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FIG.17B
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FIG. 17C
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FIG. 33
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FIG. 37
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FIG. 48
k; k>
D+C _ 1 _— P+C
k4 ko
+
A
D =Donor C=Catalyst I=Intermediate A = Acceptor P = Product
diP]
—r = kal111A] = K [PI[C]
dii]
5t = D] = k1] = ko {THA] + k2 [P[C]
Assume steady state,
d[f] _
dt
Therefore,
] = k{D}[C} + k_,[P]{C]
k_1 + ky[A]
Since k_, =~ 0,
d{P]
— =k, [I}{A
= = kol1](4]
o = alolic]
k_y + k,[A]}

Substitute [/] into rate equation,
d[P]  kik;[D][C][A]
dt — k_q + ky[A)
For tixed donor and acceptor concentration,

e k1

dt kqko[D{A}
1 kiko|Di{A
where k = o thglA]

For fixed donor and catalyst concentration,
dlp]  k"[4]
dt  k_; + k[A]

where k= ki k,[D]{C]
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Cartesian coordinate

R_PY
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E(RB3LYP) =-3205.781567 A.U.
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3.269275
0.222568
-0.728504
0.559128
0.246037
0.096501
1.645070
2.051081
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4.147442
3.414612
2.481254
3.580265
4.702108
4.154747
3.451550
4.958946
3.912018
2.968309
5.411953
5.242449
1.650944
2.592761
2.632948
3.399128
2.676809
4.050844
4.002588
3.708084
4.097540
4.146036
3.801244
3.422824
3.379777
3.655572
4.353543
3.822274
3.142570
0.870337
1.005998
-0.504016
-0.827881
-1.154871
-0.587301
4.444885
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P.P._Pyridine

Charge = 1
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-3.870530
-2.660633
-2.189057
-3.365879
-3.640692
-1.807475
-4.765690
-4.028989
-3.064117
-4.232135
-2.800661
-4.525641
-1.230917
-2.229592
-2.986489
-1.8990378
-2.372762
-1.030785
-1.860258
1.572925
2.828676
3.405759
2.703447
1.453109
0.885017
1.098192
3.336675
3.110720
0.883305
-3.250482
-3.378996
-2.852456
-2.697791
-1.941063
-3.689622
4.381066

Multiplicity = 1
E(RB3LYP) =-749.581689 A.U.

0.739542
0.040344
0.710469
2.751078
2.257309
0.078033
0.498941
0.354954
3.798323
2611828
2.518573
2775177
0.342825
2.043806
-1.322379
-2.301681
-3.265374
-2.092770
-2.323500
-1.253546
-1.277656
-0.066887
1.1156253
1.035796
-0.123190
-2.181772
-2.222856
2.081270
1.940267
0.081728
-0.828706
0.057015
1.092985
-0.530584
-0.378341
-0.044923
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4.458652
3.845857
2.541629
3.057606
4.465847
4.534291
3.872454
5.470139
3.029713
2.402188
5.120919
4.850162
2.159945
2.4500562
3.528731
3.885473
3.545084
3.400001
4.972479
0.976549
0.367203
-0.019891
0.220561
0.836746
1.212223
1.289003
0.203253
-0.060965
1.038472
1.487456
1.876640
0.071358
-0.223977
-0.045306
-0.474093
-0.497414
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R_Phenanthroline
Charge =0

Muttiplicity = 1
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E(RB3LYP) = -3528.131672 A.U.
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-3.993558
-2.569535
-1.958005
-3.436644
-4.043595
-0.902486
-1.913404
-4.651604
-4.330500
-3.317745
-4.051955
-3.493841
-5.078536
-2.100055
-2.572927
-1.283959
-1.444944
-0.778460
-0.643028
-2.805047
1.714344
2.970910
4.080702
3.8926853
1.530963
5.071582
0.823998
3.050089
2.611964
3.566797
5.045565
4.872493
6.034435
5.720335
2427172
3.359376
1.022254
2.082447
4.209556
0.003282
1.884973
1.180580

1.500050
1.137649
0.072863
0.676151
1.817929
-0.125992
2.015235
0.654809
2.355153
0.933174
-0.229480
2.744299
1.971915
0.350633
0.781270
0.585559
0.438945
-0.298565
1.465185
-1.765816
2.940687
3.567448
2772231
1.368636
1.628708
3.206541
3.545925
4.648305
0.835820
-1.438132
0.493954
-0.8556385
0.933174
-1.515626
-0.609197
-2.834547
-2.437342
-3.341283
-3.491266
-2.802317
-4.406934
-1.122825

0.470229
0.879646
-0.050844
-1.834739
-1.030854
0.130853
0.733408
0.703013
1.065414
-2.889613
-1.760809
-1.240905
-1.358092
-1.385021
2.247415
2.825891
3.896946
2.419823
2.672583
0.398445
0.211854
0.082207
-0.120422
-0.194964
0.149740
-0.225356
0.373971
0.142821
-0.054473
-0.352504
-0.409042
-0.483967
-0.511232
-0.647084
-0.137590
-0.434978
-0.087463
-0.303166
-0.601170
0.022860
-0.362760
-0.003998
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FIG. 491
TS1_Phenanthroline
Charge =0  Multiplicity = 1
E(RB3LYP) =-3529.084393 A.U.
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~

-4.832837
-4.303745
-2.122037
-2.599154
-3.723997
-4.108011
-4.962598
-5.247817
-5.658730
-1.108411
-3.036928
-3.326255
-4.104714
-3.002586
-1.460566
-1.664216
-2.045852
-2.354892
-0.688564
-0.263071
-1.431935
-2.633262
-2.655467
-1.579505
-3.547830
-1.366314
-0.358111
2.092672
1.000322
2.131222
1.028773
3.084715
-3.585596
0.864090
1.9156529
3.258025
3.174125
1.810356
4.210041
4.049257
0.807330
-1.509336

-1.136532
-0.769552
-0.282629
-0.723233
-1.763530
-1.663546
-0.090317
-0.254187
-1.842705
-0.506712
0.157551
-2.665176
-2.017156
-0.081185
-1.145939
-1.224333
-0.273438
-2.031828
~1.433368
3.520834
4.313269
3.773092
2.422931
1.647940
4.355343
5.346314
2.167247
1.960155
4.059662
3.302978
5.087483
3.710742
1.949036
1.385193
-0.567230
1.165428
-0.105738
-1.553311
1.572092
-0.740782
0.150323
-3.098709

-0.140803
-1.514306
-0.532137
0.843558
0.711842
-2.112895
-2.058418
0.363888
-0.284324
-0.837674
1.342279
0.236734
1.705850
-1.490781
1.567035
2.972681
3.375875
3.248503
3.417941
0.601485
0.617952
0.208256
-0.167697
-0.171724
0.186540
0.947825
0.156693
0.479007
1.019385
0.979323
1.369350
1.303531
-0.467952
0.043225
-0.504471
0.375887
-0.153823
-1.040913
0.709375
-0.246443
~-0.501538
-1.937457
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FIG. 49J
Early-Int_Phenanthroline
Charge =0  Multiplicity = 1
E(RB3LYP) = -3529.117038 A.U.
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3.413047
2.730066
0.621486
1.163775
2.637886
2.778037
3.163791
3.480130
4.436301
0.632982
1.092668
2.690083
3.079820
1.336241
0.326505
0.5666309
0.537703
1.528206
-0.235231
-3.213101
-3.310406
-2.171879
-0.941174
-0.816108
-2.206728
-4.295584
-1.930940
-3.118578
-4.417531
-4.374520
-5.362310
-5.285944
-0.012150
-1.888026
-0.670384
-3.053118
-1.832211
0.328258
-3.977120
-1.753229
-0.709938
2.966011

-1.615412
-1.289559
-1.036414
-1.413635
-0.984231
-0.211542
-1.839863
-2.704501
-1.223479
0.042238
-2.507866
0.108903
-1.286894
-1.705391
-0.773834
-1.155354
-2.249383
-0.780345
-0.713082
-1.298790
-2.702530
-3.475019
-2.834135
-1.496803
-4.554814
-3.1569589
-0.666277
1.514077
-0.523148
0.833649
-1.066986
1.421191
-3.384695
0.793759
2.763919
2.928412
3.560297
3.192543
3.496562
4.642633
1.442268
2.4690945

0.157217
-1.165587
-0.116946

1.273045

1.326668
-1.364888
-2.004129

0.284276

0.133495
-0.253042

1.404565

1.252686

2.281772
-1.134053

2.227565

3.578381

3.694402

3.948803

4175176
-0.237435
-0.317783
-0.407028
-0.364426
-0.267639
-0.488265
-0.316734
-0.244183
-0.170416
-0.160447
-0.113672
-0.143424
-0.053090
-0.408170
-0.248401
-0.365159
-0.177673
-0.273587
-0.449560
-0.115464
-0.283105
-0.353247
-0.561160
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Late-Int_Phenanthroline
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Multiplicity = 1
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E(RB3LYP) = -1072.953844 A.U.
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3.948746
2.738404
1.666931
3.268131
4.427835
1.284929
3.047814
3.652559
4.754107
3.537440
2.907806
4.851043
5.218884
2.169425
2.137065
2.788461
2.174019
2.848500
3.795812
-1.674590
-1.330875
-0.117094
0.780475
0.489658
-2.043836
0.166742
1.771238
-0.767191
-2.946512
-2.507212
-3.337579
-3.585785
-4.296324
-1.233404
-0.852656
-2.950053
-2.174147
-0.32389%
-3.910336
-2.487028
-0.501063
2.460689
2.263773
3.485275
2.394301
1.487303
1.685955

0.006459
-0.753398
-0.844725
-0.775464
-0.640844

0.143133
-1.765906

1.047386

0.018587
-1.359901

0.209865
-1.633361
-0.034976
-1.498264
-0.101851
-0.357602

0.106721
-1.436870

0.073725
-2.016109
-3.364414
-3.858388
-2.971038
-1.670838
-4.007321
-4.895859
-3.280822
-1.154374
-1.531671

0.606390
-0.256391
-2.216981

0.115571

0.175534

2.148067

1.8889417

2.680677

2.725273

2.250639

3.673773

0.954106

3.392179

4.467325

3.217565

3.071400

2.751086

1.798711

-0.600737
-0.036707
-1.139819
-2.888302
-1.910023
-1.385831
0.260604
-0.783395
0.140380
-3.770562
-3.216492
-1.710807
-2.365866
-2.283796
1.083636
2.335317
3.109131
2.525286
2.364849
0.295172
0.524382
0.092077
-0.484598
-0.687550
1.031896
0.221216
-0.787921
-0.394254
0.745482
-0.292660
0.489375
1.292473
0.837841
-0.772589
-1.948778
-0.660739
-1.487706
-2.623544
-0.293896
-1.791963
-1.604767
1.902387
1.861927
1.544107
2.951962
1.081629
1.045207
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3.041997
1.879416
1.661776
3.128566
2.982154
1.199705
0.9443891
3.985838
2.984313
2.853009
4.129879
2.046096
3.801693
2.246623
2.097863
1.581499
1.816992
0.494537
2.057113
-2.980646
-2.946317
-1.731675
-0.560020
-0.555133
-3.880864
-1.663734
0.408258
-1.741801
-4.224652
-3.026414
-4.247870
-5.147608
-5.190724
-1.767906
~-0.625666
-3.019499
-1.816516
0.338047
-3.963945
-1.774974
-0.595692
4.369886
4.791029
3.421306
5.067002
4.207772
3.573140

-1.145325
-0.202137
-0.064409
-1.944227
-2.371789
0.848806
-0.593364
-0.609668
-1.437963
-2.710168
-1.571742
-2.923772
-3.062246
-0.789953
1.126162
1.393847
2437283
1.252751
0.754587
-0.856853
-2.239871
-2.878409
-2.121933
-0.826461
-2.781780
-3.935692
-2.604693
-0.164190
-0.153918
1.924645
1.182742
-0.715865
1.711767
1.269674
3.250610
3.318584
3.988663
3.752282
3.845245
5.057931
1.943300
3.221619
3.908122
3.636085
3.1563985
1.802888
1.924271

1.339295
1.004107
-0.495591
-1.018879
0.423766
-0.859277
1.423893
1.190767
2.390568
-1.743885
-1.247143
0.569718
0.648375
-1.368239
1.468289
2779342
2.996186
2.804039
3.532703
-0.780681
-1.067468
-1.206344
-1.031315
-0.745513
-1.182656
-1.438388
-1.128247
-0.637365
-0.643256
-0.260732
-0.384936
-0.752666
-0.279239
-0.390458
-0.085594
-0.021693
0.069210
-0.027570
0.083682
0.249485
-0.307167
-0.792391
-0.045279
-1.161327
-1.631673
-0.269087
0.467067
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-4.461771
-2.978264
-2.114274
-3.833932
-4.608942
-1.035916
-2.564408
-4.915734
-4.978064
-3.807940
-4.235250
-4.245808
-5.662653
-2.419447
-2.722091
-3.134058
-2.813483
-2.647884
-4.221739
1.175683
2.385232
3.5555616
3.509066
1.093102
4.512323
0.238555
2.382239
2.235641
3.358826
4.692921
4.620504
5.648936
5.517349
2.158604
3.256544
0.891444
2.017536
4.155635
-0.097703
1.900196
0.947608
~-2.356588
-2.431456
-1.313559
-1.636175
-1.288839
-0.358028

0.118736
0.497048
-0.468339
-2.158233
-1.390854
-0.335866
0.457458
0.392003
0.683617
-3.230831
-1.988095
-1.664524
-1.684133
-1.769544
1.783634
2.910277
3.800659
2.885207
2.935473
-2.790508
-3.484857
-2.756553
-1.349521
-1.472249
-3.246483
-3.340168
-4.565578
-0.744250
1.468823
-0.539909
0.815012
-1.032003
1.425970
0.704883
2.873420
2.605158
3.449753
3.481058
3.03293¢9
4.524253
1.283463
0.093293
1.070481
-0.240655
0.194337
-1.326541
0.163756

-0.668452
-0.652404
0171724
0.149110
-0.904615
0.048101
-1.670845
0.292270
-1.449854
-0.045232
1.153859
-1.902618
-0.850087
0.158155
-0.079002
-0.866027
-0.322860
-1.848412
-0.088627
-0.223724
-0.429725
-0.501630
-0.368291
-0.093095
-0.661196
-0.164982
-0.529185
-0.162245
-0.109203
-0.438446
-0.314947
-0.584729
-0.370482
-0.024875
0.016207
0.285692
0.212342
-0.044065
0.438384
0.310169
0.176168
1.686307
1.532070
2.671156
3.617258
2.736050
2.337060
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Charge = 0 Multiplicity = 1
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-0.971857
0.143537
-0.402564
-1.564834
-1.289012
1.093404
0.286058
-1.869481
-0.669375
-0.679505
-2.423899
-0.440830
-2.164644
-0.171255
-1.971671
-1.274600
-1.444181
-0.199287
-1.695065
1.806428
2.602142
1.470061
2.194024
0.746794

2.777809
1.891855
2.420275
3.322628
3.920576
2.442269
0.999275
2.167448
3.180538
1.884649
2.646692
4.612784
4.487563
1.394694
4.247518
5.489851
6.128026
5.349351
5.991785
2.500481
3.227343
2.088219
1.685755
3.202677
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0.206469
-0.340900
-2.617915
-2.158680
-0.775018
-0.374092

0.274321

0.370149

1.180988
-3.536240
-2.069705
-0.816608
-0.438355
-1.657549
-3.169780
-3.273648
-2.396592
-3.420718
-4.149668
-3.498558
-3.678294
-4.460408
-2.876070
-2.847322
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HEPARANASE INHIBITORS FOR
TREATMENT OF DIABETES

CROSS REFERENCE TO RELATED
APPLICATION

[0001] This application claims priority to U.S. Provisional
Patent Application No. 62/945,622, filed on Dec. 9, 2019,
which is incorporated herein by reference in its entirety as if
fully set forth herein.

FIELD OF THE DISCLOSURE

[0002] The current disclosure provides anti-heparanase
compounds for the treatment of diabetes. The anti-hepara-
nase compounds are high affinity, synthetic glycopolymers
that result in minimal anticoagulant activity.

BACKGROUND OF THE DISCLOSURE

[0003] Diabetes mellitus (DM), often simply referred to as
diabetes, is a condition in which a person has a high blood
sugar (glucose) level as a result of the body either not
producing enough insulin or because body cells do not
properly respond to the insulin that is produced.

[0004] In healthy persons, blood glucose levels are main-
tained within a narrow range, primarily by the actions of the
hormone insulin. Insulin is released by pancreatic p-cells at
an appropriate rate in response to circulating glucose con-
centrations. The response is modulated by other factors,
including other circulating nutrients, islet innervation, and
incretin hormones. Insulin maintains glucose concentrations
by constraining the rate of hepatic glucose release to match
the rate of glucose clearance. Insulin thus enables body cells
to absorb glucose, to turn into energy. If the body cells do not
absorb the glucose, the glucose accumulates in the blood
(hyperglycemia), leading to various potential medical com-
plications such as cardiovascular diseases, kidney failure,
retinopathy, and neuropathy if not properly controlled.
[0005] Type 1 diabetes is typically characterized by loss of
the insulin-producing p-cells of the islets of Langerhans in
the pancreas leading to insulin deficiency. This type of
diabetes can be further classified as immune-mediated or
idiopathic. The majority of Type 1 diabetes is of the
immune-mediated nature, where p-cell loss results from
T-cell mediated autoimmune attack. There is no known
preventive measure against Type 1 diabetes. Most affected
people are otherwise healthy and of normal weight when
onset occurs.

[0006] Type 2 diabetes is characterized by f3-cell dysfunc-
tion in combination with insulin resistance. The defective
responsiveness of body tissues to insulin is believed to
involve the insulin receptor. Similar to Type 1 diabetes, an
insufficient beta-cell mass is also a pathogenic factor in
many Type 2 diabetic patients.

[0007] Treatments available for both forms of diabetes
involve therapeutic regimens that are difficult to implement
and maintain. As both types of diabetes are characterized by
the loss of f-cell mass due to cell death, the restoration and
preservation of P-cells mass is a major goal in the treatment
of diabetes.

[0008] Heparanase has been recognized as a regulator of
cancer development. Many small molecule anti-heparanase
compounds have been developed because of its use as a
target for anti-cancer therapy. However, only four carbohy-
drates have advanced to clinical trials. Because these mol-
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ecules are heterogeneous in size and sulfation pattern, they
have led to nonspecific binding and unforeseen adverse
effects, and thus, their translation into clinical application
was terminated. However, PI-88, a sulfated oligomannan
mixture, was observed among these four carbohydrate mol-
ecules to reduce Type 1 diabetes in mice. Because PI-88
displays anticoagulant properties and is unable to suffi-
ciently produce platelets that help clot blood, however, its
potential use for diabetic treatment is limited.

SUMMARY OF THE DISCLOSURE

[0009] The current disclosure provides high affinity anti-
heparanase synthetic glycopolymers that result in minimal
anticoagulant activity and protect pancreatic beta cells and
islets for the treatment of diabetes.

BRIEF DESCRIPTION OF THE SEVERAL
VIEWS OF THE DRAWINGS

[0010] Many of the drawings submitted herein are better
understood in color. Applicant considers the color versions
of the drawings as part of the original submission and
reserves the right to present color images of the drawings in
later proceedings.

[0011] FIG. 1: Heparanase cleavage at explicit sulfation
pattern. The process of deriving a sulfated glycopolymer
inhibitor from natural heparan sulfate (HS) binding to the
positively charged binding domains (HBD-1 and HBD-2) of
heparanase. Heparanase has been shown to cleave at an
explicit sulfation pattern, specifically, GlcAP(1,4)GIcNS
(6S), along the HS polysaccharide chain. Advantages of this
process include: Homogenous sulfation; strong and specific
binding; adjustable valency; and the quick exchange of the
saccharide motif.

[0012] FIG. 2. C2A-C2G Disaccharides with sulfation
patterns varying at the C(6)-O, C(3)-0O, and C(2)-N posi-
tions. C2A-C2G show the rational design of disaccharide
motifs bearing the sulfation patterns at the C(6)-O, C(3)-O,
and C(2)-N positions of the glucosamine unit. Disaccharides
C2B and C2C will examine whether C(6)-O—SO; located at
the -2 subsite is critical for recognition. C2B and C2D will
determine whether the sulfate group located at the C(6) or
C(3) position of the glucosamine unit is more important.
Disaccharides C2E and C2F will provide a clear picture of
whether N—SO,~ groups located at the -2 subsite of
heparanase could be critically important for heparanase-HS
interaction. The highly sulfated C2G could have a negative
or positive impact on HS-heparanase interactions. The letter
“C,” designated for each disaccharide, means Compound.

[0013] FIG. 3: The schematic synthesis of protected disac-
charide motifs C3E-C31. The synthesis of protected disac-
charide motif C3E includes: N—CF; aceylation; O-deacety-
lation; C-6 and C-3 sulfation; and NAP deprotection. The
synthesis of protected disaccharide motif C3F includes:
N-sulfation; NAP removal; and O-deacetylation. The syn-
thesis of protected disaccharide motif C3G includes: ben-
zylidene removal; C-6 and N-sulfation; and NAP deprotec-
tion. The synthesis of protected disaccharide motif C3H
includes: benzylidene removal; C-6 and N-sulfation; C-3
deacetylation; C-3 sulfation; and NAP deprotection. The
synthesis of protected disaccharide motif C31 includes: C-6
NAP protection; benzylidene removal; N-sulfation; C-3
deacetylation; C-3 sulfation; and NAP deprotection.
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[0014] FIG. 4: Synthesis of HS-mimicking glycopolymers
via click chemistry followed by ring-open metathesis
polymerization (ROMP). Protected disaccharide motifs
C3E-C31 are partly composed in the structure of C4A.
Disaccharide CSA-CSF are partly composed in the ring-
opening structure in C4D.

[0015] FIG. 5: Glycopolymer inhibition pattern of hepa-
ranase by HS mimicking glycopolymers using a TR-FRET
assay. “DP and molecular weights (Mn) were determined via
'H-NMR end group analysis. “Inhibition of heparanase was
assessed by in vitro TR-FRET assay against fluorescent-
tagged heparan sulfate.

[0016] FIG. 6: Positioning of the natural HS substrate,
GleNS(6S)a(1,4)GlcAP(1,4)GIeNS(6S)a (1,4)GlcA, in the
active site of human heparanase. This tetrasaccharide was
docked into the apo crystal structure of heparanase (PDB
code: SE8M) using the Autodock Vina suite in the YASARA
program (Wu, et al., Nat. Struct. Mol. Biol. 2015, 22,
1016-1022; Krieger, et al., Bioinformatics 2014, 30 (20),
2981-2982; Trott, et al., J. Comput. Chem. 2010, 31 (2),
455-461). FIG. 6 was generated using LigPlot* (Laskowski,
et al., J. Chem. Inf. Model. 2011, 51 (10), 2778-2786;
Wallace, et al., Protein Eng. Des. Sel. 1995, 8 (2), 127-134).
[0017] FIG. 7: Binding affinity of GIeNS(6S)a(1,4)GlcA
glycopolymer to various HS-binding proteins. The binding
affinity was calculated using Equation 1 as referenced in
Chai, et al. (4dral. Biochem. 2009, 395 (2), 263-264).

[0018] FIGS. 8A-8C: Cross bioactivity studies. (8A) The
biolayer interferometry (BLI) trace for the binding of vari-
ous concentrations (0.016-50 uM) of GIeNS(6S)a(1,4)GlcA
glycopolymer (DP=12) to FGF-2. (8E) shows HUVEC cell
growth when incubated at 3000 cells/well/100 pl. with
FGF-2 or FGF-2 plus GIeNS(6S)a(1,4)GIcA glycopolymer
(DP=12) at varying concentrations for three days. The
absorbance of living cells was measured using CellTiter 96®
(Promega Corp., Madison, Wis.) AQueous One Solution at
490 nm. Data were normalized to cells incubated with
medium alone (set to 100%). Background absorbance from
the polymer at each concentration and medium alone were
subtracted from the respective polymer containing samples.
Only the medium background absorbance was subtracted
from the rest of the samples. The experiment was repeated
three times with at least triplicates of each sample per
experiment; error bars represent standard deviation. Statis-
tical analysis was done using Welch’s t-test. *p<0.01 com-
pared to cells plus FGF-2. (8C) shows the overlay compar-
ing the critical micelle concentration (CMC) data of GIcNS
(65)a(1,4)GlcA glycopolymer (DP=12) with the HUVEC
proliferation data.

[0019] FIGS.9A-9E. (9A) Mouse pancreatic beta-cell line
Min-6 was treated with vehicle, Hpse (5 pg/ml), Hpse (5
ng/ml) plus GPM2 inhibitor (300 nM), or GPM2 alone (300
nM) for 24 h. The morphology of the cells after the treat-
ments was recorded by B/W contrast microscopy, and sur-
vival cell numbers were counted. (9B) Mouse pancreatic
beta cells Min-6 were treated with vehicle, Hpse (5 pg/ml),
Hpse (5 pg/ml) plus GPM2 (300 nM), or GPM2 alone (300
nM) for 24 h. The cells were stained with mitochondrial
ROS fluorescent (red) probe to indicate mitochondrial meta-
bolic state and DAPI (blue) for the nucleus. (9C) Human
pancreas islets were treated with heparanase (10 pg/ml),
heparanase (10 pg/ml) plus inhibitor GPM2 (300 nM), or
GPM2 alone (300 nM) for 24 hours. Heparan sulfate (HS)
in human pancreatic islets were stained by Alcian blue
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histochemistry. Blue staining: acidic sulfated mucosub-
stances, hyaluronic acid, sialomucins. Hpse=heparinase
GPM2=sulfated glycopolymer—the most potent inhibitor of
heparinase. (9D and 9E) Human pancreas islets treated with
vehicle (PBS), heparanase (10 pg/ml), heparanase plus
inhibitor GPM2 (300 nM), or GPM2 alone for 24 hours.
(9D) Heparan sulfate (HS) in human pancreatic islets stained
by Alcian blue histochemistry. (9E) qPCR analyses of levels
of IL-8, IL-1PB, TNFa, and TLR2 transcripts in human islets

treated with vehicle, Heparansae, and/or GPM2.
Mean+SEM.
[0020] FIG. 10: The structure of compound SA (C5A).

[0021] FIG. 11: The synthetic route for the synthesis of
trisulfated glycopolymer (C5D).

[0022] FIG. 12: The synthetic route for the synthesis of
C(3)-SO,N—SO; disulfated glycopolymer (C5C).

[0023] FIG. 13: The synthesis for the removal of N-ben-
zylidene for disaccharide (C3B).

[0024] FIG. 14: The synthetic route for N-acetylated dis-
ulfated glycopolymer (C5E).

[0025] FIG. 15: The synthetic route for free amine disul-
fated glycopolymer (C5F).

[0026] FIG. 16: The synthetic route for N-sulfated glyco-
polymer (C5B).
[0027] FIGS. 17A-17F: Computational docking study. For

the docking studies, the disclosure used the apo heparanase
structure (PDB code: SE8M) (Wu, et al., Nat. Struct. Mol.
Biol. 2015,22,1016-1022.). (17A) shows C(6)-SO;N—SO,
disulfated monomer docked into heparanase. (17B) shows
trisulfated monomer docked into heparanase. (17C) shows
N-acetylated disulfated monomer docked into heparanase.
(17D) shows free amine disulfated monomer docked into
heparanase. (17E) shows N-sulfated monomer docked into
heparanase. (17F) shows C(3)-SO;N—SO; disulfated
monomer docked into heparanase.

[0028] FIGS. 18A-18F: Biological assay protocols. The
inhibition of heparanase by polymers of different sulfation
patterns. (18A) shows the inhibition of heparanase by C(6)-
SO,N—SO; disulfated glycopolymer (C5A). (18B) shows
the inhibition of heparanase by N-sulfated glycopolymer
(C5B). (18C) shows the inhibition of heparanase by C(3)-
SO;N—SO; disulfated glycopolymer (C5C). (18D) shows
the inhibition of heparanase by trisulfated glycopolymer
(C5D). (18E) shows the inhibition of heparanase by
N-acetylated disulfated glycopolymer (CSE). (18F) shows
the inhibition of heparanase by free amine disulfated gly-
copolymer (C5SF).

[0029] FIGS. 19A-19U: FGF-2 induced cell proliferation
assay. The BLI sensorgrams and fitted response curves.
FIGS. (19A)-(19C) show BLI sensorgrams and fitted
response curves for the analysis of FGF-1 and heparin.
Analysis of stoichiometry for FGF-1/heparin was fitted for
a segmented linear regression equation. FIGS. (19D) and
(19E) show a BLI sensorgram and fitted response curve for
the analysis of FGF-1 and glycopolymer (C5A). FIGS. (19F)
and (19G) show a BLI sensorgram and fitted response curve
for the analysis of FGF-2 and heparin. FIGS. (19H) and
(191) show a BLI sensorgram and fitted response curve for
the analysis of FGF-2 and glycopolymer (C5A). FIGS. (19J)
and (19K) show a BLI sensorgram and fitted response curve
for the analysis of VEGF and heparin. FIGS. (19L) and
(19M) show a BLI sensorgram and fitted response curve for
the analysis of VEGF and glycopolymer (C5A). FIGS.
(19N) and (190) show a BLI sensorgram and fitted response
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curve for the analysis of PF4 and heparin. FIGS. (19P) and
(19Q) show a BLI sensorgram and fitted response curve for
the analysis of PF4 and glycopolymer (C5A). FIGS. (19R)
and (19S) show a BLI sensorgram and fitted response curve
for the analysis of P-selectin and heparin. FIGS. (19T) and
(19U) show a BLI sensorgram and fitted response curve for
the analysis of P-selectin and glycopolymer (C5A).

[0030] FIG. 20: The strategies for substrate-controlled
glycosylation. (A) shows the general structures of 1,2-trans-,
1,2-cis-, and a-2-deoxy carbohydrates. (B) shows the influ-
ence of C-2 neighboring group on 1,2-trans glycoside for-
mation. (C) shows the Influence of C-2 non-participatory
group on 1,2-cis glycoside formation.

[0031] FIG. 21: The strategies for catalyst-controlled gly-
cosylation. (A) shows the retaining glycosyltransferases-
catalyzed a-glycosylation. (B) shows the proposed mecha-
nism for phenanthroline-catalyzed c-stereoretentive
glycosylation for access axial 1,2-cis glycosides.

[0032] FIGS. 22A-22C: The catalytic glycosylations.
(22A) shows the reaction development with phenanthroline
catalyst. (22B) shows a standard setup for the construction
of disaccharide 3. (22C) shows a gram-scale glycosylation
reaction. Yields were determined by isolation after chro-
matographic purification. Diastereomeric (a/p) ratios were
determined through analysis by proton nuclear magnetic
resonance (*H NMR) spectroscopy.

[0033] FIG. 23: Screening of small-molecule catalysts.
[0034] FIG. 24: Screening of hydrogen bromide (HBr)
scavengers.

[0035] FIG. 25: Increase catalyst loading in the reaction to

obtain disaccharide 3 and 1.

[0036] FIG. 26: The effect of concentration by introducing
a range of concentration parameters to obtain disaccharide 3.
[0037] FIG. 27: The effect of various solvents when added
to the reaction to obtain disaccharide 3.

[0038] FIG. 28: The effect of reaction temperature when a
specific temperature is added to the reaction.

[0039] FIG. 29: Scope with respect to glucose electro-
philes. While acetyl-protected electrophiles were conducted
at 50° C., fully protected benzyl-derived electrophiles were
conducted at 25° C. Yields were determined by isolation
after chromatographic purification. Diastereomeric (co/f)
ratios were analyzed by 'H NMR spectroscopy.

[0040] FIG. 30: Mechanistic studies. In (A), the Identifi-
cation of B-phenanthrolium ion was accomplished by using
mass spectroscopy. (B) shows the effect of glycosyl bromide
configuration. (C) and (D) show the kinetics of the reaction
of isopropanol with glycosyl bromide. (E) and (F) show the
intermediate structure calculated using the B3LYP/6-31+G
(d,p) level with the solvent model density (SMD) solvent
model. (G) and (H) show the non-covalent interactions plot
(reduced density gradient isosurface=0.3) for the optimized
structure at B3LYP/6-314+G(d,p). The nitrogen surfaces rep-
resent attractive interactions, and the carbon surfaces rep-
resent repulsive interactions.

[0041] FIG. 31: Synthesis of octasaccharide. (a) shows the
reactants used were: 5-15 mol % of catalyst 4, IBO (2
equiv.), MTBE (2 M), 50° C., 24 h, 34:89%, o:f>25:1;
37:86%, o:p>25:1; 40:77%, o:f>25:1. (b) shows various
solvents, temperature, and disaccharides percentages used in
the reaction includes: NaOMe, MeOH, CH,Cl,, 25° C,,
35:99%, 38:70%. (c) shows that glycosyl bromides 36 and
39 were prepared from 34 and 37, respectively, using the
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following conditions: PTSA, Ac,, 70° C., 2 h then HBr/
AcOH, CH,Cl,, 0° C., 15 min.

[0042] FIG. 32: Synthesis of disaccharide 41 and 3 using
various reaction conditions.

[0043] FIG. 33: Anomerization of f-bromide to a-bro-
mide for disaccharide 1 using various reaction conditions.

[0044] FIG. 34: Attempted isomerization of disaccharide 3
using various reaction conditions (including the addition of
disaccharide 2 in the reaction).

[0045] FIG. 35: Example spectra array for a kinetic experi-
ment.
[0046] FIG. 36: Example rate plot for a kinetic experiment

showing product concentration versus time.

[0047] FIG. 37: Rate of reaction versus catalyst concen-
tration.
[0048] FIG. 38: Rate of reaction versus acceptor concen-
tration.
[0049] FIG. 39: Product formation versus time at different

equivalent of isobutylene oxide (IBO).

[0050] FIG. 40: Phenanthroline-catalyzed glycosylation
reactions carried out using various reacting conditions.
[0051] FIG. 41: Gram scale synthesis of disaccharide 3.
[0052] FIG. 42: Synthesis of disaccharide 34.

[0053] FIG. 43: Synthesis of disaccharide 35.

[0054] FIG. 44: Synthesis of tetraccharide 37.

[0055] FIG. 45: Synthesis of disaccharide 38.

[0056] FIG. 46: Synthesis of disaccharide 40.

[0057] FIG. 47: Synthesis of product 1P.

[0058] FIG. 48: Rate equation derivation.

[0059] FIGS. 49A-49N: Optimized structures and corre-
sponding cartesian coordinates.

DETAILED DESCRIPTION

[0060] Diabetes is characterized as a disease in which the
levels of blood sugar are too high because the body does not
produce enough insulin to meet its needs or resists the effects
of insulin. f cells in the pancreas produce insulin, which, in
turn, attaches to and signals liver or muscle cells to absorb
sugar. People with type [ diabetes (T1D) do not make insulin
because their pancreatic f§ cells are damaged or destroyed.
These patients require daily insulin injections to lower their
blood sugar levels. People with type 2 diabetes (T2D) are
initially resistant to insulin; however, the patients eventually
need insulin shots to allow their body to process sugar and
prevent complications.

[0061] Forty percent of diabetic patients develop diabetic
nephropathy (DNP), which affects their kidneys” ability to
remove waste products and extra fluid from their body.
Diabetic nephropathy is the most common cause of renal
failure and end-stage renal disease.

[0062] Glycosidases, a class of enzymes that catalyze the
hydrolysis of glycosidic bonds in complex sugars, play a
vital role in cellular function (Vocadlo, et al., Curr. Opin.
Chem. Biol. 2008, 12 (5), 539-555). As a result, the modu-
lation of glycosidases’ biological activity is a major target
for drug discovery (Compain, et al., ChemBioChem 2014,
15 (9), 1239-1251). Heparanase is an endolytic enzyme that
cleaves the internal p-(1,4)-glycosidic bond between glu-
curonic acid (GlcA) and N-sulfated glucosamine (GIcNS)
along heparan sulfate (HS) saccharide chains which consti-
tute the extracellular matrix (ECM) and basement mem-
branes (Rivara, et al., Future Med. Chem. 2016, 8 (6),
647-680; Vlodavsky, et al., Drug Resist. Updates 2016, 29,
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54-75; Pisano, et al., Biochem. Pharmacol. 2014, 89 (1),
12-19; Vlodavsky, et al., Nat. Med. 1999, 5, 793).

[0063]
cells, contain high levels of heparan sulfate that is lost from
the f cells in Type-1 diabetes (T1D) patients. During T1D,
the immune system produces heparanase (Hpse) that

Human pancreatic 3 cells, like mouse pancreatic §

destroys heparan sulfate (HS) within j3 cells and causes their
death.

[0064]
degrades HS. Heparanase has been recognized as a regulator

Heparanase is the only known human enzyme that

of cancer development and progression. Recent studies
demonstrated the critical role of heparanase in the develop-
ment of DNP in mice and attested this enzyme as a prom-
ising target for diabetic therapeutics. Because it is a desir-
able target for anti-cancer and diabetic therapy, many anti-
heparanase small molecules have been developed. However,
only four carbohydrates have advanced to clinical trials.
Because these molecules are heterogeneous in size and
sulfation pattern, however, they led to nonspecific binding
and unforeseen adverse effects, and their translation into
clinical application was terminated. Moreover, among these
four carbohydrate molecules, only PI-88, a sulfated oli-
gomannan mixture (Scheme 1), has been found to drastically
reduce T1D incidence in diabetes-prone NOD mice, thus
preserving islet p cell HS. Because PI-88 displays antico-
agulant properties and is unable to sufficiently produce
platelets that help blood clot due to antibody-induced throm-
bocytopenia, however, its potential use for diabetic treat-
ment is limited.

[0065] The current disclosure describes the synthesis of
the carbohydrate molecule, glycopolymer 2, incorporated
with multiple sugar units (n=12). This multivalent glycopo-
lymer 2 efficiently mimics the properties of naturally exist-
ing HS, acts as a potent and specific inhibitor of heparanase
(IC50=0.10 nM), and has low affinity for many HS-binding
proteins, which are responsible for many adverse effects.
Results described herein show that treatment of cultured
mouse pancreatic [} cells with heparanase significantly
reduced their survival. In stark contrast, p cells treated with
heparanase plus glycopolymer 2 showed a survival rate
comparable to the [ cells treated with the vehicle phosphate
buffered saline (PBS). Human insulin-secreting pancreatic
islet cells provided by the United Network for Organ Shar-
ing were isolated and treated with heparanase (10 pg/ml) in
the presence or absence of the glycopolymer 2 (300 nM).
Alcian blue staining of Heparan sulfate (HS) contents indi-
cated that glycopolymer 2 protected the human islets from
the destruction of extracellular HS contents caused by
heparanase elevation. The extracellular HS contents play
important roles in preserving pancreas f§ cell function and
protecting f cells from destruction by heparanase under the
state of T1D/DNP.

[0066] As indicated, in particular embodiments, the anti-
heparanase glycopolymers disclosed herein have high bind-
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ing affinity to various heparan sulfate-binding proteins and
minimal anticoagulant activity compared to the anticoagu-
lating molecule heparin.

[0067] In particular embodiments, high affinity refers to a
higher apparent dissociation constant of the anti-heparanase
glycopolymer when bound to various heparan sulfate-bind-
ing proteins, as compared to heparin dissociation constant.
For example, heparin naturally binds the proteins FGF-1,
FGF-2, VEGF, and PF4. When measured by a solution-
based biolayer interferometry (BLI) assay, heparin was
found to have a dissociation constant (in nM) of 4.6£3.3,
0.15£0.11, 4.91£1.55, and 0.31x0.028, respectively, when
calculated using the Equation:

F=Fo+(Fuax — Fo)

(lPlr + My + Kp) - \/(”[P]T +[Mlr + Kp)* —4n[Plr[M1;
2n[Pl7

where F is the fluorescence signal, F, is the signal from a
blank, F,,,, corresponds to the maximal fluorescence inten-
sity, K, is the dissociation constant, and n is the number of
independent binding sites. Using the same assay, anti-
heparanase compounds described herein (e.g., glycopolymer
20) was found to have dissociation constants (in nM) of
2000, 691162, 281x162, 281162, and 45+5.11, respec-
tively. Accordingly, “high affinity” can be at least 2x higher
binding affinity, at least 4x higher binding affinity, at least 8x
higher binding affinity, at least 16x higher binding affinity, at
least 32x higher binding affinity, at least 64x higher binding
affinity, at least 85x higher binding affinity, at least 100x
higher binding affinity or more when compared to heparin’s
binding to the same heparan sulfate-binding protein.
[0068] In particular embodiments, minimal anticoagulant
activity is measured by the anti-heparanase glycopolymer’s
binding affinity to antithrombin IIT (ATIII), compared to the
anticoagulating molecule heparin’s binding affinity to ATIII.
In particular embodiments, minimal anticoagulant activity
means that the glycopolymer’s binding affinity to ATIII is
reduced compared to heparin’s binding affinity to ATIII. The
reduction can beat least a 10% reduction, at least a 20%
reduction, at least a 30% reduction, at least a 50% reduction,
or more. In particular embodiments, minimal anticoagulant
activity means that the anti-heparanase glycopolymer has no
detectable binding to ATII. In particular embodiments,
minimal anticoagulant activity means that no coagulant
activity is detected in a coagulation assay.

[0069] Aspects of the current disclosure are now described
with additional detail and options as follows: (i) Compounds
for Use as Diabetes Treatments; (ii) Compositions for
Administration; (iii) Methods of Use; (iv) Experimental
Examples; and (v) Closing Paragraphs.

[0070] (i) Compounds for Use as Diabetes Treatments. In
one aspect, the present disclosure describes the use of
compounds that are useful for inhibiting heparanase for the
treatment of diabetes. In particular embodiments, the dis-
closure provides use of a compound of formula II:
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(ID

Na0;580
HO

HO

NaO38”"

wherein:

X is —O— or
[0071]

Y is —O— or —CH,—; n is an integer from 2-100
inclusive; R! is OH or —N(H)-L-R% L is a linking group; R?
is a saccharide or disaccharide, which saccharide or disac-
charide includes one or more —SO;Na groups; and the dash
bond --- is a single bond or a double bond; or a salt thereof.

[0072] The following definitions are used unless otherwise
described: halo is fluoro, chloro, bromo, or iodo. Alkyl,
alkoxy, alkenyl, alkynyl, etc. denote both straight and
branched groups; but reference to an individual radical such
as propyl embraces only the straight chain radical, a
branched chain isomer such as isopropyl being specifically
referred to. Aryl denotes a phenyl radical or an ortho-fused
bicyclic carbocyclic radical having nine to ten ring atoms in
which at least one ring is aromatic. Heteroaryl encompasses
aradical of a monocyclic aromatic ring containing five or six
ring atoms consisting of carbon and one to four heteroatoms
each selected from the group consisting of non-peroxide
oxygen, sulfur, and N(X) wherein X is absent or is H, O,
(C,-C,)alkyl, phenyl or benzyl, as well as a radical of an
ortho-fused bicyclic heterocycle of eight to ten ring atoms
including one to four heteroatoms each selected from the
group consisting of non-peroxide oxygen, sulfur, and N(X).
[0073] The term “alkyl,” by itself or as part of another
substituent, means, unless otherwise stated, a straight or
branched chain hydrocarbon radical, having the number of
carbon atoms designated (i.e., C,-8 means one to eight
carbons). Examples include (C,-Cyalkyl, (C,-Cyalkyl,
C,-Cyalkyl, (C,-Cylalkyl, and (C;-Cy)alkyl. Examples of
alkyl groups include methyl, ethyl, n-propyl, iso-propyl,
n-butyl, t-butyl, iso-butyl, sec-butyl, n-pentyl, n-hexyl,
n-heptyl, n-octyl, and higher homologs and isomers.
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[0074] The term saccharide includes monosaccharides,
disaccharides, trisaccharides, and polysaccharides. The term
includes glucose, galactose, glucosamine, galactosamine,
glucuronic acid, idouronic acid, sucrose fructose, and ribose,
as well as 2-deoxy sugars such as deoxyribose and the like
or 2-fluoro-2-deoxy-sugar. Saccharide derivatives can con-
veniently be prepared as described in International Patent
Applications Publication Numbers WO 96/34005 and
97/03995. A saccharide can conveniently be linked to the
remainder of a compound of formula I through an ether
bond.

[0075] Linker. As described herein, the targeting element
can be bonded (connected) to the remainder of the targeted
conjugate agent through an optional linker. In particular
embodiments, the linker is absent (e.g., the targeting element
can be bonded (connected) directly to the remainder of the
targeted conjugate). The linker can be variable provided the
targeting conjugate functions as described herein. The linker
can vary in length and atom composition and, for example,
can be branched or non-branched or cyclic or a combination
thereof. The linker may also modulate the targeted conjugate
properties, such as solubility, stability, and aggregation.
[0076] Since the linkers used in the targeted conjugates
(e.g., linkers including polyethylene glycol (PEG)) can be
highly variable, it is possible to use different sizes and types
of targeting elements and still maintain the desired and/or
optimal pharmacokinetic profile for the targeted conjugate.
[0077] In particular embodiments, the linker includes
3-5000 atoms. In particular embodiments, the linker
includes 3-4000 atoms. In particular embodiments, the
linker includes 3-2000 atoms. In particular embodiments,
the linker includes 3-1000 atoms. In particular embodi-
ments, the linker includes 3-750 atoms. In particular
embodiments, the linker includes 3-500 atoms. In particular
embodiments, the linker includes 3-250 atoms. In particular
embodiments, the linker includes 3-100 atoms. In particular
embodiments, the linker includes 3-50 atoms. In particular
embodiments, the linker includes 3-25 atoms.

[0078] In particular embodiments, the linker includes
10-5000 atoms. In particular embodiments, the linker
includes 10-4000 atoms. In particular embodiments, the
linker includes 10-2000 atoms. In particular embodiments,
the linker includes 10-1000 atoms. In particular embodi-
ments, the linker includes 10-750 atoms. In particular
embodiments, the linker includes 10-500 atoms. In particu-
lar embodiments, the linker includes 10-250 atoms. In
particular embodiments, the linker includes 10-100 atoms.
In particular embodiments, the linker includes 10-50 atoms.
In particular embodiments, the linker includes 10-25 atoms.
[0079] In particular embodiments, the linker includes
atoms selected from H, C, N, S, and O.

[0080] In particular embodiments, the linker includes
atoms selected from H, C, N, S, P, and O.

[0081] In particular embodiments, the linker includes a
branched or unbranched, saturated or unsaturated, hydrocar-
bon chain, having from 1 to 1000 (or 1-750, 1-500, 1-250,
1-100, 1-30, 1-25, 1-10, 1-5, 5-1000, 5-750, 5-500, 5-250,
5-100, 5-50, 5-25, 5-10 or 2-5 carbon atoms) wherein one or
more of the carbon atoms is optionally replaced indepen-
dently by —O—, —S, —N(R*)—, 3-7 membered hetero-
cycle, 5-6-membered heteroaryl or carbocycle and wherein
each chain, 3-7 membered heterocycle, 5-6-membered het-
eroaryl or carbocycle is optionally and independently sub-
stituted with one or more (e.g., 1, 2, 3, 4, 5 or more)
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substituents selected from (C,-Cy)alkyl, (C,-Cy)alkoxy, (C;-
Ce)eycloalkyl, (C,-Cylalkanoyl, (C,-Cy)alkanoyloxy, (C,-
Cyalkoxycarbonyl, (C,-Cy)alkylthio, azido, cyano, nitro,
halo, —N(R%),, hydroxy, oxo (—O), carboxy, aryl, aryloxy,
heteroaryl, and heteroaryloxy, wherein each R* is indepen-
dently H or (C,-Cy)alkyl. In particular embodiments, the
linker includes a branched or unbranched, saturated or
unsaturated, hydrocarbon chain, having from 1 to 1000 (or
1-750, 1-500, 1-250, 1-100, 1-50, 1-25, 1-10, 1-5, 5-1000,
5-750, 5-500, 5-250, 5-100, 5-50, 5-25, 5-10 or 2-5 carbon
atoms) wherein one or more of the carbon atoms is option-
ally replaced independently by —O—, —S, —N(R?),
wherein each R is independently H or (C,-Cy) alkyl.
[0082] In particular embodiments, the linker includes a
polyethylene glycol. In particular embodiments, the linker
includes a polyethylene glycol linked to the remainder of the
targeted conjugate by a carbonyl group. In particular
embodiments, the polyethylene glycol includes 1 to 500 or
5 to 500 or 3 to 100 repeat (e.g., —CH,CH,O—) units
(Greenwald, R. B., et al., Poly (ethylene glycol) Prodrugs:
Altered Pharmacokinetics and Pharmacodynamics, Chapter,
2.3.1.,283-338; Filpula, D., et al., Releasable PEGylation of
proteins with customized linkers, Advanced Drug Delivery,
60, 2008, 29-49; Zhao, H., et al., Drug Conjugates with
Poly(Ethylene Glycol), Drug Delivery in Oncology, 2012,
627-656).

[0083] In particular embodiments the linker is —NH
(CH,CH,0),CH,CH,C(—0O)—. In particular embodiments
the linker is —NH(CH,CH,0),,CH,CH,C(—0O)— wherein
n is 1-500, 5-500, 3-100, 5-50, 1-50, 1-20, 1-10, 1-5, 2-50,
2-20, 2-10, 2-5, 3-50, 3-20, 3-10, 3-5, 4-50, 4-20, 4-10, 4-5.
In particular embodiments the linker is —(CH,CH,)
+CH,CH,C(—0)—.

[0084] It will be appreciated by those skilled in the art that
compounds of the disclosure having a chiral center may
exist in and be isolated in optically active and racemic
forms. Some compounds may exhibit polymorphism. It is to
be understood that the present disclosure encompasses any
racemic, optically-active, polymorphic, or stereoisomeric
form, or mixtures thereof, of a compound of the disclosure,
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which possesses the useful properties described herein, it
being well known in the art how to prepare optically active
forms (for example, by resolution of the racemic form by
recrystallization techniques, by synthesis from optically-
active starting materials, by chiral synthesis, or by chro-
matographic separation using a chiral stationary phase.
[0085] When a bond in a compound formula herein is
drawn in a non-stereochemical manner (e.g., flat), the atom
to which the bond is attached includes all stereochemical
possibilities. When a bond in a compound formula herein is
drawn in a defined stereochemical manner (e.g., bold, bold-
wedge, dashed, or dashed-wedge), it is to be understood that
the atom to which the stereochemical bond is attached is
enriched in the absolute stereoisomer depicted unless oth-
erwise noted. In particular embodiments, the compound may
be at least 51% of the absolute stereoisomer depicted. In
another embodiment, the compound may be at least 60% of
the absolute stereoisomer depicted. In another embodiment,
the compound may be at least 80% of the absolute stereoi-
somer depicted. In another embodiment, the compound may
be at least 90% of the absolute stereoisomer depicted. In
another embodiment, the compound may be at least 95% of
the absolute stereoisomer depicted. In another embodiment,
the compound may be at least 99% of the absolute stereoi-
somer depicted.

[0086] In particular embodiments, X is —O— and Y is
—0O—; or X is

T

N
577{ R!
0

and Y is —CH,—.

[0087] In particular embodiments, the compound of for-
mula II is a compound of formula I:

@

Rr!
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wherein: n is an integer from 2-100 inclusive; R' is OH or
a salt or —N(H)-L-R% L is a linking group; and R” is a
saccharide or disaccharide, which saccharide or disaccharide
includes one or more —SO;H groups; or a salt thereof.
[0088] In particular embodiments, the compound of for-
mula II is a compound of formula (Ia):

(Ia)

(€]
ONa;
(6]
[0089] In particular embodiments, the compound of for-
mula II is a compound of formula (Ib):
(Ib)
Na0;80
HO O
HO
I
C
~.
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[0090] In particular embodiments, the compound of for-
mula II is a compound of formula (Ic):

(e

(€]
L
NT e
H
(6]
[0091] In particular embodiments, the compound of for-
mula II is a compound of formula (Id):
(d)
Na0;80
HO O
HO
NH
NaOss”~
(€]
ONa;
(6]

wherein: n is an integer from 2-100 inclusive; the saccharide
or disaccharide includes one or more —SO,H groups, one or
more F~ groups.
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[0092] In particular embodiments, the compound of for-
mula II is a compound of formula (Ie):

(Ie)

(€]
ONa;
(6]
[0093] In particular embodiments, the compound of for-
mula II is a compound of formula (If):
ey
Na0;80
HO Q
HO
F
(€]
ONa
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[0094] In particular embodiments, the compound of for-
mula II is a compound of formula (Ig):

(Ig)
Na0;580

HO
HO

ONa

[0095] In particular embodiments, the compound of for-
mula II is a compound of formula (IIa):

(11a)

ONa;
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[0096] In particular embodiments, the compound of for-
mula II is a compound of formula (IIb):

(ITb)
Na0;580

HO
HO

[0097] In particular embodiments, the compound of for-
mula II is a compound of formula (Ilc):

(Ilc)
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[0098] In particular embodiments, the compound of for-
mula II is a compound of formula (Id):

(I1d)
Na0380

HO
HO

/
Na038

[0099] When n is an integer from 2-100 inclusive, this
means n can be 2,3, 4,5,6,7,8,9,10, 11, 12, 13, 14, 15,
16,17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 31,
32,33, 34,35,36,37, 38, 39, 40, 41, 42, 43, 44, 45, 46, 47,
48, 49, 50, 51, 52, 53, 54, 55, 56, 57, 58, 59, 60, 61, 62, 63,
64, 65, 66, 67, 68, 69, 70, 71,72, 73,74, 75,76, 77,78, 79,
80, 81, 82, 83, 84, 85, 86, 87, 88, 89, 90, 91, 92, 93, 94, 95,
96, 97, 98, 99, or 100. In particular embodiments, n can be
more than 100. “When n is an integer from 2-100 inclusive”
has the same meaning as “wherein n=2-100 repeating units”.

[0100] In particular embodiments, L is between 5 and 75
Angstroms inclusive in length. In particular embodiments, L
is between 5 and 50 Angstroms inclusive in length. In
particular embodiments, L is between 10 and 30 Angstroms
inclusive in length. In particular embodiments, L includes an
ether containing chain. In particular embodiments, L is a
branched or unbranched, saturated or unsaturated, hydrocar-
bon chain, having from 1 to 20 carbon atoms, wherein one
or more of the carbon atoms is optionally replaced indepen-
dently by —O—, —8, —N(R*)—, wherein each R* is
independently H or (C,-Cy)alkyl, wherein the hydrocarbon
chain is optionally substituted with one or more groups
selected from -oxo-, halo and hydroxy. In particular embodi-
ments, L is —CH,CH,OCH,CH,— or
—NHCH,CH,OCH,CH,—. In particular embodiments, L
is —CH,CH,OCH,CH,—. In particular embodiments, L is
—NHCH,CH,OCH,CH,—. In particular embodiments, R“
is a saccharide. In particular embodiments, R“ is a disac-
charide.

HO3S0 HO3S0
HO S HO 0
HO HO3S0

7o o
HO;50 HO580

Jul. 8, 2021
-continued
HO;S0
HO R
HO CO,H
HN 0]
103507 o 0 and
HO
HO;80
HO Q
HO
HN
HOssO HO3SO
HOZC OH
[0101] In particular embodiments, R” is selected from:
[0102] In particular embodiments, R® is selected from:
Na0;80 Na0;80
&ﬁ oS

NaOgS

Na0380
% o
Na0z8” O and
HO

Nao}so/&ﬁ

NaO3s” NaO3SO
Na0,C OH

HO;SO

[0103] In particular embodiments, R® is:
Na0;80
HO R
HO
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[0104] In particular embodiments, the compound of for-
mula IT is:

Na0;80

Na0;80
1o (6] O
HO
NH 0
NaO3S HO
(6]
NH
(6]
[0105] In particular embodiments, the compound of for-
mula 1II is:
Na0;80
HO 0 Na0;80
(6]
HO CO,Na HO
NH o 0 Na03;S0
Na0;8 HO o
HO Na03S \L
o/\
N
/
N

N\/\O/\/ M
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[0106] In particular embodiments, the compound of for-
mula IT is:
Na0;80
o Na0;80
HO HO
HO HO
NaO;S Na0;87
N
N
N. N
NN TN
[0107] In particular embodiments, n is an integer from

5-100 inclusive. In particular embodiments, n is an integer
from 2-75 inclusive. In particular embodiments, n is an
integer from 5-75 inclusive. In particular embodiments, n is
an integer from 5-15 inclusive. In particular embodiments, n
is an integer from 10-100 inclusive. In particular embodi-
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0
NH | 0 .
Na0;580
Na0,C OH
J/O
N
0

ments, n is an integer from 10-75 inclusive. In particular
embodiments, n is an integer from 10-55 inclusive. In
particular embodiments, n is 12, 27, or 51. In particular
embodiments, n is 5, 8, 9, or 12.

[0108] In particular embodiments, the compound of for-
mula IT is:

ONa

wherein n is 5, 9, or 12.
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[0109] In particular embodiments, the compound of for-
mula IT is:
Na0;80
HO o] Na0;80
HO

[0110] In particular embodiments, the compound of for-
mula IT is:

Na0;580

HO
HO

Na038”

wherein n is 5 or 9.
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[0111] In another aspect, the disclosure provides the use of
a polymer including one or more units of the following
formula (I1I):

(I

Na0380
HO 0
HO CO,Na
NH 0
A0
Na0;8
203 Hmo
HO
o/ﬁ
N
N |
A
N
N X
\/\Y/\/
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wherein: Y is —O— or —CH,—; R' is OH or —N(H)-L-R% L is a
X is —O— or linking group; and R is a saccharide or disaccharide, which
[0112) saccharide or disaccharide includes one or more —SO,H
M'\TWV‘ O groups.
N
777{ RS [0113] In another aspect, the disclosure provides the use of

a polymer including one or more units of the following
formula (I11a):

(I11a)

Na0;80
HO O
HO CO,Na
NH (6]
(6]
NaOs3S
als 1o O
o/\
N
O
A
N 0
N\/\/\/N
ONa
(6]
[0114] In another aspect, the disclosure provides the use of
a polymer including one or more units of the following
formula (11Ib):
(I1Ib)
Na0;80
HO Q
HO

Na0ss”
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[0115] In another aspect, the disclosure provides the use of
a polymer including one or more units of the following
formula (Illc):

(Illo)

Na0;80
HO Q
HO
Na0;8”
(€]
L
N7 Npe:
H
(6]
wherein L is a linking group; and R* is a saccharide or [0116] In another aspect, the disclosure provides the use of
disaccharide, which saccharide or disaccharide includes one a polymer including one or more units of the following
or more —SO,H groups. formula (111d):

(T1Id)

Na0;80
o 0 0
1o
NH
Naoss” T ©
HO
0
NH
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[0117] In another aspect, the disclosure provides the use of
a polymer including one or more units of the following
formula (Ille):

Na0;580
Na0;580
HO Q
H HO

CO>Na

[0118] In another aspect, the disclosure provides the use of
an A polymer including one or more units of the following
formula (11If):

(I1If)

Na0;50
HO 0
Ho
HN
/
NaOs8

Na0;80

HO
Na0380

NaO;8

o}
HO
NH | o}
/ o NH
NaO;§ HO /
o NaO;§
0/\

O\/\O/\/ NH,
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(IlTe)

o}

I8

O

NH

[0119]
the use of a salt of formula II which is a sodium salt.

In particular embodiments, the disclosure provides

[0120] In particular embodiments, the disclosure provides
the use of a salt of formula II which is a lithium salt.

[0121]
to inhibit the activity of a heparanase, including contacting

In another aspect, the disclosure provides a method

the heparanase with a compound of formula II, or a salt

thereof, for the purpose of treating diabetes.

[0122]
are provided as further embodiments of the disclosure and

Processes for preparing compounds of formula I

are illustrated by the procedures described herein in which
the meanings of the generic radicals are as given above
unless otherwise qualified. An intermediate useful for pre-
paring a compound of formula I is a compound selected

from:

and
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-continued
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[0123] Compound (la) can be prepared using the method
described in Loka, et al. ACS App Mater Interfaces (2019;
11(1):244-254. doi:10.1021/acsami.8b17625). Compounds
(1f) and (1g) are described in further detail in the section
“Experimental Example 3” listed below. Additional methods
that can be considered in synthesizing the described com-
pounds are found in, for example, Loka et al., Chem
Commun (Camb). 2017 Aug. 10; 53(65): 9163-9166; Sletten
et al., Biomacromolecules 2017, 18, 3387-3399; Ittah, C. P.
J. Glaudemans, Carbohydr. Res. 1981, 95, 189-194; Shell-
ing, D. Dolphin, P. Wirz, R. E. Cobbledick, F. W. B. Einstein,
Carbohydr. Res. 1984, 132, 241-259; McCarter, et al.,
Carbohydr. Res. 1993, 249, 77-90; McCarter, et al., J. Am.
Chem. Soc. 1997, 119, 5792-5797; Burton, et al., J. Chem.
Soc. Perkin Trans. 1 1997, 2375-2382; Burkart, et al., J. Am.
Chem. Soc. 1997, 119, 11743-11746; Hayashi, et al., Bioorg.
Med. Chem. 1997, 5, 497-500; U.S. Pat. No. 5,770,407,
Albert, et al., Tetrahedron 1998, 54, 4839-4848; Albert, et
al., Synlett 1999, 1483-1485; Vincent, et al., J. Org. Chem.
1999, 64, 5264-5279; Barlow, et al., Carbohydr. Res. 2000,
328, 473-480; Burkart, et al., Bioorg. Med. Chem. 2000, 8,
1937-1946; Zhang & Liu, J. Am. Chem. Soc. 2001, 123,
6756-6766; Blanchard, et al., Carbohydr. Res. 2001, 333,
7-17; Ly, et al., Biochemistry 2002, 41, 5075-5085; Gonza-
lez, et al., Eur. J. Org. Chem. 2005, 3279-3285; Kasuya, et
al., J. Fluorine Chem. 2007, 128, 562-565; Allman, et al.,
ChemBioChem 2009, 10, 2522-2529; Errey, et al., Org.
Biomol. Chem. 2009, 7, 1009-1016; Mersch, et al., Synlett
2009, 13, 2167-2171; Boutureira, et al., Chem. Commun.
2010, 46, 8142-8144; Wagner, et al., Chem. Eur. J. 2010, 16,
7319-7330; Johannes, et al., Org. Biomol. Chem. 2011, 9,
5541-5546; loannou, et al., Chem. Eur. J. 2018, 24, 2832-
2836; and Kieser, et al., Chem. Neurosci 2018, 9, 1159-
1165.

[0124] While sodium salt forms of the compounds are
depicted, the disclosure encompasses other salt forms, which
includes salt-forming cations (e.g., potassium salt forms,
ammonium salt forms, calcium salt forms, lithium salt
forms, iron salt forms, magnesium salt forms, sodium salt
forms, copper salt forms, pyridinium salt forms, or quater-
nary ammonium salt forms) as well as protonated forms of
the depicted compounds.

[0125] In cases where compounds are sufficiently basic or
acidic, a salt of a compound of formula I can be useful as an
intermediate for isolating or purifying a compound of for-

mula 1. Additionally, administration of a compound of
formula I as a pharmaceutically acceptable acid or base salt
may be appropriate. Examples of pharmaceutically accept-
able salts are organic acid addition salts formed with acids
which form a physiologically acceptable anion, for example,
tosylate, methanesulfonate, acetate, citrate, malonate, tar-
trate, succinate, benzoate, ascorbate, c-ketoglutarate, and
a-glycerophosphate. Suitable inorganic salts may also be
formed, including hydrochloride, sulfate, nitrate, bicarbon-
ate, and carbonate salts.

[0126] Pharmaceutically acceptable salts may be obtained
using standard procedures well known in the art, for
example, by reacting a sufficiently basic compound such as
an amine with a suitable acid affording a physiologically
acceptable anion. Alkali metal (for example, sodium, potas-
sium, or lithium) or alkaline earth metal (for example,
calcium) salts of carboxylic acids can also be made.
[0127] (i) Compositions for Administration. Compounds
described herein can be formulated for administration to
subjects in one or more pharmaceutically acceptable carri-
ers. Exemplary carriers include saline, buffered saline,
physiological saline, water, Hanks’ solution, Ringer’s solu-
tion, Nonnosol-R (Abbott Labs), glycerol, ethanol, and
combinations thereof.

[0128] In particular embodiments, a carrier for infusion
includes buffered saline with 5% HSA or dextrose. Addi-
tional isotonic agents include polyhydric sugar alcohols,
including trihydric or higher sugar alcohols, such as glyc-
erin, erythritol, arabitol, xylitol, sorbitol, or mannitol.
[0129] Carriers can include buffering agents, such as cit-
rate buffers, succinate buffers, tartrate buffers, fumarate
buffers, gluconate buffers, oxalate buffers, lactate buffers,
acetate buffers, phosphate buffers, histidine buffers, and/or
trimethylamine salts.

[0130] Stabilizers refer to a broad category of excipients
which can range in function from a bulking agent to an
additive, which helps to prevent compound adherence to
container walls. Typical stabilizers can include polyhydric
sugar alcohols; amino acids, such as arginine, lysine, gly-
cine, glutamine, asparagine, histidine, alanine, ornithine,
L-leucine, 2-phenylalanine, glutamic acid, and threonine;
organic sugars or sugar alcohols, such as lactose, trehalose,
stachyose, mannitol, sorbitol, xylitol, ribitol, myoinositol,
galactitol, glycerol, and cyclitols, such as inositol; PEG;
amino acid polymers; sulfur-containing reducing agents,
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such as urea, glutathione, thioctic acid, sodium thioglyco-
late, thioglycerol, alpha-monothioglycerol, and sodium thio-
sulfate; low molecular weight polypeptides (i.e., <10 resi-
dues); proteins such as HSA, bovine serum albumin, gelatin
or immunoglobulins; hydrophilic polymers such as polyvi-
nylpyrrolidone; monosaccharides such as xylose, mannose,
fructose, and glucose; disaccharides such as lactose, maltose
and sucrose; trisaccharides such as raffinose, and polysac-
charides such as dextran.

[0131] Exemplary oral formulations include capsules,
coated tablets, edibles, elixirs, emulsions, gels, gelcaps,
granules, gums, juices, liquids, oils, pastes, pellets, pills,
powders, rapidly-dissolving tablets, sachets, semi-solids,
sprays, solutions, suspensions, syrups, tablets, etc.

[0132] Particular embodiments include swallowable com-
positions. Swallowable compositions are those that do not
readily dissolve when placed in the mouth and maybe
swallowed whole without chewing or discomfort. U.S. Pat.
Nos. 5,215,754 and 4,374,082 describe methods for prepar-
ing swallowable compositions. In particular embodiments,
swallowable compositions may have a shape containing no
sharp edges and a smooth, uniform, and substantially
bubble-free outer coating.

[0133] Therapeutically effective amounts of compounds
within a composition can include at least 0.1% w/v or w/w
compound; at least 1% w/v or w/w compound; at least 10%
w/v or w/w compound; at least 20% w/v or w/w compound;
at least 30% w/v or w/w compound; at least 40% w/v or w/w
compound; at least 50% w/v or w/w compound; at least 60%
w/v or w/w compound; at least 70% w/v or w/w compound;
at least 80% w/v or w/w compound; at least 90% w/v or w/w
compound; at least 95% w/v or w/w compound; or at least
99% w/v or w/w compound.

[0134] (iii)) Methods of Use. Methods disclosed herein
include treating subjects (humans, veterinary animals (dogs,
cats, reptiles, birds, etc.), livestock (horses, cattle, goats,
pigs, chickens, etc.) and research animals (monkeys, rats,
mice, fish, etc.) with compositions disclosed herein. Treating
subjects includes delivering therapeutically effective
amounts. Therapeutically effective amounts include those
that provide effective amounts, prophylactic treatments,
and/or therapeutic treatments.

[0135] An “effective amount” is the amount of a compo-
sition necessary to result in a desired physiological change
in the subject. For example, an effective amount can provide
an anti-diabetes effect. Effective amounts are often admin-
istered for research purposes. Effective amounts disclosed
herein can cause a statistically-significant effect in an animal
model or in vitro assay relevant to the assessment of diabetes
development or progression. In particular embodiments,
effective amounts protect pancreatic beta cells and islets,
preserve pancreatic function, mitigate kidney pathogenesis,
and/or prevent macrophage activation in an animal model of
kidney disease.

[0136] A “prophylactic treatment” includes a treatment
administered to a subject who does not display signs or
symptoms of diabetes or displays only early signs or symp-
toms of diabetes such that treatment is administered for the
purpose of diminishing or decreasing the risk of developing
diabetes further. Thus, a prophylactic treatment functions as
a preventative treatment against diabetes. In particular
embodiments, prophylactic treatments reduce, delay, or pre-
vent a complication or side effect of diabetes, such as thirst,
fatigue, blurred vision, changes in weight, shakiness, sweat-
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ing, irritability, confusion, anger, or stubbornness, fast heart-
beat, dizziness, hunger, nausea, sleepiness, headache, lack of
coordination, seizures, cardiovascular disease, nerve dam-
age (neuropathy), kidney damage (nephropathy), eye dam-
age (retinopathy), foot damage, skin conditions or lesions,
hearing impairment and/or Alzheimer’s disease. In particu-
lar embodiments, prophylactic treatments protect pancreatic
beta cells and islets from destruction; preserve pancreatic
function; and/or reduce or delay the occurrence of neuropa-
thy, nephropathy, retinopathy, foot damage, and/or skin
conditions or lesions.

[0137] A “therapeutic treatment” includes a treatment
administered to a subject who displays symptoms or signs of
diabetes and is administered to the subject for the purpose of
diminishing or eliminating those signs or symptoms of
diabetes. The therapeutic treatment can reduce, control, or
eliminate the presence or activity of diabetes and/or reduce
control or eliminate the side effects of diabetes. In particular
embodiments, therapeutic treatments restore pancreatic
function; and/or reduce or reverse the occurrence of neu-
ropathy, nephropathy, retinopathy, foot damage, and/or skin
conditions or lesions.

[0138] Function as an effective amount, prophylactic treat-
ment, or therapeutic treatment are not mutually exclusive,
and in particular embodiments, administered dosages may
accomplish more than one treatment type.

[0139] In particular embodiments, therapeutically effec-
tive amounts provide anti-diabetes effects. Anti-diabetes
effects include can include maintaining blood sugar levels
within a physician-recommended range. Maintaining blood
sugar levels within a physician-recommended range can
help to reduce complications or side effects of diabetes
described above.

[0140] For administration, therapeutically effective
amounts (also referred to herein as doses) can be initially
estimated based on results from in vitro assays and/or animal
model studies. Such information can be used to determine
useful doses in subjects of interest more accurately. The
actual dose amount administered to a particular subject can
be determined by a physician, veterinarian, or researcher
taking into account parameters such as physical and physi-
ological factors including target, body weight, type of dia-
betes, stage of diabetes, the severity of diabetes, previous or
concurrent therapeutic interventions, idiopathy of the sub-
ject and route of administration.

[0141] Useful doses can range from 0.1 to 5 pg/kg or from
0.5to 1 pg/kg. In other examples, a dose can include 1 pg/kg,
15 ng/kg, 30 pgrkg, 50 uglkg, 55 pe/ke, 70 pgrkg, 90 pg/kg,
150 pg/kg, 350 ng/kg, 500 pg/kg, 750 ng/kg, 1000 pg/kg, 0.1
to 5 mg/kg or from 0.5 to 1 mg/kg. In other examples, a dose
can include 1 mg/kg, 10 mg/kg, 30 mg/kg, 50 mg/kg, 70
mg/kg, 100 mg/kg, 300 mg/kg, 500 mg/kg, 700 mg/kg, 1000
mg/kg or more.

[0142] Therapeutically effective amounts can be achieved
by administering single or multiple doses during the course
of a treatment regimen (e.g., daily, every other day, every 3
days, every 4 days, every 5 days, every 6 days, weekly, every
2 weeks, every 3 weeks, monthly, every 2 months, every 3
months, every 4 months, every 5 months, every 6 months,
every 7 months, every 8 months, every 9 months, every 10
months, every 11 months or yearly).

[0143] As indicated, the compositions and formulations
disclosed herein can be administered by, e.g., injection or
oral administration.
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[0144] (iv). Experimental FExamples. FExperimental
Example 1. This example describes a systematic study on
the modulation of multivalent inhibition of heparanase by
varying the sulfation pattern of the pendant disaccharide
moiety on synthetic glycopolymers. The homogeneity of the
research approach allows the research to dissect the contri-
bution of an individual sulfation to heparanase’s inhibition.
The disclosure results indicate that heparanase is capable of
recognizing subtle changes on differently sulfated glycopo-
lymers. To ensure heparanase specificity, the most potent
glycopolymer inhibitor of heparanase was examined with a
solution based competitive BLI assay for cross-bioactivity to
other HS-binding proteins (growth factors, platelet factor 4,
P-selectin) which are responsible for mediating angiogenic
activity, antibody-induced thrombocytopenia, and tumor cell
metastasis (Pellegrini, et al., Nature 2000, 407, 1029-1034;
Arepally, et al., New Engl. J. Med. 2006, 355 (8), 809-817;
Laubli, et al., Semin. Cancer Biol. 2010, 20 (3), 169-177).
Compared to heparin, the research designed synthetic gly-
copolymer has a much lower affinity for these proteins.
[0145] Experimental Section. Materials. All commercial
chemical reagents used for synthesis were used as received
from Sigma Aldrich, Alfa Aesar, TCI, and Combi-Blocks
unless otherwise mentioned. Other reagents and materials
were purchased from the following: heparanase, FGF-1,
FGF-2, P-selectin, and ATIII were all carrier-free (R&D
Systems), HUVECs and reagents (L.onza), Heparin-biotin
(Creative PEGworks), Streptavidin BLI  biosensors
(fortéBIO), CellTiter 96 Aqueous One Solution Cell Prolif-
eration Assay (Fisher Scientific), TR-FRET heparanase inhi-
bition kit (Cis-bio).

[0146] Instrumentation. All new compounds were ana-
lyzed by NMR spectroscopy and High-Resolution Mass
spectrometry. All *"H NMR spectra were recorded on either
a Bruker 400 or 500 MHz spectrometer. All *C NMR
spectra were recorded on either a Bruker 100 or 126 MHz
NMR spectrometer. All *°F NMR spectra were recorded on
a Bruker 471 MHz NMR spectrometer. High resolution
(ESI-TOF) mass spectrometry was acquired at Wayne State
University. CMC fluorescence measurements were per-
formed on an Aligent Technologies Cary Eclipse Fluores-
cence Spectrophotometer. Homogeneous time-resolved
fluorescence (HTRF) emissions were measured using a
SpectraMax i3x Microplate Reader (Molecular Devices).
The number of cells was determined using a Beckman
coulter counter. BLI assays were performed on an Octet Red
Instrument (fortéBIO).

[0147] Glycopolymer Formation. Glycomonomer was
placed into 10 ml Shlenk flask under an inert atmosphere and
dissolved in degassed 2,2,2-trifluoroethanol:1,2-dichloro-
ethane solution. A solution of Grubbs 3rd generation catalyst
was added, and the reaction heated to 55° C. After 1 h, the
reaction was monitored for completion by NMR and then
triturated from methanol by diethyl ether. Glycopolymer
was then deprotected by LiOH in a water:THF mixture.
After 24 h, the glycopolymer was dialyzed (3.5K MWCO)
against 0.9% NaCl solution (3 buffer changes) and DI water
(3 buffer changes).

[0148] Computational Docking Study. For the docking
studies, the apo heparanase structure (PDB code: SESM)
was utilized (Wu, et al., Nat. Struct. Mol. Biol. 2015, 22,
1016-1022). Global docking with each ligand was per-
formed separately on the heparanase structure using Autod-
ock VINA in the YASARA molecular modeling program.
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[0149] Biolayer Interferometry Cross-Bioactivity Assay.
BLI assays were performed on an Octet Red Instrument
(fortéBIO) at 25° C. Immobilization and binding analysis
were carried out at 1000 rpm using an HBS-EP buffer.
[0150] HUVEC Culturing. HUVECs were cultured at 37°
C. in a humidified atmosphere of 5% CO2 using protocols
and reagents supplied by Lonza. At 70-80% confluence,
cells were harvested with 0.025% trypsin in phosphate
buffered saline (PBS) and reseeded into a new vessel with
fresh growth medium at seeding densities of 2500-5000
cells/ecm?2 of vessel surface area.

[0151] HUVEC Proliferation Assay. Endothelial basal
medium (EBM-2) containing only 2% FBS and gentamicin
was used for cell proliferation. Cells were resuspended in
proliferation medium, and 100 pul. was seeded on to 96-well
microplate at 3000 cells/well. After incubating for one day,
FGF-2 and C(6)-SO;N—SO; polymer 5SA in proliferation
medium were added to each well, maintaining a final volume
of 200 L. Each concentration was done in triplicate. After
incubating for 70 h, 20 pl of the CellTiter 96 Aqueous One
Solution Cell Proliferation Assay was added to each well,
and absorbance at 490 nm was measured 2 h later. The entire
assay was repeated three times.

[0152] Critical Micelle Concentration (CMC) Protocol: A
stock solution of C(6)-SO;N—SO; polymer SA was serially
diluted in 1.5 ml Eppendorf tubes at 16 different concentra-
tions with deionized water from 0 to 1 mg/ml. Pyrene stock
solution was added to each tube, and tubes were then
covered in aluminum foil and mechanically agitated by an
orbital shaker for 2 h and then allowed to equilibrate for 18
hours (h). Fluorescence emission spectra of the polymer
solutions containing pyrene were recorded in a 400 ulL
microcuvette using an excitation wavelength of 335 nm, and
the intensities 11 and 13 were measured at the wavelengths
corresponding to the first and third vibronic bands located
near 373 (11) and 384 (13) nm.

[0153] TR-FRET Heparanase Inhibition Assay. The
inhibitor in Milli-Q water and heparanase (R&D Systems)
solution in pH 7.5 triz buffer were added into microtubes and
pre-incubated at 37° C. for 10 min. Next, biotin-heparan
sulfate-Eu cryptate in pH 5.5 0.2 M NaCH,CO, buffer was
added to the microtubes, and the resulting mixture was
incubated for 60 min at 37° C. The reaction mixture was
stopped by adding Streptavidin-XLent! solution in pH 7.5
dilution buffer made of 0.1 M NaPO,, 0.8 M KF, 0.1% BSA.
After the mixture had been stirring at room temperature (RT)
for 15 min, 100 pL. (per well) of the reaction mixture was
transferred to a 96 well microplate in triplicate, and HTRF
emissions at 616 nm and 665 nm were measured by exciting
at 340 nm using a SpectraMax i3x Microplate Reader
(Molecular Devices).

[0154] Results and Discussion. Rational Design of Gly-
copolymers. In studies with HS oligosaccharides, hepara-
nase has been shown to specifically cleave at an explicit
sulfation pattern, GlcAP(1,4)GlcNS(68S), along the HS poly-
saccharide chain (FIG. 1) (Peterson, et al., Matrix Biol.
2013, 32 (5), 223-227). During HS biosynthesis, there is no
set blueprint, leaving the epimerization of the uronic acid,
sulfation, and acetylation patterns to be randomly generated
in domains of heavy sulfation and nonsulfated portions
(Sarrazin, et al., Cold Spring Harb Perspect Biol 2011, 3
(7)). The heterogeneity of HS leads to an enormous amount
of information to be contained within the HS “glyco-code,”
allowing HS to bind to a wide variety of proteins (Capila, et
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al.,, Angew. Chem. Int. Ed. 2002, 41 (3), 390-412). These
proteins are involved in diverse physiological processes,
including cell-cell communication, wound healing, immune
response, and regulation of cell proliferation (Capila, et al.,
Angew. Chem. Int. Ed. 2002, 41 (3), 390-412). This pro-
miscuity is what has led to the deleterious cross bioactivity
of the previously reported heparanase inhibitors, which are
heparin/HS derivatives or mimetics (Rivara, et al., Future
Med. Chem. 2016, 8 (6), 647-680).

[0155] The goal to achieve minimal cross-bioactivity
while maintaining strong binding to heparanase is difficult
because rational design and predictable efficiency of a
neo-glycoconjugate toward a specific lectin and even more
so glycosidase remain a challenge (Deniaud, et al., Org.
Biomol. Chem. 2011, 9 (4), 966-979). Research has previ-
ously reported that multivalent glycosidase inhibitors can be
rationally designed through computational modeling and by
looking at previous oligosaccharide cleavage studies and
ligand-protein co-crystal structures to extract a high-affinity
disaccharide motif (Sletten, et al., Biomacromolecules 2017,
18 (10), 3387-3399; Loka, et al., Chem. Commun. 2017, 53
(65), 9163-9166). Yet, some ambiguity remains from both
the HS oligosaccharide and the crystal structure studies,
with most of the uncertainty being with the glucosamine
(GIeN) unit in the -2 binding subsite (Wu, et al., Nat. Struct.
Mol. Biol. 2015, 22, 1016-1022; Peterson, et al., Matrix
Biol. 2013, 32 (5), 223-227; Davies, et al., Biochem. J 1997,
321 (Pt 2), 557-559). Unfortunately, these questions remain
unsolved because the GIcN unit at the +1/-2 subsites cannot
be differentiated through enzymatic oligosaccharide synthe-
sis or through the use of isolated heparin oligosaccharide
mixtures (Peterson, et al., Matrix Biol. 2013, 32 (5), 223-
227). With the ability to systematically synthesize different
saccharide motifs from the same building blocks, research
rationalized that use of the glycopolymer system was suited
for answering these questions. Knowing that the disaccha-
ride moiety had a strong preference for binding to the -2 and
-1 subsites (Loka, et al., Chem. Commun. 2017, 53 (65),
9163-9166), a disaccharide having the -2 GIcN unit that
could be orthogonally manipulated and then attached to the
polymerizable scaffold to be polymerized subsequently was
designed.

[0156] When designing which disaccharides to place onto
the glycopolymers, previous studies and conclusions about
the -2 GIcN unit were taken into consideration. The fol-
lowing trends were assessed: (1) Inspection of GIcNS6S at
the -2 subsite crystal structure complexes revealed that the
electron density for 6-O-sulfate is significantly weaker than
that for N-sulfate, indicating that this subsite was occupied
by a mixture of GIcNS and GIeNS6S (Wu, et al., Nat. Struct.
Mol. Biol. 2015, 22, 1016-1022). As such, this data shows
that heparanase can accommodate a variety of sulfated
GleNX sugars at the -2 position, but it is unknown which
has a higher binding affinity; (2) For -2 GlcNS68S, the crystal
structure of heparanase-HS trisaccharide ligand indicates
that the C(6)-O-sulfate participates in electrostatic interac-
tions with the side chain of Lys159. Therefore, preference at
the -2 subsite is likely to be GleNS6S>>GIeNS>GIcNAc
because of the formation of additional electrostatic and
hydrogen-bonding interactions (Wu, et al., Nat. Struct. Mol.
Biol. 2015, 22, 1016-1022); (3) Structurally, the -2N-sulfate
appears to be one of the main determinants for recognition
because it is directly in contact with the enzyme through
hydrogen bonding networks (Wu, et al., Nat. Struct. Mol.
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Biol. 2015, 22, 1016-1022); (4) The -2 C(6)-O-sulfate and
+1N-sulfate may further stabilize the heparanase-bound
trisaccharide through electrostatic interactions with basic
residues lining the active site cleft (Wu, et al., Nat. Struct.
Mol. Biol. 2015, 22, 1016-1022); and (5) What effects do the
addition of a C(3)-O-sulfate at the -2 subsite have on the
recognition of heparanase (Peterson, et al., J. Biol. Chem.
2010, 285 (19), 14504-14513).

[0157] Synthesis of Designed Glycopolymers. To resolve
the aforementioned questions, six disaccharides compounds
C2B-C2G with sulfation patterns varying at the C(6)-O,
C(3)-0, and C(2)-N positions were envisaged (FIG. 2).
Based on the crystal structure of the HS substrate-hepara-
nase complex, it was hypothesized that N—, 3-O—, and
6-O—S0;~ groups located at -2 subsite of heparanase could
be critically important for heparanase-HS interaction. While
disaccharides C2B and C2C examine whether C(6)-O—
SO;-located at the -2 subsite is critical for recognition, C2B
and C2D determine whether the sulfate group located at
C(6) or C(3) position of the glucosamine unit is more
important. On the other hand, disaccharides C2E and C2F
will provide a clear picture of whether N—SO;~ groups
located at -2 subsite of heparanase could be critically
important for heparanase-HS interaction. Highly sulfated
C2G could have a negative or positive impact on HS-
heparanase interactions. This study provides a systematic
understanding of substrate binding specificity and sulfate-
recognition motifs.

[0158] With these intended disaccharides in mind, an
orthogonal deprotection and selective sulfation strategy to
synthesize the six differently sulfated -2 glucosamine units
was developed, starting with a common and properly pro-
tected disaccharide building block C3 A with a pendant azido
linker, under a standard set of reaction conditions. A sche-
matic strategy for the construction of the disaccharide frag-
ments is displayed in FIG. 3. Disaccharide C3A, which had
been previously synthesized (Loka, et al., Chem. Commun.
2017, 53 (65), 9163-9166), could be quickly diversified by
either selective N-benzylidene removal under acidic condi-
tions to provide disaccharide C3B or selective C(6)-deacety-
lation using sodium methoxide in methanol to yield disac-
charide C3C. It was observed that the selective C(6)-
deacetylation could only take place when the N-benzylidene
group of the glucosamine moiety remains intact (FIG. 3)
(Loka, et al., Chem. Commun. 2017, 53 (65), 9163-9166).
Disaccharides C3B and C3 would be further functionalized
to generate the corresponding six disaccharide intermediates
C3D-C3I. In the first series of disaccharide synthesis, disac-
charide C3B could be modified by N-acetylation, N—CF ;-
acetylation, and selective sulfation, followed by removal of
the napthylmethyl (NAP) ether protecting group, to con-
struct the three intermediates (C3D)-(C3F) in overall good
yields. The labile CF;-acyl group is hydrolyzed after polym-
erization to reveal the free amine.

[0159] On the other hand, disaccharide C3 could be func-
tionalized by N-benzylidene removal, followed by simulta-
neous C(6) and N-sulfation, to produce C3G. Furthermore,
the C(3)-acetyl group of C3 can be deprotected and then
sulfated, eventually constructing C3H. In the steps leading
to the synthesis of C3H, the following trends were observed.
First, for the deacetylation process to proceed smoothly, it
was essential for the N-sulfate counterions to be sodium
cation (Na™) as opposed to the triethylammonium (Et;NH+).
It was discovered that the exchange of triethylammonium
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for sodium reduced the elimination product that forms
through deprotonation of the GlcA C(5)-hydrogen. Also, the
elimination of the C(5)-hydrogen occurs if there is a free
C(2)-amine present during the deacetylation step (Tiruchi-
napally, et al., Chem. Eur. J. 2011, 17 (36), 10106-10112).
For the synthesis of (C3I), the primary C(6)-hydroxyl of
C3C is first protected as the napthylmethyl ether, followed
by sequential N-benzylidene removal and N-sulfation. After
counterion exchange, the disaccharide intermediate is C(3)-
deacetylated and then sulfated. Global NAP-deprotection
with DDQ produces the corresponding disaccharide C31.

[0160] With the six differently sulfated deprotected disac-
charides (C3E)-(C3I) in hand, they could now be individu-
ally coupled to the ROMP-capable monomer unit C4A via a
CuAAC “click” reaction (FIG. 4) (Kolb, et al., Drug Dis-
covery Today 2003, 8 (24), 1128-1137; Rostovtsev, et al.,
Angew. Chem. Int. Ed. 2002, 41 (14), 2596-2599; Tornoe, et
al., J. Org. Chem. 2002, 67 (9), 3057-3064). The newly
formed glycomonomers were obtained in moderate yield
(27-61%) and then underwent polymerization using Grubbs’
third generation catalyst (G3) in a mixture of 1,2-dichloro-
ethane/2,2,2-trifluoroethanol as solvent (Rankin, et al., J.
Polym. Sci., Part A: Polym. Chem. 2007, 45 (11), 2113-
2128; Choi, et al., Angew. Chem. Int. Ed. 2003, 42 (15),
1743-1746). The unique solvent mixture was necessary to
ameliorate the solubility of the polar sulfated monomer unit
and to prevent the ruthenium catalyst decomposition, which
has been reported with the utilization of nucleophilic polar
solvents such as methanol. The solvent ratio was adjusted
according to the number of sulfates and free hydroxyls
present on the disaccharide portion. Previous results show
that the ideal degree of polymerization (DP) for inhibition of
heparanase by a glycopolymer was 11-12 repeating units
(Sletten, et al., Biomacromolecules 2017, 18 (10), 3387-
3399; Loka, et al., Chem. Commun. 2017, 53 (65), 9163-
9166). As a result, each differently sulfated monomer unit
was independently polymerized with 9 mol % Grubbs’
catalyst (G3) to provide high yields of the six differently
sulfated glycopolymers within 1 h, all with similar optimal
degrees of polymerization (Loka, et al., Chem. Commun.
2017, 53 (65), 9163-9166). Due to their amphiphilic nature,
these glycopolymers aggregate to form micelles after
polymerization. As such, they cannot be analyzed by gel
permeation chromatography (GPC); instead, both the DP
and molecular weight (Mn) of the six glycopolymers were
determined by 'H-NMR end group analysis. Following
polymerization, the resulting glycopolymers were fully
deprotected using 0.25 M LiOH in THF/H,O and then
purified by dialysis to remove impurities, affording the
corresponding polymers FIG. 5A-5F (Johnson, et al., J. Am.
Chem. Soc. 2011, 133 (3), 559-566).

[0161] In Vitro Testing. Heparanase Inhibition: After puri-
fication, the glycopolymers FIG. 5 were evaluated on how
their varied sulfation patterns altered their heparanase
inhibitory capabilities. Employing a TR-FRET assay against
fluorescent labeled-HS, it was ultimately found that there is
a direct correlation between sulfation pattern of the -2 GIcN
and heparanase inhibition (FIG. 5) (Roy, et al., J. Med.
Chem. 2014, 57 (11), 4511-4520). Specifically, it was
observed that the -2 GlcN must be sulfated at both the C(6)
and C(2)-N positions in order to induce the highest inhibi-
tory effects on heparanase (C5A, 1C5,=0.10£0.036 nM).
Removal of the C(6)-sulfate (C5B) drastically reduced the
inhibitory activity against heparanase (ICo to 17.89+0.954
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nM). While previous report has demonstrated that hepara-
nase can recognize glucosamine unit (GlcN) carrying either
C(6)- or C(3)-O-sulfate (Peterson, et al., Matrix Biol. 2013,
32 (5), 223-227; Peterson, et al., J. Biol. Chem. 2010, 285
(19), 14504-14513), it was found that glycopolymer C5C
bearing C(3)-O-sulfate (C5C, IC;,=4.041£0.156 nM) is less
effective at inhibiting heparanase than glycopolymer C5A
bearing C(6)-O-sulfate (5A). The addition of a third sulfate
to the GIcNS6S moiety, forming polymer C5D (5D, IC,=5.
48+0.31 nM), did not prove to be advantageous. This result
suggests that although the interactions are not purely elec-
trostatic, heparanase recognizes the pendant saccharide.
Moreover, the utilization of oversulfated saccharide com-
pounds have been reported to increase nonspecific binding,
leading to unforeseen adverse effects (Sarrazin, et al., Cold
Spring Harb Perspect Biol 2011, 3 (7); Guerrini, et al., Nat.
Biotechnol. 2008, 26 (6), 669-675; Warkentin, et al., New
Engl. J. Med. 1995, 332 (20), 1330-1335; Sun, et al,,
Biomacromolecules 2002, 3 (5), 1065-1070). Exchanging
the N-sulfate (C5D) for a N-acetyl (CSE: 1C50=3.40+0.10
nM) or ammonium (C5F: IC0=8.83+0.52 nM) did not have
a significant impact on the binding affinity. Overall, these
results suggest that although -2N-sulfate is important for
heparanase recognition, it is not as important as —2C(6)-O-
sulfate.

[0162] These results obtained with glycopolymers CSA-
CSF in FIG. 5 are in accordance with an in silico docking
study with the glycomonomer substrates and the apo crystal
structure of heparanase (PDB code: SE8M) using the Autod-
ock Vina suite in the YASARA program (Wu, et al., Nat.
Struct. Mol. Biol. 2015, 22, 1016-1022; Krieger, et al.,
Bioinformatics 2014, 30 (20), 2981-2982; Troftt, et al., J.
Comput. Chem. 2010, 31 (2), 455-461). The investigation
was initiated by docking the natural HS substrate, GIcNS
(65)a(1,4)GIlcAP(1,4)GIeNS(6S)a(1,4)GlcA tetrasaccha-
ride, into human heparanase to obtain a benchmark for
comparison with synthetically designed compounds. Cur-
rently, there are no computational programs that could
manage the docking of glycopolymers, and so the mono-
meric precursors were investigated in the computational
studies. When both the C(6) and C(2)-N positions were
sulfated (polymer C5A, compounds C5A-C5G.), there was
a strong network of interactions (ionic and hydrogen bond-
ing) formed (Johnson, et al., J. Am. Chem. Soc. 2011, 133
(3), 559-566). The N-sulfate interacted with Lys159 and
Arg303, while the C(6)-O-sulfate from a trivalent network
with Asn64, Gly389, and Tyr 391. When the C(3)-O-sulfate
for the trisulfate saccharide (C5C), compounds C5A-C5G)
was introduced, it added an additional ionic interaction with
Lys98; however, the interaction pulled the C(6)-O-sulfate
away from Tyr391 and the N-sulfate from Arg303. This
docking result is consistent with the experimental data
wherein polymer C5C (IC5,=5.48+0.31 nM) is less effective
at inhibiting heparanase than polymer C5A (IC5,=0.1020.
036 nM).

[0163] Finally, the prediction for recognition importance
at the C(2)-N position (GleNS6S>>GlecNS>GleNAc) was
partially upheld (Wu, et al., Nat. Struct. Mol. Biol. 2015, 22,
1016-1022). Heparanase strongly recognized the GIcNS6S
motif (FIG. 5, C5A), but the preference between GIcNS and
GleNAc (C5B and C5E) were actually reversed. As previ-
ously mentioned, the orientation of the saccharide is vital,
and it was found that a hydrophobic pocket in the -2 subsite
(Gly389, Asp62, Val34, Tyr391) accommodated the methyl
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of the acetyl group and provided the right orientation for the
C(6)-sulfate to potentially interact with Lys232. The GlcNS
only made it to the outer periphery of the binding site groove
with little interactions. Removal of all substitution at the
C(2)-N position still yielded fair inhibition (C5F); however,
when looking at the docked compound, the disaccharide unit
was found in the +2/+1 subsites with the reducing end
directed towards HBD-1, opposite of the natural substrate
and the other glycomonomer compounds. This docking
result supports the findings of previous studies that the
N-sulfate is necessary for recognition in the -2 subsite.
Overall, it is concluded that the combinatory effect of having
both the C(6)- and C(2)-N positions sulfated presents the
saccharide in the proper orientation for optimal binding at
the -1, -2 subsite of heparanase. Any additional sulfates or
changes in the pattern disrupt the positioning of the saccha-
ride, reducing the number of ionic salt bridges and hydrogen
bonding interactions.

[0164] Cross-bioactivity Studies. After discovering that
the GIeNS(6S)a(1,4)GIcA glycopolymer CSA (DP=12) is
the most potent inhibitor of heparanase, the specificity of
this synthetic glycopolymer was next sought to be found
since HS polysaccharides are typically promiscuous (Capila,
et al., Angew. Chem. Int. Ed. 2002, 41 (3), 390-412). It was
previously established that glycopolymer C5A presented no
anticoagulant activity in the presence of ATIII (Anti-FXa:
1C5,>4500 nm and Anti-FIla: IC;,>4500 nm) (Oh, et al.,
Angew. Chem. Int. Ed. 2013, 52 (45), 11796-11799; Loka,
et al, Chem. Commun. 2017, 53 (65), 9163-9166). The
ability of C5A to bind to a variety of HS-binding proteins
was next screened (C5A-C5G). To achieve this goal, a
solution-based BLI assay was utilized to determine the
apparent K ; of the glycopolymer to HS-binding proteins in
comparison to biotinylated-heparin (18 kDa) attached to the
BLI streptavidin-probe (FIG. 7) (Cochran, et al., Glycocon-
jugate J. 2009, 26 (5), 577-587). The study was initiated by
testing the assay’s validity by employing heparin (18 kDa)
as the ligand. The apparent K, found for several HS-binding
proteins (FIG. 7) was similar to previously reported data
obtained with a variety of methods (Cochran, et al., Glyco-
conjugate J. 2009, 26 (5), 577-587). Once the binding of
heparin to HS-binding proteins has been established, the
protein screening process was initiated by determining the
K, for synthetic glycopolymer C5A to three angiogenic
growth factors (FGF-1, FGF-2, and VEGF), which are
released during degradation of the ECM’s HS by heparanase
and are responsible for promoting tumor growth (Rivara, et
al., Future Med. Chem. 2016, 8 (6), 647-680). The glyco-
polymer exhibited a very low affinity to these three growth
factors with K, several orders of magnitude greater than the
standard 18 kDa heparin utilized in the assay (FIG. 7). Next,
the focus was placed on the binding of C5A to platelet
factor-4 (PF4), which is responsible for causing thrombo-
cytopenia, the main reason why clinical trials for other
carbohydrate-based heparanase inhibitors were halted (Ri-
vara, et al., Future Med. Chem. 2016, 8 (6), 647-680;
Arepally, et al., New Engl. J. Med. 2006, 355 (8), 809-817).
Again, the K, for the GIcNS(6S)a(1,4)GlcA glycopolymer
(45£5.11 nM) was 150 times weaker than that of heparin
(0.31+0.028 nM) and three times weaker than that of PI-88
(16.0£1.9 nm), a known heparanase inhibitor (Cochran, et
al., Glycoconjugate J. 2009, 26 (5), 577-587). Lastly, P-se-
lectin was tested as it plays a vital role in tumor cell
metastasis, and the process can be attenuated by heparin
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(Stevenson, et al., Thromb. Res. 2007, 120, S107-S111;
Manning, et al., Tetrahedron 1997, 53 (35), 11937-11952).
Glycopolymer C5A (K ,=351.5£927.6 nM) presented a simi-
lar affinity to that of heparin (K,=124.8+152.1 nM). The
data obtained with P-selectin suggests that inhibiting hepa-
ranase and P-selectin simultaneously allows the glycopoly-
mer to suppress both selectin-mediated tumor cell adhesion
to endothelial cells and heparanase mediated extravasation
through the subendothelial basement membrane.

[0165] Interestingly, a biphasic behavior was found in all
the binding studies. At lower concentrations of polymer
C5A (<3 uM), the binding was linear; however, at concen-
trations above 3 uM, there was a drastic change in binding
(FIG. 8A). These concentrations directly correlate to the
previously found 3.3 pM critical micelle concentration
(CMC) for 5A (Loka, et al., Chem. Commun. 2017, 53 (65),
9163-9166). It was determined that at the higher concentra-
tions, glycopolymer CS5A exists in its micellar form and
begins to tightly sequester the proteins, resulting in that there
was no protein available to bind to the heparin attached to
the BLI probe (Koide, et al., Nat. Chem. 2017, 9, 715-722;
Belair, et al., Chem. Commun. 2014, 50 (99), 15651-15668).
The biphasic behavior of the GIeNS(6S)a(1,4)GlcA glyco-
polymer was also observed in the human umbilical vascular
endothelial cell (HUVEC) proliferation assay using FGF-2
(FIG. 8B). Again, at concentrations below the CMC
(0.0007-0.75 uM), there was statistically no cell prolifera-
tion compared to the control without glycopolymer. These
results support the BLI data for FGF-2 to the glycopolymer,
in which very little binding occurred at low concentrations
(FIG. 8A). It was not until polymer C5A reached 3 uM
concentration that a small change in HUVEC proliferation
was observed (FIG. 8B). As previously seen with the BLI
data, at concentrations above 3 pM, there was a strong
decrease in cell proliferation, down to the exact same level
as that of the control without FGF-2 (FIG. 8B). As shown in
FIG. 8C, there is a direct correlation between cell prolifera-
tion and the formation of micelle. It was hypothesized that
sequestering FGF-2 by the newly formed micelles does not
allow the protein to bind to the FGF-receptor on the HUVEC
surface, either from steric repulsion or improper binding
orientation of the ternary complex (Pellegrini, et al., Nature
2000, 407, 1029-1034). It is important to note that these
concentrations are much greater than the inhibitory concen-
tration of the synthetic GIcNS(6S)a(1,4)GlcA glycopolymer
CS5A against heparanase.

[0166] Experimental Example 2. Introduction. Glycosi-
dases, a class of enzymes which catalyze the hydrolysis of
glycosidic bonds in complex sugars, play a vital role in
cellular function (Vocadlo, et al., Curr. Opin. Chem. Biol.
2008, 12 (5), 539-555). As a result, the modulation of
glycosidases’ biological activity is a major target for drug
discovery (Compain, et al., ChemBioChem 2014, 15 (9),
1239-1251). Heparanase is an endolytic enzyme that cleaves
the internal p-(1,4)-glycosidic bond between glucuronic acid
(GlcA) and N-sulfated glucosamine (GlcNS) along heparan
sulfate (HS) saccharide chains which constitute the extra-
cellular matrix (ECM) and basement membranes (Rivara, et
al., Future Med. Chem. 2016, 8 (6), 647-680; Vlodavsky, et
al., Drug Resist. Updates 2016, 29, 54-75; Pisano, et al.,
Biochem. Pharmacol. 2014, 89 (1), 12-19; Vlodavsky, et al.,
Nat. Med. 1999, 5, 793).

[0167] Human pancreatic {3 cells, like mouse pancreatic §
cells, contain high levels of heparan sulfate that is lost from
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the f cells in Type-1 diabetes (T1D) patients. During T1D,
the immune system produces heparanase (Hpse) that
destroys heparan sulfate (HS) within j3 cells and causes their
death. To test the effect of our synthesized glycopolymer
inhibitor on protecting Hpse-induced damages to pancreatic
[ cells, mouse pancreatic beta-cell line Min-6 was treated
with vehicle, Hpse (5 pg/ml), Hpse (5 pg/ml) plus glyco-
polymer 2 (GPM2) inhibitor (300 nM), or GPM2 alone (300
nM) for 24 hours. As shown by cell morphology and
surviving cell counts, treatment of Hpse significantly
reduced the survival of cultured mouse pancreatic [ cells
(FIG. 9A). In comparison, the  cells treated with Hpse plus
GPM2 showed a survival rate comparable to the f cells
treated with the vehicle PBS. Furthermore, the Hpse-treated
[ cells exhibited less dense and desolate in shape, while the
[ cells treated with the vehicle control or with Hpse plus
GPM2 displayed dense colonies (FIG. 9A). Additionally,
treatment of GPM2 alone did not exert any toxic effect on
mouse p cell growth or islet-like colony formation (FIG.
9A).

[0168] To confirm the protective effect of GPM2 on Hpse-
induced pancreatic p cell damage, mouse pancreatic 3 cells
were treated with the vehicle PBS, Hpse, and/or GPM2, and
the cells were stained with a mitochondrial ROS fluorescent
probe to visualize mitochondrial morphology and metabolic
state. Hpse treatment decreased mitochondrial activities in {3
cells, as shown by the mitochondrial staining (FIG. 9B).
This may reflect the metabolic state and mass of surviving
[ cells. In comparison, the f§ cells treated with Hpse plus
GPM 2 displayed comparable mitochondrial activities, com-
pared to the p cells treated with the vehicle PBS. Taken
together, these results indicated a discernable protective
effect of the glycopolymer inhibitor on Hpse-caused damage
to pancreatic f§ cells.

[0169] The ex vivo-cultured, insulin-producing human
islets (provided by the United Network for Organ Sharing
through the Prodo Laboratories) were treated with PBS
vehicle or heparanase (10 pg/ml) in the presence or absence
of GPM2 (300 nM). Alcian blue staining of HS contents
indicated that heparanase reduced HS contents while the
addition of GPM2 protected HS contents under the chal-
lenge of heparanase in human pancreatic islets (FIG. 9D).
Indeed, the islets incubated with GPM2 alone exhibited
higher levels of HS contents compared to those incubated
with the vehicle, implicating a discernable effect of GPM2
on protecting pancreatic HS contents from the destruction by
heparanase. To evaluate the effect of GM2 in repressing islet
inflammation associated with heparanase challenge, the
expression levels were examined of the genes encoding
major pro-inflammatory cytokines or mediators. As shown
by quantitative real-time PCR (qPCR) analysis, expression
levels of 118, IL.13, and TNFa in human islets treated with
GPM2 were reduced, compared to those incubated with
vehicle, in the presence or absence of heparanase challenge
(FIG. 9E). Similarly, expression levels of the gene encoding
Toll-like Receptor 2 (TLR2), a major macrophage inflam-
matory receptor, were also decreased in the human islets
when GMP2 was added. These results implicate the role of
GPM2 in repressing islet inflammation under the high-level
heparanase challenge.

[0170] Supporting Information. General information:
Methods and Reagents. All reactions were performed in
dried flasks fitted with a glass stopper under a positive
pressure of nitrogen atmosphere unless otherwise noted.
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Organic solutions were concentrated using a Buchi rotary
evaporator below 40° C. at 25 torr. Analytical thin-layer
chromatography (TLC) was routinely utilized to monitor the
reactions’ progress and performed using pre-coated glass
plates with 230-400 mesh silica gel impregnated with a
fluorescent indicator (250 nm). Visualization was achieved
using UV light, iodine, or ceric ammonium molybdate stain.
Flash column chromatography was performed using 40-63
um silica gel (SiliaFlash® F60 from Silicycle) or by a
Redisep Rf Gold column on a Teledyne ISCO Flash Puri-
fication System. Dry solvents were obtained from an SG
Waters solvent system utilizing activated alumina columns
under argon pressure.

[0171] Instrumentation. All NMR spectra were taken at
25° C. in deuterated solvent (Cambridge Isotope Laborato-
ries) unless stated otherwise. Chemical shifts are expressed
in parts per million (8 scale) relative to the NMR solvent for
'H and '*C NMR (CDCl,: 8 7.27 ppm, d 77.16 ppm; D,0O:
3 4.79 ppm; and MeOD (d-4): 8 3.31 ppm, 0 49.00 ppm) or
CF,-toluene (-63.72 ppm) for '°F NMR. Spectra were
processed using the automatic phasing and polynomial base-
line correction features of the MestReNova software. Data
are presented as follows: chemical shift, multiplicity
(s=singlet, d=doublet, t=triplet, q=quartet, m=multiplet),
integration, and coupling constant in hertz (Hz). High reso-
Iution (ESI-TOF) mass spectrometry was acquired at Wayne
State University.

[0172] General synthetic procedures and characterization.
[0173] FIG. 10 shows the structure of compound C5A.
Compound C5A was prepared as described in Loka, et al.,
Chem. Commun. 2017, 53, 9163-9166; Sletten, et al.,
Biomacromolecules 2017, 18, 3387-3399.

[0174] FIG. 11 shows the synthetic route for the synthesis
of trisulfated glycopolymer C5D. Compound S1 was pre-
pared as described in Loka, et al., Chem. Commun. 2017,
53, 9163-9166; Sletten, et al., Biomacromolecules 2017, 18,
3387-3399.

[0175] A 20 ml scintillation vial was charged with S1 (35
mg) in 1.5 ml of methanol. To the vial, 1 g of Na* exchange
resin was added. The reaction was stirred vigorously at 1000
RPM for 24 h. After 24 h the reaction was filtered and
concentrated by rotary evaporation to quantitatively yield
the sodium salt S2 (35 mg). Full conversion to the sodium
salt was then analyzed by 'H NMR by looking for the
disappearance of the triethlyamine associated resonances:
'H NMR (500 MHz, MeOD) § 7.88-7.81 (m, 5H), 7.75 (d,
J=8.3 Hz, 2H), 7.70 (dd, J=12.8, 7.4 Hz, 4H), 7.58 (d, J=8.1
Hz, 1H), 7.50-7.43 (m, 7H), 7.41-7.33 (m, 2H), 5.59 (d,
J=3.5 Hz, 1H), 5.31-5.25 (m, 1H), 5.14 (dd, J=11.4, 7.7 Hz,
2H), 5.01 (d, J=11.2 Hz, 1H), 4.95 (d, I=11.4 Hz, 1H), 4.82
(d, J=11.3 Hz, 1H), 4.73 (dd, J=16.2, 9.5 Hz, 2H), 4.42 (d,
J=9.6 Hz, 1H), 4.29 (d, I=10.4 Hz, 1H), 4.22-4.13 (m, 2H),
4.00-3.95 (m, 1H), 3.89 (t, I=8.1 Hz, 1H), 3.83 (s, 3H),
3.81-3.76 (m, 2H), 3.67-3.63 (m, 2H), 3.59-3.54 (m, 3H),
3.47 (dd, J=10.8, 3.5 Hz, 1H), 3.22 (dd, J=5.5, 4.3 Hz, 2H),
1.94 (s, 3H).

[0176] In a 1 ml conical Schlenk flask, under nitrogen,
compound S2 (35 mg, 0.032 mmol, 1 equiv.) was dissolved
in a NaOMe (0.34 mg, 0.0063 mmol, 0.2 equiv.) in anhy-
drous Methanol (0.5 ml) solution. The reaction mixture was
stirred overnight at RT. Reaction completion was monitored
by the disappearance of the starting material by ESI mass
spectrometry in negative mode. Upon completion, the reac-
tion mixture was directly loaded using minimal methanol



US 2021/0205350 Al

onto a brand new 12 g Redisep Rf Gold column and purified
by silica gel flash chromatography on a Teledyne ISCO
Flash Purification System (A-CH,Cl, B-Methanol 0—40%
B over 25 CV) to afford disaccharide S3 (28.4 mg, 86%).

[0177] The NMR results were: '"H NMR (500 MHz,
MeOD) 6 7.90 (s, 1H), 7.87-7.85 (m, 1H), 7.84-7.80 (m,
4H), 7.77-7.69 (m, 6H), 7.66 (d, J=7.9 Hz, 1H), 7.61 (d,
J=8.5 Hz, 1H), 7.48-7.42 (m, 7H), 7.40-7.35 (m, 2H), 5.52
(d, 3.6 Hz, 1H), 5.17-5.08 (m, 4H), 4.93 (d, J=8.6 Hz, 2H),
479 (d, I=11.6 Hz, 1H), 4.72 (d, J=7.4 Hz, 1H), 4.36 (dd,
J=10.5, 3.1 Hz, 1H), 4.24 (d, J=8.8 Hz, 1H), 4.17 (d, J=8.2
Hz, 1H), 4.13 (d, J=8.5 Hz, 1H), 4.00-3.94 (m, 1H), 3.90 (t,
J=7.9 Hz, 1H), 3.83-3.79 (m, 1H), 3.76 (s, 3H), 3.70-3.60
(m, 10H), 3.60-3.55 (m, 4H), 3.25-3.20 (m, 2H).

[0178] '*C NMR (126 MHz, MeOD) & 171.0, 137.7,
137.4, 137.1, 134.8, 134.7, 134.7, 134.5, 134.4, 1344,
129.2, 129.0, 128.9, 128.9, 128.8, 128.7, 128.7, 128.6,
128.5, 128.1, 127.9, 127.7, 127.6, 127.3, 127.0, 126.8,
126.7,126.7,126.6, 104.7,99.8, 82.8, 82.7,79.2,77.2,76.1,
75.8,75.2,75.1,74.6,71.4,70.9,70.2,67.3,59.8,55.1, 53 4,
51.7.

[0179] Purification elution fractions were analyzed for the
product by ESI mass spectrometry in negative mode: HRMS
(ESIN) cale. for C5oHi,N,O,S, (M+Na)™: 1083.2615;
found: 1083.2621.

[0180] A 5 ml vial was sequentially charged with disac-
charide S3 (26 mg, 0.0311 mmol, 1 equiv.), DMF (0.160
ml), SO;.Me;N (130 mg, 0.933 mmol, 30 equiv.), and
triethylamine (0.087 ml, 0.622 mmol, 20 equiv.). The reac-
tion mixture was stirred at 50° C. for 3 d. The reaction
progress was monitored by ESI negative mode mass spec-
trometry. The white solid was filtered off using cotton plug
washing with CH,Cl,. The reaction was then concentrated in
vacuo. The residue was purified using C-18 reverse-phase
silica gel flash chromatography (0-480% acetonitrile/water)
to afford S4 (26 mg, 74%).

[0181] The NMR results were: 'H NMR (500 MHz,
MeOD) 6 8.00 (s, 1H), 7.87 (dd, J=10.6, 7.3 Hz, 2H), 7.80
(dd, J=10.2, 7.2 Hz, 3H), 7.76-7.72 (m, 2H), 7.72-7.63 (m,
SH), 7.53 (dd, J=8.4, 1.4 Hz, 1H), 7.44-7.33 (m, 7H), 5.73
(d, J=3.1 Hz, 1H), 5.42 (d, J=11.3 Hz, 1H), 5.34 (d, J=9.7
Hz, 1H), 5.11 (d, J=11.5 Hz, 1H), 4.98 (d, J=11.3 Hz, 1H),
4.85-4.80 (m, 3H), 4.80-4.74 (m, 1H), 4.70 (d, J=7.7 Hz,
1H), 4.43 (d, J=9.4 Hz, 1H), 4.24-4.12 (m, 3H), 4.00-3.92
(m, 2H), 3.81-3.76 (m, 6H), 3.67 (1, I=4.7 Hz, 2H), 3.59 (t,
J=5.0 Hz, 2H), 3.52-3.43 (m, 2H), 3.22 (dd, J=5.4, 4.0 Hz,
2H).

[0182] '*C NMR (126 MHz, MeOD) § 171.2, 138.3,
137.7, 137.6, 134.8, 134.8, 134.7, 134.5, 134.4, 1343,
129.3, 129.2, 129.0, 128.9, 128.8, 128.6, 128.5, 128.5,
128.5, 128.0, 127.9, 127.5, 127.2, 126.9, 126.8, 126.6,
126.6, 126.5, 104.7, 99.2, 84.2, 82.7, 78.8, 77.9, 77.8, 76.0,
75.8,75.4,72.0,71.4,71.0,70.2,67.0,59.1, 53.5,51.7, 45.6.
[0183] Purification elution fractions were analyzed for the
product by ESI mass spectrometry in negative mode: HRMS
(ESIN) cale. for Cs,Hg N,O,, S, (M+2Na)™: 1185.2003;
found: 1185.1987.

[0184] A 20 ml scintillation vial was charged with 2-naph-
thylmethyl protected sulfated disaccharide S4 (34 mg, 0.03
mmol, 1 equiv.), CH,Cl, (0.45 ml), pH 7.4 1x PBS buffer
(0.45 ml) and recrystallized 2,3-dichloro-5,6-dicyano-1,4-
benzoquinone (54.5 mg, 0.24 mmol, 8 equiv.). An oversized
stir bar was added, and the vial was wrapped in aluminum
foil. The biphasic reaction mixture was vigorously stirred
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overnight at RT. Reaction completion was monitored by the
disappearance of the starting material by ESI mass spec-
trometry in negative mode. Upon completion, the reaction
mixture was directly loaded onto a brand new 40 g Redisep
Rf Gold column using minimal methanol and purified by on
a Teledyne ISCO Flash Purification System (A-CH,CI,
B-Methanol 0—20% B over 5 CV then 20—40% B over 20
CV) to afford the disaccharide C3H (16.5 mg, 76%).
[0185] The NMR results were: 'H NMR (500 MHz,
MeOD) d 5.56 (d, J=3.4 Hz, 1H), 4.45 (d, J=7.8 Hz, 1H),
4.35 (dd, J=10.7, 8.6 Hz, 1H), 4.23 (dt, I=18.9, 6.3 Hz, 2H),
4.03-3.98 (m, 1H), 3.97-3.91 (m, 1H), 3.90-3.80 (m, 4H),
3.79-3.65 (m, 9H), 3.42-3.37 (m, 3H).

[0186] '*C NMR (126 MHz, MeOD) § 170.6, 104.6,
101.0, 81.1, 79.3, 77.2, 76.2, 74.2, 72.4, 71.3, 71.0, 70.2,
70.1, 67.3, 58.6, 53.6, 51.8.

[0187] Purification elution fractions were analyzed for the
product by ESI mass spectrometry in negative mode: HRMS
(ESI7) cale. for C,,H,,N,0,,S; (M+2Na)™': 765.01254;
found: 765.0131.

[0188] An oven-dried 10 ml Schlenk flask was charged
with a solution of polymerizable scaffold C4A (7.8 mg,
0.0195 mmol 1.2 equiv.) in CH,Cl, and a solution of
deprotected sulfated disaccharide C3H (11.7 mg, 0.016
mmol, 1 equiv.) in methanol. The mixture was then concen-
trated by rotary evaporation and placed in vacuo for 30 min.
Under N,, copper(l) iodide (3 mg, 0.016 mmol, 1 equiv.)
was added, followed by anhydrous DMF (0.2 ml). Lastly,
the addition of DBU (3 uL, 0.0195 mmol, 1.2 equiv.) was
performed by a microsyringe. The resulting mixture was
stirred overnight at 55° C. The reaction mixture was moni-
tored by ESI mass spectrometry in negative mode for
complete consumption of C3H. Upon completion, the reac-
tion mixture was directly loaded onto a brand new 24 g
Redisep Rf Gold column using minimal methanol and
purified by silica gel flash chromatography on a Teledyne
ISCO Flash Purification System (A-CH,Cl, B-Methanol
0—60% B over 20 CV) to afford the diantennary gly-
comonomer S5 (11 mg, 61%), after click reaction.

[0189] The NMR results were: '"H NMR (500 MHz,
MeOD) 0 8.14 (s, 1H), 7.99 (s, 1H), 6.48 (dd, J=11.3, 5.8 Hz,
2H), 5.60-5.55 (m, 1H), 5.40-5.30 (m, 2H), 5.02 (d, J=21.7
Hz, 1H), 4.65-4.51 (m, 3H), 4.42 (d, J=7.8 Hz, 1H), 4.38-
432 (m, 1H), 4.25-4.15 (m, 2H), 4.04-3.97 (m, 1H), 3.88 (d,
J=4.8 Hz, 4H), 3.82 (s, 3H), 3.69-3.63 (m, 9H), 3.46-3.38
(m, 3H), 3.35 (d, J=2.1 Hz, 1H), 3.19-3.06 (m, 1H), 2.90-
2.82 (m, 1H), 2.75 (s, 1H), 2.66 (dt, J=9.5, 4.8 Hz, 3H), 2.57
(d, J=7.4 Hz, 1H), 1.60 (dd, J=32.8, 20.3 Hz, 4H), 1.36-1.21
(m, 2H).

[0190] '*C NMR (126 MHz, MeOD) § 173.9, 169.2,
136.7, 136.2, 103.3, 99.4, 80.5, 80.4, 79.8, 78.7, 77.9, 76.0,
75.9,74.6,72.8,71.0,69.9, 68.9, 68.8,65.9,57.1,52.2, 50.9,
50.1,49.7,41.6,39.3,29.3,28.7,28.0,27.7,26.6, 26.3, 26.3,
23.8, 23.7.

[0191] Purification elution fractions were analyzed for
product by ESI mass spectrometry in negative mode: HRMS
(ESIN) cale. for CiygHs3N,O,,S:(M+2Na+2H)™': 1169.
2072; found: 1169.2051.

[0192] Into an oven-dried 10 ml Schlenk flask under N,,
a solution of diantennary monomer S5 (4.5 mg, 0.0044
mmol) in a degassed mixture of 1:1 1,2-dichloroethane:2,2,
2-trifluoroethanol (DCE:TFE) (1 ml) was transferred in.
(Note: Solvent mixture was degassed in bulk by freeze-
pump-thaw method prior to dissolving monomer. Degassing
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was repeated at least 5 times until bubbles subsided.) The
mixture was then concentrated by rotary evaporation and
placed in vacuo for 30 min. In a glove box under an inert N,
atmosphere, a 1 ml oven-dried, conical Schlenk flask was
charged with 3.3 mg of the catalyst [(H,IMes)(3-Br-py),
(C1),Ru—CHPh] (G3), then sealed with a glass stopper and
removed from the glove box. The G3 was then dissolved in
0.485 ml of degassed 2.5:1 DCE:TFE under N, to make a
stock solution. Under N,, monomer S5 was redissolved in
the degassed 2.5:1 DCE:TFE (0.100 ml) mixture, and a
magnetic stir barwas added. 0.100 ml of the G3 stock
solution was then rapidly injected into the monomer solution
Schlenk under N, and then sealed with a glass stopper (final
concentration=0.025 M). The resulting solution was then
lowered into a 55° C. oil bath and allowed to stir. After the
solution became cloudy (1 h), the monomer’s conversion
was monitored by "H NMR of a reaction aliquot in CD,0D
by observing the disappearance of the strained alkene peak
at 6.4 ppm. Upon full conversion, the reaction was cooled to
RT and stirred for 5 min. The reaction mixture was quenched
with ethyl vinyl ether (5 drops) and allowed to stir for 30
min. The reaction mixture was then transferred into a 20 ml
scintillation vial and concentrated in vacuo. The crude
product was dissolved in a minimal amount of methanol and
precipitated with an excess of diethyl ether. The precipitate
was allowed to settle, and the liquid was then decanted off.
Note: If the precipitant was very fine, this solution was
centrifuged, and the liquid was decanted. The precipitate
was then redissolved in excess methanol (2 ml) and recon-
centrated until the polymer was in a minimal amount of
methanol. This process was repeated two more times. The
final residual precipitate was dried in vacuo to yield trisul-
fated polymer S6, after polymerization, as an off white solid
(1.7 mg, yield=55%, conversion=100%, DP=10). The ratio
of the GIlcN anomeric peak (5.5 ppm) and the phenyl end
group (7.4 ppm) were used to find the DP.

[0193] The NMR results were: "H NMR (500 MHz, D,0)
8 8.12-7.82 (m, 1H), 7.41 (s, 1H), 5.94 (s, 1H), 5.53 (s, 1H),
5.42 (s, 1H), 4.60 (s, 3H), 4.40-4.12 (m, 3H), 4.01-3.58 (m,
16H), 3.47-3.30 (m, 5H), 3.19 (s, 1H), 2.81 (d, J=27.8 Hz,
2H), 2.66 (s, 3H), 1.53 (s, 4H), 1.28 (s, 2H).

[0194] Trisulfated polymer S6 (1.7 mg) was charged into
a 5 ml vial along with 0.137 ml, 0 0.25 M LiOH aqueous
solution, 1.5 ml water, and 0.377 ml THF and allowed to stir
at RT for 24 h. The reaction mixture was then frozen using
liquid nitrogen and lyophilized to completion. The remain-
ing solid was then dissolved in water and placed inside a
dialysis cartridge (Slide-A-Lyzer G2 Dialysis Cassettes,
3.5K MWCO, 3 ml, Cat. #: 87723) and dialyzed against
0.9% NaCl solution for 24 h (3 buffer changes) then against
DI water for 24 h (3 buffer changes). Finally, the sample was
transferred into a 5 ml vial and frozen by liquid nitrogen.
The sample was then lyophilized to obtain fully deprotected
trisulfated polymer C5D, after saponification, as a white
solid (0.9 mg, 50%).

[0195] The NMR results were: "H NMR (500 MHz, D,0)
8 8.14-7.86 (m, 1H), 7.56-7.25 (m, 1H), 6.02-5.69 (m, 1H),
5.58 (s, 1H), 5.14 (s, 1H), 4.66-4.45 (m, 5H), 4.34 (d, J=10.3
Hz, 2H), 4.18 (d, J=11.5 Hz, 1H), 4.11-4.03 (m, 1H),
3.99-3.60 (m, 12H), 3.56 (t, J=9.2 Hz, 1H), 3.45-3.33 (m,
4H), 3.31-3.24 (m, 1H), 2.90-2.50 (m, 4H), 1.73-1.38 (m,
4H), 1.37-1.09 (m, 2H).

[0196] FIG. 12 shows the synthetic route for the synthesis
of C(3)-SO;N—SO; disulfated glycopolymer C5C.

Jul. 8, 2021

[0197] A 25ml oven-dried Schlenk flask was charged with
disaccharide C3A (128 mg, 0.112 mmol, 1 equiv.), anhy-
drous methanol (0.52 ml), and CH,Cl, (0.15 ml). NaOMe
(14.2 mg, 0.26 mmol, 1 equiv.) was added and stirred at RT
for 1 h. The reaction was monitored for completion by TLC
(1:1 hexanes:ethyl acetate). Upon completion, the reaction
was diluted with CH,Cl, and neutralized by Amberlyst®
(Rohm & Haas, Co., West Philadelphia, Pa.) 15 hydrogen
form, filtered, and concentrated to yield disaccharide C3C
(103 mg, 83%).

[0198] Disaccharide C3 (87 mg, 0.078 mmol, 1 equiv.)
was charged under N, into an oven-dried 10 ml Schlenk
flask along with 2-(bromomethyl)naphthalene (346 mg, 20
equiv.), tetrabutylammonium iodide (5.8 mg, 0.2 equiv.),
and 4 A activated molecular sieves (52 mg, 100 mg/ml).
Contents were then dissolved in dry CH,Cl, (0.52 ml) under
N, and stirred at RT. After 1 h, Ag,O (18.5 mg, 0.078 mmol,
1 equiv.) was added under N, and the reaction was allowed
to stir overnight at 35° C. The reaction was monitored by
TLC (1:1 hexanes:ethyl acetate). Upon completion, the
reaction was filtered through a Celite® 545 plug and con-
centrated. The reaction mixture was then dissolved in 0.5 ml
of toluene loaded directly on to a silica gel column and
purified by flash chromatography (10 g of silica, %4in IDx12
in column, 5:1—3:1—2:1—+1:1 hexanes:ethyl acetate) to
provide the desired S7 (50.6 mg, yield=72% based on
recovered starting material).

[0199] The NMR results were: '"H NMR (500 MHz,
CDCl,) 0 8.41 (d, J=1.8 Hz, 1H), 8.26 (d, J=7.5 Hz, 1H),
7.84 (t,J=7.5 Hz, 3H), 7.75 (t, J=8.2 Hz, 3H), 7.68-7.61 (m,
3H), 7.59 (t, J=7.8 Hz, 3H), 7.55-7.46 (m, 6H), 7.46-7.32
(m, 11H), 7.16 (dd, J=8.4, 1.3 Hz, 1H), 6.90 (dd, J=8.4, 1.1
Hz, 1H), 5.67 (t, J=9.8 Hz, 1H), 5.62 (d, J=3.5 Hz, 1H), 5.08
(d, J=11.2 Hz, 1H), 5.00 (d, J=11.7 Hz, 1H), 4.91-4.79 (m,
3H), 4.69-4.60 (m, 3H), 4.56 (d, J=11.6 Hz, 1H), 4.31 (t,
J=9.2 Hz, 1H), 4.13 (d, J=9.5 Hz, 1H), 4.11-4.04 (m, 1H),
3.96-3.81 (m, 4H), 3.81-3.67 (m, 8H), 3.67-3.60 (m, 3H),
3.51 (dd, I=10.3, 3.5 Hz, 1H), 3.31 (td, J=4.8, 2.4 Hz, 2H),
1.68 (s, 3H).

[0200] '*C NMR (126 MHz, CDCl,) & 169.6, 169.3,
160.2, 136.0, 135.8, 135.7, 135.6, 133.4, 133.3, 133.3,
1333, 133.2, 133.1, 134.0, 132.8, 132.1, 130.6, 128.6,
128.4, 128.1, 128.1, 128.1, 128.0, 128.0, 127.9, 127.9,
1277, 1277, 127.6, 127.1, 127.0, 126.4, 126.3, 126.3,
1263, 126.1, 126.1, 125.9, 1259, 125.8, 125.8, 125.6,
125.0,124.7, 104.1, 99.0, 84.1, 81.6, 75.9, 75.7, 74.8, 74.6,
74.5,73.9,73.6,72.5,71.4,70.5,70.1,69.4,68.1,52.7,50.8,
20.7.

[0201] Purification elution fractions were analyzed for
product by ESI mass spectrometry: HRMS (ESI*) calc. for
C, Hg F3N,O, 3 (M)*: 1240.4657; found: 1240.4663.

[0202] Into a 2.5 ml vial containing S7 (153 mg, 0.123
mmol, 1 equiv.) 0.6 ml of acetone was added followed by
12N HCI (0.153 ml, 15 equiv.) and stirred at RT for 8 min,
with monitoring by TLC (1:1 hexanes:ethyl acetate). Upon
completion, the reaction mixture was then diluted with
acetone and concentrated in vacuo. The crude was passed
through a silica plug using 1:1 hexanes:ethyl acetate—100%
ethyl acetate—20:1 CH,Cl,:methanol. The residue in a 10
ml oven-dried Schlenk flask was sequentially charged with
anhydrous DMF (0.6 ml), SO;.Me;N (513 mg, 3.69 mmol,
30 equiv.), and triethylamine (0.34 ml, 2.46 mmol, 20
equiv.) under nitrogen. The reaction mixture was stirred at
55° C. for 3 d. The reaction progress was monitored by ESI
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negative mode mass spectrometry. The white solid was
filtered off using cotton plug washing with CH,Cl,. The
reaction was then concentrated in vacuo. The residue was
purified using a C-18 reverse-phase silica gel flash chroma-
tography (0—80% acetonitrile/water) to afford the triethyl-
ammonium salt form of S8.

[0203] To a 25 ml round bottom charged with the trieth-
ylammonium salt of S8, 5 ml of methanol followed by 5 g
of Na* exchange resin was added. The reaction was stirred
vigorously at 1000 RPM for 24 h. After 24 h, the reaction
was filtered and concentrated by rotary evaporation to
quantitatively yield the sodium salt S8 (89 mg, 62% over 3
steps).

[0204] The NMR results were: '"H NMR (400 MHz,
MeOD) § 7.82-7.65 (m, 14H), 7.56 (d, J=9.4 Hz, 2H),
7.48-7.37 (m, 11H), 7.33 (dd, J=13.3, 4.1 Hz, 2H), 7.20 (dd,
J=8.4, 1.5 Hz, 1H), 5.72 (d, J=3.4 Hz, 1H), 5.26-5.20 (m,
1H), 5.11 (dd, J=11.4, 7.0 Hz, 2H), 4.94 (d, J=12.1 Hz, 1H),
4.77-4.66 (m, 4H), 4.61 (dd, J=11.8, 2.8 Hz, 2H), 4.19-4.15
(m, 2H), 4.00-3.88 (m, 2H), 3.81-3.60 (m, 11H), 3.55 (dd,
J=10.9, 6.4 Hz, 3H), 3.48 (dd, J=10.8, 3.5 Hz, 1H), 3.22-3.
17 (m, 2H), 1.96 (s, 3H).

[0205] '*C NMR (126 MHz, MeOD) § 173.1, 171.0,
137.4, 137.2, 137.0, 137.0, 134.7, 134.7, 134.6, 134.5,
134.4, 134.3, 129.2, 129.1, 129.0, 129.0, 128.9, 128.9,
128.7, 128.7, 128.7, 128.6, 128.5, 127.9, 127.9, 127.7,
127.5, 1273, 127.3, 127.2, 127.1, 127.1, 127.0, 127.0,
127.0, 126.9, 126.8, 126.7, 104.8, 99.2, 83.2, 82.7, 77.7,
76.7,75.8,75.5,75.2,75.1,74.4,74.3,72.8,71.3,70.7,70.2,
69.4, 58.4, 55.1, 53.3, 51.7, 21.5.

[0206] Purification elution fractions were analyzed for
product by ESI mass spectrometry: HRMS (ESI) calc. for
Cs3HgN,O,5S (M)~: 1163.3965; found: 1163.3960.

[0207] In a 10 ml Schlenk flask, under nitrogen, com-
pound S8 (40 mg, 0.034 mmol, 1 equiv.) was dissolved in a
NaOMe (1.1 mg, 0.024 mmol, 0.6 equiv.) in anhydrous
Methanol (0.7 ml) solution. The reaction mixture was stirred
overnight at RT. Reaction completion was monitored by the
disappearance of the starting material by ESI mass spec-
trometry in negative mode. After 24 h, an additional 0.3
equiv. (0.55 mg) of NaOMe was added in 0.1 ml of anhy-
drous methanol. Upon completion, the reaction mixture was
directly loaded using minimal methanol onto a brand new 12
g Redisep Rf Gold column and purified by silica gel flash
chromatography on a Teledyne ISCO Flash Purification
System (A-CH,Cl, B-Methanol 0-40% B over 25 CV) to
afford disaccharide S9 (22 mg, 58%), after acetate depro-
tection. Purification elution fractions were analyzed for
product by ESI mass spectrometry in negative mode.

[0208] The NMR results were: 'H NMR (500 MHz,
MeOD) & 7.79 (d, J=7.2 Hz, 1H), 7.77-7.71 (m, 9H),
7.69-7.60 (m, 5H), 7.56 (s, 1H), 7.47-7.33 (m, 11H), 7.26
(dd, J=8.4, 1.4 Hz, 1H), 5.65 (d, J=3.6 Hz, 1H), 5.14-5.02
(m, 3H), 4.94 (d, J=11.0 Hz, 1H), 4.78 (d, J=11.6 Hz, 1H),
4.73-4.62 (m, 3H), 4.54 (d, J=12.2 Hz, 1H), 4.19-4.12 (m,
2H), 4.00-3.89 (m, 2H), 3.82-3.70 (m, 4H), 3.68-3.62 (m,
6H), 3.61-3.58 (m, 1H), 3.58-3.54 (m, 4H), 3.39 (dd, J=10.3,
3.6 Hz, 1H), 3.21 (dd, J=5.5, 3.9 Hz, 2H).

[0209] '*C NMR (126 MHz, MeOD) & 171.1, 137.6,
137.5, 137.2, 137.0, 134.8, 134.7, 134.7, 134.5, 1344,
134.4, 129.1, 129.1, 129.0, 129.0, 128.9, 128.8, 128.7,
128.7, 128.6, 128.5, 128.0, 127.8, 127.7, 127.5, 1274,
127.3, 127.2, 1271, 127.1, 127.0, 126.9, 126.9, 126.8,
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126.7,126.7, 126.6, 104.7,99.1, 83.3, 82.8, 79.4, 76.0, 76.0,
75.5,75.2,75.1 74.9,74.3,72.2,71.4,71.0,70.2, 69.7, 59.9,
53.1, 51.7.

[0210] Purification elution fractions were analyzed for
product by ESI mass spectrometry: HRMS (ESI) calc. for
Cs;Hg N,O,sS (M)™': 1121.3854; found: 1121.3860.

[0211] A 10 ml oven-dried Schlenk flask containing S9 (36
mg, 0.032 mmol, 1 equiv.) was sequentially charged with
anhydrous DMF (0.160 ml), SO;.Me;N (179 mg, 1.28
mmol, 40 equiv.), and triethylamine (0.059 ml, 0.8 mmol, 25
equiv.) under nitrogen. The reaction mixture was stirred at
55° C. for 3 d. The reaction progress was monitored by ESI
negative mode mass spectrometry. The white solid was
filtered off using cotton plug washing with CH,Cl,. The
reaction was then concentrated in vacuo. The residue was
purified using C-18 reverse-phase silica gel flash chroma-
tography (0-80% acetonitrile/water) to afford the triethyl-
ammonium salt form of S10 (21 mg, 55%) after sulfation.

[0212] The NMR results were: '"H NMR (500 MHz,
MeOD) 8 7.83 (s, 1H), 7.74 (ddd, J=21.7, 15.1, 8.4 Hz,
10H), 7.65-7.60 (m, SH), 7.48 (dd, J=8.5, 1.4 Hz, 1H),
7.45-737 (m, 10H), 7.31 (dd, J=11.0, 4.0 Hz, 1H), 5.86 (d,
J=3.0 Hz, 1H), 5.35 (d, J=11.3 Hz, 1H), 5.27 (d, J=11.0 Hz,
1H), 5.10 (d, J=11.6 Hz, 1H), 4.98 (d, J=11.4 Hz, 1H),
4.82-4.74 (m, 2H), 4.71 (d, I=7.6 Hz, 1H), 4.64 (dd, J=16.3,
11.6 Hz, 2H), 4.50 (d, J=12.1 Hz, 1H), 4.23-4.17 (m, 2H),
4.02-3.92 (m, 2H), 3.82-3.69 (m, 8H), 3.66 (dd, J=9.8, 7.4
Hz, 3H), 3.57 (t, J=5.0 Hz, 2H), 3.52-3.46 (m, 2H), 3.21 (dd,
J=5.5, 4.0 Hz, 2H).

[0213] '°C NMR (126 MHz, MeOD) d 171.5, 138.2,
137.6, 137.6, 137.2, 134.8, 134.8, 134.7, 134.7, 134.5,
134.4, 134.2, 129.2, 129.1, 129.0, 129.0, 128.9, 128.8,
128.7, 128.6, 128.6, 128.5, 128.5, 128.1, 127.9, 127.7,
1277, 127.7, 127.5, 127.2, 127.1, 127.1, 127.0, 126.9,
126.8, 126.8, 126.7, 126.6, 126.5, 84.2, 82.8, 79.0, 78.1,
76.5,75.7,75.7,75.3,74.2,72.9,71.4,71.0,70.2,69.6, 59.1,
53.4,51.7.

[0214] Purification elution fractions were analyzed for
product by ESI mass spectrometry in negative mode. HRMS
(ESIN) calc. for C4HgN,O,sS (M+Na)™: 1223.3241;
found: 1223.3247 (FIG. 23A).

[0215] A 5 ml vial was charged with 2-naphthylmethyl
protected sulfated disaccharide S10 (21 mg, 0.017 mmol, 1
equiv.), CH,Cl, (0.17 ml), pH 7.4 1x PBS buffer (0.17 ml)
and recrystallized 2,3-dichloro-5,6-dicyano-1,4-benzoqui-
none (31.7 mg, 0.14 mmol, 8 equiv.). An oversized stir bar
was added, and the vial was wrapped in aluminum foil. The
biphasic reaction mixture was vigorously stirred overnight at
RT. Reaction completion was monitored by the disappear-
ance of the starting material by ESI mass spectrometry in
negative mode. Upon completion, the reaction mixture was
directly loaded onto a brand new 12 g Redisep Rf Gold
column using minimal methanol and purified by silica gel
flash chromatography on a Teledyne ISCO Flash Purifica-
tion System (A-CH,Cl, B-Methanol 0—20% B over 5 CV
then 20—50% B over 20 CV) to afford the disaccharide C31
(9.8 mg, 91%), after naphthyl deprotection.

[0216] The NMR results were: '"H NMR (400 MHz,
MeOD) d 5.56 (d, J=3.4 Hz, 1H), 438 (d, I=7.8 Hz, 1H),
4.28 (dd, J=10.7, 8.9 Hz, 1H), 3.95 (d, J=9.6 Hz, 1H), 3.87
(dt, J=10.5, 4.1 Hz, 1H), 3.80 (t, J=9.1 Hz, 1H), 3.75-3.57
(m, 12H), 3.38 (dd, J=9.9, 2.7 Hz, 1H), 3.32 (dd, J=10.0, 4.3
Hz, 3H), 3.16 (d, J=7.1 Hz, 1H).
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[0217] '*C NMR (101 MHz, MeOD) & 170.7, 104.6,
100.5, 80.2, 79.5, 77.3, 75.9, 74.2, 74.0, 71.3, 71.0, 70.2,
70.2, 61.7, 58.4, 53.3, 51.8.

[0218] Purification elution fractions were analyzed for
product by ESI mass spectrometry in negative mode. HRMS
(ESIN) cale. for C,,H,N,0,.S, (M+Na)': 663.0737;
found: 663.0734.

[0219] An oven-dried 10 ml Schlenk flask was charged
with a solution of polymerizable scaffold C4A (7.4 mg,
0.018 mmol 1.2 equiv.) in CH,Cl, and a solution of depro-
tected sulfated disaccharide C3I (9.8 mg, 0.015 mmol, 1
equiv.) in methanol. The mixture was then concentrated by
rotary evaporation and placed in vacuo for 30 min. Under
N,, copper (I) iodide (2.8 mg, 0.015 mmol, 1 equiv.) was
added, followed by anhydrous DMF (0.160 ml). Lastly, the
addition of DBU (2.5 uL, 0.015 mmol, 1.2 equiv.) was
performed by a microsyringe. The resulting mixture was
stirred overnight at 55° C. The reaction mixture was moni-
tored by ESI mass spectrometry in negative mode for
complete consumption of C31. Upon completion, the reac-
tion mixture was directly loaded onto a brand new 12 g
Redisep Rf Gold column using minimal methanol and
purified by silica gel flash chromatography on a Teledyne
ISCO Flash Purification System (A-CH,Cl, B-Methanol
0—50% B over 20 CV) to afford the diantennary gly-
comonomer S11 (8.2 mg, 53%), after click reaction.
[0220] The NMR results were: '"H NMR (400 MHz,
MeOD) 4 8.14 (s, 1H), 7.93 (s, 1H), 6.53-6.43 (m, 2H), 5.67
(d, J=3.5 Hz, 1H), 5.39-5.30 (m, 2H), 5.05 (s, 1H), 4.67-4.51
(m, 3H), 4.44 (d, J=7.8 Hz, 1H), 4.36 (dd, J=10.7, 8.9 Hz,
1H), 4.03 (d, J=9.4 Hz, 1H), 3.88 (m, 4H), 3.82-3.62 (m,
15H), 3.42 (m, 5H), 3.16 (td, I=13.7, 6.7 Hz, 1H), 2.88 (t,
J=6.3 Hz, 1H), 2.79-2.70 (m, 2H), 2.69-2.61 (m, 3H), 2.58
(t, JI=7.5 Hz, 1H), 1.75-1.49 (m, 4H), 1.41-1.24 (m, 2H).
[0221] '*C NMR (101 MHz, MeOD) & 175.3, 174.5,
170.8, 138.1, 137.7, 104.7, 100.3, 81.9, 81.8, 81.1, 80.1,
80.0,79.9,79.5,77.4,75.8,74.2,73.9,71.3,70.3,70.3,61.7,
58.4,53.3,52.3,52.2,51.4,51.1,43.0,40.7,30.1, 29.4,29.1,
28.9,27.7,25.2,25.1.

[0222] Purification elution fractions were analyzed for
product by ESI mass spectrometry in negative mode. HRMS
(ESIN) cale. for C,,H,N,0,.S, (M+Na)': 663.0737;
found: 663.0734.

[0223] Into an oven-dried 10 ml Schlenk flask under N,
a solution of diantennary monomer S11 (8.2 mg, 0.0078
mmol) in a degassed mixture of 2.5:1 1,2-dichloroethane:2,
2,2-trifluoroethanol (DCE:TFE) (1 ml) was transferred in.
(Note: Solvent mixture was degassed in bulk by freeze-
pump-thaw method prior to dissolving monomer. Degassing
was repeated at least 5 times until bubbles subsided.) The
mixture was then concentrated by rotary evaporation and
placed in vacuo for 30 min. In a glove box under an inert N,
atmosphere, a 1 ml oven-dried, conical Schlenk flask was
charged with 4.9 mg of the catalyst [(H,IMes)(3-Br-py),
(C1),Ru—CHPh] (G3), then sealed with a glass stopper and
removed from the glove box. The G3 was then dissolved in
0.79 ml of degassed 2.5:1 DCE:TFE under N, to make a
stock solution. Under N,, monomer S11 was redissolved in
the degassed 2.5:1 DCE:TFE (0.214 ml) mixture, and a
magnetic stir bar was added. 0.100 ml of the G3 stock
solution was then rapidly injected into the monomer solution
Schlenk under N, and then sealed with a glass stopper (final
concentration=0.025 M). The resulting solution was then
lowered into a 55° C. oil bath and allowed to stir. After the
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solution became cloudy (1 h), the monomer’s conversion
was monitored by 'H NMR of a reaction aliquot in CD,0OD
by observing the disappearance of the strained alkene peak
at 6.4 ppm. Upon full conversion, the reaction was cooled to
RT and stirred for 5 min. The reaction mixture was quenched
with ethyl vinyl ether (5 drops) and allowed to stir for 30
min. The reaction mixture was then transferred into a 20 ml
scintillation vial and concentrated in vacuo. The crude
product was dissolved in a minimal amount of methanol and
precipitated with an excess of diethyl ether. The precipitate
was allowed to settle, and the liquid was then decanted off.
Note: If the precipitant was very fine, this solution was
centrifuged, and the liquid was decanted. The precipitate
was then redissolved in excess methanol (2 ml) and recon-
centrated until the polymer was in a minimal amount of
methanol. This process was repeated two more times. The
final residual precipitate was dried in vacuo to yield disul-
fated polymer S12 as an off white solid (7.2 mg, yield=88%,
conversion=100%, DP=11) after polymerization.

[0224] The NMR results were: 'H NMR (500 MHz, D,0)
8 8.08 (s, 1H), 7.91 (s, 1H), 7.57-7.24 (m, 2H), 5.93 (s, 2H),
5.73 (s, 1H), 5.58 (s, 2H), 5.43 (d, J=10.2 Hz, 2H), 4.57 (d,
J=33.2 Hz, 3H), 4.32 (t, J=9.9 Hz, 1H), 4.17 (s, 1H),
3.97-3.61 (m, 17H), 3.47 (d, J=10.8 Hz, 2H), 3.11 (s, 3H),
2.76 (s, 3H), 2.64 (s, 3H), 1.54 (s, 4H), 1.25 (s, 2H).
[0225] Disulfated polymer S12 (7.2 mg) was charged into
a 20 ml vial along with 0.579 ml 0.25 M LiOH aqueous
solution, 6.3 ml water, and 1.57 ml THF and allowed to stir
at RT for 24 h. The reaction mixture was then frozen using
liquid nitrogen and lyophilized to completion. The remain-
ing solid was then dissolved in water and placed inside a
dialysis cartridge (Slide-A-Lyzer G2 Dialysis Cassettes,
3.5K MWCO, 3 ml, Cat. #: 87723) and dialyzed against
0.9% NaCl solution for 24 h (3 buffer changes) then against
DI water for 24 h (3 buffer changes). Finally, the sample was
transferred into a 5 ml vial and frozen by liquid nitrogen.
The sample was then lyophilized to obtain fully deprotected
disulfated polymer C5C as a white solid (6.1 mg, 75%) after
saponification.

[0226] The NMR results were: 'H NMR (500 MHz, D,0)
8 8.07 (s, 1H), 7.92 (d, J=16.6 Hz, 1H), 7.34 (t, J=38.9 Hz,
1H), 5.89 (d, J=103.1 Hz, 2H), 5.59 (s, 2H), 5.10 (s, 1H),
4.60 (s, 2H), 4.49 (s, 1H), 4.36 (t, J=9.7 Hz, 1H), 4.00-3.61
(m, 15H), 3.40 (t, J=16.4 Hz, 6H), 3.19 (s, 1H), 2.77 (s, 2H),
2.63 (s, 2H), 1.60 (d, J=35.7 Hz, 4H), 1.27 (s, 1H).

[0227] FIG. 13 shows the synthesis for the removal of
N-benzylidene for disaccharide C3B. The structure of com-
pound C3B was prepared by literature procedure, and crude
compound moved forward (Loka, et al., Chem. Commun.
2017, 53, 9163-9166; Sletten, et al., Biomacromolecules
2017, 18, 3387-3399).

[0228] FIG. 14 shows the synthetic route for N-acetylated
disulfated glycopolymer (SE).

[0229] An oven-dried 10 ml Schlenk flask was charged
with a solution of disaccharide C3B (45.4 mg, 0.046 mmol
1 equiv.) in anhydrous CH,Cl, and subsequently charged
with triethylamine (0.032 ml, 0.23 mmol, 5 equiv.), acetic
anhydride (0.022 ml, 0.23 mmol, 5 equiv.), and a few
crystals of 4-dimethylaminopyridine. The reaction was
stirred at RT for 4 h, with monitoring by TLC (1:1 hexanes:
ethyl acetate and 20:1 CH,Cl,:methanol). Upon completion,
the reaction mixture was loaded directly onto a silica gel
column and purified by flash chromatography (10 g of'silica,
sin IDx12 in column, 1:1—1:2 hexanes:ethyl acetate).
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After purification, the fractions containing the product were
combined and concentrated to provide the desired S13 (40
mg, 85%) after N-acetylation.

[0230] The NMR results were: '"H NMR (500 MHz,
CDCl,) 6 7.85-7.68 (m, 12H), 7.52-7.40 (m, 7H), 7.39 (dd,
J=8.4, 1.5 Hz, 1H), 7.34 (dd, J=8.4, 1.3 Hz, 1H), 5.97 (d,
J=9.8 Hz, 1H), 539 (dd, J=10.8, 9.2 Hz, 1H), 5.19 (dd,
J=15.9, 11.0 Hz, 2H), 4.99 (d, J=3.4 Hz, 1H), 4.89 (d, J=11.3
Hz, 1H), 4.83-4.76 (m, 2H), 4.73 (d, J=11.5 Hz, 1H), 4.64
(d, J=7.1 Hz, 1H), 4.34 (dd, J=12.1, 1.9 Hz, 1H), 4.25-4.14
(m, 2H), 4.07-3.98 (m, 2H), 3.91 (d, J=9.2 Hz, 1H), 3.86-
3.79 (m, 2H), 3.77-3.64 (m, 8H), 3.61 (d, J=5.1 Hz, 2H),
3.29 (td, J=4.8, 2.1 Hz, 2H), 1.99 (s, 3H), 1.87 (d, J=7.1 Hz,
3H), 1.07 (s, 3H).

[0231] '3C NMR (126 MHz, CDCl,) & 171.0, 170.5,
170.3, 168.2, 135.5, 134.9, 134.8, 1333, 1333, 133.2,
133.1, 133.1, 133.0, 128.4, 1283, 128.2, 128.0, 127.9,
127.7, 1277, 127.6, 127.1, 127.0, 126.9, 1263, 126.2,
126.2, 126.2, 126.1, 126.1, 126.0, 126.0, 125.9, 104.2, 99.4,
82.1,81.6,78.1,75.7,75.2,74.9, 74.8, 74.5,73.5,70.5, 70.3,
70.0, 69.2, 62.0, 52.9, 52.1, 50.7, 22.0, 21.0, 20.5.

[0232] Purification elution fractions were analyzed for
product by ESI mass spectrometry: HRMS (EST*) calc. for
Cs6HgoN,LO, 5 (M+Na): 1051.3934; found: 1051.3947.

[0233] A 10ml oven-dried Schlenk flask was charged with
disaccharide S13 (40 mg, 0.039 mmol, 1 equiv.) and anhy-
drous methanol (0.250 ml). NaOMe (4 mg, 0.08 mmol, 1
equiv.) was added and stirred overnight at RT. The reaction
was monitored for completion by TLC (1:2 hexanes:ethyl
acetate). Upon completion, the reaction was diluted with
CH,Cl,:methanol mixture and neutralized by Amberlyst®
15 hydrogen form, filtered, and concentrated.

[0234] An oven-dried 10 ml Schlenk flask containing
deacetylated crude was sequentially charged under N, with
DMF (0.2 ml), SO;.Me,N (217 mg, 1.56 mmol, 40 equiv.),
and triethylamine (110 ml, 0.78 mmol, 20 equiv.). The
reaction mixture was stirred at 50° C. for 3 d. The reaction
progress was monitored by ESI negative mode mass spec-
trometry. The white solid was filtered off using cotton plug
washing with CH,Cl,. The reaction mixture was then con-
centrated in vacuo. The residue was purified using C-18
reverse-phase silica gel flash chromatography (0-80%
acetonitrile/water) to afford disulfated disaccharide S14 (24
mg, 54%).

[0235] The NMR results were: '"H NMR (500 MHz,
MeOD) 8 8.00 (s, 1H), 7.90-7.84 (m, 1H), 7.83-7.67 (m,
10H), 7.63 (d, J=7.9 Hz, 1H), 7.47-7.33 (m, 8H), 5.51 (d,
J=3.1 Hz, 1H), 5.33 (d, J=9.7 Hz, 1H), 5.15 (d, J=11.5 Hz,
1H), 5.05 (s, 1H), 4.94 (d, J=11.1 Hz, 1H), 4.84-4.76 (m,
4H), 4.72 (d, J=7.6 Hz, 1H), 4.42 (d, J=10.2 Hz, 1H), 4.20
(d, I=10.3 Hz, 1H), 4.12 (d, J=9.4 Hz, 1H), 4.05-3.91 (m,
3H), 3.87 (t, JI=8.8 Hz, 1H), 3.83-3.66 (m, 8H), 3.61 (t, ]=4.9
Hz, 2H), 3.54 (t,J=8.3 Hz, 1H), 3.26 (d, J=4.6 Hz, 2H), 1.70
(s, 3H).

[0236] '*C NMR (126 MHz, MeOD) & 173.8, 170.8,
137.5, 137.4, 1373, 134.8, 134.8, 1347, 134.5, 134.4,
134.4, 1292, 129.1, 128.9, 128.9, 128.8, 128.6, 128.6,
128.6, 128.5, 127.6, 1273, 127.2, 127.0, 126.9, 126.9,
126.8, 126.8, 126.7, 105.0, 98.7, 84.3, 82.9, 78.7, 77.7, 77.4,
76.1,76.0,75.8,75.5,72.2,71.4,71.0, 70.3, 66.8, 55.3, 53.6
51.8, 22.9.
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[0237] Purification elution fractions were analyzed for
product by ESI mass spectrometry in negative mode: HRMS
(ESIN) cale. for Cs,H,,N,O,,S, (M+Na)™: 1125.2721;
found: 1125.2708.

[0238] A 5 ml vial was charged with 2-naphthylmethyl
protected disulfated disaccharide S14 (23 mg, 0.021 mmol,
1 equiv.), CH,Cl, (0.3 ml), pH 7.4 1x PBS buffer (0.3 ml)
and recrystallized 2,3-dichloro-5,6-dicyano-1,4-benzoqui-
none (28 mg, 0.12 mmol, 6 equiv.). An oversized stir bar was
added, and the vial was wrapped in aluminum foil. The
biphasic reaction mixture was vigorously stirred overnight at
RT. Reaction completion was monitored by the disappear-
ance of the starting material by ESI mass spectrometry in
negative mode. Upon completion, the reaction mixture was
directly loaded onto a brand new 24 g Redisep Rf Gold
column using minimal methanol and purified by silica gel
flash chromatography on a Teledyne ISCO Flash Purifica-
tion System (A-CH,Cl, B-Methanol 0—20% B over 5 CV
then 20—50% B over 20 CV) to afford the disaccharide C3D
(11.7 mg, 81%), after naphthyl deprotection.

[0239] The NMR results were: '"H NMR (500 MHz,
MeOD) 6 5.30 (d, J=3.5 Hz, 1H), 4.44-4.39 (m, 2H), 4.23 (s,
2H), 4.04-3.91 (m, 4H), 3.84 (s, 3H), 3.79 (ddd, J=14.8,
13.8, 7.1 Hz, 3H), 3.73-3.60 (m, 8H), 3.43-3.38 (m, 2H),
3.29-3.24 (m, 3H), 2.00 (d, J=5.5 Hz, 3H).

[0240] '°C NMR (126 MHz, MeOD) d 173.6, 170.6,
104.7, 100.0, 79.8, 79.6, 77.1, 76.1, 75.0, 72.7, 71.4, 71.0,
70.2, 67.2, 53.8, 53.6, 51.8, 48.0, 22.9.

[0241] Purification elution fractions were analyzed for
product by ESI mass spectrometry in negative mode: HRMS
(BSI7) cale. for C, H3N,0,6S, (M+Na)™': 705.0843;
found: 705.0849.

[0242] An oven-dried 10 ml Schlenk flask was charged
with a solution of polymerizable scaffold C4A (8.27 mg,
0.02 mmol 1.2 equiv.) in CH,Cl, and a solution of depro-
tected disulfated disaccharide C3D (11.7 mg, 0.017 mmol, 1
equiv.) in methanol. The mixture was then concentrated by
rotary evaporation and placed in vacuo for 30 min. Under
N,, copper (I) iodide (3.3 mg, 0.017 mmol, 1 equiv.) was
added, followed by anhydrous DMF (0.2 ml). Lastly, the
addition of DBU (3 pl, 0.02 mmol, 1.2 equiv.) was per-
formed by a microsyringe. The resulting mixture was stirred
overnight at 55° C. The reaction mixture was monitored by
ESI mass spectrometry in negative mode for complete
consumption of C3D. Upon completion, the reaction mix-
ture was directly loaded onto a brand new 12 g Redisep Rf
Gold column using minimal methanol and purified by silica
gel flash chromatography on a Teledyne ISCO Flash Puri-
fication System (A-CH,Cl, B-Methanol 0—=50% B over 20
CV) to afford the diantennary glycomonomer S15 (8.7 mg,
47%), after click reaction.

[0243] 'H NMR (500 MHz, MeOD) § 8.12 (s, 1H), 7.96
(s, 1H), 6.48 (d, J=7.5 Hz, 2H), 5.39-5.34 (m, 1H), 5.31 (d,
J=20.3 Hz, 2H), 5.05 (d, J=10.7 Hz, 1H), 4.71 (s, 1H),
4.66-4.53 (m, 3H), 4.47-4.37 (m, 2), 4.24 (s, 2H), 4.04-3.
97 (m, 2H), 3.93-3.87 (m, 3H), 3.83 (d, =11.0 Hz, 4H),
3.75-3.62 (m, 10H), 3.47-3.35 (m, 4H), 3.25 (d, J=9.6 Hz,
1H), 3.20-3.08 (m, 1H), 2.87 (t, J=6.4 Hz, 1H), 2.74 (d.
J=6.2 Hz, 1H), 2.67 (q, J=7.0 Hz, 3H), 2.57 (d, I=7.5 Hz,
1H), 2.01 (s, 3H), 1.74-1.51 (m, 4H), 1.31 (m, 2H).

[0244] '>)C NMR (126 MHz, MeOD) & 175.3, 174.5,
173.9, 173.5, 170.6, 138.0, 137.7, 104.7, 100.1, 82.0, 81.8,
81.2,80.1,79.5,77.0,76.1,75.0, 72.8, 71.3,70.3, 70.2, 70.2,
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67.2,53.9,53.6,52.3,51.4,51.1,44.0,43.1, 40.7,30.1, 29.4,
29.1, 28.9, 28.0, 27.7, 27.7, 25.2, 25.0, 23.0.

[0245] Purification elution fractions were analyzed for
product by ESI mass spectrometry in negative mode: HRMS
(ESI7) calc. for C,oHsgNO,5S, (M+Na+2H)™: 1109.2790;
found: 1109.2798.

[0246] A solution of diantennary monomer S15 (8.7 mg,
0.008 mmol) in a degassed mixture of 2.5:1, 1,2-dichloro-
ethane:2,2,2-trifluoroethanol (DCE:TFE) (1 ml) was trans-
ferred into an oven-dried 10 ml Schlenk flask under N,
(Solvent mixture was degassed in bulk by freeze-pump-thaw
method prior to dissolving monomer. Degassing was
repeated at least 5 times until bubbles subsided.). The
mixture was then concentrated by rotary evaporation and
placed in vacuo for 30 min. In a glove box under an inert N,
atmosphere, a 1 ml oven-dried, conical Schlenk flask was
charged with 4.6 mg of the catalyst [(H,IMes)(3-Br-py),
(C1),Ru—CHPh] (G3), then sealed with a glass stopper and
removed from the glove box. The G3 was then dissolved in
0.73 ml of degassed 2.5:1 DCE:TFE under N, to make a
stock solution. Under N,, monomer S15 was redissolved in
the degassed 2.5:1 DCE:TFE (0.25 ml) mixture, and a
magnetic stir bar was added. 0.100 ml of the G3 stock
solution was then rapidly injected into the monomer solution
Schlenk under N, and then sealed with a glass stopper (final
concentration=0.025 M). The resulting solution was then
lowered into a 55° C. oil bath and allowed to stir. After the
solution became cloudy (1 h), the monomer’s conversion
was monitored by H NMR of a reaction aliquot in CD,0D
by observing the disappearance of the strained alkene peak
at 6.4 ppm. Upon full conversion, the reaction was cooled to
RT and stirred for 5 min. The reaction mixture was quenched
with ethyl vinyl ether (5 drops) and allowed to stir for 30
min. After, the reaction mixture was then transferred into a
20 ml scintillation vial and concentrated in vacuo. The crude
product was dissolved in a minimal amount of methanol and
precipitated with an excess of diethyl ether. The precipitate
was allowed to settle, and the liquid was then decanted off.
If the precipitant was very fine, this solution was centri-
fuged, and the diethyl ether layer was decanted. The pre-
cipitate was then re-dissolved in excess methanol (2 ml) and
re-concentrated until the polymer was in a minimal amount
of methanol. This process was repeated two more times. On
the final precipitation, the polymer was not re-dissolved in
methanol and placed in vacuo to yield disulfated polymer
S16 as an off white solid (8.5 mg, yield=98%, conver-
sion=100%, DP=11) after polymerization.

[0247] The NMR results were: '"H NMR (500 MHz,
MeOD) 8 8.13 (s, 1H), 7.96 (s, 1H), 7.51-7.21 (m, 1H), 5.96
(s, 1H), 5.69 (s, 1H), 5.41 (s, 1H), 5.30 (s, 1H), 4.66 (d,
J=43.9 Hz, 3H), 4.42 (s, 2H), 4.24 (s, 2H), 4.01 (s, 2H), 3.86
(d, I=34.4 Hz, 8H), 3.72 (d, J=46.4 Hz, 11H), 3.43 (s, 2H),
3.04 (s, 1H), 2.88 (s, 1H), 2.78-2.56 (m, 3H), 2.00 (s, 3H),
1.61 (s, 4H), 1.30 (s, 2H).

[0248] Disulfated polymer S16 (8.5 mg) was charged into
a 20 ml vial along with 0.7 ml 0.25 M LiOH aqueous
solution, 7.3 ml water, and 1.9 ml THF and allowed to stir
at RT for 24 h. The reaction mixture was then frozen using
liquid nitrogen and lyophilized to completion. The remain-
ing solid was then dissolved in water and placed inside a
dialysis cartridge (Slide-A-Lyzer G2 Dialysis Cassettes,
3.5K MWCO, 3 ml, Cat. #: 87723) and dialyzed against
0.9% NaCl solution for 24 h (3 buffer changes) then against
DI water for 24 h (3 buffer changes). Finally, the sample was
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transferred into a 5 ml vial and frozen by liquid nitrogen.
The sample was then lyophilized to obtain fully deprotected
disulfated polymer CSE as a white solid (5.3 mg, 67%) after
saponification.

[0249] The NMR results were: 'H NMR (500 MHz, D,0)
6 7.89 (d, J=40.2 Hz, 1H), 7.27 (s, 1H), 5.91 (s, 2H), 5.31
(s, 1H), 5.01 (s, 1H), 4.54-4.20 (m, 6H), 4.12-3.93 (m, 3H),
3.86 (d, J=7.3 Hz, 4H), 3.63 (m, 7H), 3.25 (d, J=6.5 Hz, 5H),
3.08 (s, 1H), 2.60 (d, I=77.5 Hz, 5H), 1.93 (s, 3H), 1.45 (s,
4H), 1.15 (s, 2H).

[0250] FIG. 15 shows the synthetic route for free amine
disulfated glycopolymer CSF.

[0251] An oven-dried 10 ml Schlenk flask was charged
with a solution of disaccharide C3B (88 mg, 0.0892 mmol
1 equiv.) in anhydrous CH,Cl, and subsequently charged
with triethylamine (0.124 ml, 0.892 mmol, 10 equiv.),
trifluoroacetic anhydride (0.0744 ml, 0.535 mmol, 6 equiv.),
and a few crystals of 4-dimethylaminopyridine. The reaction
was stirred at RT for 5 h, with monitoring by TLC (1:1
hexanes:ethyl acetate and 20:1 CH,Cl,:methanol). Upon
completion, the reaction mixture was loaded directly onto a
silica gel column and purified by flash chromatography (10
g of silica, Y2in IDx12 in column, 4:143:142:142:1 hexanes:
ethyl acetate). After purification, the fractions containing the
product were combined and concentrated to provide the
desired S17 (72 mg, 90%).

[0252] The NMR results were: '"H NMR (400 MHz,
CDCl,) 7.84-7.76 (m, 5H), 7.74-7.68 (m, 4H), 7.65 (1, J=4.3
Hz, 2H), 7.55 (s, 1H), 7.51-7.47 (m, 2H), 7.47-7.41 (m, 4H),
7.36 (ddd, J=8.4, 5.1, 1.6 Hz, 2H), 7.24 (dd, J=8.5, 1.6 Hz,
1H), 6.95 (d, J=9.6 Hz, 1H), 5.38-5.30 (m, 2H), 5.09 (t,
J=11.1 Hz, 2H), 4.81-4.67 (m, 4H), 4.63 (d, I=7.2 Hz, 1H),
431 (d, J=11.1 Hz, 1H), 4.26-4.09 (m, 3H), 4.05-3.98 (m,
1H), 3.97 (d, J=9.2 Hz, 1H), 3.83-3.62 (m, 9H), 3.59 (1,
J=5.0 Hz, 2H), 3.27 (td, I=4.7, 1.2 Hz, 2H), 1.95 (s, 3H),
1.85 (s, 3H).

[0253] '°F NMR (471 MHz, CDCl,) 8 -75.86.

[0254] Purification elution fractions were analyzed for
product by ESI mass spectrometry: HRMS (EST*) calc. for
C5,Hs FN,O, 5 (M+Na): 1105.3665; found: 1105.3665.
[0255] A 10 ml oven-dried Schlenk flask was charged with
disaccharide S17 (70 mg, 0.0646 mmol, 1 equiv.) and
anhydrous methanol (0.35 ml). NaOMe (1.75 mg, 0.0323
mmol, 1 equiv.) was added and stirred overnight at RT. The
reaction was monitored for completion by TLC (1:2 hexa-
nes:ethyl acetate). Upon completion, the reaction was
diluted with CH,Cl,:methanol mixture and neutralized with
Amberlyst®15 hydrogen form (registered trademark of The
Dow Chemical Company or an affiliated company of Dow),
filtered, and concentrated.

[0256] An oven-dried 10 ml Schlenk flask containing
deacetylated crude was sequentially charged under N2 with
DMF (0.35 ml), SO,.Me;N (316 mg, 2.58 mmol, 40 equiv.),
and triethylamine (0.182 ml, 1.29 mmol, 20 equiv.). The
reaction mixture was stirred at 50° C. for 3 d. The reaction
progress was monitored by ESI negative mode mass spec-
trometry. The white solid was filtered off using cotton plug
washing with CH,Cl,. The reaction was then concentrated in
vacuo. The residue was purified using C-18 reverse-phase
silica gel flash chromatography (0—=80% acetonitrile/water)
to afford disulfated disaccharide S18 (46 mg, 62%).
[0257] The NMR results were: '"H NMR (500 MHz,
MeOD) 6 8.00 (s, 1H), 7.90-7.85 (m, 1H), 7.83-7.63 (m,
11H), 7.46-7.38 (m, 7H), 7.33 (dd, J=8.4, 1.3 Hz, 1H), 5.78
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(d, J=3.2 Hz, 1H), 5.33 (d, J=9.8 Hz, 1H), 5.13 (d, J=11.5
Hz, 1H), 4.99 (d, J=11.2 Hz, 1H), 4.85-4.82 (m, 3H), 4.78
(d, J=11.6 Hz, 2H), 4.72 (d, I=7.6 Hz, 1H), 4.42 (dd, J=10.6,
2.5 Hz, 1H), 4.20 (dd, J=10.6, 1.6 Hz, 1H), 4.16 (d, I=9.4
Hz, 1H), 4.07 (t, J=9.0 Hz, 1H), 4.00-3.91 (m, 2H), 3.85-
3.76 (m, 6H), 3.72 (d, I=9.8 Hz, 1H), 3.68-3.64 (m, 2H),
3.59 (t,J=5.0 Hz, 2H), 3.52 (d, J=8.0 Hz, 1H), 3.25-3.19 (m,
2H).

[0258] '*C NMR (126 MHz, MeOD) § 171.1, 137.4,
137.4, 137.2, 134.8, 134.7, 134.5, 134.4, 1344, 129.2,
129.1, 128.9, 128.9, 128.8, 128.7, 128.6, 128.6, 128.5,
128.5, 127.6, 127.5, 127.2, 127.1, 127.0, 126.8, 126.8,
126.7,126.7,126.7, 104.8, 96.6, 84.5, 82.9, 77.5, 77.0, 76.3,
76.1,75.8,75.4,72.2,71.4,71.0,70.2,66.7, 56.1, 53.6, 51.7.
[0259] '°F NMR (471 MHz, MeOD) 8 -76.98.

[0260] Purification elution fractions were analyzed for
product by ESI mass spectrometry in negative mode: HRMS
(ESIN) cale. for C4,Hs,F,N,0,S, (M+Na)™: 1179.2438;
found:1179.2438.

[0261] A 5 ml vial was charged with 2-naphthylmethyl
protected disulfated disaccharide S18 (23 mg, 0.02 mmol, 1
equiv.), CH,Cl, (0.3 ml), pH 7.4 1x PBS buffer (0.3 ml) and
recrystallized  2,3-dichloro-5,6-dicyano-1,4-benzoquinone
(36 mg, 0.12 mmol, 8 equiv.). An oversized stir bar was
added, and the vial was wrapped in aluminum foil. The
biphasic reaction mixture was vigorously stirred overnight at
RT. Reaction completion was monitored by the disappear-
ance of the starting material by ESI mass spectrometry in
negative mode. Upon completion, the reaction mixture was
directly loaded onto a brand new 24 g Redisep Rf Gold
column using minimal methanol and purified by silica gel
flash chromatography on a Teledyne ISCO Flash Purifica-
tion System (A-CH,Cl, B-Methanol 0—5% B over 3 CV
then 5—40% B over 20 CV) to afford the disaccharide C4C
(14 mg, 95%), after naphthyl deprotection.

[0262] The NMR results were: '"H NMR (400 MHz,
MeOD) 0 5.38 (d, J=3.5 Hz, 1H), 4.55-4.48 (m, 1H), 4.42 (d,
J=7.8 Hz, 1H), 4.28-4.17 (m, 2H), 4.04-3.96 (m, 2H),
3.96-3.90 (m, 1H), 3.85-3.66 (m, 12H), 3.59 (t, J=9.1 Hz,
1H), 3.43-3.36 (m, 2H), 3.26 (dd, J=9.3, 7.8 Hz, 2H) (FIG.
39A).

[0263] '*CNMR (101 MHz, MeOD) 8 170.6, 104.6, 99.2,
80.2,78.5,76.8,76.0,74.9,72.8,71.3,71.0,70.2, 69.8, 67.0,
54.8, 53.6, 51.8, 9.2.

[0264] Purification elution fractions were analyzed for
product by ESI mass spectrometry in negative mode: HRMS
(ESIN) cale. for C,oH,,FsN,0,0S, (M+Na)™': 759.0560;
found: 759.0559.

[0265] An oven-dried 10 ml Schlenk flask was charged
with a solution of polymerizable scaffold C4A (10 mg, 0.025
mmol 1.2 equiv.) in CH,Cl, and a solution of deprotected
disulfated disaccharide 4C (15.3 mg, 0.021 mmol, 1 equiv.)
in methanol. The mixture was then concentrated by rotary
evaporation and placed in vacuo for 30 min. Under N2,
copper (1) iodide (3.9 mg, 0.021 mmol, 1 equiv.) was added,
followed by anhydrous DMF (0.25 ml). Lastly, the addition
of DBU (4 (L, 0.025 mmol, 1.2 equiv.) was performed by
a microsyringe. The resulting mixture was stirred overnight
at 55° C. The reaction mixture was monitored by ESI mass
spectrometry in negative mode for complete consumption of
4 C. Upon completion, the reaction mixture was directly
loaded onto a brand new 12 g Redisep Rf Gold column using
minimal methanol and purified by silica gel flash chroma-
tography on a Teledyne ISCO Flash Purification System

Jul. 8, 2021

(A-CH,Cl, B-Methanol 0—50% B over 20 CV) to afford the
diantennary glycomonomer S19 (9.5 mg, 46%), after click
reaction.

[0266] The NMR results were: 'H NMR (500 MHz,
MeOD) 8 8.11 (s, 1H), 7.94 (s, 1H), 6.48 (d, J=7.6 Hz, 2H),
5.41 (d, J=2.4 Hz, 1H), 5.38-5.30 (m, 2H), 5.05 (s, 1H), 4.70
(s, 1H), 4.64-4.50 (m, 4H), 4.40 (dd, J=7.8, 2.8 Hz, 1H),
4.29-4.19 (m, 2H), 4.01 (dd, J=20.4, 6.3 Hz, 2H), 3.92-3.77
(m, 7H), 3.78-3.57 (m, 10H), 3.42 (dd, J=18.9, 11.1 Hz, 4H),
3.27 (t,J=8.7 Hz, 1H), 3.14 (ddd, ]=23.1, 13.6, 6.7 Hz, 1H),
2.87 (dd, J=8.0, 4.6 Hz, 1H), 2.73 (d, J=6.3 Hz, 1H),
2.71-2.62 (m, 3H), 2.58 (t, J=7.5 Hz, 1H), 1.71-1.50 (m,
4H), 1.38-1.25 (m, 2H).

[0267] '*C NMR (126 MHz, MeOD) § 175.3, 174.5,
1744, 173.8, 173.8, 170.6, 138.0, 137.7, 104.7, 99.1, 81.9,
81.8,81.2,80.1,80.1,78.5,76.9,76.0,74.9,72.9,71.2,70.3,
69.9,67.1,54.8,53.7,52.6,52.2,51.4,51.4,51.1,47.2,44.0,
43.1,42.0,40.7,30.1,29.4,29.1, 28.9,28.0,27.7,27.7,25.2,
25.1.

[0268] '°F NMR (471 MHz, MeOD) 8 -76.97.

[0269] Purification elution fractions were analyzed for
product by ESI mass spectrometry in negative mode: HRMS
(ESI7) cale. for C,oHs;FsNgO,5S, (M+Na+2H)™': 1163.
2508; found: 1163.24809.

[0270] Into an oven-dried 10 ml Schlenk flask under N,
a solution of diantennary monomer S19 (9.5 mg, 0.008
mmol) in a degassed mixture of 2.5:1 1,2-dichloroethane:2,
2,2-trifluoroethanol (DCE:TFE) (1 ml) was transferred in.
(Solvent mixture was degassed in bulk by freeze-pump-thaw
method prior to dissolving monomer. Degassing was
repeated at least 5 times until bubbles subsided.) The mix-
ture was then concentrated by rotary evaporation and placed
in vacuo for 30 min. In a glove box under an inert N,
atmosphere, a 1 ml oven-dried, conical Schlenk flask was
charged with 4.6 mg of the catalyst [(H,IMes)(3-Br-py),
(C1);Ru—CHPh] (G3), then sealed with a glass stopper and
removed from the glove box. The G3 was then dissolved in
0.77 ml of degassed 2.5:1 DCE:TFE under N, to make a
stock solution. Under N,, monomer S19 was re-dissolved in
the degassed 2.5:1 DCE:TFE (0.25 ml) mixture, and a
magnetic stir bar was added. 0.100 ml of the G3 stock
solution was then rapidly injected into the monomer solution
Schlenk under N, and then sealed with a glass stopper (final
concentration=0.025 M). The resulting solution was then
lowered into a 55° C. oil bath and allowed to stir. After the
solution became cloudy (1 h), the monomer’s conversion
was monitored by ‘H NMR of a reaction aliquot in CD,0D
by observing the disappearance of the strained alkene peak
at 6.4 ppm. Upon full conversion, the reaction was cooled to
RT and stirred for 5 min. The reaction mixture was quenched
with ethyl vinyl ether (5 drops) and allowed to stir for 30
min. The reaction mixture was then transferred into a 20 ml
scintillation vial and concentrated in vacuo. The crude
product was dissolved in a minimal amount of methanol and
precipitated with an excess of diethyl ether. The precipitate
was allowed to settle, and the liquid was then decanted off.
Note: If the precipitant was very fine, this solution was
centrifuged, and the liquid was decanted. The precipitate
was then re-dissolved in excess methanol (2 ml) and re-
concentrated until the polymer was in a minimal amount of
methanol. This process was repeated two more times. The
final residual precipitate was dried in vacuo to yield disul-
fated polymer S20 as an off white solid (9.3 mg, yield=97%,
conversion=100%, DP=12) after polymerization.
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[0271] The NMR results were: 'H NMR (500 MHz,
MeOD) § 8.13 (s, 1H), 7.96 (s, 1H), 7.51-7.16 (m, 1H), 5.95
(s, 1H), 5.69 (s, 1H), 5.40 (s, 1H), 4.56 (m, SH), 4.41 (s, 1H),
4.23 (dd, J=18.7, 9.9 Hz, 2H), 4.01 (d, J=11.6 Hz, 2H), 3.87
(d, J=9.2 Hz, 3H), 3.83 (s, 5H), 3.42 (s, 1H), 3.01 (s, 1H),
2.87 (s, 1H), 2.75 (s, 1H), 2.65 (s, 2H), 1.61 (m, 4H), 1.26
(m, 2H).

[0272] '°F NMR (471 MHz, MeOD) 8 -76.72.

[0273] Disulfated polymer S20 (9.3 mg) was charged into
a 20 ml vial along with 0.76 ml 0.25 M LiOH aqueous
solution, 7.98 ml water, and 2.1 ml THF and allowed to stir
at RT for 24 h. The reaction mixture was then frozen using
liquid nitrogen and lyophilized to completion. The remain-
ing solid was then dissolved in water and placed inside a
dialysis cartridge (Slide-A-Lyzer G2 Dialysis Cassettes,
3.5K MWCO, 3 ml, Cat. #: 87723) and dialyzed against
0.9% NaCl solution for 24 h (3 buffer changes) then against
DI water for 24 h (3 buffer changes). Finally, the sample was
transferred into a 5 ml vial and frozen by liquid nitrogen.
The sample was then lyophilized to obtain fully deprotected
disulfated polymer C5SF as a white solid (7.8 mg, 87%) after
saponification.

[0274] The NMR results were: 'H NMR (500 MHz, D,0)
d7.99 (s, 1H), 7.84 (s, 1H), 7.34 (s, 1H), 5.92 (s, 1H), 5.63
(s, 1H), 5.01 (s, 1H), 4.55-4.39 (m, 2H), 4.39-4.23 (m, 2H),
4.11 (d, 1=10.7 Hz, 1H), 3.95-3.79 (m, 4H), 3.70 (dd, J=22.1,
12.8 Hz, 6H), 3.61-3.48 (m, 4H), 3.37-2.95 (m, 6H), 2.75-
2.34 (m, 4H), 1.41 (s, 4H), 1.12 (s, 2H).

[0275] '°F NMR (471 MHz, MeOD) b No resonance.
[0276] FIG. 16 shows the synthetic route for N-sulfated
glycopolymer C5B.

[0277] To 10 ml oven-dried Schlenk flask containing C3B
(47.5 mg, 0.05 mmol, 1 equiv.) was sequentially charged
with anhydrous DMF (0.2 ml), SO;.Me;N (70 mg, 0.5
mmol, 10 equiv.), and triethylamine (0.07 ml, 1.5 mmol, 30
equiv.) under nitrogen. The reaction mixture was stirred at
55° C. for 3 d. The reaction progress was monitored by ESI
negative mode mass spectrometry. The white solid was
filtered off using cotton plug washing with CH,Cl,. The
reaction was then concentrated in vacuo. The residue was
purified using C-18 reverse-phase silica gel flash chroma-
tography (0-80% acetonitrile/water) to afford S21 (40 mg,
76%) after sulfation.

[0278] The NMR results were: '"H NMR (500 MHz,
MeOD) § 7.86-7.69 (m, 11H), 7.60 (d, J=8.0 Hz, 1H),
7.49-7.36 (m, 9H), 5.62 (d, J=3.4 Hz, 1H), 5.31 (dd, J=10.7,
9.2 Hz, 1H), 5.14 (d, J=11.4 Hz, 2H), 4.95 (d, J=11.3 Hz,
1H), 4.83-4.73 (m, 3H), 4.71 (d, J=7.5 Hz, 1H), 4.38 (dd,
J=11.9, 1.8 Hz, 1H), 4.20-4.07 (m, 4H), 3.99-3.93 (m, 1H),
3.91-3.85 (m, 1H), 3.82-3.73 (m, 5H), 3.71 (dd, J=11.0, 8.1
Hz, 1H), 3.66-3.62 (m, 2H), 3.60-3.50 (m, 3H), 3.46 (dd,
J=10.8, 3.4 Hz, 1H), 3.22 (dd, J=5.4, 4.3 Hz, 2H), 2.04 (s,
3H), 1.87 (s, 3H).

[0279] '*C NMR (126 MHz, MeOD) & 173.1, 172.5,
170.9, 137.5, 137.3, 136.8, 134.7, 134.5, 134.4, 1343,
129.2, 129.1, 129.0, 128.9, 128.9, 128.7, 128.7, 128.7,
128.5, 127.9, 127.9, 127.7, 127.5, 127.3, 1273, 127.2,
127.1, 127.0, 126.9, 126.7, 126.6, 104.8, 99.4, 83.1, 82.8,
77.2,77.0,75.9,75.5,753,75.1,74.4,71.3,71.2,70.9,70.2,
63.6, 58.3, 533, 51.7, 21.5, 20.6.

[0280] Purification elution fractions were analyzed for
product by ESI mass spectrometry in negative mode: HRMS
(ESI7) cale. for Cs5,Hs,N,O,,S (M)™": 1065.3439; found:
1065.3426.
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[0281] A 5 ml vial was charged with 2-naphthylmethyl
protected disulfated disaccharide S21 (38 mg, 0.034 mmol,
1 equiv.), CH,Cl, (0.5 ml), pH 7.4 1x PBS buffer (0.5 ml)
and recrystallized 2,3-dichloro-5,6-dicyano-1,4-benzoqui-
none (47 mg, 0.21 mmol, 6 equiv.). An oversized stir bar was
added, and the vial was wrapped in aluminum foil. The
biphasic reaction mixture was vigorously stirred overnight at
RT. Reaction completion was monitored by the disappear-
ance of the starting material by ESI mass spectrometry in
negative mode. Upon completion, the reaction mixture was
directly loaded onto a brand new 24 g Redisep Rf Gold
column using minimal methanol and purified by silica gel
flash chromatography on a Teledyne ISCO Flash Purifica-
tion System (A-CH,Cl, B-Methanol 0—5% B over 3 CV
then 5—+50% B over 20 CV) to afford the disaccharide C3F
(17.5 mg, 92%).

[0282] 'H NMR (500 MHz, MeOD) § 5.45 (d, I=3.6 Hz,
1H), 4.38 (d, J=7.8 Hz, 1H), 3.93 (d, J=9.6 Hz, 1H), 3.88 (dt,
J=8.7, 4.1 Hz, 1H), 3.82 (1, ]=9.2 Hz, 1H), 3.76-3.60 (m,
11H), 3.43 (dt, J=18.2, 8.8 Hz, 2H), 3.39-3.31 (m, 3H),
3.20-3.11 (m, 2H).

[0283] '*C NMR (126 MHz, D,O) 8 170.4, 102.6, 98.2,
77.1,75.4,743,72.7,72.4,71.2,69.7,69.4,69.2,69.2, 60.0,
58.0, 53.5, 50.3.

[0284] Purification elution fractions were analyzed for
product by ESI mass spectrometry in negative mode: HRMS
(ESIN) cale. for C,,H,oN,0,sS (M)~ 561.1356; found:
561.1356.

[0285] An oven-dried 10 ml Schlenk flask was charged
with a solution of polymerizable scaffold C4A (15 mg, 0.037
mmol 1.2 equiv.) in CH,Cl, and a solution of deprotected
disulfated disaccharide C3F (17.5 mg, 0.031 mmol, 1 equiv.)
in methanol. The mixture was then concentrated by rotary
evaporation and placed in vacuo for 30 min. Under N,,
copper (1) iodide (5.9 mg, 0.031 mmol, 1 equiv.) was added,
followed by anhydrous DMF (0.25 ml). Lastly, the addition
of DBU (5.4 uL, 0.037 mmol, 1.2 equiv.) was performed by
a microsyringe. The resulting mixture was stirred overnight
at 55° C. The reaction mixture was monitored by ESI mass
spectrometry in negative mode for complete consumption of
(C3F). Upon completion, the reaction mixture was directly
loaded onto a brand new 12 g Redisep Rf Gold column using
minimal methanol and purified by silica gel flash chroma-
tography on a Teledyne ISCO Flash Purification System
(A-CH,Cl, B-Methanol 0—50% B over 20 CV) to afford the
diantennary glycomonomer S22 (8 mg, 27%).

[0286] 'H NMR (500 MHz, MeOD) 8 8.13 (s, 1H), 7.93
(s, 1H), 6.48 (t, JI=7.4 Hz, 2H), 5.55 (d, J=3.7 Hz, 1H),
5.38-5.28 (m, 2H), 5.05 (s, 1H), 4.70 (d, I=8.2 Hz, 1H),
4.65-4.52 (m, 3H), 4.40 (dd, J=7.8, 3.5 Hz, 1H), 3.99 (d,
J=9.6 Hz, 1H), 3.88 (dt, J=11.7, 7.7 Hz, 4H), 3.78 (s, 3H),
3.74-3.61 (m, 10H), 3.54-3.37 (m, 6H), 3.29-3.21 (m, 2H),
3.20-3.06 (m, 1H), 2.87 (t, J=6.3 Hz, 1H), 2.73 (d, ]=6.0 Hz,
2H), 2.69-2.62 (m, 3H), 2.57 (t, J=7.5 Hz, 1H), 1.72-1.49
(m, 4H), 1.30 (s, 2H).

[0287] 'C NMR (126 MHz, MeOD) & 175.3, 175.3,
174.5, 174.4, 173.9, 173.8, 170.7, 138.0, 137.7, 104.7,
100.2, 100.2, 83.6, 82.0, 81.8, 81.7, 81.2, 80.1, 79.4, 77.3,
76.0,74.5,73.8,73.4,71.5,71.3,70.3,70.2,62.1,59.9, 53.2,
52.3,52.2,51.5,51.4,51.1,50.3,49.8,47.1,44.0,43.1, 42.0,
40.7, 30.7, 30.12, 29.4, 29.1, 28.9, 28.0, 27.8, 27.7, 25.2,
25.1.

[0288] HRMS (ESI) calc. for C33HssNO,, S (M+2H) ™
965.3297; found: 965.3303.
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[0289] Purification elution fractions were analyzed for
product by ESI mass spectrometry in negative mode. Into an
oven-dried 10 ml Schlenk flask under N2, a solution of
diantennary monomer S22 (8 mg, 0.008 mmol) in a
degassed mixture of 2.5:1 1,2-dichloroethane:2,2,2-trifluo-
roethanol (DCE:TFE) (1 ml) was transferred in. (Note:
Solvent mixture was degassed in bulk by freeze-pump-thaw
method prior to dissolving monomer. Degassing was
repeated at least 5 times until bubbles subsided.) The mix-
ture was then concentrated by rotary evaporation and placed
in vacuo for 30 min. In a glove box under an inert N2
atmosphere, a 1 ml oven-dried, conical Schlenk flask was
charged with 4.6 mg of the catalyst [(H,IMes)(3-Br-py),
(C1),Ru—CHPh](G3), then sealed with a glass stopper and
removed from the glove box. The G3 was then dissolved in
0.692 ml of degassed 2.5:1 DCE:TFE under N2 to make a
stock solution. Under N2, monomer S22 was redissolved in
the degassed 2.5:1 DCE:TFE (0.23 ml) mixture, and a
magnetic stir bar was added. 0.100 ml of the G3 stock
solution was then rapidly injected into the monomer solution
Schlenk under N, and then sealed with a glass stopper (final
concentration=0.025 M). The resulting solution was then
lowered into a 55° C. oil bath and allowed to stir. After the
solution became cloudy (1 h), the monomer’s conversion
was monitored by 'H NMR of a reaction aliquot in CD,OD
by observing the disappearance of the strained alkene peak
at 6.4 ppm. Upon full conversion, the reaction was cooled to
RT and stirred for 5 min. The reaction mixture was quenched
with ethyl vinyl ether (5 drops) and allowed to stir for 30
min. After, the reaction mixture was then transferred into a
20 ml scintillation vial and concentrated in vacuo. The crude
product was dissolved in a minimal amount of methanol and
precipitated with an excess of diethyl ether. The precipitate
was allowed to settle, and the liquid was then decanted off.
If the precipitant was very fine, this solution was centri-
fuged, and the liquid was decanted. The precipitate was then
redissolved in excess methanol (2 ml) and reconcentrated
until the polymer was in a minimal amount of methanol.
This process was repeated two more times. The final residual
precipitate dried in vacuo to yield disulfated polymer S23 as
an off white solid (7.2 mg, yield=90%, conversion=100%,
DP=12) after polymerization.

[0290] The NMR results were: 'H NMR (500 MHz, D,0)
8 8.07 (s, 1H), 7.90 (s, 1H), 7.50-7.20 (m, 1H), 5.94 (s, 1H),
5.74 (s, 1H), 5.53 (s, 1H), 4.59 (s, 3H), 4.52 (d, J=7.6 Hz,
1H), 4.13 (d, J=7.5 Hz, 1H), 3.98-3.86 (m, 4H), 3.83-3.70
(m, 7H), 3.65 (s, SH), 3.58-3.48 (m, 2H), 3.46-3.31 (m, 4H),
3.26-3.03 (m, 2H), 2.84-2.54 (m, 4H), 1.70-1.38 (m, 4H),
1.26 (s, 2H).

[0291] Disulfated polymer S23 (7.6 mg) was charged into
a 20 ml vial along with 0.63 ml 0.25 M LiOH aqueous
solution, 6.6 ml water, and 1.7 ml THF and allowed to stir
at RT for 24 h. The reaction mixture was then frozen using
liquid nitrogen and lyophilized to completion. The remain-
ing solid was then dissolved in water and placed inside a
dialysis cartridge (Slide-A-Lyzer G2 Dialysis Cassettes,
3.5K MWCO, 3 ml, Cat. #: 87723) and dialyzed against
0.9% NaCl solution for 24 h (3 buffer changes) then against
DI water for 24 h (3 buffer changes). Finally, the sample was
transferred into a 5 ml vial and frozen by liquid nitrogen.
The sample was then lyophilized to obtain fully deprotected
disulfated polymer C5B as a white solid (5.4 mg, 71%) after
saponification.
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[0292] The NMR results were: 'H NMR (500 MHz, D,0)
67.93 (s, 1H), 7.76 (s, 1H), 7.21 (s, 1H), 5.93-5.52 (m, 2H),
5.48 (s, 1H), 4.99 (s, 1H), 4.45 (s, 2H), 4.32 (s, 1H), 3.81 (s,
3H), 3.75-3.38 (m, 11H), 3.36-3.16 (m, 5H), 3.11-2.91 (m,
2H), 2.70-2.40 (m, 4H), 1.45 (s, 4H), 1.10 (s, 2H).

[0293] Computational docking study. FIGS. 17A-17F
show the computational docking study. For the docking
studies, the disclosure used the apo heparanase structure
(PDB code: SE8M) (Wu, et al., Nat. Struct. Mol. Biol. 2015,
22, 1016-1022.). The enzyme structure was imported into
Yasara (Krieger, et al., Bioinformatics 2014, 30, 2981-
2982.), cleaned, energy minimized in vacuo, and Glu225
was manually protonated. Ligands were constructed in a
two-step method. The saccharide portion was first built
using the Glycam GAGs builder (Glycam.org. (2019). Avail-
able at: http://glycam.org/ [Accessed 29 Oct. 2019]) and
then imported into the Avagadro molecular editing software
(Avogadro. (2019). Available at: https://avogadro.cc/ [Ac-
cessed 29 Oct. 2019]) where the aliphatic portion was added.
The ligand was then subjected to the steepest descent energy
minimization and saved in the .pdb format. Global docking
with each ligand was performed on the heparanase structure
separately using the Autodock VINA default parameters in
a simulation cell set built at least 10 A from all three sides
of the enzyme. The set-up was done with the YASARA
molecular modeling program (Yasara.org. (2019). Available
at: http://www.yasara.org/ [Accessed 29 Oct. 2019].), and
the built-in docking simulation macro ‘dock_run.mrc’ for
100 docking runs using the AMBER14 force field for protein
(D. A. Case, et al., 2014, AMBER 14, University of Cali-
fornia, San Francisco.) and GLYCAMO6 (Kirschner, et al.,
J. Comput. Chem. 2007, 29, 622-655.) and GAFF/Am1BCC
for the synthetic saccharide ligand and a pose cluster RMSD
of 5 A for the docking conformations. Ligands and receptor
residues were kept flexible during the docking runs. The
most populated clusters of the 100 docking runs were
subjected to further analysis. Hydrogen bonds are desig-
nated with double asterisks (**). Hydrophobic interactions
are designated with the letter “0” (see FIGS. 17A-17F).

[0294] Biological assay protocols. Critical Micelle Con-
centration (CMC) Protocol (Kalyanasundaram, et al., J.
Phys. Chem. 1977, 81, 2176-2180.): FIG. 18 show the
inhibition of heparanase by polymers of different sulfation
patterns. (A) shows the inhibition of heparanase by C(6)-
SO;N—SO; disulfated glycopolymer C5A. (B) shows the
inhibition of heparanase by N-sulfated glycopolymer C5B.
(C) shows the inhibition of heparanase by C(3)-SO;N—SO,
disulfated glycopolymer C5C. (D) shows the inhibition of
heparanase by trisulfated glycopolymer C5D. (E) shows the
inhibition of heparanase by N-acetylated disulfated glyco-
polymer C5E. (F) shows the inhibition of heparanase by free
amine disulfated glycopolymer C5F.

[0295] Fluorescence measurements were performed in an
Aligent Technologies Cary Eclipse Fluorescence Spectro-
photometer. A 15 uM stock solution of pyrene was formed
in a 15:85 methanol:water mixture. A stock solution of
C(6)-SO;N—SO; polymer C5A was serially diluted in 1.5
ml Eppendorf tubes to a volume of 420 pul. at 16 different
concentrations with deionized water from 0 to 1 mg/ml. To
each tube, 30 pl of the pyrene stock solution was added to
bring the final pyrene concentration to 1 uM and a methanol
concentration of <1%. Tubes were then covered in alumi-
num foil and mechanically agitated by an orbital shaker for
2 h and then allowed to equilibrate for 18 h. Fluorescence
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emission spectra of the polymer solutions containing pyrene
were recorded in a 400 pl. microcuvette using an excitation
wavelength of 335 nm, and the intensities 11 and 13 were
measured at the wavelengths corresponding to the first and
third vibronic bands located near 373 (I1) and 384 (13) nm.
A 2.5 nm slit width was used for both excitation and
emission. All fluorescence measurements were carried out at
25.0° C. The average ratio of 11/13 for three trials was
plotted against each polymeric sample concentration using
GraphPad Prism 7. The CMC was taken at the intersection
of two calculated regression lines.

[0296] TR-FRET Heparanase Inhibition Assay (Roy, et
al., J. Med. Chem. 2014, 57, 4511-4520.). 42 pl of inhibitor
solution in Milli-Q water (0.00016-4000 uM) or just Milli-Q
water (as a control), and 42 ul of heparanase (5.3 nM, R&D
Systems) solution in pH 7.5 triz buffer (consisting of 20 mM
TrisHCI, 0.15 M NaCl and 0.1% CHAPS) or just buffer as
blank were added into microtubes and pre-incubated at 37°
C. for 10 min bringing the [heparanase] to 0.5 nM. Next, 84
pl of biotin-heparan sulfate-Eu cryptate (Cisbio, Cat #:
61BHSKAA) (58.6 ng in pH 5.5 0.2 M NaCH,CO, buffer)
was added to the microtubes, and the resulting mixture was
incubated for 60 min at 37° C. The reaction mixture was
stopped by adding 168 ul of Streptavidin-XLent! (Cisbio,
Cat #: 611SAXLA) (1.0 pg/ml) solution in pH 7.5 dilution
buffer made of 0.1 M NaPO,, 0.8 M KF, 0.1% BSA. After
the mixture had been stirring at RT for 15 min, 100 pL (per
well) of the reaction mixture was transferred to a 96 well
microplate (Corning #3693 96 well, white polystyrene,
half-area) in triplicates and HTRF emissions at 616 nm and
665 nm were measured by exciting at 340 nm using a
SpectraMax i3x Microplate Reader (Molecular Devices).
Due to the IC,,, value being the same as the concentration of
heparanase in the reaction, glycopolymer C5A had to be fit
to a Henderson Tight-Binding Equation:

o E,
% Inhibition= 100— =
Er

JEre Kot iom KB+ B3 + [ 4+ 2ErKp + 2K, - 2E7 1,
Er

[0297] FGF-2 induced cell proliferation assay. FIGS. 19A-
19U show BLI sensorgrams and fitted response curves. The
association for mass transport of FGF-2 and heparin was
carried out for 5 min, whereas in the solution, affinity assay
association was performed for 6 min, so responses were
recorded at 5 min. FIGS. 19A-19C show BLI sensorgrams
and fitted response curves for the analysis of FGF-1 and
heparin. Analysis of stoichiometry for FGF-1/heparin was
fitted for a segmented linear regression equation. FIGS. 19D
and 19E show a BLI sensorgram and fitted response curve
for the analysis of FGF-1 and glycopolymer C5A. FIGS.
19F and 19G show a BLI sensorgram and fitted response
curve for the analysis of FGF-2 and heparin. FIGS. 19H and
191 show a BLI sensorgram and fitted response curve for the
analysis of FGF-2 and glycopolymer C5A. FIGS. 19J and
19K show a BLI sensorgram and fitted response curve for
the analysis of VEGF and heparin. FIGS. 191 and 19M show
a BLI sensorgram and fitted response curve for the analysis
of VEGF and glycopolymer C5A. FIGS. 19N and 190 show
a BLI sensorgram and fitted response curve for the analysis
of PF4 and heparin. FIGS. 19P and 19Q show a BLI
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sensorgram and fitted response curve for the analysis of PF4
and glycopolymer CSA. FIGS. 19R and 19S show a BLI
sensorgram and fitted response curve for the analysis of
P-selectin and heparin. FIGS. 19T and 19U show a BLI
sensorgram and fitted response curve for the analysis of
P-selectin and glycopolymer C5A.

[0298] Cell culture and harvest: HUVECs were cultured at
37° C. in a humidified atmosphere of 5% CO, using proto-
cols and reagents supplied by Lonza. Endothelial Growth
Medium (EGM), supplemented with hydrocortisone, fetal
bovine serum (FBS), ascorbic acid, heparin, gentamicin, and
growth factors such as VEGF, FGF-2, EFG, and IGF was
used to maintain the cells. The cell cultures were grown to
70-80% confluence. Once at this confluence, the cells were
treated with 0.025% trypsin in PBS and incubated for 4-5
min until the cells detached from the flask surface. EGM (8
ml) was added to the harvested cells, and the cell suspen-
sions were centrifuged at 190xg for 5 min. The cell pellets
were then resuspended in the growth medium, and the
number of cells was determined using a Beckman coulter
counter. After ensuring uniform suspension, cells were
reseeded into a new vessel with fresh growth medium at
seeding densities around 2500-5000 cells/cm® of vessel
surface area.

[0299] Cell proliferation. Endothelial basal medium
(EBM-2), containing only 2% FBS and gentamicin, was
used for cell proliferation. Initially, the optimal cell density
and concentration of FGF-2 required to induce maximal cell
proliferation were determined. FGF-2 was reconstituted
according to the manufacturer’s protocol and stored at —80°
C. FGF-2 stock and C(6)-SO;N—SO; polymer C5A were
diluted by the proliferation medium to the desired concen-
trations. Cells were resuspended in proliferation medium,
and 100 pl, was seeded onto a 96-well microplate at 3000
cells/well. After incubating for one day, FGF-2 (2 nM; 50 ul)
and C(6)-SO;N—SO; polymer C5A (48-0.047 uM; 50 ul)
were added to each well, maintaining a final volume of 200
uL. Each concentration was done in triplicate. After incu-
bating for 70 h, 20 pl of the CellTiter 96 Aqueous One
Solution Cell Proliferation Assay was added to each well,
and absorbance, at 490 nm, was measured 2 h later. The
entire assay was repeated three times.

[0300] Biolayer Interferometry (BLI) Assay. BLI assays
were performed on an Octet Red Instrument (fortéBIO) at
25° C. Immobilization and binding analysis were carried out
at 1000 rpm using HBS-EP buffer [10 mM HEPES, pH 7.4,
150 mM NaCl, 3.0 mM EDTA, and 0.005% (v/v) surfactant
tween20]. A solution affinity assay, used to determine affini-
ties of ligands by SPR analysis, was adopted to BLI (Co-
chran et al., Glycoconjugate J. 2009, 26, 577-587.). In this
method, protein is mixed with various ligand concentrations
(glycopolymer C5A or heparin, 18 kDa). Free protein in this
equilibrium mixture is tested for binding against immobi-
lized heparin (all proteins are carrier-free and purchased
from R&D Systems). Heparin-biotin (Creative PEGworks,
18 kDa, 1 biotin per HP polymer), 5 ng/ml was immobilized
onto streptavidin biosensors (forteBio) for 5 min. Binding
experiments were carried out under conditions of mass
transport. The binding was fitted to equation 1 (as taught in
reference Chai, et al. Aral. Biochem. 2009, 395, 263-264.)
using Graphpad Prism. BLI response was used in place of F,
and ligand (heparin/glycopolymer C5A) concentration was
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used in place of [metal]. Binding analysis of P-selectin was
carried out with HBS-EP buffer with 2 mM CaCl,, 2 mM
MgCl, and 0.5 mg/ml BSA.

[0301] Heparanase Enzymatic Activity (ECM Degrada-
tion Assay) (Vlodavsky, et al., Current Protocols in Cell
Biology 2001, 1, 10.14.11-10.14.14). Sulfate [**S] labeled
ECM coating the surface of 35 mm tissue culture dishes is
incubated (3-4 h, 37° C., pH 6.0, 1 ml final volume) with
recombinant human heparanase (0.5 ng/ml) in the absence
and presence of increasing concentrations of the inhibitory
compound (for determination of the IC50 in this assay). The
reaction mixture contains: 50 mM NaCl, 1 mM DTT, 1 mM
CaCl,, and 10 mM buffer Phosphate-Citrate, pH 6.0. To
evaluate the occurrence of proteoglycan degradation, the
incubation medium is collected and applied for gel filtration
on Sepharose 6B columns (0.9x30 c¢m). Fractions (0.2 ml)
are eluted with PBS and counted for radioactivity. The
excluded volume (Vo) is marked by blue dextran, and the
total included volume (Vt) by phenol red. Degradation
fragments of HS side chains are eluted from Sepharose 6B
at 0.5<Kav<0.8 (peak II). Sulfate labeled material eluted in
peak I (fractions 3-10, just after the void volume) represents
nearly intact HSPG released from the ECM due to prote-
olytic activity residing in the ECM. Results are best repre-
sented by the actual gel filtration pattern.

[0302] Experimental Example 3. Phenanthroline-Cata-
lyzed Stereoretentive Glycosylations. Carbohydrates are
essential components of many bioactive molecules in nature.
However, efforts to elucidate their modes of action are often
impeded by limitations in synthetic access to well-defined
oligosaccharides. Most of the current methods rely on the
design of specialized coupling-partners to control selectivity
during glycosidic bond formation. Here, the present disclo-
sure reports a commercially available phenanthroline that
catalyzes stereoretentive glycosylation with glycosyl bro-
mides. The method provides efficient access to a myriad of
axial 1,2-cis glycosides as well as axial 2-azido- and
2-fluoro-glycosides. This operationally simple and air- and
moisture-tolerant procedure has been performed for the
large-scale synthesis of a disaccharide and an octasaccharide
adjuvant. Density functional theory calculations predict the
anomeric phenanthrolinium ion, which prefers the equatorial
orientation, to be stabilized via non-covalent interactions
between the C-1 axial hydrogen of glycosyl moiety and a
phenanthroline nitrogen atom. These calculations, together
with kinetic studies, suggest that the reaction proceeds via a
double S,2-like mechanism.

[0303] Introduction. Glycosylations are fundamental
methods for constructing complex carbohydrates. Key reac-
tions involve glycosidic bond formation that connects gly-
cosyl electrophiles to glycosyl nucleophiles to generate
oligosaccharides, which play a critical role in cellular func-
tions and disease processes (Ohtsubo, et al., Cell. 126,
855-867 (2006); Brockhausen, et al., EMBO Rep. 7, 599-604
(2006); Crocker, et al., Nat. Rev. Immunol. 7, 255-266
(2007); van Kooyk, et al., Nat. Immunol. 9, 593-601 (2008)).
As a result, the efficient preparation of well-defined oligo-
saccharides has been a major focus in carbohydrate synthe-
sis. Despite recent advances (Zhu, et al., Angew. Chem. Int.
Ed. 48, 1900-1934 (2009); McKay, et al., ACS Catal. 2,
1563-1595 (2012)., Seeberger, et al., Acc. Chem. Res. 48,
1450-1463 (2015)) the ability to forge C—O glycosidic
bonds (FIG. 20, A) in a stereoselective fashion is not easily
predictable due to the reaction’s high degree of variables and
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shifting S,/1-S,2 mechanistic paradigm (FIG. 20) (Boltje, et
al., Nat. Chem. 1, 611-622 (2009).; Leng, et al., Acc. Chem.
Res. 51, 628-639 (2018); Crich, et al., Acc. Chem. Res. 43,
1144-1153 (2010)). Most established methods to achieve
stereoselective glycosylation reactions have focused on tun-
ing the steric and electronic nature of the protecting group on
the electrophilic partners (Boons, et al., Contemp. Org.
Synth. 3, 173-200 (1996); Nigudkar, et al., Chem. Sci. 6,
2687-2704 (2015); Kim, et al., J. Am. Chem. Soc. 127,
12090-12097 (2005); Yasomanee, et al., J. Am. Chem. Soc.
134, 20097-20102 (2012); Yasomanee, et al., Angew. Chem.
Int. Ed. 53, 10453-10456 (2014); Crich, et al., J. Org. Chem.
62, 1198-1199 (1997)). The most reliable approach is based
on the O-acyl participatory protecting group at C(2) of the
glycosyl electrophile for construction of the 1,2-trans gly-
cosidic linkage via an S,2-like pathway (FIG. 20, B)
(Boons, et al., Contemp. Org. Synth. 3, 173-200 (1996)). The
formation of 1,2-cis glycosides requires an electrophilic
partner with a non-participatory ether functionality at C(2)
(Nigudkar, et al., Chem. Sci. 6, 2687-2704 (2015)). Use of
this type of electrophiles typically engages in an S,/1-like
pathway, leading to a mixture of two stereoisomers that
differ in the configuration of the anomeric center (FIG. 20,
C) (Nigudkar, et al., Chem. Sci. 6, 2687-2704 (2015)). Novel
methods based on neighboring group participation (Kim, et
al., J. Am. Chem. Soc. 127,12090-12097 (2005)) and remote
participation (Yasomanee, et al., J. Am. Chem. Soc. 134,
20097-20102 (2012); Yasomanee, et al., Angew. Chem. Int.
Ed. 53, 10453-10456 (2014)) of the protecting groups on
glycosyl electrophiles offer a solution for forming 1,2-cis
glycosides. These substrate-controlled methods, however,
are highly specialized for each electrophilic partner. Alter-
natively, catalyst-controlled glycosylation has emerged as a
way to eliminate the need for specific protecting groups
(Geng, et al., Angew. Chem. Int. Ed. 52, 10089-10092
(2013); Sun, et al., Angew. Chem. Int. Ed. 55, 8041-8044
(2016); Kimura, et al., Org. Lert. 18, 3190-3193 (2016);
Park, et al., Science. 355, 162-+(2017); Mensah, et al., J.
Org. Chem. 74,1650-1657 (2009). Peng, et al., J. Am. Chem.
Soc. 137, 12653-12659 (2015)). However, only limited
catalytic examples for forming axial 1,2-cis glycosides are
known (Kimura, et al., Org. Lett. 18, 3190-3193 (2016)).

[0304] Since the synthesis of oligosaccharides relies on
many diverse sugar building blocks, it is uncertain whether
the aforementioned catalytic systems would be translated
over a range of axial 1,2-cis glycosides. Retaining glyco-
syltransferases are known to catalyze a-glycosidic bond
formation (Lairson, et al., Annu. Rev. Biochem. 77, 521-555
(2008)) with net retention of anomeric configuration (FIG.
21, A). Inspired by the effectiveness of enzymes, it was
envisioned that a small molecule catalyst capable of per-
forming stereoretentive glycosylations to provide 1,2-cis
glycosides with predictable a-selectivity and in prepara-
tively high yields would likely find broad applications.
Pyridine has been reported to serve as a nucleophilic catalyst
(Fu, et al., Acc. Chem. Res. 33, 412-420 (2000)). Displace-
ment of the anomeric leaving group of a glycosyl electro-
phile with pyridine affords an anomeric pyridinium ion
intermediate (Mulani, et al., Org. Biomol. Chem. 12, 1184-
1197 (2014)), one that prefers the equatorial position (p) to
avoid the steric interactions associated with positioning that
group in the axial (a) orientation (Frihed, et al., Chem. Rev.
115, 4963-5013 (2015)). Invertive substitution by a nucleo-
phile would then afford an axial 1,2-cis glycoside. Unfor-
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tunately, pyridine-mediated reaction proceeds with a mar-
ginal bias for the a-selectivity as an axial pyridinium ion,
which can also be formed to compete for access to a
1,2-trans glycoside (Garcia, et al., J. Am. Chem. Soc. 122,
4269-4279 (2000)). An attractive option would be to use
phenanthroline (FIG. 21, B), which has been shown to be a
powerful ligand for metal ions and a binding agent for
DNA/RNA through non-covalent interactions (Bencini, et
al., Chem. Rev. 254, 2096-2180 (2010); Erkkila, et al.,
Chem. Rev. 99, 2777-2795 (1999)). Phenanthroline is a rigid
and planar structure with two fused pyridine rings whose
nitrogen atoms are positioned to act cooperatively. The first
nitrogen atom could serve as a catalytic nucleophile to react
with a glycosyl electrophile to form a covalent
p-phenanthrolium ion preferentially (FIG. 21, B) since
phenanthroline is more sterically demanding than pyridine.
The second nitrogen atom could non-covalently interact
with glycosyl moiety or act as a hydrogen-bond acceptor to
facilitate invertive substitution by a nucleophile. These
unique features of phenanthroline could effectively promote
a double displacement mechanism.

[0305] Here, the disclosure shows a bathophenanthroline
catalyst for the highly selective synthesis of axial 1,2-cis
glycoside synthesis. This catalytic-controlled glycosylation
methodology allows access to a broad range of saccharides
bearing C(2)-oxygen, azido, and fluoro functionality. It is
applicable for the construction of potent vaccine adjuvant,
a-glycan octasaccharide. Presumably, this is the first reac-
tion reported wherein a phenanthroline serves as a nucleo-
philic catalyst to control a stereoretentive glycosylation.

[0306] Results and discussion. Reaction development. The
realization of the stereoretentive glycosylation concept out-
lined above is influenced by the anomeric configuration of
the electrophilic substrate. In the current reaction develop-
ment, o-configured glycosyl bromide 1 was chosen as a
model electrophilic partner and galactopyranoside 2 as a
glycosyl nucleophile to simplify the analysis of coupling
product mixtures 22A). Previous reports have documented
the ability of glycosyl bromides to function as one of the
most common electrophiles under various glycosylation
conditions and to generate as a-configured substrates
(Koenig, W., et al., Ber. Dtsch. Chem. Ges. 34, 957-981
(1901); Lanz, et al., Fur. J. Org. Chem., 3119-3125 (2016)).
The reaction of 2 with glucosyl electrophile 1, having a
C(2)-non-participatory benzyl (Bn) group (Nigudkar, et al.,
Chem. Sci. 6, 2687-2704 (2015)), often proceeds via an
SN-like pathway to provide the coupling product with poor
anomeric selectivity. As expected, the use of the conven-
tional Lewis acid, silver triflate (AgOTT), provided a 4:1
(o:p) mixture of the desired product 3. Upon exploring a
range of reaction parameters (FIGS. 23-28), the coupling of
2 with 1 was discovered in the presence of 15 mol % of
4,7-diphenyl-1, 10-phenanthroline (4) as a catalyst and
isobutylene oxide (IBO) as a hydrogen bromide scavenger in
tert-butyl methyl ether (MTBE) at 50° C. for 24 h and that
this provided the highest yield and a-selectivity of 3 (73%
yield, a:p>30:1). In the absence of catalyst 4, no reaction
was apparent after 24 h. The reaction was conducted with
other catalysts (5-8), and three trends were observed. First,
the yield of 3 is correlated with the catalyst’s ability to
displace the anomeric bromide. The C(2)- and C(9)-methyl
groups of catalyst 5 reduce the accessibility of the pyridine
nitrogen atom for displacing the bromide leaving group.
Second, the conformation of the catalyst can influence the
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efficiency and selectivity of the coupling event. For instance,
2,2'-bipyridine (6) is less a-selective than catalyst 4, poten-
tially due to the two nitrogen atoms being disrupted by the
free-rotation about the bond linking the pyridine rings.
Third, the a-selectivity is correlated with the efficiency of
the catalyst to promote glycosylation. As expected, pyridine
(7) is not as a-selective as phenanthroline catalyst 4. Since
4-(dimethylamino)pyridine (8) is known to be a more effec-
tive catalyst than pyridine (7) (Koenig, W., et al., Ber. Dtsch.
Chem. Ges. 34, 957-981 (1901)), the product 3 was obtained
in higher yield (25% vs. 51%) (FIG. 22A).

[0307] A primary roadblock that hinders the study of the
role of carbohydrates in many biological processes remains
the limited availability of reproducible and predictable gly-
cosylation conditions to allow for routine oligosaccharide
synthesis in large and pure quantities. In addition, current
techniques are limited to specialists who can produce these
constructs. Since the phenanthroline-catalyzed reaction is
air- and moisture-tolerant and operationally simple by com-
bining coupling partners 1 and 2 with catalyst 4 and IBO in
MTBE under open air in the flask (FIG. 20B), this system
could be suitable for large-scale synthesis. Accordingly, the
reaction was conducted on a 4 mmol scale of 1 and 4.4 mmol
of 2 (FIG. 22C). Because the reaction was performed on a
gram scale at a relatively high concentration (2 M), a
catalyst loading of 5 mol % proved sufficient. Product 3 was
attained without any effect on the yield and selectivity.

[0308] Substrate Scope. In an effort to guide specialists
and non-specialists towards optimal phenanthroline-cata-
lyzed glycosylation conditions without prior reaction opti-
mizations, general guidelines based on the scope of the
coupling partners are needed. There are several underlying
factors that could potentially influence the efficiency and the
stereochemistry of the products. While the C-2 protecting
group of glycosyl electrophile has a direct impact on the
selectivity of the product Boons, et al., Contemp. Org. Synth.
3, 173-200 (1996); Kim, et al., J. Am. Chem. Soc. 127,
12090-12097 (2005)), the protecting group nature at other
positions are capable of indirectly influencing the reaction
(Yasomanee, et al., J. Am. Chem. Soc. 134, 20097-20102
(2012); Yasomanee, et al., Angew. Chem. Int. Ed. 53, 10453-
10456 (2014); Baek, et al., J. Am. Chem. Soc. 131, 17705-
17713 (2009)). The reactivity of alcohol nucleophiles can
also have an impact on the coupling efficiency and selec-
tivity. As such, glucose-derived having electron-withdraw-
ing acyl and electron-donating benzyl groups at C(3), C(4),
and C(6) positions were first explored with primary and
secondary hydroxyls of nucleophilic coupling partners. To
validate that the phenanthroline catalyst 4 could overturn the
“remote” participation of the C(3)-, C(4)-, and/or C(6)-acyl
protecting groups (Boons, et al., Contemp. Org. Synth. 3,
173-200 (1996); Yasomanee, et al., J. Am. Chem. Soc. 134,
20097-20102 (2012); Yasomanee, et al., Angew. Chem. Int.
Ed. 53, 10453-10456 (2014); Baek, et al., J. Am. Chem. Soc.
131, 17705-17713 (2009)), glucosyl bromide bearing non-
participatory benzyl protecting groups were explored with
C(6)-hydroxyl of carbohydrate nucleophiles (FIG. 29).
Compared to electrophile 1, no significant compromise to
the a-selectivity was observed as both disaccharides 9 and
10 with high levels of a-selectivity, suggesting an S,2-type
displacement for this catalyst-controlled method. This cata-
Iytic protocol is more a-selective than other methods. For
example, while the disclosure catalytic system provided 10
with c::p=14:1, reaction with trichloroacetimidate and cyclic
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difluoroimidate electrophiles with use of TMSOTT as pro-
moter provided 10 with an o:ff ratio of 4:1 and 1:1.2,
respectively (Nigudkar, et al., J Am. Chem. Soc. 136,
921-923 (2014); Nguyen, et al., J. Am. Chem. Soc. 123,
8766-8772 (2001)). Glycosyl bromides also act as viable
electrophiles to efficiently glycosylate hindered C(3)- and
C(4)-secondary hydroxyls. In all cases, the expected a-prod-
uct (11-13, FIG. 29) was produced predominantly. For the
challenging C(4)-hydroxyl of the glucoside nucleophile, the
Sa1-S,2 reaction paradigm was slightly shifted (14: o:p=7:
1). Primary alcohol of a protected serine amino acid also
exhibited excellent a-selectivity (15: a:=20:1).

[0309] Variation of the structure of the electrophilic react-
ing partner was also explored (FIG. 29). Compared to
D-glucose, the axial C(4)-benzyl protecting group of D-ga-
lactose has been reported to favor f-product formation
(Chatterjee, et al., J. Am. Chem. Soc. 140, 11942-11953
(2018)). In contrast, the catalyst 4 overturned this intrinsic
substrate bias to provide disaccharides 16-18 with excellent
a-selectivity. Upon comparison of this catalytic-controlled
method with the amide-mediated method (Lu, et al., Angew.
Chem. Int. Ed. 50, 7315-7320 (2011)), it is clear that the
reaction is o-selective for the formation of 16 in the
phenanthroline system (c:f=10:1) relative to the amide
system (c:f=3:1). The capacity of the phenanthroline sys-
tem with L-fucose was investigated. While tribenzyl L-fu-
cosyl bromide reacted rapidly to provide 19 in 80% yield
with synthetically useful levels of a-selectivity (a:f=6:1),
use of an electron-withdrawing [.-fucose provided 20 exclu-
sively as a-isomer. Both 19 and 20 are key units of a
thrombospondin type 1 repeat, which plays a vital role in an
autosomal recessive disorder (Vasudevan, et al., Curr. Biol.
25, 286-295 (2015)). The more labile monosaccharides were
investigated next. Use of tribenzyl protected L-arabinosyl
bromide provided 21 exclusively as a-isomer (FIG. 30),
albeit with moderate yield (47%). It was observed that this
electron-donating [.-arabinose substrate decomposed during
the course of the reaction, consequently attenuating the yield
of 21. To increase the stability of L-arabinose, the C(3)- and
C(4)-acetyl groups were used to produce 22 in high yield
(84%). This electron-withdrawing substrate was also com-
patible with the C(4)-hydroxyl, affording a-product 23, a
key motif of glycosphingolipid vesparioside B (Gao, et al.,
J. Am. Chem. Soc. 138, 1684-1688 (2016)). A similar trend
was observed with D-arabinose, providing disaccharides
24-27 with good to excellent levels of a-selectivity. To
compare, this catalytic protocol to produce 24 (o:f=9:1) is
more a-selective than the method using tribenzyl arabinose
thioglycoside and NIH/AgOTf as the activating agent
(a:f=3:1) (Gao, et al., J. Am. Chem. Soc. 138, 1684-1688
(2016)). The selectivity trends with electrophiles bearing
C(2)-azido and C(2)-fluoro groups were also sought to be
determined (FIG. 30). Excellent a-selectivity with the use of
C(2)-azido-D-galactose was observed (28, 50%, a only). To
compare, 28, a precursor of tumor-associated mucin T,
antigen (Pratt, et al., Chem. Soc. Rev. 34, 58-68 (2005)),
could also be prepared in a 4:1 (c:ff) mixture using a
stoichiometric amount of AgCIO,, as the activating reagent
(Kuduk, et al., J. Am. Chem. Soc. 120, 12474-12485 (1998)).
The 2-fluoro-D-glucose substrate was observed next. The
ability of the C(2)-F bond to have an impact on the stereo-
chemical outcome of the coupling product has been reported
(Bucher, et al., Angew. Chem. Int. Ed. 49, 8724-8728
(2010)). While the 2-fluoro-glucose having benzyl protect-
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ing groups is P-selective under TMSOT{-mediated condi-
tions (Bucher, et al., Angew. Chem. Int. Ed. 49, 8724-8728
(2010); Durantie, et al., Chem.—Fur. J. 18, 8208-8215
(2012)), the analogous acetyl-O electrophile affords a 1:1
mixture of a- and p-isomers (Bucher, et al., Angew. Chem.
Int. Ed. 49, 8724-8728 (2010); Durantie, et al., Chem.—Eur.
J. 18, 8208-8215 (2012)). In contrast to the reported method,
both the acetyl- and benzyl-protected 2-fluoro-D-glucose
substrates are highly a-selective under the disclosures cata-
Iytic conditions (29, a:f=21:1; 30, a:f=16:1). Finally, this
catalyst-controlled method is also amenable to the synthesis
of a protected human milk a-trisaccharide 31 in high yield
(86%) (Xiao, et al., J. Org. Chem. 81, 5851-5865 (2016)).

[0310] The critical question remains whether this
phenanthroline system is applicable for the construction of
larger oligosaccharides. The a-(1,6)-linked octasaccharide
40 was chosen (FIG. 31), a carbohydrate backbone of the
natural a-glucan polysaccharides (Bittencourt, et al., J. Biol.
Chem. 281, 22614-22623 (2006); van Bueren, et al., Nat.
Struct. Mol. Biol. 14, 76-84 (2007)), which have the poten-
tial as vaccine adjuvants. However, these ca-glucans are
heterogeneous in size and composition. As such, well-
defined oligosaccharides are required to study bioactive
fragments. In the disclosure, the anomeric methoxy group
was chosen for the reducing end of oligosaccharides as
nucleophile 33 is commercially available (FIG. 30). Accord-
ingly, a catalyst loading of 5 mol % proved efficient to
promote the coupling of 33 with glycosyl bromide 32 to
provide disaccharide 34 in good yield and excellent a.-se-
lectivity (86%, a: >25:1). This catalytic method is also
suitable for preparing 10 mmol of 34 with comparable yield
and selectivity (8.4 g, 89%, a:>25:1). Acetyl hydrolysis of
34 provided disaccharide nucleophile 35. For the synthesis
of electrophile 36, disaccharide 33 was first converted to the
glycosyl acetate intermediate (Cao, et al., Carbohydr. Res.
341, 2219-2223 (2006)), which was isolated prior to con-
verting into bromide 36, which was used without further
purification in the coupling to 35 to afford tetrasaccharide 37
(86%, a:p>25:1). Compound 37 was further functionalized
to generate 38 and 39, under similar conditions for prepa-
ration of 35 and 36, for use in another coupling iteration to
generate octasaccharide 40 (77%, a:f>25:1). Overall, the
synthesis of 40 underscores the ability of the catalyst 4 to
construct well-defined large oligosaccharides.

[0311] Mechanistic studies. Having obtained 1,2-cis prod-
uct in high yield and excellent a-selectivity, the mechanism
of the phenanthroline-catalyzed stereoselective glycosy-
lation was investigated next. With the possibility that the
reaction goes through a transient f-phenanthrolinium inter-
mediate, this putative species was attempted to be detected
by using mass spectroscopy. In the event, glycosyl bromide
1 was treated with a stoichiometric amount of 4 in MTBE
(0.5 M) for 24 h at 50° C. The formation of a phenanthro-
linium ion 41 was confirmed using electrospray ionization
(ESI) with an nv/z ratio of 711.2710 (FIG. 30). Subsequent
fragmentation of 41 using collision-induced dissociation
(CID) led to the formation of the phenanthroline species
with an m/z ratio of 333.1396 (FIG. 32). The final step
involved the introduction of nucleophile 2 to provide disac-
charide 3 with comparable results to those obtained earlier
(FI1G. 22A-22C). It was next evaluated if the stereochemistry
of the 1,2-cis product would be dictated by the anomeric
configuration of the electrophile. Consistent with the pro-
posed double inversion S,2 pathway (FIG. 21, B), a-con-
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figured glycosyl bromide is the reacting partner. The kinetic
p-bromide 42, generated in situ from a-thioglycoside (FIG.
33) (Nigudkar, et al., J. Am. Chem. Soc. 136, 921-923
(2014); Vasudevan, et al., Curr. Biol. 25, 286-295 (2015)),
rapidly converted into the thermodynamically stable a-bro-
mide 1 in the presence of catalyst 4 within 1 h at 25° C. (FIG.
30, B). In the absence of 4, $-bromide 42 slowly anomerized
to a-bromide 1 at 25° C. (FIG. 34). A conversion of
a-bromide, in the presence of added bromide ion, to the
more reactive [3-bromide, which reacts with a nucleophile to
give a 1,2-cis glycoside, has been reported in Lemieux, et
al., J. Am. Chem. Soc. 97, 4056-4062 (1975). In contrast, the
coupling of 2 with -bromide 42 in the presence of 15 mol
% of 4 afforded 1,2-cis product 3 in less than 1% (FIG. 30,
B). The a:f ratio of the desired product 3 is kinetically-
derived and is not reflective of a thermodynamic distribution
arising from post-coupling anomerization (FIG. 33).
[0312] To gain further mechanistic insight, the initial rates
of phenanthroline-catalyzed glycosylation of a nucleophile,
2-propanol, with glycosyl bromide 1 were also determined
using 'H NMR spectroscopy. The kinetic data suggest that
the reaction undergoes an S,2-like mechanism (FIGS. 30,
C-D and FIGS. 35-39), as the initial rate of the reaction is
both catalyst (FIG. 30, C) and nucleophile (FIG. 30, D)
dependent. The initiate rate of reaction is quite slow, sup-
porting that there is likely no background reaction in the
absence of catalyst 4 (FIG. 30, C). There is a non-linearity
downward as the concentration of catalyst 4 increases (FIG.
30, C), probably due to catalyst aggregation as the reaction
mixture becomes insoluble at high catalyst concentration.
The biphasic kinetic in FIG. 30, D suggests a shift in the
rate-determining step (RDS) at different isopropanol con-
centration. At high concentration of isopropanol, the RDS is
the formation of the phenanthrolinium ion (first step, FIG.
21, B). At a low concentration of isopropanol, nucleophilic
attack (second step) is the RDS.

[0313] Finally, to understand the role of the phenanthro-
line catalyst in controlling high a-selective 1,2-cis glycosy-
lation, the intermediate structures for nucleophilic addition
of phenanthroline (FIG. 30, E) or pyridine (FIG. 30, F) to
glycosyl bromide 43 have been optimized using density
functional theory (DFT) calculations at the B3LYP/6-31+G
(d,p) level with the SMD implicit solvent model. DFT
calculations predict that the p-phenanthrolinium intermedi-
ate is stabilized by intramolecular non-covalent interactions
between the C-1 axial hydrogen of glycosyl moiety and the
nitrogen atom of phenanthroline (the bond distance of
H,—N, is 1.964 A, and the bond angle of C,—H,—N, is
136.9°). The C—N surface in the non-covalent interaction
plot (FIG. 30, H) (Johnson, et al., J. Am. Chem. Soc. 132,
6498-6506 (2010)) also indicates that the electrostatic inter-
action is presented in an anomeric f-phenanthrolinium ion.
On the other hand, the non-covalent interactions are not
observed for the B-pyridinium ion (FIG. 30, G; 30, H). It
appears that a tight phenanthrolinium ion complex shields
the P-face of glycosyl moiety, making the p-face more
accessible for the nucleophilic attack via the S,2 pathway.
[0314] Methods. Synthesis. A general procedure for
phenanthroline-catalyzed glycosylation is as follows. A 50
ml round-bottom flask was charged with glycosyl bromide 1
(1.83 g, 4.0 mmol, 1.0 equiv.), alcohol 2 (1.25 g, 4.8 mmol,
1.2 equiv.), catalyst 4 (66 mg, 0.2 mmol, 15 mol %), IBO
(0.7 ml, 8.0 mmol, 2.0 equiv.) and MTBE (2.0 ml). The
resulting solution was stirred at 50° C. for 24 h under an
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open-air atmosphere, diluted with toluene, and purified by
silica gel flash chromatography (toluene/ethyl acetate: 5/1-
3/1) to give the desired disaccharide 3 (1.784 g, 70%,
a:>30:1) and recovered 1 (0.515 g, 28%).

[0315] Kinetic Study. A 10 ml scintillation vial was
charged with glycosyl bromide 1 (fixed amount, 0.25 mmol,
1.0 equiv.), isopropanol (vary amount from 0.5 to 5 equiv.),
catalyst 4 (vary amount from 2 to 20 mol %), IBO (vary
amount from 1.5 to 3 equiv.), toluene (internal standard,
0.083 mmol, 0.33 equiv.), and CDg (0.5 ml). The resulting
solution was then transferred to a 5 mm NMR tube. 'H NMR
spectrum was acquired on a 400 MHz instrument before
heating. Then the mixture in the NMR tube was consistently
shaken and heated in a 50° C. water bath. Between 3 and 60
h, spectra were obtained depending on the experiment.
Example spectra and example rate plot were based on
standard conditions: 0.25 mmol glycosyl bromide 1 (1.0
equiv.), 0.75 mmol acceptor (3.0 equiv.), 15 mol % catalyst
4, 0.5 mmol IBO (2 equiv.), 0.083 mmol toluene (0.33
equiv.) as an internal standard, and 0.5 ml CDg (0.5 M).
[0316] Calculation. All calculations were carried out with
Gaussian 09. Geometry optimization for reactant, interme-
diates, transition states, and products were computed at the
B3LYP/6-31+G(d,p) level of theory with the SMD implicit
solvation model in diethyl ether. There is only one imaginary
frequency for transition state structures and no imaginary
frequency for reactants, intermediates, and products. Non-
covalent interactions (NCI) were calculated with the NCI-
PLOT program.

[0317] Conclusions. Overall, the phenanthroline-cata-
lyzed glycosylation strategy provides a general platform for
the a-selective formation of a range of 1,2-cis glycosides.
This catalytic system is not confined to the predetermined
nature of glycosyl coupling partners and mimics glycosyl-
transferase-catalyzed retentive mechanisms, wherein the
stereochemistry of the products is influenced by the ano-
meric a.-configuration of the glycosyl electrophiles. This
work stands at the underdeveloped intersection of opera-
tionally simple conditions, catalytic glycosylation, and ste-
reocontrolled glycosidic bond formation, each of which
represents an important theme in the synthesis of well-fined
oligosaccharides. Further expanding the scope of the cata-
Iytic a-selective glycosylation reaction represents a feasible
roadmap towards a general and broadly accessible solution
to complex carbohydrate synthesis. This roadmap includes
the investigation of bacterial sugar building blocks found in
many oligosaccharides and polysaccharides, the develop-
ment of better conditions for iterative coupling of carbohy-
drate building blocks, and the advancement of more gener-
alized automation of oligosaccharide synthesis.

[0318] Supporting information. General information.
Methods and Reagents: All reactions were performed in
oven-dried flasks fitted with septa under a positive pressure
of nitrogen atmosphere. Organic solutions were concen-
trated using a Buchi rotary evaporator below 40° C. at 25
torr. Analytical thin-layer chromatography was routinely
utilized to monitor the progress of the reactions and per-
formed using pre-coated glass plates with 230-400 mesh
silica gel impregnated with a fluorescent indicator (250 nm).
Visualization was then achieved using UV light, iodine, or
ceric ammonium molybdate. Flash column chromatography
was performed using 40-63 pm silica gel (SiliaFlash F60
from Silicycle). Dry solvents were obtained from an SG
Waters solvent system utilizing activated alumina columns
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under argon pressure. All other commercial reagents were
used as received from Sigma Aldrich, Alfa Aesar, Acros
Organics, TCI, and Combi-Blocks unless otherwise noted.

[0319] Instrumentation. All new compounds were charac-
terized by Nuclear Magnetic Resonance (NMR) spectros-
copy and High-Resolution Mass spectrometry (HRMS). All
'H NMR spectra were recorded on either Bruker 400 or 500
MHz spectrometers or DRX-400 (400 MHz) spectrometer.
All *C NMR spectra were recorded on either Bruker 100 or
125 MHz spectrometer or DRX-400 (100 MHz) spectrom-
eter. All **F NMR spectra were recorded on DRX-400 (376
MHz) spectrometer. Chemical shifts are expressed in parts
per million (§ scale) downfield from tetramethylsilane and
are referenced to the residual proton in the NMR solvent
(CDCs: 5 7.26 ppm, 8 77.00 ppm). Data are presented as
follows: chemical shift, multiplicity (s=singlet, d=doublet,
t=triplet, q=quartet, m=multiplet, and bs=broad singlet),
integration, and coupling constant in hertz (Hz).

[0320] Optimization studies. FIGS. 23-28 show the opti-
mization studies for a range of reaction parameters of
various molecules. FIG. 23 shows the screening of small-
molecule catalysts. FIG. 24 shows the screening of hydrogen
bromide (HBr) scavengers of the reaction. FIG. 25 shows
the increasing catalyst loading of the reaction. FIG. 26
shows the effect of various concentrations of the small-
molecule catalysts in the reaction. FIG. 27 shows the effect
of various solvents when added to the reaction. FIG. 28
shows the effect of the reaction when the temperature is
added. No reaction occurred when a temperature of 25° C.
was added to the reaction.

[0321] Phenanthroline-catalyzed glycosylation reactions.
General Procedure. FIG. 40 shows a phenanthroline-cata-
lyzed glycosylation reaction carried out using various react-
ing conditions. Under standard conditions A, a 10 ml
Schlenk flask was charged with glycosyl bromide (0.2
mmol, 1.0 equiv.), alcohol (0.6 mmol, 3.0 equiv.), catalyst4
(see FIG. 22, A) (0.03 mmol, 15 mol %), IBO (0.4 mmol, 2.0
equiv.) and MTBE (0.4 ml). The resulting solution was
stirred at 50° C. for 24 h, diluted with toluene, and purified
by silica gel flash chromatography (toluene/ethyl acetate:
5/143/1) to give the desired product. With standard condi-
tions B, a 10 ml Schlenk flask was charged with glycosyl
bromide (0.4 mmol, 2.0 equiv.), alcohol (0.2 mmol, 1.0
equiv.), catalyst 4 (0.06 mmol, 30 mol %), IBO (0.4 mmol,
2.0 equiv.) and MTBE (0.2 ml). The resulting solution was
stirred at 50° C. for 48 h, diluted with toluene, and purified
by silica gel flash chromatography (toluene/ethyl acetate:
5/1—3/1) to give the desired product. In standard conditions
B', a 10 ml Schlenk flask was charged with glycosyl bromide
(0.4 mmol, 2.0 equiv.), alcohol (0.2 mmol, 1.0 equiv.),
catalyst 4 (0.06 mmol, 30 mol %), IBO (0.4 mmol, 2.0
equiv.) and MTBE (0.4 ml). The resulting solution was
stirred at 50° C. for 24 h, diluted with toluene, and purified
by silica gel flash chromatography (toluene/ethyl acetate:
9/1—4/1) to give the desired product. Using standard con-
dition C, a 10 ml Schlenk flask was charged with glycosyl
bromide (0.6 mmol, 3.0 equiv.), alcohol (0.2 mmol, 1.0
equiv.), catalyst 4 (0.1 mmol, 50 mol %), IBO (0.6 mmol,
3.0 equiv.) and MTBE (0.2 ml). The resulting solution was
stirred at 50° C. for 48 h, diluted with toluene, and purified
by silica gel flash chromatography (toluene/ethyl acetate:
5/1—3/1) to give the desired product. In standard condition
D, a 10 ml Schlenk flask was charged with glycosyl bromide
(0.2 mmol, 2.0 equiv.), alcohol (0.1 mmol, 1.0 equiv.),
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catalystd (0.02 mmol, 20 mol %), IBO (0.2 mmol, 2.0
equiv.) and MTBE (0.2 ml). The resulting solution was
stirred at 25° C. for 24 h, diluted with toluene, and purified
by silica gel flash chromatography (toluene/ethyl acetate:
9/1—4/1) to give the desired product. In standard conditions
D', a 10 ml Schlenk flask was charged with glycosyl bromide
(0.2 mmol, 2.0 equiv.), alcohol (0.1 mmol, 1.0 equiv.),
catalyst 4 (0.02 mmol, 20 mol %), IBO (0.2 mmol, 2.0
equiv.) and MTBE (0.2 ml). The resulting solution was
stirred at 25° C. for 48 h, diluted with toluene, and purified
by silica gel flash chromatography (toluene/ethyl acetate:
9/1—4/1) to give the desired product. In standard condition
E, a 10 ml Schlenk flask was charged with glycosyl bromide
(0.2 mmol, 1.0 equiv.), alcohol (0.6 mmol, 3.0 equiv.),
catalyst 4 (0.04 mmol, 20 mol %), IBO (0.4 mmol, 2.0
equiv.) and MTBE (0.4 ml). The resulting solution was
stirred at 25° C. for 24 h, diluted with toluene, and purified
by silica gel flash chromatography (toluene/ethyl acetate:
9/1—4/1) to give the desired product. In standard conditions
F, a 10 ml Schlenk flask was charged with glycosyl bromide
(0.2 mmol, 1.0 equiv.), alcohol (0.6 mmol, 3.0 equiv.),
catalyst 4 (0.04 mmol, 20 mol %), IBO (0.4 mmol, 2.0
equiv.) and MTBE (0.4 ml). The resulting solution was
stirred at 50° C. for 24 h, diluted with toluene, and purified
by silica gel flash chromatography (toluene/ethyl acetate:
9/1—4/1) to give the desired product. In standard conditions
G, a 10 ml Schlenk flask was charged with glycosyl bromide
(0.22 mmol, 1.1 equiv.), alcohol (0.2 mmol, 1.0 equiv.),
catalyst 4 (0.03 mmol, 15 mol %), IBO (0.4 mmol, 2.0
equiv.) and MTBE (0.4 ml). The resulting solution was
stirred at 50° C. for 24 h, diluted with toluene, and purified
by silica gel flash chromatography (toluene/ethyl acetate:
33/1—9/1) to give the desired product

[0322] Under condition A (73% (117 mg), c::f>30:1), the
'H NMR for disaccharide 3 was: 7.30-7.27 (m, 5H), 5.49 (d,
J=5.2 Hz, 1H), 5.43 (t, I=10.0 Hz, 1H), 5.00-4.90 (m, 2H),
4.70-4.55 (m, 3H), 4.34-4.28 (m, 3H), 4.12-4.06 (m, 1H),
4.04-4.00 (m, 2H), 3.80-3.72 (m, 2H), 3.55 (dd, J=10.0, 3.6
Hz, 1H), 2.07 (s, 3H), 2.01 (s, 3H), 2.00 (s, 3H), 1.56 (s, 3H),
1.43 (s, 3H), 1.33 (s, 3H), 1.28 (5, 3H). The 'H NMR
matches what is reported in the literature. The ‘H NMR and
13C NMR were reported in the literature (Kamat, et al., J.
Org. Chem. 72, 6938-6946 (2007).; Koshiba, et al. Chem.—
Asian J. 3, 1664-1677 (2008)).

[0323] Under condition D (95% (74.6 mg), a:p=14:1), the
'H NMR for disaccharide 9 was: 6=7.40-7.09 (m, 20H), 5.53
(d, J=5.0 Hz, 1H), 4.99 (m, 2H), 4.82 (m, 2H), 4.73 (m, 2H),
4.66-4.57 (m, 2H), 4.48 (m, 2H), 4.40-4.29 (m, 2H), 4.09-
3.96 (m, 2H), 3.88-3.56 (m, 7H), 1.54 (s, 3H), 1.46 (s, 3H),
1.35 (s, 3H), 1.34 (s, 3H). The 'H NMR matches what is
reported in the literature (Koshiba, et al. Chem.—Asian J. 3,
1664-1677 (2008)).

[0324] Under condition E (63% (124.2 mg), a:p=14:1),
the '"H NMR for disaccharide 10 was: 5 7.44-7.16 (m, 35H),
5.08-4.97 (m, 4H), 4.93-4.83 (m, 3H), 4.81-4.70 (m, 4H),
4.67-4.61 (m, 3H), 4.56-4.46 (m, 2H), 4.10-4.01 (m, 2H),
3.93-3.83 (m, 3H), 3.82-3.66 (m, 4H), 3.65-3.58 (m, 2H),
3.52 (dd, J=9.6, 3.6 Hz, 1H), 3.43 (s, 3H). The 'H NMR
matches what is reported in the literature (Koshiba, et al.
Chem.—Asian J. 3, 1664-1677 (2008)).

[0325] Under condition B (63% (100 mg), a only), the 'H
NMR for disaccharide 11 was: 8=7.38-7.22 (m, SH), 5.94 (d,
J=3.6 Hz, 1H), 5.39 (t, I=10.0 Hz, 1H), 5.31 (d, J=3.6 Hz,
1H), 4.92 (t, J=10.0 Hz, 1H), 4.71 (d, J=12.0 Hz, 1H),
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4.60-4.52 (m, 2H), 4.47-4.41 (m, 1H), 4.26-4.4.02 (m, 2H),
4.13-3.97 (m, 5H), 3.57 (dd, J=10.0, 3.6 Hz, 1H), 2.09 (s,
3H), 2.02 (s, 3H), 1.97 (s, 3H), 1.49 (s, 3H), 1.41 (s, 3H),
1.32 (s, 3H), 1.24 (s, 3H). The 'H NMR matches what is
reported in the literature (Demchenko, et al., Org. Lett. 5,
455-458 (2003)).

[0326] Under condition B (50% (87 mg), a only), the 'H
NMR and '*C NMR for disaccharide 12 was: 8=7.31-7.27
(m, SH), 5.47-5.35 (m, 3H), 4.91 (t, J=10.0 Hz, 1H), 4.93 (d,
J=12.0 Hz, 1H), 4.77-4.60 (m, 4H), 4.33-4.19 (m, 2H), 4.08
(dd, J=12.0, 2.0 Hz, 1H), 3.98-3.90 (m, 1H), 3.85 (t, J=10.0
Hz, 1H), 3.65 (dd, J=10.0, 4.0 Hz, 1H), 3.62-3.59 (m, 3H),
3.57-3.40 (m, 1H), 3.39 (s, 3H), 3.35 (s, 6H), 2.10 (s, 3H),
2.01 (s, 3H), 1.91 (s, 3H). The '*C NMR (CDCI3, 100 MHz)
was: 0=170.3, 169.8, 154.0, 137.6, 128.4, 128.2, 127.8, 98.3,
98.2,95.3,90.9,80.2,74.6,73.7,71.9,71.7,70.7, 70.6, 68.9,
67.1,62.9,60.4, 59.1,55.1, 54.4, 20.74, 20.71, 20.6. The H
RMS (ESI) was calculated for C;,H,;NO,Cl; (M+H):
774.1698 (found: 774.1703).

[0327] Under condition B (73% (141 mg), a only), the 'H
NMR and '*C NMR for disaccharide 13 was: §=7.40-7.22
(m, 10H), 5.14 (t, J=10.0 Hz, 1H), 4.96 (d, J=4.0 Hz, 1H),
4.90-4.60 (m, 5H), 4.36 (dd, J=12.0, 2.8 Hz, 1H), 4.22-4.09
(m, 3H), 4.00-3.88 (m, 2H), 3.8-3.60 (m, 1H), 3.63 (dd,
J=10.0, 3.2 Hz, 1H), 3.34 (s, 3H), 3.38-3.30 (m, 1H), 2.08
(s, 3H), 1.91 (s, 3H), 1.51 (s, 3H), 1.33 (d, J=4.4 Hz, 3H),
132 (s, 3H). The *C NMR (CDCl,, 100 MHz) was:
8=170.9, 169.5, 138.3, 137.5, 128.4, 128.3, 128.2, 128.0,
127.7,127.6, 109.1, 98.3, 97.7, 81.2, 79.5, 79.4, 76.8, 75.9,
753,743, 69.3, 67.6, 64.6, 61.6, 54.6, 28.1, 26.3, 20.73,
20.72, 17.3 (FIG. 77B). The HRMS (ESI) was calculated for
C;,H,,0,,Na (M+Na): 667.2730 (found: 667.2735).
[0328] Under condition B: (55% (54.3 mg), a:p=7:1), the
'H NMR for disaccharide 14 was: 5 7.37-7.05 (m, 35H),
5.69 (d, J=3.5 Hz, 1H), 5.03 (d, I=11.6 Hz, 1H), 4.91-4.39
(m, 13H), 4.27 (d, J=12.2 Hz, 1H), 4.11-4.01 (m, 2H),
3.93-3.80 (m, 3H), 3.74-3.69 (m, 1H), 3.67-3.56 (m, 3H),
3.51-3.46 (m, 2H), 3.41-3.39 (m, 1H), 3.37 (s, 3H). The 'H
NMR matches what is reported in the literature (Koshiba, et
al. Chem.—Asian J. 3, 1664-1677 (2008)). The *H NMR and
13C NMR were reported in the literature (Koshiba, et al.
Chem.—Asian J. 3, 1664-1677 (2008)).

[0329] Under condition B (79% (147 mg), c.:p=20:1), the
'H NMR and *C NMR for disaccharide 15 was: 8=7.76 (d,
J=7.6 Hz, 2H), 7.63 (dd, J=7.6, 3.2 Hz, 2H), 7.40-7.23 (m,
9H), 6.04 (d, J=8.8 Hz, 1H), 5.94-5.83 (m, 1H), 5.40 (t,
J=9.6 Hz, 1H), 5.32 (d, J=16.0 Hz, 1H), 5.24 (d, ]=9.6 Hz,
1H), 4.95 (t, I=10.0 Hz, 1H), 4.77 (d, J=3.2 Hz, 1H),
4.68-4.38 (m, SH), 4.45-4.40 (m, 2H), 4.26-3.95 (m, 5H),
3.90 (dd, J=10.0, 3.2 Hz, 1H), 3.57 (dd, J=10.0, 3.6 Hz, 1H),
2.05 (s, 3H), 2.02 (s, 6H). The >C NMR (CDCl,, 100 MHz)
was: 0=170.5, 170.0, 169.7, 169.4, 155.9, 143.70, 143.67,
141.2, 137.5, 131.4, 128.9, 129.5, 128.4, 128.1, 128.0,
127.7, 127.6, 127.0, 125.1, 119.9, 119.0, 98.1, 76.6, 72.8,
71.6, 70.2, 68.4, 67.8, 67.2, 66.4, 61.9, 54.5, 47.0, 20.7,
20.59, 20.57. The HRMS (ESI) was calculated for
C,oH,NO; (M+Na): 746.2813 (found: 746.2810).

[0330] Under conditions E (77% (120.4 mg), c.:p=10:1),
the '"H NMR for disaccharide 16 was: 5 7.43-7.10 (m, 20H),
5.53 (d, J=5.0 Hz, 1H), 5.03 (d, J=3.6 Hz, 1H), 4.95 (d,
J=11.4 Hz, 1H), 4.85 (d, J=11.7 Hz, 1H), 4.78-4.72 (m, 3H),
4.62-4.56 (m, 2H), 4.52-4.40 (m, 2H), 4.35-4.29 (m, 2H),
4.10-3.95 (m, SH), 3.84-3.73 (m, 2H), 3.62-3.51 (m, 2H),
1.54 (s, 3H), 1.45 (s, 3H), 1.35-1.29 (m, 6H). The 'H NMR
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matches what is reported in the literature (Lafont, et al.,
Carbohydr. Res. 341, 695-704 (2006)). The 'H NMR and
13C NMR were reported in the literature (Lafont, et al.,
Carbohydr. Res. 341, 695-704 (2006)).

[0331] Under condition F (58% (86.4 mg), a only), the ‘H
NMR for disaccharide 17 was: 8=7.39-7.21 (m, 20H),
4.98-4.92 (m, 2H), 4.87-4.81 (m, 2H), 4.75-4.68 (m, 3H),
4.59 (d, I=11.3 Hz, 1H), 4.48 (d, J=11.9 Hz, 1H), 4.39 (d,
J=11.9 Hz, 1H), 4.24 (dd, ]=9.2, 4.5 Hz, 1H), 4.16-4.04 (m,
4H), 3.96 (dd, J=10.2, 2.7 Hz, 1H), 3.77-3.60 (m, 2H), 3.50
(dd, J=8.3, 4.6 Hz, 1H), 3.36-3.27 (m, 4H), 1.37 (s, 3H), 1.30
(d, I=6.3 Hz, 3H), 1.25 (s, 3H). The 'H NMR matches what
is reported in the literature (Koshiba, et al. Chem.—Asian J.
3, 1664-1677 (2008)). The 'H NMR and *C NMR were
reported in the literature (Koshiba, et al. Chem.—Asian J. 3,
1664-1677 (2008)).

[0332] Under condition A (75% (151 mg), c. only), the 'H
NMR and '*C NMR for disaccharide 18 was: §=7.41-7.21
(m, 25H), 5.30 (dd, J=10.8, 3.2 Hz, 1H), 5.05 (d, I=3.2 Hz,
1H), 5.01 (d, J=11.2 Hz, 1H), 4.96 (d, J=11.2 Hz, 1H), 4.85
(d, J=11.2 Hz, 1H), 4.78-4.60 (m, 7H), 4.53 (d, J=11.6 Hz,
1H), 4.17-4.00 (m, 6H), 3.85-3.70 (m, 3H), 3.61 (t, I=9.6
Hz, 1H), 3.45 (dd, J=9.6, 3.6 Hz, 1H), 3.41 (s, 3H), 2.05 (s,
3H), 1.96 (s, 3H). The 13C NMR (CDCl;, 100 MHz) was:
8=170.3, 170.2, 138.6, 138.3, 138.2, 138.0, 137.5, 128.3,
128.25,128.21, 128.18, 128.0, 127.9, 127.82, 127.77,127.7,
127.6,127.5,127.4,97.7,97.3, 81.9,79.8, 77.8,75.5,74.98,
74.95, 74.9, 73.6, 73.1, 72.2, 70.1, 67.8, 66.1, 62.7, 55.0,
20.9, 20.6. The HRMS (ESI) was calculated for
C5,Hs,0,;Na (M+Na): 913.3775 (found: 913.3787).

[0333] Under condition D (80% (55.7 mg), a:f=6:1), the
'H NMR and '*C NMR for disaccharide 19 was: 8=7.42-
7.19 (m, 20H), 6.08 (d, J=9.0 Hz, 1H), 5.90-5.80 (m, 1H),
5.29 (d, J=17.2 Hz, 1H), 5.21-5.12 (m, 3H), 4.97 (d, J=11.6
Hz, 1H), 4.85-4.77 (m, 2H), 4.73-4.53 (m, 7H), 4.20 (dd,
J=9.9, 2.2 Hz, 1H), 4.01 (dd, J=10.1, 3.6 Hz, 1H), 3.80 (dd,
J=10.1, 2.7 Hz, 1H), 3.73 (q, J=6.4 Hz, 1H), 3.60-3.52 (m,
2H), 1.07 (d, J=6.4 Hz, 3H). The '*C NMR (CDCl,, 100
MHz) was: 8=170.0, 156.2, 138.8, 138.5, 138.4, 136.3,
131.6, 128.5, 128.4, 128.3, 128.2, 128.1, 127.8, 127.6,
127.5, 118.6, 98.9, 79.0, 77.6, 76.4, 74.8, 73.3, 73.2, 69.0,
67.0, 66.8, 66.0, 54.4, 16.5. The HRMS (ESI) was calculated
for C,,H,sNOgNa (M+Na): 718.2987 (found: 718.2967).

[0334] Under condition B (88% (107 mg), c.:p=20:1), the
'H NMR and '*C NMR for disaccharide 20 was: 8=7.38-
720 (m, 10H), 6.00-5.93 (m, 2H), 5.40-5.07 (m, 6H),
4.74-4.52 (m, 6H), 4.25 (dd, J=10.0, 6.4 Hz, 1H), 4.04-3.98
(m, 1H), 3.81 (dd, J=10.0, 3.6 Hz, 1H), 3.57 (dd, J=10.0, 3.2
Hz, 1H), 2.13 (s, 3H), 1.97 (s, 3H), 1.08 (d, J=6.4 Hz, 3H).
The '*C NMR (CDCl;, 100 MHz) was: 8=170.3, 169.8,
169.5, 156.0, 137.9, 136.2, 131.4, 128.39, 128.36, 128.0,
127.8,127.6, 119.1, 98.5, 73.4, 73.1, 71.2, 69.9, 69.1, 67.0,
66.2, 64.6, 54.3, 20.7, 20.6, 15.7. The HRMS (ESI) was
calculated for C;;H;,NO,,Na (M+Na): 622.2264 (found:
622.2265).

[0335] Under condition D (47% (61 mg), a only), the 'H
NMR and '*C NMR for disaccharide 21 was: §=7.42-7.22
(m, 30H), 5.00-4.60 (m, 14H), 4.03-3.96 (m, 2H), 3.88-3.58
(m, 8H),3.46 (dd, J=12.0, 4.0 Hz, 1H), 3.32 (s, 3H). The '*C
NMR (CDCl;, 100 MHz) was: 8=138.82, 138.76, 138.6,
138.4,138.3, 138.1, 128.32, 128.26, 128.24, 128.18, 127.91,
127.89, 127.8, 127.6, 127.4, 98.3, 97.8, 82.0, 80.0, 77.9,
76.3,76.2,75.6,74.9,73.9,73.3,72.8,72.4,71.6,70.2, 66.4,
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60.5, 549. The HRMS (ESI) was calculated for
C5,Hs50,Na (M+Na): 889.3922 (found: 889.3943).

[0336] Under condition B: (84% (130 mg), a only), the 'H
NMR and '*C NMR for disaccharide 22 was: 8=7.42-7.22
(m, 20H), 5.39-5.32 (m, 2H), 5.05 (d, J=3.6 Hz, 1H), 5.02 (d,
J=10.8 Hz, 1H), 4.97 (d, J=11.2 Hz, 1H), 4.86 (d, J=11.2 Hz,
1H), 4.76 (d, J=11.2 Hz, 1H), 4.71-4.58 (m, 5H), 4.01 (t,
J=10.0 Hz, 1H), 3.96-3.53 (m, 7H), 3.46 (dd, J=9.6, 3.6 Hz,
1H), 3.41 (s, 3H), 2.13 (s, 3H), 2.04 (s, 3H). The '*C NMR
(CDCl,, 100 MHz) was: 0=107.1, 169.9, 138.7, 138.3,
138.1, 138.0, 128.3, 128.21, 128.20, 127.9, 127.8, 127.7,
127.6,127.5,127.4,127.2,97.8,97.7,82.0,79.9, 77.7,75.5,
74.9,73.7,73.2,72.2,70.2,69.4, 69.0, 66.2, 60.3, 55.0, 20.8,
20.7. The HRMS (ESI) was calculated for C,,H;,0,,Na
(M+Na): 793.3200 (found: 793.3211).

[0337] Under condition B (73% (76 mg), a only), the 'H
NMR and '*C NMR for disaccharide 23 was: 8=7.38-7.25
(m, 5H), 5.36-5.30 (m, 2H), 5.08 (d, J=3.6 Hz, 1H), 4.85 (s,
1H), 4.72-4.63 (m, 2H), 4.37 (d, I=13.2 Hz, 1H), 4.19-4.10
(m, 2H), 3.73 (dd, J=10.0, 6.4 Hz, 1H), 3.77-3.55 (m, 2H),
3.40 (dd, J=10.0, 6.4 Hz, 1H), 3.53 (s, 3H), 2.11 (s, 3H), 2.00
(s, 3H), 1.50 (s, 3H), 1.34 (s, 3H), 1.31 (d, J=6.4 Hz, 3H).
The *C NMR (CDCl;, 100 MHz) was: 8=170.2, 169.9,
137.8, 128.3, 127.84, 127.79, 109.0, 98.4, 97.7, 80.2, 76.8,
76.1,74.0,73.8,69.9,69.4,64.8,61.0,54.6,27.7,26.3,20.9,
20.8, 17.3. The HRMS (ESI) was: calc. for C,;H;,0,,Na
(M+Na): 547.2155 (found: 547.2156).

[0338] Under condition D (48% (62 mg), o.:p=9:1), the 'H
NMR and '*C NMR for disaccharide 24 was: §=7.42-7.22
(m, 30H), 5.00-4.60 (m, 14H), 4.03-3.56 (m, 10H), 3.50 (dd,
J=8.0, 4.0 Hz, 1H), 3.32 (s, 3H). The '*C NMR (CDCl,, 100
MHz) wasa=138.7, 138.62, 138.58, 138.4, 138.3, 138.2,
128.4, 128.31, 128.28, 128.2, 128.1, 1287.94, 127.90, 127.
83, 127.75,127.7,127.6, 127.5, 98.3, 97.9, 82.0, 80.0, 77.7,
76.2,75.7,74.9,73.7,73.4,73.2,72.3,71.7,70.0, 66.4, 60.4,
55.0. The HRMS (ESI) was calculated for C5,Hs30,,Na
(M+Na): 889.3922 (found: 889.3959).

[0339] Under condition A (83% (128 mg), a only), the 'H
NMR and '*C NMR for disaccharide 25 was: 8=7.43-7.20
(m, 20H), 5.39-5.36 (m, 2H), 5.02-4.94 (m, 2H), 4.87-4.80
(m, 3H), 4.75-4.60 (m, 5H), 4.07-3.97 (m, 2H), 3.95-3.88
(m, 2H), 3.81 (dd, J=10.0, 3.2 Hz, 1H), 3.76-3.57 (m, 4H),
3.37 (s, 3H), 2.15 (s, 3H), 2.03 (s, 3H). The '*C NMR
(CDCl,, 100 MHz) was: 6=170.2, 170.0, 138.7, 138.5,
138.2, 137.9, 128.3, 128.22, 128.19, 128.0, 127.8, 127.7,
127.53, 127.46, 127.41, 127.38, 127.3, 98.0, 97.9, 81.8,
80.2,77.4,75.6,74.8,73.8,73.4,73.0,69.6, 69.4, 66.6, 60.4,
55.0, 209, 20.8. The HRMS (ESI) was: calc. for
C,.Hs5,0,,Na (M+Na): 793.3200 (found: 793.3204).

[0340] Under condition B (71% (74 mg), a only), the 'H
NMR and '*C NMR for disaccharide 26 was: 8=7.39-7.28
(m, SH), 5.75 (d, J=3.6 Hz, 1H), 5.34-5.31 (m, 1H), 5.25 (dd,
J=10.4, 3.6 Hz, 1H), 4.86 (s, 1H), 4.77 (d, J=12.0 Hz, 1H),
4.65 (d, J=12.0 Hz, 1H), 4.26 (dd, J=6.8, 5.6 Hz, 1H), 4.10
(d, J=5.6 Hz, 1H), 3.99 (dd, J=12.8, 1.2 Hz, 1H), 3.90 (dd,
J=10.4,3.6 Hz, 1H), 3.78-3.70 (m, 1H), 3.67 (dd, J=12.8, 2.0
Hz, 1H), 3.55 (dd, J=10.0, 6.4 Hz, 1H), 3.36 (s, 3H), 2.11 (s,
3H), 2.03 (s, 3H), 1.54 (s, 3H), 1.36 (s, 3H), 1.33 (d, I=6.4
Hz, 3H). The *C NMR (CDCl,, 100 MHz) was: 8=170.2,
169.9, 138.0, 128.2, 127.7, 109.2, 97.9, 95.7, 78.4, 77.9,
76.0,73.3,72.6,69.4,68.8, 63.5,60.7,54.6,27.9,26.3, 20.9,
20.8, 18.2. The HRMS (ESI) was calculated for
C,6H;40,,Na (M+Na): 547.2155 (found: 547.2150).
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[0341] Under condition A (82% (90 mg), a only), the 'H
NMR and '*C NMR for disaccharide 27 was: §=7.39-7.27
(m, 5H), 5.35-5.30 (m, 2H), 5.08 (d, J=4.0 Hz, 1H), 4.82 (d,
J=3.2 Hz, 1H), 4.75-4.63 (m, 2H), 4.29 (d, J=13.2 Hz, 1H),
3.95 (dd, J=10.0, 4.0, Hz, 1H), 3.76-3.40 (m, 6H), 3.59 (s,
3H), 3.49 (s, 3H), 3.40 (s, 3H), 3.27 (dd, J=10.0, 4.0 Hz,
1H), 3.21 (s, 3H), 2.12 (s, 3H), 1.99 (s, 3H). The '*C NMR
(CDCl;, 100 MHz) was: 8=170.3, 169.9, 137.8, 128.4,
128.0, 127.9, 98.5, 97.2, 82.5, 81.2, 75.2, 74.2, 74.1, 70.0,
69.8, 69.7, 60.9, 60.7, 58.8, 58.6, 55.1, 20.9, 20.8. The
HRMS (ESI) was: calc. for C,;H;,0,,Na (M+Na): 565.
2261 (found: 564.2260).

[0342] Under condition C (50% (59 mg), a only), the 'H
NMR for disaccharide 28 was: 6=7.40-7.30 (m, 5H), 5.98-
5.87 (m, 1H), 5.82 (d, J=8.0 Hz, 1H), 5.46-5.23 (m, 4H),
5.20-5.10 (m, 2H), 4.97 (d, J=3.6 Hz, 1H), 4.70-4.56 (m,
3H), 4.22-4.00 (m, 5H), 3.62 (dd, J=11.2, 3.6 Hz, 1H), 2.14
(s, 3H), 2.05 (s, 3H), 2.02 (s, 3H). The '"H NMR and '*C
NMR has been reported in the literature (Friedrich-
bochnitschek, et al., J. Org. Chem. 54,751-756 (1989)). The
'H NMR matches what was reported in the literature (Frie-
drichbochnitschek, et al., J. Org. Chem. 54, 751-756 (1989).
[0343] Under condition C (61% (50 mg), a:f=25:1), the
'H NMR and '°F NMR for disaccharide 29 was: §=5.58-5.
45 (m, 2H), 5.11 (d, J=4.0 Hz, 1H), 5.01 (t, J=8.0 Hz, 1H),
4.60 (dd, J=8.0, 4.0 Hz, 1H), 4.48 (ddd, J=48.0, 8.0, 4.0 Hz,
1H), 4.34-4.25 (m, 3H), 4.18-4.00 (m, 3H), 3.90-3.73 (m,
2H), 2.07 (s, 3H), 2.05 (s, 3H), 2.02 (s, 3H), 1.55 (s, 3H),
1.41 (s, 3H), 1.32 (s, 3H), 1.31 (s, 3H). The F NMR
(CDCls, 100 MHz) was: 8=-201.4. The 'H NMR and '*C
NMR were reported in the literature (Vincent, et al., J. Org.
Chem. 64, 5264-5279 (1999)). The '"H NMR matches what
was reported in the literature (Vincent, et al., J. Org. Chem.
64, 5264-5279 (1999)).

[0344] Under condition D (83% (85 mg), a:f=16:1), the
'H NMR, *C NMR, and *F NMR for disaccharide 30 was:
8=7.39-7.15 (m, 15H), 5.52 (d, J=4.8 Hz, 1H), 5.11 (d, J=4.0
Hz, 1H), 4.90 (d, J=10.8 Hz, 1H), 4.84 (d, J=11.2 Hz, 1H),
4.76 (d, J=10.8 Hz, 1H), 4.66-4.57 (m, 2.5H), 4.51-4.45 (m,
2.5H), 4.33-4.29 (m, 2H), 4.10 (dt, J=12.4, 9.2 Hz, 1H), 4.02
(t, J=6.0 Hz, 1H), 3.90 (dt, J=10.0, 2.0 Hz, 1H), 3.84 (dd,
J=10.4, 2.0 Hz, 1H), 3.81-3.66 (m, 4H), 1.55 (s, 3H), 1.45
(s, 3H), 1.35 (s, 3H), 1.34 (s, 3H). The }*C NMR (CDCl,,
100 MHz) was: 0=138.5, 138.2, 137.9, 128.4, 128.3, 127.9,
127.9,127.8,127.7,127.7,127.7, 109.3, 108.6, 96.8 (d, J_ -
20.9 Hz), 96.3, 91.1 (d, J_.~191.0 Hz), 80.6 (d, J__~16.1
Hz), 76.8 (d, J._-~8.3 Hz), 75.1 (d, J__ 2.7 Hz), 75.0, 73.5,
70.74, 70.68, 70.6, 70.2, 68.1, 66.9, 66.2, 26.2, 26.0, 25.0,
24.5. The "°F NMR (CDCl,, 100 MHz) was: 8 —199.09 (dd,
J=49.5, 12.2 Hz). The HRMS (ESI) was calculated for
C;3H4,0,,FNa (M+Na): 717.305 (found: 713.3044).
[0345] Under condition B (86% 213 mg), a only), the 'H
NMR and '*C NMR for disaccharide 31 was: §=7.42-6.98
(m, 35H), 5.72 (d, I=2.4 Hz, 1H), 5.32 (dd, J=10.8, 2.8 Hz,
1H), 5.18 (s 1H), 5.04 (d, J=9.6 Hz, 1H), 4.90-4.58 (m, 8H),
4.50-4.40 (m, 5H), 4.36-4.25 (m, 3H), 4.17-4.06 (m, 3H),
3.95 (s, 1H), 3.82-3.58 (m, 5H), 3.55-3.45 (m, 2H), 3.43 (s,
3H), 3.39-3.30 (m, 2H), 2.10 (s, 3H), 1.99 (s, 3H), 1.08 (d,
J=6.4 Hz, 3H). The >C NMR (CDCl;, 100 MHz) was
8=170.5, 170.0, 140.0, 138.6, 138.3, 138.03, 138.01, 137.9,
128.5, 128.30, 128.27, 128.2, 128.1, 128.0, 127.8, 127.7,
127.64, 127.58, 127.56, 127.5, 127.31, 127.28, 127.2, 127.
02, 126.97, 126.1, 100.2, 98.3, 96.8, 83.8, 80.3, 78.7, 75.6,
75.0, 74.6, 73.7, 73.3, 73.2, 73.03, 72.98, 72.8, 72.2, 71.7,
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70.7,69.7, 69.6, 67.9, 67.6,64.2,55.3,20.7,20.5, 15.5. The
HRMS (ESI) was calculated for C;,H;,NO,;Na (M+Na):
622.2264 (found: 622.2265).

[0346] FIG. 41 shows the gram-scale synthesis of disac-
charide 3. A 50 ml round-bottom flask was charged with
glycosyl bromide 1 (1.83 g, 4.0 mmol, 1.0 equiv), alcohol 2
(1.25 g, 4.8 mmol, 1.2 equiv), catalyst 4 (66 mg, 0.2 mmol,
15 mol %), IBO (0.7 ml, 8.0 mmol, 2.0 equiv.) and MTBE
(2.0 ml). The resulting solution was stirred at 50° C. for 24
h under an open-air atmosphere, diluted with toluene, and
purified by silica gel flash chromatography (toluene/ethyl
acetate: 5/1—3/1) to give the desired disaccharide 3 (1.784
g, 70%, o:>30:1) and recovered 1 (0.515 g, 28%)).

[0347] FIGS. 42-46 show the step-by-step synthesis of
octasaccharides 40. In FIG. 42, A 500 ml round-bottom flask
was charged with S1 (8.03 g, 15.0 mmol, 1.5 equiv.) and
DCM (150 ml). The solution was cooled to 0° C., then
HBr/HOAc (33% wt, 15 ml) was added. The solution was
stirred at 0° C. for 30 minutes till the reaction was complete
as monitored by TLC. The solution was diluted with ethyl
acetate, washed with saturated NaHCO; solution for two
times, dried over Na,SO,, concentrated in vacuo, and the
afforded glycosyl bromide 32 was used directly.

[0348] A 50 ml round-bottom flask was charged with
glycosyl bromide 32 (15.0 mmol, 1.5 equiv), alcohol 33
(4.63 g, 10.0 mmol, 1.0 equiv), BPhen (166 mg, 0.5 mmol,
5 mol %), IBO (1.78 ml, 20.0 mmol, 2.0 equiv.) and MTBE
(2.0 ml). The resulting solution was stirred at 50° C. for 24
h under an open-air atmosphere, diluted with toluene, and
purified by silica gel flash chromatography (toluene/ethyl
acetate: 20/1—=10/1) to give the desired disaccharide 34
(8.36 g, 89%, a:f>25:1).

[0349] The ‘HNMR for disaccharide 34 was: 8=7.40-7.28
(m, 30H), 5.00-4.60 (m, 14H), 4.28-4.22 (m, 2H), 4.05-4.00
(m 2H), 3.90-3.80 (m, 3H), 3.78-3.66 (m, 2H), 3.55-3.46 (m,
3H), 3.40 (s, 3H), 2.01 (s, 3H). The 'H and *C NMR, of
disaccharide 34, were reported in the literature (Kovac, et
al., Carbohydr. Res. 184, 87-112 (1988)).

[0350] FIG. 43 shows the synthesis of disaccharide 34. A
50 ml oven-dried RBF was charged with 34 (350 mg, 0.37
mmol, 1.0 equiv.), MeONa (10 mg, 0.19 mmol, 0.5 equiv.),
and CH,Cl,/MeOH (1 ml/1 ml). The solution was stirred at
RT overnight. When the reaction was complete as monitored
by TLC, the reaction mixture was evaporated and purified by
flash chromatography on silica gel (hexane/ethyl acetate:
2/1—1/1) to afford 341 mg (99%) of 35. FIG. The ‘H NMR
for disaccharide 35 was: '"H NMR (CDCl,, 400 MHz):
8=7.40-7.28 (m, 30H), 5.00-4.52 (m, 14H), 4.28-4.22 (m,
2H), 4.05-3.46 (m, 10H), 3.35 (5, 3H). The *H and '*C NMR
of disaccharide 35 were reported in the literature (Kovac, et
al., Carbohydr. Res. 184, 87-112 (1988)).

[0351] FIG. 44 show the synthesis of tetraccharide 37. A
50 ml round-bottom flask was charged with 34 (940 mg, 1.0
mmol, 1.0 equiv.), PTSA-H,O (248 mg, 1.3 mmol, 1.3
equiv.), and Ac,O (6 ml). The solution was stirred at 70° C.
for 2 h. The solution was diluted with ethyl acetate, washed
with saturated NaHCO, (aq.) three times, concentrated in
vacuo, and the residue was purified by silica gel flash
chromatography (hexane/ethyl acetate=4/1-2/1) to afford
572 mg (61%) of S2. The NMR for disaccharide S2 was: 'H
NMR (CDCl,, 400 MHz): $=7.40-7.28 (m, 30H), 6.28 (d,
J=4.0 Hz, 1H), 5.00-4.60 (m, 13H), 4.28-4.22 (m, 2H),
4.05-3.46 (m, 11H), 2.13 (s, 3H), 1.99 (s, 3H). The 'H and
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13C NMR of disaccharide S2 were reported in the literature
(Kovac, et al., Carbohydr. Res. 184, 87-112 (1988)).
[0352] A 50 ml round-bottom flask was charged with S2
(500 mg, 0.51 mmol, 1.5 equiv.) and DCM (30 ml). The
solution was cooled to 0° C., then HBr/HOAc (33% wt, 0.5
ml) was added. The solution was stirred at 0° C. for 20
minutes till the reaction was complete as monitored by TL.C.
The solution was diluted with ethyl acetate, washed with
saturated NaHCO; solution for two times, dried over
Na,SO,, concentrated in vacuo, and the afforded glycosyl
bromide 36 was used directly.

[0353] A 50 ml round-bottom flask was charged with
glycosyl bromide 36 (0.51 mmol, 1.5 equiv), alcohol 33
(320 mg, 0.34 mmol, 1.0 equiv), BPhen (11 mg, 0.034
mmol, 10 mol %), IBO (0.06 ml, 0.68 mmol, 2.0 equiv.) and
MTBE (0.2 ml). The resulting solution was stirred at 50° C.
for 24 h under open-air atmosphere, diluted with toluene,
and purified by silica gel flash chromatography (toluene/
ethyl acetate: 20/1410/1) to give the desired tetraccharide 37
(520 mg, 86%, a:p>25:1).

[0354] The 'H NMR and '*C NMR for tetraccharide 37
was: 'H NMR (CDCl,, 400 MHz) 8=7.42-7.28 (m, 60H),
5.11 (d, J=4.0 Hz, 1H), 5.05-4.60 (m, 27H), 4.28-4.22 (m,
2H), 4.08-4.00 (m, 4H), 3.90-3.75 (m 12H), 3.60-3.42 (m,
6H), 3.40 (s, 3H), 2.03 (s, 3H); "*C NMR (CDCl;, 100 MHz)
8=170.6, 138.8, 138.6, 138.5, 138.4, 138.3, 138.1, 137.9,
128.30, 128.25, 128.2, 128.0, 127.94, 127.88, 127.73, 127.
70, 127.65, 127.6, 127.5, 127.44, 127.41, 127.37, 127.32,
127.28, 97.9, 97.00, 96.95, 82.0, 81.5, 80.3, 80.2, 80.1, 80.0,
77.6,77.4,75.6,75.5,753,74.9,74.8,73.3,72.3,72.2,72.1,
70.71, 70.64, 70.5, 70.3, 68.6, 65.6, 65.5, 65.5, 62.9, 55.1,
20.8. The HRMS (ESI) was also reported. The *H and '*C
NMR, of disaccharide 37, were reported in the literature
(Kovac, et al., Carbohydr. Res. 184, 87-112 (1988)). The
HRMS calculation for C,;;H,,30,,Na (M+Na) was: 1825.
8007 (found: 1925.8009).

[0355] FIG. 45 shows the synthesis of disaccharide 38. A
50 ml oven-dried RBF was charged with 37 (250 mg, 0.14
mmol, 1.0 equiv.), MeONa (4 mg, 0.07 mmol, 0.5 equiv.),
and CH,Cl,/MeOH (1 ml/1 ml). The solution was stirred at
RT. When the reaction was complete as monitored by TLC,
the reaction mixture was evaporated and purified by flash
chromatography on silica gel (toluene/ethyl acetate: 5/1-3/1)
to afford 170 mg (70%) of 38.

[0356] The 'H NMR and '*C NMR for disaccharide 38
was: 'H NMR (CDCl,, 400 MHz) §=7.42-7.28 (m, 60H),
5.05-4.60 (m, 28H), 4.05-3.40 (m, 24H), 3.37 (s, 3H); '°C
NMR (CDCl,, 100 MHz) $=138.8, 128.7, 138.6, 138.54,
138.45, 138.4, 138.3, 138.2, 138.1, 128.33, 128.30, 128.27,
128.2,127.94,127.91,127.8, 127.64, 127.57,127.5, 127 .40,
12735, 127.1, 98.0, 97.1, 97.0, 82.0, 81.5, 81.4, 77.7, 77.5,
75.6, 7542, 7537, 74.9, 73.3, 72.31, 72.25, 72.2, 70.82,
70.75, 70.7, 70.5, 65.8, 65.6, 65.4, 61.8, 55.1. The 'H and
13C NMR, of disaccharide 38, were reported in the literature
(Kovac, et al., Carbohydr. Res. 184, 87-112 (1988)).
[0357] FIG. 46 shows the synthesis of disaccharide 40. A
50 ml round-bottom flask was charged with 37 (500 mg,
0.27 mmol, 1.0 equiv.), PTSA-H,O (67 mg, 0.35 mmol, 1.3
equiv.), and Ac,O (3 ml). The solution was stirred at 70° C.
for 2 h. The solution was diluted with ethyl acetate, washed
with saturated NaHCOj; (aq.) for three times, concentrated in
vacuo, and the residue was purified by silica gel flash
chromatography (toluene/ethyl acetate=8/1-5/1) to afford
249 mg (51%) of S3. The "H and '*C NMR of disaccharide
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S3 has been reported in the literature (Kovac, et al., Car-
bohydr. Res. 184, 87-112 (1988)). The 'H NMR (CDCl,, 400
MHz) shows: 6=7.40-7.28 (m, 60H), 6.34 (d, ]=4.0 Hz, 1H),
5.00-4.60 (m, 27H), 4.28-4.22 (m, 2H), 4.05-3.46 (m, 22H),
2.08 (s, 3H), 2.02 (s, 3H).

[0358] A 25 ml round-bottom flask was charged with S3
(110 mg, 0.06 mmol, 1.5 equiv.) and DCM (6 ml). The
solution was cooled to 0° C., then HBr/HOAc (33% wt, 0.06
ml) was added. The solution was stirred at 0° C. for 15
minutes until the reaction was complete as monitored by
TLC. The solution was diluted with ethyl acetate, washed
with saturated NaHCO; solution for two times, dried over
Na,SO,, concentrated in vacuo, and the afforded glycosyl
bromide 39 was used directly.

[0359] A 50 ml round-bottom flask was charged with
glycosyl bromide 39 (0.06 mmol, 1.5 equiv), alcohol 38 (70
mg, 0.04 mmol, 1.0 equiv), BPhen (2 mg, 0.006 mmol, 15
mol %), IBO (0.007 ml, 0.08 mmol, 2.0 equiv.) and MTBE
(0.08 ml). The resulting solution was stirred at 50° C. for 24
h under open-air atmosphere, diluted with toluene, and
purified by silica gel flash chromatography (toluene/ethyl
acetate: 20/1-10/1) to give the desired disaccharide 40 (109
mg, 77%, a:f>25:1).

[0360] The 'H NMR and *C NMR for disaccharide 40
was: 'H NMR (CDCl,, 400 MHz) 6=7.42-7.28 (m, 120H),
5.05 (d, J=4.0 Hz, 1H), 5.05-4.40 (m, 54H), 4.25-4.18 (m,
2H), 4.08-4.00 (m, 8H), 3.90-3.30 (m 39H), 3.32 (s, 3H),
1.98 (s, 3H); °C NMR (CDCI3, 100 MHz) =170.7, 138.8,
138.6, 138.54, 138.46, 138.4, 138.2, 138.0, 128.38, 128.36,
128.3, 128.2, 128.04, 127.99, 127.9, 127.8, 127.6, 127.5,
127.4, 127.34, 127.27, 98.0, 97.30, 97.25, 97.18, 97.16,
97.1,97.0,82.1,81.5,80.4, 80.3, 80.2, 80.0, 75.7,75.5,75 4,
75.0,74.9,73.4,72.2,72.13,72.07,70.88, 70.87, 70.8, 70.7,
70.6, 68.7, 65.5, 63.0, 55.1, 20.8. The 'H and '°C NMR, of
disaccharide 40, were reported in the literature (Kovac, et
al., Carbohydr. Res. 184, 87-112 (1988)). The HRMS cal-
culation for C,,H,;,0,,Na (M+Na) was: 3554.5754
(found: 3554.5867).

[0361] Mechanistic studies. High-resolution mass spec-
trometry analysis of glycosyl phenanthrolium 34. FIG. 32
shows the synthesis of disaccharide 3. A 10 ml bottle was
charged with glycosyl bromide 1 (46 mg, 0.1 mmol, 1.0
equiv), 4 (100 mg, 0.3 mmol, 3.0 equiv.), and MTBE (1.2
ml). The reaction mixture was stirred at 50° C. for 24 h.
Formation of the glycosyl phenanthrolinium ion 41 was
confirmed using ESI with an n/z ratio of 711.2710 (see
below). Subsequent fragmentation of 41 using CID led to the
formation of various fragment ions, most notably the
phenanthroline species with an m/z ratio of 331.1396 (see
below). The mixture was concentrated and dried in vacuo.
The resulting residue was mixed with alcohol 2 (39 mg, 0.15
mmol, 1.5 equiv.) and MTBE (0.4 ml). The reaction mixture
was stirred at 50° C. for 12 h, the formation of the desired
disaccharide 3 was confirmed by high-resolution ESI,
diluted with toluene, and purified by silica gel flash chro-
matography (toluene/ethyl acetate: 5/1-3/1) to give the
desired disaccharide 3 (31 mg, 50%, a:f>30:1).

[0362] General experimental procedure for kinetic studies.
FIG. 47 shows the synthesis of product 1P. A 10 ml scin-
tillation vial was charged with glycosyl bromide 1 (fixed
amount, 0.25 mmol, 1.0 equiv), isopropanol acceptor 1A
(vary amount from 0.5 to 5 equiv), catalyst 4 (vary amount
from 2 to 20 mol %), IBO (vary amount from 1.5 to 3 equiv),
toluene (internal standard, 0.083 mmol, 0.33 equiv), and
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CDyg (0.5 ml). The resulting solution was then transferred to
a5 mm NMR tube. 'H NMR spectrum was acquired on a
400 MHz instrument before heating. The mixture in the
NMR tube was then consistently shaken and heated in a 50°
C. water bath. Between 3 and 60 h, spectra were obtained
depending on the experiment. Example spectra and example
rate plot were based on standard condition: 0.25 mmol
glycosyl bromide 1 (1.0 equiv), 0.75 mmol acceptor (3.0
equiv), 15 mol % catalyst 4, 0.5 mmol IBO (2 equiv), 0.083
mmol toluene (0.33 equiv) as an internal standard, and 0.5
ml CDg (0.5 M).

[0363] Spectra processing. The spectra for each kinetic
experiment were processed using MestReNova (v. 6.0.2,
Mestrelab Research S.L..). The concentration of the product
was measured by integration of its H-1 proton against the
toluene internal standard, 6=2.1 ppm. Peak fitting or decon-
volution algorithms were not used for integration. An
example spectra array for a kinetic experiment is shown in
FIG. 35.

[0364] Rates of the reactions in the disclosure were
obtained by using the rate equation derivation (FIG. 48).
[0365] Graphing. For each kinetic experiment, the con-
centration of product versus time were plotted on Excel
2016. Linear regression was obtained by best fitting with all
points (FIG. 36). The slope of the best-fit line represents the
initial rate of reaction for each kinetic experiment. The
initial rate was then graphed against catalyst concentration
for fixed acceptor concentration (FIG. 37) and against accep-
tor concentration for fixed catalyst concentration (FIG. 38).
The product formation versus time was also compared at the
different equivalent of IBO (FIG. 39).

[0366] DFT calculations. All calculations were carried out
with Gaussian 09 (Gaussian 09 Rev. E.01 (Wallingford, C T,
2013)). Geometry optimization for reactant, intermediates,
transition states, and products were computed at the B3LYP/
6-31+G(d,p) level of theory (Stephens, et al., J. Phys. Chem.
98, 11623-11627 (1994); Becke, et al., J. Chem. Phys. 98,
5648-5652 (1993); Lee, et al., Phys. Rev. B. 37, 785-789
(1988); Becke, et al., Phys. Rev. 4. 38, 3098-3100 (1988);
Vosko, et al., Can. J. Phys. 58, 1200-1211 (1980); Francl, et
al, J. Chem. Phys. 77, 3654-3665 (1982); Gordon, et al.,
Chem. Phys. Lett. 76, 163-168 (1980); Hariharan, et al., Mol.
Phys. 27, 209-214 (1974); Harihara. Pc et al., Theor. Chim.
Acta. 28, 213-222 (1973); Hehre, et al., J. Chem. Phys. 56,
2257-+(1972); Ditchfield, et al., J. Chem. Phys. 54, 724-+
(1971)) with the SMD implicit solvation model (Marenich,
et al., J. Phys. Chem. B. 113, 6378-6396 (2009)) in diethyl
ether. There is only one imaginary frequency for transition
state structures and no imaginary frequency for reactant,
intermediates, and products. Non-covalent interactions
(NCI) were calculated with the NCIPLOT program (John-
son, et al., J. Am. Chem. Soc. 132, 6498-6506 (2010)).
[0367] FIGS. 49A-49M show the optimized structures and
the cartesian coordinates for the optimized structures. FIG.
49B shows the cartesian coordinate for reactant_pyridine.
FIG. 49C shows the cartesian coordinate for transition state
1_pyridine. FIG. 49D shows the cartesian coordinate for
early intermediate_pyridine. FIG. 49E shows the cartesian
coordinate for late intermediate_pyridine. FIG. 49F shows
the cartesian coordinate for transition state 2_pyridine. FI1G.
49G shows the cartesian coordinate for protonated product_
pyridine. FIG. 49H shows the cartesian coordinate for
reactant_phenanthroline. FI1G. 491 shows the cartesian coor-
dinate for transition state 1_phenanthroline. FIG. 49] shows
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the cartesian coordinate for early intermediate_phenanthro-
line. FIG. 49K shows the cartesian coordinate for late-
intermediate_phenanthroline. F1G. 491 shows the cartesian
coordinate for transition state 2_phenanthroline. FIG. 49M
shows the cartesian coordinate for protonated product_
phenanthroline. FIG. 49N shows the cartesian coordinate for
the final product.

[0368] (v) Closing Paragraphs. Unless otherwise indi-
cated, the practice of the present disclosure can employ
conventional techniques of chemistry, organic chemistry,
biochemistry, analytical chemistry, and physical chemistry.
These methods are described in the following publications.
See, e.g., Harcourt, et al., Holt McDougal Modern Chem-
istry: Student Edition (2018); I. Karty, Organic Chemistry
Principles and Mechanisms (2014); Nelson, et al.,
Lehninger Principles of Biochemistry 5th edition (2008);
Skoog, et al., Fundamentals of Analytical Chemistry (8th
Edition); Atkins, et al., Atkins’ Physical Chemistry (11th
Edition).

[0369] The term aqueous pharmaceutically acceptable car-
rier is a solution in which the solvent used is water. The term
alcoholic pharmaceutically acceptable carrier includes low
alkyl alcohols such as methanol, ethanol, isopropyl alcohol,
or similar alcohol as defined by its ordinary meaning to a
person skilled in the art. A vicious base pharmaceutically
acceptable carrier includes a thickening agent such as a
combination of a polymer, carboxyvinyl polymer, or viscous
polymeric liquid and polymeric micelles and a water-
soluble, high molecular cellulose compound.

[0370] As will be understood by one of ordinary skill in
the art, each embodiment disclosed herein can comprise,
consist essentially of or consist of its particular stated
element, step, ingredient, or component. Thus, the terms
“include” or “including” should be interpreted to recite:
“comprise, consist of, or consist essentially of.” The tran-
sition term “‘comprise” or “comprises” means has, but is not
limited to, and allows for the inclusion of unspecified
elements, steps, ingredients, or components, even in major
amounts. The transitional phrase “consisting of” excludes
any element, step, ingredient, or component not specified.
The transition phrase “consisting essentially of” limits the
scope of the embodiment to the specified elements, steps,
ingredients, or components and to those that do not mate-
rially affect the embodiment. A material effect would cause
a statistically significant reduction in the ability to obtain a
claimed effect according to a relevant experimental method
described in the current disclosure. For example, heparin
would cause a statistically significant increase in anti-co-
agulation activity measured by the binding affinity of hepa-
rin to antithrombin IIT (ATIII), compared to the binding
affinity of the anti-heparanase glycopolymer to ATIII. Alter-
natively, high concentrations of the anti-heparanase glyco-
polymer would cause a statistically significant decrease in
binding affinity between the glycopolymer and a heparan
sulfate-binding protein as measured by a solution-based BLI
assay.

[0371] Unless otherwise indicated, all numbers expressing
quantities of ingredients, properties such as molecular
weight, reaction conditions, and so forth used in the speci-
fication and claims are to be understood as being modified
in all instances by the term “about.” Accordingly, unless
indicated to the contrary, the numerical parameters set forth
in the specification and attached claims are approximations
that may vary depending upon the desired properties sought
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to be obtained by the present invention. At the very least, and
not as an attempt to limit the application of the doctrine of
equivalents to the scope of the claims, each numerical
parameter should at least be construed in light of the number
of reported significant digits and by applying ordinary
rounding techniques. When further clarity is required, the
term “about” has the meaning reasonably ascribed to it by a
person skilled in the art when used in conjunction with a
stated numerical value or range, i.e., denoting somewhat
more or somewhat less than the stated value or range, to
within a range of +20% of the stated value; £19% of the
stated value; +18% of the stated value; £17% of the stated
value; £16% of the stated value; £15% of the stated value;
+14% of the stated value; £13% of the stated value; £12%
of the stated value; £11% of the stated value; £10% of the
stated value; 9% of the stated value; 8% of the stated
value; £7% of the stated value; £6% of the stated value; +5%
of the stated value; £+4% of the stated value; 3% of the
stated value; 2% of the stated value; or £1% of the stated
value.

[0372] Notwithstanding that the numerical ranges and
parameters setting forth the broad scope of the invention are
approximations, the numerical values set forth in the specific
examples are reported as precisely as possible. Any numeri-
cal value, however, inherently contains certain errors nec-
essarily resulting from the standard deviation found in their
respective testing measurements.

[0373] “Specifically binds” refers to an association of a
molecule with its cognate binding molecule with an affinity
or Ka (i.e., an equilibrium association constant of a particu-
lar binding interaction with units of 1/M) equal to or greater
than 10°> M~!, while not significantly associating with any
other molecules or components in a relevant environment
sample. “Specifically binds” is also referred to as “binds”
herein. Molecules may be classified as “high affinity” or
“low affinity”. In particular embodiments, “high affinity”
binding domains refer to those molecules with a Ka of at
least 10" M}, atleast 10® M~*, at least 109 ML, at least 10'°
M, at least 10* M, at least 10'> M™', or at least 10"?
M~!. In particular embodiments, “low affinity” binding
domains refer to those binding domains with a Ka of up to
10" M, up to 10° M~*, up to 10° M~*. Alternatively, affinity
may be defined as an equilibrium dissociation constant (Kd)
of a particular binding interaction with units of M (e.g., 10>
M to 1072 M). In certain embodiments, a binding domain
may have “enhanced affinity,” which refers to a selected or
engineered binding domains with stronger binding to a
cognate binding molecule than a wild type (or parent)
binding domain. For example, enhanced affinity may be due
to a Ka (equilibrium association constant) for the cognate
binding molecule that is higher than the reference binding
domain or due to a Kd (dissociation constant) for the cognate
binding molecule that is less than that of the reference
binding domain, or due to an off-rate (Koff) for the cognate
binding molecule that is less than that of the reference
binding domain. A variety of assays are known for detecting
binding domains that specifically bind a particular cognate
binding molecule as well as determining binding affinities,
such as Western blot, ELISA, and BIACORE@ analysis (see
also, e.g., Scatchard, et al., 1949, Ann. N.Y. Acad. Sci.
51:660; and U.S. Pat. Nos. 5,283,173, 5,468,614, or the
equivalent).

[0374] The terms “a,” “an,” “the” and similar referents
used in the context of describing the invention (especially in
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the context of the following claims) are to be construed to
cover both the singular and the plural, unless otherwise
indicated herein or clearly contradicted by context. Recita-
tion of ranges of values herein is merely intended to serve as
a shorthand method of referring individually to each sepa-
rate value falling within the range. Unless otherwise indi-
cated herein, each individual value is incorporated into the
specification as if it were individually recited herein. All
methods described herein can be performed in any suitable
order unless otherwise indicated herein or otherwise clearly
contradicted by context. The use of any and all examples, or
exemplary language (e.g., “such as”) provided herein is
intended merely to better illuminate the invention and does
not pose a limitation on the scope of the invention otherwise
claimed. No language in the specification should be con-
strued as indicating any non-claimed element essential to the
practice of the invention.

[0375] Groupings of alternative elements or embodiments
of the invention disclosed herein are not to be construed as
limitations. Each group member may be referred to and
claimed individually or in any combination with other
members of the group or other elements found herein. It is
anticipated that one or more members of a group may be
included in, or deleted from, a group for reasons of conve-
nience and/or patentability. When any such inclusion or
deletion occurs, the specification is deemed to contain the
group as modified thus fulfilling the written description of
all Markush groups used in the appended claims.

[0376] Certain embodiments of this invention are
described herein, including the best mode known to the
inventors for carrying out the invention. Of course, varia-
tions on these described embodiments will become apparent
to those of ordinary skill in the art upon reading the
foregoing description. The inventor expects skilled artisans
to employ such variations as appropriate, and the inventors
intend for the invention to be practiced otherwise than
specifically described herein. Accordingly, this invention
includes all modifications and equivalents of the subject
matter recited in the claims appended hereto as permitted by
applicable law. Moreover, any combination of the above-
described elements in all possible variations thereof is
encompassed by the invention unless otherwise indicated
herein or otherwise clearly contradicted by context.

[0377] Furthermore, numerous references have been made
to patents, printed publications, journal articles and other
written text throughout this specification (referenced mate-
rials herein). Each of the referenced materials are individu-
ally incorporated herein by reference in their entirety for
their referenced teaching.

[0378] In closing, it is to be understood that the embodi-
ments of the invention disclosed herein are illustrative of the
principles of the present invention. Other modifications that
may be employed are within the scope of the invention.
Thus, by way of example, but not of limitation, alternative
configurations of the present invention may be utilized in
accordance with the teachings herein. Accordingly, the pres-
ent invention is not limited to that precisely as shown and
described.

[0379] The particulars shown herein are by way of
example and for purposes of illustrative discussion of the
preferred embodiments of the present invention only and are
presented in the cause of providing what is believed to be the
most useful and readily understood description of the prin-
ciples and conceptual aspects of various embodiments of the
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invention. In this regard, no attempt is made to show
structural details of the invention in more detail than is
necessary for the fundamental understanding of the inven-
tion, the description taken with the drawings and/or
examples making apparent to those skilled in the art how the
several forms of the invention may be embodied in practice.
[0380] Definitions and explanations used in the present
disclosure are meant and intended to be controlling in any
future construction unless clearly and unambiguously modi-
fied in the examples or when application of the meaning
renders any construction meaningless or essentially mean-
ingless. In cases where the construction of the term would
render it meaningless or essentially meaningless, the defi-
nition should be taken from Webster’s Dictionary, 3rd Edi-
tion or a dictionary known to those of ordinary skill in the
art, such as the Oxford Dictionary of Biochemistry and
Molecular Biology (Eds. Attwood T et al., Oxford Univer-
sity Press, Oxford, 2006).

1-51. (canceled)

52. A method of treating diabetes in a subject in need
thereof comprising administering a therapeutically effective
amount of a salt form of an anti-heparanase compound
having the structure:

‘0550

HO
HO

wherein n=2-100 repeating units of the structure; the ring
opening bonds designated as (*) are independently single or
double bonds; and the salt form is selected from a sodium
salt, a calcium salt, a magnesium salt, a lithium salt, a
potassium salt, a cesium salt, or a triethylammonium salt.

53. A method of treating diabetes in a subject in need
thereof comprising administering a therapeutically effective
amount of a salt form of an anti-heparanase compound to a
subject wherein the anti-heparanase compound comprises
5-12 repeating units of a glycopolymer linked to a disac-
charide through nitrogen bonding.

54. The method of claim 53 wherein the disaccharide
comprises a glucosamine unit sulfated at the carbon 2 and
carbon 6 nitrogen positions of the disaccharide.

55. The method of claim 53 wherein the disaccharide
comprises a glucosamine unit fluorinated at the carbon 2 or
carbon 3 positions of the disaccharide.

56. The method of claim 53 wherein the salt form of the
anti-heparanase compound is a heparan sulfate mimicking
glycopolymer having the structure:
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HO380 ‘0350
HO Q HO 0,
Z “0350 CO,
HN (@]
Q i © 0
038 HO
OH
(@]
H COy
N 2>
7
N
.
N
N @]
N/\/\)
wherein:
Xis —O— or

T

N
R
e}

COy,
Y is —O— or —CH,—; R' is OH or —N(H)-L-R%; L
is a linking group; R is a saccharide or disaccharide,
which saccharide or disaccharide comprises a o

—SO;Na group; Q is —NSO;Na or —F; Z is either
—OH or —F; the positioning of the carboxylic acid, or
salt thereof, can either be axial or equatorial; and the
dash bond --- is a single bond or a double bond.

57. The method of claim 56 wherein the heparan sulfate
mimicking glycopolymer is a compound having the struc-
ture:
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-continued
‘0550
HO 0
“0350 COy”
H3N*
COy,
(@]
HO
HO 0
HO
COy’,
O
‘0550
HO 0
HO
F
COy’,
O
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0;50 -continued
HO 0
HO COoy-
F 0 O

COy,
O
COy, or
O
COy,
O

wherein ring opening bonds designated as (*) are indepen-
dently single or double bonds; and the salt form is selected
from a sodium salt, a calcium salt, a magnesium salt, a
lithium salt, a potassium salt, a cesium salt, or a triethyl-
ammonium salt.
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58. The method of claim 53 wherein the salt form of the wherein:

anti-heparanase compound has the structure:

Na0;580

HO
HO

o}

Na038

Na0;580

HO

X is —O—or

Y is —O— or —CH,—; R' is OH or —N(H)-L-R% L
is a linking group; R is a saccharide or disaccharide,
which saccharide or disaccharide comprises a
—S0O;Na group; and the dash bond --- is a single bond

or a double bond.

59. The method of claim 58 wherein the salt form of the
anti-heparanase compound has the structure:

Na0;80
HO Q
HO
NaOss”~~
(€]
RY,
(6]
wherein R is OH or —N(H)-L-R%, L is a linking group; and
R® is a saccharide or disaccharide, which saccharide or
disaccharide comprises a —SO;Na group; and the carbox-
ylic acid group is a salt thereof.
60. The method of claim 58 wherein the salt form of the
anti-heparanase compound has the structure:
(6]

CO,Na
NH 0

ONa,
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-continued
Na0;80

Na0380

¢}
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-continued

61. The method of claim 58 wherein the salt form of the
anti-heparanase compound has the structure:

Na0;80
HO 0

Jul. 8, 2021
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wherein L is a linking group; R” is a saccharide or disac-
charide, which saccharide or disaccharide comprises a
—SO;Na group, and R” is selected from:

HO;50 HO;50
HO Q HO Q
HO HO;50
HN HN
/ [ °
HO;S HO;S
HO;50
HO Q
HO COH
/HN o 0
HO;S 1o &
HO ,
HO;50
HO Q
HO
HN 0
4 0
HOsS poss0
mo,c OH
Na0380
HO Q
HO
NH |
NaO3S HO

52
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-continued
Na0;S0 Na0;S0
HO S HO S
HO HO;S0
o 7o
Na0;S Na0;S
Na0;S0
HO Q
HO CO,Na
EIN 0 @]
NaO3S HO O
HO i
Na0;S0
HO S
HO
EIN 0 (@]
NaOs8” 110,50 O
Nao,e OH
, and
Na0;S0
HO Q
HO
HN 0
Na0;S

62. The method of claim 58 wherein the salt form of the

anti-heparanase compound has the structure:

Na0;580
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-continued
Na0;S0
Ho o Na0;S0
HO
HO CO,Na NSO
NH 0 &
/° 0
NaO3S HO
HO
o/\
N
O
2
N
Na0;S0
HO Q
HO CO,Na

NH O
/ O
NaO3 S HO

Na0;S0
HO
HO
0
I NaO;
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0
NH 0
/ O O, or
S Na0;50

Nao,¢ OH
J/O
HN
N N
\/\O/\/ o
0
Na0;80
HO o
HO
/NH
NH
NaO;S /] ©

wherein n is 8.

63. The method of claim 56 wherein n is an integer from
2-100.

64. An anti-diabetes composition comprising: (i) an anti-
heparanase compound of claim 52 and (ii) a pharmaceuti-
cally acceptable carrier.

NH

65. The anti-diabetes composition of claim 64 wherein the
binding affinity of the anti-heparanase compound to FGF-1
is higher than the binding affinity of heparin to FGF-1.

66. The anti-diabetes composition of claim 64 wherein the
binding affinity of the anti-heparanase compound to FGF-2
is higher than the binding affinity of heparin to FGF-2.
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67. The anti-diabetes composition of claim 64 wherein the
binding affinity of the anti-heparanase compound to VEGF
is higher than the binding affinity of heparin to VEGF.

68. The anti-diabetes composition of claim 64 wherein the
binding affinity of the anti-heparanase compound to PF4 is
higher than the binding affinity of heparin to PF4.

69. The anti-diabetes composition of claim 64 wherein the
binding affinity of the anti-heparanase compound to P-Se-
lectin is higher than or equal to the binding affinity of
heparin to P-Selectin.

70. The anti-diabetes composition of claim 64 wherein the
anti-heparanase compound has lower binding affinity to
antithrombin III than the binding affinity of heparin to
antithrombin III.

71. The anti-diabetes composition of claim 64 wherein the
pharmaceutically acceptable carrier is aqueous or alcoholic
and comprises a viscous base.

#* #* #* #* #*



