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ABSTRACT: Poly(lactic-co-glycolic acid) (PLGA) is used in vivofor various biomedical applications. Due to its biodegradability and biocom-
patibility, PLGA is uniquely suited for controlled drug delivery with parenteral administration. Previously, we have established the synthesis of

isotactic, alternating PLGA from enantiopure starting materials. Here, to fill in the gap of the current field, we have developed the synthesis of

syndioenriched, alternating PLGA from racemic methyl-glycolide (racMeG). The synthesis of alternating PLGA is accomplished by a highly

regioselective ring-opening polymerization of zacMeG with an optimized racemic aluminum catalyst. Mechanistic studies are carried out to

elucidate the pairing-enhanced catalyst regio- and stereocontrol. Polymer sequence fidelity has been established by NMR investigations, con-

firming a high degree of alternation of comonomer sequence and moderate syndiotacticity within the backbone stereoconfiguration. The re-

sulting syndioenriched material is amorphous, which will facilitate drug complexation behavior.

Introduction

Polymers are an integral component for various biomedical appli-
cations including drug delivery, tissue engineering, and implants."*
In the field of controlled drug delivery, non-degradable polymers
like polyacrylates, cellulose, and polyethylene glycol are compatible
with oral and topical administration,*” whereas degradable poly(lac-
tic-co-glycolic acid) (PLGA) is an ideal candidate for parenteral
controlled release.'*> Of all biopolymers, PLGA is distinct for its su-
perior biocompatible nature and highly tunable biodegradability."
The mechanism of this chemically controlled drug delivery process
is that an active pharmaceutical ingredient (API) is mixed in the pol-
ymer matrix, and the slow diffusion and polymer degradation inn vivo
results in the gradual release of the APL."

PLGA with an alternating sequence (Scheme 1) has demon-
strated enhanced control of the degradation rate, and thus drug re-
lease kinetics, compared to PLGA with a random sequence.”*"” Ran-
dom PLGA generally exhibits drug release kinetics that are largely
uncontrolled, demonstrating initial rapid degradation followed by
late stage slow degradation.”® In comparison, alternating PLGA re-
sults in linear, constant, and programmable degradation.' This is be-
cause the evenly distributed lactic (L) and glycolic (G) units make
the hydrolytic attack a similar rate along the polyester backbone,
with the absence of the faster hydrolyzing G—G linkages, or slower
hydrolyzing L-L linkages throughout the whole degradation pro-
cess."”"” One common drawback in the controlled delivery system
with random PLGA is the initial burst release, resulting in an unnec-
essarily high or even toxic level of drug concentration.” In fact, the
alternating PLGA may reduce the unpreferred initial burst release

and enable the fine-tuning of API release kinetics.'**

It is desirable to not only produce PLGA that is alternating in se-
quence but also amorphous in nature.”* Semicrystalline PLGA is pre-
ferred for biomedical uses that require mechanical strength, while
amorphous PLGA chains can be more flexible and better complex

drug molecules (Scheme 1, top right).'*>** The uniform degrada-
tion of alternating PLGA and homogeneous drug dispersion of
amorphous PLGA combined, can become a great candidate for con-
trolled drug delivery.”

Tacticity is another consideration for polymer crystallinity. PLGA
may have isotactic, syndiotactic, and atactic microstructures, de-
pending on the starting material chirality and the reaction stereose-
lectivity. The FDA has only approved applications containing PLGA
that is derived from glycolide and racemic lactide comonomers for

Scheme 1. The synthesis of alternating PLGA with racemic and
enantiopure monomers to synthesize materials for drug com-
plexation
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in vivouse as drug excipients.'”* This is because the isotactic PLGA
made with enantiopure lactide is often semicrystalline or becomes
semicrystalline during degradation."*”? While syndiotactic and
atactic PLGA both remain amorphous, it has been reported that the
syndiotactic PLGA has the lowest 73, as compared to atactic and iso-
tactic PLGA with the same composition.*®

The synthesis of alternating PLGA has only been reported via a
few methods (Scheme 1, top left). The Meyer and Tsuji groups have
reported the step-growth segmer assembly polymerization (SAP) of
LG or GL segmers to precisely pre-install the alternating sequence
within the monomer.***> However, this method is uncontrolled and
suffers from epimerization and scrambling up to 5%.% Alternatively,
several groups have independently introduced regioselective ring-
opening polymerization (ROP) of methyl-glycolide to achieve the
alternating polymer sequence via a chain-growth mechanism
(Scheme 1, top middle).***” The regioselectivity can be tuned from
85% to 98% with different catalysts.

However, the controlled polymerization of methyl-glycolide to al-
ternating PLGA with relatively high regioselectivities so far has only
been demonstrated with enantiopure monomers. The resulting iso-
tactic PZLGA polymer exhibits some extent of crystallinity, which
can be desirable for application as biodegradable implants. In 2019,
the Tsuji group initially showed the melting behavior of isotactic al-
ternating PLGA, although the 7:, was only present in the first differ-
ential scanning calorimetry (DSC) heating cycle.> In our previous
report, the melting point increased with higher regioregularity, iso-
tacticity, and molecular weight, with a 7. on first heat around 97
°C.* It was also reported that PZLGA formed a stereocomplex when
mixed with its opposite configuration PDLGA to further increase 7

32,34

and crystallinity.

The synthesis of highly alternating PLGA with amorphous mor-
phology remains unexplored. Therefore, we were interested in the
synthesis of amorphous, alternating PLGA from racemic methyl-

glycolide (racMeG), to fill in the gap of the current field (Scheme 1,
bottom). The motivation was to minimize polymer crystallinity and
to potentially provide another promising candidate for controlled
drug delivery. We hypothesized that our previous method of attain-
ing alternating PLZLGA with (.5)-MeG could be adapted to rac-MeG.
Salen-Al catalysts in general are well studied for ring-opening
polymerizations.*® Especially, chiral ligands can facilitate stereose-
lective catalysis.”” However, the chiral N,N-bis(salicylidene)-1,1’-
binaphthyl-2,2’-diamine (SalBinam) ligand was less studied, albeit
with excellent stereoselectivity in both small molecule transfor-
mations and polymerizations.*”* After catalyst optimization, we
found a substituted racemic (SalBinam)AIO™Pr catalyst could both
ensure high regioselectivity by the exclusive ring-opening at the gly-
colyl site (Scheme 1, site B) and afford an amorphous syndiotactic-
enriched polymer. The reaction conditions are mild and the
polymerization proceeds in a controlled and living manner to target
different molecular weights.

Results and Discussion

Previously, we were able to utilize the chirality mismatch strategy
to perform the regioselective ring-opening polymerization of enan-
tiopure ($)-MeG (regioselectivity = 98%).** The (R)-(Sal-
Binam)AIOPr catalyst was chirality-mismatched with the (.$)-lactyl
site, which prevented the ring-opening from the (8)-lactyl site.”*
However, when we moved from (5)-MeG to rac-MeG, the previous
strategy no longer applied. Using this R catalyst on rac-MeG, the re-
gioselectivity was reduced to 86% (Table 1, entry 1). Since there was
always a 50:50 mixture of matched and mismatched catalyst-mono-
mer pairs, ring-opening no longer occurred exclusively at the glycolyl
site. Nevertheless, the high initial regioselectivity prompted us to
modify the catalyst by adding ortho- and para-substituents to the
phenol rings on the ligand and to investigate their effect on regiose-
lectivity. We first began by altering catalyst electronics at the para-
position of the phenol. However, changing the para-substitution

Table 1. Catalyst screening for regioselectivity and syndiotacticity optimization

(R',R%-SalBinam)AIOPr

DCM, 0.5 M, 35 °C

o
entry” Binam R R? time conv.  Mtheo
chirality (h) (%)?  (kDa)
1 R H H 23 91 11.9
2 R H OMe 22 89 11.6
3 R Me Me 24 75 9.8
4 R Bu Bu 25 9 1.1
S rac H H 23 91 11.8
6 rac Me H 22 92 11.9
7 rac Cl Cl 24 59 7.7
8 rac Ph H 20 91 11.8
9 rac Br Bu 20 96 12.5
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M cre B regioselectivity [mm]:[mr/rm]:[rr]¢ P
(kDa)* (%)*
15.7 1.0 86 26:50:24 0.49
14.2 1.06 86 27:49:24 0.49
11.9 1.04 92 24:47:29 0.54
1.9 1.10 n.d. n.d.c n.d.c
15.7 1.0 90 17:49:34 0.58
15.6 1.0 94 12:45:43 0.66
16.6 1.06 95 3:31:66 0.81
13.5 1.06 96 12:47:41 0.64
16.5 1.0 97 6:43:51 0.71

"[MeG]:[cat.] = 100:1. [MeG]o = 0.5 M. *Determined by 'H NMR analysis. “Determined by GPC in THF, calibrated with polystyrene standards. ¢
Determined by *C NMR analysis. “Not determined due to low molecular weight.



from H to a more electron-donating OMe group on the ligand had
no effect on regioselectivity (Table 1, entry 2). As a result, we started
to focus on altering the steric bulk at the ortho-position.

We hypothesized that altering the ortho group would change the
steric environment during the coordination between the catalyst and
incoming monomer, thereby impacting the regioselectivity. By
switching the ortho group from H to a bulkier Me, the regioselectiv-
ity increased from 86% to 92% (Table 1, entry 3). Following this
trend, we sought to further increase the steric bulk at the ortho posi-
tion. Instead, changing the ortho-substituent to an even bulkier ‘Bu
group dropped the reactivity significantly, yielding low molecular
weight oligomers, which were challenging to characterize (Table 1,
entry 4). These initial results suggest that the size of the ortho sub-
stituent may be tuned to optimize the regioselectivity, as long as it is
not too large to inhibit polymerization.

We also observed that changing the catalyst backbone Binam chi-
rality from R to racemic caused a consistent increase in regioselec-
tivity (Table 1, entries 1, 3, 5 and 6). With the more selective racemic
backbone, additional ortho-substituted catalysts were tried, of which
the ortho-Br catalyst presented the highest regioselectivity (Table 1,
entries 5-9 and Table S1). The regioselectivity increased with the
steric environment change from H, Me, CI, Ph, to Br substituent
groups.* These results indicated that both too large or too small of
an ortho substituent might reduce regioselectivity and that bromo
had the optimized steric environment for the highest regioselectiv-
ity. The integrated steric effect, considering both substituent group
size and distance to the ortho-carbon, needed to be experimentally
determined. It is worth mentioning that the para-Bu group helped
to increase the solubility and reactivity of the catalyst, whereas a rel-
ative electron withdrawing group, like Cl or NO,, led to lower con-
version or less efficient initiation (Table 1, entries 7 and 9, and Table
S1, entry 2). This reaction was compatible with an alcohol chain
transfer agent (CTA) to target a wide range of molecular weights or
to install different chain ends, with similarly high regioselectivity
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(Table S1, entry 15). High molecular weight up to 34 kDa was also
achieved with a high monomer loading (Table S1, entry 16). Large
scale process development was accomplished and is described in
supporting information (section 3.4). Interestingly, besides regiose-
lectivity, we also observed syndioselectivity when we employed ra-
cemic monomer and racemic catalyst. The di-Cl catalyst exhibited
the highest syndiotacticity, with a 2 of 0.81 (Table 1, entry 7), which
will be described in detail in the mechanism later.

The NMR of the alternating PLGA polymer exhibits different
peak patterns depending on the tacticity. When made from ()-
MegG, the resulting polymer is isotactic PZLGA, showing two meth-
ylene doublets between 4.6-4.9 ppm (Figure 1A). When made from
rac-MeG, the resulting polymer demonstrates a syndiotactic-en-
riched pattern. The syndiotactic methylene doublets (s, 4.70 ppm
and 4.82 ppm) have a different chemical shift from the isotactic
methylene doublets (4 4.64 ppm and 4.88 ppm).” The integration
of speaks is larger than that of /peaks as a result of being a syndioen-
riched polymer, which can also be confirmed with *C NMR integra-
tion (Figure S5). With the unsubstituted R catalyst, the polymeriza-
tion achieves only moderate regioselectivity and thus moderately al-
ternating PLGA. The extra peaks around 4.75-4.80 ppm and the
low-intensity peaks around the baseline indicate the regiodefect.

In order to calculate the regioselectivity, we decided to start from
the most sensitive 'H NMR methylene region, using band-selective
heteronuclear single quantum coherence (HSQC) experiment (Fig-
ure 1B) and heteronuclear multiple bond correlation (HMBC) ex-
periment (Figure S62). Based on the three-bond correlation in
HMBC and one-bond correlation in HSQC (Figure S8), we were
able to assign the middle peaks (in red frame of Figure 1B) as the
methylene peaks with regio-inversed sequence (red G). The chemi-
cal shifts of the two neighboring CH. (blue G and green G), though
in the correct sequence, are also affected by the inversed sequence.
There forms three sets of minor CH: (red, blue, green G) with one
regio-inversed insertion (red G), the integration of which are in a
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Figure 1. A) "H NMR spectra of alternating PLGA with different microstructures. n: CHa between two lactic units with the same stereocon-
figuration; r: CH, between two lactic units with opposite stereoconfiguration. B) Band selective HSQC on the CH. region of atactic moderately
alternating PLGA with regiodefect assignments and regioselectivity calculation.



1:1:1 ratio. Their chemical shifts can be assigned from HSQC ac-
cordingly. It is noteworthy that the green G splits into four doublets
because there are two adjacent methyl groups next to the green CH,,
resulting in the isotactic (4 4.64 ppm and 4.87 ppm) and syndiotac-
tic (5, 4.69 ppm and 4.82 ppm) environment. The red G and blue G
do not have two adjacent methyl on two sides and are not sensitive
enough to feel the further distant tacticity difference, so they only
split into two doublets. The red CH. manifests as two doublets very
close in chemical shifts, which experience a slight roofing effect that
increases the middle peaks intensity. Once we have fully assigned the
peaks in the CH. region, the regioselectivity can be calculated by the
integration of the blue G on *C NMR (blue frame), or the integra-
tion of the red G on 'H NMR (red frame) (Figures S9-11). Since
BC NMR is not as sensitive as '"H NMR, it becomes less accurate to
calculate high regioselectivity samples with a lower signal-to-noise
ratio. We therefore opted to use integration based on the "H NMR
red G to calculate regioselectivities. The integration of the middle
two peaks gives half of the regiodefect CH: integration. The regiose-
lectivity can then be calculated by comparing the defect CH. inte-
gration and the whole CH, region integration.

Intrigued by the effect of both substituent groups and catalyst chi-
rality on regioselectivity, we pursued model studies of ($)- and rac-
MeG, using R, S, and racemic catalysts with (H, H) and (Br, ‘Bu)
ligands (Table 2). The R catalyst paired with (5)-MeG demon-
strates the high regioselectivity (high regio%) pair. Likewise, S cata-
lyst and ($)-MeG produces the low regioselectivity (low regio%)
pair. When (R)-(H, H) catalyst reacts with rac-MeG, there is a 50:50
mixture of high regio% pair and low regio% pair, and thus the result-
ing regioselectivity (86%) is roughly a number average of high re-
gio% (98%) and low regio% (78%) (Table 2, entries 1-3). This av-
eraged regio% trend is an intrinsic chirality-resulted selectivity,
which is once again observed with the (Br, ‘Bu) catalyst (Table 2,
entries 5-7). Moreover, the obvious advance with the (Br, Bu) cat-
alystis an increase in regioselectivity of the low regio% pair from 78%
to 92%, which largely increases the overall performance in the reac-
tion with rac-MeG (Figures 2A, S6, and S7). We attribute the in-
crease of regioselectivity with (Br, ‘Bu) catalyst mainly to the steric
hindrance created by the ortho-Br substituent. The steric hindrance
further reduces the chirality-matched ring-opening at the unpre-
ferred lactyl site (Figure 2A, site C), thus increasing the overall regi-
oselectivity at the glycolyl site (Figure 2A, sites B and D).
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DCM, 0.5 M, 35°C

E?

entry” MeG Binam R' R? regioselectivity
chirality  chirality (%)*
1 S R H H 98
2 S S H H 78
3 rac R H H 86
4 rac rac H H 90
S S R Br Bu 98
6 S S Br Bu 92
7 rac R Br Bu 95
8 rac rac Br Bu 97

1[MeG]:[cat.] = 100:1. [MeGJo = 0.5 M. ®Determined by 'H NMR analy-
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For both ligands, the reactions with rac-MeG both show an in-
creased regioselectivity changing from the R catalyst to racemic cat-
alyst (Table 2, entries 3,4, 7,and 8). Now in the mixture of two mon-
omers (Rand ) and two catalysts (Rand ), the cross combination
can result in an even more complicated regioselectivity result. Since
both the catalysts and monomers are mirror images of each other,
we can simplify the combination to high regio% pair, low regio%
pair, and the pair ratio between these two.

In the system with R catalyst and rac-MeG, there is always 50:50
Rand Smonomers; therefore, upon full monomer conversion, there
is always a 50:50 pair ratio of high regio% pair (R catalyst with §
monomer) and low regio% pair (R catalyst with R monomer) (Fig-
ure 2B, left). In the system with racemic catalyst and rac-MeG, the
pair ratio is dependent on the chiral catalyst enantioselectivity pref-
erence. Kinetic resolution experiments reveal that R catalyst prefers
S monomer over R monomer in a 3:1 ratio (&« = 3) with the (Br,
‘Bu) catalyst, and 2:1 with the (H, H) catalyst (& = 2) (Figures
§12-15). It is fortunate that the stereochemically preferred mono-
mer is indeed the high regio% monomer. Therefore, the rac-(Br,
‘Bu) catalyst system has a higher pair ratio (75:25) than the R

rac cat. + rac-MeG:

®high% : Olow% =

+ olow% x

Figure 2. Optimization of catalyst ligand (A) and catalyst backbone chirality (B) to increase regioselectivity.



catalyst system (50:50) (Figure 2B, right). As a higher pair ratio cor-
responds to more ring-opening of the high regio% pair, higher regi-
oselectivity is achieved with the racemic catalyst. The overall regi-
oselectivity is now the weighted average of the high regio% pair and
low regio% pair, considering the 4 as the pair ratio (Figure 2B, bot-
tom). Here, we observe a pairing-enhanced regioselectivity. With
both enantiomers of catalyst and monomer in one pot, the monomer
reservoir is always a racemic mixture. Each catalyst can always find
its kinetically preferred high regio% monomer, rather than consum-
ing the unpreferred low regio% monomer. The regioselectivity
therefore remains constantly high throughout the entire reaction
time. Notably, the second advance with the (Br, ‘Bu) catalyst is that
by increasing k., it increases the favored pair ratio and boosts the
pairing-enhanced effect, subsequently increasing regioselectivity.

The overall high regioselectivity can be attributed to both the lig-
and-enhanced effect and the pairing-enhanced effect. The chain
propagation with racMeG involves two steps: (1) selection of an
R/ S monomer (stereoselective); (2) selection of a G/L site (regi-
oselective). Both steps can make a difference on overall regioselec-
tivity. Step 1 monomer selection is influenced by the catalyst-mon-
omer pair ratio, which increases the regioselectivity with the use of
racemic catalyst and high 4 ligand. Step 2 site selection is intrinsic
to the ligand structure. Introduction of the ortho-Br substituent cre-
ates an appropriate steric effect that reduces the unpreferred ring-
opening.

We also observed a syndiotacticity increase during the initial regi-
oselectivity optimization, but only with racemic catalyst (Table 1,
entries 5-9). In the case of R catalyst with rac-MeG, a single catalyst
species initiates a polymer chain and the two monomer enantiomers
join during the propagation. However, the kinetic resolution 4 is
not large enough to build much isotacticity. In the case of rac-(Br,
‘Bu) catalyst with rac-MeG, two catalyst species (Rand S) will both
initiate and consume their preferred monomer in a 3:1 ratio. Never-
theless, the ring-opening of the preferred monomer will lead to an
unstable coordination in which the catalytic center and ring-opened
chain end have opposite configurations (Scheme 2). As the Sring-
opened chain end is unstable with the R catalytic center, polymer ex-
change with the § catalytic center will occur to form a more stable
coordination between § chain end and § catalyst. The new S-chain
with the Scatalyst will incorporate the next monomer with a 3:1 pref-
erence on the (R)-MeG, which leads to the syndiotactic nature of
the polymer. This polymer exchange towards the more stable chain
ends was also reported in the meso-LA regioselective ring-opening
Scheme 2. Ring-opening mechanism for the origin of syndiotacticity

polymerization to form heterotactic PLA.* Since the & is not sub-
stantially high, the polymer is only syndiotactic-enriched. Both pol-
ymer exchange and kinetic resolution need to be involved to build
this unconventional syndiotacticity. Again, we observe this pairing-
enhanced syndioselectivity, which requires the involvement of both
enantiomers of the catalyst and monomer in pairs.

Although with high stereo- and regioregularity, all of these alter-
nating PLGA samples remain amorphous, with no melting peak ob-
served even on the first heat. The DSC has shown that the polymers
have a glass transition temperature in a range of 44-48 °C (Table S2
and Figures $16-19). High regioselectivity tends to give a higher 7,
whereas high syndiotacticity leads to lower 7;. Furthermore, the al-
ternating monomer sequence prevents the aggregation of L units or
G units, which helps reduce the potential crystallinity that is una-
voidable with the conventional method of copolymerizing lactide
and glycolide.”” As a result, we expect that the amorphous nature of
the polymer and its highly alternating L/G microstructure will be
beneficial for polymer—drug complexation and controlled drug de-
livery purposes.

Conclusions

In this work, we were able to synthesize alternating PLGA from
racemic monomer and racemic catalyst to avoid polymer crystallin-
ity. We investigated the steric effect of ortho substituents, electronic
effect of para substituents, and pairing-enhanced effect of the race-
mic catalyst backbone. With the optimized catalyst, the polymer has
near-perfect alternating L and G sequence and decently high syndi-
otacticity. We identified the origins of a pairing-enhanced regiose-
lectivity and syndioselectivity with mechanistic studies. Compared
to previous work, we were able to expand the scope of alternating
PLGA from isotactic to syndiotactic, with a controlled chain-growth
ring-opening polymerization method. This alternating PLGA made
with racemic monomer remains amorphous, which is a good candi-
date for controlled drug delivery with homogeneous drug disper-
sion.

Future work will investigate the relationship between regioselec-
tivity, tacticity, and polymer properties. The degradation study of
this alternating PLGA with different molecular weights and tacticity
is ongoing. We are also interested in studying detailed mechanisms
of the polymer exchange process, the steric effect of ortho-substitu-
tion, and the regioselective mechanism with DFT calculations. Cat-
alyst development for more isoselective or syndioselective polymer-
ization from the racemic mixture is intriguing to us. With the
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excellent stereoselectivity of this chiral SalBinam catalyst, we would
like to extend the monomer scope to other lactones as well.
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