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Abstract: The branching topology of ethylene polar copolymers was for the first time successfully controlled
by copolymerization of ethylene with polar olefins using a palladium-bisimine chain-walking catalyst, in
which ethylene pressure and comonomer concentration were used to control the competition between
isomerization (chain-walking) and monomer insertion processes. Although the overall branching density
changes very slightly, the topology of the copolymers becomes more dendritic as the ethylene pressure
and comonomer feed concentration are decreasing. This provides a straightforward one-pot synthesis to
access a full range of functional copolymers having controllable branching topologies. To demonstrate the
utility of this methodology, dendritic functional copolymers having hydroxyl, epoxide, and carbohydrate
groups were prepared in a one-pot polymerization as potential functional materials.

Introduction controlling the kinetic competition between radical chain

A tremendous amount of effort has been devoted to the designProPagation and chain transférin the second system, poly-

of new polymer architectures and topologies because of their éthylene (PE) branching topology was controlled by ethylene
importance to polymer propertiéaVe have been exploring a pressureRg) in ethylene polymerization using the chain-walking
new strategy for controlling polymer branching topology through catalyst. By controlling the competition between monomer
transition-metal catalysiinstead of designing new monomers  insertion and catalyst isomerization (chain-walkifyj?* we
and relying on stepwise synthesis, we were attempting to achievesynthesized PEs with a broad spectrum of topologies, ranging
new polymer topologies by controlling the covalent linkage of from linear to hyperbranched to dendritfes¢The PE physi-
simple monomers through transition-metal-catalyzed polymer- cal properties change dramatically as the branching topology
ization. We have demonstrated this concept for two systems:changes: from plastic to rubbery and eventually to a viscous
(@) the free radical polymerization of divinyl monomers liquid as the branching topology changes from linear to hyper-
controlled by a cobalt-dioxime chain transfer catafstnd (b) branched to dendritic. Concurrent with our studies, others have
the coordination polymerization of ethyledé® using the reported different systems using transition metal catalysts that
Brookhart’s palladium-bisimine olefin polymerization catalysts. polymerize ethylene to give branched to hyperbranched archi-
In the first system, hyperbranched polymers were obtained in atectures Bazan and co-workers have reported the synthesis of
one-pot polymerization of simple commercial monomers by polyolefins having controlled short-chain branches via a tandem
(1) (a) Vogtle, F. Dendrimers IlI: Design, Dimension, FunctionTbp. Curr. a(?tlon Of. mgltlple homogeneous Cataly&ts.some for olefin

Chem; Springer: Berlin, Germany, 2001; p 212. (b) Bosman, A. W.; oligomerization and the others for polymerizatf§®.Sen and

\S’gitgg% Ff-z?aH?fg”_@”z”é A(-C?)ngcc?ﬁtgz '\é% eJc'EStaV}keMr' ghgvT'ghh:rrT' co-workers have reported the synthesis of hyperbranched PEs

Int. Ed.2001, 40, 74-91. (d) Moore, J. SAcc. Chem. Red997 30,402-  having relatively low molecular weights using different nickel

413. (e) Stupp, S. I.; LeBonheur, V.; Walker, K.; Li, L. S.; Huggins, K. ; d i P _

E.. Keser, M.; Amsiutz, ASCience1997, 276 384-389. () Percec, v; ~ ©OF Palladium catalysts:d Our previous studies hze demon

?ggé%glf-:lglnglaéf(.;)Y&artg!ey, D. JRPRMQ'”erlcl\r/wl';Shslkoz'c%\%gie strated that high molecular weight PEs with a full range of
—164. (g) Matyjaszewski, K.; Xia, Them. Re. . . .

2921-2990. (h) Kamigaito, M.: Ando, T.; Sawamoto, K@hem. Re. 2001, branching topologies could be prepared in a one-pot polym-

101, 3689-3746. (i) Zhang, Q.; Remsen, E. E.; Wooley, KJLAm. Chem.  erization using a single cataly3t°¢To broaden the scope of
S0c.200Q 122, 3642-3651. (j) Kim, Y. H.J. Polym. Sci., Part A: Polym. .
Chem.1998 36, 1685-1698. (k) Tomalia, D. A.. Naylor, A. M.; Goddard, ~ OUr Strategy, we report here the control of the branching topology

W. A, lll. Angew. Chem., Int. Ed. Endl99Q 29, 138. (I) Newkome, G. izati i
R. Ho. E.. Moorefield C. NChem. Re. 1099 99, 1689-1746. of ethyl_ene pol_ar copolymers through copolymerization using
(2) (a) Guan, Z.; Cotts, P. M.; McCord, E. F.; McLain, S.Stiencel999 the chain-walking catalyst (Scheme 1).

283 2059-2062. (b) Guan, ZJ. Am. Chem. So@002 124, 5616-5617.
(c) Guan, Z.Chem.-Eur. J2002 8, 3086-3092. (d) Guan, Z.; Marshall,

W. J. Organometallic2002 21, 3580-3586. (e) Cotts, P. M.; Guan, Z.; (4) Mbhring, V. M.; Fink, G.Angew. Chem., Int. Ed. Engl985 24, 1001.
McCord, E. F.; McLain, S. JMacromolecule200Q 33, 6945-6952. (5) (a) Komon, Z.J. A.; Diamond, G. M.; Leclerc, M. K.; Murphy, V.; Okazaki,

(3) (a) Johnson, L. K;; Killian, C. M.; Brookhart, M. Am. Chem. Sod995 M.; Bazan, G. CJ. Am. Chem. So@002 124, 15280-15285. (b) Barnhart,
117, 6414-6415. (b) Johnson, L. K.; Mecking, S.; Brookhart, 81.Am. R. W.; Bazan, G. C.; Mourey, T1. Am. Chem. Sod 998 120, 1082-
Chem. Soc1996 118 267-268. (c) Mecking, S.; Johnson, L. K.; Wang, 1083. (c) Murtuza, S.; Harkins, S. B.; Long, G. S.; SenJAAm. Chem.
L.; Brookhart, M.J. Am. Chem. S0d.998 120, 888-899. (d) Wang, L.; S0c.200Q 122, 1867-1872. (d) Kim, J.; Pawlow, J. H.; Wojcinski, L. M.;
Arthur, S. D.; McCord, E. F.; Wang, Y.; Morken, P. A.; Johnson, L. K. Murtuza, S.; Kacker, S.; Sen, A. Am. Chem. Sod998 120 1932~
WO 9905189, 1999. 1933.
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Scheme 1. Synthesis of Functional Copolymers with Controllable Topologies Using Copolymerization of Ethylene with Polar Comonomers
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Functional olefin copolymers are valuable materials because Results and Discussion
the functional groups contribute special properties to olefin
polymers. Conventionally, they are produced by free radical

copolymerizations of ethylene and polar comonomers at ex- ! .
tremely high temperatures and high pressér&ignificant ester, epoxide, and saccharide groups to conduct the copolym-
progress has been made in recent years in developing Iateerization studies. These functionalities were chosen because they

transition-metal catalysts that can copolymerize olefins with &' €0mmon and can be easily converted to other functional
polar comonomers at milder conditiohéNotable examples ~ 9r0UPS by postpolymerization treatments. The comonomers

include the Pd-bisimine catalyst system reported by Brookhart show_n_ in Sch_eme 1 were copolymer_ized with ethylene at various
and co-workers and the neutral nickel catalyst reported by conditions _W'th the gog! of controlling th(_a polymer t°F_’°'°_9y
Grubbs and co-workefawhich can copolymerize ethylene with by polymerization conditions (Table 1). Initial copolymerization

methyl acrylate, polar norbornene monomers, and other func- of ethylene with polar comonomers having free hydroxyl group
s yielded no polymers, indicating that the catalyst cannot tolerate

tional monomers. Most of the reported polar olefin copolymers, . . )
P P poly the protic hydroxyl functionality. After hydroxyl was protected

however, have simple linear topology. Given the importance 2 ;
of functional olefin copolymers and the dependence of polymer as a methyl e_ther, copolymenzgnonbﬁwth ethylene afforded .
no polymer either (entry 3), which is presumably due to chain-

properties upon topologlit is of both fundamental and practical X
interests to explore methods to control the branching topology walking of the Pd catglyst tf) thé—carbon. of the ether group
of polar olefin copolymers. followed by 5-OMe elimination to deactivate the catalyst. It
In this paper, we wish to report our studies on controlling has b_een_fre_p(_)rtgd tT]at ethef_g“’“p? underg(_)_a facial ;:lmlnatlon
the branching topology of copolymers of ethylene with polar rgactlon It IS 1n the5-position of a transition me'_[ -To
circumvent this problem, a quaternary carbon was introduced

comonomers. In this study, we first chose ether and esterb he double bond and the eth block the Pd
comonomers4—6) as the model system to demonstrate that etween the dou '€ bond an the ether group Fo ock the
catalyst from walking to th@-carbon of the functional group.

both the comonomer incorporation level and the branching h 8 and full | ed
topology of ethylene copolymers can be systematically con- EF ér comonomers an 4 were successfully copolymerize
with ethylene using catalyst (Scheme 1 and Table 1). Co-

trolled by varying the polymerization conditions. As an ap- | S~ t oty ith ol |
plication of the methodology, we then applied this strategy to P9 ymerization of ethylene wit com_or_\omﬁlyle ded copoly-
mers with significantly lower productivity and lower molecular

the synthesis of interesting dendritic copolymers containing "= ™, ht th hvi h | L q bl
hydroxyl, epoxide, and saccharide functionalities as potential We!dht than ethylene homopolymerization under comparable
functional materials. conditions (compare entries 4 and 2), which was presumably

caused by chelation of the ether oxygen to the active Pd center.
(6) Ulrich, H. Introduction to Industrial PolymersMacmillan: Riverside, NJ, By protecting the oxygen with a bulktert-butyldiphenylsilyl
1982

(7) () Ittel, S. D.: Johnson, L. K.; Brookhart, lhem. Re. 200Q 100, 1169 (TBDPS) group, we copolymerized comonomarith ethylene

1203. (b) Younkin, T. R.; Connor, E. F.; Henderson, J. |.; Friedrich, S. K.; to afford polymers with productivity and molecular weight
Grubbs, R. H.; Bansleben, D. Science200Q 287, 460-462. (c) Britovsek,

G. J. P.; Gibson, V. C.; Spitzmesser, S. K.; Tellmann, K. P.; White, A. J.
P.; Williams, D. J.J. Chem. Soc., Dalton Tran2002 6, 1159-1171. (d) (8) Strazisar, S. A.; Wolczanski, P. J. Am. Chem. So2001, 123 4728~
Liu, S.; Elyashiv, S.; Sen, Al. Am. Chem. So@001, 123 12738-12739. 4740.

Copolymerization of Ethylene with Polar Comonomers.
We chose polar comonomers containing protected hydroxyl,

6698 J. AM. CHEM. SOC. = VOL. 125, NO. 22, 2003
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Table 1. Summary of the Copolymerization Conditions, Results, and the Characterization Data for the Copolymers

results polymer properties
reaction conditions? TON/he comonomer branches

entry comonomer conc. (Cy) Pe (atm) yield® (g) CoH, comonomer incorp.? M¢ x 10-3 M, x 1073 Rg® (nm) /1000 CHy'

1 none N/A 1.0 2.0 892.8 N/A N/A 283 395 18.2 100

2 none N/A 0.1 1.6 179.1 N/A N/A 200 317 9.0 103

3 2 (0.02 M) 0.1 0 N/A N/A N/A N/A N/A N/A N/A

4 3 (0.02 M) 0.1 0.4 26.8 0.4 0.9% 38 58 4.8 98 (98.9)

5 4 (0.30 M) 1.0 14.0 797.5 7.2 0.9% 342 820 33.8 99 (99.9)

6 4 (0.09 M) 0.3 12.7 257.3 2.4 0.9% 357 645 24.6 103 (103.9)

7 4 (0.03 M) 0.1 6.5 130.6 1.2 0.9% 300 483 15.6 105 (105.9)

8 4 (0.18 M) 0.1 35 73.8 3.8 4.9% 302 499 15.6 96 (100.9)

9 49 4.9% 221 366 14.3 96 (100.9)
10 4 (0.36 M) 0.1 1.8 54.1 5.4 9.1% 370 727 18.2 89 (98.1)
11 49 9.1% 169 355 17.5 89 (98.1)
12 5 (0.20 M) 0.1 0.5 21.3 1.9 8.2% 31 41 NJA 105 (113.2)
13 5 (0.10 ™M) 0.1 0.9 23.3 1.2 4.9% 40 54 NJA 106 (110.9)
14 5 (0.02 M) 0.1 1.7 38.9 0.4 0.9% 51 84 55 101 (101.9)
15 6 (0.90 M) 1.0 2.0 94.8 4.6 4.6% 77 114 12.2 97 (101.6)
16 6 (0.40 M) 0.3 1.6 60.0 2.7 4.3% 66 929 8.0 99 (103.3)
17 6 (0.09 M) 0.1 1.1 18.8 0.9 4.2% 45 85 6.0 101 (105.2)
18 7 (0.05 M) 0.1 1.5 117.6 2.5 2.1% 75 125 7.7 97 (99.1)
19 8 (0.02 M) 0.1 1.3 9.5 0.1 0.9% 71 87 6.2 99 (99.9)
20 89 0.9% 63 80 5.4 99 (99.9)

aCatalyst load 2 mmol/L; solvents, chlorobenzene/toluene (1:3); reaction temperature, room temperature; reactior-4igng, 6ields based on
isolated polymer mas§.TO/h is the catalyst turnover per hodmmol %, data obtained frofH NMR. © Data obtained from SEC-MALS.Data obtained
from 'H NMR. Data in parentheses are corrected branches/10Q0rOkhich the branches ending with functional groups are added to the total branches.
9 Polymer obtained after the deprotection of TBDPS or TMS from the polymer shown in the previous'@ing too small to be measured accurately by
MALS.

comparable to those of ethylene homopolymerization (compar- Pd center. Following the same study as described for comono-

ing entries 1 and 2 with 5 and 8). mer 4, comonomer5 was copolymerized with ethylene at
Copolymerization of4 with ethylene was run at various constantPeg by varying the comonomer feed concentration.
ethylene pressure$§) and comonomer concentrationSy) Again, the comonomer incorporation ratio increases consistently

(entries 5-11). AsPe andCy decrease, the turnover rates (TON/ as Cy is increased. The comonomérwas employed in our
h) for both ethylene and the comonomer decrease. The totalfurther investigation of copolymer branching topology because
branching density expressed as branches/100Q @khain the molecular weights of the copolymers@ivere higher than
relatively constant. The copolymerization was then run at those of5, hence facilitating the multi-angle light-scattering
constantPg by varyingCy of 4 (entries 7, 8, and 10). As the (MALS) studies.
Cw increases, the molar incorporation of the comonomer Control of Copolymer Topology by Polymerization Con-
increases consistently, which agrees with previous reports ofditions. Comonomerst and 6 were investigated in detail for
ethylene copolymerization with methyl acryl&elhe apparent  the dependence of copolymer branching topology on copolym-
decrease of the total branching number with the increase of erization conditions. Our previous studies demonstrated that in
comonomer incorporation has to be corrected because theethylene homopolymerization the PE branching topology could
branches ending with functional comonomers were not counted be simply controlled by, with linear PE being formed at high
in the calculation of the branching number. By adding the pressure and dendritic PE being obtained at very low pre&stfe.
branches ending with functional comonomers, we found that Following the same strategg,and6 were copolymerized with
the overall branching number remains relatively constant for a ethylene at three pressures, 0.1, 0.3, and 1.0 atm, respectively.
comonomer incorporation level up to 9.1 mol %. The comonome€y was adjusted proportionally to maintain a
A series of ester-containing comonomers were then copoly- relatively constant comonomer incorporation ratio in the
merized with ethylene at various conditions (entries-12). copolymers for comparison. The copolymerization data were
Brookhart and others have reported the ethylene/methyl acrylatesummarized in Table 1 (entries-31 for 4 and 15-17 for 6).
(EMA) copolymerization using the Pd catalysEor the po- Following our previous studie’;c¢size exclusion chroma-
lymerization conditions employed in this study, however, the tography (SEC) equipped with a refractive index and a MALS
EMA copolymers have too low molecular weights to allow for detector was used to measure the weight-averaged molecular
the determination of their branching topology using multiangle weight (M,y) and the molecular sizdzf) of eluting fractions of
light-scattering (MALS) measurements. As was discussed in the polymer with the well-established expressions for classical light
literature, the low molecular weight was caused by chelation scattering:
of the ester group to the active Pd center during copolymeri-
zation3¢ Using a comonomer having a longer spacer (comono- ; _ 1 2202 2
mer5) or having a blocking quaternary carbon (comono®@jer lclﬂg) Ke/Re M {1+ 16wn R§S|nz(®/2)/3& S
led to significant improvement of both the productivity and the
molecular weight. Presumably, the longer spacer or the stericwhereRgp is the Rayleigh ratio at scattering ande c is the
repulsion between the quaternary carbon and the catalytic centeconcentration of the polymer, adis equal to 42n?(dn/dc)%/
reduce the tendency for chelation of ester group to the active A*Na, wheren is the refractive index of the solvent,is the

J. AM. CHEM. SOC. = VOL. 125, NO. 22, 2003 6699
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Figure 1. (a) Comparison of Debye plots for the fraction of copolymer at
anM, of 600 000 g/mol for the three ethylene copolymers of comonomer  rigyre 2. (a) Comparison of Debye plots for the fraction of copolymer at
4 made at 1.09), 0.3 (»), and 0.1 ) atm. (b) Correlation oRy with My, anM,, of 200 000 g/mol for the three ethylene copolymers of comonomer
for the same three copolymers (entriesin Table 1). 6 made at 1.09), 0.3 (1), and 0.1 (1) atm. (b) Correlation oRg with My,
for the same three copolymers (entries-15 in Table 1).
wavelength of light,Na is Avogadro’s number, andnddc is

the refractive index increment. The data for the copolymerization indicating that at the samd,, the Ry's are different. Thery at
with comonome# are discussed first. We observed thatfige My = 200 000 was 8.1, 10.5, and 16.0 nm for the samples
for the copolymers of4 with similar My’s increased with polymerized at 0.1, 0.3, and 1.0 atm, respectively. The correla-
increasingPe andCy (entries 5-7). Because the online MALS  tion betweenRy as a function ofM,, shows again thaRy
detector measurel,, and Ry for every fraction of polymers  consistently shifts upward @ andCy were increased (Figure
eluted from the SEC column, we can compare Ryeat the 2b).
sameM,, for different samples. In Figure 1a, we compare the  H NMR data (entries 57 for copolymers o# and 15-17
angular dependence of the fraction of copolyme4 at anM,, for copolymers 0b), however, indicate that both the comonomer
of 600 000 for the three samples that were made at 0.1, 0.3,incorporation ratio and the total branching density are nearly
and 1.0 atm, respectively. A large difference in the slope was constant for the copolymers made at differ®atand Cy. On
observed, indicating that at the saig the Ry's are different. the basis of our previous studies on ethylene homopolymeri-
The Ry at My, = 600 000 was 18.0, 22.5, and 28.5 nm for the zation?2<ethe change of th&; at constani,, and branching
samples polymerized at 0.1, 0.3, and 1.0 atm, respectively. Thedensity can only be attributed to a change of polymer branching
separation of the polymer by SEC providggas a function of topology: as thé’s andCy, are decreased, the copolymers be-
My, and, as shown in Figure 1By consistently shifts upward  come more and more dendritic. The change of branching topol-
asPe andCy were increased. ogy results from the competition between monomer insertion
The same analysis was conducted for the copolymers with and chain-walking of the Pd catalyst. As was proposed pre-
ester comonomes (entries 15-17). Presumably, the ester group  viously 22°the competition between chain-walking and ethylene
can still chelate to the active catalyst center during polymeri- insertion determines the final polymer topology. As shown in
zation, and the molecular weights for the copolymer$ afe Scheme 2, after ethylene or polar comonomer dissociation from
significantly lower than those for the copolymersfoBecause the resting state;Sthe Pd catalyst isomerizes (“chain-wallé§")
the sizes of the copolymers & are approaching the low along the polymer chain to a certain length Byhydride
detection limit of the MALS detector, the MALS data appear elimination and a re-addition process until it is trapped by
to be a little scattered as compared to the data for copolymersanother ethylene to go to another resting statdr&ertion of
of 4. Nevertheless, the same trend was observed as was seesthylene or polar comonomer af Foduces a new branch. The
for the copolymers oft. In Figure 2a, we compare the Debye number of carbonsnj that the catalyst walks from;30 S is
plot for the fraction of copolymer o6 at anM,, of 200 000 for the distance between two branches. The walking distamce (
the three samples that were made at 0.1, 0.3, and 1.0 atmshould exhibit a statistical distribution governed by the competi-
respectively. A large difference in the slope was observed, tion between chain-walking and trapping processes. The trapping

6700 J. AM. CHEM. SOC. = VOL. 125, NO. 22, 2003



Synthesis of Functional Olefin Copolymers ARTICLES

Scheme 2. Mechanistic Model for Ethylene Copolymerization Catalyzed by the Pd-a-Diimine Catalyst?
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a|ndividual kinetic steps are (1) dissociation of ethylene or comonokagr (@) isomerization (chain-walkindgy); (3) association of ethylene or comonomer
(trapping,kr); and (4) insertion of ethylene or comonom&d).

rate follows first-order dependence & andCy. At high Pg fundamental cettcell recognition events in processes such as
andCy, the trapping is fast, and therefore the average walking host-pathogen interactions, fertilization, and the mounting of
distance is relatively short. The polymer formed has a relatively an immune responseMany multivalent inhibitors including
linear topology with moderate branches. At Id&®% and Cy, neoglycopolymers have been synthesized for biological applica-
the trapping is slow, and the catalyst may walk many carbons tions1° Dendrimers are attractive scaffolds for constructing
before being trapped, leading to the formation of many branches multivalent ligands because of their globular shape and the high
on branches, or a dendritic topology. In other words, at relatively local density of ligand presentation on the surfédgy applying
high Pe and Cy, the insertion is more favorable so linear our chain-walking methodology, we found that simple copo-
copolymers were formed. At very lowe and Cy, however, lymerization of ethylene with a saccharide-containing comono-
the chain-walking of the Pd catalyst becomes very competitive, mer 8 at low Pg and Cy resulted in a sugar-coated dendritic
and copolymers with many branch-on-branches, that is, dendritic copolymer (Scheme 3).
structures, were produced. The TMS-protected mannose comonor8evas synthesized
Synthesis of Functional Dendritic CopolymersOur results according to Scheme3.Copolymerization oB with ethylene
have shown that by tuning copolymerization conditions, the at low Pg andCy yielded a sugar-containing copolymer, which
chain-walking catalyst can be used to produce polar copolymersupon deprotection of TMS groups afforded a mannose-func-
with controllable branching topology and comonomer incorpo- tionalized copolymer (entries 19 and 20 in Table 1). On the
ration level.This pravides a simple methodology for the one- basis of the structural similarity between comonon&esd5
pot synthesis of functional polymers witarious topologies and the smallRy values measured by MALS, the mannose-
To show the application of this methodology, we synthesized containing copolymers should have a dendritic topology. Ac-
dendritic copolymers containing multivalent functional groups cording to previous studies by Brookhart and co-workers,
including hydroxyl, epoxide, and saccharide for potential functional groups usually stay at the ends of branches in polar
functional applications. copolymers synthesized by the Pd-bisimine catalyst due to the
The hydroxyl-containing dendritic copolymers were obtained unique catalyst walking mechanism. Therefore, in our dendritic
by removing the TBDPS protecting groups of the ethylene copolymers, the functional groups should enrich at the surface
copolymers with4 (entries 8 and 10 in Table 1). The dendritic  of the macromolecules because there should be more chain ends
copolymers of4 made at lowPe and Cy were treated with  at the surface of a dendritic structure. This provides a simple
tetrabutylammonium fluoride (TBAF) to give the free hydroxyl one-pot synthesis to construct dendritic scaffolds to preferentially

copolymers. As shown in Table 1 (entries 9 and 11), both the present functional groups at the surface of the macromolecules.
molecular weights and the molecular size (the radius of gyration,

Ry decrease accordingly after the deprotection. The free Conclusions

hydroxyl groups significantly increase the polarity of the 5 conclusion, we have demonstrated for the first time that

copolymers,_ and_the_ hydroxyl groups also serve as sites fory,qe branching topology of ethylene polar copolymers can be

further functionalization. controlled by simply changing ethylene pressure and the
An epoxide-containing comonome?, was successfully  comonomer concentrations using the Pd-bisimine chain-walking

copolymerized with ethylene (entry 18 in Table 1). On the basis cqalyst. For ethylene copolymerization with the ether and ester
of the structural similarity betwee# and 7 and the smalRy
for the copolymer of, we concluded that dendritic copolymers  (9) varki, A. Glycobiology1993 3, 97—130.

of 7 were formed at lowPz and Cy. The multiple epoxide (10) (a) Lees, W. J.; Spaltenstein, A.; Kingery-Wood, J. E.; Whitesides, G. M.

. . J. Med. Chem1994 37, 3419-3433. (b) Mortell, K. H.; Weatherman, R.
groups on the copolymers serve as excellent reactive sites for  v.; Kiessling, L. L.J. Am. Chem. Sod996 118 2297-2298.

i i i i i (11) (a) Ashton, P. R.; Boyd, S. E.; Brown, C. L.; Jayaraman, N.; Nepogodiev,
further funct|onallzat|pn by various nucleophiles. . . S A" Stotidart, 3. Fehem -Eur. 11998 7. 111521128  (5) Thompson.
Finally, we synthesized dendritic copolymers having multiple J. P.; Schengrund, C. IGlycoconjugate J1997, 14, 837-845. (c) Roy,

; ; B : ; ; R. Curr. Opin. Struct. Biol.1996 6, 692—702.
saccharide groups as multivalent ligands for potential biological (12) Femandez, C.: Nieto, O.: Rivas, E.. Montenegro, G.: Fontenla, J. A

applications. Saccharidgrotein interactions facilitate many Fernandez-Mayoralas, ACarbohydr. Res200Q 327, 353-365.
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Scheme 3. One-Pot Synthesis of Sugar-Coated Dendritic Copolymers through the Chain-Walking Catalyst?

o]
MM 1) copolymerization
H,C=CH, + O OTMS withCatalyst 1
TMSO 0 2) EtgN AN
TMSO
OTMS
e O%
= =Hﬁmnm
Comonomer synthesis:
OTMS WO

HO HO ) HO iii)
HO -0 ~ TMSO -0 O OTMS
HO OH i) TMSO o TMSO 0

9 OTMs /“HEU‘OH 8 TMSO

aConditions: (i) TMSCI, TMSTMS, Py, 0C; (ii) 2% AcOH, MeOH, 0°C, 2 h; (iii) DCC, DMAP, CHCls.

comonomerg—6, both the incorporation ratio of the comono-  Bruker GN500, and Bruker Omega500 MHz FT-NMR instruments.
mers and the branching topology of the copolymers were Proton and carbon NMR spectra were recorded in ppm and were
successfully controlled by changir: and the comonomer  referenced to indicated solvents. Data were reported as follows:
concentration. The comonomer incorporation level increases chemical shift, multiplicity (s= singlet, d= doublet, t= triplet, q =
linearly with the comonomer feed concentration at constant quartet), coupling constant(s) in hertz (Hz), and integration. Multiplets
(m) were reported over the range (ppm) at which they appear at the

ethylene pressure. The copolymer topology becomes moreindicated field strength. Elemental analysis was performed by Atlantic

dendritic as the concentrations of ethylene and comonomers areI\/Iicrolabs, Atlanta, GA. Toluene, THF, diethyl ether, dichloromethane,

decreasing. This provides a simple route to access a wide variety,nq other solvents were purified by passing them through solvent
of functional polymers with controllable topologies for many puyrification columns following the method introduced by Grubbs.
potential applications. As a few examples, we synthesized Catalystl was synthesized by following the literature rep8itThe
dendritic copolymers containing multiple hydroxyl, epoxide, and synthesis of all of the polar comonomers is described below.
mannose groups. Although these polymers are not perfect

dendrimers because of their polydisperse nature in molecular

weight and branching length distribution, their branching ,?5{}\‘ 9 CF3 Catalvst 1

topology and globular structure resemble those of dendrifers. ‘qu @CFs >4 Yy

It is reasonable to expect that many chemical and physical K}OMe

properties of these dendritic polymers made by the chain-

walking catalyst should be similar to those of dendrimers made  , 5_pimethyl-pent-4-enoic Acid Methyl Ester (6):4 To a solution

of the same building block. Whereas perfect dendrimers have of diisopropylamine (10.8 mL, 0.077 mol, 1.1 equiv) in 50 mL of dry
beautiful structural precision and uniformitythe multistep THF was dropwise added a solution of butyllithium in cyclohexane
syntheses involved in their preparations sometimes limit their (2.0 M, 38.5 mL, 0.077 mol, 1.1 equiv) at78 °C. After 30 min, a
general applications. Our approach offers a simple one-pot solution of methyl isobutylate (8.02 mL, 0.07 mol, 1.0 equiv) in 50
process for making functional polymers with tunable topologies ML of THF was added over 30 min at78 °C with vigorous stirring.
starting with simple olefinic monomers. Because of the ease of After 1 h, a solution of allyloromide (6.7 mL, 0.077 mol, 1.1 equiv) in
synthesis and the availability of many olefinic monomers, these 29 ML of THF was added at 78 °C. The solution was warmed to 0
functional dendritic polymers may find many general applica- C and stirred for 30 min and then remaih2 h atroom temperature.

i . hich pol tructural . d unif it The solution was quenched with saturated/8Haqueous solution at
1ons In which polymer structural precision and uniftormity aré - _zgoc gnq extracted with hexanes 3200 mL). Combined organic

not critical. We are currently synthesizing new functional ma- |ayers were subsequently washed with 100 mL of saturateS,Na
terials using the chain-walking catalysts and designing new 100 mL of saturated NaHGDand then 100 mL of brine. After being

catalysts for better catalytic properties. dried over MgSQ, the solution was concentrated in vacuo to afford a
. . yellow liquid. Vacuum distillation afforded a clear colorless liqued
Experimental Section (12.4 g, 78%)H NMR (500 MHz, CDC}) o: 5.70 (m, 1H), 5.06

General Procedure The catalyst synthesis and handling were carried .05 (M, 2H), 3.65 (s, 3H), 2.27 (ddd, = J, = 1.2, J3 = 7.4, 2H),
out in a Vacuum Atmosphere glovebox filled with nitrogen. All other ~ 1.16 (s, 6H).**C NMR (125 MHz, CDCY) ¢: 178.4, 134.7, 118.3,
moisture- and air-sensitive reactions were carried out in flame-dried 52.1, 45.2, 42.8, 25.2 (2C). Anal. Calcd fogtG.Oz: C, 67.57; H,
glassware using magnetic stirring under a positive pressure of argon9-92. Found: C, 67.45; H, 9.99.
or nitrogen. Removal of organic solvents was accomplished by rotary
evaporation and is referred to as concentrated in vacuo. Flash column(13) Pangborn, A. B.; Giardello, M. A.; Grubbs, R. H.; Rosen, R. K.; Timmers,
chromatography was performed using forced flow on EM Science-230 (14) Er;%(r)nrlgzn&m?al(lécsp\lgga iSA.l?.l\?\_ﬁle?é%edron Lett1998 39, 7005-
400 mesh silica gel. NMR spectra were recorded on Bruker DRX400, 7008.
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2,2-Dimethyl-pent-4-en-1-ol (10)To a mixture of lithium aluminum solution of10 (11.9 g, 0.06 mol, 1.0 equiv) in 50 mL of GBI, was
hydride (LAH) (2.6 g, 0.069 mol, 1.3 equiv) in 50 mL of dryEx dropwise added over 0.5 h &f78 °C. After 0.5 h, EfN (30.36 g, 0.30
was added slowly a solution 6f(7.54 g, 0.053 mol, 1.0 equiv) in 50  mol, 5.0 equiv) was dropwise added to the reaction mixture 28
mL of Et,O at 0°C. The mixture was then heated to reflux for 3 h. At  °C. After another 0.5 h, the reaction mixture was allowed to warm to
0°C, 20 mL of MeOH was added carefully to react with excess LAH, room temperature. After 1 h, 300 mL of,& was added. The organic
and then the mixture was quenched with 100 mL of 1.0 M HCI. After layer was separated, and the aqueous layer was extracted wi@i.CH
300 mL EtO was added, the organic layer was separated, and the (2 x 150 mL). Combined organic layers were washed with saturated
aqueous layer was extracted with@t(3 x 150 mL). The combined NaCl solution (3 x 150 mL), dried over MgS@ and finally

organic layers were washed with 100 mL of saturated Nagi&d@ concentrated in vacuo to afford a yellow liqudacuum distillation
100 mL of brine, dried over MgS£and finally concentrated in vacuo.  afforded a clear colorless liquid, 2,2-dimethyl-pent-4-edal(9.0 g,
Vacuum distillation gave a clear colorless liqBd5.51 g, 91%)H 76%), which was used in the next step of the synthesis. In,a N

NMR (500 MHz, CDC}) 6: 5.84 (m, 1H), 5.025.08 (m, 2H), 3.32 glovebox, NaH (0.26 g, 0.011 mol, 1.1 equiv) was suspended in 10
(s, 2H), 2.03 (dddJ); = J, = 1.2,J3 = 7.6, 2H), 1.58 (m, 1H), 0.89 (s, mL of anhydrous THF. To this stirring mixture was added trimethyl-
6H). °C NMR (125 MHz, CDC}) : 135.7, 117.6, 72.2, 48.6, 43.8,  sulfoxonium chloride (1.41 g, 0.011 mol, 1.1 equiv). The mixture was
35.9, 24.3 (2C). Anal. Calcd for#:40: C, 73.63; H, 12.36. Found: brought to gentle reflux for 2 h. After the mixture was cooled to 55
C, 73.51; H, 12.47. °C,11(1.26 g, 0.01 mol, 1.0 equiv) in 10 mL of THF was added slowly
5-Methoxy-4,4-dimethyl-pent-1-ene (3}° To a mixture of NaH into the above mixture over 1.5 h. The solution was stirred atG5
(0.82 g, 0.034 mol, 1.1 equiv) in 100 mL of THF was dropwise added for another 1.5 h, and then at room temperature overnight. After the
a solution 0f10 (3.54 g, 0.031 mol, 1.0 equiv) in 100 mL of THF at  solvent was removed to half volume, water and pentane were added to
0 °C. After the mixture was stirred fo2 h atroom temperature, a the mixture. The pentane layer was separated, washed twice with water,
solution of Mel (4.83 g, 0.034 mol, 1.1 equiv) in 30 mL of THF was dried over anhydrous N&Q,, and finally concentrated in vacuo to
added at 0C. The solution was stirred at room temperature for another afford a nearly colorless oil. The product was purified by passing it
2 h. After 200 mL of E£O followed by 200 mL of HO was added, the through a short silica column with EtOAc/hexanes (1:30) as eluent to
organic layer was separated, and the aqueous layer was extracted wittyield colorless oil7 (60%).*H NMR (500 MHz, CDC}) o: 5.84 (dddd,
Et,O (3 x 100 mL). Combined organic layers were washed with 100 Ji = J2 = 7.5,J; = 10.6,J; = 16.5, 1H), 5.02-5.08 (m, 2H), 2.77
mL of saturated NgHCO; and 100 mL of brine, dried over MgSQ (dd,J. =2.9,J, = 4.1, 1H), 2.63 (ddJ. = 4.1,J, = 4.7, 1H), 2.60
and finally concentrated in vacuo. Vacuum distillation gave a clear (dd,J;1 =2.9,J, = 4.7, 1H), 2.08 (m, 2H), 1.28 (m, 2H), 0.88 (s, 3H),
colorless liquid3 (3.26 g, 82%)*H NMR (500 MHz, CDC}) ¢: 5.81 0.84 (s, 3H)XC NMR (125 MHz, CDC}) 6: 134.9, 118.0, 77.5, 59.7,

(m, 1H), 5.06-5.05 (m, 2H), 3.36 (s, 2H), 3.33 (s, 3H), 2.02 (= 45.1, 44.4, 23.6, 22.5. Anal. Calcd fogl;,0: C, 76.14; H, 11.18.
7.5, 2H), 1.57 (m, 2H), 1.30 (s, 6H¥C NMR (125 MHz, CDC}) ¢: Found: C, 76.10; H, 11.24.

135.8, 117.1, 82.0, 59.5, 43.9, 31.8, 24.6, 23.3. Anal. Calcd for  Undec-10-enoic Acid 3,4,5,6-Tetrakis-trimethylsilanyloxy-tet-
CeH1g0: C, 74.94; H, 12.58. Found: C, 74.84; H, 12.62. rahydro-pyran-2-ylmethyl Ester (8). The TMS-protected mannose,

10-Methoxy-dec-1-ene (2)° Referring to the preparation of methyl 9, was prepared according to the literature proceédtii@ a solution
ether3, we found that using dec-9-en-1-ol (4.84 g, 0.031 mol, 1.0 equiv) of 9 (37.5 g, 0.08 mol) in dichloromethane (400 mL) were added 10-

afforded 2 as colorless liquid (4.86 g, 93%JH NMR (500 MHz, undecenoic acid (16.2 g, 0.088 mol), 4-(dimethylamino)pyridine
CDCls) 6: 5.81 (ddddJ, = J, = 6.7,J; = 10.4,J, = 17.1, 1H), 4.99 (DMAP) (0.69 g, 0.0056 mol), and 1,3-dichlorohexylcarbodiimide
(dddd,J; = J, = 1.6,J3 = 2.2,J, = 17.1, 1H), 4.93 (dddd}, = J, = (DCC) (18.99 g, 0.092 mol) at TC. The mixture was kept stirring for
1.3,J:=2.2,J,= 10.2, 1H), 3.36 (tJ = 3.4, 2H), 3.33 (s, 3H), 2.03 1 h at room temperature and then filtered through Celite. The filtrate
(m, 2H), 1.57 (m, 2H), 1.30 (m, 10H}*C NMR (125 MHz, CDC}) was diluted with dichloromethane and washed with dilute acetic acid

o: 140.3, 114.6, 73.4, 61.0, 34.3, 30.1, 29.9, 29.8, 29.5, 29.3, 26.6. (5%) and water, dried over M&0,, and concentrated in vacuo. Flash
Anal. Calcd for GiH»2O: C, 77.58; H, 13.02. Found: C, 77.41; H, chromatography (gradient eluent-8% ethyl acetate in hexanes) of

13.22. the residue gav8 as oil (30.5 g, 60%)*H NMR (500 MHz, CDC})
tert-Butyl-(2,2-dimethyl-pent-4-enyloxy)-diphenyl-silane (4) To 61 5.77-5.85 (m, 1H), 4.92:5.01 (m, 2H), 4.35 (dd). = 2.0,J, =
a mixture of imidazole (2.54 g, 0.037 mol, 1.2 equiv) ai(3.54 g, 11.7, 1H), 4.05 (ddJ; = 5.8, J, = 11.7, 1H), 3.843.89 (m, 3H),

0.031 mol, 1.0 equiv) in 100 mL of Ci€l, was slowly added a solution ~ 2.32-2.35 (m, 2H), 2.04 (dd), = 7.0,J, = 14.4, 2H), 1.271.38 (m,

of tert-butylchlorodiphenylsilane (10.17 g, 0.037 mol, 1.2 equiv) in 40 14H), 0.17 (s, 9H), 0.16 (s, 9H), 0.14 (s, 9H), 0.13 (s, 9AT. NMR

mL of CH,Cl, at 0°C. After the mixture was stirred overnight at room (125 MHz, CDC}) 6: 174.0, 139.4, 114.3, 95.08, 75.3, 72.2, 72.0,
temperature, water was added, and the organic layer was washed witt$8.7, 64.1, 34.9, 34.0, 31.8, 29.5, 29.4, 29.4, 29.3, 29.1, 25.0, 22.9,
water twice and dried over MgSOThe solution was concentrated in ~ 14.3, 0.9 (3C), 0.8 (3C), 0.5 (3C), 0.1 (3C). Anal. Calcd for
vacuo and purified by column chromatography (1:99/ethyl acetate: CzeHe207Sis: C, 54.84; H, 9.84; Si, 17.69. Found: C, 54.99; H, 9.76;
hexanes) to afford colorless &ll(8.96 g, 82%)H NMR (500 MHz, Si, 17.59.

CDCl) 0: 7.73 (m, 4H), 7.44 (m, 6H), 5.86 (m, 1H), 5.68.10 (m, Polymerization Procedure. Ethylene homopolymerization and
2H), 3.37 (s, 2H), 2.13 (dddh = J, = 1.4,J; = 8.0, 2H), 1.14 (s, copolymerization with polar comonomers were performed in a Parr
9H), 0.94 (s, 6H)1C NMR (125 MHz, CDC}) 6: 135.9, 135.7 (2C), pressure reactor equipped with a mechanical stirrer and a temperature
134.1 (4C), 129.7 (4C), 127.8 (2C), 117.1, 72.3, 43.5, 36.2, 27.1, 24.3 controller. A typical polymerization procedure is described as fol-
(2C), 19.7 (3C). Anal. Calcd for £H3,0Si: C, 78.35; H, 9.15; O, lows: The Parr reactor was preheated to 10Gor 2 h under vacuum

4.54. Found: C, 78.31; H, 9.20; O, 4.59. and then cooled under ;Nto room temperature before use. A
2-(1,1-Dimethyl-but-3-enyl)-oxirane (7)}” To a solution of oxalyl comonomer solution in chlorobenzene/toluene (1:3) was degassed and
chloride (8.38 g, 0.066 mol, 1.1 equiv) in 100 mL of &, was then added into a preprepared catalystolution in chlorobenzene/

dropwise added DMSO (16.6 g, 0.132 mol, 2.2 equiv) solution in 50 toluene (1:3). The whole mixture was transferred into the Parr reactor
mL of CH,Cl, at —78 °C. After the mixture was stirred for 0.5 h, a  under N. After the reactor was purged with:ldnd ethylene, the system
was filled with ethylene to the desired pressure, and polymerization

(15) Hagan, D. B.; Taylor, A. P.; Joiner, A. EP 576287, 1993. was allowed to continue at room temperature for abet2 tlays. The
(16) Schelhaas, M.; Waldmann, Angew. Chem., Int. Ed. Engl996 35, polymerization was quenched by addition of an excess amount of
7 %g)sl?/l_a%%%io A. J.; Swern, Bynthesid 981, 165-185. (b) Aggarwal, V. triethylsilane under N The polymer solution was passed through Celite

i A. A.; Coogan, M. PJ. Org. Chem1997, 62, 8628-8629. and neutral alumina gel to remove residual catalyst, and then concen-
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trated in vacuo. The polymer was finally precipitated out from methanol
or acetone and dried under vacuum.

Deprotection of TBDPS and TMS.For ethylene copolymers with
the comonome# and 8, after obtaining the copolymers, the TBDPS
or TMS protection group was removed to free all of the hydroxyl
groups. The deprotection of TBDPS was done by treating the
copolymers with tetrabutylammonium fluoride (5.0 equiv of the
calculated TBDPS groug§.One example is shown here for an ethylene
copolymer with4 (0.1 atm and 9.1% comonomer incorporation ratio):
The copolymer (2.0 g, OTBDPS: 3.15 mmol, 1.0 equiv) was dissolved
in 100 mL of THF. Tertrabutylammonium fluoride (15.7 mL of a 1.00
M solution in THF, 15.7 mmol, 5.0 equiv) was slowly added into the
copolymer solution. The solution was then brought to gentle reflux for
48 h. After being concentrated in vacuo, the mixture was partitioned

mer o: 4.35, 4.05, 3.89, 3.84, 2.33, 2.04, 1-0640 (broad), 0.86
0.92 (broad), 0.090.16. Ethylene8 copolymer after deprotection of
TMS ¢: 2.58-5.35 (broad, m), 2.04, 1.641.40 (broad), 0.820.93
(broad).

SEC-MALS Characterization of Copolymers?2¢ All of the
polymers were characterized by size-exclusion chromatography (SEC)
coupled to a multi-angle light-scattering detector (MALS) for obtaining
both the molecular weightM) and the radius of gyrationRy).
Measurements were made on highly dilute fractions eluting from a SEC
consisting of a HP Aglient 1100 solvent delivery system/autoinjector
with an online solvent degasser, temperature-controlled column com-
partment, and an Aglient 1100 differential refractometer. A Dawn DSP
18-angle light-scattering detector (Wyatt Technology, Santa Barbara,
CA) was coupled to the SEC to measure both the molecular weights

between toluene and water. The organic layer was separated, washeadnd the sizes for each fraction of the polymer eluted from the SEC

twice with water, dried over MgSQand concentrated in vacuo. The

column. A 30 cm column was used (Polymer Laboratories PLgel Mixed

product was then precipitated out by adding a large amount of methanol,C, 5um particle size) to separate polymer samples. The mobile phase
and dried under vacuum. The deprotection of TMS was done by was tetrahydrofuran (THF), and the flow rate was 0.5 mL/min. Both

treatment with EN.
NMR Characterization of Copolymers. The chemical structures
of the copolymers were analyzed B NMR spectra. The polar

the column and the differential refractometer were held &tG5\ext,
60 uL of a 2 mg/mL solution was injected into the column. ASTRA
4.7 from Wyatt Technology was used to acquire data from the 18

comonomer incorporation ratio was calculated from the integrations scattering angles (detectors) and the differential refractometeMfhe
of peaks of the comonomer and peaks of the polyethylene backbone.M,, R; data were obtained by following classical light-scattering
The calculation of branching density was based on the integration of treatments. Th&, data reported are the weight-averaged values.

the terminal methyl group and the integration of the polyethylene
backbone. The'H NMR (500 MHz, CDC}) data for all of the
copolymers are summarized here. Ethyl&wspolymerd: 3.37, 3.34,
1.05-1.40 (broad), 0.860.92 (broad). Ethylend-copolymerd: 7.55—
7.75, 7.36-7.40, 3.29, 1.081.40 (broad), 1.06, 0.860.92 (broad).
Ethylene4 copolymer after deprotection of TBDP& 3.30, 1.08-
1.40 (broad), 0.860.92 (broad). Ethylen&-copolymero: 3.67, 2.35,
1.05-1.40 (broad), 0.860.92 (broad). Ethylené-copolymerd: 3.67,
1.05-1.40 (broad), 0.860.92 (broad). Ethylen&copolymerd: 2.74,
2.63, 2.59, 1.051.40 (broad), 0.860.92 (broad). Ethylen&-copoly-

(18) Nelson, T. D.; Crouch, R. C8ynthesisl996 1031-1069.
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