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Poly(15) and poly(16) have been synthesized by Baigini, er al. (ref. 6a & b) using
molybdenum catalysts; since ruthenium initiators were used in our study, the
syntheses and characterization of these polymers using 1 as the initiator are
included here.

Leahy, D. J.; Aukhil, L.: Erickson, H. P. Cell 1996, 84, 155-164.

This is thought to be due to unfavorable steric interactions between the monomer
and initiating species, see ref. 6b.

Andrews, R. J.; Grulke, E. A. In Polymer Handbook, 4" ed.; Brandrup, J.:
Immergut, E. H.; Grulke, E. A., Eds.; Wiley Interscience: New York, 1999, p
VI/208.

Maughon, B. R.; Grubbs, R. H. Macromolecules 1997, 30, 3459-3469.

Bielawski, C. W.; Grubbs, R. H. Angew. Chem. Int. Ed. 2000, in press.

Catalyst 1 is markedly less active than 2 and 3 at higher temperatures and is less
stable at higher temperatures (see reference 17). For this reason, polymerizations
with 1 were conducted at room temperature, while those with 2 and 3 were
conducted at 55 °C.

This method could not be used with the other protected polymers due to the
insolubility of these polymers in solvents suitable for centrifugation through the
membrane.

Ver Nooy, C. D.: Rondestvedt, Jr., C. S. J. Am. Chem. Soc. 1955, 77, 3583-3586.

Stille, J. R.; Santarsiero, B. D.; Grubbs, R. H. J. Org. Chem. 1990, 55, 843-802.
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Chapter 5
Inhibition of Cell Adhesion to Fibronectin by

Oligopeptide Substituted Polynorbornenes



Abstract

Polynorbornenes substituted with peptide sequences from the RGD-containing
integrin cell binding domain of fibronectin are potent inhibitors of human dermal
fibroblast cell adhesion to fibronectin. Ring-opening metathesis polymerization (ROMP)
using Ru=CHPh(CI),(PCy,)(DHIMes) (1) as an initiator produced polymers substituted
with GRGDS and PHSRN peptide sequences. The inhibitory activity was quantified for
these polymers and compared to the free peptides. A homopolymer substituted with
GRGDS was significantly more active than the free GRGDS peptide (1Cs, of 0.18 + 0.07
and 1.08 + 0.5 mM respectively). and the polymer containing both GRGDS and PHSRN
was the most potent inhibitor (ICs, of 0.03 + 0.007 mM). These results demonstrate the
applicability of ROMP to the synthesis of highly active inhibitors of cellular-extracellular

maltrix protein interactions.



Introduction

Soluble peptides containing the arginine-glycine-aspartic acid (RGD) sequence
are known to duplicate or inhibit the cell-binding of the extracellular matrix protein
fibronectin.’ As a result, this sequence has been targeted to provide treatments for
diseases such as cancer.” However, as discussed in Chapter 1, because RGD peptides
have low affinities and short half-lives in vivo, the therapeutic use of this peptide has
been limited.” As a result, much effort has been directed towards the synthesis of RGD-
containing materials and mimics that would have increased therapeutic potentials
compared to the free peptides.* One feasible way is to substitute RGD-containing
materials with oligopeptides that enhance the cellular adhesion strength of the RGD
sequence.

In Chapter 4, an excellent method to synthesize copolymers substituted with RGD
and other oligopeptides by ring-opening metathesis polymerization (ROMP) using the
newly developed initiator 1 was described. Specifically, homopolymers with GRGD and
copolymers containing GRGD and SRN, the truncated synergy domain to RGD in
fibronectin, were made.” This chapter describes the synthesis of homopolymers and a
copolymer substituted with the more active forms of the peptides contained in the
integrin cell binding domain of fibronectin, GRGDS and PHSRN.'""“'"" The polymer
substituted with GRGES, an inactive peptide, was also made as a control.'"™ The ability
of these materials to inhibit human dermal fibroblast (HDF) cell adhesion to fibronectin

1s discussed.
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Results and Discussion

Monomer and Polymer Synthesis and Characterization. Norbornene
monomers substituted with oligopeptides were synthesized by solid-phase peptide
chemistry. 5-Norbornene-exo-2-carboxylic acid was coupled to the amino terminus of
peptides attached to a 4-carboxyltrityl linker resin using HBTU, HOBT and DIEA in
DME. The monomers were then cleaved from the resin using mildly acidic conditions to
give the protected monomers. All of the monomers were soluble in organic solvents. In

this way, norbornenes substituted with the protected integrin binding sequence,
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GR(PbNHGD(O'Bu)S(O'Bu)-OH (2), synergy sequence PH(Trt)S(Trt)R(Pbf)N(Trt)-OH

(3). and inactive sequence GR(Pbf)GE(O'Bu)S(O'Bu)-OH (4) were synthesized in 91%,
97%. and 47% yield respectively. While 2 and 3 were >95% pure after cleavage from the

resin, 4 contained an impurity which persisted in the final compound.

0 1. 1, CH.Cly/
MeOH, 55 'C
X ory MF{ X,y
2. TFATIS:H.O
(95:2.5:2.5) or HF:
p-cresol (95:5)

O

2,3, 0ord

R = GRGDS (5), PHSRN (6),
GRGES (7), or GRGDS
and PHSRN (8)

Scheme 1. Synthesis of homo- and copolymers with pendent bioactive oligopeptides.

Hompolymers of 2-4 and a copolymer of 2 and 3 were synthesized by ROMP
using 1° as an initiator (Scheme 1). The monomers were heated in a sealed vial in a 1:1
mixture of CH,CIl, and MeOH in an oil bath at 55 °C for 2 hours. The initial monomer
concentration was 0.6 M and the initial monomer to catalyst ratio was 10/1. Residual
monomers were removed during isolation by precipitation into mixtures of CH,Cl, and
cther. The protecting groups were then cleaved using either TFA or, for polymers
containing PHSRN, HF to yield the unprotected peptides. The polymers were stirred 1n
0.1 N NaOH for 10 minutes to generate the sodium carboxylates. After isolation, the

polymers were then rigorously purified by repeated centrifugation through a membrane
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(MWCO=3000) followed by lyophilization resulting in the products as spongy, tan-

colored materials.

In this manner, polynorbornene homopolymers substituted with GRGDS (5§),
PHSRN (6), and GRGES (7) were synthesized. The copolymer containing GRGDS and
PHSRN (8) was also prepared. The over-all yields (Table 1) for the GRGDS and
GRGES containing polymers were excellent (91% and 84% respectively). The yields of
the polymers containing PHSRN were somewhat reduced (40% for 6 and 64% for 8).
This could be due to the rapid degradation of 1 in the presence of this peptide.” The
percent of GRGDS incorporated into the copolymer was 49% (determined from the 'H

NMR spectrum) which corresponded to the amount in the feed (50%).

Table 1. Polymers substituted with oligopeptides.2

Peptide %X in %X in % yield M, (x103)° PDI
feed polymer® overall
GRGDS 100% 100% 91% 12.0 1.37
PHSRN 100% 100% 40% ns ns
GRGDS/PHSRN 50/50% 49/51% 64% 9.14 1.30
GRGES 100% 100% 84% 11.5 hs

dGeneral reaction conditions: CH»Cl,:MeOH (1:1) as the solvent, 55 °C for 2 hrs. in
sealed vial, M/C=10/1, [M]y = 0.6 M. PCalculated from 'H NMR spectra. °Determined
by GPC, pH 8.0 phosphate buffer eluent, poly(ethylene oxide) standards. ns = not
soluble in water. hs = high molecular weight shoulder.

Polymers §, 7, and 8 were readily soluble in water and phosphate buffered saline
(PBS). Unfortunately, the homopolymer substituted with PHSRN was not completely

soluble in aqueous solutions. The number-average molecular weights (M,) determined
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by GPC (compared to poly(ethylene glycol) standards) were between 9,100 and 12,000.

The polydispersity indexes (PDI's) were narrow for § and 8 (1.37 and 1.30 respectively).
The GPC trace of 7 exhibited a slight high molecular weight shoulder. As mentioned
above, the monomer 4 contained an impurity which could have caused the observed
molecular weight distribution.

Inhibitory Activity of Polynorbornenes Substituted With Oligopeptides. It
was originally hypothesized that polymers substituted with many GRGDS peptides along
the backbone would exhibit stronger cell-adhesive affinities than the free peptide due to
multivalent interactions provided by the polymer scaffold.*” Also, since PHSRN
enhances cell binding to the RGD peptide in fibronectin,' it was predicted that a
copolymer substituted with both GRGDS and PHSRN may exhibit higher activities than
materials containing only GRGDS. To investigate this, the ability of the polymers and
peptides to inhibit HDF cell adhesion to fibronectin was determined, following a known
procedure."”  Briefly, normal HDF neonatal cells were added to human plasma
fibronectin coated wells containing a certain concentration of the polymer and incubated
at 37 °C for 1 hour. The cells were fixed with methanol, and the number of cells adopting
a normal, well-spread morphology was estimated by counting a number of randomly
selected fields viewed by phase contrast microscopy. The percent cell attachment was
determined by comparing the experimental wells to control wells incubated with PBS

alone.
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Figure 1. Inhibition of normal HDF cell attachment to fibronectin by the polymers and

free peptides.

The HDF cells (35,000 cells/ml.) were incubated in human plasma

fibronectin coated wells at 37 “C for 60 min in the presence of increasing concentrations
of soluble peptides or peptide substituted polymers. Adherent cells were fixed and
counted by viewing a minimum of 6 randomly selected fields per well. FEach point

represents the average of 3 wells.

The inhibitory effects of polymers 5, 7,and 8 and peptides GRGDS, GRGES, and

PHSRN are compared in Figure 1. As expected, GRGDS and GRGDS-containing
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polymers § and 8 have an inhibitory effect. The inactive peptide GRGES™ as well as

PHSRN, which is known to be inactive unless covalently bound in the vicinity of the
RGD containing peptide,'” have no effect.

The control polymer substituted with GRGES, 7, did not inhibit HDI* adhesion to
fibronectin. Cells spread normally and effectively in the presence of this peptide, as
observed by phase contrast microscopy. This indicates that the polymer backbone is
nontoxic to the cells and the inhibitory effect observed for polymers 5 and 8 is due solely
to the peptides substituted along the backbone. In addition, the percent cell attachment
levels off for both § and 6 rather than continuing to decline, providing further indication

that the polymers are nontoxic within the concentrations used for this experiment.

0.8 1

I1C50, mM

0.4

0.0

GRGDS 5 8

Figure 2. ICy, values for the GRGDS containing materials. Polymer concentrations
are reported as the concentration of the GRGDS repeat unit.  *Within a 95%
confidence level, this value is statistically different from the other two.
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The inhibitory activity was quantified for GRGDS and 5 and 8. The 1C,, values,

or concentration of GRGDS necessary to inhibit 50% of the cells from attaching, are
represented in Figure 2. For GRGDS, an IC,, of 1.08 + 0.5 mM was obtained, which is
within the literature ranges obtained for this peptide.'* Polymer 5 has a lower 1Cy, of
0.18 + 0.07 mM, and 8 is the most active with an IC, of 0.028 + 0.007 mM. These
values are all statistically different (p < 0.04 between each value).

Both GRGDS-containing polymers inhibited HDF adhesion to fibronectin at
lower concentrations than did the free peptide. This indicates that multivalent peptide-
integrin interactions provided by the polymer scaffold may be important. Similar
behavior has been observed for polypeptides containing many RGD repeats™ and a
synthetic polymer substituted with RGD peptides synthesized by radical chemistry.”

Polymer 8 with GRGDS and PHSRN ligands is the most potent substrate studied.
The polymer backbone provides the covalent linkage necessary to obtain the PHSRN-
induced enhancement of RGD adhesive activity.'” In fibronectin, PHSRN is 30-40 A
away and on the same face of the protein as RGD."" One integrin can easily span this
distance. The above results indicate that the polymer backbone also provides the correct
orientation and spatial separation of these ligands to effect an enhancement of GRGDS

binding to the fibroblast cellular integrins.

Summary
These results highlight the applicability of ROMP to the synthesis of polymers for
the inhibition of cell adhesion. Homopolymers and copolymers are readily synthesized

containing complex oligopeptide substituents such as GRGDS and PHSRN. Multivalent
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interactions provided by the polymer scaffold enhance the inhibitory activity of the
GRGDS containing polymers towards HDF cell adhesion to fibronectin. A copolymer
with pendent GRGDS and PHSRN peptides is a potent inhibitor of cell binding,
demonstrating that ROMP provides access to synthetic materials that can inhibit the
activity of proteins such as fibronectin. Such materials may be used to modulate
physiologically important integrin-extracellular matrix protein interactions and may be

useful as drugs for disease related applications such as tumor therapy.

Experimental

Materials. 5-Norbornene-exo-2-carboxylic acid was synthesized according to a
literature procedure.”” All peptide coupling agents were purchased from Novabiochem.
Centriprep flasks were purchased from Millipore. The peptides were synthesized and
purified by the Beckman Institute Biopolymers Synthesis Laboratory (California Institute
of Technology). Methylene chloride used in the polymerization reactions was dried over
CaH,, degassed, and vacuum transferred before use. All other chemicals were purchased
from Aldrich and used as received. Dulbecco’s modified eagle medium (DMEM) and all
sterile cell culture reagents were purchased from GIBCO and used as received. The
sterile flasks and 24-well plates coated with human plasma fibronectin were purchased
from Becton Dickinson Labware. All other sterile culture materials were purchased from
Falcon. The normal human dermal fibroblast (HDF) cells isolated from neonatal foreskin
tissue of a single male donor were obtained from Clonetics.

Techniques. All operations were carried out under a dry nitrogen or argon

atmosphere. Dry box operations were performed in a nitrogen-filled Vacuum



145
Atmospheres dry box. '"H NMR spectra were recorded on a JEOL GX-400 (399.65 MHz)

spectrometer, or a Varian UnityPlus 600 (600.203 MHz) spectrometer as indicated.
“C NMR (75.49 MHz) spectra were recorded on a General Electric QE-300
spectrometer. Chemical shifts are reported downfield from tetramethylsilane (TMS).
Infrared spectroscopy was performed on a Perkin Elmer Paragon 1000 FT-IR
spectrometer using a film cast on a NaCl plate or a KBr pellet as indicated. High-
resolution mass spectra were provided by the Southern California Mass Spectrometry
Facility (University of California, Riverside). Aqueous gel permeation chromatography
(GPC) were conducted using an HPLC system equipped with a Waters 515 HPLC pump,
a Rheodyne model 7725 injector with a 200 pL injection loop, a Waters 2487 Dual A
absorbance detector, a Waters 2410 refractometer, and two TSK columns (TASK
3000PW, TSK 5000PW). The eluent was 0.1 M Na,HPO, dibasic buffer, the flow rate
was 1 mL/min, and poly(ethylene oxide)s were used as the calibration standard. The
HPLC results were obtained on a Beckman 126 Solvent Module HPLC equipped with a
166 UV Detector and an Altech 18-LL column using a H,O/CH,CN solvent system (7%
CH.CN for 6 min, 7-90% CH,CN over 38 min, and 90% CH,CN for 8 min). Amino acid
analysis was performed by the Beckman Research Institute in the Division of
Immunology (City of Hope). All cell manipulations were performed in a sterile vertical
laminar flow hood. Phase contrast microscopy was performed on an inverted Nikon
Eclipse TE300 microscope with 200x magnification.

Norbornene GR(Pbf)GD(-Bu)S(tBu)-OH Monomer (2). H,N-G-R(Pbf)-G-
D(O'Bu)-S(O'Bu)-resin (0.75 mmol peptide, 4-carboxytrityl linker Novasyn® resin) was

placed in a flask containing a frit and stopcock. The resin was swelled in 20 mL of DMF
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for 15 min and then rinsed with DMF (1 x 10 mL). In a vial, 0.14 g (1.01 mmol) of 5-

norbornene-exo-2-carboxylic acid, 0.38 g (1.00 mmol) of 2-(/H-benzotriazole-1-yl)-
1,1.3,3-tetramethyluronium hexaflurophosphate (HBTU), and 0.14 g (1.04 mmol) of 1-
hydroxybenzotriazole (HOBT) in 6.60 mL of DMF were agitated until all solids had
dissolved. N,N-diisopropylethylamine (DIEA) was added (0.35 mL. 2.01 mmol) and the
solution was agitated and added to the resin. Nitrogen was gently bubbled through the
mixture for 2 h. The solution was removed, and the resin was then rinsed with DMF (5 x
10 mL), CH,CL (5 x 10 mL), and MeOH (5 x 10 mL) and dried for 24 h at 30 millitorr.
In a vial, 33 mL of acetic acid, CH,Cl,, and MeOH (5:4:1) were added to the dry resin
and the vial was periodically swirled for 1.5-2 h. The solution was filtered to remove the
resin, added to an excess of hex, and the solvent was removed in vacuo. The procedure
was repeated to remove all of the acetic acid. The product was freeze-dried from benzene
to give 0.73 g (91%) of 2 as an off-white solid. HPLC: single peak at 21.13 min. '"H
NMR (CD,Cl,, 600 MHz) & 8.09 (1H, bs, G*y,), 7.58 (1H, bs, Dy,,), 7.49 (1H, bs, Ry),

7.41 (1H. bs, Syy), 7.23 (1H, bs, G'y,,), 6.27 (1H, bs, R,), 6.02 (1H, s, Nor,q,), 5.98 (1H,

olefin
s, NoT,), 4.67 (1H, bm, D,), 4.43 (1H, bm, S,). 4.32 (1H., bm. R,). 3.88 (2H, bm, G°, +
G',).3.77 (1H. bm, G',), 3.67 (1H, bm, Sy), 3.54 (1H, bm, Sy), 3.12 (1H, bm, R,), 2.87
(2H, s, R(Pbf)¢y,), 2.82 (1H, s, Nor), 2.77 (1H, s, Nor), 2.73 (1H, bm, Dy), 2.66 (1H, bm,
Dy), 2.45 (3H, s, R(Pbf).y,,). 2.38 (3H. s, R(Pbf)y;3), 2.08 (1H, bs, Noreyeo), 1.98 (3H, s,
R(Pbf)ey5), 1.80 (1H, bm, R), 1.72 (1H, bm, Nor), 1.61 (1H, bm, R), 1.50 (3H, bm, R +
Nor), 1.36 (6H, s, R(PHf)cyjymunun). 1.33 (9H, s, Dyy,), 1.19 (2H, bm, Nor,,.0), 1.07 (9H, s,

Si.)- NOESY cross peaks (CD,Cl,, 600 MHz) 8 8.09 (G2,,), 4.32 (R,); 7.58 (D). 3.88

(G2,), 3.77 (G2,); 749 (Ryy). 3.88 (G1,); 7.41 (Syn). 4.67 (D,); 7.23 (Gly), 2.08
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(Norgyeo). TOCSY cross peaks (CD,Cl,, 600 MHz) & norbornene: 6.02, 5.98, 2.82, 2.77,

2.08, 1.72, 1.50, 1.19; G1: 7.23, 3.88; R: 7.49,4.32,3.12, 1.80, 1.61, 1.50; G2: 8.09,
3.88,377: D: 7.58,4.67,2.73,2.66; S: 7.41,4.43,3.67, 3.54. "C NMR (CD,Cl,, 300
MHz) & 177.74, 173.32, 172.69, 171.15, 171.01, 158.92, 156.83, 138.26, 136.29, 132.52,
128.50, 125.08, 117.70, 86.79, 82.09, 74.13, 70.78, 61.69, 53.39, 53.08, 50.37, 47.65,
46.57, 44.39, 43.76, 42.06, 40.87, 37.84, 30.85, 29.48, 28.74, 28.21, 27.93, 27.51, 25.94,
19.54, 18.25, 12.66. IR (NaCl plate): 3320.7, 3061.2, 2967.8, 2926.3, 2864.1, 1726.4,
1653.7, 1544.8, 1456.6, 1363.2, 1249.0, 1155.6, 1098.5, 953.3, 849.5, 808.0, 709.4,
667.9, 564.1 cm’'. HRMS (DCM/NBA/PPG) calcd for (MH)" 975.4861. found
975.4876.

Norbornene P-H(Trt)-S(Trt)-R(Pbf)-N(Trt)-OH Monomer (3). The same procedure
as for 2 was followed with H.N-P-H(Trt)-S(Trt)-R(Pbf)-N(Trt)-resin (0.75 mmol, 4-
carboxytrityl linker Novasyn” resin), 0.14 g (1.01 mmol) of norbornene-exo-2-carboxylic
acid, 0.38 g (1.00 mmol) of HBTU, 0.14 g (1.04 mmol) of HOBT, and 0.35 mL (2.01
mmol) of DIEA in 6.25 mL DMF to yield 1.24 g (97.3%) of 3 as a fluffy white solid.
HPLC: single peak at 38.85 min. 'H NMR (CD,Cl,, 600 MHz) & 8.29 (bs), 7.59-7.38
(bm), 6.89-7.29 (bm with maxima at 6.89, 7.04, 7.13, 7.22, 7.28, 7.29), 6.63 (bm), 5.98
(s), 5.84 (bm), 5.73 (bm), 4.45 (bm), 4.30 (bm), 4.13 (bm), 3.47-3.36 (bm), 2.93-2.65
(bm, with maxima at 2.65, 2.76, 2.84, 2.93), 2.34-2.43 (bm with maxima at 2.34, 2.40),
2.10 (bm), 1.98 (s), 1.93 (bm), 1.76 (bm), 1.63 (bm), 1.54 (bm), 1.34 (s), 1.22 (bm), 0.95
(bm). ""C NMR (CD,Cl,, 300 MHz) § 174.74, 172.87. 171.27, 170.01, 158.49, 156.70,
144.51, 143.85, 141.86, 138.36, 136.19, 135.91, 132.32, 129.90, 128.49, 128.06, 127.32,

127.11, 126.92, 124.62, 120.31, 117.34, 87.20, 86.49, 70.66, 63.49, 61.24, 54.93, 51.09,
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47.78, 46.95, 46.24, 45.79, 43.07, 42.76, 41.98, 30.81, 30.06, 28.70, 25.35, 21.26, 19.51,

18.20, 12.68. IR (NaCl plate): 3317.7, 3054.7, 2970.5, 2917.9, 1669.8, 1622.5, 1548.8,
1491.0, 1443.6, 1417.3, 1264.8, 1096.4, 738.7, 696.6, 659.6. HRMS (MALDI) calcd for
(MNa)" 1708.7737, found 1708.7739.

Norbornene G-R(Pbf)-G-E(O'Bu)-S(O'Bu)-OH (4). The same procedure as for
2 was followed with G-R(Pbf)-G-E(O'Bu)-S(O'Bu)-resin (0.25 mmol, 4-carboxytrityl
linker Novasyn"’ resin), 0.14 g (1.01 mmol) of 5-norbornene-exo-2-carboxylic acid, 0.38
g (1.00 mmol) of HBTU, 0.14 g (1.04 mmol) of HOBT, and 0.35 mL (2.0l mmol) of
DIEA in 6.60 mL DMEF to yield 0.11 g (46.1%) of 4 (plus an impurity detected in the 'H
NMR spectrum) as a white solid. HPLC: single peak at 24.35 min. '"H NMR (CD,CL,,
600 MHz) 6 8.07 (1H, bs), 7.62-7.53 (3H, bm), 7.23 (1H, bs), 6.28-6.23 (2H, bm), 6.02
(1H, s), 5.99 (1H, s), 4.75 (1H, bm), 4.42 (1H, bm), 4.28 (1H, bm), 3.86 (3H, bm), 3.68
(1H, bm), 3.56 (1H, bm), 3.12 (1H, bm), 2.86 (2H, s), 2.82 (1H, s), 2.77 (1H, s), 2.46
(3H, s), 2.39 (3H, s), 2.36 (1H, bm), 2.30 (1H, bm), 2.08 (1H, bs), 1.98 (3H, s), 1.93 (2H,
bm), 1.80 (1H, bm), 1.73 (1H, bm), 1.61 (1H, bm), 1.50 (3H, bm), 1.36 (6H, s), 1.33 (9H,
s), 1.19 (2H, bm), 1.06 (9H, s). IR (NaCl plate): 3444.0, 3286.2, 2970.6, 1727.7, 1627 .8,
1543.6, 1448.9, 1364.7, 1249.0, 1154.3, 1096.4, 733.4, 665.0, 570.3. HRMS
(DCM/NBA/PPG) caled for (MH)" 989.5018, found 989.5018.

General Polymerization Procedure. In a nitrogen-filled dry box, a solution of 1
in CH,CI, was added to a solution of monomer in MeOH (1:1 CH,Cl,:MeOH) in a dram
to give an initial monomer concentration of 0.6 M. The dram was sealed and removed
from the box. Within 10 min, the dram was placed in an oil bath at 55 °C and the

solution was stirred for 2 h. The initial monomer to catalyst ratios were 10/1. The
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polymerization mixtures were cooled to room temperature, diluted. and ethyl vinyl ether
was added. The solutions were stirred for an additional 15-30 min before isolation by
precipitation into CH,Cl,:ether (3:1 for 5-7, 1:1 for 8). The polymers were subjected to
centrifugation, the solvent was removed, and the solids dried under vacuum.

General Deprotection Procedure. For 5 and 7, a solution of TFA,
tritsopropylsilane (TIS), and H,O (95/2.5/2.5) was added to the dried polymers to make a
final concentration of 20 mL/g polymer. The mixtures were stirred for 2.5 h before
precipitating into cold ether. The polymers were subjected to centrifugation, the solvent
was removed, and the solids washed with cold ether (2 x 5 mL) before drying under
vacuum. 6 and 8 were subjected for 1 h to 10 mL of condensed HF and 0.5 mL of p-
cresol in the proper containment apparatus. The HF was removed in vacuo and the solid
was washed with ether before drying under vacuum

Purification. The polymers were subjected to a minimum amount of 0.1 N
NaOH for 10 min, precipitated into MeOH, isolated by centrifugation, and dried under
vacuum. Deionized, doubly distilled water was added to the polymers and the polymers
purified by centrifugation through a membrane using Centiprep tubes with a molecular
weight cut off (MWCO) of 3,000. This procedure was repeated a minimum of 5 times
for each polymer. The polymer solutions were then subjected to centrifugation, the
solution decanted to remove any insoluble particulate material, and lyophilized. The
resulting polymers were all spongy, tan materials and were kept at =30 °C until use.

The polymers were characterized and the data not reported in the text is reported

below. The 'H NMR copolymer spectrum is the addition of the two homopolymer
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spectra. All peaks are broad, and unless otherwise stated, are the composite of the rrans
and cis polymer proton peaks.

GRGDS Homopolymer (5). '"H NMR (D,O, 600 MHz): & 7.41 (bm, NH), 7.36
(bm, NH), 7.29 (bm, NH) 5.24-5.45 (2H, bm), 4.68 (bm, D,,), 4.36 (1H), 4.26 (1H, bm),
3.94-4.02 (3H, bm), 3.84 (3H, bm), 3.20 (2H), 2.94 & 2.71 (cis & trans, 2H, bm), 2.65
(2H, bm), 1.90-1.97 (2H, bm), 1.76 (1H, bm), 1.64 (4H, bm), 1.23 (2H, bm). IR (KBr
pellet): 3363.1, 2933.3, 1638.7, 1528.6, 1397.6, 1240.4, 1114.6, 1036.0, 967.9, 925.9,
611.5 cm™’. AAA expected (found): Asp 1.00 (1.03), Ser 1.00 (0.90), Gly 2.00 (1.96),
Arg 1.00 (1.11) residue/mol.

GRGES Homopolymer (7). 'H NMR (D,0, 600 MHz): § 7.43 (bm, NH), 7.37
(bm, NH), 7.29 (bm, NH) 5.29-5.46 (2H, bm), 4.38 (2H, bm), 4.27 (1H), 3.92-3.98 (3H,
bm), 3.85 (3H, bm), 3.20 (2H, bm), 2.98 & 2.60-2.69 (cis & trans, 2H, bm), 2.27 (2H,
bm), 2.13 (1H, bm), 1.94 (4H, bm), 1.76 (1H, bm), 1.64 (3H, bm), 1.23 (ZH, bm). IR
(KBr pellet): 3323.8, 2936.0, 1655.7, 1540.4, 1451.3, 1398.9, 1241.7, 1115.9, 1042.5,
979.7, 848.6, 670.5, 5395 cm’'. AAA expected (found): Ser 1.00 (1.04), Glu 1.00
(1.09), Gly 2.00 (2.15), Arg 1.00 (0.72) residue/mol.

GRGDS/PHSRN Copolymer (8). 'H NMR (D,0, 600 MHz): 6 7.70, 7.31, 6.98,
5.42,4.48,4.37-4.40,4.27,3.97, 3.86, 3.18, 2.76, 2.71, 2.66, 2.18, 1.91, 1.75, 1.64, 1.28.
IR (KBr pellet): 3342.1, 2933.3, 1596.7, 1444.8, 1387.1, 1313.7, 1245.6, 1046.5, 983.6,
9259,616.7 cm™. AAA expected (found): Asp + Asn 2.00 (2.04), Ser 2.00 (1.73), Pro
1.0 (1.07), Gly 2.00 (2.24), His 1.0 (0.97), Arg 2.00 (1.94) residue/mol.

Cell Maintenance. HDF cells were maintained in DMEM supplemented with

10% fetal bovine serum, 400 U/mL penicillin, and 400 mg/mL streptomycin in an
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incubator at 37 °C and 4.9% CO,. Subculturing was accomplished by rinsing the cells

with HEPES buffered saline solution (HBSS), enzymatically removing the cells from the
surface with trypsin, and neutralizing the trypsin with supplemented DMEM. The
number of viable cells was assessed using a hemacytometer with trypan blue, and the
cells were dispensed into 25 or 75 cm® flasks at a density of 3500 cells/cm”.

Sample Preparation. Samples were weighed on a microbalance and solubilized
in phosphate buffered saline (PBS) to a concentration 4x the desired final concentration.
The pH of the solutions were determined and adjusted to ~7.4 as necessary. Phosphate
buffered saline (PBS) alone was used in the control wells. The samples were filter
(0.2 um) sterilized before use.

Competitive Inhibition Assay. To 24-well plates coated with human plasma,
fibronectin was added 100 ul of the polymer or peptide solution. HDF cells of passage 4-
7 were harvested with trypsin as described above and resuspended to 35,000 cells/mL in
unmodified DMEM. Cell suspensions were allowed to recover for at least 15 min before
adding 300 ul to each well. The cells were evenly dispersed by gentle rocking of the
plate before incubation for 60 min at 37 °C and 4.9% CO,. The attached cells were fixed
with methanol after removal of the sample solutions and washing with deionized H,O.
The cells were observed by phase contrast microscopy and counted in a minimum of 6
randomly selected fields per well. The percent maximum cell attachment is the average
number of cells per view divided by the average number obtained for the control
multiplied by 100. The IC,, is the concentration where 50% of the maximum possible

cells are attached.
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Chapter 6
Purification Technique for the Removal of Ruthenium from

Olefin Metathesis Reaction Products®



Abstract

Ring-closing metathesis (RCM) products of reactions utilizing
RuCl,(=CHPh)(PCy;), (1) as a catalyst were successfully purified of unwanted
ruthenium using a water-soluble coordinating phosphine,
tris(hydroxymethyl)phosphine, P(CH,OH),. Several simple and efficient purification
procedures were compared for the isolation of the product of the RCM of diethyl
diallylmalonate. The effectiveness of this procedure was also demonstrated for the

isolation of an unsaturated analog of 12-crown-4 ether.
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Introduction

Metal complexes are utilized in many organic transformations, including small
molecule and polymer synthesis.! However, removal of the metal complex after
completion of the reaction can pose a serious problem during product purification,
especially on an industrial scale. This residual metal can be problematic in subsequent
transformations, as well as for storage and use of the material. Specifically, as described
in Chapter 1, ruthenium catalysts such as benzylidene ruthenium complex 1.7 are
commonly utilized in olefin metathesis reactions such as RCM, cross metathesis, or ring-
opening metathesis polymerization (ROMP)." However, it can prove very difficult to
remove the highly-colored ruthenium complexes from the products of these reactions,
and the residual ruthenium can cause problems such as olefin isomerization during
distillation of the product, decomposition over time, and increased toxicity of the final
material. In this chapter, a method is described to alleviate these problems by using a
commercially available phosphine that facilitates the removal of ruthenium during

product isolation.

PCy
i Ph HO
Ru— b
clrr | H HO.__P._OH
pCV3
1 2

Tris(hydroxymethyl)phosphine (2) is a water soluble and moderately air stable
phosphine.* Because of these properties, there have been an increasing number of reports
on the use of 2 as a ligand for water-soluble transition metal complexes used as

catalysts*® and for applications in medicinal chemistry.® Recently. two ruthenium
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complexes of 2 (See Figure 1) have been described.” In these cases the phosphine readily
coordinates to the ruthenium resulting in complexes that are soluble in water. These
studies prompted the investigations into the use of 2 for the removal of residual

ruthenium from olefin metathesis reaction products as described in this chapter.

OC/R€ ----- WCl

cl P(CH,OH)3
(CHon)spm,,..,__R\ wP(CH20H)3

u
(CHo,OH)sP”~ | “~P(CH,OH)q ~ .

) \;}I T

Higham, et al. CF4S05
oc="U~p(CH;0H),

DriePen-Holscher, et al.

Figure 1. Water-soluble ruthenium complexes containing tris(thydroxymethyl)-
phosphine.

Results and Discussion

The RCM of diethyl diallylmalonate by ruthenium complex 1 and purification of
the product using 2 was undertaken as shown in Scheme 1. It was observed that when the
crude product was added to a solution of 2% and triethylamine” in methylene chloride, the
solution turned from a black/brown color to pale yellow within five minutes, indicating
that 2 was coordinating to the ruthenium. Upon the addition of water, the yellow color
moved into the aqueous phase leaving the methylene chloride phase colorless. '"H NMR
spectroscopic studies indicated that all of the product remained in the methylene chloride

phase and all of the phosphine moved to the aqueous phase (Figure 2).
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Scheme 1. Purification of diethyl diallylmalonate RCM product with phosphine 2.

A)

B)

Figure 2. 'H NMR spectra for the RCM of diethyl diallylmalonate: A) CH,CI, layer
containing only the product, 3,3-diethylester-pentene. B) H,O layer containing both
the phosphine 2 and triethylamine.
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To quantify this observation a series of purification experiments were undertaken
and the results given in Table 1. The amount of ruthenium in a 5 mg sample of the RCM
product was determined by inductive-coupled plasma mass spectrometry (ICP-MS). All
purification methods achieved a more than tenfold decrease in the amount of ruthenium
remaining in the sample compared to the crude sample (entry 1). The results were similar
whether 86 equivalents (entry 2) or 378 equivalents (entry 3) of 2 were used followed by
a single aqueous wash. The amount of ruthenium in the product could be decreased by
adding 86 equivalents of 2 followed by 3 aqueous washes (entry 4) or adding 2 to the
methylene chloride layer three times, followed by an aqueous wash each time (entry 5).
Because 2 is polar and is known to graft onto silica gel," a purification involving stirring
a solution of the product, 2, and triethylamine in methylene chloride with an excess of
silica gel (entry 6) was attempted. This method gave the best result and the amount of

residual ruthenium in the sample was reduced to I pg in 5 mg of product.

Table 1. Amount of ruthenium in 5 mg product by various purification methods.?

Entry Method Ruthenium
(ug/5 mg product)
1 crude 746 +0.8
2 86 eq. 2, 1 H,O wash 5.72 +0.07
3 378 eq. 2, 1 H,O wash 5.84 + 0.07
4 86 eq. 2, 3 H,O washes 3.35 +0.07
5 86 eq. 2, 1 H,O wash, repeated 3 times 3.56 +0.07
6 86 eq. 2, stir with silica gel, filter 1.03 + 0.04

aNumber of eq. of 2 based on added 1. In each case, 2 eq. EtsN to 2 was used.

Given that in the above experiments the same results were obtained by adding 86

equivalents or greater of 2, next we studied the minimum amount of 2 that would be
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necessary to draw ruthenium into the aqueous phase. A series of experiments was
undertaken to determine the net ICP-MS intensity of ruthenium 101 in the aqueous phase
after adding a certain number of equivalents of 2 to the methylene chloride layer followed
by one aqueous wash. There was a steep rise in the net intensity and thus amount of
ruthenium in the aqueous phase between | and 10 equivalents of 2, followed by a
leveling off of intensity (Figure 3). It appears that at least 10 equivalents of 2 is
necessary to efficiently extract the ruthenium into the H,O layer from the methylene

chloride phase.
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Figure 3. Ruthenium ICP-MS signal from aqueous phase versus equivalents of 2.
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[O O] distillation (O O]
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3 4

Scheme 2. Distillation of 3 results in an isomerization of the allyl ether to a vinyl
ether to form 4. Species 4 reacts with catalyst 1 to form a ruthenium species inert to
metathesis.

With this information, the methodology was extended to another example. As
discussed in Chapter 3, the RCM of bisallyl triethylene glycol with 1 yields crown ether 3
which can be polymerized by ROMP to form a polyether." However, when the
purification of 3 was attempted by distillation, 2-5% of the cyclic vinyl ether 4 formed
(Scheme 2). This species reacts irreversibly with 1 to form RuCl,(=CHOR)(PCy;),.
which i1s 1nactive for olefin metathesis reactions. When 4 is present in solution, the
ROMP of 3 is inhibited. However, when 3 was pretreated with 2 and purified with a
single aqueous wash, the ruthenium concentration was reduced from 80 to 8.8 pug per
5 mg 3 as determined by ICP-MS. In this case, a tenfold decrease in the ruthenium
concentration was significant enough to inhibit the detrimental isomerization during

distillation, thus eliminating the need for a more time-consuming purification of 3.
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Summary

This chapter describes the removal of ruthenium from RCM reaction products,
facilitated by the use of water-soluble phosphine 2 during the isolation process. An
aqueous extraction or silica gel purification may be used. In the case of an aqueous
extraction, 10 equivalents of 2 to ruthenium is adequate to move the ruthenium to the
H.O phase. This method can be extended to the purification of other RCM products,

such as unsaturated crown ethers.

Experimental

Materials. Tris(hydroxymethyl)phosphine was purchased from Strem and used
as received. Diethyl diallylmalonate and the ruthenium standard were purchased from
Aldrich. The crown ether substrate was synthesized as described in Chapter 2."" Water
used to make the ICP-MS samples was purified through a nanopure column after
distillation. Methylene chloride (CH,CIl,) was rigorously degassed and passed through
purification columns.'” Triethylamine and all other solvents were purchased from EM
Science and used as received.

Techniques. 'H NMR (399.65 MHz) spectra were taken on a JEOL GX-400
spectrometer. 'H chemical shifts are reported downfield from tetramethylsilane (TMS).
Inductive-coupled mass spectrometry data was obtained on an Elan S000A using a 180 s
rinse time followed by a 120 s wash delay.

General RCM procedure. To a solution of diethyl diallylmalonate (0.10 mL,
0.41 mmol) in CH,CI, (19 mL) was added a solution of 1 (17 mg, 0.02 mmol) in CH,Cl,

(2 mL). The mixture was stirred for 2 h at room temperature, ethyl vinyl ether (~0.1 mL)
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was added, and the mixture stirred for an additional 30 min. The solvent and ethyl vinyl
ether were evaporated to give the crude 3.3-diethylester-pentene product. 'H NMR &
5.59 (s, 2H), 4.14 (q, 2H, J=7.2 Hz), 2.96 (s, 2H), 1.21 (t, 3H, J=7.7 Hz).

Typical purification procedure. A typical purification procedure is as follows:
3.3-Diethylester-pentene (100 mg, 0.47 mmol) in methylene chloride (0.5 mL) was added
to a solution of 2 (29 mg, 2.36 mmol) and triethylamine (66 png, 4.72 mmol) in methylene
chloride (1.5 mL) and stirred for 10 min. Water (~2 mL) was added and the biphasic
solution vigorously stirred for 15 min. The aqueous layer was separated and the
methylene chloride removed in vacuo to isolate the product as a yellow oil.

General quantification by ICP-MS. Samples of approximately 5 mg were
precisely weighed on a microbalance, digested overnight with concentrated nitric acid,
and diluted to 1% nitric acid. The samples were filtered through 2 um filters to remove
any particulate matter. The samples were each measured 10 times by ICP-MS, and the
intensities were obtained for ruthenium isotopes 99, 101, and 102. The intensity of pure
[ % nitric acid was subtracted from the sample intensities to give the net intensities. To
determine the actual concentration of ruthenium in the samples, the net intensities were
compared to the net intensities obtained for the ruthenium standards. The standards were
obtained by diluting a ruthenium standard of 980 pug/mL Ru in 5 wt.% HCI with 1% nitric
acid to get 2.04, 1.49, 0.98, 0.47, 0.1, 0.05, and 0.01 pg/mL Ru standards where each
sample contained less than 0.01 wt.% HCI. The numbers given indicate the average

amount of ruthenium obtained for the three isotopes measured.
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