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Experimental Procedures 

Materials.  (CH2Cl)2 was used as received from an Aldrich Sure-Seal bottle or distilled 

from CaH2.  CH2Cl2 was purified by passage through a solvent purification system.1  

(H2IMes)(pyr)2(Cl)2RuCHPh (1) was prepared from (H2IMes)(PCy3)(Cl)2RuCHPh 

according to a literature procedure.2  Monomers tert-butyl ester norbornene imide 

(tBENI) (3) and N-methyl oxanorbornene imide (NMONI) (4) were prepared as 

previously described.3  cis-4-Octene was purchased from Alfa Aesar and used as 

received.  All other materials were obtained from Aldrich Chemical Company and used 

as received unless otherwise noted. 

General Methods.  NMR spectra were measured in CDCl3 on Varian Mercury 300 

MHz spectrometers unless otherwise noted.  1H and 13C NMR chemical shifts are 

reported in ppm relative to internal solvent resonances.  High-resolution mass spectra (EI 

and FAB) were provided by California Institute of Technology Mass Spectrometry 

Facility.  Differential scanning calorimetry was measured on a Perkin-Elmer DSC-7.  The 

results given are for the second heating cycle using a scan rate of 10 ºC/min.  Infrared 

spectra were recorded using a Perkin Elmer Spectrum BXII spectrometer.  Gel 

permeation chromatography (GPC) was carried out in THF on two PLgel 10 μm mixed-B 

LS columns (Polymer Labs) connected in series with a DAWN EOS multiangle laser 

light scattering (MALLS) detector and an Optilab DSP differential refractometer (both 

from Wyatt Technology). No calibration standards were used, and dn/dc values for 
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P(tBENI) and P(tBENI-b-NMONI) were obtained by taking the average of the dn/dc 

measured for at least ten samples by assuming 100% mass elution from the columns.  The 

dn/dc used for P(tBENI) homopolymers was 0.109, and the dn/dc used for P(tBENI-b-

NMONI) was 0.108.  The dn/dc values for all other polymers were obtained in individual 

runs by assuming 100% mass elution from the columns.  All reactions were performed in 

an N2-filled glovebox unless otherwise indicated.  Reactants and reaction vials were kept 

on plates regulated at 25 ºC unless otherwise noted.   Reactions were performed using a 

Symyx robotic system programmed using Epoch software and were run using (CH2Cl)2 

as the backing solvent.  All stock solutions and reaction vials were maintained at 25 ºC.  

The syringe withdrawal speed was set to 30 μL/sec with a two second delay after 

withdrawal.  An overshoot volume of 180 μL per 1 mL syringe and a 70 μL dispense 

back into the stock solution immediately after withdrawal were employed to ensure 

consistent dispense volumes.  A syringe dispense speed of 150 μL/sec was used, and 

reaction vials were stirred at a rate of 300 Hz.  Reactions were performed in screw-cap, 

septum-topped vials with holes 5 mm in diameter in the septa.  Monomer solutions were 

kept tightly capped in screw-cap, septum-topped vials, and a 22g vent needle was 

inserted into each cap.  Once the reactions were complete, the vials were removed from 

the glovebox, and their contents were precipitated into a large volume of hexanes/diethyl 

ether (1:1).  The polymer products were recovered by filtration and drying under vacuum.   

(H2IMes)(Cl)2(pyr)2RuCHCH2CH2CH3 (2).  A solution of cis-4-octene (46 mg) in 

CH2Cl2 (1.5 mL) was added to a 20 mL vial containing catalyst 1 (100 mg).  The solution 

turned brown, and after 30 min the vial was put in the freezer.  After another 10 min, 

Et2O was carefully layered on top of the CH2Cl2 layer.  The vial was put back in the 
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freezer until crystallization occurred.  48 mg brown crystals were recovered (50 % yield).  

1H NMR (CD2Cl2) : δ 0.68 (t, 3H), 1.15 (m, 2H), 1.90 (m, 2H), 2.20-2.60 (m, 18H), 3.80-

4.10 (m, 4H), 6.88 (s, 3H), 6.96 (s, 2H), 7.10 (s, 3H), 7.57 (s, 2H), 7.82 (s, 2H), 8.51 (s, 

2H) 18.91 (t, 1H).  13C NMR (CD2Cl2): δ 334.11, 220.75, 157.15, 152.79, 140.44, 

139.47, 138.74, 138.27, 137.71, 136.97, 134.45, 131.48, 130.56, 130.14, 129.74, 129.35, 

128.25, 124.08, 123.13, 121.66, 61.90, 52.02, 51.15, 21.29, 20.93, 20.55, 20.31, 19.50, 

18.72, 14.24.  HRMS: [M – C4H8] calculated 636.1361; found 636.1346.  The complex 

was occasionally isolated with an impurity that showed a peak at δ 19.07 in the 1H NMR 

spectrum. 

Varied pulse interval experiment.  A stock solution of catalyst 1 (24.80 mg, 1 eq.) 

and cis-4-octene (19.78 mg, 5.2 eq.) in a 5 mL volumetric flask was prepared.  A stock 

solution of monomer 3 (795.40 mg total, 19.09 mg per addition, 25.2 eq. per addition) in 

a 5 mL volumetric flask was also prepared.  The robot added 400 μL of the catalyst/cis-4-

octene stock solution to each of 10 vials, labeled A through J.  30 min after catalyst 1 and 

cis-4-octene were mixed to make the stock solution, 120 μL of the monomer 3 solution 

was added to vials A through J.  At varying intervals (outlined in Table 1), a second 

addition of 120 μL of the monomer 3 solution was added to each of vials B through J.  

Vial A was used as a control and did not receive a second addition of monomer.  30 min 

after the final addition was made, all of the vials were removed from the glovebox.  

Products A through J were recovered in 83-95% yield.  GPC data are shown in Table 1.   

P(tBENI) homopolymer syntheses (10 vials, M/C=25).  A stock solution of catalyst 1 

(25.01 mg, 1 eq.) and cis-4-octene (20.65 mg, 5.3 eq.) in a 5 mL volumetric flask was 

prepared.  A stock solution of monomer 3 (1.5879 g total, 19.05 mg per addition, 25.0 eq. 



 
 

 S4

per addition) and cis-4-octene (28.15 mg total, 0.34 mg per addition, 1.1 eq. per addition) 

in a 5 mL volumetric flask was also prepared.  The robot added 400 μL of the 

catalyst/cis-4-octene stock solution to each of 10 vials, labeled K through T.    30 min 

after catalyst 1 and cis-4-octene were mixed to make the stock solution, 120 μL of the 

monomer 3 solution was added to vials K through T.  30 min after the first addition, a 

second addition of 120 μL of the monomer 3 solution was added to each of vials L 

through T.  30 min after the second addition, a third addition of 120 μL was added to 

each of vials M-T.  This process was continued, removing one vial during each cycle, 

until vial T received 10 additions of monomer.  30 min after the final addition was made, 

all of the vials were removed from the glovebox.  Products K through T were recovered 

in 72-96% yield.  GPC data are shown in Table 2. 

P(tBENI) homopolymer syntheses (10 vials, M/C=100).  A stock solution of catalyst 

1 (6.39 mg, 1 eq.) and cis-4-octene (5.00 mg, 5.1 eq.) in a 5 mL volumetric flask was 

prepared.  A stock solution of monomer 3 (1.5860 g total, 19.03 mg per addition, 97.6 eq. 

per addition) and cis-4-octene (7.20 mg total, 0.34 mg per addition, 1.1 eq. per addition) 

in a 5 mL volumetric flask was also prepared.  The reaction procedure was the same as 

the P(tBENI) homopolymer syntheses with M/C=25.  Products U through DD were 

recovered in 71-100% yield.  GPC data are shown in Table 3.   

P(tBENI) homopolymer synthesis (1 vial).  A stock solution of catalyst 1 (25.20 mg, 

1 eq.) and cis-4-octene (19.90 mg, 5.1 eq.) in a 5 mL volumetric flask was prepared.  A 

stock solution of monomer 3 (318.55 mg total, 19.11 mg for first addition, 24.9 eq. for 

first addition) and cis-4-octene (5.74 mg total, 0.34 mg for first addition, 1.1 eq. for first 

addition) in a 2 mL volumetric flask was also prepared.  The robot added 400 μL of the 
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catalyst/cis-4-octene stock solution to the reaction vial.  30 min after catalyst 1 and cis-4-

octene were mixed to make the stock solution, 120 μL of the monomer 3 solution was 

added to the reaction vial.  Each 30 min, a volume of the monomer 3 solution was added 

to the reaction vial, as outlined in Table 3.  30 min after the tenth addition was made, the 

vial was removed from the glovebox.  The P(tBENI) product was recovered in 86% yield.  

GPC: Mn = 9640, Mw/ Mn = 1.077.   

P(tBENI-b-NMONI) block copolymer synthesis.  A stock solution of catalyst 1 

(25.10 mg, 1 eq.) and cis-4-octene (19.22 mg, 5.0 eq.) in a 5 mL volumetric flask was 

prepared.  Stock solutions of monomer 3 (794.85 mg total, 9.54 mg per addition, 12.5 eq. 

per addition) in a 5 mL volumetric, as well as monomer 4 (515.84 mg total, 6.19 mg per 

addition, 12.5 eq. per addition) and cis-4-octene (29.20 mg total, 0.35 mg per addition, 

1.1 eq. per addition) in a 5 mL volumetric flask were also prepared.  The robot added 400 

μL of the catalyst/cis-4-octene stock solution to each of 10 vials, labeled EE through NN.  

30 min after catalyst 1 and cis-4-octene were mixed to make the stock solution, 60 μL of 

the monomer 3 solution and 60 μL of the monomer 4 solution were added to vials EE 

through NN.  The robot was programmed such that each vial received the addition of the 

monomer 4 solution exactly 30 s after it received the addition of the monomer 3 solution.  

30 min after the first set of additions, a second set of additions of the same amounts was 

performed, adding to each of vials FF through NN.  30 min after the second set of 

additions, a third set of additions was performed, adding to each of vials GG-NN.  This 

process was continued, removing one vial during each cycle, until vial NN received 10 

sets of additions of monomer.  30 min after the final additions were made, all of the vials 
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were removed from the glovebox.  Products EE through NN were recovered in 75-93% 

yield.  GPC data are shown in Table 4. 

Representative characterization data.  Representative NMR and IR spectra of 

P(tBENI) polymers were obtained from the product of the one-pot homopolymer 

synthesis of P(tBENI) by PA-ROMP.  1H NMR: δ 0.90 (t, 6H), 1.20-1.80 (m, 8H + 9n 

H), 2.00-2.30 (m, n H), 2.70-3.40 (m, 4n H), 4.00-4.10 (m, 2n H), 5.40-5.80 (d, 2n H).  

IR: 2979, 2931, 1780, 1743, 1710, 1415, 1394, 1369, 1323, 1235, 1167, 919, 846, 750.  

Representative NMR and IR spectra of P(tBENI-b-NMONI) block copolymers were 

obtained from product mixture NN.  1H NMR: δ 0.90 (m, 6H), 1.20-1.80 (m, 9n H), 2.00-

2.40 (m, n H), 2.70-3.40 (m, 4n H + 5m H), 4.00-4.10 (s, 2n H), 4.30-4.60 (m, 2m H) 

4.70-5.10 (m, 2m H) 5.40-6.20 (m, 2n H + 2m H).  IR: 2979, 2931, 1779, 1741, 1707, 

1416, 1370, 1324, 1281, 1235, 1159, 1130, 1033, 970, 919, 845, 734. 

P(tBENI-ran-NMONI) synthesis.  To a stirring solution of monomer 3 (154 mg, 100 

equiv) and monomer 4 (99 mg, 100 equiv) in CH2Cl2 (3 mL) under argon flow was added 

catalyst 1 (4.0 mg, 1 equiv) as a solution in CH2Cl2 (0.1 mL).  After 5 min, ethyl vinyl 

ether was added.  After an additional 10 min, the reaction mixture was precipitated into a 

solution of Et2O/hexanes (1:1).  The product was recovered as an off white solid by 

filtration in 81% yield.  1H NMR: δ 1.20-1.80 (m, 9n H), 2.00-2.40 (m, n H), 2.70-3.40 

(m, 4n H + 5m H), 4.00-4.10 (s, 2n H), 4.30-4.60 (m, 2m H) 4.70-5.10 (m, 2m H) 5.40-

6.20 (m, 2n H + 2m H).  GPC: Mn = 54700, Mw/Mn = 1.01. 

P(NMONI) homopolymer synthesis.  To a stirring solution of monomer 4 (206 mg, 

100 equiv) in CH2Cl2 (2 mL) under argon flow was added catalyst 1 (8.0 mg, 1 equiv).  

After 10 min, ethyl vinyl ether (0.5 mL) was added.  After an additional 10 min, the 
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reaction mixture was precipitated into a solution of Et2O/hexanes (1:1).  The product was 

recovered as an off white solid by filtration in 69% yield.  1H NMR: δ 2.85-3.00 (s, 3n 

H), 3.20-3.45 (s, 2n H), 4.30-4.60 (m, n H), 4.70-5.00 (m, n H), 5.70-6.10 (m, 2n H). 

Typical hydrogenation procedure.  Method A.  A vial was charged with the polymer 

to be hydrogenated (60 mg, 1 equiv per olefin), tosyl hydrazide (220 mg, approx. 4.5 

equiv), BHT (3 mg, 0.05 equiv) and 3 mL xylenes.  The solution was freeze-pump-

thawed three times, then the vial was placed into an oil bath and heated at 130 ºC for 5 h.  

The hot reaction mixture was precipitated into MeOH.  Products were recovered by 

filtration in 42 to 60% yield.  Hydrogenation was typically over 99% complete as 

determined by 1H NMR.  Alternatively, the product can be recovered by precipitation 

into MeOH followed by precipitation into Et2O/hexanes (1:1). 

Method B.  The polymer to be hydrogenated (88 mg, 1 equiv per olefin) was dissolved 

in 3 mL THF in a scintillation vial.  Wilkinson’s catalyst (5.5 mg, approx. 0.02 equiv) 

was added, and the vial was placed in a bomb.  Three cycles of pressurizing with 400 psi 

H2 and venting were performed.  The bomb was then pressurized to 600 psi with H2 and 

placed in an oil bath set to 50 ºC.  After 12 h, more Wilkinson’s catalyst (5.5 mg) was 

added, and the filling procedure was repeated.  The bomb was heated at 50 ºC for another 

24 h.  The reaction mixture was filtered and concentrated then precipitated into 

Et2O/hexanes (1:1).  Products were recovered by filtration in 72 to 85% yield.  

Hydrogenation was typically over 90% complete as determined by 1H NMR. 

Hydrogenated P(tBENI).  Method A was used.  1H NMR: δ 0.90 (t, 6H), 1.10-1.70 

(m, 8H + 11n H), 1.75-1.95 (m, 2n H), 1.95-2.15 (m, 2n H), 2.20-2.30 (m, 2n H), 2.80-
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2.90 (m, 2n H), 4.00-4.15 (m, 2n H).   GPC: Mn = 13200, Mw/Mn = 1.04.  DSC:  Tg = 111 

ºC. 

Hydrogenated P(tBENI-ran-NMONI).  Method B was used. 1H NMR: δ 0.90 (m, 

6H), 1.00-1.70 (m, 9n H + 6H), 1.80-2.30 (m, 2n H + 4m H), 2.80-3.20 (m, 4n H + 3m 

H), 3.75-3.95 (m, 2m H), 4.00-4.10 (m, 2n H). GPC: Mn = 60700, Mw/Mn = 1.01.  DSC:  

Tg = 136 ºC. 

Hydrogenated P(tBENI-b-NMONI).  Method B was used.  1H NMR: δ 0.90 (m, 6H), 

1.00-1.80 (m, 9n H + 6H), 1.80-2.30 (m, 2n H + 4m H), 2.80-3.20 (m, 4n H + 3m H), 

3.60-3.95 (m, 2m H), 4.00-4.15 (m, 2n H). GPC: Mn = 11900, Mw/Mn = 1.05.  DSC:  Tg = 

113 ºC. 

Hydrogenated P(NMONI).  Method B was used.  1H NMR (DMSO-d6): δ 1.65-1.85 

(s, 4n H), 2.70-2.80 (s, 3n H), 3.10-3.25 (m, 2n H), 3.70-3.85 (s, 2n H).  DSC:  Tg = 159 

ºC.  The product was not soluble in THF, so no GPC was obtained. 

 

Theoretical PA-ROMP Molecular Weight Data and Exponential Fit 

Example Fit.  A theoretical data set of 40 cycles of PA-ROMP is constructed below in 

which 8.5% of all living catalyst dies during each cycle, starting from an initial molecular 

weight of 7100 (Table S1).  The Mn for each cycle and the resulting total Mn in the 

reaction vial are calculated (columns 3 and 4, respectively), as determined by averaging 

all previous Mn’s.  An exponential trend is clearly observed.  The data are graphed in 

Figure S1. 
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Table S1. Theoretical molecular weight trend over 40 cycles of PA-ROMP assuming 

initial molecular weight of 7100 and 8.5% catalyst death per cycle
 

cycle 
% catalyst 

alive 
Mn 

(cycle) 
Mn 

(total) 
1 100.00% 7100 7100 
2 91.50% 7760 7430 
3 83.72% 8480 7780 
4 76.61% 9268 8152 
5 70.09% 10129 8547 
6 64.14% 11070 8968 
7 58.68% 12099 9415 
8 53.70% 13222 9891 
9 49.13% 14451 10398 
10 44.96% 15793 10937 
11 41.13% 17260 11512 
12 37.64% 18864 12125 
13 34.44% 20616 12778 
14 31.51% 22531 13475 
15 28.83% 24624 14218 
16 26.38% 26912 15011 
17 24.14% 29412 15858 
18 22.09% 32144 16763 
19 20.21% 35130 17730 
20 18.49% 38393 18763 

21 16.92% 41960 19868 
22 15.48% 45858 21049 
23 14.17% 50118 22313 
24 12.96% 54774 23665 
25 11.86% 59862 25113 
26 10.85% 65423 26664 
27 9.93% 71501 28324 
28 9.09% 78143 30103 
29 8.31% 85402 32010 
30 7.61% 93335 34054 
31 6.96% 102006 36246 
32 6.37% 111482 38598 
33 5.83% 121838 41120 
34 5.33% 133156 43827 
35 4.88% 145526 46733 
36 4.46% 159045 49852 
37 4.08% 173820 53203 
38 3.74% 189967 56802 
39 3.42% 207614 60669 
40 3.13% 226901 64825 
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Figure S1.  Dependence of Mn (total) on molecular weight on the number of cycles of 
PA-ROMP from a theoretical data set assuming 8.5% catalyst death per cycle and an 
initial Mn of 7100. 
 

Determination of Catalyst Death Rates 

Using the trendlines from exponential fits to the polymer molecular weight data, the 

observed total Mn for each pulse from the fit (column B), the calculated Mn for each 

individual pulse (column C), the % catalyst death from initial (column D) and the % 

catalyst death from the previous cycle (column E) were calculated for each experiment.  

The calculated Mn for a given pulse (column C, designated here as Mnpulsen) is 

determined by the formula:   

Mntotaln = (Mntotaln-1 + Mnpulsen) / n 

Where n = vial number and Mntotaln = value of row n in column B.  The calculation for 

the catalyst death percentage from initial assumes that the polymer Mn for a given cycle is 

inversely proportional to the amount of living catalyst.  
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P(tBENI) homopolymers, M/C = 25.  The equation determined from the exponential 

fit to the graph in Figure 4 was y = 6904.1e0.0491x (R2 = 0.9591).  Values for each pulse 

are shown in Table S2.    Averaging the values in column E gives a total average catalyst 

death percentage of 8.51% per pulse. 

Table S2.  Determination of catalyst death rate for P(tBENI) homopolymers with M/C = 
25 and a pulse time of 30 min. in PA-ROMP 

A B C D E 

Vial 
Observed Mn (total) 

from fit 
Calculated Mn (pulse) 
for individual pulse 

% cat. death 
from initial 

% cat. death from 
previous cycle 

1 7251 7251 0.00% n/a 
2 7616 7981 9.14% 9.14% 
3 7999 8766 17.28% 8.95% 
4 8402 9610 24.54% 8.78% 
5 8825 10516 31.05% 8.62% 
6 9269 11489 36.89% 8.47% 
7 9735 12534 42.15% 8.33% 
8 10225 13655 46.90% 8.21% 
9 10740 14857 51.19% 8.09% 
10 11280 16145 55.09% 7.98% 

 
 

P(tBENI) homopolymers, M/C = 100.  The data are shown in the manuscript in Table 

4.  By graphing the data (Figure S2), an exponential fit of pulse vs. Mn with the equation 

y = 36286e0.108x (R2 = 0.8238) can be calculated.  Values are for each pulse were 

calculated, and are shown in Table S3.  Averaging the values in column E gives a total 

average catalyst death percentage of 16.51% per pulse.      
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Figure S2.  Dependence of Mn and PDI on number of cycles of PA-ROMP for P(tBENI) 
hompolymers with M/C = 100.   
 
 
Table S3. Determination of catalyst death rate for P(tBENI) homopolymers with M/C = 
25 and a pulse time of 30 min. in PA-ROMP 
 

A B C D E 

Vial 
Observed Mn (total) 

from fit 
Calculated Mn (pulse) 
for individual pulse 

% cat. death 
from initial 

% cat. death from 
previous cycle 

1 40424 40424 0.00% n/a 
2 45035 49645 18.57% 18.57% 
3 50171 60443 33.12% 17.86% 
4 55893 73058 44.67% 17.27% 
5 62267 87765 53.94% 16.76% 
6 69368 104876 61.45% 16.32% 
7 77280 124748 67.60% 15.93% 
8 86093 147788 72.65% 15.59% 
9 95912 174462 76.83% 15.29% 

10 106851 205298 80.31% 15.02% 
 
 

P(tBENI-b-NMONI) block copolymers, M/C = 25.  The equation determined from 

the exponential fit to the graph (Figure 6) of the pulse vs. Mn data in table 5 was y = 

5440.5e0.0923x (R2 = 0.9844).  Values for each pulse are shown in Table S4.  Averaging 
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the values in column E gives a total average catalyst death percentage of 14.53% per 

pulse. 

 

Table S4. Determination of catalyst death rate for P(tBENI) homopolymers with M/C = 
25 and a pulse time of 30 min. in PA-ROMP 
 

A B C D E 

Vial 
Observed Mn (total) 

from fit 
Calculated Mn(pulse) 
for individual pulse 

% cat. death 
from initial 

% cat. death from 
previous cycle 

1 5982 5982 0.00% n/a 
2 6560 7138 16.19% 16.19% 
3 7194 8461 29.29% 15.64% 
4 7889 9973 40.01% 15.16% 
5 8651 11698 48.86% 14.75% 
6 9486 13664 56.22% 14.38% 
7 10402 15899 62.37% 14.06% 
8 11407 18440 67.56% 13.78% 
9 12509 21323 71.94% 13.52% 

10 13717 24590 75.67% 13.29% 
 
 
 

GPC Traces 

The GPC traces for product mixtures U through DD (data in Table 4) are shown in 

Figure S3.  The GPC trace of the P(tBENI) homopolymer from the 1-vial experiment is 

shown in Figure S4. 
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Figure S3.  GPC traces of P(tBENI) product mixtures U (red), V (orange), W (yellow), 
X (light green), Y (green), Z (light blue), AA (royal blue), BB (dark blue), CC (light 
purple) and DD (dark purple) from one (product mixture U) to ten (product mixture DD) 
cycles of PA-ROMP.  Note that the peak heights were not normalized as in the other 
composite GPC trace figures. 
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Figure S4.  GPC trace of P(tBENI) homopolymer from 1-vial experiment 
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