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Abstract: Dendrimer-like star polymers, a novel type of molecular architecture, have been synthesized. The
architecture of the new polymers resembles that of three-dimensional spherical dendrimers as well as classical
star polymers. The controlled structures, based on aliphatic polyesters, are synthesized by a divergent growth
approach. A hexa hydroxy-functional 2,2-bis(hydroxymethyl)propionic acid (bis-MPA) derivative was used
as the “initiator” for the stannous-2-ethylhexanoate (Sn(fcgtalyzed living ring opening polymerization of
e-caprolactone. The polymerization generated a six-arm polymer with a molecular weight of 1M 3GHh¢

aM,/M, of 1.06. The new polymer was functionalized with a protected bis-MPA, deprotected, and used as
the “macroinitiator” for the polymerization of a second generation 12 armedepodyfrolactone)Nl, = 42 300,

Mw/M, = 1.16). Another iteration of the same procedure generated a third generation 24 arm dendrimer-like
star polymer with aM,, of 96 000 andM,/M, of 1.14. The complete initiation and functionalization was
carefully investigated byH and 3C NMR. These novel polymers are different from traditional dendritic
materials in that this synthetic strategy allows these well defined highly branched polymers to reach a high
molecular weight in only a few steps. In addition these materials are semicrystalline.

Introduction be a useful synthetic strategy in the synthesis of dendrimers
with more than one type of end groups at the surface of the
globular macromolecul€s.

Another class of dendritic macromolecules known as hyper-
anched polymers were first reported by Kim and Welfster.
Hyperbranched polymers have a less perfect structure than
dendrimers but offer the advantage of a one-step synthesis. This
attractive feature has led to the development of a number of
different architectures involving a huge number of different
building blocks’ The third class of dendritic macromolecules
are the hybrid-linear macromolecufesyhere one or more
dendritic components are randomly or exactly coupled to one
or more linear polymers. For example, a linear polymer might
be attached to some or all of the terminal groups of a dendrimer
to give a hyperstar macromolecileAlternatively, attachment

In 1983 Tomalidreported the divergent preparation of highly
symmetrical layered dendrimers prepared fromyAbnomers
whose globular structures are known to influence the basic
physical and chemical properties of these unusual macromol-
ecules? For example, dendrimers are believed to be essentially
free of chain entanglement in contrast to most linear polymers,
and the unique microenvironment of these molecules have
stimulated research in areas ranging from drug delivery to
nanofabricatior. One limitation of dendrimers is their time-
consuming synthesis, and significant effort has been devoted
to improving the preparation of these polymers through use of
alternative monometfsand other synthetic strategi#s® The
divergent synthesis usually involves the sequential addition of

AB, monomers to a core, for generation growth, followed by ¢ 3 gingie linear polymer to the focal point of a dendrimer
an activation to allow further growth. After a number of may lead to AB® or ABALL block copolymers in which the
iterations, a macromolecule of respectable size is obtained. A yandrimer and the linear polymer are the A and B blocks

radical variation in the synthesis of dendrimers, denoted the respectively. In addition, hybrid-linear macromolecules have
convergent growth approach, was reported by Hawker and
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Dendrimer-like Star Polymers

been used to simplify the purification of intermediate generations
of dendrimerd? Dendritic macromolecules have also been
constructed by successive grafting of polymeric building blocks.
These so-called comb-burst polymers utilize narrow polydis-
persity linear polymers as building blocks in the construction
of highly and randomly branched structuf€sFor example,
Gnanou et al* prepared a branched poly(ethylene oxide) by
iterative AB, functionalization and polymerization from an
hydroxy-functional polymer. With this method it was possible
to prepare polymers with a more or less exact size and
functionality in up to three generations and six end-groups.

A new type of well-defined dendritic macromolecules is

reported here. The new polymers, Scheme 1, are first, second,

and third generation dendrimer-like paly¢aprolactone) syn-
thesized by a divergent approach using repetitive living ring-
opening polymerization (ROP), followed by functionalization
and deprotection of an ABbranching-point, Scheme 2. The

concept was developed in order to obtain structures that combine,
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10%, 10° A) were used with THF as solvent at 28. Poly(styrene)
standard samples were used for calibration.

Calculation of the Degree of Polymerization by the Use ofH
NMR. The!H NMR spectra of5-1(6 OH), G-2(12 OH), andG-3(24
OH) were used to calculate the degree of polymerization (DP) of the
different generations of the synthesized polymers and hence also the
molecular weights of these polymers. The DP®fL(6 OH) was
calculated as the ratio of the integrated area of the peak corresponding
to one of the repeating units of PCIC( Figure 1) to the integrated
area of the peak originating from the chain endsKigure 1). The
DP of the second generation (R)Rind the third generation (QPwere
then calculated from the following equation

x = aDP; + bDP, + cDP;... Q)
wherex is the summed integrated area of any specific repeating unit
of the monomer for all generations in the specific polymer, ani,

andc are the integrated areas of the chain ends of the first, second,
and third generations, respectively. To calculate the DP of the second
and third generation, it was assumed that the DP of the inner generations

classical properties of linear polymers such as entanglements,gre unchanged and that all chain ends had initiated polymerization.

and crystallinity with those of dendritic macromolecules, in
particular, the high functionality resulting from the many end-
groups® The novel polymers reported here are different from

These assumptions lead to the relatiars b/2 = ¢/4. In addition, it
was assumed that the protons of the chain ends and the protons of the
repeating units have equivalent relaxation times (The results of

classical dendrimers because a high molecular weight materialthese calculations are listed in Table 1.

is obtained in only a few steps. In addition, the new approach
is flexible since the degree of polymerization (DP) as well as
the monomer selection allows one to tailor-design a wide variety
of properties. Poly-caprolactone) was used as the polymeric
building block, a concept that has been reported earlier for the
generation of hyperbranched polymétsThe “living” ROP
produces polymers with accurate control of molecular weight,
molecular weight distribution, and end-group functionality. The
choice of 2,2-bis(hydroxymethyl)propionic acid (bis-MPA) as

Synthesis. 2,2-Bis(phenyldioxymethyl)propionic Acid (2).2,2-
Bis(hydroxymethyl)propionic acid (bis-MPA) (25.0 g, 187 mmol),
benzaldehyde dimethyl acetal (42.6 g, 280 mmol), @taluenesulfonic
acid (p-TSA) (0.69 g) were all dissolved and stirred in acetone (100
mL) at ambient temperature. After 2 h, a few drops of JOH (aq,
30%)/EtOH (1:1) solution was added to neutralize fR€SA. The
reaction mixture was then diluted with 400 mL of @t and extracted
once with HO (25 mL). The organic phase was separated, filtered,
and concentrated. The residue was recrystallized fronOGHo give
the product as a white powder. Yield: 37.3 g (90%). Mp: 1998

the branching point was based both on its aliphatic structure as°C. *H NMR (CDClL) 6 1.09 (s, 3H,—CHs), 3.66-4.64 (2d, 4H,

well as its documented use as building block in the synthesis
of dendritic macromolecule®s:ch15 Furthermore, the possibility
exists of developing semicrystalline morphologies.

Experimental Section

Materials. Stannous-2-ethylhexanoate (Sigma) and all other chemi-
cals (Aldrich) were purchased and used without any further purification
except thee-caprolactone which was dried over Gafér 24 h and
then distilled under high vacuum before use. The hexahydroxy-
functional initiator 1 was synthesized according to a procedure
developed by lhre et apbc

Techniques. *H NMR were recorded in CDgkolution, on a Bruker
AM 250 (250 MHz) apparatus with the solvent proton signal for
reference.3C NMR spectra were recorded at 62.9 MHz on the same
instrument using the solvent carbon signal as a reference. All polymer
13C NMR spectra were recorded on 250 mg of sample using 16384

—(CH;0),CH—, J = 9.0 Hz), 5.46 (s, 1H—CHPh), 7.31+7.47 (m,
5H, —Ph). 3C NMR (DMSOs) 6 22.75, 46.73, 77.81, 105.52, 131.25,
133.17, 133.85, 143.56, 180.71.

G-1(6 OH) and a General Procedure for Polyé-caprolactone)
Formation. The hexahydroxy-functional initiatdr(3.50 g, 5.35 mmol)
was dissolved in dry THF and dried with Mg@OThe liquid was
filtered into the reaction flask where the solvent was evaporated under
a nitrogen atmosphere. Toluene (3 mL) was added, and the temperature
was raised to 90C under high vacuum to remove the toluene and
residual HO. The reaction flask was then filled with:(¢) and toluene
(1.5 mL) to dissolve the initiatore-Caprolactone (73.2 g, 642 mmol)
was added, and the temperature was raised td Clefore a catalytic
amount of Sn(Oct)(32 mg, 0.08 mmol) was added. The molar amount
of catalyst is 1/400 of the initiator. The reaction was stirred for 24 h,
diluted with THF, and precipitated into MeOH to give 70.0 g (yield:
91.2%) of a white crystalline powder. Mp: 498. 'H NMR (CDCl)

0 1.30 (m, poly,—CH,—), 1.60 (m, poly,—CH,CH,CH,—), 2.26 (t,
poly, —COCH,—, J = 5.2 Hz), 3.60 (t, 12H~CH,OH, J = 5.0 Hz),

scans. The number average molecular weights of the polymers wereg4 g1 (t, poly,—CH,O—, J = 5.2 Hz), 4.31 (S, 12H-CCHys(CH,0).—

calculated from théH NMR data. The molecular weight distributions
were determined by size exclusion chromatography (SEC) using a

Waters chromatograph connected to a Waters 410 differential refrac- 51.52, 62.23, 63.97, 65.07, 120.62, 129.57, 146.17, 148.56, 171.29

tometer and an UV-detector. Foundn Waters columns (30& 7.7
mm) connected in series in order of increasing pore size (100, 1000,

(12) Chapman, T. M.; Hillyer, G. L.; Mahan, E. J.; Schaffer, K. A.
Am. Chem. Sod 994 116, 11195.

(13) (a) Tomalia, D. A.; Hedstrand, D. M.; Ferrito, M. 8acromolecules
1991 24, 1438. (b) Gauthier, M.; NMiter, M. Macromoleculesl 991, 24,
4548. (c) Hempenius, M. A.; Michelberger, W.; N, M. Macromolecules
1997, 30, 5602.

(14) Six, J.-L.; Gnanou, YMacromol. Symp1995 95, 137.

(15) (a) Malmstien, E.; Johansson, M.; Hult, AMdacromoleculed995
28, 1698. (b) lhre, H.; Hult, APolym. Mater. Sci. Engl997, 77, xxx. (c)
Trollsds, M.; Hedrick, J.; Dubois, P.; Jerome, R.; lhre, H.; Hult, A.
Macromoleculed997 30, 8011. (d) Malmstim, E.; Johansson, M.; Hult,
A. Macromol. Chem. Phy4.996 197, 3199.

), 6.88 (dd, 6H, Ph, J = 6.9 Hz), 7.06 (dd, 6H, Ph, J = 6.9 Hz).
13C NMR (CDCk) 6 17.66, 24.43, 25.39, 28.20, 32.20, 33.96, 46.64,
172.69, 173.35.

G-1.5(0 OH) and a General Procedure for AB Functionalization.
To a stirred solution 06-1(6 OH) (M, = 14 300 g/mol) (14.3 g, 1.00
mmol), 2 (2.01 g, 9.00 mmol), triphenylphosphine (TPP) (3.17 g, 12.1
mmol), and THF (5 mL) at room temperature was slowly added
diisopropyl azodicarboxylate (DIAD) (2.44 g, 12.1 mmol). The reaction
mixture was precipitated into cold methanol after 24 h. The filtered
product was a white crystalline powder. Yield: 14.4 g (94%). Mp:
46.3°C. H NMR (CDCl) 6 0.96 (s, 18H,—CHs), 1.30 (m, poly,
—CH,—), 1.60 (m, poly,—CH,CH,CH,—), 2.26 (t, poly,—COCH,—,
J= 6.0 Hz), 3.55-4.60 (2d, 24H~(CH,0),CHPh,J = 9.2 Hz), 4.01
(t, poly, —CH,O—, J = 5.3 Hz), 4.14 (t, 12H~CH,OCO), 4.31 (s,
12H, —CCHs(CH 0),—), 5.37 (s, 6H,—CHPh), 6.88 (dd, 6H, Ph, J



Scheme 1. Molecular Structures of the First, the Second and the Third Generation Dendrimer-like-Bayyflactone)
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Scheme 2. Synthetic Route for the Preparation of Dendrimer-like Polygprolactone)
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Figure 1. H NMR spectra for the dendrimer-like star palygaprolactone)s.

Table 1. Experimental Molecular Weights and Thermal
Transitions of the Dendrimer-like Polymers and Their Intermediates

phase-transition

temg (°C)/
Mn Mn Mw/M DP enthalpy changes
sample (NMR) (GPC) (GPC) (NMR) (kJ'mol1)
G-1(6 OH) 14300 25700 1.06 2071 49.9 (74.0)
G-1.5(0 OH) 28100 1.05 20& 46.3 (57.8)
G-1.5(12 OH) 28400 1.06 204 49.7 (54.9)
G-2(120H) 42300 88100 1.16 2(°PR1.2 55.9 (41.8)
G-2.5(0 OH) 96300 1.16 20321.2 51.8 (55.1)
G-2.5(24 OH) 99500 1.15 203213 51.7 (57.3)
G-3(240OH) 96000 158000 1.14 25?.21.33 51.9(68.1)
1.5

aDP of the first generatior. DP of the second generatiohDP of
the third gnerationd Data are from second heating scan.

= 6.8 Hz), 7.24 (dd, 6H, Ph, J = 6.8 Hz), 7.25-7.36 (m, 30H,
Ph-). 13C NMR (CDCE) 6 17.87, 24.52, 25.48, 28.30, 34.06, 42.36,

NMR (CDCls) 6 0.99 (s, 18H,—CHjg), 1.29 (m, poly,—CH,—), 1.56

(m, poly, —CH,CH,CH,—), 2.21 (t, poly,—COCH,—, J = 5.9 Hz),

3.00 (t, 12 OH,—OH), 3.61-3.81 (2d, 24H,—CH,OH, J = 5.2 Hz),

4.01 (t, poly,—CH,O—, J = 5.2 Hz), 4.06 (t, 12H~CH,OCO), 4.26

(s, 12H,—CCH;(CH:0),—), 6.84 (dd, 6H, Ph, J = 6.9 Hz),(dd, 6H,

Ph—, J = 6.9 Hz). *C NMR (CDCk) ¢ 17.13, 17.74, 24.50, 25.46,
28.14, 34.04, 46.69, 49.20, 51.60, 64.06, 64.56, 65.12, 67.68, 120.68,
129.65, 146.23, 148.61, 171.37, 172.78, 173.45, 175.77.

G-2(12 OH). G-1.5(12 OH)(M, = 15100 g/mol) (2.7 g, 0.18
mmol), e-caprolactone (4.91 g, 43.1 mmol), and a catalytic amount of
Sn(Oct) were reacted according to the general procedure for goly(
caprolactone) formation to give-2(12 OH) as a white crystalline
powder. Yield: 7.55 g (99%). Mp: 55.2C. 'H NMR (CDCk) &
1.22 (s, 18H,—CHz), 1.34 (m, poly,—CH,—), 1.57 (m, poly,—CH,-
CH,CH,—), 2.26 (t, poly,~COCH,—, J= 6.0 Hz), 3.59 (t, 24H;-CH>-

OH, J = 5.0 Hz), 4.01 (t, poly;—~CH,O—, J = 5.3 Hz), 4.17 (s, 24H,
—CCH;(CH;0),—), 4.30 (s, 12H,—CCHs(CH,0),—), 6.84 (dd, 6H,
Ph—, J= 6.8 Hz), 7.02 (dd, 6H, Ph, J= 6.8 Hz). *3C NMR (CDCk)

46.73,51.62, 64.06, 64.77, 65.14, 73.51, 101.69, 120.71, 126.17, 128.119 17.69, 24.42, 25.37, 28.20, 32.20, 33.94, 46.16, 46.65, 62.17, 63.94,
128.87, 120,67, 137.92, 146.25, 148.64, 171.39, 172.78, 173.44, 173.9564.78, 65.09, 120.62, 129.55, 172.54, 172.69, 173.30.

G-1.5(12 OH) and a General Procedure for Removal of the
Benzylidene Group. G-1.5(0 OHXM, = 15 600 g/mol) (12.0 g, 0.77
mmol) was dissolved in THF (10 mL) and diluted with EtOAc (100

G-2.5(0 OH). G-2(12 OH)(M, = 42 300 g/mol) (4.50 g, 0.11
mmol), 2 (0.40 g, 1.81 mmol), TPP (0.68 g, 2.57 mmol), and DIAD
(0.52 g, 2.57 mmol) were reacted according to the general procedure

mL) before 1.0 g of Pd/C (10%) was added. The apparatus for catalytic for AB; functionalization to giveG-2.5(0 OH) as a white crystalline

hydrogenolysis was evacuated and filled with(g). The reaction

mixture was stirred for 24 h, and the Pd/C was removed by filtration.

The filtrate was precipitated into cold MeOH. The filtered solid was
a white crystalline powder. Yield 10.0 g (86%). Mp: 49C. H

powder. Yield: 4.40 g (93%). Mp: 51.8C. 'H NMR (CDCl) 6
0.99 (s, 36H,—CHg), 1.19 (s, 18H,—CHs), 1.30 (m, poly,—CH,—),
1.61 (m, poly,—CH,CH,CH,—), 2.26 (t, poly,—COCH,—, J = 6.0
Hz), 3.58-4.63 (2d, 48H—~(CH,0),CHPh,J = 9.0 Hz), 4.01 (t, poly,



Dendrimer-like Star Polymers J. Am. Chem. Soc., Vol. 120, No. 19, 19689

O
o} [
OR
o
™

oRy
Q n-9
o N )ko o a
d J\/\/\/o 4”\/\/\/0 P o m
oh "0, ; o 4 ORs
o

Ly,
@
G-3(24 OH)
“Jl ) 1 JLJL L
G-2.5(24 OH) l
_._JR*_ ‘ 1 L_JLJL_ |
G-2.5(0 OH) l L
_JL# ¢ ll [ | 4 l o1 J 1
G-2(12 OH) UL
] L L
G-1.5(12 OH)
p 0 n q
1 o L1 W JUJ ll
G-1.5(0 OH)
_ﬁhj 1 IM ¢ LUL L T M l
G-1(6 OH)
m 1 k a
I L y N )L

] | j I ] | ] ] ]

180 160 140 120 100 80 60 40 20
PPM

Figure 2. 33C NMR spectra for the dendrimer-like star palydaprolactone)s.

—CH,0—,J=5.3Hz), 4.17 (t, 24 24H, —CCH;(CH-0),— and—CH-- Results and Discussion
OCO), 4.31 (s, 12H;-CCHs(CH,0),—), 6.91 (dd, 6H, Pk, J= 6.8
Hz), 7.03 (dd, 6H, Pk, J= 6.8 Hz), 7.27#7.39 (m, 60 H, Pk). °C In this study, a hexa hydroxy functionalized first generation

NMR (CDCl) 6 17.77, 24.44, 25.39, 28.21, 33.95, 42.26, 46.16, 46.65, 2,2-bis-(hydroxymethyl)propionic acid (bis-MPA) dendrinder
63.94, 64.64, 64.78, 65.09, 101.56, 120.63, 126.07, 127.99, 128.75,was synthesized and used as the “initiator” to generate a six-
129.57, 137.87, 172.66, 173.29, 173.83. arm star polyé-caprolactonefs-1(6 OH), Scheme 2. The hexa
G-2.5(24 OH). G-2.5(0 OH)(M, = 44 800 g/mol) (3.50 g, 0.08  hydroxy functional polymer was prepared in the melt at 110

mmol) and 0.6 g of Pd/C (10%) were regcted according to the general o.c using stannous-2-ethylhexanoate (Sn(§ct$ the catalyst.
gﬁ‘;?‘s“;e fﬁ_rt;h;;zgﬁ_‘g gt‘;thdee':er\‘(z_g'lgegezgrgu(g;’/?"’?/-Iz(zgl _ The number average molecular weight®fL(6 OH) was 14

A whi ine powder. Yiea. 3. o). MP- 5.1 300 as determined byH NMR and the molecular weight

C. "HNMR (CDCh) 0 1.03 (s, 36H,~CH), 1.20 (s, 18H~CHy), distribution as measured by size exclusion chromatography

1.31 (m, poly,—CH,—), 1.64 (m, poly,—CH,CH,CH»,—), 2.26 (t, poly, .
—CO(CHZE gz 6.8 ,_zz) 2.8(6 (t p24yH_o|z_|) 32>.652—3).90 (Zd(d 518I¥| (SEC) was 1.06. The hydroxy functional arms had an average

—CH,OH, J = 4.9 and 9.0 Hz), 4.02 (t, poly; CH,0—, J = 5.3 Hz), degree of polymerization (DP) of 20.1 (target BP20). The
4.17 (M, 24-24H, —CH,OH and—CH,0OCO), 4.32 (s, 12H;-CCHs- G-1(6 OH) was further functionalized with benzylidene pro-
(CH20),—), 6.91 (dd, 6H, Pk, J = 6.8 Hz), 7.03 (dd, 6H, Ph, J = tected bis-MPA2 to generates-1.5(0 OH) using diisopropy!

6.8 Hz). 3C NMR (CDCk) 8 17.10, 17.72, 24.46, 25.42, 28.11, 33.99, azodicarboxylate (DIAD) and triphenylphosphine (TPP) in dry
46.19, 46.67, 49.21, 64.00, 64.47, 64.84, 65.12, 67.46, 120.65, 129.60,THF. The benzylidene protecting groups were removed by
172.59, 172.74, 173.38, 175.69. hydrogenolysis to genera®-1.5(12 OH) containing 12 hy-
G-3(24 OH). G-2.5(24 OH)(M, = 43 700 g/mol) (1.50 g, 0.034  droxyl groups. This polymer was used as a “macroinitiator”
mmol), e-caprolactone (1.90 g, 16.7 mmol), and a catalytic amount of for the ring-opening polymerization efcaprolactone to give
Sn(Oct) were reacted according to the general procedure for the ihe dendrimer-like star polym&-2(12 OH). The average DP
formation of polyg-caprolactone) to giv&-3(24 OH) (M, = 98 400 of the 12 arms in the second layer @&-2(12 OH) was
g/mol) as a white crystalline powder. Yield: 3.20 g (95%). Mp: 51.9 determined to be 21.3 by NMR a value which corresponds
°C. 'H NMR (CDCl) 6 1.20 (s, 54 H,—CH3), 1.35 (m, poly, . : ;
—CHy—), 1.64 (M, poly,—CH,CH,CH,—), 2.28 (t, poly,—~COCH,—, we!l with the target value of 20. This gave a total molecular
J=6.0 HZ), 3.62 (t, 48H,—~CH,0OH, J = 5.3 HZ), 4.02 (t, p0|y, Welght for polymerG-2(12 OH) of 42 300, and the molecular
—CH,0—,J= 5.2 Hz), 4.18 (S, 72H-CCHy(CH;0),—), 4.32 (s, 12H, weight distribution as measured by SEC was 1.16. Each arm
—CCH,(CH,0),—). °C NMR (CDCk) 6 17.77, 24.51, 25.47, 28.29,  was again functionalized with a branching site to g&.5(0
32.28, 34.05, 46.24, 62.45, 64.06, 64.89, 65.18, 172.80, 173.45. OH). The functionalization was completed after 48 B-2.5-
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(0 OH) was then deprotected over 48 h to genefaid.5(24
OH) which was used as an ‘“initiator” to form the third
generation dendrimer-like star polym&-3(24 OH). The
degree of polymerization for each of the 24 arms in the third
layer was determined to be 21.5 By NMR, a value which
once again agrees well with the target value of 20. The total
number average molecular weight@®3(24 OH) as determined

by 'H NMR was calculated to be 96 000, and the molecular
weight distribution, measured by SEC, was found to be 1.14. It
should be pointed out that the only purification required after
polymerization, functionalization, and deprotection was a simple
precipitation into cold methanol.

All polymers were carefully investigated by botll NMR
and®®C NMR. The degree of polymerizations were calculated
by H NMR and are in all cases close to the target values. The
calculated values range between 20.1 and 21.5, while the target
value for all of the polymerizations was 20. It can thus be
concluded that the assumptions made to calculate these values
are valid and that eq 1 is correct. Figure 1 shows!théIMR
of all polymers and their intermediates after only one precipita-
tion into methanol. One may conclude that the polymers are
satisfactorily pure materials. A more thorough interpretation
of these spectra reveals more details about the complexities of
these structures. All the spectra show four large peaks that
originate from the repeating units efcaprolactoneA—D). In
addition, the spectrum d@B-1(6 OH) shows one peak assigned
to the chain endsaj and two small peaks from the initiatdo,(
¢). Upon transformation of the chain ends from alcohols into
esters, the peak shifts and five new peaks appedy € €, f,
andg) originating from the protected bis-MPA. Deprotection
of G-1.5(0 OH) removes thd and theg peaks derived from
the benzylidene part of the protected bis-MPA and shiftsethe
(—CHay— in bis-MPA) andd (—CHgz in bis-MPA) resonances.

In addition, a new peak appears around 3.1 ppm originating
from the —OH protons. The use 06-1.5(12 OH) as the
“initiator” to form G-2 upon polymerization merges tlegpeaks
into a singlet which corresponds to thepeak inG-1 originating
from the “initiator”. In addition, thed peak shifts again and a
new peakj appears which arises from the chain ends and
corresponds to the peak ofG-1. The peak detected at around
3.5 ppm originates from MeOH which was used as the
precipitation solvent. Functionalization GF2 generate&-2.5-

(0 OH) which shifts thej peak quantitatively, and five new
peaks appear corresponding to the peaks-ih5(12 OH) The
deprotection to fornG-2.5(24 OH) as well as the polymeri-
zation to formG-3 generate spectra which correspon@td..5-

(12 OH) andG-2, respectively. ThéH NMRs show that the
functionalization and deprotection steps are quantitative. They
also show that the polymerization is controllable; however, it
is not clear from théH NMR whether all the hydroxyl groups
have initiated the polymerization or not.

Figure 2 shows th&C NMR of all of the polymers and their
intermediates. All spectra were recorded in Ch@ing 16 384
scans to ensure that all desired carbons were detected. The
spectra show the same trends observed intheNMR but
requires a thorough analysis to demonstrate that the polymers
formed and their intermediates have the suggested structures.
All the spectra show the CDgpeaks and six major resonances
from the repeating units of-CL. In addition, G-1(6 OH)
displays nine smaller peaka=j) derived from the initiator and
three peaksk(—m) that arise from the chain ends. Quantitative
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functionalization ofG-1(6 OH) shifts the peaksk(andl) that Figure 3. 13C NMR spectra showing the quaternary carbon region of
originate from the-OH chain ends. In addition, one new peak the different bis-MPA units in the dendrimer-like starpolymers. The
(n) appears in the quarternary region 40 ppm), oned) in origin of a, b, andc are show in Scheme 1.
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Figure 4. Size exclusion chromatography (SEC) of the three polymers
G-1(6 OH), G-2(12 OH), andG-3(24 OH).

the ether/alcohol region (6680 ppm), and one in the methine
region (106-110 ppm). Five new peaks also appear in the
aromatic region (126160 ppm) and one new pegkappears

in the carbonyl region (170180 ppm). All these new peaks
are derived from the benzylidene protected bis-MPA. The
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Figure 4 shows the SEC-chromatograms for the three
polymers G-1(6 OH), G-2(12 OH), and G-3(24 OH) as
obtained after one precipitation into cold methanol. The SEC
data do not exclude that some transesterification which is often
observed in stannous-2-ethylhexanoate catalyzed polymeriza-
tions has occurretf, but these data clearly indicate that
transesterification side reactions are minimal or absent. In
addition, it should be mentioned that no homopolymer formation
could be detected in any of the three polymerization steps,
provided the initiating species were properly dried. It can be
concluded from the results of tA8C NMR studies in combina-
tion with 'H NMR and SEC data that the novel polym&sl(6
OH), G-2(12 OH), andG-3(24 OH) have highly branched and
controlled molecular structures which correspond very well to
the idealized structures in Scheme 1.

The dendrimer-like polymers and their intermediates are
semicrystalline as measured by DSC. The calorimetry data for
the polymers are given in Table 1. The ability to form
semicrystalline morphologies group these materials with only
a small set of dendrimers and hyperbranched polymers which
have been reported liquid crystalltdé717or partially crystal-
line either intrinsically"® or after functionalization with long
chain alkyl groupg5418 A more thorough discussion of these

methine peak and the new aromatic signals disappear quanti‘esults will be reported separately. It should be mentioned, that

tatively upon deprotection o&-1.5(0 OH). The other three
new peaksr{—p) are shifted inG-1.5(12 OH) Furthermore,
thea peak splits into two peaksa@ndq) representing the-CHs
carbon of the bis-MPA in the core and the€CH; carbon of the
deprotected bis-MPA, respectively. Upon polymerization to
form G-2 the a and theq peaks merge into one. In addition,
the two peaksr( and o) derived from the quaternary carbon
and the—CH,— of the bis-MPA, respectively, are quantitatively

amorphous dendrimer-like star polymers have been prepared
by replacing one or more of the pody¢aprolactone) layers with
layers of other polymerized monomers, emL-lactides.

Conclusion

A new type of molecular architecture, denoted as dendrimer-
like star polymers, has been synthesized. These dendrimer-
like star polymers offer an attractive synthetic route to well

shifted. Furthermore, a few peaks disappear, due to their low defined, highly branched, and functional polymers of high

concentrations. Iterative functionalizatiorG-.5(0 OH)),
deprotectionG-2.5(12 OH) and polymerization®-3(24 OH))

molecular weight. In addition, the “solid phase” synthesis pro-
vides a convenient and time efficient route for the preparation

reveal new peaks that all correspond to the peaks of the earlierof these complex structures. Furthermore, the synthetic strategy

generations.
The 13C NMR spectra show, as tH¢d NMR spectra did,

described allows the preparation of architectures with significant
variation in polymer morphology by simply varying either the

that the functionalization and deprotection steps are quantitative.degree of polymerization in the different generations or by

In contrast to théH NMR spectra, thé3C NMR show that the
polymerization reactions have been quantitatively “initiated”
from all the hydroxyl groups. The quaternary carbon in the
bis-MPA as revealed b{C NMR studies has been shown to
be a very effective tool in determining whether the structures
are mono-, di-, or unsubstitutéef¢ Figure 3 shows the
expanded quaternary region of tH€ NMR spectra ofG-1(6
OH), G-2(12 OH), and G-3(24 OH) and their intermediates
within the sensitivity of NMR detectionG-1(6 OH) displays
only one peala in that region indicating that all hydroxyl groups
have “initiated” the polymerization. After functionalization a
second pealb appears which shifts upon deprotection and
polymerization. The two peaks (@ndb) in the quaternary
region of the spectrum dB-2(12 OH) indicate that even the
second polymerization has been “initiated” by all the hydroxyl
groups. After the second functionalization a third peek,

replacing one of the dendrimer-like layers with an alternative
monomer. For instance, thermoplastic elastomers can be
prepared by replacing one of tlecaprolactone layers with a
D,L-lactide layer.
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