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Chapter 5 

Inhibition of Cell Adhesion to Fibronectin by 

Oligopeptide Substituted Polynorbornenes 
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Abstract 

Po lynorborne nes substituted with peptide sequences from the RGD-co ntain ing 

integrin ce ll b inding domain of fibronectin are pote nt inhibitors of human dermal 

fibroblast ce ll adhesion to fibronec tin. R ing-opening metathes is polymerization (ROMP) 

us ing Ru=CHPh(C l)2(PCy,)(DH IMes) (1) as an initiato r produced polyme rs substituted 

with G RGDS and PHSRN peptide sequences. The inhibitory activity was quantified for 

these polymers and compared to the free peptides. A homopolymer substituted wi th 

GRGDS was significantl y more acti ve than the free GRGDS peptide (IC50 of 0.18 ± 0.07 

and 1.08 ± 0.5 mM respectively). and the po lymer containing both GRGDS and PHSRN 

was the most potent inhibitor (IC50 o f 0.03 ± 0.007 mM). These results demonstrate the 

applicability of ROMP to the synthesis of hi ghl y acti ve inhibitors of cell ular-extracellul ar 

matrix protein interactions. 
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Introduction 

Soluble peptides containing the arg inine-glycine-as parti c acid (RGD) sequence 

a re kn o wn to duplic ate o r inhibit the ce ll-binding o f the ex trace llular m atri x pro te in 

fibronec tin .1 As a result , thi s sequence has been targeted to pro vide treatments fo r 

di seases such as cancer." Ho wever, as di scussed in C hapte r I , because RGD pe ptides 

have low affinities and sho rt hal f- li ves in vivo, the the ra pe utic use of thi s peptide has 

been limited .3 As a resul t , muc h effort has been directed tow ards the synthes is of ROD­

conta ining m ate ri a ls and mimics that would have inc reased therapeuti c po te nti a ls 

compared to the free peptides . .~ One feas ible w ay is to substitute RGD-conta ining 

m ateri a ls w ith oli gopeptides th at enh ance the ce llular adhesio n stren g th o f the RGD 

seque nce. 

In C hapte r 4 . an exce llent method to synthesize copo lyme r substituted w ith RGD 

and o the r o ligopeptides by ring-opening me tathesis po lymerizati o n (ROMP) us ing the 

newly developed initiator 1 was described . Specificall y, hom opo lymers w ith GRGD and 

copo lyme rs containing GRGD and SR , the truncated sy ne rgy d o m ain to RGD in 

fibro nec tin , were made.5 Thi s c hapte r describes the synthes is o f ho mopol ymers and a 

copo lymer substituted with the mo re ac ti ve fo rms o f the peptides contained in the 

integrin cell binding do m ain of fi bro nectin , GRGDS and PHSR .1b.c. lo The po lymer 

substituted w ith GRGES, an inac tive peptide, was a lso made as a contro l. ' b.c The ability 

of these materi a ls to inhibit human de rma l fibro blast (HDF) cell adhesio n to fibronectin 

is d isc ussed . 



(1) 

,;:f 
J0 

O=,S=O 

Ph HN 
Ph'j-Ph )=NH 

J> H~ 
c:t:0NJNJyN~Jl)y:rH O OH 

0 H 0 ) H 0 
0 0 
/c-Ph NH 

Ph Ph Ph--;'( 
Ph Ph 

(3) 

Results and Discussion 

137 

-10 
--~ J__NTI~(O NTI:rH 0 N~OH 
~ H 0 H 0 H 0 

0 
0 HN _j )=NH /\ 

HN o::o's=o 

~ 
(2) 

-10 
--~ ;__NTI~(o NTI~Co N~OH 
~ H 0 H 0 H 0 

0 HN )=NH HN 
o::o's=o 

~ 

0 

1\ 

(4) 

Monomer and Polymer Synthesis and Characterization . Norbornene 

monomers substituted w ith o ligopeptides were synthes ized by solid-phase peptide 

che mistry . 5-Norbornene-exo-2-carboxylic acid was coupled to the amino terminus of 

peptides attached to a 4-carboxyl trityl linker res in using HBTU, HOBT and DlEA in 

DMF. The monomers were then c leaved from the resin using mildl y acidic conditions to 

give the protected monomers. All of the monomers were soluble in organic solvents. In 

thi s way, norbornenes substituted with the protected integrin binding seque nce, 
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GR(Pbf)GD(O'Bu)S(O'Bu)-OH (2), synergy seq uence PH(Trt)S(Trt )R(Pbf)N(Trt)-OH 

(3), and inactive seq uence GR(Pbf)GE(O'Bu)S(O'Bu)-OH (4) were synthesized in 9 L %, 

97%. and 47% yield respectively. While 2 and 3 were >95 % pure after cleavage from the 

resin, 4 contained an impurity whi ch persis ted in the final compound. 

0 

x or y ~R 

2 , 3, or 4 

1 . 1 , CH2CI2/ 
MeOH, 55 ·c 

2. TFA:TIS:H20 
(95:2.5:2.5) or HF: 
p-cresol (95:5) R 

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

Scheme 1. Synthesis of homo- and copolymers wi th pendent bioactive o ligopeptides. 

Hompolymers of 2-4 and a copolymer of 2 and 3 were synthesized by ROMP 

us ing 16 as an initiato r (Scheme 1). The monomers were heated in a sealed vial in a L: I 

mixture of CH,CI , and MeOH in an oil bath at 55 OC for 2 hours. The initi a l monomer 

concentration was 0.6 M and the ini ti al monomer to catalyst ratio was I OIL. Res idual 

monomers were removed during isolati on by prec ipitati on into mixtures of CH2C I2 and 

ether. The protecting groups were then c leaved us ing either TFA or, for polymers 

containing PHSR , HF to yield the unprotected peptides. The polymers were stirred in 

0.1 N NaO H for 10 minutes to generate the sodium carboxylates. After isola tion , the 

polymers were then ri gorous ly purified by repeated centrifugation through a membrane 
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(MWC0=3000) followed by lyophili zation resulting in the products as spongy, tan-

colored materials. 

In thi s manner, polynorbomene homopol ymers substituted with GRGDS (5), 

PHSRN (6), and GRGES (7) were synthesized. The copolymer containing GRGDS and 

PHSRN (8) was also prepared. The over-a ll yields (Table 1) for the GRGDS and 

GRGES containing polymers were excellent (91 % and 84% respecti vely). The yields of 

the polymers containing PHSRN we re somewhat reduced (40% for 6 and 64% for 8 ). 

Thi s could be due to the rapid degradation of 1 in the presence of thi s peptide .7 The 

percent of GRGDS incorpo rated into the copoly mer was 49% (determined from the 'H 

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

Table 1. Polymers substituted with oligopeptides.a 

Peptide %x in %x in % yield M0 (x1 0 3)c PDI 
feed polymerb 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 

aGeneral reaction conditions: CH2CI2 :MeOH (1: 1) as the solvent, 55 ' C for 2 hrs. in 

sealed vial , M/C=1 0/1, [M]o = 0.6 M. bCalculated from 1 H NMR spectra. coetermined 

by GPC, pH 8 .0 phosphate buffer eluent, poly( ethylene oxide) standards. ns =not 

soluble in water. hs = high molecular weight shoulder. 

Pol ymers 5 , 7 , and 8 were readil y soluble in water and phosphate buffered saline 

(PBS). Unfortunately , the homopolymer substituted wi th PHSRN was not comple te ly 

soluble in aqueous solutio ns. The number-average molecular weights (Mn) dete rmined 
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by G PC (compared to po ly( ethy lene g lycol ) standards) were be tween 9, l 00 and 12,000. 

The polydispersity indexes (POI' ) were narrow for 5 and 8 ( 1.37 and 1.30 respectively). 

T he G PC trace of 7 exhi bi ted a s li ght hi gh mo lecul ar we ight shoulde r. As mentioned 

above, the monome r 4 conta ined an impurity whic h cou ld have caused the observed 

mo lecular weight di stribution. 

Inhibitory Activity of Polynorbornenes Substituted With Oligopeptides. It 

was origin ally hypothesized tha t po lymers substituted wi th many G RGDS peptides along 

the backbone would exhibit stronger cell -adhesive affiniti es tha n the free peptide due to 

mul t iva lent inte rac ti o ns provided by the pol ymer scaffo ld.8·
9 A lso, s ince PHS R N 

e nh ances cell binding to the RGD peptide in fibron ectin ,10 it was predi c ted that a 

copo lymer substituted with both G RGDS and PHSRN may exhibit hi gher activities than 

mate ri a ls conta ining only G RG DS. T o in vestigate thi s , the ability of the po lymers and 

peptides to inh ibit HDF cell adhesion to fibronectin was de te rmined , fo ll owing a known 

procedure .1
b Bri efly, no rma l HDF neonata l ce ll s were added to human plasma 

fibro nec ti n coated we ll s containing a certa in concentrati on of the po lymer and inc ubated 

at 37 OC for 1 hour. The ce ll s were fixed with methano l, and the number of cell s adopting 

a norma l, well -spread mo rpho logy was estimated by counting a number o f rando ml y 

se lected fie lds viewed by phase cont rast mic roscopy. T he percent cell attachment was 

determined by com paring the experimenta l wells to contro l wells incuba ted with PBS 

a lone . 
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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 hu man 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 fi xed and 
counted by viewing a minimum of 6 randomly selected fields per well. Each point 
represents the average of 3 wells. 

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

PHSRN are compared in H gure 1. As expected , G RGDS and GRGDS-containing 
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polymers 5 and 8 have an inhibi tory effect. The inactive peptide GRGES'b.c as well as 

PHSRN, which i s known to be inactive unless covalently bound in the vicini ty of the 

RGD containing peptide, 10 have no effect. 

The control polymer substituted with GRGES, 7, did not inhibit HDF 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. I n addition, the percent cell attachment 

level s of f for both 5 and 6 rather than continuing to decline, providing further indication 

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

1.6 

1.2 1.08 

. 
= 
~ 0 .8 -

0.4 
0.18 

T 

r 
J. I 0.03 

......--- ---. 0 .0 
GRG DS 5 8 

Figure 2. IC50 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 act ivity was quantified for GRGDS and 5 and 8 . The IC50 values, 

or concentration of GRGDS necessary to inhibit 50% o f the cell s fro m attaching, are 

represented in Figure 2. For GRGDS , an IC50 of 1.08 ± 0.5 mM was obtained, which is 

wi thin the lite rature ran ges obtained for thi s peptide. '"·c Pol ymer 5 has a lower IC50 of 

0. 18 ± 0.07 mM, and 8 is the most ac tive with an IC 50 of 0 .0 28 ± 0 .007 mM. These 

values are all stati sticall y different (p < 0.04 between each value). 

Both GRGDS-conta ining po lymers inhibited HDF adhesion to fibronectin at 

lower concentrati ons than did the free peptide. Thi s indicates that multi valent peptide­

integrin interac tions provided by the po ly mer scaffold may be important. Similar 

behavior has been observed for po lypeptides containing man y RGD repeats9b and a 

syntheti c polymer substituted with RGD peptides synthesized by radical chemistry.9
" 

Po lymer 8 w ith GRGDS and PHSR li gands is the most potent substrate studied. 

The pol ymer backbone prov ides the covalent linkage necessary to obta in the PHSR -

induced e nhancement of RG D adhesive acti vi ty. 10 In fib ronectin , PHSRN is 30-40 A 

away and on the same face of the pro te in as RGD. 11 One integrin can easil y span this 

di stance. The above results indicate that the polymer backbo ne also provides the correct 

o rientati on and spatial separation of these ligands to effect a n en hancement of GRGDS 

binding to the fibrobl ast cellul ar integrins . 

Summary 

These results hi ghli ght the applicability of ROMP to the synthesis of po lymers for 

the inhibiti on o f cell adhesion . Homopo lymers and copo lymers a re readily synthes ized 

containing complex o ligopeptide substituents such as G RG DS and PHSRN . Multi valent 
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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 

wi th pendent GRGDS and PHSRN peptides is a potent inhibitor of ce ll binding, 

demonstrating that ROMP provides acces to synthetic materials that can inhibit the 

activity of proteins suc h as fibronectin. Such material s may be used to modulate 

physiological ly important integrin-extracellular matrix protein interactions and may be 

useful as drugs for di sease re lated applications such as tumor therapy . 

Experimental 

Materials. 5-Norbornene-exo-2-carboxy lic acid was synthesized according to a 

literature procedure. 12 All peptide coupling agents were purchased from ovabiochem. 

Centriprep flasks were purchased from Millipore. The peptides were synthesized and 

purified by the Beckman In sti tute Biopolymers Synthes is Laboratory (Cali fo rnia Institute 

of Technology). Meth ylene c hloride used in the polymeri zation reactions was dried over 

CaH2, degassed, and vacuum transferred before use. All other chemicals were purchased 

from A ldri ch and used as received. Dulbecco's modified eagle medium (OMEM) and a ll 

ste ril e cell c ulture 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. A ll other sterile culture materials were purchased from 

Falcon. The normal human dermal fibroblast (HDF) cell s isolated from neonatal foreskin 

tissue of a sing le male donor were obtained from Clonetics. 

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

atmosphere. Dry box operations were performed tn a nitrogen-filled Vacuum 
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Atmospheres dry box. 1H MR spectra were recorded on a JEOL GX-400 (399.65 MHz) 

spectrometer, or a Varian Uni tyPlus 600 (600.203 MHz) spectrometer as indicated. 

13C NMR (75 .49 MH z) 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 E lme r Parago n 1000 FT-IR 

spectrometer using a film cast on a NaCI plate or a KBr pel le t as indicated. High-

resolution mass spectra were provided by the Southern California Mass Spectrometry 

Facili ty (University of California, Riverside). Aqueous gel permeation chromatograph y 

(GPC) were conducted using an HPLC system equipped w ith a Waters 515 HPLC pump, 

a Rheodyne model 7725 injector with a 200 J.!L injec tion loop , a Waters 2487 Dual A 

absorbance detector, a W aters 24 10 refractome ter, and two TSK columns (TASK 

3000PW, TSK 5000PW). The e lue nt was 0. 1 M Na2HPOJ dibasic buffer, the flow rate 

was I mL/min , and pol y(ethy le ne ox ide)s were used as the ca libration 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 20/CH3CN solvent system (7% 

CH3CN for 6 min , 7-90% CH3CN over 38 min , and 90% C H3CN for 8 min). Amino acid 

analysis was performed by the Beckman Researc h Institute in the Di vision of 

Immunology (City of Hope). All cell manipulations were performed in a sterile vertica l 

laminar flow hood. Phase contrast mic roscopy was performed on an inverted ikon 

Eclipse TE300 microscope wi th 200x magnification. 

Norbornene GR(Pbf)GD(t-Bu)S(tBu)-OH Monomer (2). H 2N-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 w ith DMF (1 x I 0 mL). In a via l, 0.14 g ( 1.0 I mmo l) of 5-

norbornene-exo-2-carbox y li c aci d, 0.38 g ( 1.00 mmo l) of 2-(JH -benzotri azole- 1-yl)-

1, I ,3,3-tetramethy luronium hexafl urophosphate (HBTU), and 0.14 g ( 1.04 mmo l) of 1-

hydroxybenzotriazole (HOBT) in 6.60 mL o f DMF were agitated until a ll solids had 

di ssolved. N,N-diisopropylethylamine (DIEA) was added (0.35 mL, 2.01 mmo l) and the 

sol ution was agitated and added to the resin . Nitrogen was gentl y bubbled through the 

mixture for 2 h. The solution was removed, and the resin was then rinsed w ith DMF (5 x 

10 mL), CH 2Cl 2 (5 x 10 mL), and MeOH (5 x 10 mL) and dried for 24 h at 30 millitorr. 

In a via l, 33 mL of acetic ac id, CH 2C l2 , and MeOH (5 :4: 1) were added to the dry resin 

and the vial was pe ri odicall y swirled fo r 1.5-2 h. The soluti on 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 a ll of the acetic ac id. T he product was freeze-dried from benzene 

to g ive 0.73 g (9 1%) of 2 as an off-white solid. HPLC: s ingle peak at 2 1.1 3 min. 1H 

NMR (CD 2Cl2, 600 MHz) 8 8.09 ( 1H, bs, G 2N11), 7 .58 (lH, bs , D N11 ), 7 .49 (lH, bs, RN11), 

7.41 (lH, bs, S :-.: 11), 7.23 ( 1H, bs, G 1r-; 11), 6.27 (lH, bs, Rg), 6.02 ( IH, s, Norolcflr,), 5.98 (LH, 

S, Noroldin) , 4.67 (1H, bm, Da), 4.43 (1H, bm, Sa), 4.32 (lH, bm, Ra), 3.88 (2H, bm, G2
a + 

G 1a), 3.77 ( 1 H, bm, G 1a) , 3.67 (l H , bm, Sp), 3.54 ( 1 H, bm, SrJ, 3.1 2 ( 1H, bm, Ru.), 2.87 

(2H, s , R (Pbf)c112) , 2.82 (1 H , s , Nor), 2.77 (LH, s, Nor), 2.73 (lH, bm, Dp), 2.66 (lH, bm, 

0 13) , 2.45 (3 H, s, R(Pbf)c11 3) , 2.38 (3 H, s , R(Pbf)013 ) , 2 .08 ( 1H, bs, Nor0 1c0 ), 1.98 (3H, s, 

R(Pbf)c113), 1.80 (LH, bm, R), 1.72 (l H, bm, Nor), 1.61 (LH, bm, R), 1.50 (3H , bm, R + 

Nor), 1.36 (6H , S, R(Pbf)CIDtfurar,) , L.33 (9H , S, D,8J, 1.19 (2H , bm, Norbrictgc), 1.07 (9H, S, 

S,8 u). NOESY cross peaks (CD 2Cl2, 600 MHz) 8 8.09 (G2r-;11), 4.32 (R,J; 7 .58 (DN11 ) , 3.88 

(G2a), 3.77 (G2a); 7.49 (RN11 ) , 3.88 (G 1a): 7.4 1 (S r-;11 ), 4.67 (Da); 7 .23 (G 1N11), 2.08 
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(Norc11c0 ) . TOCSY cross peaks (CD2Cl2, 600 MHz) 8 norbornene: 6.02, 5.98, 2.82, 2.77, 

2.08, 1.72, 1.50, 1.1 9; Gl: 7.23, 3.88; R: 7 .49, 4 .32. 3. 12, 1.80, 1.6 1, 1.50; G2: 8.09, 

3.88, 377; 0 : 7.58 , 4 .67, 2.73 , 2.66; S: 7 .41 , 4.43, 3.67, 3.54. 13C NMR (CD2Cl", 300 

MHz) 8 177.74 , 173.32, 172.69, 17 1.15, 17 1.01 , 158.92, 156.83, 138.26, 136.29, 132.52, 

128.50, 125.08, 11 7.70, 86.79, 82.09, 74. 13, 70.78, 61.69, 53.39, 53.0 8, 50.37, 47.65 , 

46.57, 44.39, 43.76, 42.06, 40.87, 37.84, 30.85, 29.48, 28.74, 28.2 1, 27.93 , 27.5 1, 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 , 11 55.6, 1098 .5, 953.3, 849.5 , 808.0, 709.4, 

667 .9, 564. 1 em· '. HRMS (DCM/NBA/PPG) ca lcd fo r (MHt 975 .486 1, fo und 

975.4876. 

Norbornene P-H(Trt)-S(Trt)-R(Pbf)-N(Trt)-01-1 Monomer (3). T he same procedure 

as fo r 2 was fo llowed with H,N-P-H(Trt)-S(Trt)-R(Pbf)-N(Trt)-resin (0.75 mmol, 4-

carboxytrityl linker Novasyn <S 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 mmo l) of HOBT, and 0.35 mL (2.01 

mmol) of DIEA in 6.25 mL DMF to yie ld 1.24 g (97.3%) of 3 as a flu ffy white soli d. 

H PLC: si ngle peak at 38 .85 min . 1H NMR (CD2Cl2, 600 MHz) 8 8.29 (bs) , 7 .59-7.38 

(bm), 6.89-7.29 (bm with maxi ma 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, wi th maxima at 2.65, 2.76, 2.84, 2.93), 2.34-2.43 (bm w ith 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 (CD2Cl2 , 300 MHz) 8 174.74, 172.87, 17 1.27, 170.0 1, 158 .49, 156.70, 

144.5 1, 143.85 , 14 1.86, 138.36, 136. 19, 135.9 1, 132.32, 129.90, 128.49, 128 .06, 127.32, 

127. 11 , 126.92, 124.62 , 120.3 1, 11 7.34, 87.20, 86.49, 70.66 , 63 .49 , 6 1.24, 54.93 , 5 1.09, 
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47.78 , 46.95, 46.24, 45 .79, 43 .07 , 42.76, 41.98, 30.8 1, 30.06, 28.70, 25.35, 21.26, 19 .51 , 

18.20, 12.68. JR (NaCI plate): 33 17.7, 3054.7, 2970.5, 2917.9 , 1669.8, 1622.5, 1548.8, 

149 1.0, 1443.6, 1417.3, 1264.8, 1096.4, 738.7, 696.6 , 659.6 . HRMS (MALDI) calcd for 

(MNar 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 fo ll owed with G-R(Pbf)-G-E(O'Bu)-S(O'Bu)-resin (0.25 mmol, 4-carboxytrity l 

linker Novasyn® resin), 0. 14 g (1.01 mmol) of 5-norbomene-exo-2-carboxyli c 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 6.60 mL DMF to yie ld 0 .11 g (46.1 %) of 4 (plus an impurity detected in the 'H 

NMR spectrum) as a whi te solid. HPLC: sing le peak at 24.35 min. 'H NMR (CD2C l2, 

600 MHz) 8 8.07 ( lH , bs) , 7.62-7.53 (3 H, bm), 7.23 (lH, bs), 6.28-6.23 (2H, bm), 6 .02 

( 1H , s), 5.99 ( IH, s) , 4.75 ( 1H, bm), 4.42 (lH, bm), 4.28 ( IH, bm), 3.86 (3H, bm), 3 .68 

(lH, bm), 3.56 ( 1H, bm), 3. 12 ( 1H, bm), 2.86 (2H , s), 2.82 ( 1H, s), 2.77 (lH, s), 2.46 

(3H, s), 2.39 (3H, s), 2.36 (lH, bm) , 2.30 ( I H , bm), 2.08 ( 1H, bs), 1.98 (3H , s), 1.93 (2H, 

bm), 1.80 ( IH, bm), 1.73 (lH, bm), 1.6 1 (lH, bm), 1.50 (3H , bm), 1.36 (6H, s), 1.33 (9H, 

s), 1.19 (2H, bm), 1.06 (9H , s). IR (NaCI 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) calcd for (MHr 989.5018, found 989.5018. 

General Polymerization Procedure. In a nitrogen-filled dry box, a so lution of 1 

in CH 2C l2 was added to a sol ution of monomer in MeOH (1: I CH2C I2:Me0H) in a dram 

to give an initial monomer concentrati on of 0.6 M. The dram was sealed and removed 

from the box . Within 10 min , the dram was placed in an oi l bath at 55 OC and the 

soluti on was stirred for 2 h. The ini tial monomer to cata lys t ratios were 10/ 1. The 
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polymerization mixtures were cooled to room temperature, diluted , and ethyl viny l ether 

was added. The solutions were stirred for an additional 15-30 min before isolation by 

precipitat ion into CH 2C l2 :ether (3: 1 for 5 -7 , I : I for 8 ). The pol ymers were subjected to 

centrifugation , the solvent was removed , and the solids dri ed under vacuum . 

General Deprotection Procedure. For 5 and 7 , a so luti on of TFA , 

triisopropyls ilane (TIS), and H 20 (95/2.5/2.5) was added to the dried pol ymers to make a 

fi na l concentration of 20 mUg po lymer. The mi xtures were s tirred for 2.5 h before 

precipitating into co ld ethe r. The pol ymers were subjected to centrifugation, the solvent 

was removed, and the solids washed with co ld e ther (2 x 5 mL) before dry ing 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 w ith ethe r before dryi ng under vacuum 

Purification. The po ly mers were subj ected to a minimum amount of 0.1 N 

NaOH for 10 min , prec ipitated into MeOH, isolated by centrifugation , and dried under 

vac uum . Deioni zed, doubl y di stilled wate r was added to the po lymers and the pol ymers 

purifi ed by centrifugati o n through a membrane us ing Centiprep tubes with a mo lecul a r 

weight cut off (MWCO) of 3 ,000. Thi s procedure was repeated a minimum of 5 times 

fo r each pol ymer. The polymer so lutions were then subjected to centri fugation, the 

solution decanted to remove any insoluble partic ulate mate rial , and lyophili zed . The 

resulting pol ymers were all spongy, tan materia ls and were kept at -30 OC until use. 

T he pol ymers were c haracte ri zed and the data not reported in the text is reported 

below. The 'H NMR copo ly mer spectrum is the addition of the two homo po lymer 
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spec tra. All peaks are broad, and un less otherwise stated , are the composite of the trans 

and cis polymer proton peaks. 

GRGDS Homopolymer (5). 'H NMR (D:P . 600 MHz): 8 7.41 (bm, NH), 7.36 

(bm, NH), 7 .29 (bm, NH) 5.24-5.45 (2H, bm), 4.68 (bm, Da), 4.36 (lH), 4.26 (lH, 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 (lH, bm), 1.64 (4H, bm), 1.23 (2H , bm). IR (KBr 

pe ll et): 3363.1, 2933.3, 1638.7, 1528.6 , 1397.6, 1240.4, 1114.6 , 1036.0, 967.9 , 925.9, 

6 11.5 em·' . AAA expected (found): Asp 1.00 ( 1.03), Ser 1.00 (0.90), G ly 2.00 ( 1.96), 

Arg 1.00 ( 1.11) residue/mol. 

GRGES Homopolymer (7). 'H NMR (D20, 600 MHz): 8 7.43 (bm, NH ), 7.37 

(bm, NH), 7.29 (bm, NH) 5.29-5.46 (2H, bm), 4.38 (2H, bm) , 4 .27 (lH) , 3.92-3.98 (3H, 

bm) , 3.85 (3H, bm), 3.20 (2 H, bm), 2.98 & 2.60-2.69 (c is & trans, 2H, bm), 2.27 (2H, 

bm) , 2.13 (1 H, bm), 1.94 (4H, bm), 1.76 (lH, bm) , 1.64 (3H , bm) , 1.23 (2H, bm). fR 

(KBr pe llet): 3323.8, 2936.0, 1655 .7, 1540.4, 1451.3, 139 8.9 , 1241.7, 1115.9, 1042.5 , 

979.7, 848.6, 670.5. 539.5 e m·' . 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 (D20 , 600 MHz): 8 7.70, 7.3 1, 6.98 , 

5.42, 4.48 , 4.37-4.40, 4.27 , 3.97, 3.86, 3 .1 8, 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, 13 13.7, 1245.6, 1046.5, 983.6, 

925.9, 6 16.7 em·' . AAA expected (found): Asp+ Asn 2.00 (2.04), Ser 2.00 (1.73), Pro 

1.0 (1 .07), Gly 2.00 (2.24), Hi s 1.0 (0.97), Arg 2.00 (1.94) residue/mol. 

Cell Maintenance. HDF cell s were maintained in DMEM supplemented with 

10% feta l bovine serum, 400 U/mL penici llin , and 400 mg/mL streptomyc in in an 
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incubator at 37 OC and 4 .9% CO~ . Subc ulturing was accompli shed by rins ing the cell s 

wi th HEPES buffered sa line sol ution (HBSS), enzymatically re mov ing the cell s from the 

surface w ith trypsin , and neutrali z ing the tryps in with supplemented DMEM. The 

number of viable ce lls was assessed us ing a hemacytomete r with trypan blue, and the 

cel ls were dispensed into 25 or 75 em" flasks at a density of 3500 cell s/em". 

Sample Prepa ration. Samples were weighed o n a microbalance and solubili zed 

in phosphate buffered saline (PBS) to a concentration 4x the desi red final concentration. 

The pH of the soluti ons were determined and adjusted to -7.4 as necessary. Phosphate 

buffered saline (PBS) a lone was used in the control wells. The samples were filte r 

(0.2 J-lm) steril ized before use. 

Competitive Inhibition Assay. T o 24-well plates coated with human plasma, 

fibronectin was added I 00 f-ll o f the polymer or peptide solution . HDF cells of passage 4-

7 were harves ted with trypsin as described above and resuspended to 35,000 cell s/mL in 

unmodified DMEM. Cell suspensions were allowed to recover for at least 15 min before 

adding 300 f-ll to each well. The cells were evenly dispersed by gent le rocking of the 

plate before inc ubati on fo r 60 min at 37 OC and 4.9% CO". The attac hed cells were fixed 

with methanol after remova l of the sample soluti o ns and washing with deionized H"O. 

The ce ll s were observed by phase contrast microscopy and counted in a minimum of 6 

random ly selected fields per well. The percent maximum cell attachment is the average 

number of cell s pe r view divided by the average numbe r obtai ned for the contro l 

multiplied by 100. The IC50 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 Productst 
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Abstract 

Ri ng-c los in g metat hes is ( RC M ) pro duc t s of reac ti o n s util iz in g 

RuCI ~(=CHPh)(PCYJh (1 ) as a cata lys t were successfull y purified of unwanted 

ru theni um U S In g a wa te r -so lubl e coo rdin a tin g ph os phin e , 

tris(hydroxymethyl)phosphine, P(CH~OHh Severa l simple and e ffi c ie nt purification 

procedures were compared fo r the isola ti on o f the produc t of the RC M of di e thy l 

dia ll y lmalonate. The effecti veness o f thi s procedure was a lso de monstrated for the 

i alation or an unsaturated ana log of 12-crown-4 ethe r. 
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Introduction 

M etal complexes are uti li zed in many organic transformati ons, including small 

molecule and po ly mer synthesis. 1 H owever , remova l o f the metal complex after 

completi on o f the reacti on can pose a serious problem during product purifi cati on, 

especiall y on an industrial scale. Thi residual metal can be problemati c in subsequent 

transformations, as well as for storage and use of the materi al. Specificall y, as descri bed 

in Chapter I , ruthenium catal ys ts such as benzy lidene ruthenium complex 1,2 are 

common ly utilized in o lefin metathesis reactions such as RCM . cross metathesis, or r ing-

opening metathesis polymeri zati on (ROMP). 3 H owever, it can prove very di f fi cult to 

remove the highl y-colored ruthenium complexes from the products of these reacti ons, 

and the res idual ruthenium can cause problems such as o lefin i someri zation during 

d istill ati on o f the product , decompositi on over time, and increased toxi c ity of the f inal 

materi al. In thi s chapter , a method i s described to allev iate these problems by using a 

commerciall y availabl e phosphine that fac ilitates the removal o f ruthenium dur ing 

product isolation. 

PCy 
I.P3Ph 

CI~R~~H 
PCy3 

1 2 

Tri s(hydroxymeth y l)phosphine (2 ) i s a water soluble and moderately air stable 

phosphine.'
1 

Because of these properties, there have been an increasing number of rep011s 

on th e use o f 2 as a l igand for water-so luble transiti on metal complexes used as 

cata l ysts~.s and for applicati ons in medi cinal chemistry. 6 Recentl y , two ruthenium 
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complexes of 2 (See Figure I) have been described.7 In these cases the phosphine readi ly 

coordinates to the ruthenium resulting in complexes that are soluble in water. These 

studies prompted the in vesti gations into the use of 2 for the removal of residual 

ruthenium from olefin metathesis reaction products as described in thi s chapter. 

+ 

Higham, eta/. * OC ...--Ru- P(CH20 Hb 

Driel3en- l-lolscher, eta/. 

Figure 1. Water-soluble ruthenium complexes containing tri s(hydroxymethyl )­
phosph ine. 

Results and Discussion 

The RCM of diethyl diallylmalonate by ruthenium complex 1 and purifica tion of 

the product using 2 was undertaken as shown in Scheme I . It was observed that when the 

crude product was added to a solution of 28 and triethy lamine9 in methy lene chloride, the 

solution turned from a black/brown color to pale ye llow wi thin five minutes, indicating 

that 2 was coordinating to the ruthenium. Upon the addition of water, the yellow color 

moved into the aqueous phase leav ing the methy lene chloride phase colorless. 1H NMR 

spectra copic studi es indicated that all of the product remained in the methy lene chloride 

phase and all of the phosphine moved to the aqueous phase (Figure 2). 
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1 (5 mol%) 
E E 

6 
E E 

6 
2. H20 extraction 

(crude) (pu rified) 

Scheme 1. Purific ati o n o f diethy l diallylmalonate RCM product w ith phosphine 2 . 

A) 

B) 

, . 
- I 
( 

! 
•' 

l · ' ' 

I I 

I I i' 

Figure 2. 1H NMR spectra fo r the RC M of di e thy l di a ll y lmal o nate : A) C H 2C I2 layer 
containing o nly the product. 3 ,3-die thy leste r-pe nte ne. B ) H 20 layer conta ining both 
the phosphine 2 and trie thy lamine. 
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T o quantify thi s observati on a series of pUiification experiments were undertaken 

and the results given in Table I. The amount of ruthenium in a 5 mg sample of the RCM 

product was determined by inductive-coupled p lasma mass spectrometry (ICP-MS). All 

purification methods achieved a more than tenfold decrease in the amount of ruthenium 

remain ing in the sample compared to the crude sample (entry I ). The results were similar 

w hether 86 equivalents (entry :2) or 378 equ i valents (en try 3) of 2 were used followed by 

a single aqueous wash. The amount of ruthenium in the product could be decreased by 

adding 86 equi valents of 2 fo llowed by 3 aqueous washes (entry 4 ) o r adding 2 to the 

m eth y lene chloride layer three times. fo llowed by an aqueo us wash each time (entry 5). 

B ecause 2 is polar and i s known to graft onto silica ge l,10 a purification invo l ving stirring 

a soluti on of the product, 2 , and tri eth y lamine in meth y lene chloride w ith an excess of 

sili ca gel (entry 6) was attempted. Thi s method gave the best result and the amount of 

re idual ruthenium in the sample w as reduced to I Jlg in 5 mg or product. 

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

Entry 

2 

3 

4 

5 

6 

Method 

crude 

86 eq. 2 , 1 H20 wash 

378 eq . 2 , 1 H20 wash 

86 eq. 2 , 3 H20 washes 

86 eq. 2 , 1 H20 wash, repeated 3 times 

86 eq. 2 , stir with silica gel , filter 

Ruthenium 
(~g/5 mg product) 

74.6 + 0.8 

5.72 + 0.07 

5.84 + 0.07 

3.35 + 0.07 

3.56 + 0.07 

1.03 + 0.04 

aNumber of eq. of 2 based on added 1. In each case, 2 eq. Et3N to 2 was used. 

G i ven th at in the above experiments the same results were obtained by adding 86 

equi valents or greater of 2 , nex t we studied the minimum amount o f 2 that would be 
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neces ary to draw ruthenium into the aqueous phase. A senes of experiments was 

undertaken to determine the net IC P-MS intensity of ruthenium 101 in the aqueous phase 

after adding a certain number of equ ivale nts of 2 to the methylene chlo ride layer followed 

by o ne aqueous wash. There was a steep ri se in the ne t intens ity and thus amount of 

rut he nium in the aqueous phase between 1 and 10 equi va le nts o f 2 , follo wed by a 

leve ling off of in te ns ity (Figu re 3). It appears that at least 10 eq ui valents of 2 is 

necessary to effic ie ntly extract the ruthenium into the H,O layer fro m the methylene 

ch loride phase. 

c 

~ 
.::-
·;;. 

~ 
Qj 
z 

6000 

4000 

2000 

0~------~------~------~------~------~ 

0 10 20 30 

[2]/[Ru] 

40 50 

Figure 3. Ruthenium ICP-M S signa l from aqueous phase versus equi valents of 2. 
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distillation 

trace amt. of Ru 

3 4 

Scheme 2. Di stillati on o f 3 results in an isomeri zation of the a ll y l e the r to a viny l 
e ther to fo rm 4. Spec ies 4 reac ts w ith c atal yst 1 to fom1 a ruthe nium species inert to 
metathesis. 

With thi s informati o n , the me thodo logy was ex te nded to anothe r exampl e. As 

di scussed in C ha pte r 3, the RC M of bi sall y l tri ethy le ne g lycol w ith 1 y ie lds crown e the r 3 

w hic h can be po lym erized by RO MP to fo rm a po lyethe r . 11 However, w hen the 

purificati on o f 3 w as atte m pted by dist ill a ti on , 2 -5% of the cyc lic viny l e the r 4 formed 

(Scheme 2). Thi s spec ies reacts irreversi bl y w ith 1 to fo rm RuC 12(=C HOR)(PCy3) 2 • 

wh ich i inactive fo r o lefin me tathes is reacti o ns. Whe n 4 is present in soluti o n , the 

RO MP of 3 is inhibited . However, w he n 3 was pre treated w ith 2 a nd puri fied w ith a 

s ing le aqueous wash, the rutheniu m concentrati o n was reduced fro m 80 to 8.8 !lg per 

5 mg 3 as de termined by ICP-M S . In thi s case, a te n fo ld decrease in the ruthen ium 

concent rati o n was s ign ific ant enough to inhi b it the detrimenta l isomerizati on d ur ing 

d is ti ll ation , thus e liminati ng the need for a mo re time-consuming purification of 3 . 
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Summary 

This c hapte r describes the removal of ruthe niu m from RCM reaction products, 

fac ilitated by the use of water-so luble phosphine 2 during the iso lation process. An 

aqueous extrac tion o r silica gel purifi catio n may be used . fn the case of an aq ueous 

extraction, 10 equi valents of 2 to ruthenium is adeq uate to move the ruthenium to the 

H~O phase. This method can be extended to the purification of other RC M products, 

such as unsaturated c rown ethers. 

Experimental 

Materials. Tri s(hydroxymethyl)phosphine was purchased from Strem and used 

as received . Die thy l diallylmalonate and the ruthenium standard were purchased from 

Aldrich. The crown e ther substrate was synthesized as described in Chapter 2. 11 Water 

used to make the 1CP-MS samples was purifie d through a nanopure column after 

disti ll atio n. Methylene chloride (CH"C l2) was ri gorous ly degassed and passed through 

purification columns. 12 Triethy lamine and a ll other solvents were purc hased from EM 

Sc ience and used as received . 

Techniques. 1H NMR (399.65 MHz) spectra were taken on a JEOL GX-400 

spectro meter. 1H chemical shifts are reported down fie ld from tetramethy ls il ane (TMS). 

Inductive-coupled mass spectrometry data was obta ined on an Elan SOOOA using a 180 s 

rinse time fo llowed by a 120 s wash delay. 

General RCM procedure. To a solut ion of diethy l dia ll ylma lonate (0. 10 mL, 

0.4 1 mmol) in CH 2CI2 (19 mL) was added a solution of 1 (17 mg, 0.02 mmol) in CH2C l2 

(2 mL). T he mi xture was stilTed for 2 h at room temperature, e thy l vi nyl ether ( - 0 .1 mL) 
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was added , and the mi xture sti rred fo r an additiona l 30 min. The so lvent and e thyl viny l 

ether were evaporated to give the c rude 3,3-d ie thyleste r-pente ne product. 1H N MR 8 

5.59 (s, 2H), 4. 14 (q , 2H , J=7.2 Hz), 2 .96 (s, 2 H), 1.2 1 (t , 3H, J=7 .7 Hz). 

Typical purification procedure. A typical puri ficati on procedure is as fo ll ows: 

3,3-Diethy leste r-pentene ( I 00 mg, 0.47 mmo l) in meth yle ne ch lo ride (0 .5 mL) was added 

to a so lution of 2 (29 mg, 2.36 mmol) and triethylamine (66 11g, 4.72 mmo l) in methylene 

chloride (1.5 mL) and stirTed fo r 10 min . W ate r (-2 mL) was added and the biphasic 

so lution vigorous ly sti rred for 15 min . The aq ueous layer was sepa rated a nd the 

methy lene chlo ride removed in vacuo to isolate the produc t as a ye llow o il. 

General quantification by ICP-MS. Samples of approximate ly 5 mg were 

precisely weig hed on a mi c roba lance, di gested overni ght w ith concentrated nitric acid, 

and d iluted to l % ni tric acid . The samples were fi lte red th rough 2 11m filters to remove 

any particulate ma tte r. T he samples were each measured 10 times by IC P-MS , and the 

intens ities were obta ined for ruthe nium isotopes 99, I 0 I , and I 02. The intensity of pure 

I% n itric ac id was subtrac ted from the sample intensi ti es to give the ne t in tens iti es. To 

determine the ac w a / conce ntrati on o f ruthenium in the sam ples , the ne t intensiti es were 

compared to the ne t intensiti es obtained for the ruthenium standards. The standards were 

obtained by diluting a ruthenium standard of 980 !lglmL Ruin 5 w t. % HC I with l % nitric 

ac id to get 2 .04 , 1.49 , 0 .98, 0.47 , 0. 1, 0.05 , a nd 0 .01 !lglmL Ru standards where each 

samp le contained less than 0.0 1 wt. % HC I. The numbers g iven indi cate the average 

amount of ruthenium obtained for the th ree isotopes measured . 
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