HActa Crystallogr.1995 A51, 33—38.

(16) SAINT+ V6.45 Bruker Analytical X-ray Systems: Madison, WI 2003. between f[he metz_al ions. The brldgmg phenOIate binds
(17) SHELXTL V6.14Bruker Analytical X-ray Systems: Madison, Wi  asymmetrically, with Znt0O(2) and Znt+O(2A) bond

2000. _ . o distances of 2.022(1) and 1.953(1) A ®and 2.022(1) and
(18) Altomare, A.; Burla, M. C.; Camalli, M.; Cascarano, G.; Giacovazzo, A . .
C.; Guargliardi, A.; Moliterni, A. G. G.; Polidori, G.; Spagna, R. 1.954(1) A for4. The coordination geometries Band 4
Appl. Crystallogr.1999 32, 115-119. are best described as distorted tetrahedral, as illustrated

(19) (a) Spek, A. LAActa Crystallogr.1990 A46, C34. (b) Spek, A. L. _ _ _
PLATON, A Multipurpose Crystallographic TodUtrecht Univer- by O01-Zn1-02A and O2-Zn—O2A bond angles of

sity: Utrecht, The Netherlands 2000. 124.16(6) and 84.54(5)for 3and 122.33(%)and 85.68(9)
6568 Inorganic Chemistry, Vol. 46, No. 16, 2007
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Scheme 2. Synthesis of Complexe3and4 (S = THF)

OH OH
R'< ; AT?/R

1 (R' =1Bu)
2 (R' = adamantyl)

1 Zn[N(TMS),l,

*d\/\/p%éz*d

3 (R =1Bu)

4 (R' = adamantyl) Figure 1. X-ray structure of3 as 50% thermal ellipsoids with hydrogen

atoms omitted for clarity. Selected bond distances (A) and angles (deg) for
3: Zn1-01, 1.865(1); Zn+02, 2.022(1); Zn+O2A, 1.953(1); ZnEtN1,
for 4. The Zn(1)-Zn(1A) separations of 2.9418(4) A f& 2.063(2); Zn+Zn1A, 2.9418(4); 0+Zn1-02, 123.38(6); 0+ Zn1-02A,

: : : 124.16(6); 02-Zn1—02A, 84.54(5); 0+Zn1-N1, 102.77(6); 02 Znl—
and 2.9022(7) Afor are in good agreement with previously N1, 95.15(6); O2A-Zn1—-N1, 123.52(6). Selected bond distances and angles

described dizinc complexes containingO(phenolate)  for4: zn1-01, 1.856(2): Zn+ 02, 2.022(2); Zn+ O2A, 1.954(2); Znt
bridges?-20 N1, 2.049(2); Zn+Zn1A, 2.9159(7); 0+Zn1-02, 120.91(10); 03Znl—

IH NMR spectra of compounds and4 in CD,Cl at ~ oaa" ,ﬁzgg_(fé;(g?ggi:zonzlé’,\?ls'igg);ﬁiﬁn_Nl’ 101.05(10), 02

ambient temperature support retention of the dinuclear
structures determined by X-ray diffraction. Thus, they exhibit

four well-resolved aromatic signals and four signals for the "JL_'_L
diastereotopic methylene hydrogens, consistent with two X =40
symmetry-related bridging and terminally coordinated phe- M
nolato groups. Entirely different spectra are observedfor N\M\J\ X =30

and4 in dg-THF, wherein a distinct pattern of two aromatic
and two diastereotopic methylene signals are observed. This
pattern is consistent with a monomeric speciesZi’
resulting from cleavage of the dinuclear complex by the X=10

solvent. Wherds-THF was added in portions {540 equiv) WJ

to a CDBCl; solution of3, the pattern of signals corresponding X=5
to dimeric 3 decreased in intensity, whereas those signals i {\ f\ J\
consistent with the putative monomeric complex increased - : . : : : . X=0
(Figure 2). Upon addition of 40 equiv of-THF, resonances 7.4 73 7.2 71 7.0 6.9 6.8

consistent with the monomeric form 8fwere exclusively ppm

observed. These data support an equmbrlum between mono, Figure 2. 1H NMR spectrum of the aromatic region 8in CD,Cl, (0.169
meric and dimeric forms involving THF (Scheme 2). wywith the indicated number of equivalents (X relative to dimejcof

Working under this assumption kaq value of 0.33(2) M* addedds-THF.

was determined from integration of NMR spectra (see _ _ o _
Experimental Section). Similarly, peaks attributable to region of the spectrum is depicted in Figure 3 for clarity.

dimeric and monomeric species were observetHiNMR Peak assignments for dimeBdA, B) and its mononuclear
spectra of3 in CD,Cl, with added CL or BnOH, andeq form (C, C') were determined from cross signals arising from
values for these equilibria were determined to be 6(1)03 spatial proximity of the aromatic proton#\{ and Ay for
M~1 and 74(8) M, respectively. dimeric3, C for the mononuclear form @) and the flanking

To verify the postulated monomedimer equilibria and Bu groups (data not shown). The intense cross-peaks labeled
assign théH NMR resonances, #1—H NOESY spectrum X arise from chemical exchange between aromatic protons
of complex3 was obtained at room temperature in €Iy At > A and B <> By, which we attribute to a fluxional
(0.169 M) with 10 equiv of addeds-THF. Only the aromatic ~ Process involving switching of the phenolate donors between

terminal and bridging positions in the dimer. Most impor-

(20) (a) Darensbourg, D. J.; Rainey, P.; Yarbroughndrg. Chem 2001, tantly, firm evidence that the two forms o rapidly

40, 986-993. (b) Kunert, M.; Braer, M.; Klobes, O.; Gos, H.; equilibrate is provided by the presence of additional cross-

a:gj\/lfﬁi(aE';Ménf?ﬁcﬁeEﬁ:{ ‘]M.'”f.rgs'h%gfn";igfqésﬂigﬁ%?h (‘3). r Peaks labeled Y, which correspond to exchange between

Inorg. Chem2006 45, 1815-1822. protonsAJA, < C andBy/B, < C'.
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Figure 3. H—H NOESY spectrum and assignments fin CD.Cl,

with addedds-THF in the aromatic region. Conditions: 28, [3] = 0.169

M, with 10 equiv ofds-THF added. The peaks marked by a black “X” are
attributed to chemical exchange due to a fluxional process that interconverts
the bridging and terminal phenolate arms of the ligand in din&righile

Silvernail et al.
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v*6°G*[A~(8/3)] x 10° (cm’s™)
Figure 4. Plot of pulsed gradient spin-echo (PGSE) NMR data 3or

(dimer, circles; monomer, squares). The lines are fits to eq 2, and the slope
is proportional to the diffusion coefficienD.

0 0.7

of gradient strengths. The slope of each best-fit line to eq 2
is proportional to the diffusion coefficienD, whereG =
gradient strengthA = delay between midpoints of the
gradients,0 = length of gradient pulse, ang = gyro-
magnetic ratio. From the experimental PGSE data, diffusion
coefficients of 5.7x 1078 cn? s7* (3, dimer) and 7.2 1076

cn? st (monomer) were determined in the g@D)./ds-THF
cosolvent mixture. The~20% increase in diffusion coef-

those marked by a red “Y” are attributed to chemical exchange due to the ficient for the monomer supports its assigned nucleafity.

indicated monomerdimer equilibrium.

The nuclearity of the species observed upon addition of
ds-THF to a CDCl; solution of 3 was confirmed through a
pulsed gradient spin-echo (PGSE) NMR experiment, an

KT

= &r 1)

In(I/ly) = — y?6°GIA — (6/3)]D 2)

established technique that has been used to estimate the

diffusion coefficient (i.e., size) of a wide variety of molecules
in solution?! This experiment was performed 8rin CD.Cl,
(1.69 M) at 25°C with 10 equiv of addedls-THF. The
diffusion coefficients of3 in CD,Cl, and monomer irds-

Further support for this conclusion was obtained by
calculating the hydrodynamic radius of dimeBc(r’ gimer)
from the X-ray structure and estimating the hydrodynamic
radius for a mononuclear specigsmfnome) based on one-

THF could theoretically be measured in separate experimentshalf of 3 with a THF molecule coordinated to the Zn(ll)

taking solvent viscosity into account based on the Stekes
Einstein equation (eq 1, wheke = diffusion coefficient,n

= viscosity, andr effective hydrodynamic radius).
However, we chose the aforementioned ;CB/ds-THF
solvent mixture because aromatic signals consistent 8vith

center?® Since dimeric3 and a mononuclear-THF adduct
(L*Zn(THF)) of 3 both approximate the shape of prolate
ellipsoids, eq 3' was used to determine the corresponding
radii, with a andb representing the major and minor axes of
the molecular structures, respectively. The calculated hy-

and the monomer are both present and well-resolved. Thusdrodynamic radii values obtained from the X-ray structure

the diffusion coefficients of both species could be determined
in a single experiment with identical solvent viscosity and
at the same temperature. The plot oflihj (I = observed
spin-echo intensityl, = intensity in the absence of gradients)
versus the square of the gradient amplitude is shown in
Figure 4. Each data point corresponds to the average
intensities obtained from thiél NMR spectrum over a range

(21) Pregosin, P. Rrog. Nucl. Magn. Reson. Spectro2006 49, 261—
288.
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of 3 and a hypothetical monomer-THF adductZh(THF))
were 8.8 and 5.0 A, respectively. For comparison, the
hydrodynamic radii were then determined (eq 1) from the

(22) (a) Valentini, M.; Regger, H.; Pregosin, P. Belv. Chim. Acta2001,

84, 2833-2853. (b) Jiang, Q.; Regger, H.; Venanzi, L. MInorg.

Chim. Actal999 290, 64—79.

(23) The hydrodynamic radius calculated for one-half Dfwithout
coordinated THF molecules was 3.0 A.

(24) Price, W. S. I'lNew Adances in Analytical ChemistryRahman, A.,
Ed.; Hardwood Academic Publishers: Singapore, 2000; pp 31
72.
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Table 1. Results for the Polymerization of CL witB and 42

Mn(calcdy Mn(NMR)® My (SECY conversion
catalyst [CL}:[ZNn]o:[BNOH]o time (min) (kg mol1) (kg mol1) (kg mol1) PDId (%)
3 50:2:0 360 <5
3 50:2:2 360 2.6 3.5 4.0 1.09 92
3 50:2:2.7 320 1.9 2.7 3.3 1.14 90
3 50:2:3.1 300 1.6 2.2 2.6 1.20 99
3 50:2:4 240 1.3 1.7 1.7 1.24 91
3 50:2:8 90 0.68 0.94 1.1 1.22 96
3 50(50):2:2 490 5.6 7.6 10.8 1.13 98
3 100:2:2 480 5.5 4.6 9.6 1.08 97
3 100:2:4 300 2.7 3.2 5.1 1.09 96
3 100:2:8 170 1.3 1.6 2.1 1.16 94
4 50:2:0 130 <5
4 50:2:2 130 2.6 3.0 4.2 1.11 90
4 50:2:2.7 115 1.9 2.7 3.0 1.18 89
4 50:2:3.1 115 1.6 2.1 2.4 1.15 86
4 50:2:4 105 1.3 1.6 2.5 1.14 90
4 50:2:8 70 0.61 0.85 0.95 1.12 86
4 50(50):2:2 250 55 6.3 10.4 1.16 97

aConditions: 25°C, THF, [CL]y = 4.73 M, [Zn}, = 0.400 M." Calculated from the mol wt of Clx [CL]o/[BNOH]o x % conversion¢ Determined from
integration of'H NMR spectra assuming oreOBn group per chairf Determined by SEC vs polystyrene standafdsdditional 50 equiv CL added after

initial run.

experimental PGSE results. First, the solvent viscosity
(Wcosoven) for the ds-THF/CD.CIl, solvent mixture was
determined to be 0.420 cP from etf hased on an average
of three measurements with a capillary viscometer using
water as a standarg (= density, At = time to deliver a
known volume). From the diffusion coefficients obtained
experimentally for3 (Dgimer = 5.7 x 1076 cn? s7%) and
L2ZN(THF) Omonomer = 7.2 x 1078 cn? s 1) and the
calculated cosolvent viscosity (eq 4), the hydrodynamic radii
for 3 (rgime @and a monomeric-THF complek fonome) Were
calculated from eq 1 to be 9.2 and 5.8 A, respectively. The
agreement between these values and those estimated from

Mn (kg/mol)

4.0

the X-ray data strongly support the hypothesis that digner
is cleaved by added THF into a monomer, most likely
solvated EZn(THF). Attempts to obtain X-ray quality
crystals of 1XZn(THF) via recrystallization o8 from THF
were unsuccessful.

r = (ab)'? 3)
" _ pcosolventAtcosolvent ( 4)
= n
cosolvent pHZO AtHZO H,0

(b) Polymerization of CL. Ring-opening polymerizations
of CL initiated with BnOH in the presence 8fand4 were
performed at 25C in THF (Table 1). Although somewhat
low [CL]d/[Zn]o ratios and high [CL] (4.73 M) were
necessary to achieve85% monomer conversion in reason-
able reaction times, narrow PDlIs (1:08.24) and predictable
molecular weights were obtained for all polymerizations
catalyzed by3 and4 over a range of added BnOH (2, 2.7,
3.1, 4, and 8 equiv relative to dimei}. A linear relationship
between the PCL number-average molecular weigh} and
([CL]o — [CL])/[BNnOH]o (Figure 5) is indicative of a
controlled polymerization process. This conclusion was
further supported by observation of consumption of an

(25) Hiemenz, P. C.; Lodge, T. RPolymer Chemistry2nd ed.; Taylor
and Francis: Boca Raton, FL, 2007.

0 5 10 15 20 25
(ICL] -[CL] YBOH],

Figure 5. Plots ofM,, (NMR) vs ([CL]o — [CL])/[BNnOH]o using3 (solid
circles) ord (empty circles) as catalyst, with linear fits (solid,= 0.994,
and dashedR = 0.995, lines, respectively). Conditions: [GlF 4.73 M,
[Zn]o = 0.40 M, THF, 25°C.

additional 50 equiv of CL after the initial conversion of 50
equiv of monomer (Supporting Information, Figure S2). A
systematic comparison &and4 using a [CL}/[Zn]o ratio

of 50:2 (Table 1) suggests higher activity usihelative to

3 under the identical polymerization conditions (90% mono-
mer conversion witl after 130 min, 92% conversion using

3 after 360 min) and indicate that increasing the sterics at
the ligand periphery fronBu (3) to adamantyl 4) results

in enhanced polymerization rates. Lie we suspect that
dimer 4 is also cleaved into two monomeric THF adducts
(L2Zn(THF)). However, in the case df the bulky adamantyl
substituents render a more sterically encumbered Zn(ll)
center having a bound THF molecule that is more readily
displaced by CL in the polymerization process. This postulate
assumes a monomer-activated pathway and implies that THF
inhibits substrate coordination and polymerization.
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Figure 6. Plot of the initial rate of polymerization of CL vs the initial
concentration of £Zn (twice the amount of adde®) in CD,Cl; at 25°C.
Conditions: [CL} = 1.5 M, [BnOH], = 0.13 M, CDCly, 25 °C. The
indicated linear fit excludes the data points belowZh]o = 0.05 M and
is characterized by slope 3.19 x 1073 s7%, x-intercept= 0.0374 M, and
R = 0.998.

Kinetic studies were performed with in an attempt to
gain insight into the CL polymerization pathway in the

Silvernail et al.

monomer concentration ([M)),?” but [CL]eqis known to be
0.007 M at 25°C/28 a value ~20-fold smaller than the
x-intercept in Figure 7a. Thus, we are currently unable to
unambiguously attribute the cause of the nonzero intercept
and can only speculate that it represents a relatively small
amount of CL that is bound in nonproductive speéfes.
Considering the full range of [Ck]values (Figure 7b),
the rate apparently saturates at [€l5] 2.0 M and even
appears to slow above [C4} 4 M. An obvious explanation
of this would be preequilibrium binding of the substrate prior
to ring opening, but an attempted fit of the data to the
appropriate MichaelisMenton expression was unsuccessful
(Supporting Information, Figure S3). An alternative rationale
that is also consistent with that used to explain the nonzero
intercept in Figure 6 is catalyst deactivation by an impurity,
the amount of which is proportional to [CL](more
deactivating impurity at larger [CL). According to this
hypothesis, the effective concentration of catalystZfiles,
can be expressed by eq 5, whéiie the fraction of [CL}
that is responsible for deactivation of the catalyst. Substitu-
tion of this expression into the rate equation (eq 6) yields
eq 7, wherek is an apparent rate constant that incorporates
a (unknown) dependence on [Bn@HAn excellent nonlinear
fit of the kinetic data to eq 7 shown in Figure "< 0.987)
yields k = 2.14 x 102 st andf = 0.025 (2.5%). The
striking agreement of the latter value with that derived from

presence of added BnOH initiator and to test the hypothesisanalysis of the independently determined data in Figure 6

of THF inhibition. Initial rates of polymerizationR,) were
determined by monitoring CL conversion versus timedy
NMR spectroscopy in CECl, with various initial concentra-
tions of CL, BnOH, and catalyst. In one set of experiments,
fixed initial concentrations [Clg]= 1.5 M and [BNnOH} =
0.130 M were used while [izn]y (2 x [3]¢) was varied
(Figure 6). The good linear fit of the data for#n], >
0.05 M is consistent with a first-order dependenc&pbn
[L'Zn]. The nonzerox-intercept of 0.0374 M suggests a
threshold catalyst concentration below which catalysis is
inhibited significantly, a precedented phenomefattribut-
able to a low-level deactivating impurity, here corresponding
to 2.5% of [CL}. Further support for such catalyst deactiva-
tion was found in experiments performed with fixed con-
centrations [EZn], = 0.186 M and [BnOH] = 0.130 M
and varying [CL} (0.400-5.00 M) (Figure 78 For [CL]o

< 2.0 M, a plot ofR, versus [CL] may be fit wellR = 0.994)

to a straight line with a slopes 3.22 s and anx-intercept

of 0.139 M (Figure 7a). This indicates a first-order depen-
dence ofR, on [CL] with a nonzerox-intercept suggesting
that this small amount of CL (just below {Zn], and
approximately equal to [BnOHkl] is somehow “unavailable”
for polymerization. In other words, the actual amount of CL
free for polymerization is [Clg = [CL]o — 0.139 M (where
[CL]o refers to the amount of CL initially added). Such
nonzerox-intercepts in plots oR, versus monomer concen-
tration have been interpreted to represent the equilibrium

(26) Atvalues of [CL} > 5 M catalyst precipation was observed and, due
to the lack of solution homogeneity under these conditions, kinetic
data were not collected.
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(0.0374 M is 2.5% of the initial concentration of [GL}

1.5 M) strongly supports the hypothesis of catalyst deactiva-
tion by an impurity in all of the kinetics experiments. Finally,
we found that the polymerization rate decreased by a factor
of ~10 whendg-THF (10 equiv relative to [EZn]y) was
present (conditions: [iZn]o = 0.186 M, [BhOH} = 0.130

M, [CL]o = 3.0 or 5.0 M). These results are consistent with
the aforementioned hypothesis of THF being an inhibitor in
the polymerization reaction.

[L'Zn]es = [L'Zn], — f[CL] (5)
R, = KL 'Zn]4{CL]y (6)
R, = KL'Zn]o[CL]y — kf[CL]y? 7)

To assess the order of the polymerization reaction with
respect to BnOH initiator, kinetic experiments were per-
formed using [!Zn], = 0.186 M, [CL}, = 1.5 M, and
[BNOH], values between 0.01 and 0.5 M. The resulting plot
of R, versus [BnOH{ (Figure 8) shows that at low [BnOHi]
(20.20 M) the rate increases with increasing initiator
concentration but at higher [BnO§]>0.20 M) the rate
slows. Decomposition of the catalytic species (via ligand
loss?) or Zn deactivation (via BnOH binding) may be

(27) Odian, GPrinciples of Polymerizatior3rd ed.; John Wiley & Sons:
New York, 1991; pp 556551.

(28) Save, M.; Schappacher, M.; Soum,Macromol. Chem. Phy2002
203 889-899.

(29) Doubling [LZn} or halving [BnOH}, changes the slopes of plots of
Rp versus [CL but does not result in a significant change in the
x-intercept (data not shown).
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Figure 7. Plots of the initial rate of polymerization of CL vs the initial concentration of CL. Condition$Ziily = 0.186 M, [BnOH} = 0.13 M, CD,Cly,
25°C. Only the data for [CL] < 2.0 M are shown in (a) with a linear fit that is characterized by step®22 s'1, x-intercept= 0.139 M, andR = 0.994.
All of the data up to [CL} = 5.0 M are shown in (b) with a nonlinear fit to eq 7 shown (see text for details).
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Figure 8. Plot of the initial rate of polymerization of CL vs the initial
concentration of BnOH. Conditions: }EZn]o = 0.186 M, [CLh = 1.5 M,
CD.Cly, 25°C.

occurring at [BnOH] > 0.20 M, with the latter being
consistent with th&q values for the aforementioned dimer/
monomer equilibrium in the presense of BnhOH or CL.

Scheme 3

', L22n2 LZn(CL)

| o]

LZn(BnOH) —~ LZn( BnOH)(CL)

B

PCL

BnOH BnOH

Conclusion

This work describes the combined structural, catalytic, and
kinetic investigation of two sterically hindered Zn(ll) bis-
(phenolato)amine complex&and4. Compounds3 and4
adopt dinuclear structures in the solid state with a distorted
tetrahedral environment about each Zn(ll) ion. While the
room temperaturéH NMR spectra of3 and 4 in CD,Cl,
supported the dinuclear structures observed by X-ray dif-
fraction, cleavage to form two monomeric entitiesZh)
was observed upon addition d§-THF, BnOH, or CL. The
IH—'H NOESY NMR spectrum oB in a CD,Cl,/ds-THF

A general catalytic mechanism that is consistent with the cosolvent mixture revealed chemical exchange processes
kinetic data and the observed equilibria between dimeric andconsistent with interconversion of bridging and terminal
monomeric forms of the catalyst is shown in Scheme 3. The phenolate arms within the dimer as well as a monomer

equilibria involvingA == B andA = C have been directly
observed, but the nature Bfand the equilibria involvindd

= C, B=D, andC = D can only be inferred. The fact
that R, depends on [LZn], [CL], and [BnOH] is accounted
for by the monomer-activated pathway involving complex
equilibria like those shown. At this stage, further support of
this mechanism remains difficult to discern with the available
experimental information.

dimer equilibrium. The nuclearity of the species observed
upon addition ofds-THF to a CDQClI, solution of 3 was
further verified through PGSE NMR experiments. The
agreement between the experimental values for the diffusion
coefficient and the hydrodynamic radius obtained by PGSE
NMR and those estimated from the X-ray diffraction data
support cleavage of dinucle& into two solvated mono-
nuclear species {Zn(ds-THF)). Equilibrium constants were

Inorganic Chemistry, Vol. 46, No. 16, 2007 6573
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determined for this and related equilibria established when that involves equilibria among various monomeric forms of
3 was treated with CL or BnOH. L*Zn(S) (S= THF, BnOH, and CL).

Both complexes3 and 4 are effective for the controlled
catalytic polymerization of CL in the presence of BnOH.
Kinetic analysis of the CL polymerization bg in the
presence of BnOH indicates a first-order dependence of the
rate of polymerization on the concentration dZh and the
deactivation of a fraction @ by a fortuitous impurity present
in the system. Also, THF inhibits the polymerization of CL ~ Supporting Information Available: X-ray structure oft, SEC
by complex3, and there is a complicated dependence of the traces of isolated PCL produced frody CIFs, and kinetic data
polymerization rate on the BnOH concentration suggestive frlom Figure 7b replotted. This material is available free of charge
of a related inhibition process. Overall, the data support a ¥ia the Intemet at http://pubs.acs.org.
monomer-activated mechanism for the polymerization of CL 1C700581S
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