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Abstract: The complexes Fe,(OCHPh,)s and L,FeOR (R = Et or CHPh,, L = N,N-bis(trimethylsilyl)-
benzamidinate) were structurally characterized, and comparative studies of the behavior of those compounds
comprising the same alkoxide (Ph.HCO™) in polymerizations of e-caprolactone (CL) and b,L-lactide (LA)
were performed. Both Fex(OCHPh,)s and L,FeOCHPh, are effective polymerization catalysts, as reflected
by molecular weight control, polydispersities, and end group analysis, but the diiron complex generally
exhibits greater polymerization control, particularly for CL. Kinetic investigations of the polymerization of
CL revealed the same first-order dependence on [CL] for both catalysts, but different orders in [catalyst]
that signified a distinct contrast in mechanism. Analysis that invoked the presence of a termination-causing
impurity at low concentration yielded a first-order dependence on [Fex(OCHPh,)¢], but the order in
[L.FeOCHPh;] was found to be one-half. This fractional dependence was interpreted by using a model of
active chain aggregation. Comparison of the derived propagation rate constants (kpop) revealed a ~50-
fold greater value for the diiron complex compared to the single site mononuclear compound. Implications
of these findings for understanding cyclic ester polymerization mechanisms and catalyst design are
discussed.

Introduction related oxo-containing clusters which are typically multinuclear

The ring-opening polymerization of cyclic esters with metal (X = 1) and contain multiple alkoxidesy (> 2). Examples
complexes as catalysts enables the convenient and efficieninclude Li(O)(OR)s (Ln = lanthanide(lll) or yttrium(lil) ion);
preparation of a range of polyesters, such as polylactides angSPecies derived from Y(OAJIOAr = phenoxide) and.alcoho.'fs,
polylactones. These plastics are of great interest due to their “Y(OCH2CH:NMey)s",® A(OiPr)s,” and Sn(OR)® which typi-
utility in numerous applicationdthe renewable nature of some ~ cally aggregate in solution. Members of the second class are of
of their cyclic ester precursors (e.g., lactide from corn), and the type LMx(OR),, where L denotes an ancillary supporting
their biodegradable characteristics, all of which provide a basis Ilgar!d that often re.sults in lower nuclearity species (exgs
for the development of new sustainable commercial technolo- 1) With fewer alkoxidesy = 2; for a catalog of examples, see
gies23 Many types of metal alkoxides have been found to be ref 1a). Polymerization initiation and propagation for both
active cyclic ester polymerization catalysts, and in many casesclasses is believed to proceed via a coordinatiosertion
yield materials with prescribed molecular weights and narrow Mechanism, in which a metadlkoxide attacks the cyclic ester
molecular weight distributions. Understanding the relationship carbonyl carbon, the ring opens, and a new metal alkoxide is
between the structural features of metalkoxide complexes ~ formed® Mechanistic complexity may arise for the(®R),
and their polymerization efficiency, selectivity, and mechanism complexes because of their multiple iniation sites and their
is an important aim of current research. propensity to participate in aggregation equilibria in solufion.

The known active metalalkoxide catalytic precursors gener- Complexes of the IMy(ORY), type have been targeted partly in
ally may be divided into two classes according to their structural Order to address these potential deficiencies, a key objective
type. One set includes homoleptic complexeg®R), and
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Figure 1. Metal-alkoxide promoted polymerization of (a) LA to PLA and R = Et, 57% Ph/<CN’ \N-)
(b) CL to PCL. R = CHPhy, 59% | N
MesSi SiMej
being to prepare “single site” catalysts that might exhibit simple
kinetic behavior (e.g., first-order dependence on the concentra- CHPh
tion of the complex) and that may be tuned through supporting FeCls (I) 2
ligand manipulationd Direct comparison of the polymerization THF ~ PheHCO( ™~ OCHPh;
3/n [TIOCHPhy], Fe

behavior of such a single site system with a multisite analogue,
containing the same metal ion(s) and alkoxides, would provide ]
mechanistic insights of value for future catalyst design. CHPhy

We recently reported the controlled polymerizationoaf-
lactide (LA) by the novel iron(lll}-alkoxide complexes ke Results

10

(O)(OEtys and Fe(OCMePh). ) Thesg compounds were Synthesis of Iron(lll) —Alkoxide Complexes.The mono-
targeted because of the low toxicity of iron(lll), the presence nuclear iron(lll)-alkoxide complexes 4FeOR (R= Et or
of which is inevitable in the final polymers which may have CHPhy) were prepared as outlined in Scheme 1. We prepared
biomedical end uses. Importantly, the complexes showed o ynown intermediate complexEeCl by the reaction of 2
superior pplymerlzatlon activity relative t_o pr(_awously reported equiv of L-Li(TMEDA) % with anhydrous FeGlin THF, a route
|ron-conta}|n|ng catalyst prgcursdrjs'.rhus inspired, we turned we found to be more convenient than that reported previdasly.
Ol,” attentlon toward designing amononuclegr qompLeSeDR Elemental analysis, IR spectroscopy, and a unit cell determi-
with which to perform cpmparatwe mechanls'tlc gtudles. Here | otion of a single crystal by X-ray crystallography confirmed
we report the synthesis and full characterization of 'fare e igentity of the product. Because of difficulties we encoun-
exanIes ,Of_ well-defined complexes of éh's tXpeaFEOR tered in attempts to prepare iron(Hplkoxide complexes via
L = N,N-bls(tnmethylsﬂyl)bepzamdmat R = Et qnd metathesis reactions obEeCl with sodium or lithium alkoxides,
CHPh), as well as a homoleptic dlngclear analogue with one e ised the thallium reagents [TIQRjbtained commercially
of thg §ame alkoxides, H®OCHPh)s. D|re§t comparison of the (R = Et) or via the precedented reaction of [TIOEtith
_re_a_ctlwty_of the compo_und_s that contain the sameH0 benzhydrolt® The product of the latter reaction, [TI(OCHPh,
initiators in the polymerization of LA and-caprolactone (CL) 55 jsolated as a white crystalline solid, characterizedby
(Figure 1) revealed unexpected differences in kinetic behavior and*C NMR and IR spectroscopy, and used without further
that raisg is§ues of importance for the design of new cyclic eSterpurification. Reaction of bFeCl and the appropriate thallium
polymerization catalysts. alkoxide in THF yielded the mononuclear ferric alkoxides L
Fe(OR) as dark red crystalline solids. The complexes were

/ N\
s3%  PhHCO| g OCHPhy

(10) O’'Keefe, B. J.; Monnier, S. M.; Hillmyer, M. A.; Tolman, W. B. Am.

" Ehem. Soc|2001 1_2353?]9—'2\’%49.% ad AM ecUlesl999 32 characterized by elemental analysis, FTIR and-is spec-
(11) For example, see: Stolt, M./ ergard, A.Macromoleculesl99q 32 troscopy, room temperature magnetic susceptibility in solution

(12) A search of the Cambridge Crystallographic Database (version 5.21, April (Evans methodja-benzene},7 and X-ray crystallography. Their
2001) revealed the following reports of structurally defined mononuclear d color deri £ h f -
iron(l1l)—alkoxide complexes: (a) Prevot, L.: Jaquinod, L.; Fischer, J.; €d color derives from an apparent charge-transfer transition at

Weiss, R.Inorg. Chim. Actal998 283 98. (b) Roelfes, G.; Lubben, M.; Amax = 395 nm € ~ 2500 M1 cmfl)_ Solution magnetic
Chen, K.; Ho, R. Y. N.; Meetsma, A.; Genseberger, S.; Hermant, R. M.; .
Hage. R.: Mandal, S. K.; Young, V. G., Jr.; Zang, Y.; Kooijman, H.: Spek, moments fef) of ~5.8 ug for both complexes are consistent

A. L.; Que, L., Jr.; Feringa, B. Llnorg. Chem.1999 38, 1929. (c) i iah-snin i = 5/,). i
Bochmann, M.; Wilkinson, G.; Young, G. B.; Hursthouse, M. B.; Malik, with the presence of hlgh spin |ron(III)S( /2) While we

K. M. A. J. Chem. Soc., Dalton Trand98Q 1863. (d) Lecomte, C.; cannot be certain on the basis of the available data that the
Chadwick, D. L.; Coppens, P.; Stevens, Elilorg. Chem1983 22, 2982. e i i _

(e) Johnson, M. R.; Seok, W. K.; Ma, W.; Slebodnick, C.; Wilcoxen, K. complexes are m.onomenc. in solution, the X ra.y Cr.yStal
M.; Ibers, J. AJ. Org. Chem1996 61, 3298. (f) Potz, R.; Huckstadt, H.;  Structural data confirmed their mononuclear formulations in the

Homborg, H.Z. Anorg. Allg. Chem1998 624, 173. (g) Jonas, R. T.; Stack, H
T.D. P.3. Am. Chem. 504997 119 85668567, (h) Hatano, K.: Uno.  SOlid state (see below).
T. Bull. Chem. Soc. Jprl99Q 63, 1825.

(13) Reviews on amidinate chemistry: (a) Barker, J.; KilnerQdord. Chem. (14) Dick, D. G.; Duchateau, R.; Edema, J. J. H.; Gambarottmdsg. Chem.
Rev. 1994 133 219-300. (b) Edelmann, F. TCoord. Chem. Re 1994 1993 32, 1959-1962.
137, 403—-481. Selected more recent applications of L in Y(lll) and Fe(ll)  (15) Zinn, A.; von Arnim, H.; Massa, W.; Scfe, M.; Pebler, J.; Dehnicke, K.
chemistry: (c) Brussee, E. A. C.; Meetsma, A.; Hessen, B.; Teuben, H. H. Z. Z. Naturforsch.1991, 46h, 1300-1304.

A.; Hessen, B.; Teuben, J. H.; Traverso, Eur. J. Inorg. Chem2001, Scott, B. L.Inorg. Chem.2001, 40, 21772184.

Chem. Commur200Q 6, 497-498. (d) Vendemiati, B.; Prini, G.; Meetsma, (16) Zechmann, C. A.; Boyle, T. J.; Pedrotty, D. M.; Alam, T. M.; Lang, D. P.;
707-711. (17) Schubert, E. MJ. Chem. Educl1992 69, 62.
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Table 1. Summary of X-ray Crystallographic Data
Fe,(OCHPhy)s+2C7Hg L,FeOEt L,FeOCHPh,
empirical formula GoHg:06F & CogHs51N4OSiFe GgHs7N4OSisFe
formula weight 697.64 627.94 766.10
crystal system triclinic orthorhombic monoclinic
space group P1 Pbca P2i/n
a(A) 10.8678 (10) 18.599 (3) 19.200 (3)
b (R) 13.5829 (12) 18.661 (3) 10.9732 (15)
c(A) 13.7118 (12) 21.015 (3) 21.207 (3)
o (deg) 72.6420 (10) 90 90
f (deg) 78.123 (2) 90 103.074 (2)
y (deg) 73.1550 (10) 90 90
V (A3 1833.2 (3) 7294.0 (17) 4352.1 (10)
z 1 8 4
density (calcd) (g/cr) 1.264 1.144 1.169
crystal color yellow red red
crystal size (mm) 0.5 0.11x 0.06 0.50x 0.45x 0.30 0.45x 0.4 x 0.3
absorption coefficient (mnt) 0.452 0.570 0.489
20max (deg) 50.02 50.06 50.08
no. of reflcns collected 13288 51261 42909
no. of ind reflcns 6398 6444 7691
no. of obsd reflcnsl[> 20(1)] 5496 3875 6415
parameters 470 353 442
R12 [l > 20(1)] 0.0521 0.0717 0.0291
wWR2P 0.1392 0.1344 0.0802
goodness-of-fit 1.063 1.040 1.042
largest diff peak and hole (e&) 1.836,—0.392 0.610;-0.259 0.267;-0.198

aRl = S||Fo| — |Fell/3|Fol. PWR2 = [T[W(Fo?2 — FAA/[ 3 [W(FA?] Y2, wherew = 1/04(Fo?) + (aP)?2 + bP.

Table 2. Selected Interatomic Distances (A) and Angles (deg)?

amidinate ligands and a terminal alkoxide comprising the
coordination spher®. Asymmetric bonding of the amidinates

Fe(OCHPR)e-2C/Hsg

Fel-O1 1.799(2) Fe+015 1.784(2) to the iron atom is another common feature (e.g.,-A¢1/N4
rer o ;ggg% Fex029A 1.956(2) =2.13 A and Fe-N2/N3 = 2.07 A for LuFeOE). The iror
029-Fel-029A  81.76(8)  FetO29-FelA  98.24(8) oxygen (FetO1) bond distances are 1.802(3) {REt) and
1.8417(12) A (R= CHPhy), which fall in the middle of the
L,FeOEt . .
Fel-O1 1.802(3) FetN1 2.134(3) range reported for other mononuclear iron(Hglkoxides
Fel-N2 2.074(3) FetN3 2.062(3) (1.77-1.89 A)12 The Fe-O—C angles are 141.5(7JR = Et)
Fel-N4 2.132(3) and 127.6(1) (R = CHPh), consistent with the absence of
N1-Fel-N2 65.42(14) N3-Fel-N4 64.97(13) multiple Fe-OR bonding that has been identified in some
L,FeOCHPh complexes with more Lewis acidic Fe(lll) ions supported by
Fel-01 1.842(1) FetN1 2.069(1) neutral N-donoré2b.g
E:i:“i g:éggg; FeN3 2.149(1) In Fe(OCHPh)s, two distorted tetrahedral Fe(lll) centers are
N1—Fel-N2 65.06(6) N3-Fel-N4 64.94(05) bridged by two alkoxide ligands, with two terminal alkoxides

ligated to each iron atom. The geometry of the complex is
similar to that of F(OCMePh), although there are some

) ) ) notable differences. Both are unusual examples of doubly
Reaction of anhydrous FegWith 3/n equiv of [TOCHPh)]n alkoxide bridged diiron(l11,I1l) complexes comprising 4-coor-

in THF provided the dinuclear complex #8CHPR)s as @ ginate metal site® Consistent with their low coordination
yellow solid upon crystallization. The complex was character- ., mpers. the FeFe distances in HEOCHPh)s and Fe(OCMe>-

ized by elemental analysis, FTIR spectroscopy, and X-ray pp) are short (2.955(1) and 3.003(1) A, respectively) relative
crystallography (see below), which confirmed its formulation 4 the average FeFe separation of 3.16(8) A in other known

as a diiron(llL,|1) species analogous toX®CMePhi thatwe — complexes with two bridging alkoxides. Finally, the terminal
reported previously? The clean isolation of these homoleptic Fo_(OR groups for the complex with R CHPh, exhibit bent
diiron—alkoxide complexes with thallium alkoxide reagents geometries with similar FeO distances. In contrast, one of the
contrasts with the formation of higher order oxo-bridged clusters {erminal units in FfQOCMe,Ph); is linear (Fe+011-C12=
when sodium alkoxides are us&dt® . 179.69(15)) with a short Fe-O distance (1.7631(14) A),
X-ray Crystal Structures. Crystallographl(? data.foereOR suggestive of multiple FeO bond character, while the other is
(R = Et or CHPh) and Fe(OCHPh)s are listed in Table 1,  pent (Fet-01-C2 = 137.54(12)) with a longer Fe-O bond

selected interatomic distances and angles are provided in Tablg gogg(13) A). These crystalline phase structural differences
2, and representations of the structures are shown in Figure 2.

The two mononuclear complexes have similar structures, much
like the previously described topology offeCl*® Each has a $ n

. . . . W.; Rao, T. N.; Reedijk, J.; van Rijn, J.; Verschoor, G.JCChem. Soc.,
pentacoordinate Fe(lll) ion in a geometry distorted between Dalton Trans.1984 1349-1356.

square pyramidal and trigonal bipyramidal, with two chelating (20) A search of the CSD (April 2001, version 5.21) gave 104 hits for complexes
containing two irons and two bridging alkoxides. A manual search of these

compounds revealed 60 diiron(lll,11l) complexes, with an averagefee
separation of 3.16(8) A.

aEstimated standard deviations in parentheses.

(19) For L,FeOEtr = 0.64 and for LFeOCHPh r = 0.62. For five-coordinate
complexes the value is a measure of the distortion of the geometry from
square pyramidalz(= 0) and trigonal bipyramidalz(= 1). Addison, A.

(18) Veith, M.; Grdz, F.; Huch, V.Eur. J. Inorg. Chem2001, 367—368.
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(b)

Figure 2. Representations of the X-ray crystal structures of (@#eOEt,
(b) LoFeOCHPBh, and (c) Fe{OCHPh)es. All atoms are shown as 50%
thermal ellipsoids, with solvent and hydrogen atoms omitted for clarity.

between the analogous complexes imply that steric differences

between their alkoxides are significant; the possible functional
importance of these differences is a subject for further study.
Polymerization Activity. Both Fe(OCHPh)s and Lp-

FeOCHPh are effective catalysts for the polymerization of CL
and LA; LoFeOEt also was effective, but we did not examine it
in detail in order to focus on comparing the catalysts with
identical alkoxides. Polymerizations were performed in toluene
solution, at an initial monomer concentration of 1 M, at°®5

for CL, but at 70°C for LA due to the lack of solubility of

monomer and polymer at lower temperatures. For the polymer-

izations of CL by both catalysts (Table 3), rapid reactions with
good control of polymer molecular weight were observed over

Table 3. Selected Data for the Polymerization of CL?

catalyst [CLIW/[Felo time (min) M, (kg/mol)® PDIP
Fe(OCHPh)gs 50 20 7.5 1.19
200 26 20.9 1.20
250 25 25.6 1.20
300 35 28.4 1.19
350 73 30.9 1.20
450 960 36.4 1.20
L,FeOCHPh 100 190 18.6 1.81
200 255 23.1 1.82
300 360 26.1 1.87
400 960 27.0 1.98

aConditions: [CLp= 1 M, toluene oidg-toluene, 25C. All conversions
are 100%" Determined by SEC vs polystyrene standards.

4014

M, (x 103 g/mol)

0 1 1 T )
20 40 60 80

conversion (%)

1
100

Figure 3. Plot of M, (vs polystyrene standards) vs conversi#d NMR)

for the polymerization of CL by FAOCHPhR)s (®) and LbFeOCHPA (O).
Conditions: [CL} = 1.0 M, toluene, 25°C, [CL]d/[Fe]o = 450 for Fe-
(OCHPh)s or 200 for LLFeOCHPh. Each data point represents a separate
reaction.

40

[
(=]
1

n
o
1

M, (x 10" g/mol)

10

T T T 1
300 400 500 600
(ICLlo-[CLI/[Felo
Figure 4. Dependence d¥l, (vs polystyrene standards) on ([GL} [CL])/
[Fe]o for the polymerization of CL by FOCHPh)s (®) and LLFeOCHPh

(0). Conditions: [CLp = 1.0 M, toluene, 25C.

T 1
0 100 200

(Figure 4). Narrow molecular weight distributions (polydisper-
sity index (PDI) < 1.2) were obtained with RLEOCHPR)s as
catalyst (Table 3). Samples of PCL prepared witheOCHPh
exhibited broader molecular weight distributions, with PDI
values ranging between 1.4 and 2.0. In addition, with this
catalyst, we observed particularly higtintercepts for the lines

fit to the data in Figures 3 and 4. Possible explanations for this
behavior include (a) a tendency for this catalyst to engage in
intramolecular transesterification reactions (yielding cyclic

a range of monomer-to-catalyst ratios, as shown by the linearoligomers and, thus, lowé\,, at the higher [CL] — [Cl]/[Fe]o

nature of plots oM, versus conversion (Figure 3) aht} versus
the ratio of monomer conversion to initial catalyst concentration

ratios), (b) low initiation efficiency, and/or (c) a sensitivity of
the catalytic species to small amounts of impurities in the

J. AM. CHEM. SOC. = VOL. 124, NO. 16, 2002 4387
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Table 4. Selected Data for the Polymerization of LA® 25(4) for PCL, in rough agreement with the expected values.
catalyst time (min) conversion (%)° M, (kg/mol)® PDIc Thus, approximately every alkoxide initiates a polymer chain
Fe(OCHPh)s 11 37 19.3 1.09 (>3 initiators per Fe atom). Similar experiments were performed
21 73 44.8 1.11 with Lo,FeOCHPh and CL. At [CL]/[Fe]o = 30:1 the expected
27 84 45.5 119 chain length is 30, but the measured values were 68(5),
3> > o 19 indicating that only about one-half of the total possible initiators
52 96 61.2 1.34 were effective. Thus, initiation by thelEeOCHPAh s inefficient
6 35 14.8 1.13 compared to that by REOCHPR)s for CL polymerization.
ig gg ‘213'8 i'gg In further support of controlled behavior in polymerizations
18 95 546 131 with Fe(OCHPh)s, a PCL/PLA block copolymer was prepared
34 95 55.6 1.60 via sequential reactions with the different monomers. First, a
LzFe(OCHPR) 11 33 31.8 1.34 low molecular weight block of PCL was prepared ([G1Felo
19 39 25.4 1.49 _ e o : _
30 10 430 167 = 50:1, 25°C, toluene, 20 minM, = 7.45 x 10° g/mol, PDI
40 68 44.2 1.90 = 1.19, Figure S2a). Then 400 equiv of LA was added, and
48 68 34.7 1.86 the reaction mixture was heated at°@for 50 min to give the
g 88 395 188 final PCL/PLA block copolymerl, = 30.5x 108 g/mol, PDI
a Conditions: [LAp = 1 M, [LA]o[Felo = 1000:1, toluene, 70C. = 1.54)% Important_ly, there was little low molgcular weight
b Determined by'H NMR. ¢ Determined by SEC. polymer observed in the SEC trace of the final copolymer

sample (Figure S2b), indicating that the PCL chains remained
monomer that promote chain transfer. These issues are discussedctive to initiate the polymerization of LA. Integration of the
further below. IH NMR spectrum of the block copolymer gave a PLA:PCL

The polymerization of LA (toluene, 70C) with Fe- ratio of 8.7, close to the expected ratio of 8.

(OCHPh)s and L,FeOCHPh also proceeded rapidly. For Kinetics of CL Polymerizations. To best draw mechanistic
example, for the dinuclear catalyst at [LAFe]o = 1000:1 a comparisons between K®OCHPh)s and LFeOCHPh, we
conversion of 96% was reached in 52 min to yield polymer chose to investigate the kinetics of CL polymerization by these
with M, = 61.2 x 10° g/mol. However, the observed level of catalysts in toluene at 2%. The decision to study the kinetics
molecular weight control, polydispersity indices, and degree of of the polymerization of CL instead of LA was based on the
reproducibility between replicate runs (Table 4) were generally higher degree of molecular weight control observed in poly-
poorer than for the polymerizations of CL. Thus, while PLA merizations of CL, practical concerns that included the high
My generally increased with conversion, significant scatter from solubility of CL in toluene at low temperature (thus eliminating
linearity in a plot ofM,, vs conversion was observed, particularly any chance of loss of initial rate data during the warming/
when L,FeOCHPh was used (Figure S1). We observed monomer dissolution phase of LA reactions), and the larger
relatively narrow molecular weight distributions for the PLA  equilibrium constant for CL polymerization that simplified data
samples isolated at low conversions that were similar to those analysis. We initially usedH NMR spectroscopy to monitor
measured for PCL prepared using the same catalyst, but theconversions in reactions using X&8CHPh)s (ds-toluene) and
PLA distributions broadened significantly at higher conversions then used in situ FTIR spectroscopy (ReactlR) for reactions
(Table 4). Finally, analysis byH NMR spectroscopy showed using LLFeOCHPh. The FTIR method is particularly advanta-

that PLA samples prepared fromL-LA with Fe;(OCHPR)e geous for monitoring reactions in which high concentrations of
or L,FeOCHPh were atactic, indicating that there was no paramagnetic catalyst are uséd representative stack plot of
discernible stereocontrol in the polymerizatidhs. FTIR spectra during the course of a kinetic run is shown in

In a test for a coordinationinsertion polymerization mech-  Figure S3; the protocol used to analyze such data is described
anism, we determined the nature of the polymer end group in in the Experimental Section. All reactions were run at a fixed
low molecular weight PLA and PCL samples prepared by using initial monomer concentration ([Cb]= 1.0 M) while the
[M] o/[Fe]o ratios ranging between 30 and 50 @ICL or LA, catalyst concentration was varied over convenient ranges
Fe= iron sites) by*H NMR spectroscopy. For both complexes, ([F&2OCHPh)glo = 9.1 x 10* to 25 x 1073 M;
these experiments indicated the presence of a diphenylmethoxiddL 2FEOCHPh]o = 3.3 x 1073 to 3.3 x 102 M). Over the
unit as an alkoxy ester end group, confirming that initiation concentration ranges studied all polymerizations showed first-
(and presumably polymerization) proceeds by insertion of a order dependencies on the concentration of CL over at least
monomer unit into the iroralkoxide bond, with cleavage of  four half-lives. The apparent rate constakg,g for each run
the acyloxygen bond of the monomer. Careful integration of was obtained from the slope of the best-fit line to the plot of
the end group and polymer methylene resonances enabledn([CL]o/[CL]:) versus time (NMR data, Figure 5a) or, equiva-
calculation of chain lengths, which are determined by the,[M] . .

[Fel ratio and the number of initiating alkoxides per Fe atom. (22) eT;uei|i§?(i5ﬁ1°tceodnv%hr§=gnI?grg& ;Jsol')f’r‘rgvgr’izg‘jt{or':'([ﬁ At]iag ,\%Ci; because the
For Fe(OCHPh)s at [M]o/[Fe]o = 50:1, if every alkoxide group 70 °C in toluene, while it is~100% for CL polymerization at 25C in
initiated the polymerization of one chain the expected chain g),'gr?g”?yﬁog,iﬁ?rgyeeﬁ?'L'A?r;;{fpﬂggggggcg?g;%g};agg“ggﬁ;qgg.'}le"e see:
length would be 16 monomer units for PLA and 17 for PEL.  (23) We lack precise knowledge of the copolymer architecture, so we cannot
The NMR integration data for samples prepared With — Gomolox fram e smpic AB dblock - o (ormation of structures more

Fez(OCHPft)e gave chain |ength5 of ]_5(2) units for PLA and (24) In a confirmation that the observed rate constants were not dependent on
the monitoring technique, several runs with,@&CHPh)s were followed
by FTIR spectroscopy and were found to yield rate constants that were
(21) Chamberlain, B. M.; Cheng, M.; Moore, D. R.; Ovitt, T. M.; Lobkovsky, identical within experimental error to those determined by using the NMR
E. B.; Coates, G. WJ. Am. Chem. So2001, 123 3229-3238. method.
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Figure 6. (a) Plot ofkapp Vs [Fe(OCHPR)go, fit to a straight line with an
Figure 5. (a) Representative plot of In([GI[CL],) vs time for the x-intercept= 7 + 1 x 1074 M. (b) Plot of logkapp Vs log[Fe(OCHPh)elo,
polymerization of CL by F§OCHPh)s, showing every second data point V‘fih the line representing th‘i fit to eq 2, yieldikgop = 2.3+ 0.1 M
acquired with NMR spectroscopy. Conditions: [GE} 1.0 M, [CL]¢/[Fe]o stand [I]=7.4+02x 10* M.

= 550, dg-toluene, 25°C. The slope of the line fit to the data yielkg,, = .
3.8+ 0.2 x 104s L (b) Representative plot of absorbance of the principle  Of 109(Kapp) Versus log[FE§OCHPR)e]o should fit to the expres-

time (sec)

component in FTIR spectra associated with P@) (vs time for the sion:

polymerization of CL by LFeOCHPR, showing every fifth data point.

Conditions: [CLp = 1.0 M, [CL]d/[Fe]o = 200, toluene, 25C. The line lo =lo Fe,(OCHP — 2
represents a fit to eq 1, yieldingpy = 1.8+ 0.1 x 1074 s7%, Ag = 0.80, g(kapQ o kpmp([ e Welo — [} 2)
Ao =162 where | = impurity. The fit to this expression is indeed

reasonable (Figure 6b), and yieldso, = 2.3+ 0.1 Mt s?
and [I] = 7.4 4+ 0.2 x 1074 M. The latter value agrees well
with the x-intercept in Figure 6a. Thus, the experimentally
determined rate law for CL polymerization by X®@CHPh)s
) corresponds to the equation:

_ R,= —d[CL}/dt = kpmp[CL]([Fez(OCHPQ)B] =1 @
where A is the absorbance of the PCL component at tijag

is the initial absorbance, amdl, is the absorbance at infinite  In contrast, for CL polymerization by EeOCHPh, a plot of

time (Figure 5b). A complete listing of measurieg, values is Kapp Versus [LLFeOCHPH]o (Figure 7a) is decidedly nonlinear,

provided in Table S1. arguing against a first-order dependence on catalyst concentra-
While CL polymerization rates with both catalysts proceeded tion. A plot of logkapp versus log[l.FeOCHPAH], (Figure 7b)

with the same first-order dependency on [CL], significant was fit to a straight line of slope= 0.55+ 0.02, meaning that

differences were observed for their dependencies on thethe order in catalyst is approximately one-half. Thus, the

concentration of the catalyst. For F8CHPh)s, a plot ofkapp resulting rate law for CL polymerization by,EeOCHPAh is of

versus [Fe(OCHPh)g|o is linear (Figure 6a), suggesting that the form shown in eq 4, wheté = kyrop, as described in more

the reaction rate is first order in catalyst. However, the detail below. The line drawn in Figure 7a is a fit to this equation.

x-intercept is nonzero, which indicates that there is a threshold 1o

catalyst concentration below which no polymerization occurs R, = —d[CL]/dt = K[CL][L ,FeOCHPb] (4)

(7 £ 1 x 10* M). The presence of a constant small amount of

an impurity in the monomer or solvent (both present in large

excess relative to the catalyst) that quenches a constant amount The deliberate creation of new and versatile catalysts for the

of the catalyst is consistent with this result. Accordingly, a plot polymerization and copolymerization of cyclic esters requires

lently, by fitting the FTIR principle component absorbance data
to the equation:

A=A~ A)e “+A,

Discussion
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Figure 7. (&) Plot ofkapp Vs [L2Fe(OCHPB)]o, with the line representing
a fit to eq 4. (b) Plot of lod{app (average values) vs logiEe(OCHPH)]o,
fit to a straight line with slope= 0.55+ 0.02.

an understanding of mechanistic similarities and differences

While homoleptic iron(lll)-alkoxides have been character-
ized in solutiort® we are aware of only one that had been
structurally characterized by X-ray diffraction prior to our work,
Li[Fe(OCH(tBu)),].26 Attempts to isolate “Fe(OEf) or related
materials have only led to mixed oxidethoxide cluster&18.27
We found that reaction of thallium salts of hindered alkoxides
with anhydrous FeGl smoothly generated the homoleptic
complexes F€OR) (R = CMe,Ph or CHPh). To prepare
single-site analogues of these compounds for comparative
mechanistic studies, we chose to use amidinate supporting lig-
ands because of their well-known utility in coordination chem-
istry,13 as well as our own findings of their suitability for gener-
ating yttriun?® and tir?® alkoxide complexes that polymerize
LA. A few reports of iron(llly-amidinate complexes have
appeared®30-32 gand reaction of one of these feCl!5 with
thallium alkoxides provided the complexesHeOR (R= Et
or CHPh). Definitive identification of the mono- and diiron
alkoxide complexes was accomplished through X-ray crystal-
lography.

We then compared the behavior of JFBCHPh)s and Ly-
FeOCHPh in polymerizations of LA and CL. While both
complexes were effective catalysts, the combined data indicate
that the diiron compound generally exhibits a higher degree of
polymerization control, particularly for CL. This conclusion is
supported by good fits dfl, vs conversion data to a straight
line (Figure 3), narrow molecular weight distributions (Table
3), and the ability to prepare a PCL/PLA block copolymer via
sequential monomer addition with K®CHPhR)e (Figure S2).
The initiation efficiency as measured by chain lengths in
polymerizations carried out at low [C¥]JFe], ratios was also
greater for the dinuclear catalyst, with approximately every
alkoxide in Fg(OCHPh)s acting to initiate a growing PCL chain
versus only half of the alkoxides being active in the reactions

among working systems that incorporate related and structurallycatalyzed by LFeOCHPh. Poorer behavior was observed for

well-defined precatalyst structures. Through such comparisons
specific influences of catalyst topology on polymerization

'both catalysts in polymerizations of LA, as shown by lower

levels of molecular weight control (Figure S1), higher PDI

kinetics and polymer structure may be elucidated, ultimately 5,05 5t high conversions, and poorer reproducibility between

enabling performance improvements to be implemented through

logical catalyst design. In this work, we focused on drawing
mechanistic comparisons between representatives of the tw

use in cyclic ester polymerizatioAsnultimetal-multialkoxide

clusters and so-called “single site” mononuclear species with
single alkoxide initiators and sterically encumbering supporting
ligands. While high activity has been associated with catalysts
of the former type, the presence of multiple initiating sites and

runs (Table 4). Overall, the LA polymerization behavior of
Fe(OCHPh)g is superior to that of fFeOCHPh and is similar

VOo that reported previously for the analogous complex®@Mer-
general classes of metal complexes that have found exten5|vq3h)6 but is inferior to that of FEO)(OEt)s

which displayed
better molecular weight control and gave polymers with
narrower molecular weight distributions (PB11.11—1.28)10
Evidently, the amidinate ligands have a detrimental effect on
polymerization initiation and propagation by an irealkoxide
unit, but the underlying reasons for this effect, as well as the

rapid equilibria among cluster aggregates and/or lower nuclearity oiher gifferences among the catalysts studied so far, are unclear.

fragments may complicate mechanistic analysis. Single site

Kinetic studies were performed to better understand the

catalysts have been targeted partly in order to obviate theseyitterences in polymerization reactivity betweern@CHPh)

difficulties. We chose to focus specifically on iron(lll) catalysts
because of the nontoxic nature of this ion that will be
incorporated into the polymer product of potential utility in
biomedical applications, its ready availability, and the need for
improvements in polymerization behavior seen in previously
reported iron-based systeisOur discovery® of rapid and
controlled polymerization of LA by the novel complexes©Ge
(OEths and Fe(OCMePh) provided impetus for the work
described herein, in which we synthesized and structurally
characterized a new set of iroalkoxide complexes, including
mono- and dinuclear species with identical alkoxide initiators,
and directly compared their polymerization behavior.
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and LLFeOCHPBh, as well as to provide fundamental mecha-
nistic information. These studies focused on the polymerization
of CL because of the generally better catalytic behavior with

(25) Bradley, D. C.; Mehrotra, R. C.; Gaur, D. Metal Alkoxides Academic
Press: London, New York, 1978; pp 888.

(26) Bochmann, M.; Wilkinson, G.; Young, G. B.; Hursthouse, M. B.; Malik,
K. M. A. J. Chem. Soc., Dalton Tran$98Q 1863-1871.

(27

(28

)

)

) Hegetschweiler, K.; Schmalle, H. W.; Streit, H. M.; Gramlicj, V.; Hund,
H.-U.; Erni, I. Inorg. Chem.1992 31, 1299-1302.

) Aubrecht, K. B.; Chang, K.; Hillmyer, M. A.; Tolman, W. B. Polym.
Sci. Part A, Polym. Chen2001, 39, 284—293.

(29) Aubrecht, K. B.; Hillmyer, M. A.; Tolman, W. BMacromolecule002

35, 644-650.

(30) Clark, J. A.; Kilner, M.; Pietrzykowski, Alnorg. Chim. Actal984 82,

85—92.
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this monomer, as well as for reasons of convenience. Analysisrelated expression, which has been derived previously, can be
of the kinetic data led to the experimentally determined rate used to extract these parameters (e§®*8gain, this model

laws shown as egs 3 and 4. A first order dependence of the rateassumes that polymerization occurs only from nonaggregated
of polymerization on [CL] was observed for both catalysts, but chains and that they are in equilibrium with inactive aggregates
the dependence on catalyst concentration differed significantly of a single size, but it makes no assumption as to the magnitude

in a manner that connoted unanticipated mechanistic disparities.of Kqa According to eq 8, a plot of kip)t™ versus

For Fe(OCHPh)s, a first-order dependence on the complex
was observed (eq 3), but the nonzero intercept ofkihgvs
[Fex(OCHPhy)g] plot indicated that a certain percentage of the

(Kapp ~M[L 2.FeOCHPH]o has slopérop, andKgacan be obtained
from the intercep®® The value ofmis limited to integer values,
and the above analysis suggests tmat 2. Thus, a plot of

catalyst was quenched in every run, presumably by an impurity (Kapp ~* versus Kapp ~?[L 2FeOCHPH]o (Figure S4) yield¥prop

(I) present in the solvent or monomer. This interpretation was
corroborated by the good fit of the data in Figure 6 to eq 3
(or its logarithmic form) forkyrop = 2.3+ 0.1 Mt s7L and [I]
=7+ 1 x 10* M. Note that even though this amount of
qguenching impurity corresponds to less than 0.1% of the initial
CL concentration (1.0 M) and thus is difficult to detect or
remove, it is sufficient to perturb the observed rate significantly
when low concentrations of catalyst are ugeé@onsistent with
the implied sensitivity of FEOCHPR)e to impurities, exposure
of solutions of this complex to air and/or water resulted in rapid
loss of catalytic activity.

The apparent reaction rates for polymerizations of CL by the
mononuclear complex, EFeOCHPh, are over an order of

=0.06+ 0.02 M1standKga =9+ 7 x 1073 M, although

the linear fit is poor. A better linear fit results whem= 3 is
used, yieldingrop = 0.046+ 0.003 Mt st andKga= 1.7 +

0.6 x 1074 M2 (Figure S5). However, implicit to this analysis

is an improvement of fit as largen values are used, as well as
potentially simplistic assumptions that all aggregates are of a
single size and that all aggregates are completely inactive for
polymerization. These caveats reflect possible deficiencies in
the overall model and suggest significant uncertainty in the
actualm value. Nevertheless, the dependencégf, on mis
relatively minor, lending confidence in a rough value kgiop

~ 0.054+ 0.02 M1sL

The finding that the diiron catalyst with six initiating

magnitude slower relative to the dinuclear complex at equivalent alkoxides displays simpler kinetics (first order in [catalyst]) than

concentrations of irof* In contrast to the kinetic ordex) of
one found for F§OCHPh)g, the x value for [LLFeOCHPH]

the single site monoireamonoalkoxide catalyst (half-order
dependence) runs counter to the intuitive expectation of the

was found to be approximately one-half (eq 4). Such nonintegral opposite (more complicated kinetics for the cluster with multiple
x values have been noted previously for cyclic ester polymeriza- initiators). Aggregation of the CL polymerizing species appears
tions and have been interpreted to arise from aggregation ofto be more kinetically important for the mononuclear comgfex,

active polymer chains, with propagation of the aggregated but assessing the underlying reason for this is difficult in the

species being either slowex € 1) or faster ¥ > 1) than the
nonaggregated form?21.29.35According to one model of such
a situation potentially applicable to our finding »f~ 1/2, a

single aggregate of polymer chains equilibrates with nonaggre-

absence of any knowledge of the structure(s) of the aggregate-
(s). In any case, by comparing thieyp values for CL
polymerization by FOCHPh)s and LLFeOCHPh, we may
obtain direct insight into their relative polymerization efficien-

gated polymer chains, with the assumption that polymerization cies irrespective of their surprising mechanistic disparities. The

only occurs from the latte®® This is shown in eqs 5 and 6,
where Ris an active polymer chain of degree of polymerization
n, (Py)mis the aggregaten is the degree of aggregatioy, is
the deaggregation equilibrium constant, &mg,is the intrinsic
rate constant of propagation. An expression Kkey, can be
derived from this scheme (eq 7), with the assumption kaat

value for the dinuclear complex (2.3 Ms™1) is ~50 times
larger than that for the mononuclear compound (0.03 &17).
Within a broader context, the propagation rate constant fgr Fe
(OCHPh)g is slightly larger than that of a yttrium alkoxide
prepared in situ from the reaction of a yttrium aryloxide and
2-propanol Kprop = 1.65 M 571, 22 °C, CH,Cl,), apparently

is small (i.e., that essentially all polymer chains are aggregated).the fastest reported CL polymerization cataffsin contrast,

According to the logarithmic form of eq 7, the slope of the plot
of log(kappy Vversus log[l-FeOCHPH]o is the inverse of the
degree of aggregatiom. Thus, the slope of 0.55 in Figure 7b
yields a degree of aggregatiom= 2.

(P)m ,LE mP, (5)
P,+CL L Pot1 (6)
1/m
Kapp = %[Fe]oym (7)
-m o 1-m .
kappl_m = L + kpropkapp [Fe]o (8)

Kda

While the analysis presented above explains the observed

kinetics, it does not allow the determinationkf, andkyrop A

the Kyrop for Lo.FEOCHPh is comparable to that of dialkylalu-
minum alkoxidesKyop= 0.04 M1 571, 25°C, THF), complexes
that are considered to be among the slowest in cyclic ester
polymerizations® The slow propagation by JFeOCHPAh (as

well as its poorer initiation efficiency) may be rationalized by

(31) Cotton, F. A.; Daniels, L. M.; Maloney, D. J.; Murillo, C. Anorg. Chim.
Acta 1996 242 31—-42.

(32) Cotton, F. A,; Daniels, L. M.; Maloney, D. J.; Murillo, C. Anorg. Chim.
Acta 1996 252, 293-298.

(33) Note that the presence of such an impurity results in a distortion of the
log(k) vs log[complex] plot, and the resulting curvature in such a plot may
be misinterpreted as being due to multiple linear segments with divergent
orders in [complex].

(34) For example, at the same concentrations of iron atoms 8]0 mM at
25°C: kypdFe(OCHPh)g) = 3.5+ 0.2 x 1072 57t andkqpd L.FeOCHPh)
=18+0.1x 10*sL

(35) Duda, A.; Penczek, $1akromol. Chem., Macromol. Sym991, 47, 127—

140.

(36) Accordingly,k' in eq 4 equaldppKaam/(mtm).

(37) We cannot rule out the possibility that aggregation may become important
for polymerizations catalyzed by the diiron complex at higher catalyst
concentrations than those used in our studies.

(38) Stevels, W. M.; AnkoheM. J. K.; Dijkstra, P. J.; Feijen, JMacromolecules
1996 29, 8296-8303.
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invoking steric inhibition of monomer binding and/or ring
opening by the bulky supporting amidinate ligands. Accordingly,
the absence of such ligands in,@CHPh)s would rationalize

its faster propagation rate.

Conclusion

We have prepared and characterized several new iron(lll)
alkoxide complexes, including amidinate-supported single site

NY. IR spectra for characterization were recorded on a Nicolet Avatar
320 FT-IR spectrometer, as Nujol films between NaCl plates—UV
vis specta were recorded on a Hewlett-Packard HP8452A diode array
spectrophotometer (19820 nm scan range). Molecular weighhgn(

and M) and polydispersities Mw/M,) were determined by size
exclusion chromatography with respect to polystyrene standards.
Samples were analyzed at 4Q (THF eluent) or 30°C (CHCk or
CH,Cl, eluent) with a Waters high performance liquid chromatograph
connected to three Jordi Gel DVB columns with pore sizes df 10

and homoleptic dinuclear complexes that incorporate the samel®, and 500 A and a Waters 2410 refractive index detector. The

alkoxide (PhRHCO™), and have compared their reactivity in
cyclic ester polymerizations. While both complexes comprising
PhHCO™ are effective CL and LA polymerization catalysts,
the mononuclear complex shows poorer polymerization behav-
ior. Kinetic investigations revealed that for the polymerization
of CL by the dinuclear complex the reaction is first order in
both monomer and the diiron complex when taking into account
a low-level impurity that deactivates the catalyst. Polymerization
of CL by the mononuclear complex displayed kinetics with a
similar first-order dependence on [CL], but a dependence on
the [Lo,FeOCHPH| of approximately one-half. This fractional

solvents were eluted at a flow rate of 1.0 mL/min.

[TI(OCHPh 3)]n. A solution of TIOEt (2.34 g, 9.38 mmol) in pentane
(2 mL) was added to a solution of benzhydrol (1.73 g, 9.39 mmol) in
pentane/THF (8 mL/3 mL). A white precipitate formed within 5 min.
The reaction mixture was stirred for 16 h, then was filtered off to give
[TI(OCHPh,)], as a colorless crystalline solid (3.30 g, 91%). IR (Nujol,
cm™1) 1590, 1487, 1341, 1177, 1079, 1033, 1017, 991, 767, 738, 710,
704, 661, 618, 606H NMR (500 MHz, ds-THF) & 6.44 (d,br, 1H,
CH), 7.14 (t, 2H,p-CH), 7.23 (t, 4H,m-CH), 7.29 (m, 4H,0-CH). 1°C
NMR (300 MHz, dg-THF) 6 81.24 (PhCHO, br), 127.41 ¢-CH),
128.34 p-CH, br), 129.32 (+-CH), 150.28 {-C).

Fe;(OCHPhy)e. A solution of [TI(OCHPh)], (993 mg, 2.56 mmol)

dependence was interpreted by using a model of active chainin THF (5 mL) was added to a solution of anhydrous Re@#4 mg,

aggregation, enabling a comparisorkgfp values for the mono-
and dinuclear systems that revealeB0-fold propagation rate
enhancement for the latter.

The results reported herein thus present a conundrum. To
access single site catalysts that would be expected to exhibit

simpler kinetic behavior in cyclic ester polymerizations, steri-
cally hindered ligands that inhibit formation of dimeric (or

0.891 mmol) in THF (6 mL). A white precipitate formed immediately.
The mixture was stirred for 16 h, then filtered through a plug of Celite
to remove TICI, and the resulting yellow solution was reduced to
dryness in vacuo. The yellow residue was redissolved in toluene, filtered
through Celite, concentrated and stored overnight 35 °C to give
Fe(OCHPh)s as a yellow crystalline solid (288 mg, 53%). IR (Nujol,
cm1) 1490, 1332, 1300, 1282, 1260, 1183, 1150, 1082, 1044, 1022,
988, 770, 742, 698, 667, 629. Anal. Calcd fogldssOsFe: C, 77.36;

higher nuclearity) species are required. However, such support-H, 5.49. Found: C, 77.41; H, 5.38. Crystals suitable for analysis by

ing ligands can drastically slow polymer propagation, and in a
counterintuitive fashion, may actually induce aggregation of

growing polymer chains, thus complicating the polymerization

kinetics and potentially affecting polymer structural features.

A more complete understanding of the nature of the reactive
species in cyclic ester polymerizations is needed in order to
understand these intriguing structure/reactivity relationships and
to implement new strategies for catalyst design.

Experimental Section

General ProceduresAll air-sensitive reactions were performed in
a MBraun glovebox under afNatmosphere or with standard Schlenk
techniques.N,N,N'N'-Tetramethylethylenediamine (TMEDA), tetra-
hydrofuran (THF), pentane, and hexamethyldisiloxane (HMDSO) were
distilled from Na/benzophenone. Toluene was distilled from sodium.
Benzonitrile and NH(SiMg), were distilled fran 3 A molecular sieves.
D,L-Lactide (Aldrich) was recrystallized from dry toluene, sublimed,
dissolved in THF, passed through a plug of activated neutral alumina,
and pumped to dryness.Caprolactone (Aldrich) was dried over CaH
and distilled under vacuumm-BuLi (Acros) was titrated with Ph
CHCOQH prior to use®* Anhydrous FeGlwas prepared from Fegl
6H,0 by the method of So and BoudjotfkPhC(NSiMe),Li(TMEDA)
(LLI(TMEDA)) was prepared according to published procedures and
the structure was confirmed B NMR spectroscopy* Benzhydrol
(Aldrich) was recrystallized from dry diethyl ether prior to use. TIOEt
(Aldrich) was filtered through a plug of Celite prior to use.

Physical Methods.NMR spectra were collected with a Varian VI-

X-ray diffraction were grown at-35 °C from toluene.

L,FeCl. This complex has previously been reported in the literature,
but was prepared by a different methi§@\ solution of L-Li(TMEDA)

(3.24 g, 8.38 mmol) in THF (15 mL) was added to a solution of geCl
(0.68 g, 4.21 mmol) in THF (15 mL). The purple solution was stirred
at room temperature overnight, and then the solvent was removed in
vacuo. Pentane was added and the LiCl was removed by filtration. The
filtrate was concentrated in vacuo to about 4 mL and the solution was
cooled to—35 °C to produce X-ray quality, dark purple crystals of
LoFeCl (1.61 g, 62%). A unit cell determination by X-ray crystal-
lography of a single crystal of FeCl gave the same unit cell
dimensions as those reported previously=(12.097(7) Ab = 12.776-

(6) A, c=13.174(7) Ajo. = 67.35(3}, B = 75.56(3), y = 66.84(3);

V = 1716(1) A).25 IR (Nujol, cm2) 2360, 1244, 983, 837, 760, 702.
Anal. Calcd for GgHseN4SisClFe: C, 50.50; H, 7.50; N, 9.06. Found:

C, 50.48; H, 7.33; N, 9.10.

L,FeOEt. A solution of L,FeCl (1.19 g, 1.92 mmol) in THF (15
mL) was added to a solution of TIOEt (0.48 g, 1.92 mmol) in THF (15
mL). The resulting terracotta solution was stirred at room temperature
overnight. The insoluble TICI was removed by filtration through Celite
and the filtrate was dried in vacuo. The residue was dissolved in pentane
and filtered through Celite to remove the remaining insolubles. The
filtrate was dried in vacuo, dissolved in 4 mL of a 50/50 HMDSO/
pentane mixture, and cooled #6835 °C to produce X-ray quality, dark
red crystals of kFeOEt (0.69 g, 57%). IR (Nujol, cm) 1666, 1260,
1096, 1019, 843, 796; UNWvis (toluene) {max M (€, M~t cm™1)) 395
(2480). Anal. Calcd for gHsiN4OSiFe: C, 53.56; H, 8.19; N, 8.92.
Found: C, 53.38; H, 8.02; N, 8.86. Evans methodd): uer = 5.9

300, Varian VXR-300, or Varian VXR-500 spectrometer. Elemental ueg.
analyses were determined by Oneida Research Services, Whitesboro, | ,FeOCHPh,. A solution of L,FeCl (0.72 g, 1.16 mmol) in THF

(39) Kofron, W. G.; Baclawski, L. MJ. Org. Chem1976 41, 1879-1880.

(40) So, J.-H.; Boudjouk, Anorg. Chem.199Q 29, 1592-1593.

(41) Dick, D. G.; Duchateau, R.; Edema, J. J. H.; Gambarottmdsg. Chem.
1993 32, 1959-1962.
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(10 mL) was added to a solution of [TIOCH#h(0.45 g, 1.12 mmol)

in THF (10 mL). The resulting terracotta solution was stirred at room
temperature overnight. The insoluble TICI was removed by filtration
through Celite and the filtrate was dried in vacuo. The residue was
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redissolved in pentane and filtered through Celite to remove the heptane was decanted off and the polymer mixture was dried at 120
remaining insolubles. The filtrate was dried in vacuo, dissolved in 3 °C prior to SEC analysis.

mL of pentane, and cooled te35 °C to produce X-ray quality, dark Kinetics. Data for the polymerization of CL by F@CHPh)s were
red crystals of LFeOCHPh (0.53 g, 59%). IR (Nujol, cm') 1666, collected by*H NMR spectroscopy. In the glovebox, a NMR tube was
1599, 1247, 984, 841, 758, 699; UVis (toluene) fmax NM €, M1 charged with CL and a solution of the catalystligtoluene, then capped

cm1)) 395 (2638). Anal. Calcd for fgHs/N4OSiFe: C, 61.50; H, 7.50; and transferred to an NMR spectrometer for data collection 825
N, 7.31. Found: C, 61.11; H, 7.61, N, 7.41. Evans methogD{C Conversion was determined by integration of the peaks due to CL and
Uett = 5.8 up. PCL in the region 3.54.0 ppm. Three reactions at each catalyst
X-ray Crystallography. Single crystals of FEOCHPhR)s, Lo.FeOEt, concentration were performed. Apparent rate constakgs) (were
and L.FeOCHPh were attached to glass fibers and mounted on a extracted by fitting a line to the plot of {fiCL]o/[CL]¢} vs time. Data
Siemens SMART system for data collection at 173(2) K. An initial set for the polymerization of CL by FeOCHPh were collected by in
of cell constants was calculated from three sets of 20 frames. Thesesijtu monitoring of the changes in the IR spectra using an ASI Applied
initial sets of frames were oriented such that orthogonal wedges of Systems ReactIR 1000 or ReactIR 4000 spectrometer. In the glovebox,
reciprocal space were surveyed, orientation matrices were calculateda reaction flask was charged with CL and a solution of the catalyst in
from 53 to 277 reflections. Final cell constants were collected from a toluene, and then the ReactIR probe was attached to the flask via a
data set that did not exceed 8192 strong reflections from the actual ground-glass joint. The probe was brought out of the glovebox and
data collection after integration. A randomly oriented region of attached to the instrument so that the reaction flask was immersed in
reciprocal space was surveyed to the extent of 1.3 hemispheres to aa temperature-controlled bath set at°®5 The program ConcIRT was
resolution of 0.77 A. Three major swaths of frames were collected in used to extract profiles and spectra of components that change
0.30° steps inw. Space groups were determined on the basis of concentration during the course of a reaction. The spectral window
systematic absences and intensity statigti@iccessful direct-methods  analyzed was 19066805 cnt2. For each reaction a growth profile due
solutions were calculated which provided most of the non-hydrogen to formation of PCL and a decay profile due to disappearance of CL
atoms from the E-map$.Several full-matrix least squares/difference  were observed. Analysis of both PCL growth and CL decay gave very
Fourier cycles were performed to locate the remainder of the non- similar results (as did monitoring at a single wavenumber), thus we
hydrogen atoms. All non-hydrogen atoms were refined with anisotropic present only the analysis of PCL growth. Apparent rate constiggs (
displacement parameters (apart from the minor component of the were extracted by fitting an exponential curve to the plot of absorbance
disordered toluene solvate in the structure ob(BEHPhH)g). All versus time using eq 1, allowiny, A, andk to freely vary. The data
hydrogen atoms were placed in ideal positions and refined as riding were analyzed out to at least four half-lives and at least two reactions
atoms with individual (or group, if appropriate) isotropic displacement were performed at each catalyst concentration. All linear and nonlinear
parameters. Selected crystallographic data are presented in Table 1 andurve fits were performed with KaleidaGraph.
full data as CIF files for all three structures are included in the
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General Polymerization Procedure.Glassware used for polymer- financial support of this work and Dr. Kate Aubrecht for helpful
izations was oven or flame-dried, treated with a 1.0 M solution of discussions '

(CHs)2SiCly, then oven dried for a minimum of 3 h. In the glovebox
the treated vial was charged with LA (180 mg, 1.25 mmol) or CL (139
mL, 1.25 mmol) and the appropriate volume of a catalyst solution. ~ Supporting Information Available: Plot of M, versus con-
The vial was tightly capped, then brought out of the glovebox and stirred version for the polymerization af,L-LA by Fe;(OCHPh)s and
immersed in a temperature-controlled bath at 25 or°0 At the L,FeOCHPh (Figure S1), SEC traces of products of CL/LA
appropriate time the mixture was exposed to air and two drops of the copolymerizations (Figure S2), representative stack plot of FTIR
reaction mixture was removed and dissolved in CDCThe tube was spectra (Figure S3), plots &y ™ vs kaps M[Fe]o for varying
frozen in liquid nitrogen for storage, then thawed prior to analysis by |, yalues (Figures S4 and S5), and tablekgf, values (Table

1H NMR spectroscopy to determine conversion. The remaining reaction S1) (PDF), as well as full X-ray structural information (CIF).
mixture was poured into heptane to precipitate the polymer. Excess This mate’rial is available free of charge via the Internet at
(42) SHELXTL-PlusV5.1; Siemens Industrial Automation, Inc.: Madison, WI. http://pubs.acs.org.

(43) SIR92 Atomare, A.; Cascarno, G.; Giacovazzo, C.; GualardiJAAppl.
Crystallogr. 1993 26, 343. JA012689T
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